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Elevated isoleucine may be a protective factor  
for primary hypertension
A pooled causal effect study
Ying Shi, MD, PhDa, Hairun Liu, MDb, Yi Chen, PhDc,*

Abstract 
Hypertension continues to pose a huge burden to global public health. Abnormal metabolism not only serves as a risk factor for 
hypertension but also acts as a driving force in its aggravation. However, there remains a lack of large-scale causal demonstration 
based on extensive samples. Our study aims to investigate the causal relationship between metabolism and primary hypertension 
(PH) using Mendelian randomization analysis. We used genome-wide association studies instrumental variables for Mendelian 
randomization association analysis integrating the diagnosis results of PH in 3 populations from East Asia, the Middle East, and 
Africa with serum metabolites and metabolite ratios. This allowed us to identify predictive metabolites and metabolic pathways 
for diagnosing or treating PH. Inverse-variance weighting was the main model for establishing causal associations. In addition 
horizontal pleiotropy test, linkage disequilibrium test, and sensitivity analysis were employed to test the explanatory power of 
instrumental variables. A total of 10,922 cases of PH and 8299 cases of metabolomics detection cohorts were included in the 
study. In East Asian, Middle Eastern, and African populations, we found 36, 57, and 40 known metabolites respectively strongly 
associated with PH (P < .05). Cross-section and meta-analysis of these strongly correlated metabolites across the 3 ethnic 
groups revealed 7 common metabolites. Notably, elevated isoleucine (odds ratio = 0.74, 95% confidence interval: 0.56–0.96) 
was demonstrated as a potential protective factor against PH across 3 ethnic groups. The metabolites associated with PH have 
certain polymorphisms in different populations. Isoleucine may be a promising biomarker for PH diagnosis or treatment, but more 
clinical validation is needed.

Abbreviations: DBP = diastolic blood pressure, GWAS = genome-wide association study, IVW = inverse-variance weighted, 
MR = Mendelian randomization, PH = primary hypertension, RCT = randomized-controlled trial, SBP = systolic blood pressure, 
SNP = single-nucleotide polymorphism.

Keywords: causal association, Mendelian randomization, metabolite, multiple populations, primary hypertension

1. Introduction
Primary hypertension (PH) is one of the most important 
risk factors for cardiovascular diseases, stroke, chronic kid-
ney disease as well as dementia.[1] The prevalence of elevated 
blood pressure has declined substantially in Western high- 
income regions since 1970s, but keeps rising in East, South 
and Southeast Asia, sub-Saharan Africa, and Oceania.[1] Asian 
characteristics differed from the West and led to higher stroke 

incidence.[2] Masked hypertension is a significant clinical 
entity of target organ damage and cardiovascular disease.[3] 
The prevalence of masked hypertension for Asians (16.0%) is 
higher than European (9%).[4] Regarding Africa, hypertension 
is common in sub-Saharan Africa, the prevalence significantly 
varies in different African countries, ranging from 37% to 
75%.[5] Approximately one-tenth of adolescents have elevated 
blood pressure across sub-Saharan Africa.[6] The prevalence of 
hypertension was high in both rural (27.4%) and urban areas 
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(33.9%) of West Africa.[7] However, the rates of hypertension 
diagnosis, treatment, and control are markedly low[8] and cause 
a heavy health and economic burden in both Asia and Africa.[9] 
The hypertension treatment rates were below 25% for women 
and less than 20% for men in South Asia and some sub-Saharan 
African countries. Control rates were lower than 10% in these 
countries and for men in some countries of North Africa and 
Central Asia.[10]

PH has been regarded as a disorder of the renin–angioten-
sin–aldosterone system and the sympathetic nervous system 
(SNS) in tradition.[11] Yet, current treatments aiming at limit-
ing the effects of renin–angiotensin–aldosterone system or SNS 
on blood pressure fail in about 40% of cases.[12] This implied 
that other mechanisms may exist. Previous studies found that 
immune mechanisms can contribute to the development of 
hypertension.[13] Flavonoids were reported to possess an under-
lying mechanism to regulate antihypertensive effects.[14] Genetics 
can drive the occurrence of hypertension in certain patients.[15] 
Anxiety diagnosis was also reported can cause development 
or incidence of hypertension, which might be due to the lon-
ger exposure to alterations in autonomic mechanisms.[16] In 
addition, hypertension has been reported to be associated with 
impaired metabolic homeostasis and can be considered as a met-
abolic disorder.[17]

