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Background: The positive relationship between type 2 diabetes (T2D) and
hypertension has been proved in a number of large observational studies. These
observational studies were limited in confirming causal relationships because of the
potential confounding biases and reverse causality. There was only one previous
Mendelian randomization (MR) study for the bidirectional causal relationship
between T2D and hypertension was conducted, it had ethnical limitations. This
study aimed to conduct improved MR study in a Korean population-based
longitudinal cohort study and investigate the bidirectional causal relations of fasting
blood sugar (FBS) levels with systolic and diastolic blood pressure (BP) using MR
analysis, and validate the bidirectional causal association based on life course

approach.

Methods: Five MR methods were applied, including the two-stage least squares
(2SLS) regression method, inverse-variance weighted (IVW) method, and 2
median-based methods (simple and weighted), MR-Egger was used to assess the
bidirectional causal association. The weighted genetic risk score (WGRS) for
genetically instrumented FBS and systolic blood pressure (SBP) was constructed
using 91 and 68 single nucleotide polymorphisms (SNP) extracted from the GWAS
of the large Korean biobank. The p-value cutoff was set at <1.0x10® based on

multiple linear regression. A trajectory analyses was performed to estimate how

viii



much genetically determined FBS or SBP value estimated from IVs affects future
T2D or hypertension incidents. the Cox proportional hazard models were conducted
to assess the association analyses between wGRS and future T2D or hypertension
in a general healthy population. To evaluate the association analyses between
trajectories for genetically determined FBS or SBP value and future T2D or
hypertension in a general healthy population, the Cox proportional hazard models

were performed.

Results: MR analysis using the two-stage least squares regression method adjusted
for age and sex showed that FBS elevation by 10 mg/dL due to our genetic variants
was associated with an increased SBP of 1.63 mm/Hg (p=0.005), and genetically
determined elevation of SBP by 10 mm/Hg was associated with an FBS increase of
11.39 mg/dL (p<0.0001). Using the MR-Egger method, when the FBS was 1 mg/dL
higher genetically, it was associated with a higher SBP of 0.20 mm/Hg (p=0.005, p
for intercept=0.823). Meanwhile, an elevated SBP of 1 mm/Hg genetically was
associated with an increased FBS of 1.08 mg/dL, and a significant intercept p-value
was demonstrated (p<.0001 , p for intercept=0.001). However, after omitting only
one outlier (rs671, which has a strong relationship with alcohol drink), the
significance for horizontal pleiotropy resolved. A distinct FBS / SBP trajectory

(controlled and uncontrolled groups) over time was confirmed using latent group

X



trajectory analysis after selecting the healthy population at baseline without T2D
and hypertension. Subsequently, the incidents of hypertension / T2D were evaluated
according to each FBS / SBP trajectory using Cox proportional hazard regression.
There was no significant difference between the FBS uncontrolled and controlled
groups after adjusting for covariates including antidiabetic medications. Conversely,
a significantly higher risk of increased SBP was detected in the uncontrolled group
relative to the controlled group (HR=1.27, 95%CI: 1.16-1.38 after adjusting for

covariates including antihypertensive medications.

Conclusion: A bidirectional causal association between fasting blood sugar level
and systolic blood pressure in the Korean general population was identified based
on the life course approach. In the future, elaborative large biobank studies
including countless genetic variants and different environmental interactions are
needed to validate the bidirectional causal association between FBS and SBP using

the life course approach.

Keywords: Genome-wide association study, Single nucleotide polymorphism,

Mendelian randomization, Type 2 diabetes, Hypertension



I. INTRODUCTION

Hypertension is reported in more than two-thirds of type 2 diabetes (T2D)
patients [1]. Hypertension and T2D are two major components of the global disease
burden and often coexist [1]. According to the World Health Organization (WHO),
arterial hypertension and T2D are the two most common cardiovascular risk factors
in the global population after obesity, and Burden for these two diseases is
significant worldwide [2, 3]. In the case of Korea, as of 2020, the prevalence of
hypertension was 29% and diabetes was 13.9%, which increased by 5.3% and 3.6%,

respectively, over the past 10 years [4].

Many previous prospective studies have linked T2D to an increased risk of
hypertension, and evidence of a quantitative relationship between blood pressure
(BP) and T2D incidence has been reported [5-7]. Despite each being an independent
cardiovascular risk factor, hypertension and T2D often coexist in the same patient.
This coexistence doubles the risk of other non-communicable chronic disease
i.e.chronic kidney disease in patients [8, 9]. One epidemiological study showed
T2D at baseline was a significant predictor of incident hypertension independently

of sex, age, body mass index, and familial diabetes mellitus [10].

Although the one-way ssociation between hypertension and T2D has been

derived by many researchers through observational studies, but reliable



quantification of the associations between hypertension and the risk of T2D is
lacking due to the complex shared mechanisms, multiple environmental factors, the
potential bias introduced by unmeasured confounding factors, and potential reverse
associations[5-7, 11]. In order to explore not only the one-way association but also
the two-way association, a more sophisticated methodology needs to be developed.
Research and further understanding of the bidirectional relationship between these
two diseases will help prevent future diseases and contribute to treatment, which

are the main goals of the global health system.

For this reason, recent attempts have been made to clarify the relationship
between hypertension and T2D using MR analysis , and some meaningful results
have been obtained [12, 13]. Only one study analyzed the bidirectional causal
relationship between hypertension and T2D. This recent bidirectional MR analysis
that assessed the causal relationship between hypertension and T2D was performed
using hundreds of SNPs from the UK Biobank, which comprised the genotypes of
over 300,000 adults. The authors detected causality and significant pleiotropy in the
hypertension-T2D relationship [13]. This previous study was limited to the
European population. Moreover, it is necessary to further elucidate the complex
association including pleiotropy and other behavior covariates, and the causal effect

of T2D on the development of hypertension.



Meanwhile, trajectory analysis based on life-course approach has been noticed
in epidemiology. It is possible to determine the variation of repeat measured risk
factors based on different aspects over time. In addition, beyond the limitations of
the study considering only the single point measured exposure, the risk of disease
can be grasped in a more diverse way by considering changes of other risk factors

likes behavior variables.

Therefore, the main focus of this study is to improve the analysis method for
the bidirectional causal relationship between diabetes and hypertension based on
previous studies targeting Western population to derive results in Koreans.
Methodological improvements include extending the causal relationship to the life-
course concept. This present study conducted MR for Koreans on the causal
relationship between fasting blood sugar (FBS) and blood pressure (BP) using
repeat measured follow-up data. Furthermore, the effects of distinct patterns of
genetically predicted FBS and SBP trajectories on the predictive occurrence of T2D
or hypertension were visible depending on the trajectory analyses performed to

determine the changes in genetically determined FBS and SBP.



II. MATERIALS AND METHODS

1. The study population and ascertainment

1-1. Participants in the mendelian randomization analysis

The present study population belongs to the Korean genome and epidemiology
study (KoGES), Ansung—Ansan cohort, which included a total of 10,030 consented
participants, aged 40 to 69 years, recruited from two communities (Ansung,
n=5,018 and Ansan, n=5,012) in the Gyeonggi-do province, South Korea, between
2001 and 2016 [14]. Survey data have been following up every 2 years to collect
questionnaires, anthropometric / biomarker measurements, blood sampling, and
urine tests (at the 8th visit, the follow-up rate=61.4%). DNA Genotype data were
linked to phenotype data from KoGES cohort provided by the Center for Genome
Science, Korea National Institute of Health. DNA samples were separated and
extracted from each peripheral blood of the participants [14]. Out of baseline
participants, 8,836 people who have available Genome-wide single nucleotide
polymorphism (SNP) data. Among them, 326 people were omitted due to having
outliers or missing information of phenotype data. Finally, 8,510 participants were

selected for MR analysis in this present study (Figure 1).



KoGES Ansung—Ansan cohort

N=8,840

Unmatched phenotype
data (n=4)

N=8,836
Who have DNA genotype and phenotype
data

Qutliers or missing
phenotype data (n=326)

N=8,510

For 2 sample MR analysis

Figure 1. The study population for mendelian randomization analysis



1-2. Participants in the association analysis

The data for association analysis were based on the life course approach
reconstructed according to the research objective. And also, the association analysis
was divided to two types according to the research objective. First association
analysis was conducted to identified direct association between genetic instrument
variants for FBS or SBP and incidences of T2D or hypertension. Second association
analysis was performed to extend and replicate based on the life course approach

the causal association confirmed MR analysis above.

Of the 8,510 participants included in the MR analysis, only newly diagnosed
patients with T2D and hypertension were included during the second to eighth visits.
Moreover, patients who reported a history of T2D (n=892) or hypertension
(n=1,293) or stroke (n=34) in the baseline survey were excluded. Consequently,
6,278 participants were included to the Cox proportional hazard regression model
to assess the association with subsequent T2D or hypertension. T2D was defined as
serum fasting blood sugar levels above 126 mg/dL, hemoglobin Alc above 6.5%, a
history of T2D diagnosis, taking insulin drugs, or taking antidiabetic medications
during the first to eighth visits. Hypertension was defined as a systolic blood
pressure of >140 (mm/Hg), or a diastolic blood pressure of >90 (mm/Hg), or the

use of blood pressure-lowering medication during follow-ups (Figure 1).



Follow-ups for T2D or hypertension cases were conducted from the 2" visit
to the onset of T2D or hypertension. Follow-ups for other participants were
conducted from 1% visit to December 31, 2017. For patients with T2D or
hypertension cases whose dates of T2D or hypertension diagnosis (year, month, and
day) could not be ascertained, T2D or hypertension was defined autonomously
because of data attribute. Among 6,278 participants, the number of subsequent T2D
was 3,220 people (51.29%) and subsequent hypertension was 4,323 people
(68.86%). And also, mean of follow-up time for T2D or hypertension were 10.59
years (66493.62 person-years) for T2D and 8.70 years (54633.00 person-years) for
hypertension. During the follow-up period, 2933 people were co-exist cases with
both hypertension and T2D, accounting for 67.8% of 4,323 hypertensive patients

and 91.1% of 3,220 diabetic patients.

The parent study of this present study was approved by the Ethics Committee
of the Korean Center for Disease Control and the Institutional Review Boards of
the Korea University Ansan Hospital and the Ajou University School of Medicine.
The Institutional Review Board (IRB) of Human Research of Yonsei University in
this study approved the research (IRB number 4-2022-1371). Review board
requirement for written informed consent was waived because this study used an

anonymous dataset.



KoGES Ansung—Ansan cohort

N=8,840

Unmatched phenotype
data (n=4)

N=8,836
Who have DNA genotype and
phenotype data

Qutliers or missing
phenotype data (n=326)

MR analysis set

N=8,510
For 2 sample MR analysis

T2D, hypertension &
stroke prevalence cases
at 15t visit (n=2,232)

analysis set
N=6,278

Healthy participants
at 1%t visit

Figure 2. Flow chart for study population



2. Genotyping and genetic instrument variants selection

A genome-wide association study (GWAS) was performed using by the
Korean CHIP genetic data (from Korean cancer prevent study-1I biobank, KCPS-II
biobank) to identify SNPs associated with FBS levels or BP (SBP), adjusting for
age and sex [15]. All variants applied to the following exclusion criteria for quality
control process [16, 17]: (i) subjects with <5% missing genotype were included in
the analysis, (i1) markers showing significant deviations from the Hardy-Weinberg
equilibrium (P<1.0x107%), (iii) genotyping accuracy less than 96-99%, and (iv)
minor allele frequency <0.01. After the quality control (QC) evaluations, the
remaining 317,290 variants were subjected to further analyses. Based on previous
GWAS analysis on FBS and SBP, 5,708 variants for FBS levels and 5,089 variants
for SBP with a statistical cut-off p-value (<1.0x10®) were remained (Figure 3).
Subsequently, the linkage disequilibrium (LD) clumping algorithm was used to
identify the independent SNPs for use as instrumental variables with an R2
threshold below 0.03 and a p-value of <5.0e8. After excluding the correlated SNPs
using the clumping algorithm, 154 variants for FBS levels and 119 for SBP levels

were initially determined by GWAS using data from the Korean CHIP genetic data.

Moreover, genotyping for the dataset with 8,840 KoGES Ansung—Ansan

cohort subjects was performed using the Affymetrix Genome-Wide Human SNP



Array 5.0 and Affymetrix Axiom KORV1.1-96 Array (Affymetrix, Santa Clara, CA,
USA), respectively, which was performed by DNAlink Inc. (Seoul, Korea) as
previously described [14]. For GWAS using by KoGES Ansung—Ansan cohort,
Imputed SNPs with a high genotype information content (info >0.5) based on The
HapMap phased genotype information of Japanese individuals from Tokyo, Japan
(JPT) and unrelated Han Chinese individuals from Beijing, China (CHB) (build 36
release 22) were used in this present study [ 18]. The same exclusion criteria as those
mentioned earlier were applied to the imputed SNPs and genotyped SNPs. In total,
154 variants for FBS levels and 119 variants for SBP measurements from the
GWAS of the KCPS-II were applied to KoGES as imputed and genotyped data.
Consequently, 91 variants for FBS levels and 68 variants for SBP measurements
remained after matching the KoGES genotyping dataset and selecting the genetic

instrument variants for the mendelian randomization analysis (Figure 4).

A weighted genetic risk score (WGRS) for each phenotype (FBS and SBP) was
constructed using the following formula: wGRS = 1 x SNP1 + 2 x SNP2 + ... +
Bn x SNPn. In this formula, SNPn is the number of risk alleles and Pn is the
corresponding effect size associated with the SNPn obtained from previous GWAS
analyses of the KCPS-II biobank [19]. To achieve normal distribution for wGRS,

the data was conducted reverse beta correction (Figure 5).

