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Abstract 

Background  MicroRNAs (miRNAs) can control several biological processes. Thus, the existence of these molecules 
plays a significant role in regulating human iron metabolism or homeostasis.

Purpose  The study aimed to determine the role of circulating microRNAs and hepcidin in controlling iron homeosta‑
sis and evaluating possible anemia among school children.

Methods  The study was based on a biochemical and cross-sectional survey study that included three hundred 
fifty school children aged 12–18 years old. RT–PCR and immunoassay analysis were accomplished to estimate iron 
concentration, Hgb, serum ferritin (SF), soluble transferrin receptor (sTfR), total body iron stores (TIBs), total oxidative 
stress (TOS), total antioxidant capacity (TAC), α-1-acid glycoprotein (AGP), high sensitive C-reactive protein (hs-CRP), 
and miRNAs; miR-146a, miR-129b, and miR-122 in 350 school adolescents.

Results  Iron disorders were cross-sectionally predicted in 28.54% of the study population; they were classified 
into 14.26% with ID, 5.7% with IDA, and 8.6% with iron overload. The overall proportion of iron depletion was sig‑
nificantly higher in girls (20.0%) than in boys (8.6%). MicroRNAs; miR-146a, miR-125b, and miR-122 were signifi‑
cantly upregulated with lower hepcidin expression in adolescence with ID and IDA compared to iron-overloaded 
subjects, whereas downregulation of these miRNAs was linked with higher hepcidin. Also, a significant correlation 
was recorded between miRNAs, hepcidin levels, AGP, hs-CRP, TAC, and other iron-related indicators.

Conclusion  Molecular microRNAs such as miR-146a, miR-125b, and miR-122 were shown to provide an additional 
means of controlling or regulating cellular iron uptake or metabolism either via the oxidative stress pathway or regu‑
lation of hepcidin expression via activating genes encoding Hfe and Hjv activators, which promote iron regulation. 
Thus, circulating miRNAs as molecular markers and serum hepcidin could provide an additional means of controlling 
or regulating cellular iron and be associated as valuable markers in diagnosing and treating cases with different iron 
deficiencies.
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Introduction
In Childhood, anaemia is considered one of the most 
widespread health problems, significantly associated 
with the incidence of iron deficiency (ID) as a significant 
nutritional problem worldwide [1–3]. In developing and 
non-developing countries, in various African and Asian 
settings, a higher prevalence of anaemia (around 40%) in 
contribution to iron deficiency was reported among chil-
dren [4].

In particular, iron deficiency anaemia leads to severe 
health problems such as general weakness in body 
growth, a compromise in the immune system’s abil-
ity, increased susceptibility to chronic infections, and 
increased morbidity. Also, it causes poor cognitive per-
formance and delays in psychomotor development, 
resulting in lower schooling achievements [5, 6]. In most 
clinical practices, the most commonly utilized markers of 
iron deficiency were haemoglobin (Hgb), iron concentra-
tion, serum ferritin (SF), and soluble transferrin receptor 
(sTfR), the levels of which efficiently reflect intracellular 
iron stores [2, 7, 8]. Previous studies showed that SF and 
sTfR underwent a characteristic sequence of changes fol-
lowing a decrease in body iron stores from typical iron 
values to those found in ID [9–12].

Past studies reported that “an interference with micro-
nutrient status, especially biomarkers of iron status 
were previously reported among healthy populations, 
especially those of acute phase reaction or subclinical 
inflammation” [13–15]. Thus, “three phases of subclini-
cal infection and inflammation like incubation, early, and 
late convalescence phase were identified by specialized 
monitoring markers such as C-reactive protein (CRP) 
and α-1-acid glycoprotein (AGP), respectively” [16]. In 
particular, “it was suggested previously that the concen-
trations of most iron indicators such as serum ferritin can 
be easily affected by inflammation caused by the acute-
phase response (APR), infection, injury, or environmen-
tal insults” [17]. Little is known about cellular biological 
mechanisms explaining the influence of inflammation on 
the expression of the biological indicators of iron status 
[17, 18]. “It was reported that regulation, control, and 
synthesis of hepatic acute phase proteins (APS), such 
as ferritin, transferrin, haptoglobin, and hepcidin, were 
shown to proceed via inflammatory pathways. It can be 
induced by the acute-phase response (APR) and may 
affect the distribution of iron to cells throughout the 
body” [17–19]. Recently, both inflammation and different 
phases of the APR may lead to an overestimation of Fe 
status and significantly initiate opposite effects on assess-
ing Fe status using TfR [20].

In most cases with iron disorders, especially in cases 
with overweight and obesity, ferritin was considered as 
a marker of inflammation rather than iron status and 

other related markers; transferrin, iron concentrations, 
sTfR, and Hgb alone can truly predict iron deficiency in 
such people [21]. As a newly discovered harmful iron 
regulatory hormone, hepcidin can explain iron defi-
ciency and anaemia, particularly in cases with chronic 
inflammation and infections [22].

Hepcidin from the liver cells was expressed and 
released from liver cells after stimulation with pro-
inflammatory cytokines such as interleukin-6. Liver 
hepcidin is reported to play a role in iron status by sup-
pressing intestinal iron absorption, releasing storage 
iron, and controlling the amount of iron available in the 
circulation [23–26]. This process is accomplished via 
interacting with the iron exporter ferroportin [23–26]. 
Thus, during interventions of iron supplementation, the 
regulation of host iron absorption reflects the master 
efficiency role of hepcidin in the complete incorpora-
tion of iron into erythrocytes [27]. In this regard, dif-
ferent significant iron disorders such as iron deficiency 
anaemia [28], iron overload disorders [29], or thalas-
semias [30] frequently arise from the disturbance in 
the hepcidin/ferroportin regulatory system, which ulti-
mately leads to an imbalance of systemic iron levels.

In vitro studies evaluated the role of hepcidin in iron 
metabolism. However, human studies showed insuf-
ficient data, especially among healthy subjects [31]. 
Thus, more research studies try to investigate the role 
of miRNAs in iron homeostasis and possible cases of 
anaemia in healthy subjects [31]. An abundant class of 
noncoding short RNAs termed microRNAs (miRNAs) 
showed significantly to regulate gene expression [32, 
33]. In addition, a wide range of biological processes, 
such as development, differentiation, metabolism, angi-
ogenesis, and vascular remodeling of injured tissues in 
diabetic and non-diabetic wound healing, was signifi-
cantly controlled by a set of cellular microRNAs [32, 
33].

Computational analyses suggest that up to 30% of the 
human protein-coding genes were shown to be regulated 
by miRNAs [34]; however, so far, only a small number of 
target genes have been experimentally confirmed [35].

Previous studies suggested that miRNA may also have 
a regulatory effect on human iron homeostasis. The role 
of miRNA in modulating iron homeostasis is proposed to 
be at least a part of a heme-dependent process [36, 37]. 
At multiple points, both systemic and cellular iron home-
ostasis were potentially regulated by miRNAs by influ-
encing iron absorption, transport, storage, and utilization 
[38].

Thus, the current study aimed to determine the role 
of circulating microRNAs and hepcidin in controlling 
iron homeostasis and evaluating possible anaemia based 
upon correlation with acute-phase reaction or subclinical 
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inflammation among crossectional survey analysis on 
schoolchildren aged 12–18.

Materials and methods
Subjects
A total of 350 schoolchildren aged 12–18  years, 
most of them are boys (n = 200) and girls (n = 150), 
respectively.“During September 2015 and May 2016, the 
participants were randomly invited from different Prep 
public and high schools to participate in this descrip-
tive survey analysis”[39]. Participants “with genetic, 
endocrine, and cardiovascular disorders or chronic dis-
eases like diabetes, cardiac, pulmonary, and neurologi-
cal diseases or acute infections were excluded from this 
study. In addition, participants who received diets or 
medical therapy that had affected the iron status data 
were excluded from this study” [39]. After the assign-
ment of written informed consent from the parents of 
all participating school children, the data and blood 
samples were collected and kept frozen at – 80  °C until 
use [39]. Based on the estimation of iron status, our 
participants were classified into four groups: Normal 
group (n = 250; 75–175 μg/dl), iron deficiency (ID) group 
(n = 50; < 75  μg/dl), iron deficiency with anaemia (IDA) 
group (n = 20; < 75  μg/dl and Hgb < 12.0), and iron over-
load group (n = 30; high iron levels ˃175 μg/dl). All clini-
cal and demographic data are included in Table  1. The 
protocol of the current study was reviewed according to 
the ethical guidelines of the 1975 Declaration of Helsinki 
and approved by the Ethics Sub-Committee of King Saud 

University, Kingdom of Saudi Arabia, under file number 
ID: RRC-2015-072.

