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Abstract: Observations of the association between carbohydrate intake and hypertension are in-
consistent, with mediating pathways unclear. We aimed to investigate the causal effect of relative
carbohydrate intake on hypertension and the mediating roles of psychological well-being and adi-
posity. Using summary-level statistics of genome-wide association studies of European ancestry, we
conducted univariable and multivariable Mendelian randomization (MR) to estimate the bidirectional
causal association between relative carbohydrate intake (total energy-adjusted, mean: 42–51%) and
hypertension (FinnGen: 42,857 cases/162,837 controls; UK Biobank: 77,723 cases/330,366 controls)
and two-step MR to assess the mediating effects of psychological well-being indicators and adiposity
traits on the association. MR estimates of hypertension from FinnGen and UK Biobank were meta-
analyzed using the fixed-effect model given no heterogeneity. Meta-analyses of multivariable MR
estimates from FinnGen and UK Biobank indicated that each one-SD higher relative carbohydrate
intake was associated with 71% (odds ratio: 0.29; 95% confidence interval: 0.11–0.79) lower risk
of hypertension, independently of other dietary macronutrients. Hypertension showed no reverse
effect on carbohydrate intake. Five psychological well-being indicators and four adiposity traits
causally mediated the association between relative carbohydrate intake and hypertension, including
body mass index (mediation proportion: 51.37%), waist circumference (40.54%), waist-to-hip ratio
(35.00%), hip circumference (24.77%), major depressive disorder (23.37%), positive affect (17.08%),
depressive symptoms (16.52%), life satisfaction (16.05%), and neuroticism (11.22%). Higher relative
carbohydrate intake was causally associated with lower hypertension risk, substantially mediated by
better psychological well-being and less adiposity. Our findings inform causal targets and pathways
for the prevention and intervention of hypertension.

Keywords: relative carbohydrate intake; hypertension; psychological well-being; adiposity; mediation;
Mendelian randomization

1. Introduction

Carbohydrate intake accounts for approximately half or more of human daily caloric
intake and can be potentially modified with intention [1]. Recently, the association be-
tween dietary intake of carbohydrates and cardiovascular health has received increasing
attention [2]. Hypertension has become a major public health threat worldwide due to its
rising prevalence and substantial impact on cardiovascular morbidity and mortality [3,4].
Current evidence regarding the association between carbohydrate intake and hypertension
or cardiovascular disease seems controversial [1,5–7]. A Chinese nationwide cohort study
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has indicated a U-shaped association between carbohydrate intake and hypertension [5],
whereas a network meta-analysis of randomized trials showed moderate-certainty evi-
dence that compared with a usual diet, a low carbohydrate diet had beneficial effects on
blood pressure reduction and weight loss in overweight or obese adults, but these effects
largely disappeared at 12 months follow-up [6]. Meanwhile, findings from the Prospective
Urban Rural Epidemiology study and the UK Biobank yielded no association between
carbohydrate intake and cardiovascular disease [1,7]. These inconsistent results may be
partly due to reverse causality, for example, high carbohydrate intake is common in in-
dividuals predisposed to hypertension, and residual confounding factors, such as other
dietary macronutrients and total energy intake [1,5,7]. Moreover, the paucity of long-term
randomized trials limits our knowledge of the permanent impact of carbohydrate intake
on hypertension.

Thus far, whether carbohydrate intake causally associates with hypertension and
whether hypertension has a reverse effect on carbohydrate intake remain unclear. Mendelian
randomization (MR) is an alternative approach to infer the causality of lifetime risk factors
with diseases by applying genetic variants fixed at conception and naturally randomly as-
signed to individuals as a proxy for the exposure, and thus to a large content to circumvent
confounding or reverse causality [8]. Recent MR studies have suggested causal relation-
ships of carbohydrate intake with depression and adiposity [9,10], while psychological
health and adiposity have been recommended as risk factors for hypertension or cardiovas-
cular disease [11,12]. These findings have inspired a novel hypothesis that carbohydrate
intake may influence the development of hypertension, possibly through the mediating
pathways of psychological health and adiposity.

To fill the knowledge gap, in this two-step, two-sample MR study, we investigated
the bidirectional association between relative carbohydrate intake and hypertension and
assessed the mediating effects of psychological well-being and adiposity in the associ-
ation pathway, to facilitate prevention and intervention efforts to alleviate the burden
of hypertension.

