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Abstract
Lin, Y.-T. 2021. Proteomic, metabolomic, and microbiome studies of blood pressure. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1731.
65 pp. Uppsala: Uppsala University. ISBN 978-91-513-1165-4.

Hypertension is a major risk factor for cardiovascular disease and premature death with a
substantial global economic burden. To prevent and treat hypertension, it is crucial to improve
our understanding of the pathophysiological mechanisms. Hypertension is a multifactorial
condition influenced both by genetic and environmental factors. Detailed measurement of the
molecular composition in plasma (“omics”) and the gut microbiota can enable novel biological
understanding. The overall aim of this thesis was to investigate the associations of proteins,
metabolites, and gut microbiome composition with blood pressure and blood pressure changes
over time.

Study I investigated the associations of 79 proteins with 5-year blood pressure progression
using a proximity extension assay. Only renin was significantly associated with blood pressure
stage progression in discovery cohort. In the replication cohort, the association was attenuated
and not statistically significant. However, in all three cohorts combined, higher baseline renin
was associated with higher blood pressure at follow-up.

Study II investigated the longitudinal associations of 220 metabolites with 5-year blood
pressure progression using gas chromatography mass spectrometry and liquid chromatography-
tandem mass spectrometry. Levels of ceramide (d18:1,C24:0), triacylglycerol (C16:0,C16:1),
total glycerolipids, and oleic acid (C18:cis[9]1) were positively associated, and cholesterylester
C16:0 was negatively associated, with diastolic blood pressure change in the discovery cohort.
Of the five top findings in the discovery cohort, two had related metabolites with a similar
chemical structure that were also associated with diastolic blood pressure change over time in
an independent cohort (the glycerolipids diacylglycerol (36:2) and monoacyl-glycerol (18:0)).

Study III investigated the prevalence, variability, and reproducibility of blood pressure
phenotypes based on office and 24-hour ambulatory measurements in SCAPIS (Swedish
CArdioPulmonary BioImage Study), a large community-based cohort. The total sample size
was 5881 participants (3026 women), with a mean office blood pressure of 125/77 mmHg and
mean 24-hour ambulatory blood pressures of 124/76 mmHg. Approximately one-third of the
participants had evidence of white-coat hypertension, similar to the proportion that had evidence
of masked hypertension.

Study IV investigated the associations between gut microbiota species and 24-hour
ambulatory blood pressure in the SCAPIS study. We found robust evidence of a positive
association of Dorea longicatena, and a negative association of Alistipes sp. 6CPBBH3, with
the 24-h mean systolic blood pressure and diastolic blood pressure.

This thesis demonstrated the utility of high-throughput omics technologies to identify
proteins, metabolites and gut microbiota species associated with blood pressure phenotypes, and
highlights the large problem of uncontrolled hypertension.
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Introduction 

Importance of hypertension 
Cardiovascular disease is the most common cause of death worldwide. It is 
estimated that every year, there are 17.9 million deaths as a result of cardio-
vascular diseases, based on the report by the World Health Organization 
(WHO).1 Hypertension is an independent and modifiable risk factor for vari-
ous cardiovascular diseases such as stroke, coronary artery disease, heart fail-
ure, atrial fibrillation, and peripheral vascular disease.2-5  

In the Hortega 13-year Follow-Up Study, the population-attributable risk 
associated with hypertension was 33.1 in men and 33.8 in women for all car-
diovascular diseases.6 The population-attributable risk of disease in the popu-
lation that can be attributed to the exposure was higher among those younger 
than 60 years (54.6%) compared with those 60 years or older (32.0%).7 

Globally, an elevated blood pressure (BP) with systolic blood pressure 
(SBP) greater than 110–115 mm Hg is the significant risk factor for mortality 
and morbidity.8 In 2010, 31.1% of adults had hypertension, which caused ap-
proximately 9.4 million deaths.9 The prevalence of hypertension among adults 
was higher in low- and middle-income countries than in high-income coun-
tries.10 In Sweden, the prevalence rate for hypertension is 12.2%, higher in 
women (13.0%) than men (11.4%).11 Although the global age-standardized 
blood pressure has decreased during 1980-2008, the number of individuals 
with uncontrolled hypertension increased from 605 to 978 million due to aging 
and population growth.12 Consequently, since 2010, high blood pressure has 
become the leading risk factor for the global disease burden.9 Therefore, it is 
crucial to have an early check-up of BP for hypertension to reduce morbidity 
and mortality globally.13 There are many benefits from controlling hyperten-
sion by pharmacological and non-pharmacological treatments, such as it di-
minishes the enlargement of the heart, decreases the proteinuria, and lowers 
the fundus lesions.14 

Traditionally, hypertension is defined as SBP≥140 mmHg or DBP≥90 
mmHg. BP between 140/90 mmHg and 159/99 mmHg corresponds to grade 
1 hypertension, between 160/100 mmHg and 179/109 mmHg as stage 2 hy-
pertension, and BP greater than 180/110 as 3 grade hypertension according to 
the 2018 ESC/ESH Guidelines.15 However, as there is no specific level of BP 
where cardiovascular complications start to occur, the definition of hyperten-
sion was designed for practical clinical use.4,16-18 Growing evidence showed 
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that lowering BP provides progressively greater absolute risk reductions for 
higher baseline cardiovascular risk subjects.19 Using predicted baseline cardi-
ovascular disease risk to introduce blood pressure-lowering treatment deci-
sions is expected in future treatment.  
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Physiology of blood pressure  
Blood pressure, also called systemic arterial pressure, indicates the pressure 
in the big arteries of the human body. Blood pressure can be measured as sys-
tolic blood pressure (SBP) and diastolic blood pressure (DBP), which can be 
measured by a sphygmomanometer, a blood pressure monitor. The traditional 
sphygmomanometer used mercury to measure BP in millimeters of mercury 
(mmHg). 

Systolic blood pressure is the maximum pressure when the heart pumps out 
the blood through the body. In contrast, the diastolic pressure reflects the pres-
sure on the relaxation of the heart muscle. The BP level is mainly regulated 
by the cardiac output and the systemic vascular resistance. The stroke volume 
and the heart rate determine the cardiac output. Stroke volume is affected by 
the contractility and ventricular preload. The preload is determined by the 
blood volume and venous compliance. Circulating blood volume is decided 
by the sodium and water controlled by renal function and renin-angiotensin-
aldosterone system. Heart rate, contractility, venous compliance, and renal 
function are all strongly affected by neurohumoral mechanisms.20 

The renin-angiotensin-aldosterone system is one of the important regula-
tors of BP. The decreased BP, sympathetic nervous system activity, and so-
dium levels within the renal distal tubules all affect the juxtaglomerular cells 
to produce renin. Angiotensinogen, secreted by the liver, is converted to angi-
otensin I by renin. In the lung, angiotensin I stimulates the pulmonary epithe-
lium to secret angiotensin-converting enzyme (ACE). Angiotensin I is then 
converted to angiotensin II by ACE. Angiotensin II could increase the arterial 
pressure by stimulating vasoconstriction, increasing sodium reabsorption, re-
leasing aldosterone and antidiuretic hormone.20 Other physiological altera-
tions such as left ventricular hypertrophy,21,22 endothelial dysfunction,23,24 neu-
rohormonal change, enhanced sympathetic tone,25,26 abnormal renal sodium 
absorption,27,28 and systemic inflammation,29-35 could also lead to high BP. 

Blood pressure was strongly associated with aging. Two important anatom-
ical factors, peripheral vascular resistance and large artery stiffness, play cru-
cial roles in BP regulation. Before the age of 50, most of the BP increases with 
age because of both peripheral vascular resistance and large artery stiffness. 
After the age of 50, large artery stiffness such as atherosclerosis caused by 
vessel lumen narrowing and wall calcification leads to increases in SBP and 
pulse pressure but a decrease in DBP.36 Moreover, there are other factors 
which may affect the increase in BP with aging, such as the change in the 
renin‐aldosterone relationship, sympathetic nervous system stimuli response, 
and altered renal and sodium metabolism.37 
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Importance of finding the causes of hypertension 
Hypertension is categorized as primary or secondary. Primary hypertension, 
so-called essential or idiopathic hypertension, is defined as high BP in the ab-
sence of an identifiable secondary cause. Essential hypertension accounts for 
approximately 90-95% of all cases of hypertension, whereas secondary hyper-
tension accounts for around 5-10% of the cases.38 The causes of essential hy-
pertension are unknown, but there are many risk factors related to BP eleva-
tion, such as obesity, insulin resistance, high alcohol intake, high salt intake, 
aging, etc.39 The pathogenesis of essential hypertension is multifactorial but 
not fully understood.40 Genetic studies have shown that heritability explains 
approximately 20-40% of hypertension.41,42 Better understanding of the path-
ogenesis of hypertension can provide a more comprehensive picture of its 
causes, which is key for battling this major public health problem.  

