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ABSTRACT

Introduction: Iron deficiency (ID) is the most common nutritional deficiency all over the world, especially
in developing countries, and it is an important public health issue in childhood. ID may be associated with
excess trace element absorption such as manganese (Mn) from the gastrointestinal tract. The present study
investigated serum Mn concentrations in children with ID.

Material and methods: This interventional study included 63 children aged 5-12 years, with ID, using WHO
criteria, compared with 30 age- and sex-matched controls. The children were recruited from paediatric clinics,
Medical Research Excellence Centre (MREC) at the National Research Centre from August 2017 to December
2018. Serum Mn levels were measured by inductively coupled plasma mass spectrometer plus haematological
and iron indices.

Results: Serum Mn concentration was significantly increased in children with ID compared with controls
(p < 0.001), while there was significant reduction in haematological and iron indices in the ID group. The
serum transferrin receptor and transferrin were higher in the ID group compared to controls, but not signifi-
cantly. Multiple regression analysis showed negative correlation between serum Mn and serum iron, serum
ferritin, and transferrin saturation percentage (r = -0.33, p = 0.01; r = -0.32, p = 0.01; r = -0.3, p = 0.02),
respectively. Improvement in haematological and iron indices and Mn occurred after iron supplementation
for eight weeks in the ID group.

Conclusions: High serum Mn concentration was reported in ID children of this age group that decreased
significantly after oral iron therapy; hence, the Mn level must be assessed simultaneously with haematological
and iron indices in case of ID state. Early diagnosis and treatment of ID in children is reccommended both
to avoid complications of ID and to decrease Mn toxicity risk, which may lead to neurodevelopmental and
intellectual impairment.
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INTRODUCTION

Iron deficiency (ID) is the most popular nutritional
deficiency all over the world, especially in developing
countries, and it is the most important public health issue
in childhood. There are no obvious data about how many

ADDRESS FOR CORRESPONDENCE:

people are affected by ID worldwide, but in the paediatric
age group, according to the WHO (2001), 30% of children
aged 0-4 years and 48% of children aged 5-14 years have
iron deficiency anaemia (IDA) [1]. In Egypt, IDA rates
are as high as 64% in rural areas [2].
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In spite of the introduction of iron-fortified milk
products and iron supplementation, the IDA prevalence
is high in the first two years of life and is accompanied
with a decline in psychomotor and mental development,
which may be permanent [3]. The iron absorption is
regulated by hepcidin, which is a small peptide secreted
mainly from hepatocytes. It downregulates duodenal iron
absorption [4].

Manganese (Mn) is one of the trace elements found in
iron and other minerals, and it plays an important role in
growth and development of the brain, but high Mn may
be toxic to the nervous system, leading to a decline in
processing speed and working memory [5]. Several stud-
ies have shown increased Mn absorption in individuals
with ID [6].

Excessive accumulation of Mn in the brain by in-
creased transferrin and transferring receptors leads to
Mn toxicity, called manganism, which results in cognitive
and mood abnormalities together with gait and speech
abnormalities [7].

Iron supplementation not only corrects ID in ID sub-
jects but also decreases blood Mn concentration [8]. Our
aim was to study the changes in serum Mn before and
after iron supplementation in children with ID.

MATERIAL AND METHODS

This interventional prospective study included
63 children aged 5-12 years, proven by laboratory inves-
tigations to have ID according to the guidelines of the
WHO [1] (serum ferritin < 30 mg/l, transferrin saturation
< 16%, mean cell volume [MCV] < 73 fl, and mean cell
haemoglobin concentration [MCHC] < 32 g/1). The chil-
dren were recruited from paediatric clinics, Medical Re-
search Excellence Centre (MREC) between August 2017
and December 2018.

