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Alzheimer’s Disease (AD) is a common type of dementia characterized by progressive cognitive decline, and ongoing research
delves into distinct pathways of the disease. This literature review aims to understand the mechanisms of ferroptosis and iron
homeostasis in the pathophysiology of AD. Literature focusing on ferritin, apolipoprotein E (ApoE), Glutathione peroxidase 4
(GPx4), and APOE gene alleles in AD patients was identified from PubMed, and a total of 46 papers were chosen for inclusion
in this review. Ferritin was established as an essential biomarker for brain iron levels, and increased brain iron load activates
pathways that contribute to iron imbalance and ferroptosis, ultimately leading to increased oxidative stress and neural death.
Dysfunctioning ApoE and an impaired relationship between ApoE and ferritin also contribute to ferroptosis by promoting lipid
peroxidation and amyloid-beta plaques. Low levels of GPx4 indicate decreased inhibition of ferroptosis in AD. The APOE &4
gene is established as one of the greatest risk factors for AD, and its influence on iron levels may be associated with the isoform’s
increased plaque pathology. Overall, a complex, interlinked relationship exists among ferritin, ApoE, GPx4, and APOE alleles,
contributing to iron-mediated neurodegeneration in AD. Further research is required to understand all the different facets of this

relationship and potential treatments that may be able to mitigate or prevent AD.
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Introduction

Alzheimer’s Disease (AD) is the most common type of de-
mentia and neurodegenerative disorder with poorly under-
stood etiologies and multifactorial influences. An estimated
7.2 million Americans age 65 or older are currently living with
AD in 2025!. AD is characterized by cognitive decline, mem-
ory loss, and impaired daily functioning that progressively
worsens over time?. Complex interactions between various
biological mechanisms, including neuroinflammation, oxida-
tive stress, neurotoxicity, and mitochondrial dysfunction, have
been proposed as potential causes of AD>. The accumulation
of amyloid-beta plaques and tau protein tangles is considered
the most prominent biomarker indicative of the presence and
progression of AD*. Genetic factors, such as mutations in the
amyloid-beta precursor Protein (APP), Presenilin 1 (PSEN1),
Presenilin 2 (PSEN2), and Apolipoprotein E (APOE) genes,
are also considered to contribute to increased risk of AD?.
Recently, ferroptosis, a form of regulated iron-dependent
cell death, has gained traction as an important mechanism of
nerve cell death in AD>~7. Alterations in pathways respon-
sible for iron homeostasis lead to abnormal iron uptake, ex-
cretion, and storage, ultimately promoting ferroptosis®. The
study of ferroptosis as a driving factor of AD has led to the
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investigation of other biomarkers and genetic variables con-
tributing to the disease as downstream products of ferroptosis.
Specifically, iron has been investigated in the brain by analyz-
ing cerebrospinal fluid (CSF) ferritin levels, which serve as a
marker of iron levels in the brain®. Iron has been associated
with neuroinflammation, proteinopathy (the abnormal struc-
ture of proteins characterizing certain diseases), and seems to
have an association with apolipoprotein E (ApoE)'?. Along
with ApoE’s role in lipid transport, ApoE also has a role in
amyloid-beta aggregation, tau pathology, and neuroinflamma-
tion 12, Additionally, a connection between ApoE and Glu-
tathione peroxidase (GPx), the primary defense mechanism of
the cell against ferroptosis, has been discovered!!. Among
the GPx family, Glutathione peroxidase 4 (GPx4) is a crucial
enzyme that protects cells from oxidative damage and serves
as a key inhibitor of ferroptosis !*14. Low levels of ApoE are
associated with reduced GPx4 expression, dysregulated iron
homeostasis, and increased susceptibility to ferroptosis'!. Re-
duced GPx4 expression, as well as imbalanced iron levels, en-
able mechanisms that promote ferroptosis, leading to neural
death that is characteristic of AD. Finally, the APOE gene is
one of the strongest genetic indicators of AD and provides in-
structions for building the ApoE protein '>. Three major alle-
les of the APOE gene exist: €2, €3, and €4 16 AD researchers
have proposed that increased plaque pathology associated with
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APOE gene allele €4 might be related to interaction between
amyloid-beta and iron, leading to increased oxidative stress,
and therefore affecting the onset or severity of AD”.

