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Abstract: The aim of this study was to examine the effects of habitual iron supplementation on
the risk of CKD in individuals with different hypertensive statuses and antihypertension treatment
statuses. We included a total of 427,939 participants in the UK Biobank study, who were free of
CKD and with complete data on blood pressure at baseline. Cox proportional hazards regression
models were used to examine the adjusted hazard ratios of habitual iron supplementation for CKD
risk. After multivariable adjustment, habitual iron supplementation was found to be associated
with a significantly higher risk of incident CKD in hypertensive participants (HR 1.12, 95% CI 1.02
to 1.22), particularly in those using antihypertensive medication (HR 1.21, 95% CI 1.08 to 1.35). In
contrast, there was no significant association either in normotensive participants (HR 1.06, 95% CI
0.94 to 1.20) or in hypertensive participants without antihypertensive medication (HR 1.02, 95%
CI 0.90 to 1.17). Consistently, significant multiplicative and additive interactions were observed
between habitual iron supplementation and antihypertensive medication on the risk of incident
CKD (p all interaction < 0.05). In conclusion, habitual iron supplementation was related to a higher
risk of incident CKD among hypertensive patients, the association might be driven by the use of
antihypertensive medication.

Keywords: chronic kidney disease; iron supplementation; hypertension; antihypertension medication

1. Introduction

Chronic kidney disease (CKD) is a growing global public health challenge [1], with
hypertension emerging as a predominant factor in both high-income and middle-income
countries [2,3]. Although the effect of impaired kidney function on iron homeostasis has
been established [4,5], the direct impact of iron deficiency or overload on the development
and progression of kidney disease is less explored and remains uncertain. Iron is an essen-
tial mineral for the maintenance of functional homeostasis in the human body [6–8], and
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the iron supplement is frequently used to prevent iron deficiency anemia [9,10]. Despite
the increasing use of mineral supplements, including iron supplements, in many European
countries [11], the benefits of dietary mineral supplements for non-communicable diseases
lack robust evidence [8,10,12]. Recent studies suggest that dietary or supplemental iron
overload may increase the risk of multiple health outcomes, including CKD and other
chronic diseases [13–18]. Moreover, animal experiments suggest that iron overload signif-
icantly contributes to CKD, possibly due to lipid peroxidation and pro-oxidative stress
caused by iron supplements [19–22]. However, there is a lack of large-scale epidemiologic
investigation on the association between habitual iron supplementation and CKD risk.

Hypertension is characterized by an upregulation of the angiotensin–aldosterone
system (RAAS) [23], with a high prevalence (>30%) in the global adult population [24,25].
The use of iron supplements would further increase renal injury due to oxidative stress and
hypoxia from iron overload [26,27] Cross-sectional studies have shown that elevated ferritin
concentrations, an indicator of iron overload, were positively associated with hypertension
risk [28], suggesting potential interactions between iron levels and hypertension. Moreover,
there are concerns about the potential nephrotoxic effects of iron supplements, especially
when taken in high dosages or in combination with conventional medications [29,30].
Identifying the link between habitual iron supplementation and CKD risk is of public
health importance. Further, it remains unclear whether heterogeneity in such a link exists
in the connections between iron supplements and CKD incidence among individuals with
different hypertensive or antihypertensive statuses.

To address these gaps in knowledge, we aimed to elucidate the connections between
habitual iron supplementation and CKD incidence among individuals with varying hy-
pertensive or antihypertensive statuses and explore whether the hypertensive or antihy-
pertensive statuses would modify the relationship between habitual iron supplementation
and CKD.

2. Materials and Methods
2.1. Study Cohort

The UK Biobank is a large prospective cohort study of 500,000 participants aged
40–69 years throughout the United Kingdom during 2006–2010. The study protocol has
been detailed in prior publications [31–33]. Participants contributed their health data
through touchscreen questionnaires and underwent physical measurements. Upon en-
rollment, blood, urine, and saliva samples were systematically gathered for subsequent
genotyping and biomarker analyses. The ethical approval of the UK Biobank was ob-
tained from the North West Multi-Centre Research Ethics Committee (London, UK), and
all participants provided written informed consent.

In the current study, we excluded the prevalent cases of CKD at baseline (n = 42,801),
individuals lacking data on systolic blood pressure (SBP) or diastolic blood pressure
(DBP) (n = 26,611), and those with incomplete information on the use of iron supple-
ments (n = 4891) (Figure 1). At last, a total of 427,939 participants were analyzed in the
present study.
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Figure 1. Flowchart of the participant inclusion in this study. Abbreviations: CKD = chronic kidney 
disease; eGFR = estimated glomerular filtration rate; UACR = urinary albumin–creatinine ratio; ICD-
10 = the international statistical classification of diseases and related health problems 10th revision. 

2.2. Ascertainment of Hypertension and Antihypertensive Medication Use 
Individuals classified with hypertension met at least one of the following criteria: (1) 

self-reported physician-diagnosed cases; (2) current use of antihypertensive medication; 
or (3) SBP ≥ 140 mmHg or DBP ≥ 90 mmHg [34]. After excluding missing data on antihy-
pertensive medication, hypertension was further divided into two categories based on 
medication use: hypertension with antihypertensive medication and hypertension with-
out antihypertensive medication. Information on antihypertensive medication was ob-
tained through the question “Do you regularly take any of the following medications?”. 
Men and women could choose multiple answers from a medication list that included 
blood pressure medication. Antihypertensive medication was scored as “0 = no” and “1 = 
yes”. 

2.3. Assessment of Iron Supplementation 
Based on the electronic questionnaire at baseline, the habitual iron supplementation 

of participants was assessed by asking the question “Do you regularly take any of the 
following?”, with a response list of supplements, including iron. Consistent with prior 
research [35,36], we categorized habitual iron supplementation as “0 = no” and “1 = yes”.  

