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to Improve Iron Bioavailability in
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Abstract:

Background: Anaemia remains a major prevalent public health concern among
adolescent girls globally, driven by increased physiological needs during growth
and menstruation, inadequate intake of iron, folate, and vitamin B2, and socio-
economic constraints. These micronutrients are key components in oxygen
transport, immune regulation, and cell proliferation and their deficiency during
adolescence can compromise immune function, impair growth, and increase
long-term reproductive risks. Addressing adolescent micronutrient deficits
ensures long-term health. This narrative review synthesises current evidence on
sustainable, locally sourced dietary approaches to enhance the iron status in
adolescents, with a specific focus on enhancing the bioavailability of non-haem
iron from plant-based foods.

Methods: We searched PubMed, Scopus,Web of Science,and Google Scholar for
peer-reviewed literature (January 2000 — December 2025) regarding adolescent
iron deficiency, non-haem bioavailability, and food system nutrition interventions.

Results: Vitamin C and carotenoids are potent enhancers of non-haem iron
absorption. To optimise a plant-based diet, consuming three to four iron-rich
meals or snacks daily alongside concurrent vitamin C enhancers is recommended.
Sustaining this dietary pattern for three to six months is typically required to
observe measurable increases in haemoglobin and iron stores. Given the global
rise of plant-based diets and the prevalence of lacto-vegetarianism in India,
vitamin B2 deficiency is highlighted as a frequently underdiagnosed contributor
to anaemia, with dairy foods and fortified products recommended as accessible
dietary sources.

Conclusions: Overall, locally grounded, sustainable, bioavailability-focused dietary
interventions represent a practical and environmentally responsible strategy to
enhance adolescent health and reduce the burden of anaemia.

Keywords: adolescent health; iron-deficiency anaemia; dietary intervention;
food-based ap-proaches;iron bioavailability; micronutrient deficiency.
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Main Message

Preventing adolescent anaemia requires more than increasing iron intake. Sustainable dietary
practices that enhance iron bioavailability through locally available foods, appropriate meal
combinations, and traditional food preparation methods provide a realistic, long-term solution
that complements supplementation while supporting both human and environmental health.

Introduction

Anaemia remains a major global public health challenge despite decades of intervention efforts
demonstrating positive outcomes in controlled settings, particularly through iron supplementation,
food fortification and nutrition education.' However, population-level success has been limited by
barriers such as poor adherence, gastrointestinal side effects, resource constraints, economic
disparities and inequities in access. As a result, anaemia prevalence continues to rise alongside
population growth, contributing to increased morbidity and mortality in women and children,
reduced productivity in adults, and impaired cognitive and behavioural development in young
children.? Adolescent girls are especially vulnerable due to rapid growth, menstrual onset and
common dietary inadequacies, placing them at heightened risk of iron-deficiency anaemia, which
affects cognitive function, work capacity, immunity and future pregnancy outcomes. Thus, the
growing burden of anaemia, particularly amongst reproductive-aged women (15 to 49 years), has
underscored the necessity to develop complementary and sustainable solutions that can be easily
incorporated into everyday food habits over a long duration (Figure 1).'?

Figure |. Sustainable nutrition cycle for adolescent well-being'
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These persistent challenges in conventional strategies have led to a growing interest in long-
term, food-based solutions. Sustainable dietary approaches prioritise nutritional adequacy,
affordability, cultural relevance and environmental responsibility, aiming to improve individual
health while supporting ecosystem integrity. Within this context, plant-based foods represent a
promising source of dietary iron, particularly when aligned with local food systems that enhance
micronutrient intake and build food system resilience. However, the bioavailability of non-haem
iron from plant sources is often low due to dietary inhibitors, reinforcing the need for strategies
to enhance iron absorption, such as including vitamin C-rich foods, carotenoids, traditional food
preparation methods, and appropriate meal combinations.

This narrative review explores sustainable dietary patterns as a complementary approach to
reducing anaemia, with a focus on enhancing non-haem iron bioavailability in adolescents. The
review examines evidence on local, plant-based foods, traditional food processing and dietary
diversification, considering their potential to improve iron status, support long-term health
outcomes, and contribute to sustainable nutrition frameworks.

