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ORIGINAL RESEARCH

Iron Status and Risk of Heart Disease, 
Stroke, and Diabetes: A Mendelian 
Randomization Study in European Adults
Yunan Liu , PhD; Robert Clarke , MD; Derrick A. Bennett , PhD; Geng Zong , PhD; Wei Gan , PhD

BACKGROUND: The relevance of iron status biomarkers for coronary artery disease (CAD), heart failure (HF), ischemic stroke (IS), 
and type 2 diabetes (T2D) is uncertain. We compared the observational and Mendelian randomization (MR) analyses of iron 
status biomarkers and hemoglobin with these diseases.

METHODS AND RESULTS: Observational analyses of hemoglobin were compared with genetically predicted hemoglobin with car-
diovascular diseases and diabetes in the UK Biobank. Iron biomarkers included transferrin saturation, serum iron, ferritin, and 
total iron binding capacity. MR analyses assessed associations with CAD (CARDIOGRAMplusC4D [Coronary Artery Disease 
Genome Wide Replication and Meta- Analysis Plus The Coronary Artery Disease Genetics], n=181 522 cases), HF (HERMES 
[Heart Failure Molecular Epidemiology for Therapeutic Targets), n=115 150 cases), IS (GIGASTROKE, n=62 100 cases), and 
T2D (DIAMANTE [Diabetes Meta- Analysis of Trans- Ethnic Association Studies], n=80 154 cases) genome- wide consortia. 
Observational analyses demonstrated J- shaped associations of hemoglobin with CAD, HF, IS, and T2D. In contrast, MR 
analyses demonstrated linear positive associations of higher genetically predicted hemoglobin levels with 8% higher risk per 
1 SD higher hemoglobin for CAD, 10% to 13% for diabetes, but not with IS or HF in UK Biobank. Bidirectional MR analyses 
confirmed the causal relevance of iron biomarkers for hemoglobin. Further MR analyses in global consortia demonstrated 
modest protective effects of iron biomarkers for CAD (7%–14% lower risk for 1 SD higher levels of iron biomarkers), adverse 
effects for T2D, but no associations with IS or HF.

CONCLUSIONS: Higher levels of iron biomarkers were protective for CAD, had adverse effects on T2D, but had no effects on 
IS or HF. Randomized trials are now required to assess effects of iron supplements on risk of CAD in high- risk older people.

Key Words: coronary artery disease ■ heart failure ■ hemoglobin ■ iron status ■ ischemic stroke ■ type 2 diabetes

Iron deficiency is a common nutritional deficiency 
worldwide that preferentially affects women, older 
people, and low- income populations.1 Iron overload 

is a less common problem that chiefly affects men and 
people of Celtic ancestry in which excess iron is de-
posited in multiple organs, such as the heart, liver, or 
pancreas.2,3 Previous studies reported higher risks of 
cardiometabolic diseases (CMD) associated with iron 
status outside the normal range.4–19 Moreover, iron 
deficiency is a therapeutic target for the treatment of 

patients with heart failure with reduced ejection frac-
tion.20–24 Given the fact that there is no consensus on 
the optimum biomarkers for assessing iron status and 
its effects on health outcomes,25,26 it is important to 
assess the levels of iron status by multiple biomark-
ers27,28 and explore their associations with CMD and 
other selected diseases.

Most of the body stores of iron are located in he-
moglobin within circulating erythrocytes, where their 
primary role is to transport oxygen to body tissues.1 
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Previous observational studies have examined as-
sociations of hemoglobin levels with CMD and other 
diseases,4–12 but their results have been inconsistent, 
ranging from null to positive, linear, and nonlinear (U- 
shaped or J- shaped) relationships, in addition to differ-
ences by sex. Moreover, few studies have explored the 
strength of associations of hemoglobin levels and iron 
biomarkers with CMD,29 in addition to their causal rel-
evance using linear and nonlinear Mendelian random-
ization (MR) analyses in the same study.30,31

In contrast to other well- established iron status bio-
markers such as transferrin saturation (TSAT), serum 
iron, ferritin, and total iron binding capacity (TIBC), 
hemoglobin has been more extensively examined in 
large- scale cohort studies. The UK Biobank (UKB), 
with detailed data collected by questionnaire and 

health outcomes in relation to hemoglobin levels and 
genetic data,32 affords a unique opportunity to con-
duct observational and genetic analyses of iron status 
markers and hemoglobin levels with disease outcomes. 
Assessing the causal relevance of these associations 
could guide the design of large- scale randomized trials 
to assess the effects of iron supplements on the risk of 
coronary artery disease (CAD), heart failure (HF), isch-
emic stroke (IS), and type 2 diabetes (T2D).

