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Short-chain fatty acids (SCFAs) are metabolites produced by gut bacteria and play a crucial role in various inflammatory diseases. Increasing evidence suggests that SCFAs can improve the occurrence and progression of atherosclerosis. However, the molecular mechanisms through which SCFAs regulate the development of atherosclerosis have not been fully elucidated. This review provides an overview of the research progress on SCFAs regarding their impact on the risk factors and pathogenesis associated with atherosclerosis, with a specific focus on their interactions with the endothelium and immune cells. These interactions encompass the inflammation and oxidative stress of endothelial cells, the migration of monocytes/macrophages, the lipid metabolism of macrophages, the proliferation and migration of smooth muscle cells, and the proliferation and differentiation of Treg cells. Nevertheless, the current body of research is insufficient to comprehensively understand the full spectrum of SCFAs’ mechanisms of action. Therefore, further in-depth investigations are imperative to establish a solid theoretical foundation for the development of clinical therapeutics in this context.
Keywords: SCFAs, gut microbiome, immune cells, endothelium, atherosclerosis
1 INTRODUCTION
Coronary artery disease (CAD) is one of the most common causes of human mortality worldwide, of which atherosclerosis (AS) is the main pathological basis.
In recent years, the gut microbiota has been found to play multiple key roles in maintaining host health, including gut homeostasis, immune system response, and protection against pathogens (Hooper et al., 2012). Increasing evidence suggests that the gut microbiota, through metabolites such as bile acids, short-chain fatty acids (SCFAs), lipopolysaccharides (LPS), trimethylamine-N-oxide (TMAO), etc., play a crucial role in cholesterol metabolism, oxidative stress, inflammation, and other fundamental metabolic processes (Cani et al., 2007; Wang et al., 2011; Tang and Hazen, 2014; Jandhyala et al., 2015; Korem et al., 2015; Wahlström et al., 2016; Yissachar et al., 2017). This microbial influence contributes significantly to the occurrence and progression of atherosclerosis. Among these metabolites derived from gut bacteria, SCFAs have drawn extensive attention as potential therapeutic agents for AS (Hu et al., 2022; Lu et al., 2022).
Therefore, this review aims to provide an overview of the latest research findings on how SCFAs can ameliorate atherosclerosis risk factors and elucidate the molecular mechanisms that regulate endothelial and immune cell functions. Furthermore, we seek to unveil the potential of SCFAs in the context of preventing and treating atherosclerosis.
2 SHORT-CHAIN FATTY ACIDS
SCFAs are carboxylic acids with aliphatic tails of 1–6 carbons of which acetate (C2), propionate (C3), and butyrate (C4) are the most abundant produced by anaerobic fermentation of dietary fibers in the intestine (60:20:20 mM/kg, respectively, in the human colon) (Makki et al., 2018; Macfarlane and Macfarlane, 1997; Cummings, 1981; den Besten et al., 2013). The type and quantity of SCFA production in the intestines are dynamic and are influenced by factors such as the amount and type of fermentation substrate, substrate utilization, and the physiological state of the intestinal flora and host (David et al., 2014). Numerous studies have demonstrated that a diet rich in fiber directly promotes the proliferation of SCFA-producing microorganisms and increases the concentration of SCFAs (De Filippo et al., 2010; Gutiérrez-Díaz et al., 2016; Ho et al., 2016). For example, dietary fiber-rich oats can stimulate the growth and survival of SCFA-producing bacteria such as Lactobacillus and Bifidobacterium (Ho et al., 2016). In a cross-sectional study involving a small sample of 31 healthy individuals and focusing on diet structure, it was discovered that levels of Bifidobacterium and Faecalibacterium flora, along with propionate and butyrate concentrations, were significantly higher in the stools of individuals who had adhered to a 6-month Mediterranean diet (a fiber-rich diet) compared to those with lower fiber intake (Gutiérrez-Díaz et al., 2016). This suggests that a fiber-rich diet has a positive impact on SCFA production.
