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S-adenosyl-L-methionine supplementation alleviates aortic dissection by decreasing inflammatory infiltration
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Abstract
Methionine, an indispensable amino acid crucial for dietary balance, intricately governs metabolic pathways. Disruption in its equilibrium has the potential to heighten homocysteine levels in both plasma and tissues, posing a conceivable risk of inducing inflammation and detriment to the integrity of vascular endothelial cells. The intricate interplay between methionine metabolism, with a specific focus on S-adenosyl-L-methionine (SAM), and the onset of thoracic aortic dissection (TAD) remains enigmatic despite acknowledging the pivotal role of inflammation in this vascular condition. In an established murine model induced by β-aminopropionitrile monofumarate (BAPN), we delved into the repercussions of supplementing with S-adenosyl-L-methionine (SAM) on the progression of TAD. Our observations uncovered a noteworthy improvement in aortic dissection and rupture rates, accompanied by a marked reduction in mortality upon SAM supplementation. Notably, SAM supplementation exhibited a considerable protective effect against BAPN-induced degradation of elastin and the extracellular matrix. Furthermore, SAM supplementation demonstrated a robust inhibitory influence on the infiltration of immune cells, particularly neutrophils and macrophages. It also manifested a notable reduction in the inflammatory polarization of macrophages, evident through diminished accumulation of MHC-IIhigh macrophages and reduced expression of inflammatory cytokines such as IL1β and TNFα in macrophages. Simultaneously, SAM supplementation exerted a suppressive effect on the activation of CD4 + and CD8 + T cells within the aorta. This was evidenced by an elevated proportion of CD44- CD62L + naïve T cells and a concurrent decrease in CD44 + CD62L- effector T cells. In summary, our findings strongly suggest that the supplementation of SAM exhibits remarkable efficacy in alleviating BAPN-induced aortic inflammation, consequently impeding the progression of thoracic aortic dissection.
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Introduction
The weakening of the vascular wall under high intraluminal pressure can lead to the development of aortic aneurysm/dissection (AAD). This condition involves the dilation of the aortic wall (aneurysm), disruption of the medial layer (dissection), or, in severe instances, rupture of the aneurysm, potentially resulting in sudden death [1]. In males aged 65 years or older, the occurrence of AAD can reach as high as 9%2. Immediate surgical intervention is critical, given that AAD rupture leads to mortality rates exceeding 80% in the absence of such intervention [2]. Several factors, including hypertension, dyslipidemia, atherosclerosis, smoking, and male gender, contribute to AAD development. [1, 3–5]. Current clinical management heavily relies on surgical procedures, underscoring the imperative to explore new therapeutic avenues due to the limited efficacy of existing pharmacological treatments.
Research indicates that inflammatory processes play a role in the restructuring of arterial walls [6–8], including those in the ascending portion of the thoracic aorta [9, 10]. Various inflammatory cells, such as neutrophils, T cells, B cells, macrophages, mast cells, and NK cells, infiltrate both the luminal thrombus and all layers of the arterial wall [11, 12]. These cells discharge soluble inflammatory substances like cytokines, chemokines, leukotrienes, reactive oxygen species, and immunoglobulins. The vasa vasorum vessels act as conduits facilitating the infiltration of inflammatory cells into the aortic intima and media [13]. In individuals with type-A Stanford dissection, there is an increased expression of pro-inflammatory cytokine genes [10], suggesting that inflammation might play a role in weakening the aortic wall at various dissection sites.
Methionine (Met), as an essential amino acid in animals, holds significant relevance to physiological processes such as immune function, protein synthesis, growth promotion, and detoxification [14]. Through conversion to S-adenosylmethionine (SAM), Met serves as a crucial methyl donor, playing a pivotal role in immune disorders due to its involvement in epigenetic regulation, particularly DNA methylation [15, 16]. DNA methylation, a key mammalian epigenetic mechanism, is implicated in inflammatory responses, a vital biological defense mechanism against harmful intruders. Methylation profiles on cytosine-phosphate–guanine (CpG) regions are linked to genes associated with inflammatory responses [17, 18]. Macrophages, integral components of the innate immune system, play crucial roles in responding to bacterial and viral pathogens [19]. Activation of macrophages by external stimuli, including lipopolysaccharides (LPS), a Gram-negative bacterial outer membrane component, triggers the Toll-like receptor-4 signaling pathway, activating mitogen-activated protein kinases (MAPKs) and leading to the secretion of inflammatory cytokines [20]. Previous studies have highlighted the regulatory role of DNA methylation in LPS-induced macrophage inflammatory responses, maintaining intestinal homeostasis and regulating mucosal inflammation in the gut [21]. Furthermore, Methionine has demonstrated the ability to inhibit LPS-induced expression of inflammation-related genes in macrophage cells [22]. SAM exerts its anti-inflammatory effects by downregulating the expression of the proinflammatory cytokine tumor necrosis factor-alpha (TNF) [23] and upregulating the anti-inflammatory cytokine interleukin 10 (IL-10) [24]. Acting as a primary methyl donor in cellular processes, SAM influences gene expression through epigenetic mechanisms, including DNA, RNA, and histone methylation. However, the formation of S-adenosylhomocysteine (SAH) [25], an inhibitor of SAM-dependent methylation processes, poses a regulatory challenge. SAM is also involved in polyamine biosynthesis and the transsulfuration pathway, contributing to the production of the antioxidant glutathione. SAM’s anti-inflammatory effects may be mediated through modifications in histone methylation and binding to the promoter regions of cytokine genes [23]. Specifically, SAM influences histone H3 methylation and binding to the promoter region of the phosphodiesterase 4B gene (PDE4B), affecting cAMP-mediated TNF expression [26].
Although methionine metabolites have been extensively examined in the context of inflammation, the role of SAM in aortic dissection (AD) remains notably underexplored. Our study is dedicated to investigating the potential involvement of SAM in the progression of aortic dissection.

