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Abstract

Purpose of Review This review provides a comprehensive overview of iron metabolism, emphasizing the influence of dietary
patterns—particularly vegetarian and vegan diets—on iron status and associated health outcomes.

Recent Findings Concerns regarding iron deficiency anemia in individuals following plant-based diets necessitate a deeper
comprehension of the factors affecting iron bioavailability and absorption. Non-heme iron, which is more abundant in plant-
based sources, poses challenges about its lower bioavailability and this could contribute to an increased risk of anemia in
these populations. However, recent studies challenge this assumption, revealing a more complex relationship between plant-
based nutrition and iron status. Additionally, emerging evidence suggests that the potential association between red meat
consumption and cancer may be partially mediated by the high intake of heme iron.

Summary This review highlights the complex dynamics of dietary iron in vegetarian and vegan diets, which, despite offer-
ing less bioavailable iron, often surpass the intake levels of omnivorous diets. The potential involvement of adaptive physi-
ological mechanisms suggests variability in non-heme iron absorption to meet nutritional requirements. While well-planned
plant-based diets can be nutritionally adequate, further research is needed to better understand their long-term effects on
iron metabolism.
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Introduction

Iron is part of the heme group of proteins, such as hemo-
globin and myoglobin, which are involved in oxygen trans-
port [1]. Also considered a hemoprotein, as catalases and
peroxidases, iron is involved in oxygen metabolism and is
part of cytochromes, a key component of cellular respira-
tion. In addition, iron is found in nonheme iron proteins,
including some subtypes of ribonucleotide reductase, which
are essential in cellular processes such as deoxyribonucleic
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acid (DNA) synthesis and cell differentiation and prolifera-
tion [2, 3].

In recent years, there has been a surge in interest in plant-
based diets, which are dietary patterns characterized by the
exclusion of foods of animal origin. Among these plant-
based diets, the vegetarian diet excludes meat and fish but
may include dairy and eggs, while the vegan diet excludes
all animal products, including meat, dairy, eggs, and honey
[4]. In these diets, iron is found as non-heme iron, which can
present challenges regarding efficient iron absorption [5].
This situation can lead to a higher risk of iron deficiency in
vegetarian and vegan individuals, especially if these diets are
not properly planned. Understanding how the bioavailability
of iron and other nutrients affects health is crucial not only
for ensuring optimal nutritional status in these individuals,
but also for informing and improving dietary and public
health recommendations.

This review aims to provide a comprehensive overview of
the current understanding of iron metabolism, focusing on
how dietary choices, including vegetarian and vegan diets,
influence iron status and health outcomes.
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Regulation of Iron Status

An average adult requires an intake of approximately 20
mg of iron daily, predominantly for erythropoiesis—syn-
thesis of erythrocytes in the bone marrow. Most of this
demand is met through a continuous recycling process
resulting from phagocytosis by macrophages of blood
cells that have completed their average lifespan, and to
a lesser extent, from food intake [6]. Approximately 1-2
mg of diet-acquired iron is needed to meet the remaining
daily requirement of this trace element [7]. This amount is
considerably lower than the dietary recommendations for
iron, as the bioavailability of iron within food is limited.
Heme (ferrous) iron is found in foods of animal origin and
non-heme (ferric) iron in foods of plant origin, with an
estimated bioavailability of 25-30% and 2-10%, respec-
tively [8]. This bioavailability considerably fluctuates
since intestinal absorption of iron is intricately regulated
and influenced by various factors.

In the intestine, dietary iron is absorbed in its heme form,
thus non-heme iron (or Fe3 +) found in plant foods must first
be reduced to heme iron (or Fe2 +) by duodenal cytochrome
B reductase (DcytB) to facilitate the uptake into enterocytes
by divalent metal transporter 1 (DMT1) [9]. Once inside the
enterocyte, ferroportin enables its entry into the bloodstream
from the intracellular [10]. Ceruloplasmin and hephaestin
facilitate the oxidation of Fe2 +to Fe3 +, which is essential
for its binding to transferrin, the primary iron transporter in
the plasma [7]. Most of the absorbed iron is transported to
the tissues that require this mineral, such as the bone mar-
row for red blood cell formation. Another fraction is used
to maintain a stable serum iron pool, while the remainder
is stored as ferritin-bound iron in tissues such as the liver
or the spleen, after reduction to Fe2 +. The dietary iron is
additional to that obtained from senescent red blood cells
degraded by macrophages. All these processes are essential
for proper body functioning (Fig. 1) [11].

