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we measured markers of iron status, inflammation, malaria parasitemia, and 25-hydroxyvitamin
D (25(OH)D) concentrations in 4509 children aged 0.3 months to 8 years living in Kenya, Uganda,
Burkina Faso, The Gambia, and South Africa. Prevalence of iron deficiency was 35.1%, and prevalence
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of vitamin D deficiency was 0.6% and 7.8% as defined by 25(OH)D concentrations of <30 nmol/L
and <50 nmol/L, respectively. Children with 25(OH)D concentrations of <50 nmol/L had a 98%
increased risk of iron deficiency (OR 1.98 [95% CI 1.52, 2.58]) compared to those with 25(OH)D
concentrations >75 nmol/L. 25(OH)D concentrations variably influenced individual markers of iron
status. Inflammation interacted with 25(OH)D concentrations to predict ferritin levels. The link
between vitamin D and iron status should be considered in strategies to manage these nutrient
deficiencies in African children.

Keywords: Vitamin D deficiency; iron deficiency; hepcidin; ferritin; hemoglobin; iron; transferrin
saturation; anemia; children; Africa

1. Introduction

Vitamin D and iron deficiency are two of the most common nutrient deficiencies
worldwide [1,2]. Approximately 23% and 52% of children living in Africa are estimated to
have vitamin D and iron deficiency, respectively [3,4]. In vitro and animal studies point
to a complex interplay between vitamin D and iron metabolism (illustrated in Figure 1).
Higher vitamin D status may improve iron status by decreasing levels of hepcidin, the
principal iron-regulatory hormone, through the binding of the 1,25-dihydroxyvitamin D
(1,25(0OH);D)—vitamin D receptor complex to the vitamin D response element (VDRE)
on the hepcidin gene (HAMP) thus inhibiting its transcription [5], and by suppressing
pro-inflammatory cytokines (IL6 and IL1B) [6], thus allowing iron absorption. Conversely,
iron deficiency may also cause vitamin D deficiency by decreasing the activity of heme-
containing vitamin D-activating enzymes such as 25- and 1x-hydroxylase, as demonstrated
in rats [7], or by increasing fibroblast growth factor 23 (FGF23) [8], which suppresses the
la-hydroxylation of vitamin D [9].

Studies investigating the interactions between vitamin D and iron in humans have
largely been in European adult populations and have reported mixed findings [10]. There
are few studies in young children, a population with rapid growth requirements, or in
Africa where malaria and other infectious diseases are also highly prevalent [11]. A single
study in Kenyan preschool children (n = 500) found that 25-hydroxyvitamin (25(OH)D) con-
centrations were positively correlated with hemoglobin levels but did not measure markers
of iron status [12]. The current study aimed to investigate associations between vitamin D
and iron status in 4509 young children living in five countries across the African continent.
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Figure 1. How the metabolism of vitamin D and iron is interlinked from in vitro and animal studies. 1,25(OH),D may influence iron status by reducing hepcidin
levels through directly binding to the vitamin D response element (VDRE) in the promoter region of the hepcidin gene (HAMP), decreasing pro-inflammatory
cytokines (e.g., IL6, IL1B) and support erythropoiesis [5,6,13,14]. Low iron status may also influence vitamin D status by decreasing the activity of vitamin D
activation enzymes (25- and 1a-hydroxylase) [7] and increasing FGF23 [8]. High levels of FGF23 suppress la-hydroxylase activity thus reducing 1,25(OH),D
concentrations [9,15]. Abbreviations: sTfR, soluble transferrin receptor; DMT1, divalent metal transporter 1; DBP vitamin D binding protein; Cp, ceruloplasmin;
FGF23, fibroblast growth factor 23; RBC, red blood cell; 7-DHC, 7-dehydrocholesterol.
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2. Materials and Methods
2.1. Study Population

This study included cross-sectional data from young children living in Kenya, Uganda,
Burkina Faso, The Gambia and South Africa, as described below. A flowchart of study
participant selection is presented in Figure S1.

