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Abstract

Objective: This paper is a proposal for an update of the Iron Hypothesis of Alzheimer’s disease 

(AD), based on large-scale emerging evidence.

Background: Iron featured historically early in AD research efforts for its involvement in 

the amyloid and tau proteinopathies, APP processing, genetics, and one clinical trial, yet iron 

neurochemistry remains peripheral in mainstream AD research. Much of the effort investigating 

iron in AD has focused on the potential for iron to provoke the onset of disease, by promoting 

proteinopathy though increased protein expression, phosphorylation, and aggregation.

New/updated Hypothesis: We provide new evidence from a large post-mortem cohort that 

brain iron levels within the normal range were associated with accelerated ante-mortem disease 

progression in cases with underlying proteinopathic neuropathology. These results corroborate 

recent findings that argue for an additional downstream role for iron as an effector of 

neurodegeneration, acting independently of tau or amyloid pathologies. We hypothesize that the 

level of tissue iron is a trait that dictates the probability of neurodegeneration in AD by ferroptosis, 

a regulated cell death pathway that is initiated by signals such as glutathione depletion and lipid 

peroxidation.
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Major Challenges for the Hypothesis: While clinical biomarkers of ferroptosis are still in 

discovery, the demonstration of additional ferroptotic correlates (genetic or biomarker derived) of 

disease progression is required to test this hypothesis. The genes implicated in familial AD are not 

known to influence ferroptosis, although recent reports on APP mutations and ApoE have shown 

impact on cellular iron retention. Familial AD mutations will need to be tested for their impact 

on ferroptotic vulnerability. Ultimately, this hypothesis will be substantiated, or otherwise, by a 

clinical trial of an anti-ferroptotic/iron compound in AD patients.

Linkage to other Major Theories: Iron has historically been linked to the amyloid and tau 

proteinopathies of AD. Both tau, APP and ApoE have been implicated in physiological iron 

homeostasis in the brain. Iron is biochemically the origin of most chemical radicals generated 

in biochemistry and thus closely associated with the Oxidative Stress Theory of AD. Iron 

accumulation is also a well-established consequence of ageing and inflammation, which are major 

theories of disease pathogenesis.

1. Objective (brief paragraph to orient the read to the purpose).

This paper is a proposal for an update of the Iron Hypothesis of Alzheimer’s disease (AD), 

based on emerging evidence. Historically, the focus of iron research in AD has concentrated 

on the role of iron in promoting the hallmark pathology (plaque, neurofibrillary tangles; 

NFT) of AD, and while more recent findings do not invalidate this concept, it is becoming 

clear that iron effects downstream of proteinopathy. We seek input from other investigators 

in our effort to broaden the understanding of iron pathophysiology in AD, and how this 

relates to other recognized disease mechanisms. In reassessing the role of iron in AD, we 

seek to clarify therapeutic opportunities that target iron pathways, including when in the 

natural history of AD iron-based therapeutics may be beneficial.

2. Background

a. Historical evolution

Being first identified in 1953 [1], and subsequently in 1960 [2], iron deposition is one of 

the earliest reported chemical changes in the AD brain. Iron enrichment was observed in 

plaque, tangle-bearing neurons, as well as microglia. While both the importance of iron to 

brain health, as well as the potential for iron to cause tissue damage by oxidative chemistry 

(as the most abundant catalytic source of free radicals) became increasingly recognized in 

the ensuing decades, it was not until the 1990s that iron regained some attention in AD 

research. An early clinical trial of the iron chelator, desferrioxamine, reported slowing of AD 

progression in 1991, however this was never followed up [3]. While iron regulating proteins 

were shown to be altered in the AD brain [4, 5], which suggested iron dyshomeostasis, 

more attention was directed toward the potential for iron to be enriched in plaques and 

tangles [6, 7], as a source of oxidative radical damage emitting from the pathology [8–10] 

or as a chemical that cemented amyloid and tau protein deposition [11, 12]. Enrichment of 

iron in plaques and tangles has since been demonstrated by multiple groups using modern 

techniques [13–15]. The iron within plaque may be supplied by ferritin, which is a major 

iron binding protein that accumulates in the pathology [6, 16].
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Iron as a priority in AD research was sidelined during the AD genetic revolution of the 

1990s, which re-orientated research towards Aβ, and to a lesser extent tau, and APOE. 

Yet, polymorphism in transferrin, the main iron transporting protein, was one of the earliest 

(1993) genetic risk factors identified for AD [17]. It was later reported that there is an 

epistatic interaction between the hemochromatosis risk allele, H63D, and APOE ε4 in 

conferring AD risk [18, 19], with more recent reports showing elevation of iron biomarkers 

in ε4 carriers [20–22].

While the causal genetic mutations in APP and presenilin were co-opted into the Aβ Theory, 

early evidence implicated iron biochemistry in this pathway. In 1995 it was shown [23] 

(and later supported [24–28]) that iron regulates processing of APP, and an iron-responsive 

element in 5’-untranslated region of the APP transcript promotes the translation of APP in 

response to iron [29]. Iron regulation of APP expression was consistent with subsequent 

findings that implicated APP in iron homeostasis. In 2000 the Snyder laboratory reported 

that APP inhibits heme oxygenase, which liberates iron from heme [30]. It was later shown 

that APP acts to stabilize the iron exporting protein, ferroportin, to promote neuronal iron 

export [31–33], and that tau protein promotes surface trafficking of APP to ferroportin [34]. 

