ORIGINAL RESEARCH

Pathophysiology

CFR

Cardiac Failure Review

Obesity Phenotypes Causally Affect Cardiac MRI Structure
and Induced Non-ischaemic Cardiomyopathy

Long Peng, Tao Zeng,? Enxi Quan,® Shufang Pan,? Bin Li,2 Zheqi Wen,' Zhaojun Xiong' and Yunyue Zhao @'
1. Department of Cardiology, The Third Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China; 2. Department of Infectious Diseases,

Key Laboratory of Liver Disease of Guangdong Province, The Third Affiliated Hospital of Sun Yat-Sen University, Guangzhou, China;
3. Department of Clinical Pharmacy, Guangzhou First People’s Hospital, Guangzhou Medical University, Guangzhou, China

Abstract

Background: The growing obesity epidemic highlights the need to understand how various obesity phenotypes affect myocardial structure and
increase non-ischaemic cardiomyopathy (NICM) incidence. The aim of this study was to investigate the causal effect of eight obesity-related
traits on NICM and 16 cardiac MRI parameters. Potential mediators between obesity and NICM were also investigated. Methods: Two-sample
Mendelian randomisation was used to explore the causal relationship between eight obesity-related traits and NICM and assess their impact
on cardiac MRI indicators. The study also used validation dataset analysis and multivariable Mendelian randomisation to ensure robustness,
and mediation Mendelian randomisation analysis to identify metabolic markers as potential mediators. Results: All eight obesity-related traits
demonstrated a causal relationship with NICM, with the relationship between BMI and NICM persisting after adjustment for LDL cholesterol, urate
level and hypertension (HTN). These traits also influenced arterial and cardiac structure and function, especially with regard to left ventricular
mass. HTN was identified as a significant mediator, with a mediation effect ratio of 31%. Conclusion: There is a robust causal association
between obesity and NICM, and with abnormalities in myocardial structure and function. HTN emerges as a pivotal mediator in the obesity—NICM
pathway, underscoring the critical role of managing obesity and HTN in preventing NICM progression.
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Obesity and overweight pose significant challenges to public health. Over
the past three decades, the global prevalence of obesity has continued to
rise In Western countries, this prevalence has reached 25%.% In China,
nearly half of adults are overweight or obese, and the number of children
being overweight or obese is also increasing.® These are conditions
caused by a combination of genetics and environmental exposure.
Epidemiological and cohort studies consistently demonstrate an
association between a higher BMI and an increased risk of various
cardiovascular diseases (CVDs), including atherosclerosis and heart
failure (HF).*® Obesity has a significant impact on the development of HF,
and the American College of Cardiology/American Heart Association
(ACC/AHA) HF guidelines recognise obesity as a risk factor for HF.®
Nonetheless, recent investigations have vyielded an abundance of

evidence suggesting that metabolically healthy obesity (MHO; a subgroup
of obesity in which the individual has normal metabolic markers) might not
be closely linked to adverse CVD outcomes.”® Meanwhile, some studies
suggest that individuals classified as MHO, irrespective of their metabolic
status, have diverse cardiovascular risk factors and the term ‘MHO’ should
be avoided because it is misleading.* Therefore, the causal association
between obesity itself and CVD remains controversial and requires further
research.

Non-ischaemic cardiomyopathy (NICM), which has been a major
contributor to HF and to the need for heart transplants in recent years, is
an abnormality of cardiac structure and function caused by factors other
than coronary ischaemia.™ However, its aetiology and mechanisms are
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complex and have not been fully elucidated, with factors such as genetics,
hypertension (HTN), valvular disease and toxin exposure playing a role in
myocardial remodelling” These factors contribute to myocardial
remodelling in NICM, resulting in a progressive decline in cardiac output,
increased cardiomyocyte apoptosis, and heightened fibrosis, ultimately
leading to HF. Observational studies found that obesity alone also affects
myocardial structure and pump performance®® The term ‘obesity
cardiomyopathy’ is used to define myocardial disease in individuals with
obesity that cannot be explained by other factors such as diabetes, HTN,
coronary heart disease (CHD) or other known causes.® A recent study
from Australia assessed obese and non-obese cardiac sudden death
subjects aged 18-50 years.” Only 10% of those with BMI >50 kg/m? had
coronary disease, while two-thirds had left ventricular hypertrophy.

The association between obesity and NICM has become a significant
topic of discussion. However, the studies on people with MHO have raised
doubts about its relevance. Some studies propose that the relationship
between obesity and NICM may be influenced by confounding factors.®®
Furthermore, most clinical studies have primarily focused on the
connection between obesity and HF, as well as ischaemic heart
disease.®? There is a lack of research specifically examining non-
ischaemic aspects. The effect of different obesity phenotypes on cardiac
MRI'indices is also unknown.

Traditional observational studies on obesity are susceptible to confounding
factors and reverse causation bias. To overcome these limitations, we
used Mendelian randomisation. This is a powerful statistical method used
in epidemiology to assess causal relationships between exposure and
outcome. By utilising genetic variants as instrumental variables, Mendelian
randomisation helps to mitigate confounding and reverse causation,
which are common challenges in observational studies.”® The principle
behind Mendelian randomisation stems from Mendelian genetics, which
states that genetic variants are randomly inherited at conception and
remain constant throughout an individual’s life. This random inheritance
mirrors the randomised controlled trials (RCTs) in many ways because it
effectively eliminates bias from the confounding factors that often plague
traditional observational analyses. For example, if a specific genetic
variant is associated with a modifiable exposure, such as BMI, researchers
can infer causal relationships between BMI and health outcomes, such as
CVD, without the influence of confounders such as socioeconomic status
or lifestyle choices.

Mendelian randomisation can not only overcome the limitations of
observational studies by mimicking an RCT, but it also provides evidence
beyond clinical studies to establish the causal association. In addition,
obesity is significantly influenced by genetic factors, making it suitable for
prediction using genetic variation. Confounding factors can be effectively
addressed through methods such as multivariable Mendelian
randomisation (MVMR). This Mendelian randomisation study independently
investigated the causal relationship between genetically predicted
obesity and NICM, while also exploring potential mediating factors.
Furthermore, the study evaluated the causal relationship between
different obesity traits and various cardiovascular MRI indicators. This
provided us with the opportunity to identify the obesity trait most strongly
associated with obesity-related cardiomyopathy, as well as the cardiac
MRI indicators that most closely reflect this condition.

