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Abstract This study aimed to examine the bio-
logical effects of blood plasma exchange in liver
tissues of aged and young rats using machine learn-
ing methods and spectrochemical and histopatho-
logical approaches. Linear Discriminant Analysis
(LDA) and Support Vector Machine (SVM) were
the machine learning algorithms employed. Young
plasma was given to old male rats (24 months), while
old plasma was given to young male rats (5 weeks)
for thirty days. LDA (95.83-100%) and SVM (87.5—
91.67%) detected significant qualitative changes in
liver biomolecules. In old rats, young plasma infu-
sion increased the length of fatty acids, triglyceride,
lipid carbonyl, and glycogen levels. Nucleic acid
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concentration, phosphorylation, and carbonyla-
tion rates of proteins were also increased, whereas
a decrease in protein concentration was measured.
Aged plasma decreased protein carbonylation, tri-
glyceride, and lipid carbonyl levels. Young plasma
infusion improved hepatic fibrosis and cellular degen-
eration and reduced hepatic microvesicular steatosis
in aged rats. Otherwise, old plasma infusion in young
rats caused disrupted cellular organization, steatosis,
and increased fibrosis. Young plasma administration
increased liver glycogen accumulation and serum
albumin levels. Aged plasma infusion raised serum
ALT levels while diminished ALP concentrations
in young rats, suggesting possible liver dysfunction.
Young plasma increased serum albumin levels in old
rats. The study concluded that young plasma infu-
sion might be associated with declined liver damage
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and fibrosis in aged rats, while aged plasma infusion
negatively impacted liver health in young rats. These
results imply that young blood plasma holds potential
as a rejuvenation therapy for liver health and function.

Keywords Aging - FTIR spectroscopy - Machine
learning prediction - Liver - LDA - SVM

Introduction

Aging and age-related disorders can significantly
impact the quality of life due to organ and cellu-
lar dysfunctions. With the clinical need to address
these conditions, various approaches are emerging to
improve health, slow the aging process, and increase
longevity (Kennedy et al. 2014). One promising
approach involves leveraging the healing properties
of young blood plasma to limit or reverse aspects of
aging in various organs. Early studies investigating
the effects of systemic factors in blood on aging and
lifespan demonstrated positive effects of young blood
on lifespan in older animals (Tripathi et al. 2021).
The rejuvenation potential of young blood has been
demonstrated in a tibia fracture repair model (Cas-
tellano 2019). Studies on other tissues have shown
that aged mice transfused with blood from young
individuals exhibit reduced cardiac hypertrophy and
ventricular myocyte size (Loffredo et al. 2013). In
another study, reductions in pancreatic p-cell prolif-
eration and improvements in the parameters of kid-
ney aging were observed in older individuals sharing
younger blood (Huang et al. 2018). The young blood,
through largely unknown mechanisms, ameliorated
age-related brain dysfunction, increased adult neuro-
genesis, and enhanced hippocampal synaptic plastic-
ity and curative effects on cognitive levels in the brain
(Villeda et al. 2014). Impaired autophagy-dependent
liver damage has also been associated with aging.
However, the administration of young plasma mod-
erately reduced the hepatic damage by restoring the
non-functioning autophagy process in old rats. There-
fore, it was proposed that juvenile plasma is beneficial
in caring for aging-related organ decline (Liu et al.
2018). Recent research by our group has also found
that young plasma transfer can recover decreased
sperm counts and restore epigenetics in aged testes
(Erdogan et al. 2023).
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Infrared (IR) spectroscopy, which can detect
molecular vibrations and create molecular spectral
bands in the mid-infrared regions, is a method used
to obtain broad-spectrum data in a fast, simple, and
non-invasive way in biochemical analyses with its
multiprocessing capability (Severcan and Haris 2012;
Baker et al. 2014). There is solid proof that aging
has an unfavorable impact on stem cells and/or their
niche capacities, which implies expanded senescence
cell numbers and expanded disintegration of the self-
renewal, multiplication, and differentiation capacities
of stem cells (Aksoy and Severcan 2019). IR spec-
troscopy can be utilized as a novel and non-destruc-
tive strategy in stem cell studies, empowering real-
time and label-free chemical checking. Collecting
high-quality information with less exploratory com-
plexity can be used to recognize novel biomolecular
markers (Aksoy and Severcan 2012). The attenuated
total reflection (ATR) mode of IR spectroscopy is a
capable technique for investigating biological speci-
mens. The preparative procedure is streamlined since
samples can be instantly put on a crystal plate before
measurement (Kazarian and Chan 2006; Dogan et al.
2021).

This study used LDA and SVM learning methods
to analyze IR spectral data of liver tissues from aged
and young rats after plasma infusion. The levels of
different liver biomolecules were also quantified. The
glycogen content was evaluated using spectrochemi-
cal analysis and PAS staining, and liver enzyme levels
were measured in blood serum samples. Our results
showed that plasma administration induced specific
and diffuse metabolic responses in the liver, leading
to liver regeneration. This study provides valuable
insights into the effects of plasma exchange on liver
tissues and contributes to anti-aging research.

