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Abstract

Background: Iron deficiency is the most widespread nutritional deficiency worldwide, and it is the primary cause of anemia,
particularly in low- and middle-income countries such as Indonesia. Iron deficiency has a multifactorial etiology involving
complex interactions between genetic factors, especialy the transmembrane protease serine 6 (TMPRSS6) rs855791 variant,
which encodes matriptase-2, a protein involved in regulating hepcidin expression, and nongenetic factors, including
sociodemographics, nutritional status, iron intake, and menstrual patterns. Women of reproductive age, including medical students,
are susceptible to iron deficiency owing to unhealthy dietary habits, growth requirements, and menstruation. Iron deficiency
among medical students may lead to decreased academic performance and productivity. Additionally, as future mothers, women
may experience aheightened risk of delivering children with intellectual disabilities and various psychosocial impairments. Owing
to the significant consequences of this condition, identifying the underlying causes of iron deficiency iscrucial. The high prevalence
of iron deficiency in Indonesia poses a challenge in addressing these contributing factors to effectively reduce its occurrence.

Objective: This study aims to investigate the association of the TMPRSS6 rs855791 variant and nongenetic factors with iron
deficiency among female medical studentsin Yogyakarta, Indonesia.

Methods: Thisis acase-control study. We will recruit female medical students from the Faculty of Medicine, Public Health,
and Nursing of Universitas Gadjah Madain Yogyakarta, Indonesia. Theinclusion criteriaare being afinal-year femal e undergraduate
medical student who has not entered the clinical clerkship phase, aged 18 to 24 years, not pregnant, providing written consent,
and having no history of chronic and inflammatory diseases, congenital diseases, hematological disorders, or blood transfusions
during the last 3 months. Participants will be excluded if the C-reactive protein level is higher than 5 mg/L. Participants will be
further grouped according to iron status criteria. Profiles of hemogram and iron markers will be compared between the case and
control groups using the independent samples 2-tailed t test or the Mann-Whitney U test, while genotype and allele frequencies
will be analyzed using the chi-sguare test. One-way ANOVA or the Kruskal-Wallis test will be used to assess the impact of
different genotypes on iron marker levels. Multivariate analysis will be performed with logistic regression to determine factors
independently associated with iron deficiency risk. P<.05 will be considered statistically significant.
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Results: The study received funding in January 2025. Data collection began in February 2025 and is anticipated to conclude
by October 2025. At the time of manuscript submission, 115 participants had been enrolled. The study findings are expected to
be published in 2026.

Conclusions: This study will determine the interaction between the TMPRSS6 rs855791 variant and nongenetic factors that

contribute to the risk of iron deficiency among female medical studentsin Yogyakarta, Indonesia.
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Introduction

Background

Iron deficiency is the most prevalent nutritional deficiency
globally. It accounts for more than 60% of anemia cases[1,2].
This condition generally affects children younger than 5 years,
pregnant women, and women of reproductive age, especially
thosein low- and middle-income countries (LMICs) [3,4]. The
World Hedlth Organization reports that anemia is most
widespread in Africaand Southeast Asia[4]. A study conducted
across 7 South and Southeast Asian countries found that more
than half of women of reproductive age were affected by anemia
[5]. Another study, from the Demographic and Health Survey
of 46 LMICs, showed that the preval ence of anemiain pregnant
(45.2%) and nonpregnant women (39.5%) was higher than the
global prevalence [6]. According to the 2018 Indonesian Basic
Health Research survey, the overall prevalence of anemiain
Indonesiawas 23.7% (women: 27.2%; men: 20.3%) [7].

Iron playsacrucial rolein several essential biological processes
in the body, including electron transfer, oxygen transport, cell
growth, aerobic metabolism, DNA synthesis, and enzymatic
processes, and functions in muscle and neurologica
development, nerve fiber myelination, and neurotransmitter
production [8-10]. Iron deficiency can affect cognitive
development, school achievements, work performance, and
productivity [11-13]. Iron deficiency that occurs during essential
phases of brain development can cause permanent structural
damage [9]. Iron deficiency during pregnancy can result in
detrimental effects on infants and children. Many women of
reproductive age enter pregnancy with low iron levels and may
have no iron reserves whatsoever [2,14].

