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Abstract: A number of epidemiological studies have implicated elevated iron levels with higher risks of
cardiometabolic diseases, including the metabolic syndrome (MetS). MetS is a pathologic clustering of
metabolic derangements characterized by central obesity, insulin resistance, hypertension, and dyslipidemia,
which can all lead to increased cardiovascular disease morbidity and mortality. However, it remains unclear
whether a causal association exists between higher iron status and MetS and its associated risk components.
Using the data from the Taiwan Biobank (TWB) (19,012 males; 42,340 females) and of the European Whites
from the UK Biobank (UKB) (128,549 males; 142,817 females), we first constructed ethnic- and sex-specific
hemoglobin-polygenic risk scores (Hb-PRS) as instrumental variable (IV) for iron status with the Hb-associated
SNPs we previously identified from genome-wide association studies (GWAS). We then conducted Mendelian
randomization (MR) analyses to elucidate the causal role of elevated iron (either Hb-PRS quintiles or
continuous Hb-PRS) on various metabolic components. MR-Egger regressions determined the potential
pleiotropic effects of the constructed Hb-PRSs, while the causal relationship of Hb-PRS with anemia served as
a control in the analyses. The mean Hb concentration range corresponding to the Hb-PRS quintiles is relatively
narrow in both UKB (14.91-15.21 g/dL for males and 13.39-13.71 g/dL for females) and TWB (14.79-15.28 g/dL
for males and 12.78-13.21 g/dL for females). In these windows of Hb-PRSs, we found differential associations
of Hb-PRS with diabetes (T2D) or hyperglycemia (HGY) as compared to other MetS components. The highest
quintiles of Hb-PRSs were causally associated with greater risks of hypertension (HTN) and
hypertriglyceridemia (DLP) (i.e., [Taiwanese HC males: Qs vs. Qi1 ORur~ = 1.10 (1.00-1.21), p = 0.0473, Q4 vs. Q1
ORorr = 1.10 (1.00-1.22), p = 0.0485; European White males: ORun = 1.05 (1.01-1.09), p = 0.0194, ORore = 1.04
(1.00-1.08), p = 0.0468]). Interestingly, we obtained a consistent negative causal association between increasing
Hb-PRS quintiles and T2D or HGY risk across all sex subgroups (i.e., [Taiwanese HC females: ORnucy = 0.89
(0.84-0.95), 0.88 (0.83-0.94), 0.87 (0.82-0.93), 0.86 (0.81-0.92) from Q2 to Qs; European White females: ORncy =
0.92 (0.87-0.98), 0.91 (0.86-0.97), 0.93 (0.87-0.98), 0.87 (0.82—-0.93) from Q2 to Qs; all p < 0.05]. The positive causal
relationships between Hb-PRSs and diastolic blood pressure (DBP) and triglycerides (TG) but inverse causal
association with glucose (GLU) and glycated hemoglobin (HbA1lc) further corroborated such findings. There
is, however, a lack of causal association with central obesity (CO), while a U-shaped type of causality was
observed for gout (GT) or hyperuricemia (HUA). Sensitivity analyses, which excluded subjects based on self-
reports of health conditions or medications and hospital episode statistics data, revealed similar results. Our
MR studies confirm a modest causal relationship between propensity of elevated iron status and increased risk
of HTN and DLP. We have further observed that modestly lower iron levels causally contribute to the
development of T2D. Further validation and elucidation of the underlying biological mechanisms are highly
warranted.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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1. Introduction

Iron is an essential micronutrient that has several vital functions in the human body [1].
Primarily, iron facilitates oxygen transport as an integral component of the hemoglobin (Hb) protein.
Around 65% of body iron is integrated in the Hb molecules in circulating red blood cells, which
partially reflects the largest amount of functional iron in the body [2]. Additionally, iron functions as
a transport medium for electrons within cells and is a crucial requirement for DNA synthesis and cell
division. Hence, dysregulated iron homeostasis often results in the most common human disorders
that range from anemia at the negative end of the iron status spectrum (i.e., nutritional iron
deficiency), to hemochromatosis at the other extreme (i.e., iron overload) [3].

Systemic iron levels and iron nutrition status, however, are modifiable human traits. As an
important and essential micronutrient, iron must be provided by diet and, in some cases, through
supplementation or food fortification. Heme iron in red meat is a superb exogenous source of iron as
compared to that of the plant sources [4]. It is estimated to contribute more than 40% of the total
absorbed iron in meat-eating population groups [5]. Nevertheless, dietary iron absorption will
always depend on systemic iron needs, such that more iron is absorbed during states of deficiency
while less is absorbed when iron body stores are replete. Hepcidin, the key systemic iron-regulatory
hepatic hormone, drives the regulation of intestinal iron absorption [6].

Iron overnutrition, which is commonly associated with the increased intakes of iron from high
consumption of red meat (namely beef, lamb, organ meats, and processed meats), had drawn
attention because of its potential as a risk factor for cardiovascular disease and chronic metabolic
conditions such as diabetes [7]. It has been postulated from the “iron hypothesis” that iron depletion
may protect against heart disease; whereas high levels of body iron stores promote cardiovascular
and metabolic diseases through oxidative damage that takes place in the different tissues of the body
[8]. In the development of atherosclerosis, for instance, high amounts of iron will catalyze the Fenton
reaction that generates free radicals oxidizing the low-density lipoproteins, eventually leading to the
deposition of atherosclerotic plaque [9].

The cardiometabolic syndrome, also commonly referred to as the metabolic syndrome (MetS),
has been defined by the World Health Organization (WHO) as an aggregation of metabolic
dysfunctions that mainly include insulin resistance or impaired glucose tolerance, dyslipidemia
(namely elevated triglycerides and low high-density lipoprotein cholesterol levels), high blood
pressure, and central obesity [10]. Each of these associated risk factors has an independent effect; but
altogether, they lead to a substantial increase in cardiovascular disease morbidity and mortality [11].
A continuous increase in MetS global prevalence has also been observed among men and women
across all age groups for some time [12], which is thought to be driven by genetic susceptibility and
lifestyle changes. Nonetheless, the exact mechanisms as to how iron in excess contributes to MetS and
its individual risk components is yet to be fully elucidated.

For several years, there has been accumulating reports on the possible links of either altered iron
status, red meat consumption, or dietary intakes of iron (heme, in particular) on the pathophysiology
of the MetS risk components and cardiovascular diseases [7,13-22]. Inferring causal effects, however,
cannot be achieved from these associations due to unmeasured or residual confounding and reverse
causation. For instance, it has been difficult to disentangle the coherent mechanistic actions of both
heme iron and saturated fatty acids from high intakes of red meat in relation to cardiometabolic
derangements [23]. These two may have been interplaying in the complex etiology of atherosclerotic
diseases as the storage of saturated fatty acids in the body has been deemed as the culprit of
hypercholesterolemia and coronary artery disease [24]. Epidemiological studies cannot tease apart
the attributing effects due to the high collinearity between these two factors.
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Mendelian randomization is a genetic epidemiology method which has recently been used to
examine the causality between iron in excess and cardiometabolic risks. It has become a valuable tool
in human nutrition, especially when the conduct of randomized controlled trials is not feasible to
infer causality between dietary factors and biomarkers of health outcomes [25]. MR provides causal
estimates between an exposure to a modifiable environmental risk factor and a health outcome,
wherein genetic variants in the form of single nucleotide polymorphisms (SNPs) are used as
instrumental variables for the said risk factor [26]. A polygenic risk score (PRS) is constructed and
used to predict the risk of health outcomes. The MR technique is said to overcome biases that are
inherent in conventional epidemiological studies, such as confounding and reverse causation, since
alleles of genetic loci are, in principle, randomly assigned during conception [27]. As with all
epidemiological approaches, however, the plausibility of MR findings will depend on specific
assumptions [28]. First is the ‘relevance” assumption, which requires that the genetic variants (i.e., IV)
associate with the risk factor-of-interest. Second is the ‘independence’” assumption, for which there
should be an independence between the genetic variants and confounders of the risk factor-outcome
association. Lastly, is the ‘exclusion restriction” assumption, which indicates that the genetic variants
do not affect the outcome except through the risk factor (i.e., vertical pleiotropy).

