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Blood metabolites mediate
effects of breakfast skipping
on heart failure via Mendelian
randomization analysis

Luo Lv**, Yuli Guo%*, Zhongyi Zheng® & Bao Li**

Numerous observational studies have suggested a potential causal relationship between skipping
breakfast and cardiovascular diseases, including heart failure (HF). However, these studies are
susceptible to inherent confounders and the challenge of reverse causation, and the underlying
metabolic factors are not yet clear. Therefore, our aim is to assess the causal impact of breakfast
skipping on HF and the role of potential mediating metabolic products from a genetic perspective, by
conducting Mendelian Randomization (MR) studies and mediation analysis. We leveraged summary
data from the most extensive genome-wide association studies to date on breakfast skipping (with
193,860 participants), blood metabolites (with 118,461 participants), and HF (involving 47,309

cases and 930,014 controls). To explore the causal relationship between breakfast skipping and

HF, as well as the role of 249 potential blood metabolite mediators, we conducted bidirectional MR
and mediation MR analyses. We primarily employed the Inverse Variance Weighted (IVW) method,
complemented by various other techniques to ensure the comprehensiveness and reliability of our
analysis. Our research confirms a causal association between breakfast skipping and an increased
risk of HF (odds ratio [OR]: 1.378, 95% confidence interval [CI]: 1.047-1.813; p=0.022). Furthermore,
our research findings demonstrate that breakfast skipping is positively correlated with 6 blood
metabolites and negatively correlated with 2 others. Notably, our mediation MR analysis further
reveals that three blood metabolites act as mediators in the relationship between breakfast skipping
and the risk of HF. Specifically, the mediating effects are attributed to the ratio of docosahexaenoic
acid (DHA) to total fatty acids (proportion mediated =9.41%, 95% Cl: 2.10-28.61%), glucose
(proportion mediated =6.17%, 95% Cl: 0.97-28.53%), and glycoprotein acetyls (GlycA) (proportion
mediated =5.68%, 95% Cl: 0.94-21.62%). The combined mediating effects of these three factors total
20.53% (95%Cl: 8.59-91.06%). Our research confirms the causal relationship between genetically
instrumented breakfast skipping and HF, underscoring the potential mediating roles played by three
key blood metabolites: ratio of DHA to total fatty acids, glucose and GlycA. This discovery offers
valuable perspectives for clinical strategies targeting HF.

Heart failure (HF) remains a significant and escalating global health challenge, affecting millions worldwide and
leading to substantial health and economic burdens'. HF is a complex clinical syndrome caused by various fac-
tors that impair the heart’s ability to efficiently pump blood, thus failing to meet the body’s metabolic demands?.
Despite advancements in treatment and management strategies, the incidence and mortality of HF continue to
rise, highlighting the urgent need for prevention strategies targeting modifiable risk factors'. Among these, die-
tary habits, particularly breakfast consumption, have emerged as potential influencers of cardiovascular health®*.

Breakfast is often celebrated as the most crucial meal of the day across various cultures, essential for distribut-
ing energy and regulating metabolism’. Despite this, there is an increasing global trend of breakfast skipping®.
Research has shown that breakfast skipping increases the risk of cardiovascular diseases (CVD) and all cause
mortality’. Moreover, research underscores the significance of maintaining optimal dietary practices, including
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limiting breakfast skipping to fewer than three times per week, late-night dinners to less than three times per
week, and bedtime snacking to less than three times per week. Deviating from these dietary guidelines signifi-
cantly correlates with an elevated risk of myocardial infarction, angina, and HF®. Notably, prospective studies
indicate that eating cereals for breakfast can decrease the risk of HF’. Moreover, studies have shown that break-
fast skipping leads to elevated levels of specific bioactive metabolites in the bloodstream, such as low-density
lipoprotein (LDL)? and glucose'’, which are intimately associated with HF. For instance, a systematic review
and meta-analysis encompassing 77 prospective studies revealed that heightened glucose levels significantly
augment the risk of HF''. Additionally, a study involving 40,607 myocardial infarction patients demonstrated
that lowering LDL cholesterol substantially reduces the rate of hospitalizations for HF'2. Consequently, we posit
that breakfast skipping represents a risk exposure that indirectly heightens the risk of HF outcomes by influenc-
ing the levels of potential mediators, such as LDL and glucose, key bioactive metabolites. However, the current
understanding of the relationships between breakfast skipping and HEF, as well as between breakfast skipping and
blood metabolites, and between blood metabolites and HF, is primarily based on observational studies. These
studies are constrained by limited sample sizes and numerous confounding factors. This methodological limita-
tion poses significant challenges in eliminating the possibility of reverse causality, thus hindering the ability to
establish definitive causal links.

