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Sickle cell and α+-thalassemia traits influence the relationship between ferritin and hepcidin
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Abstract

Background: The relationship between sickle cell or α+-thalassemia genotypes and the iron-regulatory hormone hepcidin is not well characterized.  
Objective: To investigate the association of hepcidin concentration with sickle cell and α+-thalassemia genotypes among young children in Kenya.
Design: We quantified hepcidin, ferritin, C-reactive protein, and α-1 acid glycoprotein in 435 Kenyan children aged 14-20 months. Blood samples were genotyped for α+-thalassemia and for the s mutation in HBB (HbS). Hepcidin was compared across HbS (HbAA, HbAS, HbSS) and α+-thalassemia () genotypes separately, and children who were normozygous for both conditions were also compared to those who had either of these conditions. In the relationship between hepcidin and ferritin, we looked for effect modification by genotype. 
Results:  In this population, we found that 16.2% had HbAS, 0.2% had HbSS; 40.0% were heterozygous for α+-thalassemia, while 8.2% were homozygous. Hepcidin concentration did not differ by genotype, but effect modification was found by genotype in the relationship between hepcidin and ferritin (p<0.1). Among normozygous children (HbAA), there was an association between hepcidin and ferritin (ratio = 2.51, 95% CI 2.05, 3.00). However, among those with sickle cell trait (HbAS), the association was no longer significant (ratio = 1.36, 95% CI 0.96, 1.93). Similarly, among children who were normozygous () or heterozygous () for α+-thalassemia, hepcidin and ferritin were significantly associated (ratio = 2.55, 95% CI 1.97, 3.32, ratio = 2.16, 95% CI 1.67, 2.80, respectively); but in children who were homozygous for α+-thalassemia (), the association is no longer found (ratio = 1.57, 95% CI 0.90, 2.72). 49% of the children sampled had inflammation (CRP≥5 mg/L and/or AGP≥1 g/L).Conclusion: We found that hepcidin was not associated with hemoglobin genotype, but there may be a modification in the way hepcidin responds to iron status among those with either sickle cell trait or homozygous α+-thalassemia. This is the first paper to show a relationship between subclinical hemoglobinopathy traits and hepcidin in children.   
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Introduction

Hemoglobinopathies are common in malaria-endemic regions around the world. They are thought to have co-evolved with the presence of malaria parasites, as hemoglobinopathies provide protection from severe and fatal malaria.
 ADDIN EN.CITE 
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 Of the 300,000 – 400,000 babies born with a serious hemoglobinopathy each year, 90% are in low-income countries,(1) where malaria infection is also common. The s mutation in HBB, which causes both sickle cell disorder (HbSS) and sickle cell trait (HbAS), and α+-thalassemia are two hemoglobinopathies that are found at a high prevalence in Kenya. In a recent study from Western Kenya, 1.6% of children had HbSS, 17.1% had HbAS, while 39.6% had heterozygous () and 9.7% had homozygous () α+-thalassemia.
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The presence of a hemoglobinopathy commonly manifests as anemia, ranging in severity from mild to severe.(6) However, in countries with a prevalence of anemia above 40%, iron supplementation programs are recommended for children 6-23 months,(7) in spite of that fact that the anemia may not be caused by iron deficiency. Ferritin concentration, corrected for inflammation,(8) is needed to detect a true iron deficiency, and the reference ranges established for children.(9) Soluble transferrin receptor (sTfR) can also indicate an iron deficiency when concentrations are increased, though an increase in sTfR may also reflect an increase in erythrocyte turnover.(10)
Hepcidin is a small, 25-amino-acid peptide, and an iron-regulatory hormone that has been documented as a key regulator in iron homeostasis.
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 It effectively blocks iron absorption in the duodenum and prevents the release of iron from the spleen and liver through binding and degrading the iron export protein ferroportin.(13) Hepcidin is usually increased when body iron concentrations rise.(14) When hepcidin is suppressed by ineffective erythropoiesis (IE), iron absorption is usually increased regardless of the iron concentration present in the plasma and other tissues.(13)
Ineffective erythropoiesis (IE) is characterized by both red cell precursors which do not fully differentiate, and early apoptosis of those precursors, leading to an overall decrease in the concentration of erythrocytes, (15), which may result in anemia. IE occurs in individuals with all thalassemia types to various degrees,(16) and suppresses hepcidin, most likely via the hormone erythroferrone. 
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 However hepcidin suppression in those with thalassemia traits has been documented previously in only one study of 15 adults in Brazil.(18) In regard to sickle cell traits, the association between HbAS and IE has not been studied, but there is some evidence that erythropoiesis is increased, if not ineffective, in the presence of HbAS,(19) as the body compensates for erythrocytes that have a shorter life span. The relationship between IE and HbAS warrants further investigation, as does the relationship between HbAS and hepcidin. 
Given these sparse findings, little is known about the relationship of α+-thalassemia or HbAS and hepcidin. Our primary objective for this analysis was to investigate the associations between both HbAS and α+-thalassemia genotype and serum hepcidin concentrations. Our second objective was to evaluate whether the relationship between hepcidin and ferritin was altered among children afflicted with these same genetic polymorphisms. 
Methods
Study overview and participants