Few MR studies have provided evidence to support that iron status, as a modifiable risk factor,
can causally influence the etiology of cardiovascular diseases [29-31] and metabolic conditions [32-
33]. Initial MR data were also observed to be contradicting among some studies. In a study conducted
by Gill and colleagues [30], a protective effect of higher iron propensity (measured by a linear
combination of SNPs predicting serum iron, transferrin saturation, ferritin, and transferrin) was
shown to reduce coronary artery disease risk. Conversely, in another study [31], increased iron
propensity was rather shown to have a detrimental effect on stroke risk, particularly on
cardioembolic stroke. Such opposing observations, although for different CVD outcomes, were
derived using the same set of IVs utilized in both studies, namely HFE rs1800562 and rs1799945 and
TMPRSS6 15855791 (i.e., three of the most strongly associated genetic variants of iron status [34]).
Nevertheless, the unique genetic differences across ethnicities may have contributed to such findings
and should be taken into consideration [35]. On the contrary, most of the results from observational
association studies depicted elevated iron levels as a risk factor for cardiometabolic conditions. We
have also recently shown in our sex-specific observational association studies that higher iron, as
depicted by deciles of Hb levels, increases the risks of MetS and its metabolic components in the
Taiwanese Han Chinese and European Whites [36]. Thus, investigating the predictability of genetic
propensity score for iron status, and comparing it between ethnicities or across population groups,
becomes immensely important as it may provide further insights on the role of iron nutrition (i.e.,
both in deficiency or excess) in the etiology of cardiometabolic diseases.

To date, no MR study has evaluated the causality between iron status and the key metabolic
components of MetS altogether in one study. In this regard, we conducted ethnic- and sex-specific
MR studies among the Taiwanese HC and European Whites in order to elucidate the causal
relationships between iron status and the risks of MetS and its components (i.e., CO, HTN, DLP, and
T2D or HGY). We have included GT or HUA as a risk component due to the increasing evidence that
supports its association with the pathogenesis of MetS [37-38]. We further investigated the causal
role of iron levels on several quantitative metabolic traits, namely waist circumference (WC), systolic
(SBP) and diastolic blood pressure (DBP), fasting blood glucose (FBG) or random glucose (GLU),
triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), and uric acid (UA) levels, along
with the related phenotypes glycated hemoglobin (HbAlc), cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-C) levels. Our findings shall provide additional insights on the etiology
of MetS risk components and, at the same time, help better identify at-risk individuals based on the
genetic propensity for iron status. Precision iron nutrition, in the future, could prevent further
complications associated with MetS and ultimately lead to the improvement of public health.
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2. Materials and Methods

2.1. Study Design, Study Populations, and Ethical Considerations

A one-sample Mendelian randomization design was applied in this study. As the standard
design for an MR analysis, SNPs (i.e., IVs), exposure, and outcome are measured in the same
individuals and extracted from a single dataset of participants [28]. Ethnic-specific MR studies
between the Taiwanese HC of TWB and European Whites of UKB cross-validated the causal
inferences in these two large ethnicities that are known to differ in iron status profile. Sex stratification
further accounted for the known differences in iron status between males and females.

Information on the TWB and UKB Projects can be obtained at https://www.twbiobank.org.tw/
(accessed on 2 January 2023) and https://www.ukbiobank.ac.uk/ (accessed on 2 January 2023),
respectively [39-40]. The inclusion-exclusion criteria for the study populations of our MR studies
followed that of our previously conducted two-stage genome-wide association studies (25-GWAS)
[35].

The TWB initially consisted of 20,764 male and 46,751 female Taiwanese HC (N=67,515).
Participants were aged from 30 to 70 years old and were generally healthy at the time of assessment.
We removed subjects who had self-reported kidney failure or cancer and had missing Hb data.

The UKB, on the other hand, consisted of 229,134 males and 273,402 females (N=502,536) who
resided in the United Kingdom from 2006 to 2010. Subjects were aged from 40 to 70 years old during
assessment. We initially selected the participants who identified themselves as White (i.e., British,
Irish, or any other White background) and were born in the UK. We then excluded subjects who: (1)
had inconsistent reported and genetic sex, (2) were pregnant, (3) had self-reported kidney failure,
cancer, hereditary or genetic hematological disorder, clotting disorder or excessive bleeding,
acquired immunodeficiency syndrome, tuberculosis, or any tropical and travel-related infections
[41]. We further removed individuals with a recorded fasting time of 0 (i.e., non-fasted) or beyond 24
h (i.e., over-fasted) during the blood sample collection.

We finally included the TWB and UKB participants whom we were able to construct Hb-PRSs
on, as derived from the sets of ethnic-specific and sex-specific Hb-associated SNPs we identified in
the 25-GWAS of Hb [35]. A total of 61,352 Taiwanese HC (19,012 males; 42,340 females) were included
in the TWB MR studies, whereas a final sample size of 271,366 European Whites (128,549 males;
142,817 females) were used in the UKB MR studies.

All the work performed in this study has been carried out following the Code of Ethics of the
World Medical Association (Declaration of Helsinki). The study protocol has been given ethical
clearance by the Institutional Review Board of Academia Sinica, with reference number AS-IRB 02.
The ethics approval of the UKB Project was provided by the UK National Health Service’s National
Research Ethics Committee, with reference number 11/NW/0382. Duly signed informed consents
were collected from the participants. All available data and information were treated with the utmost
confidentiality.

2.2. Data Collection in the Taiwan Biobank and UK Biobank

Details on the data collection in TWB and UKB and the ascertainment of metabolic risk outcomes
were fully described in previous studies [35-36].

Briefly, venous blood samples were collected from the participants at baseline assessment for
the genetic data, hematological indices, and blood biochemistry parameters. Blood collection in the
UKB was done at random and participants were non-fasted [42]. Hemoglobin and hematological
indices were immediately analyzed following blood draw using routinely calibrated automated
clinical hematology analyzers. Biochemical markers that include FBG or GLU, TG, TC, HDL-C and
LDL-C, and UA were measured via enzymatic assays using clinical chemistry analyzers. HbAlclevel
was specifically determined through high-performance liquid chromatography.

Anthropometric parameters (i.e., weight, body mass index (BMI), WC) and blood pressure (BP)
readings were measured twice following standard procedures. A third measurement of BP level was
taken if the first two readings differed by more than 10 mmHg.
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Information about the socio-demographic profile, lifestyle behaviors, personal and family
medical history, environmental risk factors, and other health-related information were obtained
through a structured face-to-face interview in the TWB and through a comprehensive touchscreen
questionnaire in the UKB [39-40]. A verbal interview with a trained nurse was done afterward for
some variables that needed verification (i.e., type and frequency of prescription medications) in the
UKB.

2.3. Ascertainment of Metabolic Risk Outcomes

We followed the definition of NCEP-ATP III as the diagnostic criteria to ascertain the MetS,
namely: (1) WC > 102 cm in males or >88 cm in females; (2) TG > 150 mg/dL (>1.70 mmol/L) or taking
triglyceride-lowering drugs; (3) HDL-C < 40 mg/dL (<1.00 mmol/L) in males or <50 mg/dL (<1.30
mmol/L) in females or taking statins or other medicines for high cholesterol; (4) SBP/DBP >130/>85
mmHg or current use of anti-hypertensive drugs; and (5) FBG > 100 mg/dL (>5.6 mmol/L) or current
use of anti-hyperglycemic drugs [43]. The WC cut-off point for Asians set by the International
Diabetes Federation (i.e., WC > 90 cm in males and >80 cm in females) was specifically used to define
CO in the Taiwanese HC group [44].

With respect to the individual MetS component, we first ascertained the disease outcomes in
both TWB and UKB using self-reported physician-diagnosed health conditions and ethnic-specific
cut-off values for WC, SBP/DBP, FBG or GLU, HbAlc, TG, HDL-C, and UA. Additionally, in the UKB,
we utilized the data on prescription medications and hospital episode statistics (i.e., International
Classification of Diseases 10t (ICD10) and 9t (ICD9) revisions) in the ascertainment of HTN, DLP,
T2D or HGY, and GT or HUA.

CO was defined as a WC > 90 cm in males or >80 cm in females for East Asians and a WC > 102
cm in males or >88 cm in females for Europeans [44—45]. HTN was diagnosed based on an SBP/DBP
reading of >140/>90 mmHg [46-47]. T2D was ascertained from an FBG level > 126 mg/dL (>7.0
mmol/mol) [48] or an HbAlc > 6.5% (>48 mmol/mol) [49]. However, because of the non-fasting state
of participants in the UKB, we followed the algorithms of Eastwood and co-authors, which used a
slightly higher GLU level of > 11.1 mmol/L (>200 mg/dL) in order to exclude false positives when
capturing hyperglycemia in the European White group [50]. We defined DLP in this study as having
either hypertriglyceridemia (HTG) (i.e., TG > 150 mg/dL or >1.70 mmol/L), low levels of HDL-C (i.e.,
HDL-C < 40 mg/dL or <1.00 mmol/L in males; <50 mg/dL or <1.30 mmol/L in females), or a
combination of both [51-52]. Hypercholesterolemia (HCL) and high LDL-C levels were then
determined as TC > 240 mg/dL or >6.20 mmol/L and LDL-C > 160 mg/dL or >4.10 mmol/L,
respectively [51-52]. GT or HUA was ascertained from a UA level > 7.0 mg/dL or >416.0 umol/L in
males and >6.0 mg/dL or >357.0 pmol/L in females [53].

