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Abstract 

Transition metals like copper (Cu), iron (Fe), and zinc (Zn) are vital for normal central nervous system function and are also linked to 
neurodegeneration, particularly in the onset and progression of Alzheimer’s disease (AD). Their alterations in AD, identified prior to 
amyloid plaque aggregation, offer a unique target for staging pre-amyloid AD. However, analysing their levels in the brain is extremely 
challenging, necessitating the development of alternative approaches. Here, we utilized laser ablation–inductively coupled plasma–
mass spectrometry and solution nebulization–inductively coupled plasma–mass spectrometry to quantitatively measure Cu, Fe, and 
Zn concentrations in the retina and hippocampus samples obtained from human donors (i.e. AD and healthy controls), and in the 
amyloid precursor protein/presenilin 1 (APP/PS1) mouse model of AD and wild-type (WT) controls, aged 9 and 18 months. Our findings 
revealed significantly elevated Cu, Fe, and Zn levels in the retina (* P < .05, P < .01, and P < .001) and hippocampus (* P < .05, * P < .05, 
and * P < .05) of human AD samples compared to healthy controls. Conversely, APP/PS1 mouse models exhibited notably lower metal 
levels in the same regions compared to WT mice—Cu, Fe, and Zn levels in the retina (** P < .01, * P < .05, and * P < .05) and hippocampus 
(** P < .01, ** P < .01, and * P < .05). The contrasting metal profiles in human and mouse samples, yet similar patterns within each species’ 
retina and brain, suggest the retina mirrors cerebral metal dyshomoeostasis in AD. Our findings lay the groundwork for staging pre-AD 

pathophysiology through assessment of transition metal levels in the retina. 
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Table 1. Demographics of human samples 

AD Healthy control 

Age 75 ± 10 85 ± 10 
Gender (F/M) 6/3 1/5 
Brain weight (g) 1120 ± 131 1260 ± 79 
Post-mortem delay (h) 5.5 ± 3 7 ± 2 
pH 6.5 ± 0.5 6.5 ± 0.5 
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ntroduction 

lzheimer’s disease (AD), a progressive neurodegenerative disor-
er marked by memory loss and behavioural changes, is often
inked with aging [1 ]. Recent focus has shifted to the analysis
f transition metals [copper (Cu), iron (Fe), and zinc (Zn)] in the
rain, as their age-related distribution and concentration alter-
tions could serve as a potential diagnostic marker for AD [2 ]. 
It has been reported that brain metal dyshomoeostasis is asso-

iated with normal aging, but it is further exacerbated in several
eurodegenerative disorders, including Alzheimer’s disease and
arkinson’s disease. This exacerbation results in excessive reac-
ive oxygen species generation and the formation of amyloid-beta
A β) plaques and neurofibrillary tangles (NFTs), which are patho-
ogical hallmarks of AD [3 –5 ]. Clinical diagnoses and autopsy find-
ngs have revealed elevated concentrations of these metals in A β

laques in AD patients, supporting the ‘metals hypothesis of AD’,
hich posits that a balance of transition metals is crucial for neu-
onal function [6 ]. Despite advancements in research, a key ques-
ion remains: Do age-related changes in metal ions differ between
ealthy individuals and those with AD, and if so, to what extent? 
Currently, neuroimaging tools such as computed tomography

7 ], magnetic resonance imaging [8 , 9 ], and positron emission to-
ography [9 ] are used for identifying biomarkers of AD pathol-
gy. However, these methods are expensive and often diagnose
D at advanced stages. Consequently, the retina, as an extension
f the brain, is increasingly being explored as a non-invasive and
ccessible site for early AD detection [10 ]. A β plaques, a primary
athological feature of AD, have been identified in the retinas of
atients, especially in early-stage cases [11 –14 ]. 
Hyperspectral retinal imaging (HSRI) is a label-free, non-

nvasive technique for measuring A β. HSRI leverages the influence
f A β on light scattered wavelengths between 460 and 570 nm, re-
ulting in increased Rayleigh scattering due to the presence of A β

15 , 16 ]. Furthermore, curcumin, a natural fluorophore that binds
o A β, was used for labelling A β and measuring retinal fluores-
ence in vivo [17 , 18 ]. Abnormal tau, characterized by hyperphos-
horylated tau and its inclusion in NFTs as the second prominent
ndication of neuropathology in AD, has been reported in retinal
ayers, particularly the plexiform layer, inner nuclear layer, and
anglion cell layer of post-mortem retinas of confirmed AD cases
19 –21 ]. 
Consistent with human findings, pathological features of AD

ave been reported in the retinas of various animal models.
oluble and insoluble forms of A β have been identified in the
etina of sporadic models and transgenic mice harbouring famil-
al AD mutations [12 , 22 –25 ]. Furthermore, amyloid precursor pro-
ein (APP), the precursor of A β protein, has been found in reti-
as of ADtg drosophila, various ADtg mice (Tg2576, hTgAPPtg/tg ,
PPSWE /PS1�E9 , and APPSWE /PS1M146L/L286V ), and the naturally oc-
urring sporadic rodent strain Octodon degus [26 –29 ]. Moreover, in-
racellular aggregates of pTau were identified in retinas of the
PPSWE /PS1M146L/L286V mouse model of AD [30 ]. 
In this study, we investigate the potential of monitoring age-

elated changes in cerebral Cu, Fe, and Zn concentrations through
he eyes of APP/presenilin 1 (APP/PS1) and wild-type (WT) mice
ged 9–18 months. Subsequently, we extend our analysis to post-
ortem human donors, comparing Cu, Fe, and Zn levels in the
yes and brain tissues of both AD patients and post-mortem sub-
ects without AD history. Our research aims to provide insights
nto the correlation between age-associated metal alterations in
he retina and brain in AD, potentially bridging the gap in early
D diagnosis. 
aterials and methods 

ll experiments were conducted within the Graduate School of
ealth at the University of Technology Sydney. APP/PS1 and nor-
al aged mice were obtained from the Florey Institute of Neuro-
cience and Mental Health. All animal experimental procedures
ere approved by the Florey Institute of Neuroscience Animal
thics Committee prior to the commencement of experiments
19-060-FINMH). AD and healthy control human brain (i.e. hip-
ocampus) and eye samples were obtained from the Netherlands
rain Bank. A biosafety approval was sought and obtained from
TS prior to commencement of experiments: “(2016-05-R-G) Im-
lications of retinal neurodegeneration in Alzheimer’s Disease.”

