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Abstract

Fe-deficiency anaemia is a major public health concern in children under 5 years of age. TMPRSS6 gene, encoding matriptase-2 protein, is
implicated in Fe homoeostasis and has been associated with anaemia and Fe status in various populations. The aim of this cross-sectional study
was to investigate the associations between the single nucleotide polymorphism (SNP) TMPRSS6 rs855791 and biomarkers of anaemia and Fe
deficiency in Brazilian children attending day care centres. A total of 163 children aged 6-42 months were evaluated. Socio-economic,
demographic, biochemical, haematological, immunological and genotype data were collected. Multiple logistic and linear regressions with
hierarchical selection were used to assess the effects of independent variables on categorised outcomes and blood marker concentrations. Minor
allele (T) frequency of 15855791 was 0-399. Each copy of the T allele was associated with a 4-49-fold increased risk of developing anaemia
(P=0-005) and a 4-23-fold increased risk of Fe deficiency assessed by serum soluble transferrin receptor (sTfR) (P < 0-001). The dose of the T
allele was associated with an increase of 0-18 mg/l in sTfR concentrations and reductions of 1-41 fl and 0-52 pg in mean corpuscular volume
(MCV) and mean corpuscular haemoglobin (MCH), respectively. In conclusion, the T allele of SNP 7MPRSS6 rs855791 was significantly
associated with anaemia and Fe deficiency assessed by sTfR in Brazilian children attending day care centres. The effect was dose dependent,
with each copy of the T allele being associated with lower MCV and MCH and higher concentrations of sTfR.
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Anaemia is a significant global public health issue, characterised
by low blood Hb concentrations and associated with long-term
cognitive and motor impairments, particularly in children®?. In
Brazil, the prevalence of anaemia and Fe deficiency anaemia
among children aged 6 to 59 months is reported to be 10-0 % and
3-6%, respectively®. Fe deficiency is the leading cause of
anaemia, and a substantial proportion of the world’s population
has a diet that is poor in this essential mineral”. Apart from
dietary intake, Fe is also obtained through recycling of senescent
red blood cells within the body®.

Fe homoeostasis is tightly regulated by hepcidin, a key peptide
that plays a crucial role in communication between various sites
involved in Fe absorption, utilisation and storage®~". Hepcidin

acts by downregulating ferroportin, the protein responsible for
releasing Fe from cells. As a result, increased levels of hepcidin are
associated with impaired duodenal absorption and recycling of Fe
from senescent erythrocytes. Hepcidin expression is influenced
by multiple factors, including Fe overload and inflammation, as
well as anaemia and hypoxemia, which can lead to decreased
hepcidin levels®. Understanding the intricate mechanisms
involved in Fe homoeostasis is crucial for addressing the public
health concern of Fe-deficiency anaemia, particularly in children
under 5 years of age.

The serine transmembrane protease 6 (TMPRSS6) gene
encodes the matriptase-2 protein (MT-2), which plays a crucial
role in the regulation of Fe metabolism. MT-2 has been shown to

Abbreviations: AGP, a-1-acid glycoprotein; CRP, C-reactive protein; MCH, mean corpuscular haemoglobin; MCV, mean corpuscular volume; RDW, red cell

distribution width; SNP, single nucleotide polymorphisms; sTfR, serum soluble transferrin receptor; Fe, iron; Hb, hemoglobin; RT-PCR, real-time polymerase

chain reaction; GWAS, genome-wide association studies.
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suppress hepcidin, a key regulator of Fe homoeostasis, through
cleavage of hemojuvelin, a co-receptor for bone morphogenetic
proteins involved in hepcidin synthesis”. By inhibiting
hepcidin production, MT-2 enhances the availability of Fe for
erythropoiesis and other essential cellular functions®.

Emerging evidence suggests that genetic factors, including
single nucleotide polymorphisms (SNP), contribute significantly
to the regulation of Fe stores and the development of Fe
deficiency?. Of particular interest is the TMPRSSG 15855791
SNP)], which has been extensively studied due to its association
with various Fe-related parameters'V. This SNP involves a
thymine (T) to cytosine (C) substitution at position 2321 of the
gene-coding region, resulting in an alanine to valine substitution
at codon 736 (A736V) of the MT-2 protein>!®. One in vitro
study has demonstrated that the presence of valine at codon 736
is associated with increased concentrations of hepcidin®®. This
suggests that the genetic variation introduced by SNP 7TMPRSS6
15855791 can influence hepcidin regulation and, consequently,
impact Fe metabolism and risk for anaemia and Fe deficiency.