Mendelian randomization (MR), an innovative epidemiological approach, utilizes genetic variants tied to
specific exposures as instrumental variables (IVs) to explore their causal effects on health outcomes'®. This meth-
odology offers a robust defense against the biases stemming from confounding factors and reverse causation,
issues prevalent in traditional observational studies, by leveraging the inherent randomness and permanence
of genetic variants from conception'*. Esteemed for its capacity to mitigate bias and strengthen the validity of
its conclusions, MR is instrumental in probing the links between risk factors and disease development'®. We
conducted a bidirectional MR study and implemented a two-step MR approach, utilizing summary data from
the most comprehensive and recent genome-wide association studies (GWAS) on skipping breakfast, blood
metabolites, and HE, to explore the relationships among them.

Materials and methods

Study design

In this study, we employed a two-step MR approach for an in-depth mediation analysis, as shown in Fig. 1. Our
aim was to ascertain the relationship between skipping breakfast and the genetically predicted risk of HE, and
whether blood metabolite signatures could mediate this association. First, we assessed the effects of breakfast
skipping on HF, and then analyzed the potential mediating effects through two-step MR approach. In the first
step, we evaluated the causal effects of breakfast skipping on potential mediating factors; in the second step, we
analyzed the causal impact of these potential mediating factors on HE. The MR methodology utilized in this
study adheres to three essential criteria for accurate causal inference: (1) There must be a robust association
between the IVs and the exposure. (2) The IVs should not be linked with any confounders that could affect the
relationship between the genetic variants and HF outcomes. (3) The impact of the IVs on HF outcomes should
be mediated exclusively through their connection with the exposure, without any alternative indirect pathways'®.

Confounders
Assufnption 2 B|00d_
metabolites
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C
Instrumental Breakfast — Heart failure
variables Assumption 1 skipping ®
Assumption 3
Assumption 1 Main method
1.P<5%10% IVW UVMR IVW MVMR
2.12<0.001; kb > 10000 Secondary Analysis
3. F-statistics >10 MR-Egger, weighted median,
weighted mode, and simple
mode

Figure 1. The study design. The study design is divided into three parts. The first part assesses the causal
relationship between breakfast skipping and heart failure (c). The second part examines the causal link of
breakfast skipping on blood metabolites (a). The third part evaluates the causal relationship of blood metabolites
associated with breakfast skipping on heart failure (b). IVW Inverse Variance Weighted, UVMR Univariable
Mendelian Randomization, MVMR Multivariable Mendelian Randomization.
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Data sources

In our MR analysis, we used datasets from publicly accessible GWASs, thus obviating the need for ethical
approval'’. The datasets employed are complete with no missing values for the key variables used, eliminating
the need for employing methods to handle missing data such as multiple imputation or weighting and modeling
methods'®"’. Additionally, when the exposure SNPs were not available in the outcome dataset, we chose not to
use proxy SNPs by default. Details of the GWAS data sources used are provided in Supplementary Table S1. The
dataset related to breakfast skipping was obtained from a comprehensive study, providing detailed genetic varia-
tion maps for 193,860 individuals of European ancestry®. This survey utilized the Oxford WebQ to systematically
collect dietary data, where participants retrospectively reported their food and beverage intake over the previous
24 h. Based on up to five dietary recalls per participant and their responses, breakfast consumption was estimated
and categorized into “never eat breakfast,” “sometimes skip breakfast,” and “regular breakfast consumers”.

The GWAS dataset for blood metabolites was derived from an expansive metabolomics dataset recently made
available by the UK Biobank*'. Employing nuclear magnetic resonance spectroscopy technology, researchers
analyzed non-fasting EDTA plasma samples from a randomly selected group of 118,461 UK Biobank participants.
This analysis resulted in the quantification of 249 metabolic traits, comprising 168 absolute concentrations and 81
ratios. These metabolic traits cover a broad spectrum, including various lipoprotein lipids, fatty acids and their
subclasses, along with a multitude of low-molecular-weight metabolites such as amino acids, ketone bodies, and
metabolites related to glycolysis, all measured in molar concentrations.

The HF dataset was acquired from the HERMES Consortium, which includes data on 47,309 cases and
930,014 controls*. The cases consist of individuals who have been clinically diagnosed with HF from any etiol-
ogy, without any selection criteria based on the left ventricular ejection fraction.

