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Abstract

Cardiovascular diseases (CVDs) pose a significant threat to global public health and are the leading cause of death
in women. Basal metabolic rate (BMR), which reflects the minimum energy expenditure required to maintain
essential physiological functions at rest, has emerged as a crucial indicator of energy metabolism and a potential
predictor of disease risk and health status. This review comprehensively examines the role of BMR in women'’s
CVDs, exploring its associations with body composition, thyroid function, mitochondrial efficiency, and the
autonomic nervous system. It also delves into how BMR influences CVD risk across different physiological stages
in women, including the reproductive years, pregnancy, and menopausal transition. Furthermore, this review
proposes a diagnostic and therapeutic framework centered on BMR, encompassing precise assessment,
pharmacological interventions, lifestyle modifications, and the application of emerging technologies. The aim is to
enhance women's cardiovascular health and reduce premature mortality.
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INTRODUCTION

Cardiovascular disease (CVD) is a global public health issue that threatens humanity, accounting for
approximately one-third of all disease-related deaths and posing an increasing economic burden™?. It is also
the leading cause of death in women, responsible for 35% of all female fatalities in 2019". While ischemic
heart disease and stroke are the most common causes of cardiovascular mortality in women'/, the
INTERHEART study - a case-control study of 27,098 participants from 52 countries - revealed that men
experience their first acute myocardial infarction nearly a decade earlier than women". Women are
relatively protected from CVD before menopause but lose this advantage afterward. Despite progress in
medical research and public health, CVD mortality has declined more slowly in women than in men,
underscoring a persistent sex gap in cardiovascular outcomes. Early identification and aggressive
management of cardiovascular risk factors are therefore essential to improve women’s cardiovascular health
and reduce premature death. We have summarized some risks, evolutions and treatments of CVDs in
women, as presented in Figure 1.
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Figure 1. Multidimensional Analysis and Management of Cardiovascular Disease in Women™ . This chart presents: (1) the
multifactorial influences on cardiovascular disease (CVD) risk in females, including under-recognized risk factors, established risk
factors and gender-specific factors; (2) the pathogenesis of CVD outlined from pathophysiological and pathological perspectives; (3)
various risk prediction models applicable to females; (4) management strategies for CVD, including the management strategies for
women during special periods (menopause, pregnancy). Lp(a): Lipoprotein(a); CAD: coronary artery disease; ASCVD: atherosclerotic
cardiovascular disease; CVD: cardiovascular disease.

BASAL METABOLIC RATE AS A METABOLIC INTEGRATOR

Basal metabolic rate (BMR) is defined as the minimum daily energy expenditure that an individual needs to
maintain the essential physiological functions of the body, such as respiration, circulation, and cellular
activity. It is measured under both awake and steady-state conditions which, as far as possible, avoid the
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influence of food, physical activity, or external temperature extremes"”. In individuals, BMR accounts for
approximately 60% to 70% of daily energy expenditure and is highly predicted by lean body mass">'*.
Recent studies reveal that BMR is not only a core parameter of energy metabolism but also an independent
biomarker for predicting disease risk and assessing health status. Lower BMR has been associated with
obesity and insulin resistance!'", while elevated BMR paradoxically predicts cardiovascular mortality and

multimorbidity in the elderly"”*.

In this article, “BMR” refers to energy expenditure measured under strictly controlled conditions (after
overnight sleep and fasting, in a thermoneutral environment, in the supine position, and without recent
physical or emotional stress). “Resting energy expenditure (REE)” refers to energy expenditure measured
under similar but less stringent conditions and is typically slightly higher than BMR. Because many clinical
and epidemiological studies use these terms interchangeably, we retain the original terminology of the cited
studies. In general descriptive sections, unless otherwise specified, BMR/REE refers to basal or resting
metabolic rate.

Body composition and energy homeostasis

BMR is strongly influenced by lean body mass. Metabolically active tissues, such as muscle, account for
approximately 70% of daily energy expenditure””. Age-related declines in lean body mass accelerate BMR
reduction. This predisposes individuals to obesity and type 2 diabetes"*"”. Notably, women have 5%-10%
lower BMR than men. The main reasons are their reduced muscle mass and higher adiposity™. Resistance
training can mitigate this BMR decline. It increases lean body mass, which elevates BMR by 5%-7%. This
effect has been observed in postmenopausal women with reduced adipokine levels (e.g., adiponectin)®'.
Zampino et al.'” revealed a key finding: comorbidities such as heart failure (HF) further exacerbate BMR
decline in older adults. This creates a bidirectional link between metabolic efficiency and disease
progression.

Thyroid axis regulation

Thyroid hormones [THs; Triiodothyronine (T3) and Thyroxine (T4)] are central regulators of BMR.
Hypothyroidism reduces BMR by 15%-40%, contributing to weight gain, while hyperthyroidism elevates
BMR by 20%-100%"*. Subclinical thyroid dysfunction may subtly alter BMR and increase CVD risk””. For
instance, mitochondrial dysfunction in HF patients correlates with reduced BMR and cardiomyocyte energy
deprivation.

Mitochondrial efficiency
Mitochondrial health is critical for BMR maintenance. Impaired adenosine triphosphate (ATP) production
and increased reactive oxygen species (ROS) reduce metabolic efficiency. In chronic HF, mitochondrial

22]

decay accelerates BMR decline, whereas hyperthyroidism-associated mitochondrial hyperactivity elevates

BMR but exacerbates oxidative stress, increasing atrial fibrillation (AF) risk"*.

Sympathetic nervous system modulation

Chronic Sympathetic Nervous System (SNS) activation (e.g., in hypertension) elevates BMR via
B-adrenergic thermogenesis”’. However, in advanced HF, excessive SNS activity paradoxically lowers BMR
due to systemic catabolism™, highlighting BMR’s role as a marker of autonomic balance.

Sex-specific determinants of BMR

Women experience unique BMR fluctuations due to hormonal changes. In the luteal phase, progesterone-
driven thermogenesis increases BMR by 5%-10%"", alongside elevated energy intake (159-529 kcal/day)®.
In menopause, reduced lean body mass and BMR accelerate metabolic decline, with higher BMR linked to a
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1.5-fold increased risk of multimorbidity"*. Moreover, Pregnancy increases BMR by 20%-30% to support
fetal growth", a metabolic adaptation critical for maternal and fetal health.

