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burden [2]. Therefore, curbing the occurrence and pro-
gression of HF has become crucial.

Dietary patterns and dietary supplements have been 
reported to be closely associated with the progression 
of HF [3]. Several studies have indicated that the Medi-
terranean diet can help prevent HF [4–6]. Reports have 
shown that increasing the intake of anthocyanins in 
the diet can reduce HF-related events [7]. Clinical tri-
als have reported that the intake of some nutrients, such 
as hawthorn, coenzyme Q10, vitamin D, and omega-3 
polyunsaturated fatty acids (PUFAs), is associated with 
improvements in functional parameters (ejection frac-
tion, output per beat, and cardiac output) in patients with 
HF, with few side effects [8]. Iron is an essential nutrient 
in the human body. Its metabolism affects the normal 

Introduction
Heart failure (HF) is a complex syndrome that often 
occurs in the terminal stage of various cardiovascular 
diseases [1]. It is characterized by high morbidity, high 
cost, high mortality, poor quality of life, and poor prog-
nosis. It affects more than 64 million people globally and 
has become an increasingly serious global public health 
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Abstract
Patients with heart failure (HF) often experience iron deficiency. Intravenous iron supplementation has been widely 
used in clinical practice to facilitate the treatment of HF. However, the association between dietary iron intake and 
HF still needs to be elucidated. This study aimed to evaluate the impact of dietary iron intake on HF in American 
adults. The data were extracted from the National Health and Nutrition Examination Survey (NHANES) 2009–2018. 
Iron dietary intake data were obtained from two 24-h dietary recall interviews. We examined baseline data and 
HF prevalence in different quartile groups of dietary iron intake (Q1–Q4). Two logistic regression models were 
established to evaluate the impact of Q4 (highest iron consumption) on the risk of HF. The study included 20,853 
American adults (age ≥ 20 years). The participants with the highest iron intake (Q4) had the lowest prevalence of HF 
(Q1: 3.25%, Q2: 2.18%, Q3: 1.92%, Q4: 1.72%; P < 0.001). After adjusting for possible confounding factors, the highest 
iron intake (Q4) was significantly associated with a reduced risk of HF compared with that of Q1 (odds ratio 0.58, 
95% confidence interval 0.41–0.82; P = 0.003). This association remained stable in subgroups of women, current 
smokers, and Hispanics other than Mexican Americans. This study revealed that the dietary intake of iron was 
negatively associated with HF in adults without exceeding the tolerable maximum daily intake of 45 mg/day.
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function of cells, mediating respiratory oxidation, partici-
pating in productivity and metabolism, regulating body 
temperature, maintaining immune function, promot-
ing physical development, and so on. Iron deficiency is 
believed to be associated with insufficient intracellular 
energy production in myocardial cells, leading to an inap-
propriate imbalance between the parameters required for 
sufficient cardiac perfusion and output, resulting in HF 
[9]. Patients with HF tend to be iron deficient because of 
traditional restrictive dietary guidelines and decreased 
appetite and dyspepsia caused by intestinal congestion 
[10]. Iron deficiency, with or without anemia, affects 
37–61% of patients with chronic HF and results in exer-
cise limitation, reduction in quality of life, increase in 
hospitalization rates, and a 40–60% increased risk of 
death [11]. Oral iron is often associated with a range of 
adverse effects, such as nausea, epigastric pain, diarrhea, 
and black stools [12]. The european society of cardiology 
(ESC) guidelines recommend that patients hospitalized 
for HF with iron deficiency should receive intravenous 
iron therapy to reduce the risk of readmission in the near 
future [13]. A meta-analysis reported that intravenous 
iron supplementation has a beneficial effect on cardio-
vascular mortality [14]. Intravenous iron has been widely 
used in the clinical treatment of HF. However, the rela-
tionship between dietary iron intake and heart failure has 
not been reported in detail. This study aimed to evalu-
ate the association between dietary iron intake and HF 
in United States (US) adults. We tested our hypothesis 
by using the National Health and Nutrition Examination 
Survey (NHANES) 2009–2018 database.