Anthropometric measurements
All students who participated in this study were sub-
jected to determine their anthropometric measurements, 
such as height and weight, using a standardized proce-
dure as previously reported [40–44]. This test used a tape 
measure and calibrated Salter Electronic Scales (Digital 
Pearson Scale; ADAM Equipment Inc., Columbia, MD, 
USA) to detect the height and weights of all subjects. In 
addition to that, previously validated universal cutoff val-
ues relating to BMI and Waist-to-height ratio (WHtR) 
were applied to identify both BMI and WHtR of all sub-
jects. The validated WHtR cutoff values were based on 
international data from schoolchildren and previously 
used to recognize early cardiovascular risk in children 
and adolescents [40–44].

Assessment of serum hepcidin levels and iron status
Serum hepcidin concentrations were estimated in all 
participants using a commercial ELISA kit (DRG Instru-
ments, GmbH, Marburg, Germany), as previously men-
tioned in the literature [31]. The markers of iron status 
in this study were iron concentration, Hgb, serum ferritin 
(SF), and soluble transferrin receptor (sTfR).

Serum concentrations of iron were determined by 
inductively coupled plasma mass spectrometry (ICP-
MS). Non-hemolyzed lipids and jaundice-free serum 
samples were used for the ICP-MS analysis. In this test, 
one millilitre of 5% HNO3 (Trace Metal Grade, Thermo 

Table 1  Baseline of clinical and laboratory characteristics for adolescents based on iron scores (n = 350; mean ± SD)

All values were reported as mean ± SD or median (interquartile range) or percentage. Significance was calculated by ANOVA followed by Student- Newman-Keul’s 
(SNK) post hoc pairwise comparison for age and metabolic parameters, or Chi-square test for residence and physical activity. a, b, and c refer to the difference between 
the study groups after pairwise comparison. Variables were considered significantly different at P < 0.05

NI: normal iron (iron conc.;75–175 μg/dl); ID: iron deficiency (iron conc.; < 75 μg/dl l); IDA: iron deficiency anemia (iron conc.; < 75 μg/dl l; hemoglobin < 120 g/L, and 
ferritin < 15 μg/L); IO: iron overload (iron conc.; ˃ 175 μg/dl) FBG: fasting blood sugar, HbA1C: glycated hemoglobin A1c; BMI, body mass index; WHtR, waist to height 
ratio; MVPA: Moderate-to-vigorous physical activity

Variables Iron status P-value

N I group (n = 250) ID group (n = 50)a IDA group (n = 20)b IO group (n = 30)c

Age 14.6 ± 1.5 14.2 ± 1.7 14.1 ± 1.5 14.3 ± 1.8 0.123

Gender (boys/girls) 170/80 20/30 5/15 5/25 –

BMI 21.4 ± 3.6 24.2 ± 3.4 24.6 ± 2.1 27.1 ± 5.3 0.001

WHtR 0.41 ± 0.07 0.74 ± 0.09 0.78 ± 0.12 0.96 ± 0.12 0.001

Diet score 22.8 ± 2.3 26.7 ± 2.9 26.7 ± 2.9 31.8 ± 3.1 0.001

MVPA (%) 71.4 22.8 19.8 18.9 0.001

Blood pressure (%)
Normotensive
Pre-hypertensive
Hypertensive

250 (100%)
0
0

30 (60%)
12 (24%)
8 (16%)

9 (45%)
10 (50%)
1 (5%)

16 (53.3%
8 (26.7%)
6 (20%)

0.003

FBG (mmol/L) 4.1 ± 0.3 4.3 ± 0.65 4.5 ± 0.94 4.8 ± 1.3 0.01

HbA1c 2.9 ± 1.6 3.1 ± 2.6 3.4 ± 2.7 3.9 ± 2.5 0.01
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Fisher, USA) solution was added to 0.5  ml serum sam-
ple to obtain a mixed solution, which was centrifuged 
at 12,000 rpm for 5 min to obtain the supernatant. After 
that, 3.5  ml 1% HNO3 solution was added to 0.5  ml 
supernatant, and then the mixture was centrifuged for 
2  min at 2500  rpm and incubated at room temperature 
for 1 min to obtain the samples to be analyzed by ICP-
MS (ICPMS-2030, Shimadzu, Japan). Finally, a certified 
commercial element standard solution (1000 mg/L) was 
applied to identify the accuracy and precision of the iron 
analysis [44–46]. Serum ferritin was measured by the 
Roche Tina-quant Ferritin immunoturbidimetric assay 
on the Hitachi 912 clinical analyzer (Roche Diagnostics)” 
[47]. SF “was estimated with Vitros Immunodiagnostic 
Products Ferritin Reagent Pack (Quest Diagnostics), sTfR 
was assessed with nephelometry (Quest Diagnostics). 
Hgb was assessed with Beckman Coulter LH 780 hema-
tology analyzer (Quest Diagnostics)” [47]. “All three bio-
markers (Hgb, SF, and sTfR) are commonly measured in 
studies assessing iron status during iron intake interven-
tions” [48–50]. “Total body iron stores were also meas-
ured to evaluate tissue iron deficiencies status in many 
iron interventions” [2, 7, 48, 51, 52]. “It was estimated 
by quantifying the amount of SF and sTfR and is calcu-
lated from a validated previously reported method” [53] 
as follows;

{Total Body Iron Stores (mg/kg) =  −  [log 10 
(sTfR × 1000/ SF-2.8229]/0.1207} [53]

Specifically, based on the status of iron concentra-
tions, our participants were classified into four groups: 
iron deficiency group (n = 50; < 75 μg/dl), iron deficiency 
with anaemia group (n = 20; < 75 μg/dl and Hgb < 12.0), 
Normal group (n = 250; 75–175 μg/dl), and iron overload 
group (n = 30; high iron levels ˃  175 μg/dl) as reported 
previously [54, 55].

Assessment of total oxidative stress (OS)
Total oxidative stress (OS) was detected colourimetrically 
from the fresh blood samples of all the participants using 
a free oxygen reactive CR 3000 instrument (free oxygen 
reactive measurement (FORM) system, Catellani Group, 
Callegari S.p.A, Parma, Italy) as previously reported [56, 
57]. All measurements were performed within 0.3–1 h 
post-blood drawing. The CR 3000 instrument includes 
software and photometers (505 nm) with one or three 
reading cells to determine primary tests on whole capil-
lary blood. The CR 3000 kits include ready-filled cuvettes 
(4.8 pH buffered chromogen) that are barcoded (so that 
the reader automatically recognizes the test about to be 
performed and the k-factor) and capillaries for blood col-
lection. In this test, based on Fenton’s and Haber–Weiss’s 
reactions, the determination of OS depends mainly 
on the addition of transition metals, like iron, which 

catalyzes the breakdown of hydroperoxides into related 
active free radicals that are measured consequently at a 
wavelength (λ; 505 nm) as shown previously [56, 57].

Assessment of total antioxidant capacity (TAC)
Colourimetric assay kits (K274-100; BioVision, Milpitas, 
CA, USA) were used to determine the total antioxidant 
capacity (TAC) in all serum samples of all participants. 
The values of TAC were identified at a wavelength of (λ; 
570 nm) as a function of Trolox concentration previously 
reported [56–58].

Assessment of chronic inflammation
This study’s markers of chronic inflammation were α-1-
acid glycoprotein (AGP) and hsCRP. As mentioned 
before, an in-house sandwich immune ELISA assay was 
applied to measure AGP in all subjects [58]. In addi-
tion, serum hsCRP concentrations were measured by the 
immunoturbidimetry method using a colourimetric assay 
kit (APTEC diagnostics NV, Belgium) on the fully auto-
mated analyzer (Beckman Synchron CX5, USA).

Assessment of circulating RNAs
Extraction and purification of circulating RNA
Total RNA from all subjects’ serum was extracted using 
TRIzol reagent (Clontech Laboratories Inc., Mountain 
View, CA, USA) according to the manufacturer’s proto-
col. In addition to that, cDNA of miR-146a, miR-125b, 
and miR-122 were then synthesized using the Mir-X 
miRNA First-Strand Synthesis Kit (Clontech Laborato-
ries Inc.) [58, 59]. Moreover, the integrity and quantity of 
total RNA were assessed using an Agilent 2100 Bioana-
lyzer (Agilent Technologies). As previously reported, the 
procedures were performed according to the manufac-
turer’s instructions [39, 60].

Real‑time qPCR of microRNAs
“A ready-made solution containing the primers and 
probes for miR-146a, miR-155, and miR-15a (Applied 
Biosystems, Foster City, CA) and real-time RT–PCR was 
estimated using an ABI 7300 system (Applied Biosys-
tems) [33, 39]. “Quantitative real-time polymerase chain 
reaction (qRT-PCR) of miR-146a, miR-125,b, and miR-
122 were conducted using the Mir-X miRNA qRT-PCR 
SYBR Kit (Clontech Laboratories Inc.) with the Applied 
Biosystems 7300 Real-Time PCR System (Applied Biosys-
tems, Foster City, CA, USA)” [33, 39, 57]. “Normalized 
U6 snRNA levels as an internal quantitative control and 
the 2 − ΔΔCt system were used to estimate the expression 
levels of miRNAs. Also, all reactions were run in dupli-
cate to avoid errors and exactly determine cycle thresh-
old mean values for each sample, including amplified 
miRNAs” [33, 39, 57].
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Statistical analysis
A power calculation of the selected sample size of 350 
students gave an estimated power of 98% and a signifi-
cance level of 0.05 with an expected frequency of 6.9%. 
This study used statistical software, SPSS version 17, to 
analyze the data obtained. The results obtained were 
expressed as Mean and standard deviation. Among 
groups, Kruskal–Wallis one-way ANOVA and post-hoc 
(Tukey HSD) test were used to compare the mean values 
of the studied variables. The relationship between vari-
ous study parameters was also identified using Spearman 
rank correlation analysis [39]. The data P < 0.05 were con-
sidered significant.

