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Introduction: Anemia remains a significant public health problem among adoles-
cents in developing countries such as Indonesia. Female adolescents are more vulner-
able due to menstrual blood loss and increased iron needs during growth, while dietary
diversity and beverage habits may further influence anemia risk. Aim: This study aimed
to analyze factors associated with anemia, including gender, diet quality, and tea or
coffee consumption, and to explore their molecular relevance using a bioinformatics
approach. Methods: A cross-sectional study was conducted among 199 adolescents (105
males, 94 females) aged 12-17 years in a boarding school in Malang, Indonesia. Data
collection included hemoglobin measurement, anthropometric assessment, and a Food
Frequency Questionnaire (FFQ). Statistical analysis was performed using Chi-square
and logistic regression, while bioinformatics analysis employed STRING, Cytoscape, and
ShinyGO to identify key genes and pathways. Results: Female gender (AOR = 6.595; p
< 0.001), adequate diet (AOR = 0.184; p = 0.012), and tea/coffee intake (AOR = 7.532;
p < 0.001) were significant predictors of anemia. Bioinformatics analysis identified
SLC11A2, TFRC, and HAMP as key genes regulating ferroptosis and mineral absorption
pathways. Conclusions: Gender, dietary quality, and tea or coffee consumption significantly
influence anemia in adolescents.

Introduction

Adolescence is a crucial period

Anemia is a global health problem
that is still prevalent in developing countries,
including Indonesia (Priliani et al., 2025). The
WHO defines anemia as a condition where the
hemoglobin level is <12.0 g/dL in adolescent
girls and <13.0 g/dL in adolescent boys (WHO,
2024). Anemia is characterized by a decrease in
hemoglobin levels in the blood, resulting in a
reduced capacity to transport oxygen to body
tissues, resulting in symptoms such as fatigue,
tiredness, lethargy, impaired concentration,
and decreased academic performance (H S et
al., 2024; Killeen et al., 2025).

characterized by accelerated physical growth,
hormonal changes, and increased nutritional
needs, including iron (Soliman et al., 2022).
An imbalance between nutrient needs and
intake during this period can result in anemia
(Qasrawi et al., 2024). Data shows that the
prevalence of anemia among adolescents
in Indonesia increased from 18.4% to 32%
between 2013 and 2018 (Reski e al., 2020).
Anemia in adolescents has been more often
associated with female gender due to blood
loss during menstruation (Gonete et al., 2018;
Sishartami et al., 2025). Numerous studies have
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revealed consistently elevated anemia rates
among adolescent females. A study observed
a prevalence rate of 40.5% in Aceh, Indonesia,
with wasting and overweight status serving
as important predictors (Ahmad et al., 2023;
Khayati et al., 2025). Another study discovered
that both hemoglobin-related knowledge and
physical activity were significantly correlated
with the prevalence of anemia in adolescent
girls (Fitariani et al., 2025). However, research
also shows that adolescent boys are at risk of
anemia due to increased iron requirements for
muscle mass development and higher levels of
physical activity (Nicotra et al., 2023).
Boarding school environments exhibit
relatively uniform dietary and physical activity
patternsamong students because daily mealsand
activities are regulated by the institution (Acciai
et al., 2019; Ashfaq et al., 2023; Diana et al.,
2025). This provides an opportunity to analyze
the determinants of anemia in adolescent boys
and girls in a more controlled environment. In
this context, variations in hemoglobin levels
between sexes may better reflect biological
and behavioral differences rather than diverse
external environmental influences (Barrera-
Reyes & Tejero, 2019). Anemia is not solely
a matter of iron deficiency but also part of
a complex nutritional problem involving
various biological, social, and environmental
determinants (Raiten ez al., 2023). These factors
include growth and development, age, gender,
physiological status, economic status, parental
education, and exposure to infectious diseases
such as worm infestation, schistosomiasis,
malaria, tuberculosis, and HIV (Thachil et
al., 2014; Wiafe et al., 2023). In addition to
iron, deficiencies in other micronutrients such
as vitamins A, B2, B6, B9 (folic acid), B12,
C, D, E, and zinc also contribute to anemia
through various mechanisms (Espinosa-Salas
& Gonzalez-Arias, 2025; Pratiwi & Sudiarti,
2025). Moreover, the absorption and utilization
of dietary iron are influenced by food
components that can either enhance or inhibit
absorption. Polyphenols found in tea and coffee,
as well as phytates in grains and legumes, act as
potent inhibitors of non-heme iron absorption,
whereas vitamin C and certain amino acids
can enhance it. Therefore, understanding the
pattern of tea and coffee consumption, together