Materials and methods
Animals
Four-week-old male C57BL/6 N mice were sourced from Shanghai Biomodel Organism Co, Shanghai, China, and housed in ventilated cages under sterile conditions with free access to food and water. Continuous monitoring of their weight, behavior, and food and water intake ensured their well-being throughout the study. Ethical approval for all animal procedures was obtained from the Committee on the Ethics of Animal Experiments of The First Affiliated Hospital of Nanchang University. In experiments involving SAM supplementation, mice were orally administered commercial ademetionine 1,4-butanedisulfonate enteric coated tablets (XiMeiXin, SFDA approval number: H20133197) at a dosage of 500 mg/kg (effective concentration is 50 mg/kg) for one week prior to modeling [27]. SAM supplementation continued daily during the induction period with β-aminopropionitrile monofumarate (BAPN) until the designated observation and sampling time. To induce aortic dissection (TAD), four-week-old male C57BL/6 mice were provided with drinking water containing BAPN (0.5%; A3134, Sigma-Aldrich, St. Louis, MO, USA) for 28 days. [28]. The mice were categorized into four groups: Control (n = 5), SAM (n = 5), BAPN (n = 20), and BAPN + SAM (n = 20). Following the 28-day period, the mice were euthanized, and their aortas were harvested. All animals used in the experiments were male to minimize variations in sex hormones and to enhance the incidence of TAD.

Tissue fixation and paraffin embedding
After isolating the aorta, submerge it in 4% neutral buffered formalin (NBF) at a volume at least ten times that of the tissue for 24–48 h at room temperature to ensure proper fixation. Rinse the fixed tissue in running water for 1–2 h to remove excess fixative, then dehydrate it through a graded ethanol series (70%, 80%, 95%, 100%). Clear the tissue in xylene to remove the ethanol and achieve transparency, followed by immersion in molten paraffin wax for thorough impregnation over several hours. Embed the tissue in a paraffin wax block, ensuring correct orientation in the mold, and allow it to solidify at room temperature. Trim the excess paraffin to create a flat surface, secure the block on a microtome chuck, and cut thin Sects. (4–5 micrometers) with a sharp blade. Float the sections on a warm water bath to flatten and stretch them, transfer onto glass slides, and let them air dry overnight at room temperature.

