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Abstract

Alzheimer’s Disease (AD) diagnosis frequently relies on patient’s
cognitive evaluation deficits and exclusion criteria often implement-
ed in advanced stages of dementia, when it is too late for effec-
tive therapeutic intervention. In order to improve early AD diagnosis
and therapeutic interventions, novel approaches for AD biomarker
identification and validation need to be developed. These comprise
metabolomics based strategies, including Fourier Transform Infrared
Spectroscopy (FTIR) that has gained increasing attention in the clini-
cal diagnostics field.

The present work aims to contribute to identify the main
metabolic changes that occur during neurodegeneration, by
monitoring plasma biochemical alterations that can aid in
dementia/cognitive impairment diagnosis, through FTIR analysis.
Principal Component Analysis (PCA) was applied to spectral
data (45 plasma samples) at 3 specific regions: 3500-2700 cm™,
1700-1400 cm' and 1200-900 cm”'. Plasma samples from
cognitive impaired individuals exhibit the presence of higher content
of saturated lipids, carboxylic acids, reactive carbonyls, and other
molecules related to oxidative stress (ROS and NOS species),
and protein modifications. Taken together the data obtained in this
preliminary work strongly supports that FTIR has potential in
diagnosing cognitive impairment, identification of disease states and
may prove to also be of prognostic value.
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Introduction

Dementia is associated with neurodegenerative diseases, char-
acterized by chronic and progressive cognitive decline. Typically
dementia affects individuals 65 years old or more, but can affect
younger individuals. The most common symptom is memory loss, but
other mental abilities such as communication and language, learning,
problem solving, visual perception of space, capacity to make
judgments and ability to concentrate can be affected. Furthermore,
motor skills and social capacities can also suffer. These alterations are
related to neuronal damage and loss of communication at different
and specific brain areas that characterize each type of dementia [1,2].

Dementia affects individuals all over the world; the last report of
Alzheimer’s Disease International, estimates that in 2015, 46.8% of
the world population was living with dementia and that probably in
2030 the number will double to affect 74.7 million people. In Europe it
is estimated that 10.5 million individuals develop some type of
dementia [3,4]. There are different types of dementia like Alzheimer’s
Disease (AD), Vascular Dementia (VaD), Frontotemporal Dementia
(FTLD), Dementia with Lewy Bodies (DLB) and Parkinson’s Disease
Dementia (PDD). Alzheimer’s disease is the most common type of
dementia and accounts for 60% of all dementia cases. The second
most common form of dementia is DLB [5,6].

Current diagnosis of AD is based on medical history, physical
examination, laboratory tests, neuroimaging and neuropsychological
evaluation, that leads to diagnosis accuracy of around 80%. Although
tests are available for excluding certain causes of dementia, the results
rarely allow the clinician to make a conclusive diagnosis, particular-
ly at early stages of cognitive decline. For AD, full diagnosis involves
postmortem analysis of the brain by confirming the presence of
neuropathological hallmarks (accumulation of neuritic plaques and
neurofibrillary tangles). Thus, it is important to have an early and
accurate diagnosis of dementia to exclude other types of problems
that can lead to cognitive impairment, such as depression, anxiety and
sleep disorders and subsequently to choose the appropriate therapy.
Early diagnosis can take advantage of biomarkers that may likewise
aid the prognosis and assist in controlling the medication’s side effects
[7-9].

AD biomarkers are important for early diagnosis; the core CSF
(Cerebrospinal Fluid) biomarkers of neurodegeneration (T-tau, P-tau
and AB42), CSF NFL and plasma T-tau were strongly associated with
AD and associated with mild cognitive impairment. T-tau, P-tau,
AP42 and NFL in CSF should be used in clinical practice and clinical
research [10].

A range of biomarkers exists, among them metabolites. In fact
metabolomics has been used to identify biochemical pathways
alterations linked to several diseases and recently it has started to
be applied as a non-targeted approach to biomarkers discovery in
neurodegenerative disorders. This technique involves the detection
and quantitation of all the low-molecular-weight molecules and
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metabolites present in cells, tissues or organisms under a set
of given conditions and can be used either in biological flu-
ids (plasma, urine and CSF), animal models and tissue or cell
cultures, being thus useful for dementia/cognitive impairment
diagnosis [11]. Among metabolic techniques used are Infrared (IR)
and Raman spectroscopy, which can provide information of the
chemical composition and molecular structure of analyzed samples
[8,12-15].

Spectroscopy has recently appeared as one of the major tools for
biomedical applications and has made significant progress in the field
of clinical diagnostics. Vibrational spectroscopy has some advantages
because it is a reagent-free screening method that allows a non-de-
structive diagnosis. These techniques are relatively simple, reproduc-
ible, involve a minimum sample preparation and needs small amounts
of biological material [16,17].