A study by Benyamin and cols. (2009) has shown that
Caucasian and Asian individuals carrying the T allele of SNP
TMPRSS6 15855791 exhibit lower serum Fe concentrations and
transferrin saturation compared with those who carry the C
allele"V.  Furthermore, genome-wide association —studies
(GWAS) have consistently demonstrated a negative association
between genetic variants in TMPRSSG (such as 1s855791 and
1s4820268) and reduced Fe concentrations, transferrin satura-
tion, as well as decreased Hb concentrations, mean corpuscular
volume (MCV) and mean corpuscular haemoglobin
(MCH)(10:11,15-17),

Based on these findings, we hypothesise that the T allele of
SNP TMPRSSG6 15855791 may be associated with Fe deficiency
and anaemia in Brazilian children. Therefore, our aim was to
evaluate the associations between SNP TMPRSSG6 15855791 and
biomarkers of anaemia and Fe deficiency in Brazilian children
attending day care centres. By examining the associations of this
genetic variation with Fe-related parameters, our study will
contribute to the understanding of Fe metabolism regulation and
provide insights into potential avenues for personalised
interventions.

Materials and methods
Study design, participants and ethics

This cross-sectional study utilised baseline data from a
randomised clustered clinical trial*® involving children aged 6
to 42 months who attended Early Childhood Education Centres
in a Brazilian capital (Fig. 1). Early Childhood Education Centres
with fewer than seven children in the age groups of interest and
those that were not operating full time were excluded from the
clinical trial. Children with and without anaemia, between 6 and
42 months of age, were included in the study, while those
undergoing treatment for anaemia, malaria, HIV, haemoglobi-
nopathies or haemochromatosis; with low birth weight,
premature delivery (< 37 weeks), twins or allergy to any
components of the fortification sachet and/or ferrous sulphate/
folic acid were excluded. Children whose parents/guardians did
not authorise DNA extraction, did not have enough blood for

[ Identification ] Assessed for eligibility (n 207)
Excluded (n 44)
« Not meeting inclusion

> criteria/inability to participate (n 18)

o Declined to participate (n 2)

o Incomplete tests (blood
test/genotyping) (n 24)

Inclusion

Included (n 163)
Male (n 76)
Female (n 87)

\4

Analysed (n 163)

A4

\ 4

Genetic and Condition TMPRSS6 rs855791 genotypes
biochemical Anaemia (n 22) CC (n61)
assessment Iron deﬁc%ency — ferritin (n 35) CT (n77)

Iron deficiency — sTR (n 106) TT (n 25)

Fig. 1. STROBE flow chart of participants’ recruitment.
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DNA extraction or had missing data from haematological and
biochemical tests were also excluded.

This study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures
involving human subjects were approved by the Research
Ethics Committee of the Federal University of Goids (protocol
2-641-285, 8 May 2018, CAAE: 80541717-3-0000-5083). Written
informed consent was obtained from all children’s parents/
guardians. The study ‘Effect of fortification with powder
nutrients in prevention and treatment of nutrient deficiency’
was registered at the Brazilian Registry of Clinical Trials - ReBEC
(protocol RBR-4hm7 mz; https://ensaiosclinicos.gov.br/rg/RBR-
4hm7mz).

Data collection

Data were collected from March 2018 to August 2018 in ten Early
Childhood Education Centres through a structured questionnaire
administered to the children’s parents/guardians by trained
interviewers. The questionnaire collected information on socio-
economic, demographic and individual child characteristics,
including sex, age, race, family income, number of family
members, maternal level of education, day care attendance time,
birth weight, length at birth, current weight and exclusive breast-
feeding up to 6 months.

