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Abstract: Metabolic syndrome (MetS), a cluster of metabolic dysregulations, is recognized as a
significant risk factor for the development of heart failure (HF). The pathophysiological mechanisms
linking MetS to HF are complex and multifaceted, with the components of MetS contributing to
cardiac deterioration through impaired myocardial energy metabolism, increased inflammation,
and endothelial dysfunction. Numerous clinical studies have confirmed the relationship between
MetS and HE. Multiple studies have demonstrated that the impact of MetS on HF varies by sex and
age. Metabolic disorders, including MetS, have a greater impact on HF incidence in younger adults
compared to the elderly population and in women compared to men. Although the reasons for these
differences are not yet fully understood, recognizing the sex- and age-related variations is crucial
for developing targeted strategies to prevent HF in individuals with MetS. Future research should
continue to investigate the underlying mechanisms behind these variations and identify optimal
management approaches that account for both sex and age in reducing HF risk.

Keywords: metabolic syndrome; heart failure; sex difference; young age

1. Introduction

Metabolic syndrome (MetS) involves a cluster of metabolic dysregulations compris-
ing central obesity, insulin resistance, atherogenic dyslipidemia, and hypertension. The
development of MetS is driven by a myriad of multiple genetic and acquired factors that
contribute to insulin resistance and chronic low-grade inflammation [1]. Without proper
management, MetS significantly elevates the risk of cardiovascular disease [2,3] and prema-
ture death [3,4]. A recent report analyzing US National Health and Nutrition Examination
Survey data during 2011-2018 showed a steady increase in the prevalence of MetS since
2011, with the prevalence of MetS being 37.6% in 2011-2012 and 41.8% in 2017-2018 [5].

Heart failure (HF) is a clinical syndrome caused by a structural and/or functional
abnormality of the heart, presenting with symptoms and signs associated with organ
hypoperfusion and pulmonary or systemic congestion [6]. Affecting over 64 million people
worldwide, HF is associated with significant morbidity and mortality, a poor quality
of life, and a substantial strain on healthcare systems [7]. HF represents a significant
healthcare challenge, affecting approximately 3% of the general population and serving as
the leading cause of mortality, hospitalizations, and healthcare costs in individuals over
65 [8]. Population studies estimate the average lifetime cost following an HF diagnosis to
be USD 109,541 per person, with hospitalizations [9] accounting for more than 75% of this
expenditure, particularly in the final months of life [10].
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Multiple independent groups have identified MetS as a significant risk factor for the
development of HE. The pathophysiological mechanisms linking MetS and HF are complex
and multifaceted, involving both direct and indirect effects on the cardiovascular system.
The components of MetS, central obesity, hypertension, dyslipidemia, as well as insulin
resistance, a hallmark of MetS, contribute to left ventricular dysfunction through various
mechanisms such as impaired myocardial energy metabolism, increased inflammation, and
endothelial dysfunction, leading to cardiac deterioration in individuals with MetS [11-14].
The pathophysiological link between MetS and HF is confirmed by many clinical studies.
Miura et al. [15] observed that the prevalence of MetS is twice as high among individuals
with HF compared to the general population. Similarly, Li et al. [16] found that MetS was
linked to nearly a two-fold increase in the likelihood of self-reported HF in a population-
based cross-sectional study. Moreover, some studies have highlighted the connection
between MetS and HF prognosis [17-19].

Based on multiple reported findings, it appears that the impact of MetS on HF is
different according to sex and age. Understanding sex- and age-related variations is
crucial for developing targeted strategies to prevent HF in individuals with MetS and for
improving patient outcomes through tailored management approaches. However, there
are only fragmented reports on these sex- and age-related differences, and an in-depth
understanding to explain these phenomena has not yet been established. Therefore, this
paper aims to explore the mechanisms underlying the association between MetS and HF
and to investigate how this association varies by sex and age, as well as the reasons behind
these differences.

2. Metabolic Syndrome as a Risk Factor of Heart Failure

MetS and HF are closely linked through several interconnected pathophysiological
mechanisms. The individual components of MetS—insulin resistance, visceral obesity,
hypertension, and dyslipidemia—each contribute independently to an increased risk of HE.