FTIR, a type of vibrational spectroscopy, is a global, sensitive,
and highly reproducible physicochemical analytical technique that
identifies structural moieties of biomolecules on the basis of their IR
absorption. The basic principle of this technique is when an organic
molecule is exposed to infrared radiation, the radiant energy matches
the energy of a specific molecular vibration and absorption occurs.
FTIR can help to identify unknown materials, determine the quality
or consistency of a sample and define the amount of components in
a mixture. Some advantages of FTIR include the following: accuracy;
reproducibility and reliability for positive identification of virtually
any sample; it is also very sensitive allowing the identification of even
the smallest contaminant making it useful for quality control or
quality assurance. The sensitivity and accuracy of the detectors and
a wide variety of software algorithms increased the practical use of
infrared for quantitative analysis [18,19]. Thus, FTIR is a rapid,
high-throughput and non-destructive technique that can be used
in the analysis of different types of samples. At the same time it can
analyze carbohydrates, amino acids, fatty acids, lipids, proteins,
nucleic acids and polysaccharides with a minimum amount of
sample preparation. FTIR is also less expensive than other techniques
(mass spectrometry or resonance magnetic spectroscopy) because the
equipment is cheaper and requires no specialized personnel to operate
[13,20].

The use of blood-based biomarkers in the diagnosis of neurode-
generative diseases can have advantages because it involves minimally
invasive procedure and could potential contribute to increase
diagnostic accuracy, prognosis and monitoring of therapeutic
interventions. In contrast with CSF based diagnosis, the experimen-
tal methodology to obtain blood-based biomarkers can be easily
repeated [21]. Though there are challenges to overcome in the use of
blood-based biomarkers. Firstly, only small hydrophobic, lipophilic
molecules are more easily transported from CSF into blood, through
Blood-Brain Barrier (BBB), which implies that the most relevant
markers will be in low abundance in plasma. Secondly, it is
necessary to develop standard protocols regarding sample collection
and storage, chemical analyses, data processing and information
exchange. However, given that these markers are further away from
the brain, they will need to be correlated with accepted markers of
dementia. Finally, another challenge is the overlap of major brain
pathologies; thus increasing the need for differential dementia
diagnoses [15,22,23].

Some studies have already used FTIR with the purpose of
discovering blood-based biomarkers that could aid in dementia
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diagnosis [14,24-26]. Promising results have been obtained but more
work is needed to characterize patients’ profiles and validate this
procedure for dementia diagnosis. The work here described applies
FTIR to discriminate samples from control and cognitive impaired
patients. Multivariate analysis was used to find the more significantly
altered metabolites and to identify the eventual spectroscopic profile
of the disease context. This preliminary work shows that FTIR,
coupled with multivariate analysis, can discriminate control from
disease patients, thus revealing disease associated profiles and
supporting the use of metabolic techniques in dementia diagnosis.

Materials and Methods
Study group

Inclusion criteria for the study group (Table 1) were individuals
aged more that 50 years old and resident in the Aveiro region
(Portugal). Exclusion criteria included individuals diagnosed with
psychiatric disorders (excluding depression), aphasia, using illicit
drugs, or unable to answer the questions in the structured interview
(unpublished data). The cognitive evaluation of individuals was
carried out at several Primary Health Care Centers in the Aveiro
region. The project was approved by the ethics committee of the
Regional Health Center — Coimbra (Portugal), protocol number 012
804 of April 04, 2012.

Characteristics Control Putative AD
Male 5 4
Gender
Female 20 16
Age Mean 75 77
+ 0 20
MMSE
- 25 0
+ 0 18
CDR
- 25 2
Table 1: Characterization of the study group, according to gender, age and
results of cognitive tests. AD: Alzheimer’s Disease; MMSE: Mini-Mental State
Examination; CDR: Clinical Dementia Rate.

The cognitive tests applied to the study group included the
Clinical Dementia Rating (CDR), Mini Mental State Examination
(MMSE) and Geriatric Depression Scale (GDS). For the CDR scale
0 indicates normal function; 0.5 indicates a transition level (termed
suspected dementia); 1.0 indicates a significant deficit; 2.0 indicates
loss of moderate cognitive function; 3.0 indicates severe loss. For this
study cognitive dysfunction was considered when CDR = 0.5. The
MMSE test allows patient stratification according to the education
level: cutoff of 22 for 0-2; 24 years scholarship for 3-6 years and
27 for more than 7 years. Additionally, in the semi-structured
interview clinical questions were included to address other possible
neurological pathologies. Individuals scoring positive in GDS scale
were excluded. The GDS scale consists of 15 questions to survey for
symptoms of depression; individuals with 0-4 positive questions were
considered normal.

Based on the cognitive evaluation, 20 putative AD cases were
identified and a control group was age and sex matched. The
distribution with respect to gender, CDR and MMSE scores is shown
in table 1.

Sample preparation

All blood samples were received within 30-45 minutes after
collection and pre-processed immediately. Plasma and serum samples
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were collected into K,EDTA gel separator tubes; these were
centrifuged at 1800g for 15 minutes at 4°C, wherein blood cells were
separated from plasma. The plasma obtained was transferred and
re-suspended in a 5 ml tube and subsequently aliquoted. For the
present study plasma aliquots of 30 pl were prepared and stored at
-80°C.

Drying process

Water molecules strongly absorb in the mid-infrared region. In
order to extract information from spectra of biologic samples water
signals should be eliminated. In order to optimize the methodology,
overcoming water signals’ overlap, a blood sample from an apparently
healthy elderly volunteer was used.

Three approaches were made: arithmetic subtraction of water
spectrum from the plasma spectra; the use of pure water in the
background single beam acquisition and the drying process.

