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[bookmark: _Hlk206796461]Abstract
Background: Insulin resistance (IR) is a major contributor to the development, progression, and poor outcomes of coronary artery disease (CAD). The triglyceride–glucose (TyG) index, calculated from fasting triglyceride and glucose titres, is proposed as a simple, reliable and cost-effective surrogate marker for IR. Multiple studies have linked higher TyG index values with cardiovascular disease (CVD) progression, mortality, and major adverse cardiovascular events (MACE). Nevertheless, its routine clinical application remains limited, and the biological mechanisms connecting the TyG index to cardiovascular pathology are not yet fully understood. 
Methods: A systematic literature review was performed using the electronic databases PubMed, Scopus, and Web of Science, that evaluated the prognostic and diagnostic significance of the TyG index in acute coronary syndrome (ACS). The review included investigations analyzing associations between TyG values and outcomes like mortality, MACE in ACS. 
Conclusion: The TyG index offers prognostic insights that extend beyond conventional cardiovascular risk factors and demonstrates superior predictive ability compared with fasting glucose or triglycerides alone. In ACS, elevated TyGi are associated with greater cardiovascular risk, emphasizing its usefulness as a practical biomarker for early risk stratification. The index reflects insulin resistance in hepatic and adipose tissues which enhance inflammatory burden that promotes atherosclerosis, endothelial dysfunction, platelet activation, and diminished cardiac reserve. However, its clinical implementation is hindered by variability across populations and gaps in mechanistic understanding. Further longitudinal studies are warranted to validate its predictive role in CAD.
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2. Introduction
Cardiovascular diseases (CVD) emerge as the foremost etiology of death globally by 2030, with data indicating that approximately one-third of all deaths in 2020 were linked to CVD [1]. 
Among these conditions, coronary artery disease (CAD) represents the commonest form and is largely driven by atherosclerosis, a complex and multifactorial process encompassing inflammation,oxidative stress, fibrosis, and arterial calcification, ultimately resulting in plaque development [2]. The initiation of atherogenesis typically involves endothelial damage and the accumulation of lipid particles within the vascular intima, progressing from early fatty streaks to initial atheromatous lesions through local inflammation and cellular infiltration. As the disease advances, these lesions develop into mature atheromas, characterized by a necrotic lipid core, extracellular lipid accumulation, and the establishment of a fibrous cap.
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FIGURE1: Progression of Atherosclerosis. (Figure made with BioRender.com).
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Atherosclerotic CAD is a progressive condition that develops over many years and is closely tied to the natural aging process [3]. Its advancement is heavily influenced by common predisposing factors like hypertension (HTN), diabetes mellitus (DM), elevated cholesterol, and smoking [2]. In addition to these conventional factors, chronic kidney disease is identified as an important nontraditional contributor, significantly increasing the likelihood of CAD-related adverse events and mortality [4]. According to the “open-artery theory,” acute coronary syndromes (ACS) develop when atherosclerotic plaques become unstable through mechanisms like fissuring, erosion, ulceration, or rupture. These processes trigger clot formation, blocking coronary blood flow, and the resulting type of ACS, non-ST-elevation ACS (NSTE-ACS) or ST-elevation myocardial infarction (STEMI), depends on both the extent and duration of the blockage [5].
CAD frequently leads to acute myocardial infarction (AMI) and may eventually progress to heart failure (HF), underscoring its significant clinical impact [6].      Worldwide, CAD remains a leading contributor to CVD mortality, responsible for approximately 38% of deaths in women and 44% in men [7]. Within ACS presentations, STEMI accounts for roughly 30%, whereas NSTE-ACS represents nearly 70% [8]. These statistics emphasize the importance of precise risk stratification and early detection to optimize patient outcomes.
In contemporary clinical practice, the use of affordable, reproducible biomarkers is needed for precise diagnosis and  therapeutic decisions [9]. Emerging markers, like C-reactive protein (CRP) and interleukin-6, is linked to CVD [10], yet traditional predisposing factors, including smoking, hypertension (HTN), dyslipidemia, and diabetes mellitus (DM), retain critical predictive value, particularly in younger adults [11].