2. Materials and Methods
2.1. Study Design

This MR study encompassed two analysis phases (Figure 1). We first performed uni-
variable MR (UVMR) and multivariable MR (MVMR) to assess the bidirectional association
between relative carbohydrate intake and hypertension. We then applied a two-step MR to
explore whether and to what extent psychological well-being indicators and adiposity traits
may play a causal role in the mediating pathway between relative carbohydrate intake and
hypertension. The flow chart for the MR study is depicted in Supplementary Figure S1.
This MR study is reported according to the Strengthening the Reporting of Observational
Studies in Epidemiology Using Mendelian Randomization guidelines [13].
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Figure 1. Overview of the MR study design. This MR study comprised two analysis phases. In
Analysis 1, we assessed the bidirectional causal association between relative carbohydrate intake
and hypertension by applying UVMR and MVMR. In Analysis 2, we performed the two-step MR to
evaluate the mediating effects of psychological well-being indicators and adiposity traits in the causal
association between relative carbohydrate intake and hypertension. BF%, body fat percentage; BMI,
body mass index; GIANT, Genetic Investigation of ANthropometric Traits; GWAS, genome-wide
association study; HC, hip circumference; IVW, inverse-variance weighted; MDD, major depressive
disorder; MR, Mendelian randomization; MV-IVW, multivariable inverse-variance weighted; MVMR,
multivariable Mendelian randomization; PGC, Psychiatric Genomic Consortium; PRESSO, pleiotropy
residual sum and outlier; UVMR, univariable Mendelian randomization; WC, waist circumference;
WHR, waist-to-hip ratio.

2.2. Data Sources for the Exposure, Covariates, Mediators, and Outcome

All the data used in the analyses were derived from genome-wide association studies
(GWASs) conducted in European-descent participants from large-scale consortia or studies
(Table 1). Information on ethical approval and participant informed consent for the GWASs
can be found in the corresponding GWAS publications cited in the manuscript.
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Table 1. Overview of the GWAS data used in the study.

Phenotype Unit Sample Size
(Case/Control) Ancestry Consortium or

Cohort Study Data Source

Exposure

Relative carbohydrate intake 1-SD 268,922 European UK Biobank,
DietGen, 14 studies

Meddens SFW et al., 2021
(PMID: 32393786) [14]

Covariate
Relative protein intake 1-SD 268,922 European UK Biobank,

DietGen, 14 studies
Meddens SFW et al., 2021
(PMID: 32393786) [14]Relative fat intake 1-SD 268,922 European

Outcome

Hypertension Event 42,857/162,837 European FinnGen
https://FinnGen.gitbook.io/
documentation/ (accessed on
14 May 2023)

Event 77,723/330,366 European UK Biobank
https:
//pan.ukbb.broadinstitute.org/
(accessed on 14 May 2023)

Mediator
Psychological well-being
Positive affect Z score 410,603 European

Meta
Baselmans BML et al., 2019
(PMID: 30643256) [15]

Life satisfaction Z score 80,852 European
Neuroticism Z score 582,989 European
Depressive symptoms Z score 1,295,946 European

MDD Event 170,756/329,443 European PGC Howard DM et al., 2019
(PMID: 30718901) [16]

Adiposity

BMI 1-SD
(4.77 kg/m2) 322,154 European

GIANT

Locke AE et al., 2015
(PMID: 25673413) [17]

WHR 1-SD (0.076) 212,244 European
Shungin D et al., 2015
(PMID: 25673412) [18]

WC 1-SD (12.52 cm) 232,101 European
HC 1-SD (8.45 cm) 213,038 European

BF% 1-SD 454,633 European UK Biobank
https:
//gwas.mrcieu.ac.uk/datasets/
(accessed on 14 May 2023)

BF%, body fat percentage; BMI, body mass index; GIANT, Genetic Investigation of ANthropometric Traits; GWAS,
genome-wide association study; HC, hip circumference; MDD, major depressive disorder; PGC, Psychiatric
Genomic Consortium; SD, standard deviation; WC, waist circumference; WHR, waist-to-hip ratio.

2.2.1. Exposure and Covariates

GWAS data for macronutrient intake were obtained from the Social Science Genetic
Association Consortium (SSGAC) of 268,922 participants [14]. The macronutrient intake
data were collected as habitual or previous-day intake of the three macronutrients obtained
through the comprehensive food-item questionnaires [14]. The relative intake of carbo-
hydrate, protein, and fat was defined as the energy from each respective macronutrient
divided by total energy intake, following the calculation formula: relative macronutrient in-
take = energy from macronutrient/(total energyβ), where β is a correction factor to mitigate
the bias caused by the non-linear association between relative macronutrient intake and
total energy intake [14]. The mean value of relative carbohydrate intake (i.e., percentage of
total energy intake from carbohydrates) ranged from 42% to 51% [14].

When selecting genetic instrumental variables (IVs), we screened for each macronutrient-
related single nucleotide polymorphism (SNP) in the PhenoScanner database to assess
any previous associations (p < 5.00 × 10−8) with plausible confounders (i.e., alcohol con-
sumption, smoking status, physical activity, and education) in accordance with previous
MR studies [9,10,19,20], and we excluded nine SNPs associated with certain confounders
(for details, see Supplementary Table S1). Eventually, seven, four, and three SNPs at a
genome-wide significant level (p < 5.00 × 10−8) and independent of each other (linkage
disequilibrium [LD] r2 < 0.001 within 10,000 kb) were selected as the IVs for relative
carbohydrate intake, protein intake, and fat intake, respectively (Supplementary Table S2).