2.4. Assessment of Chronic Kidney Disease 
The definition of incident CKD was based on the International Statistical Classifica-

tion of Diseases, 10th Revision (ICD-10) codes (N03, N06, N08, N11, N12, N13, N14, N15, 
N16, N18, N19, N20, and N21) in any primary care data, hospital inpatient data, and death 
register records. The date and cause of hospital admissions were obtained via linkage with 
the Hospital Episode Statistics for England, Scottish Morbidity Records for Scotland, and 
the Patient Episode Database for Wales.  

Figure 1. Flowchart of the participant inclusion in this study. Abbreviations: CKD = chronic kidney
disease; eGFR = estimated glomerular filtration rate; UACR = urinary albumin–creatinine ratio; ICD-
10 = the international statistical classification of diseases and related health problems 10th revision.

2.2. Ascertainment of Hypertension and Antihypertensive Medication Use

Individuals classified with hypertension met at least one of the following criteria:
(1) self-reported physician-diagnosed cases; (2) current use of antihypertensive medication;
or (3) SBP ≥ 140 mmHg or DBP ≥ 90 mmHg [34]. After excluding missing data on
antihypertensive medication, hypertension was further divided into two categories based
on medication use: hypertension with antihypertensive medication and hypertension
without antihypertensive medication. Information on antihypertensive medication was
obtained through the question “Do you regularly take any of the following medications?”.
Men and women could choose multiple answers from a medication list that included blood
pressure medication. Antihypertensive medication was scored as “0 = no” and “1 = yes”.

2.3. Assessment of Iron Supplementation

Based on the electronic questionnaire at baseline, the habitual iron supplementation
of participants was assessed by asking the question “Do you regularly take any of the
following?”, with a response list of supplements, including iron. Consistent with prior
research [35,36], we categorized habitual iron supplementation as “0 = no” and “1 = yes”.

2.4. Assessment of Chronic Kidney Disease

The definition of incident CKD was based on the International Statistical Classification
of Diseases, 10th Revision (ICD-10) codes (N03, N06, N08, N11, N12, N13, N14, N15, N16,
N18, N19, N20, and N21) in any primary care data, hospital inpatient data, and death
register records. The date and cause of hospital admissions were obtained via linkage with
the Hospital Episode Statistics for England, Scottish Morbidity Records for Scotland, and
the Patient Episode Database for Wales.

Prevalent cases of CKD were defined as an estimated glomerular filtration rate (eGFR)
< 60 mL/min per 1.73 m2 or a urinary albumin–creatinine ratio (UACR) > 30 mg/g at
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baseline [2,24,37] or identified through the listed ICD-10 codes recorded at recruitment.
The eGFR was estimated using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) [38,39].

2.5. Assessment of Covariates

We used information from the touchscreen questionnaire at recruitment to assess
several potential confounders: sociodemographic characteristics (age, sex, Townsend
deprivation index [TDI], and ethnicity), lifestyle factors (smoking status, alcohol drink-
ing status, other mineral supplementation, vitamin supplementation, physical activity,
and healthy diet), body mass index (BMI), aspirin use, comorbidities (anemia, diabetes,
and hypercholesterolemia).

Information on sociodemographic characteristics was collected from the central reg-
istry at recruitment and updated by the participants. According to the American Heart
Association recommendations on physical activity for health [40], we categorized partic-
ipants into three groups based on the time spent in moderate and vigorous activity in
minutes each week: inactive, insufficient, and active. A healthy diet was based on the
consumption of at least 4 of 7 commonly eaten food groups [41]. BMI was calculated as the
weight (kg) divided by height squared (m2). Additional details regarding covariates can be
found in the Methods section provided in the Supplementary Materials [42,43].

2.6. Statistical Analyses

The statistical description of baseline characteristics is presented as mean (standard
deviation) for continuous variables and the number (percentage) for categorical variables.
The t tests or χ2 tests were used to compare the difference between participants who used
iron supplements and those who did not in both hypertensives and normotensives at
baseline. Missing data of the covariates were replaced with median values for continuous
variables and marked as “missing” for categorical variables.

Multivariable Cox proportional hazards regression models were used to calculate
the adjusted hazard ratio (HR) and 95% confidence intervals (95% CI) for the association
between habitual iron supplementation and risk of CKD in individuals with different
hypertensive or antihypertensive statuses. The Schoenfeld residuals method was used to
test the proportional hazard assumption of the Cox models [44], and no violation of this
assumption was seen in our analyses. Three sets of models were used to adjust potential
confounders. In model 1, we adjusted for baseline age (years), sex (male or female), race
(White, Asian, Black, mix, or others), and the TDI (continuous). Model 2 further adjusted
for alcohol drinking status (never drinking, former drinking, or current drinking), smoking
status (never smoker, former smoker, or current smoker), vitamin supplementation (yes or
no), other mineral supplementation (yes or no), physical activity (inactive, insufficient, or
active), healthy diet (yes or no), BMI (continuous), and aspirin use (yes or no). In model 3,
additional adjustments were made for the presence of anemia (yes or no), diabetes (yes or
no), and hypercholesterolemia (yes or no).

To examine how habitual iron supplementation affects CKD risk in individuals with
different hypertensive and antihypertensive statuses, we tested the multiplicative and
additive interactions. The multiplicative interactions were tested using the likelihood ratio
test by including an additional product term in the models. According to Rothman [45], the
interactions on an additive scale were calculated using relative risks, including the relative
excess risk due to interaction (RERI), the attributable proportion (AP), and the synergy
index (SI). An absence of additive interaction would be indicated if the 95% CI for RERI
and AP contains 0 and for SI includes 1.

Participants were divided into four groups based on hypertensive status (hypertension
or normotension) and habitual iron supplementation status (using or not) to investigate
the joint associations. After adjusting for covariates in model 3, HRs for CKD risk in
different groups were calculated, with normotension without iron supplements as the
reference. Similarly, hypertensive individuals with different antihypertensive statuses (with
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or without antihypertensive medication) were classified into four groups for comparison
with normotension without iron supplements.