The interplay between CSF ferritin, ApoE levels, GPx, and
APOE gene alleles to influence AD remains poorly under-
stood; this relationship promotes ferroptosis, contributes to
the role of other acute phase reactants, and affects proteinopa-
thy (amyloid-beta and tau protein) in AD. This review aims
to summarize the current literature on independent and inter-
dependent effects of CSF ferritin, ApoE levels, APOE gene
alleles, and GPx on AD. Although there have been numerous
studies and meta-analyses exploring the association between
CSF ferritin, ApoE, and GPx in AD, this review furthers the
literature by providing a cumulative analysis of the relation-
ship between iron metabolism factors and ApoE levels/APOE
alleles that contribute to ferroptosis and AD.

Methods

A thorough literature search was conducted to identify re-
search articles. Searches were performed in PubMed using
the terms “AD,” “iron metabolism,” “ferroptosis,” “ApoE,”
“APOE4,” “APOE alleles,” “GPx4,” “GPx,” and “CSF fer-
ritin,” applied individually and in various combinations. Ad-
ditional combinations, such as “APOE” and “Alzheimer’s,” as
well as related pairings with “Alzheimer’s,” were also queried
in PubMed. All searches were conducted on November 16,
2025. Further screening was performed using database filters
to refine the results, including study type filters, such as clini-
cal trials and original research articles.

Inclusion criteria comprised original research studies in-
volving human subjects, including clinical trials and observa-
tional studies, that examined ferroptosis, iron metabolism, and
related biomarkers in Alzheimer’s disease (AD). Studies were
required to report original data relevant to CSF ferritin, ApoE
protein levels, APOE alleles, GPx levels, or other iron-related
parameters in patients with AD.

Exclusion criteria included studies focusing on iron
metabolism and/or ferroptosis in diseases other than AD, stud-
ies conducted exclusively in animal or in vitro models, review
articles, editorials, commentaries, conference abstracts with-
out full data, duplicate publications, and studies that did not
present original data. Articles that lacked extractable quanti-
tative data relevant to the variables of interest were also ex-
cluded.

Data on CSF ferritin, ApoE levels, APOE alleles, and GPx
levels in AD patients, along with demographic variables such
as age and sex, were extracted from eligible studies and com-
piled into an Excel spreadsheet. The data were systematically
organized according to the specific variables reported in each
study to facilitate comparison and synthesis.

Results

A total of 12,945 papers were initially identified as potentially
relevant to the research topic: 12 for CSF ferritin, 126 for
GPx, 9,951 for ApoE, and 2,856 for APOE alleles. Following
filtering, including application of the inclusion and exclusion
criteria and removal of duplicates, a total of 46 studies met el-
igibility requirements and were included in the final analysis
(Figure 1).

CSF ferritin

4 papers included data regarding CSF ferritin levels in AD
patients compared to controls. 3 of the studies showed el-
evated CSF ferritin levels in patients with AD compared to
controls®!718 (Table 1). 2 of the studies also reported data
on mild cognitive impairment (MCI), with conflicting results.
One study showed higher levels’, and the other study showed
lower levels of MCI compared to controls !’ (Table 1).

CSF ApoE

24 papers were identified that investigated ApoE levels in AD
patients vs. controls. 15 studies showed reduced CSF ApoE
levels in patients with AD compared to controls (Table 2, top
15 studies), 1 study did not show any difference, and 8 stud-
ies showed higher CSF ApoE levels in AD patients compared
to controls (Table 2, bottom 8 studies). 5 of the studies did
not have data on age ranges?!~2> and 5 did not report gender
distribution2!:22:24.26:27,

Glutathione peroxidase

15 papers measuring erythrocyte GPx activity in AD patients
compared to controls were included in this review. 10 stud-
ies reported lower erythrocyte GPx levels in patients with AD
compared to controls (Table 3, top 10 studies), and 5 stud-
ies reported increased erythrocyte GPx levels in AD patients
compared to controls (Table 3, bottom 5 studies). 1 study
also reported erythrocyte GPx levels in MCI patients (23.77
4 3.56 U/g Hb), which were lower compared to controls but
mildly elevated compared to AD patients*}. Erythrocyte GPx
levels were reported in different units in the included studies,
limiting comparison across the studies. Additionally, this re-
view has not included other papers that reported whole blood,
plasma, or post-mortem brain tissue GPx levels.