uman samples 
 total of nine AD and six healthy control samples were obtained.
he mean age of human AD and age-matched healthy donors was
5 ± 10 and 85 ± 10, respectively (Table 1 ). 

nimal samples 
PP/PS1, a double transgenic mouse expressing a chimeric
ouse/human APP (Mo/HuAPP695swe) and a mutant human pre-
enilin 1 (PS1-dE9), and age-matched C57BL6 WT mice were used
n our experiments. We chose to examine animals at 9 and 18
onths of age, as this reflects A β deposition in the hippocampus,
ognitive impairment, and also impaired long-term potentiation
n the CA1 region of the hippocampus. 

issue collection 
 total of 20 mice with an equal gender distribution were in-
luded in this study (10 APP/PS1 and 10 WT—5 males/5 females
n each group). After sacrificing animals using sodium pentobarbi-
one (80 mg/kg), transcardial perfusion was performed using 0.1 M
hosphate buffer saline (PBS). The brain and whole eyes were re-
oved and immediately placed in paraformaldehyde (4% w/v)
nd stored at 4°C overnight. They were then cryopreserved in a
0% sucrose solution (PBS) for 3 days. Tissues were finally placed
n an appropriate size mould and filled with optimal cutting tem-
erature compound and stored at −80 °C. Tissues were sectioned
sing the Leica CM1950 (Leica Biosystems) at a thickness of 10 μm.
or solution nebulization–inductively coupled plasma–mass spec-
rometry (SN–ICP–MS), the hippocampus, cortex and the retina
ere dissected by following the protocols outlined in [31 ]. 

aematoxylin and eosin of human 

araffin-embedded tissue 

araffin slides were deparaffinized with xylene, rehydrated
hrough graded alcohols, and washed with deionized water. Then,
hey were stained with haematoxylin for 3 min and eosin for 30 s
efore being re-immersed in alcohol and xylene. The slides were
overslipped and dried overnight in a fume hood [32 ]. 
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Laser ablation–inductively coupled plasma–mass 
spectrometry 

Laser ablation–inductively coupled plasma–mass spectrometry
(LA–ICP–MS) was employed to measure the concentration of Cu,
Fe, and Zn and their spatial distribution in the brain and retina of
post-mortem subjects with AD history and post-mortem subjects
without AD history samples. Three slices from each sample (brain
and eye) were ablated and analysed by LA–ICP–MS. The study was
carried out on an Elemental Scientific Lasers NWR193 laser hy-
phenated to an Agilent Technologies 7700 ICP–MS, with 3 ml/min
H2 added in the reaction cell [33 ], and argon used as the carrier
gas. LA–ICP–MS conditions were optimized on NIST 612 Trace Ele-
ment in Glass CRM. The samples were ablated with a 50-μm spot
size and a scan speed of 200 μm/s at a frequency of 20 Hz. Quan-
tification was performed via the use of external matrix-matched
standards [34 ]. 

Solution nebulization–inductively coupled 

plasma–mass spectrometry 

Solution nebulization–inductively coupled plasma–mass spec-
trometry (SN–ICP–MS) was used to analyse digested WT, and
APP/PS1 mice tissue (retina, hippocampus, and cortex) and stan-
dards; 500 μl of HNO3 69% (SEASTAR, Choice Analytical) was
added to an equal weight of freeze-dried mouse model sam-
ples (retina, hippocampus, and cortex). The samples were allowed
to digest overnight and then diluted to a final volume of 2 ml
with Milli-Q water. SN–ICP–MS was performed using 7700x se-
ries ICP–MS (Agilent Technologies, Waldbronn, Germany), which
was equipped with a MicromistTM concentric nebulizer (Glass Ex-
pansion, West Melbourne, Australia) and a Scott-type double-pass
spray chamber. All experiments used 99.9995% ultra-high purity
liquid argon (Argon 5.0, Coregas Pty Ltd, Yennora, NSW, Australia).
Solution-based samples were transferred to the ICP–MS using a
1.02-mm internal diameter Tygon tubing and a three-channel
peristaltic pump. The solutions were pumped at a continuous flow
rate of 1.0 ml/min. All digested samples were analysed against a
6-point calibration curve using multielemental liquid standards
100 μg/ml supplied by Choice Analytical (Thornleigh, New South
Wales, Australia) on an Agilent 7700 ICP–MS (Agilent Technologies,
Mulgrave, Australia) in single quadrupole mode equipped with a
Micromist nebulizer and a Scott-type double-pass spray chamber
cooled to 2°C for sample introduction. A 100 μg/l rhodium solu-
tion in 1% HNO3 was used as an internal standard and introduced
into the analyte flow via a T-connector post-pump, and platinum
sampling and skimmer cones were used. 

Image analysis 
The data were collated into a single image file using in-house de-
veloped software, Pew2 [35 ], and imported into ImageJ (NIH, USA).
A contour was drawn on the boundary of all regions of interest
(hippocampus, cortex, and retina). The Allen Mouse Brain Atlas
was used as a reference [36 ]. 4′ ,6-diamidino-2-phenylindole (DAPI)
staining was also used to visualize the gross anatomical morphol-
ogy and to better guide the process of identifying regions of inter-
est. Following this process, the mean grey intensity value of each
region was measured using the ImageJ built-in function. A mini-
mum of three images per organ per region were analysed and the
average value taken as representative mean metal load. 

Statistical analysis 
All statistical analysis was performed using Graphpad Prism (Dot-
matics, USA). Results are presented as mean ± standard error of
the mean (SEM). Normality of data distribution was assessed us- 
ing the D’Agostino & Pearson test. An unpaired t- test was used to
compare differences between the two animal groups for each of 
the metals and anatomical regions. 

