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Abstract 

Cardiovascular disease (CVD) is the leading cause of death and disability globally. Thus, 

prevention efforts aimed at reducing CVD events allow for greater functional independence and 

wellbeing over the course of life. Low-density lipoprotein-cholesterol is causally associated with 

atherosclerosis and is the primary target for atherosclerotic CVD (ASCVD) prevention. More 

recently, low-grade systemic inflammation has been recognized for its role in atherosclerotic 

disease initiation and progression. Additionally, there is compelling evidence for combined 

assessments of lipid and inflammatory biomarkers to predict long-term CVD events and guide 

prevention efforts early in life. In the context of CVD prevention, there have also been 

population shifts in CVD risk factor prevalence. Obesity prevalence has increased drastically 

over the last three decades, contributing to disability, lower life expectancy, and higher risk of 

CVD through multiple mechanisms. Specifically, obesity leads to a more atherogenic lipid 

profile and higher levels of systemic inflammation. The purpose of this review is to synthesize 

available literature on the interplay between obesity, dyslipidemia, and inflammation with CVD 

and how optimization of these risk factors is critical for healthy aging and longevity.  
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Highlights 

• Cardiovascular disease is the number one cause of death and the largest contributor to 

disability-adjusted life years. 

• Apolipoprotein B-containing lipoproteins and vascular inflammation are strongly 

associated with the development and progression of atherosclerosis.  

• Obesity results in a proatherogenic lipid profile and chronic inflammation.  

• Dyslipidemia, inflammation, and obesity are closely tied with each other, and 

optimization of these risk factors is critical for healthy aging and longevity.  
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Introduction 

 Healthy aging is a concept that promotes strong physical, social, and mental health to 

allow individuals functional independence and wellbeing over the course of life.1 With 

advancements in medicine and public health policy, the median life expectancy has increased 

dramatically over the last half century and is projected to continue to rise.1, 2 In fact, over the 

next 30 years, the global population of individuals 65 years and older is expected to double.3  

The demographic shift to an older population will be met with a higher prevalence of chronic 

conditions, such as cardiovascular disease (CVD).2  

CVD is the number one cause of death and the largest contributor to disability-adjusted 

life years in those older than 75 years of age.2 Identification and management of modifiable risk 

factors has been shown to increase life expectancy.4 In fact, one study found that individuals 

with high cardiovascular health had 8.9 years longer of life expectancy at age 50 compared to 

those with low cardiovascular health.5  Additionally, CVD risk factors are associated with 

significant morbidity and acceleration of biological aging.6 Thus, management of CVD risk 

factors is critical to promote healthy aging.7  

The landscape of CVD risk factors in the United States (US) has shifted over the years.8, 9 

One of the central risk factors in the development of atherosclerosis is dyslipidemia.10 Low-

density lipoprotein-cholesterol (LDL-C) is causally associated with atherosclerotic CVD 

(ASCVD) and the primary target for lowering global ASCVD risk.10 At the population level, 

LDL-C values have improved over the last two decades.11 However, the cardiovascular benefit 

from improved LDL-C control are partially offset by the rise in metabolic risk factors, such as 

obesity.9 The increased CVD risk from obesity is multifactorial, but partly driven by a more 

atherogenic lipid profile and higher levels of systemic inflammation.10, 12 Low-grade vascular 
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inflammation is a key driver of atherosclerosis and associated with greater CVD risk, even when 

LDL-C is controlled.13 

This review discusses the interplay between obesity, dyslipidemia, and inflammation as it 

relates to CVD risk and how optimization of these risk factors promotes healthy aging (Central 

Illustration). 

 

I Obesity  

 Obesity is a complex, multifactorial, and relapsing chronic disease resulting from 

pathologic accumulation of excess adipose tissue.14 The most common assessment of obesity is 

body mass index (BMI), which is a simple surrogate marker for adipose tissue, assessed by 

dividing body weight in kilograms by the square of height in meters.14 A BMI ≥ 30kg/m2 in 

European and ≥ 25kg/m2 in Asian populations is used to define obesity; however, there are 

certain limitations with BMI. For instance, BMI does not account for age, sex, racial and ethnic 

differences, or body composition.14 Thus, further evaluation with other measures, such as waist 

circumference (WC) or waist-to-height ratio are often useful.14, 15  

Over the last few decades, there has been a rise in obesity prevalence globally, impacting 

16% of the global population.16, 17 Since 1990, obesity rates have doubled in adults and 

quadrupled in children.16 These figures represent important public health challenges, as obesity is 

associated with higher risk of CVD, all-cause mortality, and disability.14, 18, 19  

In a large, pooled analysis of 289,875 participants from 21 US-based cohorts, BMI was 

associated with greater risk of coronary heart disease (CHD), atrial fibrillation, heart failure, 

stroke, and all-cause mortality.20 Extending on these findings was a lifetable analysis that 

investigated years of life lost from obesity.18 Compared to normal weight participants, obesity 
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resulted in 7.1 and 7.2 years lost in life expectancy at age 40 in female nonsmokers and smokers, 

respectively.18 Additionally, there were 5.8 and 6.7 years lost in life expectancy at age 40 in male 

nonsmokers and smokers, respectively.18 Moreover, this study found that BMI at ages 30-49 was 

significantly associated with mortality at ages 50-69, independent of BMI later in life, 

emphasizing the need for early interventions.18 In another study from the English Longitudinal 

Study of Aging, the authors found that elevated BMI was associated with higher risk of 

difficulties with activities of daily living and functional impairment in participants aged 65 years 

and older.19 These data highlight the negative impact of obesity on healthy aging due to higher 

risk of CVD, premature death, and disability. 