This study was nested within a larger WASH Benefits Trial, details of which have been published elsewhere.
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 Conducted in rural, western Kenya, the main trial was cluster-randomized, designed to investigate the impact of scalable water, sanitation, hygiene (WASH) and nutrition interventions on child growth and development. The two primary outcomes of the WASH Benefits trial are length-for-age Z-score (LAZ) and diarrhea prevalence at 24 months. It took place in the ten sub-districts of Bungoma, Kakamega, and Vihiga, where most of the population are subsistence farmers, with the main crops being maize and sugarcane. The trial took place from September 2012 to August 2016. Measurements for this sub-study were collected from November 2012 to July 2014.

A census was conducted, and families were selected for the main trial if they resided in rural communities and had limited access to water and sanitation. Rural communities were defined as those with <25% of residents living in rented homes, <2 petrol/gas stations, and <10 shops. Limited access to water and sanitation was defined as >80% of residents without access to piped water. Women were eligible for enrollment if they were in their second or third trimester of pregnancy, if the family owned their house, and were not planning to move within the next 12 months, and spoke English, Kiswahili, or Kiluyha. The children born to enrolled women were defined as index children. 
Eligible households in the main trial were cluster-randomized to one of eight treatment arms. Clusters were defined as one to three villages with a minimum of nine households per cluster. In brief, households in the water (W) arms were provided with chlorinated water; in the sanitation (S) arms, households were provided with tools to clean up children’s feces in the compound, and were given pit latrines or pit latrine upgrades, as needed; in the handwashing arms (H), handwashing stations were built near the kitchen and latrine of every household; and in the nutrition arms (N), children 6-24 months were given 10 g of small-quantity lipid-based nutrient supplement (SQ-LNS) to take twice daily, which contained 4.5 mg of encapsulated ferrous fumarate (iron) per packet for a daily dose of 9 mg Intervention arms included the single sanitation arm (S), a water arm (W), a handwashing (H) arm, a combination of the three interventions (WSH), the WSH plus nutrition (WSH+N) arm, a passive control arm, and a double-sized active control arm. With each intervention, community-based health promoters communicated behavior change messages adapted for the local culture. Supplements and interventions have been previously described in detail.(20) Participants in the passive control arm were not visited by the study promoter; in the active control arm the study promoter visited once monthly to take a mid-upper arm circumference measurement. This sub-study utilized four out of the eight arms from the main study – WSH, N, WSH+N, and the active control arm, which were selected for the Environmental Enteric Dysfunction (EED) sub-study, details of which have been published elsewhere.(20)
Sample size