with dietary diversity, becomes essential in
evaluating anemia risk (Scarano et al., 2023).

Adolescent nutritional status, as
measured by body mass index (BMI), is also
closelyrelatedtohemoglobinlevels(Enggardany
et al., 2021). Several studies have shown that
overweight or obese adolescents have a lower
risk of anemia compared to those with a normal
BMI. Furthermore, sociodemographic factors
such as parental education and income, as
well as menstrual status in girls, also influence
the incidence of anemia (Hamed et al., 2024)
(Ani et al., 2025). Although numerous studies
have examined anemia in adolescent girls,
studies directly comparing boys and girls in
controlled boarding environments are still
limited in Indonesia (Handayani et al., 2024;
Putri et al., 2025; Sari et al., 2022). This study
provides novelty by analyzing hemoglobin
levels, nutritional factors, and nutritional status
associated with anemia in male and female
adolescents in a boarding school setting. The
homogeneity of dietary and physical activity
patterns in the boarding school setting allows
for a more accurate comparison of biological
and behavioral factors influencing anemia.
This study aimed to analyze hemoglobin levels
and nutritional determinants associated with
anemia in male and female adolescents in a
boarding school setting. Furthermore, this
study integrated a bioinformatics approach
to elicit gene interactions that encompass key
factors in a significant determinant. Through
this approach, the study focused not only
on epidemiological approaches but also on
molecular biological mechanisms, making it
more comprehensive.

Methods

This study used a descriptive analytical
design with a cross-sectional approach. The
study took place at a boarding school in
Malang City, which was selected purposively.
Inclusion criteria included: (1) active students
aged 12-17; (2) willingness to participate in all
measurements; and (3) good health with no
historyofblood transfusions or chronic diseases.
Respondents undergoing anemia therapy
or with blood disorders such as thalassemia
were excluded from the study. Sample size
calculations were performed using G*Power
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software version 3.1.9.7 using the t-test (Means:
Difference between two independent groups).
The parameters used included a one-tailed test,
a medium effect size (d = 0.5), a significance
level (a) of 0.05, and a power of 0.95. This
study involved 199 students—105 males and 94
females. This study has received ethical approval
from the Health Research Ethics Committee of
the State University of Malang, under permit
number 27.03.07/UN32.14.2.8/LT/2025. All
participants were explained the purpose and
procedures of the study and signed an informed
consent form before participating in the study.

Data collection was conducted in July
2025. Data were collected once using two main
instruments: a structured questionnaire and
a Food Frequency Questionnaire (FFQ). The
structured questionnaire consisted of multiple-
choice and short-answer questions. Dietary
pattern data were obtained from a structured
questionnaire containing four components:
breakfast habits (4 questions), snacking habits
(4 questions), fast food consumption habits (3
questions), and fiber consumption habits (6
questions). Breakfast and snacking habits were
categorized as frequent if consumed >5 times/
week and infrequent if consumed <5 times/
week. Fast food consumption was categorized
as frequent if consumed =2 times/week
and infrequent if consumed <2 times/week.
Consuming sources of fiber (vegetables and
fruit) was categorized as frequent if consumed
>3 times/week and infrequent if consumed <3
times/week (Nur, 2008).