Material method
Animal studies

The study used the Male Sprague Dawley rat spe-
cies as a model organism. The aged rats (24 months
n=6) were treated with pooled plasma (0.5 ml per
day for 30 days, intravenously into the tail vein) col-
lected from young (5 weeks, n=>51) rats. The young
rats (5 weeks, n=06) were treated with pooled plasma
(0.25 ml per day for 30 days, intravenously into the
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tail vein) collected from aged (24 months, n=16)
rats. The number of animals sacrificed for plasma
supply was determined according to the amount of
plasma available from the animal. A 24-month-old rat
has an average of 10 ml of blood. In 10 ml of a blood
sample, an average of 5 ml of blood plasma is known
to be obtained. Similarly, a 5-week-old rat has an
average of 5 ml of blood, and this amount has 2.5 ml
of blood plasma. The transferred blood plasma was
determined according to 1/10 of the blood plasma
amount of the animal (Villeda et al. 2014). The young
and old rats used in the study came from a center for
producing and analyzing experimental animals. Rats
in each group were kept in separate cages, and co-
housed rats remained in the same group. They were
housed in clear Plexiglas cages (6 rats/cage) with
free access to food and water under a 12-h light/dark
cycle at a constant 21 “C temperature. There is no
indication that allergies or rejection were observed
during the plasma exchange in the rats. No animals
were lost during the experiment. All animals were
ether-stunned and sacrificed the day after. Liver tis-
sues were collected, immediately shocked on dry ice,
and stored at — 80 °C until analysis. The study was
carried out with the approval of the Ethics Commit-
tee (approval number: 2021/03) from the Saki Yenilli
Experimental Animal Production and Practice Labo-
ratory (Ceylani and Teker 2022).

Plasma collection

Pooled rat plasma was collected by terminal car-
diac puncture during euthanasia. Plasma was pre-
pared from blood collected with EDTA, followed by
centrifugation at 1000 g. For plasma denaturation,
plasma was heated for 2-3 min at 95 °C, followed
by a short spin at 1000 g. All plasma aliquots were
stored at—80 °C until use. Before administration,
plasma was dialyzed using 3.5-kDa D-tube dialyzers
(EMD Millipore) in PBS to remove EDTA (Villeda
et al. 2014).

Analysis of samples by attenuated total reflectance
fourier transform infrared (ATR-FTIR) spectroscopy

Liver samples of all animals were compressed on the
Zn/Se crystal of the ATR unit (PerkinElmer) without
any pretreatment and examined twice with an ATR-
FTIR spectrometer (PerkinElmer) at a resolution of

4 cm~! and a scan number of 32. The spectra were
obtained with the Spectrum One (PerkinElmer) soft-
ware in the wavelength range of 4000-650 cm™!
(Gurbanov and Yildiz 2017; Gurbanov et al. 2021).

The quantification of infrared spectral bands

The band quantifications were performed according
to previous studies (Ceylani et al. 2022). Spectral data
analysis was performed using OPUS 5.5 (Bruker)
software. The average spectra obtained from the two
replicate spectra of each sample were baseline cor-
rected using the Rubberband correction method with
64 baseline points before the band quantification
analyses.

Prediction studies with machine learning algorithms
based on big spectral data

The prediction analyses were performed using pre-
vious studies (Ceylani et al. 2022). Linear Discrimi-
nant Analysis (LDA), a machine learning approach,
was applied to differentiate the experimental groups.
Spectral data were used in pattern recognition analy-
sis. To make the analyzes as independent as possible
from the FTIR spectrometers, each sample spectrum
(but not an average spectrum) was preprocessed on
The Unscrambler® X 10.3 (CAMO Software AS,
Norway) software with a baseline offset transfor-
mation in the 4000-650 cm™' region. Spectra pro-
cessed this way were first subjected to Principal
Component Analysis (PCA), an unsupervised pat-
tern processing technique. Spectra were passed from
standard deviation normalization (mean centering
normalization) and full-cross random validation.
Lipid (3000-2700 cm™"), protein (1700—1500 cm™"),
whole biomolecular (4000-650 cm™!), and nucleic
acid and polysaccharide (1200-650 cm™') spectral
windows were examined by Singular Value Decom-
position (SVD) algorithm. PCA data were used as
LDA model inputs with The Unscrambler® X 10.3
(CAMO Software AS, Norway) multivariate analy-
sis (MVA) software. The category variable column
was included in a data matrix, and then all spectra of
different sample categories were used to generate a
training set. The linear method using the projections
of the 7 PCA components was used for the prediction
(Dogan et al. 2021; Ardahanl et al. 2022).
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The same spectral processings were also applied
in SVM modeling, using The Unscrambler® X 10.3
(CAMO Software AS, Norway) multivariate analysis
(MVA) software. All spectra of different sample cat-
egories were used to generate a training set. Classifi-
cation (nu-SVC) was chosen as the SVM type using a
linear method as the Kernel type. Nu value was set to
0.5, weights as all 1.00. The nine segments of cross-
validation were used to calculate training and cross-
validation accuracies. Finally, the generated training
dataset was applied to all sample datasets to obtain an
SVM classification model.

Histopathological analysis

The liver tissue samples were collected and fixed in
buffered 10% formaldehyde for about 72 h for histo-
logical analysis. After tissue procession, the tissue
biopsies were embedded in paraffin blocks, and the
blocks were cut into 5 um thicknesses. The tissue sec-
tions were stained with H&E for histological evalua-
tion. However, liver sections were used for Periodic
Acid Schiff (PAS) staining according to the commer-
cial kit using a 04-130802A kit (Bio-Optica, Milan,
Italy) following the manufacturer’s instructions to
detect cells containing glycogen for evaluating young
and plasma exchange administrations in aged-related
liver injury. According to the commercial kit, the
tissue sections (n=6) were deparaffinized and rehy-
drated for PAS staining. All these steps were con-
ducted at room temperature. To quantify the stained
PAS-positive area, the images were changed to a gray
scale for binarization. The threshold was set at the
minimal level to detect magenta to purple/red stained
areas using Image J (National Institutes of Health,
Bethesda, Maryland, USA). The stained areas in each
condition under the same threshold were measured
using ImageJ. Signal intensities from five images in
each section for each animal in the group were shown
graphically.

