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                                                                                                                        Abstract

                                                            Hepcidin levels are high and iron absorption is limited in acute malaria. The mechanism(s) that regulate hepcidin secretion remain undefined. We have measured hepcidin concentration and cytokines in 100 Kenyan children with acute falciparum malaria and different degrees of anemia. Hepcidin was increased on admission and fell significantly one week and one month after treatment. The association of hepcidin with hemoglobin was not linear and hepcidin was very low in severe malarial anemia. Parasite density, IL-10 and IL-6 were significantly associated with hepcidin concentration. Hepcidin response to acute malaria supports the notion of iron sequestration during acute malaria infection and suggests that iron administration during acute malaria is futile. These data suggest iron supplementation policies should take into account the high hepcidin levels and probable poor utilization of iron for up to one week after treatment for the majority of patients with acute malaria.
                                                            
                                                            Introduction
In sub-Saharan Africa, malaria, hookworm, hemoglobinopathies and nutritional deficiencies may contribute to anemia.1,2 Frequently the etiology of anemia is uncertain and many cases are treated as iron deficiency anemia.
Mass administration of iron supplementation in a malariaendemic area is problematic. In a landmark study in Zanzibar, routine supplementation of iron and folic acid in pre-school children was associated with severe illness and death.3 It is, therefore, crucial to understand the appropriate timing of iron supplementation after acute illness.
Both iron absorption and release of iron from macrophages are tightly regulated by hepcidin.4 Hepcidin inhibits iron absorption and its release from macrophages by down-regulating the concentration of ferroportin.5 Hepcidin is up-regulated by inflammation6,7 and down-regulated by iron deficiency or hypoxia.8
Hepcidin levels are increased during malaria, at least in part due to stimulation of peripheral blood mononuclear cells by malaria-infected erythrocytes.9 Hepcidin inhibits P. falciparum liver-stage development and may decrease iron absorption during malaria infection.10-12 However, the mechanism, magnitude and duration of this elevated hepcidin response have not been defined in children with different degrees of malarial anemia.
To understand the role, duration and regulation of elevated hepcidin in blood stage infection, we studied hepcidin and potential host and parasite factors that may mediate hepcidin secretion in Kenyan children with acute malarial anemia.
Design and Methods
Patients and recruitment
The clinical study, approved by the National Ethical Committee of Kenya, was undertaken at Kilifi District Hospital between October 2001 and September 2002.13 Briefly, consecutive children aged six months to ten years attending outpatient clinics were screened for fever (>38.5°C), anemia, and P. falciparum parasitemia. Children with fever and any parasitemia were allocated to four different groups according to Hb concentration: severe (Hb < 5 g/dL), moderate (Hb 5- 6.9 g/dL), mild anemia (Hb 7-9.9 g/dL) and Hb higher than 10 g/dL. Children treated with antimalarials during the week before admission were excluded from the study.
Laboratory measurements
Peripheral blood films were stained with New Methylene Blue to count reticulocytes. Plasma concentrations of TNF-α, IL-10, IFN-γ, IL-12p70, erythropoietin (Epo) and soluble transferrin receptor (sTFR) were measured by ELISA Quantikine® kits (R&D Systems, UK). Hepcidin-25 levels were measured using Hepcidin- 25 (human) – Enzyme Immunoassay kit (Bachem, UK). Plasma samples were collected, aliquoted and stored according to good clinical and laboratory practice (GLCP) guidelines. The plasma aliquots used had been thawed twice. All plasma measurements were performed in stored samples. Cytokine concentrations were measured in 2004 and hepcidin was measured in 2010.
Statistical analyses
Independent t-tests or Mann-Whitney tests were used to compare means between independent variables/groups with a significance level α of 5%. Multiple groups were compared by means or medians analysis of variance (ANOVA) or the non-parametric equivalent (Kruskal-Wallis test). Pearson's or Spearman's (nonparametric) correlations were calculated to measure the association between variables. The relative contribution of the independent variables in the regression analysis was measured by the standardized regression coefficient (beta). Hepcidin concentration was log-transformed for the univariate and multiple linear regression analysis. Data were analyzed using Stata software version 11.0 (Stata Corporation, Texas, USA).
Results and Discussion
Hepcidin profiles during acute infection and convalescence
We measured plasma hepcidin concentration in 100 children with acute malaria on admission, one week and one month after treatment. Hepcidin levels were increased above baseline even in non-anemic children and highest in children with Hb concentration of 7-9.9 g/dL (Figure 1). Unexpectedly, children who were severely anemic (n=29) had the lowest median concentration of hepcidin (1.12 ng/mL, IQR 0.39-11.4) and very low median reticulocyte counts (47.9×10 ml, IQR 24.8-58.7) for the degree of anemia. Hepcidin concentration in children with severe anemia was significantly lower than in children with Hb over 5 g/dL (P<0.05).
[image: ]

