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Abstract
Iron deficiency anemia caused by severe iron deficiency in infancy is associated with poor health and severe
neurological impairment such as mental, motor, social, emotional, neurophysiological, and neurocognitive
dysfunction. The behavioral effects of iron deficiency can present themselves in infancy, but they are also
found in adulthood. Some behaviors can start in childhood but persist throughout adulthood.

The behaviors that are particularly often seen in infants and children include wariness and hesitance, lack of
positive affect, and diminished social engagement. The affected behaviors in adults include anxiety,
depression, higher complex cogitative tasks, and other psychological disorders.

The mechanisms of how iron deficiency affects behavior include affecting the hippocampus, the corpus
striatum, and certain neurotransmitters. The hippocampus is a brain region that is essential for memory,
learning, and other purposes. The hippocampus is very sensitive to lack of Iron during early
development. The corpus striatum dispatches dopamine-rich projects to the prefrontal cortex, and it is
involved in controlling executive activities such as planning, inhibitory control, sustained attention,
working memory, regulation of emotion, memory storage and retrieval, motivation, and reward. Iron
deficiency has been known to cause changes in behavioral and developmental aspects by affecting
neurotransmitters such as serotonin, noradrenaline, and dopamine.

Iron deficiency causes behavior changes that can present in infancy and, even if corrected postnatally, it can
have long-lasting effects well into adulthood.
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Introduction And Background
"The goal of early childhood education should be to activate the child's own natural desire to learn" [1]. This
is a quote from Maria Montessori, an Italian physician known for her educational methodology that builds
on the way children learn naturally. She started the first Montessori school, the Casa Dei Bambini, or
Children's House in Rome, on January 6, 1907. Unfortunately, the ability of children to excel at learning is
often hindered by iron deficiency. It has been postulated that iron deficiency contributes to deficient initial
reading skills [DIRS]. While other causes can affect learning disabilities, it should be considered one of the
components involved in learning deficit. With this in mind, investigations should be carried out to analyze
and reduce the consequences of iron deficiency [2].

Moreover, another fundamental reason to investigate iron deficiency is that, as claimed by the WHO, iron
deficiency is the leading nutritional disorder globally, and it predominately affects women and preschool
children [3]. Before further exploration of iron deficiency, it is important to learn about Iron. Iron, an
essential nutritional component for all life forms, is necessary for many vital functions, including oxygen
transport, cell respiration, immunity, neurotransmitter function, and DNA synthesis [4,5]. 

Iron deficiency anemia caused by severe iron deficiency in infancy is associated with poor health and severe
neurological impairment such as mental, motor, social, emotional, neurophysiological, and neurocognitive
dysfunction [6]. According to Kim et al., iron deficiency affects the neurotransmitter glutamate and γ-
aminobutyric acid (GABA) hemostasis, which causes deficits in learning, memory, learning, and behavior [7].
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Additionally, it also contributes to emotional and psychological problems.

This article will focus on the behavioral effects of iron deficiency, which can present itself in infancy but are
also found in adulthood. Some behaviors can start in childhood but persist throughout adulthood. One such
typical behavior found in childhood and adulthood pagophagia, ice craving, is often iron deficiency [8]. Some
of the behaviors presenting in infants with chronic severe iron deficiency include increased fearfulness,
unhappiness, fatigue, low activity, wariness, solemnity, and proximity to the mother during free play [9-15].
In adulthood, the behavioral disorders linked to iron deficiency are depression, anxiety disorders, sleep
disorders, and psychotic disorders [16].

In this study, we plan to explore the effects of iron deficiency on behavior and, in some instances, behavior
on iron deficiency. Moreover, in our exploration, we will delve into some of the mechanisms of how behavior
is affected. 

Review
What behaviors are affected by iron deficiency
When we discuss what type of behaviors iron deficiency affects, we first need to split the behavioral effects
into two categories: behaviors that affect children and behaviors that affect adults.

Iron Deficiency-Induced Wariness, Hesitance, Social Disengagement in Children

In children, it has been postulated that iron deficiency can affect neuropsychological and social-emotional
functions as well as cause anti-social behavior [17]. The timing of the iron deficiency is also important. If
iron deficiency occurs in early life, it will result in a developmental delay [18]. Studies have also shown that
improved dietary iron supplementation was not effective if the iron deficiency transpired in early life and
over a long time [19]. The behaviors that are often seen in infants and children include wariness and
hesitance, lack of positive affect, and diminished social engagement [20]. This wariness and hesitance were
shown in several studies that have been performed on rat infants with iron deficiency. Lozoff et al. noticed
those anemic infants that were afflicted with iron deficiency displayed "increased fearfulness" even after iron
therapy was initiated [21]. Deinard et al. displayed that infants with slight iron deficiency were prone to
pronounced fearfulness [22]. Beard et al. also studied related behaviors in a study of iron-deficient rats at six
weeks of age [23]. They noticed anxiety-driven activities with light/dark box measurements of distance
traveled, repeated movements, number of nose-pokes, center time, and habituation to a novel environment.
These studies say that iron deficiency in infants can lead to behavioral tendencies that affect confidence,
social interactions, and anxiety. If the deficiency occurs in very early life and/or for a prolonged time, the
effects are not reversible with iron supplementation. So, while these studies provided significant insights
into how behaviors are affected by iron deficiency, it is essential to remember that a good number of studies
performed were on animals.