An average of 10-15 areas were evaluated by ran-
dom sampling for each group animal for histopatho-
logical evaluation. The findings were semi-quanti-
tatively assessed according to the number of lesions
observed in examined regions. Thus, it was performed
as normal: (—) negative reaction, (+) weak positive
reaction, (++) moderate positive reaction, (+++)
strong positive reaction, and (++ ++) intense posi-
tive reaction (Keskin et al. 2022). In all microscopic
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analyses, the histopathological changes of the study
were carried out blindly by two observers. Hepatic
morphology in all slides was examined under a light
microscope (Olympus BX53, Japan) using a camera
attachment (Olympus DP27, Japan) with imaging
systems (Olympus cellSens Entry, Japan).

Biochemical analysis

Blood samples were collected under euthanasia and
centrifuged at 3500 rpm for 15 min, and serum was
separated at four °C by a refrigerated centrifuge. The
serum concentrations (IU/mL and g/L) of aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), alkaline phosphatase (ALP), lactate dehy-
drogenase (LDH), and albumin were measured by
enzymatic assays using an automated biochemical
analyzer (Hitachi C502, Roche, Germany) and com-
mercial kits (Roche Diagnostics). All assays were
performed following the procedures described by the
manufacturer (Roche Diagnostics).

Statistics

Statistical evaluations and graph plots of the results
were made using GraphPad Prism 8.01 (GraphPad,
USA). SPSS software (version 20) was used to ana-
lyze the histological and biochemical experimen-
tal data. The data were analyzed using an unpaired
t-test. The significance levels between COLI (control
old rat) and POLI (young plasma recipient old rats)
and CYLI (young control rat livers) and PYLI (old
plasma recipient young rats) groups were stated as
p<0.05 *, p<0.01 **, p<0.001 *** and p<0.0001
##%% Results are presented as mean + SEM (standard
error of the mean).

Results
Effect of young and old plasma on liver biomolecules

Plasma exchange between young and aged rats trig-
gered unique changes in liver samples with high
discrimination accuracies that are 95.83% for lipids,
97.92% for nucleic acids and polysaccharides, and
100% for proteins and whole biomolecules (Figs. 1-4,
Supplementary Tables S1-S8). As shown in the dis-
crimination plot in Fig. 1, the POLI samples (young
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Fig. 1 LDA discrimination plot for liver samples in lipid (3000-2700 cm™) spectral region. COLI (old control rat livers), CYLI

(young control rat livers), POLI (young plasma recipient old rat livers), PYLI (old plasma recipient young rat livers)

plasma recipient old rat livers) were clustered next to
the CYLI samples (young control rat livers) and far
enough from their control samples (COLI /old con-
trol rat livers). On the other hand, PYLI samples (old
plasma recipient young rat livers) were located far
away from the corresponding control group (CYLI /
young control rat livers). The results imply that infu-
sion of young plasma restores the liver lipids of aged
rats, whereas the liver lipids of young rats receiving

plasma of old animals worsen. In the case of liver
proteins, a similar restoring effect was revealed not
only for POLI samples but also for PYLI samples
(Fig. 2). The detailed confusion and prediction matri-
ces of LDA classes for lipids and proteins revealed
almost no confusion between the class members and
correct prediction of the samples, respectively (Sup-
plementary Tables S1-S4). Probably due to many
other overlapping metabolites, water, etc., masking
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Fig. 2 LDA discrimination plot for liver samples in protein (1700-1500 cm™') spectral region. COLI (old control rat livers), CYLI
(young control rat livers), POLI (young plasma recipient old rat livers), PYLI (old plasma recipient young rat livers)
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the overall impact of plasma infusion in liver tissues,
not any restoring (for POLI samples), but rather wors-
ening effects (for PYLI samples) were depicted for
whole biomolecules in the liver (Fig. 3). Therefore,
a separate examination of each biomolecular region
is suggested for this kind of research. For nucleic
acids and polysaccharides of the liver, the worsening

effect was uniquely accepted for POLI samples, while
the restoring result was typical for the PYLI group
(Fig. 4). Supplementary Tables S5-S8 demonstrate
the correct predictions, mostly without confusion,
for whole biomolecules, nucleic acids, and polysac-
charides. A comparable classification was obtained
with the SVM method in which the 91.67% training

Discrimination

Linear Discriminant Analysis
Accuracy: 100%

01 categories: 4
Method Used: Linear
1 0 Projected: 7 Components

}»})}
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Fig. 3 LDA discrimination plot for liver samples in full (4000-650 cm™") spectral region. COLI (old control rat livers), CYLI
(young control rat livers), POLI (young plasma recipient old rat livers), PYLI (old plasma recipient young rat livers)
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Fig.4 LDA discrimination plot for liver samples in nucleic
acid and polysaccharide (1200-650 cm™') spectral region.
COLI (old control rat livers), CYLI (young control rat liv-
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and 87.50% cross-validation accuracies were calcu-
lated for liver lipids. However, the accuracy of LDA
was superior (2 samples with the wrong prediction)
to SVM since 5 samples out of 48 were wrongly clas-
sified in SVM for liver lipids (Table 1). Similar SVM
results were also obtained for liver proteins (data not
shown).