BMR and cardiovascular disease
BMR, a reflection of the energy expenditure necessary to maintain essential physiological functions at rest,
has been increasingly studied as a potential determinant of cardiovascular health®'. Although traditionally
considered a background metabolic parameter, recent evidence from genetic and epidemiological studies
suggests a more complex and potentially causal relationship between BMR and CVD, with notable
differences observed between sexes.

Multiple Mendelian randomization (MR) studies have examined the causal role of genetically predicted
BMR in the development of cardiovascular conditions. Zhao et al. (2024) found robust evidence supporting
a causal relationship between elevated BMR and an increased risk of HF, AF and flutter. However, the study
reported no causal association between BMR and coronary artery disease or ischemic stroke, and reverse

MR analysis showed no evidence that CVDs causally influence BMR, suggesting a unidirectional effect.

Complementing these findings, Chen et al. identified potential causal links between increased BMR and
cardiomyopathy, HF, and valvular disease, while similarly observing no significant associations with
coronary heart disease or AF®. This indicates that BMR may influence structural and functional aspects of
the heart more than atherosclerotic conditions. Li et al. provided a nuanced view through univariable and
multivariable MR approaches. After adjusting for conventional cardiovascular risk factors [e.g., body mass
index (BMI), blood pressure], BMR remained positively associated with an increased risk of aortic
aneurysm and AF/flutter, while paradoxically demonstrating a protective association with myocardial
infarction. The causal link with HF, however, appeared attenuated in multivariable models, underscoring
the potential for confounding in earlier associations"”.

Beyond genetic causality, sex-specific differences in the metabolic and cardiovascular implications of BMR
have also been observed. Alcantara et al. showed that men exhibit higher intra-assessment variability in
BMR and respiratory exchange variables such as oxygen consumption (VO,) and carbon dioxide
production (VCO,). This variability may itself serve as a metabolic stress marker. Importantly, the
coefficient of variation (CV) for the respiratory exchange ratio was associated with increased
cardiometabolic risk, particularly in males aged 21-25 years"”. In a follow-up study, Alcantara et al. revealed
sex-specific associations between metabolic variability and cardiometabolic outcomes. Among men, greater
CV for respiratory exchange ratio correlated positively with BMI and adiposity, while CVs for VO,, VCO,,
and REE were negatively associated with cardiometabolic risk. In women, lower variability in VCO, and
REE was significantly associated with reduced adiposity and better cardiometabolic risk profiles, suggesting
that metabolic efficiency and stability may be protective factors in female populations. Lastly, an
observational study from Bangladesh by Ali et al. found that BMR positively correlates with systolic and
diastolic blood pressure (SBP and DBP), even after adjusting for BMI and other confounders. This
association reinforces the notion that higher BMR could influence vascular tone and hemodynamic load,
potentially contributing to hypertension - a key risk factor for CVD".

Current evidence suggests that BMR is not merely a background metabolic parameter but may actively
shape cardiovascular risk, especially for diseases involving myocardial structure and rhythm disturbances.
Sex differences in BMR variability and its association with cardiometabolic traits imply that women may
benefit from more stable metabolic profiles, while men exhibit greater susceptibility to adverse outcomes
with increased metabolic variability. These findings warrant further investigation and support the inclusion
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of BMR in sex-specific cardiovascular risk assessment frameworks.

MECHANISMS OF BMR IN CVD

Mitochondrial pathways

As a core indicator of energy metabolism, BMR is intimately linked to cardiovascular impairment. Recent
studies reveal that this association is particularly pronounced in women®*?. The post-menopausal decline
in estrogen levels can modulate mitochondrial biogenesis through epigenetic mechanisms, leading to
concurrent disruptions in BMR and elevated cardiovascular risk”. When mitochondrial integrity is
compromised, not only is ATP synthesis markedly reduced, but metabolic reprogramming also ensues,
triggering system-wide energy imbalance". The accumulation of dysfunctional mitochondria initiates a
vicious cycle: electron transport chain overload results in excessive ROS production”, which in turn
exacerbates electron leakage by suppressing complex I activity - culminating in a rapidly amplifying
oxidative stress storm"”. A study revealed sex-specific differences in pyruvate kinase 2 (Pkmz2) expression in
mouse models of cardiac pressure overload, suggesting a link between mitochondrial tricarboxylic acid cycle
(TCA) dysfunction and BMR abnormalities".

The coupling of energy metabolism and oxidative stress is particularly prominent in CVD development"”,
with metabolic profiles and clinical outcomes often differing between genders™. In ischemic-reperfusion
mouse models, estrogen protects the heart by reducing mitochondrial injury - an effect lost in
ovariectomized females™. This underscores a mechanism by which BMR abnormalities influence CVD:

energy metabolism dysregulation triggers multi-level damage via the mitochondrial respiratory axis™*’.

Sex-related myocardial metabolic shifts may causally influence cardiac dysfunction risk in women,
characterized by increased myocardial oxygen consumption (MVO2) and fatty acid metabolism, alongside
decreased efficiency*. Taking vascular endothelial cells (ECs) as an example, although they primarily
generate ATP via glycolysis"?, mitochondrial ATP is crucial for maintaining endothelial function - it
supplies reducing equivalents for endothelial nitric oxide synthase (eNOS) to support nitric oxide (NO)-
mediated vasodilation'*”. New evidence shows that enhanced mitochondrial respiration significantly
increases phosphorylated eNOS levels in the cerebral arteries of female rats. This mechanism contributes to

44]

the greater adaptability of the female cerebral vasculature after injury'

Uncoupling proteins (UCPs) are a family of mitochondrial proteins present in the inner mitochondrial
membrane. This protein converts mitochondrial membrane potential into heat through a proton leakage
mechanism, which is an important bridge connecting BMR and cardiovascular protection: (1) In vascular
smooth muscle cells, UCP2 reduces mitochondrial membrane potential to inhibit ROS, blocking nuclear
factor kB (NF-kB)-mediated inflammation and delaying atherosclerotic plaque formation"”; (2) In
myocardial ischemia-reperfusion injury models, UCP2 knockout disrupts calcium homeostasis, promoting
mitochondrial permeability transition pore (mPTP) opening and amplifying cytochrome C release and
apoptosis'*>*; (3) UCP2 promotes macrophage transition from pro-inflammatory M1 to anti-inflammatory
M2 phenotype via mitochondrial metabolic reprogramming, offering new therapeutic insights for
post-heart failure myocardial repair'*”. Together, these mechanisms indicate a coherent pathological axis:
“Mitochondrial Dysfunction - Decreased BMR - Poor Cardiovascular Outcome”. Mitochondrial
dysfunction induces a decrease in BMR, subsequently driving cardiovascular pathology through ROS bursts,
calcium overload, and inflammatory activation.
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Hormonal regulation