The INTERHEART study highlighted that the cumulative impact of these factors is more pronounced in younger populations, with synergistic combinations substantially increasing the likelihood of adverse cardiovascular events. For many years, low-density lipoprotein cholesterol (LDL-C) is considered the main factor in assessing the risk of atherosclerotic cardiovascular disease (ASCVD). However, current studies show that other blood lipids and lipoprotein(a) [Lp(a)], also play important roles in heart disease risk. In this context, the TyGi has attracted increasing attention. It is easy to calculate, affordable, and serves as a reliable marker of insulin resistance (IR), a key driver of cardiovascular problems. Because of these features, the TyGi is proving useful not only for recognizing people at risk of cardiovascular disease but also for predicting future outcome [12].
TG  cardiomyovasculopathy (TGCV)  represents a cardiac disorder characterized by extensive coronary artery narrowing due to impaired intracellular TG breakdown, placing affected those at risk for major adverse cardiac events (MACE) [13]. 
The condition often remains underdiagnosed, as specialized testing is required to detect TG accumulation in the myocardium. Dysregulation of glucose and lipid metabolism, frequently arising from an imbalance between oxidants and antioxidants, promotes endothelial dysfunction and accelerates the progression of CAD [14]. This metabolic disturbance initiates processes that contribute to plaque formation, HTN, immune cell infiltration, and structural alterations within the vasculature [15]. 
The triglyceride–glucose (TyG) index is validated as a dependable marker of IR [16]. Elevated TyG titres are associated with heightened cardiovascular risk and is shown to independently predict in-hospital mortality among critically ill cardiac cases, including those presenting with HF, arrhythmia, CAD, ACS, valvular disease, and cardiomyopathies [17].
Demographic shifts and global increases in life expectancy are altering the epidemiology of CVD, with projected rises from an average of 73.6 years in 2022 to 78.1 years by 2050. While CAD predominantly affects older adults, approximately 10% of individuals under 45 experience premature CAD (PCAD), commonly defined as onset before 45–55 years [18]. 
Age-related structural and functional changes in the heart and vasculature render older adults more susceptible to CAD, myocardial ischemia, and ACS. Key alterations include diminished endothelial function due to diminished nitric oxide synthase (NOS) activity, and a decline in maximal heart rate (220 – age), collectively reducing peak cardiac output during stress. Additional alterations involve thickening of the left ventricular (LV) walls, impaired diastolic filling, diminished ejection fraction, and a higher propensity for arrhythmias [19].
The pathophysiological mechanisms underlying CAD closely mirror the alterations observed during aging, encompassing persistent inflammation, myocardial fibrosis, arterial and ventricular stiffening, oxidative stress, endothelial dysfunction, diminished nitric oxide (NO) availability, and compromised coronary perfusion. Collectively, these alterations heighten the risk of ACS in older adults, even in the absence of additional comorbidities or traditional predisposing factors [20]. Although CAD is a condition of older people, its prevalence is rising among younger individuals, where it often results in poorer clinical outcomes [21]. The IPAD study defined premature CAD (PCAD) as AMI or myocardial ischemia associated with significant coronary stenosis (≥70% in any coronary artery or ≥50% in the left main artery) in women younger than 70 years and men younger than 60 years [22], while other investigations have employed wider age criteria, ranging from 40 to 70 years [23].
3. Development and Application of the TyG Index
[bookmark: _Hlk189075525]The TyG index, introduced in 2008 and calculated as  TyG = Ln [fasting TG (mg/dl) × fasting blood glucose (mg/dl) / 2] [24], has since been validated as a reliable surrogate for IR [25] and CAD incidence [26].
Both fasting TG and the TyG index act as  important indicators of the development and severity of coronary atherosclerosis, contributing to disease progression through systemic inflammation, endothelial dysfunction, and oxidative stress [27, 28].
Among available biomarkers, the TyG index demonstrates the strongest relative risk association with CVD  in individuals under 55 years, surpassing fasting glucose, lipid profiles, or inflammatory markers, whereas in older populations the predictive value of both traditional and non-traditional predisposing factors, like lipid titres and CRP, tends to diminish. Its simplicity, affordability, and linear correlation with IR . [29]. 
