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Abstract
Metabolic dysfunction-associated steatotic liver disease (MASLD), previously termed nonalcoholic fatty liver disease (NAFLD), poses a significant global health challenge due to its increasing prevalence and strong association with cardiovascular disease (CVD). This comprehensive review summarizes the current knowledge on the MASLD-CVD relationship, compares analysis of how different terminologies for fatty liver disease affect cardiovascular (CV) risk assessment using different diagnostic criteria, explores the pathophysiological mechanisms connecting MASLD to CVD, the influence of MASLD on traditional CV risk factors, the role of noninvasive imaging techniques and biomarkers in the assessment of CV risk in patients with MASLD, and the implications for clinical management and prevention strategies. By incorporating current research and clinical guidelines, this review provides a comprehensive overview of the complex interplay between MASLD and cardiovascular health.
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Introduction
Nonalcoholic fatty liver disease (NAFLD), a manifestation of metabolic syndrome (MS), is now one of the leading causes of chronic liver disease worldwide. It affects approximately 25% of the global population [1], and this figure is expected to increase to 38% by 2023 [2]. In 2020, NAFLD was redefined as “metabolic-associated fatty liver disease” (MAFLD), characterized by liver steatosis evident through biopsy, imaging or elevated liver enzymes, as well as obesity/overweight, type 2 diabetes mellitus (T2DM) or metabolic disorders [3, 4]. Afterwards, in 2023, three major international hepatology organizations advocated for a nomenclature shift, recommending that the term “metabolic dysfunction-associated steatotic liver disease (MASLD)” be adopted in lieu of NAFLD as the preferred term currently used in the field, the term “non-alcoholic steatohepatitis” has been superseded by “metabolic dysfunction-associated steatohepatitis (MASH)” [5].
MASLD includes a spectrum of liver conditions, ranging from simple steatosis (fat in > 5% of hepatocytes) to MASH, advanced fibrosis, cirrhosis and hepatocellular carcinoma [6]. Recently, MASLD has been considered a multisystemic disease with interorgan connections to extrahepatic conditions [7–10]. Increasing evidence suggests that cardiovascular disease (CVD) is a significant concern in individuals with MASLD [11], with a greater risk of CVD-related deaths than liver-related deaths [12, 13]. This is due to shared pathophysiological mechanisms such as insulin resistance (IR), endothelial dysfunction, oxidative stress (OS), and systemic inflammation [12, 14, 15].
MASLD and CVD interactions are associated with common metabolic disorders such as obesity, hypertension, dyslipidemia and diabetes [16, 17]. The preferred term MASLD has been used to reflect the independence of MAFLD patients from metabolic risk factors. Although both MAFLD and MASLD are associated with different atherosclerotic cardiovascular disease (ASCVD) risks, MAFLD predicts ASCVD risk better than MASLD does [18]. However, empirical confirmation regarding the superior predictive efficacy of MAFLD over MASLD in forecasting CVD events remains elusive [19]. Since cardiovascular death has overtaken liver-related deaths and is the most common cause of death in MASLD patients, the link between MASLD and CVD has attracted the attention of clinicians, and it is crucial to identify MASLD patients at greater risk of fibrosis and disease progression and to effectively prevent and manage cardiovascular(CV) risk [20]. This review aimed to provide an overview of the current understanding of MASLD and its impact on cardiovascular health.

Comparative analysis of CV risk across different terminologies of fatty liver diseases
In recent years, as the understanding of fatty liver disease deepens, the diagnostic criteria for NAFLD, MAFLD, MASLD have gradually evolved, reflecting a deeper understanding of the relationship between metabolism and liver health. At the same time, a new category, outside pure MASLD, termed metabolic and alcohol related/associated liver disease (MetALD), was selected to describe those with MASLD who consume greater amounts of alcohol per week (140 g/week and 210 g/week for females and males respectively) [5]. The variations in these criteria not only affect the diagnosis of liver disease but also have a substantial impact on the assessment of CV risk.
The diagnostic criteria for NAFLD are based on liver imaging (such as ultrasound, CT or MRI) showing more than 5% fat deposits in the liver, and exclude alcoholic liver disease (daily alcohol intake > 20 g for men, > 10 g for women) and other causes (such as drugs, viral hepatitis, hereditary liver disease, etc.) [21]. Its criteria emphasize the presence of fat accumulation, but the lack of attention to metabolic factors may lead to insufficient CV risk assessment for certain metabolic high-risk populations (such as obese patients).
The diagnostic criteria of MAFLD encompass the detection of fatty liver, complemented by at least one additional criterion from the trio of overweight or obesity, type T2DM, or manifestations of metabolic imbalance [3]. The criteria for MAFLD place more emphasis on metabolic factors and can more comprehensively identify CV risks associated with metabolic syndrome (MS), suggesting MAFLD may be a better nomenclature than NAFLD in clinical practice [22, 23]. By identifying metabolic abnormalities, patients’ CV risks can be assessed earlier and more targeted interventions can be developed.
The diagnostic criteria for MASLD are similar to those for MAFLD, with the cardiometabolic criteria adjusted to incorporate one cardiometabolic factor [5].Compared with MAFLD, MASLD further refines the role of metabolic dysfunction in liver disease, has more specific diagnostic criteria, and emphasizes CV risk factors. Although emerging data indicate a remarkably high concordance between the diagnoses of NAFLD and MASLD, with approximately 99% of individuals classified with NAFLD also fulfilling the criteria for MASLD [24]. Definition of MASLD provides more flexibility in assessing CV risk and can cover a wider population, including those who may not be identified under the definition of NAFLD, thereby improving the understanding and management of CVD risk. In a recent comparative analysis evaluating the relationship between MASLD and MAFLD with coronary artery calcification (CAC), highlighting a distinct link between MASLD and the severity of CAC, with MASLD being uniquely associated with advanced stage of CAC [25]. This association suggests that MASLD could potentially serve as a more robust indicator of increased ASCVD risk compared to MAFLD. However, another study intriguingly found that while both MASLD and MAFLD exhibit associations with varying risks of ASCVD, MAFLD demonstrates superior predictive capability for ASCVD risk compared to MASLD [18]. In addition, a recent study underscores the enhanced predictive capability of MAFLD in pinpointing patients at an elevated risk for liver fibrosis and disease progression [20]. Therefore, conducting validation studies to ascertain the reliability and consistency of the classification criteria for MAFLD and MASLD is crucial, as this will prevent ambiguity and ensure the global relevance of these newly adopted terminologies.
Nonetheless, such a comparison may not conclusively dictate the clinical utility of these diagnostic classifications. A recent meta-analysis evaluating the association of MASLD and MetALD with clinical outcomes showed that both MASLD and MetALD had increased CVD incidence compared with participants without SLD. In addition, MetALD was associated with a significantly increased risk of cardiovascular death [26]. Current evidence suggests that patients with MetALD have a more unfavorable prognosis compared with patients with MASLD. Moreover, a community cohort study with a 20-year follow-up suggested that the risk of CVD increased in the order of no SLD, MASLD, and MetALD [27], shedding light on critical implications for clinical practice and further research based on different terminology.