As the principal sex hormone in females, estrogen extends its biological significance far beyond
reproductive regulation, emerging as a critical modulator of systemic energy metabolism and cardiovascular
pathophysiology. This steroid hormone orchestrates a sophisticated crosstalk with BMR through
multifaceted mechanisms involving metabolic programming, energy partitioning, and inflammatory
modulation, with its dysregulation being intrinsically linked to CVD progression'.

The cardiovascular actions of estrogen are primarily mediated through three distinct receptor systems:
nuclear estrogen receptor o (ERa), estrogen receptor B (ERp), and the membrane-associated G protein-
coupled estrogen receptor (GPER/GPR30)". These receptors execute both genomic and non-genomic
signaling cascades to maintain cardiovascular homeostasis. Emerging evidence reveals that each receptor
subtype demonstrates unique tissue-specific expression patterns and functional specialization in
cardiovascular physiology“". For instance, ERB activation has been shown to stabilize the p1 subunit of
Na'/K*-ATPase (Sodium-Potassium Adenosine Triphosphatase) through post-translational modifications,
extending its half-life in renal epithelial cells. This molecular stabilization enhances
Na'/K'-ATPase-mediated sodium transport efficiency, concomitantly increasing transmembrane sodium
currents and enzyme activity'””. This mechanism elevates BMR while improving cardiomyocyte energy
metabolism and ionic balance, ultimately conferring cardioprotective effects.

Animal studies have demonstrated that ERa deficiency induces contractile and/or metabolic dysregulation
in cardiac tissue, skeletal muscle, and white adipose tissue. This pathological alteration functionally
compromises cellular glycolytic capacity and reserve mechanisms, thereby redirecting energy towards
storage rather than expenditure™. Consequently, this metabolic reprogramming promotes adipose tissue
accumulation and ultimately leads to obesity development. GPER demonstrates distinct metabolic
regulatory properties through its predominant expression in adipose tissue. Activation of this receptor
subtype enhances brown adipose tissue thermogenesis by upregulating uncoupling protein-1 (UCP1)
expression, thereby increasing energy expenditure®’. Concurrently, GPER signaling suppresses
pro-inflammatory cytokine secretion [particularly tumor necrosis factor e (TNF-a) and interleukin
(IL)-6]"", effectively mitigating metabolic inflammation - a critical pathway linking obesity to
cardiovascular dysfunction. These dual mechanisms underscore estrogen’s capacity to synchronize energy
balance with inflammatory regulation, maintaining optimal BMR levels essential for cardiovascular health.

Estrogen has been established as a critical regulator of energy homeostasis and metabolic health®”.
Experimental and clinical evidence demonstrates that estrogen deficiency significantly reduces BMR,
subsequently leading to progressive weight gain and manifesting a spectrum of metabolic syndrome
characteristics. Intriguingly, the subsequent decline in BMR appears to suppress estrogen sulfotransferase
(EST) activity, creating localized estrogen excess through impaired hormone catabolism™. This paradoxical
hyperestrogenism may exacerbate cardiovascular risks by promoting endothelial dysfunction, enhancing
platelet aggregation, and inducing insulin resistance.

Perimenopausal women frequently employ hormone replacement therapy (HRT) to alleviate estrogen
deficiency-induced symptoms including vasomotor manifestations (e.g., hot flashes, sleep disturbances, and
mood alterations). However, emerging evidence reveals an intricate interaction between estrogen signaling
and BMR regulation, with particular concern regarding menopausal hormone therapy’s potential
association with elevated cardiovascular risks"*". The current therapeutic challenge lies in reconciling HRT’s
dual cardiometabolic effects, its cardioprotective properties versus prothrombotic propensity. Promising
strategies include developing cardiovascular-tropic tissue-selective estrogen receptor modulators (SERMs)
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with enhanced endothelial specificity, along with pharmacological modulation of estrogen metabolic
enzymes (e.g., CYP19 aromatase and EST). The integration of multi-omics platforms, particularly
lipidomics and fluxomics, enables precise mapping of estrogen’s metabolic circuitry, facilitating the
development of personalized cardiovascular risk algorithms. Next-generation solutions may incorporate
nanoparticle-mediated targeted delivery systems conjugated with estrogen receptor (ER)-specific ligands"®,
potentially achieving localized cardiovascular benefits while minimizing systemic exposure risks.

As a pivotal metabolic regulator, estrogen orchestrates the integration of peripheral energy metabolism and
cardiovascular homeostasis through sophisticated receptor-mediated mechanisms. The development of
precision-targeted interventions modulating estrogen signaling networks, synergized with advanced
metabolic profiling technologies, holds transformative potential for preventing and managing
cardiometabolic disorders of endocrine origin.

Inflammatory mediators

Obesity and type 2 diabetes are independent risk factors for CVDs. Studies have shown that these
populations often exhibit impaired metabolic states”, which may be caused by increased secretion of
pro-inflammatory cytokines such as Interferon-y (IFN-y) and IL-18 by adipose tissue®. IFN-y can induce
oxidative stress through multiple signaling pathways, promote foam cell accumulation, stimulate smooth
muscle cell proliferation and migration to the arterial intima, and destabilize plaques. Research indicates
that the increase in IFN-y significantly enhances resting energy expenditure®”. Meanwhile, the
pro-inflammatory cytokine IL-18 has been proven to be involved in regulating food intake and energy
metabolism, suppressing appetite and promoting energy expenditure and the utilization of lipid fuel
substrates”®”. IL-18 knockout mice fed a normal diet became overweight at six months of age and
subsequently showed excessive weight gain regardless of whether they were given a low-fat or high-fat diet.
These mice consumed more high-fat diet and had reduced whole-body energy expenditure. IL-18 knockout
mice exhibited decreased energy expenditure in both fasting and fed states, on low-fat and high-fat diets,
during high-intensity and low-intensity physical activity, and at different times of the day, suggesting that
IL-18 plays a regulatory role in BMR"*".