The aims of this study were to (1) examine the ob-
servational associations of hemoglobin with CMD in 
UKB; (2) assess the shape and strength of associa-
tions of hemoglobin with CMD using linear and non-
linear 1- sample MR analyses in UKB; (3) compare the 
genetic associations of iron status markers (including 
TSAT, serum iron, ferritin, and TIBC) with hemoglo-
bin; and (4) investigate the associations of iron status 
markers with CAD, HF, IS, and T2D through 2- sample 
MR analyses using summary data from published 
genome- wide consortia. Additional analyses included 
phenome- wide associations (PheWAS) of genetically 
predicted differences in hemoglobin with a wide range 
of disease outcomes in UKB and sex- specific analyses 
of observational and genetic associations of hemoglo-
bin with CMD in UKB.

METHODS
Study Population
The study design and methods used in UKB have 
been previously reported.32–34 In brief, UKB is a pro-
spective study of over 500 000 participants, aged 37 to 
73 years when recruited from 22 assessment centers in 
the United Kingdom between 2006 and 2010 (Table 1; 
Figure  S1; Table  S1). Participants provided informa-
tion on their health and lifestyle using questionnaires 
supplemented by interviews and had physical meas-
urements recorded and blood samples collected for 
biochemical and genetic measurements.32–34 Among 
the 502 507 participants in the UKB, we excluded in-
dividuals who reported current use of iron supple-
ments (n=115 035), or who withdrew from the study 
(n=99), or had missing data on hemoglobin (n=24 331), 
leaving 368 406 participants for the present analyses 
(Table 1). Ethics approval for UKB was provided by the 
National Information Governance Board for Health and 
Social Care and the National Health Service North West 
Multicenter Research Ethics Committee (REC refer-
ence: 11/NW/03820). All participants provided written 
informed consent.

Ascertainment of Exposures and 
Outcomes
Among samples collected at recruitment, hemo-
globin concentrations (Field ID 30020, mg/dL) were 

CLINICAL PERSPECTIVE

What Is New?
• Higher levels of genetically predicted iron sta-

tus biomarkers were inversely associated with 
coronary artery disease (7%–14% lower risk for 
1 SD higher iron status biomarkers), positively 
associated with diabetes, but there was no evi-
dence of any associations with ischemic stroke 
or heart failure.

What Are the Clinical Implications?
• Mendelian randomization analyses demon-

strated modest protective effects of higher iron 
status biomarkers for coronary artery disease, 
adverse effects for type 2 diabetes, and no sup-
port from Mendelian randomization for heart 
failure or ischemic stroke.

• The results could guide the design of large- 
scale randomized trials of iron supplements in 
high- risk older people for prevention of coro-
nary artery disease.

Nonstandard Abbreviations and Acronyms

CMD cardiometabolic diseases
GRS genetic risk score
IS ischemic stroke
LAGE localized average causal effects
MR Mendelian randomization
PheWAS phenome- wide associations
T2D type 2 diabetes
TIBC total iron binding capacity
TSAT transferrin saturation
UKB UK Biobank
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measured in EDTA- vacutainers using the Sysmex XN- 
1000 hematology analyzer at the laboratory of the UK 
Biocenter (https:// bioba nk. ctsu. ox. ac. uk/ cryst al/ cryst 
al/ docs/ haema tology. pdf).35,36 The primary outcomes 
included incident cases of CAD, HF, IS, and T2D, which 
were identified through linkage to Hospital Episodes 
Statistics and mortality data, with diagnostic criteria 
defined by the International Classification of Diseases, 
Ninth Revision (ICD- 9) and Tenth Revision (ICD- 10) 
codes (Table S2). Data from UKB are available to bona 

fide researchers on application to https:// www. ukbio 
bank. ac. uk. Data from other genetic consortia are also 
available on application to the relevant consortia.

Statistical Analysis
Observational Analyses of Hemoglobin With 
CMD

Logistic regression was used to estimate the odds ra-
tios (OR) and their 95% CIs for CAD, HF, IS, and T2D 

Table 1. Baseline Characteristics of Participants in the Observational Analysis in UK Biobank, by Sex

Men Women All

Number of participants 177 535 (48.2) 190 871 (51.8) 368 406

Demographic factors

Age, y 56.8 (8.2) 56.5 (8.0) 56.6 (8.1)

Race, White, % 167 472 (94.3) 181 554 (95.1) 349 026 (94.7)

Socioeconomic deprivation tertiles

1 (least deprived) 59 105 (33.3) 63 690 (33.4) 122 795 (33.3)

2 58 231 (32.8) 64 573 (33.8) 122 804 (33.3)

3 (most deprived) 60 199 (33.9) 62 608 (32.8) 122 807 (33.3)

Education, university/college, % 59 133 (33.3) 57 582 (30.2) 116 715 (31.7)

Lifestyle factors

Current smoker, % 22 444 (12.6) 17 366 (9.1) 39 810 (10.8)

Current drinker, % 166 031 (93.5) 172 515 (90.4) 338 546 (91.9)

Postmenopausal (Yes in women), % … 116 375 (61.0) 116 375 (31.6)

Physical activity, metabolic equivalent of task, h/week 29.8 (13.2, 61.5) 28.0 (12.9, 55.6) 29.0 (13.0, 58.8)