The sample size of the main trial was 8,000 families, and the EED sub-study targeted a sample size of 1500, sampled proportionally from four arms of the main trial (WSH, N, WSH+N, active control). Assuming a sample size of 1500 infants, power (1-β) = 0.80, α=0.05, an intracluster correlation coefficient of 0.1, prevalence of HbAS of 17%, and 20% loss to follow-up, we calculated the minimum detectable difference in hepcidin concentrations to be 0.9 ng/mL comparing children with HbAS to normozygous (HbAA) children. Using the same sample size parameters for investigating α+-thalassemia, and assuming a prevalence of () of 37%, () of 9%, we calculated the minimum detectable difference of 1.2 ng/mL comparing those with either type of α+-thalassemia to those without. 
Procedures
Families for this sub-study were visited at approximately 3 months postpartum, at year one, and at year two after the start of intervention activities. We utilized measurements at year two for the outcomes of hepcidin, and iron and inflammatory biomarkers; the genotyping was done using year one samples, since it was time independent. Trained enumerators visited families to conduct surveys using electronic forms; at the end of each day the surveys were uploaded to a server (SurveyCTO, Dobility, MA). 
Phlebotomists collected a non-fasting morning blood sample from the target child. A maximum of 5.0 mL of venous blood was collected using a S-Monovette® 2.6-mL serum collection tube and an S-Monovette® 2.6-ml lithium heparin plasma collection tube. Blood collection was restricted to children who were free from reported or visible illnesses and did not display any signs of dehydration. Samples were centrifuged in the field for 15 minutes, aliquoted into serum or plasma tubes and immediately placed in a cooler box. Packed cells were separately aliquotted. Upon returning to the laboratory, the samples were placed in the -20o Celsius freezer, until they could be transferred on dry ice to a -80o Celsius freezer in Nairobi.   
Field and Laboratory Methods
Tests for Plasmodium falciparum, Plasmodium vivax, Plasmodium ovale, and Plasmodium malariae were conducted immediately after the blood draw using rapid diagnostic kits (SD Bioline, Malaria Ag, P.f, P.f, P.v, Alere). Any child found to be positive for any type of malaria, combined with an axillary temperature of 37.5oC or higher, was referred to the nearest clinic. A drop of blood from the venous blood samples was used to measure hemoglobin concentrations (Hemocue Hb 301, Angelholm, Sweden). Anemia among the children was defined as a hemoglobin concentration <11g/dL.(22) 
Frozen serum samples were sent to the VitMin lab (Willstaett, Germany) and analyzed for ferritin, transferrin receptor (sTfR), C-reactive protein (CRP), and α-1-acid glycoprotein (AGP), using a sandwich enzyme-linked immunosorbent assay.(23) In determining iron deficiency, ferritin was corrected for inflammation using the method described by the Biomarkers Reflecting Inflammation and Nutritional Determinants of Anemia (BRINDA) group.
 ADDIN EN.CITE 
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 We then used a cut-off of ferritin<12 µg/L to determine iron deficiency. Aliquots of frozen plasma packed cells were sent to the KEMRI/Wellcome Trust Research Programme in Kilifi where s and α+-thalassemia genotyping was conducted using standard methods as described in detail previously.
 ADDIN EN.CITE 
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 Children with a single α-globin deletion () were defined as heterozygotes for α+-thalassemia while those with two α-globin deletions () were defined as homozygotes. 
Serum hepcidin-25 was quantified using a competitive enzyme immunosorbent assay kit (ELISA, PenLabs, San Carlos, CA) per the manufacturer’s protocol. Samples were diluted 1:5 in standard diluent (peptide-cleared human serum) and analyzed using a serial dilution curve, with a maximum concentration of 25 ng/mL.  Concentration values were interpolated from the standard curve, using a logistic 4-point parameter non-linear curve fitting using Gen5 software (Biotek, Winooski, VT). The lower limit of detection was estimated to be 0.04 ng/mL based on the mean blank reading at the optical density at 450 nm. Samples below the limit of detection (LOD) were reported at the LOD/4 = 0.01. The intra-assay coefficient of variation (CV) was a mean of 11.5% The difference between two duplicate hepcidin measurements was an average 0.291 ng/mL, except for 7 samples where the difference was greater than 5 ng/mL (representing 0.01% of the 435 samples). We ran a sensitivity analysis and excluding these seven samples and it did not change the beta coefficients. Thus, the seven samples were left in the analysis.    
Statistical Methods