Mechanistically, SCFA is involved in the regulation of host health or disease by binding to cell membrane receptors to trigger intracellular signaling cascades or regulating the epigenetics of intestinal and other tissue cells. Firstly, SCFAs can bind multiple receptors, including free fatty acid receptor 3 [FFAR3 or G protein-coupled receptor 41 (GPR41)], FFAR2 (GPR43), GPR109A (also known as hydroxycarboxylic acid receptor 2 or HCAR2) and olfactory receptor-78 (mouse Olfr78 or human OR51E2) (Martin-Gallausiaux et al., 2021; Lymperopoulos et al., 2022), where FFAR3, FFAR2, and GPR109A are expressed in different organs and cells, such as small intestine, colon, and liver, etc (Dalile et al., 2019). SCFAs activate heterotrimeric G proteins by binding to GPRs, resulting in the separation of the G α subunit from the G βγ subunit. This, in turn, initiates various downstream signaling pathways, such as adenylyl cyclase (AC) and inositol trisphosphate (IP3), and activates key signaling molecules like ERK/Atf2 and mTOR. Consequently, these mechanisms regulate physiological activities such as chemotaxis, apoptosis, proliferation, and differentiation (Flock et al., 2017; Kimura et al., 2020). Olfr78 is mainly expressed in vascular smooth muscle cells of the peripheral vascular system and small renal arteries, where it mediates renin secretion in response to SCFA (Pluznick et al., 2013; Pluznick, 2014; Koh et al., 2016; Pluznick, 2016). Secondly, SCFAs are capable of regulating transcriptional and post-translational modifications by increasing histone acetylation through the inhibition of chromatin histone deacetylase (HDAC) activity. This process promotes the dissociation of DNA from histone octamers and the relaxation of nucleosome structure, facilitating various transcription factors and co-transcription factors to specifically bind to DNA binding sites and activate gene transcription (Shakespear et al., 2011). Additionally, SCFAs act as ligands for two transcription factors, peroxisome proliferator-activated receptor γ (PPARγ) and aryl hydrocarbon receptor (AHR). Through binding to these two transcription factors, SCFAs influence the expression of various genes, including NF-κB and NADPH oxidase (NOX), at the transcriptional level (den Besten et al., 2015; Jin et al., 2017).
Due to these mechanisms of action (as shown in Figure 1), SCFAs play beneficial roles in human health, such as regulating blood pressure, improving glucolipid metabolism, and modulating immune system. There is growing evidence that SCFAs play an important protective role in the development of atherosclerosis (as shown in Table 1).
[image: Figure 1]FIGURE 1 | Mechanisms of SCFA and its ameliorative effects in the development of atherosclerosis. 1. SCFAs bind to G protein-coupled receptors, triggering intracellular signaling cascades, leading to downstream signal transduction activation and the secretion of GLP-1, PYY. SCFA also promotes renin secretion by binding to the receptor Olfr78. 2. SCFAs inhibit HDAC activity, promoting histone acetylation, facilitating the dissociation of DNA from histone octamers and relaxation of chromatin structure. This allows various transcription factors and co-transcription factors to bind specifically to DNA binding sites, activating gene transcription. As ligands for AHR and PPARγ, SCFAs regulate the expression of multiple genes at the transcriptional level through their interaction with these two transcription factors. 3. SCFAs improve atherosclerosis by improving inflammation and oxidative stress of endothelial cells, inhibiting migration of monocytes/macrophages, regulating lipid metabolism of macrophages, regulating proliferation and migration of smooth muscle cells and promoting proliferation and differentiation of Treg cells. SCFAs, short-chain fatty acids; FFAR, free fatty acid receptor; GPR109a, G-protein coupled receptor-109a; Olfr78, olfactory receptor-78; AHR, aryl hydrocarbon receptor; HDAC, histone deacetylase; GLP-1, glucagon-like peptide-1; PYY, peptide YY; NF-κB, Nuclear Factor kappa B; Nrf2, NF-E2-related factor 2; TF, transcription factor. Created with FigDraw (www.figdraw.com).
TABLE 1 | The effects and mechanisms of SCFAs in the risk factors of atherosclerosis.
[image: Table 1]3 SCFAS AND ATHEROSCLEROSIS WITH ITS RISK FACTORS
3.1 SCFAs and atherosclerosis
In adults, the gastrointestinal tract harbors approximately 100 trillion microorganisms, and many of the SCFA-producing bacteria have been identified through metagenomics and 16S rRNA sequencing (Jia et al., 2008; Louis et al., 2010; Fu et al., 2019). In 2017, the world’s first large-scale atherosclerotic cardiovascular disease (ASCVD) human microbiome study sequenced the gut microbiota composition of 218 ASCVD patients. They found that SCFA-producing bacteria (including Roseburia intestinalis and Faecalibacterium prausnitzii) were less abundant in ASCVD patients compared to healthy controls, suggesting a potential protective role of SCFAs in atherosclerosis (Jie et al., 2017). The reduction in SCFA-producing bacterial abundance in AS patients’ intestines has also been confirmed by other cross-sectional studies (Karlsson et al., 2012; Liu et al., 2019; Zeng et al., 2019).