 

Sarcopenic Obesity  

 The aging process leads to dramatic physiologic changes in body composition resulting in 

an increase in adipose tissue and a decrease in bone and muscle mass.21 Additionally, fat mass is 

redistributed from subcutaneous to visceral depots, which have cardiometabolic consequences.21 

The decrease in muscle mass quantity and function is termed sarcopenia and is associated with 

increased CVD risk, decreased quality of life, and lower functional independence.22  The 

diagnosis of sarcopenia requires both evaluation of muscle mass, (i.e. dual-energy x-ray 

absorptiometry, CT, MRI), and muscle function (i.e. hand grip strength).23 An increasingly 

recognized entity is the combination of sarcopenia and obesity, termed sarcopenic obesity, which 

is strongly associated with cardiometabolic disease.21 

The prevalence of sarcopenic obesity is 9% globally and is associated with approximately 

50% higher risk of all-cause mortality.24 In a meta-analysis, individuals with sarcopenic obesity 

had greater risk of CVD mortality (HR: 1.63; 95% CI: 1.01-2.62) and higher odds for several 
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CVD risk factors, including metabolic syndrome (OR: 4.31; 95% CI: 2.23-8.35), compared to 

individuals without sarcopenia or obesity.24 Similarly, a prospective study of middle-aged and 

older adults found participants with sarcopenic obesity to have the highest risk of CVD.25 

Compared to normal weight participants without sarcopenia, individuals who were normal 

weight with sarcopenia, obese without sarcopenia, and obese with sarcopenia had greater risk of 

CVD (HR: 1.18; 95% CI: 1.02-1.36), (HR: 1.26; 95% CI: 0.93-1.71); and (HR: 1.47; 95% CI: 

1.20-1.80), respectively.25 These findings demonstrate the independent and synergistic 

associations of both sarcopenia and obesity with CVD.25  

In addition to CVD risk, sarcopenic obesity also leads to higher risk of all-cause 

mortality.26 In an elderly population-based cohort study of 5,888 adults with an average age of 

69.5 years, the authors found that individuals with sarcopenia and sarcopenic obesity had 

increased risk of all-cause mortality compared to individuals without sarcopenia and without 

sarcopenic obesity (HR: 1.93; 95% CI: 1.53-2.43) and (HR: 2.84; 95% CI: 1.97-4.11),  

respectively.26 Thus, sarcopenia and sarcopenic obesity are strongly associated with elevated 

CVD and mortality risk, suggesting early recognition may be beneficial in guiding prevention 

strategies to lower future CVD events and improve healthy aging.27    

 

Obesity, Dyslipidemia, and Metabolic Health  

 

 Individuals with obesity often have lipid abnormalities that include elevated 

apolipoprotein(B) (apoB), small, cholesterol depleted (dense) LDL (sdLDL), triglycerides, and 

reduced high-density lipoprotein-cholesterol (HDL-C).28 The lipid abnormalities associated with 

obesity are multifactorial; however, insulin resistance is postulated to have a major influence.29 
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Obesity results in structural changes in adipose tissue, resulting in mitochondrial dysfunction and 

release of adipokines that promote insulin resistance.29 Insulin inhibits hormone-sensitive lipase 

leading to suppression of lipolysis.29 With insulin resistance, there is an increase of free fatty 

acids in circulation.29 Additionally, insulin resistance reduces plasma clearance of triglyceride 

rich lipoproteins, resulting in enrichment of lipoprotein particles with triglycerides.29 Finally, 

insulin resistance also prevents apoB degradation in hepatocytes.29 The resulting lipid changes 

from insulin resistance leads to a more atherogenic lipid profile.29  

 The association of obesity and more atherogenic lipid profile was observed in the 

Brazilian Longitudinal Study of Adult Health.30 In this multi-ethnic primary prevention study of 

4,111 participants not on statin therapy, the authors investigated the cross-sectional association 

of BMI and WC with LDL subfractions.30 The authors found a strong association between both 

BMI and WC with sdLDL, while only a weak association was found with large-buoyant LDL 

(lbLDL).30 A predominantly sdLDL phenotype results in greater LDL particles, contributing to 

higher atherogenic risk (Figure 1).31 In addition to lipid abnormalities, several other metabolic 

changes can occur with obesity, including diabetes and hypertension, which have led to the term, 

metabolically unhealthy and healthy obesity.32, 33  

 Metabolically healthy obese individuals have excess body weight, but do not have 

metabolic complications, such as diabetes, dyslipidemia, or hypertension.34 The distinction 

regarding metabolic health has clinical implications.33 In a cohort study from Greece, the authors 

investigated CVD risk associated with individuals who were metabolically healthy without 

obesity, metabolically healthy with obesity, metabolically unhealthy without obesity, and 

metabolically unhealthy with obesity.33 In a fully adjusted model, individuals who were 

metabolically unhealthy with obesity had the greatest risk for incident CVD compared to 
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individuals who were metabolically healthy without obesity (HR: 1.85; 95% CI: 1.02-3.58).33 In 

comparison, CVD risk was lower in individuals who were metabolically healthy with obesity, 

but still greater than individuals who were metabolically healthy without obesity (HR: 1.39; 95% 

