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Introduction: Oxidative stress in monocyte-derived macrophages is a significant pathophysiological process in atherosclerosis. L-cystathionine (L-Cth) acts as a scavenger for oxygen free radicals. However, the impact of L-Cth on macrophage oxidative stress during atherogenesis has remained unclear. This study aimed to investigate whether L-Cth affects oxidative stress in THP-1-derived macrophages and its subsequent effects on DNA damage and cell apoptosis.
Methods: We established a cellular model of oxLDL-stimulated macrophages. The content of superoxide anion, H2O2, NO, and H2S in the macrophage were in situ detected by the specific fluorescence probe, respectively. The activities of SOD, GSH-Px, and CAT were measured by colorimetrical assay. The protein expressions of SOD1, SOD2, and iNOS were detected using western blotting. The DNA damage and apoptosis in the macrophage was evaluated using an fluorescence kit.
Results: The results demonstrated that oxLDL significantly increased the content of superoxide anion and H2O2, the expression of iNOS protein, and NO production in macrophages. Conversely, oxLDL decreased the activity of antioxidants GSH-Px, SOD, and CAT, and downregulated the protein expressions of SOD1 and SOD2 in macrophages. However, treatment with L-Cth reduced the levels of superoxide anion, H2O2, and NO, as well as the protein expression of iNOS induced by oxLDL. Moreover, L-Cth treatment significantly enhanced GSH-Px, SOD, and CAT activity, and upregulated the expressions of SOD1 and SOD2 proteins in macrophages treated with oxLDL. Furthermore, both L-Cth supplementation and activation of endogenous L-Cth production suppressed DNA damage and cell apoptosis in oxLDL-injured macrophages, whereas inhibition of endogenous L-Cth exacerbated the deleterious effects of oxLDL.
Conclusion: These findings suggest that L-Cth exerts a pronounced inhibitory effect on the oxidative stress, subsequent DNA damage and cell apoptosis in oxLDL-stimulated THP-1 monocytes. This study deepens our understanding of the pathogenesis of macrophage-related cardiovascular pathology.
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1 INTRODUCTION
Atherosclerosis serves as the underlying pathology for numerous cardiovascular and cerebrovascular diseases. The incidence and mortality of associated cardiovascular events have increased significantly over the decades, imposing a substantial burden on individual health (Xu et al., 2019; Soehnlein and Libby, 2021; Bjorkegren and Lusis, 2022). Recent findings indicate that oxidative stress in monocyte-derived macrophages is the primary instigator of atherosclerotic damage and a key contributor to the pathogenesis of atherosclerosis (Cominacini et al., 2015; Yang et al., 2017). Although the regulatory mechanisms governing macrophage oxidative stress in atherogenesis have been extensively investigated, they have not yet been fully elucidated. During macrophage oxidative stress, oxygen free radicals can induce oxidative modifications in low-density lipoprotein (LDL). Recognizing and internalizing oxidized LDL (oxLDL) by macrophage scavenger receptors led to the formation of foam cells derived from macrophages. These foam cells continue to accumulate oxLDL until they undergo necrosis and disintegration, releasing LDL outside the cells and forming a lipid core that contributes to atherosclerotic damage (Poznyak et al., 2020a; Khatana et al., 2020). Moreover, oxidative stress can cause DNA damage in macrophages, activate p53, induce growth arrest and apoptosis in macrophages, promote necrotic core formation, and ultimately lead to plaque rupture (Bennett, 2001). Consequently, the quest for endogenous intervention strategies to counteract macrophage oxidative damage has gained significant attention worldwide.
Studies have demonstrated that various intermediate and end metabolites generated during sulfur-containing amino acid metabolism form a distinct family of sulfur-containing amino acids, which is widely involved in the development of oxidative stress in the atherosclerotic vessels. For instance, homocysteine can impair vascular endothelial cells, stimulate clonal proliferation of lymphocytes, and provoke and exacerbate vascular oxidative stress through various mechanisms (Zhang et al., 2002). L-cystathionine (L-Cth), (2S)-2-amino-4-[(2R)-2-amino-2-carboxyethyl] sulfanylbutanoic acid, is an amino acid synthesized through the conversion of methionine to cysteine in vivo (Gaull et al., 1972). L-Cth serves as an important intermediate in the metabolism of sulfur-containing amino acids, although limited research has explored its relatively independent biological effects. Reports indicate that L-Cth not only dose-dependently reduces the superoxide anion (O2−) produced by human leukocytes in vitro (ranging from 30 μM to 10 mM), but also directly scavenges O2− derived from the xanthine-xanthine oxidase system (Wada et al., 1996). Furthermore, intraperitoneal injection of L-Cth inhibits gastric mucosal erosion and lipid peroxidation in ischemia-reperfusion rats, with a more pronounced effect than other free radical scavengers like cysteine and superoxide dismutase (SOD) (Wada et al., 1995). These studies suggest that L-Cth may act as an oxygen free radical scavenger. However, the precise mechanism by which L-Cth regulates macrophage oxidative stress during atherogenesis has not yet been unclear.