Family history of diseases, N (%)

Family history of cardiovascular disease 124 389 (70.1) 145 489 (76.2) 269 878 (73.3)

Family history of diabetes 36 514 (20.6) 42 879 (22.5) 79 393 (21.6)

Medical history, N (%)

Use of antihypertensive drugs 44 920 (25.3) 35 045 (18.4) 79 965 (21.7)

Use of cholesterol- lowering drugs 41 536 (23.4) 25 334 (13.3) 66 870 (18.2)

Baseline coronary artery disease 15 160 (8.5) 6399 (3.4) 21 559 (5.9)

Baseline ischemic stroke 702 (0.4) 306 (0.2) 1008 (0.3)

Baseline heart failure 1454 (0.8) 465 (0.2) 1919 (0.5)

Baseline type 2 diabetes 11 665 (6.6) 6351 (3.3) 18 016 (4.9)

Clinical measurements

Body mass index, kg/m2 27.9 (4.2) 27.2 (5.2) 27.5 (4.8)

Waist circumference, cm 97.1 (11.3) 84.9 (12.6) 90.8 (13.5)

Waist- to- hip ratio 0.93 (0.89, 0.98) 0.81 (0.77, 0.86) 0.88 (0.81, 0.94)

Systolic blood pressure, mm Hg 141.1 (17.5) 135.7 (19.2) 138.3 (18.6)

Diastolic blood pressure, mm Hg 84.2 (10.0) 80.8 (10.0) 82.4 (10.1)

Random glucose, mmol/L 4.95 (4.60, 5.36) 4.91 (4.60, 5.28) 4.93 (4.60, 5.32)

Hemoglobin A1c, % 5.38 (5.15, 5.65) 5.37 (5.15, 5.61) 5.38 (5.15, 5.63)

Hemoglobin, mg/dL 15.0 (14.4, 15.7) 13.5 (12.9, 14.1) 14.2 (13.4, 15.1)

High- density lipoprotein cholesterol, mmol/L 1.28 (0.31) 1.59 (0.38) 1.44 (0.38)

Low- density lipoprotein cholesterol, mmol/L 3.47 (0.87) 3.63 (0.87) 3.56 (0.87)

Triglycerides, mmol/L 1.69 (1.18, 2.44) 1.34 (0.97, 1.90) 1.49 (1.05, 2.16)

Total cholesterol, mmol/L 5.48 (1.14) 5.88 (1.13) 5.69 (1.15)

C- reactive protein, mg/L 1.29 (0.67, 2.56) 1.40 (0.66, 3.01) 1.34 (0.66, 2.78)

Values are shown as numbers (percentages) for categorical variables and means (SD) or median (interquartile range) for continuous variables.

https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/haematology.pdf
https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/haematology.pdf
https://www.ukbiobank.ac.uk
https://www.ukbiobank.ac.uk
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in individuals who were free of cardiovascular disease 
(CVD) or diabetes at baseline. All analyses were ad-
justed for age, sex, ethnicity, education, socioeconomic 
status, family history of CVD/diabetes, smoking sta-
tus, alcohol intake, physical activity, body mass index, 
baseline diabetes, medication use, systolic blood pres-
sure, and triglycerides where appropriate. Townsend 
Deprivation Index was used as an area- based proxy 
measure for socioeconomic status, with lower levels 
indicating higher socioeconomic status.37 Body mass 
index was calculated by dividing body weight in kilo-
grams by the square of height in meters (kg/m2).

Cubic spline curves38 were used to assess the 
shape of the associations of hemoglobin levels with in-
cident disease outcomes. Nonlinearity was evaluated 
using a Wald test.38 All analyses were stratified by sex 
and any heterogeneity by sex was assessed using a 
Cochran’s Q test.39

Genetic Analyses

Genetic analyses in UKB were restricted to individuals 
of White- British descent, and individuals were excluded 
if they were related to each other (third- degree rela-
tives or closer), had mismatched information between 
self- reported and genetic sex, had missing values and 
outliers for hemoglobin levels, or had missing data for 
any of the covariates, resulting in 331 964 participants 
for the present analysis (Figure S1; Table S1).

MR Analyses of Hemoglobin With CMD

In linear MR analysis, we generated a weighted genetic 
risk score (GRS) consisting of 532 single- nucleotide var-
iant (SNVs, instrument strength: F- statistics=22335.7, 
R2=13%), derived from a recent genome- wide asso-
ciation study (GWAS) of 563 085 European ancestry 
participants,40 as an instrumental variable for blood 
hemoglobin concentrations (Tables  S3 and S4). A 
2- stage least squares analysis was performed to as-
sess the associations of genetically predicted hemo-
globin levels with prevalent and incident CAD, HF, IS, 
and T2D. Both stages of the least square regression 
were adjusted for age, sex, assessment centers, top 
10 principal components, and genotyping array. To 
assess the consistency of results, an independent set 
of instrumental variables (140 SNVs reported by Astle 
et  al.41 F- statistics=12934.7, R2=7%) and 2- sample 
MR were conducted using summary data from the 
most recent publicly available genome- wide consor-
tia: CARDIOGRAMplusC4D (Coronary Artery Disease 
Genome Wide Replication and Meta- Analysis Plus 
the Coronary Artery Disease Genetics), HERMES 
(Heart Failure Molecular Epidemiology for Therapeutic 

Targets), GIGASTROKE, and DIAMANTE (Diabetes 
Meta- Analysis of Trans- Ethnic Association Studies).