Insulin resistance plays a central role in MetS, promoting hyperglycemia [20]. Hyper-
glycemia induces oxidative stress by disrupting cellular pathways, including the formation
of advanced glycation end-products and elevated protein kinase C expression [21]. In turn,
oxidative stress impairs cardiac mitochondrial function and leads to contractile dysfunction.
It also activates fibrotic pathways, contributing to myocardial stiffness and fibrosis [22].
Additionally, insulin resistance increases lipolysis, resulting in elevated circulating levels of
free fatty acids, which promote myocardial lipid accumulation through increased uptake.
Insulin resistance is also linked to hyperactivation of the sympathetic nervous system
and the renin—angiotensin—aldosterone system, which causes vasoconstriction, sodium
retention, and elevated blood pressure. Collectively, these mechanisms associated with
insulin resistance contribute to cardiac remodeling and hypertrophy, impairing cardiac
function and ultimately leading to HF [11-13].

Visceral adiposity serves as a primary trigger, activating the pathways involved in
MetS [23,24]. In the context of MetS, adipose tissue functions as an endocrine organ,
producing biologically active molecules and inflammatory mediators. Adiponectin, a
hormone produced by adipocytes, plays a key role that links MetS and HF. It enhances
insulin sensitivity, and a high level of adiponectin is associated with improved metabolic
regulation. In obesity, adiponectin is downregulated, contributing to insulin resistance,
which in turn increases the risk of HF. Furthermore, adiponectin has anti-inflammatory
properties, and in obesity, the secretion of pro-inflammatory cytokines such as tumor
necrosis factor-alpha (TNF-o) and interleukin-6 (IL-6) increases, while adiponectin levels
decrease. This imbalance creates a chronic inflammatory state, causing direct myocardial
damage and promoting fibrosis. Obesity is also linked to hyperactivation of the sympathetic
nervous system and the renin-angiotensin-aldosterone system, further contributing to HF
development [11,13,20,25,26].

Hypertension, another key component of MetS, increases cardiac workload, leading
to left ventricular hypertrophy (LVH). Over time, LVH can result in diastolic dysfunction
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and HF with preserved ejection fraction (HFpEF). Moreover, hypertension contributes
to endothelial dysfunction, which reduces nitric oxide availability and promotes vaso-
constriction, inflammation, and atherosclerosis, all of which impair coronary perfusion
and cardiac function [11,14]. Moreover, the overproduction of angiotensin II by hyper-
trophic adipocytes leads to overactivation of the renin—angiotensin—aldosterone system
in obesity, further exacerbating arterial vasoconstriction. The resulting overproduction of
mineralocorticoid hormones contributes to myocardial tissue damage [27].

Dyslipidemia contributes to heart failure (HF) through multiple mechanisms. High-
density lipoprotein (HDL) cholesterol plays a protective role by inhibiting cardiomyocyte
hypertrophy through the suppression of angiotensin II type 1 receptor upregulation, a
key factor in cardiac hypertrophy development [28], as well as through the inhibition of
the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway,
which also promotes hypertrophy in cardiomyocytes [29-31]. Furthermore, HDL has anti-
inflammatory [32-35], antioxidative [36-38], and endothelial-protective properties [39-41].
In the context of MetS, low HDL concentrations compromise these protective effects,
increasing susceptibility to HE.

Additionally, metabolic abnormalities associated with MetS impair mitochondrial
function, leading to decreased ATP production and increased reactive oxygen species gen-
eration. This mitochondrial dysfunction further contributes to cardiomyocyte dysfunction,
promoting the progression of HF [11,14].

Several clinical studies have established MetS as an independent risk factor for HE.
Our previous nationwide studies in individuals in their 40s and 50s demonstrated that the
presence of MetS significantly increased the risk of HF [42,43]. After adjusting for known
HF risk factors, such as body mass index (BMI), acute myocardial infarction, smoking, and
family history of stroke, diabetes, or hypertension, the impact of MetS varied by age and
seX, increasing the risk of HF by 1.7- to 2.4-fold overall [43]. A longitudinal study involving
2314 middle-aged men also identified MetS as a significant risk factor for HF, with a hazard
ratio (HR) of 1.80 (95% confidence interval (CI), 1.11 to 2.91) [44]. A 20-year follow-up
study of 1032 Finns, aged 65-74 years, found that MetS increases the incidence of HF, with
an HR ranging from 1.37 to 1.87 after adjustment for confounding risk factors, depending
on the MetS definition [45]. In another study of elderly individuals in their seventies, MetS
was associated with an increased occurrence of HF hospital stay, with an HR of 1.49 (95%
CI, 1.10 to 2.00) [46].

In summary, MetS is closely related to HF, being mechanistically interconnected with
HF and established as a clinically significant risk factor for it.