The drying process was the chosen method for samples
acquisition spectra because this process, although time consuming,
requires less computational manipulations and was shown to be
capable of eliminating the water spectral contribution, maintaining a
reasonable Signal-to-Noise Ratio (SNR). Each sample was dried for 40
minutes, a time period that permits obtaining a spectrum with more
spectroscopic information and enhanced SNR, whose peaks can be
assigned, enabling a qualitative analysis of the sample.

Thus, by simply allowing water to evaporate from the sample,
while spectra are being acquired, it is possible to observe alterations in
spectroscopic signals over time, ensuring that the last spectrum
obtained reached a constant drying stage. This information is not
available by a single spectrum acquisition of the film at the end of the
drying process.

FTIR spectral acquisition using the drying process

Samples of plasma were thawed at room temperature and vortexed
for =8 seconds immediately before spectroscopic analysis. Spec-
tra were acquired with a Perkin-Elmer Spectrum BX FT-IRTM
spectrometer in the range of 4000-900 cm, at resolution of 8 cm™
with 64 co-added scans. During acquisition, room temperature and
humidity were maintained at + 23°C and + 39% respectively.

For spectral acquisition the background single beam was
performed against air (with the empty crystal) and to spectra
acquisition 8 pl of plasma of each sample was placed on the ATR
crystal (diamond crystal). The liquid sample (plasma) was simply
poured onto the crystal that should be fully covered. The spectra
acquisition started after the software being programed to automati-
cally acquire 16 consecutive spectra. At the end of the acquisition the
sample was completely dry (approximately 40 minutes). The recording
of the 16 spectra aims to follow up the drying process and to ensure
that the drying process was complete. The 16" spectrum that
corresponds to the fully dried sample was used for further multivari-
ate analysis. Each sample was analyzed in triplicate.

To effectively clean ATR crystal avoiding the interference of the
previously analyzed sample, the following sequence of solvents was
used: acetone, 70% ethanol and water. Before applying a new sample
onto the crystal, it was dried with absorbent paper. To ensure that the
crystal was properly cleaned the acquisition of a spectrum with empty
crystal was made and a new sample was analyzed when the obtained
spectrum shows no spectroscopic signs.
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Multivariate data analysis

Multivariate analysis methods were used in order to extract
information from spectra and to assist in the interpretation.
Chemometric methods are diverse and offer different approaches
to gather specific information from the data obtained. Multivariate
methods can be divided into techniques of multivariate classification
(or pattern recognition techniques) and of multivariate regression.
Techniques of multivariate classification can be divided in
unsupervised and supervised learning procedures. In the first case,
or instance Principal Component Analysis (PCA) and Cluster
Analysis (CA), no knowledge about the training set samples (spectra)
is required. In this work, PCA was applied to the FTIR spectra, to find
out if the spectral profile of the AD group has noticeable differences
when compared with the spectral profile of the control group.

For multivariate analysis, the three last spectra of one of each
sample were selected and were transferred through JCAMP-DX
format into the data analysis software, which had been developed at
the Institut National Agronomique Paris-Grignon in collaboration
with the University of Aveiro.

PCA was applied to the mid-infrared spectra of plasma samples
in order to extract the main sources of variability. It was applied to
specific spectral regions, at ranges of 3500-2700 cm™ (related to the
presence of lipids (e.g., especially saturated fatty acids and
phospholipids); 1800-1400 cm™’ (mainly related to protein
conformation mode and to chemical properties of nucleic acids
bases, fatty acids and carbohydrates) and 1200-900 cm™ (dominated
by the symmetric stretching of PO, groups in nucleic acids and
polysaccharides and nucleic acids structural and functional
information). Standard Normal Variate (SNV) was the pre-treatment
applied to all spectral regions; the data set was auto-scaled, to
equalize the spectra to the same scale (standardize) and decrease the
differences among them (divided by the standard deviation).

Results and Discussion
FTIR spectra upon water removal

There are several ways that allow reducing water contribution in
plasma samples. Figure 1 shows FTIR spectra of plasma obtained
by three possible ways of minimizing water contribution. The first
method consists in the arithmetic subtraction of water to sample
spectrum (spectrum 3), the second method uses pure water in the
acquisition of the background single beam which is later used to make
the correction with sample single beam (spectrum 2) and the third
process consists in obtaining spectra after drying a drop of the sample
(spectrum 1).

Additionally in figure 1, it is also possible to observe that water
(spectrum 5) clearly dominates the overall spectra of the plasma
sample (spectrum 4). This justifies the need to eliminate the water
signal for further spectral interpretation.

For all methods tested, after water removal, bands that are absent
in the spectrum 4 became visible. After water peaks’ elimination, it
is possible to identify typical peaks of the major component groups
(proteins (I), amino acids (I"), lipids (II), carbohydrates (III) and
DNA/RNA (IV)) present in samples. Although it has been shown
that spectra 1, 2 and 3 have almost equivalent information (similar
spectroscopic signals), spectrum 1 was the unique spectrum that
presents the most intense and well defined peaks.