Body weight was measured in duplicate using a digital scale
(SECA 877%, Seca Deutschland) with a capacity of 200 kg and an
accuracy of 100 g, following a standardised protocol™. For
children younger than 2 years, weight was measured with the
child on the lap of the mother/guardian or the teacher/
supervisor®?,

Fe intake was determined using two methods: direct food
weighing and a 24-h food recall method (R24h). Direct
food weighing was conducted at the education centres to assess
food consumption®”, On the same day as the direct weighing,
the R24h method was applied to parents or individuals
responsible for assessing food consumption at home. Home
measures and photographic records were used as auxiliary tools
for dietary surveys®?. Data from the R24h and food weighing
were calculated using the Diet Win Professional Plus® software
(Brubins Food Commerce, Brazil). Food composition data from
national tables®>>> and food labels were incorporated into the
software as needed. Breast-feeding was assessed by estimating
the volume of milk based on the number of feeds per day®®.

Venous blood collection was performed by a trained
technician. The collection was preferably done after an 8-h fast,
but at least 3 h of fasting was ensured for children younger than
12 months. The blood samples were appropriately refrigerated
and transported to the laboratory for further analysis.

The blood count was analysed using electronic count
(Sysmex XE-2100, Sysmex Corporation). Anaemia was defined
as Hb levels below 11 g/dl, and low haematocrit values were
defined as below 33 %, based on the recommendations of
the WHO™. Microcytosis was defined as MCV below 70 fl for
children aged 6-23 months and below 73 fl for those aged
24-59 months"?”. Hypochromia was identified as MCH values
below 22 pg for children aged 6-23 months and below 25 pg
for those aged 24-59 months. Altered mean corpuscular

haemoglobin concentration was defined as below 32 g/dl for
children aged 6-59 months*?”. Anisocytosis was defined as red
cell distribution width (RDW) above 14-5 %252,

Serum concentrations of a-1-acid glycoprotein (AGP) were
analysed wusing immunoturbidimetry (AU480 Chemistry
Analyzer, Beckman Coulter, Brea), while serum concentrations
of C-reactive protein (CRP) were determined by turbidimetry
(Cobas 8000 ¢502, Roche Diagnostics). Children with serum AGP
levels exceeding 100 mg/dl and/or CRP levels exceeding 0-5 mg/
dl were considered to have inflammation®*3V. Serum ferritin
concentrations were analysed by chemiluminescence (UniCel
DxI 800, Beckman Coulter), and Fe deficiency assessed by
ferritin was defined as ferritin levels below 12 ng/dl in the
absence of inflammation and below 30 ng/dl in the presence of
inflammation®”. Serum soluble transferrin receptor (STfR)
concentrations were analysed by nephelometry (BN II System,
Siemens Healthineers). Fe deficiency was defined as sTfR levels
exceeding 1-76 mg/l, which is the reference value from the
analysis kit.

Genomic DNA was extracted from leukocytes in whole blood
using the PureLink Genomic DNA Mini Kit® (Thermo Fisher
Scientific). Quantification was performed using a Qubit
fluorimeter® (Invitrogen), and DNA purity was verified using a
NanoDrop spectrophotometer® (Thermo Fisher Scientific).
Samples were considered of good quality when the A260/280
ratio fell between 1-7 and 2-0.

Genotyping was conducted using real-time polymerase chain
reaction (RT-PCR) with an Applied Biosystems TagMan® SNP
Genotyping assay (Thermo Fisher Scientific) for SNP TMPRSSG
rs855791. Amplification reactions for SNP genotyping were
performed in a StepOne® thermocycler (Thermo Fisher
Scientific). As a methodological control, 10% of the samples
were double genotyped. The analysis and processing of
fluorescence data for allelic discrimination were performed
using the StepOne® v. 2-1 software (Thermo Fisher Scientific).

Statistical analyses and justification of sample size

The data were entered twice using Epi Info version 6-04d (CDC)
and Microsoft Excel 2010 (Microsoft) to ensure consistency. To
assess the goodness of fit to the normal distribution, the Shapiro—
Wilk test was used. Normally distributed continuous variables
were presented as mean + sp, while non-normally distributed
variables were presented as median with interquartile range.
Categorical variables were presented as absolute (72) and relative
(%) frequencies.

The sample size calculation was based on an absolute error of
5 %, a power of 80 %, an allocation rate of 1:1 and an effect size of
0-38. The effect size was determined based on the prevalence of
anaemia found in a previous Brazilian study®?. The calculated
sample size was 164 children, and an additional 22 % was added
to account for potential losses during the data collection process,
resulting in a total sample size of 200 children.