Methods
Study population
The NHANES is a nationally representative survey that 
assesses the health and nutritional status of non-institu-
tionalized civilians in the U.S. It includes demographic 
data, dietary data, physical examinations, and health-
related information. It combines interviews initially 
conducted at the participant’s home, followed by health 
examinations conducted at the Mobile Examination Cen-
ter. The sampling methods, weights, and details of data 
collection can be found on its official website [15]. To 
ensure the representativeness and validity of our research 
findings, we considered the sampling and weighting 
procedures in our study. All analyses used weighted 
samples (“wtdr2d”). Furthermore, stratification and pri-
mary sampling units (PSUs) were incorporated into our 
analysis to account for the complex survey design of the 
NHANES. Stratification ensures that subgroups within 
the population are adequately represented, whereas PSUs 
help maintain the integrity of the sampling frame and 
reduce sampling error. By combining these factors, we 
were able to generate estimates that are more accurately 

representative of the U.S. population. The present study 
was based on the analysis of NHANES data from 2009 
to 2018. The NHANES research plan was approved by 
the Ethics Review Committee of the National Center 
for Health Statistics (NCHS). Prior to the interview and 
inspection steps, each participant signed an informed 
consent form.

Among the 49,693 participants in the NHANES data-
base from 2009 to 2018, 28,835 were adults (age ≥ 20), 
and 22,119 had complete dietary iron data and HF 
questionnaire data. Among these 22,119 subjects, 727 
were excluded because their iron intake exceeded the 
tolerable upper intake level of > 45  mg/day [16, 17]. In 
addition, we excluded pregnant and breastfeeding popu-
lations because pregnancy and breastfeeding might alter 
indicators such as dietary intake and body weight. An 
extremely small number of missing covariates, such as 
educational level and smoking were also excluded. Our 
study ultimately included 20,853 American adult partici-
pants. (Fig. 1)

Assessment of dietary iron intake
Dietary iron intake was assessed via two 24-h dietary 
recall interviews. The Mobile Examination Center was 
the site of the initial dietary interview, and the second 
interview was conducted telephonically after 3–10 days. 
Each participant’s total daily energy and nutrient intake 
from food and beverages were calculated, along with data 
indicating whether their food intake was normal. These 
details were compiled into the total nutrient intake file 
for analysis. The 24-h dietary supplement use section 
was used to obtain information from NHANES partici-
pants on the type and amount of dietary supplements 
consumed 24 h before the interview and to estimate the 
amount of nutrients consumed from these dietary sup-
plements to estimate nutrient intake. In accordance with 
the NHANES protocol, the mean total nutrient intake 
from two 24-h dietary recall interviews and the mean 
total dietary supplements from two 24-h dietary supple-
ment uses were combined to assess nutrient intake as 
accurately as possible. Only participants who provided 
complete data for both 24-hour dietary recall interviews 
and two 24-hour dietary supplement uses were included 
in the study. For these participants, the average of the two 
assessments of total dietary iron intake was calculated 
and used in the analysis. In this study, dietary iron intake 
was further divided into quartiles.

Assessment of HF
In accordance with previous NHANES-based studies, 
participants who were asked in the health questionnaire 
“Has a doctor or other health professional ever told you 
that you had congestive HF?,” and those who answered 
“yes” were considered to have HF [18].
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Fig. 1 Flow chart of participant selection. Abbreviations: NHANES, National Health and Nutrition Examination Survey
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Covariates
We screened nine possible confounding factors related 
to HF and dietary iron: age, gender, race/ethnicity, edu-
cational level, smoking, alcohol consumption, body mass 
index (BMI), hypertension, and diabetes mellitus (DM). 
Ethnicity was divided into five categories: non-Hispanic 
white, non-Hispanic black, Mexican American, other 
Hispanics, and others. Educational level was divided into 
three categories: college or above, high school or equiv-
alent, and less than high school. The degree of smoking 
was classified according to the following indicators: [1] 
never: smoked fewer than 100 cigarettes in life; [2] for-
mer: smoked more than 100 cigarettes in life but did 
not smoke at all; [3] now: has smoked more than 100 
cigarettes in life and smokes some days or every day. The 
daily alcohol consumption data are the average of the 
alcohol consumption data from the two 24-hour dietary 
recall interviews. BMI was calculated by dividing weight 
in kilograms by the square of height in meters and then 
rounding it to one decimal place. Hypertension was 
defined when an individual met at least one of the follow-
ing three criteria: [1] used antihypertensive drugs [2], was 
diagnosed with high blood pressure by a doctor, and [3] 
had a mean blood pressure higher than 130/80 mmHg. 
The average blood pressure was obtained as described in 
the NHANES. It was calculated via the following proto-
col: the diastolic reading with zero was not used to cal-
culate the diastolic average. If all diastolic readings were 
zero, the average was zero. If only one blood pressure 
reading was obtained, it was considered the average. In 
the case of more than one blood pressure reading, the 
first reading was always excluded from the average. There 
were four types of diabetes: none, impaired glucose toler-
ance, impaired fasting glucose, and DM. DM was defined 
in this article as meeting at least one of the following cri-
teria: having been diagnosed with diabetes by the doctor, 
glycosylated hemoglobin type A1C (HbA1c) (%) ≥6.5, 
fasting glucose (mmol/L) ≥7.0, random blood glucose 
(mmol/L) ≥11.1, 2-h oral glucose tolerance test blood 
glucose (mmol/L) ≥11.1, or the use of diabetes-related 
medication or insulin. BMI was measured by experts 
using routine physical examination techniques.