Results
Three hundred fifty school-children aged 12–18 were 
involved in this study. 57% of the sample was male 
(n = 200). Iron status was cross-sectionally surveyed in 
all participants. Normal iron status was predicted in 
71.46% of the study population with average iron con-
centration (91.6 ± 21.3). Moreover, 28.54% of the study 
population (n = 100) had a significant status of iron dis-
orders below and higher of normal iron ranges; they were 
classified into 14.26% iron deficiency without anaemia 
(iron conc.; < 75μg/dl l, haemoglobin ˃120 g/L, and ferri-
tin < 15 μg/L), 5.7% showed iron deficiency with anaemia 
(iron conc.; < 75 μg/dl l; haemoglobin < 120 g/L, and fer-
ritin < 15 μg/L), and 8.6% overloaded with iron concen-
tration (iron conc.; ˃ 175 μg/dl), respectively (Table 1). In 
addition, adiposity and clinical parameters such as BMI, 
WHtR, FBS, HBA1c, diet scores, MVPA (%), and blood 
pressure (%) were shown to be significantly correlated 
with iron status, as in Table 1.

In the present study, the overall proportion of iron 
depletion was significantly higher in girls (20.0%) than in 
boys (8.6%), as shown in Fig. 1D.

Table 2 shows the association of iron parameters with 
iron status among school children. Lower iron conc., fer-
ritin, transferrin saturation, TBIS, and hepcidin serum 
levels in association with higher levels of sTfR (nmol/L) 
were significantly (P = 0.001) reported in subjects with 
iron deficiency (ID) compared to those of normal iron 
status. In subjects with iron deficiency with anaemia 
(IDA), a significant decrease in all iron parameters, iron 
conc., ferritin, transferrin saturation, TBIS, hepcidin 
serum levels, sTfR, along with lower Hgb % were esti-
mated in the IDA group compared to those of control 
and ID groups respectively (P = 0.001). However, in over-
loaded subjects, significant (P = 0.001) increase in iron 
concentration, serum hepcidin, and decrease in ferritin, 
transferrin saturation, TBIS, and sTfR, in association 

with normal Hgb levels were recorded in all subjects 
compared to other iron status groups (Table 2).

In this study, inflammation and oxidative stress associ-
ated with iron deficiency or overload were significantly 
estimated in all participants. Oxidative stress parameters, 
TOS, and TAC were shown to be significantly correlated 
with iron status. The data showed a significant increase 
in the levels of TOS and a decrease in TAC among stu-
dents with iron disorders, ID, and IDA, especially in 
iron-overloaded subjects compared to those of normal 
iron, as in Fig. 1A. Also, inflammatory markers, AGP and 
hs-CRP, were estimated in all subjects with different iron 
statuses. AGP and hs-CRP as markers of inflammation 
were significantly increased in iron-overloaded subjects 
compared to normal controls, ID, and IDA, respectively 
(P = 0.01, P = 0.001), as shown in (Fig. 1B).

In this study, the role of miRNA in modulating iron 
homeostasis was significantly estimated in all partici-
pants. The data obtained showed that the expression of 
miRNAs; miR-146a and miR-125b, and miR-122 was 
significantly up-regulated (increased) in subjects with 
ID and IDA and downregulated (decreased) in control 
subjects with iron-overloaded, respectively (P = 0.01, 
P = 0.001) as shown in Fig. 1C.

Both hepcidin and miRNA expression levels were sig-
nificantly correlated with parameters of iron status, 
inflammation, and oxidative stress. They were positively 
associated with plasma concentrations of Hgb, AGP, hs-
CRP, TAC, iron conc., ferritin, transferrin saturation (%), 
and negatively with TBIS, sTfR, and TOS as biomarkers 
of metabolic iron disorders in ID, IDA, and overloaded 
subjects, respectively (Table  3). In addition, miRNAs 
miR-146a and, miR-125b, and miR-122 correlated 
negatively with BMI, WHtR, diabetic control variable 
(HbA1c), and no significance was reported with age and 
gender of the studied subjects as shown in Table 3.

Adjusted linear regression analyses demonstrated that 
miRNAs; miR-146a and miR-125b, and miR-122 were 
positively associated with hepcidin, ferritin, iron, trans-
ferrin saturation, TAC, and haemoglobin and nega-
tively associated with sTfR, TIBs, AGP,hs-CRP, and TOS 
(Table 4).

Discussion
Iron status was cross-sectionally surveyed in 350 school 
children aged 12–18 in this study. Normal iron status was 
predicted in 71.46% of the study population, and 28.54% 
of the study population had significant changes in iron 
status; they were classified into iron deficiency with-
out anaemia (ID) (14.26%), showed iron deficiency with 
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anaemia (IDA) (5.7%), and overloaded with iron concen-
tration (8.6%) respectively.

Previous research studies reported that ID and ADA 
are common nutritional disorders that place children at 
significant health risks, such as general weakness in body 
growth, a compromise in the ability of the immune sys-
tem, increasing morbidity, delay in psychomotor or men-
tal development, and poor cognitive performance which 
lead to lower schooling achievements [4–6, 59]. Across 
various African and Asian settings of developing and 
non-developing countries, 40% of children suffer from an 
iron deficiency with anaemia [4].

In this study, iron deficiency was significantly higher 
among girls (20%) than boys (8.6%). The data obtained 

are in line with previous findings, which reported a 
higher decline in iron status among European adoles-
cents, especially girls, who reported higher ID rates (43%) 
compared to boys (16%) [60–62].

In adolescents, higher ID rates were reported in girls 
and boys, especially during the growth periods, as they 
need adequate amounts of iron for increasing muscular 
growth [63]. In girls, in addition to the fast growth, the 
onset of menstruation also leads to iron losses [64]. Sev-
eral biochemical iron indicators, mainly iron conc., fer-
ritin, transferrin saturation, and TBIS, were evaluated as 
laboratory diagnostic indicators ID in younger popula-
tions [65, 66].

Fig. 1  Molecular changes in oxidative stress TOS and TAC (A), inflammatory markers; AGP and hs-CRP (B), and miRNAs expression; miR-146 a, 
miR-125 b, miR-122 (C) in iron deficiency and control school children aged 12–18 years. Iron deficiency was reported according to gender (D). 
There were significant increase and decrease in the expression levels of TOS and TAC in students with ID, IDA, and iron overload status (**P = 0.01; 
***P = 0.001) [A]. Also, AGP and hs-CRP as markers of inflammation were significantly increased in subjects with iron overload compared to those 
of iron disorders; ID, IDA, and controls, respectively (**P = 0.01, ***P = 0.001) (B). Expression of miRNAs; miR-146a and miR-125b, and miR-122 
were significantly upregulated in subjects with ID, IDA, and downregulated in iron overloaded subjects compared to expression levels obtained 
in control subjects respectively (**P = 0.01, ***P = 0.001) (C). Iron deficiency was significantly higher in girls (20%; P = 0.01) than in boys (8.6%; P = 0.01) 
as compared to normal controls (D). Abbreviation: BMI: body mass index; sTfR, soluble transferrin receptor; TBIS, total boy iron store; TOS, total 
oxidative stress; TAC, total antioxidant capacity; hs-CRP, high sensitivity C-reactive protein; AGP, α-1-acid glycoprotein; NI: normal iron (iron conc.;75–
175 μg/dl); ID: iron deficiency (iron conc.; < 75 μg/dl l); IDA: iron deficiency anemia (iron conc.; < 75 μg/dl l; hemoglobin < 120 g/L, and ferritin < 15 
μg/L); IO: iron overload (iron conc.; ˃175 μg/dl). Variables were considered significantly different at P < 0.05
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In the current study, iron parameters iron conc., Hgb, 
ferritin, transferrin saturation, TBIS, and sTfR were sig-
nificantly associated with iron status among all school 
adolescents. Lower iron conc., serum ferritin (SF), trans-
ferrin saturation, and TBIS, with higher levels of sTfR 
(nmol/L), were significantly (P = 0.001) reported in sub-
jects with iron deficiency (ID). However, significant 
(P = 0.001) depletion in all iron indicators, including 
lower levels of Hgb %, was reported in subjects with IDA. 
In overloaded subjects, a significant (P = 0.001) increase 

in iron concentration and a decrease in ferritin, transfer-
rin saturation, TBIS, and sTfR, in association with nor-
mal Hgb levels, were recorded in all subjects compared to 
other iron status groups. The data matched other findings 
that reported that Hgb, iron concentration, SF, and solu-
ble transferrin receptor (sTfR) were the most commonly 
utilized markers of iron deficiency in clinical practice. 
The levels of these indicators efficiently reflect intracel-
lular iron stores [2, 7, 8]. Also, SF and sTfR underwent a 
characteristic sequence of changes following a decrease 