Hematoxylin and eosin (HE) staining, elastic van gieson (EVG) staining and immunofluorescence staining (IF)
Sections of mouse aortic tissues, cut into 5 μm thickness, underwent paraffin section staining post-deparaffinization. Hematoxylin and eosin staining (G1120, Solarbio) and elastic Van Gieson staining (G1593, Solarbio) were executed adhering to the manufacturer’s guidelines. Initially, deparaffinization and rehydration of aortic tissue sections mounted on slides were performed. Subsequently, the sections were stained with hematoxylin solution to highlight nuclei (blue color), followed by a water wash. Further differentiation was carried out with a 1% acid alcohol solution, and slides were rinsed with water. Eosin solution was then applied for counterstaining to visualize cytoplasm and extracellular matrix (pink color). Slides were dehydrated in alcohol, cleared in xylene, and mounted with a mounting medium. For EVG staining, tissue sections were deparaffinized and hydrated before staining with Weigert’s iron hematoxylin for nuclear visualization (blue-black color). Following a water wash, differentiation with 1% acid alcohol solution was performed, followed by rinsing with water. Van Gieson’s solution (comprising acid fuchsin and picric acid) was then applied to stain elastic fibers (dark brown color). Slides were dehydrated in alcohol, cleared in xylene, and mounted with a mounting medium. Imaging of the stained sections was conducted using a bright field camera attached to a microscope (Leica, Wetzlar, Germany).
For the immunofluorescence staining of collagen, antigen retrieval was performed by heating in citrate buffer at approximately 90 degrees Celsius (pH 6.0). After this step, sections were blocked with 1% bovine serum albumin in PBS for 30 min at room temperature. Subsequently, the sections were subjected to overnight incubation at 4 °C with rabbit anti-COL1A1 primary antibodies (Novus, NBP1-30054, diluted 1:50). Following PBS rinsing of the slides, the sections were treated with Alexa Fluor 488-conjugated secondary antibodies (donkey anti-rabbit, Invitrogen, A32790, diluted 1:500) at room temperature for 2 h. After another round of PBS rinsing, the slides were mounted with a DAPI medium. Imaging was performed using an Olympus BX43 fluorescent microscope, and analysis was conducted using the ImageJ Analysis software.


Blood pressure measurement
Following a 4-week BAPN modeling period, mice underwent noninvasive tail-cuff blood pressure measurements utilizing the Softron bp-2010 mouse blood pressure monitor, following procedures outlined in a previous study [29]. Before conducting measurements, it’s important to acclimate the mice to the restraint device and the operator’s handling, which helps minimize stress during the procedure. Ensure the room is adequately warmed to maintain the mice’s body temperature. Place the mouse in a suitable restrainer, ensuring it is comfortable and its tail is immobilized. Select an appropriately sized cuff for the mouse’s tail, ensuring a snug but not overly tight fit. Position the cuff correctly around the base of the mouse’s tail. Initiate the blood pressure monitoring system and allow it to stabilize. Inflate the cuff to a predetermined pressure level, usually above systolic pressure, to temporarily halt blood flow in the tail artery. Gradually deflate the cuff while monitoring blood flow using a sensor placed distally to the cuff. Record the pressure when blood flow is detected, indicating the systolic blood pressure (SBP). Continue deflating until blood flow is fully restored, noting the pressure at which blood flow first returns, indicating the diastolic blood pressure (DBP). Conduct at least three measurements to ensure accuracy and calculate the average. Exclude any measurements affected by movement artifacts or irregularities.
Flow cytomertry
Cells were isolated from the aorta, and flow cytometry was performed following established protocols. Briefly, the aorta was minced into small pieces and subjected to digestion in 5 ml of collagenase digestion buffer (HBSS with Ca++/Mg + + from Life Technologies Corporation, supplemented with 1 mg/dL collagenase D from Roche Diagnostics, Germany) at 37 °C for 30 min using a cell dissociator (Miltynyi Biotec). The resulting cells were filtered through a 100 μm cell strainer. Red blood cells (RBC) were lysed using 2 ml of RBC lysis buffer from Life Technologies Corporation. The remaining cells were enumerated using an automated cell counter from Bio-Rad Technologies, Inc. The cell suspensions underwent pre-incubation with anti-mouse CD16/32 antibody to prevent nonspecific binding of antibodies to FcRγ and were then stained with a combination of antibodies (Table 1). To assess cytokine production, single-cell suspensions were stimulated with a cell stimulation cocktail (eBioscience, MA) in RPMI medium containing 10% FBS for two hours at 37 °C with 5% CO2. After stimulation, cells were collected, stained with FVS440UV, blocked with anti-mouse CD16/32, and labeled with fluorescence-conjugated antibodies (Table 1). Samples were then analyzed using the BD FACSymphony™ A3 Cell Analyzer (BD Biosciences, CA), and data were processed using FlowJo_V10 software (FlowJo, OR) by using the gating strategy (Supplementary Figure S1 and S2).
Table 1Primary antibodies used for flow cytometry analysis