2.2.2. Mediators

We selected five psychological well-being indicators and five adiposity traits as poten-
tial mediators. GWAS data for positive affect, life satisfaction, neuroticism, and depressive

https://FinnGen.gitbook.io/documentation/
https://FinnGen.gitbook.io/documentation/
https://pan.ukbb.broadinstitute.org/
https://pan.ukbb.broadinstitute.org/
https://gwas.mrcieu.ac.uk/datasets/
https://gwas.mrcieu.ac.uk/datasets/
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symptoms were from a model-averaging genome-wide association meta-analysis of up to
1,295,946 participants from the SSGAC, Understanding Society, UK Biobank, 23 and Me,
and Cohorts for Heart and Aging Research in Genomic Epidemiology Consortium [15].
GWAS data for major depressive disorder (MDD) were from the Psychiatric Genomic
Consortium (n = 500,199), where individuals having received a clinical diagnosis or treat-
ment for depression were classified as cases [16]. GWAS data for body mass index (BMI),
waist-to-hip ratio (WHR), waist circumference (WC), and hip circumference (HC) were
obtained from the Genetic Investigation of ANthropometric Traits consortium based on up
to 322,154 participants aged 12 to 113 years [17,18]. GWAS data for body fat percentage
(BF%) were from the UK Biobank (n = 454,633) [21].

In UVMR analyses, the IVs for each mediator were at a genome-wide significant level
(p < 5.00 × 10−8) independently of each other (LD r2 < 0.001 within 10,000 kb). In MVMR
analyses, the IVs were the combination of SNPs that were at a genome-wide significant
level (p < 5.00 × 10−8) in either the GWAS of relative carbohydrate intake or the GWAS of
each mediator and were independent of each other (LD r2 < 0.001 within 10,000 kb).

2.2.3. Outcome

Summary-level GWAS data for hypertension were from two European cohorts: the
FinnGen Study and the UK Biobank. The FinnGen Study is a Finnish, nationwide GWAS
meta-analysis of 13 cohorts and biobanks, which has no overlap with the GWASs for
relative carbohydrate intake or mediators to guarantee the lowest type 1 error rate [22]. The
FinnGen Study included 42,857 participants with hypertension, defined as the presence of
essential hypertension, and 162,837 participants without essential hypertension or any other
hypertensive diseases as controls [22]. The International Classification of Diseases diagnosis
codes used to define essential hypertension are provided in Supplementary Table S3 [22].
The UK Biobank is a cohort study that included over 500,000 men and women from the
UK general population between 2006 and 2010 [23]. GWAS data for hypertension from
the UK Biobank were based on 77,723 cases of essential hypertension (PheCode 401.1)
and 330,366 controls without essential hypertension or any other hypertensive diseases.
To ensure the credibility of the results, we extracted the genetic associations of IVs with
hypertension from the FinnGen Study for discovery and applied the large sample size of
the UK Biobank for supplementary material and to maximize statistical power.

2.3. Statistical Analysis
2.3.1. UVMR and MVMR Analyses

We applied UVMR to assess the total causal effects of relative carbohydrate intake,
protein intake, and fat intake on hypertension as well as the causal effect of hypertension
on relative carbohydrate intake. We performed MVMR to assess the independent causal
effect of relative carbohydrate intake on hypertension with adjustment for other macronu-
trient intakes that had a causal effect on hypertension. All MR analyses fulfilled three core
assumptions: (1) the genetic variants must be strongly associated with the exposure in UVMR
and at least one of the multiple exposures in MVMR; (2) the genetic variants must not be
associated with confounders of the associations between exposures and outcomes; and (3) the
effects of genetic variants on outcomes must go through exposures [24]. Where IVs for the
exposure (e.g., relative carbohydrate intake) were not available in summary-level statistics
of the outcome (e.g., hypertension), we replaced them with proxy SNPs in high LD (r2 > 0.8)
identified on the online platform LDlink (https://ldlink.nci.nih.gov/; accessed on 28 May
2023) [25]. We used the random-effect inverse-variance weighted (IVW) method as the main
analysis in UVMR and the multivariable IVW (MV-IVW) as the main analysis in MVMR.

2.3.2. Mediation MR Analyses

We performed a two-step MR to evaluate potential mediators of the association be-
tween relative carbohydrate intake and hypertension [26]. The first step was to estimate
the causal effect of relative carbohydrate intake on each psychological well-being indicator

https://ldlink.nci.nih.gov/
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and adiposity trait using UVMR (β1). Reverse MR of each mediator with hypertension
was conducted to determine if there was bidirectionality that might affect the validity of
the mediation model. The second step was to assess the causal effect of each mediator on
hypertension using MVMR with adjustment for relative carbohydrate intake (β2), which
was on the premise that each mediator was causally associated with hypertension in UVMR.
The proportion mediated by each mediator in the causal association between relative car-
bohydrate intake and hypertension was calculated as the product of β1 and β2 divided
by the total causal effect. The 95% confidence intervals (CIs) of the mediation proportions
were calculated using the delta method [27].