The goal of the present study was to investigate how L-Cth affects oxidative stress and subsequent DNA damage induced by oxLDL in THP-1 monocyte-derived macrophages, with the aim of understanding the mechanisms by which L-Cth modulates the oxidative stress response of macrophages and its cellular protective roles.
2 MATERIALS AND METHODS
2.1 Cell culture
Human monocyte derived from patients with acute monocytic leukemia, specifically THP-1 cell (Procell, Wuhan, China), was used in the study. The chemicals utilized in this study, along with the corresponding companies from which they were purchased, are listed in Supplementary Table S1. The differentiation from THP-1 cell to adherent macrophage was induced by an incubation with 50 nM phorbol 12-myristate 13-acetate (PMA, REF: P8139; Sigma, United States) for 24 h. To synchronize the cells, the differentiated macrophages were cultured in basal RPMI 1640 medium for 24 h and then allocated into the following groups: control, oxLDL, oxLDL + L-Cth 0.1 mM, oxLDL + L-Cth 0.3 mM, and oxLDL + L-Cth 1.0 mM. OxLDL and L-Cth were procured from Zhongshan Golden Bridge and Sigma-Aldrich, respectively. In the oxLDL group, 50 mg/L oxLDL was added and incubated for 6 h. In the oxLDL + L-Cth 0.1 mM group, oxLDL + L-Cth 0.3 mM group, and oxLDL + L-Cth 1.0 mM group, the cells were pre-treated with L-Cth for 30 min and subsequently exposed to 50 mg/L oxLDL for 6 h (Zhu et al., 2014). Likewise, in the oxLDL + aminooxy acetic acid (AOAA; REF: S4989; Selleck, United States) group and the oxLDL + S-adenosylmethionine (SAM; REF: S910367; Macklin, China) group, the cells were intervened with AOAA or SAM for 30 min, followed by a treatment with 50 mg/L oxLDL for 6 h.
2.2 DNA damage detection
The phosphorylated H2A histone family member X (γ-H2AX) immunofluorescence kit (REF: C2035S; Beyotime, Shanghai, China) was utilized to assess cellular DNA damage (Li et al., 2022). The culture medium was aspirated, and fixing solution was added for a duration of 15 min. After rinsing with detergent three times for 10 min each, an immunostaining blocking solution was applied and incubated for 20 min. Subsequently, the first antibody for γ-H2AX was incubated overnight at 4°C following the removal of the immunostaining blocking solution. Following three washes with detergent, the second antibody combined with Alexa-fluor488 was incubated at room temperature for 1 h. After the cells were rinsed twice, DAPI was added and incubated for 5 min. The green fluorescence signals were observed with an excitation wavelength of 488 nm and an emission wavelength of 519 nm under a laser confocal microscope (objective: ×63; Leica, Germany).
2.3 Detection of O2− content using dihydroethidium fluorescence probe
At the end of the cell experiments, the cells were washed with phosphate-buffered saline (PBS). Subsequently, a 10 µM dihydroethidium (DHE) probe (REF: S0063; Beyotime, Shanghai, China) was added and incubated at 37°C for 30 min in a dark cabin (Wei et al., 2010). A confocal laser scanning microscope (objective: ×40; Leica, Germany) was used to visualize the red fluorescence emitted by the probe, with an excitation wavelength of 535 nm.
2.4 Detection of H2O2 content using BES-H2O2-Ac fluorescence probe
The H2O2-specific fluorescent probe BES-H2O2-Ac (REF: 028-17811; Wako, Osaka, Japan) was dissolved in dimethyl sulfoxide (Kanzaki et al., 2014). Briefly, after an incubation with 5 µM BES-H2O2-Ac probe (working concentration) for 30 min in a 37°C incubator, the remaining free probe was removed by rinsing with PBS. The H2O2-specific fluorescence was observed under a confocal laser scanning microscope (objective: ×40; Leica, Germany) by setting excitation and emission wavelength as 485 nm and 515 nm, respectively.
