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Background: Iron deficiency is common in cardiovascular diseases (CVD), e.g., heart failure and coronary heart disease. Soluble transferrin receptor (sTfR) is a promising marker representing unmet cellular iron demands. However, whether higher serum sTfR is associated with increased risk of CVDs needs further investigation.
Methods: In the present cross-sectional study, we analyzed data of 4,867 adult participants of the National Health and Nutrition Examination Survey (NHANES) 2017–2018. Linear regression models were employed to identify possible correlations between sTfR and other characteristics. The association between sTfR and CVDs was assessed with univariable and multivariable logistics regression models.
Results: The prevalence of CVDs was 9.5% among participants, and higher sTfR levels were found in participants with CVDs (p < 0.001). Linear regression models revealed positive associations between sTfR and age, body mass index, systolic blood pressure, glycated hemoglobulin A1c, and insulin resistance (all p < 0.001). In the multivariable logistics regression model, the adjusted odds ratio of sTfR for CVDs was 2.05 (per 1 log2 mg/L, 95% confidence interval: 1.03∼4.05, p = 0.046). Further subgroup analysis identified the associations of sTfR and CVDs were only significant in participants ≥60 years old, or with hypertension (all p < 0.05).
Conclusion: Our study demonstrated that increased serum sTfR levels were associated with a high prevalence of cardiovascular diseases.
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1 INTRODUCTION
Iron, an essential trace element, involves in multiple cellular biological processes including DNA synthesis, enzymatic activity, and mitochondrial function (Pasricha et al., 2021). Iron metabolism strongly correlates with cardiovascular diseases (CVD). In 1981, J. Sullivan firstly hypothesized that iron overload might contribute to the development of CVD (Sullivan, 1981). However, this hypothesis has not been verified in later clinical studies (Lapice et al., 2013; von Haehling et al., 2015). Iron deficiency (ID), on the contrary, has detrimental effects on cardiovascular diseases including coronary heart disease (CHD) and heart failure (HF). In the Ludwigshafen Risk and Cardiovascular Health Study, ID was found to be associated with CHD, independent of concomitant anemia (Grammer et al., 2014). In patients with HF, ID remained a common complication affecting up to 55% of chronic HF patients and 80% of acute HF patients (McDonagh et al., 2021), along with deteriorated functional status and prognosis (Rocha et al., 2018; von Haehling et al., 2019). Subsequent intravenous iron repletion improved the prognosis of HF patients with ID (Anker et al., 2009; Ponikowski et al., 2015; van Veldhuisen et al., 2017).
Serum ferritin and transferrin saturation (TAST) is currently the mainstay for ID diagnosis (Lopez et al., 2016; Pasricha et al., 2021). However, the accuracy of these iron markers is being questioned under certain medical conditions. Inflammation, liver diseases, and malignancy may increase ferritin concentrations (Thomas et al., 2013; Lopez et al., 2016; Restrepo-Gallego et al., 2020), resulting in a diagnostic sophistication. Transferrin levels may decrease disproportionately to serum iron in case of malnutrition, leading to an elevated TSAT that confuses the diagnosis of ID (Wish, 2006).
Soluble transferrin receptor (sTfR), a truncated monomer of tissue transferrin receptor 1 (TfR1) expressed by almost all proliferating cells, is a promising marker representing unmet cellular iron demands (Beguin, 2003; Restrepo-Gallego et al., 2020). During ID, TfR1 is overexpressed especially in erythroid precursors, which is proportional to the increase in serum sTfR levels (Beguin, 2003). Serum sTfR was proved an indicator of early ID in general population (Baynes, 1996). Most importantly, serum sTfR are not affected by inflammation (Beguin, 2003).
Previous studies have demonstrated the predictive value of sTfR in the prognosis of CHD (Ponikowska et al., 2013; Weidmann et al., 2020) and HF (Jankowska et al., 2014; Biegus et al., 2019; Sierpinski et al., 2021). Conversely, few studies illustrated the association between sTfR and CHD (Braun et al., 2004; Sun et al., 2008), where the relatively small sample size or restricted inclusion criteria affected the validity of these findings. Therefore, in this large-sample cross-sectional study from the National Health and Nutrition Examination Survey (NHANES), we aim to determine whether higher sTfR levels are associated with increased risk of CVDs.
2 METHODS
2.1 Study Population