Association analyses were further stratified by the following group: age (≥60 or
<60 years), sex (male or female), BMI (≥30 or <30 kg/m2), smoking status (current/former
or never), alcohol drinking status (current or former/never), anemia (yes or no), diet habit
(healthy diet or unhealthy diet), physical activity (active or inactive/insufficient), vitamin
supplements use (yes or no), diabetes (yes or no), hypercholesterolemia (yes or no), and as-
pirin use (yes or no) in individuals with different hypertensive and antihypertensive status.

To test the robustness of our findings, several sensitivity analyses were conducted.
First, we conducted a 1:4 propensity score-matched cohort to repeat the main analyses.
We used a generalized linear model to calculate the propensity scores after adjusting
the covariates in model 3. Second, we investigated the association between habitual
iron supplementation and chronic renal failure (CRF) risk in participants with different
hypertensive and antihypertensive statuses. The ICD-10 code for CFR is N18, which
represents the most common composition of CKD. Third, we repeated the analyses among
individuals without missing covariates. Fourth, normotension was redefined according
to the European Renal Association and International Society of Hypertension guidelines
(SBP < 130 mmHg and DBP < 85 mmHg) [34], and additional analyses were conducted on
individuals with newly classified hypertensive status.

All statistical analyses were conducted using R software version 4.3.1 (R Foundation),
and a two-sided p value < 0.05 was considered as statistical significance.

3. Results
3.1. Baseline Characteristics

A total of 427,939 participants (mean age 56.4 [SD 8.1] years; 233,633 [54.6%] females;
and 403,435 [94.3%] White individuals) were included in this study (Figure 1), with a me-
dian follow-up duration of 14.8 years, of which 233,463 (54.6%) had hypertension. Among
these hypertensive individuals, 85,115 (36.5% of 233,463) reported using antihypertensive
medication at baseline. Table 1 summarizes the baseline characteristics of the study partici-
pants by hypertensive status (hypertension or normotension) and iron supplementation
status (users or non-users). Overall, 14,082 (3.3%) participants reported habitual iron
supplementation at baseline, higher among those with normotension than those who had
hypertension (4.0% vs. 2.7%, p < 0.001). In respect to hypertensive status, iron supplement
users were generally younger, more likely to be female, non-smokers, non-current alcohol
drinkers, and inclined to use minerals, vitamins, and other dietary supplements; main-
tained a healthy diet; had a higher prevalence of anemia; and tended to take more aspirin
but exhibited a lower prevalence of hypercholesterolemia. Additionally, among individuals
with hypertension, iron supplement users had a higher prevalence of diabetes compared to
non-users, whereas this trend was not observed among normotensive individuals.

Conversely, hypertensive individuals with medication, compared to those with-
out, were older and more likely to be male, non-smokers, and non-alcohol drinkers,
with a higher prevalence of anemia, hypercholesterolemia, diabetes, and aspirin use
(Supplementary Table S1). The distribution of SBP and DBP in participants with differ-
ent hypertensive and antihypertensive statuses indicated lower values in those using
antihypertensive medication, presumably attributable to the medication’s action
(Supplementary Figures S1 and S2).

Over a median follow-up of 14.8 years, 6.5% of the study participants (n = 27,829)
reported incident CKD. Supplementary Figure S3 shows the cumulative incidence of
CKD in different populations, highlighting differences in CKD incidence between iron
supplement users and non-users in subpopulations. Particularly, in the hypertensive group
using antihypertensive medication, the incidence of CKD was significantly higher among
iron supplement users compared to non-users.
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Table 1. Baseline characteristics of the study participants.

Variable Total
Hypertension Normotension

Without Iron With Iron p-Value Without Iron With Iron p-Value

Participants, n 427,939 227,085 6378 186,772 7704
CKD, n (%) 27,829 (6.5) 19,323 (8.5) 560 (8.8) 0.458 7663 (4.1) 283 (3.7) 0.066
Antihypertensive medication, n (%) 85,115 (19.9) 82,933 (36.5) 2182 (34.2) <0.001 - - -
Follow time, years 14.4 (2.1) 14.3 (2.4) 14.2 (2.5) <0.001 14.6 (1.8) 14.5 (1.7) 0.049
Age, years 56.4 (8.1) 58.6 (7.4) 56.7 (8.0) <0.001 53.8 (8) 51.4 (7.7) <0.001
Sex female, n (%) 233,633 (54.6) 109,124 (48.1) 3914 (61.4) <0.001 114,644 (61.4) 5951 (77.2) <0.001
TDI −1.3 (3.1) −1.4 (3.1) −0.5 (3.4) <0.001 −1.4 (3) −0.7 (3.3) <0.001
Ethnic White, n (%) 403,435 (94.3) 215,559 (94.9) 5452 (85.5) <0.001 175,726 (94.1) 6698 (86.9) <0.001
Smoking status, n (%) <0.001 <0.001

Never 234,646 (54.8) 119,498 (52.6) 3627 (56.9) 106,890 (57.2) 4631 (60.1)
Former 147,027 (34.4) 84,976 (37.4) 2126 (33.3) 57,674 (30.9) 2251 (29.2)
Current 44,269 (10.3) 21,510 (9.5) 590 (9.3) 21,367 (11.4) 802 (10.4)

Alcohol drinking status, n (%) <0.001 <0.001
Never 18,205 (4.3) 9498 (4.2) 471 (7.4) 7692 (4.1) 544 (7.1)
Former 14,772 (3.5) 7800 (3.4) 375 (5.9) 6217 (3.3) 380 (4.9)
Current 394,034 (92.1) 209,369 (92.2) 5514 (86.5) 172,387 (92.3) 6764 (87.8)

Mineral supplements,
n (%) 45,417 (10.6) 20,403 (9.0) 2801 (43.9) <0.001 18,883 (10.1) 3330 (43.2) <0.001

Vitamin supplements,
n (%) 137,788 (32.2) 67,452 (29.7) 5123 (80.3) <0.001 58,966 (31.6) 6247 (81.1) <0.001