Materials and Methods

This narrative review was based on a thorough literature search for relevant studies published
between January 2000 and December 2025. Computerized searches of primary electronic
databases (PubMed, Scopus, Web of Science and Google Scholar) were performed for peer
reviewed literature on adolescent anaemia, iron deficiency, iron bioavailability, sustainable diets
and local food system-based nutrition strategies. The search strategy used various keyword

LR T LT

combinations and Boolean operators, including “adolescent anaemia,” “iron deficiency,” “iron
9 ¢ Y ¢ 9 ¢

bioavailability,” “non-haem iron,” “plant-based diets,” “sustainable nutrition, “local food systems,’
“dietary diversification,” and “nutrition education.”

Database filters were used to limit results by publication type, language, and relevance to human
nutrition and public health. Eligible studies included original research articles, systematic reviews,
meta-analyses, and authoritative reports from international health agencies on dietary approaches,
food-based interventions, traditional food processing strategies, or sustainability-oriented practices
focused on improving iron status among adolescents. Emphasis was given to evidence on factors
affecting non-haem iron absorption, dietary enhancers and inhibitors, nutritionally favourable
traditional eating patterns and environmentally sustainable models of nutrition.

Exclusion criteria were conference abstracts, case reports, opinion papers, non-peer-reviewed
articles and articles published in a language other than English. Studies in animals and research
not directly pertinent to adolescent nutrition or iron were also excluded. Reference lists of
included articles were manually searched to identify potential additional studies. The included
literature was qualitatively synthesised to generate a holistic understanding of sustainable, locally
produced dietary strategies that can be utilised to increase the bioavailability of dietary iron
among adolescents. This systematic methodological approach adds to the rigour and credibility of
the review by reducing selection bias and provides a sound basis for assessing sustainable diets
with respect to adolescent health and anaemia prevention.
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Anaemia

One-quarter of the global population is affected by anaemia.® Anaemia is a serious global public
health ailment affecting both developed and developing countries, with young children (0-5 years),
women of childbearing age and pregnant women a greater risk.* In 2021, anaemia affected over
1.9 billion people worldwide, an increase of 420 million cases over the past three decades.’
The Global Burden of Diseases, Injuries and Risk Factors Study (GBD) estimated that anaemia
accounts for 52 million years lived with disability in 2021.3

Despite multiple global health efforts, little progress has been observed in some population groups.
For example, anaemia prevalence among women of reproductive age remains high at 30%, with
rates showing minimal changes over the last two decades.®* Consequently, the WHO has extended
its target to reduce the prevalence of anaemia by half in women of reproductive age by 2030.°

Iron deficiency anaemia (IDA) is the most common form of anaemia, accounting for approximately
half of all anaemia cases globally,* and it is the leading cause of morbidity in women.® In adults,
IDA can lead to adverse outcomes such as reduced physical capacity, impaired thermoregulation,
immune dysfunction, gastrointestinal disturbances and cognitive impairment.” The second most
common cause of anaemia is anaemia of chronic diseases associated with conditions such as cancer,
chronic kidney disease, congestive heart failure, human immunodeficiency virus and rheumatoid
arthritis, leading to diminished quality of life and increased mortality.®

In pregnancy, anaemia is associated with serious maternal and foetal complications, including
preterm labour, intrauterine growth restriction, stillbirth, infections, and maternal and neonatal
mortality.>* Nutritional deficiencies of folate and vitamins B2 also contribute to anaemia, most
commonly due to inadequate dietary intake. Less frequently, deficiencies in vitamins A and E,
thiamine, pyridoxine, and copper have also been identified as causes of anaemia.'®

Anaemia in Adolescence

Anaemia can significantly affect adolescents’ growth and development. It is associated with
developmental delay, learning difficulties, reduced concentration, diminished physical fitness and
decreased productivity'' (Figure 2). Causes of anaemia in adolescence include poor diet, poverty,
increased iron requirements due to physiological changes of rapid growth, intestinal worm
infection, blood loss (particularly from heavy menstrual bleeding) and early conception.'?