Respondents” food consumption quality
was assessed based on the total score of the FFQ.
Scores were determined based on the frequency
of consumption of each food group. A score of
50 was given for consumption >3 times per day,
25 for 1 time per day, 15 for 3-6 times per week,
10 for 1-2 times per week, 5 for 2 times per
month, and 0 for never consumption (Nababan
& Nurdin, 2023). The food consumption score
reflects the diversity of a subject’s dietary intake
in a one-month period. The quality of a subject’s
food consumption was categorized into three
categories: low (FFQ score <611), adequate
(FFQ score 611-1114), and good (FFQ score
>1114). Anthropometric measurements were
conducted usingan ONEMED digital scale with
an accuracy of 0.1 kg for weight and a SECA
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stadiometer with an accuracy of 0.1 cm for
height. Body mass index (BMI) was calculated
by dividing weight (kg) by the square of height
(m?) and then categorized based on the WHO
standards Z score for adolescents.

Hemoglobin levels were measured using
an EasyTouch® GCHb hemoglobin meter
using the reflective photometry method using
capillary blood samples from the fingertip.
The examinations were performed by trained
medical personnel. Based on World Health
Organization (2024) criteria, hemoglobin levels
<12.0g/dLingirlsand boysaged 12-14 years and
<13.0 g/dL in boys aged 15 years and older are
categorized as anemia. The collected data were
then cleaned and coded. Data were analyzed
using IBM SPSS Statistics version 30 for MacOS.
Descriptive analysis was used to display the
distribution of respondents. Comparison of
average hemoglobin levels between male and
female adolescents was analyzed using the
independent t-test. The correlation between
anemia (yes/no) and categorical variables was
analyzed using the Chi-square test, where if
the conditions are met (there is an expected
count of less than 5 in more than 20% of cells),
otherwise the analysis is carried out using
Fisher’s Exact Test or Kolmogorov-Smirnov
Test. A multivariate test was conducted with
simple logistic regression. A p-value <0.05 was
considered statistically significant.

The selected genes were subjected to
a protein—protein interaction (PPI) network
analysis using the STRING database (https://
string-db.org/ ) with a minimum interaction
confidence score set at >0.4. The resulting
interaction network was imported and
visualized in Cytoscape (version 3.10.4) (https://
cytoscape.org/ ). To identify the most critical
genes within the network, the CytoHubba
plugin was employed, ranking the top 10 hub
genes based on the Maximum Clique Centrality
(MCC) algorithm. To explore the functional
relevance of the identified genes, Gene Ontology
(GO)  (https://www.geneontology.org/) and
Kyoto Encyclopedia of Genes and Genomes
(KEGG)  (https://www.genome.jp/kegg/ )
pathway enrichment analyses were performed.
These analyses were conducted using ShinyGO
version 0.85 (https://bioinformatics.sdstate.
edu/go/ ), focusing on the enriched biological
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processes, cellular components, and molecular
functions associated with iron metabolism. An
FDR threshold of 0.05 was applied to determine
statistical significance.

Result and Discussion

Table 1 shows a comparison of the
characteristics of adolescents who were not
anemic and those who were anemic. Most
respondents were female, with an average age
of 14.25 + 1.68 years. The analysis showed
a significant difference by gender (p =
0.004). Female adolescents were more likely
to experience anemia (11.1%) than male
adolescents (4.5%). This condition may be
caused by blood loss during menstruation and
increased iron requirements during growth
(Wulandari et al., 2025). These findings are
consistentwith previousstudies, whichindicated
that adolescent girls are more vulnerable to
iron deficiency anemia. This vulnerability

Table 1. Participants Characteristic

arises not only from blood loss but also from
the genetic regulation of iron absorption and
distribution (Arifah et al., 2025). In females,
the expression of the HAMP gene, which
modulates the hormone hepcidin, tends to rise
due to hormonal factors (Greenwood et al.,
2023), potentially obstructing iron absorption
via SLC11A2 and its release through SLC40A1
(Prajapati et al., 2024). This renders teenage
girls more vulnerable to iron insufficiency,
despite  comparable food consumption
(Stubbendorft ef al., 2025). Besides, this result
also demonstrates the need to integrate gender
aspects into nutrition education and anemia
counseling. This gender-based counseling
should be conducted routinely in boarding
schools to raise awareness of more vulnerable
women and ensure their adherence to iron
supplementation.  Furthermore, boarding
school menus should also be gender-sensitive,
as women require higher levels of iron.