In animal models, multiple studies have demonstrated the beneficial effects of feeding SCFA preparations in improving atherosclerosis (Aguilar et al., 2014; Kasahara et al., 2018; Bartolomaeus et al., 2019; Haghikia et al., 2022). For example, Aguilar et al. (Aguilar et al., 2014)found that ApoE−/− mice fed with exogenous butyrate experienced a reduction of over 50% in aortic atherosclerotic plaques, with increased plaque stability: a decrease in macrophage numbers, elevated collagen levels, and reduced inflammatory markers. Haghikia et al. (Haghikia et al., 2022) and Bartolomaeus et al. (Bartolomaeus et al., 2019) observed a significant reduction in atherosclerotic lesion areas in ApoE−/− mice treated with propionate, accompanied by a reduction in systemic inflammation. However, there is currently no clinical evidence to definitively establish the outcomes of using SCFA preparations in the treatment of atherosclerosis in human populations, and further research is warranted to elucidate the role of SCFAs in individuals with atherosclerosis.
3.2 SCFAs and dyslipidemia
Abnormal blood lipid metabolism is the most important risk factor for atherosclerosis and coronary heart disease. Multiple studies have confirmed that SCFAs can reduce total cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C) levels in the body. For instance, Zhao et al. (2017) fed male hamsters with acetate, propionate, and butyrate for 6 weeks and found that they reduced plasma total cholesterol by 14%, 18%, and 17%, respectively, as well as decreased non-high-density lipoprotein (non-HDL) cholesterol and non-HDL cholesterol/HDL cholesterol ratio. Haghikia et al. (2022) observed significant effects of propionate treatment on lowering TC, VLDL, and LDL-C and preventing the development of atherosclerosis in hypercholesterolemic ApoE−/− mice, further confirming the role of SCFAs in cholesterol regulation. Subsequently, a randomized controlled trial confirmed the lipid-lowering effect of propionate in humans. They found that after 8 weeks of oral administration of 500 mg Bid propionate to individuals with hyperlipidemia, various blood lipid components showed significant reductions: TC decreased by 7.3%, LDL-C decreased by 8.1%, and non-HDL cholesterol decreased by 9.1%, compared to respective reductions of 1.7%, 0.5%, and 0.5% in the control group, indicating that SCFAs are effective cholesterol-lowering agents.
The mechanism by which SCFAs lower circulating cholesterol in vivo is related to the regulation of cholesterol transport and excretion by SCFAs. Reverse cholesterol transport (RCT) is a critical process in lipid metabolism, as it transports excess cholesterol from peripheral macrophages to the liver for metabolism and eventual excretion in the feces. To elucidate the potential role of SCFAs in RCT, several animal studies have identified the expression of several key RCT transporter proteins. It was found that butyrate, in particular, upregulated the expression of several genes, including sterol regulatory element binding protein 2 (SREBP2), low-density lipoprotein receptor (LDLR), and cholesterol 7α-hydroxylase (CYP7A1) genes (Tayyeb et al., 2019; Du et al., 2020). Increased hepatic expression of SREBP2 and LDLR promoted the hepatic uptake of circulating cholesterol, while increased CYP7A1 expression reduced blood cholesterol levels by enhancing the excretion of bile acids in feces (Zhao et al., 2017). Both of these conditions contribute to the reduction of circulating cholesterol levels.
Furthermore, Apolipoprotein A-I (ApoA-I) is the major protein in high-density lipoprotein (HDL) and also plays an important role in the process of RCT (Prosser et al., 2012). Tayyeb et al. (2020) found that butyrate inhibited the inflammation-induced decrease in ApoA-I transcription and promoted ApoA-I transcription in hepatic HepG2 cells. Even in a more sophisticated experimental model using transwells, when intestinal Caco-2 cells were co-cultured with HepG2 cells, adding butyrate to the apical side of Caco-2 cells did increase ApoA-I transcription in the HepG2 cells that were cultured in the basolateral compartment (Tayyeb et al., 2021). This suggests that an increase in SCFA flux from the portal vein to the liver may lead to an increase in hepatic ApoA-I transcription.
In addition to hepatic cholesterol metabolism, intestinal cholesterol metabolism is also a key component of cholesterol homeostasis, where Niemann-Pick C1-like protein 1 (NPC1L1) is the major transmembrane transporter protein responsible for intestinal cholesterol absorption (Michos et al., 2019). A recent study found that propionic acid inhibited NPC1L1 expression by increasing the levels of Treg cells and IL-10 in the intestine after feeding propionic acid to hypercholesterolemic ApoE−/− mice, which in turn prevented the increase of TC and LDL-C induced by high-fat diet. This reveals the promising role of SCFAs in improving intestinal cholesterol metabolism by modulating the intestinal immune system (Haghikia et al., 2022).
