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Abstract.
Background: Alzheimer’s disease (AD) is a neurodegenerative disorder that progresses over time. Fourier Transform Infrared
Spectroscopy (FTIR) analysis gives identification of the main metabolic changes that happen during neurodegeneration, by
monitoring biochemical and molecular structure alterations that can help in AD diagnosis or treatment approach.
Objective: The aim of the present work is to assess AD hallmarks in molecular structure of retina and monitor accumulation
of amyloid beta42(A�42) in brain and retina during disease progression.
Methods: AD induced in rats by Aluminum Chloride (AlCl3). Retinal molecular structure during disease progression for
2,4,6 and 8 weeks was assessed by Fourier-transform infrared spectroscopy (FTIR) and the incidence of the disease was
confirmed by a behavioural assessment; the Morris Water Maze test. A�42 levels in the brain and retina were also measured.
Results: The results indicated that cognitive impairment starting from 6 weeks of AlCl3 administration. Retinal concentration
of A�42 was significant increase (p < 0.05) from 2 weeks that precedes the observed increase of A�42 in the brain which
appeared after 4 weeks of AlCl3 administration. Multivariate principal component analysis discovers that the variance noticed
in the infrared spectra due to AD condition and it is time dependent for progression of the disease.
Conclusions: The accumulation of A�42 is a sensitive early biomarker in retina for AD. FTIR analysis of the retina revealed
changes in hydrogen bond formation or destruction, alterations in lipid chain length and branching accompanied by depleted
lipid content and carbonization, as well as degeneration of the retinal tissue due to AD.
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INTRODUCTION

With the continuous upsurge in life expectancy, the
incidence of dementia has become a significant pub-
lic health concern. According to recent estimates, the
incidence of dementia has surged to approximately
55 million individuals globally [1]. This growing
prevalence of dementia highlights an urgent need for
innovative approaches towards prevention and treat-
ment. Among the elderly population, Alzheimer’s
disease (AD) is a neurodegenerative disorder that not
only remains incurable, but also ranks as the leading
cause of all types of dementia, with approximately
60–80% of dementia cases being classified as AD
[2].

Over the past 25 years, translational studies in
various fields such as human neuropathology and
experimental animal, genetics, and biomarker anal-
ysis have substantiated a hypothetical model that
describe the AD. This model proposes that amyloid-�
(A�) species accumulate in the brain initially lead-
ing to plaque formation, followed by tau protein
spreading which ultimately results in neuronal loss
and clinical symptoms after a lag of up to three
decades [3]. Theses clinical symptoms include cog-
nitive impairment, progressive memory loss, mood
swings, and deterioration in executive function [4].

Amyloid neuritic plaque, the major hallmark of
AD pathology consists of misfolded A� proteins that
aggregate and form extracellular deposits in the brain
[5]. These deposits disrupt neural communication,
lead to neuroinflammation and oxidative stress, and
ultimately result in cognitive decline [6]. A� accumu-
lation in the brain results from an imbalance between
A� production and clearance [7]. A� is produced by
sequential proteolysis of transmembrane amyloid-�
protein precursor (A�PP) by �-secretase followed by
�-secretase. The most abundant type of A� in AD
pathology is the A�42, that characterized by its higher
propensity to aggregate into � sheet conformations in
the form of higher-order oligomers, protofibrils, fib-
rils, and plaques, which are detectable in AD brain
[8].

The detrimental impact of environmental heavy
metals on brain development is widely recognized.
Numerous research studies have established a strong
correlation between these toxic agents and serious
neurodegenerative conditions like AD [9, 10]. As a
plentiful element on the earth surface, aluminum is
the most potent neurotoxic metal among all heavy
environmental pollutants. It has been extensively
studied and identified as an agent that plays a cru-

cial role in triggering and exacerbating debilitating
neurological disorders like AD.

In the aluminum chloride-common animal model
for studying the pathophysiology of AD and cognitive
decline, numerous investigations have demonstrated
that after 28 days of administration amyloid plaques
deposition and cerebral amyloid angiopathy, neu-
rofibrillary tangles, glial responses, and synaptic
degeneration were noticed [11]. Also, after 42 days of
AlCl3 treatment, behavioral alteration in albino Wis-
tar rats was detected by Morris water maze (MWM)
test [12].

Infrared Fourier-transform spectroscopy (FTIR) is
a non-invasive method for examining the chemical
constitution of living tissues. With the aid of this
method, it is possible to investigate the molecular
alterations connected to numerous medical disorders,
such as retinal degeneration. Infrared radiation is
absorbed by the sample using FTIR spectroscopy,
which yields spectra that reveal details about the dif-
ferent kinds of chemical bonds that are present in the
sample. FTIR spectroscopy has been used to exam-
ine changes in the molecular structure of the retina in
animal models of retina disorder. In particular, lipid,
protein, and nucleic acid levels in the retina of rats
with induced retinal degeneration have been tracked
using FTIR spectroscopy.