The ability of APP to support iron efflux is impacted by its processing, since it was recently 

shown that either genetic (Italian mutation) or pharmacological promotion of β-cleavage of 

APP causes iron retention in neurons, whereas the opposite response was observed with 

genetic (Icelandic mutation) or pharmacological promotion of APP α-cleavage [33].

The links between APP and iron biology offer an intriguing possibility for iron biochemical 

changes to feature in AD pathogenesis. Recent unbiased single cell transcriptomics and 

proteomics analyses have prominently implicated iron pathways in AD [35, 36]. While iron 

is reported as elevated in grey matter in AD, a meta-analysis revealed variability in iron 

levels between cortical areas, and across studies [37]. Within brain regions, iron has been 

shown to be redistributed in AD in a diffuse laminar pattern when different techniques have 

been used to measure iron in tissue sections [38–41]; the inhomogeneous deposition of iron 

may contribute to variance between regions/studies.

Accumulating data links iron burden as a trait to the rate of AD progression. Brain iron 

levels reflected by ferritin in CSF [20, 21, 42, 43], by Quantitative Susceptibility Mapping-

MRI [44, 45], or directly measured post mortem [46], predict longitudinal cognitive 

deterioration and brain atrophy in people with underlying AD pathology. This correlation 

between iron and disease progression occurs even in the absence of bulk iron elevation; that 

is, relatively high biomarkers of iron, but within the normal range, were associated with risk 

of neurodegeneration when the underlying pathology of AD was present [20, 21, 42–44]. 

Taken together, the data indicate that brain iron burden is a trait associated with accelerated 

decline, even though iron values in cases overlap with healthy.

The association of iron with clinical progression rather than pathology deposition, are 

consistent with a role for iron downstream of proteinopathy accumulation in AD. Indeed, 

mediation analysis has revealed evidence that iron acts downstream of tangle pathology 

to influence neurodegeneration [47] and cognitive impairment [46]. The potential for 

iron, which can undergo redox cycling between Fe2+ and Fe3+, to cause tissue damage 

Ayton et al. Page 3

Alzheimers Dement. Author manuscript; available in PMC 2022 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by oxidative chemistry has long been recognized as a potential neurotoxic mechanism. 

But the discovery of ferroptosis, an iron-dependent and non-apoptotic programmed cell-

death pathway [48], provided an intriguing mechanism to consider as an explanation for 

the neurodegeneration in AD, which occurs after the appearance of the proteinopathy. 

Importantly, ferroptosis is not caused by poisonous elevation of iron to toxic levels, 

rather, iron becomes activated during ferroptosis to cause toxicity (e.g. liberated from 

ferritin). Ferroptosis may occur at all levels of iron, but cells with higher levels are more 

susceptible to initiating this form of regulate cell death. Iron therefore acts as moderator 

of susceptibility, so that cell death is more likely to occur once ferroptosis is triggered 

(e.g. by a decrease in glutathione). Ferroptosis would therefore be consistent with recent 

clinical findings linking iron with risk of decline, and offers a mechanistic explanation for 

neurodegeneration (synaptic and neuronal loss) in AD that has yet to be established for Aβ 
and tangles.

b. Rationale

While NFT and plaque are the defining pathological features of AD, the variability in 

the timing and extent of burden of these pathologies and their association with cognitive 

performance and neurodegeneration [49] imply that additional factors impact on functional 

deterioration. The mechanisms linking plaque to NFT pathology, and ultimately to neuronal 

toxicity remain inconclusive, and other neurochemical changes that occur in concert with 

these proteinopathies warrant interrogation. Iron has historically been implicated in AD 

proteinopathy, and while this remains of interest, the new understanding of ferroptosis has 

introduced iron as a potential downstream effector of neurodegeneration.

3. New or updated hypothesis

We propose an updated hypothesis for iron in AD – that iron-dependent ferroptosis is a 

relevant mechanism of neurodegeneration in AD. This updated hypothesis differs to prior 

hypotheses that iron acts upstream in AD to alter the processing of APP, or to accelerate 

the formation of plaque and NFTs. Our hypothesis does not oppose the former, rather 

complements this by asserting an additional toxic mechanism for iron, which may also result 

from pro-oxidant chemistry emanating from iron-enriched protein pathology.

