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Abstract 

Background and aim Previous observational investigations have indicated a potential association between relative 
dietary macronutrient intakes and atrial fibrillation and flutter (AF) risk. In this study, we employed Mendelian Rand-
omization (MR) to evaluate the presence of causality and to elucidate the specific causal relationship.

Methods We employed six, five, and three single nucleotide polymorphisms (SNPs) as instrumental variables for rela-
tive carbohydrate, protein, and fat intake, identified from a genome-wide association study that included 268,922 
individuals of European descent. Furthermore, we acquired summary statistics for genome-wide association stud-
ies on AF from the FinnGen consortium, which involved 22,068 cases and 116,926 controls. To evaluate the causal 
estimates, we utilized the random effect inverse variance weighted method (IVW) and several other MR methods, 
including MR-Egger, weighted median, and MR-PRESSO, to confirm the robustness of our findings.

Results Our analysis indicates a convincing causal relationship between genetically predicted relative carbohydrate 
and protein intake and reduced AF risk. Inverse variance weighted analysis results for carbohydrates (OR = 0.29; 95% CI 
(0.14, 0.59); P < 0.001) and protein (OR = 0.47; 95% CI (0.26, 0.85); P = 0.01) support this association. Our MR analysis did 
not identify a significant causal relationship between relative fat intake and AF risk.

Conclusion Our study provides evidence supporting a causal relationship between higher relative protein and car-
bohydrate intake and a lower risk of atrial fibrillation (AF).

Keywords Cardiovascular disease, Dietary macronutrient intake, Atrial fibrillation risk, Mendelian randomization

Introduction
Atrial fibrillation (AF) is a common arrhythmia typi-
cally caused by electrical abnormalities within the heart, 
leading to irregular contractions of the upper chambers 
(atria) and impaired pumping function [1]. AF affects 
approximately 33 million people globally and is the most 
common cardiac arrhythmia. According to estimates, 
by 2050, 6–12 million people worldwide will be affected 
by this disease, and by 2060, Europe will have 17.9 mil-
lion people suffering from this condition [2]. AF is a sig-
nificant risk factor for stroke, with AF patients having 
more than a fivefold increased risk compared to non-
AF patients [3]. Its etiology may be related to hyperten-
sion, coronary artery disease, diabetes, thyroid disorders, 
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pulmonary disease, and certain cardiac conditions [4]. 
Lifestyle factors such as excessive alcohol intake, smok-
ing, physical inactivity, and obesity have also been impli-
cated in AF development [5]. Although the pathogenesis 
of AF is partly understood, a definitive cure for AF has 
not been identified, making prevention and risk factor 
control crucial.

Dietary macronutrients refer to three major nutrients: 
carbohydrates, proteins, and fats [6, 7]. The propor-
tions and amounts of macronutrient intakes can influ-
ence health and the risk of diseases. A balanced diet with 
appropriate intakes of macronutrients is key to maintain-
ing health and reducing disease risk [8]. Many studies 
have shown a close association between macronutrient 
intakes and cardiovascular risk. A traditional Mediter-
ranean diet emphasizing high-quality carbohydrates and 
proteins and a controlled intake of high fats benefits 
cardiovascular protection [9, 10]. Although higher car-
bohydrate intake seems associated with increased cardi-
ovascular risks in some Asian populations, the evidence 
is inconsistent [11]. While low-carbohydrate diets effec-
tively induce short-term weight loss, their long-term 
safety and effects remain unclear [12]. Recent studies 
report conflicting results regarding how carbohydrate 
intake influences atrial fibrillation (AF) risk [13]. For 
example, some show that reducing carbohydrate intake 
may increase AF risk by 16–18%, whereas others indicate 
that high carbohydrate intake at breakfast could decrease 
cardiovascular disease risk [14]. Regular consumption 
of low-carbohydrate and high-protein diets without 
accounting for carbohydrate quality or protein sources 
is associated with elevated cardiovascular risk [15]. Fur-
thermore, some studies have found that low saturated fat 