Researchers are looking for distinctive spectral pat-
terns or markers that can distinguish people with AD
from healthy people and AD diagnosis by examin-
ing the infrared spectra of biological samples. The
FTIR spectra of cerebrospinal fluid from AD patients
at various phases revealed that peak locations for
protein, deoxyribonucleic acid (DNA), phospholipid,
and lipid vibrations were different from those of con-
trol participants [13]. According to Correia et al. [14],
plasma samples from people with cognitive impair-
ment have greater concentrations of saturated lipids,
carboxylic acids, reactive carbonyls, and altered
wavenumbers of amide II. In the brain of a mouse
model of AD, there was a noticeably low level of
unsaturated lipid and alterations in the CH2 stretch-
ing vibration spectrum that suggest changes in lipid
order [15]. We tested the hypothesis that FTIR data
can provide significant information not only regard-
ing the protein’s conformation, folding, stability, and
interaction but also the lipid structure, lipid oxidation,
lipid membrane fluidity, and changes in acyl chain
order within the retina to provide a new explanation
for the disease and suggest an outlook for additional
research into the prevention, diagnosis, and treatment
of AD.



H.A. Gaber et al. / Aβ and the Retina in Alzheimer’s Disease 1189

As the eye is an expansion of the central nervous
system (CNS), checking on changes within the eye’s
tissues may lead to creating an arrangement of non-
invasive, differential symptomatic tests for AD that
can be advance connected to other diseases. Recently,
there are challenges in diagnosing AD especially
ophthalmic biomarkers and eye can be a mirror to
numerous neural and systemic disarranges [16]. The
only optically visible nerve tissue is the retina, so,
the aim of the present work to evaluate the character-
istic molecular structure changes of in retina due to
AD induced by AlCl3 in rats using FTIR and confirm-
ing the incidence of the disease by behavior easement
MWM test. Also estimated of A�42 in brain and retina
was done.

MATERIALS AND METHODS

Chemicals

All of the chemicals utilized in our experiments
were obtained from Sigma-Aldrich Company (St.
Louis, MO, USA). The BCA protein quantitative kit
(QuantiProTM BCA Assay Kit) were procured from
Sigma-Aldrich Company and the rat A�42 Elisa kits
were procured from Novus Biologicals (Littleton,
CO, USA).

Animals and ethical considerations

A total of 50 male albino Wistar rats weighing
approximately 200 ± 50 grams were utilized for the
experimental procedure. The animals were obtained
from the animal house facility at the Research Insti-
tute of Ophthalmology (RIO), Giza, Egypt. The
ARRIVE standards, local research committee rec-
ommendations, and Association for Research in
Vision and Ophthalmology (ARVO) rules were all
followed. During the experimental periods, animals
were housed in standard polycarbonates cage under
controlled standard environmental conditions of
humidity (60 ± 10%), room temperature (25 ± 2◦C)
and natural day/night cycle (12:12 h), with free access
to chewing food and water ad libitum. Before one
week of the experiment’s onset, rats were acclimated
to laboratory conditions.

Experimental design

After the acclimatization period, animals were ran-
domly allocated to 5 groups with 10 rats assigned for
each group. Rats in first group were orally received

saline with the gavage tube and served as control,
while rats in the other 4 groups were orally received
AlCl3 (100 mg/kg b. wt.) with the gavage tube for 2,
4, 6, and 8 consecutive weeks, respectively [17].

Experimental procedure

Morris water maze test
Twenty-four hours after the last administration of

AlCl3, rats were screened for spatial learning and
memory retention using the MWM test in accordance
with Sayed et al. [18]. A circular pool with height
(60 cm) and diameter (150 cm), divided into 4 equal
quadrants, was utilized in this present study. The pool
was half filled with water and kept under constant
temperature (25 ± 2◦C). A platform (9 cm diameter)
was submerged inside the target quadrant of this pool,
2 cm below the water surface, and was situated at a
fixed location throughout the test. The water was ren-
dered opaque with a non-toxic, water-soluble blue
pigment. During the acquisition phase, animals per-
formed 4 daily training sessions lasting 120 s each
for 4 days in a row. In each acquisition trial, animals
were allowed to swim and freely explore with the
aim to find the platform within the target quadrant. If
the rat found the submerged platform within 120 s, it
was kept there for 10 s then removed; meanwhile if an
animal failed to find the submerged platform, it was
gently guided and positioned on the surface of the
platform for 30 s. Both the escape latency time and
path length were measured by calculating the aver-
age of total time and total distance taken in all trials
of each day of the acquisition phase to find the sub-
merged platform and was assessed as the indicator
for spatial learning. On day five, the rats underwent
a probe test in which the platform was removed, and
each rat had 60 s to explore the pool. The duration of
time spent by every animal, distance covered within
the target quadrant, as well as number of entries were
all recorded and assessed as an indicator for memory.
The procedure was video-recorded and subsequently
analyzed utilizing ANY-maze software (version 7.1,
Stoelting Co, IL, USA).