Instrumental variable selection

In our research, we initially set a genome-wide significance threshold of p <5x 10® to pinpoint single nucleotide
polymorphisms (SNPs) significantly correlated with breakfast skipping. However, the number of SNPs that met
this criterion was insufficient for conducting MR analysis. Consequently, we relaxed this threshold to p<5x 107,
similar to previous MR studies®. For the selection of genetic IVs related to blood metabolites and HF, we applied
the same genome-wide significance threshold of p <5x 107°. Afterwards, independent SNPs were obtained by
linkage disequilibrium (LD) clumping with a threshold 2 <0.001 and an allele distance > 10,000 kb. To mitigate
the risk of horizontal pleiotropy in our analysis, we employed the PhenoScanner v2 database (http://www.pheno
scanner.medschl.cam.ac.uk) to meticulously evaluate the phenotypes associated with each SNP. Furthermore, we
systematically excluded SNPs associated with recognized confounders such as smoking, alcohol consumption,
diabetes, body mass index, coronary artery disease, cardiomyopathy, hypertension, and obesity**°. Addition-
ally, all palindromic SNPs were excluded. The strength of the association between these genetic instruments and
breakfast skipping was quantified by calculating the R?-values. To evaluate the potential for weak instrument
bias, the F-statistic was calculated. An F-value exceeding 10 suggested the lack of such bias, thus strengthening
the credibility of our causal inferences®.

Multivariable Mendelian randomization analysis and MR mediation analysis

First, we identified key metabolites that had MR causal support for both breakfast skipping on the mediators
and the mediators on the HE. Subsequently, we conducted multivariable Mendelian randomization (MVMR)
mediation analysis to explore the degree to which these characteristics mediate the effect of genetically predicted
breakfast skipping on the risk of HE. In MVMR, the total effect of each exposure is decomposed into direct and
indirect effects. This allows for the estimation of potential mediating effects and the proportion of the main
exposure’s effect on the outcome mediated through other considered exposures. We use the following formula
to calculate the proportion of the effect mediated by any potential mediator (E%): E (%) = (X from k=1 to K of
BixBa) | (Z from k=1 to K of (B5+ 8, x f))?%. In this equation: B, represents the MR effect of the exposure (e.g.,
breakfast skipping) on the mediator (e.g., glucose). f3, represents the MR effect of mediator k (e.g., a specific
metabolite like glucose) on the outcome (e.g., HF), adjusted for genetically determined breakfast skipping. f; is
the direct MR effect of the exposure (breakfast skipping) on the outcome (HF), adjusted for genetically deter-
mined potential mediators. The summation (X) over k indicates that the calculation is done for each mediator
and then summarized to consider all potential mediators. This method quantifies the portion of the relationship
between exposure and outcome explained by mediators, helping to understand potential biological pathways. All
regression coefficients (f) are derived using the inverse variance weighted (IVW) method from MR tool analysis.

Sensitivity analysis

In this study, we employed the IVW method as our principal analytical approach. This method assumes that each
SNP, serving as an IV, has a uniform causal effect on the exposure variable?. To further enhance the robustness of
our analysis, we incorporated the weighted median method, simple mode method, and weighted mode method
estimations. The weighted median method provides a robust estimate of the causal effect by calculating the
median estimate across all IV, effectively reducing the impact of potentially invalid IVs*. The simple mode and
weighted mode method strengthen the analysis by identifying the most common causal effect estimate, making
it particularly useful in the presence of significant heterogeneity among IVs. For the evaluation of heterogeneity
between IVs, Cochran’s Q test was utilized. Simultaneously, the intercepts from MR Egger and MR-PRESSO
method regressions were used to measure horizontal pleiotropy®'?2. A p-value greater than 0.05 indicates no
horizontal pleiotropy in our study outcomes. Throughout the analysis, considerable emphasis was placed on
performing a leave-one-out analysis to ascertain whether any single SNP had a disproportionate impact on the
overall findings, ensuring our conclusions were not skewed by any individual SNP.
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In our analysis, we used the mRnd tool (http://shiny.cnsgenomics.com/mRnd/) to assess the ability to detect
true causal relationships. This tool applies the non-centrality parameter of the two-sample MR method to binary
outcomes. This advanced computation takes into account the variance explained by the IVs, the odds ratio
(OR) of the exposure effect on the outcome, the proportion of cases in the outcome, and the total sample size,
providing a rigorous estimate of our study’s capability to determine significant results*’. Additionally, the issue
of multiple testing correction was addressed through the application of the Bonferroni correction procedure®.
After adjustment, P values were defined as statistically significant, where the significance threshold between
breakfast skipping and HF was set at 0.025 (0.05/2), between breakfast skipping and blood metabolites at 0.0001
(0.05/249/2), and between blood metabolites related to breakfast skipping and HF at 0.0031 (0.05/8/2). P values
less than 0.05 were considered to have suggestively significant associations. All these analyses were conducted
using the TwoSampleMR, Mendelian Randomization, and MR-PRESSO packages in The R Project for Statistical
Computing version 4.3.1, along with the URL https://www.r-project.org/.