Table 2  Measurements of hemoglobin, iron parameters, and levels of hepcidin in schoolchildren with different iron scores

All values were reported as mean ± SD or median (interquartile range) or percentage. Significance was calculated by ANOVA followed by Student- Newman-Keul’s 
(SNK) post hoc pairwise comparison for age and metabolic parameters, or Chi-square test for residence and physical activity. Variables were considered significantly 
different at P < 0.05

NI: normal iron (iron conc.; 75–175 μg/dl); ID: iron deficiency (iron conc.; < 75 μg/dl l); IDA: iron deficiency anemia (iron conc.; < 75 μg/dl l; hemoglobin < 120 g/L, and 
ferritin < 15 μg/L); IO: iron overload (iron conc.; ˃ 175 μg/dl); sTfR, soluble transferrin receptor; TBIS, total boy iron store; Hgb, hemoglobin

Variables Iron status P-value

N I group (n = 250) ID group (n = 50) IDA group (n = 20) IO group (n = 30)

Hepcidin (ng/ml) 68.6 ± 8.1 18.6 ± 6.1 14.6 ± 5.2 56.8 ± 3.7 0.001

Ferritin (ng/ml) 48.6 ± 15.7 32.6 ± 12.3 11.8 ± 6.9 9.5 ± 2.4 0.001

sTfR (nmol/L) 35.4 ± 7.4 52.9 ± 11.59 8.9 ± 3.1 7.1 ± 3.8 0.001

Transferrin saturation (%) 21.7 ± 6.5 13.9 ± 5.4 5.7 ± 3.8 19.5 ± 2.3 0.001

Iron (μg/dl) 91.6 ± 21.3 41.8 ± 3.4 21.5 ± 3.4 120.4 ± 31.4 0.001

TBIS 3.88 ± 1.1 2.6 ± 1.3 1.9 ± 0.85 7.6 ± 2.3 0.001

Hgb (g/dl) 13.2 ± 1.7 12.6 ± 2.1 8.6 ± 1.9 12.1 ± 2.7 0.001

Table 3  Correlations between serum hepcidin and other circulating miRNAs parameters

Data are r (spearman)

BMI body mass index, sTfR soluble transferrin receptor, TBIS total boy iron store, TOS total oxidative stress, TAC​ total antioxidant capacity, hs-CRP high sensitivity 
C-reactive protein, AGP α-1-acid glycoprotein. Variables were considered significantly different at P < 0.05

Variables Serum hepcidin miRNAs expression

miR-146a miR-125b miR-122

r P r P r P r P

Age − 0.125 0.11 − 0.29 0.31 − 0.68 0.13 − 0.29 0.12

Gender − 0.142 0.18 − 0.15 0.17 − 0.37 0.14 − 0.31 0.147

BMI − 0.35 0.01 − 0.42 0.001 − 0.56 0.001 − 0.36 0.001

WHtR − 0.21 0.01 − 0.35 0.001 − 0.48 0.001 − 0.72 0.001

HbA1c − 0.18 0.01 − 0.21 0.001 − 0.38 0.001 − 0.42 0.001

Ferritin (ng/ml) 0.62 0.001 0.75 0.001 0.89 0.001 0.96 0.001

sTfR (nmol/L) − 0.85 0.001 − 0.65 0.001 − 0.56 0.001 − 0.76 0.001

Transferrin saturation (%) 0.45 0.001 0.49 0.001 0.58 0.001 0.78 0.001

Iron (μg/dl) 0.39 0.01 0.52 0.01 0.63 0.01 0.82 0.01

TBIS − 0.58 0.001 − 0.67 0.001 − 0.75 0.001 − 0.95 0.001

TOP − 0.38 0.01 − 0.54 0.01 − 0.62 0.01 0.54 0.01

TAC​ 0.25 0.001 0.36 0.001 0.45 0.001 0.68 0.001

AGP 0.45 0.01 0.67 0.01 0.78 0.01 0.85 0.01

hs-CRP 0.189 0.01 0.165 0.01 0.198 0.01 0.178 0.01

Hgb 0.25 0.01 0.37 0.01 0.39 0.01 0.058 0.01
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in body iron stores from normal iron-replete levels to 
those found in ID [9–12].

Iron deficiency or overload leads to abnormal iron 
metabolism and severe multiple-organ dysfunctions[67, 
68]. Abnormal iron metabolism consequences such as 
cardiomyopathy may lead to higher morbidity and mor-
tality in iron-overloaded patients [69–72]. Thus, iron lev-
els must be maintained within physiological limits among 
children and adolescents to avoid pathological manifesta-
tions [69–72]. Also, the most common causes of abnor-
mal iron metabolism were inflammation and a biological 
increase in oxidative stress parameters in tissues and 
organs. Excess iron promotes the generation of reactive 
oxygen species (ROS) and increases oxidative stress, con-
sequently damaging parenchymal tissues [69].

In our study, high sensitive C-reactive protein (hs-
CRP), which is a measure of acute inflammation, and 
a1-acid glycoprotein (AGP), which is a measure of 
chronic inflammation, along with total oxidative stress 
(TOS) and total antioxidant capacity (TAC) were evalu-
ated in all subjects. Significant increases in AGP, hs-CRP, 
TOS levels, and a decrease in TAC activity were reported 
in school adolescents with different iron disorders: ID, 
IDA, and iron overload cases, respectively (P = 0.01, 
P = 0.001). In particular, acute-phase response (APR) 
inflammation can directly affect most iron indicators’ 
concentrations [73, 74]. Both SF and sTfR concentrations 
appear to significantly increase in individuals with gen-
eral inflammation [75, 76]. Also, the elucidation of total 
body iron stores (TBIs) is controlled by both SF and sTfR 
concentrations, whereas TBIs are the net result of a com-
bination of these indicators [77].

Previous studies recommend conducting surveys in 
low-inflammation scores or measuring inflammatory 
indicators in case of using SF concentrations to assess 
deficiency in iron status. They recommend CRP/hs-
CRP and AGP, which are measures of acute and chronic 
inflammation [78–80]. The biological mechanisms that 
underpin the effect of inflammation and related oxida-
tive stress consequences on iron-status indicators among 
children and adolescents still need to be fully elucidated. 
Most studies suggested that inflammation may affect iron 
status by decreasing food intake and minimizing intes-
tinal absorption [74, 81], leading to bidirectional inter-
actions between inflammation and malnutrition and 
directly affecting immune function and the APR [74].

Thus, to understand the molecular mechanism of the 
effect of inflammation and related oxidative stress conse-
quences on iron status, new approaches based on the use 
of biomarkers of hepcidin and miRNAs to interpret iron 
indicators are emerging.

Hepcidin levels reflected the integration of multiple 
key signals involved in iron regulation. It directly con-
trols iron absorption and bioavailability in circulation. 
So, it is considered a useful clinical tool for manag-
ing iron disorders [81–83]. Hepcidin as a liver-derived 
peptide hormone was estimated and correlated with 
iron status in all subjects. Lower levels of serum hepci-
din were significantly (P = 0.001) reported in subjects 
with iron deficiency (ID) and iron deficiency with anae-
mia (IDA), and highly expressed levels were recorded in 
iron-overloaded subjects, respectively. The data showed 
that hepcidin correlated positively with Hgb, AGP, hs-
CRP, TAC, iron conc., ferritin, transferrin saturation (%), 

Table 4  Adjusteda simple linear regression for miRNAs expression in iron disorders

a Adjusted for age, gender, and body mass index

Hgb hemoglobin, sTfR soluble transferrin receptor, TBIS total boy iron store, TOS total oxidative stress, TAC​ total antioxidant capacity, hs-CRP high sensitivity C-reactive 
protein, AGP α-1-acid glycoprotein, CI confidence interval

Variables miRNAs expression

miR-146a miR-125b miR-122

β (95% CI) P β (95% CI) P β (95% CI) P

Hepcidin 0.18 (0.10–0.28) 0.01 0.36 (0.22–0.48) 0.001 0.42 (0.31–0.58) 0.001

Hgb 0.235 (0.185–0.250) 0.01 0.332 (0.296–0.398) 0.001 0.242 (0.201–0.315) 0.001

Ferritin (ng/ml) 0.026 (0.015–0.029 0.01 0.032 (0.026–0.038 0.001 0.042 (0.032–0.056 0.001

sTfR (nmol/L) − 0.038 (0.034–0.052 0.001 − 0.028 (0.021–0.039 0.001 − 0.049 (0.036–0.065 0.001