	Primary antibody
	Conjugate
	Clone
	Vender
	Catalog #

	CD3e
	BUV737
	145-2C11
	BD Biosciences
	612,771

	CD4
	BUV496
	GK1.5
	BD Biosciences
	612,952

	CD8α
	BB790
	53 − 6.7
	BD Biosciences
	624,296*

	CD11b
	BV650
	M1/70
	Biolegend
	101,259

	CD16/32
	-
	93
	Biolegend
	101,302

	CD44
	FITC
	IM7
	BD Biosciences
	553,133

	CD45
	BUV805
	30-F11
	BD Biosciences
	748,370

	CD62L
	PE-Cy7
	MEL-14
	Biolegend
	104,418

	F4/80
	BUV563
	T45-2342
	BD Biosciences
	749,284

	I-A/I-E (MHC-II)
	APC-Cy7
	M5/114.15.2
	Biolegend
	107,628

	IL-1β
	PE-Cy7
	NJTEN3
	eBioscience
	25-7114-82

	Ly6G
	BV605
	1A8
	BD Biosciences
	563,005

	TNF-α
	BV650
	MP6-XT22
	BD Biosciences
	563,943

	NK1.1
	APC
	PK136
	eBioscience
	17-5941-82

	CD19
	BUV395
	1D3
	BD Biosciences
	563,557

	CD11c
	BV711
	N418
	Biolegend
	117,349





Statistical analysis
The data presented represents the average of five or more biological replicates or independent experiments. Statistical analysis was performed using GraphPad Prism 9.0 software from GraphPad in San Diego,  CA, USA. Group differences were assessed using a one-way analysis of variance (ANOVA), followed by Tukey’s post hoc test for experiments with three or more groups. Survival rates were evaluated using the Kaplan-Meier method, and comparisons were made using the log-rank test. Significance levels were indicated as * for p < 0.05, ** for p < 0.01, and *** for p < 0.001.