CI: 1.06-3.42).33 Further supporting these data was a study of 3.5 million individuals from The 

Health Improvement Network.32 Here, over a mean follow-up of 5.4 years, the authors found 

individuals who were metabolically healthy with obesity to have 49% greater risk of CHD and 

96% increased risk of heart failure compared to normal weight metabolically healthy 

individuals.32 While controlling metabolic risk factors, such as dyslipidemia, are important in 

those with obesity, these findings demonstrate elevated CVD risk from obesity, even when 

metabolic health is optimal.32  

  

Obesity and Inflammation 

 Adipose tissue is an endocrine organ and can become dysfunctional in obesity through 

oxidative stress and hypoxia.35 The adipose dysfunction in obesity promotes a heightened state of 

systemic inflammation.36 In obesity, macrophages accumulate in adipose tissue resulting in local 

inflammation, which then leads to systemic inflammation through overexpression of 

proinflammatory cytokines, such as interleukin 6 (IL-6) and downstream stimulation of C-

reactive protein (CRP).36  

In a cross-sectional study of 16,573 participants from the National Health and Nutrition 

Examination Survey, the authors found a significant correlation between CRP and BMI.37 The 

correlation between CRP and obesity was further explored in a meta-analysis that found a strong 

association between obesity and elevated CRP in both adults and children, suggesting that 

inflammatory changes occur early in life.38 The higher level of inflammation in obesity has 
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prognostic implications, which was illustrated in an observational study of 14,140 patients who 

underwent percutaneous intervention.39 In this study, patients were grouped by BMI and elevated 

inflammation was defined using a high-sensitivity CRP (hsCRP) threshold of 3mg/L.39 The 

authors found a stepwise increase in elevated hsCRP prevalence among BMI categories, with 

almost half of individuals in the severely obese group having elevated hsCRP.39 In comparison, 

19% of individuals in the normal weight group had elevated hsCRP.39 Across normal weight, 

overweight, obese, and severely obese groups, elevated hsCRP was associated with major 

adverse cardiovascular events (HR: 1.43; 95% CI: 1.04-1.95), (HR: 1.51; 95% CI: 1.21-1.88), 

(HR: 1.40; 95% CI: 1.06-1.84), and (HR: 1.92; 95% CI: 1.35-2.75), respectively.39 An even 

stronger association was found between elevated hsCRP and all-cause mortality in normal 

weight, overweight, obese, and severely obese groups (HR: 2.15; 95% CI: 1.30-3.55), (HR: 3.02; 

95% CI: 2.00-4.57), (HR: 3.05; 95% CI: 1.70-7.22), (HR: 3.69; 95% CI: 1.66-8.23), 

respectively.39 Although generalizability to primary prevention populations is limited, this study 

sheds light on the strong correlation between hsCRP and BMI categories, as well as its predictive 

value in both CVD and mortality outcomes.39 In addition to observational data, several weight-

loss trials have found lower inflammatory markers through dietary, physical activity (PA), and 

bariatric surgery interventions.40 Future studies are needed to better characterize the 

cardiovascular and mortality benefit of lower systemic inflammation in people with obesity.      

 

Treatment  

The treatment of obesity requires a multi-disciplinary and multimodal approach.14 

Exercise training is foundational for improving cardiorespiratory fitness (CRF) and muscular 

strength.41-43 High CRF is strongly associated with lower prevalence of CVD risk factors, 
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improved CVD outcomes, and longevity.41-43 Additionally, data suggest that high CRF 

significantly attenuates CVD risk associated with obesity.44 Structured training aimed at 

increasing muscular strength should also be incorporated to lower CVD risk and preserve 

lifelong muscular health, which is of particular importance in patients with sarcopenic obesity.45-

47 While lifestyle changes are important, they are often insufficient when used in isolation.14 

Weight-loss surgeries are highly effective and lower CVD risk, as well as improve metabolic 

health.48 While effective, weight-loss surgery comes with risks and may not be preferred by 

some patients.14  

More recently, there have been dramatic improvements in pharmacologic treatments for 

obesity, with the use of nutrient-stimulated hormone (NuSH) therapies.14 These therapies target 

peptides involved in hormonal pathways that regulate blood sugar and appetite resulting in 

weight loss.14 In the Semaglutide Effects on Cardiovascular Outcomes in People with 

Overweight or Obesity (SELECT) trial, semaglutide, a glucagon-like peptide-1 agonist, was 

found to reduce risk of cardiovascular events compared to placebo by 20% in patients with 

known CVD but without diabetes (HR: 0.80; 95% CI: 0.72-0.90).49 A similar cardiovascular 

benefit was observed with semaglutide in participants with type 2 diabetes mellitus.50 It is 

important to note that while NuSH therapies lead to significant weight loss, studies have found 

26-45% of total weight loss from NuSH treatment to be lean mass, which may be of concern in 

aging populations and those with sarcopenia or sarcopenic obesity.51 While long term outcome 

data are needed, NuSH therapies lead to substantial weight loss, improve CVD outcomes, and 

are an emerging tool in the multimodal treatment of obesity.52, 53 

 

II Lipids 
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Atherosclerosis is driven by apoB-containing lipoproteins.54 ApoB is the structural 

protein found in triglyceride-rich lipoproteins, LDL, and lipoprotein(a) [Lp(a)].54 Atherosclerosis 

occurs when apoB lipoproteins become trapped in the arterial wall.55 Here, macrophages engulf 

cholesterol carried by lipoproteins, resulting in an inflammatory response and plaque 

formation.55 The majority of circulating apoB-containing lipoproteins are LDL particles and 

epidemiologic, genetic, and randomized control trial data illustrate a causal link between LDL-C 

and ASCVD.55, 56 Additionally, there is emerging evidence suggesting a causal link between 