Results 

Evaluation of Fe, Cu, and Zn in the eye and brain 

(WT and APP/PS1 mice models) 
Copper 
The Cu concentrations in the retina, hippocampus, and cortex of 
9- and 18-month-old mice (APP/PS1 and WT) are summarized in 
Fig. 1 . The overall trend of higher Cu concentrations in the WT
mice compared to the APP/PS1 mice was extended from 9 to 18
months of age. In both animal groups, retinal Cu concentrations 
(ng) were significantly higher at 18 months compared to 9 months 
of age (8871 ± 4134 vs 28 871 ± 5071, P < .0001 for APP/PS1 and
21 903 ± 6513 vs 32 149 ± 7959, P < .05 for WT). Comparison of
the retinal Cu concentrations (ng/g) between the APP/PS1 and 
WT mice revealed a significant difference only at 9 months of 
age (21 903 ± 6513 vs 9585 ± 3348, P < .01). In the brain, a 1.33-
fold increase in the hippocampus Cu concentration (ng/g) of WT 

mice was observed from 9 to 18 months of age (33 690 ± 25 638 vs
45 049 ± 14 385, P = .39). In the cortex, the Cu concentration (ng/g)
of WT mice 9 months of age was 1.33-fold higher than 18-month
WT (36 565 ± 29 319 vs 27 396 ± 6559, P = .55). 

Iron 
The Fe concentrations in the retina, hippocampus, and cortex of 
9- and 18-month-old APP/PS1 and WT mice are shown in Fig. 2 .
Overall, the Fe levels appeared to decline with aging. In the eye, the
retinal Fe levels (ng/g) were higher at 9 months of age compared
with 18 months of age (317 173 ± 64 669 vs 64 821 ± 22 674, P < .01
for APP/PS1 and 372 418 ± 275 448 vs 189 435 ± 57 588, P < .05
for WT). Comparing hippocampus Fe levels (ng/g) of APP/PS1 
with WT mice revealed a significant difference at 9 months of 
age (101 734 ± 58 281 vs 50 405 ± 9580, P < .01). The hippocam-
pus Fe levels (ng/g) were significantly higher in the 9-month- 
old WT mice compared with 18 months old (101 734 ± 58 281 vs
50 593 ± 12 567, P < .01). In addition, the Fe concentration (ng/g)
of AD mice 9 months of age is 1.38-fold higher than 18-month AD
(50 405 ± 9580 vs 23 496 ± 2635, P = .32). Similarly, the Fe levels
(ng/g) in the cortex were significantly higher in the 9-month-old 
WT and APP/PS1 mice compared with 18 months old (65 828 ±
14 723 vs 45 528 ± 10 853, P < .05 for WT and 61 330 ± 15 166 vs
40 695 ± 16 743, P < .05 for APP/PS1). 

Zinc 
Zn concentrations in the retina, hippocampus, and cortex of 
9- and 18-month-old APP/PS1 and WT mice are presented in 
Fig. 3 . Similar to Cu and Fe, WT mice possess higher Zn levels
than APP/PS1 mice at both 9 to 18 months of age. Comparing
eye Zn levels (ng/g) of APP/PS1 with WT mice revealed signifi-
cant differences at 9 and 18 months of age (254 879 ± 65 664 vs
155 452 ± 63 148, P < .05 for 9 month and 221 208 ± 112 841 vs
124 765 ± 23 418, P < .05 for 18 month). In the retina, the Zn
concentrations (ng/g) of WT and AD mice 9 months of age are
1.15 and 1.24-fold higher than 18-month WT and AD (254 879 ±
65 664 vs 221 208 ± 112 841, P = 0.99 for WT and 155 452 ± 63 148 vs
124 765 ± 23 418, P = 0.99 for AD). The hippocampus Zn levels
(ng/g) were significantly higher in the 9-month-old WT mice com- 
pared with 18-month-old WT (129 776 ± 26 015 vs 95 707 ± 31 509,
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Figure 1. Copper levels in the brain and retina of 9- and 18-month-old APP/PS1 and WT mice. Cu levels in the (A) retina, (B) hippocampus, and (C) 
cortex. n = 10 mice in each group. Error bars represent SEM (* P < .05, ** P < .01, and **** P < .0001, Student’s t -test, unpaired). HPC, hippocampus; CX, 
cortex. 
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 < .05). In addition, the Zn concentration (ng/g) of AD mice 9
onths of age was 1.57-fold higher than 18-month AD (90 260 ±
2 474 vs 57 336 ± 13 008, P = .06). In the cortex, we observed a de-
line in Zn levels from 9 to 18 WT, mice display 1.26-fold higher Zn
evels than older mice. In the cortex, the Zn concentration (ng/g)
n 9-month-old WT mice were 1.26-fold higher than that in the
8-month-old WT mice. 

valuation of Fe, Cu, and Zn in the eye and brain 

Alzheimer’s disease and age-matched healthy 

uman samples) 
opper 
he distribution of Cu in the human hippocampus and retina of
ealthy control and AD samples is shown in Fig. 4 A and B, re-
pectively. The hippocampus and retina of AD samples display
igher levels of Cu compared with the healthy control samples.
he hippocampus and retina of the AD samples showed signif-
cantly higher Cu levels compared with healthy controls (Fig. 5 ;
88.3 ± 92.4 vs 173 ± 66.8, P < .05 for hippocampus and 291.6 ±
9 vs 183 ± 9.4, P < .05 for retina). 
ron 
igure 6 A and B shows the Fe distribution in the human hip-
ocampus and the eye’s retina, respectively. Similar to Cu, higher
e levels (ng/g) were evident in the hippocampus and retina of
D human samples than in the healthy controls (Fig. 6 A and B).
igure 7 represents intensity-based analysis results of Fe, which
ere in accordance with its calibrated quantitative image re-
ults; Fe concentration (ng/g) in the hippocampus and retina
f AD samples is significantly higher than in healthy counter-
arts (217.4 ± 26.9 vs 183.4 ± 2.9, P < .05 for hippocampus and
5.86 ± 12.86 vs 42.9 ± 1.3 for retina). 

inc 
igure 8 A and B shows the anatomical distribution of Zn in the
uman hippocampus and the retina, respectively. Zn-calibrated
uantitative image (Fig. 8 A) of the AD hippocampus samples
hows higher Zn concentration than the healthy control samples.
imilarly, the retina of the AD human sample illustrates higher Zn
oncentration compared with the healthy control sample (Fig. 8 B).
he images-based intensity analysis for Zn (Fig. 9 ) confirms signif-
cantly higher concentration of Zn in the hippocampus and retina
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Figure 2. Iron levels in the brain and retina of 9- and 18-month-old APP/PS1 and WT mice. Fe levels in the ( A ) retina, (B) hippocampus, and ( C ) cortex. 
n = 10 mice in each group. Error bars represent SEM (* P < .05 and ** P < .01, Student’s t -test, unpaired). HPC, hippocampus; CX, cortex. 
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of AD samples compared with healthy controls (99.7 ± 17.6 vs
74 ± 17.4, P < .05 for hippocampus and 88 ± 6.1 vs 48.3 ± 6.5,
P < .001 for retina). 