Because BP is regulated by multiple physiological systems, a systems-bi-
ology approach to manage hypertension risk would be reasonable.43 Numerous 
novel BP biomarkers have been investigated in previous studies.33,44-46 As the 
technology becomes more sophisticated and readily available, unbiased ap-
proaches such as genomics, proteomics, metabolomics, and microbiome anal-
ysis are useful tools to unravel the pathways from the original cause of hyper-
tension,47 which may help us to understand the potential therapeutic benefits 
related to hypertension. 
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Measurement of blood pressure 
Arterial BP can be measured either invasively or non-invasively. The invasive 
arterial blood pressure is measured by connecting the bloodstream to a pres-
sure transducer, which provides the most accurate values for the BP through 
an arterial line. Non-invasive BP is measured based on a known counterpres-
sure to change the characteristics of the downstream blood flow using upper 
arm cuff manually (auscultation of Korotkoff sounds or palpation) or auto-
matically (oscillometry). 

Ambulatory blood pressure monitoring 
Ambulatory blood pressure monitoring (ABPM) measures blood pressure at 
regular intervals for 24 hours, providing detailed measurements and variabil-
ity of BP. The monitoring of BP using ABPM is supported by its increasing 
use worldwide and the hypertension guidelines. ABPM has been shown to 
predict cardiovascular events better than office BP monitoring and provides 
more precise information to adapt treatment strategies than home BP monitor-
ing.48,49 Studies have addressed large differences in BP levels between inside-
office and out-of-office measurements.50 When ABPM is not available, home 
BP monitoring can be an alternative measurement.51 

ABPM can be used to identify white-coat hypertension, masked hyperten-
sion, sustained hypertension, and masked uncontrolled hypertension. White-
coat hypertension is defined as an elevated office BP (≥140/90 mmHg) with 
normal mean ambulatory BP (<135/85 mmHg in the daytime, <120/70 mmHg 
in the nighttime, <130/80 mmHg over 24-h); and masked hypertension as nor-
mal office BP (<140/90 mmHg) with an elevated mean ambulatory BP 
(≥135/85 mmHg in the daytime, ≥120/70 mmHg in the nighttime, ≥130/80 
mmHg over 24-h). ABPM has increasingly gained recommendation for clini-
cal use,15 but more knowledge about prevalence, variability, and reproducibil-
ity of ABPM-derived phenotypes is needed to understand the limitations of 
the method.52 
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Epidemiology 

Study design 
Epidemiological studies include observational studies and experimental stud-
ies. Observational studies could be categorized into descriptive studies and 
analytical studies. Descriptive studies generally describe the exposure and out-
come and are designed to generate a hypothesis. For hypothesis testing, an 
analytical study is suitable, such as cross-sectional studies, case-control stud-
ies, cohort studies, and ecological studies.53 The analytical study allows us to 
evaluate the association between exposures and outcomes in a population.53 

Randomized/non-randomized intervention studies refer to experimental 
studies. Randomized controlled trials (RCTs) are widely considered as the 
gold standard methodology for causal inference in the medical field. It is nec-
essary for a RCT to be prospective, in order to eliminate any recall bias. More-
over, the randomized allocation of participants minimizes the allocation bias 
and selection bias and reduces the confounding caused by unequal distribution 
of factors. During the experiment, a double-blinding method minimizes the 
performance bias and assessment bias. A proper RCT could result in unbiased 
assessments of health interventions. Even though RCTs are the gold standard 
to investigate causal inference, it is not feasible to perform RCTs on many 
clinically important questions in medicine and public health because of ethical 
or other considerations. Therefore, observational studies will be implemented 
to answer such clinical questions. Among observational studies, a prospective 
cohort study is a preferred choice to evaluate causal relationship. Large-scale 
population based cohorts make it possible to monitor and follow the exposures 
and later life outcomes with temporality. Although a prospective study design 
eliminates recall bias, there are many biases that could possibly affect the re-
sults of a cohort study, including selection bias, confounding factors, and im-
mortal time bias. Combined with methodologies of directed acyclic graphs 
(DAGs) for variable selection and Mendelian randomization (MR), the cohort 
studies may provide more reliable results, which are close to RCTs.54  

A cohort study can evaluate the association between exposure and outcome 
and provide the highest level of evidence for the observational studies. It has 
temporality of the exposure-outcome associations because a selected popula-
tion was followed through time. Moreover, it can study several outcomes for 
each exposure as well as the incidence of the outcome. A prospective cohort 
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study can also address the inferences of causality. However, it is expensive 
and inefficient for rare diseases. 

A cross-sectional study is designed for descriptive purposes and sometimes 
conducted to investigate the associations between exposures and outcomes. It 
is relatively simple to conduct compared to a cohort study because it is less 
expensive, and no follow-up period is needed. However, causality cannot be 
declared because there is no temporality; rather, it only provides a snapshot of 
the status in a specific time point.53 Omics studies are usually cross-sectional 
studies because the property of high cost and change abruptly in response to 
various physical conditions. 

Causal inference 
Causation is an important concept in epidemiology. However, an observed 
association between exposure and outcome does not always infer a causal re-
lationship because chance, bias, or confounding factors may affect the ob-
served associations.55,56  

Several methods have been developed in order to assess the causality when 
RCTs are not applicable. DAGs and MR are both set up for the evaluation of 
causation in observational studies. DAGs are a graphical tool and have been 
widely used in epidemiology to identify sufficient covariates to avoid con-
founding bias by adjustments in causal inference analysis.55 In the DAGs, con-
founders associated with both exposure and outcome should be in the regres-
sion model to provide an unbiased estimate. Moreover, only specified covari-
ates would be chosen by using DAGs, so that the efficiency increases, and the 
possibility of other biases decreases, such as collider bias.57,58 The DAGitty 
model is a software developed for the visualization of DAGs.55 

Mendelian randomization (MR) is a research method that uses genetic var-
iants as an instrument for modifiable risk factors to evaluate the evidence on 
causal relations between risk factors and outcome.59 It can handle the major 
limitations of observational studies, such as unmeasured confounding or re-
verse causation. The MR method has made significant progress and is growing 
in popularity in epidemiology since 2003.59 Although the genetic variants are 
used for instrumental variables quite often, the instrumental variables can be 
any traits. The instrumental variables should follow three major assumptions, 
including: 1) It must be robustly and strongly associated with the exposure; 2) 
It must not be associated with confounders, and 3) It does not affect the out-
come, except through the risk factor.60 

Generally, the three key assumptions must hold for each of the genetic var-
iants (Figure 1).61,62 Multiple genetic variants are usually included in MR 
studies, enabling assessment assumptions by using sensitivity analyses. The 
genetic variants are treated as randomly allocated and not subject to reverse 
causation. Moreover, the updated Genetic wide association studies (GWAS) 
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to screen targeted genetic instruments are more popular and easier to access, 
which makes MR more cost efficient to evaluate potential causal associa-
tion.63,64 

There are several methods developed using MR to perform sensitivity anal-
ysis or achieve better efficiency, such as two-sample MR, multi-SNP genetic 
instruments, tests for pleiotropy, and MR Egger regression. However, the MR 
study also introduced biases. The biases include pleiotropy, weak instrument, 
limited power, trait heterogeneity, linkage disequilibrium, and population 
stratification.65-68 

 
Figure 1. The assumption of a Mendelian randomization study 
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Omics technology 

Overview 
Omics means a comprehensive survey of a set of biological molecules, such 
as genomics, transcriptomics, proteomics, metabolomics, and microbiome. 
Both targeted and untargeted omics analyses are techniques to identify mole-
cules. Targeted methodology detects pre-specified known molecules, whereas 
non-targeted methodology discovers all molecules in the analysis and annotate 
these molecules into as many as possible. The targeted method has a compar-
ison of standards that assists in identifying and quantifying false positives, 
which may cause misinterpretation of background physiological processes. 
However, the non-target method makes it possible to find new molecules in 
the biological pathways.69 The choice of targeted or untargeted analyses is 
dependent on the study questions and budget. Untargeted analyses are typi-
cally used as discovery and hypothesis-generating data, while targeted anal-
yses are conducted to test specific hypotheses and causal pathways.70  

Proteomics 
Proteins are the polymers of amino acids, which are present in all cells, tissues, 
or organisms. The proteome refers to all proteins that can be measured in a 
biological sample.71 Proteomics is used to recognize protein and quantify its 
abundance, modification, and interactions. Proteomics data often provide in-
formation related to the biological function, which plays an important role in 
metabolic activities and diseases. The variety of differential translation, splic-
ing, amino acid polymorphisms, and post-translational modification have re-
sulted in various proteins.72 Several analytical methodologies enable identify-
ing and quantifying of proteins, such as liquid chromatography-tandem mass 
spectrometry, isotope-coded protein labeling, and protein microarrays. Mass 
spectrometry (MS) has been recognized as a 'Gold Standard' tool for the iden-
tification and analysis of individual proteins in expression proteomics studies. 
However, MS is time-consuming and expensive compared to immunoaffinity 
assay. Recent technology allows us to examine a handful of proteins simulta-
neously by using immunoaffinity assay, such as proximity extension assay. 
Immunoaffinity assays have been criticized for their cross-reactivity, prevent-
ing multiplexing, specificity issues, and low sensitivity to detect proteins in 
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the lower abundance spectrum.73 Proximity extension assay provides nucleo-
tide-labeled immunoassays and has been shown to provide sensitive protein 
detection, with high specificity in minimal sample volumes.73 The high spec-
ificity in proximity extension assay is because of the requirement of dual 
recognition of a target protein by a matched pair of DNA-conjugated antibod-
ies. 