Iron Deficiency-Induced Depression, Negative Symptoms of Psychosis, and Complex Cognitive Task Dysfunction in
Adults

Now we will pivot and look at the behavioral effects of iron deficiency in adults. One such behavior that has
been shown by several authors is depression. Steward and Hirani studied about 2,000 individuals over age
65, and they surmised that lower than normal levels of hemoglobin, ferritin, and transferrin were linked with
depressive symptoms [24]. Other studies linked depression and iron management guidelines in diverse
groups, including female medical students, adult workers [25-27], and even in animal studies [28,29].
Additionally, consistent results were seen in patients with maternal iron deficiency anemia, which can affect
postpartum reasoning, emotional reactions, and postpartum depression [30,31].

Another behavior that was shown to be affected by iron deficiency was performing complex cognitive tasks.
A double-blind, randomized, interventional study performed by Wenger et al. sought to show the behavioral
changes in Rwandan female university students [32]. They selected 55 women between the ages of 18-27
years with low iron levels (serum ferritin < 20 µg/L). They were then randomly designated to either ingest
iron-fortified beans (86.1 parts per million iron) or comparison beans (50.1 parts per million iron) daily for
18 weeks. The iron level was gauged by ferritin, hemoglobin, transferrin receptor, and body iron. The
subjects' cognitive performance was measured with five computerized tasks with concurrent
electroencephalography performed at baseline and end line. The study concluded that the EEG and
behavioral results indicated that changes in iron level were most likely to affect complex cognitive tasks
such as instant-by-instant control of attention and word-by-word retrievals from memory in creating a
spoken sentence. So, this study is suggesting that low iron status contributes to slower response times and
difficulty with cognitive processing at mid to high levels.

One additional study found that iron deficiency contributed to the negative effects of schizophrenia. Kim et
al. found that patients with first-episode psychosis who had latent iron deficiency had substantially more
severe negative symptoms [33]. The symptoms were still significant even after controlling for the length of
illness and other confounding factors. Although they were able to prove their hypothesis that abnormal iron
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metabolism decreased dopaminergic activity and is therefore associated with negative symptoms, they
studied cross-sectional data and so the direction of causation cannot be deduced with confidence. Some
other limitations of this study were that serum iron and dopamine metabolism in the brain were not backed
by the data in the study. Also, there is small direct proof to show that circulating iron levels accurately
reflected brain iron levels.

 

Stress-Induced Iron Deficiency

In the previous studies, we have looked at how iron deficiency affects behavioral changes, but one study we
came across showed a fascinating dynamic of psychological stress affecting iron availability. Rendina et al.
performed a study that examined to see if maternal perceived stress during pregnancy would increase the
risk of low neonatal iron at delivery and at one year of age [34]. The study by Monk et al. deduced was that
psychological stress could affect many of the exact mechanisms as physiological stressors, including
nutritional activities related to iron bioavailability [35]. It is seen that hepcidin-mediated sequestering of
iron in maternal tissue could decrease the transfer of iron across the placenta [34]. Also, maternal reaction to
stress-inducing activities in pregnancy may initiate inflammatory processes [36] that could interfere with
the obligatory four-fold increase in intestinal absorption of iron, thereby impeding placental iron transfer
[37,38]. These factors ultimately contributed to iron deficiency in the infants of these mothers; iron levels
were checked at delivery and one year of age. While the study by Rendina et al. provided valuable knowledge
about maternal stress-causing iron deficiency, it did have some limitations; maternal stress questionnaires
were performed after delivery, so the results were retrospective [34]. Another essential thought to consider
is that many other studies on animals and humans of gestational stress have deduced even more significant
effects of stress during early pregnancy [39-41]. So, to have a better understanding of the effects of maternal
stress related to iron deficiency, it would be prudent to perform a more extensive prospective study with
repeated reporting of perceived stress throughout all three trimesters of pregnancy, with the sex of the
infant taken into account, and also collect repeated health results during the postnatal period.

Iron Deficiency-Induced Social Disengagement

 In one study, East et al. examined how anemic infants pursued and received less stimulation from their
caregivers due to iron deficiency [42]. Their findings observed the behavioral ramifications of early
nutritional deficiency and its effects on environmental input as contributors to poor results. So essentially,
the more infants were socially disengaged and had a lack of effect, the more the parents were disengaged
with the children. This resulted in children having lower verbal abilities by age five. The researchers
suggested that when medical providers find infants with iron deficiency anemia, they should check for
abnormalities in child energy, affect, and social engagement. If there is the presence of some abnormalities,
then a dialogue with the parents should be had as to how to engage and stimulate the child properly [43].

Mechanisms of how iron deficiency affects the hippocampus, corpus
striatum, and monamines
Iron Deficiency Affecting the Hippocampus