3. The Association of Metabolic Syndrome and Heart Failure in Young Age

HF primarily affects the elderly population. While HF affects less than 2% of indi-
viduals aged 40-59, the prevalence rises to 6% in those aged 60-79 and reaches 14% in
individuals over the age of 80 [47]. However, recent reports indicate a rising incidence of
HF among younger adults. According to a 2017 report from Denmark, the annual incidence
rates of HF (per 10,000 person—years) between 1995 and 2012 decreased in individuals
over 55 years of age (164 versus 115 in individuals >74 years, 63 versus 35 in individuals
65-74 years, and 20 versus 17 in individuals 55-64 years), while it increased in those under
55 years of age (0.4 versus 0.7 in individuals 18-34 years, 1.3 versus 2.0 in individuals
35-44 years, and 5.0 versus 6.4 in individuals 45-54 years) [48]. A 2023 database study on
HF patients in France also reported that between 2013 and 2018, the overall incidence of
HF decreased in the general population but notably increased by approximately 0.041 %o
among young adults [49]. Similarly, a study from Sweden investigating HF incidence from
1987 to 2006 showed that while HF incidence decreased in individuals over 45 years of age
after the 1990s, it doubled in individuals under 45 years during the last five years of this
study compared to the first five years [50].

The reasons for this increase in HF among younger adults are not clear. However, they
are believed to be associated with the rising prevalence of risk factors for HF in this pop-
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ulation, such as diabetes mellitus, morbid obesity, hypertension, cardiomyopathy [49,51],
and myocarditis [52]. Notably, components of MetS, including diabetes, obesity, and hy-
pertension, are key risk factors for both HF with reduced ejection fraction (HFrEF) and
HFpEF [53], making it likely that the increasing prevalence of metabolic disorders among
younger individuals is contributing to the rise in HF cases.

Several studies have shown that the impact of metabolic disorders on HF incidence
is greater in younger adults compared to the elderly population. Tromp et al. [54] ana-
lyzed data from multiple observational cohort studies (the Framingham Heart Study (FHS)
original and offspring cohorts, the Prevention of Renal and Vascular Endstage Disease
(PREVEND) study, and the Multi-Ethnic Study of Atherosclerosis (MESA)) [55-58], inte-
grating data from participants followed-up for 15 years. A total of 24,675 participants
were divided into four age groups: young (<55 years), middle-aged (55-64 years), old
(65-74 years), and elderly (>75 years), to assess the influence of HF risk factors across
different age groups. This study found that the impact of known metabolic HF risk factors
was more pronounced in younger age groups compared to the elderly: HR for hypertension
was 3.02 in young participants versus 1.43 in elderly participants; HR for diabetes was 3.86
in young participants versus 1.66 in elderly participants; and HR for obesity was 2.03 in
young participants versus 1.73 in elderly participants.

Within young participants, the influence of metabolic factors on HF tended to be
greater in younger age groups. Our research group analyzed the impact of MetS on HF
in 1,958,284 individuals in their 40s [42] and 2,151,597 individuals in their 50s [43] in the
Korean population. These two separate studies employed the same statistical method, i.e.,
the Cox proportional-hazards model, adjusting for other known risk factors. In both age
groups, MetS was found to be an independent risk factor for HF. Within the same sex, the
impact of MetS was greater in individuals in their 40s compared to those in their 50s; in
men, HR was 2.0 for those in their 40s versus 1.7 for those in their 50s; and in women, it
was 2.4 for those in their 40s versus 2.1 for those in their 50s. Even in cases of pre-MetS,
where individuals had one or two components of MetS but did not meet the full diagnostic
criteria, the impact was greater for those in their 40s than for those in their 50s (Table 1).

Table 1. The impact of metabolic syndrome on heart failure development in Korean individuals in
their 40s and 50s.

Individuals in Their 40s Individuals in Their 50s
Metabolic Status Men Women Men Women
Normal 1 1 1 1
Pre-metabolic syndrome 1.607 1.893 1.508 1.395
(1.293-1.997) (1.43-2.505) (1.287-1.767) (1.158-1.681)
1.968 2.398 1.711 2.144

Metabolic syndrome (1.526-2.539)  (1.466-3.923)  (1.433-2.044)  (1.674-2.747)

Values are presented as hazard ratio (95% confidence interval).