Adiponectin is also a kind of adipokine, which was initially proven to be able to regulate lipid metabolism
and insulin sensitivity. Coronary artery disease (CAD) patients are often characterized by decreased
adiponectin, elevated levels of inflammatory factors such as IL-6, and increased infiltration of macrophages
in epicardial adipose tissue™. Adiponectin is positively correlated with BMR (r = 0.52, P = 0.02)"", and
adiponectin levels above 40 mg/mL are associated with a better BMR". Although some scholars have
proposed that when the critical value is 40 mg/mL, higher adiponectin levels may be an adaptive response to
various pathological processes (such as age-related homeostatic imbalance)”, experimental studies
elucidate its direct cardioprotective mechanisms: adiponectin inhibits foam cell formation by suppressing
lipid droplet accumulation and cholesterol esterification in macrophages through peroxisome proliferator-
activated receptor y (PPARy)-liver X receptor a (LXRa) pathway activation'**, while concurrently
attenuating vascular inflammation via adenosine monophosphate-activated protein kinase (AMPK)-
dependent suppression of Nucleotide-binding oligomerization domain (NOD)-like receptor-containing
pyrin-3 protein (NLRP3) inflammasome activity'.

The intricate interplay between inflammatory mediators and metabolic regulators underscores the
complexity of CVD pathogenesis. IFN-y and IL-18 exemplify the dual nature of immune molecules that
concurrently influence vascular biology and systemic energy metabolism, while adiponectin represents a
convergence point for metabolic regulation and anti-inflammatory protection. These findings collectively
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highlight that BMR abnormalities - whether driven by proinflammatory cytokine excess or adipokine
deficiency - may serve as critical nodes linking metabolic dysfunction to cardiovascular pathology. Future
research should focus on elucidating tissue-specific cytokine effects, regulation of adipokine secretion, and
the therapeutic potential of targeting these pathways to simultaneously ameliorate metabolic and
cardiovascular risk profiles in high-risk populations. Given the established mechanisms linking impaired
metabolic state to CVDs, the next section will focus on the clinical evidence that supports these pathways in
animal models and human populations.

CLINICAL EVIDENCE BY LIFE STAGE

The preceding sections have detailed the biological foundation through which BMR, functioning as a
metabolic integrator, influences the cardiovascular system via mechanisms involving mitochondrial
function, hormonal axes, and inflammatory networks. However, the actions of these mechanisms are not
static; they are profoundly modulated by the dramatic endocrine and physiological shifts that occur across a
woman’s lifespan*”. Consequently, a meaningful assessment of the impact of BMR on CVD risk in women
must be contextualized within specific life stages. This section will focus on distinct physiological windows
in women - the reproductive years, pregnancy, and the menopausal transition - to systematically review the
clinical evidence linking dynamic changes in BMR to CVD risk.

In the female population, the association between BMR and the risk of CVD shows significant differences at
different physiological stages. This variability stems from the complex interactions among hormonal
changes, metabolic adaptation and vascular remodeling processes. To enhance comparability among
different life stages, this study structured and integrated BMR-related metabolic alterations and estrogen-
dependent vascular and cardiac mechanisms, as presented in Table 1.

Table 1. BMR and CVD risk in female populations: evidence from the reviewed article

Major metabolic/endocrine

Life stage features Vascular/cardiac implications Supporting evidence
Reproductive  Estrogen exerts cardioprotective Estrogen activates the PI3K/Akt pathway to promote 1. Nakamura et al. (2004)
years effects eNOS activation and NO production — enhances eNOS/NO mechanism™
Regulates lipid profiles and vasodilation and reduces vascular injury risk 2. Mahboobifard et al. (2013) WHI
endothelial nitric oxide (NO) interpretation[szj
signaling
Pregnancy Placental hormones regulate energy Pregnancy itself serves as a metabolic - vascular 1. Johansson et al. (2020) placental
homeostasis stress test; pregnancy-related metabolic alterations  metabolic regulationm]
BMR markedly increases and complications may substantially increase future 2. Ceperuelo-Mallafré et al. (2025)
ASCVD risk pregnancy complications linked
with long-term atherosclerotic
risk
Menopause  Decline in estrogen leads to reduced Loss of estrogen protection results in increased 1. Osuna-Prieto et al. (2021)
transition BMR and accelerated VAT oxidative stress, vascular aging, and accelerated estro%en reduces oxidative vascular
accumulation arterial stiffening — markedly higher CVD risk injury )

2. de Metz et al. (2008) decreased
EE and increased VAT™")

Across-life BMR is causally related to adverse ~ Higher BMR increases baseline metabolic load and 1. Feng et al. (2024) MR evidence
course lipid profiles (1BMI, |HDL, 1TG) elevates foundational cardiovascular risk across demonstrating causal links
stages between BMR and metabolic risk
factors

PI3K/Akt: Phosphatidylinositol-3-kinase/protein kinase B; eNOS: endothelial nitric oxide synthase; BMR: basal metabolic rate; ASCVD:
Atherosclerotic Cardiovascular Disease; VAT: visceral adipose tissue; CVD: cardiovascular disease; EE: Energy Expenditure; BMI: body mass
index; HDL: high-density lipoprotein; MR: mendelian randomization; TG: triglyceride.

Reproductive years
Women’s reproductive period is marked by profound physiological alterations, which may exert substantial



Huang et al. Vessel Plus. 2025;9:30 | https://dx.doi.org/10.20517/2574-1209.2025.94 Page 9 of 20

impacts on BMR and CVD risk. Throughout this phase, fluctuations in hormonal levels - primarily estrogen
and progesterone - play a pivotal role in regulating metabolic function and cardiovascular homeostasis'*”.
Estrogen, for instance, exerts well-documented cardioprotective effects through mechanisms including lipid
profile improvement, endothelial function enhancement, and anti-inflammatory actions. Nevertheless, the
intricate relationship between BMR and these protective mechanisms remains incompletely elucidated.