APOE gene alleles

4 papers were identified that examined the frequency distri-
bution of APOE alleles among patients with AD and controls
(Table 4). Although in the general population €3 remains the
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Figure. 1 PRISMA Diagram for Database Search

most common allele, the percentage of people with the €4 al-
lele was significantly higher among AD patients than controls.

Discussion
The current literature suggests that ferroptosis in AD is not

driven by a single biomarker, but rather by a network of
interdependent processes involving iron homeostasis, lipid

metabolism, genetic susceptibility, and antioxidant defense
systems. A central theme emerging from the included litera-
ture is that iron dysregulation (reflected by CSF ferritin), lipid
transport and amyloid-beta regulation (mediated by ApoE),
and cellular antioxidant defense (via GPx) are biologically
linked through the ferroptotic pathway.

In the context of AD, ferritin in the CSF may reflect in-
creased brain iron load®. Elevated CSF ferritin is reported
in several studies”!”!8, which can promote lipid peroxida-
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Table 1 Summary of Literature on CSF Ferritin Levels in AD Patients vs. Controls

Study Year Number of Participants Age in Years* % of Women CSF Ferritin Levels (ng/ml)*

Alz MCI Controls Alz MCI Controls Alz MCI Controls Alz MCI Controls
Ayton et al® 2015 67 144 91 74.57 +7.61 74.85+172 7575 +5.43 43.28 32.64 50.55 6.94 +2.99 6.97 +£2.72 6.4 +2.07
Banerjee et al 19 2022 20 10 625+54 622+54 55 50 7.77 £2.07 8.01 £ 1.49
Pan et al !’ 2022 166 46 48 74672 76.1 £5.1 746 +5.8 41 34.8 40 7.07£24 5.65+0.77 6.03 + 1.64
Kuiper et al 18 1994 11 20 65.1+79 62.7+15 71 45 7.33+£233 4.71 £1.47

Alz: Alzheimer’s
MCI: Mild Cognitive Impairment
* Mean + Standard Deviation (SD)

Table 2 Summary of Literature on CSF ApoE Levels in AD Patients vs. Controls.

Study Year Country Number of Participants Age in Years* % of Women CSF ApoE Levels (mg/L)*
Alz Controls Alz Controls Alz Controls Alz Controls
Ayton et al’ 2015 Multiple 67 144 74.57 +7.61 7575 +5.43 43.28 50.55 635+227  13+22
Blennow et al 28 1994 Sweden 11 10 62.5+3.6 61.6+82 54.5 50 1.5+12 5427
Cruchaga et al?! 2012 USA & Canada 184 439 6.8+2.3 69+23
Hesse et al?? 2000 Sweden 55 21 735492 68.8+8 56.4 61.9 34413 45427
Kandimalla et al> 2013 India 44 46 61.8+9 60.8 + 12.3 409 30.4 224+24  232+22
Landén et al?> 1996 Sweden 54 25 69.4 + 6.1 22+1 57+4
Lefranc et al’! 1996 France 49 18 73495 69.7 + 13.6 67.3 61.1 36415 42422
Lehtimiiki et al 23 1995 Finland 72 84 53 57.9 5421 55+1.8
Molina et al?* 1999 France 33 65 53425 54427
Riemenschneider et al > 2002 Germany 62 18 54.8 50 35+ 1.1 45+09
Résler et al32 1996 Germany 16 10 732+ 14.4 623 +12.5 62.5 50 15403 17404
Skoog et al2® 1997 Sweden 12 35 85 85 66.7 26415 38417
Toledo at al 33 2013 USA & Canada 69 92 75477 757+ 5.4 43 50 6.1 424 69+ 1.8
Vuletic et al>* 2005 USA 50 40 71+8 73+7 61.3 48.1 42+1 47+ 1.1
Zhang et al® 2008 USA 48 95 70+ 9 63+ 12 40 54 254 1.4 39429
Richens et al?® 2014 UK 10 18 10.1 + 1.6 10.1+2.9
Fukumoto et al > 2003 Sweden 14 17 71.9 + 10 58.6 +7 57.1 64.7 25847 252477
Fukuyama et al?’ 2000 Japan 25 14 69.9 + 8.7 653 +8.7 12406 0.8+ 0.6
Lindh et a1’ 1997 Sweden 18 27 68.4 +10.5 66.9+9.5 88.9 63 4742 19+15
Martinez-Morillo et al®® 2014 Sweden 43 43 77.5+ 8.5 613493 64 53 21407 2407
Merched et al* 1997 France 38 31 754499 674+ 11 61 61 214108 0.8+03
Shafaati et al*0 2007 Sweden 17 43 728 +53 50.5 + 16.8 412 65.1 35407 25408
Song et al*! 1997 Japan 26 23 68.3+9.8 62+ 10 65.4 56.5 45+24 41+1.7
Wahrle et al*? 2007 USA & UK 43 55 76+ 6 76+ 8 53 71.5 95427 9.1+29