To determine the quantitative changes in spec-
trochemical indices related to different functional
groups in liver biomolecules, the band areas and area
ratios were measured. Accordingly, the significant
changes in indices for an acyl chain length of fatty
acids (Aggp/Aggy)). triglycerides (A741/Az09842850)s
lipid carbonyl (A7), glycogen (Aji5041053+41031)
nucleic acid (A;gs), protein concentration (A;gy,/
A64441538)> protein carbonylation (A;;4,/A535), and
protein phosphorylation (A,4,/A597;) Were measured
(Figs. 5 and 6). A significant increase (36%) in fatty
acid acyl chain index was realized for the POLI group
(young plasma recipient old rat livers) compared to
the COLI group (old control rat livers), indicating
longer acyl chains of fatty acids in the liver of aged
rats as a result of young plasma infusion. Despite the
slightly decreasing trend, there were no significant
differences between CYLI (young control rat liv-
ers) and PYLI groups (old plasma recipient young
rat livers) in terms of fatty acid acyl chains (Fig. 5a).
Plasma exchange between aged and young rats led
to a significant increase (156%) in liver triglycer-
ide levels for the POLI group. However, a consider-
able decrease of 47% in triglycerides was realized in
the PYLI group (Fig. 5b). Lipid carbonyl level was
increased by 180% in the POLI group, while there
was a 53% decline in the PYLI group (Fig. 5¢). Liver
glycogen content was significantly increased by 155%
in the POLI group due to plasma exchange; however,
there were no significant changes between CYLI and
PYLI groups (Fig. 5d). The concentration of nucleic
acids was elevated by 26% in the POLI group, and
there was no difference between CYLI and PYLI
groups (Fig. 5e). The liver protein concentration was
4% lower in the POLI group than in the COLI group,
whereas no significant change was depicted in the
PYLI group (Fig. 6a). The analysis of marker spec-
trochemical parameters also assessed post-translation
modifications (PTM) in proteins. As an indicator
of protein oxidation, higher protein carbonyl levels
by 158% were calculated for the POLI group, while
reduced by 52% in the PYLI group compared to their

Table 1 SVM classification for liver samples in lipid (3000-
2700 cm™!) spectral region

Accuracy (%)

Training 91.67 Validation 87.50

Classification

Samples Class
COLI 1 1 *POLI
COLI 2 2 COLI
COLI 3 3 COLI
COLI 4 4 COLI
COLI 5 5 COLI
COLI 6 6 COLI
COLI 7 7 COLI
COLI 8 8 COLI
COLI 9 9 COLI
COLI 10 10 COLI
COLI 11 11 COLI
COLI 12 12 COLI
POLI 13 13 POLI
POLI 14 14 POLI
POLI 15 15 POLI
POLI 16 16 POLI
POLI 17 17 POLI
POLI 18 18 *CYLI
POLI 19 19 POLI
POLI 20 20 POLI
POLI 21 21 POLI
POLI 22 22 POLI
POLI 23 23 POLI
POLI 24 24 POLI
CYLI 25 25 CYLI
CYLI 26 26 CYLI
CYLI 27 27 CYLI
CYLI 28 28 CYLI
CYLI 29 29 CYLI
CYLI 30 30 CYLI
CYLI 31 31 CYLI
CYLI 32 32 CYLI
CYLI 33 33 CYLI
CYLI 34 34 CYLI
CYLI 35 35 CYLI
CYLI 36 36 CYLI
PYLI 37 37 PYLI
PYLI 38 38 *COLI
PYLI 39 39 *COLI
PYLI 40 40 PYLI
PYLI 41 41 PYLI

@ Springer



570

Biogerontology (2023) 24:563-580

Table 1 (continued)

Accuracy (%)

Training 91.67 Validation 87.50

Classification

Samples Class
PYLI 42 42 PYLI
PYLI 43 43 PYLI
PYLI 44 44 PYLI
PYLI 45 45 *COLI
PYLI 46 46 PYLI
PYLI 47 47 PYLI
PYLI 48 48 PYLI

COLI (old control rats), CYLI (young control rats), POLI
(young plasma recipient old rats), PYLI (old plasma recipient
young rats). SVM type: Classification (nu-SVC). Method: Lin-
ear

*Highlights the wrong classification

corresponding control groups (Fig. 6b). The protein
phosphorylation index was enhanced by 74% in the
POLI group compared to COLI, hence did not change
in the PYLI group when compared with the CYLI
group (Fig. 6¢).

Effect of young and old plasma on liver
histopathology

Given that aging induces liver damage and fibrosis,
the effect of young plasma on aging-induced liver
damage and fibrosis was investigated. As shown
in Fig. 7, the healthy histological architecture was
observed in the liver of the CYLI (young control rat
livers) group. However, the formation of fibrosis in
the intravascular and perivascular areas due to aging
and tissue damage, including collagenous protein
accumulations in the portal and the centrilobular
regions, was detected in the COLI (control old rat
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Fig. 5 The quantitative changes in lipid, polysaccharide,
and nucleic acid-associated spectrochemical parameters. The
indices for a acyl chain length of fatty acids (A,gys/Asg7),
b triglycerides (A 741/Ayrg,0852), € lipid carbonyl (A;4)),
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PYLI (old plasma recipient young rat livers)
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livers) group. In addition, liver sections of the COLI
group exhibited more dense lipid droplets than the
POLI (young plasma recipient aged rat livers) group,
irregular arrangement in hepatocytes, and an increase
in sinusoidal areas compared to the CYLI group. The
formation of microvesicular steatosis was due to the
deterioration in the histological structure of the liver
and increased fat tissue in the hepatocyte lobules.