Volume 2 + Issue 2 » 100007


http://dx.doi.org/10.24966/AND-9608/100007

Citation: Correia M, Lopesa J, Silva R, Rosa IM, Henriques AG et al. (2016) FTIR Spectroscopy - A Potential Tool to Identify Metabolic Changes in Dementia

Patients. ] Alzheimers Neurodegener 2: 007.

e Page 4 of 9 »

1 I n (B8] K et
e |I| v

5 3 | \We— P )

J\f_JJ
M

3600 3100 2600 2100 1600 1100 600

Wavenumber {cm 1)

Figure 1: Comparison of the FTIR spectra upon water removal. Comparison
of the effect of 3 different methods of minimizing water signals of plasma sam-
ples. 5) Water spectra; 4) Raw serum spectrum; 3) Spectrum resulting from
the arithmetic subtraction of the water spectrum (5) to serum spectrum (4); 2)
Spectrum obtained after the acquisition of background single beam with water;
1) Typical serum spectrum after drying process. Shaded regions contain spec-
tral information of interest, and dashes indicate regions with noise. Regions
mainly associated with the presence of proteins (I), amino acids (I), lipids (II),
carbohydrates (lIl) and DNA/RNA (1V); A.U - Arbitrary Units.

Moreover, the quality of baseline found in the spectrum 1, is not
observed in the spectra 2 and 3. In fact, these spectra are noisier than
spectrum 1 as it can be observed in the regions of 4000-3400 cm™ and
2300-1800 cm™ (Figure 1, highlighted by dashed rectangle).

In the regions between 3500 cm™ and 3000 cm™ of spectra 2 and 3,
negative peaks can be observed due to the excessive subtraction factor
used, showing the subjectivity of these methods in the removal of the
water contribution.

Apart from being less subjective, the drying method used to
obtain spectra 1, even though it is time consuming, requires less
computational manipulations and the obtained spectra present
better Signal to Noise Ratio (SNR), than those obtained from the other
methods described; that at the first glance would be more desirable
because they are faster to acquire.

In summary, drying process is a methodology that allows
eliminating the water contribution, maintaining a reasonable SNR
and allows for the optimization of the experimental design; it is
possible to observe changes in spectroscopic signals over time,
ensuring that the last spectrum obtained reached a constant drying
stage. This information cannot be obtained with other processes and,
for this reason; this was the chosen method for the acquisition of the
spectra in the present study.

Having said that, figure 2 shows the typical sequence of FTIR
spectra of plasma sample as a function of drying time. The first spectra
obtained as the plasma sample drop is placed in the crystal (spectrum
1), is dominated by the broad water absorption bands at 3400-3200
cm™ and at 1700-1500 cm™ due to O-H stretching and H-O-H
bending, respectively and in agreement with previous reports [27].

Along the drying process, (Figure 2) it is possible to observe bands
that gradually become much sharper as the water evaporates, mainly
in the ranges of broad water signals, corresponding to spectroscopic
regions directly overlapped with H,O vibrational modes. These
spectral features correspond to vibrations of functional groups of
specific solutes present in plasma/serum, mainly proteins (I), amino
acids (I") and lipids (II). There are other compounds (carbohydrates
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Figure 2: Typical FTIR spectra of dried plasma sample. FTIR spectra acquired
during the drying process (film preparation) of a plasma sample. Spectroscop-
ic regions mainly associated with the presence of proteins (I) amino acids (I'),
lipids (I1), carbohydrates (lIl) and DNA/RNA (1V).

(III) and DNA/RNA (IV)) whose spectroscopic signals are not
directly hidden with water signals but can be identified after the
drying process [24,28]. This is due to the increase concentration of
these solutes that naturally occurs when water evaporates.

Thus, for each sample, after 40 minutes of the drying process, it was
possible to obtain a spectrum with more spectroscopic information
and enhanced SNR whose peaks can be assigned; enabling a
qualitative analysis of the sample. The dried spectra show apparent
contributions of proteins in the frequencies range of 3400-3030 cm™!
[29], 1720-1480 cm™* [24,28,29] and 1301-1229 cm™ [30]; lipids in the
range of 3020-2819 cm™ [24,29], 1750-1725 cm™ [16] and 1480-1430

' [24,28]; carbohydrates and nucleic acids (DNA/RNA) in the
frequencies range of 1200-900 cm™. In the latter region, vibrations of
some functional groups of proteins and lipids are also detected [16,28].

The last three spectra (spectra 14, 15 and 16) were considered
completely dry and do not compromise the reproducibility. The 16%
spectrum will be used for further analysis.

Direct FTIR spectra analysis

It is possible to divide the mid-infrared region in other smaller
spectral regions where strong absorption bands can be associated to
specific components (Figure 3). Those regions are: fattyacids region;
amide region, assigned primarily to proteins and peptides; mixed
region, assigned to carboxylic groups of proteins, free amino acids
and polysaccharides; and the polysaccharide region. Besides, there
are other spectral regions such as the one that is relevant to RNA,
DNA and phospholipid content [31]. The 900-600 cm region shows
some bands that can be observed in this region are bands arising from
aromatic ring vibrations of phenylalanine, tyrosine, tryptophan, and
the various nucleotides [32].