10



5,708 SNPs for FBS

/ 5,089 SNPs for SBP 154 SNPs for FBS

/ 119 SNPs for SBP

from KCPS-II :
after clumping procedure

(p-value<1078)

e ke g dit

91 SNPs for FBS 68 SNPs for SBP

(matched to KoGES data) (matched to KoGES data)

*Bonferroni multiple testing correction
- P-value for FBS < 0.0016 (=0.0005/91)
- P-value for SBP < 0.0011 (=0.0007/68)

Figure 3. Genetic instrument variants selection procedures
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3. Statistical methods

3-1. Bidirectional mendelian randomization analysis

Recently, many researchers have shown interest in causal inference, and many
methodologies related to this have emerged. The inference of causality from
observational evidence may be problematic, as observational studies frequently
include confounding factors or reverse causation for the identification of
associations between exposure and outcome. To overcome the limitations of
randomized controlled trials (RCTs), Mendelian randomization (MR) analysis has
been utilized as an alternative [20-22]. MR based on the assumption that genetic
variants assigned prior to conception are randomly allocated according to Mendel’s
second law [23, 24]. MR is a method of using measured variation in genes of known
function to examine the causal effect of a modifiable exposure on disease in
observational studies. MR can provide more credible estimates of the causal effect

of a risk factor on an outcome than those obtained in observational studies [22].

MR uses a genetic variant as a proxy for a risk factor. Therefore, a successful
MR study is dependent on the appropriate selection of a genetic instrument variable
(V). [22]. MR can estimate causal effects where exposure and outcome data from
different samples exist. 1Vs are typically identified using GWAS. To validate a

genetic variant as a valid IV for causal inference in an MR analysis, three central

14



IV assumptions must be satisfied [20-24] (Figure 2): (1) The genetic variant must
be directly associated with the exposure. (2) The genetic variant must be
independent of unmeasured confounders known to obscure the connection between
the exposure and the effect. The genetic variant must show no effect , other than
through the exposure. [22]. The horizontal pleiotropic pathways induce bias in the
direction of the pleiotropic association and exclude the associations that violate the
IV assumptions, especially assumption 3. Current MR methodologies that consider
pleiotropic pathways have been established by the emergence of large-scale
biobank projects. When several genetic variants are correlated with a specific
exposure, summary level MR methods using a summarized data can typically
evaluate the set of Wald ratios within a meta-analytic framework using various
methods including the inverse-variance weighted (IVW) method, MR-Egger

regression, and weighted medians [25-31].

1) A single genetic instrument - wald ratio estimator

The Wall ratio is a causal estimate for a single-genetic variant, which is
calculated by dividing the genetic variant-outcome association by the genetic
variant exposure association when a single genetic variant is available. This can be

easily seen as the change in the outcome of a unit change in exposure [29-32].

15



2) Summary level MR method

(1) Inverse-variance weighting (IVW) method

The IVW test, is a weighted average of the causal effects of genetic variants.
When pleiotropic pathways exist on several genetic variants correlating with a
specific exposure, the Wald ratio approach can be generalized through a meta-
analysis process. In particular, the causal effect estimates of each genetic variant

are combined in an IVW meta-analysis framework [22, 27, 32].

(2) The MR-Egger test

The MR-Egger method is one of many methods have been devised for defining
and correcting breaches of assumptions, when some of genetic variants selected are
invalid instruments. When the size of such pleiotropic effects is independent of the
size of the effect of the genetic variant on the risk factor, the MR-Egger method
permits a pleiotropic effect of one or more genetic variants. In the regression of
MR-Egger method, the intercept can be viewed as an estimate of the (horizontal)
average pleiotropic effect of genetic variants and the slope of the regression as the
corrected causal effect. Generally, the MR-Egger method is statistically less

powerful than the IVW method. The MR-Egger regression replaces the second and

16



third IV assumptions with the "instrument strength independent on direct effect
p g p

(InSIDE)” assumption [25, 28].

(3) Simple median estimator

The IVW estimate is an efficient analysis method when all genetic variants are
valid I'Vs. Unfortunately, it will be biased even if only one genetic variant is invalid.
If up to (but not including) 50% of the genetic variants are invalid, the median ratio

estimate may be used as a simple estimator [21, 26, 32].

(4) Weighted median estimator

If up to 50% of the genetic variants are invalid, then a causal effect may be
estimated as the median of the weighted ratio estimates using the reciprocal of the
variance of the ratio estimate as weights. The InSIDE assumption is not needed and
violations of the second and third IV assumptions are permitted. In contrast to the
MR-Egger method and the simple median estimator, the weighted median estimator

has the benefit of preserving greater precision in the estimates [21, 26, 32].

17



3-2. Latent class trajectory analysis

Trajectory analysis that utilizes a multinomial mixture modeling strategy is
useful for identifying relatively homogeneous clusters of change trajectories over
time in repeated observations of analytic subjects [33-35]. In trajectory analyses,
the longitudinal follow-up data are modeled by having the parameter depending on
time. The basic assumption is that time-dependent covariates can also directly
affect the observed behavior and all individuals in the study sample come from a
single population Therefore, one (average) trajectory should adequately describe

the developmental pattern of the sample [36].

Trajectory models were estimated with 2-5 trajectories by assuming linear,
quadratic, and cubic patterns of change in FBS or SBP over time using appropriate
statistical tool. In this trajectory analysis, each participant was assigned to the class
for which his/her posterior probability was the highest under specific conditions. To
ensure that all obtained classes were of clinically and statistically meaningful size,
the conditions that each class should include at least 5% of participants and the
mean posterior probability of each class should be higher than 75% were imposed.
As recommended, the best-fitting model was selected by comparing the BIC indices
associated with automatically calculated and averaged posterior probabilities of the

group membership in each latent class for each participant [33-36].

18



Of the 8,510 participants included in the initial GWAS and Mendelian
randomization analysis, 6,278 participants without past disease history of T2D
(n=892) or hypertension (n=1,293) or stroke (n=34) in the baseline survey were
included to cox proportional hazard regression model to assess association with
subsequent T2D or hypertension. These all had wGRS made by FBS levels or SBP

levels relating genetic variants.

19



3-3. Statistical Analysis

GWAS were performed using PLINK, version 1.9 (http://pngu.mgh.harvard.ed
u/purcell/ plink/) to identify SNPs associated with FBS levels or SBP measurements
via linear regression analyses with an additive model. Age and sex were fitted as
fixed covariates, and the cutoff p-value of <5x10® was used to indicate genome-
wide significance. To assess bidirectional causalities of variants with FBS levels
and SBP, a 2-stage least squares (2SLS) regression model was performed using by
STATA/IC 13.1 (Stata Corp LP, College Station, TX, USA) with wGRS including
91 variants for FBS levels and 68 variants for SBP. Additionally, not only
bidirectional pathway between FBS and SBP, also the other causal relationship to
other metabolic components including hemoglobin Alc (HbAlc), total cholesterol
levels and triglyceride (TG) levels were evaluated. To test for evidence of pleiotropy,
the sensitivity of the mendelian randomization analysis was conducted using R
version 4.1.2 software (http://www.r-project.org/) with beta coefficients (the
estimates resulting from a regression analysis in GWAS), standard error (SE), or SE

of 91 variants for FBS and 68 variants for SBP as instrument variables.

20



In this study, the general characteristics were expressed as means + standard
deviation (SD) or frequency (percentage). T-test and chi-square test were performed
to assess group differences (by gender or trajectories). To evaluate the association
analyses between the weighted genetic risk score (WGRS) based on genetic
instrument variants passed MR analysis and future T2D (i.e., diagnosed by a
physician or treated using anti-diabetic drugs) or hypertension (i.e., diagnosed by a
physician or treated with anti-hypertensive drugs) in a healthy general population,
the Cox proportional hazard model, adjusted for age, sex, body mass index (BMI),
smoking behavior (non-smoker, ex-smoker, and current-smoker), alcohol drinking
(non-drinker or ever-drinker) and regular exercise (yes or no) and antidiabetic (for

hypertension)/antihypertensive medication (for T2D) was applied.

To further verify whether the strong results in MR analysis are also shown in
life-course approach-based association analysis, a trajectory analyses was
performed to estimate how much genetically determined FBS or SBP value
estimated from Vs affects future T2D or hypertension incidents, as in the 2SLS
regression model. The latent class trajectory analyses were conducted to evaluate
the pattern of changes in genetically determined FBS levels or SBP measurements
over time in the healthy population (n=6,278) who inherited major variants

including wGRS that passed the MR analysis.
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Predicted FBS or SBP levels were obtained using by linear regression model
between wGRS and FBS or SBP measurements. In the trajectory analysis process,
quadratic or cubic patterns of change in predicted FBS or SBP over time were
evaluated using the SAS PROC TRAJ package (SAS Institute, Inc., Cary, NC,
USA). Additionally, to examining the associations of subsequent T2D (i.e.,
diagnosed by a physician/treated with anti-diabetic drugs) or subsequent
hypertension (i.e., diagnosed by a physician/treated with anti-hypertensive drugs)
in each trajectory pattern, the Cox proportional hazard model, adjusted for age, sex,
BMI, smoking behavior, alcohol drinking, regular exercise and wGRS (including
91 variants for FBS levels or 68 variants for SBP) were conducted using SAS
(version 9.4; SAS Institute, Cary, NC, USA ) Quantitative interactions by sex were
assessed on additive and multiplicative scales. Additive scales were assessed using

the relative excess risk due to interaction (RERI) [37, 38]. All statistical tests were

two-sided, and the statistical significance was determined as p < 0.05.
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ITII. RESULTS

PART I. A bidirectional causal association between FBS (T2D) and SBP

(hypertension)

1. Genetic instrument variants

Among 154 variants for FBS levels and 119 variants for SBP measurements
from the GWAS of the KCPS-II, 91 variants for FBS and 68 variants for SBP
were selected as genetic instrument variants after matching KoGES imputed
genotyping dataset and determining a statistical cut-off p-value at <1.0x10-8

based on multiple linear regression models, adjusted for age and sex.

Table 1 displays the list of 91 genetic variants for FBS. Diverse genetic
susceptibility variants relating to 91 genetic instrumented variants for FBS
included the well-known rs10440833 related to T2D (located at the CDKAL1
gene). Table 2 displays the list of 68 genetic variants for SBP. Various
chromosomes were included in this list for SBP. Specifically, aldehyde
dehydrogenase type 2 (ALDH2) rs671 polymorphism was included in both FBS

or SBP.
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Table 1. Selected genetic variants for fasting glucose levels (N=91)

No SNP CHR BP Reference allele  Alternative allele GWAS
KCPS-II KoGES
beta SE P beta SE P

1 rs10124848 9 623485 T A 0.67489 0.08819  1.97625E-14  -0.05505 0.10399  0.596503
2 1rs10259649 7 44219705 T C 0.92814 0.10501  9.79149E-19  0.19952 0.12280  0.104204
3 rs10440833 6 20688121 T A 1.21820 0.06709 1.35108E-73  0.02687 0.07844 0.7319
4 rs10814921 9 4307572 T C -0.44064 0.06727  5.77025E-11  0.09565 0.07876 0.22458
5 rs10830964 11 92719681 C T -0.80733 0.07710  1.19966E-25  -0.05723 0.09159  0.532086
6 rs10849920 12 1.11E+08 C T 0.47766 0.06780  1.85881E-12  0.32684 0.07915  3.64E-05
7 rs10955807 8 1.18E+08 A G 0.57419 0.06707  1.12299E-17  0.03293 0.07838  0.674445
8 rs10965241 9 22129594 G C 0.78648 0.11748  2.17358E-11  -0.17465 0.13778  0.204951
9 1rs10965250 9 22133284 G A -1.22340 0.06751  2.58177E-73  -0.10269 0.07915  0.194516
10 rs10965251 9 22134029 G A -0.93675 0.12931  4.36984E-13  0.08368 0.14656  0.568021
11 rs11020106 11 92667147 T A -0.68198 0.06700  2.51849E-24  -0.08943 0.07879  0.256335
12 rs11065836 12 1.12E+08 G A -0.53834 0.06765  1.75874E-15 -0.29544 0.07941  0.000199
13 rs11071655 15 62427973 T C -0.43768 0.06741  8.43155E-11  -0.00070 0.07864  0.992883
14 rs11187078 10 94340705 G C 0.69814 0.06973  1.38272E-23  -0.09938 0.08162  0.223363
15 rs11187146 10 94478355 C G 0.52254 0.07136 2.4467E-13  -0.09138 0.08299  0.270827
16  rs11187165 10 94515985 T C 0.81087 0.12577  1.14262E-10  -0.05755 0.14531  0.692048
17 rs113748381 17 6953155 G A 0.74878 0.11388 4.8792E-11  0.22172 0.12977  0.087529
18  rs113767488 7 44214513 T C -0.73508 0.07909 1.5046E-20  -0.09204 0.09327  0.323783
19 rs11753021 6 20735394 C T -0.58638 0.07455 3.7078E-15  -0.14640 0.08745  0.094125
20 rs12053049 2 1.7E+08 T C 0.80614 0.07003  1.19171E-30  0.18681 0.08215  0.022965
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71 1s72832313 6 20741680 T C 0.63761 0.06865 1.60181E-20  0.12050 0.08051  0.134463
72 1573016223 3 153E+08 T C 0.40494 0.07419  4.81713E-08  0.12533 0.08693  0.149405
73 157314904 12 1.12E+08 G A 0.56435 0.10098  2.29335E-08  0.22241 0.11813  0.059734
74 1573199895 12 1.12E+08 G A 0.39807 0.06967  1.10653E-08  0.15965 0.08237  0.052585
75 15742761 6 39046655 C T -0.58649 0.08160  6.63422E-13  -0.15958 0.09638  0.097793
76 1574770198 15 62431368 C G -0.67734 0.12233  3.07954E-08  -0.08788 0.14250  0.537419
77 1575628519 12 1.1IE+08 A G -0.69036 0.12569  3.96708E-08  -0.32905 0.14620  0.024405
78 157656416 4 1254535 C T -0.51959 0.07122  2.97775E-13  0.03080 0.08390  0.713575
79 1576924981 6 20572355 G C 0.93094 0.13913  2.21859E-11  0.01756 0.16397  0.914732
80  rs77466626 11 61631690 C T -0.37336 0.06797  3.96266E-08  -0.12348 0.08039 0.12453
81  rs77853892 2 28067559 C A -0.59294 0.10249  7.25035E-09  -0.04430 0.11855  0.708635
82  rs7875253 9 4285707 A C -0.41135 0.07300 1.7564E-08  0.13505 0.08523  0.113093
83 1s7997912 13 33562505 T C 0.64650 0.09055  9.40243E-13  0.00079 0.10679  0.994068
84  rs836598 2 1.74E+08 T C -0.57690 0.08187  1.83782E-12  -0.11695 0.09504  0.218499
85  rs912175 9 712137 G C 0.52043 0.09376  2.84627E-08 -0.03806 0.10917  0.727399
86 15926091 10 89721412 C T 0.44178 0.07067  4.08702E-10  0.02735 0.08245  0.740067
87 15932443 6 39042334 T C 0.40267 0.06851  4.16383E-09 -0.01752 0.08035  0.827394
88 159358341 6 20525488 C A -0.56315 0.06697  4.19016E-17  0.03718 0.07867  0.636525
89 19465844 6 20630472 A G -0.62125 0.07115  2.52967E-18  -0.00915 0.08406  0.913344
90  rs9788635 15 62133674 C T -0.55222 0.07689  6.89629E-13  -0.08712 0.09035  0.334933
91 159842724 3 63804761 C T -0.40990 0.06944  3.58346E-09 -0.05187 0.08113  0.522548