Alz: Alzheimer’s
* Mean + Standard Deviation (SD)

tion and oxidative stress. A proposed mechanism suggests
that amyloid-beta plaques have been found to be highly affini-
tive to iron and reduce Fe3+ to Fe2+; excessive Fe2+ acti-
vates the ferroptosis pathway%?. However, the role of fer-
ritin in AD is inconclusive due to differing results in reported
ferritin levels among the studies. Nevertheless, the relation-
ship between ferritin and ferroptosis is likely modulated by
ApoE, which has been shown to influence both iron handling
and lipid metabolism. The ApoE protein is a multifunctional
protein that contributes to lipid transport, neuroinflammation,
and neuronal repair, therefore playing a crucial role in the
brain pathogenesis of AD?’. Pathology work on the brain
tissue of AD patients suggests that ApoE can inhibit ferrop-
tosis by suppressing ferritinophagy and limiting free iron re-
lease®. Ferritinophagy is a type of autophagy in which fer-

ritin is transported to lysosomes for degradation; free iron then
participates in the Fenton Reaction, producing reactive oxygen
species and lipid peroxidation. Inhibition of ferritinophagy ul-
timately suppresses the autophagic machinery responsible for
the degradation of ferritin, thus avoiding the iron-dependent
lipid peroxidation associated with ferroptosis and eventually
AD%. However, misfolded variants of the ApoE protein could
lead to impaired lipid metabolism, causing lipid and choles-
terol accumulation in neurons and glial cells, which may com-
promise their functionality to clear toxic amyloid-beta pep-
tides!'. Therefore, ApoE activity appears to be linked to iron
storage activity, which contributes to ferroptotic vulnerability.
At the same time, APOE genotype also seems to contribute to
the brain’s pro-ferroptotic state in AD. Among the three APOE
gene alleles, the €4 allele has the closest relationship with AD

4 | NHSJS Reports

© The National High School Journal of Science 2026



Table 3 Summary of Literature on Erythrocyte GPx Activity in AD Patients vs. Controls.