Regarding BMR, accumulated evidence indicates that elevated BMR is significantly associated with
increased BMI and dyslipidemia, characterized specifically by reduced high-density lipoprotein cholesterol
(HDL-C) and elevated triglyceride levels. A large-scale MR study comprising over 1 million participants
conclusively demonstrated that genetically predicted higher BMR showed significant associations with:
increased BMI (B = 0.7538, 95% confidence interval (CI): 0.6418-0.8659, P < 0.001), decreased HDL-C (B =
-0.3293, 95%Cl: -0.4474 to -0.2111, P < 0.001), and elevated triglycerides (B = 0.1472, 95%CI: 0.0370-0.2574,
P =0.0088)"*". These metabolic alterations may substantially elevate the risk of CVD onset. However, during
the reproductive period, the unique hormonal milieu in women may regulate these associations, thereby
partially offsetting the detrimental cardiovascular effects of elevated BMR. Specifically, estrogen appears to
mitigate the adverse effects of high BMR through multiple mechanisms: (1) improving lipid profiles
[significantly reducing low-density lipoprotein cholesterol (LDL-C) while elevating HDL-C levels], and (2)
enhancing endothelial function - both of which contribute to maintaining cardiovascular homeostasis'*”.
Moreover, estrogen enhances vasodilatory capacity by upregulating NO biosynthesis, thereby improving
endothelium-dependent vasoregulation and attenuating atherogenesis. The underlying mechanism involves
estrogen binding to ERs, which activates the phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signaling cascade, subsequently inducing phosphorylation of Akt at phosphorylated (p)Akt serine (Ser)473
and pAkt threonine (Thr)308 residues. This post-translational modification activates eNOS, thereby
stimulating NO production. Elevated NO levels enhance vasodilation, improve endothelial function, and
suppress atherosclerotic progression, ultimately conferring cardiovascular protection”. These protective
effects of estrogen may help mitigate the cardiovascular risks associated with higher BMR during the
reproductive years.

Pregnancy

Pregnancy constitutes a distinct physiological condition marked by profound remodeling of metabolic
processes, the cardiovascular system, and endocrine homeostasis. While these adaptive changes are crucial
for ensuring normal fetal growth and development, they may exert long-term consequences on maternal
health. Throughout gestation, BMR demonstrates a significant elevation to accommodate the increased
energy requirements associated with fetal development and maternal physiological adaptations”". The
marked elevation in BMR is frequently accompanied by a constellation of physiological alterations,
including dyslipidemia, impaired glucose tolerance, and blood pressure fluctuations, all of which may
contribute to elevated cardiovascular risk. To date, the precise mechanistic relationships between BMR and
pregnancy-associated complications remain incompletely understood. Nevertheless, emerging evidence
suggests that gestational metabolic adaptations, particularly BMR modulation, may potentially influence the
pathogenesis and progression of these conditions through multiple pathways, with consequent implications
for long-term cardiovascular outcomes.

The postpartum period represents a physiological transition toward the pre-pregnancy state; however, this
recovery process may be accompanied by persistent metabolic and cardiovascular adaptations. Notably,
women with pregnancy complications often demonstrate sustained metabolic alterations and elevated
cardiovascular risk profiles during the extended post-delivery period. Consequently, elucidating the
regulatory role of BMR during gestation and its protracted cardiovascular consequences is essential for
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Furthermore, while the postpartum period is generally marked by a restoration of pre-pregnancy
physiological homeostasis, this transitional phase may concurrently involve persistent metabolic and
cardiovascular adaptations. Notably, women with antecedent pregnancy complications are prone to
demonstrate sustained metabolic dysregulation and elevated cardiovascular risk profiles during extended
postpartum follow-up periods””. Therefore, understanding the role of BMR in the context of pregnancy and
its long-term implications for cardiovascular health is crucial for developing targeted interventions to
mitigate these risks.

Menopause transition

The menopausal transition represents a profound alteration in a woman’s endocrine and metabolic milieu.
This phase is characterized by a progressive decline in estrogen levels, which precipitates a cascade of
physiological adaptations with potential implications for cardiovascular homeostasis. Notably, the
attenuation of estrogen-mediated cardioprotection is postulated to underlie the elevated susceptibility to
cardiovascular disorders among postmenopausal women'”. This risk is further exacerbated by changes in
body composition, lipid metabolism, and glucose tolerance that occur during the menopause transition.

A marked decline in BMR has been observed among menopausal women. Notably, when compared to the
premenopausal control group, postmenopausal women exhibited a more pronounced reduction in sleep-
related energy expenditure (sleeping EE), demonstrating a 1.5-fold greater decrease (-7.9% vs. -5.3%,
respectively)”. The observed reduction in BMR appears to be associated with declining estrogen levels in
menopausal women. Mechanistically, estrogen regulates energy expenditure through its modulatory effects
on adipose tissue metabolism, particularly by influencing lipoprotein lipase activity and lipid mobilization.
Abdominal adiposity - encompassing both visceral (VAT) and subcutaneous adipose tissue - has been
established as an independent risk factor for CVD. Studies indicate that VAT accumulation initiates during
the premenopausal period and stabilizes post-menopause. This metabolic shift suggests that BMR decline
may contribute to reduced energy expenditure, thereby promoting adipose tissue accumulation (particularly
VAT) and potentially elevating CVD risk.

Furthermore, menopausal women exhibit unfavorable dietary modifications characterized by increased
consumption of saturated fats and cholesterol, coupled with decreased protein and fiber intake. These
nutritional alterations likely synergize with diminished BMR to exacerbate cardiovascular risk profiles®".
Compounding these effects, physical activity-related energy expenditure (activity EE) demonstrates
significant attenuation during the perimenopausal transition. The concurrent decline in both basal and
activity-related energy expenditure may create a metabolic milieu conducive to CVD development.

Importantly, vascular and cardiac injury trajectories appear to differ across female life stages.
Premenopausal women demonstrate a higher prevalence of ischemia and angina despite non-obstructive
epicardial coronary disease, largely attributed to coronary microvascular dysfunction and endothelial
impairment””. Postmenopausal women experience more pronounced endothelial NO pathway disruption,
accelerated arterial stiffening, and higher progression of vascular calcification -biological changes that
directly connect menopausal hormonal decline with worsening vascular aging”*””’. In advanced age, women
more frequently manifest HF with preserved ejection fraction (HFpEF), representing a late-stage phenotype
characterized by ventricular - arterial coupling abnormalities and central arterial stiffening”*”. Together,
these findings highlight that beyond metabolic derangement, stage-specific vascular mechanisms should be
explicitly considered in female cardiovascular risk evaluation across the menopausal continuum.
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DIAGNOSTIC AND THERAPEUTIC FRAMEWORK

In current medical research, accurate measurement of BMR is important for assessing CVD risk and
developing personalized treatment plans””. Studies have shown that higher BMR is causally associated with
cardiovascular metabolic risk factors such as BMI, triglyceride levels, waist circumference, and Glycosylated
Hemoglobin, Type A1C (HbA1c), which play a key role in the pathogenesis of CVD"**.