We used nonlinear MR30,42 with fractional polyno-
mials to assess the nonlinear associations of genet-
ically determined hemoglobin levels with CMD. First, 
the study participants were categorized into 4 strata 
according to the residual levels of hemoglobin after 
regressing on the GRS of hemoglobin. Second, we 
calculated the localized average causal effects within 
each stratum, which are the ratio of coefficients of the 
GRS- hemoglobin–outcome association to those of 
the GRS- hemoglobin–hemoglobin association. Third, 
these the localized average causal effects estimates 
were meta- regressed against the mean levels of he-
moglobin in each stratum by fitting fractional polyno-
mial exposure–outcome models. Maximum likelihood 
estimates of model parameters were obtained among 
all possible fractional polynomial models using 1 or 2 
degrees of freedom and the likelihood ratio test statis-
tic was used to select the best- fitting models. P values 
from the quadratic test and Cochran’s Q test were re-
ported for nonlinearity.

For 1- sample and nonlinear MR analyses, we 
performed sex- stratified analyses in UKB to explore 
whether the effect of hemoglobin on CMD differed by 
sex using Cochran’s Q test for heterogeneity. All sta-
tistical analyses were performed in R (version 3.6.3), 
in addition to Plink (version 2.0) software for the GRS 
calculation and the “nlmr” package for nonlinear MR 
analysis.

PheWAS of Hemoglobin With Multiple Diseases

Among the 331 964 participants who passed quality 
control, we conducted a PheWAS43 to examine the 
associations of GRS- hemoglobin with a range of dis-
eases using PHESANT.44 All disease outcomes were 
obtained from the first occurrence of each disease 
(Category 1712) in UKB that were derived from hospi-
tal inpatient records, death registers, disease registers, 
and self- reported health conditions. We restricted anal-
yses to diseases involving more than 1000 cases (377 
diseases) and used multivariable logistic regression to 
assess associations with diseases after adjusting for 
age, sex, assessment center, top 10 principal com-
ponents of ancestry, and genotyping array for study 
participants. Power calculations for PheWAS analysis45 
suggested that a sample size of 1000 cases had 80% 
power to detect an OR of 1.25 or 0.76 for any disease 
outcome. We also performed sex- specific PheWAS 
analyses using a threshold of 500 cases, leaving 319 
and 376 diseases in men and women, respectively. All 
statistical tests were 2- sided and corrected for multiple 
testing using a 5% false discovery rate.46
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MR Analyses of Iron Status Biomarkers With 
Hemoglobin and CMD

We selected the SNVs independently contributing to 4 
biomarkers of iron status: TSAT (12 SNVs, N=131 471, 
F- statistics [R2]=8157.8 [6%]), serum iron (16 SNVs, 
N=163 511, F- statistics [R2]=6412.2 [4%]), ferritin (42 
SNVs, N=246 139, F- statistics [R2]=5981.0 [2%]), and 
TIBC (16 SNVs, N=135 430, F- statistics [R2]=12989.5 
[9%]), based on recent GWAS47 (Tables  S4 and S5). 
For SNVs associated with iron status biomarkers, we 
retrieved GWAS summary statistics from outcome 
data sets obtained from publicly available genetic 
databases, for CAD using CARDIOGRAMplusC4D 
(N=181 522 cases),48 HF using HERMES (N=115 150 
cases),49 IS using GIGASTROKE (N=62 100 cases),50 
and T2D using DIAMANTE (N=80 154 cases),51 and for 
cardiovascular risk factors using other publicly genetic 
databases. Additional details of data sets included in 
the analysis are provided in Table S6.

Before implementing the conventional MR anal-
yses, we estimated genetic correlation (Rg) for iron 
markers with hemoglobin, CMD, and cardiometabolic 
risk factors (Figures S2 and S3), to evaluate the shared 
genetic background among these phenotypes. Rg was 
estimated by using a range of publicly available GWAS 
summary statistics through the - rg option of linkage 
disequilibrium score regression52–54 (https:// github. 
com/ bulik/  ldsc), with the values > or <0 indicating pos-
itive or negative correlations, respectively.