Studies evaluating the association between circulating proteomics and BP 
progression are rare. Two studies identified proteins using mass spectrometry-
based proteomics to discriminate between hypertensive and normotensive in-
dividuals in a cross-sectional study design.74,75 Xu et al. studied serum from 
47 patients with essential hypertension and 47 healthy controls. Proteomic 
profiles were generated using the mass spectrometry technique and further 
verified with Enzyme-linked immunosorbent assay (ELISA) and western blot 
of unique candidate proteins. Four proteins, including cathepsin G, transform-
ing growth factor beta-1, hyaluronidase-1, and kininogen-1, were found to be 
jointly involved in the kallikrein-kinin system and the renin-angiotensin-al-
dosterone system (RAS), which play crucial roles in BP regulation. Specifi-
cally, compared to healthy controls, hypertensive subjects presented with a 
higher level of cathepsin G, hyaluronidase, transforming growth factor beta-
1, and a lower level of kininogen-1. However, the limitations of the study were 
small sample size and a lack of external validation.74 Gajjala et al. investigated 
plasma from 118 hypertensive subjects and 85 controls using the mass spec-
trometric analysis to measure the proteomics. The concentrations of fragments 
corresponding to 11 proteins and tryptophan were decreased in hypertension, 
whereas those corresponding to four proteins (osteocalcin, prune exopoly-
phosphatase, ras-related protein Rab-13, and sarcolipin) were increased.75 

Metabolomics 
Metabolomics simultaneously quantifies multiple small molecule types, such 
as fatty acids, carbohydrates, amino acids, or other products of cellular meta-
bolic functions. Metabolites are often end products of complex biochemical 
cascades that can link the genome, transcriptome, and proteome to the pheno-
type, providing an important tool for discovering the genetic basis of meta-
bolic variation. A number of different methods have been used to study the 
metabolome. Gas chromatography, coupled to mass spectrometry (GC-MS); 
liquid chromatography, coupled with single-stage mass spectrometry (LC-
MS); and Nuclear magnetic resonance (NMR) analyses have been developed 
as the main analytical techniques for the identification of molecules. The basic 
principle behind NMR is that nuclei exist in the specific nuclear spin state 
when exposed to an external magnetic field. The transitions between spin con-
ditions, specific to the particular nuclei, could be observed by NMR. NMR 
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spectroscopy allows for the study of macromolecules, including lipoproteins 
and proteins, and has high reproducibility.76 

Mass spectrometry works by ionizing chemical compounds to generate 
charged molecules or molecule fragments and measures their mass-to-charge 
ratios. The combination of LC-MS with complementary GC-MS captures the 
majority of the molecules. To distinguish appropriate signals from back-
ground noise, Spectra requires meticulous quality control. Liquid chromatog-
raphy (LC) or gas chromatography (GC) follows MS to distinguish molecules 
according to the biochemical properties in most non-targeted applications. 
Liquid samples are usually isolated by LC. The samples go through a column 
that stops molecules, depending on charge or polarity. The molecules then 
reach the MS inlet with different retention times. In the MS process, molecules 
are fragmented into ionized particles by an electron, through an inlet with an 
ionization device. The fragmentation degree is determined by the ionization 
voltage, and a mass analyzer subsequently captures the different molecular 
mass fragments, where the final calculated mass-to-charge ratio is unique to 
each molecule. The molecules are recognized by the resultant retention time 
and mass-to-charge ratio. An in-house reference library built with the same 
experimental environment is the most suitable for metabolites annotation by 
matching the reference spectra. MS processes, compared to NMR, are destruc-
tive and involve more laborious processing of samples. It is challenging to 
compare the MS results from different laboratories because there is a lack of 
generally agreed upon methodological criteria, inter-sample variability, and 
difficult quality management. However, MS has the advantages of high resil-
ience, extending to small quantities and capturing a virtually infinite number 
of metabolites. Researchers can combine different methodologies, such as LC, 
GC, ionization sources, voltages, and mass analyzers, based on the study ques-
tions. The flexible adjustment makes it possible to observe a wide variety of 
molecules. 

In 1,192 Mexican-American participants from the San Antonio Family 
Heart Study, the plasma lipid profile and BP or hypertension were investi-
gated. It was found that 14 lipid species were significantly associated with 
DBP, SBP, and the mean arterial pressure. Phosphatidylethanolamine 40:6 
and diacylglycerols 16:0/22:5 and 16:0/226 were associated with the risk of 
incident hypertension.77 In another study, the Atherosclerosis Risk in Com-
munities cohort, participants with normotensive at baseline, showed that 4-
hydroxyhippurate was associated with a higher risk of hypertension at 10-year 
follow-up, after adjusting for baseline BP and traditional risk factors.78 Hexa-
decanedioate (dicarboxylic acid) was associated with SBP and DBP in the 
Twin UK study and replicated in the independent KORA (Cooperative Health 
Research in the Region Augsburg) and Hertfordshire studies.79 The European 
Prospective Investigation Into Cancer and Nutrition (EPIC)-Potsdam cohort 
showed that several metabolites were associated with a higher risk (serine, 
glycine, and acyl-alkyl-phosphatidylcholines C42:4 and C44:3) or a lower risk 
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(diacyl-phosphatidylcholines C38:4 and C38:3) of incident hypertension over 
ten years.80  

Many studies use cross‐sectional or case-control designs to prove that the 
metabolic profile in hypertension is distinct from controls. Such studies can 
validate the discriminatory power of the metabolic profiling technology, but 
the results are not necessarily clinically relevant or applicable to improve per-
sonalized medicine. Furthermore, independent replication efforts are rare and 
are further impaired by metabolic profiling methodologies that are difficult to 
integrate and harmonize between studies.  

Microbiome 
Microbiome is a community of microorganisms that occupy a well-defined 
environment. The human gut microbiota is affected by age, sex, ethnicity, en-
vironmental factors, diet, medicine, and comorbidities. Previous studies also 
addressed that the gut microbiota affected various diseases, such as obesity, 
diabetes, cancer, colitis, renal disease, and heart failure.81  

Previously, the gut microbiota studies were based on amplifying and se-
quencing the hypervariable regions of 16s rRNA genes, then clustering the 
sequences into taxonomic strata. In recent years, because of the accessibility 
and lowered cost of genetic technology, shotgun metagenomic sequencing 
provides a higher resolution to distinguish microbial species according to 
DNA sequencing.82-84 Shotgun metagenomic sequencing covers all the micro-
bial genomes in a sample, not just the 16s rRNA. Different sequencing depths 
in metagenomics sequencing affect the resolution and accuracy of genetic de-
tection.85 A taxonomy profile is built using the workflow of quality trimming 
and reference database comparison. Taxonomy is a branch of biology that uses 
hierarchical categories to identify and classify microorganisms. The precise 
quantitative determination of taxonomy is essential for further analysis and 
associated with clinical phenotypes.86 Because shotgun metagenomic se-
quencing covers whole-genome data in a sample, additional functional analy-
sis or quantification of the antibiotic resistance gene can be performed. How-
ever, the massive number of bacteria and various species in the human gut is 
complicated, making the study computational challenging. 