The reasons for the heightened risk of HF from metabolic disorders in younger indi-
viduals are not fully understood. In contrast to this study’s findings, mechanisms such
as increased oxidative stress, DNA damage, impaired repair processes, and the gradual
accumulation of myocardial fibrosis as individuals grow older may lower the threshold
for HF development in the presence of metabolic disorders, making older adults more sus-
ceptible to its effects. One possible hypothesis is that the distinct components comprising
MetS in younger versus older adults may contribute to these differences. Summer et al. [59]
reported that MetS components vary with age, noting that younger adults with MetS often
exhibit lower HDL cholesterol levels, less glucose intolerance, and lower hypertension
prevalence. Specifically, the prevalence of low HDL cholesterol was 82.5% in those aged
30-39 and 75.5% in those aged 40-49 compared to 47.6% in adults over 70. Conversely,
hypertension prevalence was lower in younger groups, with rates of 65.2% and 74.6% in
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the 30-39 and 40-49 age groups, respectively, compared to 94.7% in those over 70. While
MetS is recognized as a considerable risk factor for HF, the relative impact of each MetS
component on HF risk remains underexplored. If low HDL cholesterol exerts a stronger
influence on HF development than other MetS components, this could explain the more
significant impact of MetS on HF risk in younger versus older populations. Tromp et al. [54]
suggested an additional view proposing that the less stringent management of metabolic
conditions in younger adults may amplify their impact on HF development. In fact, some
studies have reported the poorer management of hypertension in younger men compared
to older men [60]. The development of metabolic disorders at a younger age may also be
associated with poorer healthcare-seeking behavior, worse risk factor control, and lower
socioeconomic status, all of which are independently linked to worse outcomes. How-
ever, considering that disease management in the elderly can also be suboptimal due
to comorbidity or co-medication, this interpretation may not fully explain the observed
phenomenon. Further investigation, including an analysis of the differential impact of each
MetS component on HF in different age groups, is needed to better understand why MetS
and metabolic disorders have a greater impact on HF development in younger populations.

4. Sex Difference in the Association of Metabolic Syndrome and Heart Failure

Multiple studies have reported that the metabolic abnormalities constituting MetS
have differential impacts on the development of HF according to sex. These studies
suggest that conditions such as diabetes mellitus, hypertension, and obesity, which arise
from metabolic dysfunction, may confer a higher risk of HF in women than in men. For
instance, Levy et al. [61], using data from the FHS original and offspring cohorts, analyzed
5143 participants and found that the presence of hypertension doubled the risk of HF
in men, while it increased the risk by 3.4 times in women. Their multivariable analysis
revealed that the population-attributable risk for HF due to hypertension was 39% in
men and 59% in women. Regarding the relationship between obesity and HF, a study
on 5881 FHS participants [62] showed that for each unit increase in BMI, the risk of HF
increased by 4% in men and 7% in women. In this study, women who were overweight
(25.0 < BMI < 30.0) had a 68% higher risk of HF, and those who were obese (BMI > 30.0)
had double the risk compared to women with a normal BMI. In contrast, obese men
had an 80% increased risk of heart failure compared to men with normal BMI, but being
overweight was not identified as a significant risk factor for heart failure in men. A recent
study [63] analyzing 22,681 individuals by HF subtype (HFpEF and HFrEF) found that
obesity (BMI > 30) increased the risk of HFpEF by 1.34 times in men and by 1.38 times in
women. For HFrEF, obesity was a significant risk factor in men but not in women. The
same study also examined the effect of central obesity (defined as a waist circumference
>88 cm for women and >102 cm for men) and found that central obesity increased the
risk of HFpEF more in women than in men. A study conducted by our research group on
Korean individuals in their 40s [42] and 50s [43] also demonstrated sex differences in the
impact of MetS on HF risk. In both age groups, women had a higher risk of developing HF
than men. Compared to those with normal metabolic status, HF risk was 2.0 times higher
in men vs. 2.4 times higher in women in their 40s and 1.7 times higher in men vs. 2.1 times
higher in women in their 50s. Even in individuals with pre-MetS, HF risk was elevated,
with women being more significantly affected than men (Table 2).

Although numerous studies have shown that metabolic disorders have a greater im-
pact on HF development in women than in men, the reasons for this discrepancy remain
unclear. Estrogen is believed to play a key role in sex-specific HF phenotypes, offering a pro-
tective effect against pressure overload [64,65] or in oxidative stress-induced injury [66-68],
which contrasts with the greater susceptibility to HF in women with MetS than in men
with MetS. One possible mechanism explaining this is sex differences in immune response.
Research has shown that women generally exhibit higher pro-inflammatory cytokines,
increased activation of inflammatory T cells, and elevated inflammatory markers such as C-
reactive protein [69]. Furthermore, pro-inflammatory gene expression is more upregulated
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in the female myocardium [70]. These findings suggest that the inflammatory response trig-
gered by metabolic dysregulation, including endothelial inflammation, may have a more
pronounced role in HF development in women than in men. Another potential mechanism
is the variation in nitric oxide bioavailability between sexes. Loyer et al. [71] discovered
that after inducing pressure overload via thoracic aortic constriction, cardiac nitric oxide
synthase expression was rapidly induced in male rats but delayed in female rats. This
may indicate the sex difference in cardiac ability to adapt to hypertension. Additionally,
studies showing that cardiometabolic risk factors exclusively increase left ventricular mass
in women [72] and that reductions in natriuretic peptide levels in individuals with central
obesity are observed only in women [73,74] indicate that MetS may affect cardiac muscles
more significantly in women than in men. To better understand this difference, future
studies could benefit from using biomarkers that indicate inflammation levels, nitric oxide
availability, and hormone levels.