Transferrin saturation (%) 0.058 (0.046–0.078) 0.001 0.068 (0.056–0.086) 0.001 0.084 (0.068 -0.098) 0.001

Iron (μg/dl) 0.18 (0.012–0.028) 0.001 0.021 (0.016–0.029) 0.001 0.031 (0.025–0.048) 0.001

TBIS − 0.008 (0.002–0.012) 0.001 − 0.013 (0.009–0.018) 0.001 − 0.025 (0.018–0.031) 0.001

AGP − 0.325 (0.299–0.360) 0.001 − 0.245 (0.215–0.296) 0.001 − 0.125 (0.112–0.180) 0.001

hs-CRP − 0.428 (0.391–0.516) 0.001 − 0.360 (0.256–0.415) 0.001 − 0.186 (0.165–0.230) 0.001

TOS − 0.125 (0.98–0.210) 0.001 − 0.198 (0.156–0.261) 0.001 − 0.210 (0.195–0.315) 0.001

TAC​ 0.38 (0.26–0.52) 0.001 0.48 (0.36–0.75) 0.001 0.31 (0.22–0.46) 0.001
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and negatively with TBIS, sTfR, and TOS as biomarkers 
of metabolic iron disorders in ID, IDA, and overloaded 
subjects, respectively. In addition, hepcidin also corre-
lated negatively with BMI, WHtR, and diabetic control 
variables (HbA1c). Hepcidin, a newly discovered harmful 
iron regulatory hormone, can explain iron deficiency and 
anaemia among cases of chronic inflammation and infec-
tions [22].

In inflamed cellular tissues, the production of proin-
flammatory cytokine interleukin-6 within inflamed cells 
significantly activates mainly the liver to release hepcidin 
[23–26]. The expressed liver hepcidin suppresses intes-
tinal iron absorption and storage iron release [23–26]. 
In addition to that, hepcidin interacts with the iron-
exporter ferroportin to control the amount of iron avail-
able in circulation [23–26].

During iron supplementation, the success of host iron 
absorption was master regulated by cellular hepcidin, as 
it controls the incorporation of iron into erythrocytes 
[27]. Moreover, a disorder in the hepcidin/ferroportin 
regulatory system was shown to be associated with an 
imbalance of systemic iron levels and is consequently 
related to different severe iron disorders, such as iron 
deficiency anaemia [28], iron overload disorders [29], and 
thalassemias [30].

Although in vitro analysis studied the role of hepcidin 
in iron metabolism, more data were needed from human 
studies, especially those of healthy subjects [31]. Thus, 
more research studies try to investigate the role of miR-
NAs in iron homeostasis and possible cases of anaemia 
in healthy subjects. miRNAs were suggested to regulate 
up to 30% of the human protein-coding genes as deter-
mined by computational analysis [33]; however, only a 
small number of target genes have been experimentally 
confirmed [34].

In this current study, the role of miRNA in modulat-
ing iron homeostasis was significantly estimated in all 
participants. The data obtained showed that the expres-
sion of miRNAs, such as miR-146a, miR-125b, and miR-
122, was significantly upregulated (increased) in subjects 
with different iron statuses: ID, IDA, and differentially 
decreased in overload subjects compared to expression 
levels obtained in control subjects (P = 0.01, P = 0.001).

Previous studies suggested that miRNA may also have 
a regulatory effect on human iron homeostasis. The role 
of miRNA in modulating iron homeostasis is proposed 
to be at least a part of a heme-dependent process [35, 
36]. MiRNAs potentially regulate systemic and cellular 
iron homeostasis at multiple points by influencing iron 
absorption, transport, storage, and utilization [37]. Previ-
ously, it was suggested that miRNA may also be critical 
regulators in many facets of human iron homeostasis, at 
least through a heme-dependent process [84, 85].

Many studies showed that miR-122 is an abundant, 
liver-specific miRNA miR-122 plays an essential role in 
regulating hepatic functions [19, 86, 87]. The upregula-
tion of mir-122 in liver cells was shown to regulate iron 
disorders via controlling hepcidin expression. It was 
proposed that miR-122 expression significantly affects 
mRNA transcribed by genes that control systemic iron 
levels, such as hemochromatosis (Hfe), hemojuvelin 
(Hjv), bone morphogenetic protein receptor type 1A 
(Bmpr1a), and Hamp. These genes, especially Hfe and 
Hjv, are responsible for encoding activators of hepci-
din expression, which are repressed by the expression 
miR-122 in lower systemic iron levels [28, 39, 88, 89]. 
However, in cases with higher iron status, downregula-
tion of miR-12 significantly activates genes that encode 
activators of hepcidin expression, Hfe, and Hjv. Subse-
quently, it increases hepcidin levels of iron-overloaded 
subjects to hamper or regulate excess iron accumula-
tion in body cells, especially liver cells. Thus, miR-122 
was suggested to have a direct mechanistic link with 
regulating systemic iron metabolism [28, 39, 88–90].

Recently, “it was found that iron concentrations sig-
nificantly associated with synergistic in upregulating 
Reactive Oxygen Species (ROS) abundance which bio-
genetically regulate the expression of miRNA-125b and 
miRNA-146a [91], suggesting the role of iron in mod-
ulating the biogenesis of miRNAs; miRNA-125b and 
miRNA-146a by oxidative stress pathway in our study. 
Also, another study proposed that exposure to iron 
changed microRNA expression in opposite directions 
[92]. This urge that iron may be involved in the Dro-
sha/DGCR8/heme-mediated processing of microRNAs 
[93].

In adolescents with iron disorders, positive correlations 
were found between the expression of miRNAs; miR-
146a and miR-125b, and miR-122 and hepcidin, ferritin, 
iron, transferrin saturation, TAC, and haemoglobin; con-
versely, negative correlations were reported with sTfR, 
TIBs, AGP,hs-CRP, and TOS.

Recently, miRNA expression has been shown to regu-
late systemic and cellular iron homeostasis at multi-
ple points by influencing physiological processes like 
iron absorption, transport, storage, and utilization. The 
expressed miRNAs might increase TfR expression and 
decrease the level of ferritin protein abundance and hae-
moglobin content in the cell [94–97].

Also, the miRNAs expression may control cellular iron 
homeostasis through regulation of iron storage via induc-
tion of the expression of both forms of the iron storage 
protein, heavy- or heart ferritin (FtH) and light- or liver 
ferritin (FtL) [40, 98–101].

Finally, these exciting findings highlight the potential 
role of miRNAs; miR-146a, miR-125b, and miR-122, to 
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provide an additional means of controlling or regulating 
cellular iron uptake or metabolism either via the oxida-
tive stress pathway [91, 92] or the regulation of genes 
encoding Hfe and Hjv activators, which are responsible 
for encoding activators of hepcidin expression [28, 39, 
88–90].

Conclusion
Iron disorders were cross-sectionally predicted in 28.54% 
of the study population; they were classified into 14.26% 
with ID, 5.7% with IDA, and 8.6% with iron overload. 
The overall proportion of iron depletion was significantly 
higher in girls (20.0%) than in boys (8.6%). Serum hepci-
din was shown to be correlated with the magnitude dis-
order in the iron status measured by iron concentration 
and other iron parameters among subjects with ID and 
IDA, respectively. Thus, it was postulated as an iron regu-
lator and might be a useful marker in diagnosing or treat-
ing iron deficiency, especially in subjects with ID or IDA. 
In addition, molecular identification of miRNAs; miR-
146a, miR-125b, and miR-122 were shown to control 
the cellular iron uptake or metabolism via the oxidative 
stress pathway or regulation of hepcidin expression via 
activating genes encoding Hfe and Hjv activators, which 
promote iron regulation. Thus, these molecular markers, 
along with standard markers, could provide an additional 
means of controlling or regulating cellular iron and could 
be associated as valuable markers in diagnosing and 
treating cases with different iron deficiencies.

Acknowledgements
The authors extend their appreciation to the Deputyship for Research & 
Innovation, Ministry of Education in Saudi Arabia for funding this research. 
(IFKSURC-1-0602).

Author contributions
Research ideas, design, and practical work were proposed by SAG, HAR, and 
AHA. Data collection was carried out by SAG. Data analysis and interpretation 
were executed by GSA, HAR, AHA, and AI. The manuscript’s initial draft was 
prepared by SAG and HAR. The manuscript’s final draft was critically reviewed 
and edited by SAG, HAR, AHA, and AI. All authors read, understood, and 
approved the final manuscript version to be submitted/published.

Funding
This study was funded by the Deputyship for Research & Innovation, Ministry 
of Education in  Saudi Arabia (IFKSURC-1-0602). The funding body played no 
role in the study design, manuscript writing, or decision to submit the manu‑
script for publication.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the 
article.