2.3.3. MR Sensitivity Analyses

In UVMR, we applied the weighted median, weighted mode, MR-Egger, and MR
pleiotropy residual sum and outlier (MR-PRESSO) methods as sensitivity analyses based
on different assumptions. The weighted median method provides reliable causal estimates
allowing for up to 50% of genetic variants to violate the MR assumption under the presence
of horizontal pleiotropy [28]. The weighted mode method indicates reliable causal results
if the SNPs contributing to the largest cluster are valid [29]. In the MR-Egger analyses, the
MR-Egger intercept test is used to detect potential horizontal pleiotropy, and the slope
coefficient from the MR-Egger regression is a consistent estimate of the causal effect in the
presence of horizontal pleiotropy [30]. The MR-PRESSO method detects potential hori-
zontally pleiotropic SNPs and generates causal estimates after exclusion of the identified
outlying SNPs [31]. In addition, in reverse MR assessing the effect of hypertension on
relative carbohydrate intake, we conducted the MR Steiger test of directionality to ascertain
whether the estimate of causal direction was accurate [32]. In MVMR, we performed the
MVMR-median, MVMR-Egger, and MVMR-Lasso analyses to validate the robustness of
the MV-IVW results [33]. The F statistics were used to evaluate the validity of the IVs, and
Cochran’s Q statistics were applied to assess the heterogeneity between the IVs. All the
MR analyses were conducted using R packages TwoSampleMR (version 0.5.7), MVMR
(version 0.4), and MRPRESSO (version 1.0) in R software (version 4.3.1; R Development
Core Team, Vienna, Austria). A p value < 0.05 indicates statistical significance. The IVW
estimates were considered as causal associations only if they had the same direction and
statistical significance as at least one sensitivity analysis with no evidence of pleiotropy (p
for Egger intercept > 0.05). All results were presented as odds ratios (ORs), β coefficients,
or proportions, with corresponding 95% CIs.

2.3.4. Meta-Analyses of Estimates from Two Outcome Databases

All MR analyses for the causal effect of each exposure and mediator on hypertension
were performed separately in the databases of FinnGen and UK Biobank. We calculated the
I2 statistics and corresponding p values derived from Cochran’s Q test to quantify the het-
erogeneity between estimates from the two databases. Given the absence of heterogeneity,
fixed-effect model meta-analyses were used to pool the results for hypertension from the
two databases. All meta-analyses were performed using R package meta (version 6.1-0).

3. Results
3.1. Effect of Relative Carbohydrate Intake on Hypertension and the Reverse Effect

In UVMR, each one-standard deviation (SD) increase in genetically determined car-
bohydrate intake (pooled IVW-estimated OR: 0.54; 95% CI: 0.31–0.92) and protein intake
(0.54; 0.35–0.82), but not fat intake, was causally associated with a lower risk of hyperten-
sion (Figure 2A). All UVMR estimates were validated by at least one sensitivity analysis
(Supplementary Table S4). We found heterogeneity between IVs but no evidence of weak
instrument bias (all F statistics ≥ 50) or horizontal pleiotropy affecting the MR results (all
p for Egger intercept ≥ 0.21; Supplementary Table S5). The causal association between
each one-SD increase in relative carbohydrate intake and hypertension remained after
adjusting for relative protein intake (pooled MV-IVW-estimated OR: 0.29; 95% CI: 0.11–0.79;
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Figure 2B), which was supported by the MVMR-median and MVMR-Lasso results (Sup-
plementary Table S6). There was heterogeneity between IVs, but the instrumental validity
test suggested sufficient instrument strength (both F statistics = 33), and no horizontal
pleiotropy was detected (both p for Egger intercept ≥ 0.48).
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Figure 2. UVMR and MVMR estimates for the causal association between relative carbohydrate
intake and hypertension. (A) UVMR assessing the causal effects of relative carbohydrate intake,
protein intake, and fat intake on hypertension. (B) MVMR assessing the independent causal effect of
relative carbohydrate intake on hypertension. The blue squares represent UVMR estimates for the
effects of macronutrient intakes on hypertension, and the green squares represent MVMR estimates
for the effects of macronutrient intakes on hypertension, with light ones representing the results from
FinnGen or UK Biobank and dark ones representing the pooled results. ORs (95% CIs) were based
on the IVW (UVMR) and MV-IVW (MVMR) analyses, indicating the risk for hypertension per 1-SD
increase in relative carbohydrate, fat, or protein intake. CI, confidence interval; IVW, inverse variance
weighted; MV-IVW, multivariable inverse variance weighted; MVMR, multivariable Mendelian
randomization; OR, odds ratio; SD, standard deviation; SNP, single nucleotide polymorphism;
UVMR, univariable Mendelian randomization.