Pathophysiological mechanisms linking MASLD to CVD
As MASLD and CVD share many common risk factors, the pathophysiological mechanisms linking MASLD to an increased risk of CVD are complex and multifaceted and include multiple mechanisms (Fig. 1).
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Fig. 1Pathophysiological mechanisms linking MASLD to CVD (Created with BioRender.com). IR: insulin resistance, MASLD: metabolic dysfunction-associated steatotic liver disease, CVD: cardiovascular disease


Insulin resistance
IR is a condition in which cells become less responsive to insulin, a hormone essential for regulating blood glucose levels. Normally, insulin stimulates tissues to absorb glucose and convert it into glycogen while also inhibiting liver glucose production. However, in IR, this regulatory mechanism is compromised [28]. IR is a central feature in the onset of MASLD and MS, impacting lipid metabolism and contributing to a range of metabolic disorders [29]. The liver takes up excess free fatty acids (FFAs), which contribute to fat accumulation in hepatocytes; this process is known as hepatic steatosis or fatty liver [30]. This occurs due to increased FFAs release from adipose tissue and reduced excretion, resulting in increased circulating FFAs concentrations. Under normal insulin conditions, the liver synthesizes triglycerides (TGs) from FFAs and packages them into very low-density lipoprotein (VLDL) particles for storage or export. However, IR impairs this process, causing lipid accumulation in liver cells and exacerbating hepatic steatosis [29]. Lipid imbalance also fosters atherosclerosis development. Atherogenic dyslipidemia combined with other MS- and MASLD-related factors, such as hypertension, inflammation and hyperglycemia, escalates the risk of ASCVD [31]. Consequently, individuals with IR are at a notably greater risk for heart attacks, strokes and other cardiovascular events, even without overt diabetes. Overall, IR initiates a cascade of metabolic disorders, predisposing individuals to liver disease and significantly increasing CVD risk.

Inflammation
The association of MASLD with systemic inflammation is a critical factor in disease progression [32]. Inflammation extends beyond the liver, significantly impacting other organ systems, particularly the cardiovascular system [7, 33]. In MASLD, there is increased release of inflammatory cytokines and chemokines, with tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-6) being key mediators. One article indicated that in mice model, TNFα is a key regulator of liver inflammation and IR associated with the development of early non-obese MASH, and is a key factor in the development of MASLD [34]. Meanwhile, TNF-α secretion is predominantly linked to hepatic inflammation and steatosis. By engaging the nuclear factor kappa-B(NF-κB) signaling cascade, TNF-α orchestrates the upregulation of a cadre of pro-inflammatory mediators. Furthermore, TNF-α initiates monocyte activation, facilitating their transformation into foam cells, a pivotal event in the pathogenesis of atherosclerosis [35].While IL-6 initiates the JAK/STAT signaling cascade, culminating in the transcriptional upregulation of acute-phase reactants, including C-reactive protein (CRP) and serum amyloid A (SAA), which in turn amplify the hepatic inflammatory response, as well as systemic effects outside the liver [36–38]. Chronic low-level inflammation is a hallmark of MASLD and plays a pivotal role in atherosclerosis development. Atherosclerosis is characterized by arterial plaque formation. In MASLD, elevated levels of proinflammatory cytokines such as TNF-α and IL-6 may exacerbate this process through endothelial dysfunction, plaque instability and arterial wall injury, further triggering atherosclerosis progression and coronary artery events [39, 40].

Oxidative stress
OS arises from an imbalance between the production of reactive oxygen species (ROS) and the body’s antioxidant defenses. It is intricately connected to the pathophysiology of MASLD and CVD risk [32]. In MASLD, excessive fat accumulation in the liver increases ROS production, leading to cellular damage and promoting inflammation and fibrosis. This can further intensify IR—a defining feature of MASLD—and escalate metabolic dysregulation [41]. In the context of CVD, OS promotes atherosclerosis by damaging the endothelium, inciting inflammation and oxidizing lipids, which can result in arterial plaque formation [42]. Elevated OS can also impair cardiovascular function by attacking heart muscle cells and blood vessels, potentially leading to hypertension, myocardial infarction (MI), and heart failure [43]. In addition, obesity, a prevalent condition in both MASLD and CVD, triggers OS through the production of nutrients that increase VLDL and LDL levels and promote lipid peroxidation, thereby increasing the risk of CVD [44].

Endothelial dysfunction
Endothelial dysfunction is a crucial factor in the pathogenesis of CVD and is intimately linked to MASLD. The endothelium, which lines blood vessels, is essential for maintaining vascular homeostasis by regulating blood flow, tone and coagulation. It typically produces mediators that induce vasodilation and prevent platelet aggregation and smooth muscle cell proliferation [45]. In MASLD, this equilibrium is disturbed, resulting in endothelial dysfunction and an elevated risk of cardiovascular events [46]. Nitric oxide (NO), a critical endothelium-derived relaxing factor, is vital for endothelial health, promoting vasodilation and inhibiting platelet aggregation and smooth muscle cell proliferation [47]. However, in MASLD, NO production is often compromised by heightened OS and inflammation, which diminishes NO availability. Asymmetric dimethylarginine (ADMA), an endogenous inhibitor of endothelial NO synthase (eNOS), significantly contributes to endothelial dysfunction in both MASLD and CVD patients. Elevated ADMA levels, which are prevalent in MASLD, inhibit eNOS and consequently NO production. This reduction in NO leads to diminished vasodilation, increased vasoconstriction, and consequently increased vascular resistance and blood pressure. The increase in ADMA associated with MASLD is attributed to enhanced methylation in the liver and prevalent OS and inflammation, which further suppresses NO synthesis and exacerbates endothelium-dependent vasodilation [48]. This suppression also results in increased arterial stiffness and increased thrombosis risk, underscoring the role of ADMA as a mediator between vascular dysfunction in MASLD and increased CVD risk. Furthermore, endothelin-1 (ET-1), a potent vasoconstrictor, is frequently overproduced in MASLD due to proinflammatory and oxidative conditions. Although ET-1 is crucial for regulating vascular tone under normal circumstances, its excessive production in MASLD leads to pathological vasoconstriction and proliferation of vascular smooth muscle, exacerbating endothelial dysfunction and atherosclerosis [49]. Therefore, addressing the imbalance caused by ADMA and ET-1 is crucial for ameliorating endothelial dysfunction in MASLD patients and mitigating the risk of CVD.

Altered lipoprotein metabolism
In MASLD, dyslipidemia characterized by elevated small dense low-density lipoprotein (sdLDL) and reduced high-density lipoprotein (HDL) cholesterol is a key driver of atherosclerosis and CVD. The ability of sdLDL particles to penetrate the endothelium and transform into oxidized low-density lipoprotein (ox-LDL) triggers inflammatory pathways pivotal to atherosclerotic plaque development. Their reduced clearance due to their lower affinity for LDL receptors intensifies their atherogenic effects [50]. Concurrently, diminished HDL levels impair reverse cholesterol transport and curtail the antioxidant and anti-inflammatory roles of HDL, hindering excess cholesterol breakdown. The impaired lipid regulation in the liver results in an overabundance of VLDL and a reduction in HDL functionality, fostering a pro-atherosclerotic lipid profile [51]. The uptake of sdLDL by macrophages leads to foam cell formation, exacerbating endothelial dysfunction and OS, which promotes atherosclerosis progression. The interaction between altered sdLDL and HDL levels in MASLD substantially accelerates atherosclerotic CVD, highlighting the crucial role of lipoprotein metabolism in the vascular complications of MASLD.