Multiple logistic regression models with hierarchical selection
of variables were utilised to estimate the effects of various
independent variables, including children’s sex and age,
maternal level of education, family income, number of family
members, day care time, weight and length at birth, breast-
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feeding up to 6 months, dietary Fe intake, CRP, AGP, current
weight, as well as additive and dominance effects of the T allele,
on categorised outcomes such as anaemia, Fe deficiency and
haematological biomarkers. Linear regression models with
hierarchical selection of variables were employed to estimate
the effects on blood markers including Hb, ferritin, sTfR and
other haematological biomarkers.

In both regression models, the variables were organised into
blocks and prioritised based on their presumed influence on the
outcome. The distal block encompassed variables such as family
income, maternal level of education, number of dependents and
children’s sex and age. The medial block included day care time,
while the proximal block included weight and length at birth,
current weight, exclusive breast-feeding up to the sixth month,
dietary Fe intake, CRP and AGP concentrations, as well as
additive and dominance effects of the T allele of SNP TMPRSS6
1s855791.

Multiple models were created by testing variables from the
distal to the proximal block using an automated stepwise
approach. Variables that were associated with the presence of
the T allele were identified based on a significance level of P
value < 0-05 after adjusting for potential confounders within the
same block and superior hierarchical block(s). In cases where
significant deviations from normality were detected, the models
were adjusted using a boxcox transformation. However, as the
results obtained with and without transformation were con-
gruent, the results were presented without any transformation.

The adherence of SNP TMPRSS6 rs855791 to the Hardy—
Weinberg equilibrium was assessed using the Pearson y? test,
conditioned on the allele frequencies estimated from the study
children. All statistical analyses were conducted using R version
4.2.2%% The significance level for all analyses was set at 5 %.

Results
Sample characteristics

The final sample consisted of 163 children, of whom 53-4 % were
female, with a median age of 24-0 (14-5-34-5) months. The
children had been attending the Early Childhood Education
Centre facility for a median duration of 13-0 (4-0-24-0) months.
The frequency of the minor allele was 0-399. The prevalence of
anaemia was 14-4% (n 22), while the prevalence of Fe
deficiency, assessed by serum ferritin and sTfR concentration,
was 21-6 % (n 35) and 65-4 % (n 106), respectively. Other socio-
economic, demographic, genotype and biochemical data are
provided in Table 1.

Association of anaemia, iron deficiency and biochemical
and haematological markers with SNP TMPRSS6
rs855791

The distribution of genotypes observed in the study did not
deviate significantly from the expected frequencies under the
Hardy—Weinberg equilibrium (¥?=0-0076; P=0-9305). In the
additive model analysis of SNP TMPRSS6 15855791
(CCXCTXTT), the T allele was significantly associated with
anaemia and Fe deficiency assessed by sTfR concentrations. For
each copy of the T allele, there was a 4-5-fold increase in the

odds of presenting anaemia (OR=4-49, 95% CI=1-56, 12:91,
P=0-005) and a 4-2-fold increase in the odds of presenting Fe
deficiency assessed by sTfR concentrations (OR=4-23, 95%
CI=2:07, 865, P<0-001). No associations between the
dominant model and anaemia were observed, and this model
was not included in the final model for the other outcomes.

Anaemia and Fe deficiency assessed by sTfR concentrations
were significantly associated with maternal level of education,
family income, AGP and CRP (£ < 0-05). In addition, male sex
was associated with a 3-8-fold increase in the odds of developing
Fe deficiency assessed by sTfR concentrations compared with
female sex (OR = 3-80, 95 % CI =1-57, 9-20, P=0-022, Table 2).
Separate models for males and females were analysed, and
differences were observed only for Fe deficiency assessed by
SsTfR concentrations. For each copy of the T allele, female
children had a 6-2-fold increase in the odds of developing Fe
deficiency (OR=6-2, 95% CI=2-3, 166, P<0-001), and only
male children showed a 2-6-fold increase in the odds of
presenting high RDW (OR =26, 95% CI =104, 6:3, P=0-041)
for each copy of the T allele (data not shown).