We found no evidence of a causal effect of hypertension on carbohydrate intake across
all MR methods, and the F statistic suggested no weak instrument bias (Supplementary
Table S7). The MR Steiger test of directionality ascertained the unidirectional causality from
carbohydrate intake to hypertension (Supplementary Table S8). There was heterogeneity
between IVs but no horizontal pleiotropy (Supplementary Table S9).

3.2. Effect of Relative Carbohydrate Intake on Psychological Well-Being and Adiposity

Each one-SD increase in genetically determined relative carbohydrate intake was
associated with better psychological well-being, including higher levels of positive affect
(IVW-estimated β: 0.171; 95% CI: 0.063–0.278) and life satisfaction (0.183; 0.069–0.298), lower
levels of neuroticism (−0.171; −0.270, −0.073) and depressive sym ptoms (−0.145; −0.235,
−0.056), and lower MDD risk (IVW-estimated OR: 0.60; 95% CI: 0.48–0.75), as well as less
adiposity, including lower levels of BMI (β: −0.669 SDs; 95% CI: −1.006, −0.332), WHR
(−0.357 SDs; −0.562, −0.152), WC (−0.498 SDs; −0.706, −0.290), HC (−0.468 SDs; −0.739,
−0.197), and BF% (−0.427 SDs; −0.771, −0.082); at least two sensitivity analyses confirmed
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these IVW estimates (Table 2). Reverse MR analyses showed no causal associations of
psychological well-being and adiposity with relative carbohydrate intake, except for a
causal effect of each 1-SD higher BF% on 0.079 (95% CI: 0.044–0.114) SDs lower relative
carbohydrate intake (Supplementary Table S10). There was heterogeneity among IVs but
no horizontal pleiotropy (all p for Egger intercept ≥ 0.22; Supplementary Table S11).

Table 2. UVMR estimates of the causal association between relative carbohydrate intake and each
mediator.

Mediator Method No. of SNP β (95% CI) 1 OR (95% CI) 1 p Value

Psychological well-being

Positive affect

IVW

5

0.171 (0.063, 0.278) / 0.002
Weighted median 0.143 (0.037, 0.250) / 0.008
Weighted mode 0.140 (0.021, 0.259) / 0.082
MR-Egger 0.225 (−0.585, 1.035) / 0.62
MR-PRESSO (no outliers) 0.171 (0.063, 0.278) / 0.036

Life satisfaction

IVW

5

0.183 (0.069, 0.298) / 0.002
Weighted median 0.157 (0.039, 0.276) / 0.009
Weighted mode 0.155 (0.025, 0.285) / 0.079
MR-Egger 0.258 (−0.584, 1.110) / 0.59
MR-PRESSO (no outliers) 0.183 (0.069, 0.298) / 0.035

Neuroticism

IVW

5

−0.171 (−0.270, −0.073) / 6.69 × 10−4

Weighted median −0.179 (−0.299, −0.059) / 0.004
Weighted mode −0.172 (−0.312, −0.032) / 0.073
MR-Egger −0.691 (−1.368, −0.014) / 0.14
MR-PRESSO (no outliers) −0.171 (−0.270, −0.073) / 0.027

Depressive
symptoms

IVW

5

−0.145 (−0.235, −0.056) / 0.001
Weighted median −0.110 (−0.184, −0.035) / 0.004
Weighted mode −0.111 (−0.189, −0.034) / 0.048
MR-Egger −0.126 (−0.855, 0.603) / 0.76
MR-PRESSO (no outliers) −0.145 (−0.235, −0.056) / 0.034

MDD

IVW

7

−0.512 (−0.731, −0.294) 0.60 (0.48, 0.75) 4.15 × 10−6

Weighted median −0.541 (−0.802, −0.281) 0.58 (0.45, 0.76) 4.71 × 10−5

Weighted mode −0.528 (−0.948, −0.107) 0.59 (0.39, 0.90) 0.049
MR-Egger 0.255 (−0.845, 1.355) 1.29 (0.43, 3.88) 0.67
MR-PRESSO (no outliers) −0.512 (−0.731, −0.294) 0.60 (0.48, 0.75) 0.004

Adiposity

BMI

IVW

5

−0.669 (−1.006, −0.332) / 1.01 × 10−4

Weighted median −0.665 (−0.960, −0.369) / 1.08 × 10−5

Weighted mode −0.859 (−1.454, −0.264) / 0.047
MR-Egger −1.461 (−4.187, 1.266) / 0.37
MR-PRESSO (no outliers) −0.669 (−1.006, −0.332) / 0.018