Increased thrombogenicity
MASLD increases the risk of cardiovascular and vascular events by promoting a hypercoagulable state. It is linked to elevated levels of coagulation factors such as factor VIII, fibrinogen, and von Willebrand factor, which shift the balance toward hypercoagulability and can lead to the production of dysfunctional coagulation proteins [52]. IR and inflammation in MASLD patients enhance platelet reactivity, increasing the risk of thrombosis through aggregation and vascular endothelium damage, potentially leading to acute events such as MI or stroke. Additionally, elevated plasminogen activator inhibitor-1 (PAI-1) in MASLD disrupts fibrinolysis, slowing blood clot breakdown and intensifying a prothrombotic state [53]. Endothelial dysfunction due to reduced NO production and increased adhesion molecule levels further favors a thrombogenic environment in MASLD patients. The cumulative effect of these factors indicates the probability of thrombus formation, predisposing individuals to ischemic events in coronary arteries and other vascular territories that can result in heart attacks, strokes or peripheral arterial disease [54]. Overall, the impact of MASLD on coagulation, platelet function, fibrinolysis and endothelial health collectively elevates the risk of thromboembolic events.

Imbalance of adipokines
Adipokine dysregulation significantly influences systemic metabolism and inflammation in the pathogenesis of MASLD. The level of adiponectin, an adipokine with anti-inflammatory properties that enhances insulin sensitivity, is typically reduced in individuals with MASLD. This decrease is linked to IR and an elevated CV risk, and it can exacerbate hepatic steatosis and the progression of NASH [55]. Conversely, leptin, which normally suppresses appetite and regulates energy expenditure, is increased in individuals with MASLD. High leptin levels are associated with liver fibrosis and inflammation and contribute to atherosclerosis through proinflammatory effects, OS, and endothelial dysfunction [56, 57]. In addition to adiponectin and leptin, the dysregulation of other adipokines, such as resistin, visfatin, and chemerin, which affect IR, inflammation, and metabolic pathways, has been observed in MASLD patients [58]. The perturbed adipokine profiles in MASLD contribute to liver pathology and increase the risk of metabolic disorders, including IR, T2DM, and CVD, emphasizing the importance of adipose tissue-derived factors in metabolic health.

Ectopic fat deposition
Ectopic fat deposition in MASLD involves the abnormal accumulation of fat in non-adipose organs such as the liver, pancreas, heart and skeletal muscle, leading to metabolic complications [59, 60]. The liver’s capacity to store fat is overwhelmed by factors such as IR, excessive dietary fat intake and genetic predispositions, resulting in hepatic steatosis [61]. This can progress from simple steatosis to MASH, fibrosis and cirrhosis and increase the risk of liver failure and hepatocellular carcinoma [62]. The heart is particularly susceptible to ectopic fat deposition, with excess fatty acids potentially accumulating in the myocardium or peripheral blood vessels. These lipotoxic effects can impair cardiac function through OS, endoplasmic reticulum stress, mitochondrial dysfunction, and inflammatory responses [59]. These changes can manifest as changes in myocardial structure and function, cardiac arrhythmias, and increased susceptibility to myocardial ischemia. Cardiac fat accumulation is correlated with an elevated risk of CVD, a major cause of mortality in MASLD patients [63]. One study demonstrates a positive correlation between elevated pericardial adipose tissue and the propensity for heart failure, with a pronounced effect observed in the female cohort. The findings advocate for the acknowledgment of pericardial fat as an emergent risk factor in the etiology of heart failure [64]. Another study among Chinese middle-aged and elderly patients demonstrates that periaortic fat volume (PAFV) is significantly associated with coronary artery atherosclerosis and severe CAD, independent of general obesity and clinical risk factors. Visceral adipose tissue (VAT) is found to be associated with severe CAD, highlighting the potential of ectopic fat measurement as a clinical indicator for coronary atherosclerosis risk assessment [65].Thus, ectopic fat deposition in MASLD patients is a significant concern, necessitating attention to prevent adverse cardiovascular outcomes.

Genetic susceptibility
Genetic predisposition significantly influences the onset of MASLD and CVD, with identified risk factors including specific genetic polymorphisms. A notable example is the single nucleotide polymorphism (SNP) rs738409 in the patatin-like phospholipase domain-containing protein 3 (PNPLA3) gene, which encodes a liver-expressed protein involved in lipid metabolism [66]. The isoleucine to methionine at position 148 (I148M) substitution caused by this SNP is linked to heightened liver fat accumulation and an increased risk of progressive liver disease, including cirrhosis and hepatocellular carcinoma, irrespective of traditional risk factors [67]. Although the direct impact of the PNPLA3 I148M variant on CVD risk is complex, it may contribute to atherogenic dyslipidemia, potentially increasing CVD risk through an unfavorable lipid profile [68]. In addition to PNPLA3, variants in genes such as transmembrane 6 superfamily member 2 (TM6SF2) and membrane-bound O-acyltransferase domain 7 (MBOAT7) are associated with MASLD progression [69]. Another study indicated that the TM6SF2 E167K gene variant is associated with an increased susceptibility to MASH and liver fibrosis but is paradoxically protective against cardiovascular events, suggesting a complex interplay between liver disease severity and CV risk [70]. Polymorphisms in glucokinase (GCKR) and sterol regulatory element-binding protein 1 (SREBP-1) genes, which are involved in fat content and lipid metabolism, may also influence CVD risk [71]. Understanding these genetic susceptibilities is pivotal for personalized medicine, enabling targeted approaches to screening, prevention, and treatment of MASLD and associated CVD risk.

Changes in the gut microbiota
Emerging research highlights the intricate connections between the gut microbiota, MASLD, and CVD risk, indicating a significant role for the gut microbiome in the development and progression of these diseases. Gut dysbiosis, an imbalance in the microbiota, is linked to metabolic disorders such as MASLD. The gut-liver axis is pivotal, with bacteria modulating liver metabolism through the production of beneficial short-chain fatty acids (SCFAs) and potentially harmful metabolites [72]. Dysbiosis also enhances intestinal permeability, promoting the translocation of noxious bacterial products and inciting liver inflammation. The microbiota further impacts bile acid composition and influences lipid and glucose metabolism, as well as energy balance [73]. The role of the gut microbiota in cardiovascular health is multifaceted. Specifically, gut bacteria convert dietary choline and L-carnitine to trimethylamine (TMA), which is then metabolized to trimethylamine N-oxide (TMAO) in the liver. Furthermore, as a metabolite derived from the gut microbiota, TMAO is potentially linked to endothelial dysfunction through the modulation of critical vasocrine factors, including NO and adhesion molecules, which may confer an elevated risk of atherosclerosis, MI, and stroke [74, 75]. Additionally, systemic inflammation incited by dysbiosis and microbial product translocation into the bloodstream may foster endothelial dysfunction and atherosclerosis, key contributors to CVD [76]. Microbial metabolites and their engagement with the host immune system can also affect blood pressure regulation, impacting cardiovascular health [77]. One study uncovers a significant link between gut microbiota dysbiosis, characterized by reduced richness and diversity, and elevated serum urate levels across two cohorts. The study indicates that gut microbiota imbalance may influence urate metabolism, offering new insights into the development of associated metabolic conditions [78]. Given the dual role of the gut microbiota in MASLD and CVD, dysbiosis is a common contributor to the pathogenesis of both conditions.


Effect of MASLD on traditional CV risk factors and its relationship to CVD
MASLD is intricately linked to CV risk factors and is characterized by the co-occurrence of hepatic steatosis and metabolic disorders associated with several traditional CV risk factors, including atherogenic dyslipidemia, hypertension, obesity and T2DM (Fig. 2). The association with CVD risk factors has been explained by current studies (Table 1). And the correlated CVD complications will be described below.
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Fig. 2Effect of MASLD on traditional cardiovascular risk factors (Created with BioRender.com). MASLD: metabolic dysfunction-associated steatotic liver disease


Table 1Characteristics of the studies included in assessment of MASLD-related multiple CVD


	Author
	Country
	Type
	Study sample
	Hepatic steatosis assessment
	Types of CV events
	Main results

	Koulaouzidis et al., [76]
	/
	Systematic review and meta-analysis
	10,060 patients
	/
	CAC
	NAFLD/MASLD is associated with a significant odds ratio of CAC progression, with an OR of 1.5 (95% CI: 1.34–1.68, p = 0.001).