This hypothesis would be supported if iron concentrations within the brain were associated 

with accelerated AD progression. Iron would need not be elevated in AD subjects, rather, 

people with relatively high iron (but within the normal range) would be expected to 

have poorer outcomes. Using a sub-set of cases (n=209) from the Memory and Aging 

Project (MAP; an ongoing clinical-neuropathological cohort study of older adults), we have 

previously reported that iron measured in post mortem inferior temporal cortex was elevated 

in people with AD pathology (that met CERAD or other neuropathological criteria) who had 

a clinical diagnosis of dementia; furthermore, temporal cortex iron levels were associated 

with more aggressive antemortem cognitive decline [46]. Here, we test these conclusions in 

a larger sample across more brain regions, by investigating iron in 645 post-mortem brains 

from the MAP cohort. We measured iron in three brain areas prominently affected in AD: 

anterior cingulate cortex, mid-frontal cortex, and inferior temporal cortex, as well as the 
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comparatively spared cerebellar cortex, to test for the association between brain iron and 

pathological and antemortem clinical changes in AD.

a. Early experimental or observational data

Iron was measured using inductively coupled plasma mass spectrometry in post-mortem 

cortical tissue from inferior temporal, mid frontal, anterior cingulate, and cerebellum from 

645 brains (see supplementary files for procedures). The values of iron in each region were 

similar to our findings in another cohort of control brains, with anterior cingulate containing 

approximately half the value of other cortical regions [50]. Iron levels in each region were 

modestly but significantly associated, within individuals, with iron levels in each other 

region (0.10<r<0.27).

Donors were classified clinically during life as having Alzheimer’s Dementia (using 

NINCDS-ADRDA criteria), and, at autopsy, classified pathologically using dichotomous 

stratifications of CERAD, Braak, or NIA-Reagan scales (low/high). CERAD criteria were 

used in the primary analysis, but the modelling was replicated using each of the criteria. The 

classification according to clinical and pathological criteria is important because individuals 

with AD pathology may not have a clinical diagnosis (e.g. prodromal disease); others 

with a clinical diagnosis may not have the pathology (i.e. clinical misdiagnosis or non-AD 

dementia).

The clinical and pathological stratifications resulted in assignment of 166 low pathology 

(CERAD) subjects without dementia, 40 low pathology subjects with dementia, 212 

subjects with high pathology but without dementia, and 227 subjects with high pathology 

and dementia (demographics: Table 1). In subjects without dementia, iron levels were 

not associated with pathological status (neither the composite, nor each region assessed 

separately). In people classified low for AD pathology, the composite iron score did not 

differ with a clinical (non-AD) dementia diagnosis, but there was a small increase in the 

cerebellum (P=0.026) in this group. The composite iron score was elevated in people with 

pathology-confirmed clinical AD (multiple regression: P=0.002); a result mostly attributable 

to the inferior temporal cortex, P=2×10−4), since iron levels in other regions were not 

associated with clinical diagnosis (Figure 1). These findings were consistent when Braak 

and NIA/Reagan criteria of pathological diagnosis were applied (data not shown). Therefore, 

except for the inferior temporal cortex, iron was not elevated in other regions in subjects 

with a clinical diagnosis of AD, nor was there an association between pathological diagnosis 

and iron in any brain region.

To explore further whether iron was associated with the plaque and NFT pathology of 

AD, we included the iron composite (primary analysis), and iron in each brain region 

(exploratory) in separate multiple regression models of NFT and plaque in people classified 

positive or negative for AD pathology by CERAD criteria. The iron composite was not 

associated with plaque or NFT burden (scores for the entire brain). Iron in the inferior 

temporal cortex was moderately associated with global NFT burden (p=0.008) but not global 

plaque burden, while iron levels in the other regions were not associated with global values 

for either pathology (Table 2). We replicated this analysis using regional measures of NFT 

and amyloid pathology that were available for mid-frontal and inferior temporal cortices. 
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Similarly, iron in the inferior temporal cortex was associated with NFT burden in the inferior 

temporal cortex of donors with high CERAD (p=0.028), but not in those with low CERAD 

scores (Supplementary Table 1). Inferior temporal iron levels were not associated with 

amyloid burden of this region regardless of CERAD designation. Iron in the midfrontal was 

not associated with amyloid and NFT pathology in this region of either CERAD positive or 

negative subjects (Supplementary Table 1).

We next investigated whether iron levels in brains with high AD pathology were associated 

with clinical deterioration in the decade prior to death, using mixed effects models 

of annual cognitive performance. A composite of memory tests for Global Cognition 

was used in our primary analysis, while composites for Episodic Memory, Perceptual 

Organization, Perceptual Speed, Semantic Memory, and Working Memory were investigated 

in exploratory analysis. We investigated change in cognition in donors who had positive AD 

pathology by CERAD criteria but did not have dementia during life, as well as donors who 

met both pathological and clinical criteria for a diagnosis of AD dementia before they died 

(all volunteers were cognitively normal when they entered the study). When inspecting the 

raw cognitive data, we noted that the cognitive trajectories were non-linear, so we included 

quadratic and linear terms for each variable, which resulted in an improved fit (determined 

by Akaike information criterion, Bayesian information criterion, and log likelihood [LL]) 

compared to when we only included linear terms.

In donors who were positive for AD pathology by CERAD criteria and suffered dementia, 

decline in Global Cognition was strongly and independently associated with the composite 

iron score (Fig 2A; Table 3) and NFT burden (Fig 2B), while plaque counts were 

not predictive (Fig 2C). The association between the iron composite and decline in 

Global Cognition was very similar when NIA/Reagan (Supplementary Fig 1B) and Braak 

(Supplementary Fig 1C) criteria of pathological diagnosis were applied. Iron in each brain 

region was predictive of decline in Global Cognition (Supplementary Fig 2; Table 3), 

regardless of whether iron was found to be elevated in these pathologically confirmed-AD 

subjects (i.e. inferior temporal). In exploring other cognitive domains, the iron composite 

was associated with cognitive decline in all but episodic memory and perceptual orientation 

(Table 3).