Hepcidin is a hormone synthesised and secreted by hepat-
ocytes that plays a crucial role in regulating iron balance.
This hormone binds to ferroportin, leading to the internalisa-
tion and degradation of these iron transporters, thereby lim-
iting the passage of iron into the blood [13]. When plasma
iron levels are high, the body increases the production of
hepcidin, which reduces the absorption of dietary iron in
the intestines and the release of stored iron from tissues such
as the liver. Conversely, when the concentration of iron in
plasma decreases, the body triggers the opposite response.
In pregnancy, plasma hepcidin concentration decreases as an
adaptive mechanism to meet the increased iron requirements
of this stage of life. This results in higher intestinal absorp-
tion of iron and increased mobilization of stored iron, along
with elevated ferritin levels [14].
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Fig.1 Systematic iron homeostasis Adapted from Galy, Conrad, and
Muckenthaler [12]

Iron Deficiency Anemia

Anemia is a medical condition that reduces the number of
functional red blood cells, which severely compromises
their primary function of carrying oxygen throughout the
body. This prevalent condition affects 24.3% of the global
population, being especially relevant in women (31.2%)
and children under 5 years old (41.4%) [15]. Iron defi-
ciency anemia predominantly arises from substantial blood
loss, which is attributable to gastrointestinal lesions from
co-morbidities or significant menstrual bleeding. This
might also be related to impaired dietary iron absorption,
which is often due to gastrointestinal disorders like ulcera-
tive colitis or coeliac disease [16]. Pregnancy is aphysi-
ological state where iron demands escalate to support fetal
development with sufficient oxygen and nutrients. In this
situation, the risk of iron deficiency anemia surges and
could be further exacerbated by an inadequate dietary iron
intake [17]. The human body has compensatory mecha-
nisms to regulate iron levels, such as increasing intestinal
absorption or mobilizing stored iron; however, these adap-
tations may be insufficient in certain situations, leading to
iron deficiency anemia.

Major Interplay Between Anemia And Inflammation

Given that iron can influence pathogen virulence, its
role extends beyond human physiology. When a patho-
gen enters the body, it triggers an inflammatory response
mediated by macrophages releasing pro-inflammatory
cytokines such as Interleukin-6 [18]. This leads to an
increase in plasma hepcidin levels. Free plasma iron is
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stored in the body by binding to ferritin, thereby sequester-
ing it [6]. It also limits the intestinal absorption of dietary
iron, thus inhibiting the growth of pathogenic microor-
ganisms. Overall, this mechanism is known as hypofer-
remia of inflammation, which is crucial from an evolution-
ary perspective in combating infections [19]. However,
chronic inflammation may cause anemia of chronic disease
due to a sustained increase in hepcidin levels, which limits
the flow of plasma iron needed for erythropoiesis (Fig. 2).
Moreover, the high prevalence of comorbidities associated
with chronic inflammation contributes to an increase in
disease burden [20, 21].

Iron Uptake and Plant-Based Diet

The Institute of Medicine (IOM) recommends a higher iron
intake for individuals following a vegetarian or vegan diet.
Specifically, in these type of diets with limited consumption
of animal foods, the recommended daily intake of iron is
estimated at 14 mg for men and 32 mg for women of fertile
age (compared to 8 mg and 18 mg for omnivorous diets,
respectively) [23]. On the other hand, the World Health
Organization/Food and Agriculture Organization of the
United Nations (WHO/FAO) has established recommended
nutrient intakes for iron bioavailability at 9.1 mg/day for
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adult males, 19.6 mg/day for women of childbearing age,
and 7.5 mg/day for postmenopausal women [24]. Moreo-
ver, the European Food Safety Authority (EFSA) does not
consider it necessary to establish dietary reference values
for vegetarians as a separate population group, as the bio-
availability of iron in European vegetarian diets does not sig-
nificantly differ from that in diets containing meat and other
flesh foods [25]. Assessing the adequacy of dietary iron
intake is crucial for preventing conditions associated with
its deficiency, such as iron deficiency anemia. The WHO
considers hemoglobin values below 12 g/L. for women and
below 13 g/L for men as indicative of anemia [26].