intake can lower the incidence of atrial fibrillation and 
other cardiovascular diseases [16, 17]. However, other 
studies have presented opposing results [18, 19]. Above 
all, numerous observational studies have explored the 
association between macronutrient intakes and the risk 
of AF, but their results are not entirely consistent. Due to 
the inability of observational studies to control for con-
founding factors, it is difficult to establish a causal rela-
tionship between macronutrient intakes and the risk 
of atrial fibrillation. Therefore, it is essential to employ 
Mendelian Randomization (MR) to investigate the genu-
ine causal relationship between macronutrient intakes 
and the risk of AF.

Mendelian Randomization (MR) is an epidemiologi-
cal methodology that utilizes genetic variants as instru-
mental variables to circumvent confounding factors and 
reverse causality. [20] The three core assumptions of MR 
are instrumental variable assumption, independence 
assumption and exclusion restriction assumption. Similar 
to a randomized trial, genotypes are randomized at con-
ception, making MR immune to confounding and reverse 
causality as per Mendel’s second law [21]. Consequently, 
MR is a robust tool for predicting causal associations, as 
illustrated in Fig.  1. This study employs MR analysis to 
explore the relationship between macronutrient intakes 
and AF by utilizing genetically predicted relative macro-
nutrient intakes as the exposure variable.

Materials and methods
Study design
Our study utilized a two-sample MR approach to exam-
ine the causal association between the risk of atrial fibril-
lation and flutter and the proportion of macronutrients 

Fig. 1 Mendelian randomization analyses to investigate associations between relative macronutrient intakes and the risk of atrial fibrillation 
and flutter. The broken lines signify potential causal effects (pleiotropic or direct) between variables that would violate the assumptions 
of Mendelian randomization
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consumed. This study adhered to the guidelines for the 
Preferred Reporting of Observational Studies in Epide-
miology Using Mendelian Randomization (The STROBE-
MR Statement) [22]. Our investigations relied on publicly 
accessible GWAS summary data, which had already 
undergone ethical review board approvals before their 
inclusion in our study.

Instruments selection for relative macronutrients intake
We obtained GWAS summary statistics from a large 
genome-wide association study that included 268,922 
individuals of European ancestries aged 27–71 years for 
relative intake of macronutrients [23], the most recent 
GWAS on relative macronutrients intake based on the 
European populations when we started the MR analy-
sis. In the original GWAS study, relative macronutrients 
intake was expressed as % of total energy intake (E%) and 
assessed using comprehensive food-item questionnaires 
including previous-day or habitual dietary intake.

As genetic instruments, we selected nucleotide 
polymorphisms (SNPs) that demonstrated a strong 
association with relative macronutrients intake at a 
genome-wide significance level (p < 5 ×  10−8). We, respec-
tively, used 6 SNPs strongly associated with relative car-
bohydrate intake, 5 SNPs with relative protein intake, and 
3 SNPs with relative fat intake as instrumental variables 
for the corresponding exposures. To maintain independ-
ence, we performed a linkage disequilibrium (LD) test 
 (r2 < 0.001 and distance > 10 000  kb) [24]. We did not 
use palindromic SNPs with intermediate allele frequen-
cies that pair with each other since they may invert the 
direction of a causal effect. We utilized proxy SNPs as 
substitutes for the corresponding SNPs only if they were 
not present in the outcome data. The proxy SNPs were 
identified by searching the SNIPA database (https:// 
snipa. helmh oltz- muenc hen. de/ snipa3/ index. php). We 
performed a manual inspection using PhenoScanner for 
screening association with confounder [25]to exclude 
confounders. In screening for confounders, we focused 
on factors known to influence AF pathogenesis, includ-
ing anatomical deformities (e.g., left atrium dilation 
and hypertrophic cardiopathy), valvular heart diseases, 
hyperthyroidism, chronic inflammation, infections, 
familial predispositions, and the use of specific medi-
cations such as statins and ACEIs/ARBs. This meticu-
lous process helped refine our SNP selection, aiming 
for a clearer understanding of macronutrient intake’s 
impact on AF risk. The  R2 was then utilized to evaluate 
the extent to which each SNP accounted for the variance 
in relative macronutrient intake. [26]. To evaluate the 
effectiveness of instrumental variables, we utilized the F 

statistic, considering an F value greater than 10 as indica-
tive of strong instruments [27].