Kilifi, Kenya (0.3 months-8 years): This is an ongoing community-based cohort aimed
at evaluating immunity to malaria in children living in Kilifi, Kenya [16]. Children are
followed up from birth up to a maximum of 13 years with annual cross-sectional bleeds and
weekly monitoring for malaria. 25(OH)D, iron and inflammatory biomarkers, anthropome-
try, and malaria parasitemia were measured from a single cross-sectional bleed based on
the availability of archived plasma samples. Children below eight years old were selected
to reduce heterogeneity with other study cohorts.

Entebbe, Uganda (1-5 years): The Entebbe Mother and Baby Study (EMaBS) is a
prospective birth cohort study that was designed as a randomized controlled trial aimed
at evaluating the effects of helminths and anthelmintic treatment on immunological and
disease outcomes [17]. Blood samples were collected at birth and at subsequent birthdays
up to five years of age. 25(OH)D, iron and inflammatory biomarkers, anthropometry, and
malaria parasitemia were measured from a single annual visit based on the availability of
stored samples.

Banfora, Burkina Faso (6 months—2.5 years): The VAC050 ME-TRAP Malaria Vaccine
Trial was a clinical trial aimed at testing the effectiveness, safety and immunogenicity
of a malaria vaccine in infants aged between 6 and 17 months [18]. 25(OH)D, iron and
inflammatory biomarkers, anthropometry, and malaria parasitemia were measured at a
single time point.

West Kiang, The Gambia (2-6 years): This study included children aged between two
and six years recruited from rural villages in the West Kiang district in The Gambia before
the malaria season as previously described [19]. Biomarkers, anthropometry and malaria
parasitemia were measured during a single cross-sectional survey.

Soweto, South Africa (4 months—2.8 years): The Soweto Vaccine Response Study
comprised of children who were participating in clinical vaccine trials. Samples for the
current study were obtained from infants aged around 12 months. This cohort was not
exposed to malaria and did not have anthropometric or hemoglobin measurements [20].

2.2. Laboratory Assays

25(OH)D concentrations, iron markers (ferritin, hepcidin, sTfR, transferrin, iron and
hemoglobin) and inflammatory biomarkers (C-reactive protein [CRP] and «1-antichymotrypsin
[ACT]) were assayed as previously described [4,21] and are summarized in Supplementary
Methods S1. The assays showed satisfactory performances as monitored by both external
quality assurance schemes (including UK National External Quality Assessment Scheme
and DEQAS) and 4-hourly internal quality control assessments. The overall coefficient
of variation for 25(OH)D measurements ranged from 2.8% to 7.9%. Over the duration of
analyses, three sets of external quality assurance (DEQAS) data showed the 25(OH)D assay
to have a mean (SD) bias of —2.7% (7.6) against the all-laboratory trended 25(OH)D values,
and one of —0.4% (7.7) against the target values. Malaria parasitaemia was detected by
blood film microscopy using the Giemsa staining technique.

2.3. Definitions

Vitamin D status was defined using 25(OH)D cutoffs of <30 nmol/L, <50 nmol/L and
50-75nmol/L[22,23]. Inflammation was defined as CRP levels >5mg/L or ACT > 0.6 g/L [24].
Iron deficiency was defined using WHO guidelines as plasma ferritin <12 pg/L or <30 nug/L
in the presence of inflammation in children < 5 years old, and as <15 pg/L or <70 pug/L in
the presence of inflammation in children >5 years old [25]. Transferrin saturation (TSAT)
was calculated as (iron in pmol/L/transferrin in g/L x 25.1) x 100 [26]. Anemia was
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defined as hemoglobin <11 g/dL in children aged <5 years, or hemoglobin <11.5 g/dL in
children >5 years and iron deficiency anemia as the presence of both iron deficiency and
anemia [27]. Malaria parasitaemia was defined as the presence of Plasmodium parasites in
blood. Stunting was defined as height-for-age z-scores (HAZ) < —2 and underweight as
weight-for-age (WAZ) < —2 according to 2006 WHO child growth standards [28].