According to the literature review by Lopes et al. [11] the spectral
band at 3718 cm™’ might be related to a higher level of plasma
acidity, which is usually found at perturbations of acid/base blood
balance mechanisms that in turn might be associated to the presence
of general oxidative stress responses. In acidic conditions, such
as brain ischemia and hypoxia, I2 PP2A (inhibitor-2 of protein
phosphatase-2A) is cleaved into a C-terminal and an N-terminal
fragments that are known to bind to PP2A (protein phosphatase-2A)
catalytic subunit inhibiting its activity. PP2A decreased activity can be
a cause of tau abnormal hyperphosphorylation in AD, thus it might
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Figure 3: FTIR spectra example of the main spectroscopic regions in the
range of 4000-600 cm™".

N

be possible that brain acidosis is involved in AD pathogenesis [33].
Furthermore other proteins phosphatases,namely PP1 and PP2B,
have been shown to be involved in dephosphorylating AD relevant
proteins.

Peptide bond could exhibit nine characteristic IR-active amide
bands (Figure 2 I-VII). Nonetheless, in the present study, only amide
A, B and I-III were identified in the FTIR spectrum. The N-H

stretching vibration gives rise to the amide A band between 3310
and 3270 cm’, it is exclusively localized on the NH group and is
therefore insensitive to the conformation of the polypeptide
backbone. The amide A band is usually part of a Fermi resonance
doublet with the second component absorbing weakly between 3100
and 3030 cm™ (amide B). Amides I and II, are the major bands in
the protein FTIR spectrum, with amide I providing the most insight
into the secondary structure. Amides III and IV are very complex
bands resulting from mixtures of several coordinate displacements.
Out-of-plane motions could be found in amides V, VI and VII. Given
the technical and theoretical limitations, only amide bands I, IT and IIT
are used for analysis of protein secondary structure [25,34].

It has been reported that in neurodegenerative disorders there is
significant lipid damage in 23 brain tissues. In the FTIR spectrum
here presented, lipids have characteristic C-H stretching 24
vibrations between 3025 and 2700 cm™. For the -CH, functional
group, the asymmetric and 25 symmetric C-H stretching vibrations
are found at 2920 and 2850 cm™, respectively and for CH, functional
groups are found at =~ 2957 and 2872 cm’, respectively. In addition,
unsaturated olefinic C=C-H stretching vibration has a unique
vibrational frequency of 3012 cm™ [26,35].

The presence of a carbonyl group in a compound can be
identified by the strong IR band at the 1650-1850 cm™ region, which
corresponds to the C=0 stretching vibration. In the present study,

P

o

Figure 4: FTIR spectra of the data set (A) PCA scores scatter plot and corresponding PCA loadings profile of the three spectral regions studied by multivariate anal-
ysis of: 3500-2700 cm™ (B) 1800-1400 cm™* (C) and 1200-900 cm™* (D) spectral regions. In scores scatter plot C corresponds to control samples and D to dementia/
cognitive impairment samples. Loading profiles show maximum peaks wave numbers.
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Peak (cm™) PCs Assignment Peak (cm™) PCs Assignments
3400 PC1 (+) N-H stretching of amide A 1682 PC3 (+) C=0 guanine deformation N-H in plane; unordered
PC1 () random coils, turns and loops (amide 1)
3286 PC2 (+) N-H stretching of amide A 1664 PC2 (+) C=0 band of a-helical structure (amide I)*, turns and
loops
3172 O-H stretching band of carboxylic acids P
_ C=0 symmetric stretching band of a-helical structure
3070 ig; 8 N-H stretching of amide B 1650 PC2 (+) 4 (an?i de )
3026 N-H stretching of amide B 1638 PC3(+) | C=0 stretching band of parallel B-sheet (amide I)
2952 C-H asymmetric stretching of -CH; (fatty acids) 1623 PC3(+) |  C=0 stretching band of parallel B-sheet (amide )
2926 C-H asymmetric stretching of -CH, (fatty acids) 1588 PC3 () N-H bending in plane and C-N stretching (amide I1);
2884 PC1 () C-H asymmetric stretching of -CH, (membrane lipids) benzene ring vibrations from arginine
2864 PC2 (+) C-H symmetric stretchingdof) -CH, (membrane fatty 1582 PC3 () C=N Imldazolgnr;ngi bsrt:t(«::;nf@: O(;ugzlirrzﬂizds); benzene
acilas
C-H symmetric stretching of -CH, (membrane fatty N-H bending in plane and C-N stretching (amide Il);
2850 acids) 1576 PC3 (-) NH,* symmetric bending (membrane lipids);
C=N imidazole ring stretching (nucleic acids)
Table 2: Assignments of the main maximum peaks from PCA loadings at the — - -
spectral range of 3500-2700 cm™. N-H bending in plane and C-N stretching of amino
L 1560 PC2 (+) acids (amide I1); CO,” asymmetric stretching from
FTIR spectra analysis reveals some peaks in this region (1740, 1716 glutamic acid
and 1638 cm™), which might be related to lipid hyperoxidation, 1554 pc2 (+) | N deformation mode of a-helical band (amide )"
especially 1740 cm™ band. Indeed, the 1638 cm™ band corresponds to CO; asymmetric stretching from glutamic acid
B-sheet of amide I, which was reported to be related to conformational 1542 pc2 (+) | N bendingin pla".z and (?(;N Isl"emhing of amino
. . acias (amide
changes of protein a-helices [36]. ¢ )
1520 PC2 (-) N-H bending in plane and C-N stretching of amino
: : : : : PC3 (+) acids (amide 1)
Tyrosine is a relative strong infrared absorber due to its polar
character and the ring mode near 1517 cm is one of its most 1510 PC2 (-) N-H bending in plane and C-N stretching of amino
; . . . . PC3 (+ - .
intensive bands [37] also present in our spectra. In relation to nucleic ) CHin blane b ar;lfis (a;mie II)I, s (yrosine)