Genetic associations with atrial fibrillation and flutter
Our GWAS summary statistics for AF were obtained 
from the FinnGen project, which can be accessed at 
https:// gwas. mrcieu. ac. uk/ datas ets/ finn-b- I9_ AF. There 
were 22,068 cases of atrial fibrillation and flutter and 
116,926 people who served as controls in this study.

Statistical analysis
We conducted all MR analyses using R software (version 
4.2.2), with the Mendelian Randomization [28], RadialMR 
[29], and MR-PRESSO [30] packages utilized for the MR 
analyses. The primary MR analyses were conducted using 
inverse variance weighted (IVW) analyses [31]. We used 
the Cochran Q test to assess the heterogeneity of IVW 
estimates, with P < 0.05 indicating significant heterogene-
ity. In addition, we conducted several sensitivity analyses 
to assess the robustness of the results. Specifically, we 
employed five different MR methods, namely MR-Egger 
[32], weighted median [33], and MR-PRESSO [30], which 
have been widely used in MR studies. The MR-Egger 
method, a popular approach for detecting and correcting 
pleiotropy, was utilized to estimate the potential impact 
of pleiotropy on the result. P < 0.05 from the MR-Egger 
intercept indicates the presence of directional pleiotropy, 
which may bias the MR estimates [32]. The weighted 
median approach was used to generate a more reliable 
estimate, even when up to 50% of the instruments were 
invalid, by taking the median of all possible pairwise 
IVW estimates [33]. To enhance the reliability and valid-
ity of our results, we employed the MR-PRESSO analy-
sis, which detects and corrects for outliers and horizontal 
pleiotropy, was used to assess the potential impact of out-
liers on the results [30]. For each MR method, we esti-
mated the causal effect of AF as odds ratios (OR) per one 
standard deviation (SD) increase in genetically predicted 
continuous traits, along with corresponding 95% confi-
dence intervals (CI). A significance threshold of P < 0.05 
was used to determine statistical significance. Addition-
ally, we conducted leave-one-out analyses to assess the 
impact of each SNP on the overall causal estimates. This 
approach involves systematically removing one SNP at a 
time and re-analyzing the data to evaluate the sensitivity 
of the results to each SNP.

Results
Our analysis utilizing the inverse variance weighted 
(IVW) method revealed a robust causal association 
between genetically predicted relative carbohydrate and 
protein intake and a decreased risk of AF as illustrated 

https://snipa.helmholtz-muenchen.de/snipa3/index.php
https://snipa.helmholtz-muenchen.de/snipa3/index.php
https://gwas.mrcieu.ac.uk/datasets/finn-b-I9_AF
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in Fig.  2. For all three macronutrients, the F-values of 
the instrumental variables exceeded 10, indicating a 
robust association with relative macronutrient intake. 
Our results were unlikely confounded by heterogeneity 
or pleiotropic effects, as demonstrated by the absence 
of significant heterogeneity of inverse variance weighted 
(IVW) estimates (Q-test, P > 0.05) and directional plei-
otropy (MR-Egger intercept, P > 0.05). Based on our 
leave-one-out analyses (Fig.  3), we found no significant 
differences in the estimated causal effects when individ-
ual SNPs were excluded, underscoring the robustness of 
our MR analysis. Consequently, the estimated effect can-
not be ascribed to any particular SNP. Our study suggests 
that genetically predicted higher relative carbohydrate 
intake and protein intake may protect against the risk of 
AF. Our analysis did not identify a significant causal rela-
tionship between relative fat intake and AF risk.