WHR

IVW

5

−0.357 (−0.562, −0.152) / 6.35 × 10−4

Weighted median −0.345 (−0.596, −0.094) / 0.007
Weighted mode −0.320 (−0.642, 0.001) / 0.12
MR-Egger −0.613 (−2.146, 0.920) / 0.49
MR-PRESSO (no outliers) −0.357 (−0.415, −0.299) / 2.67 × 10−4

WC

IVW

5

−0.498 (−0.706, −0.290) / 2.80 × 10−6

Weighted median −0.447 (−0.734, −0.160) / 0.002
Weighted mode −0.331 (−0.768, 0.107) / 0.21
MR-Egger −0.905 (−2.539, 0.729) / 0.36
MR-PRESSO (no outliers) −0.498 (−0.694, −0.303) / 0.008

HC

IVW

5

−0.468 (−0.739, −0.197) / 7.22 × 10−4

Weighted median −0.354 (−0.697, −0.010) / 0.044
Weighted mode −0.275 (−0.869, 0.318) / 0.41
MR-Egger −0.617 (−2.925, 1.692) / 0.64
MR-PRESSO (no outliers) −0.468 (−0.739, −0.197) / 0.028

BF%

IVW

7

−0.427 (−0.771, −0.082) / 0.015
Weighted median −0.406 (−0.542, −0.270) / 4.56 × 10−9

Weighted mode −0.388 (−0.532, −0.244) / 0.002
MR-Egger −0.939 (−2.919, 1.043) / 0.40
MR-PRESSO (3 outliers) −0.408 (−0.500, −0.315) / 0.003

1 Causal estimates of odds for MDD or changes in z score of the rest four psychological well-being indicators or
changes in SDs of adiposity traits associated with each 1-SD increase in relative carbohydrate intake. BF%, body
fat percentage; BMI, body mass index; CI, confidence interval; HC, hip circumference; IVW, inverse-variance
weighted; MDD, major depressive disorder; MR, Mendelian randomization; OR, odds ratio; PRESSO, pleiotropy
residual sum and outlier; SD, standard deviation; SNP, single nucleotide polymorphism; UVMR, univariable
Mendelian randomization; WC, waist circumference; WHR, waist-to-hip ratio.
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3.3. Effects of Psychological Well-Being and Adiposity on Hypertension

BF% was excluded from the mediation analyses due to its reverse causal effect on
relative carbohydrate intake (Supplementary Table S10). UVMR results for the associations
of the remaining five psychological well-being indicators and four adiposity traits with
hypertension are presented in Supplementary Table S12. In MVMR, with adjustment
for relative carbohydrate intake, positive affect (pooled IVW-estimated OR: 0.56; 95%
CI: 0.46–0.69) and life satisfaction (0.56; 0.44–0.72) were associated with a lower risk of
hypertension, whereas neuroticism (1.50; 1.29–1.75), depressive symptoms (2.03; 1.60–2.57),
and MDD (1.33; 1.21–1.46) were associated with a higher risk of hypertension (Figure 3A).
Each one-SD increase in each adiposity trait was causally associated with a higher risk of
hypertension independently of relative carbohydrate intake, with ORs (95% CIs) ranging
from 1.84 (1.55–2.18) for WHR to 1.39 (1.24–1.56) for HC (Figure 3B). All MV-IVW estimates
were supported by the MVMR-Egger method (Supplementary Table S13). The instrumental
validity test indicated no evidence of weak instrument bias (all F statistics ≥ 28); there was
heterogeneity among IVs but no horizontal pleiotropy (all p for Egger intercept ≥ 0.12).
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psychological well-being indicator on hypertension with adjustment for relative carbohydrate intake.
(B) MVMR assessing the direct causal effect of each adiposity trait (BF% was excluded from the medi-
ation analyses for its reverse causal association with relative carbohydrate intake) on hypertension
with adjustment for relative carbohydrate intake. The blue squares represent MVMR estimates for
the direct causal effect of each psychological well-being indicator on hypertension with adjustment
for relative carbohydrate intake, and the green squares represent MVMR estimates for the direct
causal effect of each adiposity trait on hypertension with adjustment for relative carbohydrate intake,
with light ones representing the results from FinnGen or UK Biobank and dark ones representing
the pooled results. ORs (95% CIs) were based on the MV-IVW analyses, indicating the risk for
hypertension associated with each psychological well-being indicator or each 1-SD increase in each
adiposity trait. BF%, body fat percentage; BMI, body mass index; CI, confidence interval; HC, hip
circumference; MDD, major depressive disorder; MV-IVW, multivariable inverse variance weighted;
MVMR, multivariable Mendelian randomization; OR, odds ratio; SD, standard deviation; SNP, single
nucleotide polymorphism; WC, waist circumference; WHR, waist-to-hip ratio.