Characteristic Non-Anemic n (%) Anemic n (%) p-Value
Age (years) Mean + SD = 14.25 + 1.68 (range 12-18)

Gender 0.004"
Male 96 (48.2) 9 (4.5)
Female 72 (36.2) 22 (11.1)

BMI category 1.000
Thinness (Z < -2 SD) 4(2.0) 1(0.5)
Normal (=2 SD < Z < +1 SD) 121 (60.8) 23 (11.6)
Overweight (+1 SD < Z < +2 SD) 21(10.6) 5(2.5)
Obesity (Z > +2 SD) 22 (11.1) 2 (1.0)

Mother’s education 1.000
Elementary 2(1.0) 0(0.0)
Junior High 11 (5.5) 4(2.0)
Senior High 95 (47.7) 17 (8.5)
College/University 60 (30.2) 10 (5.0)

Father’s education 1.000
Elementary 3(1.5) 0(0.0)
Junior High 8 (4.0) 1(0.5)
Senior High 80 (40.2) 16 (8.0)
College/University 77 (38.7) 14 (7.0)

Mother’s occupation 0.998
Housewife 101 (50.8) 21 (10.6)
Private sector 27 (13.6) 1(0.5)
Trader 16 (8.0) 3(1.5)
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Characteristic Non-Anemic n (%) Anemic n (%) p-Value
Laborer 4(2.0) 1(0.5)
Teacher/Lecturer 20 (10.1) 5(2.5)
Father’s occupation 1.000
Private sector 87 (43.7) 14 (7.0)
Trader 41 (20.6) 8 (4.0)
Farmer 2 (1.0) 0(0.0)
Laborer 23 (11.6) 5(2.5)
Teacher/Lecturer 15 (7.5) 4(2.0)
Breakfast habit 0.262
Frequent 49 (24.6) 6 (3.0)
Infrequent 119 (59.8) 25(12.6)
Snack frequency 0.124
Frequent 57 (28.6) 15 (7.5)
Infrequent 111 (55.8) 16 (8.0)
Fast food consumption 0.767
Frequent 134 (67.3) 24 (12.1)
Infrequent 34(17.1) 7 (3.5)
Fruit/Vegetable consumption 0.343
Frequent 66 (33.2) 15 (7.5)
Infrequent 102 (51.3) 16 (8.0)
Food Frequency Questionnaire (FFQ) 0.017 "
Low (score < 661) 101 (50.8) 28 (14.1)
Adequate (score 661-1114) 50 (25.1) 3(1.5)
Good (score > 1114) 17 (8.5) 0(0)
Tea/Coffee consumption <0.001"
Yes 69 (34.7) 24 (12.1)
No 99 (49.7) 7 (3.5)