Discussion
We conducted a Mendelian Randomization (MR) analy-
sis using a sample of 22,068 cases of atrial fibrillation and 
flutter and 116,926 controls to investigate the potential 
causal relationship between genetically predicted rela-
tive carbohydrate and protein intake and atrial fibrillation 
(AF), while minimizing confounding and reverse causa-
tion often observed in observational studies. Acknowl-
edging the inherent limitations of our approach, it’s 
important to note that despite employing various MR 

methods to mitigate the influence of pleiotropy, the 
potential for unmeasured confounding variables and 
pleiotropic effects persists. To account for potential plei-
otropy, we employed various MR methods, each with 
different assumptions of pleiotropy, and the consistent 
results from these methods provided robust support 
for causal inference. Our analysis revealed a significant 
inverse association between relative carbohydrate and 
protein intake and AF risk. In contrast, our MR analysis 
did not identify a significant causal relationship between 
relative fat intake and AF risk. These findings suggest that 
increasing protein and carbohydrate intake from various 
nutrients may be a promising modifiable factor for pre-
venting atrial fibrillation and highlight the importance 
of dietary modifications in preventing and managing AF. 
However, further studies are needed to fully elucidate the 
exact mechanisms underlying the protective effects of 
relative carbohydrate and protein intake on AF.

Multiple studies [34, 35] have demonstrated that life-
style interventions can reduce AF incidence and mor-
tality, particularly in high-risk populations. Recently, 
research has found that weight loss through enhanced 
management of risk factors can alleviate the symptom 
burden and severity of AF [36]. Therefore, lifestyle inter-
ventions [37] are crucial in reducing the risk of cardio-
vascular diseases, including AF. In addition to rhythm 
control, rate control, and anticoagulation therapy, 
changes in lifestyle and risk factors, including dietary 

Fig. 2 The odds ratios (OR) depicting the associations between genetically predicted relative macronutrient intake and AF risk are presented. 
CI confidence interval; MR Mendelian randomization
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structure and exercise, have been recognized as another 
pillar of AF treatment [38, 39].

Several studies have investigated the link between 
carbohydrates and AF. The latest research, published 
in J Am Heart Assoc [13], reveals that a carbohydrate-
restricted diet may increase the risk of AF. Researchers 
evaluated the link between carbohydrate consumption 
and AF events in this large, community-based, prospec-
tive cohort study involving 13,384 participants. During a 
22.4-year follow-up period, 1,808 AF cases (13.5%) were 
recorded. The study found that individuals on a low-car-
bohydrate diet may be associated with an increased risk 
of AF. Conversely, an increase in carbohydrate intake by 
9.4% was associated with an 18% reduction in the inci-
dence. Furthermore, we found some studies linking pro-
tein intake to cardiovascular disease. Higher plant protein 
consumption was associated with a modest reduction in 
overall and cardiovascular mortality risk [40]. Interest-
ingly, a 2016 study [41] found that higher animal protein 
intake was positively associated with cardiovascular mor-
tality. According to a study presented at the American 
College of Cardiology’s Annual Scientific Session and the 
World Congress of Cardiology,1 compared with women 
who consumed less protein, women who consumed 
moderately higher than the recommended daily amount 
of protein had a significantly lower likelihood of develop-
ing atrial fibrillation.2

Possible underlying mechanisms may explain that car-
bohydrate and protein intakes may be protective factors 
against AF risk. Irregular heartbeats characterize AF, and 