Historically, the Homeostatic Model Assessment of IR (HOMA-IR), derived from fasting insulin and glucose, is widely used; however, HOMA-IR primarily reflects basal insulin’s suppression of hepatic glucose output and does not capture impaired fatty acid oxidation or utilization [30]. The TyG index was developed to address these limitations and has shown superior accuracy in assessing IR in both diabetic and non-diabetic populations [24].
Unlike HOMA-IR, it does not require insulin measurement, allowing application in cases regardless of insulin therapy or β-cell function [31]. While the hyperinsulinemic–euglycemic clamp remains the gold standard for IR assessment, its complexity and cost limit routine use. Consequently, the TyGi and its derivative, TyG–body mass index (TyG-BMI), offer accessible alternatives; whereas TyG-BMI combines TyG with obesity measures. Both indices are strongly associated with elevated cardiovascular risk and poorer prognosis [32]. 
No method yet achieves perfect IR determination; although euglycemic clamps and intravenous glucose tolerance tests are accurate, their invasiveness and impracticality restrict clinical application, while HOMA-IR remains limited in cases with non-functioning β-cells [33].

4. Potential mechanisms for the relationship of TyG index with cardiovascular disease
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[bookmark: _Hlk206962361]Figure 2: Potential molecular mechanisms of the prognostic role of the triglyceride-glucose (TyG) index in cardiovascular diseases (CVD).
· 
IR is a pivotal factor in the onset and progression of CVD, extending beyond a simple metabolic disorder. By disrupting normal glucose and lipid metabolism, IR initiates a cascade of pathological processes that impose chronic stress on the heart and vascular system. In IR, glucose uptake by peripheral tissues declines, resulting in hyperglycemia, which promotes systemic inflammation and oxidative stress, directly damaging the vascular endothelium.
Concurrent lipid abnormalities are frequently observed, including elevated TG, small dense LDL particles, low HDL, and postprandial lipemia. These metabolic derangements contribute to early atherogenesis and facilitate progression of CAD [34].
Under ischemic conditions, IR further compromises cardiac function as cardiomyocytes shift their energy reliance to fatty acid oxidation, increasing oxygen demand and reducing cardiac reserve, thereby heightening susceptibility to injury during stress or hypoperfusion [35].
At the cellular titre, IR impairs insulin signaling, resulting in decreased glucose uptake, oxidation, glycogenesis, and disruption of key intracellular pathways. These disturbances exacerbate plaque formation and promote cardiovascular events [36].
IR diminishes NO bioavailability. Hyperglycemia and reactive oxygen species (ROS) inactivate NO, impairing vasodilatory capacity. Elevated mitochondrial ROS further amplifies oxidative stress and vascular injury [37,38].
In ischemic heart disease, endothelial dysfunction is aggravated due to diminished formation of collateral vessels, reflecting impaired activity of endothelial progenitor cells [39]. 
IR adversely affects platelet function, normally modulated by insulin to enhance sensitivity to PGI₂ and NO. In IR, platelets exhibit hyperactivity, increased adhesion, elevated thromboxane A₂ activity, and higher tissue factor expression, collectively promoting thrombosis and inflammation [40].
Dyslipidemia further exacerbates vascular risk. Elevated TRLs and remnants enhance vascular inflammation, promote adhesion molecule expression, and facilitate monocyte recruitment to vessel walls, initiating plaque formation [41]. Chronic hyperglycemia and IR drive excessive protein glycosylation, collagen accumulation, crosslinking, and smooth muscle proliferation, resulting in stiffened left ventricle (LV), increased fibrosis, and elevated susceptibility to HF [42]. 
IR also mobilizes free fatty acids from adipose tissue to organs with limited lipid storage capacity [43], while ApoB-containing remnants enriched in cholesterol and TG accumulate within arterial walls, advancing atherogenesis [44].
These processes are compounded by renin–angiotensin system (RAS) activation [45]. and impaired calcium handling in cardiomyocytes, which reduces contractility and compromises the heart’s adaptive response to stress [46].
Overall, IR establishes a vicious cycle of impaired metabolism, endothelial dysfunction, platelet hyperactivity, lipid abnormalities, and myocardial compromise, collectively accelerating CAD progression and increasing the risk of ACS, HF, and other cardiovascular complications. Targeting IR is therefore critical for the prevention and management of CVD.