Assessment protocol

High BMR is an independent predictor of mortality"”, and recent studies have begun exploring the
association between BMR and CVD, providing a new avenue for integrating metabolic assessment into
disease diagnosis and treatment planning. The construction of a joint metabolic-cardiovascular assessment
system centered on BMR is expected to promote the application of precision medicine in CVD
management™. Because of the complexity of the relationship between BMR and CVD, we propose three
BMR-related assessment indicators - indirect calorimetry, thyroid function assessment, and vascular
phenotyping - to help guide the timing of assessment and intervention in the management and treatment of
CVD [Table 2]"".

Table 2. Clinical algorithm for BMR-related assessment and management in cardiovascular disease

Step Action Thresholds

1 Indirect calorimetry Relative mean decline < 20% = Red flag
2 Thyroid panel TSH >25mlU/L + low BMR — Treat
3 Vascular phenotyping FMD < 6% — Intensify monitoring

BMR: Basal metabolic rate; TSH: thyroid-stimulating hormone; FMD: flow-mediated dilation.

Step 1 Indirect calorimetry

Measurement of BMR by indirect calorimetry can provide clinicians with an accurate tool for assessing
energy needs and thus optimizing nutritional support for patients™*. Indirect calorimetry is a practical
clinical method to accurately measure REE and thus derive BMR***, which not only helps to identify
patients who may be at high risk of CVD due to BMR abnormalities, but also provides a scientific basis for
the timing of treatment. By monitoring changes in BMR, physicians can make timely adjustments to
treatment regimens according to patients’ metabolic needs"™, preventing disease progression and reducing
the risk of complications. When the BMR is greater than 20% below the average value of the corresponding
conditions, it is necessary to be alert to the presence of hypothyroidism™®’, Addison’s disease, nephrotic
syndrome, pathological hunger, pituitary obesity and other diseases.

Step 2 thyroid panel

THs are key factors in regulating BMR"*. If the BMR is high or severely low, it is important to be aware of
thyroid disease”™. T3 and T4 regulate the BMR by binding to thyroid receptors and affecting the metabolic
activity of cells"*. Elevated levels of thyroid-stimulating hormone (TSH) are usually indicative of
hypothyroidism, in which case the BMR is reduced. Conversely, lower TSH levels may indicate
hyperthyroidism, with an elevated BMR. Elevated BMR is usually associated with increased energy
expenditure, which may lead to increased oxidative stress, which in turn may impair the cardiovascular
system. Low BMR may reflect hypothyroidism and is associated with dyslipidemia, insulin resistance and
obesity, all of which are risk factors for CVD. Using TSH as a biomarker for CVD risk assessment, the level
of TSH can be used as an indicator of CVD risk™. Elevated TSH may indicate an increased risk of the
presence or development of CVD"", Regular monitoring of TSH levels can help in the early identification of
high-risk individuals, leading to timely intervention.
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Step 3 vascular phenotyping

BMR reflects the body’s energy metabolism level in the resting state, and changes in it may affect vascular
function through a variety of mechanisms®”. For example, a hypermetabolic state may increase oxidative
stress and inflammatory responses, leading to endothelial dysfunction. Vascular phenotypic assay
technologies [e.g., reactive hyperemia peripheral arterial tonometry (RH-PAT), flow-mediated dilation
(FMD), and Endothelial Peripheral Arterial Tonometry (EndoPAT)] capture the vascular response to
metabolic changes®*. These technologies indirectly reflect the impact of BMR changes on the vascular

endothelium by assessing indicators of vasodilatory function, flow-mediated reactive congestion, and so on.
Non-invasive techniques such as RH-PAT or FMD allow identification of at-risk individuals before
significant vascular damage is induced by BMR. For example, a RH-PAT index < 1.35 may serve as an early
warning indicator of coronary endothelial dysfunction, suggesting the need for early intervention (e.g.,
lifestyle modification or pharmacological treatment). Assessing changes in BMR or its impact on the
vasculature through vascular phenotyping can provide an important basis for early warning and precise
treatment of CVD"". These techniques not only identify the damage to vascular function caused by BMR
abnormalities, but also guide the timing of treatment, thereby improving cardiovascular prognosis.

As an illustrative example, a hypothetical case is considered: a postmenopausal woman presents with typical
symptoms of hypothyroidism (e.g., fatigue, cold intolerance, weight gain). Her BMR is 25% lower than the
average for individuals of the same age and body composition, and her TSH level is elevated (4.2 mIU/L). If
managed through the proposed diagnostic and therapeutic framework, the following diagnosis and
treatment plan can be designed for the patient:

In terms of diagnosis, this result directly guides the prioritization of thyroid function tests to quickly
diagnose hypothyroidism. Meanwhile, a 25% reduction in BMR also supports earlier and more CVD
screening (e.g., lipid profile) compared to patients with mild BMR decline. Second, if the result of vascular
phenotyping (FMD) is 4.8%, further subsequent examinations can be initiated: The patient’s low BMR, as a
marker of impaired metabolic activity, suggests that endothelial dysfunction may be related to underlying
metabolic disorders. Therefore, additional CVD-related examinations (e.g., carotid ultrasound) can be
scheduled within 1 week to screen for subclinical vascular damage, instead of the conventional 2-4-week
interval for outpatient follow-up.