Physical activity *,
n (%) <0.001 <0.001

Inactive 43,859 (10.2) 24,542 (10.8) 637 (10.0) 18,061 (9.7) 619 (8.0)
Insufficient 66,371 (15.5) 36,473 (16.1) 941 (14.8) 27,964 (15.0) 993 (12.9)
Active 308,366 (72.1) 160,306 (70.6) 4590 (72.0) 137,523 (73.6) 5947 (77.2)

Healthy diet † , n (%) 256,559 (60.0) 132,419 (58.3) 4104 (64.3) <0.001 114,755 (61.4) 5281 (68.5)
Fruits 212,643 (50.4) 111,578 (49.9) 3672 (58.7) <0.001 92,997 (50.4) 4396 (57.8) <0.001
Vegetables 347,302 (82.8) 184,282 (83.0) 5220 (84.0) 0.036 151,443 (82.5) 6357 (83.8) 0.005
Fish 221,083 (52.2) 121,769 (54.2) 3490 (55.4) 0.062 91,954 (49.7) 3870 (50.7) 0.098
Processed meats 294,441 (69.0) 151,372 (66.9) 4584 (72.2) <0.001 132,517 (71.2) 5968 (77.7) <0.001
Unprocessed meats 211,649 (50.1) 105,999 (47.3) 3427 (54.8) <0.001 97,504 (52.8) 4719 (61.9) <0.001
Whole grains 43,737 (10.3) 24,142 (10.7) 564 (8.9) <0.001 18,397 (9.9) 634 (8.3) <0.001
Refine grains 328,315 (77.1) 170,451 (75.5) 4934 (78.0) <0.001 146,617 (78.8) 6313 (82.3) <0.001

BMI, kg/m2 27.3 (4.7) 28.4 (4.9) 28.4 (5.4) 0.859 26 (4.1) 25.5 (4.2) <0.001
SBP, mmHg 137.2 (18.1) 148.4 (15.5) 146.9 (15.6) <0.001 123.8 (9.8) 121.4 (10.3) <0.001
DBP, mmHg 82 (9.9) 86.9 (9.2) 86.9 (9.4) 0.719 76.2 (7) 75.2 (7.2) <0.001
Anemia, n (%) 24,201 (5.7) 11,092 (4.9) 751 (11.8) <0.001 11,420 (6.1) 938 (12.2) <0.001
HC, n (%) 69,836 (16.3) 55,506 (24.4) 1322 (20.7) <0.001 12,646 (6.8) 362 (4.7) <0.001
Diabetes, n (%) 21,824 (5.1) 17,155 (7.6) 571 (9.0) <0.001 3938 (2.1) 160 (2.1) 0.006
Aspirin use, n (%) 56,582 (13.2) 42,039 (18.5) 1219 (19.1) 0.230 12,738 (6.8) 586 (7.6) 0.008

Notes: With iron indicates the participants using iron supplements. Without iron indicates the participants not using iron supplements. Data are present as mean ± SD for continuous
variables and n (%) for categorical variables. Abbreviations: CKD = chronic kidney disease; TDI = Townsend deprivation index; BMI = body mass index; SBP = systolic blood pressure;
DBP = diastolic blood pressure; HC = hypercholesterolemia. *, Physical activity was defined as inactive (no documented moderate or vigorous physical activity), insufficient (moderate
activity < 150 min/week and vigorous activity < 75 min/week), and active (moderate activity < 150 min/week and/or vigorous activity < 75 min/week). †, Healthy diet was defined as
at least 4 of the following 7 food groups: fruits ≥ 3 servings/day; vegetables ≥ 3 servings/day; fish ≥ 2 servings/day; processed meats ≤ 1 serving/week; unprocessed red meats
≤ 1.5 servings/week; whole grains ≥ 3 servings/day; and refined grains ≤ 1.5 servings/day.
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3.2. Habitual Iron Supplementation and CKD

Table 2 presents the associations between habitual iron supplementation and risk of
CKD. After adjusting for demographic characteristics (model 1), habitual iron supplementa-
tion significantly increased the risk of CKD in individuals with hypertension (HR 1.14, 95%
CI 1.05 to 1.24, p = 0.003). This association persisted even after adjusting for lifestyle factors
(model 2) (HR 1.17, 95% CI 1.07 to 1.27, p < 0.001) or comorbidities (model 3) (HR 1.12, 95%
CI 1.02 to 1.22, p = 0.013). However, no significant association was found between habitual
iron supplementation and CKD incidence in normotensive individuals (p > 0.05). Notably,
the risk of habitual iron supplementation for CKD incidence was particularly pronounced
in hypertensive individuals with antihypertensive medication, with HRs (95% CI) of 1.29
(1.15 to 1.44, p < 0.001) in model 1, 1.30 (1.16 to 1.45, p < 0.001) in model 2, and 1.21 (1.08
to 1.35, p < 0.001) in model 3, whereas no significant association was observed in those
without antihypertensive medication (p > 0.05).

Table 2. Associations (HR, 95% CI) of habitual iron supplementation with risk of chronic kidney
disease in participants with different hypertensive statuses (normotension or hypertension) and
antihypertensive statuses (without medication or with medication).

Groups Without Iron
(Case/Total)

With Iron
(Case/Total)

Model 1 * Model 2 † Model 3 ‡

HR (95% CI) p-Value HR (95% CI) p-Value HR (95% CI) p-Value

Normotension 7663/186,772
(4.1%)

283/7704
(3.7%)

1.03
(0.92–1.17) 0.579 1.08

(0.95–1.22) 0.243 1.06
(0.94–1.20) 0.319

Hypertension 19,323/227,085
(8.5%)

560/6378
(8.8%)

1.14
(1.05–1.24) 0.003 1.17

(1.07–1.27) <0.001 1.12
(1.02–1.22) 0.013

Without
medication

8886/144,152
(6.2%)

237/4196
(5.6%)

1.01
(0.89–1.15) 0.880 1.04

(0.91–1.18) 0.590 1.02
(0.90–1.17) 0.741

With medication 10,437/82,933
(12.6%)

323/2182
(14.8%)