Adolescent females are particularly vulnerable due to increased physiological demands and the
onset of menstruation.'?> Other contributing factors include rural residence, low socioeconomic
status, underweight status, and early menarche.'* Social influences (such as marketing, sponsorship,
advertising and peer-pressure) also shape dietary behaviours, often promoting higher intake of
convenient, processed, and fast foods.'*
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Figure 2. Physiological and functional consequences of anaemia''
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Role of Nutrition in Anaemia and Haem Synthesis

Nutrition plays a central role in haemoglobin formation and red blood cell maturation, both of
which are essential for effective oxygen transport.'® Haemoglobin is the oxygen-carrying protein
within red blood cells, supporting energy delivery throughout the body; when production is
compromised, individuals may experience fatigue, weakness and shortness of breath.'”

Iron, vitamin Bl2 and folate are integral to haem synthesis and erythropoiesis, contributing
to processes such as DNA replication, cell proliferation, and haemoglobin assembly. Other
micronutrients, including zinc, copper, and vitamin A, also support red blood cell development,
immune function and overall cell function.'® Iron, in particular, plays a critical role in DNA synthesis,
energy production, and immune function.'”

While iron deficiency is the most common form of nutrition-related anaemia, insufficient intake
of vitamin B12 and folate gives rise to megaloblastic anaemia, characterized by the production of
abnormally large, immature red blood cells that are structurally defective, prone to premature
destruction, and unable to carry oxygen effectively.'® In megaloblastic anaemia, impaired DNA
synthesis interrupts the normal cell division during erythropoiesis, which results in red blood cells
with reduced oxygen-carrying capacity despite their enlarged size.'®* Consequences include fatigue,
impaired cognition, and other neurological symptoms, overlapping considerably with those of iron
deficiency anaemia, which underscores the importance of a holistic, multi-nutrient approach to
anaemia prevention.
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Adolescents on vegetarian or vegan diets are at a higher risk of vitamin B12 deficiency,as it is found
almost exclusively in animal-sourced foods such as meat, fish, eggs, and dairy products. In India,
where lacto-vegetarianism is embedded across diverse cultural and socioeconomic demographics,
B12 deficiency represents a clinically significant and often underdiagnosed contributor to anaemia
in adolescents.”” The concern of BI2 deficiency extends beyond South Asia, with increasing

2l For these

frequency documented among adolescents adopting plant-based diets globally.
adolescents, dairy foods such as milk, curd and paneer remain the most accessible and culturally
appropriate dietary Bl2 sources; two to three servings of dairy per day can help adolescents
achieve the recommended intake of 2.2 pg/day.22 If dairy consumption is limited or absent, either
B12-fortified foods or low-dose supplementation should be considered as part of a comprehensive

anaemia prevention strategy.

Folate is found in dark leafy greens, legumes, and whole grains and is equally essential for red blood
cell maturation, particularly important during periods of rapid growth, such as adolescence.?
The risk of megaloblastic anaemia is compounded by inadequate folate intake, which is further
aggravated by poor dietary diversity and the growing global trend of processed food dependency
among adolescents.'> Promisingly, numerous indigenous plant-derived foods highlighted in this
review, such as moringa, amaranth leaves, spinach, lentils and chickpeas, are rich in folate and iron,
addressing multiple micronutrient deficiencies simultaneously through dietary diversification.

Thus, these nutritional interdependencies highlight that effective anaemia prevention in adolescents
requires attention to the full spectrum of haematopoietic nutrients (iron, vitamin Bl2 and folate,
and supporting micronutrients), rather than focusing on iron alone.

Bioavailability and Factors Affecting Iron Absorption

Two forms of dietary iron exist: haem and non-haem iron. Haem iron, found in animal products
such as meat, poultry and fish, is absorbed more efficiently than non-haem iron from plant
sources such as leafy greens, legumes, grains, nuts, seeds and fortified foods. Bioavailability refers
to the proportion of a nutrient that is absorbed and utilised by the body from the digested food.
Improving intestinal iron bioavailability ensures that the maximum amount of iron is absorbed by
the body, preventing iron deficiency anaemia.?*

Non-haem iron absorption rates are typically <10%, compared with 25-30% for haem iron, due
to greater sensitivity of non-haem iron to dietary modifiers and the individual’s iron status.?*
Ascorbic acid (vitamin C), found in citrus fruits, bell peppers and tomatoes and animal proteins
enhance non-haem iron absorption, while phytic acid, polyphenols, calcium and oxalic acid act
as inhibitors (Figure 3).2* Consequently, tea and coffee should be avoided with meals, and large
amounts of calcium-rich dairy should be limited during iron-rich meals to protect non-haem iron
absorption.
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Figure 3. Nutritional factors influencing iron absorption?*
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Carotenoids (provitamin A), known for their antioxidant and anti-cancer properties, have also
been demonstrated to improve iron absorption, tripling absorption from cereals such as rice-
based meals and nearly doubling absorption from wheat- and corn-based meals.?? Carotenoid-
rich foods include carrots, sweet potatoes, squash, spinach, kale and broccoli.