Lp(a), an LDL-like particle with atherogenic and inflammatory properties, and ASCVD.57 

Assessment of lipids is critical for ASCVD risk prediction and guiding prevention strategies to 

reduce ASCVD risk, morbidity, and mortality.56  

LDL Exposure and CVD 

 The new 2026 Dyslipidemia Guideline recommends lipid screening starting at 19 years of 

age and implements LDL-C targets based on ASCVD risk.56 Additionally, the Guideline 

supports starting lipid lowering therapy earlier; thus, decreasing the cumulative lifetime exposure 

from LDL-C.56 These recommendations come from numerous studies on LDL-C exposure and 

CVD risk.56 

 Genetic and mendelian randomization studies provide compelling evidence supporting 

the strong association between cumulative LDL-C exposure and ASCVD.58 Familial 

hypercholesterolemia (FH) is a monogenetic disorder associated with premature ASCVD and 

mortality due to genetic mutations that result in decreased LDL particle clearance from 

circulation.59, 60 There are four monogenetic determinants of FH, which include mutations in the 

LDL receptor (LDLR), apoB, paraprotein convertase subtilisin/kexin type 9 (PCSK9), and LDLR 

adaptor protein-1.60 The association between FH genomic variants and CHD risk was well 
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described in a large, pooled cohort, primary prevention study of 21,426 participants with whole-

genome sequencing.58 The authors quantified CHD risk from FH variants in participants with 

both moderate and severe hypercholesterolemia.58 Compared to individuals without FH variants, 

participants with FH variants that had either moderate or severe baseline hypercholesterolemia 

had greater risk of CHD (HR: 2.6; 95% CI: 1.2-5.4) and (HR: 2.4; 95% CI: 1.3-4.4), 

respectively, even after adjusting for baseline LDL-C.58 Interestingly, there was no longer a 

significant association between FH variants and CHD risk after adjusting for cumulative LDL-C 

exposure.58 These findings suggest that the excess CHD risk in participants with FH variants was 

largely driven by cumulative LDL-C exposure.58   

 On the other side of the coin are individuals with genetic mutations that result in low 

lifetime exposure to LDL-C.61 PCSK9 is a low-abundance glycoprotein that binds to the LDLR 

on the hepatocyte surface, inhibiting LDLR recycling.60 The third locus of FH was identified 

through discovery of gain-of-function mutations in PCSK9.60 Overexpression of PCSK9 reduces 

LDLR density on the hepatocyte surface, leading to less LDL particle clearance.60, 61 Conversely, 

reduced expression of PCSK9 allows for greater LDLR recycling, resulting in more LDL particle 

clearance and lower plasma LDL-C (Figure 2).61 In a landmark paper by Cohen et al., the authors 

investigated CHD incidence among individuals with PCSK9 variants associated with lower 

LDL-C.61 Black individuals with nonsense mutations in PCSK9 had 28% lower mean LDL-C 

and pronounced reduction in CHD risk (HR: 0.11; 95% CI: 0.02-0.81).61 Similarly, White 

individuals with sequence variation in PCSK9 had 15% lower mean LDL-C and reduced CHD 

risk (HR: 0.50; 95% CI: 0.32-0.79).61 Overall, CVD risk factors were similar among individuals 

with and without PCSK9 variants, suggesting that lower lifetime exposure to LDL-C was the 

primary mechanism for reduced CHD risk.61 Providing even more clarity on the magnitude of 
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benefit from lifetime reduction in LDL-C was a Mendelian randomization study that 

incorporated nine polymorphisms in six genes associated with lower LDL-C, including PCSK9.62 

In this study of 312,321 participants, the authors found a log-linear association between natural 

allocation to lower LDL-C exposure and CHD risk.62 In fact, lifelong exposure to lower LDL-C 

had a 3-fold greater CHD reduction compared to estimates from statin trials where lipid lowering 

was initiated later in life, further supporting earlier treatment of hypercholesterolemia.62 In 

addition to genetic and Mendelian randomization studies, observational studies have investigated 

the relationship between LDL-C exposure and ASCVD risk.  

 In a longitudinal analysis of 4,958 participants from the Coronary Artery Risk 

Development in Young Adults study, the authors investigated the association of cumulative 

LDL-C exposure and ASCVD risk.63 Cumulative LDL-C exposure was quantified using the area 

under the LDL-C versus age curve in participants before age 40 (observational window).63 

ASCVD risk was calculated after age 40 (prediction window) over a median follow up of 16 

years.63 In this study, higher cumulative LDL-C exposure was significantly associated with 

greater CVD risk.63 Another important finding from this study was that LDL-C exposure 

occurring earlier in life was associated with greater CVD risk compared to LDL-C exposure later 

in life.63 Similar findings were found in a larger prospective study of 4 observational cohorts that 

included a total of 18,288 participants.64 In this study, individuals in the fourth quartile of 

cumulative LDL-C exposure had 57% higher risk of CHD compared to individuals in the first 

quartile (HR 1.57; 95% CI 1.10-2.23), even after adjusting for midlife LDL-C.64 These data 

illustrate the benefit of reducing cumulative exposure to LDL-C and targeting optimal LDL-C 

early in life.63, 64  
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Lipid Profiles and Longevity  

 

 Atherosclerosis is a chronic and progressive disease and minimizing plaque burden is key 

to healthy aging.55 Centenarians are prime examples of individuals who exhibit healthy aging 

and have lower prevalence of chronic diseases, including CVD, largely related to improved 

vascular aging.65, 66 Additionally, prevalence of CVD and CVD risk factors are more than half in 

offspring of centenarians compared to age matched controls.67 Thus, studies examining lipids in 

offspring of centenarians provide insight to favorable lipid profiles associated with healthy 

aging.  