NHANES is a serial nationally representative cross-sectional survey of the non-military non-institutionalized US population, conducted by the National Center for Health Statistics (NCHS) using a multistage and stratified sampling design. The NHANES collects data from participants through home interviews, as well as physical examinations and laboratory results at the mobile examination center (MEC). Detailed descriptions of NHANES methods are available at the NHANES website (https://www.cdc.gov/nchs/nhanes/index.htm). The NHANES protocols were approved by the NCHS Research Ethics Review Board, and informed consent was obtained from all participants.
In this cross-sectional study, we included all adult participants (aged above 20 years old) examined in the MEC from NHANES 2017–2018 (n = 5,265). Participants who were pregnant during the survey (n = 55), or with missing data of sTfR levels (n = 287) and/or any cardiovascular diseases (n = 67) were excluded. The entire process of participant inclusion is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flow chart of the study.
2.2 Measurement of Serum Soluble Transferrin Receptor Levels
During the MEC examination, blood samples were collected, centrifuged, and stored at <−20°C until analyzed. Serum sTfR levels were measured at the National Center of Environmental Health (NCEH) with the Tina-quant® assay, a particle enhanced immunoturbidimetric assay using Roche kits on the Roche Cobas® c501 analyzer. A detailed description of sTfR measurement is available at https://wwwn.cdc.gov/nchs/data/nhanes/2017-2018/labmethods/TFR-J-MET-508.pdf.
2.3 Assessment of Cardiovascular Diseases
Cardiovascular diseases were defined as a composite of self-reported physician diagnoses including heart failure (HF), coronary heart disease (CHD), angina pectoris, myocardial infarction (MI), and stroke, according to previous studies (Abdalla et al., 2020; Cai et al., 2020). Participants would be considered to have CVDs if they responded “yes” to any of the following questions: “Has a doctor or other health professional ever told you that you had congestive heart failure/coronary heart disease/angina (also called angina pectoris)/a heart attack (also called myocardial infarction)/a stroke?” (5 separate questions with the same pattern).
2.4 Covariates
Demographic variables (age, gender, and ethnicity) were collected during home interviews. Medical conditions including diabetes, hypertension, hyperlipidemia, drinking (at least 1 alcoholic drink per month or not), and smoking (smoked at least 100 cigarettes during lifetime or not) were obtained by self-reporting. During the MEC examination, height, weight, waist circumference, and blood pressure were measured using standard protocols. Dietary nutrition intake was assessed with the first 24-h dietary recalls, and nutrient values were assigned to foods by using the USDA Food and Nutrient Database for Diet Studies. Laboratory results including blood routine, basic biochemical status, lipid profiles, fasting glucose and insulin (only available in participants examined in the morning), glycated hemoglobin A1c (HbA1c), hypersensitive C-reaction protein (hs-CRP), and other serum iron markers (serum iron, ferritin, and TSAT) were measured with the blood samples obtained during the MEC examination using standard protocols. Low-density lipoprotein-cholesterol (LDL-C) were calculated using the Friedewald equation [LDL-C (mg/dl) = total cholesterol (mg/dl) - high-density lipoprotein-cholesterol (mg/dl)—triglycerides (mg/dl)/5]. Insulin resistance was assessed using the homeostasis model analysis (HOMA), where insulin resistance = glucose levels (mmol/L) × insulin (mU/L)/22.5 (Matthews et al., 1985). Anemia was defined as hemoglobulin <12 g/dl in females or <13 g/dl in males.
2.5 Statistical Analysis
Continuous variables were presented as mean ± standard deviation (SD) or median [interquartile range (IQR)] according to the normality of their distribution. Categorical variables were presented as numbers (weighted percentage). Population characteristics were compared among participants with/without CVDs using Student’s t-test or Mann-Whitney U test (continuous variables), or χ2 test (categorical variables). For further analyses, variables with right-skewed distributions were log2-transformed to normalize their distributions. Univariable and multivariable linear regression models were employed to identify possible relationships between sTfR and covariates. The multivariable model was established by forward stepwise selection based on the multivariate p-values of each variable. The associations between sTfR levels and the prevalence of total CVDs and individual types of CVDs (HF, CHD, angina pectoris, MI, and stroke) were analyzed using univariable and multivariable logistics regression models. Model 1 was adjusted for demographic variables including age, gender, and ethnicity. In model 2, additional adjustment for traditional cardiovascular risk factors (smoking, BMI, SBP, LDL-C, and HbA1c) was made. Model 3 was adjusted for all model 2 variables plus hemoglobulin. Subgroup analyses were performed according to age, gender, ethnicity, diabetes, and hypertension; and potential interactions were tested. We further compared the association between cardiovascular disease and other iron markers with the univariate and multivariate logistics regression models.