Severa factors contribute to iron deficiency, including
environmental factors, nutritional deficiencies, iron intake,
sociodemographics, social habits, diet, lifestyle, infections, and
blood loss (eg, menstrual bleeding or childbirth among women)
[6,15,16]. Studies have aso reported the role of genetic
variability in an individua’s iron status, accounting for
approximately 20% to 30% of the variation [17-21].
Genome-wide associ ation studies (GWA Ss) have demonstrated
that single-nucleotide polymorphisms (SNPs) in certain genes
are involved in hepcidin hormone regulation pathways that
control iron homeostasis. Among these genes, loci on the
transmembrane protease serine 6 (TMPRS5) gene arefrequently
linked to low levels of iron and hematol ogical indices. The most
common SNP in the TMPRSS6 genethat is strongly associated
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with iron deficiency anemia is rs855791. This gene encodes
matriptase-2, which interacts with and promotes the cleavage
of hemojuvelin on the cell surface, leading to the release of
soluble hemojuvelin and inhibiting hepcidin expression
[17,18,21,22]. This gene polymorphism is linked to a reduced
ability to decrease hepcidin production, thereby causing
increased levels in the circulation despite iron deficiency.
Furthermore, matriptase-2 dysfunction is associated with
iron-refractory iron deficiency anemia[17,21,23].

Iron deficiency hasamultifactorial etiology involving complex
interactions between genetic and nongenetic factors. Although
GWASs have identified risk aleles for complex genetic
characteristicsrelated to iron status, the detected risk aleles did
not fully explain heritability. Moreover, the impact of alele
frequency and biological adaptation varies across ethnicities
owing to environmental and physiological factors. This
complexity presents a challenge in effectively addressing the
contributing factors of iron deficiency in the population [17,21].

In Indonesia, research on the association of genetic variations
and nongenetic factors with iron deficiency remains limited,
particularly in vulnerable populations, including female medical
students, who are part of the representative popul ation of women
of reproductive age. They are susceptible to the risk of
developing iron deficiency. Moreover, thisgroup is particularly
relevant to study owing to its more homogeneous characteristics.
Despite having good knowledge of preventing iron deficiency
anemia, they frequently practice unhealthy eating habits,
including skipping breakfast, snacking, consuming fast food,
and lacking fruit and vegetable intake, and unhealthy lifestyle
habits, such as not engaging in physical activity due to heavy
study loads and extracurricular activity schedules in college.
Furthermore, they experience physiological menstrual blood
loss and remain in a growth period that requires adequate
nutritional intake [24,25].

This Study

Severd studiesin India, Pakistan, Iran, and Saudi Arabia have
reported asignificant rate of iron deficiency and anemiaamong
female medical students, ranging from 16% to 63%, especially
among those who live in dormitories and have a low or high
BMI [24-29]. However, in Indonesia, only 1 study on female
medical students with a sufficient socioeconomic background
revealed arelatively low anemiaprevalence of 13.6% [30]. The
approach to managing iron deficiency has yet to fully consider
genetic and nongenetic factors. Consequently, despite efforts
to promote the distribution of iron supplements, the prevalence
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of iron deficiency remains high. ldentifying the primary
determinants of iron deficiency is crucial for more efficient
management strategies. By recognizing these determinants,
efforts can be made to increase the body’s iron reserves and
provide appropriate prevention and treatment. | dentifying these
factors is also valuable in preparing adolescent girls for
pregnancy to prevent and reduce the risk of maternal mortality,
preterm delivery, low birth weight, and stunting. Therefore, our
study aimsto analyze the association of the TMPRS6 rs855791
variant and nongenetic factorswith iron deficiency in apparently
healthy female medical students.

