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Background

As increasing experimental evidence suggests that iron metabolism play crucial roles in cancer and non-cancer conditions, there is a lack of data on serum soluble transferrin receptor (sTfR), a promising marker representing unmet cellular iron demands, between cancer risk from epidemiological studies. Here, we aimed to evaluate the predictive value of sTfR and cancer prevalence.



Materials and methods

We analyzed on 5,480 adult participants from 2015 to 2018 National Health and Nutrition Examination Survey (NHANES). Spearman correlation analysis was performed to investigate the correlations between sTfR and other characteristics. To identify the associations between sTfR and the prevalence of cancers, stratified multivariable logistic regression models, subgroup and sensitivity analyses were also performed.



Results

In tertile analyses, participants in the highest level of sTfR were significantly associated with increased prevalence of total cancers [odds ratio (OR) = 1.53, 95% confidence interval (CI): 1.15-2.02] as compared with those at the lowest tertile. Each unit increment in ln-transformed sTfR concentration was shown to be associated with 39% increased risks of total cancers. Similar associations were found in males rather than females. Further subgroup and sensitivity analyses indicated that, in continuous and tertile analyses, sTfR was more closely associated with male- and female-specific cancers of prostate and testis (2.35: 1.03-5.40; 2.03: 1.00-4.09; respectively), and breast, cervix, ovary and uterus (1.92: 1.11-3.35; 1.66: 1.02-2.69; respectively).



Conclusions

Our findings suggested that elevated level of sTfR was associated with the prevalence of cancers, especially in sex-specific cancers. In order to better determine them, further research in humans will be required.
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Introduction

Iron homeostasis involves in multiple cellular biological processes, including enzymatic activity, mitochondrial function and DNA synthesis (1). Unequivocally, disorders of iron metabolism, including iron deficiency and overload, and corresponding representing markers such as serum iron, ferritin, transferrin, and transferrin saturation (TSAT), closely relate with numerous cancer (2, 3). Mostly, high iron load, also called “ferrotoxic”, has been highlighted as a risk factor for cancer from basic science (4). However, evidence from several population-based prospective studies suggests mixed results on iron status and cancer risk. Some indicated that participants at higher levels of serum iron and TAST were subjected to increased risks of total cancers (5, 6), and especially breast cancer (5, 7, 8), whereas others could not deduce similar positive associations (8, 9). In addition, one recent study simultaneously analyzed the specific effects of above four markers on cancer incidence and mortality in European population, indicating that only elevated ferritin was related to lower risks of breast cancer and cancer mortality (2). Interestingly, they found that higher iron load might not contribute a cancer risk factor in the general European population.

In certain pathological conditions, such as inflammation, liver diseases and malnutrition, serum ferritin and TAST were easily affected and elevated, leading to diagnostic sophistication (10–12). Compared to them, serum soluble transferrin receptor (sTfR) seemed to be a superior and more sensitive marker representing cellular iron demands as it would not be affected by inflammation and return to normal physiological levels quickly after iron homeostasis (13, 14). TfR1 and TfR2 are two subtypes of sTfR that binds with iron-transferrin complex to facilitate serum iron into cells (15). Apart from expression on the surfaces of generic cells, TfR1 could highly express in tumor cells, resulting in higher level of sTfR (15). Thus, it attracted more attention than TfR2. Nowadays, accumulating preclinical evidence has identified that TfR1 played crucial roles in tumor onset, progression, treatment and prognosis (16–18). Notably, it is currently unknown whether these previous findings are generalizable to the results from epidemiological studies. Therefore, we report an epidemiological analysis with a large cross-sectional cohort to investigate the association between sTfR and cancer prevalence, aiming to fulfill the evidence of potential biomarkers for earlier identification of the disease.



Materials and methods


Study population

We enrolled participants in this study from 2015 to 2018 National Health and Nutritional Examination Survey (NHANES), a population-based national survey that focused on the health and nutrition status among US citizens. The Centers for Disease Control and Prevention ratified the study protocols, and all participants provided informed consent. All survey data and details of the operation are publicly available at www.cdc.gov/nchs/nhanes/. Our mainly interested outcomes were serum sTfR and the prevalence of cancers. Thus, the total number of participants in the primary survey was 19,225. After excluding participants missing sTfR (n = 10,020), who were pregnant (n = 107), who had unavailable cancer information (n = 2,861), or without covariate data (n = 757), a total of 5,480 subjects were enrolled in the final analysis (Figure 1).




Figure 1 | Study flowchart. Flow chart showing the process of participants selection. Of 19,225 participants from 2015 to 2018 of National Health and Nutrition Examination Survey (NHANES), 5,480 remained in the final analysis.