3.3 SCFAs and hypertension
Hypertension is one of the major risk factors for atherosclerosis. There is growing evidence that the abundance of SCFA-producing flora and serum SCFA levels in the gut of hypertensive patients are lower than in the normal population (Li et al., 2017; Yan et al., 2017; Kim et al., 2018; Sun et al., 2019; Calderón-Pérez et al., 2020). For example, a small sample found that SCFA-producing genera (such as Prevotella, Blautia, Coprococcus, Anaerostipes and Ruminococcus) were fewer in the gut of patients with essential hypertension compared to healthy controls (Liu et al., 2021). Another large study including 4,672 subjects from six different ethnic groups participating in Healthy Life in an Urban Setting (HELIUS) described the association between altered gut microbiota composition and blood pressure. Notably, species such as Roseburia spp., Clostridium spp., and Romboutsia spp. exhibited significant and inverse associations with blood pressure, indicating the potential of SCFA-producing flora to have an antihypertensive effect (Verhaar et al., 2020). However, interestingly, a longitudinal cohort study of 26 hypertensive patients with a mean follow-up of approximately 5 years showed that SCFAs in the stool of hypertensive patients was higher than in the normal population and was significantly associated with an increase in 24-h mean blood pressure (Huart et al., 2019). This may suggest defects in the absorption of intestinal SCFAs into the body circulation in hypertensive patients (de la Cuesta-Zuluaga et al., 2018; Müller et al., 2019).
In animal models, the role of SCFAs in reducing blood pressure in mice has been confirmed (Bartolomaeus et al., 2019). Several studies have analyzed the roles of SCFA receptors, Olfr78 and FFAR3, in blood pressure regulation, and the results appear to be contradictory. For instance, compared to wild-type mice, Olfr78-deficient mice show a decrease in blood pressure (Pluznick, 2017), while FFAR3 knockout (KO) mice exhibit a hypertensive phenotype (Natarajan et al., 2016). These findings suggest that SCFA receptors Olfr78 and FFAR3 may play antagonistic roles in the regulation of blood pressure. Olfr78 is primarily expressed in the vascular smooth muscle cells of the peripheral vascular system and afferent arterioles of the kidney, and it promotes renin secretion by juxtaglomerular cells. Pluznick et al. (2013) reported that Olfr78 KO mice showed lower blood pressure, which was consistent with the observed lower plasma renin levels in these mice. This points to the importance of SCFA receptor Olfr78-mediated renin secretion in blood pressure regulation. FFAR3 is also expressed in the smooth muscle cells of large arteries and the kidney. Pluznick et al. found that the blood pressure-lowering effect of propionic acid was abolished in FFAR3-deficient mice, suggesting a direct association between its blood pressure-lowering effect and FFAR3 activity. Importantly, FFAR3 has a higher ligand affinity for propionic acid than Olfr78, which may explain the reason for SCFAs’ blood pressure-lowering effect in mice (Le Poul et al., 2003). In summary, Olfr78-mediated activation by propionic acid leads to an increase in blood pressure, while FFAR3-mediated activation results in blood pressure reduction. Olfr78 and FFAR3 play antagonistic roles in blood pressure regulation, balancing each other to achieve healthier blood pressure levels.
Additionally, the influence of SCFAs on blood pressure regulation is also thought to be linked to the gut-brain axis. The activation of SCFA receptors influences the vagal nerve transmission, providing another pathway for the blood pressure-regulating effects of SCFAs (Lal et al., 2001). Animal studies have shown that increased levels of colonic butyrate can lead to blood pressure reduction through activation of the parasympathetic nervous system. When the vagal nerve is severed, the blood pressure-lowering effect of butyrate in rats is significantly diminished, indicating that SCFAs regulate blood pressure through the colonic neural signaling pathway (Onyszkiewicz et al., 2019).
3.4 SCFAs and diabetes
Diabetes is closely intertwined with atherosclerosis, and controlling blood glucose is a fundamental measure in preventing and managing atherosclerosis. Research has revealed that various communities of SCFA-producing microbes, including Bifidobacterium, Akkermansia, and Faecalibacterium, are notably reduced in the gut of individuals with prediabetes and type 2 diabetes mellitus (T2DM) when compared to healthy individuals (Li et al., 2020; Letchumanan et al., 2022). This indicates that T2DM patients possess a distinctive gut microbiota composition. Furthermore, several studies have confirmed the role of SCFA-producing microbial communities in blood glucose regulation (Zhao et al., 2018; Medina-Vera et al., 2019). For instance, in a randomized controlled trial involving 81 T2DM patients, Medina-Vera et al. (Medina-Vera et al., 2019) found that after 3 months of a fiber-rich diet, T2DM patients experienced a significant increase in SCFA-producing gut microbial communities (e.g., F. prausnitzii increased by 34%, A. muciniphil increased by 125%), and a noteworthy 7.2% reduction in hemoglobin A1c (HbA1c) levels. Similarly, in another randomized trial involving 43 T2DM patients, Zhao et al. (2018) observed a significant increase in SCFA-producing gut microbial communities after 12 weeks of a fiber-rich diet, leading to approximately 20% improvement in glucose tolerance and a reduction in HbA1c levels. These findings further underscore the role of SCFA-producing microbial communities in blood glucose control within population.