Statistical analyses
We used the R programming language (version 4.3.2) 
for all the statistical analyses. The statistical significance 
was determined as two-tailed, with P < 0.05. The analysis 
method was similar to that used in a previous study [19] 
as follows: Participants were divided into four groups 
according to the quartile of iron intake (Q1–Q4). The 
continuous variables associated with the covariates are 
expressed as the means (standard errors), and the cat-
egorical variables are expressed as quantities (percent-
ages). The baseline differences between the continuous 

and categorical variables were assessed using ANOVA 
and χ2 tests, respectively. We adjusted the weights in 
the analysis to prevent oversampling and reduce non-
response. Univariate and multivariate logistic regression 
models were used to analyze the relationships between 
HF and iron intake in all participants and different sub-
groups, taking covariates into account, and were divided 
into three models: the model with unadjusted covari-
ates; Model 1 adjusted for gender, age, race and educa-
tion level; and Model 2 was fully adjusted for covariates. 
To assess the dose‒response relationship between dietary 
iron intake and heart failure, restricted cubic spline (RCS) 
was used. In addition, a stratified analysis was performed, 
taking into account age, gender, ethnicity, smoking, alco-
hol consumption, hypertension and DM.

Results
Baseline characteristics of the study population
The study recruited 20,853 participants (Fig.  1), includ-
ing 655 (2.23%) patients with HF. The average age of all 
participants was 47.86 (0.30) years; men accounted for 
48.99%, and women accounted for 51.01% of the study 
population. The baseline characteristics were based on 
the quartiles of dietary iron intake (Q1: 0.13–9.735  mg; 
Q2: 9.735–13.54  mg; Q3: 13.54–19.07  mg; and Q4: 
19.07–44.96 mg) (Table 1). Compared with those in the 
other quartiles, individuals in the Q4 quartile were more 
likely to be older, male, non-Hispanic white, and college 
educated. In terms of traditional risk factors for cardio-
vascular diseases, the Q4 group presented lower BMIs 
(P = 0.002) and smoking (P < 0.001). The prevalence of HF 
was lower in the Q4 subgroup (Q1: 3.25%, Q2: 2.18%, Q3: 
1.92%, and Q4: 1.72%; P < 0.001) (Fig. 2). However, no sig-
nificant difference was found in the prevalence of hyper-
tension or diabetes (Table 1).

Association between dietary iron intake and HF
The results of the univariate logistic regression analysis 
for HF are presented in Supplementary Table S1. Dietary 
iron intake was negatively correlated with HF; alcohol 
consumption was positively correlated with HF; and age, 
smoking, BMI, hypertension, diabetes, and other cardio-
vascular disease risk factors were positively correlated 
with HF. Table  2 presents the results of a multivariate 
logistic regression analysis of the relationship between 
dietary iron intake and HF. Compared with those in the 
Q1 group, participants with the highest dietary iron 
intake (Q4) had a lower prevalence of HF in the unad-
justed model (OR 0.52, 95% CI 0.37–0.74; P < 0.001). The 
highest dietary iron intake (Q4) was independently asso-
ciated with a lower prevalence of HF, adjusting for age, 
gender, race, educational level, smoking, alcohol con-
sumption, BMI, hypertension, and diabetes [odds ratio 
(OR) 0.58, 95% CI 0.41–0.82; P = 0.003]. In addition, we 
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converted dietary iron intake into a categorical vari-
able (Q1–Q4), indicating a significant trend P in both 
the unadjusted (P for trend < 0.001) and adjusted (P for 
trend < 0.001) models.

The dose‒response relationship between dietary iron 
intake and HF was analyzed (Fig.  3). A linear relation-
ship existed between dietary iron intake and HF when 
the tolerable daily intake of dietary iron did not exceed 
the maximum dosage (45  mg/day). The prevalence of 
HF decreased significantly with increasing dietary iron 
intake.