In CERAD-positive donors without dementia, the iron composite was associated with 

cognitive decline in global cognition (Figure 2D; Table 3), and working memory and 

episodic memory. This result was mostly attributable to iron in the inferior temporal and 

mid frontal cortices, since exploratory analysis revealed significant associations between 

iron in these regions and decline on these scales (Table 3), despite these CERAD-positive 

non-demented cases having no change in iron levels in any region when compared to 

CERAD negative cases. Notably, in these CERAD-positive non-demented cases plaque and 

NFT burden was, like iron burden, also significantly associated with antecedent cognitive 

decline (Figure 2E,F; Table 3).

This large post-mortem cohort ratifies an elevation of iron in the temporal lobe in persons 

with dementia and AD pathology, but not other regions investigated (mid frontal, anterior 

cingulate, cerebellum). This pattern is similar to a recent report investigating iron by 
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quantitative susceptibility mapping MRI [47]. Iron was not elevated merely by the presence 

of AD-pathology (i.e. AD-pathology positive, clinically silent cases), nor in people with 

dementia without AD-pathology (i.e. non-AD dementia).

This large dataset corroborates that, while brain regions outside of the inferior temporal 

lobe were not elevated in iron, the iron burden throughout the brain was still strongly 

associated with decline. Iron burden influencing disease progression even when not 

pathologically elevated is consistent with the mechanism of ferroptotic neurodegeneration 

(Fig 3). Ferroptotic cell death does not require or induce elevated total iron levels, rather, 

cells with greater iron levels have increased susceptibility to undergo ferroptosis [48], 

which is consistent with our findings. If iron were merely increased with pathological or 

clinical diagnosis and not associated with cognitive trajectory, then the change in iron may 

be an epiphenomenon reflecting other primary disease mechanisms (e.g. inflammation). 

The association of iron burden with rate of deterioration is unlikely to be attributable to 

canonical AD pathology since iron itself was not elevated in most brain regions studied. 

While still correlative, our results are more consistent with iron acting as a risk factor 

for disease progression, while also being increased in some brain regions causally or 

epiphenomenologically.

The reason for iron elevation in the inferior temporal cortex and not the other brain regions 

is unknown. Iron elevation can be a consequence of vascular damage [50], inflammation 

[51], or change in APP processing [33], as discussed below. One clue is that this region has 

severe NFT pathology. Low soluble tau levels as a consequence of deposition within NFT 

could lead to neuronal iron retention [34].

b. Future experiments and validation studies

While it is clear that substantial neuronal loss occurs in AD [49], determining the cause of 

this cell death is challenging. There are currently no definitive reporters of ferroptosis, but 

even if they did exist their assessment would be confounded by agonal changes. Certain lipid 

peroxidation products may be markers for ferroptosis and their assessment at a similar scale 

in post-mortem tissue awaits. However, like any programmed cell death pathway, it may be 

difficult to pick up specific signatures of the mechanism of death in such an indolent disease 

where most of the dead cells met their demise years earlier. Nonetheless, the association 

of iron levels, or other constituent risk/protective ferroptotic factors (glutathione, selenium, 

mono/poly unsaturated fatty acids), with disease outcomes provide evidence for ferroptosis.

An in vivo biomarker of ferroptotic stress (e.g. elevation of a specific lipid peroxidation 

marker) could provide more compelling evidence of ferroptosis in AD. While no such 

biomarker currently exists, fluid and imaging biomarkers of iron have been shown predict 

disease progression [20, 21, 42, 44, 45], and glutathione, a major anti-ferroptotic molecule, 

is reported to be decreased in AD [51].

Yet, all such biomarker studies are correlative, and even if ferroptotic biomarkers 

demonstrate elevation in disease, it would remain unknown if this elevation is cause or effect 

of another more damaging disease process. Our findings relating iron burden to cognitive 

decline, while correlative, are still consistent with a damaging role for iron in AD since it 
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is unlikely that disease pathology induces a change in iron because the levels of iron were 

mostly unchanged. Rather, it is more likely that iron acts as a risk factor of decline. By 

analogy, ambient temperature does not cause bushfires, but temperature has a major bearing 

on the severity of the fire.

More definitive evidence of ferroptosis as a pathogenic mechanism in AD would be obtained 

by a clinical trial of an anti-ferroptotic drug that slowed or stopped disease progression. 

There are currently no specific anti-ferroptotic compounds that are clinically available, 

however iron chelators that are in current clinical use are anti-ferroptotic, albeit with low 

potency. An early clinical trial of the iron chelator, desferrioxamine, showed some promise 

of slowing disease progression [3], and a phase II AD clinical trial of the orally available 

and BBB penetrant iron chelator, deferiprone, is currently underway (NCT03234686). 