1.29
(1.15–1.44) <0.001 1.30

(1.16–1.45) <0.001 1.21
(1.08–1.35) 0.001

Notes: Without iron indicates the participants not using iron supplements. With iron indicates the participants
using iron supplements. Without medication indicates participants with hypertension not using antihypertensive
medication. With medication indicates participants with hypertension using antihypertensive medication. Model
1 *: adjusted for age (continuous), sex (male or female), race (White, Asian, Black, mix, or others), and the
Townsend deprivation index (continuous). Model 2 †: further adjusted for alcohol drinking status (never drinking,
former drinking, or current drinking), smoking status (never smoker, former smoker, or current smoker), vitamin
supplementation (yes or no), other mineral supplementation (yes or no), physical activity (inactive, insufficient, or
active), healthy diet (yes or no), body mass index (continuous), and aspirin use (yes or no). Model 3 ‡: further
adjusted for anemia (yes or no), diabetes (yes or no), and hypercholesterolemia (yes or no). Healthy diet was
defined as at least 4 of the following 7 food groups: fruits ≥ 3 servings/day; vegetables ≥ 3 servings/day;
fish ≥ 2 servings/day; processed meats ≤ 1 serving/week; unprocessed red meats ≤ 1.5 servings/week; whole
grains ≥ 3 servings/day; and refined grains ≤ 1.5 servings/day.

Table 3 shows the evident multiplicative and additive interactions between habit-
ual iron supplementation and antihypertensive medication use on the risk of CKD after
adjusting for covariates in model 3 (pall interaction < 0.05). Based on measures of additive
interactions (RERI, AP, and SI), there was a 0.25 relative excess risk of CKD due to the addi-
tive interaction between habitual iron supplementation and antihypertensive medication.
The proportion attributable to additive interactions was 17.0%. In addition, the risk of
CKD was 2.33 times higher in individuals exposed to both risk factors compared to those
exposed to a single risk factor. On the other hand, the interaction between habitual iron
supplementation and hypertensive status was not significant on either multiplicative or
additive scales (Supplementary Table S3).

Figure 2 presents the combined effect of habitual iron supplementation and hyperten-
sive/antihypertensive status in participants, with normotensive individuals without iron
supplement use as the reference. After adjusting for covariates in model 3, hypertensive
individuals with habitual iron supplementation exhibited a notably higher risk of CKD
incidence (HR 1.41, 95% CI 1.29 to 1.54). Furthermore, habitual iron supplementation
increased the risk of CKD incidence in hypertensive individuals with antihypertensive
medication, as indicated by HRs [95% CI] of 1.89 [1.69 to 2.12] versus 1.56 [1.50 to 1.61]
compared to the reference.
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Table 3. Multiplicative and additive interactions between habitual iron supplementation and an-
tihypertensive status (without medication or with medication) on chronic kidney disease risk in
participants with hypertension.

Model 1 * Model 2 † Model 3 ‡

Multiplicative
interaction

HR (95% CI) 1.30 (1.10–1.54) 1.26 (1.07–1.50) 1.21 (1.02–1.43)
p-value 0.002 0.007 0.030

Additive interaction
RERI (95% CI) 0.41 (0.24–0.58) 0.33 (0.18–0.49) 0.25 (0.09–0.41)
p-value <0.001 <0.001 0.001
AP (95% CI) 0.23 (0.12–0.34) 0.21 (0.09–0.33) 0.17 (0.04–0.30)
p-value <0.001 <0.001 0.004
SI (95% CI) 2.14 (1.06–4.28) 2.40 (0.85–6.73) 2.33 (0.63–8.65)
p-value <0.001 <0.001 <0.001

Abbreviations: RERI = the relative excess risk due to interaction; AP = the proportion attributable to interaction;
SI = the synergy index. Model 1 *: adjusted for age (continuous), sex (male or female), race (White, Asian, Black,
mix, or others), and the Townsend deprivation index (continuous). Model 2 †: further adjusted for alcohol drinking
status (never drinking, former drinking, or current drinking), smoking status (never smoker, former smoker,
or current smoker), vitamin supplementation (yes or no), other mineral supplementation (yes or no), physical
activity (inactive, insufficient, or active), healthy diet (yes or no), body mass index (continuous), and aspirin use
(yes or no). Model 3 ‡: further adjusted for anemia (yes or no), diabetes (yes or no), and hypercholesterolemia
(yes or no). Healthy diet was defined as at least 4 of the following 7 food groups: fruits ≥ 3 servings/day;
vegetables ≥ 3 servings/day; fish ≥ 2 servings/day; processed meats ≤ 1 serving/week; unprocessed red
meats ≤ 1.5 servings/week; whole grains ≥ 3 servings/day; and refined grains ≤ 1.5 servings/day.
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Figure 2. Joint associations (HR, 95% CI) of habitual iron supplement use and hypertensive status
(normotension or hypertension) as well as antihypertensive status of participants with hypertension
(without medication or with medication) with chronic kidney disease incidence. Notes: Without
iron indicates the participants not using iron supplements. With iron indicates the participants
using iron supplements. Without medication indicates participants with hypertension not using
antihypertensive medication. With medication indicates participants with hypertension using anti-
hypertensive medication. HRs (95% CI) were adjusted for age (continuous), sex (male or female),
race (White, Asian, Black, mix, or others), the Townsend deprivation index (continuous), alcohol
drinking status (never drinking, former drinking, or current drinking), smoking status (never smoker,
former smoker, or current smoker), vitamin supplementation (yes or no), other mineral supple-
mentation (yes or no), physical activity (inactive, insufficient, or active), healthy diet (yes or no),
BMI (continuous), anemia (yes or no), diabetes (yes or no), hypercholesterolemia (yes or no), and
aspirin use (yes or no). Healthy diet was defined as at least 4 of the following 7 food groups: fruits
≥ 3 servings/day; vegetables ≥ 3 servings/day; fish ≥ 2 servings/day; processed meats ≤ 1 serv-
ing/week; unprocessed red meats ≤ 1.5 servings/week; whole grains ≥ 3 servings/day; and refined
grains ≤ 1.5 servings/day.
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3.3. Subgroup and Sensitivity Analyses

We conducted subgroup analyses and consistently observed results when stratifying
analyses by age, sex, BMI, smoking status, alcohol drinking status, anemia, diet habits,
physical activity, vitamin supplement use, diabetes, hypercholesterolemia, and aspirin use
(Supplementary Table S2). The trend of these associations between habitual iron supple-
mentation and risk of CKD was stronger in individuals with a higher BMI (≥30 kg/m2) or
an unhealthy diet. Those associations also demonstrated some population heterogeneity
among certain stratification factors, such as age, sex, BMI, smoking status, alcohol drink-
ing status, vitamin supplements use, diabetes status, hypercholesterolemia status, and
aspirin use.