As is well known, blood glucose concentration is regulated by complex hormones, mainly insulin secreted by pancreatic β-cells and glucagon secreted by pancreatic α-cells. Tolhurst et al. (2012) observed that SCFA activation stimulates the secretion of glucagon-like peptide-1 (GLP-1) in L cells (a significant class of enteroendocrine cells) of wild-type mice. However, this stimulatory effect is significantly reduced in FFAR2−/− and FFAR3−/− cells, suggesting the important role of SCFA receptors FFAR2 and FFAR3 in regulating hormone control of blood glucose. Interestingly, in vivo, only FFAR2−/− mice showed a significant reduction in circulating GLP-1 levels, while FFAR3−/− mice showed no such effect. It was found that FFAR2 triggers intracellular calcium responses in L cells through specific coupling with Gq protein, thereby enhancing the secretion of GLP-1 (Psichas et al., 2015). Therefore, the attenuated response to SCFAs observed in FFAR3−/− colonic cultures may be related to the decreased expression of FFAR2 observed in FFAR3−/− mice. Furthermore, a recent study found that the SCFA propionic acid stimulates the secretion of the anorectic gut hormones peptide YY (PYY) and GLP-1 in primary mouse colonic organoids from wild-type mice, and this effect is significantly reduced in FFAR2−/− organoids. In an in vivo model, the administration of propionic acid in the colon stimulates the release of GLP-1 and PYY in rodents, and this effect was absent in FFAR2−/− mice, once again emphasizing the crucial role of SCFAs in promoting the release of PYY and GLP-1 through FFAR2 (Psichas et al., 2015).
Furthermore, leptin also plays a significant role in blood glucose homeostasis. Research indicates that the SCFA receptor FFAR3 is expressed in adipocytes. SCFAs stimulate the expression of leptin in primary cultures of mouse adipocytes and in mouse adipose tissue through FFAR3 (Xiong et al., 2004). In vivo studies have also shown that increasing circulating levels of propionic acid can increase leptin levels in mice, highlighting the role of SCFAs in promoting leptin release (Xiong et al., 2004). Leptin acts on gamma-aminobutyric acid (GABA) and pro-opiomelanocortin (POMC) neurons in the hypothalamus, promoting glucose uptake in brown adipose tissue and skeletal muscles, and improving liver metabolism (Sahu, 2003; Fujikawa et al., 2013). Leptin engages the mentioned hypothalamic neurocircuitry to maintain euglycemia and permit survival in the absence of insulin. Furthermore, leptin directly stimulates liver glycogen synthesis and muscle glucose uptake, thereby lowering blood glucose levels (Minokoshi et al., 2002).
In addition to their impact on hormones, SCFAs also modulate blood glucose by promoting the expression of glucose transporter proteins (GLUTs). GLUTs are a family of transmembrane proteins that regulate the entry of extracellular glucose into cells and are involved in the process of glucose metabolism. It has been reported that after treatment with butyrate, there is an increase in glucose transporter proteins, including GLUT2 and GLUT4, facilitating the cellular uptake of glucose (Mollica et al., 2017).
4 THE POTENTIAL MECHANISMS OF SCFAS IN IMPROVING ATHEROSCLEROSIS
4.1 SCFAs improve endothelial cell inflammation and oxidative stress
In the occurrence and development of atherosclerosis, inflammation and oxidative stress play crucial roles in inducing endothelial dysfunction. SCFAs have been discovered to play a role in regulating various inflammatory and oxidative stress pathways, such as NF-κB and Nrf, among others. They mitigate endothelial cell damage, thereby contributing to the improvement of atherosclerosis.
NF-κB The NF-κB protein is typically formed by the p65 and p50 subunits, which can form homodimers or heterodimers. In the cytoplasm, NF-κB is in an inactive state due to its binding to the inhibitory protein IκB, forming a trimeric complex. Oxidized low-density lipoprotein (ox-LDL) and pro-inflammatory factors can stimulate the phosphorylation of IκB and the formation of nuclear p65/p50 heterodimers, thereby activating NF-κB and causing endothelial inflammation (Yamamoto and Gaynor, 2001; Yang et al., 2012). SCFAs have been demonstrated to inhibit the expression of various pro-inflammatory genes by suppressing NF-κB activation, thus preventing endothelial leakage. Aguilar et al. (2014) found that pretreatment of EA.hy926 endothelial cells with butyrate effectively inhibited the expression levels of inflammatory factors such as TNF-α, IL-6, and IL-1β. Further mechanistic studies revealed that butyrate reduced the concentration of p65 in endothelial cells and its translocation into the cell nucleus, thereby inhibiting the formation of p65/p50 heterodimers. At the same time, it also increased the concentration of p50 in the cytoplasm. This elevation of cytoplasmic p50 is beneficial for inhibiting the formation of p50/p50 homodimers, thereby reducing the activation of NF-κB genes. Moreover, it has been found that the transcriptional activity of NF-κB can be regulated by the acetylation and deacetylation of proteins in the NF-κB pathway and the accessibility of NF-κB target genes. For example, the subunits of NF-κB (p65 and p50) interact with HDAC to inhibit transcription (Ashburner et al., 2001). Although SCFAs are known as HDAC inhibitors, there is currently no evidence to definitively establish whether their inhibitory effect on NF-κB activity is mediated by HDAC inhibition. Further in-depth research is required in this regard.