Preparation of tissue and sample collection

At the end of MWM test for each experimental
group, rats were sacrificed by decapitation and both
eyeball and brain samples were rapidly excised and
rinsed with an ice-cold (4◦C) saline (0.15 M NaCl)
solution. Retina and hippocampus were rapidly dis-
sected in ice-cold (4◦C) phosphate-buffered saline
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(PBS). The wet weight of all dissected tissues; retina
and hippocampus were measured and then stored at
–80◦C until the subsequent investigations were per-
formed.

Quantification of Aβ42 protein

To evaluate the A�42 levels in retina and hippocam-
pus tissues, the collected retinas and hemispheres
from each experimental group were homogenized in
RIPA lysis puffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 0.5%
Triton X-100 and 0.5% NP 40) with Cocktail pro-
tease inhibitor. Then all homogenized samples were
centrifuged at 14,000 × g for 30 min at 4◦C. The
resultant supernatant was separated and subjected
to assay for the protein concentration using bicin-
choninic acid (QuantiProTM BCA, Cat No: QPBCA,
Sigma-Aldrich, USA) assay kit.

The status of AD biomarker A�42 in retina and
hippocampus of normal rats and rats orally admin-
istrated with AlCl3 for 2, 4, 6, and 8 weeks, were
investigated using the research rat-specific ELISA
kits (Cat No: NBP2-69916, Novusbio, USA) uses the
Sandwich-ELISA principle. The ordered instructions
demonstrated by the manufacturer’s manual were fol-
lowed for the micro-plate preparation before reading.
The absorbance of the optical density was determined
with Elisa reader set to 450 nm. The concentrations
of A�42 in retina and hippocampus were expressed
in pg/mg protein.

FTIR measurements

FTIR spectroscopic measurements and analysis
were employed in this existent study to investigate
the eventuated deterioration in the molecular struc-
ture of the retinal tissues after AlCl3 exposure for
different periods (2, 4, 6, and 8 weeks) compared
to normal. The lyophilized retinal tissues (2 mg)
were compacted with KBr powder (98 mg) using
the pressing tool supplied by the company of FTIR
spectrophotometer (Thermo Fisher Scientific Inc.,
Madison, WI, USA). The resultant compact trans-
parent tablets, which characterized with homogenous
and uniform thickness, is utilized to investigate the
characteristic IR spectrum of the examined samples
with FTIR spectrometer (Nicolet iS5 FT-IR Spec-
trometer, Thermo Fisher Scientific Inc.). In order to
improve the signal-to-noise ratio, the utilized FTIR
spectrometer was that was connected with a constant
supply of dry nitrogen gas. This effectively elimi-

nated any potential influence from water vapor or
ambient carbon dioxide (CO2). We obtained one hun-
dred interferograms at 2 cm–1 spectral resolution
for each sample. In order to optimize the effective-
ness of Savitzky-Golay method’s Fourier transform,
it was necessary to first carry out coaddition, baseline
adjustment and flattening on these interferograms. By
using OriginPro9 software (Origin Lab Corporation,
Northampton, MA, USA), the average spectra of each
experimental group that collected from the individ-
ual spectrum of each sample within the group was
calculated [19].

Statistical analysis

In our experimental studies, all values of the
obtained results were demonstrated as mean ± SD.
The statistical evaluations for the resultant data of
Elisa method were assessed by One-way analy-
sis of variance (ANOVA) with subsequent Tukey’s
post-hoc analysis which performed to evaluate any
significance variations between all examined groups.
In the behavioral assessment, the parameters of the
acquisition phase (the escape latency and the path
length) were statistically analyzed with two-way
ANOVA test, while the probe trial parameters (time
spent in the target quadrant and distance swam in the
target quadrant) were statistically analyzed with one-
way ANOVA followed by Tukey’s post-hoc analysis.
In contrary, the measured values of the entries num-
ber to the target quadrants were statistically analyzed
using Kruskal-Wallis test and followed by Dunn’s
analysis. The statistical analyses were conducted
using GraphPad Prism version 8 software. For all sta-
tistical analysis, the variances were considered to be
statistically significant at p-values < 0.05. Addition-
ally, the discrimination between the FTIR spectra was
evaluated through multivariate analysis and principal
component analysis (PCA) using OriginPro software
(2015).

RESULTS

Morris water maze test

In MWM test, reduction in the mean of escape
latency time and path length indicates improvement
in the learning process, meanwhile more time spent
in the target quadrant, and distance travelled as well
as higher number of entries indicates improvement
in reference memory. Animals receiving AlCl3 for 2
and 4 weeks did not show any significant difference
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Fig. 1. Effect of Aluminum on (a) mean escape latency and (b) path length in MWM test. Values are expressed as mean ± S.D. †Level of
significance (p < 0.05) in comparison to control group.