	Sung et al. [77]
	South Korea
	Cross-sectional and longitudinal cohort study
	162,180 participants and 34,233 participants
	Liver ultrasonography
	CAC
	MASLD-only group had the strongest association with risk of prevalent CAC ((adjusted OR, 1.60 [95% CI, 1.52–1.69]) and (adjusted hazard ratio, 2.03 [95% CI, 1.62–2.55])).

	Chen et al. [78]
	UK
	prospective cohort study
	325,129 participants
	FLI
	MI and stroke
	Individuals with MASLD have a significantly higher risk of developing MI or stroke compared to those without MASLD. (adjusted hazard ratio, 1.35 [95% CI, 1.29–1.41 P < 0.001] and 1.26 [95% CI, 1.18–1.33 P < 0.001])

	Peng et al. [79]
	China
	Cross-sectional study
	228 participants
	transient elastography with CAP
	LVDD and cardiac remodeling
	LVDD was significantly more prevalent in the MASLD group compared to the normal group (24.6% vs. 60.8%, p < 0.001). The overweight subgroup and diabetes subgroup were significantly associated with signs of cardiac remodeling,

	Wei et al. [80]
	China
	Retrospective cohort study
	98,685 participants
	ultrasonography
	HF
	Participants with MASLD had an increased risk of HF compared with non-MASLD individuals (HR: 1.40, 95% CI: 1.30–1.50)

	Lei et al. [81]
	China
	Cross-sectional and longitudinal studies
	2,083,984 subjects and 54,832 participants
	ultrasound
	AF
	MASLD group showed a significantly higher prevalence of AF (0.30% versus 0.25%) (adjusted OR 1.12(95% CI, 1.05–1.18, P < 0.001)) in the cross-sectional study and (adjusted HR 1.99 (95% CI,1.39–2.83, P < 0.001)) in the longitudinal study


CAC:coronary artery calcification, MASLD: metabolic dysfunction-associated steatotic liver disease, NAFLD: nonalcohol fatty liver disease, FLI: fatty liver index, MI: myocardial infarction, LVDD: left ventricular diastolic dysfunction, CAP: controlled attenuation parameter, HF: heart failure, AF: atrial fibrillation



MASLD and obesity
Obesity, characterized by excessive fat accumulation, particularly in the abdominal region, is strongly correlated with MASLD. This central obesity leads to fat deposits in the liver, potentially causing liver cell damage and inflammation, which are hallmarks of MASLD development [79]. Obesity is also an established risk factor for CVD, and its co-occurrence with MASLD can exacerbate CVD risk factors, leading to a significant increase in CVD risk. As a central feature of MS, obesity is recognized as a primary diagnostic criterion for MASLD and serves as a significant link between MASLD and CVD risk. Recent research has supported the notion that addressing obesity can ameliorate MASLD and mitigate CVD risk [80]. However, a study among the MASLD population in the United States revealed that nonobese individuals with MASLD constituted half of the affected population, and these nonobese individuals exhibited higher all-cause mortality rates than did their obese counterparts [81]. Overall, obesity is a pivotal factor connecting MASLD and CVD risk, and managing obesity is crucial for improving MASLD outcomes and reducing CVD risk.

MASLD and atherogenic dyslipidemia
Dyslipidemia, a common metabolic disorder, is defined by abnormalities in blood lipid concentrations and compositions. MASLD extends beyond liver fat accumulation and is closely tied to atherogenic dyslipidemia, a lipid disorder typically characterized by elevated TG levels, diminished high-density lipoprotein cholesterol (HDL-C) levels, and an increase in sdLDL particles [82]. In MASLD, metabolic dysregulation exacerbates lipid metabolism, impacting cardiovascular health. High levels of cholesterol, which is essential for cell membrane function and the synthesis of hormones and bile acids, are a concern. This may indicate an increase in atherogenic lipoproteins, which can be deposited in the arterial walls. In MASLD, the altered metabolic state of the liver can lead to increased production and decreased clearance of lipoproteins, resulting in elevated total cholesterol levels [51]. LDL cholesterol, often referred to as “bad” cholesterol, is a significant contributor to atherosclerosis due to its role in plaque formation. MASLD patients may experience increased secretion of VLDL, which is converted to LDL after TG removal. This can lead to arterial wall thickening and hardening, heightening the risk of coronary heart disease and other cardiovascular events [50]. TG serves as the body’s primary energy reserve and is converted from excess caloric intake to TG and is stored in adipose tissue or the liver. Elevated TG levels are associated with an increased risk of CVD, as they can directly and indirectly contribute to atherosclerosis by forming sdLDL particles that are particularly atherogenic [83]. HDL-C, known for its protective role against atherosclerosis through reverse cholesterol transport, is often reduced in MASLD patients. This decrease can be attributed to increased clearance of HDL particles from circulation and alterations in enzymes and transfer proteins that modify HDL, such as lecithin cholesterol acyltransferase (LCAT) and cholesterol ester transfer protein (CETP) [84]. In short, the convergence of high TGs, low HDL-C, and the presence of small, dense LDL particles creates a lipid profile that significantly promotes atherosclerosis. Coupled with the proinflammatory state and IR characteristic of MASLD, the risk of cardiovascular events is substantially increased.

MASLD and hypertension
MASLD and hypertension share a reciprocal relationship, with each exacerbating the other’s development and progression [85]. IR is a hallmark of MASLD and can elevate sympathetic nervous system activity, resulting in increased blood pressure. Additionally, IR may lead to renal salt and water retention, contributing to hypertension through increased blood volume [86]. Chronic low-grade inflammation associated with MASLD can also impact the vasculature, promoting vasoconstriction and elevating blood pressure [87]. Evidence from genetically modified mice implicates angiotensinogen from adipose tissue in blood pressure regulation [88]. In humans, a gain-of-function variant in the angiotensin receptor type 1 gene (AGTR1), specifically rs5186 A1166C, is linked to hypertension in individuals with MASLD [89]. This finding suggested that MASLD could intensify the renin-angiotensin-aldosterone system (RAAS), leading to vasoconstriction and increased blood volume, both of which further increase blood pressure. Given this interplay, a concurrent management approach for MASLD and hypertension is warranted to address their mutual reinforcement.

MASLD and T2DM
There is a significant interconnection between MASLD and T2DM, with more than 70% of T2DM patients presenting MASLD [90]. Recent studies have indicated that MASLD patients with T2DM, including nondiabetic MASLD patients who are overweight/obese or have other metabolic risk factors, experience more adverse clinical outcomes than those without T2DM [91]. The relationship between these conditions is bidirectional, with MASLD increasing the risk of developing T2DM, in turn exacerbating the progression of MASLD [92]. The advancement of MASLD to liver fibrosis and hepatocellular carcinoma is closely tied to T2DM, and the presence of MASLD heightens the risk of all-cause mortality and CVD in individuals with T2DM [93, 94]. Hence, early recognition and management of CVD risk are imperative for individuals with MASLD, especially those with comorbid T2DM.