Methods
Study Design
Figure 1 presents a flow diagram delineating the study design and the

foundational assumptions of Mendelian randomisation applied in this
analysis.?* Our two-sample Mendelian randomisation approach, using
genome-wide association study (GWAS) data, sought to investigate
potential causal links between obesity and NICM. The study was
performed in accordance with the principles of the declaration of Helsinki,
and each dataset used in this study had already undergone the necessary
ethics review. Due to the use of anonymised and de-identified public
data, no additional ethics review was required. The Mendelian
randomisation framework in this study was anchored on three critical
principles: the instrumental variables must exhibit a strong association
with obesity; the instrumental variables should be free from confounding
variables; and the influence of instrumental variables on NICM should
occur exclusively via the obesity pathway, as shown in Figure 1% The
analytic process adhered to the STROBE-MR guidelines.?®

Genetic Instrument Selection

In this study, single nucleotide polymorphisms (SNPs) associated with
obesity, potential confounders, potential mediators, and outcomes were
extracted from the GWASs listed in Supplementary Table 1. For Mendelian
randomisation analysis, we selected SNPs that showed a strong
association with the exposure variables, meeting the genome-wide
significance threshold (p<5 x 10°®). A relaxed threshold (p<5 x 10°°) was set
for obesity class 3, given that few SNPs met the original threshold
(p<5 x 10¥). To ensure the independence of these SNPs, instrumental
variables were clumped in a 10 Mbp window, applying a stringent linkage
disequilibrium threshold (R?=0.01). Mendelian randomisation—Steiger
analysis was used to assess the direction of the potential causal
association between the extracted SNPs related to the risk factors and
outcomes.”® Given that missing SNPs had a negligible effect on the
results, we used only the available SNPs for all traits as instrumental
variables and did not replace any missing SNPs with proxies in the
outcome data. The strength of these SNPs as instrumental variables was
assessed using the F-statistic (3%/SE?).” We established an F-statistic
threshold of F >10 as indicative of a strong instrument, ensuring the
avoidance of biases associated with weak instrumental variables.”

Data Sources for Exposures,

Mediators and Outcomes

Exposures

The GWAS data in this study primarily originate from the MRC-IEU online
database (https://gwas.mrcieu.ac.uk/), CVDKP (https://cvd.hugeamp.org/)
and the FinnGen consortium (https://www.finngen fi/fi) (Supplementary
Table 1). And to enhance the understanding of obesity as an exposure
factor in the context of NICM, our study used genetic variables from
diverse obesity-related GWAS datasets. These included BMI, obesity
classification (classes 1-3), childhood obesity, waist circumference (WC),
hip circumference (HC) and waist-to-hip ratio (WHR). Detailed information
on GWAS summary-level data for each trait is listed in Supplementary
Table 1.

Mediators

When selecting potential mediators, we considered the following. First,
based on the collective scientific understanding, the mediators are likely
to be involved in the pathway from metabolic disorders to CVDs. Second,
these mediators are targets for feasible clinical interventions. Lastly, the
GWAS data for these mediators should be available for individuals from
sources other than the Finnish database to ensure minimal or no sample
overlap with the GWASs of the exposures and outcomes. Currently, the
prevailing view is that obesity exerts its pathological effects primarily
through metabolic dysregulation, and, as evidenced by observational and
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Figure 1: Study Design
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Mendelian randomisation studies, we have identified nine key metabolic-
related candidate mediators: type 2 diabetes (T2D), LDL cholesterol,
triglycerides, urate level, C-reactive protein (CRP) level, fasting insulin,
glycated haemoglobin, homeostasis model assessment of insulin
resistance (HOMA-IR) and HTN, as detailed in Supplementary Table 1.2~

The three-step Mendelian randomisation analysis provide evidence of a
mediating role for a variable in the exposure—outcome effect. The three
steps require that the exposure—outcome, exposure—mediator, and
mediator—outcome relationships are individually meaningful in the two-
sample Mendelian randomisation (TwoSampleMR). The indirect effects of
each mediator were estimated using both the MVMR and the two-step
Mendelian randomisation method. In the MVMR method, mediation effect
(indirect effect) = total effect (exposure to outcome) minus direct effect
(exposure to outcome, adjusting for mediator). In the two-step Mendelian
randomisation method, mediation effect (indirect effect) = total effect
(exposure to mediator) x total effect (mediator to outcomes). We evaluated
the proportion of the mediation effect by calculating the ratio of the
mediation effect to the total effect. We used the error propagation method
to calculate the confidence interval for the mediation effect in MVMR, and
the delta method was used to calculate the confidence interval for the
mediation effect in the two-step Mendelian randomisation method.?

Outcomes

The NICM database was assembled via the collaborative efforts of the
FinnGen consortium, and consists of 187152 individuals of European
descent (11,400 cases and 175,752 controls) with a comprehensive dataset

of 16,380,358 SNPs.*2 NICM specifically focuses on patients with HF,
excluding cases not attributed to ischaemic cardiomyopathy. To further
elucidate the relationship between various obesity phenotypes and
myocardial structure, genetic association estimates for most cardiac MRI
parameters were derived from publicly accessible GWAS summary data
from the CVD knowledge portal. ®** Some parameters (diastolic strain
rate) were derived from the GWAS Catalog. These data are from UK
Biobank.*

The MRI outcomes under consideration were as follows: ascending aorta
(AA) diameter, descending aorta (DA) diameter, pulmonary artery (PA)
diameter, maximum indexed left atrial (LA) volume, left ventricular (LV)
longitudinal peak diastolic strain rate (LPDSR), LV radial peak diastolic
strain rate (RPDSR), maximum LV volume (from 40,000 people),® LV end-
diastolic volume (LVEDV, from 36,000 people),* LV end-systolic volume
(LVESV), LV stroke volume (LVSV), LV ejection fraction (LVEF), LV mass
(LVM), maximum right atrial (RA) area, right ventricular ejection fraction
(RVEF), right ventricular end-diastolic volume (RVEDV), and right ventricular
stroke volume (RVSV). LV and LVEDV both represent the maximum LV
volume, the only difference being their sample sizes. These parameters
collectively assess myocardial health, cardiomyopathy and myocardial
remodelling (Supplementary Table 1.3

Statistical Analysis

Causal effects were estimated using the random-effect inverse-variance
weighted (IVW) method.*® Given the IVW method’s reliance on the validity
of all instrumental variables for an unbiased estimate, we used four
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Figure 2: Genetically Predicted Obesity-related Traits: Association with Risk of Non-ischaemic Cardiomyopathy

Exposure Method SNPs p-value OR OR [95% ClI] p forH p for pleio

BMI VW 362 2.06 x 10°%7 i —— 1.87[1.70-2.06] 0.43 0.47
WM 362 0.00000122 I —_—— 2.01[1.52-2.65]

Obesity class 1 VW 14 1.67 x 10 E i 1.35[1.25-1.46] 0.3 0.78
WM 14 0.000988 i —— 1.30 [1.15-1.48]