5. The TyG Index and Prognosis in CAD
Cases diagnosed with CAD who also meet the criteria for metabolic syndrome (MeS) generally face a markedly worse prognosis as opposed to those without MeS. This population is more prone to developing extensive and severe coronary lesions, as well as experiencing higher rates of major adverse cardiovascular events (MACE) [47]. Interestingly, even in cases of myocardial infarction with non-obstructive coronary arteries (MINOCA), the co-existence of MeS is revealed substantial increase the risk of adverse cardiovascular outcomes [48]. Among critically ill cases with CAD, a higher TyG index is associated with increased in-hospital mortality, longer stays in the intensive care unit (ICU), and prolonged overall hospitalization. These factors contribute not only to greater healthcare costs but also to additional financial and emotional burden for cases and families [49].
The strong link between the TyGi and worse cardiovascular outcomes is largely explained by its role as a surrogate marker of IR. The TyG index integrates two distinct metabolic components: fasting blood glucose, which primarily reflects hepatic IR, and fasting TG, which indicate adipose tissue IR [50].By capturing these two dimensions simultaneously, the TyG index provides a more comprehensive and clinically meaningful measure of metabolic dysfunction than either parameter alone.
The harmful impacts of IR, including hyperglycemia and hyperlipidemia, are amplified when combined with elevated blood pressure. Mechanistically, IR activates the sympathetic nervous system and increases renal sodium and water retention. Hyperinsulinemia further exaggerates these impacts, leading to persistent HTN, increased cardiac workload, and accelerated vascular injury [51]. Beyond these hemodynamic consequences, IR drives oxidative stress associated chronic low-grade inflammation, inappropriate activation of the renin–angiotensin–aldosterone system (RAAS), and maladaptive immune responses. These pathways collectively impair cardiac function and structural integrity [52]. Notably, even in non-diabetic cases, IR is linked to disturbances in cardiac autonomic regulation, particularly manifesting as a decline in vagal tone [53].
IR also influences vascular remodeling. In cases with chronic total occlusion (CTO) lesions, a higher TyG index is correlated with fewer collateral vessels, suggesting that greater metabolic dysfunction limits compensatory circulation and increases myocardial ischemic burden. This, in turn, can result in a more adverse clinical course and poorer outcomes [54].
6. The TyG Index and CAD Severity
The contribution of metabolic disturbances, including hypertriglyceridemia and hyperglycemia, to the development and progression of atherosclerosis is well established. Glycosylation of lipids, combined with elevated TG, promotes the formation of atherogenic LDLs and diminishes the protective impact of HDL, creating an environment conducive to plaque formation and vascular injury [55].  Persistent hyperglycemia independently contributes to atherogenesis by promoting endothelial dysfunction, oxidative stress, and inflammatory signaling, all of which accelerate plaque progression [56].
The severity of CAD in clinical practice is influenced by multiple structural factors, including the total burden of coronary plaques, the degree of luminal narrowing, arterial calcification, and multivessel involvement. Restenosis following drug-eluting stent (DES) placement remains a key challenge. Evidence suggests that coronary stenosis exceeding 70% is significantly associated with a TyG index above 10, with 57% sensitivity and 75% specificity for risk prediction [57].
As opposed to traditional IR markers, like HOMA-IR, the TyG index demonstrates superior predictive performance. It is shown to correlate more strongly with the presence of calcified coronary plaques, even in adults without classical cardiovascular predisposing factors [58,59]. Moreover, the TyG index is associated with non-calcified and mixed plaques, which are indicators of plaque instability and predictors of future cardiovascular events [59]. Its relationship with multivessel CAD highlights its prognostic value, with this association being particularly significant in older adults and male cases [60].
Metabolic dysregulation also affects post-interventional outcomes. Elevated TyG titres are independently linked to DES-related in-stent restenosis (ISR), although its added predictive value beyond conventional clinical markers is modest [61].
In line with current clinical practice guidelines, which recommend comprehensive 10-year cardiovascular risk assessment. It can aid in the early identification and stratification of individuals at increased risk of CVD , allowing timely preventive interventions and targeted management strategies [62].