Common Treatment Options

Oral iron supplementation is the first-line treatment for iron deficiency anaemia and is effective
at replenishing iron stores and relieving symptoms. However, it frequently causes gastrointestinal
side effects, leading to poor compliance.

A recent systemic meta-analysis concluded that iron fortification can improve haemoglobin levels
in adolescent girls.”’ The greatest improvement was observed in a study using iron-fortified soy
sauce, while the smallest effect was reported with iron-fortified rice; however, most interventions
were short-term (12-24 weeks), providing insufficient time to determine sustainability. Nutrition
education has also been highlighted as crucial in preventing micronutrient deficiencies in
adolescents.”® Education empowers adolescents with the knowledge and skills needed to make
informed food choices, able to prioritise nutrient-rich foods and understand the importance of
adequate nutrition for growth and wellbeing. Nutrition education can also address misconceptions
and cultural beliefs, reduce reliance on processed and convenience foods, and promote healthier
eating behaviours that establish positive dietary patterns into adulthood.



Awareness, Vol 3, Issue 2: Pages 63-77

Alternative Dietary Approaches Through Sustainable Eating

Despite extensive public health strategies, progress in reducing anaemia prevalence, particularly
among women of reproductive age, remains limited. Sustainable diets promote health and wellbeing
with low environmental impact and prioritise affordability, cultural acceptability, and the utilise
local, natural resources.

To address anaemia, dietary patterns emphasising nutrient-dense foods and strategies to maximise iron
absorption should be considered as sustainable alternatives to supplementation and food fortification.
Sustainable diets also align with multiple Sustainable Development Goals (SDGs), including:

* SDG 2 (Zero Hunger): improving food security and nutrition
* SDG 3 (Good Health): reducing malnutrition and disease

* SDG 12 (Responsible Consumption): reducing food waste and promoting efficient use of local
resources

* SDG I3 (Climate Action): lowering carbon footprint and greenhouse gas emissions through
the consumption of locally sourced food

Achieving these goals requires strong nutrition education to build sustainable food systems and
reduce food waste.””? The World Health Organisation and Food and Agriculture Organization
recommend addressing micronutrient deficiencies through nutrition education, food fortification,
supplementation and dietary diversification. Sustainable eating also supports long-term dietary
patterns based on health, economic and socio-cultural considerations.*

Ahealthy vegetarian dietary pattern rich in nutrient-dense whole plant foods such as fruit,vegetables,
grains, legumes, nuts and seeds provides essential fibre, vitamins, minerals and antioxidants, which
can reduce the burden of hon-communicable diseases such as cardiovascular disease, cancer and
diabetes. Such diets are also socially desirable, environmentally beneficial, supporting sustainable
and resilient food systems.

Nutrient Enhancement Through Recipe Adaptation

To support dietary diversification through sustainable eating, recipe adaptation should reflect local
dietary patterns and culinary traditions to align with the cultural diet. Kaur et al.*' reported that
iron-rich, plant-based foods that are inexpensive, traditional and locally available are increasingly
underutilised due to the rising trend towards consumption of processed and convenient foods.
The authors also emphasised that these plant-based foods, once part of a traditional diet, are
highly nutritious and offer health benefits beyond reducing anaemia.