The young plasma administration improved
hepatic fibrosis in the POLI group and cellular degen-
erations in hepatocytes in other histological find-
ings (Fig. 7). When the effect of plasma exchange on
aging-related hepatic microvesicular steatosis was
evaluated, a significant reduction in the amount of
fatty tissue in hepatocytes was revealed in the POLI
group compared to the COLI and PYLI groups. This
indicates that young plasma to aged rats may reduce
hepatic microvesicular steatosis. In the PYLI group
(aged plasma recipient young rat livers), disruption
of cellular organization in liver tissues, hepatocytes
irregular arrangement, degeneration, and vacuoliza-
tion were observed. Accordingly, microvesicular ste-
atosis and increased fibrosis were detected in young
rat livers receiving aged plasma. At the same time,
the increase of Kupffer cells in the portal areas of the
liver and intense lymphatic and neutrophil infiltration
and acidophilic hepatocytes in the sinusoidal regions
were detected in the PYLI group (Fig. 7).

Besides, degenerations in the histological struc-
ture, such as swelling of the cell, loss of cell mem-
brane integrity, and disruption of nuclear chromatin
structure, which are among the typical morphological

T T
COLI POLI CYLI PYLI

COLI POLI CYLI PYLI

(old control rat livers), CYLI (young control rat livers), POLI
(young plasma recipient old rat livers), PYLI (old plasma
recipient young rat livers)

features of necroptosis in hepatocytes were observed
in the COLI and PYLI groups (Fig. 7). The obtained
data indicate that there may be a cell death mecha-
nism like necroptosis in the hepatocytes. Since the
rupture of the plasma membrane in necroptotic cells
causes the release of cell contents, inflammatory
responses may be triggered by exposure to damage-
related molecular patterns (Damp-associated molecu-
lar patterns, DAMPs) (Gong et al. 2019). The activa-
tion and infiltration of many inflammatory cells were
observed in tissues where inflammation occurs (Liu
et al. 2018). Therefore, as shown in Fig. 8, lymphatic
infiltration density was significantly increased in the
COLI and PYLI groups compared to the CYLI and
POLI groups. Especially in the POLI group, the lym-
phatic infiltration density was significantly decreased
compared to the COLI and PYLI groups. This situ-
ation suggests that administering young plasma may
reduce necroptosis in the aged liver.

Glycogen histochemistry

The glycogen content of the liver is generally exam-
ined in organ damage due to aging and impaired
metabolic activity. Therefore, PAS staining was
performed to determine the effects of young and
old plasma administration on glycogen content in
hepatocytes during the aging process. PAS staining
indicated that the administration of young plasma
significantly increased liver glycogen accumulation
in the POLI and CYLI groups on the cytoplasm of
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Fig. 7 H&E photomicrograph of the liver sections from all rat
groups. Morphological changes in the liver: CYLI group had
the normal structure of the young rat liver. In the COLI and
PYLI group, the mass granular degeneration and the swelling
of hepatic cells around the central vein, vague cell boundaries,
liver cell cord derangement, and necrotic areas in the liver por-

the hepatocytes (Fig. 9a). However, the administra-
tion of young plasma strengthened the PAS reac-
tion. It resulted in many reddish-colored fine gran-
ules of different sizes, indicating increased glycogen
content in the POLI group shown in Fig. 9b. On the
other hand, aged plasma significantly reduced gly-
cogen in most hepatic parenchyma with deposits
only at the periphery (Fig. 9b). Therefore, the glyco-
gen content showed the weak intensity of the reac-
tion and became hardly detectable, i.e., a decrease
in the hepatic glycogen stores was observed in the
COLI and PYLI groups (Fig. 9a).

@ Springer

tal areas (represented N) were observed. In the POLI group,
pathological changes included the slight vacuolar degeneration
of hepatic cells with a completed structure and clear bounda-
ries and fibrosis in some rats’ portal areas of the liver. Black
arrows show necrotic regions, and H represents hepatocytes.
Magnification, 200 x and 400x. Scale bars, 100 um and 200 pm

Activities of liver marker enzymes in blood serum

The aging liver is often associated with decreased
liver function or tissue/serum enzymes (Timchenko
2009). During this process, metabolic changes such
as elevated ALT and AST levels, lipofuscin deposi-
tion, steatosis, fibrosis, and defective liver regenera-
tion occur. Given that aging induces liver injury and
fibrosis, we determined the effect of young plasma
administrations on aging-induced liver injury and
fibrosis. As shown in (Fig. 10a), serum levels of AST
were increased in young rats (CYLI group) when
compared to those in old controls (COLI group).
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Fig. 8 Effect of young and old plasma administration on liver
lymphatic infiltration alterations score in all groups. a Repre-
sentative liver inflammation morphology and H&E-stained
liver sections. b Hepatic neutrophil infiltration score was

COLI POLI

Fig. 9 Photomicrographs of the liver sections from COLI,
POLI, CYLI, and PYLI groups for detecting glycogen deposi-
tion demonstrated by purple-red PAS staining. a Representa-
tive liver PAS-stained morphology and PAS-stained liver sec-
tions. b PAS-stained area densities of blots were measured
using the NIH Image J program. COLI and PYLI: Liver gly-
cogen in the old control rats and old plasma recipient young
rats: PAS-positive cells were significantly reduced, mainly at

Infiltration (arbitrary score)
)
]