Nrf2 In addition to NF-κB, research has found that SCFAs can promote the expression of Nrf2 and improve endothelial inflammation and oxidative stress. In a Nrf2 knockout diabetic mouse model, Wu et al. (2018) observed that 5% butyrate significantly reduced the expression levels of multiple adhesion molecules and reactive oxygen species components, including 3-nitrotyrosine (3-NT), Vascular Cell Adhesion Molecule-1 (VCAM-1), Intercellular Adhesion Molecule-1 (ICAM-1), and inducible Nitric Oxide Synthase (iNOS) in wild-type mice, by more than 50%. However, this effect was abolished in Nrf2 knockout mice, confirming the involvement of Nrf2 in SCFA-mediated regulation of endothelial inflammation and oxidative stress processes. This effect is primarily exerted by inhibiting HDAC activity and promoting the recruitment of the transcription factor AHR and coactivator P300 to the Nrf2 gene promoter, thereby mediating the activation of Nrf2 transcriptional levels. Moreover, another cell experiment found that after pretreatment with 1 μM propionic acid for 24 h, Nrf2 significantly translocated from the cytoplasm to the nucleus in hCMEC/D3 cells, where it bound to antioxidant response elements (ARE) in the nucleus, leading to a reduction in intracellular ROS levels (Hoyles et al., 2018). The above research indicates that SCFAs activate the Nrf2 signaling pathway through various mechanisms to reduce inflammation and maintain endothelial cell redox homeostasis.
NOX NADPH oxidase (NOX) is a critical enzyme involved in intracellular redox signaling, and various NOX isoforms expressed in endothelial cells, such as NOX2 and NOX4, have been shown to increase the production of superoxide, leading to endothelial oxidative stress and the development of atherosclerosis. In an in vitro experiment using ox-LDL to stimulate endothelial cells, pretreatment with butyrate (0.5 mM) resulted in a reduction of approximately 70% in the expression of the NOX2 subunit p22phox protein compared to the control group. This effect was achieved through the PPARδ/miR-181b pathway, which downregulates endothelial NOX2 expression and ROS production (Tian et al., 2021).
Additionally, NOX-4 is another target for the treatment of atherosclerosis. While the normal production of NOX-4 is essential for physiological functions, excessive production of NOX-4 can lead to the accumulation of atherosclerotic plaques (Sorescu et al., 2002). In a mouse model study in 2018, it was found that the inhibition of NOX-4 could improve inflammation under conditions of atherosclerosis. Subsequently, in a study by Wang et al. (2020), when examining the effects of butyrate treatment on TNF-α-induced NOX-4 production, it was observed that in the presence of TNF-α alone, endothelial cell NOX-4 expression increased nearly 4-fold at the mRNA level and 3.5-fold at the protein level. However, treatment with 100 μM butyrate reduced the NOX-4 mRNA and protein levels to about 2.5-fold, confirming the effective inhibition of TNF-α-induced overproduction of NOX-4 at both mRNA and protein levels by butyrate. This study demonstrated the value of butyrate in preventing NOX-4-induced atherosclerosis.
4.2 SCFAs inhibit migration of monocytes/macrophages
After vascular endothelial injury, monocytes in the bloodstream migrate through the endothelial gap into the subendothelial space, which is a critical step in the development of atherosclerosis (Randolph, 2009). This process is primarily mediated by adhesion molecules, chemokines, and proteases that facilitate monocyte contact, adhesion, and migration with the endothelium. Aguilar et al. (2014) found that in aortic atherosclerosis, butyrate reduced the production of protease MMP2, chemokine CCL2, and adhesion molecule VCAM-1 at the site of lesions, resulting in reduced monocyte migration and adhesion to the lesion area. In vitro studies also confirmed that pretreatment with SCFAs inhibited the production of IL-6 and IL-8 and reduced VCAM-1 expression and cell adhesion in human umbilical vein endothelial cells (HUVECs) (Zapolska-Downar et al., 2004; Li et al., 2018). These findings indicate that SCFAs suppress monocyte chemotaxis and adhesion to damaged vascular endothelium by reducing inflammation at the lesion site.