Obesity class 2 VW n 0.0000859 : HH 1.17 [1.09-1.25] 0.14 0.78
WM " 0.00315 i i 1.20 [1.09-1.31]

Obesity class 3 VW 10 0.000279 E.‘ 1.09 [1.04-1.14] 0.14 0.73
WM 10 0.0184 i'-I-‘ 112 [1.04-1.22]

Childhood obesity VW 5 0.00392 :".—‘ 1.16 [1.05-1.28] 0.7 0.74
WM 5 0.143 ':—.—‘ 1.16 [0.99-1.37]

Waist circumference VW 459 3.76 x 107 E —— 1.83[1.64-2.04] 0.05 0.12
WM 459 0.00000757 I — 2.42[1.65-3.55]

Hip circumference VW 354 0.0564 i —— 1.76 [1.57-1.96] 0.0000197 0.77
WM 354 0.155 i ————@—>  2.14[1.58-2.90]

Waist-to-hip ratio VW 28 0.159 : — 1.49 [1.09-2.03] 0.02 0.56
WM 28 0.504 E = 1.29[0.48-3.45]

p<0.05 was considered statistically significant OI_5 1| 1|5 ; 2?5
) Protective factor Risk factor i

In the IVW method, all eight obesity phenotypes demonstrated causal relationships with non-ischaemic cardiomyopathy. Additionally, all results showed no evidence of pleiotropy. H = heterogeneity;
IVW = inverse-variance weighted; pleio = pleiotropy; SNP = single-nucleotide polymorphism; WM = weighted mode.

alternative Mendelian randomisation methods, namely the weighted
median method, the weighted mode method, the simple mode, and
Mendelian randomisation—Egger (MR-Egger), to assess result robustness.
Evaluation of potential horizontal pleiotropy involved MR-Egger intercept
and Mendelian randomisation pleiotropy residual sum and outlier (MR-
PRESSO) global tests. The MR-PRESSO outlier test identified potential
outliers, and if an outlier SNP was detected (p<0.05), causal effects were
re-estimated after removing outliers.* Leave-one-out analysis examined
the influence of individual outlier variants on effect estimates, identifying
high influence points. This comprehensive approach aimed to enhance
the reliability of our causal inference. SNPs meeting our univariable
Mendelian randomisation (UVMR) selection criteria in each GWAS were
used to construct instruments. For significant causal associations
identified in the UVMR analysis, the MVMR-IVW method was used. This
aimed to mitigate potential confounding factors, including LDL cholesterol,
HTN and urate, enhancing the precision of our causal inference. During
multiple testing of the Mendelian randomisation analysis with MRI
indicators, the p-values were corrected for false discovery rate (FDR).
Causal estimates were derived using the TwoSampleMR package, with
outlier detection facilitated by the MR-PRESSO package.* The MVMR
analysis utilised the MVMR and MendelianRandomization packages.” The
Mendelian randomisation estimates for NICM are reported as odds ratio
(OR) with corresponding 95% CI. The Mendelian randomisation estimates
for cardiac MRI indicators are reported as beta with corresponding 95%
Cl. Statistical calculations were conducted using R software version 4.2.2
(https:/fwww.r-project.org/).

Results

UVMR and MVMR for NICM and MRI-

based Cardiac Indicators

Associations between Eight Obesity Traits and NICM
Figure 2 shows the results of the UVMR analysis, indicating a causal effect
of genetically determined BMI on NICM (IVW: OR 1.87; 95% CI [1.7-2.06];

p<0.001, per log odds of BMI). This causal effect remained consistent
across the four additional Mendelian randomisation methods tested (MR-
Egger, weighted median, simple mode, and weighted mode;
Supplementary Figure 1). The other seven traits of obesity, that is, obesity
classes 1-3, childhood obesity, WC, HC and WHR, were significantly
associated with an increase in the risk of NICM by the IVW method.
Furthermore, we conducted heterogeneity and pleiotropy analyses on
the results of the TwoSampleMR analysis. In the analysis of obesity
phenotype and NICM, there were no significant pleiotropic effects. Apart
from WC and WHR, the remaining analyses did not show heterogeneity.
Using the UVMR method, we explored the confounding factors of NICM,
including genetically predicted T2D, triglycerides, CRP level, fasting
insulin, glycated haemoglobin and HOMA-IR. UVMR analysis identified
causal links between HTN, urate level and LDL cholesterol with NICM (LDL
cholesterol: OR 0.81; 95% C1[0.72—0.90]; p=0.000188; urate level: OR 112;
95% Cl [1.01-1.24]; p=0.0371; HTN: OR 14.07; 95% Cl [4.40-44.99];
p=0.00000829). However, no increased risk of NICM was found for the
other indicators (Supplementary Figure 2). Furthermore, MVMR analysis
demonstrated that the causal relationship between BMI and NICM
remained stable even after adjusting for three confounding factors,
namely LDL cholesterol, urate level and HTN (all OR>1, p<0.05;
Supplementary Figure 2).

Effect of Eight Obesity Traits on 16 CMR Indicators

To further explore the influence of obesity on heart structure and
function, we conducted Mendelian randomisation between eight
obesity traits and 16 cardiac MRI indicators. Noteworthy causal
relationships emerged between obesity traits and most cardiac MRI
parameters (Figure 3 and Supplementary Figures 3—10). All eight
obesity traits were identified as significant risk factors for increased
internal diameter of the PA, AA and DA (3>0). Except for WHR, the other
seven phenotypes were significantly associated with increases in both
PA and DA diameters (p-FDR<0.05). Moreover, BMI, obesity grade 2, HC
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Figure 3: Genetically Predicted Obesity-related Traits: Association with 16 Cardiac MRI Indicators

Unmatched Matched with CHD and HTN

BMI
Childhood obesity
Obesity 1
Obesity 2

Obesity 2
Obesity 3

L {4 Hip circumference
“ Waist circumference
‘- Waist-to-hip ratio
N
RSV Lpgp ' =0 RS

In the IVW method, all phenotypes showed a causal relationship with myocardial structural changes. AA = ascending aorta maximum diameter; DA = descending aorta maximum diameter;

HTN = hypertension; IVW = inverse-variance weighted; LA = maximum left atrium volume/body surface area; LPDSR = left ventricular longitudinal peak diastolic strain rate; LV = maximum left ventricular
volume; LVEDV = left ventricular end-diastolic volume, LVEF = left ventricular ejection fraction, LVESV = left ventricular end-systolic volume; LVM = left ventricular mass; LVSV = left ventricular stroke
volume; PA = pulmonary artery maximum diameter; RA = right atrium maximum diameter; RPDSR = left ventricular radial peak diastolic strain rate; RVEDV = right ventricular end-diastolic volume;