Declarations

Ethics approval and consent to participate
The protocol of the current study was reviewed according to the ethical 
guidelines of the 1975 Declaration of Helsinki and approved by the Ethics 
Sub-Committee of King Saud University, Kingdom of Saudi Arabia, under file 
ID: RRC-2015-072.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Departments of Clinical Laboratory Sciences, College of Applied Medical 
Sciences, King Saud University, Riyadh, Saudi Arabia. 2 Rehabilitation Research 
Chair, Department of Rehabilitation Sciences, College of Applied Medical Sci‑
ences, King Saud University, Riyadh, Saudi Arabia. 

Received: 29 May 2023   Accepted: 7 December 2023

References
	 1.	 Ezzati M, Lopez AD, Rodgers A, Murray CJ. Comparative quantification 

of health risks: global and regional burden of disease attributable to 
selected major risk factors: World Health Organization; 2004.

	 2.	 DellaValle DM, Haas JD. Iron supplementation improves energetic 
efficiency in iron-depleted female rowers. Med Sci Sports Exerc. 
2014;46:1204–15.

	 3.	 Lanas A, Andrews JM, Lau J, Toruner M, Bromley SE, Gralnek IM. Man‑
agement of iron-deficiency anemia following acute gastrointestinal 
hemorrhage: a narrative analysis and review. J Gastroenterol Hepatol. 
2023;38(1):23–33.

	 4.	 Hall A, Bobrow E, Brooker S, et al. Anaemia in schoolchildren in eight 
countries in Africa and Asia. Public Health Nutr. 2000;4(3):749–56.

	 5.	 Horton S, Ross J. The economics of iron deficiency. Food Policy. 
2003;28(1):51–75.

	 6.	 Mosiño A, Villagómez-Estrada KP, Prieto-Patrón A. Association between 
school performance and anemia in adolescents in Mexico. Int J Environ 
Res Public Health. 2020;17(5):1466.

	 7.	 Leonard AJ, Chalmers KA, Collins CE, Patterson AJ. Comparison of two 
doses of elemental iron in the treatment of latent iron deficiency: effi‑
cacy, side effects, and blinding capabilities. Nutrients. 2014;6:1394–405.

	 8.	 Low MS, Speedy J, Styles CE, De-Regil LM, Pasricha SR. Daily iron supple‑
mentation for improving anemia, iron status, and health in menstruat‑
ing women. Cochrane Database Syst Rev. 2016;4:1–225.

	 9.	 Suchdev PS, Williams AM, Mei Z, et al. Assessment of iron status in set‑
tings of inflammation: challenges and potential approaches. Am J Clin 
Nutr. 2017;106(suppl_6):1626S-S1633.

	 10.	 Camaschella C, Girelli D. The changing landscape of iron deficiency. Mol 
Aspects Med. 2020;1(75): 100861.

	 11.	 Hastka J, Lasserre JJ, Schwarzbeck A, Reiter A, Hehlmann R. Labora‑
tory tests of iron status: correlation or common sense? Clin Chem. 
1996;42(5):718–24.

	 12.	 Brittenham MG. Disorders of iron metabolism: iron deficiency and 
overload. Hematology basic principles and practice. 2005:481–497.

	 13.	 Thurnham DI, McCabe GP, Northrop-Clewes CA, Nestel P. Effects of 
subclinical infection on plasma retinol concentrations and assess‑
ment of prevalence of vitamin A deficiency: meta-analysis. Lancet. 
2003;362(9401):2052–8.

	 14.	 Thurnham DI, McCabe LD, Haldar S, Wieringa FT, Northrop-Clewes CA, 
McCabe GP. Adjusting plasma ferritin concentrations to remove the 
effects of subclinical inflammation in the assessment of iron deficiency: 
a meta-analysis. Am J Clin Nutr. 2010;92(3):546–55.

	 15.	 Northrop-Clewes CA. Interpreting indicators of iron status during an 
acute phase response-lessons from malaria and human immunodefi‑
ciency virus. Ann Clin Biochem. 2008;45(1):18–32.

	 16.	 Thurnham DI, Mburu AS, Mwaniki DL, De Wagt A. Micronutrients in 
childhood and the influence of subclinical inflammation. Proc Nutr Soc. 
2005;64(4):502–9.

	 17.	 Raiten DJ, Sakr Ashour FA, Ross AC, et al. Inflammation and nutritional 
science for programs/policies and interpretation of research evidence 
(INSPIRE). J Nutr. 2015;145:1039S-S1108.

	 18.	 Ross AC. Impact of chronic and acute inflammation on extra-and intra‑
cellular iron homeostasis. Am J Clin Nutr. 2017;106(Suppl):1581S-S1587.



Page 11 of 12Al‑Rawaf et al. European Journal of Medical Research          (2023) 28:595 	

	 19.	 Bresnahan KA, Tanumihardjo SA. Undernutrition, the acute phase 
response to infection, and its effects on micronutrient status indicators. 
Adv Nutr. 2014;5:702–11.

	 20.	 Fiorentino M, Perignon M, Kuong K, Chamnan C, Berger J, Wieringa 
FT. Subclinical inflammation affects iron and vitamin A but not zinc 
status assessment in Senegalese children and Cambodian children and 
women. Public Health Nutr. 2018;21(7):1266–77.

	 21.	 Khan A, Khan WM, Ayub M, Humayun M, Haroon M. Ferritin is a marker 
of inflammation rather than iron deficiency in overweight and obese 
people. J Obes. 2016;2016:1937320. https://​doi.​org/​10.​1155/​2016/​
19373​20.

	 22.	 Ganz T, Nemeth E. Hepcidin and iron homeostasis. Biochim Biophys 
Acta. 2012;1823(9):1434–43.

	 23.	 Nemeth E, Rivera S, Gabayan, et al. IL-6 mediates hypoferremia of 
inflammation by inducing the synthesis of the iron-regulatory hormone 
hepcidin. J Clin Invest. 2004;113(9):1271–6.

	 24.	 Krause A, et al. LEAP-1, a novel highly disulfide-bonded human peptide, 
exhibits antimicrobial activity. FEBS Lett. 2000;480(2–3):147–50.

	 25.	 Krause A, Neitz S, Mägert HJ, et al. LEAP-1, a novel highly disulfide-
bonded human peptide, exhibits antimicrobial activity. FEBS Lett. 
2000;480(2–3):147–50.

	 26.	 Park CH, Valore EV, Waring AJ, Ganz T. Hepcidin, a urinary antimicrobial 
peptide synthesized in the liver. J Biol Chem. 2001;276(11):7806–10.

	 27.	 Nemeth E, Tuttle MS, Powelson J, et al. Hepcidin regulates cellular iron 
efflux by binding to ferroportin and inducing its internalization. Sci‑
ence. 2004;306(5704):2090–3.

	 28.	 Prentice AM, Doherty CP, Abrams SA, et al. Hepcidin is the major predic‑
tor of erythrocyte iron incorporation in anemic African children. Blood. 
2012;119(8):1922–8.

	 29.	 Finberg KE, Heeney MM, Campagna DR, et al. Mutations in TMPRSS6 
cause iron-refractory iron deficiency anemia (IRIDA). Nat Genet. 
2008;40(5):569–71.

	 30.	 Pietrangelo A. Hereditary hemochromatosis. Biochim Biophys Acta. 
2006;1763(7):700–10.

	 31.	 Origa R, et al. Liver iron concentrations and urinary hepcidin in beta-
thalassemia. Haematologica. 2007;92(5):583–8.

	 32.	 Origa R, Galanello R, Ganz T, et al. Liver iron concentrations and urinary 
hepcidin in β-thalassemia. Haematologica. 2007;92(5):583–8.

	 33.	 Htet MK, Dillon D, Rosida A, Timan I, Fahmida U, Thurnham DI. Hepcidin 
profile of anemic adolescent schoolgirls in Indonesia at the end of 12 
weeks of iron supplementation. Food Nutr Bull. 2014;35(2):160–6.

	 34.	 Krutzfeldt J, Stoffel M. MicroRNAs: a new class of regulatory genes 
affecting metabolism. Cell Metab. 2006;4(1):9–12.

	 35.	 Al-Rawaf HA, Gabr SA, Alghadir AH. Circulating hypoxia responsive 
MicroRNAs (HRMs) and wound healing potentials of green tea in 
diabetic and nondiabetic rat models. Evid Based Complement Alternat 
Med. 2019;2019:9019253. https://​doi.​org/​10.​1155/​2019/​90192​53.

	 36.	 Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by 
adenosines, indicates that thousands of human genes are microRNA 
targets. Cell. 2005;120(1):15–20.

	 37.	 Sethupathy P, Corda B, Hatzigeorgiou AG. Tar- Base: a comprehensive 
database of experimentally supported animal microRNA targets. RNA. 
2006;12(2):192–7.

	 38.	 Barr I, Smith AT, Chen Y, Senturia R, Burstyn JN, Guo F. Ferric, not ferrous, 
heme activates RNA-binding protein DGCR8 for primary microRNA 
processing. Proc Natl Acad Sci U S A. 2012;109(6):1919–24. https://​doi.​
org/​10.​1073/​pnas.