Ethical approval

Our study utilizes publicly accessible GWAS datasets, which have already undergone rigorous ethical review and
approval, ensuring participant consent and data anonymization. Consequently, MR analyses using these data typi-
cally do not require separate ethical approval'”. We maintain high ethical standards in our research by verifying
data source compliance, adhering strictly to data security measures, and ensuring transparency in our data usage.

Results

Genetic causality between breakfast skipping and HF

In this research, based on the established criteria for selecting IVs, we incorporated 24 independent SNPs as IVs
for breakfast skipping (Supplementary Table S2). The R? value for breakfast skipping is 0.002, and the median
F-statistic is 17.1 (range 14.9-22.8), suggesting robust IVs. Our analysis shows a power of 0.96, indicating a high
likelihood of accurately detecting a causal effect of breakfast skipping on HF, highlighting the strength of our
results. Employing the IVW method as the primary method of analysis, findings reveal a causal connection of
breakfast skipping on the risk of HF (OR: 1.378, 95% confidence interval [CI]: 1.047-1.813; p=0.022), achiev-
ing statistical significance. The primary results of our MR study are presented in Fig. 2 and further detailed in
Supplementary Table S3. The Cochran Q test detected no heterogeneity within our analysis (Supplementary
Table S6), and the MR-Egger intercept test and MR-PRESSO analysis showed no evidence of horizontal pleiotropy
(Supplementary Table S7). Additionally, the visualized results of our findings are presented in Supplementary
Fig. S1, which includes forest plots, scatterplots, and leave-one-out sensitivity analysis plots.

Furthermore, we conducted a reverse MR analysis. We included 43 independent SNPs as IV for HE, as shown
in Supplementary Table S2. The R? value for HF is 0.039, and the median F-statistic is 744.5 (range 629.4-2426.3),
indicating strong instrument validity. Figure 2 and Supplementary Table S3 showed that no significant causal
effect of HF on skipping breakfast was found (OR=1.018, 95% CI [0.997, 1.040], p=0.101). No heterogeneity
and horizontal pleiotropy were discovered (Supplementary Table S6 and S7). Similarly, the visualization of the
results is displayed in Supplementary Fig. S1.

Association of breakfast skipping with blood metabolites

In our study examining the relationship between breakfast skipping and 249 metabolic markers in blood, we
utilized the IVW method as our principal analysis technique. The findings demonstrated a positive correlation
between breakfast skipping and 6 metabolic markers, alongside a negative correlation with 2 markers (Fig. 3,
Supplementary Table S4). Among these, we identified a statistically significant causal relationship for ratio of
docosahexaenoic acid (DHA) to total fatty acids (Beta: —0.303, 95% CI: - 0.451- to 0.155; p=0.00006). However,
after applying the Bonferroni correction for multiple comparisons, the other associations were not statisti-
cally significant. These markers are primarily involved in several crucial biochemical pathways such as glucose
metabolism, ketone body formation, lipid metabolism, and amino acid metabolism. In the reverse MR analysis,
all IVW p-values of casual effect of the 8 metabolites on breakfast skipping were greater than 0.05, indicating no
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Figure 2. The forest plot of the causal relationship between breakfast skipping and heart failure.
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Figure 3. The forest plot of the causal relationship of breakfast skipping on blood metabolites in IVW method.
IVW Inverse Variance Weighted, DHA docosahexaenoic acid, MUFA monounsaturated fatty acids, BCAA
branched-chain amino acids.

association (Supplementary Table S4). Using Cochran’s Q statistic, MR-Egger intercept test, and MR-PRESSO
analysis, we confirmed no significant heterogeneity or horizontal pleiotropy in this MR analysis, as detailed in
Supplementary Tables S6 and S7. Furthermore, the visual representations of our findings can be found in Sup-
plementary Fig. S2, featuring forest plots, scatterplots, and leave-one-out sensitivity analysis plots.