2.4. Statistical Analyses

Statistical analyses were conducted using STATA 15.0 (StataCorp., College Station, TX,
USA). All biomarkers except transferrin and hemoglobin were natural log-transformed
to normalize their distribution for regression analyses. Logistic and linear regression
analyses were performed to evaluate the associations between vitamin D status (In-25(OH)D
concentrations and vitamin D status categories based on 25(OH)D concentrations <50,
between 50-75, and >75 nmol/L) and iron deficiency, anemia, and individual markers of
iron status, where appropriate. Multivariable models were adjusted for study site, age, sex,
season and inflammation. Stepwise backward regression analysis was used to determine
suitable covariates to include in multivariable regression analyses. Regression models
included only observations with values for all of the variables included in the model. Since
inflammation and malaria alter markers of iron status [4], we stratified by these variables in
secondary multivariable regression analyses and tested for interactions between 25(OH)D
concentrations and inflammation/malaria in predicting individual markers of iron status.
Due to potential differences between study sites, we performed meta-analysis of site-specific
multivariable regression estimates using the metan package in STATA.

3. Results
3.1. Characteristics of Study Participants

The study included 1361 Kenyan, 1301 Ugandan, 329 Burkinabe, 629 Gambian and
889 South African children. The characteristics of study participants are presented in
Table 1. The children had a median age of 23.9 months (IQR 12.3, 35.9) and 49.1% were
girls. Prevalence of stunting, underweight, inflammation and malaria parasitemia were
high and varied by country. Overall median 25(OH)D concentrations were 77.6 (IQR 63.6,
94.2) nmol/L (Table 1). Prevalence of vitamin D deficiency was 0.6% and 7.8% using
25(OH)D cutoffs of <30 nmol/L and <50 nmol/L, respectively, while 35.4% of children had
concentrations between 50-75 nmol/L, as previously reported [21]. Since few children had
25(0OH)D concentrations <30 nmol/L, only the <50 nmol/L cutoff was used for further
analyses. Prevalence of iron deficiency, iron deficiency anemia and anemia was 35.1%,
23.0% and 61.6%, respectively, as previously reported [4]. South African children had the
highest prevalence of low vitamin D status (25(OH)D < 50 nmol/L) and iron deficiency
at 13.5% and 42.0%, respectively. Children included in the study had similar general
characteristics to those who were excluded due to missing samples.
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Table 1. Characteristics of study participants.

Participant Characteristics Overall Kenya Uganda Burkina Faso The Gambia South Africa ®
Total participants, n/total (%) 4509 1361/4509 (30.2%) 1301/4509 (28.9%) 329/4509 (7.3%) 629/4509 (13.9%) 889/4509 (22.9%)
Median age in months (IQR) 23.9 (12.3,35.9) 19.8 (12.7, 36.8) 24.0 (23.9,35.9) 23.4(19.7,26.4) 46.6 (35.2,58.7) 12.0 (11.9,12.1)
Females, n/total (%) 2216/4509 (49.1%) 671/1361 (49.3%) 641/1301 (49.3%) 161/329 (48.9%) 297/629 (47.2%) 446/889 (50.2%)
Malaria parasitaemia !, 11/ total (%) 445/3293 (13.5%) 227/1082 (20.8%) 89/1280 (6.9%) 64/303 (21.1%) 65/628 (10.4%) n/a
Inflammation 2, 1/total (%) 1019/4469 (22.8%) 363/1344 (27.0%) 306/1285 (23.8%) 109/322 (33.9%) 85/629 (13.5%) 156/889 (17.6%)
Stunting, 1/total (%) 3 581/2289 (25.4%) 99/208 (47.6%) 203/1282 (15.8%) 103/307 (33.5%) 176 /492 (35.8%) n/a
Underweight, n/total (%) * 389/2487 (15.6%) 102/389 (26.2%) 103/1296 (8.0%) 58/309 (18.8%) 126/493 (25.6%) n/a
Vitamin D Status °

Median 25(OH)D nmol/L (IQR) 77.6 (63.6,94.2) 81.0 (66.3, 101.6) 78.6 (65.1, 94.5) 78.4 (64.5,91.3) 71.2(59.1, 84.2) 76.2 (60.6, 91.9)
25(OH)D > 75 nmol/1 2485/4509 (55.1%) 815/1361 (59.9%) 756/1301 (58.1%) 186/329 (56.5%) 265/629 (42.1%) 463/889 (52.1%)
25(0OH)D 50-75 nmol/1 1674 /4509 (37.1%) 464/1361 (34.1%) 479/1301 (36.8%) 123/329 (37.4%) 302/629 (48.0%) 306/889 (34.4%)
25(0OH)D <50 nmol/1 350/4509 (7.8%) 82/1361 (6.0%) 66/1301 (5.1%) 20/329 (6.1%) 62/629 (9.9%) 120/889 (13.5%)
25(0OH)D <30 nmol/1 28/4509 (0.6%) 4/1361 (0.3%) 5/1301 (0.4%) 0 (0%) 2/629 (0.3%) 17/889 (1.9%)
Iron Status °