 In a study from the Longevity Genes Project at Albert Einstein College of Medicine, the 

authors compared lipid profiles between 33 offspring of Ashkenazi Jewish centenarians and 26 

control participants.68 The authors found that offspring of Ashkenazi Jewish centenarians had a 

more favorable lipid profile compared to the control group.68 Female and male offspring of 

Ashkenazi Jewish centenarians had higher plasma HDL-C, and males also had lower plasma 

LDL-C, compared to the control group.68 The authors expanded on this analysis in a case-control 

study that included Ashkenazi Jewish probands, mean age 98.2 years, and their offspring.69 

Compared to age-matched controls, Ashkenazi Jewish probands and their offspring had 

significantly higher LDL and HDL particle sizes.69 Additionally, higher lipoprotein particles 

sizes were associated with less prevalent hypertension, metabolic syndrome, and CVD.69  Similar 

findings were observed from the Leiden Longevity Study that showed higher mean LDL and 

HDL particle sizes, as well as lower triglyceride levels, in offspring of nonagenarian siblings 

compared to controls.70 In another analysis form the Leiden Longevity Study, long-lived siblings 

and their offspring not only had larger LDL particles, but also fewer sdLDL and total LDL 
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particles.71 Additionally, the lower concentration of sdLDL particles was associated with 

improved instrumental activities of daily living in long-lived siblings.71 Conceptually, these data 

are intuitive as larger LDL particles carry a higher total cholesterol load; and therefore, fewer 

particles are needed for the same LDL-C plasma concentration.31 While several protective 

factors are likely responsible for healthy aging, there appears to be a strong association between 

lipid profiles and longevity.  

 

Lp(a), CVD, and Longevity  

Lp(a) is a largely genetically determined apoB-containing lipoprotein that is covalently 

bound to apolipoprotein(a) with proatherogenic, proinflammatory, and anti-fibrinolytic 

properties.57 Approximately 20% of individuals have elevated Lp(a) and several lines of 

evidence have found a causal association between Lp(a) and both ASCVD and calcific aortic 

valve stenosis.57, 72 Additionally, elevated Lp(a) has been associated with greater risk of all-cause 

mortality.73 

The long-term ASCVD risk associated with elevated Lp(a) was well described in a large, 

pooled cohort study of 27,756 individuals followed for a median of 21.1 years.74 Compared to 

individuals with Lp(a) below the 50th percentile, participants with an Lp(a) at or above the 90th 

percentile had 46% higher risk of ASCVD and 32% greater risk of CHD death (HR: 1.46; 95% 

CI: 1.33-1.59) and (HR: 1.32; 95% CI: 1.06-1.64), respectively.74 In another analysis from the 

Copenhagen City Heart Study and Copenhagen General Population Study, authors characterized 

mortality risk associated with Lp(a).75 Here, participants with extreme levels of Lp(a) (≥96th 

percentile) had higher risk of cardiovascular mortality and all-cause mortality compared to 

participants with Lp(a) in the bottom 50th percentile (HR: 1.50; 95% CI: 1.28-1.76) and (HR: 
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1.20; 95% CI: 1.10-1.30).75 Further exploring the relationship between Lp(a) and lifespan was a 

mendelian randomization study of 139,362 participants from UK Biobank.76 The authors found a 

negative association between genetically determined Lp(a) and high parental life span and health 

span, defined as oldest age free of chronic disease.76 The authors also completed a longitudinal 

analysis of 18,720 participants from the European Prospective Investigation Into Cancer and 

Nutrition (EPIC)-Norfolk study who were followed for a mean of 20 years.76 In this analysis, 

participants with Lp(a) ≥ 50mg/dL compared to Lp(a) < 50mg/dL had higher risk of all-cause 

mortality and cardiovascular mortality (HR: 1.17; 95% CI: 1.08-1.27) and (HR: 1.54; 95% CI: 

1.37-1.72), respectively.76 Collectively, these findings demonstrate a strong association between 

Lp(a) and both CVD and mortality.76  

Treatment 

 In lipid management, the primary focus is lowering LDL-C to reduce global CVD risk.56 

Intensity of LDL-C treatment reduction is guided by baseline CVD risk.10 Additionally, treatment 

to lower LDL-C, even to levels well below guideline recommendations, is associated with 

consistent CVD risk reduction without safety concerns.77 Most lipid lowering medications 

facilitate LDL-C clearance from circulation by increasing expression of LDLR on the hepatic 

surface.78 Statins are the cornerstone of lipid lowering therapy and target the β-hydroxy β-

methylglutaryl-coenzyme A (HMG)-CoA reductase, the rate limiting enzyme in the cholesterol 

synthesis.56 Several metanalyses have found LDL-C lowering from statin therapy to be 

associated with a substantial reduction in ASCVD risk and all-cause mortality.79, 80 In patients 

unable to tolerate statins or who need further LDL-C lowering, there are several effective non-

statin therapies.78 Ezetimibe inhibits the Niemann-Pick C1-Like 1 transporter in the intestine, 

leading an LDL-C reduction of approximately 20%.78 Bempedoic acid inhibits the enzyme ATP-
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citrate lyase, upstream of HMG-CoA reductase, in the cholesterol synthesis pathway, leading to 

an LDL-C reduction of 20-25%.78 Lastly, targeting plasma PCSK9 through monoclonal 

antibodies or PCSK9 messenger RNA can lower LDL-C by over 50%.78 Excitingly, the U.S. 