Fig. 2. Effect of aluminum on (a) time spent, (b) distance travelled, and (c) number of entries in the target quadrant as well as (d) representative
swim paths in MWM test. Values are expressed as mean ± S.D. †Level of significance (p < 0.05) in comparison to control group.

from control group in MWM test; hence comparisons
were performed relative to control group. Indeed,
AlCl3-treated rats for 6 and 8 weeks showed a sig-
nificant increase in escape latency time (5.6 and 6
folds) (Fig. 1a) and path length (5.8 and 7 folds)
(Fig. 1b), respectively as compared with control
group on the last day of training. Meanwhile, in probe
test AlCl3-treated rats for 6 and 8 weeks showed
marked reduction in the time spent in target quad-
rant (43 and 38%) (Fig. 2a) as well as decrease in the

total distance swam in the target quadrant by 55%
and 54% together (Fig. 2b) with marked fall in num-
ber of entries in the target quadrant by 72% and 75%
(Fig. 2c), respectively as compared to control group.

Aβ42 content in retina and brain

Figure 3a and 3b) illustrated the effect of AlCl3
administration on the accumulation of AD patholog-
ical hallmark (A�42) in the retinal and hippocampus
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Fig. 3. Concentration of A�42 in (a) retina and (b) brain. Values are expressed as mean ± S.D. †Level of significance (p < 0.05) in comparison
to control group.

brain tissues compared to normal tissues. Comparing
to the normal retinal concentration of A�42 which
was 0.758 ± 0.136 pg/mg protein, all AlCl3-treated
groups showed a distinguished increase in the con-
centration of retinal A�42 (Fig. 3a). The statistical
analysis confirmed the elevation in the A�42 expres-
sion in the retinal tissues of rats exposed to AlCl3 for
2, 4, 6, and 8 weeks was significant (p < 0.05) with
2.3, 4.4, 6.3, and 8.8-fold respectively in compared
with control group.

As depicted in Fig. 3b, the average brain content
of A�42 showed a significant increase (p < 0.05) in
the experimental groups that treated with AlCl3 for
4, 6, and 8 weeks in compared with control group
(6.943 ± 0.542 pg/mg protein). In contrast, no dis-
crepancies were detected between the A�42 brain
content of group treated to AlCl3 for 2 weeks and
that of the control group.

FTIR of retina

Figure 4a-e show the all FTIR spectra of retinal
tissue covering the range 4000 to 900 cm–1 for all
groups received AlCl3 after 2, 4, 6, and 8 weeks com-
pared to control. Visually, there are differences in the
FTIR spectra of all groups received AlCl3 after 2, 4,
6, and 8 weeks in comparison to spectra of control in
retinal tissue. An increase in the absorbance intensity
after AlCl3 administration was observed. Compar-
isons between the means of the FTIR data to retina
were performed using PCA.

Figure 5a and 5b depict the relation between the
eigenvalues and the principal components (Fig. 5a) as
well as the loading plot for all FTIR raw data of reti-
nal tissue (Fig. 5b). The covered data was 99.22%,
where 94.94% due to the first principal component

Fig. 4. Over all FTIR spectra (4000-900 cm−1) of retinal tissue
for all groups received AlCl3 compared to control.

(PC1) and 4.27% for the second principal component
(PC2). The PCA for retina revealed a complete con-
trast between the animals received AlCl3 for 6 and
8 weeks and normal animals in the control group,
since the control group has loading on PC2 and other
groups (6 and 8 weeks given AlCl3) have loading on
PC1. In the same time, raw data of FTIR related to
animals given AlCl3 for 2 and 4 weeks have a loading
on PC2 as control but different behavior.

The FTIR spectra exhibit a multi-faceted composi-
tion, displaying various bands that originate from an
array of functional groups including lipids, proteins,
and others. To make better analysis to FTIR data,
the detailed spectral analysis was performed in three
distinct frequency ranges; 4000–3000 cm–1 (NH-OH
region), 3000–2800 cm–1 (C-H stretching region),
and 1600–900 cm–1 (Fingerprint region).
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Fig. 5. (a) Eigenvalues in relation to the principal components of FTIR data and (b) the loading plot for retinal FTIR raw data.