As we continue our search at mechanisms of how iron deficiency affects behaviors, it has become apparent
that the hippocampus is an area of particular interest in relation to iron deficiency and behavioral
changes. Animal studies involving rodents have shown that fetal-neonatal iron deficiency has a substantial
effect on the hippocampus. The hippocampus is a brain region (Figure 1) that is essential for memory,
learning, and other purposes. It was found to be very reactive to lack of Iron during early development [44].
Further research on this effect on the brain by iron deficiency was initially hindered by the difficult task of
evaluating brain function in very young infants until some studies started using event-related potentials
(ERP) to assess brain function. ERP is a form of neuroimaging that depends on the non-invasive recording of
the brain's electrical activity in response to stimulation. In one study, Geng et al. found that infants with
normal iron status show electrophysiological confirmation of recognizing their mother's voice but infants
with fetal/neonatal iron deficiency did not [45]. In this study, they used electroencephalography to record
ERP to deduce auditory recognition memory. It was detected that iron deficiency in the fetal-neonatal
period negatively affected recognition memory as quantified by the late slow-wave (LSW). The LSW is an
ERP component that is used as a marker of novelty detecting and memory updating. This was an important
finding that showed how sensitive to iron deficiency the developing hippocampus is in infants. This was
shown initially in animal studies and then confirmed in human studies.
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FIGURE 1: Cross Section of Human Brain
Credit: Rob9000. (vector artist).  Medical Illustration Shows The Major Organs of The Limbic System of The
Human Brain, With Annotations. [digital image]. Retrieved from www.shutterstock.com [Accessed July 23, 2021]

Another study that showed how iron deficiency affects the hippocampus of the developing brain was done by
Lien et al. [46]. They found that methylation of DNA plays an essential role in central nervous system
development, articulation of normal brain functions, and the etiology of both psychiatric and neurological
disorders. DNA methylation is essential for neuronal divergence and maturation in the developing central
nervous system, and it also partakes a crucial role in memory and intellect in the adult brain. This study was
the first study to ascertain proof of DNA methylation as a possible epigenetic method contributing to
hippocampal gene dysregulation in young iron-deficient animals. While there were limitations in this study,
including the fact that it was an animal study and they had limited biological replicates because of the high
cost of whole-genome bisulfite sequencing, they were able to reconfirm previously studied genes and loci
that were changed epigenetically due to iron deficiency and find novel loci essential to neural function that
is epigenetically changed by early-life iron deficiency. 

Another mechanism of how iron deficiency can affect behavior is through hippocampal gene expression, as
was shown in a study by Burns et al. [47]. They studied Helicobacter pylori infection's effect on the
hippocampal gene expression. They discovered that H. pylori infection has both acute and chronic effects.
The acute reaction they saw was increased anxiety behaviors in the open field test at eight weeks post-
infection. The chronic reaction was lowering the expression of two hippocampal genes, Mbp and Plp1. These
genes are critical to myelination in the mammalian brain. This indicated that H. pylori was an independent
factor in changing hippocampal gene expression. It was found the expression of Mbp was much lower in
brain tissue harvested from H. pylori-infected mice compared to the control mice. Protein analysis also
showed a similar decrease in Mbp level. This study reinforces that iron deficiency caused by H. pylori will
ultimately have a profound effect on the behavior and neurologic functions of the studied mice. While this
study's main limitation was that it was performed on mice, this was a great study that reinforced data that
was studied in the past, and it was the first evidence of H. pylori-related inflammation affecting mouse
behavioral performances in the open field. 

Iron Deficiency Affecting Corpus Striatum

In addition to iron deficiency affecting the hippocampus in early life, another area that has been found to be
affected by early-life iron deficit is the corpus striatum. The corpus striatum and hippocampus, as shown in
Figure 2, are two areas of the brain that develop considerably in early life, and both are affected by early iron
deficiency in animal studies [48-51]. The corpus striatum dispatches dopamine-rich projects to the
prefrontal cortex, and it is involved in controlling executive activities such as planning, inhibitory control,
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sustained attention, working memory, regulation of emotion, memory storage and retrieval, motivation, and
reward. The hippocampus is involved with recognition, recall, and spatial memory. A study performed by
Lukowski et al. attempted to show the long-term effect of iron deficiency concerning executive function and
recognition memory [52]. They used a neurocognitive battery of tests that included inhibitory control, set-
shifting, planning, selective attention, and working memory. They found that even after nearly 20 years of
discovering and treating early iron deficiency, specific deficits still persisted. These results are expected with
altered functioning of the frontostriatal regions and hippocampus. The study proposes that the effects of
neurodevelopment in the first two years of life may determine the long-term higher-level functioning and
recognition memory. The study also gives us an interesting insight into how important it is to prevent iron
deficiency in pregnancy because even if it is found out in early life and treated, the long-term outcome may
still result in a neurocognitive deficit for iron-deficient infants. We also need to continue to pursue other
modalities to treat iron deficiency in infancy so we may not have the lasting deficit.

FIGURE 2: Cross Section of Human Brain: Dopamine Pathways
Credit: Veronika. (Illustrator/vector artist). Dopamine Pathways in The Brain [digital image]. Retrieved from
www.shutterstock.com [Accessed July 23, 2021]