Several mechanisms have been proposed to link the gut microbiota and hy-
pertension, including modulation of the sympathetic nervous system, in-
creased proinflammatory cytokine secretion (interleukin-1, tumor necrosis 
factor-α, interleukin-6), decreased short-chain fatty acid (SCFA) (acetate, pro-
pionate, butyrate), increased trimethylamine synthesis from dietary phospha-
tidylcholine, decreased hydrogen sulfide (synthesized from the amino acid 
cysteine and homocysteine), increased neuroinflammation and neuronal activ-
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ity, and increased renin-angiotensin-aldosterone system dysregulation.87 Im-
portantly, gut dysbiosis presented in hypertension with reduced SCFA-pro-
ducing bacteria, such as Bifidobacterium, Bacterioidetes, and Roseburia.88-90 

Two larger studies have evaluated the associations between the gut micro-
biome and office blood pressure. In the FINRISK 2002 study, applying shal-
low shotgun sequencing of 6,953 participants, mainly positive nominal asso-
ciations were observed between the BP indices and 45 microbial genera, of 
which 27 belong to the phylum Firmicutes, while negative nominal associa-
tions were found between 19 distinct Lactobacillus species and BP indices.91 
However, no adjustments were made for multiple testing; hence, some of these 
may have been spurious. In the HEalthy Life In an Urban Setting (HELIUS) 
study, including 4,672 participants, Roseburia spp., Clostridium spp., Rom-
boutsia spp., and Ruminococcaceae spp. were the most robustly associated 
with SBP.92  
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Aims 

General aim 
The research work included in this doctoral thesis had the overall aim to dis-
cover novel associations of circulating proteins and metabolites and gut mi-
crobiota characteristics with blood pressure or change in blood pressure. 

Specific aims of the studies 
The aim of Study I was to investigate associations of 79 proteins in a prote-
omics assay of candidate cardiovascular proteins with change in blood pres-
sure.  
 
The aim of Study II was to assess the associations of 220 metabolites in a 
metabolomics assay with change in blood pressure. 
 
The aim of Study III was to describe ABPM phenotypes, variability, and 
reproducibility in the large community-based Swedish CArdioPulmonary bi-
oImage Study (SCAPIS). 
 
The aim of Study IV was to investigate the association between gut microbi-
ota with ABPM in the Swedish CArdioPulmonary bioImage Study (SCAPIS).  
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Study samples 

Uppsala Longitudinal Study of Adult Men (ULSAM) 
The ULSAM study was initiated in 1970. All 50-year-old men born between 
1920 and 1924 and living in Uppsala, Sweden, were invited to a health survey, 
focusing on identifying cardiovascular risk factors (www.pubcare.uu.se/UL-
SAM).93 The participants were thereafter invited to examinations at age 60, 
70, 77, 82, and 88. The present study used the fourth examination cycle as the 
baseline, when the participants were about 77-years-old (1998–2001). Of the 
1,398 invited men, 838 (60%) participated; 172 were excluded due to lack of 
plasma for proteomic analysis; and 786 were analyzed using the proteomics 
assay. We used the fifth examination cycle (2003–2005) as a follow-up exam-
ination, at which time participants were approximately 82-years-old. Among 
952 men living in Uppsala, 530 men (56%) participated in this examination. 
The study sample consisted of 238 men, after excluding individuals with anti-
hypertensive treatments, missing data on covariates, and missing BP measure-
ments in any examinations. All participants in the cohort gave their written 
informed consent, and the ethics committees of the host universities approved 
the study protocols, Dnr. 251/90 and 97/329 for the ULSAM. 

Sweden Prospective Investigation of the Vasculature in 
Uppsala Seniors Study (PIVUS) 
Between 2001 and 2004, all 70-year-old men and women living in Uppsala, 
Sweden, were eligible for the PIVUS study (www.medsci.uu.se/pivus/ 
pivus.htm).94 Among 2,025 invited (random selection), 1,016 (507 women and 
499 men) took part in the investigation (50.1%). The proteomics assay was 
applied to the plasma samples from this investigation. A second examination 
cycle of PIVUS was performed during 2006–2009, at which time the partici-
pants were 75-years-old; and the third cycle in 2011–2014, when the partici-
pants were 80-years-old. In all, 566 individuals without anti-hypertensive 
treatment, and having useful data from the proteomic assay at baseline, BP at 
baseline and follow-up, and covariates, comprised study I. For study II, 
metabolomics analyses performed on plasma samples from two cycles were 
used. In all, 504 individuals without anti-hypertensive treatment at the time of 
the metabolomics analysis, with BP measured at a follow-up examination five 
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years later, were included in the study II sample. Hence, some individuals 
could be included twice in the analyses, with follow-up from ages 70 to 75 
and 75 to 80. All participants in all cohorts gave their written informed con-
sent, and the ethics committees of the host universities approved the study 
protocols (Dnr. 00419, 2005/M-079 for the PIVUS). 

Sweden Malmö Diet and Cancer study (MDC) 
The MDC is a prospective population-based study between March 1991 and 
October 1996, designed to elucidate the correlation between diet and other 
lifestyle factors on the risk of developing cancer.95 All men born between 1923 
and 1945 and women born between 1923 and 1950 living in the city of Malmö 
were invited to participate in this study. BPs, proteomics analyses, and other 
cardiovascular risk factors were measured in a random subsample of 6,103 
persons at baseline, representing the present study sample. A follow-up exam-
ination with measurements of BPs was performed, on average, 16 years later, 
using the same strategy as PIVUS and ULSAM. A total of 3,734 subjects par-
ticipated (76% of the eligible population). Individuals with anti-hypertensive 
treatment at baseline (n=507), missing BP measurement at baseline or follow-
up (n = 42), and missing protein biomarkers measurement (n=553) were ex-
cluded. The remaining 2,659 participants were included in the replication sam-
ple.96 All participants in all cohorts gave their written informed consent, and 
the ethics committees of the host universities approved the study protocols 
(LU 2012/762 for the MDC). 

Swedish CArdioPulmonary bioImage Study (SCAPIS) 
The SCAPIS study is a prospective community-based cohort comprising 
30,000 participants aged 50–64 years, randomly selected from the Swedish 
population register. Participants were recruited, and examinations were per-
formed between 2013 and 2018 at six Swedish university hospitals (Gothen-
burg, Linköping, Malmö/Lund, Stockholm, Umeå, and Uppsala). Of the in-
vited persons, 50% participated. All participants followed a core program, 
consisting of at least two visits to the test center, advanced imaging, a ques-
tionnaire including food-frequency (FFQ), basic biochemistry, anthropome-
try, electrocardiography, office BP, 7-day accelerometry, and lung function 
tests. Self-reported previous comorbidities and medications were recorded as 
yes, no, unwilling to answer, or unable to answer. The study was approved by 
the ethical review board in Umeå (# 2010-228-31M), and all participants gave 
their written informed consent. 
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Methods 

Study designs and methods 
An overview of each of the Studies, I–IV, is presented in Table 1. 
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The detailed study flowchart of each of the Studies, I–IV, is presented below 
 
Study I97 
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Study II98 
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Study III 
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Study IV 
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Causal assumptions 
Directed acyclic graphs (DAGs), also called causal diagrams, are an estab-
lished graphical tool to determine the necessary or unnecessary sets of covari-
ate adjustment to perform unbiased estimates of causality analysis. The choice 
of the independent variables in three (I, II, IV) manuscripts was based on a 
hypothetical causal diagram in order to establish models with minimal con-
founding. 

The causal diagram for study 1 is shown in Figure 2. The factors of age, 
sex, body mass index, waist circumference, smoking, diabetes mellitus, lipid, 
fasting glucose, estimated glomerular filtration rate (eGFR), and blood pres-
sure were associated with exposure and outcome and treated as confounding 
factors. We did not have the information on physical activity and salt intake. 
Using multivariable linear regression mixed models in the final meta-analysis, 
we evaluated the association between renin and BP progression, adjusting for 
age, sex, body mass index, waist circumference, smoking, diabetes mellitus, 
total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein 
cholesterol, triglycerides, fasting glucose, eGFR, and statin used.  

 
 
 
 

 
 
 
 
 

Figure 2. The proposed causal diagram for the association between renin and the 
blood pressure progression.97 
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The causal diagram for study II is shown in Figure 3. Age, sex, body mass 
index, waist circumference, smoking, diabetes mellitus, lipid, fasting glucose, 
eGFR, and blood pressure are treated as confounding factors. We did not have 
the information on physical activity and salt intake. Using multivariable linear 
regression mixed models in the final meta-analysis, we evaluated the associa-
tion between metabolites and BP progression, adjusting for age, sex, body 
mass index, waist circumference, smoking, diabetes mellitus, total cholesterol, 
low-density lipoprotein cholesterol, high-density lipoprotein, triglycerides, 
fasting glucose, eGFR, and statin used.  

 
 
 
 
 

 
 
 
 

Figure 3. The proposed causal diagram for the association between metabolites and 
the blood pressure progression.98 
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The causal diagram for study IV is shown in Figure 4. The factors of age, 
sex, salt intake, smoking, diabetes mellitus, and eGFR are treated as confound-
ing factors. We did not have the information on salt intake. Using multivaria-
ble linear regression models in the final meta-analysis, we evaluated the asso-
ciation between gut microbiome and BP, adjusting for these confounding fac-
tors. 