Association of blood metabolites with HF

In our previous research, we identified the potential impact of breakfast skipping on 8 blood metabolic traits.
Building on this discovery, we further investigated the potential causal effects of these metabolites on HE. The
study selected 506 SNPs as IVs for blood metabolites (Supplementary Table S2). For these blood metabolites,
the R? value ranges from 0.010 to 0.070, and the median F-statistic is 24.8 (range 16.6-3929.5). Utilizing MR
analysis, we discovered suggestive associations between the ratio of DHA to total fatty acids (OR: 0.877, 95% CI:
0.776-0.992, p=0.036), glucose (OR: 1.116, 95% CI: 1.013-1.230, p=0.026), and glycoprotein acetyls (GlycA)
(OR: 1.077, 95% CI: 1.005-1.155, p=0.035) with HF (Fig. 4 and Supplementary Table S5). Furthermore, our
power analysis when HF is the outcome shows that the power for the ratio of DHA to total fatty acids is 0.91,
for glucose is 0.91, and for GlycA is 0.93. All these power values are greater than 0.9, demonstrating the high
statistical efficacy of our analysis. However, these associations did not reach statistical significance after Bonfer-
roni correction. Similarly, the reverse MR analysis did not yield suggestively significant p-values between HF
and the 3 blood metabolites (IVW p>0.05) (Supplementary Table S5). Notably, the analysis did not reveal any
significant heterogeneity or horizontal pleiotropy, enhancing the stability and credibility of the results (Supple-
mentary Table S6 and S7). Moreover, the graphical depictions of our findings are illustrated in Supplementary
Fig. S3, which includes forest plots, scatterplots, and leave-one-out sensitivity analysis plots.
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Figure 4. The forest plot of the causal relationship of blood metabolites associated with breakfast skipping on
heart failure. DHA docosahexaenoic acid.
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Mediation effect of blood metabolites

First, we explored those key metabolites that had causal support from MR for both an effect of exposure on
mediators and of the mediators on outcome: ratio of DHA to total fatty acids, glucose, and GlycA. Accordingly,
we confirmed 3 important metabolites, with their contributing to mediation of breakfast skipping on HF. The
detrimental effect, i.e., direct effect, of genetically predicted breakfast skipping on HF risk attenuated from
OR 1.378 (95% CI 1.047-1.813) in IVW univariable analysis to OR 1.291 (95% CI 1.007-1.656), 1.314 (95%
CI 1.019-1.693), and 1.331 (95% CI 1.043-1.698) after adjusting for ratio of DHA to total fatty acids, glucose,
and GlycA, respectively, and to 1.206 (95% CI 0.967-1.503) after adjusting for them three in MVMR analysis
(Supplementary Table S8). Then, the proportion of the effect of genetically predicted breakfast skipping medi-
ated through genetically predicted ratio of DHA to total fatty acids, glucose, and GlycA individually, as well as
them together was estimated to be 9.41% (95% CI 2.10-28.61%), 6.17% (95% CI 0.97-28.53%), 5.68% (95% CI
0.94-21.62%), and 20.53% (95% CI 8.59-91.06%), respectively (Table 1).

Discussion

In our mediation MR study, we found a significant causal association between breakfast skipping and the risk
of HE. According to the mediation MR findings, the ratio of DHA to total fatty acids, glucose, and GlycA could
respectively account for 9.41%, 6.17%, and 5.68% of the effect of skipping breakfast on the risk of HE. Combined,
these three metabolites accounted for 20.53% of the effect.

A meta-analysis has shown that breakfast skipping is associated with an increased risk of heart disease®.
Furthermore, a comprehensive systematic review has reinforced the benefits of regularly consuming breakfast for
cardiovascular health, indicating that individuals who eat breakfast more than three times a week have a reduced
risk of CVDs, type 2 diabetes, hypertension, and cardiovascular mortality compared to those who eat breakfast
three times a week or less*. Consistently, a prospective study has linked not eating breakfast with a significant
increase in mortality from CVDs*. Beyond heart disease, numerous studies have associated breakfast skipping
with an increased risk of various health issues, including hypertension®, diabetes!?, obesity*’, and an elevated
risk of coronary heart disease*’. Overall, these conditions are recognized risk factors for HE