In terms of treatment, BMR assessment continuously guides personalized plans: A 25% reduction in BMR
indicates more severe metabolic suppression, prompting consideration of faster dose escalation after the
initial levothyroxine dose to reach the drug titration concentration (e.g., 50 mcg per day instead of the
standard 25 mcg per day). In addition, BMR can be rechecked every four weeks to adjust the dose (e.g., if
BMR only increases by 5% after 4 weeks, increase by 12.5 mcg per day). Meanwhile, twice-weekly resistance
training is prescribed with a focus on compound movements (e.g., squats, rows) to maximize lean body
mass gain. BMR is remeasured after 8 weeks to adjust training volume (e.g., if BMR increase is < 8%,
increase to 4 sets per movement). If BMR remains persistently low after initial intervention, ERB agonists
may be considered to promote adipocyte browning and muscle metabolism, further increasing BMR and
reducing CVD risk.

This framework also has several potential challenges, including (1) limited accessibility of indirect
calorimetry in primary medical institutions, which may delay BMR assessment in resource-poor areas and
affect timely diagnosis; (2) the risk of over-reliance on BMR-CVD associations, as endothelial dysfunction
in postmenopausal women may primarily result from estrogen deficiency rather than low BMR, potentially
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leading to misjudgment of intervention priorities; (3) individual variability in BMR response to treatment
(e.g., genetic differences in metabolic regulation or concurrent subclinical nephropathy limiting BMR
increases), which may create clinical uncertainty or prompt excessive dose adjustments; and (4) the
logistical and economic burden of frequent BMR monitoring for patients with mobility limitations or
restricted access to medical care, thereby reducing long-term adherence.

Precision interventions

Individual BMR and metabolic profiles vary according to body composition and hormone levels®”, even in
populations with the same age, height, weight, and gender™. Therefore, precise intervention for the
population based on BMR is one of the future research directions. There is evidence that pharmacologic
interventions and lifestyle interventions may help women improve BMR and thereby reduce the risk of
CVD.

Pharmacologic

Many drugs can affect BMR, including those used in both acute and chronic therapy. Examples include the
central nervous system drug sibutramine, commonly used in weight-loss medications; the antidepressant
fluoxetine; the antiepileptic carbamazepine; cardiovascular drugs such as beta-blockers; and antineoplastic
agents”*”’. Endocrine and metabolic drugs are a class of drugs that directly correlate with BMR, and there is
a large body of data demonstrating that thyroxine and growth hormone can significantly influence
metabolism"”. Therefore, there is a potential benefit of intervening in BMR through hormonal drugs to
improve low BMR.

Thyroid hormone optimization (FT3 > 3.5 pg/mL ideal)

TH (levothyroxine) significantly increases polycystic ovary syndrome (RMR) (up to 17%)"", especially when
correcting hypothyroidism. In hypothyroid patients, the levothyroxine sodium dose is adjusted according to
TSH levels to maintain euthyroid status, thereby reducing the risk of CVD associated with abnormal
thyroid function. In patients with hyperthyroidism, TH levels are controlled with drugs such as
methimazole or propylthiouracil. TSH and TH levels are monitored regularly, and drug doses are adjusted
to prevent adverse effects of fluctuations in thyroid function on the cardiovascular system™*. In addition,
when thyroid function abnormalities lead to dyslipidemia, combined use of lipid-regulating drugs (such as
statins) to lower cholesterol levels and prevent atherosclerotic plaque formation, thereby reducing the risk
of CVD"™,

ER[ agonists in menopause

Estrogen’s effects on metabolism are multifaceted, and it can influence adipose tissue, and thus overall
metabolic status, by regulating adipogenesis, lipolysis, and adipocyte differentiation”. The role of ERp in
adipose tissue and metabolic regulation makes it a potential target for controlling the BMR to combat
CVD™. Zahr et al."™ note that ERp activation promotes adipocyte browning, improves mitochondrial
function and energy expenditure, reduces body weight and fat mass (FM), and improves insulin sensitivity
and glucose tolerance, all of which have the potential to positively affect BMR""". Based on the potential
regulatory effects of ERp agonists on BMR, their use in the prevention and treatment of CVDs is feasible"*.
Meanwhile, ERp agonists can stimulate skeletal muscle growth and regeneration, increase muscle strength
and mass, and regulate metabolic processes in muscle, including promoting mitochondrial biogenesis and
upregulating the glucose transporter protein Glut4 (glucose transporter type 4), thereby improving the
efficiency of muscle energy utilization*'*'*”, Muscle is one of the major sites of energy expenditure in the
human body, and an increase in muscle mass improves energy expenditure in the basal state, thus positively
affecting BMR®*>'?],
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Lifestyle interventions
Lifestyle interventions can effectively adjust BMR through a combination of rational diet, regular exercise,
and adequate sleep, which is important for obesity prevention and control, the development of CVD, and

[103

has high feasibility as a means of preventing and managing CVD"*.. Sabounchi ef al. (2013) systematically
integrated 248 studies and proposed that the prevention and management of CVD for different population-
specific BMR prediction equations, emphasizing the effects of age, gender, race, and body composition on

BMR, and developed an online tool to support precision interventions'*.

Resistance training (2.5 x week™')

Resistance training, as an effective lifestyle intervention, has a significant positive effect on improving
BMR"**"*, Resistance training is an effective way to increase muscle mass by counteracting resistance to
create muscle tone and stimulate muscle fiber growth and repair, thereby increasing lean body mass®".
Mitchell et al. have shown that Excess Post-Exercise Oxygen Consumption (EPOC) is evident after
resistance training, and that the body’s energy expenditure remains higher than that of the quiet state, even
hours after exercise has ended"**. This means that with resistance training, we can expend more energy
even during periods of inactivity, thus further increasing the level of energy expenditure throughout the day
and creating favorable conditions for improving BMR™. Especially for middle-aged and elderly people"”,
regular resistance training can help maintain muscle mass and prevent the decline of BMR due to muscle
loss, thus maintaining the body’s energy expenditure level and reducing the risk of obesity and related
metabolic CVDs.

Protein pacing

The protein-pacing caloric-restriction (P-CR) eating pattern is a diet that combines high-frequency protein
intake (4-6 meals per day with at least 30% protein at each meal) with caloric restriction (25% reduction in
energy intake per day)"””. The core of the model is to optimize the body’s metabolic response by adjusting
the structure of the diet and the frequency of eating. At the same time, a high-protein diet provides
sufficient raw materials for muscle growth and promotes muscle synthesis**'*”. For example, a daily protein
intake of 2 1.3 g/kg for women in the study by Bi et al. helps to meet the needs of muscle growth and
maintenance"”. When muscle mass increases, the body’s BMR also increases accordingly, because muscle
tissues also consume energy to maintain their normal physiological functions in the resting state.