Iron Deficiency Affecting Monoamines

As we continue investigating how iron deficiency affects behaviors, we came across another interesting
study by Murat et al. as they looked at the subjective assessment of sleep quality in iron deficiency
[53]. Sleep is the period of periodic, physiological, and reversible changes in consciousness and behavior
[54]. It is thought that one-third of society has significant sleeping problems. The ratio is higher in the
geriatric population and those with psychiatric disorders or learning disabilities [55-58]. Murat et
al. hypothesized that sleep quality might decline in iron deficiency anemia because iron plays an important
role in the metabolism of monoamines in the brain and those same monoamines play an important role in
sleep physiology [53]. Iron deficiency has been known to cause changes in behavioral and developmental
aspects by affecting neurotransmitters such as serotonin, noradrenaline, and dopamine. Iron is also related
to the myelination and metabolic activity of neurons [59,60]. Peirano et al. delineated that children with iron
deficiency anemia displayed longer duration of rapid eye movement (REM) sleep episodes in the first third of
sleep and shorter in the last third, more REM sleep episodes in the first third less in the second third, and
finally shorter latency to the first REM sleep episode and shorter non-REM stage 2 when compared to the
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control group [61]. So, they concluded that iron deficiency anemia is related to long-lasting changes in the
temporal arrangement of sleep patterns. Peirano et al. surmised that the changes in the neurotransmitter
metabolism due to iron deficiency negatively affect sleep [61]. Sleep is also negatively affected
by psychological disorders and, possibly, restless leg syndrome. Iron has a complicated effect on
dopaminergic functioning. It is a cofactor for tyrosine hydroxylase and is integral to D2 receptor function [7].
Iron deficiency anemia alters dopamine system neurotransmission in specific areas of the brain, among
which are those critically involved in sleep regulation. Neuromodulation by the developing dopamine system
plays a vital role in sleep control, including the adjustment of REM sleep quality, quantity, and timing
[62,63].

Holst et al. studied the sleep-wake regulation in humans and combined pharmacogenetic and
neurophysiologic methods to analyze the effects of the 3'-untranslated region (3'-UTR) variable number
tandem repeat (VNTR) polymorphism of the gene SLC6A3 (formerly known as DAT1) encoding dopamine
transporter (DAT) [64]. The results of their study showed that dopamine transporter contributed to the
homeostatic sleep-wake regulation in humans. What Murat et al. ultimately found in their prospective
cross-sectional study was that iron deficiency anemia affected sleep quality irrespective of psychological
factors [53]. They also concluded that subjective sleep quality was worse in patients with iron deficiency
anemia when compared to the control subjects. While this study was interesting and made some valid points,
there were a few limitations noted. This study was evaluating sleep quality through self-reporting scales.
They also did not find out if treatment of iron deficiency improved sleep quality because of the cross-
sectional nature of the study they performed.

Conclusions
Our review about what behaviors are affected by iron deficiency and how iron deficiency affects behaviors
shows the importance of iron in behavioral functions. Iron's effect on behavior begins in utero and
continues into the geriatric population. Behavior often seen in infants and children includes wariness and
hesitance, lack of positive affect, and diminished social engagement. In adults, anxiety and depression are
common. Mechanisms of iron-affected behavior change include changes in functions in the hippocampus,
the corpus striatum, and neurotransmitters. From our research, the importance of prenatal iron
supplementation in pregnancy is abundantly clear. Even iron replacement in infancy and throughout life
may still not correct the damage done to the nervous system in the embryonic state. If we can prevent iron
deficiency in utero, it will benefit an individual throughout his life. Studies in the future should focus on
enhancing cognitive behavioral therapy and medication that may help resolve ongoing behavior deficits due
to iron deficiency.

Additional Information
Disclosures
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: All authors have declared that no financial support was received from
any organization for the submitted work. Financial relationships: All authors have declared that they have
no financial relationships at present or within the previous three years with any organizations that might
have an interest in the submitted work. Other relationships: All authors have declared that there are no
other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
I wish to show my appreciation to Dr. Hasan Tohid and Dr. Jihan A. Mostafa in the completion of this project.

References
1. The goal of childhood . (2021). Accessed: May 23, 2021: https://www.montessorihuntsville.org/goal-early-

childhood/.
2. Jáuregui-Lobera I: Iron deficiency and cognitive functions. Neuropsychiatr Dis Treat. 2014, 10:2087-95.

10.2147/NDT.S72491
3. McLean E, Cogswell M, Egli I, Wojdyla D, de Benoist B: Worldwide prevalence of anaemia, WHO Vitamin and

Mineral Nutrition Information System, 1993-2005. Public Health Nutr. 2009, 12:444-54.
10.1017/S1368980008002401

4. Abbaspour N, Hurrell R, Kelishadi R: Review on iron and its importance for human health . J Res Med Sci.
2014, 19:164-74.

5. Connor JR, Menzies SL, Burdo JR, Boyer PJ: Iron and iron management proteins in neurobiology . Pediatr
Neurol. 2001, 25:118-29. 10.1016/s0887-8994(01)00303-4

6. Lozoff B, Beard J, Connor J, Felt B, Georgieff M, Schallert T: Long-lasting neural and behavioral effects of
iron deficiency in infancy. Nutr Rev. 2006, 64:S34-91. 10.1301/nr.2006.may.S34-S43

7. Kim J, Wessling-Resnick M: Iron and mechanisms of emotional behavior . J Nutr Biochem. 2014, 25:1101-7.
10.1016/j.jnutbio.2014.07.003

8. Mehra A, Sharma N, Grover S: Pagophagia in a female with recurrent depressive disorder: a case report with
review of literature [Article in Turkish]. Turk Psikiyatri Derg. 2018, 29:143-5.