 
 
 
 

 
 

 
 

Figure 4. The proposed causal diagram for the association between gut microbiome 
and blood pressure. 
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Blood pressure measurement 
Office blood pressure measurement 
In the ULSAM and PIVUS cohort, BP was measured by using a calibrated 
mercury sphygmomanometer. In ULSAM, a nurse or physician measured the 
BP twice in the right arm after a 10-min rest in the supine position, and a mean 
value was calculated. Systolic and diastolic blood pressures were defined as 
Korotkoff phases I and V, respectively. In PIVUS, BP was measured to the 
nearest one mmHg after at least 30 min of rest in a supine position, and the 
average of three recordings was used. 

In SCAPIS, brachial BPs were measured according to a standardized pro-
tocol that followed the 2018 ESC/ESH guidelines.15 The blood pressure was 
measured after 5 minutes rest using a validated Omron M10-IT automated 
oscillometric device at heart level in the supine position, and the cuff size was 
adjusted to fit the arm circumference (22-42cm). Each arm was measured 
twice with 1 minute apart. The measurement should be repeated if the two 
measurements differed more than 10mmHg in the same arm. The repeated 
measurements could be repeated up to four times. The mean value for each 
arm was calculated, and we used the highest BP value for analysis. Blood 
pressure was measured before administering b-stimulants or b-blockers, glu-
cose challenges, or other interventions.  

Ambulatory blood pressure monitoring measurement 
Blood pressure monitors (Labtech EC-3H/ABP, Labtech Ltd, Debrecen, Hun-
gary) were applied in the morning of one day and removed in the morning the 
following day, after at least 24 hours. New batteries were inserted before each 
registration. The applied standards related to the blood pressure measurement 
part of the EC-3H/ABP device were the following: EN 60601-1, EN 60601-
1-2, EN 60601-1-6, EN 60601-1-11, EN 80601-2-30, EN 62304, ANSI/AAMI 
SP10, and EN ISO 10993-1. The validation according to AAMI SP10 for the 
EC-3H/ABP device is in the report nr. DEV-CE 2013/01A.18 A new registra-
tion was obtained if the initial registration was shorter or equal to 22 hours, or 
if blood pressure monitoring or any ECG lead was interrupted for more than 
2 hours during the registration. 

BP and heart rate were measured automatically every 30 minutes all day in 
the Malmö group and every 30 minutes during daytime and 90 minutes during 
the nighttime (to minimize the disturbance to a sleep registration) in the Upp-
sala group. Recordings with less than ten daytime readings or less than five 
nighttime readings in Lund or three nighttime readings in Uppsala were dis-
carded. Daytime and nighttime were defined using narrow fixed clock-time 
periods99 as 10:00–20:00 and 00:00–06:00, respectively. Narrowly fixed 
clock-time intervals eliminate transition periods in mornings and evenings, 
during which the blood pressure changes rapidly.100  
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Mean daytime BPs, mean nighttime BPs, and mean 24-h BPs were calcu-
lated from the ambulatory blood pressure records. In order to avoid an over-
estimation of mean 24-h BPs due to a higher number of readings per hour 
during daytime, we performed a time-weighted quantification of mean 24-h 
BP by taking account of the time interval between the measurements.101 
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Further methods and statistical analysis 
In study I, 92 cardiovascular proteins were analyzed by Olink Cardiovascular 
I panel proximity extension assay in PIVUS-70, ULSAM-77, and MDC co-
horts. The primary outcome was BP stage progression, defined as change in 
BP categories based on 2017 AHA/ACC Guideline between baseline and fol-
low-up. For the first analysis phase, the PIVUS and ULSAM cohorts were 
used as the discovery sample, and the MDC cohort was used for replication. 
After quality control, the associations between the 79 proteins (each in a sep-
arate model), with BP stage progression 5 years later, were investigated using 
mixed-effects ordered logistic regression models, adjusting for age and sex 
(fixed effects) and cohort (random intercept) for discovery. Associations were 
significant at a false discovery rate (FDR); < 5% were investigated in the rep-
lication sample, adjusting for the same factors. A nominal p-value of <0.05 
was considered as a valid replication in MDC.102,103 In the next phase, we 
meta-analyzed all three cohorts to provide the best estimates of the associa-
tions. In this dataset, we ranked the proteins by ascending p-value, with boot-
strapped confidence intervals around the ranks. We then used the same ap-
proach for continuous SBP and DBP as outcomes using a linear mixed model, 
adjusting for age and sex (fixed effects) and cohort (random effects). Non-
linear associations were investigated between the proteins and the BP stage 
progression using restricted cubic splines with three knots. In the final phase, 
we sought to investigate the causality of any findings using multivariable-ad-
justed models and instrumental variables analyses.  

We tried to perform the Mendelian randomization analysis; however, we 
could not identify any strong, adequate genetic instruments for renin104,105 for 
the instrumental analysis because of the power deficit.106,107 

In study II, metabolites in PIVUS-70 and PIVUS-75 were analyzed by gas 
chromatography-mass spectrometry (GC-MS) (Agilent 6890 GC coupled to 
an Agilent 5973 MS-System, Agilent, Waldbronn, Germany) and liquid chro-
matography-tandem mass spectrometry (LC-MS/MS) (Agilent 1100 high-per-
formance liquid chromatography system [Agilent, Waldbronn, Germany] cou-
pled to an Applied Biosystems API 4000 triple quadrupole mass spectrometer 
[Applied Biosystems, Darmstadt, Germany]) at Metanomics GmbH (Berlin, 
Germany). Metabolomics analyses in ULSAM-77 were performed using ul-
tra-performance liquid chromatography (UPLC) on a Waters Acquity UPLC 
system coupled to a quadrupole time-of-flight mass spectrometer (Xevo G2 
Q-TOF MS) (Waters Corporation, Milford, MA, USA) platform at the Prote-
omics and Metabolomics Facility at Colorado State University (Fort Collins, 
CO, USA), as previously described.108,109 

The associations of baseline metabolites per SD with longitudinal BP 
change were analyzed using mixed ordered logistics (for change in the BP 
stage) or mixed linear models (for change in continuous SBP/DBP), with fixed 
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effects for the metabolite, age, sex, and baseline SBP/DBP, and a random in-
tercept for subject ID in PIVUS. Metabolites past a 5% FDR were replicated 
in the ULSAM cohort, and a p-value of <0.05 was statistically significant. 

Finally, we ranked the metabolites by ascending p-value and provided 
bootstrap-obtained confidence intervals around the ranks to quantify the un-
certainty of the importance of each metabolite. 

In study III, we described and illustrated the mean value and variability of 
24-h ABPM data in SCAPIS by three age groups (<55, 55–60, and ≥60 years), 
sex, and anti-hypertensive treatment. To take account of the time interval be-
tween measurements, a time-weighted quantification of mean 24-h BP was 
performed. Within-person and between-person SD and coefficients of varia-
tion (CV) in 24-h, daytime, and nighttime BPs were calculated using mixed 
linear regression models to evaluate the variance components. Reproducibility 
was assessed in 44 individuals who had 2 serial ABPMs, by calculating the 
average absolute differences within individuals, with corresponding non-par-
ametric bootstrap confidence intervals. Hypertension phenotypes are defined 
following the European Society of Hypertension (ESH) guidelines; ambula-
tory hypertension was defined as a mean 24-h BP ≥130/80 mmHg, a mean 
daytime BP ≥135/85 mmHg, and/or a mean nighttime BP ≥120/70 mmHg.48 
Office hypertension was defined as an office BP ≥140/90 mmHg.110 In the 
presence of an elevated office BP (≥140/90 mmHg), we defined participants 
with a normal mean ambulatory daytime BP (<135/85 mmHg) as having day-
time white coat hypertension;15,111 those with a normal mean nighttime BP 
(<120/70 mmHg) as having nocturnal white coat hypertension;110 and those 
with a normal mean 24-h BP (<130/80 mmHg) as having 24-h white coat hy-
pertension.110,112 In the presence of a normal office BP (<140/90 mmHg), we 
defined those with an increased mean daytime BP (≥135/85 mmHg) as having 
daytime masked hypertension;110,112 those with an increased mean nighttime 
BP (≥120/70 mmHg) as having nocturnal masked hypertension;110 and those 
with an increased mean 24-h BP (≥130/80 mmHg) as having 24-h masked 
hypertension.110,112 Both elevated office and ABPM BPs were defined as sus-
tained hypertension, and both non-elevated office and ABPM BPs were de-
fined as sustained normotension.113 Multinomial logistic regression adjusted 
for 5% FDR was used to investigate the associations of clinical traits with 
hypertension phenotypes.  