RVEF = right ventricular ejection fraction; RVSV = right ventricular stroke volume. LVEDV data samples, with a sample size of 36,000, are sourced from the UKB. These data, along with other left

ventricular indicators, were obtained from the same research literature. On the other hand, the LV dataset originates from an updated set of UKB samples, comprising 40,000 individuals.

and WC were all significantly associated with an increase in AA diameter
(p-FDR<0.05). After matching for HTN and CHD, the statistical
significance of the correlation between obesity class 2 and AA diameter
disappeared (p>0.05), while the results remained consistent for the
remaining variables. Although the beta values for the correlation
between WHR and AA, DA and PA were greater than 1, they did not
reach statistical significance either before or after matching. Except for
WHR, all other obesity phenotypes led to an increase in LV, LVEDV,
LVESV, LVSV, RVEDV and RVSV (3>0). Of these other obesity phenotypes
(i.e. excluding WHR), childhood obesity showed no significant
association with LVSV, but the remaining six obesity phenotypes had
statistically significant correlations with these MRI indices (p-FDR<0.05).
However, after matching for HTN and CHD, a statistically significant
causal relationship between childhood obesity and increased LVSV was
observed. Except for WHR, all other obesity phenotypes exhibited a
trend of increased RA area and decreased LA volume. Furthermore,
except for the lack of significance between childhood obesity and LA
volume, all others reached statistical significance. Before and after
matching, all eight obesity phenotypes were significantly associated with
an increase in LVM. An increase in BMI was correlated with decreased
LPDSR, RPDSR, LVEF and RVEF (p-FDR<0.05). We used two additional MRI
datasets (LV internal dimension in diastole [LVIDd] and LVM) to validate the
impact of obesity on cardiac remodelling. Except for the correlation
between childhood obesity and LVM, all other obesity traits showed a
significant increase in LVIDd and LVM, as detailed in Figure 4. The results
indicate that obesity may have a causal relationship with changes in heart
structure and function, and this relationship is independent of CHD.
Supplementary Material Figures 11-34 show the results of data analysis,
and include scatter plots for the pleiotropy analysis, forest plots of the
leave-one-out method and single SNP, as well as funnel plots.

Mediation Analysis

As mentioned earlier, we conducted two-sample Mendelian randomisation
by analysing potential mediators (metabolic abnormal parameters). We
found that urate, LDL cholesterol and HTN are associated with NICM. We
further performed MVMR on these factors to identify indicators that can
still increase the risk of NICM after multifactor matching. Remarkably, HTN
emerged as a significant risk factor for NICM in UVMR (OR 14.07; 95% ClI
[4.40-44.50]) and MVMR (OR 4.54, 95%CL: 1.40-14.77) (Supplementary
Figure 2). In MVMR analysis, potential causal links with urate level
attenuated and became non-significant (p>0.05; Supplementary Figure 2).
Next, we undertook three-step Mendelian randomisation analyses to test
the mediating effect of HTN. In the three-step Mendelian randomisation
analysis, we confirmed causal relationships between BMI and NICM, as
well as causal relationships between BMI and HTN, and HTN and NICM
(Figure 5). In the MVMR method, the mediation effect of HTN was
estimated to be an OR of 1.21 (95% CI [1.04-1.42]), which accounted for
31% of the total effect. Meanwhile, in the two-step method, the mediation
effect of HTN was estimated to be an OR of 1.20 (95% CI [1.11-1.30]),
accounting for 28% of the total effect.

Discussion

The relationships between obesity and CVDs, such as HF and ischaemic
heart disease, have been a persistent topic in clinical research. However,
the impact of obesity on NICM remains unclear. The introduction of the
concept of MHO has been accompanied by conflicting observations in the
current literature. In this study, we used Mendelian randomisation
methods to minimise confounding factors and explore the effects of
obesity on NICM, as well as its impact on vascular and cardiac structure
and function. Our study provides genetic evidence for a causal relationship
between obesity and NICM.
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Figure 4: Genetically Predicted Association of Eight Obesity-related

Traits: Association with Risk of LVIDd and LVM

Validation group (bbj-a-32 and bbj-a-34)

Unmatched LVIDd LVM
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We used another cardiac MRI dataset (left ventricular internal dimension in diastole [LVIDd] and left ventricular mass [LVM]) to validate the causal associations between the eight obesity phenotypes and
non-ischaemic cardiomyopathy. Except for class 3 obesity and childhood obesity, the other six obesity phenotypes, regardless of whether they were matched for CHD, had causal associations with LVIDd

and LVM. bbj-a-32, bbj-a-34 = Biobank Japan data code.

For a long time, obesity has been recognised as a key risk factor for
various CVDs.*? In a cohort study encompassing 13,730 subjects, elevated
BMI was found to have the strongest correlation with HF among the
various subtypes of CVD, conferring a risk ratio of 3.74 in the context of
severe obesity.* BMI has a notably strong correlation with the onset of
HF, especially HF with preserved ejection fraction (HFpEF). However, a
recent cohort study involving 2,339 participants, along with a cross-
sectional study that included 2,316 participants, discovered that
metabolically unhealthy phenotypes had a higher risk for CVDs, while the
risk was not elevated in individuals with MHO compared with healthy
normal-weight individuals.®* Nevertheless, it is important to note that
endpoints, such as HF, often take a longer period to develop, thereby
making it difficult to observe positive results in a short follow-up period. In
our study, using both UVMR and MVMR, a stable causal association
between obesity and NICM was identified, independent of metabolic
factors. In Mendelian randomisation studies, the utilisation of genetic
variants as instrumental variables ensures randomisation at birth,
eliminating the need for extended follow-up periods common in clinical
research. This distinctive approach effectively mitigates biases arising
from confounding factors, thus facilitating more reliable causal inferences
in epidemiological investigations.

In addition, the study suggests a causal relationship between obesity and
arterial diameter, heart structure and function. Overall, obesity leads to
increased artery diameter, LVEDV, RVEDV and stroke volume. Moreover,
obesity is causally linked to reductions in LVEF and RVEF. When matching
for CHD and HTN, most of the results remained consistent. This may

suggest that obesity often leads to a hyperdynamic state, gradually
resulting in decreased cardiac function. Some studies indicate that
bariatric surgery can improve cardiac function and metabolic syndrome in
patients with obesity.**~"" Compared with other obesity phenotypes, BMI
is the only indicator causally associated with both arterial and cardiac MRI
structure, as well as left and right ventricular systolic function and left
ventricular diastolic function. This suggests that BMI may be the best
obesity trait for predicting the impact of obesity on the myocardium. Of
the MRI indicators, LVM is the most influenced by the eight obesity
phenotypes. LVM could become an indicator for early prediction of
obesity-related cardiomyopathy or for assessing the extent of myocardial
involvement. Although childhood obesity similarly increases LVM and
ventricular diameter, it is not significantly associated with LVEF or RVEF.
WHR appears to be correlated only with fewer changes in cardiac
structure.