2.4. Genetic Data and Two-Stage Genome-Wide Association Studies of Hemoglobin

25-GWAS have been conducted to identify the SNPs associated with Hb among 60,518
Taiwanese HC (18,824 males; 41,694 females) and 269,451 European Whites (127,726 males; 141,725
females). The quality control of genetic data and the 25-GWAS protocols were described in detail in
a previous paper [35].

Genomic DNAs were extracted from the collected blood samples of TWB and UKB participants.
A total of about 650,000 SNPs were genotyped in the TWB using a ThermoFisher Scientific Axiom
Genome-Wide Array Plate (TWB 2.0) platform [54]. UKB genetic data, on the other hand, included
more than 800,000 markers that were genotyped using the Applied Biosystems UK BiLEVE Axiom
Array and the closely related Applied Biosystems UK Biobank Axiom Array [55-56].

2.5. Construction of Hemoglobin-Polygenic Risk Scores

Ethnic- and sex-specific Hb-PRSs were constructed as a combination of the Hb-associated SNPs
using the allelic scoring function in PLINK 1.9 (https://www.cog-genomics.org/plink/1.9/ (accessed
on 6 February 2023)) [57-58]. The strategy of aggregating SNPs into a single score relies on the
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assumption that the effect of all independent SNPs could be combined by their individual effect sizes
and the resulting PRS may predict exposures more accurately than smaller subsets of these SNPs [59].
We followed the strategy of Choi and team in constructing the PRS
(https://choishingwan.github.io/PRS-Tutorial/ (accessed on 6 February 2023)) [60].

In order to capture the most approximate causal independent genetic variants, linkage
disequilibrium (LD) between Hb-associated SNPs was first investigated and accounted for. LD-based
clumping was carried out in PLINK, which retained the SNPs that were weakly correlated and largely
independent of each other (i.e., r? < 0.5 across 250 kb) while preferentially selecting the SNPs that
were mostly associated with Hb concentration. SNPs that flank pseudogenes were removed. In
accordance with the “iron hypothesis”, some alleles were flipped to ensure that all effect alleles were
risk-increasing (i.e., positive beta) [29]. Finally, 36 out of 61 Hb-associated SNPs were used in the
construction of Hb-PRS for the male Taiwanese HC, 58 out of 82 SNPs for the female Taiwanese HC,
698 out of 1,982 SNPs for the male European Whites, and 805 out of 2,248 SNPs for the female
European Whites.

Hb-PRS was calculated as the summation of the number of effect alleles per SNP (i.e., 0, 1, or 2)
for each individual, multiplied by the effect size for a particular SNP (i.e., beta-coefficient relating Hb
concentration to number of alleles) as obtained from the linear regression models of the 25-GWAS
joint analyses [60]: Hb-PRS = 31 x Allelic Number (SNP1) + 2 x Allelic Number (SNP2) + ... + {n X
Allelic Number (SNP»).

2.6. One-Sample Mendelian Randomization Analyses

Independent one-sample MR analyses that involved the Taiwanese HC and European White
cohorts were performed, wherein Hb-PRSs served as the IVs (i.e., genetically instrumented Hb
concentration) for iron status being the modifiable risk factor-of-interest in this study.

For describing the characteristics of subjects, continuous variables were expressed as mean +
s.d., whereas categorical characteristics were in counts and percentage values. The normal
distribution of quantitative parameters was assessed, and extreme outliers were removed. We
categorized subjects according to quintiles of ethnic- and sex-specific Hb-PRS. Trends in quantitative
characteristics and prevalence across Hb-PRS quintiles were respectively tested by linear regression
and the Cochran—-Armitage trend test.

The main MR analyses utilized logistic and linear regressions wherein males and females were
analyzed separately. Logistic regression models determined and compared between the two ethnic
groups the associations across quintiles of Hb-PRS and the risks for each binary outcome, namely:
MetS, CO, HTN, DLP, T2D (or T2D and HGY), and GT (or GT and HUA). The lowest Hb-PRS quintile
served as the reference. Age, age-squared, and the first ten genetic PCs were adjusted in the first
model. Smoking and alcohol drinking status (as well as menopausal status in females) were further
adjusted in the second model, since years of life and certain lifestyle factors may modify the inherent
effects of Hb-associated genetic loci. The categorization of smoking status (i.e., never smoked,
stopped smoking, occasionally smoking, or currently smoking), alcohol drinking status (i.e., never
drank, stopped drinking, occasionally drinking, or currently drinking), and menopausal status in
females (i.e., non-menstruating, unsure of menopausal status, or had age-at-menopause <44, 4549,
50-54, or >55 years) were all previously described in detail [36].

Additionally, the MetS metabolic traits WC, SBP, DBP, FBG or GLU, TG, HDL-C, and UA, along
with the related phenotypes HbAlc, TC, and LDL-C, were analyzed as quantitative outcomes. We
examined the potential causality of Hb-PRS on such traits through linear regressions, which similarly
adjusted for potential confounders in the models. Variables with skewed distribution were log-
transformed prior to analyses.

All MR analyses were carried out in SAS v9.4. The criteria for statistical significance were a p-
value of <0.05.
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2.7. MR-Egger Regressions and Sensitivity Analyses

We conducted MR-Egger regressions to investigate whether the causal estimates obtained from
the MR analyses were influenced by pleiotropy. MR-Egger was implemented using the package
“Mendelianrandomization” in R v4.1.1 (https://www.r-project.org/ (accessed on 5 June 2023)) [61].

Briefly, the associations of IVs with various metabolic risk outcomes and metabolic traits were
first analyzed in PLINK. Beta-coefficients (i.e., log odds ratio) and standard errors were derived from
univariable regression analyses. MR-Egger was then initiated through the mr_input() function of
MRInput object, where the betas and standard errors of the SNPs-Hb association (i.e., bx, bxse) and
the SNPs-metabolic risk outcomes/traits association (i.e., by, byse) were entered. Genetic associations
were aligned to the same effect alleles. MR-Egger estimates and all SNPs, including those possibly
violating the IV assumption, were displayed though the mr_plot() function. The MR-Egger intercept
parameter can be interpreted as an estimate of the overall directional pleiotropy, whereas the slope
can provide pleiotropy-corrected causal estimates [62].

To further test the robustness of the main MR findings in a sensitivity analyses, we excluded
subjects who were ascertained from either self-reported physician-diagnosed health conditions or
medications (i.e., regular prescriptions) or hospital in-patient records. This validated the causal
relationships upon excluding data sources that may potentially introduce biases and errors (e.g.,
misclassification of categories and subcategories of health conditions when using ICD codes) [32,50].

Finally, since the inverse relationship between Hb levels and anemia risk has been well
established at the lower end of Hb distribution [63], the causal association between Hb-PRS and
anemia (i.e., Hb <13.0 g/dL in males and <12.0 g/dL in females) served as a control in the analyses.

3. Results

3.1. Discovery and Selection of Hemoglobin-Associated SNPs for the Construction of Hemoglobin-Polygenic
Risk Scores

We previously conducted 25-GWAS that involved 60,518 Taiwanese Han Chinese (18,824 males;
41,694 females) of the TWB and 269,451 European Whites (127,726 males; 141,725 females) of the UKB
and identified common and ethnic-specific SNPs that are associated with blood Hb concentration
[35]. In the current MR studies, the IVs for iron status were constructed from the clumped sets of
ethnic- and sex-specific Hb-associated SNPs we discovered previously: 36 for male Taiwanese HC,
58 for female Taiwanese HC, 698 for male European Whites, and 805 for female European Whites
(Tables S1-54, respectively).

Table S5 provides the means and standard deviation of the Hb-PRSs as well as the regression
coefficients relating Hb-PRS to Hb in g/dL, whereas the sex-specific distributions of Hb-PRSs and the
scatterplots of Hb concentrations against Hb-PRSs are presented in Figure S1. In both ethnic groups,
the mean Hb-PRSs of males were slightly higher than those of the females. Between the Taiwanese
HC and European Whites, however, we observed generally higher mean Hb-PRSs in the former
despite the very much larger numbers of SNPs used to construct the IVs in UKB than in TWB. The F-
statistics were 404.0 and 659.5, respectively, for the male- and female-specific beta estimates of Hb-
PRSs in the Taiwanese HC group, and 1,478.9 and 2,284.7, respectively, for the male- and female-
specific estimates in the European White group. Around 1.5-2.1% of the variance in Hb levels could
be explained by the constructed Hb-PRSs in TWB, whereas the resulting r? values in UKB were at
1.1-1.6%.