Moreover, the iNOS/Src/FAK axis plays a central role in Toll-like receptor (TLR)-mediated macrophage motility (Maa et al., 2011), where Src (a non-receptor tyrosine kinase) and focal adhesion kinase (FAK) are important proteins associated with cell adhesion and migration (Schlaepfer et al., 1999). In Maa’s study, butyrate was observed to inhibit LPS-induced migration of RAW264.7 macrophages and rat peritoneal macrophages, consistent with the role of iNOS in promoting macrophage mobilization via Src upregulation. After LPS exposure, butyrate pretreatment led to a reduction in iNOS and Src levels, as well as the inhibition of Src and FAK activity in macrophages, indicating that butyrate suppresses LPS-induced macrophage motility by inhibiting the iNOS/Src/FAK axis and reducing their migration to the lesion site (Maa et al., 2010). Furthermore, due to butyrate’s reduction of iNOS, NOX, and ROS production, preventing activated macrophages’ burst of free radicals, it may also facilitate their migration out of the lesion (Steinberg, 2002; Park et al., 2009; Aguilar et al., 2016).
4.3 SCFAs regulate lipid metabolism of macrophages
Macrophages phagocytose extracellular lipids through binding with scavenger receptor CD36 and scavenger receptor A (SRA). Excess cholesterol esters within macrophages are broken down within lysosomes and subsequently removed from the cell through the action of transporters known as ATP binding cassette transporter A1 (ABCA-1) and ATP Binding Cassette Subfamily G Member 1 (ABCG-1). This process effectively lowers the levels of cholesterol inside the cell (Platt et al., 2002; Chistiakov et al., 2016; Tian et al., 2020). Zhang et al. (Zhang et al., 2021) found that supplementing high-fat diet rats with FLJ (SCFA supplement) significantly reduced hepatic CD36 mRNA levels by 50%. This was validated in vitro, where butyrate (0.5 mM) pretreatment of macrophages resulted in reduced CD36 expression upon ox-LDL stimulation, leading to decreased ox-LDL uptake and intracellular lipid accumulation (Aguilar et al., 2014). Additionally, Du et al. (2020) observed a concentration-dependent upregulation of transporter ABCA-1 expression in macrophages after butyrate pretreatment, with an increase in cholesterol efflux. This effect might be mediated by butyrate’s upregulation of the PI3K pathway, inducing Sp1 phosphorylation, which recruits activated dimers to the ABCA-1 promoter and enhances ABCA-1 transcription (Thymiakou et al., 2007; Chen et al., 2011). However, some studies suggest that butyrate’s influence on macrophage ABCA-1 may also be mediated by SCFA receptor GPR109A, as its activation stimulates ABCA-1 expression in macrophages, subsequently promoting cholesterol efflux mediated by ApoA-I (Chai et al., 2013; Gaidarov et al., 2013; Tumurkhuu et al., 2018). These mechanisms activate ABCA-1 expression and may promote cholesterol efflux, reducing foam cell formation.
4.4 SCFAs regulate proliferation and migration of smooth muscle cells
The structural and functional changes in vascular smooth muscle cells (VSMCs) are closely associated with the development of atherosclerosis, promoting plaque formation and inducing plaque instability. Studies have found that butyrate can significantly inhibit VSMC proliferation, improve arterial wall thickness, and reduce collagen deposition (Tan et al., 2017).
The protective effects of butyrate on atherosclerosis are achieved through the regulation of VSMC histone epigenetic modifications, appropriately altering chromatin dynamics, and thereby modulating the expression of G1-specific cell cycle proteins to halt VSMC proliferation. For example, Mathew et al. (2010) found that the interaction between different site-specific post-translational modifications of histone H3 in butyrate-treated VSMCs seems to alter chromatin structure and organization, resulting in a stalling of VSMC proliferation by regulating differential expression of cell cycle negative regulators and positive regulators. Specifically, the collaborative effects of butyrate on histone H3 Lys9 acetylation and H3 Ser10 phosphorylation, as well as the contrasting effects on H3 Lys4 and H3 Lys9 dimethylation, lead to downregulation of D-type cyclins (cyclin D1 and D3) and G1-specific cyclin-dependent kinases (cdk2, cdk4, and cdk6), and upregulation of cdk inhibitors p15INK4b and p21Cip1 (Milton et al., 2012). The downregulation of cdk2, cdk4, and cdk6 and upregulation of p15INK4b and p21Cip1 are consistent with butyrate’s anti-proliferative effects, confirming that butyrate inhibits VSMC proliferation by regulating their epigenetics.