In study IV, microbiomes were analyzed using shotgun metagenomics se-
quencing at Clinical Microbiomics (Copenhagen, Denmark) in the SCAPIS 
cohort. After quality control, 4,359 participants (3,480 in Uppsala and 879 in 
Lund/Malmö) had complete 24-h ABPM records and microbiome data. The 
SCAPIS-Uppsala cohort was used as the discovery sample, and the SCAPIS-
Lund cohort was used for replication in the first analysis phase. The associa-
tions between the species abundance of the gut microbiota and 24-h mean of 
systolic and diastolic BP were investigated using multivariable linear regres-
sion models, adjusting for age, sex, country of birth, batch, richness, and an 
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FDR of 5% for discovery. We then investigated the significant species in the 
replication sample, adjusting for the same factors. A p-value of <0.05 was 
considered as a valid replication.102,103 Finally, we meta-analyzed all data to 
provide the best estimates of the associations. 
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Main results 

Study I 
In study I, when relating the 79 proteins to BP stage progression one by one 
in the discovery sample, adjusting for age and sex using an FDR of 5% (cor-
responding to p < 6.3x 10-4), only renin was significantly associated with the 
BP stage progression (odds ratio 1.33, 95% CI 1.14 to 1.56 per SD). In the 
replication sample, the association was attenuated and not statistically signif-
icant (odds ratio 1.07, 95% CI 0.97 to 1.19 per SD). 

In a meta-analysis of all three cohorts, renin was significantly associated 
with the BP stage progression (odds ratio 1.08, 95% CI 1.01 to 1.15 per SD). 
When investigating the associations with a change in continuous BPs in all 
three cohorts, higher baseline renin was associated with a higher BP at follow-
up (β= 0.69, 95% CI 0.36 to 1.03 for SBP difference, β=0.43, 95% CI -0.02 to 
0.89 for DBP difference). 

Study II 
In study II, among the 220 analyzed metabolites, no metabolite was associ-
ated with the BP stage progression or continuous SBP change. Levels of 
ceramide (d18:1,C24:0), triacylglycerol (C16:0,C16:1), total glycerolipids, 
and oleic acid (C18:cis[9]1) were positively associated with continuous 
change in the DBP, and cholesteryl ester C16:0 was negatively associated with 
change in the DBP.  

Ceramide (d18:1,C24:0), cholesteryl ester C16:0, triacylglycerol 
(C16:0,C16:1), total glycerolipids, and oleic acid (C18:cis[9]1) were within 
the top 10 hits but with wide confidence intervals of the ranking, as expected 
in the ranking of the associations (with 95% bootstrap-obtained CIs) of me-
tabolites with the BP stage progression, continuous SBP, and DBP change. 

In the subsequent phase, using mixed models with multivariable adjust-
ment, ceramide (d18:1,C24:0; β = 1.06, 95% CI 0.50 to 1.61), triacylglycerol 
(C16:0,C16:1; β = 1.00, 95% CI 0.43 to 1.57), total glycerolipids (β =0.95, 
95% CI 0.40 to 1.50), and oleic acid (C18:cis[9]1; β = 0.92, 95% CI 0.37 to 
1.47) were independently associated with continuous change in the DBP (ad-
justing for baseline age, sex, diastolic blood pressure, body mass index, waist 
circumference, smoking, diabetes mellitus, low-density lipoprotein, fasting 
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glucose, eGFR, and physical activity). Cholesteryl ester (C16:0) (β = -1.06, 
95% CI -1.65 to -0.47) was independently negatively associated with contin-
uous DBP change in these models.  

In the validation phase, we investigated eleven metabolites available in the 
validation cohort with a similar structure as the top five findings in the dis-
covery cohort. Diacylglycerol (36:2) (β = 1.52, 95% CI 0.24 to 2.80) and Mon-
oacylglycerol (18:0) (β = 1.74, 95% CI 0.31 to 3.18), two glycerolipids, were 
significantly associated with diastolic blood pressure change.  

Study III 
Prevalence of hypertension phenotypes 
In study III, among the studied 5,881 participants (3,026 women), the mean 
office BP was 125/77 mmHg, and the mean ambulatory BP was 
124/76mmHg. Both office and ambulatory BPs were higher with increased 
age, and men had higher office and ambulatory BPs.  

According to ambulatory BP records, the prevalences of 24-h hyperten-
sion, daytime hypertension, and nocturnal hypertension were higher in men 
but were not associated with age. Subjects with anti-hypertensive treatment 
had higher SBP than untreated subjects. 

About one-third of the participants had white-coat hypertension, and the 
same rate had masked hypertension. Women were more likely to have white-
coat hypertension, but men were more likely to have masked hypertension. 
The prevalence of white-coat hypertension increased with age but not the 
prevalence of masked hypertension. 

Prevalence of uncontrolled hypertension 
Among participants treated with anti-hypertensive drugs, 35.8% had elevated 
office BP, and more than half had elevated 24-h, daytime, or nighttime BPs. 
Among participants without anti-hypertensive drugs, only 15.6% had elevated 
office BP, but one-third had elevated 24-h, daytime, or nighttime BPs. Anti-
hypertensive drug users had more masked hypertension, less white-coat hy-
pertension, and more nocturnal BP non-dipping. 

As for the variability of 24-h ambulatory BP, persons with higher mean 
systolic or diastolic BPs had higher average real variability (ARV) and SD but 
lower CV. The between-person SDs and CVs of SBP/DBP for 24-h BP, day-
time BP, and nighttime BP were similar to the within-person SDs and CVs. 

As for the producibility between repeat ABPM measurements in 44 partic-
ipants, the mean absolute difference was around 5-10 mmHg in the 24-h, day-
time, and nighttime blood pressures. The intraclass correlations (ICC) were 
0.62, 0.60, 0.72 for SBP and 0.72, 0.66, 0.77 for DBP, on the day, night and 
24-h measurements. 
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Associations of clinical variables with hypertension phenotypes 
The sustained hypertension was associated with body mass index, triglycer-
ides, hemoglobin, low-density lipoprotein (LDL) and total cholesterol, ankle-
brachial index, and waist circumference among subjects with anti-hyperten-
sive treatment. Previous cardiovascular disease was associated with sustained 
and masked hypertension in treated persons. Factors associated with white-
coat hypertension or masked hypertension in untreated persons were not ob-
served among treated persons. 

Study IV 
In study IV, 28 Metagenomics species (MGSs) were related to the mean SBP. 
Specifically, 30 MGSs were related to the mean DBP among the 1,707 MGSs, 
after adjusting for age, sex, country of birth, batch, richness, and an FDR of 
5% in the discovery sample (corresponding to p < 8.3 X 10-4 in SBP, p < 8.4 
X 10-4 in DBP). In the replication sample, eight MGSs remained significantly 
associated with the mean SBP, and six MGSs were associated with the mean 
DBP, after adjusting for age, sex, country of birth, batch, and richness.  

In the combined sample, four microbiome species (Dorea longicatena, 
Alistipes sp. 6CPBBH3, Roseburia faecis, and Collinsella aerofaciens) were 
associated with the mean SBP. Five microbiome species (Dorea longicatena, 
Alistipes sp. 6CPBBH3, Fusicatenibacter saccharivorans, Coprococcus 
comes, and Clostridium sp. TM06-18) were associated with the mean DBP in 
the multivariable-adjusted model. 

Alpha diversity (Shannon index) was associated with the mean SBP and 
DBP, after adjusting for age, sex, country of birth, batch, cohort, renal func-
tion, smoking, and diabetes mellitus. 
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Discussion  

Proteomics and blood pressure progression 
In study I, in three prospective cohorts of 3,463 elderly individuals, by using 
a multiplexed proximity extension assay, we found that renin was associated 
with the risk of BP progression in the discovery sample but not in the replica-
tion sample. Previous studies on the association between plasma proteins and 
hypertension have been inconsistent, such as interleukin-6,45,46,114 tumor ne-
crosis factor receptor-246, C-reactive protein31,44,114-117 NT-proB-type Natriu-
retic Peptide (NT-pro-BNP).118,119 None of them were associated with BP pro-
gression in the present study. 

Renin is a production of renal juxtaglomerular apparatus. It converts angi-
otensinogen to angiotensin I; then, angiotensin I is converted to Angiotensin 
II by the Angiotensin-converting enzyme in the lung. The renin-angiotensin-
aldosterone system (RAS) plays a key role in BP regulation.120 Low renin hy-
pertension usually refers to primary hyperaldosteronism,121 whereas high 
renin hypertension is usually classified as vasoconstriction-dependent hyper-
tension,122 caused by peripheral resistance. Renin levels in hypertension seem 
to differ with age.123 The discovery and validation cohorts differed in age by 
decades, which may be the reason why we cannot find the association in both 
the cohorts. In other words, our results may be interpreted as a potential bi-
omarker of renin for elderly subjects (PIVUS and ULSAM results), rather than 
younger subjects (MDC cohort results).  

