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Abstract

Objective Observational studies have shown inconsistent associations of loneliness or social isolation
(SI) with ischemic heart disease (IHD), with unknown mediators.

Methods Using data from genome-wide association studies of predominantly European ancestry, we
performed a bidirectional two-sample Mendelian Randomization (MR) study to estimate causal effects
of loneliness (N = 487,647) and Sl traits on IHD (N = 184,305). Sl traits included whether individuals lived
alone, participated in various types of social activities, and how often they had contact with friends or
family (N = 459,830 to 461,369). A network MR study was conducted to evaluate the mediating roles of
20 candidate mediators, including metabolic, behavioral and psychological factors.

Results Loneliness increased IHD risk (OR = 2.129; 95% confidence interval [C/]: 1.380 to 3.285),
mediated by body fat percentage, waist-hip ratio, total cholesterol, and low-density lipoprotein
cholesterol. For Sl traits, only fewer social activities increased IHD risk (OR = 1.815; 95% CI: 1.189 to
2.772), mediated by hypertension, high-density lipoprotein cholesterol, triglycerides, fasting insulin, and
smoking cessation. No reverse causality of IHD with loneliness and Sl was found.

Conclusion These findings suggested more attention should be paid to individuals who feel lonely and
have fewer social activities to prevent IHD, with several mediators as prioritized targets for intervention.
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INTRODUCTION

lobally, cardiovascular disease (CVD)

G remains the leading cause of mortality,
with the 2023 World Heart Report
identifying ischemic heart disease (IHD) as the major
contributor to CVD deaths. In 2022, the global age-
standardized disability-adjusted life years for IHD is

the highest among all diseases, at 2,275.9 per

100,000 people[”. Therefore, understanding and
managing IHD risk factors is critical for disease
prevention and health promotion. While well-
established risk factors, such as obesity, unhealthy
behaviors, and metabolic disorders, are widely
recognized, increasing attention has been given in
recent years to poor social health as a modifiable risk
factor”.

Poor social health is commonly categorized into
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two constructs: loneliness and social isolation (SI),
each of which affects health differently and
independently. Loneliness is defined as the
subjective feeling of unpleasantness due to a lack of
connection with othersB], while SI refers to the
objective lack of relationships and infrequent social
contact with family, friends, or the community[4].
Given their distinct characteristics, it is essential to
distinguish between these two concepts and
examine their independent associations with IHD.

In 2016, a systematic review was the first to
suggest that loneliness and Sl together increase the
risk of IHD by 29%". Since then, observational
studies have investigated the impact of poor social
health on IHD, but results remain inconsistent due to
the influence of confounders, such as conventional
biological, behavioral, socioeconomic, and
psychological risk factors” . For instance, a cohort
study of 57,825 community-dwelling women in the
United States found that higher levels of loneliness
and S| were associated with an 8.0% and 5.0% higher
risk of incident CVD, respectively[sl. In contrast, a
study of 479,054 individuals from the UK Biobank
(UKB) database observed no significant association

[6-8]

between loneliness, SI, and acute myocardial
infarction (MI) after adjusting for possible
confounders”.  These discrepancies may be

explained by potential confounders and reverse
causality in observational studies. Additionally,
patients with CVD have reported feelings of
loneliness or SI”.

Therefore, although some researches have
explored the link between poor social health and
IHD, it remains unclear whether bidirectional
causality exists. Another important question is the
potential mediating pathways. Epidemiological
studies have associated poor social health with
several lifestyle, metabolic,c, and mental health
factors, all of which are modifiable and may
influence subsequent IHD risk! 22, However, the
extent to which these risk factors mediate the
relationship requires further investigation.

A Mendelian randomization (MR) study is a
causal inference approach that wuses single
nucleotide polymorphisms (SNPs), which are fixed at
conception and naturally randomly assigned to
individuals, as instrumental variables'™®. This design
minimizes confounding bias and reverse causality
often encountered in observational studies™. A
network MR study is an extended approach that
investigates potential mediation effects in causal
pathway, addressing the bias issues present arising
from confounders and measurement errors in

traditional non-instrumental variable methods™.

In this study, we conducted a bidirectional MR
analysis to evaluate the causal relationship between
poor social health and IHD using available genome-
wide association studies (GWAS) summary-level data
from the UKB cohort and the CARDIoGRAMplusC4D
Consortium. Furthermore, we applied network MR
analyses to assess whether 20 candidate mediators,
including metabolic, behavioral, and psychological
factors, play a mediating role in the causal pathway
from poor social health to IHD. These analyses
provide causal evidence for the role of poor social
health in the development of IHD, helping to enhance
our understanding of IHD’s underlying causes and
inform prevention strategies to curb its prevalence.

METHODS

An overview of the study design is shown in
Figure 1. This study is reported according to the
Strengthening the Reporting of Observational
Studies in Epidemiology Using MR guidelines[lsl.
Ethical approval and consent were obtained in the
original GWASs. This study used only summary-level
data from relevant GWASs; thus, no additional
ethical approval or informed consent was required.

Data Sources

Detailed information about the data sources for

exposures, candidate mediators, and outcomes in
this study is summarized in Table 1.
Exposures Summary-level statistics for loneliness
were obtained from a multi-trait GWAS (MTAG) in
the UKB study, which included 487,647 individuals.
The estimated heritability of loneliness was 4.2%".
Loneliness data were derived from self-reported
answers via a touchscreen at the assessment center.
Participants were asked, “Do you often feel lonely?”
Those who answered “yes” were classified as cases,
while those who responded “no” were classified as
controls.