Exclusion criteria that might affect iron status includ-
ed the following: chronic infections, chronic inflammato-
ry diseases (rheumatic disease and inflammatory bowel
disease), parasitic infestation, thalassemia traits A and B,
lead toxicity, iron supplementation, and blood transfusion
during the last six months. Exclusion criteria that might
affect blood Mn level comprised cholestasis, total paren-
teral nutrition, malignancy, and renal disease. Thirty age-
and sex-matched children were enrolled in the study as
a control group. All the eligible children were subjected
to full general and neurological history taking, especially
dietetic history, iron supplementation during the last six
months, easy fatigability, leg cramps on climbing stairs,
school performance, and exam mark, to detect any ab-
normality in cognitive function, reduced resistance to
infection, and any abnormalities in mood, speech, or gait.

Full clinical examination (general and neurological
examination) of the studied children was carried out to
detect signs of ID such as pallor of the mucous mem-
branes, koilonychia, glossy tongue, atrophy of the lingual

papillae, and angular stomatitis and manifestations of Mn
toxicity as mood, speech, and gait abnormalities.

Sample collection of 5 ml venous blood was with-
drawn between 10 and 11 a.m. (to avoid diurnal varia-
tion); 1 ml was collected into EDTA vacutainer tube for
complete blood count (CBC) and 4 ml was collected into
plain tubes and centrifuged to obtain serum samples that
were stored at —-80°C for further investigation. CBC was
done by using a haematological autoanalyser. C-reac-
tive protein (CRP) was measured using IMMUNOSPEC
REFE29-056. Serum iron and total iron binding capacity
(TIBC) were measured by automatic biochemistry analy-
ser (Olympus Au 400). Transferrin saturation percentage
was calculated as (serum iron / TIBC) x 100. Serum fer-
ritin was assessed by Biocheck, Inc. (cat. No. EC-1025).
Serum transferring was measured using ELIZA (cat. No.
E3273 Hu). Serum soluble transferrin receptor I (TfRI)
was assessed using ELIZA (Cat. No. E0281Hu). Serum
hepcidin was measured using ELIZA (Cat. No. E1019
Hu). Serum Mn was assessed using inductively coupled
plasma mass spectrometry (ICP-MS).

ASSAY OF MANGANESE BY INDUCTIVELY
COUPLED PLASMA MASS SPECTROMETER

There are six fundamental compartments of a single
quadrupole inductively coupled plasma mass spectrom-
eter (ICP-MS): the sample introduction system, induc-
tively coupled plasma (ICP), interface, ion optics, mass
analyser, and detector.

All samples, standard and quality control materials
were diluted 20-fold using a solution containing approx.
0.7 mM ammonia, 0.01 mM EDTA, and 0.07% (v/v) Tri-
ton X-100, Butan-1-ol. Liquid samples were first nebu-
lised in the sample introduction system, creating a fine
aerosol that was subsequently transferred to the argon
plasma. The high-temperature plasma atomises and ion-
ises the sample, generating ions, which are then extracted
through the interface region and into a set of electrostat-
ic lenses called the ion optics. The ion optics focus and
guide the ion beam into the quadrupole mass analyser.
The mass analyser separates ions according to their mass-
charge ratio (m/z), and these ions are measured at the
detector [9].

Oral iron therapy in the form of syrup (ferric am-
monium citrate, elemental iron 10 mg/5 ml in a dose of
10 mg/day) according to Moretti et al., who found that
these the standard dosing of iron supplements, was ad-
ministered to the ID group for eight weeks [10]. The sub-
jects were followed up every four weeks for eight weeks.
Compliance and adverse effects were checked in each
follow-up visit. Full history taking, complete physical ex-
amination, and laboratory investigations were repeated
one day after completion of iron therapy.

Before the study, the guardians of the patients were
informed about the content and type of the study, in-
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formed consent was obtained from the parents. This study
was approved by Medical Research Ethical Committee
(MREC) of the National Research Centre, registration
number 18097.

STATISTICAL ANALYSIS

Statistical package for the social sciences (SPSS, ver-
sion 15.0 for Windows; SPSS Inc., Chicago Illinois, USA)
was used for statistical analysis. Continuous variables
were expressed as mean *standard error. Comparisons
between quantitative variables were done using the in-
dependent ¢-test. Paired sample t-test was used to com-
pare means of two variables (pre- and post-iron therapy)
within a group. Pearson correlation was used to compute
the pairwise associations for a set of variables. Multiple
regression analysis was used with blood Mn as the de-
pendent variable and factors of iron status as independent
variables. The p-values < 0.05 were taken as significant.