Statistical analyses used Stata 14 software (StataCorp, College Station, Texas). Hepcidin, ferritin, soluble transferrin receptor (sTfR), CRP, and AGP were log-transformed to achieve a normal distribution. Log-transformed values were back-transformed after analysis to ease interpretation. 

A generalized linear model was used to examine the association between hepcidin concentrations at year two and sickle cell genotype, with robust standard errors at the study block level (independent units in the trial). The same model was used to examine the association between hepcidin and the α+-thalassemia genotype. Additionally, indicator variables were included in the model to control for intervention arm. Potential covariates for inclusion in the final adjusted models were based on current literature and biological plausibility and included child age, child sex, season, and the presence of the hemoglobinopathy which was not the exposure variable of interest in a given analysis. Season was defined as the month in which the measurement was taken. Additionally, in this investigation, we did not control for iron or inflammatory biomarkers when determining the relationship between the hemoglobinopathy traits and hepcidin, as these variables are known influencers of hepcidin concentration, and therefore on the causal pathway. We included season for consideration in the model for its potential to be associated with hepcidin concentration. 

Covariates were assessed using a bivariate generalized linear model with robust standard errors with hepcidin as the outcome. Those which were significant at the level of p<0.10 for hepcidin were included in the adjusted model. 

In exploratory analyses, interactions considered included serum ferritin, as well as age and sex. Since serum ferritin has been shown to be influenced by hemoglobinopathy traits,
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 we hypothesized that the relationship between hepcidin and genotype may differ by ferritin concentration. Sex,
 ADDIN EN.CITE 
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 and age(29) have both been shown to impact hepcidin concentrations, and thus may modify the relationship between the presence of a hemoglobinopathy and hepcidin. Interactions were considered significant at the p<0.10 level, and if significant interactions were found, we presented stratified estimates. 
Ethics

Ethical approval for the study protocol and consent procedure was provided by the Institutional Review Boards of the Kenya Medical Research Institute (protocol number SSC-2271), and University of California, Berkeley (protocol number 2011-09-3654). This trial was registered at clinicaltrials.gov (NCT01704105). Innovations for Poverty Action (IPA) implemented the intervention delivery and collected the data. Mothers provided written informed consent for themselves and their children.
Results

Of the 2,304 families enrolled in the EED substudy, 1,449 children were included in the year two follow-up, 48% (n=699) provided a sufficient blood sample, and 30% (n=435) had data available on both hemoglobinopathy traits and hepcidin (figure 1). The decrease in study population from 1499 to 699 children was mainly attributable to a low rate of caretaker consent for the blood draw at year two. Additionally, there was relatively little overlap in children between the year one follow-up, which is when the genotyping was done, and the year two follow-up, which is when we collected the sample to analyze hepcidin (figure 1). This lack of overlap between year one and year two was the factor that decreased our sample size from 699 to 435. However, there were no significant differences in baseline characteristics between the households that did not contribute to the analysis and the households that did (supplementary table 1). The prevalence of sickle cell trait (HbAS) in the study was 16.2%, one child was found to have sickle cell disorder (HbSS), representing 0.2%, and the rest (84.5%) were normal (HbAA). For the α+-thalassemia genotype: 51.8% of the children were normal (αα/αα), 40% were heterozygous (), and 8.2% were homozygous (). Thirty-one of the children had both HbAS and  (7.1%), four had HbAS and  (1%). The HbSS participant was also homozygous for α+-thalassemia (). 