GWAS summary statistics for SI from the UKB
study were extracted from the OpenGWAS platform,
using the ID shown in Table 1. The evaluation of SI
focused on individuals’ objective social relationships,
including whether they lived alone, participated in
various types of social activities, and how often they
had contact with friends or family. We further
analyzed different subtypes of social activities, such
as participation in a sports club or gym, pub or social
club, religious group, adult education classes, and
other group activities. In the UKB study[17‘18], each S|
trait was defined by the following questionnaire
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items: a) “Including yourself, how many people live
in your household?” Answering “one” indicated
living alone. b) “How often do you visit friends or
family or have them visit you?” Responses included:
“no friends or family outside the household” “once a
month” “once every few months” “never or almost
never” “once a week” “2—-4 times a week”, or
“almost daily”. Answering the first four options
indicated less contact with family and friends. c)
“Which of the following leisure or social activities do
you engage in once a week or more often?” Options
were: “sports club or gym” “pub or social club”

“ Loneliness

Social fewer contact with family/friends

living alone

Isolation fewer social activities

¥,
“ Ischemic Heart Disease (IHD)

Phase 1

” u

“religious group” “adult education class”, or “other
group activities”. Answering “no activities mentioned
above” indicated fewer social activities. SI was
defined as having any of the above three traits.

Candidate Mediators Based on a literature review,
we selected 20 candidate mediators, categorized
into the following three groups, which may be
implicated in the causal pathway from loneliness or
Sl to IHD. Metabolic factors were subdivided into
anthropometric, lipid, glycemic, and blood pressure
factors. Anthropometric factors analyzed in this
study included body mass index (BMI)"®, waist-to-

Candidate Mediators

Metabolic Factors

-TC TG -LDL.C - HAblc
-FG - Fl - HAblc - Hypertension
p 4 SBMI  -WC - WHR HIP

- BF%

Behavioral Factors
- Smoking cessation - Smoking consumption

- Alcohol consumption

Psychological Factors

- MDD - BIP - ANX - Insomnia

To estimate the causal effect of loneliness and social isolation (living alone, fewer contact with family or

friends and fewer social activities) with IHD

Phase 2

To screen for the causal mediators and quantify their mediated proportions in the causal pathway

between loneliness or fewer social activities and IHD

Figure 1. Overview of this study. This MR study included two phases. In phase 1, we estimated the causal
association between loneliness or each of Sl traits and IHD by applying bidirectional MR analyses.
Loneliness and fewer social activities had a causal effect on IHD. In phase 2, we conducted network MR to
screen for mediators including metabolic, behavior and psychological factors and to qualify their
mediated proportions in the causal pathway from loneliness or fewer social activities to IHD. IHD,
ischemic heart disease; MR, Mendelian randomization; BMI, body mass index; WHR, waist-hip ratio; WC,
waist circumference; HIP, hip circumference; BF%, body fat percentage; TC, total cholesterol; LDL-C, low-
density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; FG, fasting
glucose; Fl, fasting insulin; HAblc, glycated hemoglobin levels; MDD, major depressive disorder; ANX,

anxiety disorder; BIP, bipolar disorder.
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Table 1. Detailed information of GWAS data used in the Mendelian randomization analyses

Phenotype Sample Size Ancestry Consortium/Cohort GWAS ID PMID

Exposure

Loneliness 487,647 European UKB NA 29970889

Sl

Not living alone 459,988 European UKB ukb-b-5445 NA

More contact with friends or family 459,830 European UKB ukb-b-5379 NA

Fewer social activities 461,369 European UKB ukb-b-5076 NA

More sports club or gym 461,369 European UKB ukb-b-4000 NA

More pub or social club 461,369 European UKB ukb-b-4171 NA

More religious group 461,369 European UKB ukb-b-4667 NA

More adult education class 461,369 European UKB ukb-b-1553 NA

More other group activity 461,369 European UKB ukb-b-4077 NA
Outcome

IHD 184,305 Mixed CARDIOGRAMplusC4D ieu-a-7 26343387
Anthropometric factors

BMI 322,154 European GIANT jeu-a-835 25673413

WHR 210,082 European GIANT ieu-a-79 25673412

wcC 231,353 European GIANT ieu-a-67 25673412

HIP 211,114 European GIANT ieu-a-55 25673412

BF% 65,831 European NA ebi-a-GCST003435 26833246
Lipid factors

TC 930,672 European GLGC NA 34887591

LDL-C 930,672 European GLGC NA 34887591

HDL-C 930,672 European GLGC NA 34887591

TG 930,672 European GLGC NA 34887591
Glycemic factors

FG 200,622 European MAGIC ebi-a-GCST90002232 34059833

FI 151,013 European MAGIC ebi-a-GCST90002238 34059833

HAblc 146,806 European MAGIC ebi-a-GCST90002244 34059833
Blood pressure factors

Hypertension 205,694 European Finn Gen finn-b-19_HYPTENS NA
Behavioral factors’