Tron deficiency ©, n/total (%) 1546/4399 (35.1%) 491/1322 (37.1%) 433/1240 (34.9%) 115/319 (36.1%) 134/629 (21.3%) 373/889 (42.0%)
Iron deficiency anemia 7, n/total (%) 661/2880 (23.0%) 207/771 (26.9%) 209/1182 (17.7%) 96/304 (31.6%) 107/623 (17.2%) n/a
Anemia 8, n/total (%) 1829/2971 (61.6%) 556/793 (70.1%) 623/1241 (50.2%) 274/314 (87.3%) 376/623 (62.4%) n/a

Abbreviations: 25(OH)D, 25-hydroxyvitamin D; IQR, interquartile range; n/a, not available or for malaria no exposure; CRP, C-reactive protein; ACT: «1-antichymotrypsin; sTfR, soluble
transferrin receptors; TSAT, transferrin saturation. ! Malaria parasitemia was defined as the presence of Plasmodium parasitemia on blood film; 2 inflammation as CRP >5 mg/L or
ACT >0.6 g/L (ACT, but not CRP was available for The Gambia); 3 stunting as height-for-age Z score < —2 and 4 underweight as weight-for-age Z score < —2; > Vitamin D and iron
status categories; ® iron deficiency as either plasma ferritin <12 pg/L or <30 pg/L in the presence of inflammation in children <5 years old, or <15 pg/L or <70 pg/L in the presence of
inflammation in children >5 years old; 7 iron deficiency anemia as the presence of both iron deficiency and anemia; # anemia as hemoglobin <11 g/dL in children aged <5 years, or
hemoglobin <11.5 g/dL in children >5 years. ° Anthropometric and hemoglobin measurements were not available for South African children, and they were not exposed to malaria.
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3.2. Vitamin D Status Is Associated with Iron Deficiency

The prevalence of iron deficiency was 41.8% (95% CI 36.7, 47.1) in children with
25(0OH)D concentrations of <50 nmol/L compared to 35.8% (95% CI 33.9. 37.2) in those
with concentrations > 75 nmol/L. Similarly, the prevalence of vitamin D deficiency was
higher in iron deficient children compared to those who were iron replete (Figure S2).
In overall meta-analyses, 25(0OH)D concentrations <50 nmol/L were associated with a
98% increased risk of iron deficiency (OR 1.98 [95% CI 1.52, 2.58]) compared to 25(OH)D
concentrations > 75 nmol/L (Figure 2, Table S1). We observed marked heterogeneity
between the study countries for some of the meta-analyses (I = 68.7% to 90.4%, Figure 2).
25(0OH)D concentrations <50 nmol/L were associated with reduced hemoglobin levels in
overall meta-analyses (Figure 2). We observed increased odds of IDA (OR 1.42 [95% CI
0.96, 2.10]) and anemia (OR 1.27 [95% CI 0.90, 1.79]) in children with low vitamin D status
(25(OH)D <50 nmol/L) but these associations were not statistically significant (Figure 2).
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Figure 2. Map of Africa showing study sites (A), meta-analyses of associations between low vitamin D status (25(OH)D <50 nmol/L) and iron deficiency, iron

deficiency anemia and anemia by study site (B) and meta-analyses of associations between low vitamin D status (25(OH)D <50 nmol/L) and individual markers of

iron status (C). Abbreviations: sTfR, soluble transferrin receptors; TSAT, transferrin saturation. The map colors represent the predicted posterior predictions of

age-standardized P. falciparum prevalence (PfPR2-10) as previously published by Snow et. al. [11]. Regression estimates were obtained from multivariable logistic

regression analyses evaluating the effect of vitamin D status (25(OH)D <50 nmol/L against >75 nmol/L) on iron deficiency, iron deficiency anemia and anemia

and on individual markers of iron status. Regression models were adjusted for age, sex, season, and inflammation. Meta-analysis of site-specific odd ratios was
performed using metan package in STATA. Estimates for the meta-analyses for analyses using vitamin D status defined by 25(OH)D levels of 50-75 nmol/L are
presented in Table S1. The map is adapted with permission from Snow et. al. (2008) [11].
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3.3. Vitamin D Status Influences Individual Markers of Iron Status