3.4. Mediating Effects of Psychological Well-Being and Adiposity

Of the five psychological well-being indicators, MDD mediated the largest proportion
(23.37%; 95% CI: 10.61–36.13%) of the causal effect of relative carbohydrate intake on hyper-
tension, followed by positive affect (17.08%; 4.75–29.41%), depressive symptoms (16.52%;
4.92–28.13%), life satisfaction (16.05%; 3.87–28.24%), and neuroticism (11.22%; 3.49–18.95%;
Figure 4). The four adiposity traits ranked by mediation proportions included BMI (51.37%;
95% CI: 23.50–79.24%), WC (40.54%; 20.86–60.22%), WHR (35.00%; 12.63–57.36%), and HC
(24.77%; 7.94–41.60%).
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Figure 4. Mediation proportion of each mediator in the causal association between relative carbo-
hydrate intake and hypertension. Mediation proportion (95% CI) for each mediator was obtained
from the two-step MR analyses. The effect sizes of relative carbohydrate intake and each mediator
on hypertension used to calculate the mediation proportions (95% CIs) were pooled results from
FinnGen and UK Biobank by meta-analyses using the fixed-effect model. BMI, body mass index;
CI, confidence interval; HC, hip circumference; MDD, major depressive disorder; MR, Mendelian
randomization; WC, waist circumference; WHR, waist-to-hip ratio.
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4. Discussion

This MR study provided novel evidence that genetically determined that each one-SD
increase in relative carbohydrate intake (mean energy from carbohydrates ranging from
42% to 51%) was causally associated with a 71% lower risk of hypertension, independent of
the causal effect of other macronutrients, whereas hypertension showed no reverse causal
effect on carbohydrate intake. More importantly, the protective effect of higher relative
carbohydrate intake on hypertension was causally mediated by better psychological well-
being and less adiposity, with individual mediation proportions ranging from 11.22% to
23.37% for five psychological well-being indicators and 24.77% to 51.37% for four adiposity
traits. Our findings elaborated on the independent causal protective role of relative car-
bohydrate intake in hypertension and the considerable mediating effects of psychological
well-being and adiposity in the pathogenesis from carbohydrate intake to hypertension. Of
note, the clinical significance of the observed causal effects needs to be interpreted in the
context of public health, considering the absolute risk reduction alongside the relative risk
to determine its practical importance for hypertension prevention and intervention.

Noteworthily, in this study, the beneficial role of carbohydrate intake in hypertension
might be dependent on the quantity and quality of carbohydrate intake. In our study,
we applied genetic variants as an unconfounded proxy for total energy-adjusted relative
carbohydrate intake in European-ancestry individuals from Europe and North America [14].
It has been documented that the percentage of energy from carbohydrate intake was lower
in European and North American cohorts (mean values generally ≤50%) than in Asian or
Chinese cohorts (mean values generally >60%) [1,14,34]. Therefore, our findings are not
inconsistent with the previous China Health and Nutrition Survey, which showed a U-
shaped association between carbohydrate intake and hypertension, with an optimal effect at
the carbohydrate-to-energy proportion of 50–55% for individuals without hypertension [5].
It is possible that the inverse association between carbohydrate intake and hypertension in
our study primarily represented the left side of the U-shaped relationship reported in the
Chinese cohort [5]. Moreover, because the consumption of high-quality carbohydrates, such
as non-starchy vegetables, whole fruits, legumes, and whole-kernel grains, has been higher
in Europe and North America than in other regions [35], our results were in accordance
with the previously identified favorable effects of high-quality carbohydrate intake on
hypertension and cardiovascular disease [5,7]. On the other hand, our study indicated that
the genetic liability to hypertension might not affect carbohydrate intake, confirming the
unidirectional causality from carbohydrate intake to hypertension.

Possible biological mechanisms underlying the causal effect of carbohydrate intake
on hypertension were mainly the alterations of the hypothalamic–pituitary–adrenal (HPA)
axis. Hyperfunction of the HPA axis has been implicated in the pathogenesis of psycho-
logical disorders and hypertension [36,37], and its subsequent effects on elevated cortisol
concentrations have been associated with fat accumulation and weight gain [37]. Con-
versely, carbohydrate-rich diets can lead to lower HPA axis stress responses [9], thereby
ameliorating HPA axis-related psychological dysfunction and hypertension.