Gender-based evaluation of Fe, Cu, and Zn in the 

eye and brain (Alzheimer’s disease and 

age-matched healthy human samples) 
Gender differences in Zn, Cu, and Fe concentrations in the hip-
pocampus (HPC) and retina of AD patients and post-mortem sub-
jects without AD history were investigated, as shown in Table 2 .
Comparison of the retinal Cu, Zn, and Fe concentrations between
the AD patients and post-mortem subjects without AD history re-
vealed significant differences in both males (M) and females (F). In
the brain, only Cu and Fe concentrations showed significant dif-
ferences between AD patients and without AD history in males. 

Discussion 

In this study, we utilized LA–ICP–MS and SN–ICP–MS to investi-
gate changes in transition metal levels in the HPC and retina of
post-mortem human donors with AD history and post-mortem
subjects without AD history, as well as age-related changes in the
HPC, cortex, and retina of APP/PS1 and WT mice models aged 9
and 18 months, respectively. Human tissues were obtained from 

the Netherlands Brain Bank, with only formalin-fixed paraffin- 
embedded (FFPE) tissue available, while the mice samples were 
frozen. As a result, we applied two different metal measurement 
techniques to assess metal concentrations in frozen mice (SN–
ICP–MS) and paraffin-embedded human samples (LA–ICP–MS).
While the results of these two techniques are not directly com- 
parable due to differences in sample preparation, the observed 
trends remain valid. Overall, while the specific differences in 
transition metal levels observed in the animal models were not 
directly mirrored in the human samples, the trend of differential 
transition metal concentrations between the retina and brain was 
consistently observed within each group. The human AD samples 
exhibited higher levels of Cu, Fe, and Zn compared to healthy 
controls. The observed order of metal concentrations in our study 
(Cu > Fe > Zn) deviates from the commonly reported sequence 
in the literature, where Fe is typically found in higher concentra- 
tions than Zn, and Zn is higher than Cu (Fe > Zn > Cu) [37 –39 ].
This discrepancy highlights a significant difference from the 
conventional understanding and suggests potential influences 
such as sample handling, tissue type, or analytical methods.
Our results, which align with some studies but contrast with the 
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Figure 3. Zinc levels in the brain and retina of 9- and 18-month-old APP/PS1 and WT mice. Zn levels in the (A) retina, (B) hippocampus, and ( C ) cortex. 
n = 10 in each group. Error bars represent SEM (* P < .05 and *** P < .001, Student’s t-test, unpaired). HPC, hippocampus; CX, cortex. 
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revalent view, underscore the need for further investigation to
econcile these differences. 
In the animal samples, we observed higher transition metal

oncentrations in WT compared to APP/PS1 mice, except for Zn
evels in the cortex, which are higher in APP/PS1 mice than in
T. Cu concentrations demonstrated an age-associated increase,
hile Fe and Zn levels decreased from 9 to 18 months of age. 
Transition metal ions, such as Cu, Zn, and Fe, are key play-

rs in modulating A β self-assembly in a concentration-dependent
anner, where low metal ion concentrations inhibit A β fibril for-
ation, while high metal ion concentrations result in amorphous
ggregate formation [40 ]. These metal ions bind monomeric A β

n the N-terminal part and modulate the A β aggregation pathway
vide infra) [40 –44 ]. Furthermore, these metals are also known to
odulate tau conformation and enhance its aggregation. 
It has been reported that Cu dysregulation instigates and ag-

ravates tau hyperphosphorylation and amyloid plaque forma-
ion, eventually leading to synaptic failure, neuronal death, and
ognitive decline observed in AD patients [45 , 46 ]. Cu ions may
nitiate and exacerbate tau hyperphosphorylation by binding to
pecific fragments of tau (residues 256–273, 287–304, and 306–
36) in vitro [47 –50 ]. An age-dependent rise in the Cu volume of
he HPC has been reported previously [51 ]. Similarly, our results
f age-dependent Cu levels showed an increase in Cu content, in
oth animal strains, from 9 to 18 months of age; however, Cu lev-
ls remained lower in APP/PS1 mice compared with WT mice at
ach time point. The higher Cu levels could be a result of increas-
ng the expression of Cu transporters or intracellular binding pro-
eins, which ends in increasing Cu uptake or Cu intracellular bind-
ng. On the other hand, an increase in intracellular Cu content is
aused by the decrease in cellular Cu efflux [51 ]. The intracellular
torage of Cu is regulated by metallothioneins (MTs) [52 –54 ]. Nu-
erous studies indicate that increased MT expression is the cell’s
rotective response to excess Cu, helping to safeguard against the
ytotoxic effects of redox-active Cu ions [55 , 56 ]. CTR1 and DMT1
roteins are involved in transporting Cu out of the brain, moving it
rom the cerebrospinal fluid (CSF) to the bloodstream [57 ]. Recent
tudies on sheep have shown a reverse transport of Cu from the
lood into the choroidal epithelia [55 ]. Therefore, the higher Cu
evels observed in the aging human brain might be due to dysreg-
lated CTR1 function at the brain barriers [51 ]. Additionally, age-
elated changes in DMT1 have been reported, with studies show-
ng a significant increase in DMT1 expression as aging progresses
58 , 59 ]. 
In contrast to our animal studies, where we observed lower Cu

evels in APP/PS1 mice compared to controls (in both the HPC and
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Figure 4. Distribution of Cu in the hippocampus (A) and eye (B). In each panel: Left and right image s are representative haematoxylin and eosin (H&E) 
image demonstrating tissue architecture. Middle —sample map of 63 Cu in a human hippocampus section of healthy control and AD ( upper row ) and a 
human eye section of healthy control and AD ( lower row ). The scale represents calibrated Cu in ppm. 