Results
S-adenosyl-L-methionine (SAM) exhibits pronounced protection against thoracic aortic dissection (TAD) initiated by β-aminopropionitrile monofumarate (BAPN) in mice
In vivo experiments were conducted to investigate the effects of SAM on TAD using a BAPN-induced TAD mouse model. The mice were divided into four groups: Control group (n = 5), SAM treated group (n = 5), BAPN group (n = 20), and SAM + BAPN group (n = 20). The survival analysis revealed a noteworthy enhancement in survival rate with SAM treatment compared to the BAPN group (Fig. 1A). SAM treatment also significantly attenuated TAD development, resulting in a reduction in maximal aortic diameters (Fig. 1B, C). Throughout the 28-day BAPN administration period, 45% (n = 9) of the BAPN group mice and 20% (n = 4) of the BAPN + SAM group mice experienced rupture (Fig. 1D). Additionally, 45% (n = 9) of the BAPN group mice and 20% (n = 4) of the BAPN + SAM group mice exhibited TAD without rupture (Fig. 1D). Furthermore, BAPN treatment led to a decrease in diastolic blood pressure (DBP) (Fig. 1E) due to aortic sclerosis post-TAD, while systolic blood pressure (SBP) remained relatively stable (Fig. 1F). SAM treatment effectively restored DBP in mice (Fig. 1E). Elastic fibers and collagen fibers are crucial components of the extracellular matrix (ECM) in arteries. TAD occurrence is associated with a decrease in total elastin content and elastic fiber cross-links. Collagen expression diminishes, and the resulting disordered deposition may indicate a gradual reparative process triggered by elastic fiber fragmentation and depletion [28]. Consequently, a pathological staining analysis was conducted. EVG staining revealed that SAM treatment mitigated BAPN-induced elastic fiber fragmentation and disarray (Fig. 2A). HE staining demonstrated alleviation of BAPN-induced dissecting aneurysm formation in the BAPN + SAM group compared to the BAPN group (Fig. 2B). BAPN-induced mice exhibited characteristic features of ECM degradation, and immunofluorescence staining of COL1A1 indicated that SAM treatment alleviated these features (Fig. 2C). These findings underscore the beneficial impact of SAM treatment in preventing TAD formation.
[image: ]
Fig. 1SAM supplementation on thoracic aortic dissection incidence. (A) The survival rate was estimated by the Kaplan-Meier method and compared by log-rank test (n = 5 for vehicle and SAM group, n = 20 for BAPN and SAM + BAPN group). (B) Representative macrographs of the aorta. (C) maximum diameter. (D) TAD incidence. (E), Diastolic Blood Pressure. (F) Systolic Blood Pressure


[image: ]
Fig. 2Pathological staining analysis of 28-day animal experiment induced by BAPN. (A), representative images from elastic van Gieson (EVG) staining, along with statistical analysis of elastin degradation. (B), representative images from hematoxylin and eosin (HE) staining are presented, accompanied by statistical analysis of aortic wall thickness. The scale bar for both panels (A) and (B) is 200 μm. (C), immunofluorescence staining of Col1a1, accompanied by quantitative analysis of the Col1a1 positive area in the vascular wall, scale bar 50 μm



SAM suppresses infiltration of neutrophils and macrophages
Acute aortic dissection can be triggered by Neutrophil-Derived Matrix Metalloproteinase-9 [30]. This condition is marked by the initial accumulation of macrophages in the aortic adventitia, followed by their infiltration into the media. Subsequently, this process fosters a localized inflammatory response within the aorta [31]. Our study delved into the dynamics of aortic leukocyte infiltration, including neutrophils and macrophages, in mice. In response to BAPN-induced vascular injury, a substantial accumulation of aortic CD45 + leukocytes were observed in control mice compared to the baseline group. However, intriguingly, supplementation with SAM markedly reduced the accumulation of aortic CD45 + leukocytes (Fig. 3A). Furthermore, BAPN administration elicited a significant increase in aortic neutrophil and macrophage infiltration in control mice relative to the baseline group. Remarkably, the SAM-supplemented group exhibited significant mitigation of BAPN-induced accumulation of aortic neutrophils and macrophages (Fig. 3B, C). These results collectively suggest a potential role for SAM in curbing the infiltration of inflammatory leukocytes into the aorta, thereby potentially ameliorating aortic degeneration.
[image: ]
Fig. 3SAM suppressed the leukocytes infiltration. (A), Flow cytometry plots for CD45 + leukocytes in the aorta and percentage of CD45 + cells within live cells. (B), Flow cytometry plots for CD11b + and Ly6G + positive neutrophils in the aorta and percentage of neutrophils within CD45 + leucocytes. (C), Flow cytometry plots for CD11b + and F4/80 + positive macrophages in the aorta and percentage of macrophages within CD45 + leucocytes. n = 5 for each group