MASLD and correlated CVD risk factors
MASLD is closely associated with various types of CVD, as it is associated with numerous CVD risk factors. A systematic review and meta-analysis suggested that NAFLD is associated with an increased risk of CAC progression over time [95]. A cross-sectional and longitudinal study comparing NAFLD and MASLD with CAC also suggested that both NAFLD and MASLD may increase the incidence of CAC, with the association being stronger for MASLD [96]. These findings imply a propensity for MASLD patients to develop coronary artery disease (CAD). In addition to CAC, the association between MASLD and the risk of MI or stroke was investigated in a large prospective cohort study. These findings showed that MASLD and its subtypes are associated with the occurrence of major adverse cardiovascular events (MACEs) [97]. Another study focused on the effects of MASLD on left ventricular diastolic function and cardiac morphology and revealed a significantly greater prevalence of left ventricular diastolic dysfunction (LVDD) and cardiac remodeling in MASLD patients, particularly in the MASLD subgroups with overweight and diabetes [98], indicating a potential association with heart failure. A large Chinese cohort study with a follow-up of 14.01 years reported a greater incidence of heart failure in MASLD patients, with worsening fatty liver disease associated with an increased risk of heart failure [99]. This association was particularly pronounced in individuals under 45 years of age, emphasizing the significant increase in risk between MASLD and heart failure in younger populations [100]. In addition, another large cohort study revealed a significant association between MASLD and a greater risk of prevalent and incident atrial fibrillation (AF), emphasizing the link between MASLD and the risk of cardiac arrhythmias [101]. These findings highlight the importance of recognizing MASLD as a critical component in CV risk assessment screening, as it is closely associated with various forms of CVD.

MASLD and its multifaceted CVD complications
MASLD is closely linked to a spectrum of CVD complications due to its association with metabolic dysfunction (Fig. 3). In MASLD, cardiovascular complications such as coronary heart disease, angina, and MI stem predominantly from accelerated atherosclerosis, characterized by lipid deposition in arterial walls. Research evidence suggests that patients with MI who also have MASLD face a significantly higher mortality risk compared to those with MI alone, underscoring the potential of MASLD as an independent risk factor for coronary heart disease [102]. Furthermore, MI has been observed to disrupt systemic homeostasis and enhance the expression of profibrotic mediators, which may initiate inter-disease signaling pathways and exacerbate the progression of hepatic fibrosis in MASLD [103]. These findings bolster the established correlation between MASLD and ASCVD. The condition also raises the incidence of ischemic stroke due to atherosclerotic changes in cerebral arteries [97]. Additionally, MASLD may be exacerbated by the comorbidity of heart failure. A substantial cohort study in China, encompassing 98,685 individuals, indicated a positive correlation between MASLD and an elevated risk of heart failure. The study findings also highlighted that the severity of fatty liver disease is significantly associated with the heightened susceptibility to heart failure [99]. A meta-analysis investigating the correlation between MASLD and AF has indicated a marked elevation in the risk of AF among middle-aged and elderly individuals afflicted with MASLD, with a particularly pronounced risk among diabetic patients [104]. This finding is complemented by subsequent research, which posits that the presence of fatty liver disease per se may not be linked to the prevalence or incidence of AF. In contrast, it is the increased liver stiffness, a marker of liver fibrosis, that exhibits a significant correlation with AF risk, notably in patients without evidence of fatty degeneration [105]. These insights underscore the intricate relationship between hepatic function, fibrosis, and arrhythmias. Looking ahead, the scientific community anticipates an escalation in research endeavors focusing on the cardiovascular complications associated with MASLD, with a particular emphasis on diverse cardiovascular conditions. These studies aim to robustly substantiate the correlation between MASLD and CVD, providing a more comprehensive understanding of this complex clinical interplay. [image: ]
Fig. 3MASLD and its multifaceted CVD complications (Created with BioRender.com). MASLD: metabolic dysfunction-associated steatotic liver disease, CVD: cardiovascular disease




Noninvasive imaging techniques and biomarkers for the assessment of CVD risk in patients with MASLD
CVD risk assessment in patients with MASLD is crucial for the prevention and management of potential cardiovascular events. Noninvasive imaging techniques and biomarkers play important roles in risk assessment (Table 2).
Table 2Characteristics of noninvasive imaging techniques and scoring systems


	Technique/
Scoring Name
	Principle
	Purpose
	Advantages
	Limitations
	CV risk prediction

	TE
	uses shear waves induces by an external push to measure liver stiffness. Simultaneous measurement of steatosis due to the CAP technology which is based on the ultrasound beam attenuation.
	Assessment of liver stiffness and liver fat
	Fast and easy to perform
Non-invasive, rapid, reproducible, and highly accurate
	Limited sensitivity in mild liver fibrosis due to obesity and active phase of inflammation
	Increased liver stiffness and higher CAP values are associated with a metabolic dysfunction which is a risk factor for CVD.

	ARFI + FAT QUANTIFICATION
	ultrasound technology measures shear wave velocity generated by tissue displacement to determine the stiffness of the liver and the ultrasound beam attenuation and or the backscattering to quantify the steatosis
	Evaluation of liver stiffness and fatty liver
	Mounted on conventional ultrasound equipment
	Requires high operator skills
	Increased liver stiffness and higher value of ultrasound beam attenuation and or backscattering are associated with a risk of CVD. At the same time the application of this technology in the carotid artery evaluation can predict ASCVD risk

	MRE
	Uses mechanical waves to quantitatively measure tissue elasticity
	Evaluation of liver fibrosis and cirrhosis
	High-resolution imaging with high accuracy
	Higher cost and high equipment requirements
	Early identification and surveillance of CV risk through the quantification of myocardial and vascular stiffness

	MRS
	Utilizes chemical shift imaging to distinguish hydrogen atoms in different molecular environments
	Quantification of liver fat content
	Accurate quantification of liver fat
	High cost, not suitable for routine clinical use
	identifies metabolic derangements and delineate lipid-rich atherosclerotic plaques in the arterial vasculature

	APRI
	assesses liver fibrosis risk based on the ratio of serum AST and platelets
	Screening for liver fibrosis
	Noninvasive, easy to perform
	Accuracy influenced by liver inflammation and platelet disease
	Fluctuations in AST and platelet levels may lead to increased inflammation and thrombotic risk

	FIB-4
	based on age, ALT, platelets and AST
	Assessment of liver fibrosis risk
	Simple, based on routine blood tests
	May not be accurate enough in early stages of disease
	Score of ≥ 2.67 was a significant predictor of MACEs
A valuable predictor for AVS

	NFS
	combines multiple serum markers and demographic characteristics
	Assessment of liver fibrosis risk
	Noninvasive and multifactorial
	Further validation is needed to improve accuracy
	Higher NFS values are associated with an increased risk of MACEs

	Forns index
	utilizes serum cholesterol levels, platelet count, age, and GGT levels to estimate fibrosis stage
	identifying patients with significant or advanced liver fibrosis
	accurately exclude advanced fibrosis, demonstrated by high NPVs
	may be less reliable in the presence of certain liver conditions that affect cholesterol metabolism
	significant correlations with various CV risk scores

	HFS
	incorporates age, sex, AST levels, albumin, HOMA-IR, and platelet count in its algorithm, adjusting for confounding variables like diabetes status
	Identifying individuals presenting with substantial or progressive hepatic fibrosis
	Accurately discerning the absence of advanced fibrosis, as evidenced by elevated NPVs
	requires validation in diverse populations and may be influenced by factors such as age and diabetes
	Exhibiting substantial associations with a spectrum of CV risk scores

	Pericoronary FAI
	Measures attenuation of pericoronary fat by CT scan
	Assessment of cardiovascular disease risk
	Noninvasive, quantifiable
	Requires CT scan, radiation exposure
	Greater FAI have worse cardiovascular outcomes