Smoking cessation 143,851 European GSCAN NA 30643251

Cigarettes per day 143,210 European GSCAN NA 30643251

Drinks per week 226,223 European GSCAN NA 30643251
Psychological factors

Insomnia 217,855 European Finn Gen finn-b-F5_INSOMNIA NA

MDD’ 45,591 European PGC NA 29700475

ANX 10,240 European PGC NA 31712720

BIP 353,899 European PGC NA 34002096

Note. *Summary Statistics without UKB and 23andMe were download from the GSCAN consortium
(https://conservancy.umn.edu/handle/11299/201564); 'Summary Statistics without UKB were download from
the PFG consortium (https://pgc.unc.edu/for-researchers/download-results/). IHD, ischemic heart disease; SI,
social isolation; BMI, body mass index; WHR, waist-hip ratio; WC, waist circumference; HIP, hip circumference;
BF%, body fat percentage; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density
lipoprotein cholesterol; TG, triglycerides; FG, fasting glucose; Fl, fasting insulin; HAblc, glycated hemoglobin
levels; MDD, major depressive disorder; ANX, anxiety disorder; BIP, bipolar disorder; CARDIOGRAMplusC4D, the
Whole-Genome Replication and Meta-analysis of Ischemic heart disease plus Genetics of Ischemic heart
disease Consortium; GIANT, the Genetic Investigation of Anthropometric Traits Consortium; EGG, the Early
Growth Genetics; GLGC, the Global Lipids Genetics Consortium; UKB, UK Biobank; MAGIC, the Meta-Analyses of
Glucose and Insulin-related traits Consortium; PGC, the Psychiatric Genomics Consortium; GWAS ID, id in IEU
Open GWAS project; PMID, id in PubMed; MR, Mendelian randomization.
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hip ratio (WHR)IZO], waist circumference (WC)[ZO], hip
circumference (HIP)[ZO], and body fat percentage
(BF%)"". Lipid factors comprised total cholesterol
(TC), low-density lipoprotein cholesterol (LDL-C),
high-density lipoprotein cholesterol (HDL-C), and
triglycerides (TG)m]. Glycemic factors included
fasting glucose (FG), fasting insulin (Fl), and glycated
hemoglobin levels (HbAlc) levels””. Blood pressure
was represented by hypertension data from the
Finn-Gen database.

Behavioral factors included smoking cessation,
cigarettes per day, and drinks per week”".
Psychological factors contained insomnia, major
depressive disorder (IVIDD)[ZS], anxiety disorder
(ANX)?? and bipolar disorder (BIP)*". To avoid
sample overlap between exposures and mediators,
we downloaded summary-level statistics without
UKB and 23andMe samples for behavioral factors
from the GSCAN consortium, and data without UKB

samples for MDD and BIP from the PGC
consortium.
Outcomes Nikpay M. et al. conducted a GWAS

meta-analysis, which included 60,801 cases and
123,504 controls from mixed ancestry (77%
European, 13% South Asian, 6% East Asian, and
others from Hispanic or African American
backgrounds)m], Case status was defined by an
inclusive IHD diagnosis, encompassing MI, acute
coronary syndrome, stable angina, and coronary
stenosis (> 50%)[28]. Summary-level statistics for IHD
can be downloaded from the CARDIoGRAMplusC4D
Consortium.

Genetic Instruments

For loneliness, we wused 15 statistically
independent SNPs defined by one million base-pair
clumping with genome-wide significance (P < 5 x
107%), identified by Day FR et al. as the genetic
instruments""®. For the genetic instruments of the
eight S| traits and 20 candidate mediators, we
implemented a series of selection and strict quality
control measures.

First, to meet the assumption that instrumental
variables predict the exposure, we primarily selected
SNPs with genome-wide significant associations. For
the eight Sl traits and psychological factors, due to
the limited number of SNPs reaching genome-wide
significance, the P-value threshold was relaxed to P <
5 x 10°° to ensure sufficient availability of instrument
variables™. Clumping was performed with a cut-off
of ¥ < 0.01 within a window of one million base-
pairs, using the 1000 Genomes European data as the

reference panel to avoid linkage disequilibrium®.

Subsequently, SNPs associated with the outcome
(P < 5 x 10°%) were removed, and proxy SNPs (r* >
0.8) were searched if SNPs could not be matched in
the outcome database.

Next, we harmonized the effect of SNPs on
exposure and outcome, removing palindromic SNPs
with intermediate allele frequencies exceeding 0.42.
To avoid potential horizontal pleiotropy, any SNP
that explained more variance in the outcome than in
the exposure was excluded using the Steiger filtering
method. Outliers were then removed using the
RadialMR method. F-statistics were used to estimate
the strength of the genetic instruments, and only
instruments with an F-statistic greater than ten were
retained for subsequent statistical analysis to avoid
the inclusion of weak instruments.

Statistical Analyses
Bidirectional Two-sample MR Analysis In Phase 1,
we applied two-sample MR to assess the

bidirectional causal effect of loneliness and each SI
trait on IHD. All MR analyses fulfilled three core
assumptions: (1) the genetic variants must be
strongly associated with the exposure; (2) the
genetic variants must not be associated with
confounders of the associations between each
exposure and the outcome; and (3) the genetic
variants must not affect the outcome independently
of the exposure[13’3”. For each pair of relationships
between exposure and outcome, the causal effects
were estimated using the inverse variance weighted
(IVW) method, which combined the Wald ratio
estimates of each SNP®?. This method provides the
highest precision and maintains maximum power,
assuming the SNPs satisfy the MR assumptionsml,
Mediation MR Analysis In Phase 2, for significant
associations identified in Phase 1, we performed
network MR analyses to assess mediation™. In the
first step, we explored the causality between the
exposure and candidate mediators using a
bidirectional MR approach. Specifically, if a causal
relationship was found between the exposure and
candidate mediators, with no reverse relationship,
the candidate mediator was included in the next
step; otherwise, the candidate mediator was
removed. In the second step, genetic instruments for
the candidate mediators were used to estimate their
causal effect on IHD using the IVW method.