All statistical analyses were performed with the “survey” package (version 4.1-1) for R statistical software (version 4.1.1, R Foundation for Statistical Computing, Vienna, Austria) to take into account the complex survey design of NHANES. Appropriate sampling weights and the Taylor series linearization method were applied in accordance with NCHS recommendations. All statistical tests were two-tailed, and a p-value less than 0.05 was considered statistically significant.
3 RESULTS
3.1 Population Characteristics
Population characteristics of the included participants are summarized in Table 1. The prevalence of CVDs was 9.5%, whereas heart failure, coronary heart disease, angina, myocardial infarction, and stroke were reported by 2.3%, 4.2%, 2.6%, 3.6%, and 3.2% of participants, respectively. Higher serum sTfR levels were found in participants with CVDs [2.84 (IQR: 2.37∼3.44) mg/L vs. 3.41 (IQR: 2.71∼4.21) mg/L, p < 0.001]. Significant differences were also found in age, gender, ethnicity, diabetes, hypertension, hyperlipidemia, smoking, drinking, blood pressure, BMI, waist circumference, serum iron, TSAT, hemoglobulin, lipid profiles, HbA1c, and hs-CRP (all p < 0.05).
TABLE 1 | Population characteristic stratified by cardiovascular diseases.
[image: Table 1]3.2 Correlation of Soluble Transferrin Receptor Levels With Covariates
Linear regression models for sTfR were shown in Supplementary Table S1. In univariate analysis, sTfR was positively associated with age (p < 0.001). Compared to males, females had higher sTfR levels (p = 0.001), whereas higher sTfR levels were found in the non-Hispanic Black (p < 0.001) as well as smokers (p = 0.021). What’s more, sTfR levels were positively correlated with systolic blood pressure (SBP), BMI, waist circumstance, triglycerides, HbA1c, insulin resistance, and hs-CRP (all p < 0.01), while negative correlations were found between hemoglobulin, eGFR, LDL-C, and sTfR (all p < 0.05). Interestingly, there was no significant association between sTfR and dietary iron intake (p = 0.132). Multivariate linear regression identified gender, ethnicity, SBP, BMI, hemoglobulin, and triglycerides as independent determinants of serum sTfR levels.
3.3 Association of Serum Soluble Transferrin Receptor Levels and Cardiovascular Diseases
Table 2 shows the association between serum sTfR levels and the prevalence of CVDs. In the univariate model, the odds ratio (OR) of sTfR (per 1 log2 mg/L increase) for total CVDs was 2.37 [95% confidence interval (CI): 1.86∼3.02, p < 0.001]. These associations did not change after adjusting for demographic variables, smoking, BMI, SBP, LDL-C, and HbA1c (OR in Adjusted Model 2: 2.21, 95% CI: 1.42∼3.44, p = 0.011). After further adjustment of hemoglobulin, the OR of sTfR for total CVDs was 2.05 (95% CI: 1.03∼4.05, p = 0.046). For individual types of CVDs, significant associations were found between sTfR and HF, CHD, angina, MI, and stroke in the univariate model (all p < 0.01). However, after adjusting for all Model 3 variables, only angina had a significant association with sTfR levels.
TABLE 2 | Univariate and multivariate logistics regression model of sTfR for CVDs.
[image: Table 2]We further assessed the association of other iron markers (serum iron, ferritin, and TSAT) and CVDs (Supplementary Table S2). After adjusting for age, sex, ethnicity, smoking, BMI, SBP, LDL-C, HbA1c, and hemoglobulin, none of serum iron, ferritin, or TSAT showed significant association with total CVDs.
3.4 Subgroup Analysis
To further assess the robustness of the association of sTfR and CVDs, subgroup analyses were performed. All analyses were adjusted for age, gender, ethnicity, smoking, BMI, SBP, LDL-C, HbA1c, and hemoglobulin, except for the variable that was stratified. As illustrated in Figure 2, the associations of sTfR and CVDs were only significant in participants ≥60 years old, or the non-Hispanic White, Hispanic, or Mexican American ethnicity, or with hypertension (all p < 0.05). Significant associations were also found in both male and female gender (all p < 0.05). Potential interactions of sTfR and the stratification factors were also tested, where gender, Hispanic ethnicity, and hypertension had significant interactions with sTfR (all p < 0.05).
[image: Figure 2]FIGURE 2 | Subgroup analysis Odds ratio of sTfR (per 1 log2 mg/L) for total CVDs, adjusted for age, gender, ethnicity, smoking, BMI, SBP, HbA1c, and LDL-C. There were 161 and 10 participants with missing data of diabetes and hypertension, respectively, and data of these participants was excluded from subgroup analysis accordingly. Abbreviations: OR, odds ratio; CI, confidence interval; sTfR, soluble transferrin receptor; BMI, body mass index; SBP, systolic blood pressure; LDL-C, low-density lipoprotein-cholesterol; HbA1c, glycated hemoglobulin A1c.