The results of the linear regression analyses revealed
significant associations between genetic and demographic
factors and various haematological parameters. Each copy of
the T allele was found to be associated with an increase of 0-18
mg/l in sTfR concentrations (P < 0-001) and reductions of 1-41 fl
in MCV (P=0-000) and 0-52 pg in MCH (P =0-013), as shown in
Table 3. Moreover, an increase of 0-01 mg/1in sTfR concentration
(P<0:001) was observed for each unit increase in AGP.
Additionally, with each month increase in the child’s age, there
was a reduction of 0-01 in sTfR concentrations (P = 0-004) and
0-06 in RDW (P < 0-001), accompanied by increases of 0-13, 0-07
and 0-04 in MCV, MCH and mean corpuscular haemoglobin
concentration, respectively (P < 0-001). Furthermore, each addi-
tional year of maternal education was associated with an
increase of 0-34 in MCV (P = 0-001). Notably, male sex was found
to be positively associated with sTfR concentrations (P=0-013)
and RDW (P =0-003), while being negatively associated with
MCV (P < 0-001) and MCH (P < 0-001), as indicated in Table 3.

Discussion

This is the first study to evaluate associations between SNP
TMPRSS6 15855791 and various biochemical, haematological
and immunological markers related to anaemia and Fe
deficiency in Brazilian children. The T allele was associated
with an increased odds of developing anaemia and Fe
deficiency, as assessed by sTfR concentrations. Additionally,
each copy of the T allele was associated with an increase of 0-18
mg/l in sTfR concentrations and reductions of 1-41 fl and 0-52 pg
in MCV and MCH, respectively.

Comparing our results with previous studies, the frequency of
the T allele in Brazilian children was similar to that found in
Polish children with coeliac disease®® and other Caucasian,
European and Asian populations'’'23% but higher than South
African populations®”. These differences between populations
may potentially impact the outcomes of various diseases,
including anaemia and Fe deficiency.
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Table 1. Baseline characteristics of the sample (n 163)
Total sample With anaemia Without anaemia
Variables n % n % n % P value
Sex 0-733
Female 87.0 534 11.0 50-0 76 54.0
Male 76-0 466 11-0 50-0 65 461
Age (months)
Median 24.0 13-0 26 < 0-001
IQR 14.5-34.5 10-5-21-8 20-0-35-0
Skin colour 0-5663
White 76-0 46-6 12.0 54.5 64 45-4
Brown 78-0 478 10-0 454 68 48-2
Black 9.0 55 00 0.0 9 6-4
Median IQR Median IQR Median IQR
Family income (R$) 2600-0 1800-0-3500-0 19540 1425.0-2875-0 3000-0 1977-0-4000-0 0-0300
Maternal level of education (full years) 12.0 12.0-15.0 12.0 11.2-12.0 12.0 12.0-16.0 0-0199
Family members 4.0 3:0-4-0 4.0 4.0-5-0 4.0 3.0-4-0 0-0335
Day care time (months) 13.0 4.0-24-0 4.0 4.0-3-0 15.0 5.0-24-0 < 0-001
Birth weight (g) 3240-0 3000-0-3495-0 34675 3226-2-3630-0 32025 2957-5-3450-0 0-0077
Birth length (cm) 49.0 48.0-51-0 50-0 49.0-51.0 49-0 48.0-51-0 0-0237
Current weight (g) 131 11.2-15.0 10-8 9.0-12-8 13-3 11.6-15-3 < 0-001
TMPRSS6 rs855791 genotype 0-0162
C/IC
n 61.0 5.0 56-0
% 374 22.7 397
(o)
n 770 90 68-0
% 47.2 40-9 48-2
T/T
n 25.0 80 17-0
% 154 36-4 121
MAF 0-399
Hb (g/dl) 124 11.6-13.0 10-6 10-4-10-8 12:5 11.9-131 < 0-001
Ferritin (ng/l) 25.8 17.8-38-3 224 15.9-27.7 266 18-0-40-4 0-1266
CRP (mg/dl) 01 0-04-0-33 0-4 0-10-0-80 0-09 0-03-0-18 0-0011
AGP (mg/dl) 85.0 71.0-105.0 102-5 84.2-1215 840 71-0-103-0 0-0064
sTfR (mg/l) 19 1.7-2.0 22 1.9-2.9 19 1-6-2-1 0-0063
n % n % n %
Fe deficiency — ferritin < 0-001
Yes 35.0 216 12.0 546 230 16-4
No 1270 784 10-0 454 1170 836
Fe deficiency — sTfR 0-2091
Yes 106-0 654 17.0 773 89.0 63-6
No 56-0 34.6 5.0 227 51-0 364
Haematocrit (%) 0-6889
Deficiency 13.0 80 20 91 11.0 7-8
Normal 150-0 92.0 200 909 130-0 922
MCV* (fl) 0-0077
Microcytosis 20-0 123 70 31.8 130 92
Normal 143.0 877 15.0 68-2 128-0 90-
MCHT (pg) 0-00691
Hypochromia 300 184 9.0 409 210 14.9
Normal 133.0 816 13-0 591 120-0 851
MCHC# (g/dl) < 0-001
Altered 130 80 80 364 5.0 36
Normal 150-0 92.0 14.0 63-6 136-0 96-4
RDWS§ (%) 0-0019
Anisocytosis 69-0 42.3 160 727 53-0 376
Normal 94.0 577 60 273 88-0 624