2.5 Detection of NO content using DAF-FM DA fluorescence probe
The nitric oxide (NO) quantitative detection fluorescence probe DAF-FM DA (REF: S0019; Beyotime, Shanghai, China) was used to detect the NO content in cells at a working concentration of 10 µM (Chen et al., 2019). The culture medium was aspirated, and the diluted probe was added. Cells were rinsed with PBS after the incubation for 20 min in a 37°C incubator to ensure sufficient removal of DAF-FM DA. The observation was conducted under a confocal laser scanning microscope (objective: ×40; Leica, Germany) using an excitation and emission wavelength as 495 nm and 515 nm, repsectively.
2.6 Determination of glutathione peroxidase (GSH-Px), superoxide dismutase (SOD), and catalase (CAT) activities in the cell
The activities of GSH-Px, SOD, and CAT were determined by the colorimetric method. The GSH-Px assay kit (REF: A005-1-2; Nanjing Jiancheng, Nanjing, China), SOD assay kit (REF: BC0175; Solarbio, Beijing, China), and CAT assay kit (REF: A007-1-1; Nanjing Jiancheng, Nanjing, China) were used (Zhang M. et al., 2014; Zhang JQ. et al., 2014; Peng et al., 2022). Briefly, the cells were rinsed with PBS and subsequently lysed on ice for 10 min. Total protein was collected by a centrifugation at 12,000 g and 4°C. The protein concentration was measured for normalizing the activity.
The principle of detecting GSH-Px activity is based on a GSH-Px-catalyzed reaction of reduced glutathione (GSH) with hydrogen peroxide (H2O2) to generate water and oxidized glutathione (GSSG). The substrate GSH can react with Ellman’s reagent and then produce 2-Nitro-5-thiobenzoate anion with a high absorbance coefficient at 412 nm in a microplate reader (Varioskan LUX, Thermo Scientific, United States). By measuring the reduction in GSH levels, the GSH-Px activity in the sample was calculated.
SOD can scavenge the O2− produced by the xanthine oxidative coupling reaction system. O2− reduces nitro blue tetrazolium to formazan which exhibits a high absorbance coefficient at 560 nm. Therefore, SOD activity was determined by a decrease in the absorbance in a microplate reader (Varioskan LUX, Thermo Scientific, United States).
The decomposition of H2O2 by CAT is rapidly halted by ammonium molybdate. Moreover, ammonium molybdate can react with the leftover H2O2 to form a yellow end-product which can be quantified by measuring the absorbance at 405 nm (Varioskan LUX, Thermo Scientific, United States). Thus, the CAT activity was calculated based on the decrease in absorbance at 405 nm.
2.7 Determination of SOD1, SOD2, and iNOS protein expressions by Western blotting
The protein expressions of SOD1, SOD2, and inducible nitric oxide synthase (iNOS) in THP-1 monocyte-derived human macrophages were quantitatively analyzed in the following experimental groups: control group, oxLDL group, oxLDL + L-Cth 0.1 mM group, oxLDL + L-Cth 0.3 mM group, and oxLDL + L-Cth 1.0 mM group. Western blotting was performed according to previously described methods (Huang et al., 2016). The cells were treated and subsequently lysed in RIPA buffer (REF: P0013B; Beyotime, Shanghai, China). After a centrifugation at 12,000 g for 10 min at 4°C, the supernatant was collected. The total protein was mixed with loading buffer, separated through SDS-PAGE electrophoresis, and transferred on a nitrocellulose membrane (Amersham, United States). Skimmed milk was used for blocking at room temperature for 1 h. Subsequently, the corresponding primary antibodies were incubated with the nitrocellulose membrane at 4°C overnight, respectively. The primary antibodies were freshly diluted in PBST. The dilute proportions were listed as follows: iNOS (1:1000, REF: 13,120; CST, United States), SOD1 (1:2000, REF: ADI-SOD-100-D; Enzo, United States), SOD2 (1:2000, REF: ADI-SOD-200-D; Enzo, United States), and GAPDH (1:2000, REF: KC-5G4, Kangcheng, China). And then, the unbinding primary antibodies were removed by washing with PBST. The corresponding secondary antibodies were incubated at room temperature for 1 h with a dilute proportion of 1:5000. Finally, the protein band was visualized under a FluorChem M MultiFluor System (ProteinSimple, San Francisco, CA, United States) following a rapid incubation with ECL chemiluminescence reagent (REF: MA0186; MeilunBio, China).