	 39.	 Faller M, Matsunaga M, Yin S, Loo JA, Guo F. Heme is involved in micro‑
RNA processing. Nat Struct Mol Biol. 2007;14(1):23–9. https://​doi.​org/​10.​
1038/​nsmb1​182.

	 40.	 Andolfo I, De Falco L, Asci R, et al. Regulation of divalent metal trans‑
porter 1 (DMT1) non-IRE isoform by the microRNA Let-7d in erythroid 
cells. Haematologica. 2010;95(8):1244–52. https://​doi.​org/​10.​3324/​
haema​tol.​2009.​020685.

	 41.	 Al-Rawaf HA. Circulating microRNAs and adipokines as mark‑
ers of metabolic syndrome in adolescents with obesity. Clin Nutr. 
2019;38(5):2231–8. https://​doi.​org/​10.​1016/j.​clnu.​2018.​09.​024.

	 42.	 Al-Rawaf HA, Gabr SA, Alghadir AH. Vitamin D deficiency and molecular 
changes in circulating MicroRNAs in older adults with lower back pain. 

Pain Res Manag. 2021;2021:6662651. https://​doi.​org/​10.​1155/​2021/​
66626​51.

	 43.	 Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard defini‑
tion for child overweight and obesity worldwide: international survey. 
Br Med J. 2000;320:1–6.

	 44.	 Ashwel M, Lejeune S, McPherson K. Ratio of waist circumference to 
height may be better indicator of need for weight management. BMJ. 
1996;312(7027):377.

	 45.	 Ramírez-Vélez R, Anzola A, Martinez-Torres J, et al. Metabolic syndrome 
and associated factors in a population-based sample of schoolchil‑
dren in Colombia: the FUPRECOL study. Metab Syndr Relat Disord. 
2016;14(9):455–62. https://​doi.​org/​10.​1089/​met.​2016.​0058.

	 46.	 Li X, Wang C, Wang Y, Zhao X, Li N. Determination of 11 minerals in 
children using inductively coupled plasma mass spectrometry. BMC 
Pediatr. 2021;21(1):483. https://​doi.​org/​10.​1186/​s12887-​021-​02962-z.

	 47.	 Siervo M, Prado CM, Mire E, et al. Body composition indices of a load-
capacity model: gender- and BMI-specific reference curves. Public 
Health Nutr. 2015;18:1245–54.

	 48.	 Suárez-Ortegón MF, Ramírez-Vélez R, Mosquera M, Méndez F, Aguilar-
de PC. Prevalence of metabolic syndrome in urban Colombian ado‑
lescents aged 10–16 years using three different pediatric definitions. J 
Trop Pediatr. 2013;59:145–59.

	 49.	 Ji X, Liu J. Associations between blood zinc concentrations and sleep 
quality in childhood: a cohort study. Nutrients. 2015;7(7):5684–96.

	 50.	 Zhao T, Chen T, Qiu Y, et al. Trace element profiling using inductively 
coupled plasma mass spectrometry and its application in an osteoar‑
thritis study. Anal Chem. 2009;81(9):3683–92. https://​doi.​org/​10.​1021/​
ac900​311q.

	 51.	 D’Adamo CR, Novick JS, Feinberg TM, Dawson VJ, Miller LE. A food-
derived dietary supplement containing a low dose of iron improved 
markers of iron status among nonanemic iron-deficient women. J Am 
Coll Nutr. 2018;37(4):342–9. https://​doi.​org/​10.​1080/​07315​724.​2018.​
14271​58.

	 52.	 Low MS, Speedy J, Styles CE, De-Regil LM, Pasricha SR. Daily iron supple‑
mentation for improving anaemia, iron status, and health in menstruat‑
ing women. Cochrane Database Syst Rev. 2016;4(4):CD009747. https://​
doi.​org/​10.​1002/​14651​858.​CD009​747.

	 53.	 Biebinger R, Zimmermann MB, Al-Hooti SN, et al. Efficacy of wheat-
based biscuits fortified with microcapsules containing ferrous sulfate 
and potassium iodate or a new hydrogen-reduced elemental iron: a 
randomised, double-blind, controlled trial in Kuwaiti women. Br J Nutr. 
2009;102:1362–9.

	 54.	 Haas JD, Beard JL, Murray-Kolb LE, del Mundo AM, Felix A, Gregorio GB. 
Iron-biofortified rice improves the iron stores of nonanemic Filipino 
women. J Nutr. 2005;135:2823–30.

	 55.	 Murray-Kolb LE, Beard JL. Iron treatment normalizes cognitive function‑
ing in young women. Am J Clin Nutr. 2007;85:778–87.

	 56.	 Zimmermann MB, Winichagoon P, Gowachirapant S, et al. Comparison 
of the efficacy of wheat-based snacks fortified with ferrous sulfate, elec‑
trolytic iron, or hydrogen-reduced elemental iron: randomized, double-
blind, controlled trial in Thai women. Am J Clin Nutr. 2005;82(6):1276–
82. https://​doi.​org/​10.​1093/​ajcn/​82.6.​1276.

	 57.	 Cook J, Flowers CF, Skikne B. The quantitative assessment of body iron. 
Blood. 2003;101:3359–64.

	 58.	 Carmeli E, Imam B, Bachar A, Merrick J. Inflammation and oxidative 
stress as biomarkers of premature aging in persons with intellectual 
disability. Res Dev Disabil. 2012;33(2):369–75. https://​doi.​org/​10.​1016/j.​
ridd.​2011.​10.​002.

	 59.	 Alghadir AH, Gabr SA. Physical activity impact on motor development 
and oxidative stress biomarkers in school children with intellectual dis‑
ability. Rev Assoc Med Bras. 2020;66(5):600–6. https://​doi.​org/​10.​1590/​
1806-​9282.​66.5.​600.

	 60.	 Alghadir AH, Gabr SA, Anwer S, Al-Eisa E. Fatigue and oxidative stress 
response to physical activity in type 2 diabetic patients. Int J Diabetes 
Dev Countries. 2016;36:59–64.

	 61.	 Erhardt JG, Estes JE, Pfeiffer CM, Biesalski HK, Craft NE. Combined 
measurement of ferritin, soluble transferrin receptor, retinol binding 
protein, and c-reactive protein by an inexpensive, sensitive, and simple 

https://doi.org/10.1155/2016/1937320
https://doi.org/10.1155/2016/1937320
https://doi.org/10.1155/2019/9019253
https://doi.org/10.1073/pnas
https://doi.org/10.1073/pnas
https://doi.org/10.1038/nsmb1182
https://doi.org/10.1038/nsmb1182
https://doi.org/10.3324/haematol.2009.020685
https://doi.org/10.3324/haematol.2009.020685
https://doi.org/10.1016/j.clnu.2018.09.024
https://doi.org/10.1155/2021/6662651
https://doi.org/10.1155/2021/6662651
https://doi.org/10.1089/met.2016.0058
https://doi.org/10.1186/s12887-021-02962-z
https://doi.org/10.1021/ac900311q
https://doi.org/10.1021/ac900311q
https://doi.org/10.1080/07315724.2018.1427158
https://doi.org/10.1080/07315724.2018.1427158
https://doi.org/10.1002/14651858.CD009747
https://doi.org/10.1002/14651858.CD009747
https://doi.org/10.1093/ajcn/82.6.1276
https://doi.org/10.1016/j.ridd.2011.10.002
https://doi.org/10.1016/j.ridd.2011.10.002
https://doi.org/10.1590/1806-9282.66.5.600
https://doi.org/10.1590/1806-9282.66.5.600


Page 12 of 12Al‑Rawaf et al. European Journal of Medical Research          (2023) 28:595 

sandwich enzyme-linked immunosorbent assay technique. J Nutr. 
2004;134(11):3127–32.

	 62.	 Feng Y, Chen L, Luo Q, Wu M, Chen Y, Shi X. Involvement of microRNA-
146a in diabetic peripheral neuropathy through the regulation of 
inflammation. Drug Des Devel Ther. 2018;2018(12):171–7. https://​doi.​
org/​10.​2147/​DDDT.​S1571​09.​eColl​ection.

	 63.	 Vandesompele J, De Preter K, Pattyn F, et al. Accurate normalization of 
real-time quantitative RT-PCR data by geometric averaging of multiple 
internal control genes. Genome Biol. 2002;3:RESEARCH0034.

	 64.	 Chopra VK, Anker SD. Anaemia, iron deficiency and heart failure in 2020: 
facts and numbers. ESC heart failure. 2020;7(5):2007–11.

	 65.	 Halterman JS, Kaczorowski JM, Aligne CA, Auinger P, Szilagvi PG. Iron 
deficiency and cognitive achievement among school-aged children 
and adolescents in the United States. Pediatrics. 2001;107:1381–6.

	 66.	 Deegan H, Bates HM, McCargar LJ. Assessment of iron status in adoles‑
cents: dietary, biochemical and lifestyle determinants. J Adolesc Health. 
2005;37:75e15–21.