However, although our findings suggest that obesity independently
increases the risk of NICM, they do not exclude the possibility of metabolic
disorders acting as mediators in this process. Our study screened for nine
potential metabolic mediators: T2D, LDL cholesterol, triglycerides, urate
level, CRP level, HbA , fasting insulin, HOMA-IR and HTN. HTN serves as a
significant mediator in the BMI-NICM relationship. This aligns with the
well-documented association between obesity and HTN, in which obesity
influences elevated blood pressure through various pathways.” These
pathways encompass an increase in insulin resistance, activation of the
renin—angiotensin—aldosterone system and sympathetic nervous system,
endothelial dysfunction, and enhanced sodium retention.”® In our study,
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Figure 5: Multivariable Mendelian Randomisation and Mediation

Analysis for BMI and Non-ischaemic Cardiomyopathy

A
Exposure nsnp p-value OR OR [95% ClI]
Univariable MR H
BMI 362 2.06 x 107 i —— 1.87 [1.70-2.06]
|
MVMR E
BMI adjusted with LDL cholesterol 296 414 x 107 i —— 1.82[1.63-2.03]
BMI adjusted with HTN 387 1.24 x10™ i —— 1.56 [1.39-1.74]
BMI adjusted with urate 252 2.95 x 1072 i — 1.79 [1.59-2.41]
BMI adjusted with LDL cholesterol, urate and HTN 176 0.00000000226 : —— 1.61[1.38-1.89]
p<0.05 was considered statistically significant 0f5 : 1_I5 ; 2f5
) Protective factor Risk factor ]
B
Method Exposure nsnp p-value OR OR[95% CI] Proportion
Two-sample MR Total effect i
BMI to NICM 362 2.06 x10°¥ i - 1.87[1.70-2.06]
BMI to HTN 379 1,57 x 10 !l 1.07 [1.06-1.08]
HTN to NICM 50 0.00000829 ! —8——  14.07 [4.40-44.99]
MVMR Direct effect
BMI to NICM 387 124 x10™ | e 1.56 [1.39-1.74]
HTN to NICM 29 0.000000218 —— 11.19 [4.49-27.88]
|
Propagation of error Mediation effect 1 I""‘ 1.21[1.04-1.42] 31%
Delta method Mediation effect 2 1HH 1.20 [1.11-1.30] 28%
p<0.05 was considered statistically significant 0?5 1| 1_|5 ; 2?5 Lll 1|4 2|4 3|4 4|4
) Protective factor Risk factor -
Mediation effect 1 (Indirect effect 1) = Total effect (BMI to NICM) minus Direct effect (BMI to NICM, MVMR)
Mediation effect 2 (Indirect effect 2) = Total effect (BMI to HTN) x Total effect (HTN to NICM)

A: Multivariable Mendelian randomisation. After conducting a Two Sample Mendelian Randomization study on multiple metabolic-related indicators, we found that LDL cholesterol, hypertension (HTN)
and urate have causal associations with non-ischaemic cardiomyopathy (NICM). However, matching for these factors individually or collectively did not affect the causal relationship between BMI and
NICM. B: Mediation analysis. Using the propagation of error and the delta method, we evaluated the mediating influence of HTN on the association between BMI and NICM, finding mediating effects of
31% and 28%, respectively. MR = Mendelian randomisation; MVMR = multivariable Mendelian randomisation; nsnp = the number of SNPs.

consistent with prior research, we identified a significant causal effect of
BMI on HTN risk without any heterogeneity or pleiotropy. Furthermore,
HTN plays a pivotal role in driving myocardial structural changes,
remodelling, and decreased myocardial compliance, all of which are
closely linked to HFpEF.*® Consistently, our study confirms a genetic
causal link between HTN and NICM. These findings suggest that HTN
management can partially mitigate the occurrence of NICM in individuals
with obesity, while also highlighting the role of obesity and HTN
management in NICM. Furthermore, it warrants further investigation as to
whether obesity intervention for patients with HF or cardiac remodelling
can slow the progression of NICM. Notably, the weight-loss drug
semaglutide has shown promise in reducing the incidence of composite
endpoints, including cardiovascular death, non-fatal MI, and non-fatal
stroke, among obese individuals without diabetes who have CVD.
However, the study population primarily consisted of patients with pre-
existing CVD related to atherosclerosis.”® Despite this, rigorous studies
specifically targeting obese individuals without atherosclerotic disease

are still lacking. Therefore, the impact of weight loss on NICM in obese
populations remains an area for further exploration. Additionally, cardiac
MRI metrics may serve as more sensitive predictors for assessing
improvements in prognosis.

Strengths and Limitations

This Mendelian randomisation study elucidates the potential causal
relationship between obesity and NICM, as well as between obesity and
heart structure and function, from a genetic perspective. The study has
two significant strengths. First, it confirms, through Mendelian
randomisation analysis, that obesity, independent of other metabolic
factors, is causally associated with NICM. Using mediation Mendelian
randomisation analysis, it further dissects the role of HTN in the
development of NICM induced by obesity, thus laying a solid foundation
for the development of preventive and therapeutic strategies. Second,
the study expands its analytical scope by incorporating eight obesity-
related traits from diverse dimensions to systematically outline the factors
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associated with obesity exposure. Moving beyond solely considering
NICM as an outcome, it integrates assessments of 16 cardiac MRI
indicators, providing a more comprehensive evaluation of the relationship
between obesity and NICM. MVMR analysis was performed to adjust for
CHD, to ensure the robustness of the findings and eliminate the potential
influence of ischaemic pathways on myocardial structure. These findings
were further validated through additional MRI datasets.

This investigation acknowledges three limitations. First, due to the low
number of SNPs extracted in obesity class 3, a lower p-value threshold was
chosen for SNP screening. However, the F-values for SNPs in this analysis
were all greater than 10. In addition, the robustness of the results can be
ensured, given the inclusion of various obesity phenotypes. Second, there
is a significant overlap between the obesity dataset and MRI dataset. We
used the online tool available at https://sb452.shinyapps.io/overlap to
estimate the potential for type | errors. After evaluation, even if the samples
completely overlapped, the type | error rate was still maintained at 0.05 in
all analyses. We also verified the stability of the results by using additional
MRI datasets from different sources. Third, obesity is influenced by both
genetic factors and environmental exposure. Genetic prediction of obesity
can partially explain obesity in the real world. The relationship between
obesity and NICM in the real world may be more complex. Caution should
be exercised with this conclusion when referring to obesity caused by
specific environmental factors, for example, pharmacological obesity,
excessive eating habits, endocrine disease, lack of exercise, and so on.
However, regardless of whether obesity is caused by genetics or
environmental factors, the pathological physiological changes they cause

BMIin this study need to be interpreted with caution.