Figure 5. Metal quantification analysis. Cu levels in the retina and HPC 
of AD and healthy control human samples—nine cases with AD and six 
healthy controls. Error bars represent SEM (* P < .05, Student’s t -test, 
unpaired). HPC, hippocampus. 
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retina), our human AD samples exhibited higher Cu concentra-
tions in their HPC and retina compared to healthy controls. This
finding contradicts previous studies conducted on human sam-
ples, which consistently reported significantly lower Cu levels in
AD samples [60 , 61 ]. The underlying cause for this discrepancy
is likely multifaceted, stemming from the diverse pathophysio-
logical profiles across different population samples. However, it 
is worth noting that the presence of the epsilon4 allele of the
apolipoprotein E gene, known to increase an individual’s risk for 
late-onset AD, has been associated with higher serum Cu con- 
centrations [62 , 63 ]. Consequently, impaired plasma Cu regula- 
tion may contribute to elevated brain Cu levels in AD [64 –67 ].
Apolipoprotein E4 (apoE4), the most prevalent genetic risk fac- 
tor of AD, which is expressed in more than half of AD patients,
exhibits a higher affinity for Cu through its four-helix bundle of 
the N-terminus binding site [68 ]. The meta-analysis conducted by 
Squitti and colleagues [69 ] indicates that elevated levels of ‘free 
Cu’ in serum lead to an increase in Cu levels in AD patients. While
this could potentially explain our findings, we acknowledge the 
absence of information regarding the genetic disposition of our 
donor human samples, which precludes definitive verification. 

Fe is the most abundant transition metal in the human body 
[70 ], which is vital for the metabolic processes of tissues with
high oxygen consumption, such as the brain [71 ]. Fe misregula- 
tion within the brain causes oxidative stress and inflammatory 
responses, leading to cell death and, eventually, neurological 
diseases such as AD [72 ]. Fe2 + can promote tau phosphorylation 
by activating cyclin-dependent kinases-5 (CDK5) and glycogen 
synthase kinase-3 β (GSK-3 β) [73 ]. Raising the brain Fe level is
known as a feature of normal aging and is further elevated in AD
[71 ]. Increasing Fe concentration has been reported with aging 
[74 , 75 ]; however, we observed an age-associated decrease in Fe 
levels; 9-month-old retina and HPC possess higher Fe levels than 
18-month-old in both the WT and APP/PS1 mice. This contra- 
dictory finding could be due to age-associated overexpression 
of A β42 and lower expression of Fe regulatory proteins in AD,
leading to decreased Fe content [76 ]. The overexpression of 
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Figure 6. Distribution of Fe in the hippocampus (A) and eye (B). In each panel: Left and right images are representative haematoxylin and eosin (H&E) 
image demonstrating tissue architecture. Middle —sample map of 56 Fe in a human hippocampus section of healthy control and AD ( upper row ) and a 
human eye section of healthy control and AD ( lower row ). The scale represents calibrated Fe in ppm. 

Figure 7. Metal quantification analysis. Fe concentrations in the retina 
and HPC of AD and healthy control human samples—nine cases with 
AD and six healthy controls. Error bars represent SEM (* P < .05 and 
** P < .01, Student’s t -test, unpaired). HPC, hippocampus. 
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he APP C-terminal fragment C100 and the carboxyl-terminal
ragment of APP, which contains A β, leads to a significant reduc-
ion in Fe levels in the mouse brain throughout their lifespan,
ossibly due to a direct interaction with A β [55 ]. Additionally,
e homoeostasis becomes imbalanced in the aging brain, with
hanges in Fe regulatory proteins being more pronounced in AD.
ransferrin (TF) secretion into the CSF may be affected during
onditions of Fe imbalance [77 ]. The reduction in TF levels may
uggest decreased Fe transport and subsequent utilization within
he brain [78 ]. In addition, a decline in TF levels may lead to
educed Fe transport to neurons, potentially causing metabolic
ysfunction [77 ]. Changes in transferrin receptor protein-1 (TfR1)
xpression and function, which are affected by aging, can lead to
ysfunction in Fe transport within the brain [79 , 80 ]. 
Unlike the animal results, which demonstrated higher Fe

oncentration in the HPC and retina of WT than APP/PS1 mice,
uman AD samples (HPC and retina) possess higher Fe concen-
ration than healthy samples. Similar to our results, higher Fe
oncentrations in human AD samples than in healthy controls
ave been reported [60 , 81 , 82 ]. The disorder in Fe uptake arises
rom furin and Fe-regulating elements, and the Fe elimination
rocess may result in higher Fe concentrations in human AD
atients [83 , 84 ]. Since furin is responsible for the process that
eleases soluble hemojuvelin (s-HJV) [85 , 86 ], and Fe overload
educes s-HJV production due to modulation of the FUR (FES up-
tream region) promoter activity during changes in intracellular
e concentration [87 ], furin plays a crucial role in regulating in-
racellular Fe [87 ]. Furthermore, it has been reported that also AD
rains have a higher level of ferritin than healthy control brains;
hey possess more Fe content in their ferritin than healthy brains
88 ]. An Fe fraction is bound to lactoferrin, which localizes to
xtracellular amyloid and NFT [89 ]. Therefore, brain regions with
bundant NFTs and senile plaques contain high levels of Fe [60 ]. 
Zn, the second most abundant d-block metal in the human

ody, is necessary for brain tubulin growth, phosphorylation, and
xonal and synaptic transmission [90 ]. Zn alterations have been
roposed as a risk factor for depression, AD, aging, and other
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Figure 8. Distribution of Zn in the hippocampus (A) and eye (B). In each panel: Left and right images are representative haematoxylin and eosin (H&E) 
image demonstrating tissue architecture. Middle —intensity map of 66 Zn in a human hippocampus section of healthy control and AD ( upper row ) and a 
human eye section of healthy control and AD ( lower row ). The scale represents calibrated Zn in ppm. 