T
COLI POLI CYLI PYLI

graded on a scale of 0 (absent), 1 (rare), 2 (mild), 3 (moder-
ate), and 4 (severe). Black arrows show inflammatory cell infil-
tration in intravascular and perivascular areas. Magnification,
200 x and 400x. Scale bars, 100 um and 200 pm

o

200+

150

100

PAS-stained area density
(4]
o
1

o
L

COLI POLI CYLI PYLI

the edge of the portal area, with only scattered, sporadic purple
liver cells surrounding the central vein. CYLI and POLI: Liver
glycogen in the young plasma recipient old rats and young
control rats: PAS-positive cells remained mainly in the area
around the portal vein, and the number of PAS-positive cells
increased around the central vein. Magnification, 200X and
400x. Scale bars, 100 pm and 200 pm
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Fig. 10 Effects of young and old plasma on serum a AST, b
ALT, ¢ ALP, d LDH, and e Albumin levels in COLI, POLI,
CYLL and PYLI groups. Values are expressed in Mean + SE.
n=6, *p<0.05 compared with COLI=0OIld Control Rats

However, young plasma administrations increased
serum AST levels in the POLI group compared to
the COLI group. But there was no statistical sig-
nificance between the POLI and COLI groups. Old
plasma administrations significantly increased serum
AST levels in the PYLI group compared to the COLI
and CYLI groups. AST is not the only liver-specific
enzyme but is also abundantly found in muscle tissue.
Young individuals have a high muscle ratio, whereas
the muscle ratio decreases in elderly individuals due
to cellular degeneration during aging. The AST levels
may therefore be low in aged rats. The serum levels
of ALT were significantly increased in old rats (COLI
group) when compared to those in young controls
(CYLI group) (Fig. 10b). Although the difference
between the groups was not statistically significant,
young plasma administrations in the POLI group
decreased serum ALT levels in old rats (COLI group).
Old plasma administrations significantly increased
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COLI POLI CYLI PYLI

group, POLI=Young Plasma Recipient Old Rats Group,
CYLI=Young Control Rats Group, and PYLI=0Id Plasma
Recipient Young Rats Group

serum ALT levels in young rats (PYLI group) com-
pared to young controls (CYLI group).

Intestinal barrier dysfunction and gut-derived
chronic inflammation have crucial roles in human
aging. The intestinal brush border enzyme ALP is an
essential positive regulator of intestinal barrier func-
tion and microbial homeostasis by inhibiting inflam-
matory mediators. This enzyme also plays a critical
role in regulating the aging process. Changes in the
levels of ALP, an enzyme associated with liver, kid-
ney, and bone tissue, in systemic and portal circula-
tion in elderly individuals may affect the aging pro-
cess. The serum levels of ALP were significantly
increased in the CYLI group compared to the COLI,
POLI, and PYLI groups (Fig. 10c). Young plasma
administrations slightly increased serum ALP lev-
els in the POLI group compared to the COLI group.
But there was no statistical significance between
POLI and COLI groups. In addition, old plasma
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administration significantly increased serum ALP lev-
els in the PYLI group compared to the COLI and the
POLI groups.

LDH is an essential enzyme responsible for pyru-
vate formation in anaerobic glycolysis and convert-
ing NADH to NAD" during glycolysis under hypoxia
conditions. Although this enzyme is found in all cells,
it is mainly found in muscle, the liver, and the kid-
ney. A wide range of diseases has been associated
with altered LDH levels. Measurement of activities
of marker enzymes (notably LDH activity) in serum
is a diagnostic parameter for ascertaining inherent,
biological, and xenobiotic-induced systemic toxic-
ity. Elevated serum LDH activity is a clinical indi-
cator of organ injuries, especially those affected
by heart, liver, and muscle aging. The serum levels
of LDH were increased in young rats (CYLI group)
when compared to those in old controls (COLI group)
(Fig. 10d). But there was no statistical significance
between POLI and COLI groups. However, young
plasma administration increased serum LDH lev-
els in the POLI group compared to the COLI group.
Although the difference between the groups was not
statistically significant, old plasma administrations
significantly increased serum LDH levels in the PYLI
group compared to the COLI group.

The serum levels of albumin were significantly
increased in the CYLI group compared to those in
the COLI group (Fig. 10e). However, young plasma
administration significantly increased serum albu-
min levels in the POLI group compared to the COLI
group. Old plasma administration decreased serum
albumin levels in the PYLI group compared to the
CYLI group. But there was no statistical significance
between PYLI and CYLI groups.

Discussion

This study aimed to investigate the effects of blood
plasma exchange on the liver tissues of aged and
young rats using machine learning methods and spec-
trochemical analyses. Histological examinations were
also conducted to determine the effects of plasma on
cellular and tissue architecture. The study utilized
two machine learning methods, LDA and SVM, and
plasma was exchanged between young and old rats
for 30 days. The results showed significant changes
in liver biomolecules. Interestingly, the study found a

substantial increase in the acyl chain length of liver
lipids in the POLI group (young plasma recipient old
rats), which may have implications for membrane
fluidity (Ballweg et al. 2020). Specifically, longer
phospholipid tails can reduce membrane fluidity by
permitting tail-to-tail interactions and forming non-
fluid, tightly packed gel phases. This finding is in line
with previous studies that have shown a link between
changes in membrane fluidity and cancer progression
(Bompard et al. 2020).