Majority of the Hb-associated SNPs in TWB and UKB that were used to construct the IVs had
very small effect sizes (i.e., beta <0.1) [35]. Nonetheless, the abovementioned regression parameters
indicated a favorable relationship between the IVs and Hb [64].

3.2. Characteristics of Subjects in the Mendelian Randomization Studies

The characteristics of subjects in the TWB and UKB MR studies as stratified by quintiles of Hb-
PRS and sex are presented in Tables 56 and S7, respectively. The mean Hb levels of male subgroups
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(15.0 g/dL) were found to be higher than the female Taiwanese HC (13.01 g/dL) and female European
(13.52 g/dL) subgroups. As expected, we observed significant continuous increases in the mean Hb
values, but decreasing anemia prevalence rates, with increasing quintiles of Hb-PRSs for all sex
subgroups in both ethnic groups (p <0.0001).

The mean ages were at 50-51 years old for male and female Taiwanese HC and around 56-57
years for the European White counterparts. There were no significant differences on the mean age by
Hb-PRS quintiles, except among male Europeans, wherein very small increments in age were noted.
We also did not find any significant differences on the percentages of females who had entered
menopause, as well as with their mean age at menopause, and the frequency or levels of physical
activity of subjects. However, majority of the female subjects had already entered menopause during
assessment, while some of the subjects were engaged in regular exercises or had moderate- to heavy-
intensity exercises. Smoking status by Hb-PRS quintiles was found to be significantly different among
male Taiwanese HC, particularly as the percentages of those who never smoked became larger
toward higher quintiles of Hb-PRS. Alcohol consumption by Hb-PRS was also significant, but only
among male Europeans, wherein the proportion of current drinkers generally decreased across Hb-
PRS quintiles.

In both ethnic groups, there were highly significant continuous increases in mean DBP levels
with Hb-PRSs. A similar trend was observed with the TG levels of European Whites, whereas a U-
or J-shaped trend could be noted among the Taiwanese HC. The mean WC and SBP levels of male
Taiwanese HC and the mean UA levels of female Taiwanese HC were also significantly increasing
with Hb-PRS quintiles. Specific to the European subgroups, the mean GLU and HbA1c values were
instead found to be remarkably decreasing with Hb-PRS quintiles. These data initially showed that
causal associations between Hb-PRSs and some metabolic traits may exist. On the contrary, there
were no significant differences on mean FBG and HDL-C by Hb-PRS quintiles in the Taiwanese HC
subgroups, whereas mean WC, SBP, HDL-C and UA levels were not significant in the Europeans.

3.3. Trends on Prevalence Rates of Metabolic Disorders and the Causal Role of Iron Status on Metabolic Risk
Components among Taiwanese Han Chinese and European Whites

Tables S8 and S9 show the overall distributions of metabolic risk outcomes in the TWB and UKB,
respectively (Tables S10-511 provide the frequency distributions of metabolic conditions based on
measured health indicators by Hb-PRS and sex in the TWB and UKB; Tables S12-513 present the
percentages of cases based on self-reported data, and; Table S14 shows the percentages from hospital
in-patient records that were only currently available in the UKB). The prevalence of MetS following
the NCEP-ATP III criteria was 23.8% among Taiwanese HC and 40.3% among Europeans. Of all the
MetS risk components, CO was found to be highly prevalent in both ethnicities (i.e., 44.7% among
Taiwanese HC and 56.1% among Europeans). This was followed by DLP (34.3%; 62.3%), HTN (23.9%;
55.6%), GT (20.2%; 14.1%), and T2D (10.2%; 7.0%). DLP seemed to be relatively common among
Europeans, but the non-fasting state of UKB participants may have contributed to this data. Between
sexes, higher prevalence rates of MetS and all metabolic components, except CO, were observed
among male than among female subjects in both ethnic groups.

There were apparent differences in the trends of prevalence rates of MetS and metabolic
components by Hb-PRS in both ethnic groups. The MetS prevalence with increasing Hb-PRS quintiles
was generally increasing among Taiwanese HC (p = 0.0066 in males; p = 0.0134 in females) and female
Europeans (p = 0.0097). We observed highly significant continuous increases in the proportions of
male and female Europeans with HTG (p <0.0001 and p = 0.0001, respectively), while high TG levels
among male Taiwanese HC was also generally increasing (p = 0.0125). A steady increase in HTN
prevalence based on SBP/DBP readings was initially observed in the female Taiwanese HC group
only (p = 0.0302). However, based on self-reports of physician-diagnosed HTN and hospital
diagnoses, significant positive trends have been similarly observed among Europeans. The
prevalence rates of T2D based on either high FBG (GLU) or HbAlc levels, diagnosis by a doctor, or
hospital records were all found to be consistent but rather remarkably decreasing toward higher
quintiles of Hb-PRS.
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MR analyses showed evidence to support the causal associations between elevated iron status
and higher risks of HTN and DLP (Figure 1; Tables 516-517) among Taiwanese HC and European
Whites. Causal associations could not be concluded, however, between Hb-PRS quintiles and CO
(Figure 2; Table S18). Hb-PRS was associated with GT and HUA but implicated a U-shaped type of
causality in the two ethnicities (Figure 3; Table S19). On the other hand, our findings on T2D and
HGY (Figure 4; Table 520-521) were different from the other risk components as increasing Hb-PRS
quintiles were observed to be causally associated with decreasing risks. Relatively low iron levels
were causally associated with T2D development.

Taiwanese Han Chinese European Whites
A. Hypertension
Males
Q5 (15.28 g/dL) vs. Q1 —e—i Q@5(15.21 g/dL) vs. Q1 [
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Q3 (15.04 g/dL) ve. Q1 —— Q3(15.00 g/dL) vs. Q1 .t
Q2 (14.98 g/dL) vs. Q1 H——i Q2(14.94 g/dL) vs. Q1 fot
Q1 (14.79 g/dL) Q1 (14.91 g/dL)
05 10 15 05 10 15
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Q5 (13.21 g/dL) vs. Q1 H— Q5 (13.71 g/dL) vs. Q1 -
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Figure 1. Odds ratios of HTN and DLP across increasing quintiles of genetically instrumented Hb
concentration among Taiwanese Han Chinese and European Whites. Sex-specific analyses fully
adjusted for age, age-squared, first ten genetic PCs, smoking status, and alcohol consumption, as well

as menopausal status in females.
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B. Gout or Hyperuricemia
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Figure 2. Odds ratios of CO and GT or HUA across increasing quintiles of genetically instrumented
Hb concentration among Taiwanese Han Chinese and European Whites. Sex-specific analyses fully
adjusted for age, age-squared, first ten genetic PCs, smoking status, and alcohol consumption, as well
as menopausal status in females.
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Taiwanese Han Chinese European Whites
Diabetes or Hyperglycemia
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Figure 3. Odds ratios of T2D or HGY across increasing quintiles of genetically instrumented Hb
concentration among Taiwanese Han Chinese and European Whites. Sex-specific analyses fully
adjusted for age, age-squared, first ten genetic PCs, smoking status, and alcohol consumption, as well
as menopausal status in females.

Taiwanese Han Chinese European Whites
Anemia
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Figure 4. Odds ratios of anemia across increasing quintiles of genetically instrumented Hb
concentration among Taiwanese Han Chinese and European Whites. Sex-specific analyses fully
adjusted for age, age-squared, first ten genetic PCs, smoking status, and alcohol consumption, as well
as menopausal status in females.

3.3.1. Odds Ratios between Upper Quintiles of Hb-PRS and the First Quintile with respect to
Hypertension and Dyslipidemia

We found consistent positive causal associations between higher levels of genetically
instrumented Hb and stronger HTN risks, as compared to the first quintiles (i.e., reference), in all sex
groups of both ethnicities (Figure 1). The odds ratios (OR) obtained for HTN among Taiwanese HC
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upon fully adjusting for age, age-squared, smoking status, and alcohol drinking status (and
menopausal status in females) are as follows: OR for Qs =1.10 (1.00-1.21, p = 0.0473) in males; OR for
Q4 =1.09 (1.00-1.19, p = 0.0033) in females. Among Europeans, the ORs for Q3 and Qs in the male
subgroup were respectively 1.06 (1.02-1.10, p = 0.0052) and 1.05 (1.01-1.09, p = 0.0194), whereas the
ORs for Qs and Qs in the female subgroup were respectively 1.04 (1.00-1.08, p=0.0495) and 1.07 (1.03—-
1.11, p = 0.0004) (Table S16).