4 DISCUSSION
In this cross-sectional study of a national representing population, we ought to elucidate the association of sTfR and cardiovascular diseases, and our data suggested: 1) higher sTfR levels were associated with higher prevalence for cardiovascular diseases; 2) serum sTfR levels were associated with several cardiovascular risk factors including obesity, hypertension, diabetes, and insulin resistance.
4.1 Soluble Transferrin Receptor as an Accurate Marker of Body Iron Status
The gold standard for ID is absent or depicted stainable bone marrow iron (Goddard et al., 2011; Pasricha et al., 2021). Unfortunately, the invasiveness of bone marrow aspiration limits its value in diagnosing iron deficiency. Therefore, ID is diagnosed with serum iron markers such as serum ferritin in most clinical settings. However, in patients with inflammatory status such as atherosclerosis or heart failure (Pearson et al., 2003), the diagnostic value of these markers may be hampered (Restrepo-Gallego et al., 2020).
In normal individuals, cellular iron intake depends on transferrin receptors (TfR) which allows the internalization of the transferrin (Hentze et al., 2004). Serum sTfR, a cleaved monomer of TfR1 identified in 1986, is a relatively novel marker of iron status (Harms and Kaiser, 2015) reflecting the early onset of iron depletion. The most important determinants of sTfR levels are erythropoietic activity and iron status (Beguin, 2003). Serum sTfR levels have been applied in cardiovascular medicine to assist the management of comorbid ID. In patients with CHD or chronic HF, sTfR has been found to have the strongest association with bone marrow ID among serum iron markers (Jankowska et al., 2014; Jankowska et al., 2015; Sierpinski et al., 2021). Most importantly, P. Leszek et al. identified sTfR as the only serum marker reflecting myocardial iron load (Leszek et al., 2012).
In contrast to the previous concept that sTfR levels are not affected by inflammation, our study revealed a positive correlation between sTfR and hs-CRP. Similar findings were also shared by several epidemiological studies, where positive correlations were found between sTfR and markers for inflammatory status including hs-CRP (Fernandez-Real et al., 2007; Weidmann et al., 2020) and interleukin (IL)-6 (Sun et al., 2008). Some studies also suggested adjustments should be made for correct interpretations of sTfR in severe inflammation (Thurnham et al., 2015; Rohner et al., 2017). Though sTfR levels may elevate during inflammation, it has been reported that sTfR was less affected by high exposure to inflammation when compared to ferritin (Restrepo-Gallego et al., 2020), which still favored the diagnostic value of sTfR.
4.2 Association of Serum Soluble Transferrin Receptor Levels and Cardiovascular Diseases
Our study demonstrated the correlation of sTfR levels and cardiovascular diseases, which was independent of demographic and traditional risk factors. This association was still significant after further adjustment of hemoglobulin, suggesting even early iron depletion might still be associated with cardiovascular diseases regardless of hemopoietic status. Previous research has studied the relationship between sTfR levels and the prevalence of CHD. In a case-control study, higher sTfR levels were found in patients with angiographic CHD, and sTfR levels increased significantly with more coronary arteries affected (Braun et al., 2004). However, in a cohort study of female nurses of the US, there was only a trend toward significance between sTfR and CHD after adjusting for confounding factors (Sun et al., 2008), where the special population might account for this result. What’s more, high sTfR levels independently predict the outcome of patients with CHD, type II diabetes with CHD, or HF (Ponikowska et al., 2013; Biegus et al., 2019; Weidmann et al., 2020; Sierpinski et al., 2021).
4.3 Pathophysiological Rationale Linking Soluble transferrin receptor Levels and Cardiovascular Diseases
Our study also revealed the correlation between sTfR and cardiovascular risk factors including obesity as well as central obesity, hypertension, diabetes, and insulin resistance, in line with previous epidemiological studies. Serum sTfR levels were found positively associated with BMI and waist circumference (Freixenet et al., 2009), identical to our findings. In the China Health and Nutrition Survey (CHNS) study, positive associations were found between sTfR levels and both systolic and diastolic pressure at baseline, and high sTfR levels independently predicted the onset of incident hypertension (Zhu et al., 2019). Fernandez-Real JM et al. found that sTfR levels were positively associated with systolic blood pressure, HbA1c, as well as glucose levels during oral glucose tolerance tests (OGTT) in populations with or without diabetes (Fernandez-Real et al., 2007). Furthermore, sTfR was independently and positively associated with insulin resistance measured by homeostasis model analysis in men and postmenopausal women (Suarez-Ortegon et al., 2016). Additionally, Petr Syrovatka et al. found sTfR were positively associated with the sickness of common carotid intima-media in asymptomatic individuals (Syrovatka et al., 2011).