Abbreviations: SNP, single nucleotide polymorphisms; CHR, chromosome; GWAS, genome-wide association study; KCPS-II, Korean cancer prevention study-Il;
KoGES, korean genome and epidemiology study; SE, standard error
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Table 2. Selected genetic variants for Systolic blood pressure (N=68)

GWAS
No SNP CHR BP Reference allele ~ Alternative allele  KCPS2 KoGES
beta SE P beta SE P
1 rs10190857 2 50678471 G A 0301385 0.048327 4.49E-10 -0.09686  0.10431 0.353125
2 1510434005 4 1.11E+08 G A 0.264832 0.048189  3.9E-08 0.093422 0.104033 0.369186
3 1510774611 12 1.11E+08 A G 0.340194  0.052252 7.5E-11 0.244519 0.112698  0.030035
4 1510947434 6 33691501 T G 0325512 0.058321 2.39E-08 0.123521 0.125655 0.325603
5 r1s1106393 10  1.05E+08 C A -0.40395 0.051683 5.49E-15 -0.23285 0.111821 0.037317
6 1511066344 12 1.13E+08 T A 0340699  0.05675 1.93E-09 0.497995 0.123145 5.26E-05
7 1511066453 12 1.13E+08 A G -0.96852  0.073024 4E-40 -1.0977  0.159051  5.19E-12
8 1511072506 15 75052994 G A 0.278528 0.048947 1.27E-08 0.068959 0.105943 0.515106
9 15115379475 6 32200681 G A -0.40152  0.070775 1.4E-08 -0.37114 0.152851 0.015181
10 rs11870849 17 78411073 C T 0.430145 0.071051 1.42E-09 0.214328 0.152655 0.160323
11 rs12066994 1 77930043 C T -0.274  0.048406 1.51E-08 0.059813 0.104864 0.568417
12 1812537566 7 131E+08 G C 027579 0.048705 1.49E-08 -0.00876 ~ 0.10578 0.934011
13 rs12571461 10 95974495 G A 0321614  0.05464 3.96E-09 -0.10485 0.117237 0.371122
14 rs12579052 12 90132147 G A -0.42854  0.060348 1.24E-12  -0.08796  0.13125 0.502762
15 1512656497 5 32831939 C T -0.41211 0.04931 6.46E-17 -0.04342 0.107017  0.684964
16  1s13139571 4 1.57E+08 C A -0.35092  0.057842 1.31E-09 0.238633 0.125437 0.057122
17 15139037971 19 11518552 G A 0.407336  0.060801 2.1E-11  0.014802  0.12963  0.909089
18 1s139141104 6 30989021 A G 0.552844  0.091042 1.26E-09 0.195878 0.195884  0.317327
19 1s1408820 10 96013824 C T -0.44323  0.053516 1.22E-16 0.046317 0.115357 0.688048
20 1s141965732 12 1.11E+08 C T -0.68197 0.083773 3.96E-16 -1.45706 0.189952 1.73E-14
21 1144253733 3 1.69E+08 G A 0.485431 0.078417 6.02E-10  -0.54567 0.169129  0.001255
22 rs1635133 12 1.13E+08 T C 0.326805 0.048369 1.42E-11 0.239404 0.104556  0.02204
23 1516998073 4 81184341 A T 0.747457  0.050772 5.06E-49  0.029437 0.109757 0.788543
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1.12E+08
25914085
16348061
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81160632
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81168104
1.48E+08
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0.521087
-0.32515
0.276815

031316
-0.34896
-1.29641
0.301588
0.385314
0.459817
0.337936
-0.41757
0.445016
-0.36526
-0.55376
-0.40642
-0.31836

0.07312
0.053739
0.048874
0.054918
0.062001
0.065532
0.048945
0.053987
0.074267
0.051583
0.048607

0.08031
0.050084
0.055676
0.053415
0.055107

1.03E-12
1.45E-09
1.48E-08
1.18E-08
1.82E-08
5.41E-87
7.21E-10
9.57E-13
5.98E-10
5.72E-11
8.73E-18
3.01E-08
3.05E-13
2.66E-23
2.78E-14
7.61E-09

0.763422
0.095647
0.250284
0.267553
0.108007
-1.69679
0.066378
-0.08954
-0.00291
0.051024
-0.09781
0.204914
0.024542
-0.19802

0.07835
-0.08657

0.158537
0.116363
0.105833
0.118016
0.134476

0.14402
0.106026
0.116447
0.160742
0.111513
0.106001
0.161026

0.10876
0.120199
0.115331
0.119002

1.47E-06
0.411094
0.018038
0.023388
0.421881
5.21E-32

0.53128
0.441914

0.98556
0.647268
0.356162
0.203182
0.821472
0.099467
0.496921
0.466942

Abbreviations: SNP, single nucleotide polymorphisms; CHR, chromosome; GWAS, genome-wide association study; KCPS-1l, Korean cancer prevention study-II;

KoGES, korean genome and epidemiology study; SE, standard error
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2. General characteristics for the mendelian randomization analysis

Bidirectional causal association with genetically determined FBS or SBP was
assessed based on mendelian randomization (MR) analysis using by 2-stage least

squares (2SLS) regression model.

Table 3 displays the general characteristics of the study population. The mean
ages of the participants involved in the MR analysis was 52.0 years (SD=8.9 years),
and there were 47.4% men. At baseline, more than 10% developed T2D and a
hypertension prevalence of 19% was identified. The mean of the main phenotypes
(FBS levels and SBP measurements) was 92.7 mg/dL (SD=23.1) and 117.4 mmHg
(SD=18.1), respectively. When the general characteristics were stratified by men
and women, women's age (52.4 year, SD=9.0 years for men; 51.6 year, SD=8.7
years for women; p<.0001), body mass index (BMI) at the first visit (24.3 kg/m2,
SD=2.9 for men; 24.9 kg/m2, SD=3.3 for women; p<.0001), and the FBS level at
the first visit (95.1 mg/dL, SD=25.0 for men; 90.6 mg/dL, SD=21.2 for women;

p<0.0001) were statistically significant.

The significant bidirectional correlations are shown in Figures 6 and 7

(B=0.0102, p=0.0050 for wGRSrss=>SBP; p=0.0072, p<.0001 for wGRSsep>FBS).
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Table 3. General characteristics of the study population in the mendelian

randomization analysis

Total Men Women
(N=8,510) (N=4,031) (N=4,479)
Subject Mean + SD Mean + SD Mean + SD p-value®
Age, year 52.02 + 8.85 51.59+8.71  52.40+8.96 <.0001
Body mass index, 2459 +3.14 2425+294  2491+3.27 <.0001
kg/m?
Fasting blood 92.74 £ 23.14 95.09+£24.95 90.61+21.15 <.0001
sugar, mg/dL
Systolic blood 117.44 + 18.06 117.51 + 117.38 + 0.7273
pressure, mmHg 16.57 19.30
Diastolic blood 75.00 +11.29 75.54+£10.82 74.03+11.58 <.0001
pressure, mmHg
Total cholesterol, mg/dL 199.02 +36.78 198.63 + 199.36 + 0.3590
36.64 36.91
Triglyceride, mg/dL 15243 £108.81 170.23 + 13642 + <0001
124.41 89.60
N (%) N (%) N (%)
Smoking status Former 243 (2.86) 186 (4.61) 57 (1.27) <.0001
Current 1903 (22.36) 1802 (44.70) 101 (2.25) <.0001
Alcohol drinking ~ Yes 4543 (53.38) 3265 (81.00) 1278 (28.53)  <.0001
Exercise Yes 8167 (95.97) 3879 (96.23) 4288 (95.74)  0.2477
WGRSo1snp for FBS Ql 2128 (25.01) 1030 (25.55) 1098 (24.51)  0.2698
Q2 2127 (24.99) 1011 (25.08) 1116 (24.92) 0.8612
Q3 2128 (25.01) 971 (24.09) 1157 (25.83) 0.0637
Q4 2127 (24.99) 1019 (25.28) 1108 (24.74) 0.5646
WGRSo16np for sBP Ql 2128 (25.01) 1011 (25.08) 1117 (24.94) 0.8799
Q2 2127 (24.99) 1001 (24.86) 1125 (25.12) 0.7822
Q3 2126 (24.98) 1004 (24.91) 1122 (25.05) 0.8788
Q4 2129 (25.02) 1014 (25.16) 1115 (24.89) 0.7813
Antidiabetic treatment 1010 (11.93) 480 (11.98) 530 (11.89) 0.8985
Antihypertensives treatment 972 (11.42) 379 (9.40) 593 (13.24) <.0001
Type 2 diabetes prevalence 892 (10.48) 478 (11.86) 414 (9.24) <.0001
Hypertension prevalence 1616 (18.99) 699 (17.34) 917 (20.47) 0.0002

Abbreviations: SD, standard deviation; N, number; GRS, genetic risk score; Q quatiles
“p-value for differences between FBS trajectory groups based on T-test or chi-square test
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Fasting glucose levels (mg/dL)

A. wGRSkss > FBS (91 1Vs) B. wGRSkss > SBP (91 IVs)
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Figure 6. Associations between weighted genetic risk score for fasting blood sugar levels and each
phenotype (FBS and SBP) levels based on linear regression adjusted age and sex

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; GRS, genetic risk score; IV, instrument variant
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Figure 7. Associations between weighted genetic risk score systolic blood pressure levels and each
phenotype (FBS and SBP) levels based on linear regression adjusted age and sex

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; GRS, genetic risk score; IV, instrument variant
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3. Assessing the possibility of a bidirectional-causality based on the 2-

stage least squares (2SLS) regression model

3-1. A bidirectional-causality of FBS and SBP

The possibility of bidirectional-causality assessed based on 2SLS regression
model though the hypothesis; genetically determined high FBS would be
significantly associated with an increase in SBP risk without the influence of
confounders and vice versa. Bidirectional MR analysis was implemented based
on the frame shown in Figure 8. In this frame, wGRS for for the two main
phenotypes (FBS and SBP) was used as genetic instrumented variants. Weak
instrument test and endogenous test were performed to wGRS of two main
phenotypes (FBS and SBP). Then, the results were assessed to determine whether
WGRS appropriately satisfied the 2SLS regression model as an instrumented

variant or not using F-statistic and p values for the endogenous test.
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Figure 8. A schematic frame for 2 sample MR analysis

A schematic figure of the bidirectional association between FBS and SBP inferred from Mendelian randomization. Genetically
determined high FBS would be significantly associated with an increase in SBP risk without the influence of confounders and vice versa.
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The results of the 2SLS regression model demonstrated a significant
bidirectional causality (Figure 9 and 10). In the FBS to SBP direction, an increase
of 1.63 mm/Hg in the SBP was detected when FBS was 10 mg/dL or higher. In
contrast, an increase of 11.39 mg/dL in the FBS was detected when the SBP was
10 mm/Hg or higher in the SBP->FBS direction. When the analyses were
expanded to include other metabolic components, FBS to diastolic blood pressure
(DBP) direction was significant (3=0.87, p=0.024 per FBS 10 mg/dL). Moreover,
hemoglobin Alc (HbAlc) and triglyceride (TG) had significant result related to
SBP (3=0.16, p=0.037 per SBP 10 mm/Hg for HbAlc; [3=23.48, p=0.016 per

SBP 10 mm/Hg for TG).
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Coeffitients

Direction beta (per 10mg/dL) P Value

FBS-=SBP (per 10mg/dL)
Observational 0.171 (0.900) HH <.0001
Mendelian randomization 0.167 (1.631) A 0.007

FBS-=DBP (per 10mg/dL)
Observational 0.193 (0.436) i <.0001
Mendelian randomization 0.088 (0.873) —— 0.024

FBS->Total cholesterol (per 10mg/dL.)
Observational 0.078 (1.983) - <.0001
Mendelian randomization 0.164 (1.623) i o 1 0.204

FBS->Triglyceride (per 10mg/dL)
Observational 0.036 (7.902) a <.0001

Mendelian randomization 0.633 (6.391) F L i 0.087
| | | | | | | |

-0.I 005 02 035 05 065 08 095

<-=-1 8D of each traits per Img/dL fasting blood sugar levels --->

Figure 9. The effects of FBS on metabolic components from Observational and Mendelian randomization
analyses testing

The adjusted effect size from multiple linear regression model adjusted for age and sex, with 1 SD of cardiometabolic traits per 10 mg/dL higher FBS.
The SD of the corresponding analysis is shown in parentheses.
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Coeffitients
Direction beta (per 10mg/dL) P Value

SBP->I'BS (per 10mm/Hg)
Observational 0.090 (1.706) ] <.0001
Mendelian randomization 1.137 (11.393) A <.0001

SBP->HbAlc (per 10mm/Hg)
Observational 0.042 (1.700) r <.0001
Mendelian randomization 0.015 (0.164) 0.037

SBP->Total cholesterol (per 10mm/Hg)
Observational 0.493 (5.107) f = 1 0.125
Mendelian randomization 0.164 (1.623) - 0.204

SBP->Triglyceride (per 10mm/Hg)
Observational 0.022 (9.449) <.0001

Mendelian randomization 2.317(23.483) i & i 0.016
1171171717 17T 17 17T 17T 17T 17 17T 17 1T T 1TT°71

-0.15 025 0.65 1.05 145 1.85 225 2.65 3.05 345 3.85

<---1 SD of each traits per Imm/Hg systolic blood pressure levels --->

Figure 10. The effects of SBP on metabolic components from Observational and Mendelian
randomization analyses testing

The adjusted effect size from multiple linear regression model adjusted for age and sex, with 1 SD of cardiometabolic traits per 10 mm/Hg higher
SBP. The SD of the corresponding analysis is shown in parentheses.
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3-2. A bidirectional causality in the prevalence of T2D / hypertension (at baseline)

Not only was the 2SLS regression model applied to the two continuous
phenotypes (FBS and SBP), an additional model with binary phenotypes (the
presence or absence of T2D or hypertension) at baseline was also implemented

based on the framework shown in Figure 8.