The inverse- variance weighted method was used to 
estimate the associations of iron markers with hemo-
globin and CMD, respectively, which were accessed 
by regression of the SNV- outcome (ie, hemoglobin, 
CAD, and HF) associations on the SNV- exposure (4 
iron markers) associations. Sensitivity analyses investi-
gated the possible relevance of directional (unbalanced 
horizontal) pleiotropic effects: (1) MR- Egger provides a 
statistical test for the presence of pleiotropic effects 
due to aggregation of invalid genetic instruments, as-
suming absence of dose–response confounding of 
SNVs through pleiotropic pathways55; (2) weighted me-
dian MR should provide a valid causal effect estimate 
if more than 50% of the information were derived from 
the genetic instrumental variables56; and (3) the model- 
based estimate is consistent when the largest subset 
of individual- instruments which identify the causal ef-
fect are valid instruments.57

For iron markers–hemoglobin association, bidirec-
tional MR analyses were conducted to check whether 
genetically predicted differences in iron status bio-
markers were associated with hemoglobin concentra-
tions and vice versa. To identify the role of established 
risk factors that potentially mediate the associations of 
iron status biomarkers with CMD, we further explored 
whether genetic predisposition for higher iron status 

was associated with higher levels of cardiometabolic 
risk factors (Table S6), including anthropometric mea-
surements (ie, body mass index, waist circumference, 
waist- to- hip ratio, birth weight, and height), glycemic 
traits (ie, fasting glucose, fasting insulin, and hemoglo-
bin A1c), blood lipids (ie, low- density lipoprotein choles-
terol, high- density lipoprotein cholesterol, triglycerides, 
and total cholesterol), blood pressure traits (ie, systolic 
blood pressure, diastolic blood pressure, and pulse 
pressure), imaging phenotypes (ie, liver fat, liver iron 
measurement, and pancreas iron measurement), and 
other risk factors (ie, smoking status, educational at-
tainment, and C- reactive protein). All statistical anal-
yses were performed in R (version 3.6.3) using the 
“TwoSampleMR” package.58

RESULTS
The Central Illustration outlines the study design and 
key results of the 4 components of this study: (1) ob-
servational analyses of hemoglobin with CMD in UKB; 
(2) MR analyses of genetically predicted hemoglobin 
with disease outcomes in UKB; (3) MR analyses of ge-
netically predicted iron with hemoglobin; and (4) MR 
analyses of genetically predicted iron with CAD, HF, IS, 
and T2D in worldwide GWAS consortia.

Among the 368 406 participants included in the ob-
servational analyses in UKB (Table 1), the mean (SD) 
age of participants was 56.6 (8.1) years, and 51.8% 
were women. About 10.8% were current smokers, and 
91.9% were alcohol drinkers, respectively. The median 
(interquartile range) hemoglobin concentration was 
15.0 (14.4, 15.7) mg/dL in men and 13.5 (12.9, 14.1) 
mg/dL in women. The characteristics of individuals in 
the genetic analyses (Table S1) were comparable with 
those in the observational analyses in UKB.

Observational and Genetic Associations 
of Hemoglobin With CMD
The observational analyses in Figure 1 demonstrated 
U- shaped associations of hemoglobin levels with 
CAD, wherein both lower and higher levels of hemo-
globin were each associated with higher risks of CAD 
(reference level 14 mg/dL). However, there was no evi-
dence of nonlinearity in the MR analyses (Cochran Q 
P=0.853, quadratic test P=0.703, Table  S7). For the 
associations of hemoglobin with HF and IS, the asso-
ciations were L- shaped (leveling off at about 14 mg/dL 
and increasing slightly after 16 mg/dL) and U- shaped in 
the observational analyses, but no significant associa-
tion, in addition to nonlinear associations in the genetic 
analyses. For hemoglobin–T2D relationship, both con-
ventional and genetic analyses demonstrated positive 
associations whereby higher levels of hemoglobin were 

https://github.com/bulik/ldsc
https://github.com/bulik/ldsc
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associated with T2D at hemoglobin levels ≥14 mg/dL. 
No significant linear association was observed with 
hemoglobin levels <14 mg/dL in the observational anal-
yses, but a modest protective effect was found in the 
genetic analyses (Cochran Q P=0.065, quadratic test 
P=0.177 in MR analysis, Table S7). Overall, there was 
no evidence of nonlinear associations of hemoglobin 
with either CAD, HF, IS, or T2D in the overall popula-
tion, with concordant associations obtained from linear 
2- sample MR analysis (Table S8).

The results from sex- stratified analyses were com-
parable with those obtained for the overall population 
(Figures S4 and S5; Tables S9 and S10), with the ex-
ception of the stronger associations of hemoglobin 
with CAD in men and the potential nonlinear associa-
tion of hemoglobin- T2D in women in the MR analyses 
(Cochran Q P=0.030, quadratic test P=0.027).