NH-OH Region for retinal tissue

Figure 6a-e shows the NH-OH region spectra of
retinal tissue that has the range 4000-3000 cm–1 for
the control and all groups given AlCl3 after 2, 4, 6, and
8 weeks. Figure 6a illustrated the spectra deconvolu-
tion of the retinal tissues obtained from the control
group that revealed the appearance of five peaks
at 3614 ± 3, 3518 ± 4 due to (1) strOH vibration,
3393 ± 5 due to (2) NHasym vibration, 3262 ± 3 due
to (3) OHsym, and 3191 ± 4 due to (4) NHsym. Fig-
ure 4b-e illustrated the deconvoluted NH-OH region
for all groups received AlCl3 after 2, 4, 6, and 8
weeks. All peaks’ wavenumbers and width with their
assignments of NH-OH region for retinal tissue to all
treated groups compared to control is given in Table 1.
Changes of number of peaks observed from 5 peaks
in control to 4 peaks after 2 and 6 weeks of receiv-
ing AlCl3 and to 3 peaks after 8 weeks AlCl3 group.
Vibration strOH characterized by statistically signif-
icant changes (p < 0.05) in wavelength and width in
all groups of AlCl3 accompanied by disappearance
of one mode of vibration related to strOH for 6 and 8
weeks of AlCl3. The statistically significant decrease
(p < 0.05) in band location and width of NH asym
vibration after 4 weeks AlCl3 group was observed
and disappearance of that vibration in others AlCl3
groups. The vibration OHsym characterized by sta-
tistically significant changes (p < 0.05) in width of
all AlCl3 groups and statistically significant increase
(p < 0.05) in the band position after 8 weeks AlCl3

group. Disappearance of NHsym vibration in 2 and 8
weeks AlCl3 groups was observed.

C-H region

The infrared absorption pattern, in the region 3000-
2800 due to CH vibration, of control retina and
all groups administrated AlCl3 for 2, 4, 6, and 8
weeks after deconvolution were illustrated in Fig. 7a-
e. Assignments of the peaks in all groups with their
width and statistical differences compared to control
summarized in Table 2. As shown from Fig. 7a-e and
Table 2, control pattern characterized by 4 absorp-
tion bands at 2962 ± 1 cm–1 with bandwidth 30.8 ± 1
cm–1, 2925 ± 2 cm–1 with bandwidth 35.4 ± 1 cm–1,
2875 ± 2 cm–1 with bandwidth 33.3 ± 1 cm–1, and
2852 ± 2 cm–1 with bandwidth 24.1 ± 1 cm–1. These
bands can be assigned to (1) asymCH3, (2) asymCH2,
(3) symCH3, and (4) symCH2 respectively [20].
Statistically significant increase (p < 0.05) in most
bands’ width was observed and disappearance of
mode of vibration symCH3 due to AlCl3 adminis-
tration. A statistically significant increase (p < 0.05)
in vibrational frequency of symCH2 in all groups
received AlCl3.

Fingerprint region

Figure 8a-e illustrated the third analysis region
(1600-900 cm–1) due to fingerprint vibration that
resulted from protein and lipid parts of retinal tis-
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Fig. 6. Deconvolution spectra of retinal tissue in NHOH region (4000-3000 cm−1) to all groups administrated AlCl3 compared to control.
(1) strOH, (2) OHasym, (3) NHasym, (4) OHsym, and (5) NHsym.

Table 1
Vibrational frequency of NH-OH (4000-3000 cm–1) and bandwidth in cm–1 deduced from FTIR spectra of retinal tissue after deconvolution

to all animals administrated with aluminum chloride compared to control

(1) str OH (2) OH asym (3) NH asym (4) OH sym (5) NH sym

Control 3614 ± 3 3518 ± 4 3393 ± 5 3262 ± 3 3191 ± 4
90.6 ± 2 147.2 ± 3 157.2 ± 2 105.2 ± 2 61.9 ± 2

2 weeks AlCl3 3619 ± 2 3557 ± 4† 3425 ± 3 3257 ± 4
66.2 ± 2† 127.5 ± 2† 177.6 ± 4 133.3 ± 2†

4 weeks AlCl3 3608 ± 1† 3500 ± 5† 3377 ± 4† 3256 ± 3 3192 ± 3
76.6 ± 2† 175.8 ± 2† 146.1 ± 2† 96.8 ± 1† 62.8 ± 1

6 weeks AlCl3 3591 ± 3† 3446 ± 5 3265 ± 2 3197 ± 2
109.5 ± 4† 216.3 ± 3 115.7 ± 1† 62.2 ± 2

8 weeks AlCl3 3540 ± 5† 3438 ± 4 3290 ± 4†
123.2 ± 3† 149.2 ± 2 158.5 ± 4†

†Statistically significant (n = 10, p < 0.05). First line is band wavenumber and the last line is the band width.

sue from all groups administrated AlCl3 compared
to control. Fingerprint spectra bands decrease from
6 bands in control to 5, 4, 4, and 4 bands in
2, 4, 6, and 8 weeks AlCl3 groups, respectively.
Table 3 illustrated the wavelength for each band
and their bandwidths to all groups administrated
AlCl3 and control. The normal pattern revealed six
bands and their assignments were as follow: absorp-

tion band at 1538 ± 2 cm–1 corresponding to (1)
amide II (N = Hbend); 1453 ± 1 cm–1 due to (2)
CH2 bend; 1400 ± 3 cm–1 due to (3) strCOO−sym;
1314 ± 2 cm–1 due to CH3 deform; 1233 ± 2 cm–1

due to (5) asymPO2; 1081 ± 1 cm–1 corresponding
to symPO2. Two weeks AlCl3 administrations lead to
minor changes which disappear of CH3deform vibra-
tion and statistically significant increase (p < 0.05)
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Fig. 7. FTIR range (3000-2800 cm–1) of retinal tissue to all groups received AlCl3 compared to control and numbers of peaks to facilitate
identification of function groups. (1) asymCH3, (2) asymCH2, (3) symCH3, and (4) symCH2.