7. The Relationship of the TyG Index with Revascularization
Despite considerable improves in the prevention, diagnosis, and management of atherosclerosis, CAD remains a leading etiology  of morbidity and mortality worldwide [25].  Coronary artery bypass grafting (CABG) remains to be the most impactive revascularization approach for cases with extensive multivessel disease and is generally recommended as the preferred management approach in these cases [63]. Although surgical innovations have improved the safety and short-term efficacy of CABG, long-term outcomes in these cases often remain suboptimal, with many experiencing recurrent cardiovascular events or progressive disease [64].
IR, a hallmark feature of metabolic syndrome and DM, plays a central role in promoting atherosclerosis by creating a pro-inflammatory and prothrombotic environment [65]. IR not only contributes to disease progression but also adversely influences outcomes following myocardial revascularization procedures [66]. In this context, the TyGi has emerged as a practical biomarker, capturing the combined impacts of fasting blood glucose and TG to reflect systemic metabolic dysfunction and IR.
Clinical evidence consistently shows that elevated TyG titres are associated with worse cardiovascular outcomes in cases experiencing percutaneous coronary intervention (PCI) [61].Similarly, investigations in diabetic cases experiencing CABG suggest that higher TyG values may predict poorer clinical outcomes [67]. Interestingly, earlier research indicated that the detrimental impacts of IR on post-CABG outcomes might be more pronounced in non-diabetic individuals, emphasizing the importance of metabolic dysfunction beyond established DM [68].
PCI remains a cornerstone of revascularization for ischemic heart disease. However, MACE still occur in more than one-quarter of treated cases [69]. Elevated TyGi values is independently linked to an increased risk of MACE [70]. Beyond mortality, the TyG index is also associated with procedural and post-procedural complications. High TyG titres increase susceptibility to in-stent restenosis (ISR) and the need for repeat revascularization [71]. Among STEMI cases experiencing PCI, a higher TyG index is linked to a greater likelihood of developing new-onset atrial fibrillation [72]., and in cases of secondary mitral regurgitation post-PCI, it is recognized as an independent predictor of worsening HF [73].
The clinical utility of the TyGi extends to cases with NSTE-ACS. In these high-risk individuals, it serves as an independent predictor of poor cardiovascular outcomes, emphasizing its value for risk stratification and guiding post-procedural management [70]. Mechanistically, IR underlies many of these adverse outcomes. It is closely linked with systemic inflammation and metabolic dysregulation, which accelerate atherosclerosis and impair vascular repair [74]. While IR has not traditionally been classified as a formal risk factor for coronary heart disease (CHD) [65]., the TyG index captures multiple CHD-related risk components, including HTN, DM, obesity, and metabolic syndrome, and predicts outcomes like ISR following drug-eluting stent placement [61].
Beyond coronary events, IR and the TyG index are increasingly recognized as contributors to broader cardiovascular complications. Both IR and DM are associated with an elevated risk of contrast-induced nephropathy (CIN), with emerging evidence suggesting that IR-related biomarkers may help predict CIN in cases experiencing coronary angiography [75].
The prognostic significance of the TyG index continues to expand across a wide range of cardiovascular conditions. Elevated TyG values is linked to adverse outcomes in cases with chronic total occlusion (CTO), impaired collateral circulation, cardiogenic shock following AMI, severe coronary stenosis, in-hospital mortality in STEMI, ISR after PCI, aortic valve calcification, and left ventricular remodeling. High TyG values are also associated with an increased risk of major adverse cardiovascular and cerebrovascular events (MACCE), particularly in individuals with atrial fibrillation [76].
8. The Relationship of the TyG Index and Heart Failure in Cases with ACS
Recent investigations have demonstrated a clear dose–response relationship between the triglyceride–glucose (TyG) index and the development of HF in individuals at higher risk [77].  In cases with HF and diminished ejection fraction (HFrEF) who underwent management with implantable cardioverter defibrillators, the TyG index is validated as an independent predictor of both long-term mortality and appropriate ICD therapies [78].This underscores the potential of the TyG index as a prognostic tool in chronic HF management.
Moreover, elevated TyG titres is associated with worse clinical outcomes in cases with acute decompensated HF (ADHF) [79]. Monitoring dynamic alterations in the TyG index could therefore help clinicians identify early signs of HF progression, allowing timely interventions and potentially reducing the frequency of hospitalizations related to HF exacerbations.