Metabolomics and blood pressure progression 
In study II, baseline levels of four metabolites (ceramide [d18:1, C24:0], tri-
acylglycerol [C16:0, C16:1], total glycerolipids, and oleic acid [C18:cis[9]1]) 
were positively associated with a longitudinal change in the DBP. One metab-
olite (cholesteryl ester C16:0) was negatively associated with a change in the 
DBP. In the validation study, Diacylglycerol (36:2) and Monoacylglycerol 
(18:0), two glycerolipids, were associated with a change in the DBP. The re-
sults confirmed the potential importance of lipid metabolites in hypertension 
development. 

Lipid metabolism dysfunction is one of the key characteristics of hyperten-
sion.124-126 Lipids are typically subdivided into eight categories: sphingolipids, 



45 

glycerolipids, fatty acyls, phospholipids, sterol lipids, prenol lipids, saccharo-
lipids, and polyketides.127,128 In the present study, representatives of three of 
these categories – sphingolipids (ceramide), glycerolipids (triacylglycerol), 
and fatty acyls (oleic acid, cholesteryl ester) – were associated with a change 
in the DBP. 

Previous studies have suggested that the sphingolipid system is involved in 
BP regulation.129,130 Insulin resistance may play an important role in the asso-
ciations between glycerolipids and DBP. The oleic acid increases the produc-
tion of mitochondrial reactive oxygen species, decreases the activity of endo-
thelial nitric oxide synthesis activity,131 and regulates the α and β adrenergic 
receptors involved in controlling the central and peripheral BP.132,133 Choles-
teryl esters are involved in atherosclerosis,134 which is linked to arterial stiff-
ness,135 known to increase the systolic pressure (because of reduced capaci-
tance) and lower the diastolic pressure (because of less elastic recoil) in older 
age.136 These phenomena correspond to our finding of inverse associations of 
circulating cholesteryl esters with a change in the DBP. 

Associations of metabolites were found with a change in the DBP but not 
with a change in the SBP, although metabolites associated with a change in 
the DBP were among the highest-ranked for associations with a change in the 
SBP. Power deficit may be one explanation for the insignificant SBP results. 
Moreover, regression to the mean in repeated BP measurements may affect 
the SBP more than the DBP due to higher variability.137-139 Potential mecha-
nistic underpinnings include that DBP may be more affected by hormonal 
pathways mediated by metabolites; atherosclerosis and stiff arteries and arte-
rioles explain increasingly more of SBP with increasing age, drowning out 
other pathways.  

Blood pressure phenotypes based on ambulatory 
monitoring in the SCAPIS cohort 
Study III is a descriptive study, which describes the average and variation of 
BP and reproducibility of 24-h ABPM data in the SCAPIS cohort. The most 
important finding was that people treated with anti-hypertensive drugs had 
uncontrolled BP in 1 out of 3 when using the office BP measurements and 
more than half when using the ambulatory BP measurements. 

Misdiagnosis of hypertension status can occur in a substantial proportion 
of the population if classified purely using the office BP assessments,140 ren-
dering the BP treatment decisions based solely on the office BP measurements 
unacceptable.141 ABPM has the potential to reduce misdiagnosis and save 
costs, thanks to better-targeted treatment.142 One in three to four persons had 
masked hypertension, and a similar fraction had white-coat hypertension in 
study III. 



 46 

As for the factors that should raise the suspicion of hypertension pheno-
types, traits associated with white-coat/masked/sustained hypertension were 
similar, irrespective of the method used for diagnosis (using 24-h, daytime, or 
nighttime records) but differed markedly between anti-hypertensive drug-
treated and untreated persons, with markedly more associations observed in 
the latter. About one-third of the participants were non-dippers, and non-dip-
ping was more common in elderly persons and subjects with anti-hypertensive 
treatment. The results were similar to previous reports.143,144 

The long-term within-person BP reproducibility (between repeat ABPM 
measurements) was similar to that in previous studies among persons with 
hypertension, and on par with such variability in office BPs. Such variability 
can be due to different physical activities, sleeping hours, and technical vari-
ations. The fact that variability was so large also in this study of the general 
population casts doubt on the superiority of ABPM over office BPs for treat-
ment decisions and monitoring of treatment. 

A positive association was observed between the BP level and short-term 
variability in study III, and the within-person and between-person SD and CV 
were of similar magnitude. 

Microbiome and blood pressure  
Study IV is the first study to investigate the association of the gut microbiota 
species with 24-h ABPM in the general population. In the present study, we 
found the species D. longicatena was positively associated, and Alistipes sp. 
6CPBBH3 was negatively associated with the 24-h mean SBP and DBP ro-
bustly after controlling for confounders. Moreover, we found the species 
Roseburia faecis and Collinsella aerofaciens were associated with the mean 
SBP and Fusicatenibacter saccharivorans, Coprococcus comes, and Clostrid-
ium sp. TM06-18 with the mean DBP in the fully adjusted analysis. Besides, 
the alpha diversity, which is an overall assessment of the diversity of the mi-
crobiome in each sample, was negatively associated with blood pressure after 
controlling age, sex, country of birth, technical covariates, renal function, 
smoking, and diabetes mellitus, which was consistent with previous stud-
ies.88,145-148  

D. longicatena may affect cytokine activity; an abundance of these species 
might promote the inflammation by supporting interferon-γ (IFN-γ) produc-
tion, metabolizing sialic acids degrading mucin to increase gut permeabil-
ity.149 The effect of IFN-γ on blood pressure had been proposed.150,151 Com-
bined analysis of the genus Alistipes has shown a negative association with 
cardiovascular diseases such as atrial fibrillation,152 atherosclerotic cardiovas-
cular diseases,153 and heart failure.154 It has also been purported to participate 
in alleviating obesity.155 However, a study by Kim et al. described a positive 
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correlation between A. finegoldii and A. indistinctus with SBP among partici-
pants with or without hypertensive treatment.156 Together, these studies indi-
cate that the association of blood pressure to the species within the Alistipes 
genus might be heterogeneous.  
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Strengths and limitations 
In the study, I, Strengths of this study include the longitudinal study design 
with 5 to 17 years of follow-up, the exhaustive information of study partici-
pants, the use of a modern technology proteomics chip based on proximity 
extension assay that allows for analyses of plasma samples with numerous 
selected proteins in the same time, and the validation of our results in an inde-
pendent cohort.  

Limitations include differences in age distribution and follow-up time in 
the discovery and validation samples. Plasma renin falls by 17% per decade 
of age,157-159, and elderly people were studied in the PIVUS and ULSAM co-
horts and younger people in the MDC cohort. On the other hand, the homoge-
neity in age and other features within each cohort provide decisive strengths 
by decreasing confounding. Second, the healthy cohort effect and competing 
risk of death may be in play because only participants surviving their second 
BP measurement at the end of the follow-up were included; hence, individuals 
with the most rapid BP increases and worst prognosis may have been excluded 
from the study. Third, the plasma samples had been preserved for more than 
10 years, which may have affected the protein levels. However, all samples 
were stored at −70 °C, with only a few freeze-thaw cycles. Previous studies 
have demonstrated a minor effect of storage time on the protein abundance 
level;160 so, storage time was normalized in the QC process. The protein panel 
was assembled with candidate proteins previously associated with cardiovas-
cular pathology, with other criteria including concentration limits of the ana-
lytes and accessibility of antibodies. Thus, it is not designed as an untargeted 
proteomics panel. The scale of the protein assay cannot be converted to abso-
lute concentrations for relevant cut-off values or biomarkers’ comparison with 
other studies. Therefore, the application of the proximity extension protein 
assay in clinical settings merits additional study. 

In study II, the strengths include a well-defined population-based longitu-
dinal study with minimal loss to follow-up, correction for multiple testing, and 
adjustment for potential confounders. The investigated metabolites have been 
previously validated, and we applied a pre-defined quality control scheme for 
all metabolites. Moreover, the validation study partially confirmed the results 
from the discovery cohort. We also estimated the uncertainty of the ranking 
of all metabolite associations. Similar study limitations were addressed as the 
study I, such as generalizability to other populations or age, healthy cohort 
effect, and competing risk of death for the second BP measurement. Moreo-
ver, no proper analysis of causality using the Mendelian randomization 
method could be conducted because of the lack of appropriate instruments for 
the investigated metabolites and the lack of large studies of blood pressure 
progression.  

Study III is one of the largest prospective community-based samples with 
24-h ABPM globally and the most contemporary. Most 24-h ABPM studies 
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have been based on clinical databases or multiple, smaller, and older cohorts. 
This study provides a detailed description of the ABPM phenotypes in rela-
tively healthy middle-aged persons, a target population for ABPM in the cur-
rent guidelines.  

Some limitations are notable. First, anti-hypertensive drug treatment was 
recorded using a questionnaire, so recall bias with random misclassification is 
possible. The consistency of anti-hypertensive drug treatment between the two 
examinations in the reproducibility analyses was assured through manual 
chart review. Furthermore, we could not assess drug adherence, which may 
contribute to BP phenotypes. Second, the number of participants with repeated 
measurements of ABPM was small. We used narrow fixed clock-time inter-
vals because of the unavailability of awake and sleep time. The low frequency 
of nighttime BP measurements may affect variability measures somewhat. 
Lastly, generalizability to other ages, ethnicities, and social circumstances 
than those included is unknown. 