When used at a lower dose than for treating iron overload in thalassemia (30mg/kg/day 

vs ~100mg/kg/day), deferiprone has been found in clinical trials of several neurological 

disorders not to deplete systemic iron, but nonetheless to lower biomarkers of brain iron 

burden (e.g. [52]). Neutropenia is an infrequent (~3%) adverse effect, not related to iron 

chelation, that is managed by temporarily suspending treatment. Vitamin E, which is a weak 

ferroptosis inhibitor, also has reported benefits in phase 3 testing [53]. Much more specific 

and potent anti-ferroptotic agents are currently in development and may provide proof of 

concept. CuII(ATSM) is a BBB penetrant orally available anti-ferroptotic agent that has 

reported promising outcomes in early studies of Parkinson’s disease and amyotrophic lateral 

sclerosis (ALS), where ferroptosis is also implicated [54]. It is currently undergoing proof of 

concept phase 2 testing for ALS (NCT04082832) and may warrant testing in AD.

In the case where a drug targeting the ferroptosis pathway slowed AD progression, this 

would add considerable weight to the hypothesis we outline here. However, any one drug 

may have multiple mechanisms of action, and it is possible that the putative anti-ferroptotic 

compound exerts its effect by another pathway. Therefore, testing the hypothesis would 

require further demonstration of multiple drugs targeting different steps in the ferroptosis 

pathway each conferring benefit in clinical trials with concomitant improvements in 

ferroptosis biomarkers.

It is also of interest to know whether brain iron has a specific role in AD, or whether 

it risks accelerated disease progression across the dementias. We did not pursue the non-

AD dementia (AD-pathology negative) group to the same extent because this group was 

comparatively small, consisted of subjects with varying types of dementia with variable 

trajectories of cognitive decline, and with different brain regions implicated. While less 

explored, tissue iron burden is also implicated in dementia with Lewy bodies/Parkinson’s 

disease dementia [55], frontotemporal dementia [56] and dementia with vascular pathology 

[57], and its role in these contexts also warrants further investigation.

4. Major challenges for the hypothesis

In this large study of post-mortem tissue, we did not find iron elevation at the bulk tissue 

level in most brain areas studied, except for inferior temporal cortex. Also, we found that 

the bulk iron levels in the regions were not related to plaque burden and were related to 
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NFT burden only, again, in the inferior temporal cortex. While we find strong evidence that 

bulk tissue iron levels propel cognitive deterioration, how this fits in with the canonical 

proteinopathy is not clear. Also, the iron burden clearly does not need to be markedly 

elevated on the bulk level (like hemochromatosis) to cause organ failure. So, a mechanism 

for how iron burden might induce accelerate cognitive deterioration is speculative, but, in 

all fairness, the mechanism for how amyloid or NFTs might cause neurodegeneration is no 

more certain.

Critics of the iron hypothesis of AD have pointed to the lack of association between 

canonical iron-related genes in the genetics of AD. But iron-loading diseases such as β-

thalassemia and hemochromatosis affect peripheral organs, and there is little communication 

between peripheral and brain iron levels (e.g. [20]). Patients with uncontrolled iron levels 

will exhibit damage to peripheral organs resulting in disease before any consequence to 

the brain, and patients who have their iron levels therapeutically controlled will not risk 

brain iron elevation. The neurodegenerative class of diseases termed Neurodegeneration 

with Brain Iron Accumulation (NBIA) demonstrate the potential for brain iron loading (by 

various genetic lesions) to be sufficient cause of dementia.

Do iron-related genes feature in the genetic architecture of AD? While the genetic links 

in iron-related genes such as transferrin [17] and HFE [18, 19] have been reported, it is 

clear that their effect is comparatively minor. Yet such a view may ignore the possibility 

that canonical AD genes, such as APP, could be cryptic regulators of brain iron metabolism. 

Indeed, APP has been shown to have important functions relating to heme metabolism [30] 

and neuron iron export [31–34], which may directly link iron in AD genetics. This argument 

is strengthened by findings that iron promotes the expression [29] and α-cleavage [23] of 

APP, such that iron is both regulated by, and regulates APP biology.

The hypothesis that we put forward here actually does not require genetic evidence 

implicating iron in AD. The hypothesis that ferroptotic stress underlies neurodegeneration in 

AD does not imply that iron or ferroptosis is the upstream cause of the disease, rather it is 

a downstream mechanism of toxicity. It is reasonable to expect true causes of the disease to 

feature in AD genetics, but if iron/ferroptosis exerts its influence as a consequence of other 

factors (e.g. Aβ, tau), then iron/ferroptotic genes need not be genetic causes of the disease. 

Instead, we may expect that genetic variation in iron/ferroptotic genes would influence the 

risk for cognitive decline, which has been much less explored.

If indeed ferroptosis is a mechanism of neurodegeneration in AD, the biochemical trigger for 

this in AD needs to be determined. There are now many known mechanisms for inducing 

ferroptosis, with the original trigger of glutathione depletion being best described [48]. 

Low glutathione is observed in AD brain tissue [51], and GWAS reveals that variants in 

glutathione homeostatic genes predict cognitive decline upon underlying AD pathology [58]. 