2.8 Detection of H2S content using fluorescence probe
We employed the H2S-specific fluorescent probe SF7-AM (REF:14623, Cayman, Ann Arbor, United States) to measure the cellular H2S content (Lin et al., 2013). The cells were washed with PBS. Subsequently, a solution of 10 μM H2S fluorescent probe was incubated with the cells in an incubator at 37°C for 30 min. Finally, a 15-min fixation at room temperature was conducted using 4% paraformaldehyde. Nuclei staining was performed using DAPI dye. The confocal laser scanning microscope (objective: ×63; Leica, Germany) was utilized to capture the green and blue fluorescence.
2.9 In situ detection of apoptosis by terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay
A commercial TUNEL kit (REF: 12156792910, Roche, Basel, Switzerland) was used to detect the cell apoptosis as previously reported (Du et al., 2018). Briefly, the cells were fixed with 4% paraformaldehyde for 15 min. Subsequently, they were covered by a permeabilization solution (0.25 g of BSA, 15 μL of Triton X-100, and 5 mL of PBS) at 37°C for 30 min. And then, the cells were incubated with the TUNEL reaction mixture in the dark for 1 h at 37°C. Finally, the cellular nuclei were counterstained with DAPI dye. The TUNEL-positive cells were observed under a confocal laser scanning microscope (objective: ×40; Leica, Germany), with an excitation and emission wavelength setting at 450–500 nm and 515–565 nm, respectively.
2.10 Statistics
SPSS software (version 22.0) was used for data analysis. The results were presented as mean ± standard deviation. One-way ANOVA was employed to compare the differences among multiple groups and LSD testing was subsequently conducted for further comparisons. The statistically significance was defined when p-value was less than 0.05.
3 RESULTS
3.1 L-Cth inhibited oxLDL-stimulated O2− and H2O2 production in THP-1 monocyte-derived human macrophages
To investigate the regulatory effect of L-Cth on oxygen free radicals stimulated by oxLDL, we utilized the DHE fluorescence probe and H2O2-specific fluorescence probe (BES-H2O2-Ac) to measure the content of reactive oxygen species (ROS) in THP-1-derived human macrophages. The results obtained from the DHE fluorescence probe revealed a significant increase in O2− content in the oxLDL group compared to the control group. However, no statistical difference in the content of O2− was observed between the oxLDL + L-Cth 0.1 mM group and oxLDL group. Notably, both 0.3 mM and 1.0 mM L-Cth treatment exhibited an inhibitory effect on the generation of O2− in the macrophage induced by oxLDL (Figure 1A).
[image: Figure 1]FIGURE 1 | L-Cth inhibited oxLDL-stimulated production of superoxide anion and H2O2 in THP-1 monocyte-derived human macrophages. (A) The superoxide anion fluorescence probe (DHE) was used to identify superoxide anion levels in each group. (B) The fluorescence probe was used to detect H2O2 levels in each group. These data were from three independent cultures. **p < 0.01, vs. control group; ##p < 0.01, #p < 0.05, vs. oxLDL group.
Similarly, the results obtained from the H2O2 fluorescence probe demonstrated a prominent enhancement of H2O2 content in the oxLDL group compared to the control group. In contrast, the oxLDL + L-Cth 0.1 mM group showed no significant difference in H2O2 production when compared to the oxLDL group. However, the oxLDL + L-Cth 0.3 mM and oxLDL + L-Cth 1.0 mM groups exhibited a notable decrease in H2O2 production (Figure 1B).
3.2 L-Cth inhibited oxLDL-stimulated iNOS protein expression and NO production in THP-1 monocyte-derived human macrophages
In addition to detecting reactive oxygen species, we also assessed the expression of iNOS protein and the NO content to investigate whether L-Cth could inhibit the production of reactive nitrogen species (RNS). The results showed that the iNOS protein level in the cells of oxLDL group was increased compared to the control group (p < 0.01) (Figure 2A). There was no significant difference in iNOS expression between the oxLDL + L-Cth 0.1 mM group and the oxLDL group. However, iNOS expression was significantly decreased in both the oxLDL + L-Cth 0.3 mM group and the oxLDL + L-Cth 1.0 mM group compared to the oxLDL group (p < 0.05 and p < 0.01, respectively).