Study Year Country Number of Participants Age in Years* % of Women Erythrocyte GPx Levels*
Alz Controls Alz Controls Alz Controls Alz Controls
Bourdel-Marchasson et al** 2001 France 20 23 80+ 6 76 £ 7 80 69.56 32+ 10b 33 + 10b
Giavarotti et al*® 2013 Brazil 23 42 82 82 12600 + 3360b 12800 =+ 2590b
Cardoso et al*® 2012 Brazil 27 28 80.6+57 712+62 60.7 65.5 37.35 £ 12.99b 40.46 = 11b
Jeandel et al* 1989 France 55 24 81.7+57 764%6.1 72.72 79.17 5.06 +2.12¢ 6.24 + 1.61c
Kharrazi et al*® 2008 Iran 91 91 75+93 732+ 56.04 56.04 5544 15.5b 60.5 + 13.8b
11.8
Rubio-Perez et al*3 2016 Spain 48 52 76.5+3.5 79+ 4 72.92 76.9 23.18 +2.98b 33.16 £2.2b
Serra et al*? 2009 Brazil/ Argentina 112 80 721+£06 684+14 64.28 525 1.8 +£0.1c 1.9 +0.24¢
Varal et al> 2010 Turkey 50 50 719+68 65.1+7.1 54 52 42.37 + 5.84b 46.15 4 5.64b
Zarrouk et al ! 2020 Tunisia 56 97 72 +3.75 68 +5.5 57.14 43.29 1.29 + 1.03d 13.06 + 2.13d
Yadav et al*? 2020 India 60 60 77.6 + 752+ 63.33 1598 + 53.77d 1856 + 63.57d
11.3 10.5
Annerén et al> 1986 Sweden 9 16 547 +£9.7 419+ 71.77 43.75 408 £ 40.5a 341 +45.3a
10.5
Krishnan & Rani>* 2014 India 30 40 71+ 8.7 652493 35 45 2.88 +0.53¢ 2.45 + 0.56¢
Perrin et al> 1990 France 25 25 879+68 884+7.1 80 88 33.44 £12.22b 31.49 £ 12.7b
Sulkava et al > 1986 Finland 4 5 69.9+74 548479 75 60 214 +3.5b 19.7 £2.7b
Torres et al”’ 2011 Brazil 29 26 764 +£52 735+58 76.92 96.9 + 27.46b 57.8 +22.43b

a: Wkat/L; b: U/g Hb; c: umol/g Hb/min, d: U/mg protein
Alz: Alzheimer’s
* Mean + Standard Deviation (SD)

Table 4 Summary of Literature on Percentage Frequency of APOE Alleles in AD Patients vs. Controls.

Study Year | E2 Allele (% Frequency) E3 Allele (% Frequency) E4 Allele (% Frequency)
Alz Controls Alz Controls Alz Controls

Ganguli et a] 8 2000 7 4 82 89 11 7

Slooter et al>® 1998 7 16 58 58 35 26

Dai et al® 1994 2 4 67 87 31 9

Katzman et al ®! 1997 5 6 70 84 25 10

Alz: Alzheimer’s

as it codes for a malfunctioned ApoE protein that disrupts lipid
metabolism, enables ferroptosis, leads to an accumulation of
amyloid-beta and tau plaque, and fuels neuroinflammation .
The link between the onset of AD and the APOE gene sug-
gests that the chance of having AD with an APOE &4 allele
is three times higher than without, therefore €4 is considered
the strongest genetic risk factor for AD%. APOE &4 has been
associated with both increased brain iron burden and reduced
functional ApoE levels®!°, which may impair the regulation
of ferritin and exacerbate oxidative stress. Interestingly, extra-
cellular iron levels seem to upregulate €4 ApoE expression in
neurons but reduce secretion, therefore reducing the protein’s
ability to clear extracellular amyloid-beta and promote depo-
sition'?. Overall, this creates a plausible pathway in which
APOE €4 results in altered ApoE function, which causes dys-
regulated ferritin and increased ferroptosis susceptibility for
AD.

Finally, GPx is an antioxidant enzyme that plays a crucial
role in protecting cells from oxidative damage, specifically
by preventing ferroptosis. GPx achieves this by neutralizing

lipid hydroperoxides*©%®. Ferroptosis may be induced when
GPx4 is insufficient to inhibit iron-mediated free radical pro-
duction and neuronal death®’. AD vulnerability most likely
stems from the increased risk of ferroptosis and oxidative
stress, as AD seems to have decreased levels of antioxidant
enzymes %70, Furthermore, ApoE has been recently found to
boost GPx4 levels, which is synonymous with ApoE’s abil-
ity to inhibit ferroptosis’!. However, the evidence surround-
ing GPx is particularly inconsistent, with studies reporting de-
creased, increased, or unchanged levels as well as a lack of
specificity for GPx4. Additionally, this review focuses on ery-
throcyte GPx, which may not be the most accurate indicator of
oxidative status compared to GPx in whole blood, plasma, or
post-mortem brain tissue. The lack of standardization across
studies limits comparability and weakens conclusions regard-
ing GPx’s role.