In addition to the associations of sTfR and cardiovascular risk factors, several experimental studies have also revealed potential mechanisms of sTfR or TfR1 involving in CVDs. In atherosclerotic lesions, inflammatory cytokines [e.g., interleukin (IL)-2 and tumor necrosis factor (TNF)] (Tsuji et al., 1991; Seiser et al., 1993), nitric oxide (NO) (Drapier et al., 1993), as well as oxidative stress (Pantopoulos and Hentze, 1995) could upregulate TfR1 expression, which leads to an increased iron intake. Increased iron load in macrophages may contribute to the progression of atherosclerosis by generating reactive oxygen species (ROS) and peroxidation of lipids (Lapice et al., 2013; von Haehling et al., 2015). What’s more, insulin could stimulate cellular iron intake and redistribute TfR1 to cell surface (Davis et al., 1986), which may explain the association between sTfR levels and diabetes as well as insulin resistance.
4.4 Study Strength and Limitations
To our knowledge, our study is the first study focusing on the association between serum sTfR levels and cardiovascular diseases with a nationally representing population. Our result strengthened the evidence of the detrimental effects of iron deficiency on cardiovascular diseases. In addition, we examined the relationship between sTfR levels and several cardiovascular risk factors, which were of interest for future studies.
There were several limitations in our study. First, the cross-sectional nature of this study did not allow us to infer a causal association, therefore, further cohort studies or experimental studies are needed to investigate this association. Second, CVDs were ascertained by self-reporting rather than medical records, resulting in recall bias. Third, participants of NHANES were not questioned whether they had hematological disorders (e.g., aplastic anemia or leukemia), therefore we did not exclude participants with hematological disorders. As serum sTfR levels are influenced by erythropoietic activity, hematological disorders might be a potential confounder even if we have adjusted for hemoglobulin in the Adjusted Model 3. Third, we only included data of NHANES 2017–2018 due to data availability, resulting in a relatively low statistical power in subgroup analysis or logistics regression models for individual types of CVDs, raising the concern for false negatives. Furthermore, the relatively high cost and lack of a standard cutoff limits the application of sTfR (von Haehling et al., 2015; Restrepo-Gallego et al., 2020), especially in developing countries.
5 CONCLUSION
In conclusion, our study demonstrated that increased serum sTfR levels were associated with a high prevalence of cardiovascular diseases. Serum sTfR levels, a promising marker measuring unmet cellular iron demand, may have predictive value for risk stratification of CVDs.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2017.
ETHICS STATEMENT
Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.
AUTHOR CONTRIBUTIONS
All authors contributed to the study conception and design. Material preparation, data collection and analysis were performed by SZ and CL. The first draft of the manuscript was written by SZ. YX, HM and MX critically revised the manuscript. All authors read and approved the final manuscript.
FUNDING
This article was supported by the Key Research and Development Project of Department of Science and Technology of Zhejiang Province (2020C03118 to MX) and Provincial and Ministry Joint Major Projects of National Health Commission of China (WKJ-ZJ-1703 to MX).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.874846/full#supplementary-material
REFERENCES
 Abdalla, S. M., Yu, S., and Galea, S. (2020). Trends in Cardiovascular Disease Prevalence by Income Level in the United States. JAMA Netw. Open 3 (9), e2018150. doi:10.1001/jamanetworkopen.2020.18150
 Anker, S. D., Comin Colet, J., Filippatos, G., Willenheimer, R., Dickstein, K., Drexler, H., et al. (2009). Ferric Carboxymaltose in Patients with Heart Failure and Iron Deficiency. N. Engl. J. Med. 361 (25), 2436–2448. doi:10.1056/NEJMoa0908355
 Baynes, R. D. (1996). Assessment of Iron Status. Clin. Biochem. 29 (3), 209–215. doi:10.1016/0009-9120(96)00010-k
 Beguin, Y. (2003). Soluble Transferrin Receptor for the Evaluation of Erythropoiesis and Iron Status. Clin. Chim. Acta 329 (1-2), 9–22. doi:10.1016/s0009-8981(03)00005-6
 Biegus, J., Zymliński, R., Sokolski, M., Jankowska, E. A., Banasiak, W., and Ponikowski, P. (2019). Elevated Lactate in Acute Heart Failure Patients with Intracellular Iron Deficiency as Identifier of Poor Outcome. Kardiol Pol. 77 (3), 347–354. doi:10.5603/KP.a2019.0014