Figure 9. Metal quantification analysis. Zn levels in the retina and HPC 
of AD and healthy control human samples—nine cases with AD and six 
healthy controls. Error bars represent SEM (* P < .05 and *** P < .001, 
Student’s t -test, unpaired). HPC, hippocampus. 
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neurodegenerative disorders, with Zn dyshomoeostasis leading to
synaptic and memory deficits and the aggregation of β-amyloid
protein into neurotoxic amyloid plaques, a key pathological
hallmark of AD [91 ]. Zn can directly bind to tau monomers and
stimulate tau protein phosphorylation by activating GSK-3 β,
ERK1/2, and c-Jun N-terminal kinase. Besides, it induces protein
phosphatase 2A inactivation and tau hyperphosphorylation 
through the Src-dependent pathway, leading to a net increase in 
phosphorylated tau that may exacerbate AD-like tau pathologies 
[92 , 93 ]. We observed a significant decrease in Zn volume followed
by moving from 9 to 18 months of age in both animal strains,
which is consistent with a similar study [94 ] that mentioned
an age-dependent increase in metallothionein-3 (MT3) [95 , 96 ] 
and a predominant Zn-binding protein in the brain [97 ] as the
reasons for reducing the Zn volume [98 ]. MT3 has been shown
to inhibit abnormal neuronal growth and the formation of NFTs 
[99 ]. MT3 shows abnormal expression in AD, as confirmed by im-
munohistochemistry, northern blotting, and reverse transcription 
polymerase chain reaction [100 ]. In mouse brains, MT3 was found
in higher concentrations after 12 weeks of age, with a significant
increase at 16 months in the HPC [101 –103 ]. In the aging brain,
sustained elevated levels of inflammatory cytokines Interleukin-1 
(IL-1) and Interleukin-6 (IL-6) trigger ongoing gene expression of 
MTs, which restricts Zn release in response to intracellular Zn 
signals [104 ]. Overexpression of MT in sheep pulmonary artery 
endothelial cells results in the inhibition of NO-mediated Zn 
release, which can be restored by growing the cells in media with
high Zn concentrations [105 ]. Age-related elevations in MT3 lead 
to the suppression of various Zn-dependent biological processes,
including metabolism, gene expression, and signal transduction 
[106 ]. Studies have shown that, during prolonged stress, rats 
have higher levels of Zn-MTs in their brains [107 ], which results
in these proteins taking Zn away from brain cells or brain Zn
transport proteins (ZnT1–T4) [108 ]. This process likely explains 
why the amount of Zn is lower in the mossy fibres of the HPC in
older rats compared to younger adult rats [104 ]. In addition, in
old mice, high IL-6 levels and MT mRNA expression have been 
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Table 2. Gender differences in Zn, Cu, and Fe concentrations (ng/g) in the hippocampus and retina of post-mortem AD and control 
subjects. 

Gender Cu (ng/g) Fe (ng/g) Zn (ng/g) 

HPC M (342.9 ± 122.8 vs 163.0 ± 69.49)* (200.4 ± 9.232 vs 182.6 ± 2.742)* (105.1 ± 17.27 vs78.79 ± 16.03) 
F (255.6 ± 62.09 vs 223.3 ± 46.53) (230.1 ± 29.88 vs 186.6 ± 24.29) (95.50 ± 18.68 vs55.25 ± 15.25) 

Eye M (315.8 ± 33.66 vs 180.6 ± 10.09)** (81.31 ± 16.32 vs 43.37 ± 1.159)* (84.14 ± 6.656 vs50.27 ± 6.378)** 
F (280.4 ± 11.73 vs 190.0 ± 26.53)** (89.50 ± 9.685 vs 41.50 ± 4.59)* (91.20 ± 3.756 vs42.43 ± 7.53)***

* P < .05, ** P < .01, *** P < .001, Student’s t- test, unpaired. 
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elated to low Zn ion bioavailability [109 ]. Abnormally high levels
f brain Zn-MTs during aging could be harmful due to their
bility to potentially deplete Zn from within neurons. Thus, Zn
upplementation during aging can increase Zn ion bioavailability
y promoting faster degradation of Zn-MTs, preventing the con-
inuous depletion of intracellular Zn by these proteins [110 ]. The
ccelerated aging seen in individuals with Down’s syndrome is
haracterized by reduced Zn levels, impaired brain function, and
ncreased expression of Zn-MTs [111 ]. Together, these findings
urther prove the role of MT in regulating Zn levels. 
Contradictory to our animal findings, in our human samples,
e found higher Zn concentration in the AD donor samples (HPC
nd retina) than in healthy controls. Similarly, previous studies
n human samples have reported higher Zn levels in AD than
n healthy controls [60 , 81 , 112 , 113 ]. High levels of Zn-enriched
euron (ZEN) terminals [112 , 114 ] and low concentration of ZnT3
ransporter in AD can explain the high Zn levels we have observed
115 ]. In the Central Nervous System (CNS), substantial amounts
f Zn ions and ZnT3 proteins are found in the ZEN terminals [114 ].
he high level of Cu–Zn superoxide dismutase (SOD1) was ob-
erved in regions heavily affected by AD, which could explain the
levated Zn concentration in the AD brain [60 ]. Religa et al . [113 ]
eported that Zn concentrations in the AD brain were twice as
igh compared to healthy controls, which was linked to increased
 β accumulation and greater overall AD severity. 
The discrepancy between our findings in animal models and