There were also positive causal relationships observed between Hb-PRS quintiles and risk of
DLP (Figure 1). In the male Taiwanese HC group, Q4 was found significant [OR = 1.10 (1.00-1.22, p
= (0.0485)]. Conversely, among male Europeans, we attained significant but modest causal
associations with DLP risk from Q: to Qs as follows: 1.04 (1.00-1.08, p = 0.0305), 1.05 (1.01-1.09, p =
0.0166), 1.04 (1.00-1.08, p = 0.0468). An OR for Qs = 1.04 (1.01-1.08, p = 0.0220) was obtained among
female Europeans (Table 517).

There was not much difference in the odds ratios between the crude and adjusted models. ORs
among Europeans were relatively lower than among the Taiwanese HC despite a larger sample size
and higher prevalence rates of HTN and DLP in the former. Between sex groups, the trend and risk
elevations for the higher Hb-PRS quintiles were found to be relatively consistent in females.

3.3.2. Odds Ratios between Upper Quintiles of Hb-PRS and the First Quintile with respect to
Central Obesity and Gout or Hyperuricemia Risk

As compared to HTN and DLP, we did not obtain any significant causal association between
Hb-PRS quintiles and the risk of CO among Taiwanese HC and European Whites (Figure 2; Table
518). On the other hand, the causal associations with GT or HUA followed a distinct U-shaped or
curvilinear type of association (Figure 2; Table S19). This was more evident among Europeans,
wherein the middle quintiles resulted in ORs < 1.0. Particularly among male Europeans, ORs were at
0.92 (0.88-0.96, p = 0.0002), 0.90 (0.87-0.94, p <0.0001), and 0.93 (0.89-0.97, p = 0.0012) for Q2, Qs, and
Qs of Hb-PRS, respectively. An OR for Qs = 0.93 (0.88-0.98, p = 0.0122) was obtained for the female
European group. On the contrary, in the female Taiwanese HC group, the highest Hb-PRS quintile
rather resulted in an OR of 1.14 (1.01-1.28, p = 0.0321).

3.3.3. Odds Ratios between Upper Quintiles of Hb-PRS and the First Quintile with respect to Type 2
Diabetes or Hyperglycemia

The causal role of increasing genetically instrumented Hb concentration levels on T2D or HGY
risk was interesting. Here we obtained causal, protective effects of increasing Hb-PRS quintiles
against T2D or HGY, which were consistent for all sex groups of both the Taiwanese HC and
European Whites (Figure 3; Table S20). Very highly significant ORs (p <0.0001) for the highest Hb-
PRS quintiles were obtained as follows: 0.83 (0.75-0.91) among male Taiwanese HC; 0.86 (0.81-0.92)
among female Taiwanese HC; 0.88 (0.83-0.93) among male Europeans, and; 0.87 (0.82-0.93) among
female Europeans. For both female subgroups, the highly significant negative causal associations
with T2D or HGY were identified starting from Q2 up to the last. Even with diabetes alone as an
outcome, the decreased risks at higher Hb-PRS quintiles remained evident (Table 521).

The above causality between Hb-PRS and T2D or HGY risk closely resembled that of the clearly
decreasing anemia risk with increasing quintiles of genetically instrumented Hb concentration (3.6.
Sensitivity Analyses; Figure 4; Table S31).

3.4. Causal Associations between Hb-PRS and Quantitative Metabolic Traits

Tables 1 and 2 provide the sex-specific causal estimates of associations between Hb-PRS and
quantitative metabolic traits among the Taiwanese HC and European Whites, respectively, as we
further examined the association of Hb-PRS as a continuous IV on the different quantitative MetS
metabolic traits WC, SBP, DBP, FBG or GLU, TG, HDL-C, and UA, along with the related phenotypes
HbA1lc, TC, and LDL-C.
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Table 1. Causal estimates of associations between Hb-PRS and quantitative metabolic traits among
Taiwanese Han Chinese.

Metabolic Trait Model 1 Model 2
Beta SE P-value Beta SE P-value

Males (1=19,005)

WC, cm 31.9 144 0.0268 334 14.3 0.0199
SBP, mm Hg 51.9 24.6 0.0351 52.5 245 0.0324
DBP, mm Hg 53.5 16.1 0.0009 53.6 16.0 0.0008
FBG*, mg/dL 87.6 35.8 0.0094 88.2 35.7 0.0087
TG*, mg/dL 533.5 183.1  0.0005  543.5 180.9  0.0003
HDL-C, mg/dL -27.1 17.1 0.1131 -27.3 16.9 0.1059
UA, mg/dL 2.1 2.1 0.3255 2.3 2.1 0.2690
HbA1c*, % 0.40 1.4 0.7771 0.36 1.4 0.7962
TC, mg/dL -103.3 53.5 0.0535  -100.7 53.5 0.0599
LDL-C, mg/dL -130.7 48.0 0.0065 -129.3 48.0 0.0071
Females (n=42,330)

WC, cm 24.6 18.3 0.1777 24.6 18.2 0.1773
SBP, mm Hg 55.3 31.1 0.0751 57.0 31.0 0.0664
DBP, mm Hg 68.7 19.1 0.0003 69.1 19.1 0.0003
FBG*, mg/dL -45.1 35.2 0.0795 -46.2 35.2 0.0736
TG*, mg/dL 109.2 1354 02129  103.1 135.1  0.2302
HDL-C, mg/dL 2.9 254 0.9077 2.1 25.3 0.9352
UA, mg/dL 5.0 2.1 0.0188 4.8 2.1 0.0224
HbA1c*, % -6.1 14 <0.0001 -6.1 1.4 <0.0001
TC, mg/dL -121.0 42 0.0673  -126.3 65.9 0.0551
LDL-C, mg/dL -44.8 59.6 0.4515 -48.1 59.4 0.4184

* Variables with skewed distribution were log-transformed prior to analyses. Model 1 similarly adjusted for
age, age-squared, and the first ten genetic PCs; whereas model 2 additionally adjusted for smoking status and
alcohol consumption (as well as menopausal status in females). DBP, diastolic blood pressure; FBG, fasting
blood glucose; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride; UA, uric acid; WC,

waist circumference.

Table 2. Causal estimates of associations between Hb-PRS and quantitative metabolic traits among
European Whites.

Metabolic Trait Model 1 Model 2
Beta SE P-value Beta SE P-value

Males (1=128,549)

WC, cm -21.9 18.6 0.2396 -27.0 18.4 0.1434
SBP, mm Hg -30.8 28.8 0.2842 -27.7 28.8 0.3348
DBP, mm Hg 129.1 17.1 <0.0001 131.3 17.1 <0.0001
GLU*, mmol/L -11.5 24 <0.0001 -11.7 24 <0.0001
TG*, mmol/L 9.9 1.9 <0.0001 9.6 1.9 <0.0001

HDL-C, mmol/L 0.13 0.55 0.8170 0.26 0.54 0.6262
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UA, umol/L -139.4 120.0 0.2450 -143.8 119.1 0.2273
HbA1c*, mmol/mol -177.8 119  <0.0001 -181.1 11.8  <0.0001
TC, mmol/L -1.2 1.9 0.5232 -0.87 1.9 0.6408
LDL-C, mmol/L -2.9 1.4 0.0427 2.7 1.4 0.0618
Females (n=142,817)

WC, cm -17.7 27.4 0.5189 -15.1 27.0 0.5768
SBP, mm Hg 41.9 40.5 0.3013 40.6 40.5 0.3160
DBP, mm Hg 220.6 22.6  <0.0001 2214 22.6  <0.0001
GLU*, mmol/L -12.3 24 <0.0001 -12.1 24 <0.0001
TG*, mmol/L 12.6 1.9 <0.0001 12.9 1.8 <0.0001
HDL-C, mmol/L -1.0 0.89 0.2615 -1.1 0.87 0.2026
UA, umol/L -19.3 1445  0.8936 -3.4 144.1 0.9811
HbA1c* mmol/mol -220.7 12.2 <0.0001 -217.8 12.1 <0.0001
TC, mmol/L -7.9 24 0.0011 -8.0 24 0.0009
LDL-C, mmol/L -8.9 1.9 <0.0001 -8.9 1.9 <0.0001

* Variables with skewed distribution were log-transformed prior to analyses. Model 1 similarly adjusted for
age, age-squared, and the first ten genetic PCs; whereas model 2 additionally adjusted for smoking status and
alcohol consumption (as well as menopausal status in females). DBP, diastolic blood pressure; FBG, fasting
blood glucose; HbAlc, glycated hemoglobin; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density
lipoprotein cholesterol; SBP, systolic blood pressure; TC, total cholesterol; TG, triglyceride; UA, uric acid; WC,
waist circumference.