In the FBS to T2D direction, significant odds ratio (OR) of 3.12 for T2D
(p<.0001) was detected as the FBS level increased to 10 mg/dL, based on the
endogenous test (p=0.0101). In the FBS to hypertension direction, the OR for
hypertension for an increase in the FBS level to 10 mg/dL was not significant

(OR=1.14, p=0.143) (Table 4).

Also, there was significant 2.72 OR for hypertension (p<.0001) as per
increasing SBP 10 mm/Hg for SBP->Hypertension direction, but this result had
not significant p-value based on endogenous test (p=0.2829). On the other side,
for SBP>T2D direction, borderline significant causal association passed
endogenous test (p=0.0195) was shown; 1.72 OR for T2D (p=0.0610) as per
increasing SBP 10 mm/Hg. a strong significance was noted for for T2D in men
(OR=3.39, p<.0001) as per increasing SBP 10 mm/Hg was identified in men

(Table 5).
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Table 4. Odds ratios of FBS on prevalents of T2D / hypertension from Observational and Mendelian

randomization analyses testing

Observational multivariable
regression analysis  X-Y

Mendelian randomization analysis

OR LC uc p F- P for OR LC uc p
statistic endogenous
G-X test'
FBSS>T2D WGRS Total  3.908 3.604 4.238 <0001 157.39 0.0101 3122 2479 3932 <.0001
gLy res  Men 3648 2324 4074 <0001 10025 03836 3123 2288 4263 <0001
(N=91) \women 4.215 3.745 4743 <0001 51.65  0.0050 3086 2188 4352 <.0001
FBSSHTN WGRS Total® 1.115 1.089 1.142 <0001 157.39  0.9184 1144 0956 1.370 0.143
g%e;]g,du ,f;oés Men 1102 1.067 1.138 <0001 109.25 0.7338 1142 0.879 1483 0321
(N=91) \women 1.128 1.089 1.169 <0001 51.65  0.6866 1131  0.887 1451 0.334

Abbreviations: FBS, fasting blood sugar; GRS, genetic risk score; OR, odds ratio; LC, lower confidence interval; UC, upper confidence interval; G, genetic variant; X,

dependent variable

“Adjusted for age and sex (Adjusted for age only when model was stratified into men and women)

Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous
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Table 5. Odds ratios of SBP on prevalents of T2D / hypertension from Observational and Mendelian

randomization analyses testing

Observational multivariable
regression analysis  X-Y

Mendelian randomization analysis

OR LC ucC p F- P for OR LC ucC p

statistic endpgenous

G-X test”
SEPSHTN :%?RS Total® 2271 2163 2385 <0001 4064  0.2829 2721 1748 4237 <0001
(per o Men 2286 2124 2460 <0001 3954  0.1007 4621 2438 8760 <.0001
10mm/Hg)  (N=68) women 2252 2110 2404 <0001 1016  0.9834 1740 0942 3212 <0001
SEPST2D \f,;cr;Rs Total” 1158 1113 1204 <0001 4064  0.0195 1715 0975 3014 0061
(per Gnp  Men 1111 1049 1177 <0001 3954  0.0068 3392 1593 7.218 0.002
10mm/He)  (N=68) women 1190 1.128 1256 <0001 1016  0.6062 0790 0341 1827 0581

Abbreviations: SBP, systolic blood pressure; GRS, genetic risk score; OR, odds ratio; LC, lower confidence interval; UC, upper confidence interval; G, genetic variant;

X, dependent variable

“Adjusted for age and sex (adjusted for age only when model was stratified into men and women)

Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous
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3-3. The Sensitivity of the mendelian randomization analysis

The sensitivity of the MR analysis was assessed to test for the evidence of
horizontal pleiotropy. All analyses including the IVW method, median-based
methods (simple and weighted), and the MR-Egger method, were performed in
compliance with the 3 IV assumptions and InSIDE assumptions. A bidirectional
sensitivity MR analysis to determine whether a bidirectional-causal association
existed between genetic instrument variants and two phenotypes (FBS or SBP)
was conducted. The results of this bidirectional MR analysis for both of phenotype
(FBS or SBP) were obtained from four methods including IVW method, median-

based methods (simple and weighted) and MR-egger method.

Genetically, a 1-mg/dL increase in the FBS level was associated with a 0.19-
mmHg increase in the SBP measurement (p<.0001) when the IVW method was
used for the MR analysis (Table 6). This result was statistically significant after
Bonferroni multiple testing correction [p<0.0005 (=0.05/91)]. For the MR-Egger
method, a 1-mg/dL genetic increase in the FBS level was associated with a 0.20-
mmHg increase in the SBP measurement (p<.0001), but the MR-Egger intercept
was not significant (intercept=-0.01, p=0.823). Furthermore, the results were

significant for both of the median methods (simple and weighted median).
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In the direction from SBP to FBS, a 1-mm/Hg genetic increase in the SBP
measurement was associated with a 0.57-mg/dL increase in the FBS level
(p<.0001) using the IVW method (Table 6). This causal relationship remained
significant after the Bonferroni multiple testing correction [p<0.0007 (=0.05/68)].
The results evaluated using the two median-based methods (simple and weighted)
were also significant. For the MR-Egger method, genetically, a 1- mmHg increase
in the FBS level was associated with a 1.08-mg/dL increase in the SBP
measurement (p<.0001). The MR-Egger intercept was also significant
(intercept=-0.23, p=0.001). Therefore, in the SBP to FBS direction, a significant

horizontal pleiotropy was confirmed.

In both directions, the most of outstanding outlier was the rs671
polymorphism. After the omission of the rs671 polymorphism, a non-significant
MR-Egger intercept (intercept=-0.10, p=0.196) was shown (Table 7) in. the SBP

to FBS direction. When two additional outliers were omitted, the MR-Egger

intercept was not significant (intercept=0.05, p=0.465) (Table 7).
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Genetic association with

A. FBS->SBP (including 91 1Vs) B. SBP->FBS (including 68 1Vs)

Method

Genetic association with outcome

Genetic association with exposure Genetic association with exposure

Figure 11. Scatter plots for associations between genetic instrument variants and each phenotype

based on mendelian randomization analysis

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; IV, instrument variant; IVW, inverse variance weighted; MR, mendelian randomization
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A. FBS->SBP (including 91 1Vs) B. SBP->FBS (including 68 1Vs)
P<.0001

p<.0001

Genetic association with outcome
Genetic association with outcome

1.0 1.5 2.0 0 0.5 1.0
Genetic association with exposure Genetic association with exposure

Figure 12. MR-egger scatter plots for weighted polygenic risk score based on mendelian randomization
analysis

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; IV, instrument variant; MR, mendelian randomization
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Figure 13. Scatter plots for associations between genetic instrument variants for SBP and FBS

based on mendelian randomization analysis without outliers
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Table 6. bidirectional associations between FBS and SBP based on Mendelian Randomization analysis using
Genetic Instrument Variables

FBS > SBP SBP 2> FBS

(No. of genetic [Vs=91) (No. of genetic [Vs=68)

Effect size S.E. p-value Effect size S.E. p-value
2SLS" 0.167 0.063 0.0070 1.137F 0.252 <.0001
IVW 0.192 0.021 <.0001 0.569 0.060 <.0001
Simple median  0.142 0.024 <.0001 0.354 0.061 <.0001
Weighted 0.091 0.023 <0001 0376 0.062 <0001
median
MR-egger 0.204 0.057 <.0001 1.078 0.157 <.0001
(Intercept) -0.009 0.039 0.8230 -0.226 0.065 0.0010

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; 1V, instrument variant; IVW, inverse variance weighted; MR, mendelian randomization
“2-stage least squares (2SLS) regression model using weighted genic risk score (WGRS) for FBS or SBP

fThere was a significant p-value for endogenous test (Wu-Hausman test, Ho: variables are exogenous)
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Table 7. Causal associations on SBP to FBS from sensitivity mendelian Randomization analysis using
Genetic Instrument Variables without outliers

SBP = FBS

(No. of genetic [Vs=67) (No. of genetic IVs=65)

Without rs671 Without 3 outliers

Effect size S.E. p-value Effect size S.E. p-value
2SLS 1.623t 0.269 <.0001 1.1591 0.279 <.0001
IVW 0.490 0.056 <.0001 0.426 0.047 <.0001
Simple median  0.353 0.061 <.0001 0.326 0.061 <.0001
Weighted 0.327 0.056 <0001 0.305 0.059 <.0001
median
MR-egger 0.722 0.188 <.0001 0.298 0.181 <.0001
(Intercept) -0.097 0.075 0.1960 0.051 0.070 0.4650

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; 1V, instrument variant; IVW, inverse variance weighted; MR, mendelian randomization
“2-stage least squares (2SLS) regression model using weighted genic risk score (WGRS) for SBP

fThere was a significant p-value for endogenous test (Wu-Hausman test, Ho: variables are exogenous)
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Table 8. Summary for the results from mendelian Randomization analysis

Significance for Significance Significance for
2SLS regression model for endogenous test’ pleiotropy under MR-egger
FBS->SBP o X X
FBS>HTN A X -
SBP->FBS o o o’
SBP>T2D o (0] -

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; 2SLS, 2-stage least squares
“Pleiotropy was disappeared after omitted rs671 (top outlier)

Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous
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PART Il. Association analyses for future T2D or hypertension

1. General characteristics of the healthy general population

Table 9 displays the general characteristics of the healthy general population
without T2D, hypertension, or stroke at baseline. The mean age of the participants
was 50.7 years (SD=8.6 years), and there were 47.5% men. During the follow-up,
68.9% individuals developed hypertension, and 51.3% individuals developed T2D.
Moreover, the FBS and SBP measurements at the 8" visit was higher than at the 1°
visit. When the general characteristics were stratified by men and women, there
was no difference in the mean age (mean=51.7 years and SD=8.6 years for men;
mean=50.7 years and SD=8.6 years for women; p=8367). The BMI at the first
visit was higher among women (23.96 kg/m2, SD=2.9 kg/m2 for men; 24.40 kg/m2,
SD=3.1 kg/m2 for women; p<.0001). In contrast, the FBS level (89.1 mg/dL,
SD=9.2 for men; 86.1 mg/dL, SD=7.9 for women; p<.0001), SBP measurement
(113.7 mm/Hg, SD=13.6 for men; 111.4 mm/Hg, SD=14.8 for women; p<.0001),
DBP (74.4 mm/Hg, SD=9.4 for men; 70.9 mm/Hg, SD=9.5 for women; p<.0001),
and TG (161.6 mg/dL, SD=118.7 for men; 123.9mg/dL, SD=78.2 for women;

p<.0001) at the first visit, men had much higher values than women (Table 9).
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Figure 14. A schematic frame for the association analysis related to genetic
instrument variants and future T2D or hypertension

A schematic figure of the association between PRS for FBS / SBP based on time-independent genetic
variants and future incidents of T2D or hypertension in Korean middle-aged healthy population. All
heathy participants had weighted genetic risk score based on genetic instrument variants passed MR

analysis.
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Table 9. General characteristics of the healthy general population

Total Men Women
(N=6,278) (N=2,979) (N=3,299)
Subject Mean + SD Mean + SD Mean + SD p-value”
Age, year 50.69 + 8.58 50.66 + 8.55 50.71 + 8.61 0.8367
Body mass index, 1% Visit 24.19 +3.01 23.96 +2.87 24.40 + 3.11 <.0001
kg/m?
gth 24.52+£3.23 2456 £3.25  2449+3.22 0.4403
Visit
Fasting blood 1 Visit  87.53 + 8.69 89.13+£9.24  86.09+7.88 <.0001
sugar, mg/dL
gth 102.16 £26.53 102.07 + 102.24 + 0.8425
Visit 26.67 26.42
Systolic blood ISt Visit  112.49 +14.29 113.68 £ 11142 + <.0001
pressure, mmHg 13.57 14.83
gth 119.29 +15.15 11931+ 119.29 + 0.9661
Visit 15.07 15.23
Diastolic blood 1 Visit  72.59+£9.61 74.41+£9.39  70.94+9.51 <.0001
pressure, mmHg
gth 72.76 £9.36 73.02+£9.33 72.52 +£9.39 0.0847
Visit
Total cholesterol, mg/dL 196.10 +35.49 196.90 + 195.38 0.0894
35.41 35.55
Triglyceride, mg/dL 141.79 £101.28  161.61 123.90 £ <.0001
118.71 78.24
N (%) N (%) N (%)
Smoking status Former 183 (2.91) 142 (4.77) 41 (1.24) <.0001
Current 1447 (23.05) 1373 (46.09) 74 (2.24) <.0001
Alcohol drinking ~ Yes 3384 (53.90) 2391 (80.26) 993 (30.10) <.0001
Exercise Yes 6026 (95.99) 2869 (96.31) 3158 (95.70) 0.2175
WGRSoisnps forrs Q1 1570 (25.01) 764 (25.65) 806 (24.43) 0.2672
Q2 1569 (24.99) 753 (25.28) 816 (24.37) 0.6203
Q3 1569 (24.99) 714 (23.97) 855 (25.58) 0.0742
Q4 1570 (25.01) 748 (25.11) 822 (24.92) 0.8604
WGRSessnps forsep -~ Q1 1570 (25.01) 786 (26.38) 784 (23.76) 0.0167
Q2 1569 (24.99) 723 (24.27) 846 (25.64) 0.2092
Q3 1569 (24.99) 727 (24.40) 842 (25.52) 0.3066
Q4 1570 (25.01) 743 (24.94) 827 (25.07) 0.9077
Type 2 diabetes incident 3220 (51.29) 1519 (50.99) 1701 (51.56) 0.6514
Hypertension incident 4323 (68.86) 2032 (68.21) 2291 (69.45) 0.2915