	CCTA
	Uses X-rays and computer processing to create 3D images of the coronary arteries
	Assessment of coronary artery disease
	High-resolution imaging that can detect early lesions
	Radiation exposure, requires the use of contrast agents
	Identify ASCVD


TE: transient elastography, CAP: controlled attenuation parameter, ARFI: acoustic radiation force pulse imaging, ALT: alanine transaminase, MRE: magnetic resonance elastography, MRS: magnetic resonance spectroscopy, AST: aspartate transaminase, APRI: AST to platelet ratio index, FIB-4 index: Fibrosis-4 index, NAFLD: nonalcoholic fatty liver disease, NFS: NAFLD fibrosis score, Pericoronary, FAI: Pericoronary fat attenuation index, CV risk: cardiovascular risk, CVD: cardiovascular disease, ASCVD: atherosclerotic cardiovascular disease, MACEs: major adverse cardiovascular events, AVS: aortic valve sclerosis, HFS: hepamet fibrosis score, GGT: gamma-glutamyl transferase, HOMA-IR: homeostatic model assessment for insulin resistance, NPVs: negative predictive values, CT: computed tomography, CCTA: coronary computed tomography angiography



 Transient elastography and acoustic radiation force impulse imaging
Transient elastography (TE) is a noninvasive technique for assessing liver fibrosis by measuring tissue stiffness, which indicates the degree of fibrosis. This method offers a quick, easy and patient-friendly alternative to invasive liver biopsy and is valuable for monitoring disease progression and treatment efficacy in chronic liver disease patients, including patients with MASLD, where fibrosis is an important indicator of disease progression and a risk factor for CVD [106]. TE is accurate for the diagnosis of severe fibrosis or cirrhosis but less accurate for mild to moderate stages. Measurements can be affected by obesity, inflammation or other liver diseases and are less effective for the assessment of hepatic steatosis [107]. Despite these limitations, TE is recommended in international hepatology guidelines as the preferred method for fibrosis assessment because it is noninvasive. TE also helps to stratify CVD risk in MASLD patients to enable targeted treatment [108]. A recent scholarly article has emphasized that an elevated liver stiffness measurement (LSM) serves as a sophisticated alternative for evaluating liver fibrosis and is correlated with an increased risk of cardiovascular events in individuals with MASLD [109].This technique is an active area of research with growing potential and provides a valuable tool for the management of liver fibrosis and CVD risk in MASLD patients.
Acoustic radiation force impulse imaging (ARFI) is an ultrasound-based technology that assesses the extent of liver fibrosis by measuring the elasticity of liver tissue. ARFI imaging uses short-lived mechanical pressure waves generated by acoustic radiation to push the tissue and then calculates the displacement of the tissue based on changes in the echo signal, providing elastic information about the tissue [110]. Compared to TE, ARFI does not require special cooperation from the patient to breathe, which facilitates the operation and is particularly suitable for patients who have difficulty breathing or who are unable to cooperate. The ARFI provides a quantitative method for measuring liver elasticity that can be used to create an elastogram to visually depict the degree of fibrosis in different areas of the liver. Studies have shown that ARFI is highly accurate in diagnosing liver fibrosis, particularly in identifying significant liver fibrosis and cirrhosis [111, 112]. Similar to TE, the accuracy of ARFI measurement can be affected by factors such as obesity and liver inflammation. The higher the shear wave velocity, the stiffer the tissue. The application of this technology in the carotid artery can predict ASCVD risk. As ARFI is based on existing ultrasound equipment, it may have advantages in terms of cost-effectiveness.
Both TE and ARFI are mounted on devices by which is also possible to determine fat quantification and their employment in this scenario is improving a lot [113, 114]. Probably if we consider that ARFI is mounted on an ultrasound scanner by which is possible with the same machine to evaluate the fat in the liver, but also the fat in the belt, together with the presence of atherosclerosis in carotid arteries, abdominal aorta and in the arteries of the lower limb, it could be considered the most complete device to determine the CVD risks of these patients. Future research could focus on further optimizing ARFI technology, using it in combination with other biomarkers and evaluating its diagnostic performance in different liver diseases and CVD risk.

Magnetic resonance elastography and spectroscopy
Magnetic resonance elastography (MRE) is an advanced, noninvasive imaging technology that quantifies the extent of liver fibrosis and fatty liver by assessing the elasticity of liver tissue. MRE uses magnetic resonance imaging (MRI) to excite tiny vibrations in liver tissue with special pulses, and then the elasticity of the tissue is calculated by analyzing the propagation of these vibrations [115]. MRE is currently under investigation for its utility in cardiac diagnostics. This technique holds promise for the early identification and surveillance of cardiovascular conditions through the quantification of myocardial and vascular stiffness, as well as the detection of minute alterations in tissue elasticity [116].MRE has shown greater sensitivity and greater accuracy than TE in diagnosing significant liver fibrosis and cirrhosis [117]. Unlike computed tomography (CT) scans, MREs do not use radiation, making them safer options for repeat examinations. However, MREs are associated with higher costs and more specific equipment requirements, which may limit their availability in some areas.
Magnetic resonance spectroscopy (MRS) is another magnetic resonance technique that focuses on measuring fat content in the liver. MRS utilizes chemical shifts to distinguish hydrogen atoms in different molecular environments (e.g., hydrogen atoms in water and lipids) to quantify the intrahepatic fat concentration. MRS can accurately measure the amount of fat in the liver and is very useful in the assessment of fatty liver disease [118]. MRS can also identifies metabolic derangements, such as increased TG and lactate levels, which are suggestive of myocardial stress and ischemia. Additionally, MRS can accurately delineate lipid-rich atherosclerotic plaques in the arterial vasculature, a critical risk factor for CAD and cerebrovascular events [119]. When combined with MRS, MRE can simultaneously assess liver fibrosis and fatty liver, providing a more comprehensive picture of liver health and making it an important tool in the investigation of MASLD and CVD risk.

Biomarkers and noninvasive scoring systems
Biomarkers and noninvasive scoring systems play important roles in the assessment of MASLD and CVD risk. These tools can help physicians assess patients’ disease status and risk without the need for liver biopsies or invasive cardiac testing [120]. The AST to plate ratio index (APRI) and the fibrosis-4 (FIB-4) index are two widely validated hematologic indices that are widely used due to their ease of collection and rapid availability of clinical data. The APRI is a simple model that was originally developed to predict significant fibrosis and cirrhosis in hepatitis C virus (HCV)-infected patients. However, the APRI has shown lower diagnostic accuracy in predicting advanced fibrosis in patients with other causes of chronic lung disease. Similarly, the APRI has lower prognostic accuracy for fibrosis in patients with MASLD [108]. The FIB-4 index is a well-studied, simple algorithm that was first validated in HCV-infected patients. Elevated FIB-4 scores are indicative of advanced liver fibrosis, which is associated with systemic inflammation and an increased prothrombotic state. It has been identified as an independent predictor of MACEs in patients with MASLD [121]. These events include MI, hospitalization due to unstable angina or heart failure, and coronary revascularization. A study analyzing data from 81,108 patients showed that a FIB-4 score of ≥ 2.67 was a significant predictor of MACEs, even after adjusting for established CV risk factors [122]. A recent study has identified a link between the FIB-4 index and aortic valve sclerosis (AVS), a degenerative condition marked by valve leaflet thickening and calcification. Given the high prevalence of AVS in older adults and its correlation with elevated cardiovascular morbidity and mortality, the FIB-4 index may emerge as a valuable predictor for AVS, reinforcing its utility in CV risk profiling [123].The NAFLD fibrosis score (NFS) is an alternative non-invasive method for assessing the degree of hepatic fibrosis in patients with MASLD. Research indicates that higher NFS values are associated with an increased risk of MACEs. Specifically, the risk of MACEs escalates with higher NFS values, with a hazard ratio (HR) of 1.938 for the intermediate NFS group compared to the low NFS group, and an HR of 3.492 for the high NFS group [124]. Although the APRI, NFS, and FIB-4 score have been extensively studied, FIB-4 is the most effective and has the highest prognostic accuracy [125]. However, another study demonstrated that liver fibrosis biomarkers, particularly the Forns index and Hepamet fibrosis score (HFS), are highly effective in ruling out advanced liver fibrosis and are positively correlated with CV risk, providing valuable insights for clinical risk stratification in patients with chronic liver disease [126].
The pericoronary fat attenuation index (FAI) is a new method for assessing the risk of cardiac death and reflects pericoronary inflammation [127]. One study revealed that the FAI on coronary computed tomography angiography (CCTA) is greater in patients with MASLD and that MASLD patients with a greater FAI have worse cardiovascular outcomes [128]. In light of these findings, high vascular inflammation may play a role in the progression of CVD in patients with MASLD. In short, MASLD patients should be screened using the FIB-4 index, HFS and LSM to determine the extent of liver fibrosis. If the score is high, CVD screening should be performed proactively, especially CCTA screening in patients with CVD symptoms such as chest pain.
These noninvasive imaging techniques and biomarkers provide an effective means of assessing CVD risk in patients with MASLD and facilitate early diagnosis, risk stratification and treatment decisions. However, their application requires further validation and optimization in clinical practice.