Characteristics of the study population, reported by genotype, are shown in Table 1. Overall, the mean age at year two was 22.1 months, and 48% were male. Of the children’s mothers, 15% were primiparous. There were no differences in the characteristics of hemoglobinopathy trait groups when compared with the normozygous children in terms of their iron or inflammatory biomarkers. There were significant differences in the hemoglobin concentrations of the α+-thalassemia trait groups (11.6 g/dL in normozygous group, 11.2 in heterozygous, p=0.005; and 10.8 g/dL in the homozygous group, p=0.003), but not the sickle cell genotypes. Overall, the median (Q1, Q3) of C-reactive protein (CRP) was 0.97 (0.34,3.51) mg/L and for α-1-acid glycoprotein (AGP) it was 0.93 (0.68,1.53) g/L. At the time of the blood draw, 49% of the children sampled had inflammation (CRP≥5 mg/L or AGP≥1 g/L), and 17% had a positive malaria rapid test. The median (Q1, Q3) of serum ferritin concentrations was 14.74 (8.25,23.18) µg/L, and soluble transferrin receptor (sTfR) was 10.07 (7.82,14.85) mg/L. A total of 22.1% children were iron deficient (ferritin < 12 µg/L) without correcting for inflammation; using the regression correction method proposed by the BRINDA group,(8) the percentage with iron deficiency increased to 37.4%. Anemia was found in 32.7% of children, and of those, 16.7% were anemic due to iron deficiency (hemoglobin <110g/L and inflammation-corrected ferritin<12µg/L). 
The geometric mean (95% CI) hepcidin concentration across the entire sample was 7.3 (6.5, 8.2) ng/mL. Neither age nor sex were associated with hepcidin concentration, but season was, and was therefore included in the adjusted model (Table 2). When we compared hepcidin concentration across s or α+-thalassemia genotype groups, we found no significant differences in either the unadjusted or adjusted models (Table 2). Similarly, there was no difference in median hepcidin concentration when we stratified children by the presence of a hemoglobinopathy trait. 
There was significant effect modification of both sickle cell (p = 0.005) and α+-thalassemia (p = 0.054) genotype on the relationship between hepcidin and ferritin concentrations. As expected, log-hepcidin and log-ferritin were positively associated in the HbAA children (Figure 2, unadjusted ratio = 2.51, 95% CI 2.05, 3.00), but among those with HbAS, the magnitude of the association between log hepcidin and log ferritin concentrations was attenuated and the relationship no longer significant (Figure 2, unadjusted ratio=1.36, 95% CI 0.96, 1.93). Similarly, for α-thalassemia, log hepcidin and log ferritin were associated in the normozygous (Figure 3, , unadjusted ratio=2.55, 95% CI 1.97, 3.32) and heterozygous children (Figure 3, , unadjusted ratio=2.16 95% CI 1.67, 2.80), but in the homozygotes (), the correlation was attenuated and no longer significant (Figure 3, unadjusted ratio = 1.57 95% CI 0.90, 2.72).  

Discussion

In this population of Kenyan children, hepcidin concentrations did not differ by genotype when comparing across s or α+-thalassemia genotypic groups. Similarly, when we combined both groups, we did not observe an association with hepcidin concentration among children with any hemoglobinopathy trait compared to those with no trait. However, genotype did modify the association between ferritin and hepcidin; the association was attenuated and not significant among children with either HbAS or homozygous α+-thalassemia ().