The associations and interactions in study population subgroups remained
robust across separate sensitivity analyses: (1) in the 1:4 propensity score-matched
cohort (Supplementary Table S4); (2) if the outcome was limited to CRF
(Supplementary Tables S5 and S6); (3) if individuals who had missing data on covari-
ates in model 3 were excluded (Supplementary Tables S7 and S8); and (4) if normotension
was defined as individuals with SBP < 130 mmHg and DBP < 85 mmHg
(Supplementary Tables S9 and S10). In line with the phenomenon shown in Figure 2, the
combined effect of habitual iron supplementation and hypertensive/antihypertensive
status remained consistent across all sensitivity analyses (Supplementary Figures S4–S7).

4. Discussion

In this large-scale prospective study, we observed a 12% higher CKD incidence among
hypertensive individuals with habitual iron supplementation, which was not observed in
the normotensive group. Furthermore, our analysis revealed that elevated CKD risk associ-
ated with iron supplementation was particularly pronounced for hypertensive individuals
who reported antihypertensive medication use. Importantly, these associations remained
independent of traditional risk factors, including age, sex, race, TDI, alcohol drinking status,
smoking status, use of other supplements, physical activity, healthy diet, BMI, aspirin use,
anemia, diabetes, and hypercholesterolemia. The robustness of these associations was
confirmed through various stratified and sensitivity analyses. Notably, our study also
uncovered the interaction between iron supplementation and antihypertensive medication,
suggesting a combined effect that goes beyond the individual impacts of these factors.
These findings emphasize the complexity of the relationship among iron supplementation,
hypertension, antihypertensive medication, and incident CKD risk.

Our findings on the relationship between iron supplements and CKD in hyperten-
sion and antihypertensive medication subgroups align with the conclusions of previous
studies. For instance, numerous previous animal studies and reviews propose that ex-
ceeding recommended levels of iron supplements may lead to various adverse health
impacts [13,46,47]. A national cohort study conducted in the United States revealed a
significant increase in the risk of incident CKD associated with oral iron replacement [17].
A recent review also has concluded that there is limited evidence supporting the preven-
tive role of iron supplements [12]. Additionally, the absence of a significant association
between iron supplements and CKD in normotensive individuals is also consistent with
prior studies that found no significant impact of iron supplements on the overall health
status of the general population [48].

However, the existing literature lacks clarity regarding the diverse impacts of these as-
sociations within different population subgroups. While hypertension is a well-established
risk factor for CKD [24,49], limited research has explored whether habitual iron supplemen-
tation amplifies the risk of CKD in individuals with hypertension, especially in those taking
antihypertensive medication. To the best of our knowledge, this study revealed for the first
time potential population heterogeneity in the relationship between iron supplements and
CKD in a large prospective cohort.

A potential explanation for the heterogeneity of the relationship between iron supple-
ments and CKD across different subgroups is that hypertensive individuals, particularly



Nutrients 2024, 16, 2355 10 of 14

those using antihypertensive medication, have increased lipid peroxidation and oxidative
metabolism [26,50–52]. Excessive use of iron supplements may oxidize lipids and increase
oxidative stress, and the excess iron via the Fenton reaction may induce lipid peroxidation,
which leads to ferroptosis [20,21,27,53,54]. Ferroptosis is dependent on iron and lipid
metabolism and contributes to vascular calcification in CKD [55–57]. Conversely, in nor-
motensive individuals, the absence of an association between iron supplementation and
CKD incidence could be attributed to the lack of hypertensive characteristics. Additionally,
people on antihypertensive medication tend to have a higher prevalence of comorbidities
linked to CKD incidence, such as diabetes and hypercholesterolemia.

On the other hand, the significant interaction implies that the combined effect of iron
supplements and antihypertensive medication was greater than the sum of their individual
substances. Several potential mechanisms may explain this interaction. Iron overload
induced by iron supplements might lead to the formation of stable iron-drug chelates
with conventional medications, potentially altering drug action and metabolism [58,59].
Moreover, the iron overload-induced oxidative stress contradicts the antioxidant effects
of some antihypertensive drugs and significantly impacts their efficacy [60]. Furthermore,
animal experiments have confirmed that certain antihypertensive medications can disturb
iron homeostasis as evidenced by a slight increase in kidney iron levels [29], which interact
with iron supplements and result in kidney damage and an increased CKD risk.

The higher risk of CKD with iron supplementation raises doubts about the appro-
priateness of taking iron supplements among individuals using medications for treating
hypertension. Future studies are needed to replicate the present findings and to elucidate
underlying mechanisms for the increased risk of CKD associated with iron supplementa-
tion in patients with hypertension. Before a definite answer regarding iron supplemen-
tation can be reached, caution is needed in recommending iron supplements in patients
with hypertension.

Our study has several major strengths. Firstly, it clarifies the potential adverse effects
of iron supplements on CKD incidence in an observational study, employing a large-scale
prospective cohort study design. Secondly, the inclusion of nearly half a million participants
ensures a substantial number of outcome events, providing ample statistical power for
comprehensive analyses across individuals with varying hypertensive or antihypertensive
statuses. Thirdly, the availability of detailed information on socioeconomic characteristics,
lifestyle, and other covariables facilitates adjustment for potential confounders. Lastly,
comprehensive subgroup and sensitivity analyses were conducted to demonstrate the
robustness of those associations.