Genetic Associations of Hemoglobin With 
Multiple Diseases
In PheWAS analyses (Figure  2), we investigated the 
associations of GRS- hemoglobin with 377 diseases 
in UKB after correction for multiple testing. Strong as-
sociations of genetically predicted higher hemoglobin 
levels were associated with iron deficiency anemia, 
other causes of anemia, and disorders of mineral me-
tabolism, with ORs of 0.90 (95% CI, 0.89–0.92), 0.88 
(95% CI, 0.86–0.89), and 1.23 (95% CI, 1.18–1.27), re-
spectively. Moreover, 1 SD higher levels of hemoglobin 

were associated with 3% to 12% higher risks of acute 
myocardial infarction, hypertension, diabetes, disor-
ders of porphyrin and bilirubin metabolism, fibrosis 
and cirrhosis of liver, duodenal ulcer, and psoriasis. 
Sex- specific PheWAS results are shown separately in 
Figures S6 and S7 for men and women, respectively 
(>500 cases), with 11 out of 319 diseases and 8 out of 
376 diseases exceeding thresholds for multiple- testing 
correction.

MR Analyses of Iron Status Biomarkers 
With Hemoglobin
Table 2 shows that using all iron biomarkers, genetically 
predicted higher iron status was associated with higher 
levels of hemoglobin, with an increase of 0.37 (95% CI, 
0.20–0.54) mg/dL for TSAT, 0.49 (95% CI, 0.30–0.67) 
mg/dL for serum iron, 0.51 (95% CI, 0.26–0.76) mg/dL 
for ferritin, and −0.16 (95% CI, −0.34 to 0.02) mg/dL for 
TIBC (reflecting lower systemic iron) obtained from an 
inverse- variance weighted MR method. Table S11 pre-
sents the results of additional bi- directional MR analy-
ses for genetically predicted hemoglobin levels with 
each iron biomarker.

MR Analyses of Iron Status Biomarkers 
With CMD
Figure  3 shows the results of MR analysis for iron 
markers with CMD, which are reported as ORs per 1 

Figure 1. Associations of hemoglobin with coronary artery disease, heart failure, ischemic stroke, and type 2 diabetes in 
UK Biobank.
Associations of hemoglobin with coronary artery disease, heart failure, ischemic stroke, and type 2 diabetes were obtained from 
conventional analyses and nonlinear Mendelian randomization analyses in UK Biobank. GRS indicates genetic risk score.
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SD higher level of each iron status biomarker. There 
were modest inverse associations of genetically pre-
dicted higher iron status biomarkers with CAD, with 
ORs of 0.93 (95% CI, 0.88–0.98) for TSAT, 0.91 (95% 
CI, 0.83–0.99) for serum iron, 0.86 (95% CI, 0.77–0.96) 
for (log- transformed) ferritin, and 1.04 (95% CI, 0.96–
1.12) for TIBC (reflecting lower systemic iron). In con-
trast, we found adverse effects of higher levels of iron 
status with 7% higher risks of T2D per 1 SD higher 
level of TSAT but not for other iron status biomarkers. 
There was no evidence of associations of iron status 
markers with HF or IS or with other CVD outcomes 
(Table  S12). Sensitivity analyses using different ana-
lytical methods or different sets of SNVs demonstrated 
consistent results with the overall analyses (Tables S13 
through S15).

For the associations of iron markers with cardiomet-
abolic risk factors, Tables S16 through S18 show that a 
1 SD higher level of iron status biomarkers was associ-
ated with higher levels of waist circumference, height, 
triglycerides, diastolic blood pressure, estimated glo-
merular filtration rate, and C- reactive protein and lower 

levels of hemoglobin A1c, LDL, and total cholesterol, 
respectively.

Sex- Specific Associations of Hemoglobin 
With CMD
Figure 4 shows that higher levels of hemoglobin were 
associated with lower risks of CAD in women in the 
observational analyses, but genetic analyses from 
1- sample MR analyses did not provide support for the 
causal relevance of such associations. In addition, a 1 
SD higher genetically predicted hemoglobin was as-
sociated with 8% higher risks of CAD in men (OR, 1.08 
[95% CI, 1.04–1.13]). There was evidence of heteroge-
neity by sex for hemoglobin- CAD associations in the 
genetic analyses (P for heterogeneity 0.003). For the 
hemoglobin- HF relationship, strong inverse associa-
tions were observed in both men and women in the 
observational analyses but not in the genetic analyses. 
The findings from both observational and genetic anal-
yses were consistent with hemoglobin associations 
with T2D, showing 10% to 12% and 10% to 13% higher 

Figure 2. Associations of a genetic risk score for hemoglobin with different 
disease outcomes in UK Biobank.
Odds ratios obtained from PheWAS represent the estimates for the effect of 1- unit higher 
genetic risk scores for hemoglobin (GRS- hemoglobin), after adjusting for age, sex, center, 
genotyping array, and genetic principal components (the first 10 principal components). 
Analyses were restricted to outcomes with greater than 1000 cases (377 diseases) and 
showed the associations that survived from the multiple testing. International Classification 
of Diseases, Tenth Revision codes were also shown in the parentheses for each outcome. 
Error bars represent 95% CIs. All statistical tests were 2- sided, following a correction for 
multiple testing using a strategy controlling for the false discovery rate. GRS indicates 
genetic risk score; and PheWAS, phenome- wide associations.
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risks per 1 SD higher hemoglobin, respectively, in both 
men and women. There were no significant associa-
tions for hemoglobin with IS in the observational analy-
ses. However, we found a potential protective effect of 
hemoglobin on IS in women only (OR, 0.86 [95% CI, 
0.74–1.01]), with P for heterogeneity by sex of 0.039 in 
the genetic analyses.