Methods

Study Design and Setting

This study will use a case-control design. Cases and controls
will consist of medical students at the Faculty of Medicine,
Public Hedlth, and Nursing, Universitas Gadjah Mada in
Yogyakarta, Indonesia. Participants will be selected using
purposive sampling according to predefined inclusion and
exclusion criteria. The study will specifically target final-year
female undergraduate medical students (aged 18-24 years)
before entering the clinical clerkship phase; who have provided
written informed consent; are not pregnant; and have no history
of chronic and inflammatory diseases, congenital diseases,
hematological disorders, or blood transfusions within the
previous 3 months. Participants with elevated levels of the
inflammatory biomarker C-reactive protein (CRP; elevated level
defined as >5 mg/L) will be excluded. Study participants will
be classified into the control and case groups based on their
serum ferritin (SF) and hemoglobin levels. A case-control ratio
of 1:1 will be applied. The matching condition will be an age
difference of less than 3 years. The control group will include
participants with hormal hemoglobin (=12 g/dL) and SF (=30
ug/L) levels. The case group will include participants with iron
deficiency. Iron deficiency will be determined based on SF
levels of lessthan 30 pg/L with or without anemia[10,31].

Sample Size

This study will be conducted from February 2025 to January
2026. The sample size will be determined using the unpaired
categorical analytical research sample size formula with a
confidence level of 95%, a of 5%, and research power of 80%
(with B of 20%). The sample size calculation will use the
proportion of exposed controls and the odds ratio of each
independent variable for the risk of iron deficiency, yielding a
minimum required sample size of 116 participants (58 cases
and 58 controls). This sample size will ensure adequate
statistical power to examinetheinfluence of sociodemographic
characteristics (type of residence and parental income), BMI,
menstrual pattern, iron intake, and the TMPRSS5 rs855791
genetic variant on the risk of iron deficiency.

Data Collection and Analysis

We will use questionnaires for collecting data on the
demographics, medical history, and socioeconomic information
of the participants. The dietary iron intake of the participants
will be assessed using the IRON Intake Calculation-Food
Frequency Questionnaire, which has been modified and
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evaluated for validity and reliability [32]. This questionnaire
contains information about the primary sources of iron, which
aredivided into 12 food groups, including meat, processed meat,
egas, fish, dairy products, cereal products, fruits, vegetables,
tubers, oils, nuts, and chocolate products. For each food group
included in the questionnaire, participantswill be asked to report
portion sizes and consumption frequency over the preceding
week. The total weekly iron intake calculated from these
responses will then be divided by 7 to estimate the mean daily
iron intake. The NutriSurvey softwarewill be used for analyzing
iron intake [32,33]. Participants nutritional status will be
measured using BMI. Menstrual patternswill be evaluated using
amenstrual pictogram for 2 menstrual cycles. Menorrhagiais
defined as menstrual bleeding exceeding 80 mL for each cycle
[34,35].

Laboratory investigations will be performed as mentioned
subsequently. In total, 7 mL of venous blood will be collected
under aseptic conditions between 8 AM and 11 AM using 2
different tubes. A total of 3 mL of blood will be collected from
each participant using an ethylenediaminetetraacetic acid
tripotassium salt tube, with 2 mL of blood alocated for
hemogram and reticulocyte profile analysis and 1 mL for
genotyping. All laboratory analyses will be performed in
accredited laboratories, strictly following the manufacturer’s
instructions and under Good Clinical and Laboratory Practice
conditionswith internal quality controlsto ensure accuracy and
reliability. The hemogram and reticulocyte profile will be
analyzed within 1 hour following sample collection using an
automated hematology analyzer, Mindray BC-760 (Mindray
Corporation). The remaining 4 mL will be collected into plain
gd separator tubes and subsequently centrifuged. Serum samples
will be stored at —20 °C for CRP and SF examinations and at
—80 °C for serum hepcidin examinations. A cobasc 111 analyzer
(particle-enhanced  immunoturbidimetric  assay; Roche
Diagnostics), a VIDAS analyzer (enzyme-linked fluorescent
assay; bioMérieux), and a sandwich human enzyme-linked
immunosorbent assay kit (catalog number EH3221; Wuhan
Fine Biotech Co, Ltd) will be used for CRP, SF, and serum
hepcidin measurement.