Figure 1.Concentration of plasma hepcidin in Kenyan children with acute P. falciparum malaria on admission and follow-up visits after treatment. Hb: hemoglobin concentration. Box plot indicates median and 25th and 75th percentiles. + indicates mean, · indicate distribution outliers.
Hepcidin levels fell significantly one week and one month after treatment compared with levels on admission (P<0.001). The median (IQR) hepcidin concentration in children with acute malaria was 8.57 (1.00-39.05) ng/mL, and declined swiftly to 1.69 (0-6.31) ng/mL one week after treatment and 0.43 (0.37-0.75) ng/mL a month later (Figure 1). None of the children died and the mean (SD) Hb concentration at one month was 10.06 (1.51) g/dL. A significant minority of children had raised hepcidin levels even one month after infection (Figure 1).
It appears that malaria infection stimulates hepcidin11,14-16 and this is associated with a lower reticulocyte response due, at least in part, to iron restriction to developing erythroid precursors. However, here we show for the first time that hepcidin secretion appears to be blunted as severe anemia develops. Therefore, in severe anemia, availability of iron should no longer restrict erythropoiesis, although the erythropoietic response in children with severe malarial anemia is greatly impaired,17,18 and hypoxemia might have contributed to a further decrease in hepcidin concentration in this group.8 The ineffective erythropoietic response, cell-cycle arrest and apoptosis observed in malarial anemia have been associated with raised proinflammatory cytokines, hemozoin and lipoperoxides. 13,19,20 Thus, the severely dyserythropoietic and hyperplastic erythroid marrow in malaria results not only from increased erythropoietic drive and the inhibitory effect of toxic and pro-inflammatory factors, but also from an inadequate iron supply.
Hepcidin and parasitological and immunological variables
We investigated whether the pro-inflammatory cytokines and the anti-inflammatory cytokine (IL-10) were associated with hepcidin concentration on admission (Table 1). TNF, IL-10, IL-6 and parasite density were significantly associated with hepcidin on admission after adjusting for baseline Hb concentration (Table 2). Parasite density was strongly correlated with TNF (r=0.34, P<0.001), IL-6 (r=0.54, P<0.001) and IL-10 (r= 0.56, P<0.001). The regression analysis adjusted for parasite density showed that IL-10 (β: 0.43, P<0.001) and IL-6 (β: 0.34, P=0.004) were significantly associated with hepcidin concentration on admission. Plasma hepcidin was not associated with γ-IFN and IL-12.
[image: ]

Table 1.Variables associated with plasma hepcidin in children with acute malaria. Correlation analysis of variables associated with hepcidin concentration on admission. r indicates Pearson's correlation coefficient; Beta indicates standardized regression coefficient.
[image: ]

Table 2.Variables associated with plasma hepcidin in children with acute malaria. Univariate analysis unadjusted and adjusted for hemoglobin concentration and parasite density using plasma hepcidin as dependent variable, and cytokines and parasite density as independent variables. r indicates Pearson's correlation coefficient; Beta indicates standardized regression coefficient.
There is substantial evidence to show that IL-6 stimulates hepcidin secretion from hepatocytes.7 Here, IL-10 levels were very closely associated with parasitemia and hepcidin concentration. The effect of IL-10 on iron metabolism is poorly understood. Indeed, a large randomized placebo-controlled study of IL-10 as an adjuvant treatment in inflammatory bowel disease showed a dose-dependent decrease of hemoglobin in patients receiving IL-10 with doses from 1 to 20 μg/kg body weight.21 Our data now suggest a plausible explanation for this observation although the mechanism(s) of increased hepcidin levels by IL-10 remain to be explored.
Iron supplementation and malaria
Our findings support the hypothesis that in malarial anemia iron is not depleted but sequestered. Iron stores cannot be assessed from analysis of peripheral blood in children presenting with malaria and anemia. Previous studies in Kenyan children indicated that bone marrow iron depletion was rare with severe anemia.22 After infection, a low hepcidin level may help with mobilizing iron and our data show that increased reticulocyte counts after admission following treatment of the acute malaria episode correlates with low hepcidin concentration.
There has been considerable controversy regarding the role of iron supplementation in the management of children with malaria. Numerous guidelines suggest all children with malaria should be given oral iron.23 Perhaps these prescriptions are prompted by the high prevalence of iron deficiency in many communities, the diagnostic uncertainty surrounding the exact etiology of anemia in many tropical settings, and the difficultly of clinical review after discharge from hospital. However, indiscriminate iron supplementation in malaria endemic areas is not always efficacious but potentially harmful.3,24 Furthermore, iron is not absorbed or incorporated into hemoglobin during acute infection.12 Finally, our results show raised hepcidin levels directly related to malaria infection for up to a week after treatment has commenced and longer in some cases. In the light of this evidence, iron supplementation should be given to only those children with evident iron deficiency after parasitemia has subsided. Furthermore, the response to iron should be monitored to avoid giving iron when it is not being absorbed and/or utilized.
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