9. Williams J, Wolff A, Daly A, MacDonald A, Aukett A, Booth IW: Iron supplemented formula milk related to

 
Published via California Institute of
Behavioral Neurosciences & Psychology

2021 Shah et al. Cureus 13(9): e18138. DOI 10.7759/cureus.18138 6 of 8

javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
https://www.montessorihuntsville.org/goal-early-childhood/
https://www.montessorihuntsville.org/goal-early-childhood/
https://dx.doi.org/10.2147/NDT.S72491
https://dx.doi.org/10.2147/NDT.S72491
https://dx.doi.org/10.1017/S1368980008002401
https://dx.doi.org/10.1017/S1368980008002401
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3999603/
https://dx.doi.org/10.1016/s0887-8994(01)00303-4
https://dx.doi.org/10.1016/s0887-8994(01)00303-4
https://dx.doi.org/10.1301/nr.2006.may.S34-S43
https://dx.doi.org/10.1301/nr.2006.may.S34-S43
https://dx.doi.org/10.1016/j.jnutbio.2014.07.003
https://dx.doi.org/10.1016/j.jnutbio.2014.07.003
https://pubmed.ncbi.nlm.nih.gov/30215844/
https://dx.doi.org/10.1136/bmj.318.7185.693


reduction in psychomotor decline in infants from inner city areas: randomised study. BMJ. 1999, 318:693-7.
10.1136/bmj.318.7185.693

10. Honig AS, Oski FA: Solemnity: a clinical risk index for iron deficient infants . Early Child Dev Care. 1984,
16:69-83. 10.1080/0300443840160106

11. Walter T, De Andraca I, Chadud P, Perales CG: Iron deficiency anemia: adverse effects on infant
psychomotor development. Pediatrics. 1989, 84:7-17.

12. Lozoff B, Klein NK, Nelson EC, McClish DK, Manuel M, Chacon ME: Behavior of infants with iron-deficiency
anemia. Child Dev. 1998, 69:24-36. 10.1111/j.1467-8624.1998.tb06130.x

13. Lozoff B, Klein NK, Prabucki KM: Iron-deficient anemic infants at play . J Dev Behav Pediatr. 1986, 7:152-8.
14. Lozoff B, Wolf AW, Urrutia JJ, Viteri FE: Abnormal behavior and low developmental test scores in iron-

deficient anemic infants. J Dev Behav Pediatr. 1985, 6:69-75.
15. Lozoff B, Wolf AW, Jimenez E: Iron-deficiency anemia and infant development: effects of extended oral iron

therapy. J Pediatr. 1996, 129:382-9. 10.1016/s0022-3476(96)70070-7
16. Lee HS, Chao HH, Huang WT, Chen SC, Yang HY: Psychiatric disorders risk in patients with iron deficiency

anemia and association with iron supplementation medications: a nationwide database analysis. BMC
Psychiatry. 2020, 20:216. 10.1186/s12888-020-02621-0

17. Benton D: The impact of diet on anti-social, violent and criminal behaviour . Neurosci Biobehav Rev. 2007,
31:752-74. 10.1016/j.neubiorev.2007.02.002

18. Beard JL, Connor JR: Iron status and neural functioning. Annu Rev Nutr. 2003, 23:41-58.
10.1146/annurev.nutr.23.020102.075739

19. Sachdev H, Gera T, Nestel P: Effect of iron supplementation on mental and motor development in children:
systematic review of randomised controlled trials. Public Health Nutr. 2005, 8:117-32. 10.1079/phn2004677

20. Lozoff B: Early iron deficiency has brain and behavior effects consistent with dopaminergic dysfunction . J
Nutr. 2011, 141:740S-6S. 10.3945/jn.110.131169

21. Lozoff B, Brittenham G, Viteri FE, Urrutia JJ: Behavioral abnormalities in infants with iron deficiency
anemia. Iron Deficiency: Brain Biochemistry And Behavior. Pollitt E, Leibel L (ed): Raven Press, New York;
1982. 183-94.

22. Delinard A, Gilbert A, Dodds M, Egeland B: Iron deficiency and behavioral deficits . Pediatrics. 1981, 68:828-
33.

23. Beard JL, Erikson KM, Jones BC: Neurobehavioral analysis of developmental iron deficiency in rats . Behav
Brain Res. 2002, 134:517-24. 10.1016/s0166-4328(02)00092-x

24. Stewart R, Hirani V: Relationship between depressive symptoms, anemia, and iron status in older residents
from a national survey population. Psychosom Med. 2012, 74:208-13. 10.1097/PSY.0b013e3182414f7d

25. McClung JP, Karl JP, Cable SJ, Williams KW, Nindl BC, Young AJ, Lieberman HR: Randomized, double-blind,
placebo-controlled trial of iron supplementation in female soldiers during military training: effects on iron
status, physical performance, and mood. Am J Clin Nutr. 2009, 90:124-31. 10.3945/ajcn.2009.27774

26. Vahdat Shariatpanaahi M, Vahdat Shariatpanaahi Z, Moshtaaghi M, Shahbaazi SH, Abadi A: The
relationship between depression and serum ferritin level. Eur J Clin Nutr. 2007, 61:532-5.
10.1038/sj.ejcn.1602542

27. Yi S, Nanri A, Poudel-Tandukar K, Nonaka D, Matsushita Y, Hori A, Mizoue T: Association between serum
ferritin concentrations and depressive symptoms in Japanese municipal employees. Psychiatry Res. 2011,
189:368-72. 10.1016/j.psychres.2011.03.009

28. Coe CL, Lubach GR, Bianco L, Beard JL: A history of iron deficiency anemia during infancy alters brain
monoamine activity later in juvenile monkeys. Dev Psychobiol. 2009, 51:301-9. 10.1002/dev.20365

29. Golub MS, Hogrefe CE, Widaman KF, Capitanio JP: Iron deficiency anemia and affective response in rhesus
monkey infants. Dev Psychobiol. 2009, 51:47-59. 10.1002/dev.20345