DISCUSSION
In this large study of UKB and worldwide GWAS con-
sortia, we observed linear positive associations of 
higher genetically predicted hemoglobin with risk for 
CAD and T2D but found no evidence of any associa-
tions with HF or IS. However, MR analyses of iron status 
biomarkers demonstrated that 1 SD higher genetically 
instrumented levels of iron status were associated with 
10% lower risks of CAD but higher risks of T2D.

This is the first study to assess both the shape and 
strength of associations of hemoglobin with CMD, 
in addition to assessing possible heterogeneity by 
sex using both observational and genetic analyses. 
Previous observational studies of hemoglobin concen-
trations with disease outcomes in diverse populations 
have reported conflicting associations with CVD,4–8,10,11 
dementia,12 and all- cause mortality.5,9 The Korean 
Heart Study involving 407 858 participants,8 reported 
that men with lower or higher hemoglobin levels had 
higher risks of total CVD, coronary heart disease, and 
stroke, and higher risk of total CVD related to higher 
hemoglobin only in women. The REGARDS (Reasons 
for Geographical and Racial Differences in Stroke) 
study of 16 332 participants4 reported higher risks of 
coronary heart disease in both the lowest and highest 
quintiles of hemoglobin without any differential effects 

by sex, whereas in a separate report by Panwar et al,6 
there was a U- shaped association of hemoglobin with 
incident stroke in women only. Among the few studies 
that explored possible causality, Wang et al29 reported 
that higher genetically determined hemoglobin levels 
were associated with higher risks of CAD, but they did 
not assess effects on other diseases. In the present 
study, higher genetically determined hemoglobin lev-
els were associated with higher risks of CAD and T2D 
but not with HF and IS. Moreover, the present study 
reported heterogeneity in hemoglobin- CAD associa-
tions, by sex (Pinteraction <0.05, male only). The genetic 
associations of hemoglobin with CVD outcomes were 
more likely to be linear than the observational analyses, 
perhaps reflecting incomplete control of confounding 
or reverse causality due to smoking, kidney function, 
chronic obstructive pulmonary disease, and other clin-
ical or subclinical diseases in the observational analy-
ses.59–64 Consistent with previous studies, the present 
study suggested additional potential targets for higher 
genetically predicted hemoglobin, including hyperten-
sion59–62 and liver disease,63,64 but these associations 
will require further investigation.

In addition to hemoglobin concentrations, the present 
study also evaluated the causal relevance and strength 
of associations of iron status biomarkers with CAD, 
stroke, T2D, and HF. A meta- analysis of 17 studies19 con-
ducted before 2014, involving 9236 cases of coronary 
heart disease and 156 427 participants, demonstrated 
an inverse association of TSAT and coronary heart dis-
ease, and no such associations were found for serum 
iron, ferritin, and TIBC. Moreover, previous MR studies 
reported that higher genetically predicted iron status, 
instrumented by 3 loci obtained from the Genetics of 
Iron Status consortium involving 48 972 participants,65 
were associated with lower risk for CAD66,67 and higher 

Table 2. Causal Effects of a 1 SD Higher Plasma Level of Iron Biomarkers on Hemoglobin Concentrations

MR method

Transferrin saturation 
(n=131 471)

Serum iron  
(n=163 511)

Serum ferritin  
(n=246 139)

Total iron binding capacity 
(n=135 430)

SNP
Beta (95% 
CI) P SNP

Beta (95% 
CI) P SNP

Beta (95% 
CI) P SNP

Beta (95% 
CI) P

Inverse variance 
weighted

10 0.37 (0.20 to 
0.54)

1.5×10−5 14 0.49 (0.30 
to 0.67)

2.1×10−7 37 0.51 (0.26 
to 0.76)

7.9×10−5 15 −0.16 (−0.34 
to 0.02)

0.077

Weighted median 10 0.41 (0.36 to 
0.45)

1.2×10−73 14 0.60 (0.56 
to 0.64)

2.7×10−200 37 0.16 (0.09 
to 0.24)

9.0×10−6 15 −0.08 (−0.14 
to −0.02)

0.007

Weighted mode 10 0.44 (0.41 to 
0.47)

3.0×10−10 14 0.59 (0.56 
to 0.63)

8.4×10−14 37 0.13 (0.06 
to 0.20)

8.3×10−4 15 −0.07 (−0.10 
to −0.03)

2.6×10−3

MR Egger 10 0.48 (0.25 to 
0.71)

3.5×10−3 14 0.66 (0.41 
to 0.90)