DHA and eicosapentaenoic acid (EPA) represent crucial forms of omega-3 polyunsaturated fatty acids
(PUFAS), playing a vital role in maintaining cardiovascular health*!. The ratio of DHA to total fatty acids, as a
composite biomarker, may more accurately reflect the impact of dietary habits on lipid metabolism. Regularly
breakfast skipping can affect metabolic stress responses and disrupt circadian rhythms, leading to compensatory
increases in energy intake and changes in food choices*»**. This dietary pattern may not only indirectly cause
a daily deficiency in the intake of DHA-rich foods like deep-sea fish but also disrupt lipid balance, leading to
changes in the ratio of DHA to total fatty acids. Besides, poor dietary habits are typically linked to an overall
unhealthy lifestyle, which may lead low intake of DHA*. Breakfast skipping may exacerbate chronic inflamma-
tion, potentially impacting the metabolism of fatty acids such as DHA*. Studies have shown that these fatty acids
can reduce the risk of CVD through various mechanisms, including enhancing the electrophysiological proper-
ties of the heart, reducing inflammatory responses, and optimizing lipid profiles*. Notably, DHA preferentially
incorporates into cell membranes over EPAY, significantly influencing calcium and potassium channels that are
crucial in regulating heart rate and myocardial contractility*®. Additionally, DHA and EPA effectively suppress
the nuclear factor kB (NF-kB) pathway, ameliorating cardiac inflammation and oxidative stress, thereby averting
pathological cardiac remodeling®. Omega-3 PUFAs also rectify mitochondrial dysfunction®’, boosting the energy
metabolism of cardiac cells, which further supports cardiac function. Moreover, omega-3 PUFAs ameliorate lipid
profiles by reducing plasma triglyceride levels®!, contributing to the alleviation of arteriosclerosis, and thereby
indirectly enhancing the cardiac function and overall health of HF patients. Empirical evidence supports that
exogenous supplementation of DHA and EPA has been proven to significantly decrease hospitalization rates
and mortality risk in patients with HE, thereby improving their prognosis®. Furthermore, omega-3 PUFAs are
particularly beneficial for patients with HF, as they can reduce ventricular remodeling and myocardial fibrosis,
and improve the contractile and relaxation functions of the ventricles®®. Multiple studies have confirmed the
positive impact of omega-3 PUFAs on the prognosis of HF**-¢, Therefore, incorporating DHA and EPA into
the diet or through supplementation is essential for cardiovascular health, particularly in the management and
prognosis of HE.

Consuming breakfast is crucial for promoting normal insulin secretion, which helps maintain stable blood
glucose levels. Conversely, breakfast skipping can disrupt our circadian clock and the expression of its regulatory

OR 95% CI pvalue | Mediation effect (%)
MR-IVW regression, crude 1.378 | 1.047,1.813 | 0.022
Multivariable model
(1) Adjusted for ratio of DHA to total fatty acids 1.291 | 1.007,1.656 | 0.044 9.41 (2.10-28.61)
(2) Adjusted for glucose 1.314 | 1.019,1.693 | 0.035 6.17 (0.97-28.53)
(3) Adjusted for GlycA 1.331 | 1.043,1.698 | 0.021 5.68 (0.94-21.62)
(4) Adjusted for ratio of DHA to total fatty acids, glucose, and GlycA | 1.206 | 0.967,1.503 | 0.096 20.53 (8.59-91.06)

Table 1. Multiple separate-sample MR analysis of causal effect of breakfast skipping on HF risk based on IVW
MVMR model. DHA docosahexaenoic acid, GlycA glycoprotein acetyls.
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genes, leading to changes in circadian rhythms and abnormalities in glucose metabolism, resulting in increased
postprandial blood sugar levels in both healthy individuals and diabetes patients®”. Furthermore, breakfast
skipping can lead to unstable insulin responses and decreased insulin sensitivity, thereby increasing blood sugar
levels®. It may also cause excessive hunger at lunch and dinner, leading individuals to choose high-sugar or
high-carbohydrate foods that rapidly increase blood glucose ***3. Moreover, breakfast skipping can elevate stress
hormone levels, such as cortisol, which in turn boost blood sugar as part of the body’s response to physical
and psychological stress*. Elevated blood glucose levels contribute to oxidative stress, causing free radicals to
damage cardiac cells and promote inflammation, which impairs cardiac function®. Hyperglycemia also affects
endothelial function, reducing vascular dilation capacity and worsening hemodynamics, thereby increasing car-
diac workload and contributing to heart failure progression®'. Additionally, chronic high blood sugar can cause
metabolic disturbances like excessive fatty acid oxidation, leading to the accumulation of harmful metabolites
such as advanced glycation end-products (AGEs), which further damage cardiac tissue®’. Hyperglycemia also
activates inflammatory pathways such as the NF-«kB pathway, exacerbating cardiac inflammation and tissue
damage®. Breakfast skipping is associated with poor glycemic control in healthy individuals® and significantly
raises the risk of developing type 2 diabetes'. There is a significant correlation between type 2 diabetes patients
and an increased risk of HE, even when blood glucose levels are controlled within the normal range during the
prediabetic phase'!. Therefore, breakfast skipping can disrupt the body’s natural regulation of blood sugar levels,
thereby exacerbating the risk of HE.