Yet, despite biological plausibility linking these four fac-
tors, no single study to date has simultaneously evaluated CSF
ferritin, ApoE levels, APOE genotype, and GPx activity. Lack
of integrative datasets, along with variability in study designs
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and reported findings, further contributes to the inability to es-
tablish causal relationships. For example, conflicting results
in CSF ferritin, ApoE levels, and GPx levels across studies
may be influenced by differences in sample size, disease stage,
genetic background (e.g., APOE stratification), or assay vari-
ability. The literature remains inconclusive and incomplete,
primarily due to the lack of integrated studies and inconsis-
tent approaches to biomarker measurement. Altogether, the
available evidence supports a potential framework in which
ferroptosis in AD arises from iron accumulation (ferritin), im-
paired lipid and iron regulation (ApoE/APOE alleles), and
inadequate antioxidant defense (GPx4). However, the litera-
ture supporting this pathway remains incomplete due to the
absence of multivariable studies and inconsistent biomarker
measurements.

Limitations

This literature review includes several limitations that are im-
portant to consider when interpreting findings. The total com-
prehensiveness of the review may be limited due to ongoing
research and publication of new findings that continue to alter
the current field of knowledge around iron in AD. It is also
possible that some papers excluded from this review for not
meeting the inclusion criteria may have delved into additional
factors regarding iron in AD that are not specifically pertinent
to this review but may be important to consider when compre-
hending the overarching mechanisms of AD.

Clinical Implications

The newfound effects of iron dysregulation in AD pose several
implications for clinical diagnosis and treatments. Greater at-
tention toward levels of GPx4, ApoE, and iron-specific mark-
ers, such as ferritin or transferrin (transport protein of iron),
could be beneficial in deciphering specific ferroptosis-related
factors that are contributing to the patient’s AD progression or
severity. The broader relationship between ferroptosis and AD
has emerged in numerous clinical trials that show the possible
clinical benefits of ferroptosis inhibitors, suggesting ferrop-
tosis as a potential therapeutic target for AD’>73. Continu-
ing such clinical trials and extending research on the benefits
of ferroptosis inhibitors could become an essential factor in
managing or slowing the progression of the disease in mild to
moderate AD patients ’>74,

Future Directions

Continuing to research the role of iron homeostasis and fer-
roptosis in AD is essential to discovering potential therapies

for AD patients. It is clear that overlapping mechanisms be-
tween ferritin, ApoE, APOE gene alleles, and GPx4 result
in a complex pathway that contributes to the onset of AD,
and further clarifying this pathway can allow for the devel-
opment of treatments, such as anti-ferroptotic drugs, that in-
fluence this pathway in order to curb the effects of AD. Future
research should prioritize studies that simultaneously assess
and standardize measurements of the variables discussed in
this review, as well as further investigate other specific, iden-
tifiable markers of ferroptosis, such as metabolism regulators
and ferroptosis-related genes, to move toward a more definite
understanding of the underlying mechanisms of lipid peroxi-
dation and ferroptosis in AD 777,

Conclusion

Ferroptosis and dysregulated iron homeostasis are compo-
nents of a complex pathway that contributes to the etiology or
pathophysiology of AD. The role of iron-mediated neuronal
death in AD can be attributed to a multi-layered interaction
between ferritin, ApoE, GPx4, and APOE alleles. Ferritin
plays a major role in increased iron retention and accumula-
tion, therefore initiating ferroptosis by promoting Fenton Re-
actions and oxidative stress. ApoE is a critical inhibitor of
ferroptosis, specifically by preventing free iron release from
ferritin, and dysfunctioning ApoE in AD can disrupt the re-
striction of ferroptosis. GPx4 is another important inhibitor
of ferroptosis by neutralizing toxic free radicals. Decreased
levels of GPx4 in AD may be associated with lower levels
of ApoE as well. Finally, APOE alleles, particularly €4, are a
prime risk factor for AD due to increased amyloid-beta plaque
and tau tangle pathology associated with APOE €4 carriers.
APOE &4 is linked with lower levels of ApoE and higher lev-
els of ferritin, thus exacerbating ferroptosis. Conducting more
research to clarify and verify the interactions between these
four variables in AD is essential for finding therapies and treat-
ments that aim to hinder the harmful effects of ferroptosis in
AD.
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