Where there was evidence that poor social
health influenced the candidate mediator, which in
turn affected IHD, we considered the candidate
mediator to be part of the causal pathway. The
“product of coefficients” method was applied to
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estimate the indirect effect of the exposure on the
outcome via each mediator, specifically by
multiplying the B coefficients from the two steps[34].
The mediated proportion of each mediator was
calculated by dividing the indirect effect by the total
effect obtained from the two-sample MR in Phase 1.
Standard errors were derived using the delta
method®”.

Sensitivity Analyses To validate the robustness of
the IVW results, we conducted a series of sensitivity
analyses. First, we applied the Weighted Median
(WM) method, which requires that at least 50% of
the weight comes from valid instrumental variables
to provide a consistent estimate®. If no
heterogeneity and pleiotropy were detected, the
IVW results were preferred. Second, the MR Egger
method was used to assess bias due to horizontal
pleiotropy based on its intercept term. An intercept
not equal to zero (P < 0.05) indicated the presence of
horizontal pleiotropy bias®”. Third, the presence of
pleiotropy was further evaluated using the MR
Pleiotropy Residual Sum and Outlier method (MR-
PRESSO), which detects potentially pleiotropic
outliers and corrects horizontal pleiotropy by
removing them®. Fourth, a leave-one-out analysis
was performed to assess the influence of individual
variants on the observed associations by removing
each SNP in turn®. Finally, Cochran’s Q statistic was
used to quantify heterogeneity, with a P-value < 0.05
considered statistically significant.

We used the Benjamini—Hochberg procedure to
correct for multiple testing, with a false discovery
rate (FDR)-adjusted P-value of less than 0.05
indicating statistical significance. In bidirectional
two-sample MR, 18 corrections were applied when
analyzing the relationships between loneliness or Sl
and IHD. In network MR analyses, we reported
adjusted P-values corrected for 20 tests (20
candidate mediators) in the first step, while
unadjusted P-values were reported for the second
step to avoid overcorrection.

In this study, results were presented as odds
ratios (OR), B coefficients, or proportions, with
corresponding 95% Cls. All analyses were performed
using the R packages “RadialMR”, “TwoSampleMR”,
and “MR-PRESSO” in R software (version 4.1.2).

RESULTS

Total Effect of Loneliness or Sl on IHD

Two-sample MR results using the IVW method
showed a causal relationship between loneliness and

IHD (OR = 2.129; 95% Cl: 1.380 to 3.285). For Sl
traits, fewer social activities led to an increased risk
of IHD (OR = 1.815; 95% ClI: 1.189 to 2.772), while
living alone and contact with friends or family were
not associated with IHD (Table 2). Among the five
subtypes of social activities, only increased
participation in sports club or gym activities had a
protective effect on IHD (OR = 0.333; 95% C/: 0.204
to 0.542). The F-statistics of SNPs selected for MR
analyses were all above 10, and more detailed
information on SNPs is shown in Supplementary
Table S1.

The effect estimates were similar when using the
WM method, although they were not statistically
significant for fewer social activities and sports. Due
to the absence of heterogeneity in all analyses
(Supplementary Table S2), we prioritized the IVW
results. Pleiotropy was only observed for sports in
the intercept of the MR Egger test, but in the MR-
PRESSO analysis, no outliers contributing to
horizontal pleiotropy were observed (Supplementary
Table S2). Furthermore, leave-one-out analyses
revealed that no single SNP influenced the results
(Supplementary Table S2).

In the reverse direction, no evidence indicated
causal associations of genetically predicted IHD with
each exposure using the IVW method, and sensitivity
analyses confirmed that the results were robust
(Supplementary Tables S3-54).

Mediating Pathway from Loneliness to IHD

Based on the two-sample MR results, we
conducted network MR analyses to investigate the
mediating pathway from loneliness or fewer social
activities to IHD via 20 modifiable risk factors.

In the first step of the network MR analysis, the
effects of genetically predicted loneliness on each
candidate mediator using the IVW method are
shown in Table 3. Among the 20 candidate
mediators, increased loneliness was associated with
higher WHR (B = 0.301; 95% CI: 0.128 to 0.475), WC
(B =0.262; 95% CI: 0.065 to 0.460), BF% (B = 0.339;
95% Cl: 0.082 to 0.597), TC (B, 0.113; 95% CI: 0.036
to 0.190), TG (B = 0.170; 95% CI: 0.086 to 0.255),
LDL-C (B = 0.147; 95% CI: 0.069 to 0.224), and MDD
(OR = 2.439; 95% ClI: 1.550 to 3.838) (Figure 2A).
Reverse MR analyses showed a causal effect of TG
with loneliness, leading to the exclusion of TG
(Supplementary Table S5). Although reverse MR
analyses also showed an association between LDL-C
and loneliness, the result was largely driven by
horizontal pleiotropy (P for Egger intercept = 0.001;
Supplementary Table S5). In the second step, we
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assessed the causal effect of six candidate mediators
on IHD using genetic instruments without weak bias
(Supplementary Table S6). Figure 2B indicated that
WHR, BF%, TC, and LDL-C were positively associated
with IHD.

According to the results of all sensitivity analyses,
the IVW results of the network analyses were robust
(Supplementary Tables S5, S7-S8). The P-values from
Cochran’s Q test were all greater than 0.05,
indicating no heterogeneity. MR-Egger intercept
analyses showed no pleiotropy (P > 0.05).
Additionally, the MR-PRESSO method did not detect
any potentially pleiotropic outliers, except for BIP;
however, the distortion test showed no influence of
outliers on the association between loneliness and
BIP (P > 0.05). The leave-one-out method revealed
that no single SNP had a significant influence on the
results.