 Braun, S., Ndrepepa, G., Beckerath, N. v., Vogt, W., Schömig, A., and Kastrati, A. (2004). Value of Serum Ferritin and Soluble Transferrin Receptor for Prediction of Coronary Artery Disease and its Clinical Presentations. Atherosclerosis 174 (1), 105–110. doi:10.1016/j.atherosclerosis.2004.01.011
 Cai, S., Rao, X., Ye, J., Ling, Y., Mi, S., Chen, H., et al. (2020). Relationship between Urinary Bisphenol a Levels and Cardiovascular Diseases in the U.S. Adult Population, 2003-2014. Ecotoxicology Environ. Saf. 192, 110300. doi:10.1016/j.ecoenv.2020.110300
 Davis, R. J., Corvera, S., and Czech, M. P. (1986). Insulin Stimulates Cellular Iron Uptake and Causes the Redistribution of Intracellular Transferrin Receptors to the Plasma Membrane. J. Biol. Chem. 261 (19), 8708–8711. doi:10.1016/s0021-9258(19)84438-1
 Drapier, J. C., Hirling, H., Wietzerbin, J., Kaldy, P., and Kühn, L. C. (1993). Biosynthesis of Nitric Oxide Activates Iron Regulatory Factor in Macrophages. EMBO J. 12 (9), 3643–3649. doi:10.1002/j.1460-2075.1993.tb06038.x
 Fernandez-Real, J. M., Moreno, J. M., Lopez-Bermejo, A., Chico, B., Vendrell, J., and Ricart, W. (2007). Circulating Soluble Transferrin Receptor According to Glucose Tolerance Status and Insulin Sensitivity. Diabetes Care 30 (3), 604–608. doi:10.2337/dc06-1138
 Freixenet, N., Remacha, Á., Berlanga, E., Caixàs, A., Giménez-Palop, O., Blanco-Vaca, F., et al. (2009). Serum Soluble Transferrin Receptor Concentrations Are Increased in central Obesity. Results from a Screening Programme for Hereditary Hemochromatosis in Men with Hyperferritinemia. Clinica Chim. Acta 400 (1-2), 111–116. doi:10.1016/j.cca.2008.10.019
 Goddard, A. F., James, M. W., McIntyre, A. S., Scott, B. B., and British Society of, G. (2011). Guidelines for the Management of Iron Deficiency Anaemia. Gut 60 (10), 1309–1316. doi:10.1136/gut.2010.228874
 Grammer, T. B., Kleber, M. E., Silbernagel, G., Pilz, S., Scharnagl, H., Tomaschitz, A., et al. (2014). Hemoglobin, Iron Metabolism and Angiographic Coronary Artery Disease (The Ludwigshafen Risk and Cardiovascular Health Study). Atherosclerosis 236 (2), 292–300. doi:10.1016/j.atherosclerosis.2014.07.002
 Harms, K., and Kaiser, T. (2015). Beyond Soluble Transferrin Receptor: Old Challenges and New Horizons. Best Pract. Res. Clin. Endocrinol. Metab. 29 (5), 799–810. doi:10.1016/j.beem.2015.09.003
 Hentze, M. W., Muckenthaler, M. U., and Andrews, N. C. (2004). Balancing Acts. Cell 117 (3), 285–297. doi:10.1016/s0092-8674(04)00343-5
 Jankowska, E. A., Kasztura, M., Sokolski, M., Bronisz, M., Nawrocka, S., Ole kowska-Florek, W., et al. (2014). Iron Deficiency Defined as Depleted Iron Stores Accompanied by Unmet Cellular Iron Requirements Identifies Patients at the Highest Risk of Death after an Episode of Acute Heart Failure. Eur. Heart J. 35 (36), 2468–2476. doi:10.1093/eurheartj/ehu235
 Jankowska, E. A., Wojtas, K., Kasztura, M., Mazur, G., Butrym, A., Kalicinska, E., et al. (2015). Bone Marrow Iron Depletion Is Common in Patients with Coronary Artery Disease. Int. J. Cardiol. 182, 517–522. doi:10.1016/j.ijcard.2014.10.006
 Lapice, E., Masulli, M., and Vaccaro, O. (2013). Iron Deficiency and Cardiovascular Disease: an Updated Review of the Evidence. Curr. Atheroscler. Rep. 15 (10), 358. doi:10.1007/s11883-013-0358-0
 Leszek, P., Sochanowicz, B., Szperl, M., Kolsut, P., Brzóska, K., Piotrowski, W., et al. (2012). Myocardial Iron Homeostasis in Advanced Chronic Heart Failure Patients. Int. J. Cardiol. 159 (1), 47–52. doi:10.1016/j.ijcard.2011.08.006
 Lopez, A., Cacoub, P., Macdougall, I. C., and Peyrin-Biroulet, L. (2016). Iron Deficiency Anaemia. The Lancet 387 (10021), 907–916. doi:10.1016/s0140-6736(15)60865-0
 Matthews, D. R., Hosker, J. P., Rudenski, A. S., Naylor, B. A., Treacher, D. F., and Turner, R. C. (1985). Homeostasis Model Assessment: Insulin Resistance and ?-cell Function from Fasting Plasma Glucose and Insulin Concentrations in Man. Diabetologia 28 (7), 412–419. doi:10.1007/bf00280883
 McDonagh, T. A., Metra, M., Adamo, M., Gardner, R. S., Baumbach, A., Böhm, M., et al. (2021). 2021 ESC Guidelines for the Diagnosis and Treatment of Acute and Chronic Heart Failure. Eur. Heart J. 42 (36), 3599–3726. doi:10.1093/eurheartj/ehab368
 Pantopoulos, K., and Hentze, M. W. (1995). Rapid Responses to Oxidative Stress Mediated by Iron Regulatory Protein. EMBO J. 14 (12), 2917–2924. doi:10.1002/j.1460-2075.1995.tb07291.x
 Pasricha, S.-R., Tye-Din, J., Muckenthaler, M. U., and Swinkels, D. W. (2021). Iron Deficiency. The Lancet 397 (10270), 233–248. doi:10.1016/s0140-6736(20)32594-0
 Pearson, T. A., Mensah, G. A., Alexander, R. W., Anderson, J. L., Cannon, R. O., Criqui, M., et al. (2003). Markers of Inflammation and Cardiovascular Disease. Circulation 107 (3), 499–511. doi:10.1161/01.cir.0000052939.59093.45
 Ponikowska, B., Suchocki, T., Paleczny, B., Olesinska, M., Powierza, S., Borodulin-Nadzieja, L., et al. (2013). Iron Status and Survival in Diabetic Patients with Coronary Artery Disease. Diabetes Care 36 (12), 4147–4156. doi:10.2337/dc13-0528