RESULTS

This study included 63 iron-deficient children
(32 males and 31 females) their age ranged from 5 to
12 years with mean 9.63 +0.78 years, and their BMI ranged
from 15.45 to 27.9 with mean 17.92 +0.80 kg/m?*. They
were compared with 30 age- and sex-matched healthy
children as controls (18 males and 12 females) whose ages
ranged from 5.5 to 14 years with mean 10.93 +0.72 years,
and their BMI ranged from 12.44 to 30. 9 with mean 17.45
+1.04 kg/m>.

None of our patients had abnormality in mood,
speech, or gait.

Table 1 shows CBC, iron indices, and serum Mn in
the ID and control groups expressed as mean and stan-
dard error. There were significant reductions in HB, HCT,
MCV, MCH, MCHG, transferrin saturation percentage,
serum iron, and serum ferritin and a significant increase
in serum Mn in children with ID compared to controls.
The serum transferrin receptor and transferrin were high-
er in the ID group compared to controls, but not signifi-
cantly.

The mean serum hepcidin concentration was lower
in the ID group (325.61 +68.15) than in controls (507.50
1+92.42), but not significantly.

Multiple regression analysis showed negative correla-
tion between serum Mn and serum iron, serum ferritin,
and transferrin saturation percentage (r = -0.33 and
p=0.01,r=-0.32and p =0.01, = -0.3 and p = 0.02),
respectively. The adjusted r* value showed that the model
(HB, HCT, MCV, MCH, MCHC, RDW), transferrin sat-
uration percentage, serum iron, serum TIBC, and se-
rum ferritin) could explain 20% of serum Mn variability
(p = 0.04).

Table 2 shows multiple regression analysis coefficient
results of serum Mn as the dependent variable, and haema-
tological and iron indices as independent variables. It re-
veals that each unit of decrease in MCV value increased
the Mn level by 0.055 (p = 0.04).

Table 3 shows significant improvement in haemato-
logical indices - HB, HCT, MCV, and RDW (p = 0.00,
p=0.013, p =0.028, p = 0.00, respectively), and improved
iron indices - serum iron, transferrin saturation percent-
age, and ferritin (p = 0.00, p = 0.002, p = 0.00, respectively).
There was also a significant decrease in serum Mn level
(p < 0.001) after iron supplementation in the ID group.

TABLE 1. Complete blood count iron indices and serum manganese in the iron deficiency group and control group

Parameter Controls Patients p-value
HB (gm/I) 12.58 +£0.22 11.02 +£0.29 0.001
HCT (%) 35.93 £0.62 32.94 +0.63 0.004
MCV (f1) 76.53 £0.99 70.86 £1.12 0.002
MCH (pg) 26.70 +0.44 24.27 +0.55 0.005
MCHC (g/dl) 34.82 +£0.31 32.62 +0.82 0.01
RDW (%) 11.91+0.38 15.50+1.99 0.07
Serum iron (pg/dl) 91.50 £4.37 44,64 +2.81 0.001
Serum TIBC (pg/dl) 316.07 +£6.75 309.65 +11.61 0.68
Transferrin saturation% 29.44 £1.54 14.71 £0.99 0.001
Serum ferritin (ng/dI) 114.75 +17.00 26.62 +4.14 0.001
Serum sTfR (mg/I) 0.47 £0.14 0.62 £0.14 0.48
Serum transferrin (mg/I) 20.02 £1.55 24.16 £1.54 0.08
Serum hepcidin (ng/ml) 507.50 +92.42 325.61+68.15 0.15
Serum manganese (ppm) 0.0167 £0.006 0.128 +0.026 0.001

HB — haemoglobin, HCT — haematocrit, MCV — mean cell volume, MCH — mean cell haemoglobin, MCHC — mean cell haemoglobin concentration, RDW — red blood cell distribution width, TIBC — total iron
binding capacity, sTfR — soluble transferrin receptor; p-values < 0.05 are significant, data are expressed as mean +standard error
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TABLE 2. Coefficient results of serum manganese as dependent variable with haematological and iron indices as independent variables