Consistent with the results obtained from determining the causality between Hb-PRS and the
metabolic risk components, we found that the Hb-PRSs were significantly and positively associated
with DBP and TG levels among the Taiwanese HC (Table 1) and European Whites (Table 2).
Genetically instrumented Hb corresponded to betas of 53.6 (p = 0.0008) and 69.1 (p = 0.0003) for DBP
among male and female Taiwanese HC, respectively; while higher estimates at 131.3 and 221.4 (p
<0.0001) were obtained for male and female Europeans. A positive causal association with SBP was
only identified in the male Taiwanese HC group (B =52.5, p = 0.0324), as the association in the female
group was marginally significant. Beta values for TG were 543.5 (p = 0.0027) among male Taiwanese
HC and 9.6 and 12.9 among Europeans (p <0.0001). Associations with HDL-C were inconsistent and
not significant.

Although we did not previously identify a causal relationship between Hb-PRS and CO risk, a
positive association with WC has been obtained in the male Taiwanese HC group (p =33.4, p=0.0199).
Hb-PRS was also found causally and positively associated with UA but only among the female
Taiwanese HC ( =4.8, p=0.0224).

The direction of causality between Hb-PRS and GLU among Europeans was consistently
negative and very highly significant (f = —11.7 in males and —12.1 in females, p <0.0001). HbAlc, a
highly correlated phenotype with FBG or GLU, depicted the same negative and highly significant
association with Hb-PRS. Interestingly, Hb-PRS also demonstrated negative causal associations with
LDL-C and TC in both ethnicities.

3.56. MR-Egger Regressions

Sex-specific MR-Egger regressions examined the presence of pleiotropy for the sets of genetic
variants utilized as IVs for iron status. Tables S22 and S23 present the results from the MR-Egger
regressions for the Hb-PRS—metabolic outcomes associations and Hb-PRS-metabolic traits
associations, respectively. Figures 51-54 are the scatterplots of sex-specific genetic associations and
causal estimates of representative SNPs, which indicated the possible pleiotropic Hb-associated SNPs
that may have violated the IV assumptions.
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MR-Egger estimates provided further evidence that iron status was a causal risk factor for HTN
and DLP among Europeans, but a causally protective risk factor against T2D or HGY for both
ethnicities (Table 522). Additionally, the slope was significant and positive for DBP among Europeans
and female Taiwanese HC, as well as with TG in male Europeans (Table 523). The slope of the MR-
Egger regression can provide pleiotropy-corrected causal estimates. However, it is considered
underpowered unless the SNPs combine to explain a large proportion of the variance in the exposure
with varying effect sizes [65].

There was no apparent directional pleiotropy based on the MR-Egger intercepts except only for
T2D or HGY in male Europeans alone (p = 0.042). All of the other intercept estimates did not
significantly differ from zero. Moreover, the MR-Egger scatter plots (Figures S1-54) suggested that
the sets of SNPs used to construct the ethnic- and sex-specific Hb-PRSs do not indirectly affect MetS,
the individual risk components, and various metabolic traits through other pathways or mechanisms.

3.6. Sensitivity Analyses

Sensitivity analyses were carried out to further validate the main MR findings, which similarly
depicted the causal roles of genetically instrumented Hb concentration levels on the metabolic risk
outcomes upon exclusion of subjects based on self-reported data and hospital in-patient records. A
comparison of OR plots between the main MR and sensitivity analyses are presented in Figures S5
and S6 for the Taiwanese HC and European Whites, respectively. Corresponding OR tables are in
Tables 524-528. Sensitivity analyses for the causality between iron status and metabolic traits are then
reported in Tables 529-S30.

Results of the sensitivity analyses revealed similar trends and findings. The evidence to support
a positive causality of iron status on increased risks of HTN and DLP and a U-shaped causality for
GT or HUA, particularly among Europeans, remained. The consistent causal associations between
increasing Hb-PRS but decreased risks against T2D or HGY also still held true even with the
sensitivity analyses. On the other hand, Hb-PRS remained positively associated (i.e., highly
significant) with DBP and TG in both ethnicities and with UA particularly among female Taiwanese
HC, but negatively related with GLU, HbAlc, TC, and LDL-C levels. No causal association with
HDL-C was identified.

Finally, we utilized the causality between Hb-PRS and anemia risk as another sensitivity
analyses and control for the main MR analyses. Causal, negative associations between Hb-PRS
quintiles and anemia risk followed the well-established inverse relationship between blood Hb levels
and anemia (Figure 4; Table S31). Monotonic decreases in anemia risk with increasing Hb-PRS
quintiles were very highly significant (p <0.0001) across all sex groups, with the highest quintiles
resulting in low ORs for anemia as follows: 0.44 (0.36—0.55) among male Taiwanese HC; 0.52
(0.48-0.57) among female Taiwanese HC; 0.54 (0.48-0.61) among male Europeans, and; 0.62
(0.57-0.67) among female Europeans. In this regard, the relationship of increasing genetically
determined Hb against T2D or HGY (Figure 3; Table S20-521) supports the causal role of relatively
lower iron levels on T2D development. Further validation is, however, needed.

4. Discussion

Our ethnic- and sex-specific Mendelian randomization studies among the Taiwanese Han
Chinese of Taiwan Biobank and the European Whites of UK Biobank elucidated the causal but
differential relationship between iron status and several metabolic components. Here, ethnic- and
sex-specific polygenic risk scores of blood hemoglobin concentration were constructed and served as
instruments to represent iron status. We found that Hb-PRSs correspond to a relatively narrow range
of Hb concentration (i.e., 14.91-15.21 g/dL for males and 13.39-13.71 g/dL for females in the UKB;
14.79-15.28 g/dL for males and 12.78-13.21 g/dL for females in the TWB). Within these relatively
narrow mid-range of the Hb distribution, our findings support the causality of higher iron levels on
stronger risks of hypertension and dyslipidemia for both ethnicities, which were further corroborated
by the positive causal relationships with diastolic blood pressure and blood triglyceride levels. A
distinct U-shape causality was obtained for gout or hyperuricemia, whereas no causality existed for
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central obesity. In contrast, we discovered an inverse causal association of increasing increments of
iron level with decreasing risk of diabetes or hyperglycemia in both ethnicities, which, interestingly,
implied a protective role for higher iron status against this specific metabolic condition alone and, at
the same time, supports the causal role of relatively lower iron levels on the development of type 2
diabetes. We do not know whether there would be a risk rising at the higher end of Hb-PRS similar
to our previous U-shaped finding on Hb concentration and diabetes in the observational study [36],
since there were not enough participants with very high Hb-PRS. In addition, we did not present the
association between Hb-PRS and the MetS due to the inconsistency that exists among the five
components.

4.1. Causal Role of Elevated Iron on Increased Risks of Hypertension and Dyslipidemia

A number of cross-sectional and prospective studies have demonstrated positive associations
between elevated iron status or dietary iron intakes (particularly heme iron from red meat) and
stronger risk or higher incidence of HTN [17,22,36], DLP [18,21,36], or the MetS in general [19-21,36].
However, investigation of whether a true causality exists or not remained scarce.

The first MR-PheWAS of systemic iron status among Europeans in the UKB did not detect any
causality between genetically predicted iron status and cardiometabolic phenotypes across the
phenome, except for an evidence of a causal, protective effect of higher iron on lower
hypercholesterolemia risk [32]. Our current MR studies and the first MR-PheWAS both utilized the
hospital episode statistics data in UKB. However, the MR-PheWAS used only three iron status genetic
instruments (i.e., HFE rs1800562, 1s1799945; TMPRSS6 1s855791 [34]), whilst we constructed IVs using
population-specific SNPs from a GWAS in our MR studies [35]. It may largely explain why we were
able to derive evidence of causality for iron-HTN and iron-DLP associations. The consistent findings
we obtained between the Taiwanese HC and European Whites strengthened the evidence for a causal
role of genetically determined higher iron status on HTN and DBP, as well as on DLP and blood TG
(but not HDL-C). On the other hand, the lack of causal effect of iron status on HDL-C levels in our
MR studies has been consistent with the result of another MR-PheWAS of blood iron on lipid-related
metabolic conditions among Europeans in the UKB [66]. In addition to this, the negative causal role
of iron status on LDL-C or TC levels has been similar to the abovementioned finding of the first MR-
PheWAS of systemic iron status among Europeans [32]. These require further validation.

There are two widely accepted plausible mechanisms underlying the association of elevated iron
status with metabolic derangements. First, excess iron has been long believed to be a contributor to
overall oxidative stress, as free iron facilitates the excessive formation of toxic reactive oxygen species
(ROS) and catalyzes cellular reactions that can damage the cell [9-10]. The pro-oxidant property of
heme iron could affect several tissues, particularly the pancreatic beta cells, muscles, and adipocytes;
thus, inducing insulin resistance, beta cell dysfunction, altered endothelial dysfunction, and the
release of iron from the ferritin stores. Iron is also suggested to inhibit the body’s oxidative defenses
such as that of the superoxide dismutase, one of the main antioxidant defense enzymes [67]. The
second mechanistic action of excess iron points to the enhancement of inflammation in the body
[10,68—69]. As such, the relationship of iron overload with infectious and inflammatory chronic
diseases has been well documented. It is thought that the secretion of proinflammatory adipokines is
mediated by the expression of hepcidin, which is influenced by intracellular and extracellular iron
concentrations [6]. Chronic low-grade inflammation is recognized as a pathogenic event of any MetS
risk component in genetically or metabolically predisposed individuals, resulting in cytokine
hypersecretion and the production of other inflammatory mediators [68].