 Ponikowski, P., van Veldhuisen, D. J., Comin-Colet, J., Ertl, G., Komajda, M., Mareev, V., et al. (2015). Beneficial Effects of Long-Term Intravenous Iron Therapy with Ferric Carboxymaltose in Patients with Symptomatic Heart Failure and Iron Deficiency. Eur. Heart J. 36 (11), 657–668. doi:10.1093/eurheartj/ehu385
 Restrepo-Gallego, M., Díaz, L. E., and Rondó, P. H. C. (2020). Classic and Emergent Indicators for the Assessment of Human Iron Status. Crit. Rev. Food Sci. Nutr. 61, 2827–2840. doi:10.1080/10408398.2020.1787326
 Rocha, B. M. L., Cunha, G. J. L., and Menezes Falcão, L. F. (2018). The Burden of Iron Deficiency in Heart Failure. J. Am. Coll. Cardiol. 71 (7), 782–793. doi:10.1016/j.jacc.2017.12.027
 Rohner, F., Namaste, S. M., Larson, L. M., Addo, O. Y., Mei, Z., Suchdev, P. S., et al. (2017). Adjusting Soluble Transferrin Receptor Concentrations for Inflammation: Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) Project. Am. J. Clin. Nutr. 106 (Suppl. 1), 372S–382S. doi:10.3945/ajcn.116.142232
 Seiser, C., Teixeira, S., and Kühn, L. C. (1993). Interleukin-2-dependent Transcriptional and post-transcriptional Regulation of Transferrin Receptor mRNA. J. Biol. Chem. 268 (18), 13074–13080. doi:10.1016/s0021-9258(19)38621-1
 Sierpinski, R., Josiak, K., Suchocki, T., Wojtas‐Polc, K., Mazur, G., Butrym, A., et al. (2021). High Soluble Transferrin Receptor in Patients with Heart Failure: a Measure of Iron Deficiency and a strong Predictor of Mortality. Eur. J. Heart Fail. 23 (6), 919–932. doi:10.1002/ejhf.2036
 Suárez-Ortegón, M. F., McLachlan, S., Wild, S. H., Fernández-Real, J. M., Hayward, C., and Polašek, O. (2016). Soluble Transferrin Receptor Levels Are Positively Associated with Insulin Resistance but Not with the Metabolic Syndrome or its Individual Components. Br. J. Nutr. 116 (7), 1165–1174. doi:10.1017/S0007114516002968
 Sullivan, J. (1981). Iron and the Sex Difference in Heart Disease Risk. The Lancet 317 (8233), 1293–1294. doi:10.1016/s0140-6736(81)92463-6
 Sun, Q., Ma, J., Rifai, N., Franco, O. H., Rexrode, K. M., and Hu, F. B. (2008). Excessive Body Iron Stores Are Not Associated with Risk of Coronary Heart Disease in Women. J. Nutr. 138 (12), 2436–2441. doi:10.3945/jn.108.097766
 Syrovatka, P., Kraml, P., Hulikova, K., Fialova, L., Vejrazka, M., Crkovska, J., et al. (2011). Iron Stores Are Associated with Asymptomatic Atherosclerosis in Healthy Men of Primary Prevention. Eur. J. Clin. Invest. 41 (8), 846–853. doi:10.1111/j.1365-2362.2011.02474.x
 Thomas, D. W., Hinchliffe, R. F., Briggs, C., Macdougall, I. C., Littlewood, T., Cavill, I., et al. (2013). Guideline for the Laboratory Diagnosis of Functional Iron Deficiency. Br. J. Haematol. 161 (5), 639–648. doi:10.1111/bjh.12311
 Thurnham, D. I., Northrop-Clewes, C. A., and Knowles, J. (2015). The Use of Adjustment Factors to Address the Impact of Inflammation on Vitamin A and Iron Status in Humans. J. Nutr. 145 (5), 1137S–1143S. doi:10.3945/jn.114.194712
 Tsuji, Y., Miller, L. L., Miller, S. C., Torti, S. V., and Torti, F. M. (1991). Tumor Necrosis Factor-Alpha and Interleukin 1-alpha Regulate Transferrin Receptor in Human Diploid Fibroblasts. Relationship to the Induction of Ferritin Heavy Chain. J. Biol. Chem. 266 (11), 7257–7261. doi:10.1016/s0021-9258(20)89638-0
 van Veldhuisen, D. J., Ponikowski, P., van der Meer, P., Metra, M., Böhm, M., Doletsky, A., et al. (2017). Effect of Ferric Carboxymaltose on Exercise Capacity in Patients with Chronic Heart Failure and Iron Deficiency. Circulation 136 (15), 1374–1383. doi:10.1161/circulationaha.117.027497
 von Haehling, S., Ebner, N., Evertz, R., Ponikowski, P., and Anker, S. D. (2019). Iron Deficiency in Heart Failure. JACC: Heart Fail. 7 (1), 36–46. doi:10.1016/j.jchf.2018.07.015
 von Haehling, S., Jankowska, E. A., van Veldhuisen, D. J., Ponikowski, P., and Anker, S. D. (2015). Iron Deficiency and Cardiovascular Disease. Nat. Rev. Cardiol. 12 (11), 659–669. doi:10.1038/nrcardio.2015.109
 Weidmann, H., Bannasch, J. H., Waldeyer, C., Shrivastava, A., Appelbaum, S., Ojeda‐Echevarria, F. M., et al. (2020). Iron Metabolism Contributes to Prognosis in Coronary Artery Disease: Prognostic Value of the Soluble Transferrin Receptor within the AtheroGene Study. Jaha 9 (9), e015480. doi:10.1161/JAHA.119.015480
 Wish, J. B. (2006). Assessing Iron Status: beyond Serum Ferritin and Transferrin Saturation. Cjasn 1 (Suppl. 1), S4–S8. doi:10.2215/CJN.01490506
 Zhu, Y., Chen, G., Bo, Y., and Liu, Y. (2019). Markers of Iron Status, Blood Pressure and Incident Hypertension Among Chinese Adults. Nutr. Metab. Cardiovasc. Dis. 29 (8), 830–836. doi:10.1016/j.numecd.2019.04.012
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Zhu, Liu, Zhao, Chen, Meng, Hong, Xiang and Xie. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-874846-t001.jpg
Characteristic Overall Non-CVD CVD p-value