Subgroup analyses
We further investigated the associations between dietary 
iron intake and HF in different populations through 
subgroup analysis (Fig.  4). The entire population was 
stratified by age, gender, ethnicity, smoking, alcohol con-
sumption, and disease state. The association remained 
stable for women (OR 0.95, 95% CI 0.90–1.00), other 

Table 1 Baseline characteristics according to the dietary iron intake quartiles
Variable Total Q1 [0.13,9.74] Q2 (9.74,13.54] Q3 (13.54,19.07] Q4 (19.07,44.96] p value
Age 47.86(0.30) 47.78(0.44) 47.45(0.40) 47.93(0.39) 48.24(0.43) 0.43
Gender < 0.001
 Female 10752(51.01) 3488(67.38) 2887(55.37) 2273(43.62) 2104(40.24)
 Male 10101(48.99) 1728(32.62) 2327(44.63) 2938(56.38) 3108(59.76)
Race/ethnicity < 0.001
 Non-Hispanic White 8641(65.76) 1913(61.99) 2073(63.59) 2161(66.37) 2494(70.35)
 Non-Hispanic Black 4563(11.33) 1478(15.88) 1132(11.87) 1046(9.90) 907(8.35)
 Mexican American 2907(8.59) 651(7.79) 719(8.64) 790(9.09) 747(8.76)
 Other Hispanic 2124(5.87) 595(6.70) 562(6.08) 525(5.80) 442(5.05)
 Other Race 2618(8.45) 579(7.64) 728(9.82) 689(8.84) 622(7.49)
Educational level < 0.001
 College or above 11683(63.62) 2591(56.58) 2978(64.78) 3046(65.85) 3068(66.37)
 High school or equivalent 4697(22.53) 1245(25.84) 1143(21.79) 1141(21.66) 1168(21.24)
 Less than high school 4473(13.85) 1380(17.58) 1093(13.43) 1024(12.49) 976(12.39)
 Body mass index, kg/m2 29.26(0.11) 29.55(0.15) 29.23(0.16) 29.49(0.16) 28.80(0.18) 0.002
HeartFailure < 0.001
 No 20198(97.77) 4994(96.75) 5047(97.82) 5074(98.08) 5083(98.28)
 Yes 655(2.23) 222(3.25) 167(2.18) 137(1.92) 129(1.72)
Alcohol consumption, g/day 9.55(0.30) 8.02(0.52) 10.26(0.62) 10.42(0.62) 9.34(0.49) 0.01
Smoking < 0.001
 Never 11738(56.55) 2899(54.16) 3020(57.84) 2964(57.60) 2855(56.38)
 Former 5050(24.91) 1111(21.86) 1193(24.65) 1350(25.72) 1396(26.95)
 Now 4065(18.54) 1206(23.98) 1001(17.50) 897(16.68) 961(16.68)
Hypertension 0.5
 No 9389(50.08) 2243(49.95) 2380(51.44) 2392(49.50) 2374(49.51)
 Yes 11464(49.92) 2973(50.05) 2834(48.56) 2819(50.50) 2838(50.49)
DM 0.05
 No 15236(78.71) 3709(78.46) 3779(77.66) 3835(78.70) 3913(79.89)
 IGT 687(2.89) 157(2.40) 186(3.07) 180(3.45) 164(2.61)
 IFG 957(4.39) 230(3.61) 260(4.98) 233(4.90) 234(4.04)
 DM 3973(14.01) 1120(15.53) 989(14.30) 963(12.94) 901(13.47)
Abbreviations: DM, diabetes mellitus; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; NHANES, National Health and Nutrition Examination Survey

Fig. 2 Proportion of HF in the quartile of iron in American adults from 
NHANES 2009–2018. Abbreviations: HF, heart failure; NHANES, National 
Health and Nutrition Examination Survey
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Hispanics (OR 0.85, 95% CI 0.78–0.92), and current 
smokers (OR 0.89, 95% CI 0.83–0.96).

Discussion
This novel study demonstrated a relationship between 
dietary iron intake and HF. In NHANES 2009–2018, 
dietary iron intake was inversely associated with HF at 
concentrations not exceeding 45 mg/day. After adjusting 
for possible confounding factors, dietary iron intake was 
negatively associated with HF risk. This negative associa-
tion remained stable in the subgroups of women, current 
smokers, and other Hispanics. In addition, Q4 iron intake 
was different between patients with and without HF; it 
was greater in patients without HF (Supplementary Table 
S2).

Cardiovascular diseases, including HF, impose a sig-
nificant social burden. Additionally, the role of dietary 
habits in preventing and treating cardiovascular diseases 
has gradually received increasing attention from the 
public. A study in the U.S. revealed that increased iron 
intake reduced the risk of all-cause mortality [20]. Our 
study was novel in revealing the association between 
dietary iron intake and the presence of HF in the general 
population.