Individual markers of iron status differed by country and vitamin D status
(Tables S2 and S3, respectively). In overall meta-analyses children with 25(OH)D con-
centrations <50 nmol/L had reduced ferritin, hepcidin and hemoglobin levels compared to
those with 25(OH)D concentrations > 75 nmol/L (adj. beta —0.36 [95% CI —0.46, —0.025],
—0.29 [95% CI —0.43, —0.14], —0.24 [95% CI —0.44, —0.05], respectively) in keeping with
increased risk of iron deficiency (Figure 2). However, other measures of iron status indi-
cated a more complex picture, for example transferrin levels were lower, and iron levels
and TSAT were higher, in children with 25(OH)D concentrations <50 nmol/L suggesting
improved iron status (Figure 2). Similar results were obtained in pooled regression analyses
(Table S3). 25(OH)D concentrations were highly correlated with hemoglobin levels and all
iron markers except hepcidin (Figure S3). In pooled linear regression analyses controlling
for age, sex, season, inflammation, and study site, 25(OH)D concentrations were positively
associated with ferritin, hepcidin, sTfR, and transferrin levels, and inversely associated
with iron concentrations and TSAT (Figure S4). Excluding children from our analyses who
were stunted or underweight (n = 970) or who were aged above five years old (1 = 276) did
not alter our findings.

3.4. Effects of Inflammation and Malaria on Vitamin D and Iron Status

Since inflammation alters measures of iron status and differs by vitamin D status [21],
we further stratified regression analyses by the presence of inflammation and looked for
interactions between inflammation and 25(OH)D concentrations in predicting iron status.
We observed that 25(OH)D concentrations were highly associated with measures of iron
status in the absence of inflammation in multivariable linear regression analyses (Figure 54).
We also found an interaction between inflammation and 25(OH)D concentrations in pre-
dicting ferritin levels, so that in children with inflammation a unit change in 25(OH)D
concentrations was associated with a smaller unit change in ferritin levels than in children
without inflammation (Table S4). Observed associations between 25(0OH)D concentrations
and markers of iron status persisted after excluding children with malaria (Figure S5) and
we found little evidence of an interaction between malaria and 25(OH)D concentrations in
predicting markers of iron status (Table 54).

4. Discussion

Nutritional deficiencies, including iron and vitamin D deficiency, are highly preva-
lent among young children, and little is known about their interactions in Africa where
infectious diseases such as malaria are also prevalent. In the current study including
4509 children living in Africa, median 25(OH)D concentration was 77.0 nmol/L which
was comparable to average concentrations in a meta-analysis of previous studies of young
children in Africa (70.7 nmol/L) [21]. Low vitamin D status (25(OH)D concentrations
<50 nmol/L) was associated with a 98% increased risk of iron deficiency and iron de-
ficient children similarly had a higher prevalence of low vitamin D status. In keeping
with increased iron deficiency, low vitamin D status was associated with reduced levels
of ferritin, hepcidin, and hemoglobin. We found marked heterogeneity in the study site
estimates, with the strongest association between low vitamin D status and iron deficiency
observed in South Africa. 25(OH)D concentrations interacted with inflammation, so that
in children with inflammation higher 25(OH)D concentrations predicted lower ferritin
concentrations than in those without inflammation. We found limited evidence of in-
creased risk of iron deficiency anemia and anemia in children with low vitamin D status in
overall meta-analyses.