[image: Figure 2]FIGURE 2 | L-Cth inhibited oxLDL-stimulated iNOS protein expression and NO production in human macrophages. (A) iNOS protein expression detected by Western blotting. (B) NO content in each group was detected using a fluorescence probe. These data were from three independent cultures. **p < 0.01, vs. control group; ##p < 0.01, #p < 0.05, vs. oxLDL group.
Moreover, we utilized a nitric oxide fluorescence probe to specifically measure the production of NO in each group. Consistent with the previous findings, the fluorescence intensity was markedly increased in the oxLDL-treated group, indicating an elevation in NO production. There was no significant change of the green fluorescence intensity between the oxLDL + L-Cth 0.1 mM group and the oxLDL group. However, the NO production in cells pretreated with 0.3 mM L-Cth and 1.0 mM L-Cth was visibly reduced (Figure 2B).
3.3 L-Cth antagonized inhibitory effect of oxLDL on GSH-Px, SOD, and CAT activity in THP-1 monocyte-derived human macrophages
The results demonstrated that oxLDL significantly reduced the activity of GSH-Px, SOD, and CAT by 26.8%, 44.8%, and 43.4%, respectively (all p < 0.01) (Figures 3A–C). In contrast, the GSH-Px, SOD, and CAT activity in the cells of the oxLDL + L-Cth 0.1 mM group did not show significant changes. However, pre-treatment with 0.3 mM L-Cth resulted in an increase by 21.4% in GSH-Px activity, 32.4% in SOD activity, and 47.1% in CAT activity (all p < 0.01). Moreover, pretreatment with 1 mM L-Cth elevated GSH-Px, SOD, and CAT activity by 28.9%, 58.4%, and 68.0%, respectively (all p < 0.01). These findings indicate that L-Cth can counteract the inhibitory effect of oxLDL on GSH-Px, SOD, and CAT activity in THP-1-derived human macrophages.
[image: Figure 3]FIGURE 3 | L-Cth antagonized inhibitory effect of oxLDL on GSH-Px, SOD, and CAT activity in THP-1 monocyte-derived human macrophages. (A) GSH-Px activity detected by chemical colorimetry. (B) SOD activity detected by chemical colorimetry. (C) CAT activity detected by chemical colorimetry. These data were from three independent cultures. **p < 0.01, vs. control group; ##p < 0.01, vs. oxLDL group.
3.4 L-Cth increased the SOD1 and SOD2 protein expression downregulated by oxLDL in THP-1 monocyte-derived human macrophages
The results demonstrated that the protein expressions of SOD1 and SOD2 were significantly suppressed by oxLDL compared to the control group (p < 0.01, p < 0.01) (Figures 4A,B). In contrast, in the oxLDL + L-Cth 0.1 mM group, there was no significant alteration in the expressions of SOD1 and SOD2 proteins. However, the protein expressions of SOD1 and SOD2 were significantly elevated in the oxLDL + L-Cth 0.3 mM group (p < 0.01, p < 0.01) and the oxLDL + L-Cth 1.0 mM group (p < 0.01, p < 0.01), respectively. These findings suggest that L-Cth can enhance the protein expression of SOD1 and SOD2 in human macrophages stimulated by oxLDL.
[image: Figure 4]FIGURE 4 | L-Cth increased the SOD1 and SOD2 protein expression downregulated by oxLDL in THP-1 monocyte-derived human macrophages. (A) SOD1 expression detected by Western blotting. (B) SOD2 expression detected by Western blotting. These data were from three independent cultures. *p < 0.05, vs. control group; #p < 0.05, vs. oxLDL group.
3.5 L-Cth antagonized DNA damage caused by oxLDL in THP-1 monocyte-derived human macrophages
To examine the impact of L-Cth on DNA damage in human macrophages, γ-H2AX immunofluorescence was employed as a measure of DNA damage across the experimental groups. The fluorescence intensity of γ-H2AX in the cells of oxLDL group was notably enhanced compared to the control group, indicating a substantial DNA damage. However, no significant difference in γ-H2AX fluorescence intensity was observed between the cells in the oxLDL + L-Cth 0.1 mM group and the oxLDL group, suggesting that DNA damage remained largely unchanged. In contrast, cells in the oxLDL + L-Cth 0.3 mM and oxLDL + L-Cth 1.0 mM groups exhibited a substantial reduction in fluorescence intensity, indicating a significant decrease in DNA damage (Figure 5). These findings suggest that L-Cth effectively inhibits DNA damage induced by oxLDL in human macrophages.