Abbreviations: SD, standard deviation; N, number; GRS, genetic risk score
*p-value for differences between FBS trajectory groups based on T-test or chi-square test
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2. A bidirectional association between the wGRS and future T2D or

hypertension

2-1. The wGRS for FBS and the future risk of hypertension

Table 10 shows the association between the wGRS quartile groups for FBS
and the future risk of hypertension in the healthy general population without T2D,
hypertension, or stroke at baseline. In the Cox proportional hazard model, adjusted
for age, sex, BMI, TG, smoking behavior, alcohol consumption, exercise and the
use of antihypertensives medications, the second to the fourth PRS quartile groups
did not demonstrate a significant risk of subsequent hypertension compared to the
first PRS quartile group (HR: 0.95, 95% CI: 0.87-1.03 for quartile 2; HR: 0.95, 95%

Cl: 0.87-1.04 for quartile 3; HR: 0.96, 95% CI: 0.88-1.05 for quartile 4) (Table 10).

2-2. The wGRS for SBP and the future risk of T2D

For WGRS quartile groups for SBP and with future T2D, 2" to 4" PRS quartile
groups had not significant risk of subsequence T2D compared to 1% PRS quartile
group (HR: 1.02, 95% CI: 0.93-1.13 for quartile 2; HR: 1.03, 95% CI: 0.93-1.14 for

quartile 3; HR: 0.94, 95% CI: 0.85-1.04 for quartile 4) (Table 11).
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Table 10. Association with Hypertension incident according to quartiles for wGRS of FBS on cox
proportional-hazards model

HTN
No. of Percentage of . b .
Pers.ons No. of HTN HTN Model 1 Model 2 Model 2
Cases HR (95% CI) HR (95% CI) HR (95% CI)
Q1 1569 1097 69.92 10 10 10
Q2 0.97 0.97 0.95
1570 1083 68.98 (0.89-1.05) (0.89-1.05) (0.87-1.03)
Q3 0.96 0.96 0.95
1570 1074 68.41 (0.87-1.05) (0.88-1.05) (0.87-1.04)
Q4 0.96 0.96 0.96
1569 1069 68.13 (0.88-1.04) (0.88-1.04) (0.88-1.05)
P for trend 0.3407 0.3372 0.4641
2LOGL 71245.940 71237.933 70284.265

Abbreviations: HR, hazard ratio; HTN, hypertension; Q quatiles
2 adjusted for age and sex
b adjusted for age, sex, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise, antidiabetic medications and PRS quartiles for SBP
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Table 11. Association with type 2 diabetes incident according to quartiles for wGRS of SBP based on cox
proportional-hazards model

No. of Percentage of . 12D b c
Pel(‘);(:)ns No. of T2D T2D Model 1 Model 2 Model 2
cases HR (95% CI) HR (95% CT) HR (95% CT)
Q1 1568 804 51.28 10 10 10
Q2 1.02 1.02 1.02
1570 834 >3.12 (0.93-1.12) (0.93-1.13) (0.93-1.13)
Q3 1.02 1.03 1.03
1571 816 >1.94 (0.92-1.12) (0.93-1.13) (0.93-1.14)
Q4 0.91 0.92 0.94
1569 766 48.82 (0.83-1.01) (0.83-1.02) (0.85-1.04)
P for trend 0.0869 0.1343 0.2699
2LOGL 53730318 53718.939 52248.956

Abbreviations: T2D, type 2 diabetes; HR, hazard ratio; Q quatiles
2 adjusted for age and sex
b adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise and antihypertensive medications

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise, antihypertensive medications and PRS quartiles for FBS
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3. A bidirectional association between changes during follow-ups and the

future risk of T2D or hypertension

3-1. Classification of the distinct trajectories for FBS and SBP

Time-varying changes of FBS or SBP were assessed based on trajectory
analyses, and later linked to the incidence of T2D or hypertension in the healthy
general population. For the trajectory analyses, the mathematical framework as
shown in Figure 12 was applied. When the trajectory analysis was performed with
6,278 subjects, two clearly distinct patterns were identified through the best model

for the two phenotypes of interest (FBS or SBP).

The two classified FBS patterns were very different . The controlled group's
FBS level remained steady during the follow-up period. The of uncontrolled

group’s FBS level showed a reverse U-shape (Figure 13).

For SBP, two distinct patterns were also identified. The uncontrolled group’s
SBP increased rapidly within the 4-year follow-up time and then, rapidly decreased

to an endpoint at the last follow-up (Figure 14).
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3-2. General characteristics of the distinct trajectories for FBS and SBP

For two FBS patterns (Figure 16, no differences between FBS trajectories for
age, gender, BMI, FBS, SBP, DBP, total cholesterol and TG at baseline (Table 12).
And also, differences between FBS trajectories for behavior factors on life-style

(smoking status, alcohol drinking, regular exercise) were not shown (Table 12).

However, in the uncontrolled group, a larger percentage of participants
reported talking antidiabetic drugs (33.9% for the controlled group, 89.3% for the
uncontrolled group; p<0.0001) or antihypertensive drugs (63.9% for the controlled
group, 94.4% for the uncontrolled group; p<0.0001) medication during the follow-
up. The uncontrolled group demonstrated a higher incidence of T2D (49.3% for
the controlled group, 100.0% for the uncontrolled group; p<0.0001) and
hypertension (67.7% for the controlled group, 95.6% for the uncontrolled group;

p<.0001) during the follow-up period (Table 12).
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Figure 15. A schematic frame for the association analysis using by trajectory
medeling

A schematic figure of the association between time-varying trajectories for genetically determined
FBS or SBP and subsequence incident of T2D or hypertension based on trajectory analysis. All
heathy participants had weighted genetic risk score based on genetic instrument variants passed MR

analysis.
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Figure 16. Trajectories of fasting glucose levels in healthy general population
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Table 12. General characteristics of the FBS trajectory groups

Controlled Uncontrolled
(N=6,026) (N=252)
Subject Mean + SD Mean + SD p-value®
Age, year 50.69 + 8.59 50.63 £8.43 0.9192
Body mass index, 1% Visit 24.20+3.01 24.02 +2.96 0.3648
kg/m?
8" Visit 24.53 £3.23 24,41 +3.34 0.5907
Fasting blood sugar, 1% Visit 87.55+8.68 87.09 £ 8.74 0.4125
mg/dL
8" Visit 102.09 +£26.10 103.42 +£32.91 0.5496
Systolic blood 1% Visit 112.55+14.29 111.02 + 14.27 0.0953
pressure, mmHg
8" Visit 119.31 £ 15.16 119.19 £ 15.09 0.9068
Diastolic blood 1% Visit 72.63 £9.58 71.44 +10.28 0.0524
pressure, mmHg
8" Visit 72.73 £9.36 73.18+£9.48 0.4781
Total cholesterol, mg/dL 196.03 +35.51 197.92 + 34,94 0.4017
Triglyceride, mg/dL 141.82 +£100.87 141.22+110.73  0.9272
N (%) N (%)
Sex Men 2869 (47.61) 110 (43.65) 0.2175
Smoking status Former 178 (2.95) 5(1.98) 0.3700
Current 1387 (23.02) 60 (23.81) 0.7698
Alcohol drinking Yes 3253 (53.98) 131 (51.98) 0.5329
Exercise Yes 5784 (95.98) 242 (96.03) 0.9699
Antidiabetic medication 2042 (33.89) 225 (89.29) <.0001
Antihypertensive medication 3848 (63.86) 238 (94.44) <.0001
Type 2 diabetes incident 2968 (49.25) 252 (100.00) <.0001
Hypertension incident 4082 (67.74) 241 (95.63) <.0001

Abbreviations: SD, standard deviation; N, number; GRS, genetic risk score; Q quatiles

“p-value for differences between FBS trajectory groups based on T-test or chi-square test
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For two SBP patterns (Figure 17, no differences between SBP trajectories for
age, gender, BMI, FBS, SBP, DBP, total cholesterol and TG at baseline (Table 13).
And also, differences between FBS trajectories for behavior factors on life-style

(smoking status, alcohol drinking, regular exercise) were not shown (Table 13).

However, for the participants who took antidiabetic medications, there was a
difference between the controlled and uncontrolled groups (33.1% for the
controlled groups, 54.9% for the uncontrolled group; p<.0001). Regarding the SBP
levels during the follow-up, a greater percentage of uncontrolled participants took
antihypertensive medications (60.8% for the controlled group, 91.8% for the
uncontrolled group; p<.0001). Furthermore, in the uncontrolled group, the
incidence of T2D (47.8% for the controlled group, 73.1% for the uncontrolled group;
p<0.0001) and hypertension (64.3% for the controlled group, 97.3% for the

uncontrolled group; p<.0001) were higher during the follow-up period (Table 13).
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Table 13. General characteristics of the SBP trajectory groups

Controlled Uncontrolled
(N=5,416) (N=862)
Subject Mean + SD Mean = SD p-value”
Age, year 50.74 £ 8.59 50.38 £8.51 0.2562
Body mass index, 1% Visit 24.20 + 3.01 24.15+3.02 0.6799
kg/m?
8 Visit 24.53+3.21 24.49 + 3.33 0.7629
Fasting blood sugar, 1% Visit 87.55+£8.66 87.35+£8.84 0.5275
mg/dL
8™ Visit 101.84 £25.28 103.51 £31.23 0.1162
Systolic blood 1% Visit 112.57 + 14.27 111.98 £ 14.41 0.2620
pressure, mmHg
8 Visit 119.31 £ 15.12 120.37 £15.23 0.0278
Diastolic blood 1% Visit 72.61 £9.62 72.41£9.52 0.5682
pressure, mmHg
8™ Visit 72.65+9.33 73.20+9.50 0.1471
Total cholesterol, mg/dL 196.03 +£35.17 196.59 £37.45 0.6657
Triglyceride, mg/dL 142.40 £102.32 137.97 £95.45 0.2057
N (%) N (%)
Sex Men 2579 (47.62) 400 (46.40) 0.5072
Smoking status Former 158 (2.92) 25(2.90) 0.9780
Current 1231 (22.73) 216 (25.06) 0.1315
Alcohol drinking Yes 2919 (53.90) 465 (53.94) 0.9789
Exercise Yes 5200 (96.01) 826 (95.82) 0.4321
Antidiabetic medication 1794 (33.12) 473 (54.87) <.0001
Antihypertensive medication 3295 (60.84) 791 (91.76) <.0001
Type 2 diabetes incident 2590 (47.82) 630 (73.09) <.0001
Hypertension incident 3484 (64.33) 839 (97.33) <.0001

Abbreviations: SD, standard deviation; N, number; GRS, genetic risk score; Q quatiles

“p-value for differences between FBS trajectory groups based on T-test or chi-square test
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3-3. Associations between the FBS trajectories and the incidence of hypertension

Based on the trajectory analyses, three distinct genetically determined FBS
patterns were identified among the patients with T2D during the follow-up period.
The risk of developing hypertension in each of the pattern was assessed. In the Cox
proportional hazard model, adjusted for age, sex, BMI, smoking behavior, alcohol
consumption, and exercise, the uncontrolled group showed a “reverse U-shape”
pattern and a 1.87-fold risk of developing hypertension [95% confidence interval

(CI): 1.64-2.13] compared to controlled group (Table 14).

When antihypertensive medications were added to the FBS patterns as
covariates in the Cox model, the magnitude was borderline statistically significant
for the risk of developing hypertension among those in the uncontrolled group (HR:

1.12, 95% CI: 0.98-1.28 for) (Table 14).