Although our clinical study revealed an associa-
tion between dietary iron intake and HF, the underly-
ing mechanism remains to be elucidated. Iron facilitates 
redox reactions, which is crucial for oxygen metabolism 
and oxidative phosphorylation in the heart [21, 22]. Stud-
ies have suggested that chronic HF is a chronic inflam-
matory disease. Iron homeostasis is abnormal in patients 
with HF, and high concentrations of inflammatory cyto-
kines increase the concentration of hepcidin, leading to 
iron chelation (functional iron deficiency) in reticulo-
endothelial system cells [23]. Excess iron might trigger 
cellular senescence, causing organ dysfunction by gen-
erating reactive oxygen species, which could further lead 
to heart disease [24]. Ischemic myocardial cells undergo 
a nonapoptotic and iron-dependent form of regulated 
cell death, named ferroptosis, in HF caused by myocar-
dial infarction [25]. Free iron reacts with oxygen to gen-
erate reactive oxygen species, which can damage lipids 
and lead to lipid peroxidation, ultimately resulting in fer-
roptosis and even cell death [26, 27]. Importantly, stud-
ies have confirmed that among elderly men aged 75 and 
above, a higher intake of heme iron is associated with 
an increased risk of congestive cardiac failure [28]. The 
clinical symptoms of iron deficiency, including fatigue, 
are often confused with those of the primary disease 
because they are not specific. Evaluating iron param-
eters in patients with chronic inflammatory diseases is 
still insufficient and deserves further exploration. Excess 
iron can increase the risk of cancer, iron overload cardio-
myopathy, and other diseases [29]. Therefore, iron intake 
should not exceed the maximum tolerable daily amount 
of 45 mg/day, and only accurate control of iron reserves 
can scientifically prevent diseases.

This study had several limitations. First, while our cur-
rent study provides valuable insights, it falls short of 
definitively establishing a cause‒and‒effect relationship 
between dietary iron and heart failure due to its cross-
sectional nature. To truly understand the directionality of 
this association, larger-scale longitudinal studies, particu-
larly cohort studies, are necessary. Second, the NHANES 
database did not provide data on brain natriuretic pep-
tide levels or echocardiography data. Therefore, this 

Table 2 Odds ratio (95%CI) for heart failure in American adults from the 2009–2018 NHANES according to quartile of iron analyzed by 
weighted logistic regression
Character Unadjusted model Model 1 Model 2

95%CI P 95%CI P 95%CI P
Quartile 1 ref ref ref
Quartile 2 0.66(0.50,0.89) 0.01 0.72(0.53,0.98) 0.04 0.79(0.58,1.08) 0.13
Quartile 3 0.58(0.44,0.78) < 0.001 0.62(0.47,0.82) 0.001 0.64(0.48,0.85) 0.003
Quartile 4 0.52(0.37,0.74) < 0.001 0.53(0.37,0.75) < 0.001 0.58(0.41,0.82) 0.003
p for trend < 0.001 < 0.001 < 0.001
Unadjusted model: univariate logistic regression analyses. Model 1 was adjusted for age, gender, race/ethnicity, and educational level. Model 2 was adjusted for 
variables included in Model 1 and smoking, alcohol, BMI, hypertension and DM. Abbreviations: BMI, body mass index; CI, confidence interval; DM, diabetes mellitus; 
NHANES, National Health and Nutrition Examination Survey; OR, odds ratio

Fig. 3 The restricted cubic spline model revealed a dose‒response re-
lationship between iron intake and HF among American adults from 
NHANES 2009–2018. The restricted cubic spline model was adjusted for 
age, gender, race, educational level, smoking status, alcohol consump-
tion, BMI, hypertension, and diabetes. The dotted line represents the cor-
responding 95% confidence interval. Abbreviations: BMI, body mass index; 
HF, heart failure; NHANES, National Health and Nutrition Examination Sur-
vey; OR, odds ratio; RCS, restricted cubic spline
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study could not further evaluate the relationship between 
dietary iron intake and HF severity. Third, the study 
focused on American adults and did not include teenag-
ers or children. Consequently, the findings may not be 
applicable to the whole population.

Conclusions
The dietary intake of iron was inversely associated with 
HF when the maximum recommended daily intake of 
iron was not exceeded. On the basis of the current evi-
dence, there is insufficient support for the use of oral iron 
supplementation in patients with HF owing to a lack of 
demonstrated benefits. More experimental and clinical 
studies are needed to determine the exact relationship 
between dietary iron intake and HF.

Abbreviations
BMI  Body mass index
CI  Confidence interval
DM  Diabetes mellitus
HF  Heart failure
IFG  Impaired fasting glucose
IGT  Impaired glucose tolerance
NHANES  National Health and Nutrition Examination Survey
OR  Odds ratio
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