SAM blunts M1 macrophage polarization in aortic wall
During periods of stress, macrophages from peripheral regions have a tendency to cluster around the aortic wall [32, 33]. M0 macrophages, in response to stimuli, undergo a shift in polarization, evolving into the pro-inflammatory M1 phenotype. These M1 macrophages play a pivotal role in breaking down the extracellular matrix by secreting matrix metalloproteinases (MMPs) and inflammatory mediators including IL-2, IL-1β, MCP-1, and IFN-γ. This process significantly contributes to the progression of aortic dissection [34].
To delve deeper into the mechanism by which SAM reduces the risk of aortic dissection (AD) formation, we assessed the inflammatory status of macrophages. MHCII expression in macrophages mirrors their antigen-presenting capacity and polarization. We determined macrophage MHCII expression and the percentage of MHCIIhighF4/80 + cells. Intriguingly, we observed a significant increase in the percentages of aortic MHCIIhighF4/80 + macrophages within F4/80 + cells in control mice after BAPN treatment. However, SAM supplementation reversed the BAPN-induced increase in the percentage of MHCIIhighF4/80 + macrophages (Fig. 4A). Furthermore, we aimed to identify macrophage subsets producing IL-1β and TNF-α. Freshly isolated aortic cells were stimulated with a PMA cocktail, and IL-1β + and TNF-α + macrophages were determined using flow cytometry. We found that the percentage of aortic IL-1β + and TNF-α + F4/80 + macrophages significantly increased in BAPN-induced control mice compared to the control baseline group. However, SAM supplementation markedly reduced the BAPN-induced elevation in the percentage of IL-1β + and TNF-α + F4/80 + macrophages (Fig. 4B, C). These results indicate that SAM treatment can mitigate the inflammatory phenotype of macrophages, thereby attenuating the development of thoracic aortic dissection (TAD).
[image: ]
Fig. 4SAM blunts M1 macrophage polarization. (A), Flow cytometry plots for the identification of MHCIIhighF4/80 + macrophages and Quantified percentage of MHCIIhighF4/80 + macrophages within F4/80 + macrophages. (B), Representative images of flow cytometry plots of and relative percentage of IL1b + cells in the F4/80 + subset. (C), Representative images of flow cytometry plots of and relative percentage of TNFα + cells in the F4/80 + subset. n = 5 per group, two-way ANOVA with Bonferroni multiple comparison test



SAM alleviates CD4 + and CD8 + T cells activation in the aorta
T cells have been demonstrated to contribute to aortic dissection (AD) development [35, 36] by inducing vascular smooth muscle cell (VSMC) apoptosis and promoting matrix metalloproteinase (MMP) synthesis [37]. Clinical studies in AD patients reveal elevated levels of CD3+, CD4+, and CD8 + cells in aortic tissue, indicating the involvement of T cell activation in AD development [9]. SAM exhibits dual roles in regulating both the activation and functional capacity of T cells [38]. We delved deeper into the impact of SAM supplementation on the activation of CD4 + and CD8 + T cells. Our investigation unveiled that SAM supplementation markedly counteracted BAPN-induced activation of CD4 + T cells (Fig. 5A-D). This was evidenced by a notable increase in the proportion of effector memory CD4 + T cells (CD44 + CD62L−) (Fig. 5C) and a simultaneous decrease in the proportion of naïve CD4 + T cells (CD44-CD62L+) (Fig. 5D) within the CD4 + subset. Remarkably, central memory CD4 + T cells (CD44 + CD62L+) remained largely unaffected (Fig. 5B). Moreover, SAM supplementation exerted a significant dampening effect on BAPN-induced activation in CD8 + T cells (Fig. 5E-H), as indicated by a heightened percentage of effector memory CD8 + T cells (CD44 + CD62L−) (Fig. 5H) and a concomitant decrease in the percentage of naïve CD8 + T cells (CD44-CD62L+) (Fig. 5G) within the CD8 + subset. Interestingly, while BAPN treatment led to elevated levels of central memory CD8 + T cells, no significant disparities in central memory CD8 + T cells (CD44 + CD62L+) were observed between the control and SAM supplement groups, both under normal conditions and in pathological states (Fig. 5F). In conclusion, our study underscores the pivotal role of SAM in curbing the inflammatory response by modulating T cell activation, thereby effectively impeding the progression of aortic dissection (TAD).
[image: ]
Fig. 5Effect of SAM on CD4 + and CD8 + T cells activation in the aorta. (A-D) Representative images of flow cytometry plots of pulmonary CD4 + T cells and the relative percentage of naïve (CD44-CD62L + CD4+), effector memory (CD44 + CD62L-CD4+), and central memory (CD44 + CD62L + CD4+) subsets. (E-H) Representative images of flow cytometry plots of and the percentage of pulmonary naïve (CD44-CD62L + CD8+), effector memory (CD44 + CD62L-CD8+), and central memory cells (CD44 + CD62L + CD8+) in CD8 + T cells. n = 5 for each group