Source: Primary Data, 2025

Diet quality, measured using the Food
Frequency Questionnaire (FFQ), showed
significant results (p = 0.017). Adolescents
with low FFQ scores (<661) had the highest
proportion of anemia (14.1%), while there were
no cases of anemia in the group with good FFQ
scores (>1114). These findings suggest that the
better the dietary quality, the lower the risk
of anemia. A diverse diet provides sources of
iron, protein, and vitamin C, which play a role
in hemoglobin formation and iron absorption
(Piskin et al., 2022). Food diversity aligns with
Indonesias general guidelines for balanced
nutrition. To meet the body’s nutritional needs,
it is important to eat a variety of foods, such
as carbohydrates, protein, vegetables, fruit,
fat, dairy products, and water (Ariesaka et al.,
2025). The Indonesian Ministry of Health has
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also put together a list of excellent nutrition
guidelines under the phrase “Isi Piringku”
(fill my plate). Isi Piringku talks about a lot
of different things, such as the many kinds of
cuisine that people should eat every day, like
side dishes, fruits, vegetables, and staple foods.
In addition to eating a variety of foods, it is
also a good idea to drink eight glasses of water
a day, exercise for 30 minutes a day, and wash
your hands with soap (Ministry of Health of
the Republic of Indonesia, 2019). In terms of
balanced nutrition education, boarding schools
need to implement structured meal planning
by paying attention to the intake of animal
protein, green leafy vegetables, and fruits rich in
vitamin C (Nahdyah et al., 2025). These results
also align with a previous study, which found
that diverse food consumption is associated
with better hemoglobin levels in adolescents
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Table 2. Multivariate Analysis of Factors Associated with Anemia

Variables Coefficient (B) p-value OR (95% CI)
Step 1
Gender (Female) 1.836 <0.001 6.269 (2.378 - 16.523)
Snack consumption (Frequent) 0.423 0.353 1.527 (0.625 - 3.732)
FFQ (Adequate vs Low) -1.652 0.014 0.192 (0.051 - 0.720)
FFQ (Good vs Low) -19.649 0.998 ~0.000 (—)
Tea/Coffee consumption (Yes) 2.009 <0.001 7.457 (2.716 — 20.474)
Constant -3.674 <0.001 0.025
Step 2
Gender (Female) 1.886 <0.001 6.595 (2.510 - 17.327)
FFQ (Adequate vs Low) -1.694 0.012 0.184 (0.049 - 0.687)
FFQ (Good vs Low) -19.588 0.998 ~0.000 (—)
Tea/Coffee consumption (Yes) 2.019 <0.001 7.532 (2.747 - 20.649)
Constant —-3.531 <0.001 0.029

Source: Primary Data, 2025

(H. Li et al., 2025). The impact of dietary
diversity on anemia occurs more through the
role of supporting and inhibiting nutrients in
absorption (Cai et al., 2023). Vitamin C, for
example, facilitates the reduction of Fe’* to
Fe** by CYBRD1 (Lane et al., 2015), thereby
increasing the availability of non-heme iron
for transport by SLC11A2 (Fisher & Nemeth,
2017).

Tea and coffee consumption showed a
highly significant association with anemia (p
< 0.001). A total of 12.1% of adolescents who
consumed tea or coffee experienced anemia,
compared to only 3.5% in the non-consumer
group. These results indicate that the habit
of drinking tea or coffee is a significant risk
factor for anemia, as has been demonstrated
in previous studies (He & Chen, 2024; Lee
et al., 2023; Wartiningsih et al., 2024). Over
the years, more and more people have started
drinking coffee. This is mostly because of
how it tastes and how it makes you feel, not
because of its nutritional value (Samoggia &
Riedel, 2019). People of all ages, from teens
to adults, now prefer coffee over other drinks.
But drinking coffee can raise the risk of lower
hemoglobin levels, which can lead to anemia
(Nanri et al., 2023). In Indonesia, it is a long-
standing cultural tradition to serve tea instead
of water at breakfast or as an afternoon snack.
This habit indirectly causes anemia by making
it harder for the body to absorb iron because
it has polyphenols and tannins in it. Caffeine,

which is in all kinds of coffee beans and tea,
can make it harder for the body to absorb iron
(Rodak et al., 2021). Caffeine can lower blood
hemoglobin levels, thereby impairing the body’s
ability to store and deliver oxygen to the lungs
and other parts of the body. Polyphenols such
as tannins and chlorogenic acid can bind to
non-heme iron and form insoluble complexes,
thus inhibiting iron absorption in the intestine
(Scarano et al., 2023).