Serum soluble transferrin receptor measurement

As reported by the protocol in NHANES, serum samples were collected, processed and stored under -30°C until they were shipped to National Center for Environmental Health, Atlanta, GA for testing. The method principle for measurement of sTfR was a particle enhanced immunoturbidimetric assay that used Roche kits on the Cobas® c501 clinical analyzer. The value of sTfR in mg/L was converted to nmol/L by multiplying 11.8. Other details of sTfR measurement are available at https://wwwn.cdc.gov/Nchs/Nhanes/2015-2016/TFR_I.htm.



Assessments of total and sex-specific cancers

Total cancers were defined as a total of self-reported physician diagnoses from at least 38 kinds of malignancies, such as bladder, blood, bone, brain, colon, kidney, liver, lung, stomach, skin and lymphoma. Sex-specific cancers were classified into male- and female-specific, including one composite of prostate and testis malignancies, and another combination of breast, cervix, ovary and uterus malignancies, respectively.



Covariate information

Following continuous and categorical covariates were included in our study, including age, body mass index, family income, systolic/diastolic blood pressure, serum iron, ferritin, hemoglobin, total protein, total cholesterol, high-density lipoprotein cholesterol, glycated hemoglobin (HbA1c), hypersensitive C-reactive protein (hs-CRP), systemic immune-inflammation index, energy intake, total fat intake, protein intake, iron intake, gender, ethnicity, education, smoking, drinking, diabetes, hypertension and cardiovascular diseases. Systemic immune-inflammation index was calculated using the peripheral blood cell counts with the calculation: (neutrophils × platelets)/lymphocytes, as it is a meaningful predictor for cancers (19). Cardiovascular diseases were defined as a composite of any self-report heart failure, coronary heart disease, myocardial infarction, angina pectoris and stroke, according to previous researches (20). The detailed acquisition process and measuring method of remaining variables are available at www.cdc.gov/nchs/nhanes.



Statistical analysis

Baseline characteristics of all included subjects were divided into cancer-free and cancer groups, with the continuous variables reported as the median (interquartile) and the categorical variables reported as numbers with percentages. Comparisons between the two groups were performed using the χ2 tests (categorical variables), one-way ANOVA tests (normal distribution), or Kruskal-Wallis tests (skewed distribution). On one hand, univariate and multivariate stepwise selection regression analyses were used to explore potential related clinical factors to total cancers. On the other hand, bivariate associations between sTfR and baseline characteristics were examined using Spearman correlation analyses for continuous variables and box plots for categorical variables. Moreover, in analyses examining associations with the prevalence of cancers, sTfR was treated as continuous independent variable, scaled per 1-unit increment in ln-transformed for the skewed distribution, or divided into tertiles, using multivariable logistic regression models with different adjustments to calculate odds ratios (ORs) and corresponding 95% confidence intervals (CIs). Model I was not adjusted for any confounders, and Model II was adjusted for age, gender and ethnicity. Model III was fully adjusted for age, gender, ethnicity, body mass index, family income, education, smoking, drinking, diabetes, hypertension, cardiovascular diseases, systolic/diastolic blood pressure, serum iron, ferritin, total protein, total cholesterol, high-density lipoprotein cholesterol, hemoglobin, HbA1c, hs-CRP, systemic immune-inflammation index and nutrition intake. Model IV was only adjusted for significant difference covariate at baseline.

Additionally, several subgroup and sensitivity analyses were performed by a multivariate regression analysis. First, we conducted different subgroups, such as gender, age, ethnicity, smoking, drinking and two levels of serum ferritin and hs-CRP, to identify potential effect modifiers. To test for statistical significance of interactions, interaction terms between sTfR and different subgroups were generated and examined by the Wald test for dichotomous variables and the likelihood ratio test for multilevel variables. If necessary, the possible interactions between all adjusted factors were also tested. Second, we performed a sensitivity analysis after exclusion of patients without diagnosis of male- and female-specific cancers, including prostate, testis, breast, cervix, ovary and uterus malignancies, to investigate possible associations between sTfR and sex-specific cancers. A value of p < 0.05 (two-sided) was considered statistically significant. All analyses were performed with EmpowerStats software with R (version 3.4.3).




Results


Baseline characteristics

Table 1 presents the baseline characteristics of a total of 5,480 participants enrolled in the study, including 498 and 4,982 with and without cancer, respectively. Among all the participants, 38.27% were males, 35.51% were Non-Hispanic Whites, and the median age at enrolment was 46 (33-62) years old. Overall, there were significant differences in baseline characteristics between the two groups, with the exception of body mass index, education, drinking, serum iron, hemoglobin, total cholesterol, high-density lipoprotein cholesterol, total fat intake and iron intake. Compared to the participants without cancer, subjects with cancer were older, smoker and had more comorbidities, such as diabetes, hypertension and cardiovascular diseases, with higher levels of systolic blood pressure, serum ferritin, sTfR and inflammation markers, such as hs-CRP and systemic immune-inflammation index.