In stratified model by sex, similar situations were identified to uncontrolled
group adjusted for all-covariates. There was no interaction between men and

women (Table 15).
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Table 14. Association between trajectories of predicted fasting glucose levels and hypertension incidents
based on cox proportional-hazards model

HTN
Person HTN incidence . b .
No. of No. of years Rate per 1000P Model 1 Model 2 Model 2
Persons HTN ’
follow-up (95%CI)
HR (95% CI) HR (95% CI) HR (95% CI)
Controlled 6026 4082 52940.35 77.11 1.0 1.0 1.0

(74.76-79.51)

Uncontrolled 252 241 1692.65 142.38 1.87 1.87 1.12
(124.97-161.54) (1.64-2.13) (1.64-2.13) (0.98-1.28)
2LOGL 71173.201 71193.789 70287.179

Abbreviations: HR, hazard ratio; HTN, hypertension
2 adjusted for age and sex
® adjusted for age, sex, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise and antihypertensives medications
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Table 15. Association between trajectories of predicted fasting glucose levels and hypertension incidents by
sex based on cox proportional-hazards model

Men Women

Model 12 Model 2° Model 3¢ Model 12 Model 2° Model 3¢

HR (95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR (95% CI)

Controlled 1.0 1.0 1.0 1.0 1.0 1.0

1.75 1.76 1.06 1.98 1.96 1.18

Uncontrolled (1.44-2.14) (1.44-2.14) (0.86-1.30) (1.66-2.35) (1.65-2.33) (0.99-1.41)

P for gender

multiplicative 0.4087
interaction

P for gender
additive
interaction,
RERI (95% CI)

-2LOGL 30509.457 30501.229 30108.221 34701.242 34691.133 34213.586

0.04 (-0.01-0.09)

Abbreviations: HR, hazard ratio; RERI, relative excess risk due to interaction; CI, confidence interval
2 adjusted for age
b adjusted for age, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, BMI, smoking behavior, alcohol drink, exercise, antihypertensives medications and PRS quartiles
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3-2. Associations between SBP trajectories and the incidence of T2D

Based on the trajectory analyses, two clearly distinguished genetically
determined SBP trajectories were found in the healthy general population. For each
trajectory, the risk of developing T2D was evaluated. In the Cox proportional hazard
model, adjusted for age, sex, BMI, smoking behavior, alcohol consumption, and
exercise, the uncontrolled group showed a “reverse U-shape” pattern and had a
significantly higher risk of developing hypertension (HR: 1.88, 95% CI: 1.73-2.06)
compared to the controlled group (Table 16). After, adding antihypertensive
medications to the FBS patterns as covariates in the Cox model, the effect size was
demonstrated a slightly significant risk of developing hypertension in the

uncontrolled group (HR: 1.27, 95% CI: 1.16-1.38) (Table 16).

In stratified model by sex, similar situations were identified to uncontrolled
group adjusted for all-covariates. Significant risk of developing T2D was found for
men and women of uncontrolled group under the cox model adjusted for all-
covariates (HR: 1.28, 95% CI: 1.12-1.45 for men; HR: 1.26, 95% CI: 1.11-1.42 for
women). And also, there was no significant multiplicative interaction, but additive

interaction was found between men and women (Table 17).
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Table 16. Association between trajectories of predicted systolic blood pressure and Type 2 diabetes
incidents based on cox proportional-hazards model

T2D
H H a b c
No. of No. of Person T2D incidence Model 1 Model 2 Model 2
years, Rate per 1000P
Persons T2D foll 05%CTI
ollow-up (O5%CI) HR (95% CI) HR (95% CI)  HR (95% CI)
Controlled 5416 3484  49104.72 70.95 1.0 1.0 1.0
(68.61-73.35)
Uncontrolled 862 839 5528.28 151.77 1.88 1.88 1.27
(141.67-162.39)  (1.73-2.06) (1.73-2.06) (1.16-1.38)
2LOGL 53560.037 53549.926 52230.228

Abbreviations: HR, hazard ratio; T2D, type 2 diabetes

2 adjusted for age and sex

b adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise and antidiabetic medications

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise, antidiabetic medications and polygenic risk score quartiles
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Table 17. Association between trajectories of predicted systolic blood pressure and type 2 diabetes
incidents by sex based on cox proportional-hazards model

Men Women

Model 12 Model 2° Model 3¢ Model 12 Model 2° Model 3¢

HR (95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR (95% CI)

Controlled 1.0 1.0 1.0 1.0 1.0 1.0

Uncontrolled 1.92 1.92 1.28 1.85 1.84 1.26
neontrofle (1.69-2.18) (1.69-2.18) (1.12-1.45 (1.64-2.08) (1.63-2.08) (1.11-1.42)

P for gender

multiplicative 0.7213
interaction

P for gender

additive 0.56 (0.43-0.80)
interaction,

RERI (95% CI)

-2LOGL 22971.264 22964.001 22321.196 26137.672 26128.362 25455.191

Abbreviations: HR, hazard ratio; RERI, relative excess risk due to interaction; Cl, confidence interval

2 adjusted for age
b adjusted for age, BMI, smoking behavior, alcohol drink, exercise and antidiabetic medications

¢ adjusted for age, BMI, smoking behavior, alcohol drink, exercise, antidiabetic medications and polygenic risk score quartiles
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Table 18. Summary for all results from this present study

MR analysis Observational analysis Trajectory analysis
Significance Significance Significance to Significance to  Significance  Significance to cox
to 2SLS for endogenous pleiotropy under linear to cox proportional
regression test’ MR-egger regression proportional hazard model
model model hazard model (Uncontrolled vs.
controlled
FBS->SBP O X X o - -
FBS>HTN A X - O X3 X8
SBP->FBS o o (o} 0 - -
SBP>T2D o o - O X8 (o}

Abbreviations: FBS, fasting blood sugar; SBP, systolic blood pressure; 2SLS, 2-stage least squares; T2D, type 2 diabetes; HTN, hypertension
“Pleiotropy was disappeared after omitted rs671 (top outlier)
Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous

8 Significance for association with incidence of T2D / hypertension
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IV. DISCUSSION

1. Summary of main findings

In public health, it is very important to account for disease progression by
evaluating the interaction of genetic factors with various confounders The current
study paid particular attention to the application of MR and trajectory analyses to
life course data. In this present study, non-pleiotropy bidirectional causality was
identified between fasting blood sugar and systolic blood pressure, and materialized
this causality using by trajectory analysis based on life-course approach. This study
validated bidirectional causal association results of previous bidirectional MR study
in Western, and additionally assessed time-varying changes of causally genetically
determined FBS or SBP linked to incident of T2D or hypertension in Korean

general population.
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The main findings of the 2-stage least squares (2SLS) regression model used
in this study highlighted that 1) a 10-mg/dL or 10-mm/Hg genetic increase in FBS
or SBP was associated with a 1.63-mmHg increase in SBP (p=0.005) or a 11.39-
mg/dL increase in FBS (p<.0001). The wGRS used as an instrumented variant in
the 2SLS regression model included 91 SNPs for FBS, and was deemed not
significant according to the endogenous test (p=0.2596). In contrast, the wGRS for
SBP included 68 SNPs and was assessed to be suitable as an instrumented variant
in the 2SLS regression model (p<<0.0001). Although horizontal pleiotropy existed
in the SBP to FBS direction, no pleiotropic result was found from the MR-Egger
regression model without outliers. In the sensitivity MR analysis, the “IVW”
method, both of the “median” methods (simple and weighted), and the “MR-egger”
method, demonstrated a significant bidirectional relationship between FBS and SBP.
Rs671 was strong outlier to effected pleiotropic on the direction for SBP to FBS.
This bidirectional causality was applied to the FBS or SBP time-varying trajectory
analyses to derived particular bidirectional associations according to distinct

patterns confirmed by trajectory analyses.
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2. Comparison with previous studies

High BP is reported in more than two-thirds of patients with T2D, mainly
coexisting with hyperglycemia. Many pathophysiological mechanisms have been
identified as the basis for this association [1]. BP is a classical complex genetic trait,
with a heritability estimate of 30%-50%. Moreover, hypertension is one of the
major cardiovascular risk factors, responsible for up to 50% of cardiovascular
morbidity [39]. The importance of BP regulation and the many environmental
factors affecting hypertension are well known. However, the origin of essential
hypertension is still unclear. Moreover, the heritability of T2D has been estimated
to be 40%-70%. The component disorders underlying T2D also have substantial
heritability [40-42]. In a Framingham cohort, high BP was associated with a 72%
increase in the risk for all-cause death and a 57% increase in the risk for any
cardiovascular disease events, making hypertension the most powerful driver of
poor cardiovascular  outcomes in individuals with T2D [43]. Furthermore,
according to population-based longitudinal data, the SBP measurement changed
during each visit, and T2D at baseline was a significant predictor of incident
hypertension, independent of sex, age, body mass index, and familial diabetes

mellitus [10].
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A recent study that reported the relationship between FBS and hypertension in
a large-scale Korean study showed similar results [44]. This study validated the
bidirectional relationship reported in a previous study and established more

extensive causal associations through a life course approach.

In the past, T2D has been noted as a major risk factor for cardiovascular
disease, and studies have been actively conducted on the relevance or prevention of
subsequent hypertension in patients with T2D [45-47]. Since then, other studies
have been conducted to identify risk factors at the gene level [39, 48-52]. More
recently, there have been attempts to explore the causal inference for highly
hereditary T2D and hypertension, not limited to observational studies. In a recent
MR study using European meta data, an increase of | mmHg in SBP due to genetic
risk score including 28 genetic instrument variants was associated with a 2%
elevated risk of T2D (OR=1.02, 95% CI, 1.01-1.03, p=9.1x107°), and there was no
pleiotropic expression [12]. Furthermore, using data from the UK Biobank, a
bidirectional MR analysis of 134 T2D-related and 233 hypertension-related SNPs
in 318,664 individuals of European descent, aged 37 to 73 years , showed that
genetically determined T2D was causally-associated with hypertension risk
(OR=1.07, 95% CI, 1.04-1.10, p=3.4x10"7), whereas genetically instrumented

hypertension was not casually associated with ¢ T2D (OR=0.96, 0.88—1.04, p=0.34)
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[13]. However, in this current study, a bidirectional association without pleiotropic
bias between genetically elevated FBS and an increased SBP was found. In
particular, unlike the results of previous studies that confirmed only the causal
relationship in the direction of T2D to hypertension, in this study, the causal
association in the direction of SBP to FBS was significant according to the [IVW
method, the median-based methods (simple and weighted) and MR-Egger method.
In the results under MR-Egger method, intercepts were not significant for either
directions, namely, FBS to SBP or SBP to FBS; significance for MR-Egger intercept
was disappeared in additional analysis after omitting outliers including rs671 for
the direction of SBP to FBS. As a member of the alcohol dehydrogenase family
known related to alcohol intake and BP in the observational studies [20], future
study additionally should assess the role for rs671 on the bidirectional association

between BP and FBS.
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In recent, some researchers conducted conventional MR analyses based on
2SLS regression model to diverse causal relationships and compared with
sensitivity MR analyses like to IVW method, median-based methods (simple and
weighted) and MR-egger method [19, 53]. Although there are differences between
models in the methodology, it is very meaningful just to compare the results
themselves in each model. For this reason, studies are actively underway to
compare in-depth conventional MR analysis results, sensitivity MR analysis results,

and robust MR analysis results for large-scale biobanks [54, 55].

Meanwhile, in this present study, bidirectional causality was also assessed
based on 2SLS regression model using wGRS: an instrumented variant made by 91
SNPs for FBS and 68 SNPs for SBP. There were shown meaningful bidirectional
causal relationships between FBS and SBP (including the relationship between T2D

and hypertension) assessed in this study using by 2SLS regression model.
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Although directions FBS to SBP and FBS to hypertension were significant
under 2SLS regression model, but there were non-significant p-value for
endogenous test. There were significant results for direction SBP to FBS and SBP
to T2D, and results from weak instrument test and endogenous test were significant
also. Especially, the relationships for direction SBP to FBS and SBP to T2D in men
were more significantly strong than in women. These results not shown when the
risk of hypertension or T2D was analyzed according to wGRS quartile group made
of genetic instrument variables used in MR analysis among general healthy
population. Although this result cannot be vaguely interpreted, it able to be inferred
that I'Vs of the three assumptions of MR analysis are consistent with the assumption
that they should not be directly related to outcome, and there was no direct
association between genetic instrument variants and future T2D or hypertension.
Moreover, in the life-course approach-based trajectory analysis, SBP's uncontrolled
pattern showed a significantly 27% higher risk of developing diabetes than the

controlled, it able to be thought that was similiar with the results from MR analysis.
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Meanwhile, it has been revealed that genetic variables, which have been found
to be related to metabolic syndrome and inflammation, are also intertwined in
complex pleiotropic genetic relationships [56]. Also, T2D and hypertension shared
similar and closely interlinked risk factors, such as endothelial dysfunction,
vascular inflammation, arterial remodeling, atherosclerosis, dyslipidemia, and
obesity. These risk factors also substantially overlap in cardiovascular
complications [57]. Hence, it is very difficult to understand the relationship between
T2D and hypertension. To gain a comprehensive understanding, it is necessary to

investigate and interpret complex genes and complex mechanisms simultaneously.

There was also a recent evaluation of the risk of death, myocardial infarction,
and stroke by forming five risk factors with 271,174 Swedish Type 2 diabetes
patients and 1,355,870 controls [58]. The finding was showed that lifestyle and
environmental factors are also critical for the development of T2D or hypertension.
It has been observed that high genetic susceptibility to hypertension has a high risk
of developing cardiovascular disease, but unhealthy lifestyles are also associated
with a greater risk of subsequent CVD incidents. These results suggest that
genetically predetermined BP and its complications may be, at least to some extent,
offset by a healthy lifestyle. These results were also found in this study, when the

risk of hypertension and diabetes was analyzed according to genetically determined
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FBS and SBP time-varying trajectories in general healthy population. In particular,
there was a difference in the risk of subsequent diabetes according to the level of
SBP management during the follow-up period. Through this, even with genetically
determined SBP, it can be seen that a healthy lifestyle and management are more
important than anything else in preventing subsequent T2D. The results of this
current further support population-wide efforts to lower the risk of subsequent CVD

through lifestyle modifications.