GlycA is a composite biomarker closely associated with both acute and chronic systemic inflammation and
is considered an important indicator of cardiac metabolic risk®. It quantifies systemic inflammation through
the measurement of various acute-phase proteins®. Elevated GlycA levels indicate heightened inflammation
within the body, which is central to the pathogenesis of HF®’. Inflammation plays a critical role in the develop-
ment of HF by promoting cardiac remodeling and functional impairment, thereby increasing the risk of HF.
As we have previously discussed, breakfast skipping can lead to elevated blood glucose levels, which intensify the
inflammatory response by activating the NF-«B pathway, subsequently elevating GlycA levels®”%. Additionally,
breakfast skipping prolongs the overnight fasting period and increases adrenergic activity, further enhancing
the inflammatory response®. Moreover, breakfast skipping can elevate stress hormone levels and encourage
the consumption of foods high in sugar and fat during subsequent meals, thereby intensifying inflammatory
responses*>*>>. These factors collectively influence GlycA levels. Numerous studies have highlighted the close
relationship between levels of GlycA and CVD events’"2, with a significant prospective study further confirm-
ing the correlation between GlycA levels and the incidence of HF”?. Furthermore, research has discovered a link
between the habit of breakfast skipping and chronic inflammation, suggesting that breakfast skipping could
potentially have a negative impact on inflammation levels by increasing GlycA levels®. This has been corrobo-
rated by a cross-sectional study, which demonstrated that individuals who only ate breakfast five days a week
exhibited higher levels of GlycA compared to those who ate breakfast six days a week”. Therefore, these findings
underscore the potential value of improving dietary habits, particularly ensuring daily breakfast consumption,
as a strategy to lower GlycA levels and reduce the risk of heart disease.

Although our study identified relatively modest mediated proportions of HF risk through glucose and GlycA
at 6.17% and 5.68%, respectively, the clinical significance of these findings underscores the pivotal role of meta-
bolic pathways in HF pathogenesis. The pathophysiology of HF is complex and multifaceted’, and even these
modest proportions have significant implications for risk assessment and preventive strategies across a broad
population base. Across a broad population, these modest reductions in risk could yield significant public health
gains. Compared with major risk factors such as hypertension and smoking, the effects of glucose and GlycA are
less pronounced but provide additional explanatory power in the overall risk composition. This highlights the
critical role of targeted metabolic regulation through dietary adjustments (such as maintaining a regular breakfast
routine), lifestyle interventions, and pharmacological strategies to effectively manage blood glucose and reduce
inflammation’®””. Specifically, glycemic control is not merely associated with direct prevention of heart failure
but is also integral to enhancing the prognosis of those afflicted. Research has demonstrated that stringent blood
glucose management in patients with diabetes markedly decreases the risk of developing HF”®. Furthermore,
as we have previously discussed, GlycA is an inflammatory biomarker linked to HF”, suggesting that reducing
its levels could attenuate inflammatory processes and potentially decrease the risk of HE. Moreover, the utility
of monitoring glucose and GlycA levels in the early diagnosis of HF merits additional investigation, as these
metabolites could potentially act as biomarkers for early risk assessment’. Early detection and intervention are
critical in enhancing the prognosis of HE.

Perspective in the future and limitations
We were the first to use MR to explore the causal relationship between breakfast skipping and HF, as well as the
mediating role of blood metabolites. Our study leveraged robust statistical methods to ensure the reliability of
our findings on the causal effects of breakfast skipping on HE We carefully selected genetic instruments based
on R? values, F-statistics, and power estimates, which demonstrated their strong ability to avoid weak instrument
bias and confirmed their effectiveness in our analyses. To address potential biases, we utilized MR-Egger Regres-
sion and the MR-PRESSO test to rigorously control for pleiotropy and other biases, confirming the accuracy of
our causal estimates. Furthermore, our use of a MVMR approach effectively controlled for both measured and
unmeasured confounders, reinforcing the strength of our findings that breakfast skipping significantly increases
the risk of HE These methodological approaches underscore the rigor and dependability of our study.