When glutathione levels fall, the iron levels of the cell dictate the susceptibility to ferroptosis 

[59], consistent with our current findings. But what causes glutathione depletion in AD? – 

could this involve plaque or tangles? The molecular events linking plaques to tangles, and 

tangles to neurodegeneration remain undescribed. This is a major challenge for the entire 

AD field. Ferroptotic pathways, such as glutathione depletion, present possible explanations. 
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While the mechanisms linking pathology to glutathione remain to be elucidated, low 

glutathione has been shown to correlate with increased plaque pathology in cognitively 

normal subjects [60].

5. Linkage to other major theories

Protein aggregation

A wealth of prior research has demonstrated that iron accelerates the aggregation of Aβ 
and tau proteins, and that iron is enriched in plaque and NFT pathology [6–15]. The 

influence of iron on promoting AD pathology may not be surprising given that protein 

aggregation is a generalized response to iron stress [61]. However, in our cohort, we did not 

observe bulk iron enrichment in any brain region from subjects with AD pathology unless 

they were demented. In the inferior temporal cortex, iron was associated with NFT counts 

but not plaque pathology in cases that met CERAD criteria, in agreement with prior ex 
vivo and in vivo findings [46, 47]. While the association between pathology and iron we 

observed was not as prominent as with other reports, iron changes at the histopathological 

level are likely to be more prominent and may have been missed on the bulk tissue 

scale. Indeed, when investigated at the microscopic scale using low throughput/high spatial 

resolution techniques, iron elevation has been observed with laminar distribution, and 

associated with plaque pathology [38–41]. We did not intend to resolve this association 

with our bulk analysis techniques, so we cannot determine whether iron, acting in the local 

microenvironment, impacts on plaque or NFT pathology. However, if this is the case, it is 

unlikely that the iron burden of the tissue would explain the pathology, based on our current 

data, except for tangles in the inferior temporal cortex.

APP metabolism

That familial AD mutations in APP promote β-secretase cleavage (required for Aβ 
production) underscores the importance of APP processing in AD pathogenesis. The impact 

of iron on APP expression [29] may make sense given the function of APP to regulate 

heme metabolism [30] and iron export via ferroportin [31–34]. Recently, either genetic 

or pharmacologically induced β-secretase cleavage of APP prevented APP stabilization 

of ferroportin, causing neuronal iron retention. In contrast, inducing α-secretase cleavage 

promoted surface expression of ferroportin and iron release [33]. These findings introduce 

the possibility that FAD causative or protective mutations of APP might act by changing iron 

retention in neurons, with testable ramifications for ferroptosis.

Aging

Aging is the greatest risk factor for AD by an uncertain neurochemical mechanism. It has 

been repeatedly demonstrated that brain iron levels rise with age in rodents, primates and 

humans [62], which may prime the tissue for disease. Indeed, in a multivariate genomic 

scan reported that APOE, heme-regulation and plasma iron levels were the strongest factors 

associated with human healthspan and lifespan [63]. It is therefore not surprising that iron 

also could impact on AD as a major complication of aging.
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Inflammation

Inflammatory changes, including microglial activation in AD, are associated with cellular 

iron retention [64]. This is part of the innate immune response so that extracellular 

pathogens are deprived of iron for their growth. Conversely, iron elevation may promote 

a pro-inflammatory state. Production of the pro-inflammatory cytokine, IL-1β, which is 

induced in microglia by the NALP3-inflammasome, is enhanced by elevated iron [65] or 

heme [66]. Microglial cells with higher iron produce more IL-1β in response to Aβ [67]. So, 

brain tissue with more iron might have a lower threshold for inflammation-related damage, 

which may explain why higher iron levels in brain tissue are associated with faster disease 

progression.

6. Concluding remarks

Iron accumulation was one of the earliest chemical changes identified in AD [1, 2]. Iron 

featured historically early in the research efforts of protein pathology characterization [1, 

2, 6, 7], APP processing [23], genetics [17], and a clinical trial [3], yet iron remains 

of peripheral interest to AD research compared to proteinopathy. Much of the effort 

investigating iron in AD has focused on the potential for iron to be a casual factor 

in the onset of disease, by promoting pathology deposition though increased protein 

expression, phosphorylation, and aggregation. These pathways warrant serious consideration 

and investigation. However, the observation that iron levels within the normal range risk 

accelerated disease progression when the proteinopathy is already present argue for a 

downstream role for iron as an effector of neurodegeneration. This has implications for 

the understanding of iron in AD, understanding of neurodegenerative mechanisms in 

AD, and, importantly, therapeutic interventions. That iron is temporally associated with 

neurodegeneration and cognitive impairment may allow for the possibility to target iron/

ferroptosis at this symptomatic stage to alter the disease course.
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Research in context

Systematic Review:

We reviewed the evidence that links brain iron levels to the pathologies and clinical 

outcomes of Alzheimer’s disease (AD), including a large new set of post-mortem values. 

While iron has been linked to the proteinopathy of AD for many years, we find evidence 

for iron acting downstream of pathology, associated with neurodegeneration.

Interpretation:

In addition to these recent findings, we provide new data from 645 post-mortem brains 

with antecedent cognitive data where iron was measured in 4 regions. We report that 

iron was modestly associated with clinical diagnosis and neuropathology, but strikingly 

associated with the rate of cognitive decline in the decade prior to death.