Continuous variables are presented as median (interquartile range) and categorical variables are presented as absolute number [percentage]. MAF, minor allele frequency; CRP,
C-reactive protein; AGP, alpha-1-acid glycoprotein; sTfR, soluble transferrin receptor; MCV, mean corpuscular volume; MCH, mean corpuscular haemoglobin, MCHC, mean

corpuscular haemoglobin concentration; RDW, red cell distribution width.
* Microcytosis (< 70 fl-6 to 23 months; < 73 fl-24 to 59 months).
tHypochromia (< 22 pg—6 to 23 months; < 25 pg—24 to 59 months).
FAltered (< 32 g/dI-6 to 59 months).

§Anisocytosis (> 14-5 %). Sample sizes for sex, age, skin colour, maternal education level, family members, day care time, Hb, SNP TMPRSS6 rs855791, haematocrit, MCV, MCH,
MCHC and RDW: n 163; family income, current weight, ferritin, CRP, AGP, sTfR and Fe deficiency—ferritin and sTfR: n 162; birth weight: n 160; birth length: n 156.
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Table 2. Association of SNP TMPRSS6 rs855791 genotypes with
biochemical and haematological markers of anaemia and iron deficiency
(n 153)*

Table 3. Association of the additive model of SNP TMPRSS6 rs855791
with haematological and biochemical markers — final model (n 153)*

Regression
Outcome OR 95 % Cl P value Outcome coefficient SE Pvalue Rt
Anemiat Hbt 0-3279
Maternal level of education 0-64 047, 0-88 0-006 Age (months) 0-03 0-01 0-007
Income 0-99 0-99, 1-00 0-028 CRP (mg/dl) -0-22 0.07 0-003
AGP 1.03 1.01, 1.05 0-043 Current weight (g) 0-08 0-04 0-048
rs855791_a 4-49 1.56, 12.91 0-005 rs855791_a -0-19 0-11 0-077
rs855791_d 0-25 0-06, 1-16 0-077 Ferritinf 0-1826
Iron deficiency — ferriting Maternal level of educa- 1.23 0-41 0-003
Income 0-99 0-99, 1-00 0-040 tion (years)
rs855791_a 1.45 0-81, 2.61 0-211 CRP (mg/dl) 3:48 1.48 0-020
Iron deficiency — sTfR§ rs855791_a —2.40 1.65 0-147
Age 0-94 0-90, 0-98 0-003 sTfR§ 0-2259
Male sex 3-80 1.57, 9-20 0-003 Age (months) —-0-01 0-003 0-004
CRP 0-40 0-21, 075 0-004 Male sex 017 0.070 0-013
AGP 1.05 1.02, 1-08 < 0-001 AGP (mg/dl) 0-01 0-002 < 0-001
rs855791_a 4.23 2.07, 8:65 < 0-001 rs855791_a 0-18 0-050 < 0-001
MCV MCVII 0-2047
Age 0-95 0-90, 0-99 0-044 Age (months) 013 0-03 < 0-001
Male sex 963 2.56, 36-21 < 0-001 Male sex —2.69 070 < 0-001
Income 0-99 0-99, 1.00 0-033 Maternal level of educa- 0-34 012 0-001
rs855791_a 1.09 0-50, 2-39 0-820 tion (years)
MCHII rs855791_a -1-41 0-51 0-006
Male sex 293 1.20, 7-16 0-020 MCHY| 0-2752
Income 0-99 0-99, 1-00 0-008 Age (months) 0-07 0-01 < 0-001
rs855791_a 1-11 0-59, 2-08 0-742 Male sex -1.05 028 < 0-001
MCHCY| Maternal level of educa- 013 0-05 0-020
Age 0-91 0-83, 0-99 0-030 tion (years)
Birth weight 1.00 1.00, 1-01 0-040 rs855791_a -0-52 0-21 0-013
AGP 1.03 1.01, 1-06 0-004 MCHC** 0-2510
rs855791_a 1.32 0-53, 3-:29 0-544 Age (months) 0-04 0-01 < 0-001
RDW** AGP (mg/dl) -0-01 0-003  0-003
Age 0-91 0-87, 0-94 < 0-001 rs855791_a -0-09 0-12 0-430
Male sex 215 1.01, 4.59 0-048 RDW 0-3180
rs855791_a 1.35 0-78, 2-33 0-280 Age (months) —-0-06 0-01 < 0-001
Male sex 0-57 0-19 0-003
(a), Additive model (CC x CT x TT); d, dominant model (CC x CT + TT); AGP, alphai- Income (R$) —0-0001 < 0-001 0-030
acid glycoprotein; sTfR, soluble transferrin receptor; CRP, C-reactive protein; MCV, AGP (mg/dl) 0-008 0-004 0-025
mean corpuscular volume; MCH, mean corpuscular haemoglobin; MCHC, mean rs855791 a 0.22 0141 0116