. . . . c . . PC2 (- -H in plane bending of phenyl rings (tyrosine
acid biochemistry, in a FTIR spectra the most characteristic findings 1490 o3 ((+)) N*(CH,), asymmetric bending (membrane lipids)
are the C=0 stretching vibrations from the purine (1717 cm™) and
pyrimidine (1666 cm™) bases, besides antisymmetric (1224 cm™) and 1472 ’5832 ((+)) CH, Sc'ﬁg'sﬁgﬂ;;oste('r:se;';‘:ai?li;%z;o”"g of
symmetric (1087 cm™) PO, stretching vibrations at the 1500-1000

B . . . . CH, scissoring and CH, scissoring and asymmetric
1 _ 2 3
cm™ region [34], tbese were likewise observed in our spectra. In AD, 1464 PC3 () bending of phosphalipids (membrans lipids)
changes in the tertiary structure at the 780-739 cm™ spectral range can : - ——
lso be d d 1381 (Ei 3 C=0 symmetric stretching of COO- of amino acid side
also be detecte [ ] ( igure ) 1458 PC3 (-) | chains; CH, bending of mainly fatty acids (membrane
L. . lipids)
Multivariate analysis of spectra data
C=0 symmetric stretching of COO- of amino acid side
. . . . 1408 PC3 (- chains and fatty acids; N*(CH,), symmetric bendin
For multivariate analysis the spectra of the 45 dried samples © Y (membr a(n . “3;? » S); 9
(3 replicates each), whose spectra are represented in figure 4a, . : c
o . . . B Table 3: Assignments of the main maximum peaks from PCA loadings, at the
_ 1 ,
were subdivided in three different spectral regions 3500-2700 cm’, spectral range of 1800-1400 o,
1800-1400 cm™ and 1200-900 cm and analyzed by PCA. It was ) ] )
*Related to structural analysis of synthetic polypeptide.

possible to cluster the samples into sub-groups, within control and
putative AD groups, through the analysis of the scores and loadings
obtained by the PCA methodology.

Spectral range of 3500-2700 cm™

It is possible to observe the presence of lipids in the 3500-2700
cm” spectral range (Figure 4b), (e.g., saturated or unsaturated),
especially fatty acids and phospholipids. Additionally, information
regarding amide A and B regions of proteins could be found in this
range. Scores scatter plot of this region shows that it is possible to
discriminate control from putative AD samples, since greater
distributions of the latter are located in PC1. However, disease samples
are present in all quadrants, but mainly concentrated in the negative
PC1 region. PCA loading profile (Figure 4b) analysis allows dividing
disease samples into two distinct groups, according to the presence of
different kinds of molecular alterations (Table 2). Moreover, disease
samples present at positive PC1 express a more disperse distribution
when compared to control samples. There are some factors that can
influence these results, such as the presence of comorbidities,
medication, or even factors such as age or gender of the subjects.
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It was reported that spectral region between 4000-3100 cm™ can
give information resulting from O-H stretching modes (=3400 cm™)
and from N-H stretching vibrations (amide A and amide B),
whereas the spectral range between 3100 and 2800 cm’ gives
information resulting from C-H stretching vibrations of -CH,
and -CH, functional groups [32]. Furthermore, in the region that
includes most of the disease samples, no peak close to 3012 cm™
was detected, which can indicate low content of unsaturated lipids.
These results corroborate the idea that significant low levels of
Polyunsaturated Fatty Acids (PUFAs) in brain tissue are usually
related to AD condition [26,35]. In the region between 3025-2800
cm! it was possible to identify several peaks such as 2952 cm’,
2926 cm’!, 2884 cm’!, 2864 cm™ and 2850 cm’!, associated with the
presence of saturated lipids. Alterations in this spectral range, mainly
CH, stretching vibrations, can indicate changes in the lipid order of
the biological system. A high content of saturated lipids is related to
some vascular perturbations that are strongly correlated with a higher
risk of developing dementia [27,35,36,39]. These results agree with an
unbalanced content of saturated versus unsaturated lipids. A strong
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band was also detected at 3172 cm’, this is related to strong O-H
stretching vibrations, which is essentially characterized by carboxylic
acids. The presence of carboxylic compounds can be related with
protein structural and functional disturbances in the neurodegenera-
tive process and with changes in protein conformation, which can lead
to a different localization of the amide B region [35,36,40].

As already mentioned the PC1 positive region is composed mainly
of control samples, but some dispersed disease samples in this region
can also be observed (Figure 4B). The region mainly constituted by
control samples is characterized by the presence of assignment for
amide A related to the peak 3400 cm™ as described [34]. The fact that
some controls are at negative PC1 indicates that these samples present
similar biochemical pattern to the disease samples.