Conclusion

The present study offers initial genetic evidence supporting the causal
role of obesity in elevating the risk of NICM, using both UVMR and
MVMR methodologies. Furthermore, this study has demonstrated the
mediating influence of HTN in the link between obesity and NICM. The
identification of HTN’s mediating role highlights the need to integrate
obesity and HTN management into a comprehensive strategy for
reducing NICM risk. These findings hold considerable implications for
the prevention and management of NICM, especially considering the
widespread prevalence of obesity globally. Of the obesity phenotypes,
BMlis the only phenotype associated with reduced systolic and diastolic
function. LVM is the most sensitive cardiac MRI indicator affected by
obesity phenotypes.

Clinical Perspective

» Obesity leads to cardiac structural changes and contributes to
non-ischaemic cardiomyopathy (NICM) development, with
hypertension (HTN) acting as a mediator in the link between
increased BMI and NICM progression.

« Clinicians are encouraged to perform cardiac MRI'in obese
patients to identify early myocardial structural changes,
particularly the increase in left ventricular mass.

» Rigorous HTN management is needed in obese populations to

are similar. This conclusion also holds some value for these populations.

Finally, this study used “maximum LA volume/body surface area” to
represent LA size. Given the significant correlation between body surface
area and BMI, the conclusions regarding the correlation between LA and

with obesity.

mitigate the risk of NICM.

« This study provides evidence that a comprehensive obesity
management approach is crucial for preventing NICM.

» Obesity intervention studies are needed for heart failure patients

1

NCD Risk Factor Collaboration (NCD-RisC). Worldwide trends
in underweight and obesity from 1990 to 2022: a pooled
analysis of 3663 population-representative studies with 222
million children, adolescents, and adults. Lancet

healthy obesity and risk of cardiovascular disease among
adults in China: a retrospective cohort study. Diabetes Metab
Syndr Obes 2023;16:151-9. https://doi.org/10.2147/dmso.
$397243; PMID: 36760599.

healthy obese and incident cardiovascular disease events
among 3.5 million men and women. J Am Coll Cardiol
2017;70:1429-37. https://doi.org/10.1016/j.jacc.2017.07.763;
PMID: 28911506.

2024;403:1027-50. https://doi.org/10.1016/S0140- 10. Zhou Z, Macpherson J, Gray SR, et al. Are people with 19. Lecoeur E, Domeng O, Fayol A, et al. Epidemiology of heart
6736(23)02750-2; PMID: 38432237. metabolically healthy obesity really healthy? A prospective failure in young adults: a French nationwide cohort study.

2. Valenzuela PL, Carrera-Bastos P, Castillo-Garcia A, et al. cohort study of 381,363 UK Biobank participants. Eur Heart J 2023;44:383-92. https://doi.org/10.1093/
Obesity and the risk of cardiometabolic diseases. Nat Rev Diabetologia 2021,64:1963-72. https://doi.org/10.1007/ eurheartj/ehac651; PMID: 36452998.

Cardiol 2023;20:475-94. https://doi.org/10.1038/s41569-023- s00125-021-05484-6; PMID: 34109441. 20. Abdulla J, Keber L, Abildstrem SZ, et al. Impact of obesity as
00847-5; PMID: 36927772. 1. Vrtovec B. Cell therapy for nonischemic cardiomyopathy: a mortality predictor in high-risk patients with myocardial

3. Wang, Zhao L, Gao L, et al. Health policy and public health current status and future perspectives. Circ Res infarction or chronic heart failure: a pooled analysis of five
implications of obesity in China. Lancet Diabetes Endocrinol 2018;122:28-30. https://doi.org/10.1161/circresaha.117.312385; registries. Eur Heart J 2008;29:594-601. https://doi.
2021;9:446-61. https://doi.org/10.1016/52213-8587(21)00118- PMID: 29301843. 0rg/10.1093/eurheartj/ehn010; PMID: 18270214
2; PMID: 34097869. 12. Lu YW, Wang D-Z. Non-coding RNA in ischemic and non- 21. Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart

4. Larsson SC, Béck M, Rees JMB, et al. Body mass index and ischemic cardiomyopathy. Curr Cardiol Rep 2018;20:115. failure with preserved ejection fraction. Nat Rev Cardiol
body composition in relation to 14 cardiovascular conditions https://doi.org/10.1007/511886-018-1055-y; PMID: 30259174. 2017;14:591-602. https://doi.org/10.1038/nrcardio.2017.65;
in UK Biobank: a Mendelian randomization study. Eur Heart J ~ 13. Qi B, Yang Z-J, Huang N, et al. Searching for intrinsic PMID: 28492288.
2020;41:221-6. https://doi.org/10.1093/eurheartj/ehz388; causality between colonic dysbiosis and non-ischemic 22. Chen Q, Wu'Y, Gao Y, et al. Effect of visceral adipose tissue
PMID: 31195408. cardiomyopathy: a Mendelian randomization-based analysis. mass on coronary artery disease and heart failure: a

5. Kim MS, Kim WJ, Khera AV, et al. Association between J Cardiovasc Dev Dis 2023;10:420. https://doi.org/10.3390/ Mendelian randomization study. Int J Obes (Lond)
adiposity and cardiovascular outcomes: an umbrella review jcdd10100420; PMID: 37887867. 2022;46:2102-6. https://doi.org/10.1038/s41366-022-
and meta-analysis of observational and Mendelian 14. Wang Y, Jia H, Song J. Accurate classification of non- 01216-x; PMID: 35995978.
randomization studies. Eur Heart J 2021;42:3388-403. ischemic cardiomyopathy. Curr Cardiol Rep 2023;25:1299— 23. Burgess S, Davey Smith G, Davies NM, et al. Guidelines for
https://doi.org/10.1093/eurheartj/ehab454; PMID: 34333589. 317. https://doi.org/10.1007/511886-023-01944-0; performing Mendelian randomization investigations: update

6. Heidenreich PA, Bozkurt B, Aguilar D, et al. 2022 AHA/ACC/ PMID: 37721634. for summer 2023. Wellcome Open Res 2019;4:186. https://doi.
HFSA guideline for the management of heart failure: a 15. Ren J, Wu NN, Wang S, et al. Obesity cardiomyopathy: 0rg/10.12688/wellcomeopenres.15555.3; PMID: 32760811.
report of the American College of Cardiology/American evidence, mechanisms, and therapeutic implications. Physio/ ~ 24. Sanderson E. Multivariable Mendelian randomization and
Heart Association joint committee on clinical practice Rev 2021;101:1745-807. https://doi.org/10.1152/ mediation. Cold Spring Harb Perspect Med 2021;,11:a038984.
quidelines. Circulation 2022;145:€895-1032. https://doi. physrev.00030.2020; PMID: 33949876. https://doi.org/10.1101/cshperspect.a038984;
0rg/10.1161/cir.0000000000001063; PMID: 35363499. 16. Wong C, Marwick TH. Obesity cardiomyopathy: diagnosis PMID: 32341063.