Examples of iron-rich plant-based foods include cereals and millets (such as ragi or finger and bajra
or pearl millet and buckwheat), pulses (such as chickpeas, lentils and soybeans), dark leafy greens
(such as beet greens, broccoli, kale, moringa and amaranth leaves and spinach), dried fruits (such
as apricots, dates, figs and raisins), and various nuts and oilseeds (such as almonds, cashews, hemp,
flaxseed, Niger seeds, pine nuts, pistachios, pumpkin seeds, and sesame seeds). Table | presents
a selection of adolescent-friendly dishes using locally available ingredients with estimated iron
content per serving and percentage contribution to the recommended daily allowance (RDA) for
girls. Examples of adolescent-friendly dishes include millet-based breakfast porridge and pancakes
such as ragi or spinach and lentil pancakes, stuffed roti, pulses (beans and lentils) added to soups,
leafy greens such as spinach and kale added to curries, parathas, salads, and fruit smoothies, and
nut- and dried fruit-based energy balls or laddus.
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Table |. Estimated iron content of adolescent-friendly dishes per common serving

. Key iron-rich . . . %RDA (adolescent girls
Dish . . Serving size Estimated Iron (mg)
ingredients 30mg/day*)
Ragi / finger Finger millet, ]
millet porridge fortified milk | cup (240ml) 38-4.2 ~13%
Moringa dal (lentil M dal,
oringa dal (lenti 300T C2h || bowl (200g) 5.5 6.0 ~19%
soup) moringa leaves
Spinach chick Chickpeas,
pinach chicipea MNP I cup (150g) 40-50 ~15%
curry spinach
Rajma (kid Kid
ajma (kidney aney | plate (200g) 3.5-45 ~13%
bean) rice beans,rice
S i S ds,
CoAME JAGEETY | S€SAME SEEES: | 5 palls (~40g) 30-35 ~11%
energy balls jaggery
Garder? cress seed Gardeh =S piece (~40g) 5070 0%
(Halim) laddu seeds, jaggery
A th
Amaranth leaf maran 2 parathas
leaves, whole 42-50 ~15%
paratha (~100g)
wheat
Bai - ;
ajra (pearl millet) Pearl millet 2 pancakes 2530 ~9%
pancakes flour (~80g)

*RDA: Recommended Dietary Allowance; Average RDA value used; age-specific values
are 28mg/day for 10 — 12 yr girls, 30mg/day for |3 — |5 yr girls,and 32mg/day for 16 — 18
year girls22; Iron content estimated from Indian Food Composition Tables32; Actual
content may vary with preparation methods, ingredient quality and regional variations.

Achieving measurable improvements in haemoglobin levels and iron stores necessitates consistent,
long-term adherence to dietary modifications. The recommended intake of 28-32 mg/day for
adolescent girls® is nutritionally demanding and cannot be achieved without deliberate and
consistent meal planning. Every meal must be strategically planned to maximise both iron content
and bioavailability. Consuming at least three to four iron-rich meals and snacks is therefore
necessary but not sufficient. Each meal must also incorporate enhancers such as vitamin C-rich
accompaniments, including fruit juice, sliced tomato or a squeeze of lemon juice, which can increase
non-haem iron absorption by two to threefold.?*

Concurrently, known absorption inhibitors such as tea, coffee and excessive calcium intake should
be avoided during and immediately following iron-rich meals. Every meal is therefore critical,
as systematically maximizing bioavailability across all daily eating occasions yields a cumulative
effect that ensures the long-term efficacy needed to achieve recommended nutrient benchmarks.
Whilst iron supplementation can produce measurable haemoglobin responses within two to
three months, food-based interventions typically require a minimum of three to six months of
consistent adherence to observe meaningful haemoglobin improvements, with serum ferritin
stores requiring six to twelve months to rebuild adequately."?” To accurately monitor the efficacy
of these interventions, a combination of haemoglobin and serum ferritin should be used, as this
dual approach provides the highest sensitivity for tracking the recovery of functional iron and



Awareness, Vol 3, Issue 2: Pages 63-77

underlying cellular stores.>¢ Ultimately, sustaining these dietary habits into long-term lifestyle
patterns beyond |2 months is essential to maintain iron balance and prevent regression of iron
stores over time.