	 67.	 Hercberg S, Preziosi P, Galan P. Iron deficiency in Europe. Public Health 
Nutr. 2001;4:537–45.

	 68.	 Ponikowski P, Kirwan BA, Anker SD, et al. Ferric carboxymaltose 
for iron deficiency at discharge after acute heart failure: a mul‑
ticentre, double-blind, randomised, controlled trial. The Lancet. 
2020;396(10266):1895–904.

	 69.	 Moreno LA. Adolescence. In: Koletzko B, editor. Pediatric nutrition in 
practice. Basel: Karger; 2008. p. 114–7.

	 70.	 DiGirolamo AM, Ochaeta L, Flores RM. Early childhood nutrition and 
cognitive functioning in childhood and adolescence. Food Nutr Bull. 
2020;41(1):S31-40.

	 71.	 Perry M. Anaemia in primary care: iron deficiency and anaemia of 
chronic disease. Pract Nurs. 2021;32(9):358–62.

	 72.	 Cogswell ME, Looker AC, Pfeiffer CM, et al. Assessment of iron defi‑
ciency in US preschool children and nonpregnant females of childbear‑
ing age: National Health and Nutrition Examination Survey 2003–2006. 
Am J Clin Nutr. 2009;89:1334–42.

	 73.	 WHO. Assessing the iron status of populations. Joint World Health 
Organization/Centers for Disease Control and Prevention Technical 
Consultation on the Assessment of Iron Status at the Population Level 
(online). 6–8 April 2004 (cited 14 June 2006). Geneva, Switzerland. Avail‑
able at http://​whqli​bdoc.​who.​int/​publi​catio​ns/​2004/​92415​93156_​eng.​
pdfs.

	 74.	 Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders 
revisited in the hepcidin era. Haematologica. 2020;105(2):260.

	 75.	 Pietrangelo A. Hereditary hemochromatosis: pathogenesis, diagnosis, 
and treatment. Gastroenterol. 2010;139(393–408):408.

	 76.	 Murphy CJ, Oudit GY. Iron-overload cardiomyopathy: pathophysiology, 
diagnosis, and treatment. J Cardiac Fail. 2010;16(11):888–900.

	 77.	 Wood JC, Enriquez C, Ghugre N, et al. Physiology and pathophysi‑
ology of iron cardiomyopathy in thalassemia. Ann N Y Acad Sci. 
2005;1054(1):386–95.

	 78.	 Zurlo M, De Stefano P, Borgna-Pignatti C, et al. Survival and causes of 
death in thalassaemia major. The Lancet. 1989;334(8653):27–30.

	 79.	 Haynes BM, Pfeiffer CM, Sternberg MR, Schleicher RL. Selected 
physiologic variables are weakly to moderately associated with 
29 biomarkers of diet and nutrition, NHANES 2003–2006. J Nutr. 
2013;143:1001S-S1010.

	 80.	 Raiten DJ, Sakr Ashour FA, Ross AC, et al. Inflammation and nutritional 
science for programs/ policies and interpretation of research evidence 
(INSPIRE). J Nutr. 2015;145:1039S-S1108.

	 81.	 Northrop-Clewes CA. Interpreting indicators of iron status during an 
acute phase response–lessons from malaria and human immunodefi‑
ciency virus. Ann Clin Biochem. 2008;45:18–32.

	 82.	 Kasvosve I, Gomo ZA, Nathoo KJ, et al. Association of serum transferrin 
receptor concentration with markers of inflammation in Zimbabwean 
children. Clin Chim Acta. 2006;371:130–6.

	 83.	 Lynch S. Case studies: iron. Am J Clin Nutr. 2011;94:673S-S678.
	 84.	 WHO/CDC. Assessing the iron status of populations: report of a joint 

World Health Organization/Centers for Disease Control and Prevention 
technical consultation on the assessment of iron status at the popula‑
tion level. Geneva (Switzerland): WHO/CDC; 2004.

	 85.	 WHO. Serum ferritin concentrations for the assessment of iron status 
and iron deficiency in populations. Vitamin and mineral nutrition 

information system. Geneva (Switzerland): World Health Organization; 
2011.

	 86.	 Young MF, Glahn RP, Ariza-Nieto M, et al. Serum hepcidin is significantly 
associated with iron absorption from food and supplemental sources in 
healthy young women. Am J Clin Nutr. 2009;89(2):533–8.

	 87.	 Roe MA, Collings R, Dainty JR, Swinkels DW, Fairweather-Tait SJ. Plasma 
hepcidin concentrations significantly predict interindividual variation in 
iron absorption in healthy men. Am JClin Nutr. 2009;89(4):1088–91.

	 88.	 Barr I, Smith AT, Chen Y, Senturia R, Burstyn JN, Guo F. Ferric, not ferrous, 
heme activates RNA-binding protein DGCR8 for primary microRNA 
processing. Proc Natl Acad Sci. 2012;109(6):1919–24.

	 89.	 Jopling CL, Norman KL, Sarnow P. Positive and negative modulation 
of viral and cellular mRNAs by liver-specific microRNA miR-122. Cold 
Spring Harb Symp Quant Biol. 2006;71:369–76.

	 90.	 Jopling CL. Regulation of hepatitis C virus by microRNA-122. Biochem 
Soc Trans. 2008;36(pt 6):1220–3.

	 91.	 Sarasin-Filipowicz M, Krol J, Markiewicz I, Heim MH, Filipowicz W. 
Decreased levels of microRNA miR-122 in individuals with hepatitis C 
responding poorly to interferon therapy. Nat Med. 2009;15(1):31–3.

	 92.	 Castoldi M, Vujic Spasic M, Altamura S, Elmén J, et al. The liver-specific 
microRNA miR-122 controls systemic iron homeostasis in mice. J Clin 
Invest. 2011;121:1386–96.

	 93.	 Krützfeldt J, Rajewsky N, Braich R, et al. Silencing of microRNAs in vivo 
with ‘antagomirs.’ Nature. 2005;438:685–9.

	 94.	 Elmén J, Lindow M, Silahtaroglu A, et al. Antagonism of microRNA-122 
in SSSFmice by systemically administered LNAantimiR leads to up-
regulation of a large set of predicted target mRNAs in the liver. Nucleic 
Acids Res. 2008;36:1153–62.

	 95.	 Padgett KA, Lan RY, Leung PC, et al. Primary biliary cirrhosis is 
associated with altered hepatic microRNA expression. J Autoimmun. 
2009;32:246–53.

	 96.	 Castoldi M, Vujic Spasic M, Altamura S, et al. The liver-specific microRNA 
miR-122 controls systemic iron homeostasis in mice. J Clin Invest. 
2011;121(4):1386–96.

	 97.	 Bonkovsky HL, Hou W, Steuerwald N, et al. Heme status affects human 
hepatic messenger RNA and microRNA expression. World J Gastroen‑
terol. 2013;19:1593–601.

	 98.	 Pogue AI, Percy ME, Cui JG, et al. Up-regulation of NF-kB-sensitive 
miRNA-125b and miRNA-146a in metal sulfate-stressed human astro‑
glial (HAG) primary cell cultures. J Inorg Biochem. 2011;105:1434–7.

	 99.	 Park SO, Kumar M, Gupta S. TGF-Î2 and iron differently alter HBV replica‑
tion in human hepatocytes through TGF-Î2/BMP signaling and cellular 
microRNA expression. PLoS ONE. 2012;7: e39276.

	100.	 Yoshioka Y, Kosaka N, Ochiya T, Kato T. Micromanaging Iron Homeo‑
stasis: hypoxia-inducible micro-RNA-210 suppresses iron homeostasis-
related proteins. J Biol Chem. 2012;287(41):34110–9. https://​doi.​org/​10.​
1074/​jbc.​M112.​356717.

	101.	 Shpyleva SI, Tryndyak VP, Kovalchuk O, Starlard-Davenport A, Chekhun 
VF, Beland FA, Pogribny IP. Role of ferritin alterations in human breast 
cancer cells. Breast Cancer Res Treat. 2011;126(1):63–71. https://​doi.​org/​
10.​1007/​s10549-​010-​0849-4.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.2147/DDDT.S157109.eCollection
https://doi.org/10.2147/DDDT.S157109.eCollection
http://whqlibdoc.who.int/publications/2004/9241593156_eng.pdfs
http://whqlibdoc.who.int/publications/2004/9241593156_eng.pdfs
https://doi.org/10.1074/jbc.M112.356717
https://doi.org/10.1074/jbc.M112.356717
https://doi.org/10.1007/s10549-010-0849-4
https://doi.org/10.1007/s10549-010-0849-4

	Circulating microRNAs and hepcidin as predictors of iron homeostasis and anemia among school children: a biochemical and cross-sectional survey analysis
	Abstract 
	Background 
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Subjects
	Anthropometric measurements
	Assessment of serum hepcidin levels and iron status
	Assessment of total oxidative stress (OS)
	Assessment of total antioxidant capacity (TAC)
	Assessment of chronic inflammation
	Assessment of circulating RNAs
	Extraction and purification of circulating RNA
	Real-time qPCR of microRNAs

	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References