Future Directions:

Mechanisms underlying the role of iron as an effector of damage in AD, for example by 

ferroptosis, or enhancing neuroinflammatory processes, warrant further investigation for 

therapeutic discovery. The role of iron as correlative or causative may be determined by 

a clinical trial of an anti-ferroptotic drug candidate or blood-brain barrier permeable iron 

chelator.
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Figure 1. Iron levels in different brain regions of donors stratified by clinical and pathological 
(CERAD) diagnosis of AD.
Statistics are from multiple regression models of iron in each region in strata of pathological 

diagnosis, and including the following covariates: age, sex, APOE ε4 and clinical diagnosis.
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Figure 2. Association between brain iron and cognitive change in donors with CERAD-
confirmed AD pathology, with and without clinical diagnosis of dementia.
Association between linear and quadratic terms of (A,D) iron composite, (B,E) NFTs and 

(C,F) plaque deposition with change in the Global Cognitive composite in the 10 years 

prior to death of donors who had CERAD-confirmed AD pathology with (A-C) and without 

(D-F) a clinical diagnosis of dementia. Data was modelled using continuous variables, but 

these were represented in tertiles for visual display.

Ayton et al. Page 19

Alzheimers Dement. Author manuscript; available in PMC 2022 November 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Current and Proposed Iron hypothesis of AD (simplified).
(A)The previous hypothesis was that iron promotes plaque and tangle formation by 

promoting APP and tau production as well as aggregation of Aβ and phospho-tau. Brain 

iron levels may be impacted by aging, changes in APP processing, inflammation and 

vascular damage. Iron trapped within these protein pathologies augmented toxicity through 

generating reactive oxygen species. Our current findings from a large longitudinal cohort 

confirmed that tissue iron burden may impact on the formation of NFTs, at least in the 

inferior temporal cortex. Our current investigation of bulk tissue levels of iron does not 

uphold a relationship between bulk tissue iron burden and amyloid formation. However, 

this study was unable to test the impact of iron in microvicinities, where previous findings 

indicate that iron is markedly enriched in plaques and tangles. Loss of tau function can, in 

its own right, cause neuronal iron accumulation. The new data lead us to further update the 

hypothesis, where iron has an additional role downstream of proteinopathy, by influencing 

the susceptibility of neurons to die (or cause synaptic damage) due to ferroptosis. Abnormal 

iron elevation does not itself cause ferroptosis, rather, the burden of iron in the tissue 

renders neurons more susceptible to ferroptotic stress. Therefore, people with relatively 

more iron, but still within the normal range, are likely to deteriorate faster during disease. 

(B) Ferroptosis pathways. Glutathione, which is depleted in AD brain tissue [51, 60, 68], 
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prevents ferroptosis by providing substrate for the ferroptosis checkpoint selenoenzyme, 

GPX4. GPX4 detoxifies lipid hydroperoxides that are formed by cytoplasmic iron reacting 

with membrane PUFAs, otherwise cell rupture ensues. Cystine enters neurons via the 

system Xc− antiporter in exchange for glutamate that is exported. Cystine is reduced to 

cysteine within the cell, which is the rate limiting amino acid for glutathione synthesis. 

Low cysteine levels promote ferroptosis by both depleting glutathione, and by promoting 

ferritin degradation that releases cytoplasmic iron to fuel the peroxidation reaction [69]. 

The more iron in the cell, the greater the vulnerability toward ferroptosis. Lipid peroxides 

in ferroptosis lead to downstream products such as hydroxynonenal, malondialdehyde, F2-

isoprostanes, acrolein, with subsequent depletion of long-chain PUFA depletion- all changes 

that are reported for AD brain tissue [70–76]. The sites of putative therapeutics are noted.
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Table 1.

Subject demographics

Pathology (CERAD) Negative Negative Positive Positive

Clinical dementia Dx No Yes No Yes

N 166 40 212 227

Age at death (SD) 88.1 (6.58) 91.8 (5.97) 90.4 (6.19) 91.5 (5.62)

Female sex (%) 110 (66.3%) 25 (62.5%) 151 (71.2%) 164 (72.2%)

APOE ε4 +ve (%) 16 (9.6%) 7 (17.5%) 50 (23.6%) 88 (38.8%)

Education years (SD) 15.0 (2.74) 14.4 (2.86) 14.5 (2.91) 14.5 (2.98)

Presence of infarcts (%) 46 (27.7%) 21 (52.5%) 79 (37.3%) 97 (42.7%)

Presence of Lewy bodies (%) 28 (16.9%) 15 (37.5%) 36 (17.0%) 72 (31.7%)

Aβ plaques: mm2 (SD) 0.87 (1.59) 0.59 (1.62) 6.62 (4.12) 7.04 (3.92)

NFT: mm2 (SD) 2.77 (2.68) 3.71 (3.04) 6.34 (5.87) 13.3 (11.5)
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Table 2.
Association of iron in different brain regions with global plaque and NFT counts in people 
who were positive or negative for AD pathology (CERAD).

Data are from multiple regressions of plaque and NFT included age, sex, APOE ε4 status, clinical dementia 

status, and in separate models, iron levels in each brain regions, and composite iron score of all regions. 