Therefore, we identified BF%, WHR, TC, and LDL-
C as mediators in the causal pathway from loneliness
to IHD (Figure 2C). The largest causal mediator was
BF% (proportion, 21.88%; 95% CI: 11.33% to
32.43%), followed by WHR (proportion, 11.47%; 95%

Cl: 6.87% to 16.07%), TC (proportion, 8.31%; 95%
Cl: 5.37% to 11.25%), and LDL-C (proportion, 8.46%;
95% Cl: 6.11% to 10.81%).

Mediating Pathway from Fewer Social Activities to
IHD

First, the causal estimates between genetically
predicted fewer social activities and 20 candidate
mediators using the IVW method are shown in
Table 3. Figure 3A indicates that genetically
predicted fewer social activities were significantly
positively associated with four candidate mediators:
drinks per week (B = 0.208; 95% ClI: 0.065 to 0.35),
TG (B = 0.279; 95% CI: 0.187 to 0.371), hypertension
(OR = 1.782; 95% CI: 1.151 to 2.757), and FI (B =
0.126; 95% CI: 0.029 to 0.222). Additionally, it was
significantly negatively associated with smoking
cessation (OR = 0.566; 95% CI: 0.401 to 0.799) and
HDL-C (B = —0.292; 95% CI: -0.382 to -0.202). A
bidirectional causality was observed between drinks
per week and fewer social activities (Supplementary
Table S9).

Therefore, the included five

second step

Table 2. Two-sample Mendelian randomization estimates for the causal associations of loneliness or social
isolation with IHD

Exposure Method N_SNP OR (95% CI) g-value
Loneliness VW 12 2.129(1.380, 3.285) 0.003

WM 2.515(1.452, 4.355) 0.017

Living alone VW 19 0.728 (0.396, 1.339) 0.346

WM 0.587 (0.251, 1.371) 0.307

Contact with friends or family IVW 105 0.876 (0.751, 1.023) 0.154
WM 0.935 (0.750, 1.165) 0.618

Fewer social activities VW 89 1.815(1.189, 2.772) 0.017
WM 1.646 (0.913, 2.968) 0.205

- More sports club or gym (AW 67 0.333(0.204, 0.542) <0.001
WM 0.428 (0.216, 0.850) 0.085

- More pub or social club VW 90 0.321 (0.188, 0.546) 0.073
WM 0.399 (0.185, 0.859) 0.130

- More religious group (AW 151 0.663 (0.437, 1.005) 0.119
WM 0.641 (0.353, 1.165) 0.261

- More adult education class VW 30 0.625 (0.154, 2.545) 0.542
WM 2.702 (0.366, 19.925) 0.424

- More other group activities (AW 51 0.540 (0.282, 1.032) 0.124
WM 1.285 (0.495, 3.336) 0.641

Note. All statistical tests were two-sided. g-value < 0.05 was considered significant. IHD, ischemic heart
disease; IVW, inverse variance weighted method; WM, weighted median method; N_SNP, number of SNPg; g-
value, P value corrected by False Discovery Rate method.
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Table 3. Two-sample Mendelian randomization estimates for the causal associations of loneliness or social
isolation with 20 candidate mediators

Candidate mediators Exposure N_SNP B (95% CI) OR (95% ClI) g-value
Anthropometric factors
BMI Loneliness 10 0.086 (-0.113, 0.285) - 0.496
Fewer social activities 53 0.145 (-0.071, 0.362) - 0.297
WHR Loneliness 14 0.301 (0.128, 0.475) - 0.003
Fewer social activities 64 0.199 (-0.033, 0.432) - 0.233
WC Loneliness 12 0.262 (0.065, 0.460) - 0.028
Fewer social activities 62 0.039 (-0.182, 0.260) - 0.766
HIP Loneliness 11 -0.110 (-0.316, 0.097) - 0.397
Fewer social activities 58 -0.160 (-0.402, 0.081) - 0.297
BF% Loneliness 12 0.339 (0.082, 0.597) - 0.028
Fewer social activities 59 0.163 (-0.139, 0.466) - 0.392
Lipid Factors
TC Loneliness 10 0.113(0.036, 0.190) - 0.016
Fewer social activities 69 0.042 (-0.037,0.122) - 0.392
LDL-C Loneliness 11 0.147 (0.069, 0.224) - 0.001
Fewer social activities 70 0.099 (0.017, 0.181) - 0.850
HDL-C Loneliness 6 -0.065 (-0.178, 0.049) - 0.377
Fewer social activities 57 -0.292 (-0.382, -0.202) - <0.001
TG Loneliness 9 0.170 (0.086, 0.255) - 0.001
Fewer social activities 57 0.279 (0.187, 0.371) - <0.001
Glycemic factors
FG Loneliness 14 0.030 (-0.049, 0.110) - 0.535
Fewer social activities 84 -0.061 (-0.146, 0.024) - 0.293
FI Loneliness 13 0.069 (-0.023, 0.161) - 0.219
Fewer social activities 85 0.126 (0.029, 0.222) - 0.037
HbAlc Loneliness 14 0.048 (-0.010, 0.106) - 0.172
Fewer social activities 85 0.019 (-0.045, 0.082) - 0.659
Lipid factors
Hypertension Loneliness 14 - 1.059 (0.720, 1.556) 0.774
Fewer social activities 80 - 1.782 (1.151, 2.757) 0.037
Behavioral factors
Smoking cessation Loneliness 14 - 0.719 (0.525, 0.985) 0.089
Fewer social activities 83 - 0.566 (0.401, 0.799) 0.008
Cigarettes per day Loneliness 13 -0.197 (-0.375, -0.020) - 0.074
Fewer social activities 91 -0.132 (-0.294, 0.030) - 0.245
Drinks per week Loneliness 13 0.126 (-0.001, 0.252) - 0.102
Fewer social activities 74 0.208 (0.065, 0.350) - 0.021
Psychological factors
Insomnia Loneliness 15 - 1.446 (0.359, 5.818) 0.571
Fewer social activities 92 - 0.556 (0.118, 2.612) 0.600
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Candidate mediators Exposure N_SNP B (95% CI) OR (95% Cl) g-value
MDD Loneliness 12 - 2.440 (1.550, 3.838) 0.001
Fewer social activities 67 - 1.408 (0.882, 2.248) 0.290
ANX Loneliness 11 - 1.730 (0.306, 9.786) 0.595
Fewer social activities 45 - 1.706 (0.172, 16.878) 0.720
BIP Loneliness 13 - 1.662 (0.919, 3.004) 0.169
Fewer social activities 60 - 0.573 (0.343, 0.958) 0.096