Multivariate logistic regression analysis
showed that gender, diet quality (FFQ), and tea/
coffee consumption were the most influential
factors in anemia. Women were 6.6 times more
likely to develop anemia than men (AOR =
6.595; 95% CI 2.510-17.327). Adequate diet
quality acted as a protective factor, reducing
the risk of anemia by 82% (AOR = 0.184; 95%
CI 0.049-0.687). Conversely, tea and coffee
consumption increased the risk of anemia more
than sevenfold (AOR = 7.532; 95% CI 2.747-
20.649). These results demonstrate a consistent
relationship between dietary behavior and
the biological regulation of the iron transport
system.

To explore the molecular basis,
bioinformatics analysis of genes involved in
iron metabolism was performed on several
candidate genes related to iron homeostasis.
A protein-protein interaction (PPI) analysis
was performed using the STRING database
to determine the 10 most influential genes,
including SLC1142, TFRC, FTHI, FTL,
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Figure 1. Protein-protein interaction (PPI) network of the iron metabolism-related genes. Node
colors represent the ranking order (from red = highest rank to white = lowest rank).

HAMP, SLC40A41, IREB2, ACOI, CYBRDI,
and STEAP3 (Figurel). These genes were then
used in GO and KEGG enrichment analyses to
identify the dominant biological pathways.
Gene Ontology (GO) analysis confirmed
these results. In the Biological Process (BP)
aspect, key genes play a role in iron ion
transport, iron homeostasis, and the response
to iron ions (Figure 2A). This activity indicates
that the body’s system actively maintains
stable iron levels through cellular and systemic
mechanisms. Wheniron intake islow (low FFQ),
this system fails to adapt, leading to impaired
transport and inefficient accumulation of Fe’®
for hemoglobin synthesis. In the Molecular
Function (MF) aspect, dominant activities
include iron-responsive element binding,
oxidoreductase activity, and ferrous iron
transporter activity (Figure 2B). This function
confirms the role of proteins such as CYBRD1
and STEAP3 in maintaining the reduced
form of iron for utilization by SLC11A2. This
activity may decrease when dietary antioxidant
consumption is low, or when polyphenols from
tea/coffee predominate, as they compete at the
enzymatic level. In the Cellular Component
(CC) aspect, most genes are localized to
the brush border membrane, autolysosome,
and secondary lysosome (Figure 2C). These
locations represent key areas for iron uptake
and recycling from senescent erythrocytes.
Disrupted expression in these areas can impede
iron circulation and prolong recovery time
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from anemia.

KEGG pathway enrichment analysis
revealed that the ferroptosis and mineral
absorption pathways were the most significant
(Figure 3). The ferroptosis pathway describes
iron accumulation-dependent cell death and
oxidative stress (S. Li & Huang, 2022), while
the mineral absorption pathway demonstrates
the direct involvement of transporter proteins
in the intestinal mineral absorption process
(Lu et al., 2023). These two pathways link
the mechanisms of iron deficiency due to low
intake and the inhibitory effects of tea/coffee on
the iron transport system.

SLC11A2 (DMT1) is a proton-coupled
divalent metal importer essential for intestinal
nonheme iron uptake and for releasing
transferrin-derived iron from endosomes;
loss-of-function or mistrafficking variants
cause microcytic hypochromic anemia often
with paradoxical hepatic iron accumulation
(Romero-Cortadellas ef al., 2022). DMT1 is the
principal apical transporter for dietary nonheme
Fe2+ in mature enterocytes and is essential for
postnatal intestinal iron absorption. Genetic
ablation of Slcl1a2 in mice abolishes dietary
nonheme iron uptake after birth and produces
severe systemic iron deficiency, demonstrating
that DMT1 is the dominant intestinal Fe2*
importer in vivo (Hounjet et al., 2023).