β-coefficients are the association between iron in each region and either plaque or NFT (as dependent 

variables) represented in standardized units (z-score).

Pathology (CERAD) Brain region Plaque NFT

β SE P β SE P

Positive Composite −0.072 0.059 0.220 0.092 0.072 0.208

Inferior Temporal −0.021 0.035 0.548 0.115 0.043 0.008

Mid Frontal −0.051 0.038 0.177 0.028 0.047 0.794

Anterior Cingulate 0.0063 0.853 0.853 0.019 0.042 0.656

Cerebellum −0.049 0.036 0.180 −0.039 0.045 0.381

Negative Composite 0.010 0.020 0.608 −0.011 0.038 0.768

Inferior Temporal −4.0×10−4 0.013 0.977 −0.022 0.024 0.376

Mid Frontal 0.0029 0.011 0.549 0.026 0.021 0.211

Anterior Cingulate 0.011 0.014 0.415 −0.036 0.027 0.184

Cerebellum 0.0013 0.012 0.913 4.7×10−4 0.022 0.984

Bold values represent P<0.05.
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Table 3.
Association between brain iron composite, plaque and NFTs, with different domains of 
cognition in subjects who had AD neuropathology with or without dementia at time of 
death.

Data were obtained from mixed-effects models of cognitive performance (e.g. Global Cognition) that included 

linear and quadratic terms for the following covariates, interacted with time: age, sex, APOE-ε4, years of 

education, plaque counts, tangle counts, presence of Lewy bodies, presence of gross infarcts and, in separate 

models, iron levels in the brain regions listed. Data are differences in model fit (change in log likelihood: 

ΔLL) and associated levels of significance determined by χ2 analysis between models with and without each 

individual variable (both linear and quadratic terms).

Global Cognition Working Memory Semantic Memory Perceptual Speed Perceptual 
Organization

Episodic Memory

Dementia Variable ΔLL χ2 P ΔLL χ2 P ΔLL χ2 P ΔLL χ2 P ΔLL χ2 P ΔLL χ2 P

Yes Aβ plaques −1.8 3.5 0.172 −1.2 2.3 0.310 −3.1 6.3 0.043 0.0 0.0 0.996 −0.8 1.7 0.429 −2.3 4.6 0.101

NFT −20.6 41.2 <0.001 −2.1 4.2 0.120 −21.7 43.4 <0.001 −2.8 5.5 0.062 −0.5 0.9 0.634 −11.2 22.3 <0.001

Iron 
composite −9.3 18.6 <0.001 −5.1 10.2 0.006 −3.2 6.5 0.039 −13.1 26.1 <0.001 −2.4 4.9 0.087 −0.7 1.3 0.518

Inferior 
temporal 
iron −4.4 8.9 0.012 −3.3 6.5 0.039 −3.3 6.7 0.035 −9.9 19.8 <0.001 −0.1 0.3 0.866 −0.1 0.1 0.945

Mid 
Frontal 
iron −4.9 9.9 0.007 −2.9 5.8 0.055 −2.2 4.4 0.111 −4.3 8.5 0.014 −0.9 1.7 0.417 −0.9 1.9 0.388

Anterior 
cingulate 
iron −5.6 11.2 0.004 −1.7 3.4 0.181 −4.7 9.4 0.009 −8.7 17.4 <0.001 −1.1 2.1 0.348 −1.9 3.8 0.149

Cerebellum 
iron −7.1 14.1 0.001 −5.0 10.0 0.007 −2.9 5.8 0.054 −12.2 24.4 <0.001 −2.9 5.8 0.056 −3.3 6.7 0.036

No Aβ plaques −3.2 6.5 0.039 −2.5 4.9 0.084 −0.5 1.1 0.591 −3.9 7.8 0.020 −3.1 6.1 0.047 −1.2 2.3 0.312

NFT −17.0 34.0 <0.001 −3.5 7.0 0.030 −11.7 23.4 <0.001 −9.1 18.2 <0.001 −4.3 8.7 0.013 −23.6 47.3 <0.001

Iron 
composite −5.9 11.9 0.003 −5.2 10.3 0.006 −2.3 4.7 0.097 −0.8 1.6 0.448 −2.1 4.2 0.122 −3.6 7.1 0.029

Inferior 
temporal 
iron −3.4 6.8 0.033 −2.3 4.7 0.098 −3.3 6.6 0.037 −0.3 0.5 0.775 −0.1 0.3 0.863 −2.6 5.2 0.075

Mid 
Frontal 
iron −12.9 25.9 <0.001 −5.6 11.2 0.004 −7.7 15.5 <0.001 −1.4 2.8 0.244 −2.5 5.0 0.081 −7.6 15.3 <0.001

Anterior 
cingulate 
iron −0.8 1.6 0.459 −1.5 3.1 0.213 −0.6 1.1 0.565 −0.4 0.9 0.648 −0.4 0.9 0.647 −0.1 0.2 0.899

Cerebellum 
iron −0.8 1.7 0.435 −1.5 3.0 0.223 −0.4 0.8 0.674 −0.5 0.9 0.636 −0.9 1.7 0.421 −1.3 2.6 0.274

Bold values represent P<0.05.
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