corpuscular haemoglobin concentration; RDW, red cell distribution width.

* Only children with complete data for all evaluated markers were included.
tAdjusted for age, number of dependents, birth weight, exclusive breast-feeding up to
sixth month and mean weight (0-05 > P < 0-20).

}Adjusted for age (0-05 > P <0-20).

§Adjusted for exclusive breast-feeding up to sixth month (0-05 > P < 0-20).
I|Adjusted for AGP (0-05 > P < 0-20).

9lAdjusted for sex (0-05 > P < 0-20).

** Adjusted for income, number of dependents and CRP (0-05 > P < 0-20).

In line with our study, previous research has also explored
the role of TMPRSS6 gene variants in Fe-related haematological
parameters in different populations. Our findings are consistent
with previous GWAS that identified associations between SNP
TMPRSS6 1s855791 and lower values of Hb, Fe and MCV in
European, North American, Asian and Australian popula-
tions'1237) Consistent with our findings, Batar et al. (2018)
reported  significant associations between SNP TMPRSSG
1s855791 and several haematological parameters in Turkish
patients with Fe-deficiency anaemia®®. However, our results
differ from a study in Indonesian children, where no associations
were observed between this SNP and sTfR and Hb
concentrations®”,

In healthy individuals, hepcidin binds to ferroportin, forming
a complex that prevents Fe outflow and increases cellular Fe
stores as ferritin®>®. However, in individuals carrying the SNP

(a), Additive model (CC x CTx TT); AGP, alphai-acid glycoprotein; sTfR, soluble
transferrin receptor; CRP, C-reactive protein; MCV, mean corpuscular volume; MCH,
mean corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concen-
tration; RDW, red cell distribution width.

* Only children with complete data for all evaluated markers were included.
tAdjusted for maternal level of education and birth length (0-05 > P < 0-20).
}Adjusted for sex, number of family members and AGP (0-05 > P < 0-20).
§Adjusted for income, exclusive breast-feeding up to sixth month and CPR
(0-05> P<0-20).

IlAdjusted for birth weight (0-05 > P < 0-20).

TlAdjusted for income, birth weight and AGP (0-05 > P < 0-20).