[image: Figure 5]FIGURE 5 | L-Cth reversed DNA damage caused by oxLDL in THP-1 monocyte-derived human macrophages. γ-H2AX (phosphorylated H2AX) immunofluorescence was used to measure DNA damage in human macrophages in each group. These data were from three independent cultures. **p < 0.01, vs. control group; ##p < 0.01, vs. oxLDL group.
3.6 Activation of cystathionine-β-synthase (CBS) recapitulated the effect of L-Cth on cell protection, while inhibition of CBS exacerbated the detrimental effect of oxLDL
To further substantiate the crucial role of L-Cth in cellular protection, we interfered with the endogenous production of L-Cth using an allosteric activator of CBS (SAM) and an inhibitor of CBS (AOAA). As anticipated, pre-treatment with SAM significantly mitigated the oxLDL-induced DNA damage and cell apoptosis in THP-1-derived macrophages, while pre-treatment with AOAA exacerbated the abovementioned cell injury by oxLDL (Figure 6). These findings indicate that the activation of endogenous L-Cth production recapitulated the effect observed with exogenous L-Cth on cellular protection, whereas the inhibition of endogenous L-Cth production exacerbated the detrimental impact of oxLDL.
[image: Figure 6]FIGURE 6 | Activation of CBS recapitulated the effect of L-Cth on cell protection, while inhibition of CBS exacerbated the detrimental effect of oxLDL. (A) γ-H2AX immunofluorescence was used to measure DNA damage in each group. (B) TUNEL assay was used to detect the apoptosis of cells. These data were from three independent cultures. **p < 0.01, vs. control group; ##p < 0.01, #p < 0.05 vs. oxLDL group.
3.7 The cytoprotective effect of L-Cth might not be mediated by H2S
Considering that L-Cth can undergo further metabolism into H2S through CSE-mediated enzymatic reactions (Lv et al., 2021), we utilized a fluorescent H2S-specific probe to investigate the impact of L-Cth on endogenous H2S production in macrophages stimulated with oxLDL. The results revealed a significant reduction in the intensity of H2S fluorescence following oxLDL treatment. However, pre-treatment with L-Cth did not alter H2S fluorescence intensity in oxLDL-injured cells (Figure 7). These findings suggest that H2S might not be correlated with the protective effect of L-Cth against oxLDL-induced cell injury.
[image: Figure 7]FIGURE 7 | Treatment with L-Cth did not change the production of H2S in oxLDL-stimulated macrophages. A fluorescent sulfide specific probe was used to detect the H2S content in THP-1-derived macrophages treated with oxLDL and L-Cth. These data were from three independent cultures. **p < 0.01, vs. control group; ns, not significant.
4 DISCUSSION
The present study demonstrates that L-Cth effectively inhibits oxidative stress induced by oxLDL in macrophages by suppressing the production of free radicals and enhancing the antioxidant capacity. Furthermore, L-Cth attenuates oxLDL-induced DNA damage and apoptosis in monocyte-derived macrophages.
In mammals, L-Cth serves as an intermediate metabolite in the metabolic pathway of sulfur-containing amino acids. Methionine is bio-converted to S-adenosyl-methionine by methionine adenosyl transferase, and then the latter is demethylated to produce S-adenosine homocysteine. S-adenosine homocysteine is subsequently hydrolyzed to homocysteine (Hcy). Catalyzed by CBS, Hcy and serine are converted to L-Cth. Then, L-Cth is decomposed into cysteine, α-ketobutyric acid and ammonium ions catalyzed by cystathionine-γ-lyase (CSE) (Klein et al., 1988). Research shows that the expression of CBS in human monocyte macrophages is downregulated under the inflammatory conditions induced by oxLDL, suggesting the potential involvement of L-Cth, as a catalytic product of CBS, in the mechanism of oxLDL-induced macrophage injury (Du et al., 2014). Wada et al. demonstrated that L-Cth reduces the production of superoxide radicals by human leukocytes in vitro in a dose-dependent manner (Wada et al., 1996). Other studies have shown that L-Cth inhibited U937 and HepG2 apoptosis via keeping from GSH excretion (Ghibelli et al., 1998). However, the precise mechanism by which L-Cth regulates oxidative stress in monocyte-derived macrophages during atherosclerosis remains unclear. Therefore, further investigation is necessary to elucidate the potential regulatory mechanisms underlying the effect of L-Cth on oxidative stress in monocyte-derived macrophages.