Although hepcidin has been measured in children in both low-income and high-income countries, normal ranges for young, healthy children are yet to be established. Overall, the geometric mean of hepcidin of 7.3 ng/mL in our population of young children was slightly higher than in children residing along the coastal region of Kenya, where a geometric mean of 6.0 ng/mL was reported for 5-7 month olds,
 ADDIN EN.CITE 
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 8.4 ng/mL for 0-12 month olds, and 2.5 for 1-3 year olds, with the latter being the age range most comparable to ours.
 ADDIN EN.CITE 
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 Median concentrations of hepcidin in healthy children in the Netherlands were found to be 17.3 ng/mL in children 12-34 months,
 ADDIN EN.CITE 
(31)
 higher than the median concentration in our population of 9.4 ng/mL. Both the study in coastal Kenya, and the study in the Netherlands used the Bachem Hepcidin ELISA assay, which is the parent company of the PenLabs Hepcidin ELISA used in this study. In the comparison of sickle cell trait (HbAS) children to normozygous (HbAA) children, our finding that hepcidin is not associated with the HbAS genotype is consistent with a study of preschoolers in Brazil.(19) Similarly, two studies conducted in children on the coast of Kenya found no relationship between α+-thalassemia
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 or HbAS,(32) and hepcidin concentrations, although on average the children included were slightly older than those in our sample. 
Several studies conducted in adults have found the presence of ineffective erythropoiesis (IE) in α+-thalassemia, 
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 and, in contrast to our findings, a study conducted among adults in Brazil found significantly decreased mean hepcidin concentrations in those with heterozygous α+-thalassemia ().(18)  However, the study did have a much smaller sample size, with 28 adults in the normozygous group and 14 in the α+-thalassemia group, though hepcidin concentrations were much higher in the Brazilian adults, at a mean of 63.2 ng/mL in their normozygous as compared with a geometric mean of 7.5ng/mL in our normozygous group. The Brazilian adults had an average hemoglobin concentration of 13.8 g/dL in their heterozygous α+-thalassemia carriers, compared to 11.2 g/dL in our children. Given that both groups exhibited evidence of a mild anemia for their age groups, the severity of anemias in the respective populations is not likely to account for the discrepancy in our findings. Both studies used a similar ELISA assay, however the higher concentrations of hepcidin in the adult population may have allowed the suppression of hepcidin by α+-thalassemia to be seen more clearly.  Since there is evidence that IE occurs in α+-thalassemia, we had suspected that in our population α+-thalassemia may behave in a similar way to β-thalassemia,
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 albeit with a lesser degree of suppressed hepcidin. However, we did not see this in our population when comparing median concentrations. 
Conversely, we did find evidence of hepcidin suppression in hemoglobinopathies at higher ferritin concentrations. In the presence of sickle cell trait (HbAS) or homozygous α+-thalassemia (), the relationship between ferritin and hepcidin was attenuated: as ferritin concentrations rose, reflecting an increase in iron stores, hepcidin concentrations did not increase as expected. One explanation for this attenuated relationship is that IE is occurring in those with sickle cell trait (HbAS) or homozygous α+-thalassemia (). Since IE is thought to be a potent inhibitor of hepcidin expression,(38) it is plausible that IE could override the stimulation of hepcidin expression that is induced by high iron concentrations. We did find evidence of increased, if not effective, erythropoiesis as the median concentration of soluble transferrin receptor (sTfR) was 10.1 mg/L, which is higher than the reference range for healthy children of 1.5-3.3 mg/L.(39) However, the concentrations were not significantly different between genotypic groups, despite a trend toward an increase in those with a hemoglobinopathy. Future studies could measure erythroferrone, to determine if subclinical hemoglobinopathies are associated with the increased erythropoietic drive due to IE, a potent inhibitor of hepcidin.(40) 