Discussion
Our study provides compelling evidence that SAM treatment effectively slows down the progression of thoracic aortic dissection (TAD) in a BAPN-induced TAD model. This research represents the investigation into SAM’s potential role in TAD progression through nutritional intervention. The evidence presented, which includes improved survival rates, reduced incidence of TAD formation and rupture, as well as diminished degradation of elastin fibers and collagen, along with attenuated leukocyte infiltration, strongly supports the effectiveness of SAM intervention in TAD progression. Moreover, our findings suggest that SAM exerts its beneficial effects by mitigating macrophage M1 polarization and T cell activation, which ultimately contributes to the reduction in elastin and collagen degradation. This study underscores the critical role of SAM in TAD progression and highlights a promising nutritional intervention strategy for TAD prevention.
Methionine adenosyltransferase 2 A (MAT2A) stands as a pivotal enzyme in the methionine cycle, chiefly orchestrating the synthesis of S-adenosylmethionine (SAM) from methionine and adenosine triphosphate (ATP) [39]. A growing body of evidence suggests that mutations in MAT2A render individuals more susceptible to thoracic aortic disease [40]. SAM, serving as a vital substrate for methyl transfers to various biomolecules, undergoes a cyclical transformation that produces S-adenosylhomocysteine (SAH). The hydrolysis of SAH then yields homocysteine and adenosine, ultimately leading to the regeneration of methionine and SAM. The balance between SAM and SAH, reflected in the SAM/SAH ratio, is crucial for maintaining appropriate cellular methylation dynamics [41].
Notably, plasma SAH has been positively linked to the risk of cardiovascular events, independent of plasma total homocysteine concentrations, especially in patients undergoing coronary angiography [42]. Previous studies have unveiled associations between elevated plasma SAH concentrations and endothelial dysfunction, atherosclerosis, involving mechanisms such as oxidative stress [43, 44] and endoplasmic reticulum stress [45]. SAM, known for its role in regulating methylation reactions and influencing gene expression in various diseases [23, 46], has been the focus of several retrospective studies in cardiovascular disease (CVD) patients. These studies indicated a decrease in plasma SAM in CVD patients, a positive association with flow-mediated vasodilation (FMD), and an inverse correlation with carotid intima-media thickness (IMT) [47–49]. Additionally, exogenous SAM supplementation has demonstrated promising outcomes by reducing injury-induced carotid intima thickness and enhancing endothelium-dependent vasodilation in mice [50, 51]. However, conflicting reports have surfaced, with some studies suggesting increased or unchanged plasma SAM in patients with CVD [52, 53]. Considering SAM’s crucial role as a methyl donor in virtually all cellular methylation reactions, its deficiency has been associated with abnormal DNA methylation in CVD, as noted in previous case-control studies [53]. Consequently, we formulated a hypothesis positing an inverse association between SAM and the risk of CVD. In this study, we embarked on a prospective evaluation of the relationship between SAM supplementation and the risk of TAD in a mouse model. In corresponding with previous study, SAM supplementation significantly decreased the incidence and mortality of TAD. Previous studies have demonstrated that SAM can partially inhibit the development and progression of AD by attenuating dysregulated cellular autophagy and phenotypic switching in VSMCs [54]. Upon exposure to inflammatory stimuli and injury, VSMCs undergo dysregulation, transitioning from a contractile to a synthetic phenotype. This phenotypic shift is evidenced by the downregulation of contractile proteins (such as α-SMA and SM22α) and a concomitant upregulation of OPN and inflammatory proteins (MMP2 and MMP9) [55, 56]. The transformation of SMC phenotype is driven by inflammatory conditions. Accordingly, our study seeks to elucidate the role of SAM in modulating inflammatory responses during the pathogenesis of TAD.