Table 1 | Baseline characteristics of NHANES participants included in this studya.





Clinical factors related to total cancers

As demonstrated in Table 2, univariate regression analyses revealed that numerous traditional risk factors, such as age, smoking, chronic diseases, systolic blood pressure, HbA1c, and iron markers like ferritin and sTfR were positively related to increased total cancers. Accordingly, after fully adjustment with stepwise selection in multivariate regression analyses, only age, smoking, ferritin and sTfR remained significantly associated with increased risks of total cancers, in which the OR of sTfR was highest (OR: 1.39, 95% CI: 1.01-1.91, p = 0.0443).


Table 2 | Analysis of clinical factors related to total cancers in univariate and multivariate regression.





Correlations of serum sTfR with baseline characteristics

In Supplementary Figure S1 and Table S1, higher sTfR levels were observed in those who were female, non-Hispanic Blacks, non-smokers, non-drinkers, diabetes, hypertension, cardiovascular diseases and sex-specific cancers. Additionally, as shown in Figure 2 and Supplementary Tables S2, the results of Spearman correlation analysis indicated that age, body mass index, HbA1c and inflammation markers like hs-CRP and systemic immune-inflammation index were weakly positively correlated with sTfR (all p < 0.05), whereas high-density lipoprotein cholesterol, hemoglobin, serum iron, ferritin, and nutrition intake were weakly negatively correlated with sTfR (all p < 0.01). Moreover, there was no significant correlation between total cholesterol and sTfR (p = 0.342).




Figure 2 | The heatmap of the correlation between covariates and serum soluble transferrin receptor (sTfR) using the Spearman correlation analysis among total participants. BMI, body mass index; hs-CRP, hypersensitive C-reaction protein; SII, systemic immune-inflammation index; TC, total cholesterol; HDL-C, high-density lipoprotein cholesterol; HbA1c, glycated hemoglobin.





Associations of serum sTfR with total and sex-specific cancers

The multivariate logistic regression results are shown in Supplementary Table S3 and Figure 3. When treating serum sTfR as continuous variable, the increase in sTfR (per unit ln-transformed) was significant associated with the prevalence of total cancers in Models I to IV (OR: 1.32, 95% CI: 1.05-1.66, p = 0.0155; 1.53: 1.17-2.01, p = 0.0019; 1.39: 1.01-1.91, p = 0.0444; 1.53: 1.15-2.03, p = 0.0038; respectively). Compared to those at the lowest tertile, the prevalence of total cancers for participants in the highest level of sTfR was 1.66, 1.60, 1.53 and 1.59 in the four models, respectively. Nonetheless, after conducting a subgroup analysis by gender, for males, the positive associations of sTfR with total cancers remained obvious in continuous and tertile analysis regardless of any adjustments, which was not the case for females. Moreover, other subgroup analyses suggested that the associations between sTfR and increased prevalence of total cancers were still significant across subgroups with drinking, age over 45, higher levels of ferritin and hs-CRP (Figure 4 and Supplementary Table S4). In the sensitivity analysis that excluded subjects without diagnosis of sex-specific cancers (prostate and testis malignancies for males, n = 133; breast, cervix, ovary and uterus malignancies for females, n = 138), the ORs of sTfR for male- and female-specific cancers were 2.35 (1.03-5.40, p = 0.0431) and 1.92 (1.11-3.35, p = 0.0207), respectively, in fully adjusted Model III of continuous analysis (Figure 3 and Supplementary Table S5). Similarly, the positive associations were found for the top tertile of sTfR and increased prevalence of male- and female-specific cancers (2.03: 1.00-4.09, p = 0.0484; 1.66: 1.02-2.69, p = 0.0415; respectively). Furthermore, in Model IV that we only adjusted the significant difference covariates in Table 1, the associations between sTfR and the prevalence of sex-specific cancers were still robust in both continuous and tertile analyses.




Figure 3 | The associations of sTfR with total and sex-specific cancers in continuous and tertile analyses after full adjustment. The sTfR concentrations were ln-transformed in the continuous analysis.






Figure 4 | Subgroup analyses for the associations between sTfR and the prevalence of total cancers stratified by participant characteristics. Results are expressed as multivariable-adjusted odds ratio in continuous analyses after controlling covariates including age, gender, ethnicity, body mass index, family income, education, smoking, drinking, diabetes, hypertension, cardiovascular diseases, systolic/diastolic blood pressure, serum iron, ferritin, total protein, total cholesterol, high-density lipoprotein cholesterol, hemoglobin, HbA1c, hs-CRP, systemic immune-inflammation index and nutrition intake, where possible interactions between above factors are also adjusted if necessary. In the continuous analyses, the value of variables was ln-transformed.