Table 2
CH spectra in the region 3000-2800 cm–1 of retinal tissue for all groups

received AlCl3 compared to control

asym CH3 asym CH2 sym CH3 sym CH2

Control 2962 ± 1 2925 ± 2 2875 ± 2 2850 ± 2
30.8 ± 1 35.4 ± 1 33.3 ± 1 24.1 ± 1

2 weeks AlCl3 2964 ± 1 2926 ± 2 2861 ± 2†
36.7 ± 1† 42.4 ± 1† 33.4 ± 1†

4 weeks AlCl3 2963 ± 1 2924 ± 2 2858 ± 1†
34.1 ± 2† 46.7 ± 1† 38.8 ± 2

6 weeks AlCl3 2962 ± 2 2926 ± 2 2859 ± 1†
29.9 ± 2 34.8 ± 1 25.8 ± 1

8 weeks AlCl3 2966 ± 1† 2924 ± 2 2860 ± 1†
28.3 ± 2 47.3 ± 1† 39.5 ± 1†

†Statistically significant (n = 10, p < 0.05). First line is band wavenumber and the last
line is the band width.

in width of asymPO2 and symPO2vibrations. By
increasing the time of AlCl3 administrations to 4-
, 6-, and 8-weeks lead to statistically significant
changes (p < 0.05) in all band position and width
for modes of vibration observed. Disappearance of
CH2 bend and CH3 deform vibration in the 4- and 6-
week AlCl3 groups and disappearance of COOsym

and CH3deform in the 8-week AlCl3 group were
observed.

Ratiometric analysis

Table 4 summarizes AlCl3 effects for the studied
periods used in experiment on the acyl chain induced
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Fig. 8. FTIR spectra of the fingerprint region (1600-900) of all the studied groups compared to control. The numbers above the peaks are to
facilitate their assignment. (1) Amide II, (2) CH2 bend, (3) COO sym, (4) CH3def, (5) asym PO2, (6) sym PO2.

Table 3
Fingerprint region (1600-900 cm–1) of retinal tissue to all groups administrated AlCl3 compared to control

(1) (2) (3) (4) (5) (6)
Amide II CH2 bend COOsym CH3 deform asymPO2 symPO2

Control 1538 ± 2 1453 ± 1 1400 ± 3 1314 ± 2 1233 ± 2 1081 ± 1
48.1 ± 2 32.9 ± 3 56.8 ± 2 50.7 ± 3 85.1 ± 2 87.3 ± 4

2 weeks AlCl3 1535 ± 3 1453 ± 3 1399 ± 1 1230 ± 3 1078 ± 3
47.9 ± 2 37.2 ± 4 56.4 ± 2 114.8 ± 4† 95.9 ± 4†

4 weeks AlCl3 1546 ± 2† 1412 ± 3† 1234 ± 1 1080 ± 4
60.6 ± 1† 76.8 ± 1† 88.6 ± 3 69.6 ± 1†

6 weeks AlCl3 1547 ± 1† 1409 ± 2† 1244 ± 2† 1084 ± 3
62.8 ± 3† 102.3 ± 4† 107.8 ± 2† 72.9 ± 2†

8 weeks AlCl3 1553 ± 3† 1445 ± 2† 1294 ± 3† 1054 ± 2†
69.7 ± 2† 63.4 ± 1† 192.1 ± 4† 120.7 ± 2†

†Statistical significant (n = 10, p < 0.05). First line is band wavenumber and the last line is the band width.

gauche rotamers and on the absorption intensity ratio
of both asymCH2/symCH2 and asymPO2/symPO2.
As shown in that table and by comparing to con-
trol value, gauche rotamers increased due to AlCl3
administration, but it is not dependent on the time
of receiving AlCl3. The absorption intensity ratio of
both symmetric and asymmetric of vibration mode

CH2 was decreased in function of time of receiving
AlCl3 in the animals of experimental groups.

The phosphate group intensity ratio that is
asymPO2/symPO2 behaves in two configurations; the
ratio was decreased after 2 and 4 weeks of AlCl3
administration, while increased after 6 and 8 weeks
of AlCl3 administration.
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Table 4
Ratiometric analysis of different parameters in FTIR data due to AlCl3 administration for 2, 4, 6,

and 8 weeks compared to control value

∗gauche rotamers asymCH2/symCH2 asymPO2/symPO2

Control 0.18 3.45 0.89
2 weeks AlCl3 2.18 3.10 0.67
4 weeks AlCl3 1.64 2.43 0.87
6 weeks AlCl3 1.82 2.50 1.04
8 weeks AlCl3 2.00 1.91 1.30
∗calculated using the position of symCH2 band. The other numbers depend on the absorbance
intensity ratios.