2.0×10−4 37 0.72 (0.26 
to 1.18)

4.4×10−3 15 −0.16 (−0.40 
to 0.08)

0.214

Egger intercept −0.02 (−0.05 
to 0.01)

0.223 −0.02 
(−0.04 to 
0.00)

0.088 −0.01 
(−0.03 to 
0.01)

0.294 −0.00 (−0.04 
to 0.03)

0.948

Estimates represent the effect of a 1- SD increase in levels of transferrin saturation, serum iron, log- transformed serum ferritin, and total iron binding capacity 
on hemoglobin. MR was implemented through the “TwoSampleMR” package in R- version 3.6.3. The F- statistics (R2) of iron markers were 8157.8 (0.06) for 
transferrin saturation (12 SNVs), 6412.2 (0.04) for serum iron (16 SNVs), 5981.0 (0.02) for serum ferritin (42 SNVs), and 12989.5 (0.09) for total iron binding 
capacity (16 SNVs), respectively. MR indicates Mendelian randomization; and SNV single- nucleotide variant.
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risk for stroke68 and T2D.69 Using the latest summary 
results of genetic studies that yielded 62 independent 
variants associated with iron status biomarkers at 56 
loci with sample sizes ranging from 131 471 to 246 139 
participants,47 the present study demonstrated modest 
protective effects of higher iron status for CAD, possible 
hazards for T2D, but no evidence of any associations 
with HF or IS.

Strengths and Limitations
This MR study assessed a broad panel of labora-
tory biomarkers of iron status (because no single 
biomarker provides all relevant information27,28) to de-
rive optimum instrumental variables for MR analyses. 
Bidirectional MR analyses provided support for the 
causal relevance of higher levels of hemoglobin with 

iron status biomarkers (TSAT, serum iron, ferritin, and 
TIBC). The study demonstrated the protective effects 
of higher iron biomarkers for CAD but adverse effects 
of higher hemoglobin on CAD. The reasons for these 
discrepant results are not fully understood but may re-
flect the effects of iron status markers on established 
CVD risk factors or direct effects of iron independent 
of hemoglobin. The analyses used linear and nonlinear 
MR methods30 to assess the shape and strength of 
the causal associations of hemoglobin with CAD and 
T2D in addition to PheWAS analyses43 to identify other 
possible targets of altered hemoglobin levels. The use 
of 2- sample MR analyses involving worldwide genetic 
consortia enhanced the statistical power of the pre-
sent study when compared with previous MR stud-
ies.70–78 However, the present study also had several 

Figure 3. Associations of genetically determined iron markers with coronary 
artery disease, heart failure, ischemic stroke, and type 2 diabetes.
Odds ratios represent the estimates for the effect of a 1- SD increase in levels of transferrin 
saturation, serum iron, log- transformed serum ferritin, and total iron binding capacity, 
respectively, on disease outcomes.
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limitations. The use of iron supplements was evaluated 
by self- reported questionnaires, which may have re-
sulted in some misclassification of iron use and pos-
sible bias in the results. Randomized trials are required 
to assess the effects of iron supplements on CVD in 
high- risk individuals (with stratification for use of mul-
tivitamins with or without added minerals). The de-
tailed phenotyping data available in UKB enabled the 
assessment of associations of genetically predicted 
hemoglobin with multiple diseases in PheWAS analy-
ses, but this could have introduced some misclassifi-
cation bias due to the differential case ascertainment 
derived from multiple sources. However, access to the 
large sample size in UKB, limiting PheWAS to a mini-
mum of 200 cases,45 and correction for multiple testing 
should have minimized the effects of chance findings. 
MR analyses could also be biased if there was plei-
otropy where variants influenced disease outcomes 
through pathways other than those mediated by iron 
biomarkers.79 However, results of sensitivity analyses 
using other statistical methods and different genetic 
instruments yielded concordant results with the main 
analyses. Hence, it is unlikely that pleiotropy could have 
influenced our results. MR studies using genetic instru-
ments approximate the average effects over the life 
course, so the strength and shape of the associations 
may not be comparable with the short- term effects of 
iron supplements on disease outcomes.79 To minimize 
the risk of possible bias due to population stratification, 

the present genetic analyses were restricted to partici-
pants of White- British descent. Although this limits the 
application of the findings for other ancestry popula-
tions, it does not affect the internal validity of the pre-
sent study findings.

CONCLUSIONS
This MR study demonstrated modest protective ef-
fects of higher levels of iron status biomarkers for 
CAD, possible hazards for T2D, but no evidence for 
any associations with HF or IS. The discrepant results 
of protective effects of higher iron status biomarkers 
for CAD, but adverse effects of higher hemoglobin, are 
unexplained, raising questions about the likely effects 
of iron supplements for the prevention of CAD. Large- 
scale randomized trials are required to assess the effi-
cacy and safety of iron supplements for the prevention 
of CAD in high- risk older adults, but trials of treatments 
with support from MR studies are much more likely to 
have a successful outcome.
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