And also, this previous study showed that a hemoglobin Alc (HbAlc) level
outside the target range in patients with T2D was the strongest predictor for stroke
and acute myocardial infarction. Moreover, smoking was the strongest predictor of
all-cause mortality. [58]. These findings warrant further functional investigations.
In this present study, changes of predicted HbAlc levels according to follow-up
time were additionally assessed using by trajectory analysis, and estimated risk of
developed hypertension. Therefore, in the future, it is necessary to extract glycated
hemoglobin-related genetic variants to determine the causal relationship under MR
analysis, distinguish glycated hemoglobin trajectories over time in patients with

T2D, and evaluate the risk of cardiovascular disease.
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The results trajectory analysis from this present study, confirming the time-
varying patterns of genetically determined FBS and SBP according to the lifestyle
specific taking medication for T2D and hypertension in healthy general population,
and found that there was a difference in the risk of subsequent T2D or hypertension.
Even if the FBS or SBP of middle-aged was uncontrolled and extremely fluctuated,
steady management through medication and healthy lifestyle can restore normal
levels. However, there was slight different related to future hypertension between
poorly controlled FBS group and well-controlled FBS group under the Cox
proportional hazard model adjusted for all-covariates (including age, sex, smoking
behavior, alcohol drinking, regular exercise and antidiabetic medication). On the
other side, the group with poorly controlled SBP patterns during the follow-up
period had a 20% higher risk of T2D development independently to the genetic risk

factor than the well-controlled group.
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Regarding to the 2933 Co-exist cases, accounting for 67.8% of 4,323
hypertensive patients and 91.1% of 3,220 diabetic patients. In fact, considering to
person-time, among the 2933 Coexist cases, about 28% of patients with T2D before
hypertension occurred, and about 43% of patients with hypertension before T2D.
In this respect, among hypertensive patients, the pre-T2D case was 28%, less than
the pre-hypertension case (43%) among diabetic patients. However, in the cox
model, the magnitude for the relationship was much smaller when antidiabetic
medication was further controlled, so it can infer the significant preventive effect
of antidiabetic drugs to new-onset hypertension. This result is concordant to
previous studies verified antihypertensives effects to antidiabetic Drugs: newer
antidiabetes drugs (e.i. sodium glucose cotransporter-2 inhibitors (SGLT21i),
glucagon-like peptide-1 receptor agonists (GLP1-RA), and dipeptidyl peptidase-4
inhibitors (DPP41)) not only have fasting glucose reduction effects, but also BP
lowering properties [59, 60]. Research on the effect of blood pressure lowering in
relation to the all-cause mortality and cardiovascular disease in diabetic patients has
been conducted for a long time [61]. Recently, an individual data meta-analysis,
confirm of the result that SBP lowering by 5 mm Hg reduced the risk of T2D by
11% and verification of the effect of each pharmaco-therapeutic type has also
conducted: angiotensin-converting enzyme inhibitors and angiotensin II receptor

blockers 16%reduced the risk of new-onset T2D in comparison to placebo [62].
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The results from previous related studies and this present study suggests that
medication management is more important than genetic factors in the relationship
between T2D and hypertension according to life-course in the general population,
and predisposition for each disease is an important factor in the occurrence of

subsequent diseases.

Meanwhile, there is already a study in the Health Professionals Follow-up
Study and Nurses' Health Study that investigated the link between genetic
predisposition to hypertension and CVD risk in T2D patients, with 29 blood
pressure-associated variables showing a consistent link to CVD risk in men and
women [63]. In addition, a recent study evaluated sulfonylurea treatment in subjects
who failed to achieve blood sugar control with metformin-only therapy, and showed
a significant reductions in carriers of G-allele for CDKALI rs7756992 related to
fasting blood sugar, supporting that treatment response may vary depending on
genotype [64]. As a result, in order to understand the relationship between T2D and
hypertension, which mainly coexist and are all major risk factors for CVD, more
detailed and in-depth research should be conducted considering predisposition and

drug type in the future.

&3



3. Plausible mechanisms

The results of this study showed that an increase in FBS based on heredity
affects SBP and vice versa. These findings may partly explain the link between T2D

and new onset hypertension or between hypertension and new onset T2D.

It is unclear whether the pathological association between BP and diabetes is
causal. Results from a previous network meta-analysis of randomized trials showed
that renin-angiotensin system (RAS) activation is a causal risk of new onset
diabetes, but not BP [65]. Moreover, previous analyses suggested that a causal
relationship may exist between chronic inflammatory mediators, especially
interleukin-6 and incident T2D [66, 67]. Chronic inflammation is characterized by
obesity [68] and elevated BP [69], risk factors for diabetes, and is reduced by the
renin-angiotensin-system (RAS) inhibition (e.g., initial medications for the
management of hypertension) [70]. Thus, chronic inflammation may, in part,
mediate the relationship between risk factors (obesity and hypertension) and the
onset of diabetes. Alternatively, endothelial dysfunction may link elevated BP and
diabetes [50]. T2D and hypertension have similar and closely interlinked risk
factors including endothelial dysfunction [50], vascular inflammation, arterial
remodeling, atherosclerosis, dyslipidemia, and obesity. These risk factors also

substantially overlap in cardiovascular complications [57]. Recently, genetic
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variables related to metabolic syndrome and inflammation have also been found to
contribute to the complex pleiotropic genetic relationships [56]. Hence, it is very
difficult to understand the relationship between T2D and hypertension. To gain an
in-depth understanding, it is necessary to study and interpret complex genes and
complex mechanisms simultaneously. This current study was also based on the
pathological assumptions reported in previous studies. Assuming causality, it may
be suggested that individual and population-based efforts to lower BP may also
lower the incidence of diabetes. Considering this, the present study contributed

further evidence.

4. Strengths and limitations

4-1. Strengths

The main purpose of this study was to improve the MR analysis method of
previous studies targeting Western populations, derive results for Koreans, and
provide more detailed evidence of the causal relationship between hypertension and

T2D. This study has the main strength of being the first study attempted with this

purpose.

&5



It is the first study to validate a previous MR study and confirm the
bidirectional causal association between FBS and SBP in the Korean population.
Furthermore, this study is very meaningful in terms of methodology for finding
causality by comparing the results of different methods themselves in MR analysis,

and it is the first study to make such an attempt on Koreans.

In addition, the first attempt to find the causal relationship between
hypertension and T2D using the large number of IVs based on MR analysis in the

Korean general population.

Lastly, the main evaluations were expanded through a life course approach
using trajectory analyses as well as the MR analysis. Regarding these point, the
additional strength of this study is that it is the first study to bring causality at the

genetic level to a life course concept.

4-2. Limitations

Despite these strengths, there were several limitations of this current study.
First, there were few participants in the MR analysis. SNPs extracted from the large-
scale biobank (i.e. KCPS-II) were used as candidate instrument genetic variables to

compensate for this limitation. The number of patterns and the number of stratified

86



subjects according to each pattern for FBS and SBP classified after trajectory
analyses were also not sufficient. Moreover, all trajectory analyses were performed
under the basic assumptions for trajectory analysis, and all participants were
properly classified according to optimal models. For the FBS trajectories, even
when the number of groups was set to 2, the proportion of the group with the
smallest number of individuals was below 3 (which violates the assumption), so the
p-value for grouping, and the BIC value for the model, were considered as a whole,
and then, finally classified into two groups (controlled and uncontrolled). Although
a bidirectional causal relationship between FBS and SBP levels was confirmed, it
1s somewhat leaps and bounds to link them with the results of trajectory analysis.
Furthermore, it is difficult to interpret the results using the life course approach
because diverse metabolic factors may be complexly associated between T2D and
hypertension. Therefore, if Trajectory-based results are considered completely
different stories, a new research model capable of causal inference for new-onset
outcome needs to be presented to link causal results from gene-based MR studies
to life-source-based results, and future studies including various and complex
metabolic factors are needed. Finally, since this study is limited to middle-aged

Koreans, it is difficult to g eneralize the research results.
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V. CONCLUSION

In summary, a bidirectional causal association between FBS and SBP was
identified based on the life course approach. In particular, genetically determined
SBP levels significantly affected FBS increases, and the results were strong in men.
Different distinct time-varying patterns of FBS and SBP based on life-course
approach were attempted using by trajectory analysis, and the risk of future diabetes
was significantly higher if the SBP level was not well controlled by drugs. In the
future, elaborative large biobank studies including countless genetic variants and
different environmental interactions are needed to validate the bidirectional causal

association between FBS and SBP using the life course approach.
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Appendix 1. Bidirectional association between FBS and SBP using weighted genetic risk score (91 SNPs for
FBS / 68 SNPs for SBP) as a genetic instrument variants based on 2-stage least squares (2SLS) regression

model

Observational multivariable

Mendelian randomization analysis

regression analysis* X-Y
B SE p F-statistic P for B SE p
G-X endogenous
test’
FBS>  PRS for Total 0.171  0.015 <0001  157.39 0.2596 0.167 0.063  0.007
SBP ooy Men 0162 0025 <0001  109.25 0.3213 0128 0064  0.046
Women 0.174  0.018  <.0001 51.65 0.4608 0.233 0.127 0.066
SBP>  PRS for Total’ 0.090 0.008  <.0001 40.64 <.0001 1.137  0.252 <.0001
FBS (S,\El‘feg) Men 0.064  0.010 <.0001 39.54 <.0001 1.431 0.316 <.0001
Women 0119  0.012  <.0001 10.16 0.1843 0.636 0.384  0.097

Abbreviations: SE, standard error

*Adjusted for age and sex (Adjusted for age only when model was stratified into men and women)

Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous
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Appendix 2. Bidirectional causal association on SBP to FBS direction from sensitivity mendelian
Randomization analysis using weighted genetic risk score without outliers as a genetic instrument variable

based on based on 2-stage least squares (2SLS) regression model

Observational multivariable Mendelian randomization analysis
regression analysis  X-Y

B SE p F-statistic P for B SE p
G-X endogenous
test’

SBP>FBS PRSfor Total® 1.706 0.148 <.0001  33.72 <.0001 11535  2.196 <.0001
(per SBP
10 mm/Hg) (N=65) Men 1.625 0.249 <.0001  25.98 <.0001 17582  3.433 <.0001

Women 1.741 0.179 <.0001  11.09 0.1035 6.046  2.796 0.031
SBP>DBP PRSfor Total® 5.304 0.042 <.0001  33.72 0.0153 6.595 1.045 <.0001
(per SBP
10 mm/Hg) (N=65) Men 5.477 0.065 <.0001  25.98 0.1185 7.333 1.481 <.0001

Women 5.140 0.055 <.0001  11.09 0.0719 6.098 1.456 <.0001

Abbreviations: SE, standard error
*Adjusted for age and sex (Adjusted for age only when model was stratified into men and women)

Tests of endogeneity is Wu-Hausman test, Ho: variables are exogenous
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Appendix 3. The effects of FBS on metabolic components from Observational
randomization analyses testing by sex

Coeffitients
Direction beta (per 10mg/dL)
IFBS->SBP (per 10mg/dL)
Observational
Men 0.162 (0.645) B
Women 0.174 (1.191) -
Mendelian randomization
Men 0.128 (1.890) =
Women 0.233 (1.239) A
IFBS->DBP (per 10mg/dL.)
Observational
Men 0.175 (0.326) gl
Women 0.202 (0.550) HH
Mendelian randomization
Men 0.072 (0.982) Telll
Women 0.116 (0.646) =
FBS->Total cholesterol (per 10mg/dl.)
Observational
Men 0.081 (1.706) ]
Women 0.076 (2.182) L}
Mendelian randomization
Men 0.240 (2.829) —a—
Women 0.035 (-0.244) o
FBS->Tnglycende (per 10mg/dl.)
Observational
Men 0.034 (8.457) .
Women 0.040 (6.909) L]
Mendelian randomization
Men 1.218 (15.125)
Women -0.318 (-3.383) ; - =
[ | | I | | |
-1.5 -1 -0.5 0 0.5 1 1.5 2

<-=-1 8D of each traits per Img/dL. fasting blood sugar levels --->
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and Mendelian

P Value

<.0001
<.0001

0.046
0.066

<.0001
<.0001

0.086
0.129

<.0001
<.0001

0.117
0.889

<.0001
<.0001

0.012
0.428



Appendix 4. The effects of SBP on metabolic components from Observational
randomization analyses testing by sex

Coeffitients
Direction beta (per 10mg/dL)
SBP->I'BS (per 10mm/IIg)
Observational
Men 0.064 (1.625) m
Women 0.119 (1.741) .
Mendelian randomization
Men 1.431 (18.484) —a—
Women 0.636 (4.726) H—a—
SBP->IIbAlc (per 10mm/IIg)
Observational
Men 0.030 (0.968) .
Women 0.048 (2.359) e
Mendelian randomization
Men 0.022 (0.285) d
Women 0.005 (0.051) 4
SBP->Total cholesterol (per 10mm/Hg)
Observational
Men 0.025 (1.356) )
Women 0.043 (1.825) o
Mendelian randomization
Men 0.605 (7.673) r——
Women 0.302 (3.202) ' B !
SBP->Triglyceride (per 10mm/Hg)
Observational
Men 0.018 (11.024) 8
Women 0.029 (7.237) d
Mendelian randomization
Men 5.049 (65.091) o
Women -2.353 (-14.822) ¢+ : - l 4 I I I
-6 -4 -2 0 2 4 6 8

<=--1 SD of each traits per Imm/Hg systolic blood pressure levels --->
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and Mendelian

P Value

<.0001
<.0001

<.0001
0.065

<.0001
<.0001

0.014
0.733

<.0001
<.0001

0.097
0.622

<.0001
<.0001

<.0001
0.199



Appendix 5. Association between wGRS of FBS and Hypertension incident by sex on cox proportional-

hazards model

Men Women
Model 1a Model 2b Model ZC Model 1a Model 2b Model 2C
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Q1 1.0 1.0 1.0 1.0 1.0 1.0
Q2 0.98 0.97 0.95 0.96 0.95 0.94

(0.87-1.10) (0.86-1.10) (0.84-1.07) (0.85-1.08) (0.85-1.07) (0.84-1.06)
Q3 0.89 0.88 0.88 1.03 1.03 1.01

(0.79-1.01) (0.79-1.00) (0.77-0.99) (0.92-1.15) (0.92-1.16) (0.90-1.14)
Q4 0.88 0.86 0.91 1.04 1.04 1.00

(0.77-0.99) (0.76-0.98) (0.80-1.03) (0.93-1.17) (0.92-1.17) (0.89-1.13)
P for trend 0.0135 0.0444 0.0785 0.3005 0.5972 0.5234
P for 0.0731
interaction
-2LOGL 30528.977 30515.033 30095.347 34747.769 34737.063 34214.809