7. Bliiher M. Metabolically healthy obesity. Endocr Rev and therapeutic implications. Nat Clin Pract Cardiovasc Med 25. Skrivankova VW, Richmond RC, Woolf BAR, et al.
2020;41:bnaa004. https://doi.org/10.1210/endrev/bnaa004; 2007;4:480-90. https://doi.org/10.1038/ncpcardio0964; Strengthening the reporting of observational studies in
PMID: 32128581 PMID: 17712361. epidemiology using Mendelian randomisation (STROBE-MR):

8. Wei D, Gonzalez-Marrachelli V, Melgarejo JD, et al. 17. Paratz ED, Ashokkumar S, van Heusden A, et al. Obesity in explanation and elaboration. BMJ 2021;375:n2233. https://
Cardiovascular risk of metabolically healthy obesity in two young sudden cardiac death: rates, clinical features, and doi.org/10.1136/bmj.n2233; PMID: 34702754.

European populations: prevention potential from a insights into people with body mass index >50 kg/m?. Am J 26. Hemani G, Tilling K, Davey Smith G. Orienting the causal
metabolomic study. Cardiovasc Diabetol 2023;22:82. https:// Prev Cardiol 2022;11:100369. https:/doi/org/10.1016/;. relationship between imprecisely measured traits using
doi.org/10.1186/512933-023-01815-6; PMID: 37029406. ajpc.2022.100369; PMID: 35928552 GWAS summary data. PLoS Genet 2017;13:e1007081. https:/

9. Ding J, Chen X, Shi Z, et al. Association of metabolically 18. Caleyachetty R, Thomas GN, Toulis KA, et al. Metabolically doi.org/10.1371/journal.pgen.1007081; PMID: 29149188.

CARDIAC FAILURE REVIEW
www.CFRjournal.com


https://sb452.shinyapps.io/overlap
https://doi.org/10.1016/S0140-6736(23)02750-2
https://doi.org/10.1016/S0140-6736(23)02750-2
https://doi.org/10.1038/s41569-023-00847-5
https://doi.org/10.1038/s41569-023-00847-5
https://doi.org/10.1016/S2213-8587(21)00118-2
https://doi.org/10.1016/S2213-8587(21)00118-2
https://doi.org/10.1093/eurheartj/ehz388
https://doi.org/10.1093/eurheartj/ehab454
https://doi.org/10.1161/cir.0000000000001063
https://doi.org/10.1161/cir.0000000000001063
https://doi.org/10.1210/endrev/bnaa004
https://doi.org/10.1186/s12933-023-01815-6
https://doi.org/10.1186/s12933-023-01815-6
https://doi.org/10.2147/dmso.s397243
https://doi.org/10.2147/dmso.s397243
https://doi.org/10.1007/s00125-021-05484-6
https://doi.org/10.1007/s00125-021-05484-6
https://doi.org/10.1161/circresaha.117.312385
https://doi.org/10.1007/s11886-018-1055-y
https://doi.org/10.3390/jcdd10100420
https://doi.org/10.3390/jcdd10100420
https://doi.org/10.1007/s11886-023-01944-0
https://doi.org/10.1152/physrev.00030.2020
https://doi.org/10.1152/physrev.00030.2020
https://doi.org/10.1038/ncpcardio0964
https://doi/org/10.1016/j.ajpc.2022.100369
https://doi/org/10.1016/j.ajpc.2022.100369
https://doi.org/10.1016/j.jacc.2017.07.763
https://doi.org/10.1093/eurheartj/ehac651
https://doi.org/10.1093/eurheartj/ehac651
https://doi.org/10.1093/eurheartj/ehn010
https://doi.org/10.1093/eurheartj/ehn010
https://doi.org/10.1038/nrcardio.2017.65
https://doi.org/10.1038/s41366-022-01216-x
https://doi.org/10.1038/s41366-022-01216-x
https://doi.org/10.12688/wellcomeopenres.15555.3
https://doi.org/10.12688/wellcomeopenres.15555.3
https://doi.org/10.1101/cshperspect.a038984
https://doi.org/10.1136/bmj.n2233
https://doi.org/10.1136/bmj.n2233
https://doi.org/10.1371/journal.pgen.1007081
https://doi.org/10.1371/journal.pgen.1007081

Obesity, Cardiac MRI Structure and Non-ischaemic Cardiomyopathy

27.

28.

29.

30.

31

32.

33.

34.

Burgess S, Thompson SG, CRP CHD Genetics Collaboration.
Avoiding bias from weak instruments in Mendelian
randomization studies. Int J Epidemiol 2011;40:755-64.
https://doi.org/10.1093/ije/dyr036; PMID: 21414999.
Powell-Wiley TM, Poirier P, Burke LE, et al. Obesity and
cardiovascular disease: a scientific statement from the
American Heart Association. Circulation 2021;143:e984—
€1010. https://doi.org/10.1161/cir.0000000000000973;
PMID: 33882682.

Wing RR, Lang W, Wadden TA, et al. Benefits of modest
weight loss in improving cardiovascular risk factors in
overweight and obese individuals with type 2 diabetes.
Diabetes Care 2011;34:1481-6. https://doi.org/10.2337/dc10-
2415; PMID: 21593294.

Saag KG, Becker MA, White WB, et al. Evaluation of the
relationship between serum urate levels, clinical
manifestations of gout, and death from cardiovascular
causes in patients receiving febuxostat or allopurinol in an
outcomes trial. Arthritis Rheumatol 2022;74:1593-601. https:/
doi.org/10.1002/art.42160; PMID: 35536764.

Ridker PM, Bhatt DL, Pradhan AD, et al. Inflammation and
cholesterol as predictors of cardiovascular events among
patients receiving statin therapy: a collaborative analysis of
three randomised trials. Lancet 2023;401:1293-301. https://
doi.org/10.1016/S0140-6736(23)00215-5; PMID: 36893777.
Kurki MI, Karjalainen J, Palta P, et al. FinnGen provides
genetic insights from a well-phenotyped isolated
population. Nature 2023;613:508-18. https://doi.org/10.1038/
s41586-022-05473-8; PMID: 36653562.