Note. All statistical tests were two-sided. g-value < 0.05 was considered significant. BMI, body mass index;
WHR, waist-hip ratio; WC, waist circumference; HIP, hip circumference; BF%, body fat percentage; TC, total
cholesterol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; TG,
triglycerides; FG, fasting glucose; Fl, fasting insulin; HAb1c, glycated hemoglobin levels; MDD, major depressive
disorder; ANX, anxiety disorder; BIP, bipolar disorder; N_SNP, number of SNPS; g-value, P value corrected by

False Discovery Rate method.

A B
Step 1: Effect of loneliness on candidate mediators Candidate Mediators Step 2: Effect of candidate mediators on IHD
B (95% CI) OR (95% Cl)
0.147 (0.069, 0.224) ' LDL-C 1.744 (1.636, 1.861) I
0.301(0.128,0.475) WHR 1.331(1.089, 1.627) ——
0.113 (0.036,0.190) TC 1.545 (1.459, 1.637) -
0.262 (0.065, 0.460) | —— wcC 1.075 (0.916, 1.262) -
0.339(0.082,0.597) BF% 1.662 (1.217, 2.270) . ——
0 0.5 1 15 0.5 1 1.5 2.5
OR (95% Cl) OR (95% CI)
2.439 (1.550, 3.838) —_— MDD 1.029 (0.965, 1.097) HIH
1 2 3 1 15 2.5

c \ / O'S

Indirect effect and meidated proportion mediated for each mediator

0% 10%

Mediators Indirect effect (95% Cl) Mediated Proportion (95% CI)
BF% 0.165 (0.245, 0.086) 21.88% (11.33%, 32.43%) }
WHR 0.087 (0.053, 0.120) 11.47% (7.02%, 15.92%) s ]
LDL-C 0.064 (0.046, 0.082) 8.46% (6.11%, 10.81%) ——
TC 0.063 (0.041, 0.085) 8.31% (5.37%, 11.25%) =

20% 30%

40%

Figure 2. Network Mendelian randomization analyses of the effect of loneliness on IHD via candidate
mediators. A, the first step in network MR analyses estimated the causal effect of loneliness on candidate
mediators. B, the second step in network MR estimated the causal effect of candidate mediators on IHD.

C, Indirect effects of exposure on outcome via each mediator was computed by “product of coefficients

”

method, and 95% C/ was calculated by delta method. MR estimates were derived from the IVW method.
The results were presented as ORs, B coefficients or proportions, with corresponding 95% Cls. The
squares represented ORs or B coefficients, and the bars represented proportions, with the error bars
indicating 95% Cls. All statistical tests were two-sided. IHD, ischemic heart disease; LDL-C, low-density
lipoprotein cholesterol; WHR, waist-hip ratio; TC, total cholesterol; WC, waist circumference; BF%, body
fat percentage; MDD, major depressive disorder.

candidate mediators, with summary information on
listed in

genome-wide significant SNPs

Notably,
decreased risk of IHD, while hypertension and 1 SD

higher

HDL-C was associated with a

Supplementary Table S10. IVW results of the second
step in network analyses were displayed in
Figure 3B. Compared to current smoking, smoking
cessation had a protective effect on the risk of IHD.

higher FI were associated with an increased risk of
IHD.

The sensitivity analysis results were shown in
Supplementary Tables S9, S11-S12. Heterogeneity,
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evaluated by Cochran’s Q test, was not observed.
Although pleiotropy was observed in the causal
relationship between hypertension and IHD, the P-
value of the MR-PRESSO distortion tests was greater
than 0.05, indicating that outliers did not have a
statistically significant impact on the results. Leave-
one-out analyses confirmed that no single SNP had a
strong influence on the estimated effects.

Finally, HDL-C, TG, FIl, smoking cessation, and
hypertension were identified as mediators in the
causal pathway from fewer social activities to IHD.
Figure 3C displayed the indirect effect and mediated
proportion explained by each mediator. For fewer
social activities leading to IHD, the mediated
proportions ranged from 11.56% (95% Cl: 8.96% to
14.16%) for HDL-C to 20.14% (95% Cl: 12.04% to
28.23%) for hypertension.