Genotyping Procedure

Genomic DNA will be isolaed from 1 mL of
ethylenediaminetetraacetic acid—anticoagulated whole blood
using a commercially available DNA extraction kit (gSYNC
DNA Blood Mini kit; catalog number 51104; Geneaid Biotech
Ltd), following the manufacturer’s protocol. The concentration
of the extracted DNA will be assessed using a NanoDrop
spectrophotometer (M aestroGen) to assess the A260/A280 and
A260/230 absorbance ratios. All extracted DNA samples will
be preserved at —80 °C. TMPRSS5 genotyping for the rs855791
polymorphismwill be conducted using the TagM an genotyping
assay protocol (Applied Biosystems). PCR will be performed
using a Tag DNA polymerase kit following the manufacturer’'s
instructions.

Data Analysis Plan

The collected data will be categorized into quantitative and
qualitative data. SPSS Statistics (version 22; IBM Corp) will
be used for the analysis. The Kolmogorov-Smirnov test will be
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used to assess whether the data follow anormal distribution. If
the data are normally distributed, quantitative data will be
presented as means and SDs; if not, the data will be presented
as medians (minimum and maximum). Qualitative datawill be
presented as frequencies and percentages.

Parameters measuring hemogram profiles and iron status will
be compared between the case and control groups using the
independent samples 2-tailed t test or Mann-Whitney U test.
Differencesin genotype and allel e frequenci es between the case
and control groups will be evaluated using the chi-square test.
To determine the effects of individual SNPs on iron markers,
comparison of iron status across the genotyping classes (AA,
AG, and GG) will be performed using 1-way ANOVA or the
Kruskal-Wallis test. Assessment of bivariate associations
between each independent variable and the outcome (dependent
variable) will be conducted using the chi-sgquare or Fisher test.
Risk factorswith a P value of <.25in the bivariate analysiswill
be further analyzed through multivariate logistic regression
analysis.

All risk factors meeting the aforementioned selection criteria
will be entered one by one in the multivariate analysis, starting
with the most significant factors from the bivariate analysis.
The selection of the final model equation will be based on
parsimony, biological interpretability, and statistical significance
(P<.05). This final model equation will be assessed using the
Hosmer-Lemeshow test and the area under the curve value
obtained through receiver operating characteristic analysis.
Subsequently, the results of this final egquation will be used for
predicting the probability of iron deficiency.

Ethical Consider ations

The study protocol has been formally approved by the medical
and health research ethics committee of the Faculty of Medicine,
Public Health and Nursing, Universitas Gajah Mada in
Yogyakarta, Indonesia (KE/FK/0114/EC/2025). Prior to
enrollment, written informed consent will be obtained from all
participants after they have been fully informed about the study
objectives, procedures, potential risks and benefits, and the
voluntary nature of their participation. To ensure confidentiality,
all collected data will be securely stored with access restricted
to authorized members of the research team. As a token of
appreciation for their time, participants will receive a snack
following the blood draw and reimbursement of Rp 50,000 (US
$3.02) for transportation costs.

Results

Data collection commenced in February 2025 and is expected
to conclude by October 2025. Data analysis is scheduled for
completion by the end of 2025, with the publication of study
findings anticipated in 2026.

Discussion

Anticipated Findings

Anemia remains a prevalent health issue in LMICs, with iron
deficiency identified as its primary cause. Most anemia cases
are preventable and manageable, provided that the underlying
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causes are identified. Consequently, recognizing the
multifactorial etiology of anemia is crucia for developing
effective and tailored therapeutic strategies [36]. We anticipate
that this study will identify both genetic variations and
nongenetic factors impacting the risk of iron deficiency.

Several GWASs have consistently demonstrated a strong
correlation between iron status and variants in the TMPRSSG
gene, particularly the SNP rs855791, across various popul ations,
predominantly in Asia. Despite the significant burden of iron
deficiency in Asiag, particularly in Southeast Asian nations such
asIndonesia, studiesfocusing on unique gene variants associated
with iron homeostasisin humans remain limited [18,21].