Discussion

In this study, out findings suggested: 1) elevated serum sTfR was associated with increased prevalence of total cancers, which was significant in males rather than females; 2) positive associations were found in both male- and female-specific cancers, including prostate, testis, breast, cervix, ovary and uterus malignancies; 3) serum sTfR was positively correlated to age, body mass index, HbA1c and inflammation while inversely correlated to HDL-C, serum iron, ferritin and iron intake. To our knowledge, this is the first study with large sample size to assess the associations between sTfR and the prevalence of cancers. More importantly, multivariate regression analyses with stepwise selection indicated the closest association between sTfR and total cancers compared to other common clinical tumorigenesis factors, and numerous crucial potential confounders such as comorbidities, lifestyles, nutrition intake, hs-CRP, systemic immune-inflammation index and previously reported iron status markers, have been adjusted in present study. Consistent with a previous study that revealed a potential sex dimorphism between cancer mortality and iron status (2), we did observe the significant association between sTfR and the prevalence of total cancers among men, but not the women. Probably, it was attributed to the inhibitory effect of estrogen and estrogen receptor 1 on TfR1 (21, 22). Traditionally, hormones could decrease with aging and the age of 45 to 50 was considered as a watershed threshold, which was more prevalent and fluctuated in female. Also, the larger proportion of female in the subgroup with age over 45 might account for the higher sTfR levels in total female participants. Likewise, it seems to be the evidence supporting the association between higher sTfR and increased total cancer prevalence in this subgroup. Collectively, age might affect sTfR expression and then lead to tumorigenesis. Besides, it is intriguing that when we only analyzed the sex-specific cancers, there was a positive value of sTfR to predict cancer prevalence among both men and women. On one hand, further separate analyses on type-specific cancer prevalence were restricted considering the limited number of individual cancer type. On the other hand, the interaction between gender, age and the detailed mechanism underlying the predictive value of sTfR in cancer merit further investigation.

There are many preclinical studies of iron overload and increased cancer risks. One of the most prominent was that iron stimulated hydroxyl radical formation, leading to oxidative tissue damage and subsequent carcinogenesis (23). Alternatively, iron could promote tumor growth through hypoxia-inducible factor (HIF) and WNT pathways (4). However, the results of Spearman correlation analysis in present study demonstrated inversed associations with sTfR of iron intake, serum iron and ferritin, which mean that higher levels of iron status might not always be a risk factor for cancer prevalence to some extent. A further line of evidence on inversely effect of ferritin between cancers comes from meta-analysis (24). Possible proposed mechanism underling such inverse associations was that iron deficiency could affect immune function and DNA biosynthesis (25, 26). In sight of this, we referred ferritin < 12 μg/l as anemia (prevalence of 5.88% in present study) and found it not associate increased total cancer risks. It is worth noting that elevated sTfR patients who were drinking or exposed in higher level of hs-CRP, had increased risks of total cancer prevalence. But interestingly, non-drinkers and even non-smokers in this study had higher sTfR levels instead. One previous study summarized that alcohol could alter the levels of some iron-related proteins, including serum iron, hepcidin and transferrin, which was not the case for sTfR (27). It indicated that there might be a more complex indirect interaction between alcohol consumption, sTfR and tumorigenesis. Currently, researches on the relationship between tobacco and sTfR always focused on newborns (28). Thus, further research on this topic in adults is meaningful in the future. Obviously, the burden of alcohol/tobacco-attributable cancers was explicit and highlighted endlessly. Hence, encouraging lifestyle improvements to the resolution of chronic inflammation remains an essential element for cancer prevention.

Inevitably, our study has some limitation. First, the nature of observational epidemiological study prevents us to draw any causal relationship between sTfR and cancer prevalence. Comparatively, serum sTfR as a potential earlier warning marker can be established. Second, the subtypes of sTfR were unavailable from NHANES raw data, which indicated that both TfR1 and TfR2 might be included in the study. Third, we tested all associations with single sTfR measurement but the fluctuation of individual sTfR levels was not available in our study, which restricted further investigation of the time-course associations between changes in sTfR and the incidence of new cancer events. Finally, on one hand, we only had sufficient statistical power for investigations on the prevalence of total and sex-specific cancers as the limited number of individual type-specific cancer. On other hand, some subgroups with a small number of events might exhibit a potentially statistical bias. Thus, the results should be interpreted with caution in clinical practice.



Conclusion

Overall, in this large cohort, we suggest that sTfR may be a potential earlier warning marker for the prevalence of total cancers, and particularly in sex-specific cancers. Obviously, further evidence on these potential links between sTfR and cancer risk from well-designed human studies should be warranted.
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HDL-C, high-density lipoprotein cholesterol; HbAlc, glycated hemoglobin; hs-CRP, hypersensitive C-reactive protein.
*Values for categorical and continuous variables with skewed distribution are expressed as n (%) and median (interquartile ranges), respectively
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