Parameter Unstandardized coefficients Standardised coefficients p-value
] Std. error ]
1/(constant) -0.116 0.793 0.887
Human transferrin receptor —-0.043 0.048 —0.287 0.389
HB —-0.292 0.167 -3.311 0.114
HCT 0.106 0.051 2.904 0.065
MCV —0.055 0.023 —-2.663 0.043
MCH 0.100 0.053 2.545 0.094
MCHC 0.021 0.016 0.433 0.206
RDW —-0.011 0.006 —0.769 0.112
Transferrin saturation (%) 0.074 0.039 3.711 0.093
Serum iron —0.021 0.011 —3.245 0.087
Serum TIBC 0.003 0.002 1.127 0.185
Serum ferritin —0.001 0.001 -0.271 0.414
1/(constant) — dependent variable: manganese, HB — haemaglobin, HCT — haematocrit, MCV — mean cell volume, MCH — mean cell haemoglobin, MCHC — mean cell haemaglobin concentration, ROW — red

blood cell distribution width, TIBC — total iron binding capacity

Hepcidin also increased after iron treatment of ID
group but was not statistically significant.

DISCUSSION

Iron is a very important trace element in our metab-
olism and ID is the most common nutritional deficiency
[1]. It occurs when iron requirement and losses exceed
iron absorption and is usually multifactorial [11].

Trace element interactions can play an important role
in iron status. Present results demonstrated a close in-
teraction between iron and Mn, particularly in case of

ID due to similarities in their absorption and transport
mechanisms [12].

MCV, MCH and MCHC are good indicators of ID [1].
All showed significant decrease than controls in our study
that agreed with [13].

Serum ferritin reflects stored iron, which is an early
marker of the ID state; in our study it decreased signifi-
cantly more in patients than in controls (p < 0.001). How-
ever, ferritin levels must be measured with caution be-
cause it is an acute-phase reactant, which increases with
inflammatory conditions. Hence, CRP measurements
are very important to rule out inflammation [14]. In our

TABLE 3. Comparison between haematological, iron indices, and serum manganese level before and after iron supplementation

Parameter Before iron therapy After iron therapy p-value
HB (gm/I) 11.01+0.29 12.78 £0.27 0.001
HCT (%) 32.94 +£0.63 35.58 +0.68 0.01
MCV (fl) 70.86 £1.12 74.99 £1.23 0.02
MCH (pg) 24.27 £0.55 25.09 £0.52 0.35
MCHC (g/dI) 32.62 +£0.82 33.59 £0.20 0.41
RDW (%) 15.5036 +1.89 11.53 +0.42 0.05
Serum iron (pg/dl) 44.64 +2.80 73.45+7.28 0.001
Serum TIBC (pg/dl) 309.65 +11.61 276.09 +20.11 0.12
Transferrin saturation (%) 14.71 £0.99 25.26 +£2.84 0.002
Serum ferritin (ng/dl) 26.62 +4.14 199.67 +27.09 0.01
Serum sTfR (mg/1) 0.62+0.14 0.76 +0.27 0.63
Serum human transferrin (mg/1) 24.16 +1.66 53.38 +14.90 0.06
Serum hepcidin (ng/ml) 325.61+68.15 423.75 +86.62 0.41
Serum manganese (ppm) 0.128 £0.026 0.002 +0.001 0.001

HB — haemoglobin, HCT — haematocrit, MCV — mean cell volume, MCH — mean cell haemoglobin, MCHC — mean cell haemoglobin concentration, RDW — red blood cell distribution width, TIBC — total iron

binding capacity, sTfR — soluble transferrin receptor; p-values < 0.05 are significant, data are expressed as mean +standard error
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study CRP was < 5, meaning absence of an inflammatory
condition.

Measurement of sTfR represents the functional iron
compartment which is a good indicator for early detec-
tion of ID and is not affected by inflammation; serum
sTfR reflects the degree of bone marrow erythropoiesis
[15]. Our study showed higher sTfR in patients than in
controls (0.626 vs. 0.472, respectively), but was not sta-
tistically significant.