n= 4,867 n = 4,282 n =585
Sociodemographic
Age, year 49 (33, 62) 46 (33, 60) 67 (58, 76) <0.001
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Non-Hispanic Black 1,115 (10.9%) 978 (10.9%) 137 (10.9%)
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Iron Markers
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Continuous variables were presented as mean = sd, or median (interquartile range), categorical variables were presented as n (weighted percentage).
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white blood cell: LDL-C, low-density lipoprotein-cholesterol: HDL-C, high-density lipoprotein-cholesterol: HbATc, glycated hemoglobin Alc: hs-CRP, hypersensitive C-reactive protein.
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Outcomes Unadjusted model

Adjusted model 1*

Adjusted model 2°

Adjusted model 3°

OR* (95% CI)

Total CVDs 2.37 (1.86, 302)
Heart Faiure 219 (1.50, 3.19)
Coronary Heart Disease  2.24 (1.74, 2.88)
Angina Pectoris 265 (2.03, 3.45)
Myocardial Infarction 1.81 (1.29, 258)
Stroke 211 (1.64, 2.72)

p-value

<0.001
<0.001
<0.001
<0.001
0.002
<0.001

"Adjusted Model 1: adjusted for age, gender, and ethnicity.
“Adfusted Model 2: additionally adjusted for smoking, BMI, SBP, LDL-C, and HbATc.
“Adjusted Model 3: additionally adjusted for hemoglobuin.

“Odds ratio of sTIR, per 1 log, mg/L increase.

OR* (95% Cl)

2.51 (1.83, 3.46)
212 (1.24, 361)
261(1.78, 383)
320 (2.17,4.72)
1.77 (1.06, 2.98)
1.86 (1.32, 261)

p-value

<0.001
0.012
<0.001
<0.001
0.034
0.003

OR‘ (95% Cl)

221 (142, 3.44)
1.94 (0.84, 4.50)
234 (1.24, 4.42)
289 (1.50, 5.58)
1.52 (0.69, 3.37)
1.59 (0.96, 2.65)

p-value

0.011
0.086
0.024
0.014
0.193
0.062

OR* (95% CI)

2.05 (1.03, 4.05)
1.80 (0.46, 7.12)
2.13 (0.80, 5.68)
.88 (1.01, 8.20)
1.46 (0.50, 4.25)
1.56 (0.68, 3.58)

p-value

0.046
0.205
0.080
0.049
0.271
0.149

OR, odds ratio; Cl, confidence interval; TR, soluble transferrin receptor; BMI, body mass index; SBP, systolic blood pressure; LDL-C, low-density lipoprotein-cholesterol; HbATc,

avcated hemoglobuin Alc.
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