Excessive production of reactive oxygen/nitrogen species and/or compromised antioxidant capacity of macrophages can lead to an imbalanced redox state, ultimately resulting in atherosclerotic vascular damage (Kattoor et al., 2017). Research has revealed that extracts from atherosclerotic lesions promote atherosclerosis development by increasing oxidative stress and lipid accumulation in macrophages (Abu-Saleh et al., 2016). Inflammatory conditions and other factors induce the expression of iNOS, leading to the release of nitric oxide (NO). NO can react with O2− to form RNS such as peroxynitrite and other secondary products including NO2+, NO2, and -OH, triggering cascade redox reactions (Wieronska et al., 2021). ROS and RNS may primarily exert the effects through interactions with specific proteins containing iron-sulfur clusters and cysteine sulfhydryl groups (Lushchak and Lushchak, 2021). O2− is a major source of ROS and, when combined with -OH, it results in DNA damage and is closely associated with various inflammatory diseases. H2O2, another significant ROS, disrupts mitochondrial and cellular membrane integrity through lipid peroxidation, causing tissue damage and serving as a marker of oxidative stress damage. Targeting H2O2 scavenging nanomaterials effectively eliminate abundant reactive oxygen species in atherosclerotic lesions, thus reducing oxidative stress and potentially offering therapeutic benefits for atherosclerosis (Liang et al., 2022). iNOS is considered to be a pathological form of nitric oxide synthase as it generates large amounts of NO and reacts with H2O2 to promote highly reactive hydroxyl radical (-OH) production (Wieronska et al., 2021). In this study, we observed that L-Cth dose-dependently mitigated oxidative stress in human macrophages stimulated by oxLDL. Notably, L-Cth reduced O2− and H2O2 levels, iNOS protein expression, and NO content induced by iNOS, indicating that L-Cth significantly counteracted oxidative stress triggered by oxLDL in THP-1 monocyte-derived human macrophages.
The antioxidant system comprises enzymes and antioxidants, including GSH-Px, SOD, CAT, and GSH. GSH-Px serves as a critical peroxidase that converts toxic peroxides into non-toxic hydroxyl compounds, thus protecting cells from peroxide-induced damage. SOD, another important antioxidant enzyme, converts naturally occurring but harmful superoxide radicals into peroxides and H2O2, which are subsequently decomposed into harmless water by GSH-Px and CAT (Sinha et al., 2013; Poznyak et al., 2020b). GSH, an intracellular antioxidant, directly and indirectly eliminates free radicals to safeguard cells against oxidative stress. The antioxidant system forms the basis for resistance against free radicals, and therefore, antioxidant therapy is commonly employed in the treatment of atherosclerosis. Antioxidants such as angiotensin receptor antagonists, vitamins, calcium antagonists, angiotensin-converting enzyme inhibitors, and statins have been reported to inhibit oxidative stress (Yang et al., 2017). In the present study, we observed that L-Cth treatment dose-dependently increased the activities of GSH-Px, SOD, and CAT, as well as the protein expressions of SOD1 and SOD2 in macrophages stimulated by oxLDL. These results suggest that these antioxidant enzymes may contribute to the antioxidant effect of L-Cth. Moreover, L-Cth can be metabolized into L-cysteine by CSE, and L-cysteine can then be incorporated into GSH (Robert et al., 2005; Jurkowska et al., 2011). L-Cth supplementation has been shown to increase GSH levels in the liver, small intestine, and gastrocnemius muscle of healthy aged rats (Pouget et al., 2016). These observations imply that GSH might also play a role in the antioxidant effect of L-Cth. Hence, we speculate that the antioxidant properties of L-Cth may be attributed to the activation of antioxidative enzymes, including SOD, CAT, and GSH-Px, the upregulation of SOD1/2 protein expression, and the enhancement of GSH production.