Low vitamin D status (25(OH)D <50 nmol/L) was associated with an increased risk
of iron deficiency and low ferritin levels in young African children in this study. Our
findings are consistent with a study from South Korea which reported that young children
with iron deficiency were four times more likely to have low vitamin D status (25(OH)D
<50 and <75 nmol/L) compared to those who were iron replete (OR 4.12, 95% CI 1.67,10.17),
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although 25(OH)D levels were not correlated with ferritin levels (Table 2, [29]). Similarly,
a nationally representative survey of 2526 children and young adults aged between 10 to
20 years from South Korea showed that vitamin D deficiency (25(OH)D concentrations
<37.5 nmol/L) was associated with a 94% increased odds of iron deficiency (OR 1.94 [95%
CI, 1.27-2.97]) [30]. However, vitamin D status was not associated with ferritin levels
in 22-month-old Asian infants in the UK [31], children attending hospital in northern
India [32] or in children diagnosed with IDA in South Korea [33]. Mechanistic studies have
shown that vitamin D may improve iron deficiency by reducing hepcidin levels through
inhibiting its transcription or suppressing pro-inflammatory cytokines, thus allowing iron
absorption [6].

In the current study, hepcidin levels were lower in children with low vitamin D status
(25(OH)D <50 nmol/L) compared to those with 25(OH)D concentrations >75 nmol/L.
25(OH)D concentrations were also inversely associated with hepcidin levels in multivari-
able models. To the best of our knowledge, no previous studies have investigated the
association between vitamin D and hepcidin levels in young children, although studies in
older patients with rheumatoid arthritis and inflammatory bowel disease have reported
mixed findings [38,39]. In vitro and animal studies indicate that vitamin D can decrease
hepcidin levels through a number of pathways including inhibiting transcription of the
hepcidin gene (HAMDP), suppressing the production of pro-inflammatory cytokines IL-
6 and IL-1B, or by activating the JAK-STAT3 pathway (Figure 1) [5,6,13]. The converse
finding of lower hepcidin levels in vitamin D deficient children in our study is likely due
to iron deficiency exerting a powerful inhibitory effect on hepcidin expression in African
children [40].

Low vitamin D status (25(OH)D <50 nmol/L) was associated with increased iron
concentrations and TSAT and decreased transferrin levels compared to 25(OH)D concentra-
tions >75 nmol/L. In contrast to our study, an earlier study including 22-month-old Asian
infants reported that vitamin D deficiency (25(OH)D <25 nmol/L) was associated with
lower serum iron concentrations, but not transferrin levels [31]. Two studies that included
children from South Korea and North India reported no association between vitamin D
status and iron concentrations (Table 2, [32,33]). A single study investigating the association
between TSAT and 25(OH)D concentrations found that higher 25(OH)D concentrations
were associated with increased TSAT in healthy adolescent Saudi boys, although this was
not observed in girls or in pooled analyses. We found that sTfR levels did not differ by
vitamin D status in our overall meta-analysis. In contrast to our study, vitamin D deficiency
was associated with increased sTfR levels in observational studies involving children and
adolescents in Germany [41] and in Polish athletes [42]. In the current study, it is possible
that the lower hepcidin levels observed in vitamin D deficient children may have led to
increased iron absorption [43] resulting in higher iron concentrations and TSAT. Children in
this study and particularly those living in sub-Saharan Africa would also be likely to have
had more infections including malaria and nutritional deficiencies which might explain
differences in findings.

In the current study, low vitamin D status (25(OH)D <50 nmol/L) was associated
with reduced hemoglobin levels, although the association with anemia was not statistically
significant. In agreement with our study, studies in children aged 3-5 years in Kenya,
22 months in the UK, and between 0.5-2.5 years in India, reported a positive association
between vitamin D status and hemoglobin levels (Table 2, [12,31,44]). However, a study
involving healthy children living in Jordan (n = 203, aged 0.5-3 years) did not find an
association between vitamin D status and hemoglobin levels or anemia [35]. A systematic
review and meta-analysis of seven observational studies with 5183 participants showed
that vitamin D deficiency was associated with 84% higher odds of anemia (OR 2.25, 95% CI
1.47-3.44) [45]. Anemia may be caused by many factors in addition to iron deficiency in
African children, including malaria, undernutrition, hemoglobinopathies and sickle cell
disease, which may explain why we did not observe a statistically significant association
between vitamin D status and anemia in our study.
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Table 2. Summary of previous observational studies that evaluated the association between vitamin D status and markers of iron status and hemoglobin levels in
children (<13 years old).