Studies by Hamed et a [37] and Elmahdy et al [38] revealed
that individual s with iron deficiency or iron deficiency anemia
exhibited a significantly increased frequency of the rs855791
variant (both heterozygous and homozygous) compared with
the control group. Conversely, Jallow et al [20] and Varikuti et
al [39] did not observe any association between thisvariant and
the iron status. Shinta et al [19] investigated children aged 12
to 17 monthsin the Sasak community of East Lombok regency,
West Nusa Tenggara province, Indonesia, and reported that iron
intake had a stronger influence on SF levels than the rs855791
polymorphism. Building upon these findings, our study is
anticipated to provide further evidence regarding the prevalence
and potential role of thers855791 genevariant in the Indonesian
population, particularly among female medical students.

Research results from LMICs have indicated that nongenetic
factors, including poor socioeconomic status, illiteracy, lack of
formal education, an interpregnancy interval of lessthan 2 years,
excessive menstrual bleeding, living in rural areas, the lack of
physical activity, poor nutritional intake, low BMI, obesity, and
insufficient knowledge regarding anemia, can all contribute to
anemia, particularly iron deficiency—induced anemia
[16,25,27,28,36,37]. Most existing research has focused on
isolated risk factors, either genetic or nongenetic, with limited
investigation into their combined effects. Only a few studies
have explored the interaction between genetic factors and a
single nongenetic factor. Shinta et al [19] investigated the
relationship between TMPRSS5 gene polymorphism and iron
intake on the risk of iron deficiency, whereas Pei et a [22]
reported that certain genetic variations have a protective role
against iron deficiency anemiaamong women with menorrhagia.
The occurrence of iron deficiency involves a multifactorial
interaction between genetic and nongenetic determinants. We
am to identify the interplay between these factors and
susceptibility toiron deficiency in the specific context of female
medical students. A comprehensive understanding of both
genetic and nongenetic contributors  will support the
development of targeted and evidence-based therapeutic
approaches informed by the identified causal factors.

Strengthsand Limitations

A notable strength of this study lies in its comprehensive
methodology for investigating both genetic and nongenetic
factors associated with iron deficiency among female medical
students. Iron intake, nutritional status, menstrual patterns, and
sociodemographic characteristics will be the nongenetic
variables assessed, whereas the genetic aspect will focus on the
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rs855791 variant. In addition, serum hepcidin levels, a key
regulator of iron homeostasis associated with the rs855791
variant and other iron-related biomarkers, will be measured.
Despite these strengths, several limitations should be
acknowledged. First, hemoglobin electrophoresis will not be
performed in the case group, thereby limiting the ability to detect
coexisting conditions, such as thalassemiatrait, in participants
with iron deficiency. Second, this study will not include
measurements of vitamin D levels. Given vitamin D’srole in
regulating hepcidin expression, its deficiency may lead to
elevated hepcidin levels, thereby reducing iron bioavailability
and contributing to iron deficiency [40,41]. Third, the
recruitment of participants from a single academic institution
may limit the external validity of the findings, potentially
constraining their generalizability to the broader population of
women in Indonesia. Nevertheless, the conceptual framework
and integrated methodol ogical approach addressing both genetic
and nongenetic factors may meaningfully contribute to

Fenty et a

community-based iron deficiency screening strategies,
particularly for young, educated women in urban areas.

Further research is recommended to address this study’s
limitations, including the assessment of hemoglobin
electrophoresis and vitamin D levels, which may affect the
accuracy of iron deficiency evaluation, by expanding recruitment
to a larger, multicenter scale. Moreover, subsequent studies
should investigate the efficacy of treatment approachesfor iron
deficiency based on the causal determinants identified in this
study.

Conclusions

Our study aimsto elucidate how genetic and nongenetic factors
contribute to the risk of iron deficiency in women of
reproductive age, especialy femae medica students in
Indonesia. Theresults are expected to provide valuableinsights
into the primary determinants contributing to iron deficiency
in this population.
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