In the context of adolescent anemia, the
mechanisms mentioned above are relevant
to environmental and behavioral factors
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Figure 3. KEGG pathway enrichment of the top 10 hub genes.

that interfere with TIDM activity. Frequent
tea or coffee consumption leads to high
concentrations of polyphenols that chelate
non-heme Fe®* in the intestinal lumen, leading
to decreased iron circulation (Scarano et al.,
2023), triggering upregulation of hepcidin
reuptake inhibitor (HAMP), which suppresses
ferroportin (SLC40A1) and subsequently limits
basolateral iron export, creating a reverse cycle
that impedes iron absorption and utilization
(Pagani et al., 2019). Low dietary diversity
also mitigates anemia by reducing the intake of
essential cofactors required for optimal T1IDM
function. Enzymes such as CYBRDI and
STEAP3, which catalyze the reduction of Fe** to

Fe?* in the brush border membrane, depend on
electron donors such as vitamin C, amino acids,
and adequate protein intake (Wallace, 2016).
A diet lacking fruits, vegetables, and animal
protein limits the availability of reduced iron
and may even decrease SLC11A2 expression
through nutrient-sensitive signaling pathways.

The female gender is associated with
this molecular network due to hormonal
modulation  of  iron-regulating  genes.
Estrogen has been shown to increase hepcidin
expression, indirectly suppress ferroportin-
mediated export (Bustamante-Barrientos et
al., 2021), and may reduce feedback signals
that support T1IDM synthesis. When combined
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with menstrual iron loss and inadequate
dietary intake, these hormonal effects reduce
T1IDM inhibition at both the intestinal and
erythroid levels. Consequently, adolescent
girls experience limited bioavailable iron—
dietary inhibition, cofactor depletion, and
intrinsic hormonal regulation converging to
limit erythroid iron supply even when systemic
stores appear adequate.

Taken together, the results of this
study indicate that the incidence of anemia
in adolescents is influenced not only by
demographic factors such as gender but also
by consumption patterns and drinking habits,
which can affect iron metabolism. Statistical
analysis showed that women have a higher
risk of anemia, while a diverse diet plays a
protective role against anemia, and tea or coffee
consumption significantly increases the risk.
These results are consistent with the biological
mechanisms identified through bioinformatics
analysis, in which key genes such as SLC11A2,
TFRC, and HAMP play a central role in
regulating body iron homeostasis. PPI and
pathway enrichment analyses confirmed that
the main pathways involved are ferroptosis,
mineral absorption, and porphyrin and iron
metabolism, which are functionally closely
linked to the processes of hemoglobin formation
and iron transport in tissues.

This study is not without limitations. First,
the cross-sectional study design cannot confirm
a causal relationship between dietary patterns,
tea or coffee consumption, and the incidence of
anemia. The relationship found is associative,
so longitudinal research is needed to determine
the direction of the relationship. Second, the
assessment of diet quality using the FFQ relies
on respondents’ memory, so the potential for
recall bias is unavoidable. Third, anemia was
measured solely based on hemoglobin levels
without analysis of serum iron status, ferritin,
or inflammatory markers, which could provide
a more comprehensive picture of the body’s iron
status. Furthermore, although bioinformatics
analysis successfully identified key genes
involved in iron metabolism, these results are
still predictive and theoretical in nature and
need to be validated through gene expression
assays or in vivo protein analysis.
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Conclusion

Anemia in adolescents is influenced
by biological and behavioral factors, namely
female gender, low diet quality, and tea or coffee
consumption habits. In addition, bioinformatics
analysis supports these findings by identifying
key genes such as SLC11A2, TFRC, and HAMP,
which are involved in the ferroptosis pathway
and mineral absorption, thus explaining the
molecular mechanisms that link dietary habits
to iron metabolism. These findings indicate
the importance of gender-based nutrition
education, increasing the diversity and intake
of iron-rich foods, and reducing tea or coffee
consumption at mealtimes.
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