Sample

Definition of Vitamin D

Author, Year Size (1) Country Age Population Status Markers Investigated Findings
Iron Markers
Serum iron, Children with VDD had lower concentrations of hemoglobin and serum iron. No
Grindulis 1986 [31] 145 UK 22 months Asian children VDD: <25 nmol/L transferrin, ferritin . : . mog )
- differences were observed with transferrin and ferritin levels.
and hemoglobin
. . . VDS: >75 nmol/L . . No difference in ferritin, serum iron or hemoglobin levels in patients with VDS
Yoon 2012 [33] 79 South Korea Median 1.8 (IQR Chlldren diagnosed VDI: 30-75 nmol/L Ferritin, Serum 1ron compared to those who had VDD or VDI. No correlation between vitamin D
0.3-13) years with IDA and hemoglobin . .
VDD: <30 nmol/L status and severity of anemia.
Children attendin. VDS: >75 nmol/L Children with ID were four times more likely to develop VDI and VDD
Jin 2013 [29] 102 South Korea Range 3-24 months ~ ** - & VDI: 50-75 nmol /L Ferritin and iron compared to those who were iron replete. 25(OH)D levels were not correlated
ospital ; . o .
VDD: <50 nmol/L with ferritin or iron levels.
Range 3 Children attendin VDS: >75 nmol/L Ferritin, serum iron The proportion of children with IDA was 66%, 49% and 25% in the VDD, VDI
Sharma 2015 [32] 263 North India m ngth 12 vear tpatient g VDI: 30-75 nmol/L nd h r;-l lobin group and VDS groups, respectively. 25(OH)D levels were positively correlated
onths—12 years outpatients VDD: <30 nmol/L a CMOgio with hemoglobin levels but not with ferritin or iron levels.
Children attendin. VDS: >50 nmol/L Serum iron. ferritin Maternal and child VDD was associated with ID/IDA in children. Children with
Cihan 2018 [34] 117 Turkey 6 months-5 years outpatients g VDI: 30-50 nmol/L and hemo iobin ID/IDA had lower 25(0OH)D levels than those without ID/IDA. Maternal/child
P VDD: <30 nmol/L 8 25(OH)D levels were positively correlated with hemoglobin levels in children.
Ie itv-based Children with VDD were more likely to have anemia independently of ID.
Chowdhury 2019 [35] 1000 India Range 0.5-2.5 years qmmumty ase VDD: <25 nmol/L Hemoglobin and sTfR Hemoglobin levels were positively associated with 25(OH)D levels. Association
children X .
between 25(OH)D and sTfR was not investigated.
Hemoglobin Only
Infants and children ~ VDS: >75 nmol/L . . . . .
Abdul-Razzak 203 Jordan Range 0.5-3 years attending primary VDL <75 nmol/L Hemoglobin No difference in mean hemoglobin levels between vitamin D status categories
2011 [35] . (VDD, VDI and VDS).
care VDD: <50 nmol/L
Mothers and their VDS: >75 nmol/L . . .
Kang 2015 [36] 70 South Korea Range 4-24 months infants attending VDI: 50-75 nmol /L Hemoglobin Mothers and infants with anemia had lower 25(OH)D levels compared to those
X without anemia.
hospital VDD: <50 nmol/L
Houghton 2019 [37] 120 India 12-23 months Sﬁmﬁnlty-based VDD: <50 nmol/L Hemoglobin No association between 25(0OH)D levels and anemia.
Houghton 2019 [12] 500 Kenya 3-5 years Preschool children VDD: <50 nmol/L Hemoglobin 25(OH)D levels were positively correlated with hemoglobin levels.