The TyG index is also relevant in other HF phenotypes, including HF with preserved ejection fraction (HFpEF), advanced congestive HF complicated by renal dysfunction, and severe left ventricular impairment. Among elderly diabetic cases awaiting right ventricular pacing, a TyG threshold greater than 8.8 is suggested as an optimal cut-off for predicting HF-related hospitalizations [80]. Interestingly, while higher TyG values generally correlate with adverse outcomes in both chronic and acute HF, some investigations have observed that diminished TyG titres may paradoxically predict poorer prognosis in acute HF, suggesting a complex, context-dependent relationship.
Collectively, these findings support the TyGi as a clinically independent biomarker for HF. Its role in risk stratification, particularly in critically ill or comorbid cases, emphasizes its potential to guide preventive strategies, therapeutic interventions, and personalized management in both chronic and acute HF populations [79].
9. Limitations of the TyG Index as a Marker in CVD
The TyG index, calculated from fasting TG and fasting blood glucose (FBG), has emerged as a practical surrogate for IR. Several investigations suggest that it may outperform the HOMA-IR model in predicting the progression of atherosclerosis and adverse cardiovascular events, including coronary artery calcification quantified by CAC scores [81]. Unlike HOMA-IR, the TyG index does not require insulin measurement, which is often costly and unavailable in many developing regions. Moreover, exogenous insulin therapy can confound HOMA-IR results, limiting its usefulness in cases receiving insulin management. The TyG index avoids these limitations, making it broadly applicable across diverse populations at elevated cardiovascular risk.
Despite its advantages, the TyG index has some limitations. Not all investigations consistently confirm its association with cardiovascular outcomes. The index was originally developed in 2008 to detect insulin resistance-driven elevations of TG and glucose in otherwise healthy individuals [82]. In cases with established CVD , the interpretation of TyG can be complicated by preexisting dyslipidemia, IR, or metabolic deficiencies. For example, some investigations including individuals with very high TG or FBG titres may obscure causal relationships, and in certain cohorts of cases with type 2 DM (T2DM) or HTN, no association was found between TyG and cardiovascular risk, possibly due to management impacts or lifestyle modifications [83]. Similarly, adjusting for traditional cardiovascular predisposing factors in diabetic cases weakened the observed association between TyG and obstructive CAD [84].
Another limitation involves the reliance on baseline measurements. While fasting TG and FBG are routinely assessed, it is unclear whether the TyG index offers predictive value beyond these individual parameters. CVD  is dynamic, and acute events like myocardial infarction can trigger stress hyperglycemia, reducing the prognostic accuracy of a single TyG measurement. Most investigations also neglect temporal variability, leading to regression dilution bias. Recent research indicates that the cumulative TyG index, calculated as the time-weighted average of multiple TyG measurements, correlates more strongly with cardiovascular risk than a single baseline value, emphasizing the importance of longitudinal monitoring [85].
Evidence in younger populations remains limited. While investigations in children and adolescents show a positive correlation between TyG and IR [86], whether the index predicts future cardiovascular risk in younger cohorts is not well established. Sex-related differences also require further investigation. Men have a higher prevalence of metabolic predisposing factors like smoking, alcohol use, hyperuricemia, hyperhomocysteinemia , and diminished renal function compared with women, which may influence the interpretation and
Conclusion: IR, a well-established hallmark of metabolic disorders and systemic inflammation, is a major determinant of CVD risk and poor prognosis. The TyG index has emerged as a practical and reliable surrogate for IR, offering value in both risk stratification and outcome prediction across CVD.
The TyG index provides stronger predictive capacity than FBG or TG alone, particularly for mortality risk and prognostic refinement in CAD. Its clinical use extends to ACS, where it may act as  a convenient biomarker for recognizing cases at high risk of adverse events.
However, uncertainties remain. The pathological role of the TyG index across different CVD phenotypes is not yet fully clarified, and TyG-guided therapeutic strategies require further large-scale validation. Future work should focus on these gaps and assess whether targeting TyG pathways can yield meaningful clinical benefits in CVD management.
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