After correcting for inflammation, over a third of children had ferritin concentrations that classified them as iron deficient. The burden of inflammation was also quite high, with about half suffering from recent or latent infections, which can be partially explained by the high malaria prevalence. Given that hepcidin also responds to inflammatory signals, and that ferritin, hepcidin, and inflammatory biomarkers commonly increase together,(41) the evidence that hepcidin is suppressed in the presence of increased inflammation among those with a hemoglobinopathy trait is salient.
In agreement with the study in  coastal Kenyan children,(32) we found that season was significantly associated with hepcidin, though controlling for season did not change our findings. The association between season and hepcidin may be driven by a change in the rate of illnesses, leading to a change in inflammation, or a change in diet, leading to a change in iron status.(41) Further research could focus on whether season modifies the relationship between hemoglobinopathies and hepcidin, since both inflammation and non-clinical malaria have been associated with increased hepcidin concentrations,(32) and may obfuscate the hepcidin-suppressing effect of IE. This would allow us to more closely investigate if the erythropoiesis that occurs in an individual with a hemoglobinopathy responds to iron status differently when inflammatory signals are not present. 
Strengths and Limitations
Strengths of this study include the measurement of genetic traits using PCR, and the measurement of many biomarkers, which gives a more complete picture of the health of the participants.   
A primary limitation of this study is that the ferritin and hepcidin concentrations were measured cross-sectionally. Factors such as intra- and extra-cellular iron concentrations and inflammatory biomarkers influence both biomarkers. Therefore, a longitudinal study should be conducted to more closely examine the relationship between hepcidin and ferritin when a hemoglobinopathy is present. We were also limited by the smaller than anticipated sample size, and a high rate of attrition between those who were enrolled versus those who consented for the final blood draw. However, we did not see differences in characteristics between the two groups (Supplementary table 1).  
Conclusion
Hepcidin concentrations were not associated with clinically silent hemoglobinopathies in this setting. However, our data suggest that hepcidin and ferritin are not correlated in children with a hemoglobinopathy, indicating that a hemoglobinopathy trait may lead to suppressed hepcidin concentrations in the context of high ferritin concentrations. This is the first study to show that sickle cell trait and α+-thalassemia may alter hepcidin concentrations in children. 
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Figure 1: Flow diagram of participants through the trial

Table 1. Characteristics of study children by genotype

	Characteristics1
	Sickle Cell Genotypes
	α+-Thalassemia Genotype

	Genotype
	HbAA Normozygous
(n=337)
	HbAS 
Sickle cell trait (n=64)
	p-value3
	αα/αα
Normozygous
(n=210)
	-α/αα
Heterozygous
(n=64)
	p-value3
	-α/αα
Homozygous
(n=34)
	p-value3

	Infants age, m(SD), months
	22.2 (1.8)
	22.3 (1.9)
	0.78
	22.3 (1.8)
	22.0 (1.8)
	0.13
	22.3 (1.5)
	0.81

	Male Sex (%)
	48.7
	38.5
	0.07
	45.8
	52.7
	0.37
	55.9
	0.40

	Primiparous mother (%)
	12.5
	15.0
	0.53
	12.7
	14.6
	0.62
	10.0
	0.70

	Soluble transferrin receptor, sTfR, median (Q1, Q2), mg/L
	10.4 (8.0, 15.2)
	11.0 (7.6, 17.0)
	0.92
	10.1 (7.8, 14.5)
	11.2 (8.1, 16.5)
	0.17
	10.6 (8.2, 15.4)
	0.81

	Ferritin, median (Q1, Q2),  µg/L
	26.3 (12.6, 42.8)
	26.2 (16.6, 37.3)
	0.58
	26.0 (12.9, 40.3)
	27.3 (13.0, 43.0)
	0.96
	29.7 (13.7, 44.8)
	0.74

	C-Reactive Protein, CRP, median (Q1, Q2), mg/L
	1.2 (0.3, 4.6)
	0.8 (0.3, 2.7)
	0.13
	1.0 (0.3, 4.2)
	1.2 (0.3, 3.5)
	0.97
	2.0 (0.6, 4.6)
	0.23