Vitamin C enhances non-haem iron absorption by converting iron from ferric (Fe**) to ferrous
(Fe*) iron, forming a soluble chelate in the duodenum that counteracts inhibitors such as tea
and calcium.® This enhancing effect is dose-dependent and is most effective when vitamin C
is consumed simultaneously with iron-rich foods (Figure 4).2* Therefore, incorporating vitamin
C-rich foods such as citrus fruits (lemons and oranges), tomatoes, and bell peppers into iron-
containing meals can significantly improve dietary iron bioavailability. Practical recipe adaptations
to enhance iron absorption include adding fresh lemon juice to curries and serving iron-rich meals
with salads containing leafy greens and tomatoes, complemented by a squeeze of lemon juice, a
citrus-based dressing, or vitamin C-rich chutneys. Additionally, fresh fruits or freshly prepared
fruit juices, such as papaya, mango, and oranges, can be consumed alongside meals to enhance
non-haem iron absorption. Likewise, incorporating vitamin A-rich foods such as carrots and sweet
potatoes into everyday recipes may further improve iron bioavailability. These nutrient-dense
foods also serve as convenient and healthy snack options for adolescents.

Traditional food preparation methods such as soaking, sprouting, germination, fermentation and
cooking can reduce antinutrients (such as phytate), increasing mineral bioavailability.>* For example,
soaking and germinating garden cress, wheat and finger millets significantly reduces phytic acid
content.’® Cooking with iron cookware, such as cast iron and ingots, can also increase iron content
by leaching iron into food, increasing the iron content of foods by at least 16%.3¢%

Figure 4. Strategies for enhancing iron absorption?*
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Although improving dietary diversity and quality is essential for anaemia prevention, cost and
limited access to iron-rich foods such as animal protein, fruit, and vegetables remain major
barriers. While dietary diversification offers a sustainable long-term solution, the behavioural
changes required may take time. In contrast, supplementation and food fortification can have a
more immediate impact on iron status. However, adherence to iron supplementation is often low
among adolescent girls due to factors such as personal attitudes and social factors, including a lack

of family and peer support.’®

Conclusion

Anaemia continues to pose significant public health implications due to its complex and
multifactorial nature. Adolescents, particularly females, are at increased risk due to dietary
limitations, physiological iron requirements, and the onset of menarche. Previous strategies have
provided some benefits; however, they have not adequately addressed the wider determinants
of dietary behaviour and nutrient intake to prevent anaemia. Beyond iron, this review highlights
vitamin B12 and folate deficiency as clinically significant contributors to anaemia, particularly
among vegetarian adolescents. Dairy foods, Bl2-fortified products, and folate-rich plant foods
should be incorporated into dietary strategies to ensure a holistic micronutrient approach to
preventing anaemia.

A sustainable dietary approach complements existing interventions by focusing on recipe
adaptation, which uses traditional preparation techniques to enhance nutrient absorption, and by
prioritising nutrient-rich plant foods that are readily available and affordable.Achieving measurable
improvements in iron status requires consuming at least three to four iron-rich meals daily, along
with vitamin C enhancers, with consistent adherence for a minimum of three to six months and
sustained beyond 12 months to prevent regression of iron stores. Sustainable food practices also
align with global developmental priorities, including environmental sustainability and food security.

This study introduces a novel perspective by shifting the focus from traditional clinical interventions
(such as supplementation and food fortification, where adherence is poor) to sustainable dietary
strategies to prevent and manage iron deficiency anaemia among adolescents.The study highlights
the potential to increase iron intake through culturally relevant recipe adaptation, traditional
food processing techniques and increased use of locally available, nutrient-dense plant foods.
It offers a long-term, food-based solution that supports environmental goals and sustainability
principles while addressing anaemia by integrating nutrition science to enhance iron bioavailability.
Therefore, the study bridges a significant research gap by combining public health nutrition with
sustainable food systems to improve adolescent health and well-being.

Future research and policy initiatives should consider how sustainable eating models could
contribute to improved health outcomes, especially for adolescents who represent the future adult
population and workforce.The findings highlight the need to encourage dietary diversity, enhance
nutrient bioavailability and recognise determinants of food choices as key elements in managing
and preventing anaemia. Specific implications include nutrition programmes that incorporate
dietary diversification and bioavailability-enhancing practices for anaemia prevention; policies that
prioritise nutrition education for adolescents and caregivers, particularly on recipe adaptation,
preparation, and the roles of enhancers and inhibitors in iron absorption; and the importance of
vitamin B12 and folate sufficiency for comprehensive anaemia prevention. Schools should serve
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as key platforms for implementing nutrition programmes and education. Government sectors of
health, agriculture, education and environment should collaborate to link nutrition outcomes with
sustainability goals (SDGs 2, 3, 12 and [3).
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