Several limitations should also be considered. Firstly, the UK Biobank contains only
categorical data on the use of iron supplements, without detailed information on dosage,
formulation, and duration of use. This precludes further evaluation of the dose–response
relationship and the effects of different iron supplement formulations and supplementation
durations. Secondly, exposure information was only measured at baseline. Repeated
measurements of iron supplementation are needed to determine the correlation between
changes in iron supplementation patterns and the risk of CKD incidence. Thirdly, specific
information on medication types was not collected, making it difficult to assess potential
differences in the interaction between various types of antihypertensive medications and
iron supplements. Fourthly, residual or unknown confounding bias cannot be completely
excluded due to the limitation of the observational study design. Fifthly, participants
recruited in this study were mostly middle-aged or older white adults. It might limit
the generalizability to other racial or age groups. Finally, we should acknowledge that
the sparse data might inflate the hazard ratio and odds ratio in the SI of additive interac-
tions [61]. Moreover, according to Susan F. Assmann [62], the SI was statistically unstable,
so the RERI and AP, which were used to determine the robustness of additive interactions,
are more reliable.
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5. Conclusions

In conclusion, this large-scale prospective study highlights a significant link between
habitual iron supplementation and an increased risk of incident CKD in hypertensive
patients, particularly in those taking antihypertensive medication. These findings suggest
that individuals with hypertension, especially those using antihypertensive medication,
should exercise caution when considering long-term iron supplement use. To comprehen-
sively understand the benefits and potential adverse effects of iron supplements, especially
in populations with hypertension, additional clinical and experimental investigations
are warranted.
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medication or with medication); Figure S3. Cumulative CKD events rate varies among participants with
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and hypertensive status (normotension or hypertension) as well as antihypertensive status of participants
with hypertension (without medication or with medication) with chronic kidney disease incidence in
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incidence when the normotension was defined as individuals with normal BP (systolic BP < 130 mmHg
and diastolic BP < 85 mmHg).
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Genetic Risk With Incidence of Dementia. JAMA 2019, 322, 430–437. [CrossRef]

42. Tyrrell, J.; E Jones, S.; Beaumont, R.; Astley, C.M.; Lovell, R.; Yaghootkar, H.; Tuke, M.; Ruth, K.S.; Freathy, R.M.;
Hirschhorn, J.N.; et al. Height, body mass index, and socioeconomic status: Mendelian randomisation study in UK Biobank. BMJ
2016, 352, i582. [CrossRef]

43. Mozaffarian, D. Dietary and Policy Priorities for Cardiovascular Disease, Diabetes, and Obesity: A Comprehensive Review.
Circulation 2016, 133, 187–225. [CrossRef]

44. Xue, X.; Xie, X.; Gunter, M.; Rohan, T.E.; Wassertheil-Smoller, S.; Ho, G.Y.F.; Cirillo, D.; Yu, H.; Strickler, H.D. Testing the
proportional hazards assumption in case-cohort analysis. BMC Med. Res. Methodol. 2013, 13, 88. [CrossRef]

https://doi.org/10.1111/ejh.14091
https://www.ncbi.nlm.nih.gov/pubmed/37668586
https://doi.org/10.1053/j.ajkd.2012.12.018
https://www.ncbi.nlm.nih.gov/pubmed/23415417
https://doi.org/10.1007/s10534-023-00518-5
https://doi.org/10.1093/jn/130.3.621
https://doi.org/10.1080/10408398.2019.1630599
https://doi.org/10.1007/s00467-021-05191-9
https://doi.org/10.1007/s40265-019-1064-1
https://doi.org/10.1161/CIRCRESAHA.122.321762
https://doi.org/10.1038/s41581-019-0244-2
https://doi.org/10.1152/ajprenal.1989.257.5.F818
https://doi.org/10.1038/ki.2008.350
https://doi.org/10.6133/apjcn.201909_28(3).0012
https://doi.org/10.1016/j.ejphar.2014.06.003
https://doi.org/10.1093/jn/121.11.1869
https://doi.org/10.1371/journal.pmed.1001779
https://www.ncbi.nlm.nih.gov/pubmed/25826379
https://doi.org/10.1016/S0140-6736(07)60924-6
https://www.ncbi.nlm.nih.gov/pubmed/17574079
https://doi.org/10.1016/S0140-6736(12)60404-8
https://www.ncbi.nlm.nih.gov/pubmed/22463865
https://doi.org/10.1093/eurheartj/ehab484
https://doi.org/10.1136/bmj.l1628
https://www.ncbi.nlm.nih.gov/pubmed/31088786
https://doi.org/10.1136/bmj.m456
https://doi.org/10.1053/j.ajkd.2022.01.432
https://www.ncbi.nlm.nih.gov/pubmed/35314249
https://doi.org/10.7326/0003-4819-150-9-200905050-00006
https://doi.org/10.1016/j.mayocp.2021.08.028
https://doi.org/10.1161/CIRCULATIONAHA.109.192703
https://doi.org/10.1001/jama.2019.9879
https://doi.org/10.1136/bmj.i582
https://doi.org/10.1161/CIRCULATIONAHA.115.018585
https://doi.org/10.1186/1471-2288-13-88


Nutrients 2024, 16, 2355 14 of 14

45. Knol, M.J.; VanderWeele, T.J.; Groenwold, R.H.H.; Klungel, O.H.; Rovers, M.M.; Grobbee, D.E. Estimating measures of interaction
on an additive scale for preventive exposures. Eur. J. Epidemiol. 2011, 26, 433–438. [CrossRef]

46. Schümann, K.; Elsenhans, B.; Mäurer, A. Iron Supplementation. J. Trace Elem. Med. Biol. 1998, 12, 129–140. [CrossRef]
47. Schümann, K.; Ettle, T.; Szegner, B.; Elsenhans, B.; Solomons, N.W. On risks and benefits of iron supplementation recommenda-

tions for iron intake revisited. J. Trace Elem. Med. Biol. 2007, 21, 147–168. [CrossRef]
48. Keller, P.; von Känel, R.; Hincapié, C.A.; da Costa, B.R.; Jüni, P.; Erlanger, T.E.; Andina, N.; Niederhauser, C.; Lämmle, B.;