Implications for clinical management and prevention strategies for CVD risk in MASLD patients
The presence of MASLD significantly increases the risk of CVD in affected individuals. Therefore, it is critical for clinicians to apply appropriate clinical management and prevention strategies to reduce CVD risk in patients with MASLD (Fig. 4). [image: ]
Fig. 4Potential preventive and therapeutic strategies for CVD risk in MASLD (Created with BioRender.com). MASLD: metabolic dysfunction-associated steatotic liver disease, CVD: cardiovascular disease, DM: diabetes mellitus, GLP-1: glucagon-like Peptide 1, SGLT-2: sodium glucose-linked transporter 2, ACEI: angiotensin-converting enzyme inhibitor, ARB: angiotensin receptor blocker, MASH: metabolic dysfunction-associated steatohepatitis, TZDs: thiazolidinediones


Lifestyle modifications
Encouraging patients with MASLD to adopt a healthy lifestyle is essential both for the treatment of MASLD and for reducing CVD risk. This includes encouraging regular physical activity, eating a balanced diet with plenty of fruit, vegetables, whole grains and lean protein, and maintaining a healthy weight. Recently, a study reported that eating between meals and eating quickly is a risk factor for the onset of MASLD in both men and women, while walking quickly is a protective factor against the onset of MASLD in women [129]. This means that changing these lifestyle factors may help prevent the onset of MASLD. In addition, weight loss, particularly through a combination of diet and exercise, can help improve liver health and reduce CVD risk factors such as high cholesterol and high blood pressure.

Monitoring and treatment of risk factors
Regular monitoring and treatment of CVD risk factors such as obesity, hypertension, dyslipidemia, and diabetes are essential in patients with MASLD. In overweight and obese patients with MASLD, weight loss of 7–10% is necessary to reduce hepatic steatosis and vascular and metabolic complications [130].
Recommendations for the treatment of MASLD and prevention of CVD include a low-carbohydrate, ketogenic, low-fat, high-protein Mediterranean diet, which can reduce dyslipidemia, fatty liver disease and associated comorbidities [131]. On the other hand, there is relevant evidence that smoking promotes the development of MASLD through direct and indirect mechanisms [132]. Since smoking is an established CV risk factor and smoking cessation is crucial for the prevention of cardiovascular events, smoking cessation is also advised in patients with MASLD. A nonnegligible fact is that bariatric surgery can induce weight loss and mitigate the harmful effects of MS and T2DM. Recent data suggest that bariatric surgery has significant effects on glucagon-like peptide-1 (GLP-1) and other gut hormones and produces important beneficial changes in lipid, metabolic, and inflammatory abnormalities in MASLD patients [133]. Therefore, bariatric surgery may reverse some pathological changes in the liver and reduce cardiovascular outcomes in patients with MASLD and MASH.

Pharmacological interventions
Pharmacological interventions may be necessary to treat MASLD and reduce CVD risk. These medications may target various aspects of the pathophysiology of MASLD and associated metabolic abnormalities to improve liver health and reduce the risk of cardiovascular complications [134] (Table 3).
Table 3Evaluation of pharmacotherapies in MASLD


	Drugs
	Mechanisms
	Effects on MASH
	Impact on Liver Fibrosis
	Cardioprotective roles

	TZDs
	Activation of PPAR-γ to improve insulin sensitivity
	Reduces liver fat, improves liver enzyme levels
	May reduce the progression of fibrosis
	Improves IR, lowers CV risk

	GLP-1 Receptor Agonists
	Promotes insulin secretion, suppresses appetite
	Significantly reduces weight, improves liver function indicators
	Promotes liver cell regeneration, reduces the risk of fibrosis
	Has cardiovascular protective effects, lowers the incidence of cardiac events

	SGLT-2 Inhibitors
	Inhibits renal glucose reabsorption, promotes glucosuria
	Reduces blood glucose, improves body weight
	Reduces liver fat accumulation, may reduce fibrosis
	Reduces the risk of heart failure, improves cardiac function

	Vitamin E
	Antioxidant effect, reduces oxidative stress
	Improves hepatitis and liver fat content
	Helps alleviate liver fibrosis
	May improve overall metabolic status

	OCA
	Activates FXR, improves bile acid metabolism, anti-fibrotic
	May improve liver fat content
	Significantly inhibits the progression of fibrosis
	Studies show potential cardiovascular benefits

	Resmetirom
	Selectively activates thyroid hormone receptor β, regulates lipid metabolism
	Significantly reduces liver fat and inflammation markers
	May reduce fibrosis, improve liver function
	May have cardioprotective effects

	Survodutide/ Tirzepatide
	Dual GLP-1 and GIP receptor agonist, promotes weight loss
	Significantly reduces weight, improves liver function indicators
	May reduce liver fat and fibrosis
	May improve cardiovascular health, lower cardiac risk

	Pegozafermin
	Promotes fat metabolism and anti-inflammatory effects, inhibits liver fibrosis
	Improves liver fat accumulation, significantly reduces liver function abnormal indicators
	Significantly inhibits the progression of fibrosis
	May have a positive effect on cardiovascular health


TZDs: thiazolidinediones, PPAR-γ: peroxisome proliferator-activated receptor gamma, IR: insulin resistance, CV risk: cardiovascular risk, GLP-1: glucagon-like peptide-1, MASH: metabolic dysfunction-associated steatohepatitis, SGLT-2: sodium-glucose transporter 2, OCA: obeticholic acid, FXR: farnesoid X receptor, GIP: glucose- dependent insulinotropic polypeptide