Spectral range of 1800-1400 cm'

The spectral range 1800-1400 cm™ (Figure 4c) is mainly related to
protein conformation mode through analysis of protein’s secondary
structure (amide I and II), but also to chemical properties of nucleic
acids bases, fatty acids and carbohydrates. Scores scatter plot of this
region reveal that the majority of dementia subjects have negative PC3
value and the control samples have mainly positive PC3, though there
are also some controls subjects in Q4. The main maximum peaks from
PCA loadings for this region are present in Table 3.

The two amide I (1600-1700 cm™) and amide II (1500-1560 cm™)
bands, are prominent features of a typical protein spectrum, the first is
due to C=0 stretching vibration and the second to the N-H bending
and C-N stretching vibrations of peptide backbone. The frequency of
amide I band is particularly sensitive to secondary structure making
FTIR a valuable technique for evaluating protein aggregation in
neurodegenerative disorders [25,35].

Two important contributing factors for degenerative disorders are
oxidative stress and free radical damage. Therefore, it is not surprising
to detect decreased intensity of the 1455 cm™ peak (Table 3 and
Figure 4c). According to several authors, this results from deforma-
tion and stretching vibrations of CH, groups of acids present in cellu-
lar membrane [35,41].

The 1582 cm™’ band might be associated to alterations of the
conformational state and structural stability of nucleic acid molecules.
The same may also be stated for 1576 cm™ that may represent
structural changes in lipids. Altered protein conformation and
aggregation typical of AD lead to different localization for amide II
that can be seen in 1588 cm™ peak in disease cases (Figure 4c and
Table 3). 1464 cm™ and 1408 cm™ peaks are mainly due to structural
changes of associated membrane lipids, namely fatty acids and
phospholipids, as reported by other studies [27,34,39,42].

For all control samples the identified 1520 cm™ and 1510 cm™!
peaks are related with unaltered protein conformation, without signals
that could indicate protein aggregation or presence of intermediate
damaging forms (like oligomers). These results are consensual with
the biochemical pattern of a control sample [25,43].

The other peaks, 1472 cm™” and 1490 cm™ observed in patient
cases are associated to structural properties of membrane lipids.
The 1490 cm™ peak is particularly connected to membrane injury
probably due to the action of oxidative stress and free radicals
inductors of cell damage. The peaks 1682 cm”, 1638 cm’ and
1623 cm observed in control samples are associated to protein
conformation differences between control and patients (Figure 4c).
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Indeed, 1623 cm™ peak has been considered as characteristic of a
protein in an aggregated state, during FTIR analysis of cerebral tissue
from putative AD patients [25,35,44].

Contrarily to fibrils, oligomers present peaks at 1630 and 1695

cm’?, which correspond to an anti-parallel p-sheet conformation
§

Peak (cm™) PCs Assignment
1168 C-O stretching of ribose from nucleic acids;
CO-0O-C asymmetric stretching (membrane lipids)

1122 PC1 (+) PO stretching of phosphodiester backbone and C-O

stretching of deoxyribose and ribose (nucleic acids)

PO,- symmetric stretching of sugar rings (nucleic
1090 2 - .
acids) and membrane lipids
1078 CO-0O-C symmetric stretching (membrane lipids)
1062 Ester C-O-C symmetric stretching (phospholipids);
ribose C-O stretching (nucleic acids)
1048 C-O stretching of sugar rings (nucleic acids)
1034 C-N symmetric stretching of amino acid (aliphatic
amines); ribose C-O stretching (RNA)

C-O stretching in osidic and protein structures; sym-

1018 metric stretching of dianionic phosphate monoester
(nucleic acids, especially DNA)
PC1 (-)

C-O stretching in osidic and protein structures; uracil

1002 ring bending (RNA); symmetric stretching of dianionic

phosphate monoester (nucleic acids, especially DNA)

C-O stretching in osidic and protein structures; sym-
988 metric stretching of dianionic phosphate monoester
(nucleic acids, especially DNA)

C-O stretching in osidic and protein structures;
N*(CH,), asymmetric stretching (membrane lipids);
symmetric stretching of dianionic phosphate mon-

oester (nucleic acids, especially DNA)

974

C-O stretching in osidic and protein structures; sym-
958 metric stretching of dianionic phosphate monoester
(nucleic acids, especially DNA)

PC1(+) C-O-H out of plane bending of carboxylic acids; C-O
stretching in osidic and protein structures; symmetric
stretching of dianionic phosphate monoester (nucleic

acids, especially DNA)

930

Table 4: Assignments of the main maximum peaks from PCA loadings, at the
spectral range of 1200-900 cm".
\

(Figure 4C). In the present study there are two peaks near to 1630
cm™” (i.e. 1623 cm™ and 1638 cm™), which are related to highly stable
parallel B-sheet, usually associated to the presence of fibrils. A higher
proportion of AP fibril forms correlate to the later stages of the
disease, and AP soluble oligomers are an intermediate form that
precedes AP fibrils. In addition, the absence of the 1695 cm™ peak
suggested that AP fibrils are present in higher content than A 13
oligomers [45].

Most of the proteins present a mixture of secondary structures,
and thus, the amide I band represents a combination of these
components. Amorphous aggregates may also present aspectral
band at 1623 cm™ and do not associate to a higher content of B-sheet
structure, contrarily to protein fibrils. The presence of a band at 1623
cm™ (Figure 4c) might indicate that, besides protein fibrils, there are
also some amorphous aggregates. This may arise from a relatively
unfolded-like partially folded and a native like conformation,
respectively [25,35,44].