Several studies have evaluated dietary iron intake and
hemoglobin levels in vegan and omnivorous individuals.
Sanders, Ellis, and Dickerson [27] analysed the hematologi-
cal status of long-term vegans (20 males and 14 females)
and found that none exhibited hemoglobin levels below the
anemia threshold, indicating adequate iron status despite the
absence of animal products in their diet.Likewise, a study
from the United Kingdom (UK) Biobank cohort found
that the prevalence of iron deficiency anemia did not differ
between individuals with a vegan diet and those who con-
sumed red or processed meat more than three times a week
[28]. This was observed across all genders and age groups,
including men, premenopausal women, and postmenopausal
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Fig.2 Role of chronic inflammation in iron homeostasis and anemia risk Adapted from Ganz & Nemeth [22]
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women. In contrast, women who followed a vegetarian diet
(which may include some animal sources of iron) had a
higher prevalence of anemia compared to those who con-
sumed a regular meat diet [28]. In the Risks and Benefits
of a Vegan Diet (RBVD) study, no differences were found
between vegans and omnivores in any of the evaluated iron
status markers [29]. In this study, iron intake was higher in
vegans (22 mg/day) than in omnivores (14 mg/day), which
may minimize the lower absorption of non-heme iron. A
similar situation has been reported in a cohort of healthy
German adults in which hemoglobin levels, mean corpus-
cular volume, mean corpuscular hemoglobin, ferritin, and
transferrin showed no differences between vegans, lacto-
ovo-vegetarians, and omnivores [30]. However, dietary iron
intake was below recommendations in all cases (7.8 mg/day
for omnivores, 9.2 mg/day for lacto-ovo-vegetarians, and
10.4 mg/day for vegans), and the use of iron supplements
was more common among vegans (20% for omnivores, 30%
for lacto-ovo-vegetarians and 48% for vegans). In addition,
a recent observational study of 94 healthy adults found no
higher prevalence of anemia in individuals following a vegan
diet (with an average intake of 21.5 mg iron/day) compared
to those following an omnivorous diet (with an average
intake of 12.6 mg iron/day) [31]. Iron deficiency anemia in
vegetarians and vegans may arise from insufficient energy
intake, which limits the consumption of adequate dietary
iron. Therefore, vegetarians and vegans must ensure suffi-
cient energy intake to meet their iron needs [32, 33].

Limitations of Ferritin In Plant-Based Diets

Regarding the diagnosis of iron deficiency anemia, ferritin
is a commonly used marker due to its relation to iron stores
[34]. It has been reported that vegetarians generally exhibit
lower ferritin levels compared to the omnivorous popula-
tion, indicating a lower content of stored iron and, therefore,
an increased risk of iron deficiency anemia [35]. Ferritin
levels typically increase in response to inflammation as a
compensatory mechanism. A vegetarian or vegan diet is
linked to lower levels of various inflammatory biomarkers,
particularly C-reactive protein [36]. The higher consump-
tion of fiber and antioxidants present in plant-based foods
may justify this phenomenon, as it leads to multiple ben-
efits including major chronic non-communicable diseases
risk prevention. Garcia-Maldonado et al., [37] found no
significant differences in hemoglobin or mean corpuscular
hemoglobin, but omnivorous participants had higher ferritin
levels than vegans.This study did not evaluate inflamma-
tory status, which could have influenced the results. In this
regard, a recent study found that higher ferritin concentra-
tions in omnivores compared to vegans were no longer sig-
nificant after adjusting for overweight/obesity and elevated
C-reactive protein levels [38].
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Dietary Sources of Iron

Given that iron is a crucial nutrient, dietary iron intake
is essential to meet the body's needs. Iron within food is
present in two forms: heme iron and non-heme iron. Heme
iron is mainly found in animal-based foods such as offal,
red meat, and bivalve molluscs, and has a higher bioavail-
ability than non-heme iron, which is present in plant-based
foods such as legumes, nuts, and seeds. The lower bioavail-
ability of iron in plant sources has been attributed to the
presence of certain components known as'anti-nutrients',
such as phytates, oxalic acid and polyphenols [39]. These
compounds can form complexes with iron, hindering their
absorption in the intestine [8]. These processes are com-
plex as some compounds (e.g., phytates) can induce physi-
ological adaptations that increase intestinal iron absorption,
thereby mitigating the reduced bioavailability of dietary iron
[40, 41]. This may be related to lower levels of hepcidin, as
reported in vegetarian children, suggesting increased intes-
tinal absorption of dietary iron as a compensatory response
[42]. Furthermore, the capacity of some'anti-nutrients'to
form complexes with certain compounds is of great interest
in other physiological contexts. These compounds can bind
to potential carcinogens, counteracting their activity, or to
free radicals, attenuating the formation of advanced glyca-
tion end products linked to the cellular ageing process [43].

It is important to note that the cooking method has a sig-
nificant impact on the phytate content of food. For instance,
soaking black beans (Phaseolus vulgaris L.) can reduce
phytate content by 18%, which increases to 35% when sub-
sequently cooked [44]. This decrease is more pronounced
with longer soaking times and higher temperatures (50 °C
compared to 30 °C), as these conditions promote phytase
activity [45]. The phytate content in lentils decreases after
dehulling (0.13%), sprouting (0.15%), and cooking (0.18%)
[46]. Similarly, fermentation is an effective method for
reducing the phytic acid levels in legumes such as soybeans
or cowpeas. The longer the fermentation time, the greater the
reduction [47]. In the same manner, bread produced through
a long fermentation process exhibits a reduction of >50%
in phytate content when compared to raw flour [48]. This
could be attributed to the decrease in pH, which promotes
the hydrolysis of phytic acid by phytases [49].