In this context, our study identified two causal mediating pathways from carbohydrate
intake to hypertension. Overall, adiposity traits conferred higher mediation proportions
than psychological well-being indicators in this study. Our findings were in line with a
previous MR study that higher carbohydrate intake was associated with lower levels of BMI
and WC [10] and added new evidence to the associations of higher relative carbohydrate
intake with lower levels of WHR, HC, and BF%. After excluding BF%, which exhibited a
bidirectional association with carbohydrate intake, of the remaining four adiposity media-
tors, BMI showed the greatest mediation proportion with itself mediating half (51%) of the
effect of carbohydrate intake on hypertension. Previous evidence has revealed that BMI
was a major causal risk factor for hypertension and a considerable mediator of the effects of
other exposures, such as educational attainment, on hypertension [11]. Our findings further
suggested that interventions targeting adiposity, particularly BMI, could gain substantial
benefits in reducing hypertension risk attributable to lower carbohydrate intake.
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Intriguingly, we for the first time ascertained the beneficial causal effect of better
psychological well-being on a lower hypertension risk, extending reliable evidence for the
protective role of psychological health in noncommunicable diseases [38,39]. In addition,
we remarked a higher positive affect (17%) and life satisfaction (16%) and lower neuroticism
(11%) and depressive symptoms (17%), as well as less MDD (23%), each of which mediated
a substantial proportion of the total causal effect of carbohydrate intake on hypertension.
Our findings suggested that preventive strategies for hypertension might be enhanced not
only by reducing neuroticism or depression but also by promoting positive psychological
well-being, which can be initiated by modification of dietary behaviors such as improving
carbohydrate intake.

This study shed light on the etiology of hypertension and outlined causal pathways of
psychological well-being and adiposity that mediated the effect of carbohydrate intake on
hypertension, which complied with the emerging concept that the body, mind, and heart are
interconnected and interdependent in a relationship, namely the mind–heart–body connec-
tion [39]. Of note, increasing evidence has recommended a vicious cycle of psychological
health and adiposity, between which the biochemically linked mechanisms include overlap-
ping genetic bases, alterations in systems involved in homeostatic adjustments (e.g., HPA
axis), and brain circuitries integrating homeostatic and mood regulatory responses [40,41].
Therefore, in this study, the mediation proportion of each psychological well-being indicator
or adiposity trait should be interpreted individually in practical scenarios.

To the best of our knowledge, this study for the first time illustrated the independent
causal effect of relative carbohydrate intake on hypertension and quantified the mediating
roles of psychological well-being and adiposity in the association. This study has two
main strengths. First, we applied a rigorous MR study design to enhance the robustness of
MR results, including the strict IV selection such as pleiotropic SNP exclusion based on
Phenoscanner search, the normative and specific criteria for mediator evaluation, and the
robust causal evidence inferred from the main analysis supported by various sensitivity
analyses. Second, we extracted genetic associations of IVs with hypertension from two large
cohorts, respectively, comprising a total of 613,783 participants with 120,580 hypertension
cases, and meta-analyzed the causal estimates from the two databases that had no evidence
of heterogeneity. Therefore, the precision and reliability of the final MR results were largely
improved. This study also has several limitations. First, although the concordance of the
results from multiple sensitivity analyses and complementary tests indicated that weak IV,
horizontal pleiotropy, and outliers that might violate the basic MR assumptions did not
significantly influence our causal estimates, the causal associations should be interpreted
with caution as several assumptions of the methods are untestable, and heterogeneity
of the IVs and residual confounding might still potentially bias some results. The MR
results should be interpreted alongside the results from observational studies to gain a
deeper understanding of the findings. Second, we were unable to test for a nonlinear causal
association between carbohydrate intake and hypertension, which required individual-level
data [42]. However, because the study population was from Europe and North America,
where the quality and quantity of dietary carbohydrate intake was restricted to a relatively
uniform range, the inverse association between carbohydrate intake and hypertension in
this study was relatively reliable. Third, specific dietary characteristics such as carbohydrate
quality (e.g., distinguishing carbohydrates by glycemic load or fiber content) and meal
timing were not captured by the genetic instruments in this study, which may add more
precise information on the association between diet and health [3]. Fourth, the potential
interactions (e.g., exposure–mediator interaction) cannot be modeled in the present two-
step, two-sample MR setting. Nevertheless, the MR approach uses genetic variants fixed at
conception and naturally randomly assigned to individuals as a proxy for the exposure and
the mediator [8], which could largely alleviate the potential bias caused by the interactions.
Fifth, this MR study was based on the GWAS data of European-ancestry individuals. Thus,
further investigations in other ethnic populations and utilizing alternative study designs
are warranted to strengthen the evidence for causality and generalizability of our findings.
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5. Conclusions

In summary, this MR study elucidated an independent favorable effect of higher
relative carbohydrate intake on hypertension, which was substantially mediated by better
psychological well-being and less adiposity. Our findings provide novel evidence for causal
risk factors and pathological pathways of hypertension and encourage an integrated and
precise approach to promote dietary behavior, psychological well-being, and weight control
to tackle the rapid epidemic and heavy burden of hypertension.
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with essential hypertension and controls in the Fifth release of the FinnGen Study. Table S4: UVMR
estimates for the causal associations of relative carbohydrate intake, protein intake, and fat intake with
hypertension. Table S5: Directional pleiotropy test and heterogeneity test for the causal associations
of relative carbohydrate intake, protein intake, and fat intake with hypertension. Table S6: MVMR
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