uman samples can be attributed to several factors: (i) Although
ice and humans share 92% of their DNA, mice serve as ideal
odels for only certain human diseases [116 ]. To accurately
odel complex diseases like AD, which involve multiple genomic
ariants, it is necessary to replicate the exact human mutated
enes in the mouse genome. Moreover, APP/PS1 mice used in our
tudy are primarily used to model familial AD, while the human
amples in this study were confirmed to have the sporadic form.
ii) Despite the human and mouse brain comprising similar
ell types, including neurons, significant differences exist in the
xpression of individual genes within the same cells. A notable
iscrepancy is observed in neurons, where genes responsible for
roducing serotonin receptors are active in mice but inactive
n humans. Serotonin levels have been identified as potentially
eneficial for AD prevention and treatment [117 ]. It has been
eported that heavy metals such as Cu, Zn, and Fe result in
euroinflammation, oxidative stress, hormone fluctuation, and
eurotransmitters perturbation such as dopamine and serotonin
118 –120 ]. The levels of Cu, Zn, and Fe are higher in WT mice
han in APP/PS1 mice, which results in higher levels of serotonin.
iii) Unlike humans, mice have the ability to synthesize their own
itamin C. There is substantial evidence indicating that vitamin
 plays a protective role against age-related cognitive decline and
D, and there is a significant decrease in the plasma vitamin C
evels of AD patients than healthy controls [121 –123 ]. Vitamin C is
nown to enhance the absorption of Fe and Zn [124 , 125 ]. However,
he effects of ascorbic acid on Cu absorption are not conclusive
126 ]. Our WT mice expressed higher Fe and Zn concentration
han AD mice, which could be due to the high level of vitamin C.
ollectively, it is plausible to assume that our APP/PS1 and WT
ice models do not accurately reflect the same distribution and
ariations of metals found in human brain tissues. 

imitations 

espite the current study being the first to objectively quantify
ransition metal levels in both human and animal model eye and
rain samples, our study has several limitations. Firstly, the poten-
ial for contamination during the extensive sample preparation
rocess could significantly influence metal concentration read-
ngs. Secondly, slicing samples at an angle to the blade might re-
ult in images that do not fully capture the true representation,
otentially skewing the quantified metal levels away from the ac-
ual physiological content [127 ]. Thirdly, the use of transgenic an-
mal models, which are genetically engineered, may not perfectly
ncapsulate the multifaceted origins of the most prevalent form
f AD/sporadic AD [128 ]. The progression of AD in these models
lso unfolds within a markedly different timeframe compared to
uman patients [129 ]. Finally, for human samples, the formalin
xation process poses a risk of significant leaching of trace ele-
ents from tissues, an aspect that necessitates careful consider-
tion [130 ]. A loss of metals in chemical fixation process could be
xplained by the fixation process and subsequent washing, which
llow the escape of ‘labile’ metals. It is reasoned that immersing
he tissue sections in aqueous medium results in the exchange or
oss of extra- and intracellular fluid, along with the corresponding
atrix of water-soluble molecules, ions, and trace metals, to the
urrounding medium [131 , 132 ]. The control group in our study
xperienced the same sample preparation protocols and potential
etal loss as the AD samples. As a result, any biases or losses due

o sample preparation would be consistent across all groups, al-
owing for meaningful comparisons between them. Although ab-
olute metal concentrations might be affected, the trends we ob-
erve between the groups remain valid. 

onclusion 

his study marks a pioneering effort to explore age-related
hanges in the distribution and concentration of transition metals
Cu, Fe, and Zn) in the brain and retina across both human sub-
ects and the APP/PS1 mouse model of AD. In a departure from the
rends observed in animal studies, where WT models displayed
igher levels of these metals compared to their AD counterparts,
uman samples obtained from AD donors showed elevated levels
f transition metals compared with healthy controls. Our findings
upport the notion that pathological alterations associated with
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AD in the brain are mirrored in the eye. However, further research
is necessary to determine whether these observations are specific
to certain forms of AD (such as familial or sporadic) or are a uni-
versal phenomenon. Importantly, our results underscore the po-
tential of assessing transition metal levels in the retina as a means
to identify early-onset AD in the brain, opening new avenues for
diagnosis and understanding of this complex condition. 
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70. Małyszk o J, Le vin-Iaina N, Myśliwiec M et al. Iron metabolism in
solid–organ transplantation: how far are we from solving the
mystery? Pol Arch Med Wewn 2012; 122 :504–11. https://doi.org/
10.20452/pamw.1423

71. Belaidi AA, Gunn AP, Wong BX et al. Marked age-related
changes in brain iron homeostasis in amyloid protein precur-
sor knockout mice. Neurotherapeutics 2018; 15 :1055–62. https:
//doi.org/10.1007/s13311-018-0656-x

72. Wang F, Wang J, Shen Y et al. Iron dyshomeostasis and ferropto-
sis: a new Alzheimer’s disease hypothesis? Front Aging Neurosci
2022; 14 :830569. https://doi.org/10.3389/fnagi.2022.830569

73. Guo C, Wang P, Zhong ML et al. Deferoxamine inhibits iron
induced hippocampal tau phosphorylation in the Alzheimer
transgenic mouse brain. Neurochem Int 2013; 62 :165–72. https:
//doi.org/10.1016/j.neuint.2012.12.005

74. Liu JL, Fan YG, Yang ZS et al. Iron and Alzheimer’s disease:
from pathogenesis to therapeutic implications. Front Neurosci
2018; 12 :632. https://doi.org/10.3389/fnins.2018.00632

75. Mangan D. Iron: an underrated factor in aging. Aging (Albany
NY) 2021; 13 :23407–15. https://doi.org/10.18632/aging.203612
76. Maynard CJ, Cappai R, Volitakis I et al. Overexpression of 
Alzheimer’s disease amyloid-beta opposes the age-dependent 
elevations of brain copper and iron. J Biol Chem 2002; 277 :44670–
6. https://doi.org/10.1074/jbc.M204379200

77. Ficiarà E, Munir Z, Boschi S et al. Alteration of iron concentra- 
tion in Alzheimer’s disease as a possible diagnostic biomarker 
unveiling ferroptosis. Int J Mol Sci 2021; 22 :4479. https://doi.org/
10.3390/ijms22094479

78. Connor JR, Snyder BS, Beard JL et al. Regional distribution of 
iron and iron-regulatory proteins in the brain in aging and 
Alzheimer’s disease. J Neurosci Res 1992; 31 :327–35. https://doi.
org/10.1002/jnr.490310214

79. Petralla S, Saveleva L, Kanninen KM et al. Increased expression 
of transferrin receptor 1 in the brain cortex of 5xFAD mouse
model of Alzheimer’s disease is associated with activation of 
HIF-1 signaling pathway. Mol Neurobiol 2024; 61 :6383–94. https:
//doi.org/10.1007/s12035-024-03990-3

80. Faresjö R, Sehlin D, Syvänen S. Age, dose, and binding to TfR on
blood cells influence brain delivery of a TfR-transported an- 
tibody. Fluids Barriers CNS 2023; 20 :34. https://doi.org/10.1186/
s12987-023-00435-2

81. Cornett CR, Markesbery WR, Ehmann WD. Imbalances of trace 
elements related to oxidative damage in Alzheimer’s disease 
brain. Neurotoxicology 1998; 19 :339–45.