Food and Drug Administration recently approved enlicitide, the first oral PCSK9 inhibitor.81 On 

the horizon is PCSK9 base-editing therapy, which has been shown to lead to substantial dose-

dependent LDL-C reduction.82 In addition to lowering LDL-C, PCSK9 inhibition leads to a 

reduction of Lp(a) by 20-25%.83 There are currently several ongoing cardiovascular outcome 

trials evaluating the safety and efficacy of Lp(a)-lowering therapies.84 Nucleic acid-based 

therapies can lower Lp(a) by 80-98% and results from the phase 3 ASCVD outcome trial, Lp(a) 

HORIZON, are expected to be released later this year.84  

 

III Inflammation  

 Aging is a complex process closely tied with low-grade systemic inflammation.85 With 

aging, cells become damaged and dysfunctional, known as senescence.85 These senescent cells 

are typically cleared in younger individuals; however, during aging, the ability of immune cells 

to remove senescent cells is impaired, contributing to inflammation and organ damage through 

the release of cytokines.85 Interleukin-1 (IL-1) is one of the most potent proinflammatory 

cytokines of innate immunity that leads to expression of IL-6 and hepatic production of CRP, an 

acute phase reactant.86 These inflammatory markers are closely related with chronic diseases and 

aging.87  

Inflammation and Aging 
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 Several studies have found plasma inflammatory biomarkers to increase with age. In a 

cross-sectional study of 59 healthy participants ages 23-87 years, the authors found a linear 

correlation between IL-6 and age.88 For every year of life, IL-6 increased by an average of 0.016 

pg/mL.88 Similar results were found between hsCRP and age.89 Importantly, excess inflammation 

has been associated with frailty and disability in older age.  

 In a cross-sectional study of 880 participants, IL-6 and CRP levels were associated with 

reduced walking speed and grip strength.90 In another cross-sectional study of 1,020 elderly 

participants, mean age 75.4 years, IL-6 and CRP were significantly correlated with worse 

physical performance and muscle strength.91 These findings were further confirmed in a 

longitudinal case-based study of 633 elderly individuals.92 Over a 4 year follow up, elevated IL-6 

was associated with greater odds of incident mobility and disability (OR: 1.62; 95% CI: 1.07-

2.46), comparing top to bottom tertile of IL-6.92 The decline in functional status associated with 

elevated inflammation plays a critical role in healthy aging and maintaining physical 

independence.92  

In addition to impacting functional well-being, heightened inflammation has been 

associated with several chronic diseases, including CVD, and all-cause mortality.87 In a recent 

study of 59,396 participants from 14 cohorts followed for a median of 12-16 years, the authors 

analyzed the prognostic value of IL-6 with 9 cardiovascular and mortality outcomes.93 IL-6 was 

significantly associated with incident myocardial infarction, stroke, atrial fibrillation, heart 

failure, CVD, CHD, CVD-specific mortality, CHD-specific mortality, and all-cause mortality.93 

In fact, IL-6 was associated with a 70% higher risk of all-cause mortality (HR: 1.70; 95% CI: 

1.62-1.79), comparing highest to lowest IL-6 quartiles.93 Findings were consistent across 

subgroups, including individuals with prior CVD, chronic kidney disease, diabetes, and obesity.93 
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Similarly, in a primary prevention study of 448,653 participants from UK Biobank, hsCRP was 

associated with major adverse cardiovascular events, cardiovascular mortality, and all-cause 

mortality.94 Both of these large studies demonstrate the prognostic value of hsCRP and IL-6 and 

impact on longevity.93, 94  

 

Inflammation, Lipids, and CVD 

 Lipid management is essential for prevention of ASCVD; however, data over the last few 

decades have demonstrated inflammation as a second independent pathway in the initiation and 

progression of atherosclerosis.95 The hypothesis of inflammation as a pivotal player in 

atherosclerosis was formally tested in the Canakinumab Anti-inflammatory Thrombosis 

Outcome Study (CANTOS).96 In this randomized placebo-controlled trial of 10,061 participants 

with prior myocardial infraction, the authors evaluated the efficacy of canakinumab, a 

monoclonal antibody targeting IL-1β.96 Over a median follow-up of 3.7 years, canakinumab 

lowered risk of myocardial infarctions, nonfatal stroke, and CVD death by 15% compared to 

placebo (HR: 0.85; 95% CI: 0.74-0.98).96 Interestingly, there was no significant change in LDL-

C with treatment and participants who had the largest reduction in hsCRP and IL-6 from 

canakinumab yielded the highest cardiovascular benefit.96 Thus, the cardiovascular event 

reduction was primarily driven from lower inflammation, independent of lipid lowering.96 These 

findings were further confirmed in two randomized, double-blind trials with colchicine, an 

antimitotic therapy with broad anti-inflammatory effects.97, 98 In the Colchicine Cardiovascular 