Components of C=0 band with a and B forms are related to
spectral peaks at 1658 cm™ and 1629 cm”, respectively, thus the
1664 and 1623 cm™! peaks found in the present study are related to o
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and P forms. In addition, the identified peaks at 1554 and 1542 cm™
are related to N-H deformation mode [25].

On the other hand, control samples are associated to signal peaks
identified at 1664 cm™ and 1650 cm™ that are related to the typical
localization of amide I of proteins mainly constituted by a-helix
structures. This is corroborated by protein structural information
given by 1560 cm’, 1554 cm’, 1542 cm” and 1538 cm peaks.
Nevertheless, given the proximity of these samples to the disease
states, from both QI (protein aggregates) and Q4 (lipid and nucleic
acids altered biochemistry), it is possible that control samples share
some biochemical characteristics with the disease samples; namely
that all samples are older and exhibit age related patterns.

Spectral range of 1200-900 cm™

This spectral region is usually dominated by the symmetric
stretching of PO, groups in nucleic acids and a complex sequence of
peaks mainly due to strongly coupled C-C, C-O stretching and C-O-H,
C-O-C deformation modes of several oligosaccharides. Besides
oligosaccharides and nucleic acids structural and functional
information, it is possible to identify signal peaks related to
membrane lipids.

The PCA scores in the figure 4d showed that it is possible to
identify some disease samples localized at positive PC1 and some
at negative PC1. Consequently, as described in table 4, the analysis
of main maximum peaks in PCA loadings does not allow to clearly
identifying the spectroscopic and consequent biochemical pattern of
disease samples groups.

Since disease samples seem to have a greater contribution to the
negative PCI signal peaks and in contrast, the control samples present
a higher contribution to positive PC1 signal peaks, it could be inferred
that those two groups have contrasting biochemical characteristics,
which could translate into opposing clinical profiles.

In this study it is possible to relate the presence of hydroxyl
compounds, products of lipid peroxidation that have already been
reported as markers of oxidative damage in AD, with the C-O
stretching bands found in the 1150-1000 cm™’ spectral region
(Figure 4c and Table 4). In the 1200-1100 cm™ range it is possible to
detect saturated lipids (aliphatic esters), which can lead to a higher
content of saturation and consequently to a higher risk of membrane
damage and vascular events. Disease subjects can have hyperoxidation
of lipids, phospholipids and membranes; that can occur during the
dementia atherogenesis process [27,36,46].

With the spectral peaks at 1122 cm’, 1090 cm™, 1048 cm™, and
1020-930 cm™ region, it is possible to observe that nucleic acids,
especially DNA, represent a major target for free radicals when the
capacity of intracellular free radical scavengers and antioxidants is
overcome. It is expected that the accumulation of DNA damages can
contribute to progressive neuronal cell loss, since non-repaired DNA
can lead to programmed cell death [41].

Conclusions

Direct analysis of spectra, allows for the recognition of the main
chemical FTIR assignments in plasma, which will help in creating
a pattern of chemical vibrations and identify the principal spectral
regions with relevant information. Despite this huge advantage,
it is still necessary to use multivariate data analysis techniques,
such as PCA, to draw out the significant and no redundant spectra
information, since biological samples are very complex and direct
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analysis of spectra proved to be insufficient to discriminate between
the spectra of control and dementia samples.

Our data revealed that IR spectral regions are relevant for
extracting important information at 3500-2700 cm™, 1800-1400 cm™!
and 1200-900 cm™. For the first region, the main finding is that there is
an unbalance content of saturated and unsaturated lipids, favoring the
first one that can lead to a high potential brain damage. It could also
be observed that the presence of carboxylic acids are usually related
to lipid peroxidation, production of reactive carbonyls, and protein
structural and functional disturbances. In relation to the second
region, related to protein conformation, data suggests the presence of
protein aggregates and the change in protein conformation for highly
stable parallel -sheet, which agrees with the presence of A fibrils.
The 1200-900 cm™ region showed the presence of lipid peroxidation
products related to impairment of membranes, and oxidative damage
of nucleic acids.

There are some relevant clinical factors that could influence the
results of this preliminary work, in particular the presence of several
comorbidities, unknown and/or undiagnosed genetic predisposition
factors, use of medication capable of affecting biochemical plasma
levels, or the presence of a neurodegenerative disorder of mixed
nature.

With this study it was possible to establish a method to identify the
main metabolic changes that occur during neurodegeneration, by mon-
itoring plasma biochemical alterations through FTIR analysis. Further
it was also possible to reveal some common changes in dementia pa-
tients, suggesting that FTIR analysis can be used to build classification
models that in the future may aid in the diagnosis of cognitive
impairment or in the identification of disease or risk development.
Additionally clinical trials with enlarged data sets and samples fully
characterized would be necessary to validate the use of FTIR in
dementia diagnosis and prognosis. This study is a valuable contribu-
tion to the area and authors expect that in the future, it will be pos-
sible by the use of a single drop of plasma, FTIR and multivariate
classification models to diagnose dementia patients, complementing
the usual cognitive tests.
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