82. van Duijn S, Bulk M, van Duinen SG et al. Cortical iron reflects
severity of Alzheimer’s disease. J Alzheimers Dis 2017; 60 :1533–
45. https://doi.org/10.3233/jad-161143

83. Meadowcroft MD, Connor JR, Yang QX. Cortical iron regula- 
tion and inflammatory response in Alzheimer’s disease and 
APPSWE/PS1 �E9 mice: a histological perspective. Front Neurosci 
2015; 9 :255. https://doi.org/10.3389/fnins.2015.00255

84. Ward RJ, Zucca FA, Duyn JH et al. The role of iron in brain ageing
and neurodegenerative disorders. Lancet Neurol 2014; 13 :1045–
60. https://doi.org/10.1016/s1474-4422(14)70117-6

85. Lin L, Goldberg YP, Ganz T. Competitive regulation of hepcidin 
mRNA by soluble and cell-associated hemojuvelin. Blood 
2005; 106 :2884–89. https://doi.org/10.1182/blood-2005-05-
1845

86. Silvestri L, Pagani A, Fazi C et al. Defective targeting of hemoju-
velin to plasma membrane is a common pathogenetic mech- 
anism in juvenile hemochromatosis. Blood 2007; 109 :4503–10.
https://doi.org/10.1182/blood-2006-08-041004

87. Silvestri L, Pagani A, Camaschella C. Furin-mediated release 
of soluble hemojuvelin: a new link between hypoxia and iron 
homeostasis. Blood 2008; 111 :924–31. https://doi.org/10.1182/
blood-2007-07-100677

88. Fleming J, Joshi JG. Ferritin: isolation of aluminum-ferritin com- 
plex from brain. Proc Natl Acad Sci USA 1987; 84 :7866–70. https:
//doi.org/10.1073/pnas.84.22.7866

89. Kawamata T, Tooyama I, Yamada T et al. Lactotransferrin im- 
munocytochemistry in Alzheimer and normal human brain.
Am J Pathol 1993; 142 :1574–85.

90. Pfeiffer CC, Braverman ER. Zinc, the brain and behavior. Biol 
Psychiatry 1982; 17 :513–32.

91. Capasso M, Jeng JM, Malavolta M et al. Zinc dyshomeostasis: a
key modulator of neuronal injury. J Alzheimers Dis 2005; 8 :93–
108; discussion 209-15. https://doi.org/10.3233/jad-2005-
8202

92. An WL, Bjorkdahl C, Liu R et al. Mechanism of zinc- 
induced phosphorylation of p70 S6 kinase and glycogen syn- 
thase kinase 3beta in SH-SY5Y neuroblastoma cells. J Neu- 
rochem 2005; 92 :1104–15. https://doi.org/10.1111/j.1471-4159.

https://doi.org/10.1016/s0022-510x(96)00203-1
https://doi.org/10.1016/j.pneurobio.2011.05.001
https://doi.org/10.1001/jama.1997.03550160069041
https://doi.org/10.3390/ijms21239259
https://doi.org/10.1016/s0896-6273(01)00317-8
https://doi.org/10.3389/fnagi.2017.00446
https://doi.org/10.1515/BC.2011.084
https://doi.org/10.1038/ng0996-55
https://doi.org/10.3233/JAD-131247
https://doi.org/10.20452/pamw.1423
https://doi.org/10.1007/s13311-018-0656-x
https://doi.org/10.3389/fnagi.2022.830569
https://doi.org/10.1016/j.neuint.2012.12.005
https://doi.org/10.3389/fnins.2018.00632
https://doi.org/10.18632/aging.203612
https://doi.org/10.1074/jbc.M204379200
https://doi.org/10.3390/ijms22094479
https://doi.org/10.1002/jnr.490310214
https://doi.org/10.1007/s12035-024-03990-3
https://doi.org/10.1186/s12987-023-00435-2
https://doi.org/10.3233/jad-161143
https://doi.org/10.3389/fnins.2015.00255
https://doi.org/10.1016/s1474-4422(14)70117-6
https://doi.org/10.1182/blood-2005-05-1845
https://doi.org/10.1182/blood-2006-08-041004
https://doi.org/10.1182/blood-2007-07-100677
https://doi.org/10.1073/pnas.84.22.7866
https://doi.org/10.3233/jad-2005-8202
https://doi.org/10.1111/j.1471-4159.2004.02948.x


14 | Hosseinpour Mashkani et al.

9  

 

9  

 

9  

 

9  

 

9  

 

9  

9  

 

1  

 

1  

 

1  

 

1  

 

 

1  

 

1  

 

 

1  

1  

 

1  

 

1  

 

 

 

1  

 

1  

 

 

1  

 

 

 

1  

1  

 

1  

 

 

 

1  

 

1  

 

 

 

1  

 

1  

 

1  

 

 

1  

 

1  

1  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

etallom
ics/article/16/12/m

fae053/7888909 by guest on 03 D
ecem

ber 2024
3. Kim I, Park EJ, Seo J et al. Zinc stimulates tau S214 phos-
phorylation by the activation of Raf/mitogen-activated pro-
tein kinase-kinase/extracellular signal-regulated kinase path- 
way. Neuroreport 2011; 22 :839–44. https://doi.org/10.1097/WNR.
0b013e32834c0a2d

4. Gilbert R, Peto T, Lengyel I et al. Zinc nutrition and inflamma-
tion in the aging retina. Mol Nutr Food Res 2019; 63 :e1801049.
https://doi.org/10.1002/mnfr.201801049
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