Certain compounds found in vegetables, such as vitamin
C or ascorbic acid, are particularly effective in enhancing the
bioavailability of dietary iron. In the gastrointestinal tract,
this antioxidant inhibits oxidation of Fe**, which is the only
form of dietary iron absorbed in the gut [50]. In 1980, Sean
R. Lynch and Jame D. Cook discovered that ascorbic acid
forms complexes with Fe3 + (non-heme iron) at acidic pH.
This complex remains soluble in the intestine and encour-
ages its conversion to Fe?*, which subsequently passes to the
enterocyte [51]. The absorption of dietary iron is dependent
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on the dose of vitamin C and requires co-administration
[52]. In a previous study conducted by Siegenberg et al. [53],
it was observed that the absorption of iron in 80 g of bread
increased gradually from 6.7% to 12.6% when combined
with 30 mg of vitamin C, from 3.8% to 10.4% with 50 mg
of vitamin C, and from 10.4% to 27.4% with 150 mg of
vitamin C. Due to the thermolabile nature of vitamin C, it is
advisable to prioritize cooking techniques that do not cause
a reduction in vitamin C content, such as raw, steamed, or
microwaved [54] (Fig. 3).

Adverse Effects of Iron

Despite iron's essential role in nutrition, it can be deleterious
under specific conditions. The'Fenton reaction', discovered
by Henry John Horstman Fenton in 1894, illustrates this
phenomenon. In this reaction, ferrous iron (Fe2 +) interacts
with hydrogen peroxide (H202) to produce highly reactive
hydroxyl radicals (-OH) [55]. Free radicals play important
physiological roles in the body including cellular signal-
ling pathways and immune regulation [56]. However, an
imbalance between their production and the availability of
antioxidant compounds leads to oxidative stress, which is
associated with many chronic non-communicable diseases
[57]. The Fenton reaction can lead to the overproduction of

Fig. 3 Factors regulating the
bioavailability of non-heme iron

Enhancers

free radicals, which can damage genetic material and cause
lipid peroxidation; that is the degradation of lipids in cell
membranes [58]. This situation triggers an iron-dependent
cell death process called ferroptosis, which has recently been
identified and may be involved in several neurological condi-
tions [59].

The International Agency for Research on Cancer (IARC)
classified red meat as a probable human carcinogen (Group
2 A) and processed meat as a human carcinogen (Group 1)
[60]. Research suggests that a link between cancer and red
meat consumption may be influenced by the impact of con-
suming high levels of heme iron. Bastide et al., [61] con-
ducted a meta-analysis which found that individuals with a
higher intake of heme iron had an 18% greater risk of colon
cancer compared to those with a lower intake. This may
explain the risk of colon cancer being higher when consum-
ing beef, as this food has a higher heme iron intake com-
pared to other types of red meat [62]. Similarly, the National
Institutes of Health-American Association of Retired Per-
sons (NIH-AARP) Diet and Health Study found a positive
correlation between the intake of heme iron and the risk of
breast cancer [63].

Likewise, this association has also been reported in other
types of cancer, including endometrial, pancreatic, and lung
cancer [64-66]. However, this link has not been identified
with non-heme iron. One recent study substituted heme with
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non-heme iron, which led to a lower risk of colorectal cancer
in men (HR:0.94; 95%CI: 0.89, 0.99) [67]. Various mecha-
nisms have been proposed to explain this association: for
instance, excessive heme iron intake can cause iron over-
load, leading to the production of free radicals through the
Fenton reaction. This can result in DNA adducts and lipid
peroxidation [68]. Similarly, heme iron acts as a catalyst
for the formation of nitrosamines (NOCs), which are recog-
nised carcinogens according to the IARC [69]. Furthermore,
the consumption of red meat may lead to the displacement
of other plant-origin protein sources, such as legumes and
whole grains (Gardner et al. [70]; Lopez-Moreno [71]).
These foods are high in fiber and polyphenols, which have
been shown to exert a protective effect against various types
of cancer, including colorectal cancer [72, 73]. The fermen-
tation of fiber and polyphenols by gut bacteria produces
short-chain fatty acids (SCFA), which can reduce the for-
mation of secondary bile acids such as deoxycholic acid and
lithocholic acid. These secondary bile acids pose a cytotoxic
risk to colonocytes [74]. In addition, butyrate is a SCFA that
promotes histone acetylation. This leads to the inhibition of
cell proliferation and apoptosis [75].

Conclusion

This review explores the complex balance of dietary iron in
vegetarian and vegan populations, highlighting a potential
paradox where plant-based diets, traditionally considered
lower in bioavailable iron, may induce physiological adap-
tations that enhance its bioavailability to maintain adequate
iron status. Furthermore, the convergence of sufficient
caloric intake with a higher dietary iron intake provides a
compelling argument for the nutritional adequacy of plant-
based diets. However, the complexities of iron bioavailabil-
ity and its systemic effects warrant further investigation.
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