To date, there have been limited cohort-based causal studies 
examining the relationship between metabolites and PH,[18–22] 
with a particular lack of research on Asian and African popula-
tions. If differentially abundant metabolites are risk factors or 
protective factors for PH, it is meaningful for the prediction of 
the disease and auxiliary diagnosis based on specific targets, as 
well as for further treatment.

Therefore, our study aims to investigate the causal rela-
tionship between metabolism and PH in Asian and African 
populations using Mendelian randomization (MR). We ana-
lyzed serum metabolites and metabolite ratios from genome-
wide association studies (GWAS). Applying MR analysis, 
which mimics the design of randomized-controlled trials 
(RCTs), we explored the causal effects of these metabolites 
on PH. We used metabolite-associated single-nucleotide 
polymorphisms (SNPs) as instrumental variables to assess 
the causal impact and to elucidate the underlying metabolic 
pathways.

2. Materials and methods

2.1. Study design

The dataset that contains all the data in this study is avail-
able to the public on the open website (http://ftp.ebi.ac.uk/
pub/databases/gwas/summary_statistics/GCST90199001-
GCST90200000 and https://gwas.mrcieu.ac.uk/). The GWAS 
summary statistics have already been published. The ethics com-
mittee at each institutional review board authorized all partic-
ipants’ written informed permission in separate cohort studies. 
No extra ethical approval or informed consent was required in 
this study.

In the current study, we comprehensively evaluated the 
relationship between 1091 serum metabolites, 309 metabo-
lite ratios, and PH datasets from East Asian, Middle East, and 
African populations one by one rigorously based on the MR 
design. A scientific MR study must include the testing of the 
following 3 hypotheses: genetic instrumental variables (SNPs) 
are strongly associated with the serum metabolites level or ratio; 
genetic instrumental variables should be irrelevant to the PH 
and independent of any known or unknown confounding fac-
tors; and the effect of instrumental variables on the results is 
mediated only by the serum metabolites level or ratio. Briefly, a 
causal analysis strategy was employed to select genetically sig-
nificant SNPs for 1091 human serum metabolites, 309 metab-
olite ratios, and PH. To avoid sample overlap, metabolites and 

genetic information of PH were selected from independent 
GWAS datasets in this study. A schematic of this study is demon-
strated in Figure 1.

2.2. GWAS data for human serum metabolites

A genome-wide association aggregate dataset of 1091 human 
serum metabolites and 309 metabolite ratios involved in this 
study was obtained by Chen et al[23] These data are publicly avail-
able from the GWAS server (http://ftp.ebi.ac.uk/pub/databases/
gwas/summary_statistics/GCST90199001-GCST90200000). 
The service platform collects relatively complete human serum 
metabolomics data. A total of 8299 individuals from the 
Canadian Longitudinal Study on Aging cohort were included in 
the GWAS analysis. A total of 248 loci were found to be associ-
ated with 690 metabolite levels and 69 loci with 143 metabolite 
ratios. After integrating metabolite genes and gene expression 
information, 94 effector genes were identified for 109 metab-
olites and 48 metabolite ratios. The chemical properties of 
another 241 unknown or partially characterized metabolites 
have not been fully determined.

2.3. GWAS data for primary hypertension

The GWAS data of PH among East Asia, Middle East, and 
Africa populations were obtained from the data of the inte-
grative epidemiology unit open GWAS project (https://gwas.
mrcieu.ac.uk/). These summary data were collected from the 
UK-Biobank cohort in 2020 and GWAS ID were ukb-e-401_ 
EAS, ukb-e-401_MID and ukb-e-401_AFR. In this GWAS 
meta-analysis, the summary data included 5554 PH cases and 
10,922 control cases, yielding a total of 15,530,091 SNPs. We 
extracted SNPs by analyzing visual component framework 
files shared by the integrative epidemiology unit platform. The 
patients with PH were diagnosed according to the standard cri-
teria of the World Health Organization and the International 
Hypertension Alliance.