Abbreviations: HR, hazard ratio
* adjusted for age

® adjusted for age, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, BMI, smoking behavior, alcohol drink, exercise and antidiabetic medications
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Appendix 6. Association between wGRS of SBP and type 2 diabetes incident by sex based on cox

proportional-hazards model-

Men Women
Model 1a Model 2b Model ZC Model 1a Model 2b Model 2C
HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI)

Q1 1.0 1.0 1.0 1.0 1.0 1.0
Q2 0.94 0.93 0.95 1.10 1.10 1.09

(0.82-1.09) (0.81-1.07) (0.82-1.10) (0.96-1.26) (0.96-1.26) (0.95-1.25)
Q3 0.98 0.97 0.97 1.06 1.08 1.09

(0.86-1.13) (0.84-1.12) (0.84-1.13) (0.93-1.22) (0.94-1.23) (0.94-1.25)
Q4 0.83 0.82 0.85 1.01 1.02 1.02

(0.72-0.95) (0.71-0.95) (0.73-0.99) (0.88-1.16) (0.89-1.18) (0.89-1.18)
P for trend 0.0225 0.0168 0.0658 0.9150 0.8785 0.8252
Pfor 0.2641
interaction
-2LOGL 23049.777 22314.506 22324.291 26224.420 26213.028 25464.224

Abbreviations: HR, hazard ratio
* adjusted for age

® adjusted for age, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, BMI, smoking behavior, alcohol drink, exercise and antihypertensive medications
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Appendix 7. General characteristics of hemoglobin Alc trajectories

Controlled Uncontrolled
(N=6,028) (N=250)
Subject Mean + SD Mean + SD p-value
Age, year 51.46 +£8.31 50.66 + 8.59 0.1374
Body mass index, 1% Visit 24.20+3.23 24.19 +3.00 0.9523
kg/m?
8" Visit 2427 +3.16 25.54+3.24 0.2056
Fasting blood sugar, 1% Visit 86.89 +9.00 87.56 £ 8.67 0.2527
mg/dL
8" Visit 102.55+29.94 102.14 £26.31 0.8205
HbAlc, % 1% Visit 5.52 + 0.34 5.54 £ 0.34 0.3849
8" Visit 5.95 +1.06 5.95+0.93 0.9731
Systolic blood 1% Visit 112.27 + 14.00 112.50 + 14.30 0.8020
pressure, mmHg
8" Visit 119.69 + 13.35 119.28 £ 15.26 0.6794
Diastolic blood 1% Visit 72.33+9.77 72.60 +9.60 0.6661
pressure, mmHg
8" Visit 71.97 £8.73 72.81 £9.40 0.1495
Total cholesterol, mg/dL 199.04 + 36.73 195.98 +35.44 0.1970
Triglyceride, mg/dL 134.89 +88.92 142.08 £101.75 0.2716
N (%) N (%)
Sex Men 2870 (47.61) 109 (43.60) 0.2133
Smoking status Former 177 (2.94) 6 (2.40) 0.6214
Current 1390 (23.06) 57 (22.80) 0.9241
Alcohol drinking Yes 3261 (54.10) 123 (49.20) 0.1280
Exercise Yes 5787 (96.00) 239 (95.60) 0.7510
Antidiabetic medication 2043 (33.89) 224 (89.60) <.0001
Antihypertensive medication 3851 (63.89) 235 (94.00) <.0001
Type 2 diabetes incident 2970 (49.27) 250 (100.00) <.0001
Hypertension incident 4085 (67.77) 238 (95.20) <.0001

Abbreviations: SD, standard deviation; N, number;
2 p-value for differences between FBS trajectory groups based on T-test or chi-square test
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Appendix 8. Trajectories of hemoglobin Alc
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Appendix 9. Association between trajectories of hemoglobin Alc and hypertension based on cox
proportional-hazards model

HTN
No. of No. of Person HTN incidence a b c
P 0.0 HO1;I(\)I years, Rate per 1000P Model 1 Model 2 Model 2
ersons follow-up (95%CI)
HR (95% CI)  HR(95%CI)  HR (95% CI)
Controlled 6028 4085 52922.78 77.19 1.0 1.0 1.0

(74.84-79.59)

Uncontrolled 250 238 1710.22 151.77 1.81 1.81 1.09
(141.67-162.39) (1.59-2.07) (1.60-2.07) (0.95-1.24)
2LOGL 71180.736 71174.458 70288.407

Abbreviations: HR, hazard ratio; HTN, hypertension
* adjusted for age and sex
® adjusted for age, sex, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise and antidiabetic medications
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Appendix 10. Association between trajectories of hemoglobin Alc and hypertension by sex based on cox
proportional-hazards model

Men Women

Model 12 Model 2° Model 3¢ Model 12 Model 2° Model 3¢

HR (95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR(95%CI)  HR (95% CI)

Controlled 1.0 1.0 1.0 1.0 1.0 1.0

1.88 1.89 1.15 1.76 1.76 1.04

Uncontrolled (1.54-2.29) (1.55-2.30) (0.94-1.41) (1.48-2.10) (1.47-2.10) (0.87-1.25)

P for gender
multiplicative 0.5189
interaction

P for gender
additive
interaction,
RERI (95% CI)

-0.07 (-0.17-0.02)

-2LOGL 30502.665 30494.176 30106.736 34716.311 34705.691 34216.459

Abbreviations: HR, hazard ratio; RERI, relative excess risk due to interaction; CI, confidence interval
* adjusted for age and sex
® adjusted for age, sex, BMI, smoking behavior, alcohol drink and exercise

¢ adjusted for age, sex, BMI, smoking behavior, alcohol drink, exercise and antidiabetic medications
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Appendix 11. Summary of 2-stage least squares (2SLS) regression model

“two-stage least squares” would be running OLS two times. Assume we want to

estimate the coefficients of the linear model.

Yi=p0+BIX1i+ -+ PpXpi+ei

but some of the variables X ji are correlated with the error term. OLS estimation of
this equation will be biased and inconsistent, as we have already seen. When
instrument variables (are not themselves covariates) are existed in the linear model,

where each satisfies the following conditions:

1. First stage: Z affects X.

2. Independence: Z is uncorrelated with «.

3. Exclusion restriction: Z only affects Y through its effect on X.
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Under these conditions, any exogenous X variable (i.e., any that is uncorrelated
with the error term) can be included in Z. One additional instrument per endogenous
variable is just need at least. The two-stage least squares estimator of B is the

following procedure:

1. Regress each X j on Z and save the predicted values, X";.

If X j is included in Z, X" j = X j would be given.

2. Estimate B via the OLS estimate of the regression model

Yi=p0+pBIX1i+ - +PpXpitei

This is obviously easy to implement, and it allows us to incorporate exogenous
covariates, multiple endogenous variables, and more instruments than endogenous

variables.
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Appendix 12. The following is a series of commands that illustrates summary
of the range of the MendelianRandomization package aimed at causal or first-

time users of the R software environment

# Tines beginning with "#" are comments and are not run
install.packages("Mendelianrandomization™)
# installation of the package is only necessary at first use

Tibrary(MendelianrRandomization)

setwd("F:/Analysis™)

fbs_koges_be<-read.table("F:/analysis/kcps2_fbsto_beta.csv"”,sep=",",header=T1)
fbs_koges_se<-read.table("F:/analysis/kcps2_fbsto_se.csv”,sep="," ,header=T)
sbp_koges_be<-read.table("F:/Analysis/kcps2_tosbp_beta. csv”,sep=",",header=T)
sbp_koges_se<-read.table("F:/analysis/kcps2_tosbp_se.csv”,sep=".",header=T)

fbs_be=unlist(fbs_koges_be)
names (fbs_be)=NULL
fhs_se=unlist(fbs_koges_se)
names (fhs_se)=NULL
sbp_be=unlist(sbp_koges_be)
names (sbp_be)=NuLL
sbp_se=unlist(sbp_koges_se)
names (sbp_se)=NULL

MRdata_fbs_sbp<- mr_input(bx = fbs_be, bxse = fbs_se, by = sbp_be, byse = sbp_se)

mr_allmethods (MRdata_fbs_sbp, method ="main")

mr_plot(mr_alImethods (MRdata_fbs_sbp, method = "main™))
mr_plot(MRdata_fbs_sbp, orientate = TRUE, 1ine = "egger™)
sbp_koges_be<-read.table("F: /analysis/kcps2_sbpto_beta.csv”,sep="," , header=T)
sbp_koges_se<-read.table("F:/Aanalysis/kcps2_sbpto_se.csv',sep=".,",header=T)
fbs_koges_be<-read.table("F:/analysis/kcps2_tofbs_beta.csv",sep="," ,header=T1)
fbhs_koges_se<-read.table("F: /analysis/kcps2_tofbs_se.csv",sep=","  header=T1)

sbp_be=unlist(sbp_koges_be)
names (sbp_koges_be)=NULL
shp_se=unlist(sbp_koges_se)
names (sbp_koges_se)=NULL
fhs_be=unlist(fbs_koges_be)
names (fbs_koges_be)=NuULL
fhs_se=unTist(fbs_koges_se)
names (fbs_koges_se)=NULL

MRdata_sbp_fbs<- mr_input(bx = sbp_be, bxse = sbp_se, by = fbs_be, byse = fbs_se)
mr_allmethods (MRdata_sbp_fbs, method ="main™)
mr_plot(mr_allmethods (MRdata_sbp_fbs, method = "main"))

mr_plot(MRdata_sbp_fbs, orientate = TRUE, 1ine = "egger™)

108



= £ 8 °F (Korean Abstract)

A Fe
AT 7= B UatE 98 AFEolA A28 Tdawy 1 Alo
of A1 #ATE Asol YsHALT. T 7Y A S diiE
A2d Fa 1G] FHEo] ofd g W AUAAS HAARE star 9
ATk, 7IE BFE AFENAE wg 291y A 3 FAC o =dH
ANA HFo R 8] Q1 FEo AFAoIRom, WALt T AF
(Mendelian randomization, MR) A% HEd SAHEA RS A wadwFL
FAEA WME Efo tHddador <l WEsk QA EEdE
7F AATh, mEkA] e #Ed ATE 9 2o idE AT Ee] 2
83k AAolr}, HE F% 2.9

[e]

A ZIwkel MR A HE 8 de UK-viol
A iRl A A2y G il

Lol AT ey, Agled
o]

(o]

l
o
filo
=
ox
[o o
ftl
&
N
i)
i
rir
me
rE
o
rol
Ry

AFEZA: o]d o] Agt& Al ATHHE JIdske] R -8 E F 57HA
P E HaE Sl oA FHIG(FBS) Y 571U (SBP) w9 &
F Ay AAE FEeta, Ao A HAES 7Nt R o] AAAAE
stz el AFAASHA TS ol 8t FHA rwrowm FHEH FBS9F
SBP 4=F2] AW (Time-varying changes)S 3}eldlo] olo] w2 Fx}
Wl adet 2 Y EE Hrbstaak skl

a2
o
0
r

21 Ul dlTFE Biobank(KCPS-11)ol A 9] 2174-f7 A o1 -4
F%% SNPsE Instrumented genetic variants®Z ©]-&-3}¢]
e AHRAAE S
Rk, I Q1 A HrbolE 2 @A HaAE (2 stage least squares,

2
9
w
1)
=
o}
@D
=
=)
r (o3
4
o
)
o
ol
rot
=9
o
w2
o
w2
7
=3
4»
N
o

109



%t 7]19F W (Simple median and weighted median) & MR-Egger < X3t
sk 57FA] MR ®Hol ALHAk. o] &, AFVINKAIAE Ve dxd, 189
D HEFo] v AT duklE ditoewz MY s &l
7|9k FBS$} SBP ¢ FAHXE E=EFsow, FAAFAAEAS A
o FHxF 719 FBS$} SBP FA A9 AlW-S wlotstal 1o whE $xpAQl o
=W nd8g B P EE 77 Hrskelt.

AFdd: FEyEt HFE Biobank(KCPS-11)9] GWAS AF}o] A p-vlaue <
1.0x10™ 7]5& w3l 917H(FBS) 2 687H(SBP) ©+d <17] t}& A (SNP)©]
S AT AA AT AR (KoGES) o] F-3F=o] HFEAer [AAFHAT. w0
ot 729l Al A4, 2SLSHH &F, A wolZ Qlgh FBS10mg/dL
% SBP 1.63mm/Hg(p=0.005)2] Z7}e} #do] A A% o= AAE SBP
o] 10mm/Hg 454 FBS 11.39mg/dLe] Z7Feb @& o] 2 Ath(p<.0001). MR-
egger WA A Wolx= gk FBS 1mg/dl s SBP 0.20mm/Hg
(p<.0001)¢] S7kef #do] UYL A= AAE SBPO 1lmm/Hg e
FBS 1.08mg/dLe] S7Fel #eo]l AAMATH(p<.0001). B, AF7|WAIA 7]EL
2 9xy, 189 9 HET AAge] gle AT dukkls R AY
3| o8] A 718k FBS9F SBP 59 FAHAES

AASALES B3 A A F

-

WMl getelglnt. 7" Ak A A} 719 FBS2} SBP A ]
o] el mE A ndst W Gy ¥y AFEE FUIE g
o, 53 FAHZIES F5H71EL(SBP Fv  WHeAdol EW
“Uncontrolled” wellA FF3] AAAE FAS  “Controlled” ol B3]
A, A=, AE=FATBND, F949, 79, 5 3 139 589 =
T BAS S W, A dw B 3ol 20% =3kt

o} FASE Q. Aol 7] 7)wko. 2 3k FBS9F SBP Alo]e] oFnbake]
AE F7Feb7] g g2 74
= B ¢ Gudk gigfE vle] oA

ZE FBS9F SBP Atolo] o3k Q13 A= Aol A HIEHS 7INte = B
<

Aol AFFAAABREY, dLdAVIvEA, At FEAAAA, A2

e, 1Y%

110