30. Chang S, Wang L, Wang Y, Brouwer ID, Kok FJ, Lozoff B, Chen C: Iron-deficiency anemia in infancy and
social emotional development in preschool-aged Chinese children. Pediatrics. 2011, 127:e927-33.
10.1542/peds.2010-1659

31. Beard JL, Hendricks MK, Perez EM, et al.: Maternal iron deficiency anemia affects postpartum emotions and
cognition. J Nutr. 2005, 135:267-72. 10.1093/jn/135.2.267

32. Wenger MJ, Rhoten SE, Murray-Kolb LE, Scott SP, Boy E, Gahutu JB, Haas JD: Changes in iron status are
related to changes in brain activity and behavior in Rwandan female university students: results from a
randomized controlled efficacy trial involving iron-biofortified beans. J Nutr. 2019, 149:687-97.
10.1093/jn/nxy265

33. Kim SW, Stewart R, Park WY, et al.: Latent iron deficiency as a marker of negative symptoms in patients
with first-episode schizophrenia spectrum disorder. Nutrients. 2018, 10:10.3390/nu10111707

34. Rendina DN, Blohowiak SE, Coe CL, Kling PJ: Maternal perceived stress during pregnancy increases risk for
low neonatal iron at delivery and depletion of storage iron at one year. J Pediatr. 2018, 200:166-173.e2.
10.1016/j.jpeds.2018.04.040

35. Monk C, Georgieff MK, Osterholm EA: Research review: maternal prenatal distress and poor nutrition -
mutually influencing risk factors affecting infant neurocognitive development. J Child Psychol Psychiatry.
2013, 54:115-30. 10.1111/jcpp.12000

36. Cohen S, Janicki-Deverts D, Doyle WJ, Miller GE, Frank E, Rabin BS, Turner RB: Chronic stress,
glucocorticoid receptor resistance, inflammation, and disease risk. Proc Natl Acad Sci U S A. 2012,
109:5995-9. 10.1073/pnas.1118355109

37. Ganz T, Nemeth E: Iron sequestration and anemia of inflammation . Semin Hematol. 2009, 46:387-93.
10.1053/j.seminhematol.2009.06.001

38. Collins JF, Wessling-Resnick M, Knutson MD: Hepcidin regulation of iron transport . J Nutr. 2008, 138:2284-
8. 10.3945/jn.108.096347

39. Coe CL, Lubach GR, Shirtcliff EA: Maternal stress during pregnancy predisposes for iron deficiency in infant
monkeys impacting innate immunity. Pediatr Res. 2007, 61:520-4. 10.1203/pdr.0b013e318045be53

40. Entringer S, Buss C, Shirtcliff EA, et al.: Attenuation of maternal psychophysiological stress responses and
the maternal cortisol awakening response over the course of human pregnancy. Stress. 2010, 13:258-68.

 
Published via California Institute of
Behavioral Neurosciences & Psychology

2021 Shah et al. Cureus 13(9): e18138. DOI 10.7759/cureus.18138 7 of 8

https://dx.doi.org/10.1136/bmj.318.7185.693
https://dx.doi.org/10.1080/0300443840160106
https://dx.doi.org/10.1080/0300443840160106
https://pediatrics.aappublications.org/content/84/1/7?utm_source=TrendMD&utm_medium=TrendMD&utm_campaign=Pediatrics_TrendMD_0
https://dx.doi.org/10.1111/j.1467-8624.1998.tb06130.x
https://dx.doi.org/10.1111/j.1467-8624.1998.tb06130.x
https://pubmed.ncbi.nlm.nih.gov/3722390/
https://journals.lww.com/jrnldbp/Abstract/1985/04000/Abnormal_Behavior_and_Low_Developmental_Test.4.aspx
https://dx.doi.org/10.1016/s0022-3476(96)70070-7
https://dx.doi.org/10.1016/s0022-3476(96)70070-7
https://dx.doi.org/10.1186/s12888-020-02621-0
https://dx.doi.org/10.1186/s12888-020-02621-0
https://dx.doi.org/10.1016/j.neubiorev.2007.02.002
https://dx.doi.org/10.1016/j.neubiorev.2007.02.002
https://dx.doi.org/10.1146/annurev.nutr.23.020102.075739
https://dx.doi.org/10.1146/annurev.nutr.23.020102.075739
https://dx.doi.org/10.1079/phn2004677
https://dx.doi.org/10.1079/phn2004677
https://dx.doi.org/10.3945/jn.110.131169
https://dx.doi.org/10.3945/jn.110.131169
file:////tmp/ https://digitallibrary.un.org/record/108008?ln=en
https://pubmed.ncbi.nlm.nih.gov/7322719/
https://dx.doi.org/10.1016/s0166-4328(02)00092-x
https://dx.doi.org/10.1016/s0166-4328(02)00092-x
https://dx.doi.org/10.1097/PSY.0b013e3182414f7d
https://dx.doi.org/10.1097/PSY.0b013e3182414f7d
https://dx.doi.org/10.3945/ajcn.2009.27774
https://dx.doi.org/10.3945/ajcn.2009.27774
https://dx.doi.org/10.1038/sj.ejcn.1602542
https://dx.doi.org/10.1038/sj.ejcn.1602542
https://dx.doi.org/10.1016/j.psychres.2011.03.009
https://dx.doi.org/10.1016/j.psychres.2011.03.009
https://dx.doi.org/10.1002/dev.20365
https://dx.doi.org/10.1002/dev.20365
https://dx.doi.org/10.1002/dev.20345
https://dx.doi.org/10.1002/dev.20345
https://dx.doi.org/10.1542/peds.2010-1659
https://dx.doi.org/10.1542/peds.2010-1659
https://dx.doi.org/10.1093/jn/135.2.267
https://dx.doi.org/10.1093/jn/135.2.267
https://dx.doi.org/10.1093/jn/nxy265
https://dx.doi.org/10.1093/jn/nxy265
https://dx.doi.org/10.3390/nu10111707
https://dx.doi.org/10.3390/nu10111707
https://dx.doi.org/10.1016/j.jpeds.2018.04.040
https://dx.doi.org/10.1016/j.jpeds.2018.04.040
https://dx.doi.org/10.1111/jcpp.12000
https://dx.doi.org/10.1111/jcpp.12000
https://dx.doi.org/10.1073/pnas.1118355109
https://dx.doi.org/10.1073/pnas.1118355109
https://dx.doi.org/10.1053/j.seminhematol.2009.06.001
https://dx.doi.org/10.1053/j.seminhematol.2009.06.001
https://dx.doi.org/10.3945/jn.108.096347
https://dx.doi.org/10.3945/jn.108.096347
https://dx.doi.org/10.1203/pdr.0b013e318045be53
https://dx.doi.org/10.1203/pdr.0b013e318045be53
https://dx.doi.org/10.3109/10253890903349501