Pirruccello JP, Di Achille P, Nauffal V, et al. Genetic analysis
of right heart structure and function in 40,000 people. Nat
Genet 2022;54:792-803. https://doi.org/10.1038/s41588-
022-01090-3; PMID: 35697867.

Pirruccello JP, Bick A, Wang M, et al. Analysis of cardiac
magnetic resonance imaging in 36,000 individuals yields

35.

36.

37.

38.

39.

40.

41.

42.

genetic insights into dilated cardiomyopathy. Nat Commun
2020;11:2254. https://doi.org/10.1038/s41467-020-15823-7;
PMID: 32382064.

Thanaj, M, Mielke, J, McGurk, K.A. et al. Genetic and
environmental determinants of diastolic heart function. Nat
Cardiovasc Res 2022;1:361-71. https://doi.org/10.1038/ s44161-
022-00048-2; PMID: 35479509.

Gerhard EF, Wang L, Singh R, et al. LVAD decommissioning
for myocardial recovery: long-term ventricular remodeling
and adverse events. J Heart Lung Transplant 2021;40:1560—
70. https://doi.org/10.1016/j.healun.2021.08.001;

PMID: 34479776.

Li J, Feng YY, Hu CA, et al. Predictive value for mortality of
left ventricular wall thickness in dilated cardiomyopathy. £SC
Heart Fail 2023;10:3538-45. https://doi.org/10.1002/
ehf2.14534; PMID: 37735995.

Hemani G, Bowden J, Davey Smith G. Evaluating the
potential role of pleiotropy in Mendelian randomization
studies. Hum Mol Genet 2018;27:R195-208. https://doi.
0rg/10.1093/hmg/ddy163; PMID: 29771313.

Bowden J, Del Greco M F, Minelli C, et al. A framework for
the investigation of pleiotropy in two-sample summary data
Mendelian randomization. Stat Med 2017;36:1783-802.
https://doi.org/10.1002/sim.7221; PMID: 28114746.

Hemani G, Zheng J, Elsworth B, et al. The MR-base platform
supports systematic causal inference across the human
phenome. eLife 2018;7:e34408. https://doi.org/10.7554/
elife.34408; PMID: 29846171,

Yavorska 00, Burgess S. Mendelian randomization: an R
package for performing Mendelian randomization analyses
using summarized data. Int J Epidemiol 2017;46:1734-9.
https://doi.org/10.1093/ije/dyx034; PMID: 28398548.

Arbelo E, Protonotarios A, Gimeno JR, et al. 2023 ESC
qguidelines for the management of cardiomyopathies. Eur
Heart J 2023;44:3503-626. https://doi.org/10.1093/eurheartj/

CARDIAC FAILURE REVIEW
www.CFRjournal.com

43.

44,

45,

46.

47.

48.

49.

50.

ehad194; PMID: 37622657.

Ndumele CE, Matsushita K, Lazo M, et al. Obesity and
subtypes of incident cardiovascular disease. J Am Heart
Assoc 2016;5:e003921. https://doi.org/10.1161/
jaha116.003921; PMID: 27468925.

Adair KE, Padgett RN, von Waaden N, et al. Metabolic
health, obesity, and cardiovascular disease: 2015-2016
national health and nutrition examination survey. Am J Med
Sci 2021;361:244-52. https://doi.org/10.1016/.
amjms.2020.09.010; PMID: 33531147.

Gloy VL, Briel M, Bhatt DL, et al. Bariatric surgery versus
non-surgical treatment for obesity: a systematic review and
meta-analysis of randomised controlled trials. BMJ
2013;347:f5934. https://doi.org/10.1136/bm}.f5934;

PMID: 24149519,

Balakumaran K, Jabri A, Haddadin F, et al. Bariatric weight
loss surgery improves systolic function in obese patients
with heart failure. Curr Probl Cardiol 2023;48:101231. https://
doi.org/10.1016/j.cpcardiol.2022.101231; PMID: 35500735.
Wang Q, Yang W, Chen Y, et al. Impact of bariatric surgery
on cardiac function and structure in Chinese patients with
obesity. Metab Syndr Relat Disord 2023;21:378—88. https://doi.
0rg/10.1089/met.2022.0101; PMID: 37733057.

Seravalle G, Grassi G. Obesity and hypertension. Pharmacol
Res 2017;122:1-7. https://doi.org/10.1016/j.phrs.2017.05.013;
PMID: 28532816.

Faulkner JL. Obesity-associated cardiovascular risk in
women: hypertension and heart failure. Clin Sci (Lond)
2021;135:1523-44. https://doi.org/10.1042/cs20210384;
PMID: 34160010.

Lincoff AM, Brown-Frandsen K, Colhoun HM, et al.
Semaglutide and cardiovascular outcomes in obesity
without diabetes. N Engl J Med 2023;389:2221-32. https://
doi.org/10.1056/NEJM0a2307563; PMID: 37952131.


https://doi.org/10.1093/ije/dyr036
https://doi.org/10.1161/cir.0000000000000973
https://doi.org/10.2337/dc10-2415
https://doi.org/10.2337/dc10-2415
https://doi.org/10.1002/art.42160
https://doi.org/10.1002/art.42160
https://doi.org/10.1016/S0140-6736(23)00215-5
https://doi.org/10.1016/S0140-6736(23)00215-5
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1038/s41586-022-05473-8
https://doi.org/10.1038/s41588-022-01090-3
https://doi.org/10.1038/s41588-022-01090-3
https://doi.org/10.1038/s41467-020-15823-7
https://doi.org/10.1038
https://doi.org/10.1016/j.healun.2021.08.001
https://doi.org/10.1002/ehf2.14534
https://doi.org/10.1002/ehf2.14534
https://doi.org/10.1093/hmg/ddy163
https://doi.org/10.1093/hmg/ddy163
https://doi.org/10.1002/sim.7221
https://doi.org/10.7554/eLife.34408
https://doi.org/10.7554/eLife.34408
https://doi.org/10.1093/ije/dyx034
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1161/jaha.116.003921
https://doi.org/10.1161/jaha.116.003921
https://doi.org/10.1016/j.amjms.2020.09.010
https://doi.org/10.1016/j.amjms.2020.09.010
https://doi.org/10.1136/bmj.f5934
https://doi.org/10.1016/j.cpcardiol.2022.101231
https://doi.org/10.1016/j.cpcardiol.2022.101231
https://doi.org/10.1089/met.2022.0101
https://doi.org/10.1089/met.2022.0101
https://doi.org/10.1016/j.phrs.2017.05.013
https://doi.org/10.1042/cs20210384
https://doi.org/10.1056/NEJMoa2307563
https://doi.org/10.1056/NEJMoa2307563