myocardial cells require more energy to maintain nor-
mal mechanical and electrical function. Mitochondria 
are essential organelles in cardiac cells responsible for 
converting nutrients into energy to meet the high energy 
demands of the heart. However, the increased metabolic 
rate of AF requires high energy metabolism, which may 
lead to mitochondrial overwork and oxidative stress, 
resulting in mitochondrial damage [42]. Recent research 
has indicated a close association between mitochondrial 
dysfunction and the development of AF [43]. Mitochon-
drial dysfunction may cause energy metabolism disorders 
in myocardial cells [44] and changes in calcium dynam-
ics [45] and further exacerbate the development of AF. 
In addition, mitochondrial dysfunction may also lead 
to increased oxidative stress and inflammation reaction 
[46] and cell apoptosis in myocardial cells [47]. Studies 
have shown that improving myocardial mitochondrial 
function can alleviate the occurrence of AF [48]. Carbo-
hydrates are the primary fuel for myocardial mitochon-
drial energy production. Carbohydrates are broken down 
into glucose in the body, then converted into adenosine 
triphosphate (ATP) through the glycolysis pathway, an 
important energy source supporting heart function. 
Amino acids are the basic units of proteins. They pro-
duce ATP in mitochondria by forming α-ketoglutarate or 
entering the tricarboxylic acid (TCA) cycle. In particu-
lar, the branched-chain amino acid leucine is an impor-
tant energy source for the myocardium [49]. Therefore, 
appropriate carbohydrate and protein intakes may allevi-
ate the progression of AF by improving myocardial mito-
chondrial function.

In addition, carbohydrate intake can also affect insu-
lin levels, which is a hormone that regulates blood glu-
cose. High insulin levels can promote glucose uptake 
and utilization, increasing the body’s energy levels. 
Moderate carbohydrate intake can help maintain stable 

Fig. 3 The leave-one-out analyses revealed no significant differences in the estimated causal effects when individual SNPs were removed from our 
MR analysis. A MR leave-one-out sensitivity analysis for ’ carbohydrate ’ on ’AF’. B MR leave-one-out sensitivity analysis for ’protein’ on ’AF’. C MR 
leave-one-out sensitivity analysis for ’ fat ’ on ’AF’

1 https:// www. acc. org/ latest- in- cardi ology/ artic les/ 2020/ 03/ 18/ 15/ 42/ 
could- eating- more- prote in- reduce- risk- of- afib- in- women- acc- 2020
2 https:// www. acc. org/ about- acc/ press- relea ses/ 2020/ 03/ 19/ 09/ 47/ eating- 
more- prote in- could- help- ward- off- atrial- fibri llati on- in- women#. XqvrZ 
Wik070. twitt er

https://www.acc.org/latest-in-cardiology/articles/2020/03/18/15/42/could-eating-more-protein-reduce-risk-of-afib-in-women-acc-2020
https://www.acc.org/latest-in-cardiology/articles/2020/03/18/15/42/could-eating-more-protein-reduce-risk-of-afib-in-women-acc-2020
https://www.acc.org/about-acc/press-releases/2020/03/19/09/47/eating-more-protein-could-help-ward-off-atrial-fibrillation-in-women#.XqvrZWik070.twitter
https://www.acc.org/about-acc/press-releases/2020/03/19/09/47/eating-more-protein-could-help-ward-off-atrial-fibrillation-in-women#.XqvrZWik070.twitter
https://www.acc.org/about-acc/press-releases/2020/03/19/09/47/eating-more-protein-could-help-ward-off-atrial-fibrillation-in-women#.XqvrZWik070.twitter
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blood glucose levels, reducing the incidence of AF. How-
ever, excessive carbohydrate intake may lead to elevated 
blood glucose levels, negatively impacting cardiovascular 
health. Numerous studies have also confirmed the nega-
tive impact of carbohydrates on cardiovascular diseases 
[50]. High blood glucose levels can lead to cardiovascular 
diseases such as atherosclerosis, hypertension, and heart 
disease, which may also affect heart rate stability [51].