10.3109/10253890903349501
41. Roesch SC, Dunkel-Schetter C, Woo G, Hobel CJ: Modeling the types and timing of stress in pregnancy .

Anxiety Stress Coping. 2004, 17:87-102. 10.1080/1061580031000123667
42. East P, Delker E, Blanco E, Encina P, Lozoff B, Gahagan S: Effect of infant iron deficiency on children's

verbal abilities: the roles of child affect and parent unresponsiveness. Matern Child Health J. 2019, 23:1240-
50. 10.1007/s10995-019-02764-x

43. Landry SH, Smith KE, Swank PR, Guttentag C: A responsive parenting intervention: the optimal timing
across early childhood for impacting maternal behaviors and child outcomes. Dev Psychol. 2008, 44:1335-
53. 10.1037/a0013030

44. Lozoff B, Georgieff MK: Iron deficiency and brain development . Semin Pediatr Neurol. 2006, 13:158-65.
10.1016/j.spen.2006.08.004

45. Geng F, Mai X, Zhan J, et al.: Impact of fetal-neonatal iron deficiency on recognition memory at 2 months of
age. J Pediatr. 2015, 167:1226-32. 10.1016/j.jpeds.2015.08.035

46. Lien YC, Condon DE, Georgieff MK, Simmons RA, Tran PV: Dysregulation of neuronal genes by fetal-
neonatal iron deficiency anemia is associated with altered DNA methylation in the rat hippocampus.
Nutrients. 2019, 11:10.3390/nu11051191

47. Burns M, Amaya A, Bodi C, et al.: Helicobacter pylori infection and low dietary iron alter behavior, induce
iron deficiency anemia, and modulate hippocampal gene expression in female C57BL/6 mice. PLoS One.
2017, 12:e0173108. 10.1371/journal.pone.0173108

48. Beard JL, Felt B, Schallert T, Burhans M, Connor JR, Georgieff MK: Moderate iron deficiency in infancy:
biology and behavior in young rats. Behav Brain Res. 2006, 170:224-32. 10.1016/j.bbr.2006.02.024

49. Erikson KM, Pinero DJ, Connor JR, Beard JL: Regional brain iron, ferritin and transferrin concentrations
during iron deficiency and iron repletion in developing rats. J Nutr. 1997, 127:2030-8.
10.1093/jn/127.10.2030

50. Felt BT, Beard JL, Schallert T, et al.: Persistent neurochemical and behavioral abnormalities in adulthood
despite early iron supplementation for perinatal iron deficiency anemia in rats. Behav Brain Res. 2006,
171:261-70. 10.1016/j.bbr.2006.04.001

51. Rao R, Tkac I, Townsend EL, Gruetter R, Georgieff MK: Perinatal iron deficiency alters the neurochemical
profile of the developing rat hippocampus. J Nutr. 2003, 133:3215-21. 10.1093/jn/133.10.3215

52. Lukowski AF, Koss M, Burden MJ, et al.: Iron deficiency in infancy and neurocognitive functioning at 19
years: evidence of long-term deficits in executive function and recognition memory. Nutr Neurosci. 2010,
13:54-70. 10.1179/147683010X12611460763689

53. Murat S, Ali U, Serdal K, et al.: Assessment of subjective sleep quality in iron deficiency anaemia . Afr Health
Sci. 2015, 15:621-7. 10.4314/ahs.v15i2.40

54. Principles and Practice of Sleep Medicine, 4th Edition . Kryger MH, Roth T, Dement WC (ed): Elsevier,
Saunders, Philadelphia PA; 2005.

55. Stores G: Clinical diagnosis and misdiagnosis of sleep disorders . J Neurol Neurosurg Psychiatry. 2007,
78:1293-7. 10.1136/jnnp.2006.111179

56. Senthilvel E, Auckley D, Dasarathy J: Evaluation of sleep disorders in the primary care setting: history
taking compared to questionnaires. J Clin Sleep Med. 2011, 7:41-8.