Outcomes Trial (COLCOT) that included 4,745 patients with prior myocardial infarction 

followed for a median of 22.6 months, colchicine was associated with lower risk of ischemic 

cardiovascular events compared to placebo (HR: 0.77; 95% CI: 0.61-0.96).97 Similar findings 
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were found in the low-dose colchicine 2 (LoDoCo2) trial that included 5,522 patients with 

chronic CAD.98 Compared to placebo, colchicine was associated with lower risk of 

cardiovascular events (HR: 0.69; 95% CI: 0.57-0.83).98 Evidence from these trials led to the FDA 

approval of colchicine for patients with ASCVD, offering a much needed therapy to lower 

residual inflammatory risk.99  

Despite results of these trials, routine assessment of inflammatory biomarkers are not 

recommended and are not incorporated in ASCVD risk prediction calculators.8, 79, 100 

Additionally, quantitative risk prediction primarily focuses on short term 10-year predicted 

ASCVD risk.8, 79, 100 However, capturing long-term risk allows for earlier identification of high-

risk individuals and prevention efforts for a longer horizon.101 Recently, several studies have 

evaluated the comparative associations of inflammatory and lipid biomarkers associated with 

long-term CVD risk in primary prevention (Table).101-103  

In the Women’s Health Study, 27,939 participants were followed for a median of 27.4 

years and LDL-C, Lp(a), and hsCRP were all independently associated with major adverse 

cardiovascular events. Individuals with elevations in all three biomarkers had the highest risk 

(HR: 2.63; 95% CI: 2.16-3.19). These findings were externally validated in the EPIC-Norfolk 

study that included 17,087 men and women, with nearly identical findings.104 Thus, both of these 

studies provide compelling evidence that LDL-C, Lp(a), and hsCRP are strongly associated with 

long-term CVD events.101, 104 However, both study cohorts had predominantly European 

ancestry, limiting generalizability to other racial and ethnic populations with different biomarker 

distributions.105 Expanding on these studies was an analysis of 15,676 participants (mean age 

44.4 years) from the Healthy Life in an Urban Setting study.105 Participants from this study were 

of African (45.8%), European (39.8%), and South Asian Surinamese (14.4%) descent.105 Over a 
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median follow up of 8.9 years, LDL-C, Lp(a), and hsCRP were independently associated with 

ASCVD risk.105 Risk estimates were similar to findings from the Women’s Health Study and 

EPIC-Norfolk, confirming the prognostic value of LDL-C, Lp(a), and hsCRP across diverse 

populations.105 Further exploring the association of these biomarkers and CVD risk was a much 

larger study of 322,922 participants from the UK Biobank that included individuals with and 

without use of lipid lowering medications.102 Here, LDL-C, Lp(a), and hsCRP were associated 

with 11%, 7%, and 6% higher CVD risk, respectively, in participants on lipid lowering therapy, 

and by 13%, 8%, and 6%, in participants not on lipid lowering therapy, per standard deviation 

increase in each biomarker.102 Thus, LDL-C, Lp(a), hsCRP demonstrated independent 

associations with CVD events, regardless of whether participants were on lipid lowering therapy 

or not.102 Adding to the literature was a more recent study that also included IL-6.103 Compared 

to LDL-C, Lp(a), and hsCRP, IL-6 demonstrated the strongest association with ASCVD in both 

the Multi-Ethnic Study of Atherosclerosis (HR: 1.60; 95% CI: 1.24-2.07) and the UK Biobank 

(HR: 1.67; 95% CI: 1.44-1.93), comparing top to bottom quartile.103 These observational studies 

provide overwhelming evidence for universal screening of both lipid and inflammatory markers 

in order to capture long-term CVD risk and guide prevention efforts.  

 

Treatment 

 Several behavioral and lifestyle changes have been shown to positively impact 

inflammatory biomarkers. In a randomized controlled trial, adherence to a Mediterranean diet 

supplemented with extra-virgin olive oil or nuts was found to lower inflammation and improve 

CVD risk compared to a low-fat diet.106, 107 Additionally, interventions to quit smoking and 

increase PA are helpful in reducing inflammation.108 In terms of medical management, elevated 
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inflammatory markers can guide more aggressive prevention efforts.95 Therapies aimed at 

improving the lipid profile, such as statins and omega-3 fatty acids have been associated with 

lower inflammatory biomarkers.95, 109 In patients with established ASCVD, colchicine can be a 

helpful adjunctive agent on top of lipid lowering therapy.95 Lastly, there are several ongoing 

trials evaluating the cardiovascular benefit of IL-6 inhibitors.95  

 

Conclusion 

Aging is a complex biological process and improving cardiovascular health allows for 

healthy aging and longevity.1 Atherosclerosis is driven by cumulative exposure to apoB-

containing lipoproteins79. Additionally, inflammation results in atherosclerosis progression and 

plaque instability, contributing to elevated CVD, disability, and mortality risk.95 Obesity further 

compounds the clinical picture as it leads to systemic inflammation and a more atherogenic lipid 

profile.28, 35 With aging, there are changes in body composition and inflammatory biomarkers, 

making older individuals even more vulnerable.88 Thus, recognition of the complex interplay 

between obesity, lipids, and inflammation as key drivers of CVD is essential for effective 

treatment and improving functional independence, wellbeing, and overall longevity. 
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Central Illustration: Interplay between Obesity, Dyslipidemia, and Inflammation with 

Longevity.  