2.4. Selection of instrumental variables

In this MR analysis, the selection of instrumental variables was 
based on 3 basic assumptions. First, we set P < 1 × 10−5 as the 
genome-wide significance threshold to obtain strongly associ-
ated SNPs for each metabolite. Second, a clumping procedure 
implemented in R software was employed to identify the inde-
pendent variants. R2 < 0.001 within a 500-kb distance was used 
to avoid linkage disequilibrium. Third, to quantitatively verify 
whether the selected SNPs were strongly correlated instruments, 
we calculated the phenotypic variation explained and the F sta-
tistic for each metabolite. Typically, a threshold of F > 10 is sug-
gested for the next operation.[24]

2.5. MR analysis

A standard inverse-variance weighted (IVW) method was the 
prioritized evaluation approach used for causal association 
exploration between metabolites and PH in this analysis. When 
the instrumental variables satisfy all 3 major hypotheses, the 
IVW method can provide a more accurate estimate of the causal 
effect of metabolite and is considered as the most efficient MR 
method. However, if some instrument variables do not conform 
to the instrumental variables hypothesis, the analysis may give 
inaccurate results. Hence, we conducted the following sensitiv-
ity analyses: Q tests were performed using the MR-Egger meth-
ods to detect heterogeneity between each instrument variable 
and the possibility of violating the assumption.[25] The MR–
Egger intercept was used to estimate the horizontal pleiotropy, 
ensuring that the genetic variation was independently related 
to the metabolite and PH[26]; additional approaches such as the 

http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90199001-GCST90200000
http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90199001-GCST90200000
http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90199001-GCST90200000
https://gwas.mrcieu.ac.uk/
http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90199001-GCST90200000
http://ftp.ebi.ac.uk/pub/databases/gwas/summary_statistics/GCST90199001-GCST90200000
https://gwas.mrcieu.ac.uk/
https://gwas.mrcieu.ac.uk/
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weighted median and weighted mode were applied to enhance 
the reliability and stability of hypothesis testing; and the individ-
ual SNP analysis and leave-one-out test were conducted to esti-
mate the likelihood of relevance observed by individual SNPs. 
To ensure there was no direct association with PH or other con-
founding factors, candidate SNPs were compared against the 
human reference genome database.

2.6. Metabolic pathway analysis

Metabolome enrichment pathways associated with PH were 
estimated using web-based MetaboAnalyst 5.0. (https://www.
Metaboanalyst.ca/, Natural Sciences and Engineering Research 
Council of Canada, Ottawa, Canada).[27] The pathway and 
enrichment analysis modules were applied to identify probable 
metabolite clusters or superpathways that may be associated with 
metabolic processes and the potential association with PH. The 
Small Molecule Pathway Database and the Kyoto Encyclopedia 
of Genes and Genomes database were applied for reference. The 
significance level of the enrichment pathway was 0.05.

2.7. Intersection analysis

An intersection such as meta-analysis was introduced to analyze 
the shared metabolites screened by the 3 PH datasets, in con-
junction with potential pathway mechanisms, to evaluate the 
polymorphism of related metabolites in different races.

2.8. Statistical analysis

The MR analysis was conducted using the “TwoSampleMR” 
package in R (version 4.3.1), developed by Gibran Hemani, 

Philip Haycock, Jie Zheng, Tom Gaunt, Ben Elsworth, and Tom 
Palmer (available at https://mrcieu.github.io/TwoSampleMR/). 
P < .05 was considered as statistically significant. The odds ratio 
was used to estimate the magnitude and direction of the meta-
bolic impact with its corresponding 95% confidence interval. If 
there was missing data, we have chosen to delete it. The circle 
heatmap was drawn using ChiPlot (https://www.chiplot.online/) 
(accessed on September 29, 2023).