DISCUSSION

Over 50 million people worldwide suffer from
AD, which is a chronic neurodegenerative disorder
that is recognized by memory impairments, cognitive
decline, and behavioral changes that eventually with
disease progression leads to death within 3–9 years
after the diagnosis [17]. As a multi-factorial disease,
various modifiable and non-modifiable risk factors
have been implicated in the initiation and progres-
sion of AD. Undoubtedly, the most prominent threat
factor associated with this disease is aging. The prob-
ability of developing AD escalates tremendously as
an individual grows older, notably beyond 65 years
old where there is a doubling in its occurrence every
five years. There are various potent elucidations for
the cognitive decline associated with AD. Oxidative
stress is one of these potent explanations which are
closely linked to AD due to the facilitation of neuro-
toxicity by free radicals.

The results indicated that cognitive impairment
starting from 6 weeks of AlCl3 administration. Reti-
nal concentration of A�42 was significant increase
(p < 0.05) from 2 weeks that precedes the observed
increase of A�42 in the brain which appeared after
4 weeks of AlCl3 administration. FTIR spectra
revealed an early detection of different variations in
both frequencies and bandwidths of most function
groups of retinal tissue due to AlCl3 administra-
tion.

The exposure to AlCl3 was found to negatively
impact memory capabilities, as evidenced by the
prolonged time taken to locate the hidden plat-
form during MWM testing. This deficiency may be
attributed to decreased acetylcholine levels, which
are caused by the elevation of acetylcholinesterase
[21]. Memory defects observed from 6 weeks
of AlCl3 administration could also attributed to
alterations in synaptic transmission resulted from
diminished synaptic elasticity [22] due to inhibition
of voltage activated calcium channel currents [23].

AlCl3-induced AD models have been used in
numerous previous studies in mice [24], rats [25], rab-
bits [26], and cultured cells [27]. These investigations
revealed an elevation in A� content and alterations in
its conformation, which improve its aggregation in a
manner that resembles the characteristic structure of
AD observed in humans.

Our study indicated a statistically significant
increase (p < 0.05) of A�42 level in the brain from
the fourth week of AlCl3 administration. This find-
ing suggests that the administration of AlCl3 could
contribute to the deposition and aggregation of A�42
in brains, which is a crucial factor in the development
of AD.

The A� is formed by the breakdown of the
parent protein, A�PP, through sequential cleavages
by �-and �-secretases [28]. For maintaining home-
ostasis in the brain, it is critical to balance the
production and clearance of A�. The clearance mech-
anisms include transporting the extra A� across the
blood-brain barrier by receptor advanced glycation
end productions (RAGE) proteins and low-density
lipoprotein receptor-related protein-1 (LRP1), as well
as enzymatic degradation by zinc associated met-
alloendopeptidase, insulin-degrading enzyme and
neprilysin [29]. As LRP1 is responsible for efflux A�
out of the brain into the blood, RAGE facilitates the
influx of A� from the blood into the brain. However,
when the balance between A� production and clear-
ance is disrupted, that leads to the accumulation of
A� in the brain [7].

Moreover, the results of this study revealed a
significant surge (p < 0.05) in A�42 levels of the
retina subsequent to two weeks of AlCl3 administra-
tion. Interestingly, these findings indicate that an AD
marker is present and detectable in the retina prior to
indication within the brain. The retinal A� deposits
seem to be noticeable earlier than the onset of neu-
rodegeneration and related cerebral A� accumulation
in animal models used to study AD pathology [30,
31].



1198 H.A. Gaber et al. / Aβ and the Retina in Alzheimer’s Disease

The exact functions of A� within the eye remain
elusive and require further investigation. However,
emerging research has proposed that this peptide may
possess potent antimicrobial properties in the brain,
which could extend to its actions within the retina
[32]. A�42 has been found to be more neurotoxic
in the retina and is present throughout the retina
for various neurodegenerative disorders. Besides
the accessibility of the neuroretina for non-invasive
imaging, retina and CNS share several similarities
in terms of their development, structure, and disease
pathophysiology. Therefore, retina serves as valuable
model for studying neurodegenerative disease affect-
ing the CNS such as AD. Several recent studies have
focused on investigating the role of A�42 in the retina
and its potential as a biomarker for AD progression
[33–35].