Fontana, S. The effects of intravenous iron supplementation on fatigue and general health in non-anemic blood donors with iron
deficiency: A randomized placebo-controlled superiority trial. Sci. Rep. 2020, 10, 14219. [CrossRef]

49. Fox, C.S.; Larson, M.G.; Leip, E.P.; Culleton, B.; Wilson, P.W.F.; Levy, D. Predictors of New-Onset Kidney Disease in a Community-
Based Population. JAMA 2004, 291, 844–850. [CrossRef]

50. Minuz, P.; Patrignani, P.; Gaino, S.; Degan, M.; Menapace, L.; Tommasoli, R.; Seta, F.; Capone, M.L.; Tacconelli, S.; Palatresi, S.; et al.
Increased Oxidative Stress and Platelet Activation in Patients With Hypertension and Renovascular Disease. Circulation 2002, 106,
2800–2805. [CrossRef]

51. Yavuzer, H.; Yavuzer, S.; Cengiz, M.; Erman, H.; Doventas, A.; Balci, H.; Erdincler, D.S.; Uzun, H. Biomarkers of lipid peroxidation
related to hypertension in aging. Hypertens. Res. 2016, 39, 342–348. [CrossRef]

52. Morrill, G.A.; Kostellow, A.; Resnick, L.M.; Gupta, R.K. P-381: Iron-catalyzed lipid peroxidation: Relevance to hypertension? Am.
J. Hypertens. 2004, 17, 173A. [CrossRef]

53. Zhang, D.; Okada, S.; Yu, Y.; Zheng, P.; Yamaguchi, R.; Kasai, H. VITAMIN E inhibits apoptosis, DNA modification, and cancer
incidence induced by iron-mediated peroxidation in Wistar rat kidney. Cancer Res. 1997, 57, 2410–2414.

54. Delesderrier, E.; Monteiro, J.D.C.; Freitas, S.; Pinheiro, I.C.; Batista, M.S.; Citelli, M. Can Iron and Polyunsaturated Fatty Acid
Supplementation Induce Ferroptosis? Cell. Physiol. Biochem. 2023, 57, 24–41. [CrossRef]

55. Bayır, H.; Dixon, S.J.; Tyurina, Y.Y.; Kellum, J.A.; Kagan, V.E. Ferroptotic mechanisms and therapeutic targeting of iron metabolism
and lipid peroxidation in the kidney. Nat. Rev. Nephrol. 2023, 19, 315–336. [CrossRef]

56. Ye, Y.; Chen, A.; Li, L.; Liang, Q.; Wang, S.; Dong, Q.; Fu, M.; Lan, Z.; Li, Y.; Liu, X.; et al. Repression of the antiporter
SLC7A11/glutathione/glutathione peroxidase 4 axis drives ferroptosis of vascular smooth muscle cells to facilitate vascular
calcification. Kidney Int. 2022, 102, 1259–1275. [CrossRef]

57. Yan, H.; Zou, T.; Tuo, Q.; Xu, S.; Li, H.; Belaidi, A.A.; Lei, P. Ferroptosis: Mechanisms and links with diseases. Sigal Transduct.
Target. Ther. 2021, 6, 49. [CrossRef]

58. Campbell, N.; Hasinoff, B. Iron supplements: A common cause of drug interactions. Br. J. Clin. Pharmacol. 1991, 31, 251–255.
[CrossRef]

59. Kontoghiorghes, G.J. Questioning Established Theories and Treatment Methods Related to Iron and Other Metal Metabolic
Changes, Affecting All Major Diseases and Billions of Patients. Int. J. Mol. Sci. 2022, 23, 1364. [CrossRef]

60. Noguchi, N.; Nishino, K.; Niki, E. Antioxidant action of the antihypertensive drug, carvedilol, against lipid peroxidation. Biochem.
Pharmacol. 2000, 59, 1069–1076. [CrossRef]

61. Tzeng, I. To handle the inflation of odds ratios in a retrospective study with a profile penalized log-likelihood approach. J. Clin.
Lab. Anal. 2021, 35, e23849. [CrossRef] [PubMed]

62. Assmann, S.F.; Hosmer, D.W.; Lemeshow, S.; Mundt, K.A. Confidence Intervals for Measures of Interaction. Epidemiology 1996, 7,
286–290. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s10654-011-9554-9
https://doi.org/10.1016/S0946-672X(98)80001-1
https://doi.org/10.1016/j.jtemb.2007.06.002
https://doi.org/10.1038/s41598-020-71048-0
https://doi.org/10.1001/jama.291.7.844
https://doi.org/10.1161/01.CIR.0000039528.49161.E9
https://doi.org/10.1038/hr.2015.156
https://doi.org/10.1016/j.amjhyper.2004.03.455
https://doi.org/10.33594/000000620
https://doi.org/10.1038/s41581-023-00689-x
https://doi.org/10.1016/j.kint.2022.07.034
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1111/j.1365-2125.1991.tb05525.x
https://doi.org/10.3390/ijms23031364
https://doi.org/10.1016/S0006-2952(99)00417-7
https://doi.org/10.1002/jcla.23849
https://www.ncbi.nlm.nih.gov/pubmed/34043251
https://doi.org/10.1097/00001648-199605000-00012
https://www.ncbi.nlm.nih.gov/pubmed/8728443

	Introduction 
	Materials and Methods 
	Study Cohort 
	Ascertainment of Hypertension and Antihypertensive Medication Use 
	Assessment of Iron Supplementation 
	Assessment of Chronic Kidney Disease 
	Assessment of Covariates 
	Statistical Analyses 

	Results 
	Baseline Characteristics 
	Habitual Iron Supplementation and CKD 
	Subgroup and Sensitivity Analyses 

	Discussion 
	Conclusions 
	References