Moreover, the study found an increase in liver tri-
glyceride concentrations in the POLI group, which
negatively correlated with membrane fluidity (Ball-
weg et al. 2020). This suggests that young plasma
may enhance liver health by maintaining membrane
fluidity and reducing the risk of chronic liver diseases
and tumors. The study also found that the 1741 cm’!
spectral band (C=0O stretching) for lipid carbonyl
groups was increased in the POLI group while
decreasing in the PYLI group (old plasma recipient
young rats) (Dreier et al. 2019). This band is func-
tional for characterizing environmental changes,
hydrogen bonding of lipid molecules, and distin-
guishing interactions with ligands. Thus, the position
and intensity of the carbonyl band deliver practical
facts about the hydration state of lipid molecules at
the water interface. Water content changes with alter
in lipid density. As the lipid layer becomes denser,
the headgroup becomes less hydrated, which in turn
causes relocation of the carbonyl bands to higher
wavenumbers (Dicko et al. 1998; Ohto et al. 2015).
The findings of this study provide novel insights into
the mechanisms underlying the beneficial effects
of young plasma on liver health. However, further
research is needed to confirm these findings and elu-
cidate the underlying molecular mechanisms.

The spectrochemical data from this study showed
an increase in protein carbonyl groups in the liver
of the POLI group. In contrast, a decrease in pro-
tein carbonylation was observed in the PYLI group.
Protein oxidation plays a crucial role in the patho-
physiology of aging and is intricately involved in
the management of physiological events and mini-
mizing tissue injury (Paraboni et al. 2022). The
oxidative stress theory of aging suggests that senes-
cence is predominantly controlled by the accumu-
lation of oxidized molecules that adversely affect
biotic homeostasis and induce a functional decline
in cellular physiology. Contrary to this theory, a
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proteomic study found that the soluble cell portions
of long-living naked mole rats had high levels of
protein carbonylation in comparison to short-living
mice (Finch and Crimmins 2016; Krisko and Rad-
man 2019). Another study found higher protein car-
bonylation in long-living naked-mole rodents than
in mice (Andziak et al. 2006). It should be noted
that, besides being an indicator of oxidative stress,
protein carbonylation also appears as a biomarker
of misfolded proteins or an index to check protein
folding quality (Krisko and Radman 2019). In addi-
tion, our spectrochemical data revealed an increase
in phosphorylated proteins in the POLI group, indi-
cating that the phosphorylation machinery may play
a role in healthy aging. Changes in protein phos-
phorylation have been associated with many opera-
tional modifications that occur with aging, such as
learning and memory deficits and changes in energy
metabolism (Krisko and Radman 2019).

Furthermore, the chemical environment of pH
plays a pivotal role in post-translational events such
as phosphorylation/dephosphorylation during aging,
as previously reported in the dephosphorylation of
acidic proteins in the microsome and hyperphospho-
rylation of essential proteins in the nuclear fractions
of hepatocytes (Heydari et al. 1989; Liu et al. 2022).
Additionally, intravenous administration of phos-
pho-peptides of small nuclear ribonuclear protein
(snRNP) has been shown to stimulate immune toler-
ance, decline disease severity, and extend the survival
of lupus-prone mice. At the same time, parental non-
phosphorylated peptides were ineffective (Cloos and
Christgau 2004).

Age-related diseases are closely linked to immune
dysregulation and inflammation. Previous studies
have demonstrated increased expression of inflam-
mation-related genes in the aged liver (Singh et al.
2011) and higher levels of inflammatory cytokines,
chemokines, and genes in immune-related changes
in the aged liver of animals. In our study, increased
immune cells in the livers of aged mice were
observed in clusters or foci, especially near perivas-
cular regions, consistent with previous research.
Additionally, the livers of aged rats exhibited marked
inflammation and increased immune cell infiltration,
a similar phenomenon observed in the liver tissues
of young rats receiving aged plasma. Our findings
suggest that young plasma applications can treat the
side effects of inflammatory processes in the tissue
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microenvironment associated with aging and other
metabolic diseases.

Defective autophagy has been implicated in aging
and aging-related organ injuries. Liu et al. (2018)
investigated the effects of young plasma on liver
damage in aging rats. They pooled plasma from rats
and administered it (1 ml, i.v) three times a week for
4 weeks. The present study found that young plasma
injections significantly reduced high ALT and AST
levels, lipofuscin deposition, steatosis, fibrosis, and
defective liver regeneration. Young plasma also
restored impaired autophagy activity caused by aging
in elderly individuals. The beneficial effect of young
plasma on aging-associated liver damage was inhib-
ited by 3-methyladenine or wortmannin, indicating
that the restoration of autophagic activity by young
plasma is necessary for its healing effects (Liu et al.
2018). In this study, we administered 0.5 ml (i.v) of
young plasma to 24-month-old rats daily for 30 days,
while aged plasma was administered to young rats
at 5 weeks of age by 0.25 ml (i.v) daily during the
same period. Our results showed that young plasma
improved age-related liver damage, steatosis, and
lymphatic infiltration. The healing role of young
plasma was more effective in aging-induced cellular
liver damage, considering the plasma content, appli-
cation time, and amount applied.

It is known that serum ALT levels provide insight
into hepatocyte damage in liver tissue during the
aging process (Morsiani et al. 2019). The signifi-
cantly higher serum ALT levels in aged rats than
young rats are consistent with the histopathological
findings on liver damage due to aging. In elderly sub-
jects, it has been reported that ALT levels decrease
with age, independent of adiposity signal biomark-
ers and other commonly used liver function tests.
The decrease in ALT levels during aging may be
associated with changes in liver volume, function,
and immune response (Goh et al. 2015). Our findings
demonstrated the curative effects of young plasma
during metabolic processes in age-associated liver
injury, which supports the previous observations sug-
gesting that the liver is more prone to aging (Mitchell
and Hilmer 2010). The biochemical enzyme levels
(AST, ALP, LDH, and albumin) and histopathologi-
cal changes detected in the present study for COLI
and CYLI groups are consistent with the study men-
tioned above. Furthermore, our spectrochemical anal-
yses revealed triglyceride, protein carbonylation, and
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protein phosphorylation results in the elderly groups
that correlate with the histopathological data.