Sustained ROS production can lead to oxidative damage, including DNA breakage protein denaturation, and lipid peroxidation (Flaherty et al., 2017; Jie et al., 2022). ROS acts as a crucial mediator of DNA damage, which can occur through direct oxidation of nucleoside bases and influences on the cell cycle (Srinivas et al., 2019). Excessive ROS production has been found to cause DNA breakage in the apoE−/− mouse model of spontaneous atherosclerosis (Srinivas et al., 2019). Furthermore, in THP-1-derived macrophages, oxLDL treatment has been shown to elevate the levels of 8-hydroxydeoxyguanosine and significantly increase comet tail length, indicative of severe DNA damage (Jacinto et al., 2018; Zhang et al., 2018). DNA double-strand breaks are associated with increased expression of phosphorylated histone H2AX, specifically phosphorylated at Ser139 (γ-H2AX), which serves as a crucial marker for detecting DNA damage (Sedelnikova et al., 2003; Sharma et al., 2012). In this study, we employed γ-H2AX immunofluorescence to observe oxLDL-induced DNA damage in monocyte-derived macrophages. The results revealed that oxLDL treatment significantly enhanced γ-H2AX fluorescence intensity, while pre-treatment with L-Cth attenuated DNA damage in the oxLDL-injured THP-1-derived human macrophages. These findings suggest that L-Cth might protect macrophages against DNA damage triggered by oxLDL.
In addition to DNA damage, oxLDL treatment has been shown to induce macrophage apoptosis (Sun et al., 2018). TUNEL assay is a classical method to detect cell apoptosis by labeling the blunt ends of double-stranded DNA breaks (Kyrylkova et al., 2012). Consistent with the protective effect of exogenous L-Cth supplementation on cells, pre-treatment with a CBS activator to increase endogenous L-Cth production attenuated oxLDL-induced DNA damage and cell apoptosis in THP-1-derived macrophages. Conversely, pre-treatment with a CBS inhibitor to reduce endogenous L-Cth production exacerbated the detrimental effects of oxLDL, further confirming the cytoprotective effect of L-Cth.
Given that L-Cth can be metabolized into H2S through a CSE-mediated enzymatic reaction under physiological conditions (Huang et al., 2021), it is plausible that L-Cth treatment could upregulate endogenous H2S production in macrophages. H2S plays a crucial role in the regulation of macrophage functions such as chemotaxis, activation, and apoptosis (Zhang et al., 2023). Interestingly, in our study, we found that L-Cth did not increase H2S-specific fluorescence intensity in macrophages under oxLDL-stimulated conditions, other than under physiological conditions. This discrepancy may be attributed to the inhibition of the CSE/H2S pathway by oxLDL (Wang et al., 2013), which hampers the upregulation of H2S production by L-Cth. Consequently, those abovementioned results suggest that endogenous H2S might not be involved in the protective effect of L-Cth against oxLDL-induced cell injury, despite previous reports indicating a protective role of H2S in macrophages exposed to oxLDL.
Furthermore, the mechanism by which L-Cth is taken up into macrophages remains unclear. Previous studies have shown that L-Cth can be transported into immune tissue via the cystine/glutamate transporter (Kobayashi et al., 2015). Cystine/glutamate transporter was reported to be expressed in the macrophages and the level of ROS was significantly increased in cystine/glutamate transporter-deficient macrophages (Kobayashi et al., 2018). Moreover, cystine/glutamate transporter inhibitors, such as S-4-carboxyphenylglycine and glutamate, markedly promoted the macrophage oxidative damage and cell death (Pfau et al., 2012). Therefore, we speculate that L-Cth may enter macrophages through the cystine/glutamate transporter to exert its cytoprotective effects.
In summary, L-Cth effectively upregulates the capacity of antioxidant enzymes as well as the protein expression of SOD1/2, while reducing O2− and H2O2 levels, iNOS-induced NO production, and oxidative DNA damage in macrophages stimulated by oxLDL. However, the precise underlying mechanisms by which L-Cth acts as an antioxidant require further investigation. Additionally, the protective effect of L-Cth against oxLDL-induced DNA damage should be further validated in animal models. This study uncovers the antioxidant effects of L-Cth in atherosclerosis, laying the foundation for future research on other free-radical-related cardiovascular diseases. These findings suggest that L-Cth could emerge as a promising target for the prevention and treatment of oxidative stress-related cardiovascular diseases.
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