The sTfR measurement was a good indicator of the ID
degree, better than serum ferritin or transferrin [16]. Use
of both sTfR measurement and WHO criteria provided
accurate determination of iron status in this study.

We found that serum hepcidin concentration was
lower in the ID group (325.61 +68.15) than in controls
(507.50 £92.42), but not significantly, and it increased af-
ter iron treatment in the ID group (423.75 +86.62), but
again was not statistically significant; this agreed with
another study which emphasised that ID down regulates
hepcidin production and vice versa [4].

Mn is an essential trace element for normal metab-
olism of proteins, lipids, and carbohydrates, via its role
as a cofactor in many enzymes [17]. It is also required
in growth, reproduction, immunity, energy homeostasis,
and antioxidant defence [18].

Our study demonstrated that serum Mn concentra-
tions were higher in children with ID than controls with
normal iron state, which may be related to excess Mn ab-
sorption from the gastrointestinal tract during ID, which
agrees with data published by Kim and Lee [19] and Rah-
man et al. [13]. Recently, it has been illustrated that Mn
and iron compete for the same transporter called divalent
metal transporter 1 (DMT1); thus, any decrease in iron
causes an increase in Mn transport not only into blood
but also through blood brain barrier [20].

Iron deficiency state is accompanied by excess duo-
denal DMT1expression [21]. In dietary ID, Mn uptake
increased instead of iron, and this explains increased con-
centrations of serum Mn in children with ID. After iron
supplementation in this study for two months we found
improvement in iron indices and a decrease in serum Mn
level, which agrees with data published by Kim et al. [8]
and Park et al. [22], who found that iron supplementation
for one to six months improved significantly iron state
and Mn level. There was an improvement in school per-
formance and exam marks after iron supplementation,
which may be due to increased serum iron or decreased
Mn level or both; further study is needed. Conversely,
Bjorklund et al. [23] showed that iron supplementation
did not affect serum Mn status.

In this study the coefficient of multiple regression
analysis with serum Mn revealed that MCV is the most
common factor affecting Mn negatively, i.e. when MCV
decreases serum Mn increases. It is known that MCV is
a good indicator of ID [13]. Whereas our study showed

that MCV was the main determinant of serum Mn, Melt-
zer et al. found that serum ferritin was the main determi-
nant of Mn level in his study [24].

In our study serum Mn correlated negatively with
iron indices, which agreed with Brna et al. [25] and Smith
et al. [6], who found that Mn toxicity occurred with ID.

Manganism is the deposition of Mn in the brain,
where it precipitates primarily in the globus pallidus and
in the nigra para reticularis , which produces neurotox-
icity in the form of neurodevelopmental and intellectual
impairment [26]. MRI can be done to observe Mn depo-
sition in the brain [27]. However, some studies showed
normal MRI in patients with increased Mn level [6].
Measurement of serum Mn level is better for detection of
manganism than MRI.

Even though manganism has been seen only in adults,
Mn toxicity effects on childhood behaviour and develop-
ment are of concern because children absorb more Mn
when compared with adults [28]. Hence, children are
more vulnerable to Mn toxicity if they have ID.

Serum Mn levels more than 20 pg/l (0.02 ppm) are
considered toxic, but the amount of Mn within the red
blood cells (not able to pass the blood-brain barrier) and
the amount bound to plasma transferrin is not known.
It is recognised that brain transferrin receptors increase
during iron deficient state but not as abundantly as those
of red blood cells [6]; however, Garcia et al. showed that
ID may enhance Mn deposition in the brains of neonatal
rats even in the absence of excess Mn in diet or environ-
ment [29].

In our study after iron supplementation for eight
weeks, there was a marked decrease in serum Mn (0.128
vs. 0.002 ppm, p < 0.001), which agrees with the results
of Yapici et al. [30].

CONCLUSIONS

Serum Mn level increased markedly with ID and de-
creased after iron supplementation for eight weeks. Fre-
quent check-ups for all children for early discovery of ID
and treatment with iron fortification and healthy food to
prevent neurodevelopmental and intellectual impairment
due to decreased iron level and high serum Mn.
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