The accumulation of glycogen in the liver is a
well-known phenomenon associated with aging and
has been attributed to cellular degeneration or wear
and tear. GSK3p, a ubiquitous multifunctional serine/
threonine protein kinase (Wang et al. 2022), was ini-
tially identified as a regulator of glycogen synthesis.
Previous studies have mainly focused on GSK3p’s
ability to phosphorylate, inactivate, or degrade spe-
cific target substrates (Doble and Woodgett 2003).
However, research has shown that the downregulation
of GSK3p in young mice inhibits liver proliferation
after partial hepatectomy via the cyclin D3-C/EBPa
pathway, while the elevation of GSK3f in aged mice
accelerates liver proliferation (Jin et al. 2009). Thus,
GSK3p has been identified as a crucial regulator of
liver proliferation, and the decrease of GSK3f with
age may cause a loss of regenerative capacities in the
liver. In the present study, we found that the regenera-
tive capacity of liver tissue was significantly reduced
in aged rats compared to young rats, which may be
associated with a decrease in GSK3p and glycogen
accumulation. Experiments with parabiotic animals
have demonstrated that certain systemic factors in
the circulatory systems of young mice can stimulate
progenitor cells in the skeletal muscle and liver of
aged mice, restoring the proliferation of these tissues
(Jin et al. 2009). Therefore, the significant increase
in glycogen density in the POLI group may have
been due to the activation of GSK3p by factors pre-
sent in young plasma. Our findings are interesting as
the molecules enhancing liver regeneration in young
plasma increased age-related glycogen accumulation
in hepatocytes. Previous research has reported a sig-
nificant decrease in hepatic glycogen storage in aged
mice and decreased phosphorylation of the hepato-
cellular insulin receptor Akt (Mohamad et al. 2016).
The overall findings of biochemical, histopathologi-
cal, and spectrochemical analyses in old and young
rats are consistent with the literature on age-related
changes in glycogen metabolism.

Furthermore, commensal bacterial populations
in the gut microbiota may also play a critical role in
the biomolecule profile of the liver tissue of aged rats
receiving young plasma. Our research group recently
completed a study that demonstrated a considerable
increase in gut microbiota species diversity follow-
ing the transfer of young plasma into 12-month-old

Wistar rats. Additionally, we observed a significant
normalization in the Firmicutes to Bacteroidetes
(F/B) ratio, an established marker for healthy gut
microbiota. Species from these phyla are recognized
for producing short-chain fatty acids (SCFAs) such as
butyrate, acetate, and propionate (Ceylani and Teker
2022). These compounds serve as an energy source
for intestinal epithelial cells and are vital in maintain-
ing gut and overall health. SCFAs have been shown
to possess anti-inflammatory properties, promote gut
barrier integrity, and modulate immune responses.
Maintaining healthy gut microbiota and SCFA lev-
els can improve liver function and overall health
during aging (Ticinesi et al. 2019). Additionally, an
analysis of the gut microbiota profiles in rats whose
livers were used for this study showed that transfer-
ring young plasma to aged rats significantly increased
alpha diversity indices and considerably decreased
the F/B ratio. In contrast, transferring old plasma
to young rats led to a marked reduction in species
diversity. Our findings reveal that young plasma
promotes a shift in the aged gut microbiota compo-
sition towards a more health-supporting state, while
old plasma transfer induces dysbiosis within the gut
microbiota of young rats (Ceylani et al. 2023). Our
recent investigations also indicated that young plasma
transfer not only augments sperm concentrations but
also restores epigenetic patterns within the testes of
aged rats (Erdogan et al. 2023).

This study offers valuable insights into the effects
of plasma exchange on liver health in both aged and
young rats; however, several limitations should be
considered when interpreting the findings. A larger
sample size could yield more reliable results and
potentially uncover additional significant findings.
Further research should explore the impact of plasma
exchange on a broader range of organs and tissues
to gain a more comprehensive understanding of this
treatment’s systemic effects. Another limitation is that
only male animals were used in this study. Includ-
ing female animals and conducting analyses by sex
will contribute to a more comprehensive understand-
ing of plasma transfusion in both sexes. Although
the study sheds light on some possible mechanisms,
additional research is needed to pinpoint the specific
factors in young plasma responsible for these effects
and to elucidate their underlying molecular pathways.
Long-term studies are essential for determining the
enduring impact of plasma exchange on liver health
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and the aging process. To better comprehend the
potential clinical applications of this treatment, future
studies should investigate plasma exchange’s effects
on human subjects or more relevant animal models.
Lastly, further research should examine the more
extensive implications of plasma exchange on overall
health and well-being and any potential risks and side
effects associated with the treatment.

Conclusion

The results of this study indicate that plasma
exchange between aged and young animals signifi-
cantly impacts liver biomolecules and tissue archi-
tecture. The machine learning algorithms and spec-
trochemical band analyses revealed specific changes
in the levels of biomolecules in the liver, including
lipids, glycogen, nucleic acids, and proteins. Moreo-
ver, young plasma treatment improved cellular archi-
tecture, reduced oxidative stress and inflammation
and altered the metabolic activities of hepatocytes.
These findings highlight the rejuvenation potential
of plasma infusion and emphasize the need for fur-
ther research in this area. This study contributes to
the growing body of literature investigating the anti-
aging effects of plasma exchange. It also provides
essential insights into the biological consequences of
this approach in liver tissues.
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