DISCUSSION
According to available literature, this is the first

study focusing on the causal association between
poor social health and IHD using MR analyses,

examining subjective emotional loneliness and
objective S| separately. Our evidence indicates that
loneliness or reduced social activities are causally
associated with an increased risk of IHD, deepening
our understanding of IHD etiology. Furthermore, we
identified key mediators in the causal pathway,
which are critical for guiding prevention and
intervention strategies to mitigate IHD risk
attributed to poor social health. Among 20
modifiable candidate mediators, four factors
mediated the association between loneliness and
IHD, ranked by mediated proportion as BF%, WHR,
LDL-C, and TC. However, in the causal pathway from
fewer social activities to IHD, hypertension, Fl,
smoking cessation, TG, and HDL-C were identified as
mediators.

Although epidemiological studies have reported
an association between loneliness or Sl and IHD, the
results have been inconsistent, potentially due to
confounding factors"**Y. our findings are the first to
establish a causal relationship between loneliness
and IHD. Previous studies have shown that loneliness
may activate the hypothalamic-pituitary-adrenal

A B
Step 1: Effect of fewer social activities on candidate mediators Candidate Mediators Step 2: Effect of candidate mediators on IHD
B (95% CI) OR (95% CI)

-0.292 (-0.382,-0.202) +—O— HDL-C 0.790 (0.733, 0.85) @

0.279 (0.187, 0.371) —a— 1.374 (1.264, 1.496) WoH

0.126 (0.029, 0.222) —0— 2.284 (1.806, 2.889) ——

-0.5 0 0.5 0 1 2 3
OR (95% Cl) OR (95% Cl)
0.566 (0.401, 0.799) HE— Smoking Cessation 0.838(0.720,0.973)
1.782 (1.151, 2.757) — Hypertension 1.231(1.177, 1.289) Hi-
0 1 2 3 0.5 1 1.5 2 2.5
—
\\\ //
— _
c —, /
Indirect effect and meidated proportion mediated for each mediator
Mediators indirect effect (95% Cl) Mediated Proportion (95% Cl)
HDL-C 0.069 (0.084, 0.053) 11.56% (8.96%, 14.16%) I
TG 0.089 (0.108, 0.070) 14.89% (11.66%, 18.11%) I ——
FI 0.104 (0.148, 0.061) 17.46% (10.16%, 24.76%) e
Smoking Cessation 0.101 (0.155, 0.047) 16.93% (7.90%, 25.95%) e
Hypertension 0.120 (0.168, 0.072) 20.14% (12.04%, 28.24%) =
0% 10% 20% 30%

Figure 3. Network Mendelian randomization analyses of the effect of fewer social activities on IHD via
candidate mediators. A, the first step in network MR estimated the causal effect of fewer social activities
on candidate mediators. B, the second step in network MR estimated the causal effect of candidate
mediators on IHD. C, indirect effects of exposure on outcome via each mediator was computed by
“product of coefficients” method, and 95% C/ was calculated by delta method. MR estimates were
derived from the IVW method. The results were presented as ORs, B coefficients or proportions, with
corresponding 95% Cls. The squares represented ORs or B coefficients, and the bars represented
proportions, with the error bars indicating 95% Cis. All statistical tests were two-sided. IHD, ischemic
heart disease; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; Fl, fasting insulin.
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(HPA) axis and the sympathetic nervous system,
which can lead to atherosclerosis and subsequently
increase the risk of IHD'?. Prior studies have also
demonstrated that increased feelings of loneliness
are linked to elevated levels of various inflammatory
markers, including interleukin-6, tumor necrosis
factor-alpha, interleukin-1 beta, and monocyte
chemoattractant protein[43’44]. Increased levels of
these inflammation markers, released during
aversive stimulation such as stress and loneliness,
are associated with CvD"***®,

Diverging from previous holistic studies on sy,
and facilitated by the UKB database, we conducted
further assessment to explore the association
between each trait of SI and IHD separately. This
provides evidence for determining the priority
intervention order for different traits in socially
isolated populations, particularly those with multiple
manifestations. Our findings suggest a positive
causal relationship between fewer social activities
and IHD, whereas living alone and contact with
friends or family did not show such an association.
Compared to living with others and engaging in
communication with friends or family, participating
in more social activities reflects a broader social
network and greater social interactions. Therefore,
fewer social activities are strongly linked to adverse
health outcomes. A national prospective study in
Finland provided similar evidence that living alone
did not display any statistically significant effect on
Ml incidence risk and suggested that the association
between living alone and MI observed in previous
studies may be explained by socioeconomic factors,
such as education, occupation, income, and
employment status™’).

Additionally, we explored the differential
association of various social activities with IHD risk.
Our findings of no relationship between participation
in religious groups, adult education classes, or pub or
social clubs and IHD align with previous studies®®*.
Only participation in sports clubs or gyms was
correlated with significant risk reductions in IHD.
This distinction may be attributed to the
multifaceted nature of sports clubs or gyms. Exercise
in such settings not only increases interaction with
other members of society but also improves
cardiopulmonary function, which is known to be
effective in preventing IHD"?.

Bidirectional MR results revealed that genetically
predicted IHD does not directly lead to poor social
health. However, due to factors such as long-term
treatment and reduced income, feelings of
loneliness and SI are common among IHD patients,

contributing to poorer prognosis and higher
mortality rates®. Therefore, addressing mental
health remains essential in the treatment and
management of IHD patients.