** Adjusted for income (0-05 > P < 0-20).

TMPRSSG6 15855791, which causes a change in amino acids in MT-
2, the Fe flow in enterocytes is altered, leading to reduced
absorption?. Carriers of the risk allele exhibit inefficient
regulation of hepcidin synthesis, resulting in consistently high
concentrations of hepcidin, even during Fe deficiency. This
sustained elevation of hepcidin levels prevents the restoration of
Fe homoeostasis at both intestinal and macrophage levels,
leading to recurrent Fe deficiency. As a result, oral supplemen-
tation may not be fully effective in these individuals, as its
effectiveness depends on intestinal absorption!143%),

The presence of the T allele of SNP TMPRSS6 rs85579 in
carriers is typically associated with low Fe concentrations. This
genetic variant promotes the formation of a complex between
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responsive elements and Fe-regulating proteins in the mRNA of
cellular transferrin receptor, leading to an increase in transferrin
receptor synthesis as a compensatory mechanism for Fe
uptake“?. The concentration of transferrin receptor is directly
correlated with sTfR concentrations®”. A meta-analysis con-
ducted in European populations estimated that the T allele is
associated with a 0-20 mg/l increase in sTfR concentrations®>,
which supports our findings.

While sTfR concentrations could provide valuable informa-
tion to complement the diagnosis of anaemia, only Hb
concentrations have been prioritised. However, a definitive
diagnosis of anaemia also considers MCV and MCH values®! 4%,
which indicate microcytosis and hypochromia associated with
Fe deficiency anaemia®®. Interestingly, our findings revealed
associations between SNP TMPRSS6 1s85579 and MCV and MCH,
showing significant reductions in these markers with each copy
of the T allele, suggesting the need for further investigation.

Apart from the significant associations with SNP TMPRSS6
1585579, it appears that other genetic variations may also be
involved in the regulation of sTfR concentrations. For instance, in
African individuals, SNP 7F 151799852 was associated with lower
transferrin  levels and higher sTfR concentrations®®. In
Australian individuals, SNP HFE rs1800562 and TF rs1799852
and rs3811647 together explained 40 % of the variation in sTfR
concentrations'?.  Similarly, in African women, SNP 7TF
51799852 and 153811647 explained 13 % of the variations in
STfR concentrations®®.

In addition to the associations between SNP 7TMPRSSG
rs855791 and markers of anaemia and Fe deficiency, we
identified associations between these markers and other
variables, including age, income, maternal education level,
current weight, sex and inflammatory status. These findings
highlight the importance of considering socio-demographic
variables when evaluating anaemia and Fe deficiency, as they
are often intrinsic determinants of poor nutrition. Our results are
supported by other studies that have reported similar relation-
ships between markers of anaemia and Fe deficiency with
maternal education level, family income, child’s age, sex and
concentrations of CRP and AGP“4-10),

It is noteworthy that respiratory and inflammatory diseases
are common in children attending day care centres and
educational institutions, likely due to close contact with other
children and the immaturity of their immune system“ 4%, Fe
deficiency and inflammation are closely related, as elevated
concentrations of hepcidin are often found in children with pre-
existing inflammatory conditions™®”. Therefore, our findings
emphasise the importance of further investigating inflammatory
markers, anaemia, Fe deficiency and their associations with SNP
TMPRSSG6 1s85579.

Our study has several limitations, including the absence of
assessment for hepcidin levels. Additionally, we only inves-
tigated one SNP in the TMPRSSG gene, although it is well
established that other genetic variants may also be associated
with the outcomes we investigated. Despite the significance of
our findings, we acknowledge the need for further investigations
in other regions of Brazil, particularly due to the high level of
population miscegenation. Nevertheless, this study is the first to
analyse the associations between SNP TMPRSS6 15855791 and a

wide range of parameters related to anaemia and Fe deficiency
in Brazilian children, including inflammatory markers, which
expands our understanding of the genetic aspects of Fe
metabolism.

In conclusion, our study revealed significant associations
between the T-risk allele of SNP TMPRSS6 15855791 and anaemia
and Fe deficiency in Brazilian children attending day care
centres. Children carrying the T-risk allele had an increased risk
of developing anaemia and Fe deficiency, as evidenced by
higher serum concentrations of sTfR. Moreover, the dose of the T
allele was associated with lower MCV and MCH values. These
findings have implications for directing intervention studies and
developing precision nutrition-based strategies to mitigate the
adverse effects of these health problems.

It is important to note that the development of effective
precision nutrition strategies requires a multifactorial under-
standing of Fe homoeostasis, including the influence of other
genetic variants, dietary factors and environmental influences.
Therefore, it is crucial to conduct additional research to identify
other relevant genetic markers and their interactions, as well as
to investigate gene—environment interactions to refine the
selection process for precision nutrition strategies.
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