In hypertension, the direct link between iron and blood pressure, for the most part, remains
unknown [17]. Oxidative stress and chronic inflammation from excessive iron is presumed to lead to
atherosclerotic events by initially causing endothelial damage and vascular dysfunction that
subsequently induce high blood pressure [70]. Another proposed mechanism relates to the action of
high Hb levels, which is also considered as the most important determinant of whole blood viscosity
[71]. Hyperviscosity or the decreased blood flow throughout the body, following a prolonged state
of oxidative stress, could raise the blood pressure systemically [72].
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In dyslipidemia, the excessive biosynthesis of ROS may lead to lipid peroxidation and alterations
in lipid metabolism. Lipid peroxidation causes the depletion of the cellular content of reduced
glutathione, an important player in preventing cell damage [73]. It was also hypothesized that the
increased risk of iron overload due to high intakes of iron may reduce the insulin-mediated
suppression of lipase (i.e., enzyme responsible for mobilization of triglyceride), which, then, can
increase intracellular lipolysis, the plasma levels of free fatty acids, and its transport to the liver
[18,21,69]. Increment in the levels of liver free fatty acids stimulates triglyceride-rich lipoprotein
production.

Since both HTN and DLP, as components of MetS or as separate metabolic risk factors, have
been linked to the onset of cardiovascular diseases, further work is warranted to unravel the
mechanistic details of higher iron status, either from genetic or dietary causes, and its effect on
hypertension and lipid metabolism.

4.2. Non-Causality of Iron for Central Obesity and a U-Shape Causality for Gout or Hyperuricemia

There were no causal associations found between genetically determined iron levels and CO
risk. These MR findings were inconsistent with those of the observational studies [19,36]. Central
obesity is considered a predominant risk factor (i.e., core component) of MetS and a marker of onset
of a dysmetabolic state [10,44]. Although oxidative stress from excess iron is deemed to play a
causative role in CO and obesity per se, we were unable to derive evidence of causality for CO.
Therefore, we surmise that the mechanisms of action of too much iron in relation to MetS is probably
independent of abdominal fat accumulation or via a separate pathway independent of obesity. For
example, red meat intake is a contributing factor to both high hemoglobin concentration and obesity
[74]. It is likely that it is the high fat content of red meat which causes obesity, and that bioavailable
iron from heme induces other metabolic disorders such as hypertension and hypertriglyceridemia.
Nevertheless, it is also plausible that obesity can be both a result of and a cause of oxidative stress
[75]. It may be visceral adiposity instead that could lead to changes in iron homeostasis, making
higher iron status a marker rather than a causal factor [76]. This complexity requires further
investigation.

On the other hand, the MR findings on iron-GT/HUA causality corroborate the results of our
observational studies on the previously unreported curvilinear effects of iron status on GT or HUA
[36]. This highlights that the genetic predisposition to either too much or too less iron can cause a
detrimental role on risk of GT or HUA, and that maintaining iron status within the normal range is
most beneficial. In gout, the stimulation of iron-induced oxidative stress begins when iron cations
form complexes with monosodium urate crystals. This contributes to granulocyte and complement
activation, which eventually leads to gouty inflammation [77]. Urate, on the other hand, is a well-
known antioxidant in humans that reduces oxidative stress by acting as a chelator of iron.
Accordingly, elevation in uric acid levels was hypothesized to be a response to counter an increased
oxidative stress in the body [78]. Although the mechanism of increased iron on uric acid metabolism
and gout remains to be fully understood, looking further into the causal role of iron on the pathology
of HUA or GT will be highly beneficial, especially that hyperuricemia has been recently proposed as
an additional cause and component of the MetS [37].

4.3. Causal Role of Lower Iron on Risks of Diabetes or Hyperglycemia

Negative causal associations of genetically predicted higher iron status on T2D or HGY risk, and
on FBS/GLU or HbAlc levels, were obtained in the current MR studies, implicating a causal
protective effect of elevated iron within the normal range against glucose metabolism derangements
and, concomitantly, a causal role for relatively lower iron levels on T2D development. Results from
epidemiological studies, however, have mostly presented a positive relationship between iron and
diabetes [7,15-16]. In contrast, our recently published observational study yielded a distinct U-
shaped association between increasing Hb and T2D risk [36]. Conflicting findings between
observational association studies and MR analyses suggest that the results from the former were
likely influenced by a number of environmental or lifestyle factors, while those from the MR studies
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potentially indicate the true causal effects of both iron deficiency and excess in the complex etiology
of T2D.

The positive link between increased iron status or high iron intakes and hyperglycemia (or
diabetes) in cross-sectional and prospective studies has been robustly attributed to iron being a strong
pro-oxidant. Pancreatic beta cells, in particular, have a low expression of antioxidants, lending these
cells to be highly sensitive to ROS [70]. This eventually leads to changes in glucose metabolism, a
decrease in the synthesis and secretion of pancreatic insulin, impaired insulin signaling, and iron-
dependent apoptosis (i.e., ferroptosis) [75]. Insulin resistance is regarded as another core component
of MetS [10,44], and several metabolic manifestations are explained from this dysfunction [67]. For
instance, hyperinsulinemia during ROS-induced insulin resistance states exacerbates the endothelial
damage and vascular dysfunction that lead to a systemic increase in blood pressure (i.e.,
hypertension), as well as the suppression of lipase that stimulates the production of triglyceride-rich
lipoproteins (i.e., dyslipidemia).

Our MR finding of relatively higher iron status causally reducing the risk of T2D or HGY may
be biologically plausible and is of considerable clinical relevance, as diabetes has been well known to
increase the risk of morbidity and mortality related to atherosclerotic and cardiovascular diseases.
One MR study has similarly provided evidence on the negative correlation between iron status and
T2D risk [33]. Few MR studies have further shown that higher genetically determined iron status in
the normal range is protective against atherosclerotic disease and hypercholesterolemia risk [30,32].
These findings may be explained by a hyperoxic state due to elevated Hb and iron status since
reduced iron stores leading to hypoxia could increase red blood cell turnover, which, then, has been
linked to the increased glycation of Hb [79].

On the other hand, iron deficiency or lower-than-normal iron levels also affect diabetes risk
through several putative molecular mechanisms [80]. Both iron deficiency and iron excess have been
shown to increase ROS production that causes mitochondrial DNA damage [81]. Lower iron status
contributes to many long-term micro- and macrovascular complications through the chronic
impairment of insulin action and low-grade inflammation [82]. Additionally, lower iron-T2D risk
association, which we had earlier demonstrated in our observational association studies [36], may
represent an end-stage anemia phenomenon that results in poor blood circulation, decreased
oxidative capacity, and pancreatic islet malfunction [79]. Interestingly, in the current MR studies, we
were able to further provide evidence that supports the causal role of lower iron status in the etiology
of diabetes since the other MetS components did not depict a clear negative association. Nevertheless,
since the constructed IVs (i.e., Hb-PRS) only defined small variations in iron status within the normal
range [32], careful consideration must be taken when interpreting our data.

From an alternative perspective, another mechanism that may underlie this iron-T2D
relationship could be attributed to the effects of the genetic variants along the MHC region. This may
be especially true among Europeans, wherein majority of the SNPs utilized as IVs for this group were
found along this region. Removal of the MHC region in IV construction could be considered as a
sensitivity analyses in future MR studies. Whether the iron-T2D causal associations would be robust
or not to such analyses will implicate the genes within the MHC region as the ones predominantly
driving the causality [83]. Further validation is highly warranted.