3. Results

3.1. Influence of serum metabolites on PH

As the genome-wide significance threshold was P < 1 × 10−5 
to select strongly associated SNPs among 1091 human serum 
metabolites and 309 metabolite ratios, the instrument variables 
contained 76,267 SNPs in total, with a median of 17 SNPs. 
Among them, the East Asian population dataset accounted 
for 28.80%, the Middle East population dataset accounted 
for 41.63%, and the African population dataset accounted for 
29.57%. The F statistic values were all >10, indicating that 
weak instrumental bias is not detected.

All metabolic analyses used IVW as the primary analytical 
methodology, with no evidence of heterogeneity and no weak 
instrument variables.[28] In the East Asian population dataset, 36 
significantly associated named metabolites were selected (P < .05 
for IVW), in which 19 were positively associated with PH and 
17 were negatively associated with PH. Carnitine to propionyl 
carnitine (C3) ratio (P = .0020) was the most significant factor, 
followed by 4-hydroxychlorothalonil levels (P = .0046) and 
histidine to alanine ratio (P = .0051) (Fig. 2A). In the Middle 
East population dataset, 57 significantly associated named 
metabolites were selected (P < .05 for IVW), in which 24 were 

Figure 1.  Schematic of the Mendelian randomization analysis. Significant instrumental variables were selected to assess the correlation between metabolites 
and primary hypertension crossing 3 population. The 3 basic assumptions of Mendelian randomization analysis were illustrated in the acyclic graph. SNP = 
single-nucleotide polymorphism.

https://www.Metaboanalyst.ca/
https://www.Metaboanalyst.ca/
https://mrcieu.github.io/TwoSampleMR/
https://www.chiplot.online/
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positively associated with PH and 33 were negatively associated 
with PH. Ethyl malonate levels (P = .0002) were the most sig-
nificant factor, followed by spermidine to ergothioneine ratio 
(P = .0006) and taurine to glutamate ratio (P = .0017) (Fig. 2B). 

In the African population dataset, 40 significantly associated 
named metabolites were selected (P < .05 for IVW), in which 26 
were positively associated with PH and 14 were negatively asso-
ciated with PH. C-glycosyl tryptophan levels (P = .0003) were 

Figure 2.  Volcano plots depicting correlations related to the influence of metabolites on primary hypertension. (A–C) Correlation volcano plots among East 
Asian, Middle East, and African. The plots include both ORs in log 2 scale and P values in −log 10 estimated by the inverse variance weighted method for 
metabolites among 3 populations. OR = odds ratio.
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the most significant factor, followed by caffeic acid sulfate lev-
els (P = .0029) and cortolone glucuronide (1) levels (P = .0030) 
(Fig. 2C). Figure 3 exhibited the direction of the potential cor-
relation of metabolic involvement in the 3 populations. The 
results of the alternative analysis, Q test, and sensitivity analysis 
for the known metabolites are shown in Table 1. All instrument 
variables passed the sensitivity tests (P > .05).

The metabolites significantly associated with PH among 3 pop-
ulations were entered into the MetaboAnalyst 5.0 platform to 
determine various underlying metabolic pathways involved in the 
pathogenesis of PH. In the East Asia dataset, histidine, L-aspartic 
acid, oxoglutaric acid, pyruvic acid, D-glucose, and phosphate 
were involved in the metabolic enrichment pathway of ammonia 
recycling, glucose–alanine cycle, urea cycle, alanine metabolism, 
malate–aspartate shuttle, and glutamate metabolism (P < .05). 
Regarding Middle East dataset, 2-ketobutyric acid, choline, and 
spermidine were involved in the metabolic enrichment pathway 
of methionine metabolism (P < .05). For Africa dataset, myo- 
inositol, D-fructose, and phosphate were involved in the metabolic 

enrichment pathway of galactose metabolism and phosphatidyli-
nositol phosphate metabolism (P < .05) (Table 2). The metabolic 
mechanism formed by the above metabolites may be involved 
in the pathogenesis of PH. Figure S1A–C, Supplemental Digital 
Content, http://links.lww.com/MD/O433 exhibits the networks 
of interactions among the metabolic pathways involved in East 
Asian, Middle East, and African populations.