Examining the intricate connection between methionine metabolism and T cell function reveals a complex interplay that can be harnessed for potential immunomodulation strategies. Higher levels of S-adenosylmethionine (SAM) are linked to a diminished anti-tumor effector function in CD8 + T cells, influencing the histone methylation landscape and suppressing the expression of critical effector genes [57]. Strategically inhibiting the methionine cycle through methionine restriction could potentially enhance the anti-tumor response of CD8 + T cells by inducing epigenetic reprogramming. Additionally, S-adenosylhomocysteine (SAH), a byproduct of SAM, could play a pivotal role in modulating T cell responses. SAH hydrolase (SAHH) promotes the effector function of pro-inflammatory CD4 + T cells, while its product, homocysteine, supports the proliferation and effector function of T cells [58, 59]. This raises the intriguing possibility that SAHH overexpression might augment the anti-tumor effector function of T cells. Interestingly, ethanol-induced suppression of MAT2A expression in CD4 + T cells, resulting in decreased SAM levels and increased T cell activation-induced apoptosis, highlights the critical role of SAM in T cell survival during activation [16]. Conversely, in T cells deficient in autophagy, reduced SAM levels were associated with altered histone methylation patterns, increased expression of effector genes, and enhanced anti-tumor function of CD8 + T cells [57]. This intriguing duality suggests that SAM, under specific metabolic conditions, may exert suppressive functions through the regulation of histone methylation. The role of SAH, generated from SAM by methyltransferases, in regulating the effector function of CD4 + T cells adds another layer of complexity. SAHH inhibitors have shown promise in modulating inflammatory T cells and regulatory T cells in various mouse models, indicating potential therapeutic applications [60–62]. In summary, the interplay between methionine metabolism and T cell function presents a complex landscape with potential implications for immunomodulation. In our study, we detected decreased CD4 + T cells and CD8 + T cells activation which is demonstrated by decreased CD44 + CD62L- effector T cells proportion and increased CD44- CD62L + naive T cells. However, the precise mechanism by which SAM influences the activation of T cells remains to be fully elucidated, warranting further investigation.
A previous investigation explored the effects of SAM on cytokine expression in human THP1 macrophage cells, suggesting its involvement in genome-wide and gene-specific epigenetic modifications. The study proposed that SAM could rapidly influence epigenetic gene regulation within 24 h of exposure, affecting the expression of genes encoding specific inflammatory mediators. Our current study provides further support for these findings, demonstrating a significant reduction in BAPN-induced expression of proinflammatory cytokines TNFα and IL1β by SAM, indicating its broad-ranging impact on inflammation. These results are consistent with earlier research demonstrating SAM’s anti-inflammatory effects in murine macrophages within a BAPN-induced aortic dissection model [63, 64].
Although our research sheds light on the role of SAM in TAD progression through in vivo experiments, uncertainties linger regarding its corresponding role in in vitro cell experiments. The complexities of SAM regulation in TAD, involving immune cells, inflammation-related factors, and VSMCs, pose challenges in conducting meaningful in vitro studies. Furthermore, our deliberate decision to utilize male mice aimed to reduce hormonal variability, suggesting that the results may not directly translate to female mice. Nonetheless, our findings strongly underscore SAM’s pivotal role in improving TAD outcomes.
To summarize, our study presents compelling evidence supporting the protective effects of SAM in TAD development. SAM treatment effectively mitigates leukocyte infiltration, particularly macrophages and neutrophils, reduces aortic inflammation, and suppresses T cell activation, ultimately contributing to the attenuation of TAD progression. These results position SAM as a promising and effective strategy for both the prevention and treatment of TAD.
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