Medication intervention for hepatic steatosis
MASLD is a hepatic manifestation of MS, characterized by the accumulation of lipids within hepatocytes, leading to a spectrum of liver diseases ranging from simple steatosis to MASH and cirrhosis. The management of MASLD, particularly its steatotic component, is crucial due to its strong association with CVD. In this context, pharmacological interventions have emerged as pivotal strategies to mitigate liver fat accumulation and reduce the attendant CV risks.
Thiazolidinediones (TZDs), a class of peroxisome proliferator-activated receptor gamma (PPARγ) agonists, have been instrumental in the management of T2DM and have shown promise in the treatment of liver steatosis in MASLD, at the same time, it has been shown to have potential beneficial effects on CV risk factors [135]. By activating PPARγ, TZDs enhance insulin sensitivity, thereby reducing hepatic fat accumulation and improving overall metabolic health. A recent study suggested that the novel dual PPARα/γ agonist (G4/G5) can prevent hepatic fatty degeneration by upregulating PPARα and improve systemic insulin sensitivity by increasing PPARγ. It can also inhibit the adverse effects of obesity such as weight gain, adipocyte hypertrophy and fluid retention, and is safer than TZDs [136]. On the other side, one research demonstrates that semaglutide, as a novel GLP-1 receptor agonist modulates the gut microbiota, improves lipid levels and glucose metabolism, leading to a significant improvement in MASLD, thus validating its potential as a therapeutic intervention for hepatic steatosis [137]. In addition,,a randomized controlled trial (RCT) evaluated the efficacy of the sodium-glucose transporter 2(SGLT-2) inhibitor empagliflozin in non-diabetic patients with MASLD. The study demonstrated significant reductions in liver fat content, with median levels dropping from approximately 10% at baseline to notably lower levels after 52 weeks of treatment [138]. These pharmacological agents are shown to diminish hepatic steatosis, thereby mitigating the progression of liver fat accumulation and subsequently lowering the incidence of CV risk factors.

Medication intervention for liver fibrosis
In the context of MASLD, pharmacological interventions for liver fibrosis encompass a spectrum of therapies. Vitamin E is one of the most promising drugs for the treatment of MASH. A retrospective analysis of patients with MASH confirmed by liver biopsy suggested that treatment for 2 years or longer may improve MASH fibrosis [139]. The FLINT trial evaluated the efficacy and safety of obeticholic acid (OCA), a farnesoid X nuclear receptor agonist, in adults with non-cirrhotic, MASH. The study found that OAC significantly improved liver histology, including steatosis, inflammation, hepatocyte ballooning, and fibrosis, compared to placebo, but also resulted in higher rates of pruritus and changes in serum cholesterol levels [140]. Recently, SYNERGY-NASH trial investigated the efficacy and safety of tirzepatide, a novel dual glucose- dependent insulinotropic polypeptide (GIP) and GLP-1 receptor agonist, in patients with MASH and moderate or severe fibrosis, demonstrating significantly higher resolution of MASH without fibrosis worsening compared to placebo. The trial suggests that 52 weeks of tirzepatide treatment is more effective than placebo for MASH resolution without exacerbating fibrosis [141]. Resmetirom, a liver-targeting agent that targets the thyroid hormone beta receptor, has been shown to be effective in reducing liver fat content, improving liver histology ((MASH) dissolution and improving fibrosis) and improving biomarkers of liver damage without significantly affecting body weight or glucose metabolism [142]. The phase 2b ENLIVEN trial has shown that pegozafermin, a fibroblast growth factor 21 (FGF21) analogue, leads to significant amelioration of liver fibrosis without worsening MASH in patients with biopsy-confirmed MASH. These findings indicate a potential therapeutic advantage for pegozafermin in MASH resolution and support its advancement to phase 3 clinical trials, highlighting its potential as a novel treatment for MASH and associated liver fibrosis [143]. Meanwhile, a phase 2 randomized trial has demonstrated that survodutide, a dual agonist of the glucagon receptor and GLP-1 receptor, significantly ameliorates MASH without exacerbating liver fibrosis in patients with this condition. These findings underscore the promise of survodutide as a therapeutic candidate, warranting its advancement into phase 3 clinical trials for the treatment of MASH and associated liver fibrosis [144]. Notably, these drugs can improve metabolic status and reduce CV risk, which holds good therapeutic promise.

Pharmacological interventions evaluating inflammation in MASLD
In the realm of MASLD, the pharmacological management of inflammation represents a pivotal therapeutic strategy. Agents that target inflammatory pathways have demonstrated potential to attenuate hepatic inflammation, a key component of MASLD pathogenesis. Current pharmacological strategi-es to curb inflammation in MASLD include the utilization of nonsteroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and potentially novel agents such as statins and pentoxifylline, which have demonstrated anti-inflammatory properties. These interventions aim to reduce the hepatic inflammatory response, a key driver of disease progression.
Acetylsalicylic acid remains the cornerstone of antiplatelet therapy for ASCVD [145]. One study suggest that daily aspirin use may reduce the risk of fibrosis progression in patients with MASLD [146]. Additionally, previous evidence has established that MASLD is an independent risk factor for AF. Consequently, it is anticipated that an increasing cohort of patients with advanced fatty liver disease, including those progressed to MASH, will be considered for antithrombotic therapy in the forthcoming years. Moreover, given the association between inflammation, coagulation system activation, and hepatic fibrosis progression. Intriguingly, antithrombotic treatment may exert salutary effects on liver fibrosis as well [147].
Therefore, patients with MASLD should be treated with ASA/ oral anticoagulants according to the recommendations for the prevention of cardiovascular events.
Dyslipidemia plays an important role in the progression of MASLD and CVD. Among lipid-lowering drugs, statins are the most commonly prescribed, most effective and best documented. These agents can reduce CV risk, although statins can increase transaminase levels. Patients with mildly elevated transaminase levels but MASLD should not stop taking statins for primary and secondary prevention of cardiovascular events because statins have anti-inflammatory, antioxidant, antifibrotic, and plaque-stabilizing effects that can improve MASLD patients. They improve vascular and liver function and reduce CV risk, and their safety has been confirmed in MASLD patients [148, 149].
There is growing evidence that MASLD, an underrecognized metabolic abnormality, is closely associated with an increased risk of prehypertension and hypertension [87]. The development of hypertension is more likely in patients with advanced MASLD than in those with normal or mild MASLD, suggesting that MASLD is an independent risk factor for hypertension [150]. In addition, prevalent MASLD may lead to the development of hypertension early in life even in the absence of other metabolic risk factors. Controlling blood pressure in nonobese hypertensive patients may help to prevent or limit MASLD [151]. Although beta-blockers can suppress the stress response to hypoglycemia in MASLD patients treated concomitantly with T2DM, angiotensin receptor blockers (ARB), on the other hand, have anti-inflammatory and antifibrotic effects, and the RAAS is involved in the development of MASLD and CVD; therefore, angiotensin converting enzyme inhibitors (ACEI) /ARB have become potential drugs for the treatment of MASLD. However, studies have confirmed that caution should be exercised when expanding the use of ACEIs/ARBs for the sole purpose of controlling fibrosis in patients with MASLD [152].



Conclusion
MASLD is strongly associated with an increased risk of CVD, and this association is mediated by several metabolic disorders, including obesity, T2DM, hypertension, and dyslipidemia. The global prevalence of MASLD is increasing, and MASLD is associated with unhealthy lifestyle factors, which include increased liver fat content and the presence of metabolic abnormalities. Pathological mechanisms include IR, chronic inflammation, OS, endothelial dysfunction, abnormal lipid metabolism, genetic susceptibility, etc. All these factors favor the development of atherosclerosis and multiple-CVD. Patients with MASLD have a significantly increased risk of cardiovascular events. Therefore, early assessment of CV risk, noninvasive screening and management of these patients are crucial. Treatment of MASLD focuses on lifestyle improvement and, if necessary, medication. Future research directions may focus on discovering new biomarkers and exploring therapeutic targets, as well as evaluating the efficacy of various interventions to reduce CVD risk in patients with MASLD.
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