Study IV is the first study investigating the association between the gut 
microbiome and 24-hour blood pressure using shotgun metagenomic sequenc-
ing in a large community-based population. The shotgun metagenomics se-
quencing provided a high resolution of gut microbiota species detection and 
enabled the determination of the potential functional pathways. 24-hour blood 
pressure provided sufficient information about blood pressure during the 
whole day and was superior to isolated clinic blood pressure measurement. 
Moreover, the extensive survey of covariates in the present study enabled to 
adjust for several potential confounders. However, the analysis used a cross-
sectional design, and therefore longitudinal relations between the microbiome 
examined and ambulatory blood pressure could not be established. The diet 
information, including salt intake, which might affect these associations, was 
not available at the time of analysis. Further investigations of the functional 
pathway using enrichment analysis of metabolites and microbiome were not 
yet done. 
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Conclusion and future perspective 

This thesis contributes to identify biomarkers related to blood pressure at dif-
ferent levels, including proteomics, metabolomics, and gut microbiome. At 
the protein level, we found a modest association between circulating renin and 
clinical BP stage progression in the PIVUS discovery cohort. However, this 
association cannot be replicated in the MDC validation cohort (Study I). At 
the metabolite level, we observed associations between the circulating lipid 
metabolites (i.e., ceramide, triacylglycerol, total glycerolipids, oleic acid lev-
els, and cholesteryl ester) with a longitudinal change in the DBP. However, 
no associations were observed for the metabolites with longitudinal changes 
in the SBP or clinical BP stage. (Study II). In the SCAPIS cohort, we evalu-
ated the ABPM to identify hypertension phenotypes and demonstrated masked 
hypertension as an under-appreciated problem in the Swedish population 
(Study III). In the next step, we recognized gut microbiota as a signature for 
BP. Four species (Roseburia faecis, Alistipes sp. 6CPBBH3, Collinsella aer-
ofaciens, and Dorea longicatena) were associated with the 24-hour mean SBP. 
Five species (Fusicatenibacter saccharivorans, Coprococcus comes, Dorea 
longicatena, Clostridium sp. TM06-18, and Alistipes sp. 6CPBBH3) were as-
sociated with the mean 24-hour DBP (Study IV). Our studies demonstrate 
multi-disciplinary research involving epidemiologists, clinicians, statisticians, 
and biochemists. We used not only traditional epidemiology but also molecu-
lar epidemiology driven by novel omics technology. Our work applied a re-
search algorithm to identify biomarkers using discovery/validation cohort, 
DAG confounders assessment to determine the causal relationship.  

The goal of omic studies is to identify underlying biological mechanisms 
and predict outcomes. The substantial growth of omic studies has provoked a 
wave of interest to integrate the different levels of omic data into models to 
understand omic influences on BP regulation, hypertension, or response to 
treatment.  

For the future perspective, although there are more and more omics studies 
emerging to uncover the pathogenesis of diseases and complications, rare om-
ics studies have navigated this path to clinical study or application. Hyperten-
sion is a chronic disease, resulting from the interaction of genetic and envi-
ronmental factors. Both genetic and environmental factors play a crucial role 
in the pathogenesis of hypertension. The genetic factors can be partially un-
covered by substantial progressed genotyping technology such as next-gener-
ation sequencing, but the information of environmental influences still relies 
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on relatively imprecise measurements of diet intake, physical activity, or other 
environmental exposures by self-report or self-measure.161 Both genetic and 
environmental factors could provide a better understanding of current pheno-
types in a person, allowing for early diagnosis of hypertension, predicting or-
gan damage and treatment response, and monitoring treatment effect. Preci-
sion medicine, a therapeutic strategy based on the exact condition of a patient, 
should be provided by summarizing all the phenotypes.162 In order to provide 
personalized precision medicine, a comprehensive description of all these fac-
tors is vital to determine the most effective treatment or intervention. Pheno-
types in a person may possibly be achieved by omics studies that provide a 
snapshot of the current status of environmental exposures and human body 
responses. Few trials have been undertaken or planned based on omics infor-
mation: The targeting treatment of primary hyperaldosteronism, based on clin-
ical course, determined that the clinical omics signatures were per-
formed;163,164 a randomized double-masked placebo-controlled multicenter 
clinical trial was also performed to evaluate the risk of diabetic nephropathy, 
based on proteomics signatures;165 and genetic variants of UMOD potentially 
guide the treatment of hypertension of loop diuretics, based on a GWAS 
study.166  

Microbiome studies have grown significantly globally and achieved sub-
stantial progress in recent years. Probiotic intervention based on microbes as-
sociated with diseases discovered by observational studies could open a new 
gate to personalized medicine. Here, study IV revealed that Alistipes sp. was 
related to blood pressure. Alistipes has been observed as increasing among 
patients taking probiotics in an anti-inflammatory effect background.167  

In the future, the field shows promise in being able to integrate all the omics 
data to guide the clinical treatment and intervention.  
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Summary in Swedish (sammanfattning på 
svenska) 

Hypertoni (högt blodtryck) är en viktig riskfaktor för hjärt-kärlsjukdom och 
förtida död, och ger en stor ekonomisk börda globalt. För att bättre kunna fö-
rebygga och behandla hypertoni måste vi veta mer om de bakomliggande 
mekanismerna. Detaljerad mätning av den molekylära sammansättningen i 
plasma och tarmfloran kan ge ökad biologisk förståelse. Det övergripande syf-
tet med denna avhandling var därför att undersöka sambanden mellan protei-
ner, metaboliter och tarmflora med blodtryck och blodtrycksförändringar över 
tid. 

I studie I utforskade vi kopplingen mellan 79 proteiner och blodtryckspro-
gression över 5 år i tre kohortstudier. I en första undersökning i två kohorter 
var proteinet renin kopplat till senare blodtrycksökning, efter justering för ål-
der och kön. I valideringskohorten var sambandet dock inte lika starkt och inte 
statistiskt signifikant. 

I studie II undersökte vi kopplingen mellan 220 metaboliter och förändring 
av blodtryck över 5 år. Nivåer av ceramid (d18:1,C24:0), triacylglycerol 
(C16:0,C16:1), glycerolipider och oleinsyra (C18:cis[9]1) var positivt kopp-
lade, och kolesterylester C16:0 negativt kopplad, till förändring av diastoliskt 
blodtryck över tid i upptäcktskohorten. Två metaboliter med liknande kemisk 
struktur som några av dessa var också kopplade till diastolisk blodtrycksför-
ändring över tid i en valideringskohort (glycerolipiderna diacylglycerol (36:2) 
och monoacyl-glycerol (18:0)). Ingen metabolit var kopplad till progression 
av blodtrycksstadium eller systolisk blodtrycksförändring över tid. 

I studie III undersökte vi förekomsten, variationen och reproducerbarheten 
av blodtrycksfenotyper baserade på mätning vid mottagningsbesök och 24-
timmarsmätning i en stor populationsbaserad kohort. Cirka en tredjedel av 
deltagarna hade vitrockshypertoni (högt blodtryck på mottagningen men inte 
i genomsnitt resten av dygnet), och en lika stor andel hade maskerad hypertoni 
(normalt blodtryck på mottagningen men förhöjt i genomsnitt resten av dyg-
net). Kvinnor var mer benägna att ha vitrockshypertoni, medan män hade 
högre sannolikhet för maskerad hypertoni. Förekomsten av vitrockshypertoni 
ökade med åldern, till skillnad från förekomsten av maskerad hypertoni. Va-
riationerna mellan deltagarna var jämförbar med variationerna inom samma 
deltagare för blodtryck dagtid, nattetid och över hela dygnet. 
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I studie IV studerade vi kopplingen mellan tarmflora och 24-timmars-blod-
tryck. Vi såg en positiv koppling mellan Dorea longicatena, och negativ kopp-
ling mellan Alistipes sp. 6CPBBH3, med genomsnittligt systoliskt och diasto-
liskt 24-timmars-blodtryck. Vidare var Roseburia faecis och Collinsella 
aerofaciens kopplade till systoliskt 24-timmars-blodtryck och Fusicatenibac-
ter saccharivorans, Coprococcus comes och Clostridium sp. TM06-18 till di-
astoliskt 24-timmars-blodtryck i multivariabel-justerade analyser. 

Denna avhandling påvisar värdet av storskaliga omik-studier för att identi-
fiera proteiner, metaboliter och tarmbakterier kopplade till blodtrycksfenoty-
per, och belyser även det stora problemet med okontrollerad hypertoni. 
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