Aluminum exposure induced alterations in the
molecular structure of the retina, which were iden-
tified using FTIR spectroscopy in our study. These
alterations were evidenced by changes observed
in the absorption frequencies and bandwidth of
functional groups analyzed from the samples admin-
istrated with AlCl3. The alterations in the frequencies
and bandwidths of NH-OH vibrational bands caused
by AlCl3 reveal changes in hydrogen bond for-
mation/destruction, as these bands are present in
membrane components such as lipids, proteins, and
genetic material [36]. The OH bond’s vibrational
characteristic, particularly the strOH asym mode,
displayed a decrease in band position upon AlCl3
administration for 4 and 6 weeks. This strongly
suggests that there is intramolecular hydrogen bond-
ing occurring. The administration of AlCl3 over an
extended period of time (8 weeks) caused broaden-
ing of the OHsym band, providing confirmation that
a hydrogen bond has indeed been formed. The hydro-
gen bond network surrounding proteins is closely
linked to this common feature, making it a useful
indicator for changes in retinal structure caused by
varying hydration levels [37].

The CH stretched region in IR spectroscopy is a
crucial aspect in characterizing the lipid structure
of tissue samples. In particular, an increase in the
asymCH2 bandwidth can be indicative of an eleva-
tion in the degree of acyl-chain disorder within these
tissues. In all AlCl3-treated groups, the vibration
mode of CH region displayed some restriction degree.
This observed restriction demonstrates the change
occurs in the packing of retinal lipids. This change in
lipid-hydrocarbon chain packing impacts an impor-
tant membrane characteristic, phase transition, and

consequently affects retinal function. Furthermore,
the absence of CH vibrational mode in the reti-
nal degeneration case was previously documented
as lipid-related phenomenon that is associated with
the denaturation of the protein structure [38]. This
highlights the importance of proper lipid packing for
maintaining retinal function and preventing degener-
ation, as changes in lipid structure can greatly impact
the protein structure and function within the retina
[21].

The bands of symCH2 bond were shifted to higher
wavenumber in all experimental groups treated with
AlCl3, which implies an increase in the gauche bonds
within the acyl chains of lipids bilayers present in
the retina samples investigated. The analysis of the
symCH2 band position can provide important insight
into changes in the lipid bilayer structure and confor-
mation. The band situated at ≤2850 cm–1 in highly
conformational order is a significant indicator of
the intricately structured orthorhombic phase. This
observation has been validated by this study’s control
retinae, which exhibit a similar pattern with precise
arrangement and alignment. However, upon expo-
sure to AlCl3, there is an observable shift in this
band towards ≥2854 cm–1 indicating that lipid struc-
tures had transitioned from their hexagonal phase
to fluid-phase arrangements [39]. The alterations in
the conformational order of the membrane can be
attributed to the upsurge in the relative quantity of
gauche rotamers. It is noteworthy that an increased
number of such rotamers results in a more disordered
membrane structure, indicating a significant reduc-
tion in acyl chain packing.

Ratiometric analysis is an invaluable tool for
discerning the molecular transformations that take
place in retinae due to AlCl3 exposure. The
asymCH2/symCH2 absorption intensity ratio effec-
tively reveals alterations in lipid chain length and
branching, with a diminished ratio value indicating
depleted lipid content [40].

The fingerprint region analysis focuses on the
vibrational mode variations of the amide II band,
which results from coupling between CN stretch-
ing and N-H group’s in-plane bending. In this study,
the observed increase in amide II vibration modes in
AlCl3-treated groups for 4, 6, and 8 weeks indicates
its impact. In addition to these findings, it has been
observed that certain vibrations modes of infrared
bands (CH2bend, COOsym, and CH3 deform) either
appear or disappear due to carbonization as well as
degeneration of biological tissues leading to loss of
function, findings supported by previous research
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conducted by Zezell et al. [41]. Another potential
reason for such variations could be attributed tran-
scriptional regulation effect according to the previous
studies by [42].

By referring to the absorption intensity ratios of
asymPO2/symPO2 illustrated in Table 4 and taking
into account the values associated with the hydrated
phosphate group as indicated by Brogna et al. [43], it
is evident that a paradox effect was observed. This
paradox effect consisted of the presence of dehy-
drated phosphate groups after 2 and 4 weeks of AlCl3
administration. However, as the period of adminis-
tration extended to 6 and subsequently to 8 weeks,
an unexpected enhancement in the phosphorylation
process became evident instead.

According to the PCA observations which reveal
the discrimination between groups of rats adminis-
tered with AlCl3 for 6 and 8 weeks and those who
administered with AlCl3 for shorter periods (2 and 4
weeks), this analysis showed that the significant alter-
ation in the retinal molecular structure is associated
with the durations of AlCl3 exposure, which highlight
time as an essential parameter in causing molecular
structural changes in the retina due to AD.

Conclusion

The study concluded that some aspects of the
pathology of AD were induced in rats by adminis-
tration of AlCl3 for 6 weeks and accumulation of
A�42 in retina precedes brain due to AD. Changes in
hydrogen bond formation or destruction, alterations
in lipid chain length and branching accompanied by
depleted lipid content and carbonization, as well as
degeneration of the retina leading to loss of function,
are due to AD.
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