The source of carbohydrates and protein is also a note-
worthy focus. High-quality carbohydrates refer to those 
that are abundant in nutrients such as dietary fiber, 
vitamins, and minerals [52]. These nutrients have the 
potential to decrease blood pressure, mitigate the risk of 
cardiovascular disease, and safeguard the cardiovascu-
lar system. Studies [53, 54] have shown that a moderate 
intake of whole grains, fruits, vegetables, and other car-
bohydrates can lower the risk of cardiovascular disease. 
Whole grain foods, such as oats, whole wheat bread, and 
brown rice, are healthy sources of carbohydrates. One 
important indicator is the low glycemic index (GI), mean-
ing the digestion speed is slower and provides longer-
lasting energy. Foods with a low GI can aid in managing 
and regulating blood glucose [55]. A study lasting from 
12 to 26 weeks has shown that a low GI diet gradually 
enhances blood sugar control and insulin sensitivity, 
reducing the risk of heart attacks [56, 57]. Given that AF 
is a form of cardiovascular disease, it may benefit from 
adopting a low GI diet. Conversely, consuming ultra-
processed foods (UPFs), including high-sugar foods, 
sweetened beverages, and poor-quality proteins, may 
harm cardiovascular health [58]. Excessive intake can 
cause a sharp rise and fall in blood sugar levels, increas-
ing cardiovascular disease risk. UPFs usually contain 
many additives and high-calorie food ingredients, which 
may increase the release of inflammatory factors in the 
body with long-term consumption [59]. Furthermore, the 
source of protein emphasized the importance of high-
quality protein. Red meat and other animal proteins may 
produce proinflammatory factors [60]. Chronic inflam-
mation can damage the health of the heart and blood ves-
sels, increasing the risk of cardiovascular disease.

Nonetheless, it is crucial to be mindful of the quantity 
and quality of carbohydrates and proteins. It is recom-
mended that people choose high-quality sources [61]. 
Excessive intake of carbohydrates and consumption of 
low-quality proteins may adversely affect cardiovascu-
lar health [62]. This study found that increasing carbo-
hydrate and protein intake can help protect against AF. 
However, this does not mean higher intake levels will not 
negatively affect health. Therefore, our research results 
cannot be generalized to higher intake levels. In future 
studies, we need to explore the effects of different carbo-
hydrate and protein intake levels on health to better guide 

people’s dietary choices. While our research has dis-
cussed potential mechanisms, it is important to acknowl-
edge that these findings are speculative and lack robust 
evidence. Therefore, caution is necessary when interpret-
ing and generalizing these results. Essential mechanistic 
studies are needed to investigate the effects of macronu-
trient intake, quantity, and quality on AF development 
and progression. Advancing our knowledge in this field 
will enable us to provide more precise dietary recom-
mendations, empowering individuals to make informed 
choices for preventing and managing atrial fibrillation.

Our study acknowledges several limitations that merit 
attention. Firstly, the exploration into the relationship 
between relative fat intake and AF failed to produce sig-
nificant findings, a constraint likely stemming from the 
insufficient number of instrumental variables pertain-
ing to relative fat intake. This limitation restricted the 
depth of our analyses. Secondly, the absence of high-
quality GWAS studies for specific subgroups of rela-
tive carbohydrate and protein intake prevented us from 
performing detailed subgroup analyses. Such analyses 
could have provided more nuanced insights into the dif-
ferential effects of various macronutrients on AF risk. 
Thirdly, the study’s focus on individuals of European 
ancestry limits its generalizability. The findings might 
not extend to other populations with different genetic 
backgrounds, lifestyles, and dietary habits, underscoring 
the need for further research in diverse cohorts to vali-
date and broaden our understanding of the relationship 
between macronutrient intake and AF risk. Additionally, 
we recognize the need for robust evidence to support the 
biological plausibility and validate the speculative links 
between macronutrient intake and AF, which our study 
proposes. Future research is essential to explore these 
potential mechanisms more thoroughly and to address 
the gaps identified in our study, contributing to a more 
comprehensive understanding of AF pathogenesis.

Conclusion
Using MR analysis, we identified a causal relationship 
between higher predicted relative carbohydrate and pro-
tein intake based on genetics and a reduced risk of atrial 
fibrillation. Higher relative dietary macronutrient intakes 
were associated with a lower risk of atrial fibrillation. 
However, further research is needed to confirm these 
findings and elucidate their underlying mechanisms.
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