This discovery opens new avenues for the treatment and prevention of HE. Our findings provide a founda-
tion for clinical interventions, clinical doctors may use this information to recommend dietary modifications
for HF patients, particularly in terms of breakfast consumption. It is reccommended that HF patients increase
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their intake of DHA-rich foods, consume low glycemic index foods such as whole grains and legumes, and
follow an anti-inflammatory Mediterranean diet to control blood sugar and reduce inflammation®-%2. Beyond
standard medication treatments, the research supports integrating dietary management into the routine care of
HF patients. Furthermore, by identifying the metabolic changes in these three metabolites, this study provides
a scientific foundation for early intervention strategies for HF patients”®. From a public health perspective, our
research underscores the significance of breakfast, promoting awareness of healthy dietary habits that can help
decrease the incidence of HF. Additionally, building on our research, future investigations could explore the
multifaceted impact of dietary habits on HE. Research directions should include examining the influence of meal
timing and frequency, and evaluating various dietary patterns such as high-protein, low-carbohydrate, and vegan
diets. It is also critical to assess the interactions between diet and pharmacotherapy, specifically how dietary
practices affect the pharmacodynamics and side effects in HF management. Additionally, longitudinal studies
assessing the long-term impacts of dietary interventions are essential. Further research should also consider
demographic variability in dietary effects across different ages, genders, races, and socioeconomic statuses, as well
as the implications of dietary habits on HF in patients with comorbid chronic conditions such as hypertension,
obesity, and diabetes. These investigative pathways are crucial for enhancing our comprehension of the dietary
influences on HF and will provide robust evidence for formulating more efficacious clinical and public health
strategies to ameliorate patient health outcomes.

This study has several limitations. First, the MR approach relies on strong genetic IVs, whose effects may vary
across different populations. Our study primarily involves European subjects, potentially limiting the applicability
of our findings to other populations. To overcome this limitation, future research should aim to incorporate a
more diverse, multi-ethnic cohort. This expansion is crucial not only for validating our current findings across
different demographics but also for identifying potential population-specific effects. Such insights could lead to
more precise and effective dietary recommendations tailored to specific groups. Second, the nature of GWAS
data restricts our ability to grade the severity of HF and compare the causal impacts among patients with vary-
ing degrees of the condition. Furthermore, despite employing multiple MR methods to mitigate pleiotropy,
fully eliminating its influence remains challenging. The basic assumption of MR is that genetic instruments
should only affect outcomes through specified pathways'®, yet unmeasured confounders and environmental
factors such as lifestyle, dietary habits, and socioeconomic status may interact with genetic predispositions,
affecting the expression of phenotypes. Despite employing MVMR models and sensitivity analysis methods like
MR-Egger regression to detect directional pleiotropy and assess the robustness of MR assumptions, these meth-
ods are limited and cannot fully eliminate the impact of all unmeasured confounders. Future research should
consider employing stratified analyses or models incorporating interaction terms to explore the influence of
environmental factors on genetic effects. Additionally, integrating environment-wide association studies (EWAS)
could identify environmental variables that interact with genetic factors, offering a more comprehensive view of
disease etiology®. Finally, Although the associations with glucose and GlycA may have biological relevance, we
must acknowledge that they did not reach the stringent threshold set by Bonferroni correction. However, strict
application of the Bonferroni correction, while minimizing the risk of Type I errors, may lead us to overlook
potential biologically relevant pathways. Given the exploratory nature of our study, we also included these sug-
gestively significant mediators to capture a broader spectrum of potential biological mechanisms. MR, by its
hypothesis-driven nature, enables the detection of causally relevant associations that have biological underpin-
nings, independent of the stringent adjustments for multiple comparisons. Thus, our exploratory work prior-
itizes identifying biologically significant associations that merit further investigation in larger datasets, despite
not achieving strict statistical significance after rigorous correction. This approach aligns with the exploratory
and hypothesis-testing objectives of our study, highlighting potential pathways and targets for further detailed
investigation and validation in larger cohorts.

Conclusion

As far as we are aware, this study stands as the inaugural comprehensive assessment of the causal connections
among breakfast skipping, blood metabolites, and HE. Our MR analysis uncovers a potential causal pathway
linking the act of breakfast skipping to HF, mediated through specific changes in blood metabolites, including
the ratio of DHA to total fatty acids, glucose levels, and GlycA. These findings shed light on the genetic underpin-
nings of the relationship between breakfast habits, blood metabolite profiles, and HF, offering valuable insights
for future research in both the mechanisms and clinical management of this condition.
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The article includes annotations indicating the sources of all original data. For access to these sources, please
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