3.2. Intersection between East Asian, Middle East, and 
African populations

Intersection analysis was introduced to analyze the shared metab-
olites screened by the MR analyses. The cross-sectional and meta- 
analysis of strongly correlated metabolites across the 3 ethnic groups 
revealed that 7 metabolites were consistently identified, 5 of which 
were previously known. Among these, isoleucine (odds ratio = 0.74, 
95% confidence interval: 0.56–0.96) emerged as a protective factor 
for PH across all 3 ethnic groups (Figs. 4 and 5A–E).

Figure 3.  Heat map of the direction of the potential correlation of metabolic involvement in the 3 populations.

http://links.lww.com/MD/O433
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4. Discussion
Our study found 36, 57, and 40 known metabolites were 
strongly related to PH in East Asian, Middle Eastern, and 
African populations, respectively. Histidine, L-aspartic acid, 
oxoglutaric acid, pyruvic acid, D-glucose, and phosphate were 
found to be involved in the metabolic enrichment pathway of 
ammonia recycling, glucose–alanine cycle, urea cycle, alanine 
metabolism, malate–aspartate shuttle, and glutamate metabo-
lism in East Asian population. 2-Ketobutyric acid, choline, and 
spermidine were involved in the metabolic enrichment path-
way of methionine metabolism among the Middle East popu-
lation. Myo-inositol, D-fructose, and phosphate were found to 
be involved in the metabolic enrichment pathway of galactose 
metabolism and phosphatidylinositol phosphate metabolism for 
African people. Of the metabolites that were found to be strongly 
correlated among the 3 races in both cross-sectional and meta- 
analyses, 7 were consistently identified, 5 of which were previously 
known with name (N-acetyl-aspartyl-glutamate, taurolithocho-
late 3-sulfate, isoleucine, N-acetyl-2-aminoadipate, and myo- 
inositol level) L-aspartic acid, oxoglutaric acid, pyruvic acid, 
and phosphate were crucial metabolites involved in the enrich-
ment pathways in East Asia population. Isoleucine was demon-
strated as a protective factor of PH across the 3 populations. 
N-acetyl-2-aminoadipate was found to be positively associated 
with PH in the Africa group, and negatively associated with the 
East Asian and Middle East populations. Myo-inositol was a 
risk factor for both African and Middle East groups, but a pro-
tective factor for the East Asian population.

Several studies have reported that alanine involved in the glu-
cose–alanine cycle was associated with reduced ammonia excre-
tion and directly affected the ammonia cycle.[29–31] Some studies 
have found dietary alanine was associated with higher systolic 
blood pressure (SBP) and diastolic blood pressure (DBP).[32,33] 
Yet, a cohort study has suggested that alanine tended to dimin-
ish the risk of hypertension.[34] Urea cycle disorder can result 
in hypertension, there is a clear pathophysiological relation-
ship between them.[35] Certain scholars have discovered that 
the urea cycle may contribute to the availability of precursors 
for nitric oxide synthesis, ultimately leading to neonatal pul-
monary hypertension.[36,37] Hypertension shared common meta-
bolic patterns with dyslipidemia, including alanine metabolism 
and glutamate metabolism, suggesting potential intervention 
targets could be provided to patients with both hyperten-
sion and dyslipidemia.[38] It was discovered in the Dahl salt- 
sensitive rat, a model of salt-sensitive hypertension, that  
aspartate or malate can increase levels of L-arginine and nitric 
oxide, thereby reducing hypertension.[39] Another study found 
that a high salt diet can induce hypertension of liver-Yang hyper-
activity syndrome by mediating the microbiota associated with 
the glutamate/γ-aminobutyric acid–glutamine metabolic cycle 
via the gut–brain axis.[40] Methionine metabolism was involved 
in endothelial dysfunction, atherosclerosis, and renal fibrosis. 
It can cause early hypertensive nephrosclerosis.[41] A previous 
study proposed that methionine-enriched diet could induce ele-
vated SBP.[42,43] Galactose ingestion, like glucose, was reported 
to result in significantly lesser increases in blood pressure com-
pared with fructose ingestion,[44] indicating its involvement 
in blood pressure regulation through galactose metabolism. 
Impaired phosphoinositide metabolism has been found linked to  
calcium-handling abnormalities associated with hypertension.[45]