4.4. Strengths and Limitations of the Study

Our MR studies has several strengths. To our knowledge, we are the first to establish a causality
inference between iron status and various metabolic disorders (as well as MetS metabolic traits)
altogether. Whilst the genetic propensity to elevated iron status may be considered a modest causal
factor for either HTN, DLP, or GT or HUA, we have discovered a strong inverse or negative causality
for T2D or HGY. This supplemented and even leveraged the results we obtained from the Hb-MetS
observational association studies [36]. Our findings may pave the way to further elucidating the link
between iron and metabolic dysfunctions, and, in the future, to coming up with novel preventive or
therapeutic strategies such as genetic-based dietary interventions (i.e., precision nutrition) [84].
Second, our ethnic-specific MR analyses involved two of the largest and major ethnic groups in the
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world, the Han Chinese and Europeans. We have cross-validated our findings between two
population groups that uniquely differ in iron status profile (i.e., anemia, thalassemia, and other
hemoglobinopathies are more common among Asians; hemochromatosis or iron overload in the
body is prevalent among Caucasians). At the same time, we have addressed the underrepresentation
of Asians and non-European descents in genetic/epidemiological studies [85] with the findings
obtained from the Taiwanese HC group. Third, our MR studies employed relatively large sample
sizes of TWB and UKB cohorts, which enabled us to further carry out sex-specific analyses without
sacrificing the robustness of the results and the statistical power of our studies. A very large sample
size is also a major requirement for MR studies in evaluating the likelihood and magnitude of any
causal association. Estimated reliable genetic associations are known to be generally modest because
individual genetic variants are likely to explain only a very small proportion of the variation in
phenotypic traits [25]; hence, the need for adequate statistical power. Fourth, we were able to satisfy
the key assumption of vertical pleiotropy for an MR study based on the MR-Egger regression results,
which, when violated, will bias any inference of the causal effect [28]. The sensitivity analyses also
yielded results consistent with the main MR analyses. Both analyses further strengthened the causal
inferences obtained in this study. Lastly, in constructing the IVs, we opted to utilize population-
specific SNPs identified from a previously conducted GWAS of Hb concentration [35]. This approach
allowed the inclusion of genetic variants that contain additional information (i.e., multiple genetic
backgrounds), which may result in predicting exposures more accurately while reducing weak
instrument bias [59].

Our MR studies has some limitations as well. First, as we have employed a one-sample MR
framework, the assumption of independence between the gene-exposure and gene-outcome
association estimates may have been violated as these were measured in the same individuals [87].
Most MR studies at present follow a two-sample design (i.e., two independent samples for separate
measurements of exposure and outcome), which could be more advantageous than one-sample MR
due to increased statistical power [28]. However, the assumption of homogenous samples and
population stratification can seriously affect estimates when gene-exposure and gene-outcome
associations were derived from different populations [25,86]. Second, we did not further perform a
reverse MR analysis to particularly determine whether HGY or T2D would cause a lowering in iron
levels (i.e., “outcome” to “exposure”), despite a prior knowledge that the relationship between these
two is bi-directional or reciprocating [87]. This approach may help tease apart the correlation between
iron status and diabetes, but the interpretation of results will be more plausibly difficult due to the
existence of feedback loops between exposure and outcome variables [88]. It would also be interesting
to validate another hypothesis that the onset of metabolic disorders leads to changes in iron
homeostasis, probably through increased inflammatory status, which corresponds to a continuous
cycle between these two [70]. Third, the generalizability of our findings to other ethnicities may not
hold. It is highly recommended to further validate causality in other population groups, especially
that both iron status and genetic susceptibility to diet-related chronic metabolic conditions differ
across ethnicities [89-90]. Fourth, similar to the Hb-MetS observational association studies, we were
unable to screen and adjust for subjects who were vegetarians, taking iron supplements, or had
consumed more red meats, as these data were incomplete or unavailable in the TWB and UKB at the
time of analyses. Other variables that may have confounded the results such as total dietary energy,
saturated fats, iron absorption enhancers or inhibitors, concurrent acute or chronic infections, and
autoimmune diseases were also unadjusted for. Nonetheless, biases from confounding should not
influence the MR estimates [28]. Lastly, we have utilized Hb concentration as the surrogate of iron
status. Hb may only act as a good and acceptable iron biomarker from the lower end of the iron status
spectrum to within normal levels [2]. Transferrin saturation becomes the ideal biomarker at the
higher end, while serum ferritin levels could be exploited for the entire spectrum of iron status. It
would finally be worthwhile to utilize the genetic variants associated with serum hepcidin as
instruments for iron status. Hepcidin, being the principal iron-regulatory hormone, is a promising
candidate to link genetic variation, dietary iron, and metabolic derangements.
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5. Conclusions

Our ethnic- and sex-specific MR studies among the Taiwanese Han Chinese and European
Whites have provided evidence to support that genetic predisposition to higher iron levels has a
causal role on increasing the risks of HTN and DLP while relatively lower iron levels can causally
contribute to the development of T2D. Taken together, our MR findings will help to further our
understanding on the role of iron dysregulation in human health and better identify at-risk
individuals. Since iron status is modifiable and could be optimized through dietary and other
interventions, complications associated with chronic metabolic disorders could be prevented for
genetically and metabolically susceptible individuals in the near future — one of the ultimate goals of
precision nutrition.
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of 805 clumped Hb-associated SNPs utilized in construction of Hb-PRS among Female European Whites of UKB,
Table S5: Comparison of constructed Hb-PRSs and regression parameters between Taiwanese HC of TWB and
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Table S7: Characteristics of subjects in UKB (N=271,366) across quintiles of Hb-PRS, Table S8: Overall
distributions of metabolic outcomes in TWB, Table S9: Overall distributions of metabolic outcomes in UKB, Table
S510: Distributions of different metabolic conditions among subjects in TWB across quintiles of Hb-PRS, Table
S11: Distributions of different metabolic conditions among subjects in UKB across quintiles of Hb-PRS, Table
S12: Distributions of self-reported metabolic conditions among subjects in TWB across quintiles of Hb-PRS, Table
S13: Distributions of self-reported metabolic conditions among subjects in UKB across quintiles of Hb-PRS, Table
S14: Cases of metabolic conditions from hospital in-patient records of UKB subjects across quintiles of Hb-PRS,
Table S15: Odds ratios of metabolic syndrome across quintiles of Hb-PRS among Taiwanese HC and European
Whites, Table S16: Odds ratios of hypertension across quintiles of Hb-PRS among Taiwanese HC and European
Whites, Table S17: Odds ratios of dyslipidemia across quintiles of Hb-PRS among Taiwanese HC and European
Whites, Table S18: Odds ratios of central obesity across quintiles of Hb-PRS among Taiwanese HC and European
Whites, Table 519: Odds ratios of gout or hyperuricemia across quintiles of Hb-PRS among Taiwanese HC and
European Whites, Table S20: Odds ratios of diabetes or hyperglycemia across quintiles of Hb-PRS among
Taiwanese HC and European Whites, Table 521: Odds ratios of type 2 diabetes across quintiles of Hb-PRS among
Taiwanese HC and European Whites, Table S22: Sex-specific MR-Egger regressions of associations between iron
status and risks of metabolic outcomes among Taiwanese HC and European Whites, Table 523: Sex-specific MR-
Egger regressions of associations between iron status and metabolic traits among Taiwanese HC and European
Whites, Table 524: Odds ratios from sensitivity analyses of causal associations between MetS and quintiles of
Hb-PRS among Taiwanese HC and European Whites, Table S25: Odds ratios from sensitivity analyses of causal
associations between HTN and quintiles of Hb-PRS among Taiwanese HC and European Whites, Table 526:
Odds ratios from sensitivity analyses of causal associations between DLP and quintiles of Hb-PRS among
Taiwanese HC and European Whites, Table S27: Odds ratios from sensitivity analyses of causal associations
between GT or HUA and quintiles of Hb-PRS among Taiwanese HC and European Whites, Table S28: Odds
ratios from sensitivity analyses of causal associations between T2D or HGY and quintiles of Hb-PRS among
Taiwanese HC and European Whites, Table S29: Causal estimates from sensitivity analyses of associations
between genetically instrumented Hb concentration and metabolic traits among Taiwanese HC, Table S30:
Causal estimates from sensitivity analyses of associations between genetically instrumented Hb concentration
and metabolic traits among European Whites, Table S31: Odds ratios of anemia across quintiles of Hb-PRS
among Taiwanese HC and European Whites, Figure S1: Overlay histograms of sex-specific Hb-PRSs and
scatterplots of sex-specific Hb-PRSs against Hb concentration among Taiwanese HC of TWB and European
Whites of UKB, Figure S2: Sex-specific MR-Egger plots of SNP-outcome estimates against SNP-exposure
estimates for binary metabolic outcomes among Taiwanese HC, Figure S3: Sex-specific MR-Egger plots of SNP-
outcome estimates against SNP-exposure estimates for binary metabolic outcomes among European Whites,
Figure S4: Sex-specific MR-Egger plots of SNP-outcome estimates against SNP-exposure estimates for
quantitative metabolic traits among Taiwanese HC, Figure S5: Sex-specific MR-Egger plots of SNP-outcome
estimates against SNP-exposure estimates for quantitative metabolic traits among European Whites, Figure Sé:
Comparison of OR plots between main MR and sensitivity analyses among Taiwanese HC, depicting causal
roles of iron status on MetS and other metabolic outcomes, Figure S7: Comparison of OR plots between main
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metabolic outcomes.
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