	Alpha-1-Acid Glycoprotein, AGP, median (Q1, Q2), (g/L)
	1.0 (0.7, 1.7)
	0.9 (0.6, 1.1)
	0.05
	1.0 (0.7, 1.6)
	0.9 (0.7, 1.6)
	0.71
	1.0 (0.7, 1.8)
	0.76

	Any inflammation (%) (CRP ≥ 5 or AGP ≥ 1)
	52.0
	38.5
	0.06
	52.3
	45.5
	0.13
	58.8
	0.50

	Any malaria (% positive RDT)
	17.1
	14.8
	0.62
	14.1
	20.7
	0.10
	13.8
	0.89

	Iron deficiency (% ferritin<12µg/L)
	22.6
	17.2
	0.24
	21.8
	21.5
	0.93
	20.6
	0.89

	Iron deficient with inflammation correction (%)²
	41.7
	33.3
	0.11
	42.6
	37.6
	0.27
	33.3
	0.31

	Hemoglobin concentration (g/dL)
	11.3 (1.3)
	11.5 (1.3)
	0.43
	11.6 (1.3)
	11.2 (1.3)
	<0.01
	10.8 (1.2)
	0.003

	Anemia (% Hb<11g/dL)
	32.8
	34.4
	0.72
	28.9
	37.3
	0.11
	43.3
	0.11

	Iron deficiency anemia
	12.5
	7.9
	0.74
	11.4
	11.5
	0.97
	16.1
	0.49

	Iron deficiency anemia with inflammation correction (%)2
	16.7
	15.0
	0.27
	16.5
	16.1
	0.60
	16.7
	0.84

	1Groups of genotypes are not mutually exclusive 2Ferritin corrected using the BRINDA regression method (Namaste et al, 2017) 3Means compared between each genotype separately using linear regression, adjusting for cluster and block of randomization. In the α+-thalassemia group, each trait condition is compared with the normozygous condition. 


	Hepcidin Concentration (ng/mL)¹
	N
	Geometric mean (95% CI)
	Unadjusted ratio vs Ref (95% CI)
	Adjusted ratio vs Ref (95% CI)2

	Sickle Cell
	
	
	
	

	HbAA (normozygous)
	337
	7.5 (6.5, 8.7)
	Ref
	Ref

	HbAS (sickle cell trait)
	64
	8.2 (6.2,10.8)
	1.03 (0.79,1.35)
	1.24 (0.90,1.74)

	HbSS (sickle cell disorder)
	1
	22.4
	--
	--

	
	
	
	
	

	Alpha-thalassemia
	
	
	
	

	αα/αα (normozygous)
	210
	7.8 (6.5, 9.0)
	Ref
	Ref

	-α/αα (heterozygous)
	164
	7.4 (6.1, 9.0)
	0.92 (0.70, 1.20)
	0.95 (0.71,1.26)

	-α/-α (homozygous)
	34
	7.9 (5.4,11.6)
	0.83 (0.58, 1.17)
	1.01 (0.71,1.43)

	
	
	
	
	

	By either hemoglobinopathy
	
	
	
	

	Normozygous
	180
	7.7 (6.5, 9.1)
	Ref
	Ref

	Any trait
	226
	7.6 (6.2, 9.3)
	1.02 (0.76,1.36)
	1.16 (0.85,1.59)

	 
	 
	 
	 
	

	1Differences in the log hepcidin concentration estimated using generalized linear models with robust standard errors and controlling for the treatment arm. 2Adjusted models include season as a covariate.  3Only one child in the sample was found to have HbSS; therefore, neither the unadjusted or adjusted models were run with HbSS as the outcome


Table 2. Hepcidin concentration by genotype in children aged 14-26 months
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Figure 2. The relationship between log hepcidin and log ferritin by sickle cell genotype in Kenyan children aged 14-26 months.  
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Figure 3. The relationship between log hepcidin and log ferritin by α+-thalassemia genotype in Kenyan children aged 14-26 months. 