Therefore, a well-designed resistance training program combined with a moderate high-protein diet can
help women increase muscle mass and enhance BMR™. BMR and lean body mass are important predictors
of daily energy intake, and significant gender differences exist. Lean body mass was positively associated
with protein and fat intake in women, while FM was not associated with macronutrient intake"*. This
suggests that increasing lean body mass (e.g., by increasing muscle mass) may promote metabolic activity by
elevating energy demand, especially more significantly in women. Syngle et al. also showed that Fat-Free
Mass (FEM) is one of the major determinants of BMR, contributing about 60% of BMR, and that increasing
FFM is expected to elevate BMR!"*,

Emerging technologies
With the continuous progress and innovation of technology, many high-tech means are gradually
penetrating into the field of BMR measurement.

Deep metabolic phenotyping
Deep metabolic phenotyping is an emerging, cutting-edge field. It employs a variety of advanced tools,
including high-resolution mass spectrometry, nuclear magnetic resonance spectroscopy, sophisticated
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bioinformatics, and deep learning algorithms, to provide comprehensive, multidimensional analyses of an
organism’s metabolic state, aiming to reveal the complexity, dynamics, and interactions of metabolic
networks with other biological processes**'*.. Specifically, deep metabolic phenotyping integrates multi-
omics data, including genomics, transcriptomics, proteomics, and metabolomics, to more accurately
characterize the metabolic profile of an individual under different physiological states or disease conditions,
and thus provide key information and insights for early diagnosis, mechanism research, personalized
treatment, and drug discovery and development™*.

“C-metabolic flux analysis

The “C-metabolic flux analysis ("C-MFA) is a technique to accurately quantify intracellular reaction rates
by analyzing the distribution of isotopically labeled isomers of protein amino acids or intracellular
metabolites via °C labeling experiments"'*""”. It utilizes metabolic models and "°C isotope patterns of key
metabolites to estimate reaction rates, thereby characterizing the metabolic state of microorganisms.
Theoretically, "C-MFA can be used to study metabolic pathways associated with BMR, and by accurately
measuring and analyzing metabolic fluxes in these pathways, insights can be gained into how altered energy
metabolism affects the function and health of the cardiovascular system. For example, studying the changes
in metabolic fluxes in cardiomyocytes under different metabolic states can help to identify potential
biomarkers and therapeutic targets of CVDs, and provide new ideas and methods for early diagnosis and
intervention of CVDs"'". However, the direct application of *C-MFA to the study of the human
cardiovascular system and its combination with BMR measurements for the prevention and treatment of
CVDs still faces many challenges, and requires a lot of experimental studies and technology optimization.

Wearable calorimetry devices

Modern wearable calorimetry devices incorporate mature technologies, including high-precision sensors,
advanced signal processing, and data transmission capabilities. Smart wearable devices monitor an
individual’s movement and physiological state in real time by integrating multiple sensors (e.g.,
accelerometers, heart rate sensors, and skin temperature sensors) and converting the data into estimates of
energy consumption">""?. These technologies can accurately collect and analyze physiological signals,
enabling precise measurement of BMR, which, as a key component of human energy expenditure, is closely
associated with CVD risk. Continuous monitoring of BMR through wearable calorimetry devices can detect
abnormal energy metabolism in time and identify people at risk of CVDs in advance.

CONCLUSION

BMR is not only a core parameter of energy metabolism but also a crucial factor influencing cardiovascular
health. It is closely associated with various factors such as body composition, thyroid function,
mitochondrial efficiency, and the autonomic nervous system. BMR also affects CVD risk across different
physiological stages in women, including the reproductive years, pregnancy, and menopausal transition.

Based on current research, a diagnostic and therapeutic framework centered on BMR offers new strategies
for improving women’s cardiovascular health and reducing premature mortality. This framework includes
precise BMR assessment, pharmacological interventions, lifestyle modifications, and the application of
emerging technologies.

Aligned with the physiological characteristics of women across different life cycles, personalized
intervention strategies based on this BMR-centered framework should be tailored to specific stages: (1)
During the reproductive years, women can leverage the inherent cardiovascular protective effects of
estrogen. They can maintain stable BMR by increasing lean body mass through regular resistance training
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(e.g., 2.5 sessions of compound movement training per week) and adopting a protein-pacing diet (4-6 meals
daily, with at least 30% protein per meal), thereby balancing the metabolic risks potentially associated with
elevated BMR; (2) During pregnancy, close monitoring of BMR elevation (which normally should reach
20%-30% to meet fetal energy needs) is essential. For women with pregnancy complications such as
gestational hypertension, personalized nutrition and blood pressure management plans should be developed
based on BMR changes to reduce residual CVD risk in the postpartum period; (3) For menopausal women,
after clarifying the mechanisms of BMR decline through thyroid function testing (e.g., timely intervention
when TSH > 2.5 mIU/L) and vascular phenotyping assessment (e.g., enhanced monitoring when FMD <
6%), hormone-related interventions such as ERB agonists can be rationally used. Meanwhile, consistent
resistance training and a high-protein diet should be maintained to delay BMR decline and VAT
accumulation. Drug development can focus on targets such as TH optimization (e.g., maintaining FT3 > 3.5
pg/mL), ERB activation, and mitochondrial function improvement (e.g., UCPs). Lifestyle interventions
should be implemented across all life cycles and combined with precision medical approaches to form a
management model of “BMR monitoring - stage-specific intervention - long-term follow-up”.

Nevertheless, the theory and practice regarding the association between BMR and CVD still require further
refinement. Future research should prioritize addressing two key issues: First, multi-center, large-sample
prospective clinical trials need to be conducted to systematically verify the clinical effectiveness and safety of
the BMR-centered diagnostic and therapeutic framework in women at different physiological stages, and to
clarify its specific role in improving CVD prognosis. Second, an in-depth exploration of the cost-
effectiveness of emerging technologies such as deep metabolic phenotyping and *C-MFA is necessary, along
with an assessment of their feasibility for popularization in primary medical institutions, to provide a basis
for technological translation. Through such research, the theoretical system linking BMR to women’s CVD
can be further improved, the implementation of precision prevention and control strategies can be
promoted, and the gender gap in cardiovascular health can be narrowed.
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