L-aspartic acid has been reported to possess notable clini-
cal significance because of its effectiveness in the treatment of 
hypertension.[46] It has been observed that 2-oxoglutaric acid 
had abnormal rhythms and contents in hypertension.[47] Plasma 
pyruvic acid was found to be associated with pulmonary arte-
rial hypertension.[48] Pyruvate acid could change continuously 
in hypertension progression.[49] Inorganic phosphate might serve 
as a crucial dietary risk factor for hypertension. The poten-
tial mechanisms could be dietary phosphorus excess induces 
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hypertension including activation of the SNS, impaired endo-
thelial function, increased vascular stiffness, and renal sodium 
retention.[50] In addition, supplementation of inositol has shown 
promising results in significantly reducing both SBP and DBP.[51] 
Moreover, myo-inositol supplementation has demonstrated a 
notable decrease in the overall incidence of pregnancy-induced 
hypertension.[52] All these prior findings were aligned with our 
study, emphasizing these metabolites are really crucial in the 
enrichment pathways influencing PH.

Numerous studies have stated that isoleucine–proline–pro-
line/valine–proline–proline lactotripeptides can significantly 
reduce office SBP in both Asian and European populations.[53–55] 
Another study discovered that the combination of isoleucine–
tryptophan with whey protein hydrolysate effectively inhibits 
plasma angiotensin-1-converting enzyme, leading to antihy-
pertensive effects.[56] These findings highlight the importance 
of isoleucine as an essential amino acid in managing hyperten-
sion. Our study verified the causal correlations between iso-
leucine and PH among African, Middle East, and East Asian 
populations based on MR analysis. N-acetyl-2-aminoadipate 
was found to be a positive predictor on DBP according to 
another MR analysis focus on the European population.[21] Our 
study contributes to existing literature by demonstrating that 
N-acetyl-2-aminoadipate was demonstrated as a risk factor of 
PH in the African group, but a protective factor in East Asian 
and Middle East populations. A meta-analysis concluded that 
inositol supplementation can significantly decrease SBP and 
DBP, but further large-scale RCTs are still needed to confirm 
these findings.[51] Interestingly, myo-inositol showed as risk fac-
tor in both African and Middle East groups in our study.

There are certain limitations in our study. First, our findings 
need to be verified by clinical trials or longitudinal studies, par-
ticularly large-scale RCTs, to explore their therapeutic potential. 
Second, we must examine the role of specific metabolites in the 
development of PH to understand the underlying mechanisms. 
Our next step will involve using multiomics data to analyze and 
validate potential mediators. Finally, further research is needed 
on 2 unidentified metabolites that exhibit overlapping charac-
teristics across different racial groups, as they may have import-
ant clinical implications.

5. Conclusion
Our study discovered several metabolites having causal rela-
tionships with PH across East Asian, Middle East, and African 
populations. Isoleucine might be a valuable amino acid in the 
prevention or treatment for PH.
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Table 2

The significant enrichment pathways of the metabolites selected by Mendelian randomization.

Population Pathway Metabolite P FDR

East Asia Ammonia recycling Histidine, L-aspartic acid, oxoglutaric acid, pyruvic acid, phosphate .00685 0.00685
Glucose–alanine cycle D-glucose, oxoglutaric acid, pyruvic acid .00142 0.000699
Urea cycle L-aspartic acid, oxoglutaric acid, pyruvic acid, phosphate .00205 0.000699
Alanine metabolism Oxoglutaric acid, pyruvic acid, phosphate .00448 0.00116
Malate–aspartate shuttle L-aspartic acid, oxoglutaric acid .0217 0.00453
Glutamate metabolism L-aspartic acid, oxoglutaric acid, pyruvic acid, phosphate .0275 0.00483

Middle East Methionine metabolism 2-Ketobutyric acid, choline, spermidine .0219 1.000
Africa Galactose metabolism Myo-inositol, D-fructose, phosphate .0237 0.951

Phosphatidylinositol phosphate metabolism Myo-inositol, phosphate .0317 0.951

FDR = false discovery rate.

Figure 4.  Venn diagram of metabolites’ intersection between East Asian, Middle East, and Africa populations.
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