Notably, this study identified and quantified the
mediating roles of modifiable factors in the causal
pathway. Utilizing the available database, we
selected 20 candidate mediators, comprehensively
covering metabolic, behavioral, and psychological
factors. In the causal pathway from loneliness to
IHD, BF% and WHR played important mediating
roles. Previous epidemiological studies have
demonstrated that loneliness impacts dietary
behaviors, which play a key role in triggering and
maintaining obesity, a well-established traditional
risk factor for IHD?. Inferior to adiposity traits, LDL-
C and TC mediated 8.46% and 8.31% of the causal
pathway, respectively. Our findings support the
neuroendocrine hypothesis proposed by Cacioppo et
al., which suggests that loneliness is typically
associated with increased stress and higher levels of
HPA axis activation, resulting in excessive cortisol
that affects lipid metabolism, thereby increasing
LDL-C and TC levels®**".

For behavioral factors, we found no clear
evidence establishing a causal relationship between
loneliness and smoking or drinks per week, which is
generally consistent with the results of a previous
MR study®. Additionally, our results revealed no
causality between genetically predicted MDD and
IHD, suggesting that the significant associations
observed in observational studies may be partly
influenced by residual confounding or reverse causal
bias®®. Therefore, interventions and control
measures targeting obesity and lipid disorders may
be effective in reducing IHD risk among individuals
experiencing loneliness.

In the causal pathway from fewer social activities
to IHD, the mediating factors were different,
including hypertension, Fl, TG, HDL-C, and smoking
cessation. The most significant mediator was
hypertension, whose mediating effect may be
explained by oxidative stress, a key molecular
mechanism linking SI to cvD®”. In socially isolated
animals, oxidative stress in the brain increases
sympathetic outflow and raises blood pressure,
while oxidative stress in peripheral vascular tissue
increases vascular tone, promotes atherogenesis,
and leads to elevated blood pressure[sgl. Insulin
resistance or hyperinsulinism causes peripheral
vasoconstriction or lipid imbalance, and low HDL-C
and high TG lead to endothelial dysfunction and
promote the formation of atherosclerotic plaques,
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which may partly explain the mediating effects of
high insulin, low HDL-C, and high TGE, However, it
should be noted that an MR study found a reciprocal
causal effect among TG, HDL-C and Fl, so the
proportion mediated by these mediators may
overlap in our analysis[m. Our results also supported
the notion that Sl increases the difficulty of smoking
cessation and thus elevates the risk of IHD,
consistent with current observational evidence®
Meanwhile, drinks per week were excluded from our
mediation analysis due to their bidirectional causal
associations with fewer social activities. For socially
isolated individuals, it is important to focus on
metabolic indicators and smoking cessation to
reduce the risk of IHD.

This MR study provides novel evidence for the
causal impact of poor social health on IHD and
identifies causal mediators in the pathway. This
work has several strengths. First, to avoid
pleiotropy and heterogeneity, we set rigorous
screening criteria for genetic instruments, and the
results of multiple sensitivity analyses supported
the robustness of the IVW results. Second, we
applied strict criteria for selecting mediators to
avoid reverse causality and ensure the credibility of
the mediation analyses.

However, there are some limitations in this
study. First, the mediators of loneliness or fewer
social activities on IHD cannot be fully explored. On
one hand, to avoid bias due to sample overlap in
two-sample MR analyses, several potential
mediators were not included in our mediation
analysis, such as physical activity, coffee
consumption, and dietary habits. On the other hand,
the MR method is only appropriate for risk factors
with suitable genetic instrumental variables. Several
potential mediators, such as health awareness and
poverty, are not heritable and, therefore, unsuitable
for MR analysis. Furthermore, recent research has
identified emerging factors, such as gut microbiota
and circadian rhythm disturbances, which may also
play significant roles in cardiovascular health®*®!. In
the future, incorporating these emerging risk factors
may contribute to a more comprehensive
understanding of the pathway linking poor social
health to cardiovascular outcomes. Second, the
proportion mediated by each mediator may overlap
due to possible interrelations between mediators.
Third, a key limitation of the MR method is the
potential for pleiotropy, where the genetic variants
used may affect the outcome through pathways
unrelated to the exposure of interest. This can
introduce bias and compromise the accuracy of

causal estimates. Since several MR assumptions are
untestable, the results should be interpreted with
caution. However, in this study, we implemented
strict criteria for selecting instrumental variables and
conducted quality control to ensure that the
selected SNPs aligned with the core assumptions.
Additionally, a series of sensitivity analyses indicated
that horizontal pleiotropy and outliers did not affect
our results. Fourth, ethnic differences can influence
the performance of cardiovascular risk prediction
models, highlighting the importance of ethnic
diversity in cardiovascular research®®. For example,
the Pooled Cohort Equations reported in the
American College of Cardiology/American Heart
Association guidelines did not perform well when
applied to East Asian populations[66]. The
heterogeneity in the association between genetic
variants and phenotypic traits across different ethnic
groups may lead to biased effect estimates, as these
genetic variants may not effectively randomize
confounding factors when used as instrumental
variables in diverse populations[67]. Due to the lack of
large-scale GWAS data on loneliness and Sl in other
ethnic groups, this study focused on European
populations in high-income countries. Therefore, we
encourage future studies to assess whether our
findings can be replicated in other ethnic groups or
in low- and middle-income countries.

CONCLUSION

Our MR analyses elucidated the detrimental
causal effect of loneliness and SI, particularly due to
fewer social activities, on the risk of IHD and
identified key mediators in the causal pathway.
These findings suggest that loneliness and fewer
social engagement should be considered when
developing strategies for IHD prevention and
reducing the overall disease burden. Furthermore,
for individuals experiencing loneliness or limited
social activities, comprehensive interventions
targeting metabolic factors and promoting healthier
lifestyles may be effective in reducing IHD risk.
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