Abbreviations: 25(0OH)D, 25-hydroxyvitamin D; VDS, vitamin D sulfficiency; VDI, vitamin D insufficiency; VDD, vitamin D deficiency; ID, iron deficiency; IDA, iron deficiency anemia;
IQR, interquartile range.
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Conversely, iron status is also likely to have influenced vitamin D status and we
observed a higher prevalence of low vitamin D status (25(OH)D <50 nmol/L) in children
with iron deficiency. Since our study was observational, we were unable to ascertain
the direction of causality in the association between vitamin D and iron status. Iron
deficiency may lead to vitamin D deficiency via several pathways, including by reducing
the activity of heme-containing vitamin D activation enzymes such as 25-hydroxylase and
1-alpha-hydroxylase [7] or by reducing vitamin D absorption in the gastrointestinal tract
through impairing epithelial function [46] (Figure 1). Iron deficiency has also been shown
to increase levels of fibroblast growth factor 23 (FGF23) levels [47,48] which suppresses 1 a-
hydroxylase activity [9,49]. A strong inverse correlation between FGF23 and hemoglobin
has been suggested to link low iron status in the etiology of rickets in Gambian children [50].
In contrast, pregnant Kenyan women (1 = 433) supplemented with iron from 13-23 weeks
of gestation until 1 month postpartum had lower 25(OH)D concentrations than those who
received a placebo, although no differences were observed in 25(OH)D concentrations in
cord blood [48].

The prevalence of inflammation and malaria parasitemia was high among our study
participants and both vitamin D and iron status have been associated with increased
risk of malaria [51,52]. We found that associations between vitamin D and iron status
persisted after adjusting for inflammation and malaria in our analyses. Inflammation
interacted with 25(OH)D concentrations in our study to predict ferritin levels, so that
25(OH)D concentrations most strongly predicted ferritin levels in children without inflam-
mation. This may be one explanation for why some of our findings varied by country since
malaria and inflammation were generally more highly prevalent in sub-Saharan African
countries. The association between vitamin D status and iron deficiency was strongest in
South African children who were not exposed to malaria and who generally had lower
prevalence of inflammation. Other factors may have also contributed to heterogeneity in
our findings, including variability in socio-cultural practices, nutrition, genetics (such as
hemoglobinopathies or vitamin D binding protein variants) or seasonality in Africa.

Our study had a number of strengths. To the best of our knowledge, this is the first
study to investigate the association between vitamin D status and iron deficiency in African
children and the largest study in young children globally. Children living in sub-Saharan
Africa have a high burden of iron deficiency, undernutrition, and infectious diseases, which
may explain why some of our findings differed from studies in other parts of the world.
Additionally, we included a large number of community-based children (n = 4509) living in
five different countries across Africa. We also measured a wide range of iron biomarkers
which enabled us to evaluate how vitamin D status is associated with various aspects
of iron status. Our study also had some limitations. The study was cross-sectional, and
hence we could not evaluate temporal changes in the observed associations or determine
the direction of causality. There may have also been other unmeasured confounders that
influenced our findings and may have accounted for the heterogeneity that we observed
between study sites. We also only included young children in our study which may limit the
generalizability of our findings to other age groups. Additionally, plasma iron levels and
TSAT were not available for Ugandan and South African children and CRP measurements
were not available for Gambian children. We also did not collect information that may have
influenced vitamin D or iron status such as dietary intake, sunlight exposure or hookworm
infections and did not measure 1,25(0OH),D, FGF23, vitamin D binding protein, parathyroid
hormone, or calcium concentrations.

5. Conclusions

In conclusion, our findings suggest a complex association between vitamin D and
iron status in young African children, with the direction of association varying depending
on the iron status marker. Low vitamin D status (25(OH)D <50 nmol/L) was associated
with iron deficiency as indicated by reduced ferritin, hepcidin, and hemoglobin levels,
although increased plasma iron and TSAT may suggest that these children may be more
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iron replete. The positive association between vitamin D and WHO-defined iron deficiency
in this study suggest that both conditions should be considered in relevant public health
strategies in Africa where the two nutrient deficiencies coexist. There is a need for further
studies to understand the mechanisms of action of the associations between vitamin D and
iron deficiency in African populations.
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ual measures of iron status; Table S4: Interaction between 25(OH)D concentrations and inflammation
and malaria in predicting measures of iron status; Figure S1: Flow chart of study participants;
Figure S2: Prevalence of iron status by categories of vitamin D status (i) and prevalence of vitamin D
status by categories of iron status (ii) in African children; Figure S3: Scatter and regression plots of
markers of iron status and C-reactive protein against log 25(OH)D concentrations; Figure S4: Associa-
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