Table 2. Sex difference in the impact of metabolic syndrome on the development of heart failure.

First Author, Year of . . Metabolic Disorder as a el s .
Publication Total Subjects, n Population Risk Factor for HF Main Findings (Risk for HF)
Original Framingham ) ° Population-attributable risk for CHF
Heart Study and Hypertension of 39% in men and 59% in women.
Levy et al. [46], 1996 5143 Framingham Offspring (SBP > 140 mmHg or . Hazard for CHF of 2-fold in men and

Study participants aged
40-89 years

DBP > 90 mmHg) 3-fold in women.

. BMI (kg/m2) HR (95% CI): 1.04
(1.00-1.07) for men 1.07 (1.04-1.10)
for women.

Kenchaiah et al. [47] Framingham Heart BMI (kg/ H}llzt) e Overweight HR (95% CI): 117
ene 5 e2 ’ ’ 5881 Study, mean age of overwelg (0.86-1.61) for men and 1.68
00 55 years (25‘9 < BMI <30.0), (1.25-2.27) for women.
obesity (BMI > 30.0) Obesity HR (95% CI): 1.80 (1.22-2.64)
for men and 2.17 (1.54-3.05)
for women.
HFrEF HR (95% CI): 1.24(1.14-1.35)
Participants from in men and 1.09 (0.96-1.24) in
- / 4 community-based women.
SaV]l etal. [48], 2019 22,681 COhOl’tS, mea}; age of BMI (kg/mz) HFpEF HR (950/0 CI)Z 134 (1.18—1.52)
60 years in men and 1.38 (1.24-1.54) in
women.
K d MetS defined by NCEP HR (95% CI): 1.711 (1.433-2.044) for
. orea men and women, etS defined by men and 2.144 (1.674-2.747
Kim et al. [29], 2022 2,151,597 aged 50-60 years ATP I men and 2 ( )
K d MetS defined by NCEP HR (95% CI): 1.968 (1.526-2.539) for
: orea men and women, etS defined by men and 2.398 (1.466-3.923)
Kim et al. [28], 2024 1,958,284 aged 40-50 years ATP I men and 2.

NCEP ATP III, National Cholesterol Education Program Adult Treatment Panel III; MetS, metabolic syndrome;
CHE, congestive heart failure; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index;
HR, hazard ratio; CI, confidence interval; HFrEF, heart failure with reduced ejection fraction; HFpEF, heart failure
with preserved ejection fraction.

5. Conclusions

This review highlights the significant associations between MetS and HF, with a
particular focus on sex and age differences. The metabolic abnormalities constituting MetS—
such as insulin resistance, hypertension, obesity, and dyslipidemia—have been shown to
contribute to HF development through complex and multifaceted pathophysiological
mechanisms. Importantly, these metabolic disruptions appear to have differential effects
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on HF risk based on sex and age, with women and younger individuals being particularly
vulnerable (Figure 1).

— T / - ﬁ\\

/ Metabolic syndrome

Visceral

w Increased systemic inflammation

Increased free fatty acid
Increased oxidative stress

Insulin
Hypertension )

v Endothelial dysfunction

Sympathetic nervous system activation
renin-angiotensin-aldosterone system activation

Heart failure

Dyslipidemia
[ ] [ ] ® o
) Impact of metabolic syndrome (
on heart failure " M

Figure 1. Pathophysiological link between metabolic syndrome and heart failure and the variation in
the impact of metabolic syndrome on heart failure by sex and age.

Understanding the sex- and age-related differences in how MetS contributes to HF
is crucial for developing more targeted prevention and treatment strategies. Tailored
interventions based on individual metabolic profiles, with special consideration given to
these demographic factors, may help reduce the burden of HF and improve long-term
outcomes in patients with MetS. Future research should continue to explore the underlying
mechanisms behind these variations and identify optimal management approaches that
consider both sex and age in mitigating HF risk.
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