57. Wallander MA, Johansson S, Ruigómez A, García Rodríguez LA, Jones R: Morbidity associated with sleep
disorders in primary care: a longitudinal cohort study. Prim Care Companion J Clin Psychiatry. 2007, 9:338-
45. 10.4088/pcc.v09n0502

58. Kahraman M: Clinical update on epidemiology, pathogenesis and nonpharmacological treatment of
insomnia [Article in Turkish]. Turk Noroloji Derg. 2006, 12:87-97.

59. Beard J: Iron deficiency alters brain development and functioning . J Nutr. 2003, 133:1468S-72S.
10.1093/jn/133.5.1468S

60. Cook JD, Skikne BS: Iron deficiency: definition and diagnosis. J Intern Med. 1989, 226:349-55.
10.1111/j.1365-2796.1989.tb01408.x

61. Peirano PD, Algarín CR, Garrido MI, Lozoff B: Iron deficiency anemia in infancy is associated with altered
temporal organization of sleep states in childhood. Pediatr Res. 2007, 62:715-9.
10.1203/PDR.0b013e3181586aef

62. Dzirasa K, Ribeiro S, Costa R, et al.: Dopaminergic control of sleep-wake states . J Neurosci. 2006, 26:10577-
89. 10.1523/JNEUROSCI.1767-06.2006

63. Keating GL, Rye DB: Where you least expect it: dopamine in the pons and modulation of sleep and REM-
sleep. Sleep. 2003, 26:788-9.

64. Holst SC, Bersagliere A, Bachmann V, Berger W, Achermann P, Landolt HP: Dopaminergic role in regulating
neurophysiological markers of sleep homeostasis in humans. J Neurosci. 2014, 34:566-73.
10.1523/JNEUROSCI.4128-13.2014

 
Published via California Institute of
Behavioral Neurosciences & Psychology

2021 Shah et al. Cureus 13(9): e18138. DOI 10.7759/cureus.18138 8 of 8

https://dx.doi.org/10.3109/10253890903349501
https://dx.doi.org/10.1080/1061580031000123667
https://dx.doi.org/10.1080/1061580031000123667
https://dx.doi.org/10.1007/s10995-019-02764-x
https://dx.doi.org/10.1007/s10995-019-02764-x
https://dx.doi.org/10.1037/a0013030
https://dx.doi.org/10.1037/a0013030
https://dx.doi.org/10.1016/j.spen.2006.08.004
https://dx.doi.org/10.1016/j.spen.2006.08.004
https://dx.doi.org/10.1016/j.jpeds.2015.08.035
https://dx.doi.org/10.1016/j.jpeds.2015.08.035
https://dx.doi.org/10.3390/nu11051191
https://dx.doi.org/10.3390/nu11051191
https://dx.doi.org/10.1371/journal.pone.0173108
https://dx.doi.org/10.1371/journal.pone.0173108
https://dx.doi.org/10.1016/j.bbr.2006.02.024
https://dx.doi.org/10.1016/j.bbr.2006.02.024
https://dx.doi.org/10.1093/jn/127.10.2030
https://dx.doi.org/10.1093/jn/127.10.2030
https://dx.doi.org/10.1016/j.bbr.2006.04.001
https://dx.doi.org/10.1016/j.bbr.2006.04.001
https://dx.doi.org/10.1093/jn/133.10.3215
https://dx.doi.org/10.1093/jn/133.10.3215
https://dx.doi.org/10.1179/147683010X12611460763689
https://dx.doi.org/10.1179/147683010X12611460763689
https://dx.doi.org/10.4314/ahs.v15i2.40
https://dx.doi.org/10.4314/ahs.v15i2.40
https://www.sciencedirect.com/book/9780721607979/principles-and-practice-of-sleep-medicine
https://dx.doi.org/10.1136/jnnp.2006.111179
https://dx.doi.org/10.1136/jnnp.2006.111179
https://pubmed.ncbi.nlm.nih.gov/21344054/
https://dx.doi.org/10.4088/pcc.v09n0502
https://dx.doi.org/10.4088/pcc.v09n0502
https://tjn.org.tr/jvi.aspx?pdir=tjn&plng=eng&un=TJN-63634
https://dx.doi.org/10.1093/jn/133.5.1468S
https://dx.doi.org/10.1093/jn/133.5.1468S
https://dx.doi.org/10.1111/j.1365-2796.1989.tb01408.x
https://dx.doi.org/10.1111/j.1365-2796.1989.tb01408.x
https://dx.doi.org/10.1203/PDR.0b013e3181586aef
https://dx.doi.org/10.1203/PDR.0b013e3181586aef
https://dx.doi.org/10.1523/JNEUROSCI.1767-06.2006
https://dx.doi.org/10.1523/JNEUROSCI.1767-06.2006
https://pubmed.ncbi.nlm.nih.gov/14655908/
https://dx.doi.org/10.1523/JNEUROSCI.4128-13.2014
https://dx.doi.org/10.1523/JNEUROSCI.4128-13.2014

	Iron Deficiency-Induced Changes in the Hippocampus, Corpus Striatum, and Monoamines Levels That Lead to Anxiety, Depression, Sleep Disorders, and Psychotic Disorders
	Abstract
	Introduction And Background
	Review
	What behaviors are affected by iron deficiency
	Mechanisms of how iron deficiency affects the hippocampus, corpus striatum, and monamines
	FIGURE 1: Cross Section of Human Brain
	FIGURE 2: Cross Section of Human Brain: Dopamine Pathways


	Conclusions
	Additional Information
	Disclosures
	Acknowledgements

	References