Furthermore, butyrate increases the expression of glutathione peroxidase (GPX) 3 and GPX4, enhancing the overall catalytic activity of the GPX family to promote antioxidant effects and inhibit VSMC proliferation (Mathew et al., 2010; Mathew et al., 2014). Another study suggested that butyrate’s anti-proliferative effect on VSMCs is achieved through its impact on HDAC activity and phosphoinositide 3-kinase/Akt pathway, involving inhibition of protein synthesis and apoptosis (Mathew et al., 2019). Lastly, butyrate can inhibit platelet-derived growth factor (PDGF)-induced migration of pulmonary artery VSMCs, possibly through downregulation of PDGF receptor transcription and inhibition of PDGF-induced Akt phosphorylation (Cantoni et al., 2013).
4.5 SCFAs promote proliferation and differentiation of Treg cells
Atherosclerosis plaques are enriched with lymphocytes, and regulatory T cells (Tregs) have been a focus of research in recent years for their protective role in AS. Studies have shown that SCFAs can regulate adaptive immune responses by directly or indirectly modulating Treg cell differentiation and proliferation. A recent study published in the “European Heart Journal” found that in subjects with hyperlipidemia, plasma propionate concentration significantly increased after 8 weeks of oral supplementation with propionate, leading to a 5.5% increase in peripheral Treg cells. Importantly, the numbers of Th17 cells or Th1 cells did not exhibit significant changes (Haghikia et al., 2022). This is consistent with the results observed by Duscha et al. (2020) in patients with multiple sclerosis (MS), where Treg cell numbers increased by 30% after 14 days of propionate supplementation in MS patients and by approximately 25% in healthy controls, suggesting the role of SCFAs in promoting Treg cell proliferation. Furthermore, Bartolomaeus et al. (2019) found that propionate significantly reduced systemic inflammatory responses, markedly lowered susceptibility to ventricular arrhythmias, and reduced atherosclerosis and cardiac remodeling in a model of high blood pressure. The protective effects of propionate on target organs partially depended on the proliferation of Tregs, and depletion of Treg cells eliminated the beneficial effects of propionate on systemic and cardiac inflammation and fibrosis. These studies provide strong evidence that SCFAs can improve the inflammatory state by regulating Treg cell proliferation.
Currently, SCFAs have been confirmed as key metabolic products that promote the differentiation of naive T cells into Tregs within the intestinal tract (Atarashi et al., 2011; Arpaia et al., 2013; Atarashi et al., 2013; Furusawa et al., 2013; Smith et al., 2013; Singh et al., 2014). The induction of Tregs by SCFAs is believed to be mediated through the inhibition of HDAC, thereby regulating the epigenetics of Treg cells (Tanoue et al., 2016). For instance, recent studies in mice suggest that butyrate may enhance the acetylation of histone H3 at the Foxp3 locus through HDAC inhibition. This leads to a more relaxed chromatin structure, thereby inducing Foxp3 gene expression (Furusawa et al., 2013). Furthermore, at the molecular level, butyrate has been shown to promote the acetylation of the Foxp3 protein, preventing proteasomal degradation, and enhancing the stability and activity of this transcription factor (Arpaia et al., 2013). The molecular mechanisms underlying the control of Treg development by SCFAs are complex and involve various cell types, such as myeloid cells and intestinal epithelial cells (IECs). Studies have found that butyrate-mediated GPR109A signaling activation promotes macrophages to exhibit anti-inflammatory properties, leading to the promotion of Foxp3+ Tregs and IL-10-producing CD4+ T cells in the colon (Atarashi et al., 2013). Additionally, SCFAs can also increase the production of TGF-β1 by inhibiting HDAC activity in IECs, thereby promoting Tregs differentiation (Atarashi et al., 2011; Atarashi et al., 2013; Martin-Gallausiaux et al., 2018).
5 CONCLUSION
Atherosclerosis is a global health problem, and the development of effective treatment plans is of paramount importance. SCFAs, as one of the metabolites derived from the gut microbiota, have garnered significant attention as a potential therapeutic approach for atherosclerosis. However, the mechanisms by which SCFAs alleviate atherosclerosis are still in their early stages. In this review, we elucidate the research progress on SCFAs regarding their impact on the risk factors and pathogenesis associated with atherosclerosis, with a specific focus on their interactions with the endothelium and immune cells. It is evident that the beneficial properties of SCFAs hold the potential for preventing and treating atherosclerosis. Nevertheless, several issues need to be addressed before the clinical application of SCFAs.
First, most of these SCFA-induced beneficial results were observed in animal experiments and have rarely been performed in humans. Further research should be conducted to confirm whether these benefits could be repeated in humans. Second, the current body of research is insufficient to comprehensively understand the full spectrum of SCFAs’ mechanisms of action. Therefore, further in-depth investigations are imperative to establish a solid theoretical foundation for the development of clinical therapeutics in this context.
We are confident that these difficulties will and must be overcome to elucidate the detailed mechanism of the function of SCFAs and their promising medical value to mankind.
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