 

 

The figure illustrates interrelated mechanisms between obesity, dyslipidemia, and inflammation 

as they relate to cardiovascular disease. Optimization of risk factors leads to less CVD, 

disability, and mortality; and thus, promotes healthy aging and longevity. CVD= cardiovascular 

disease; hsCRP= high-sensitivity C-reactive protein; and IL-6= interleukin-6.  
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Figure 1. Lipid Particle Sizes and Atherogenic Risk.  

 

 

In this example, two different LDL phenotypes are presented, using the same LDL-C value of 

100mg/dL. LDL-C measures the total cholesterol carried by LDL particles. In patients with a 

predominantly sdLDL phenotype, more LDL particles are needed to carry the same cholesterol 

load. Conversely, in patients with a predominately lbLDL phenotype, less LDL particles are 

needed to carry the same cholesterol load. The higher LDL particle counts in patients with a 

predominantly sdLDL phenotype likely contributes to the higher atherogenic risk. LDL-C=low-

density lipoprotein-cholesterol.  
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Figure 2. PCSK9 mutations and CHD Risk.  

 

 

 

 

A. Gain-of-function mutations in PCSK9 result in increased circulating PCSK9 protein at the 

hepatic surface; and thus, more LDLRs are bound to PCSK9 protein. LDLR bound to PCSK9 

targets the complex for lysosomal degradation. Thus, fewer LDLRs are present on the hepatic 

surface, leading to less clearance of LDL particles from circulation. With less LDL particle 

clearance, patients are exposed to greater cumulative LDL-C, leading to higher CHD risk. B. 

Loss-of-function mutations in PCSK9 lead to less circulating PCSK9 protein at the hepatic 

surface. Thus, there is more LDLR recycling, leading to greater clearance of LDL particles from 

circulation. Higher LDL particle clearance leads to less cumulative LDL-C exposure and 

improved CHD outcomes. PCSK9= paraprotein convertase subtilisin/kexin type 9; LDL-C= low-

density lipoprotein-cholesterol; LDLR= low-density lipoprotein receptor; CHD= coronary heart 

disease.  
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Table. Comparative Associations of Inflammatory and Lipid Biomarkers with CVD risk in 

Primary Prevention.  

Population   LDL-C 

Biomarker 

adjusted HR 

(95% CI) 

Lp(a) 

Biomarker 

adjusted HR 

(95% CI) 

hsCRP 

Biomarker 

adjusted HR 

(95% CI) 

IL-6 

Biomarker 

adjusted HR 

(95% CI) 

Women’s Health 

Study101 

N= 27,939 

Median follow up: 27.4 

years  

Outcome: Major adverse 

cardiovascular events 

Hazard ratio per quintile  

1.08 (1.05-

1.10) 

1.06 (1.03-

1.08) 

1.14 (1.11-

1.17) 

---- 

EPIC-Norfolk104  

N= 17,087 

Median follow up: 20.5 

years  

Outcome: Major adverse 

cardiovascular events 

Hazard ratio per quintile  

1.14 (1.11- 

1.17) 

1.05 (1.02-

1.08) 

1.12 (1.09-

1.15) 

---- 

HELIUS105  

N=15,676 

1.23 (1.13-

1.33) 

1.12 (1.09-

1.16) 

1.13 (1.06-

1.20) 

---- 
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Median follow up: 8.9 

years 

Outcome: ASCVD 

Hazard ratio per unit 

change 

 

UK Biobank102 

(Participants on 

cholesterol lowering 

medication) 

N= 42,920 

Median follow up: 13.7 

years 

Outcome: Major adverse 

cardiovascular event 

Hazard ratio per SD  

1.11 (1.09-

1.14) 

1.07 (1.05-

1.09) 

1.06 (1.04-

1.08) 

---- 

UK Biobank102 

(Participants not on 

cholesterol lowering 

medication) 

N= 280,002 

Median follow up: 13.7 

years 

1.13 (1.12-

1.15) 

1.08 (1.07-

1.09) 

1.06 (1.05-

1.07)  

---- 
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Outcome: Major adverse 

cardiovascular event 

Hazard ratio per SD 

UK Biobank103  

N=370,932 

Median follow up: 13.5 

years 

Outcome: ASCVD 

Hazard ratio per SD 

1.04 (0.99-

1.09) 

1.05 (1.01-

1.10) 

1.11 (1.06-

1.17) 

1.15 (1.11-

1.20) 

MESA103  

N=6,768 

Median follow up: 16.6 

years  

Outcome: ASCVD 

Hazard ratio per SD  

1.09 (1.01-

1.18) 

1.06 (0.98-

1.15) 

0.97 (0.89-

1.07) 

1.21 (1.11-

1.33) 

The table displays the comparative associations of inflammatory and lipid biomarkers with 

cardiovascular events from different cohorts. Hazard ratios are fully adjusted and include all 

biomarkers in the same regression model. LDL-C= low-density lipoprotein-cholesterol; Lp(a)= 

lipoprotein(a); hsCRP= high-sensitivity C-reactive protein; IL-6= interleukin-6; HR= Hazard 

ratio; CI= Confidence interval; EPIC= European Prospective Investigation into Cancer and 

Nutrition; HELIUS= Healthy Life in an Urban Setting; ASCVD= Atherosclerotic cardiovascular 

disease; UK= United Kingdom; SD= standard deviation; MESA= Multi-Ethnic Study of 

atherosclerosis.  
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