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Abstract

BACKGROUND/AIMS: Aging is a chronic, complex and irreversible process that leads to functional deterioration in cells. Structural and functional
changes occur in the liver during aging. This study aimed to determine age-related changes in rat liver tissue using histological, biochemical,
and gene-expression analyses.

MATERIALS AND METHODS: Wistar albino male rats were used in the study; two groups were formed: a young group (10 weeks) and an aged
group (18 months). Blood and tissue samples were collected from the subjects while they were under general anesthesia. Liver enzymes were
measured in blood samples. Gene expression levels of interleukin-6 (IL-6), nuclear factor kappa B (NF-kB), mammalian target of rapamycin
(mTOR) protein complex, and caspase-3 (Cas-3) in liver tissues were evaluated by real-time polymerase chain reaction following total ribonucleic
acid isolation and complementary DNA synthesis. Histological scoring was performed on tissues from the groups. Tissues were evaluated with
hematoxylin-eosin, Masson’s trichrome, periodic acid-Schiff, and Ki-67 proliferation index stains.

RESULTS: Biochemically, significant increases in cholesterol, triglycerides, alanine transaminase, and alkaline phosphatase were observed in
the aged group. Light microscopic examination revealed an increased number of Ki-67-positive and binucleated hepatocytes, vacuolization,
sinusoidal congestion, bile-duct proliferation, and increased collagen in the aged group. While Cas-3 and mTOR gene expression increased
significantly in the aged group, no differences were observed in IL-6 and NF-kB levels.

CONCLUSION: Histological, apoptotic, and autophagic changes have been observed during physiological aging, and they are known to influence
liver function.
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INTRODUCTION

Cellular senescence is a stress response that links degenerative and
hyperplastic pathologies. Aging occurs in diverse cell types throughout
the body, and these cells secrete numerous biologically active factors
that cause physiological and pathological effects." It is an important
risk factor for the development of both acute and chronic liver disease,
causing changes in all hepatic cell types, altering their phenotype and
function, and worsening disease prognosis. Accordingly, increasing
attention has been directed toward developing new therapeutic
strategies to prevent or ameliorate age-related hepatic disorders.
The aging liver shows many structural and functional changes: its size
decreases by approximately 20-40%; endothelial fenestration decreases;
and hepatic blood flow and bile acid secretion by hepatocytes
decrease. Decreased numbers of smooth endoplasmic reticulum and
mitochondria in hepatocytes, together with high triglyceride levels,
trigger the formation of non-alcoholic fatty liver disease.

There is an age-related increase in hepatocyte size and the appearance
of polyploid (binucleated) cells. In humans, polyploid cells constitute
6%-15% of hepatocytes in adults aged 20 years, and 25%-42% of
hepatocytes in adults aged 80 years. In this context, polyploidy is
considered a sign of cellular aging and stress.®

Reduced autophagicactivity in hepatocytes increases lipid accumulation
and promotes hepatic steatosis.” Therefore, activating and regulating
autophagy may be a promising strategy to prevent age-related hepatic
steatosis by reducing lipid accumulation.”® Other factors observed
in liver aging include apoptosis due to oxidative stress, increased
caspase activity, decreased antioxidant capacity, and mitochondrial
dysfunction.®' Activation of a significant number of inflammatory cells
(neutrophils and macrophages) and increased inflammatory cytokine
levels lead to inflammation and liver fibrosis.! 2

The aim of the present study was to determine the differences in liver
tissue at the histological, biochemical, and molecular levels between
young and aged rats. Simultaneously, determination of apoptotic
caspase-3 (Cas-3), proliferation-associated Ki-67, autophagy-associated
mammalian target of rapamycin (mTOR), and inflammation-associated
interleukin-6 (IL-6) and nuclear factor kappa B (NF-kB) gene expression
will be important in defining biological activities involved in the
development of age-related changes in the liver.

MATERIALS AND METHODS

In this research, a total of 12 male Albino Wistar rats in total with an
average weight of 235-740 gr were provided from Experimental Animals
Research Center. The protocols are based on animal experiments
approved by the Near East University Experimental Animals and
Research Centre Ethics Committee of Research and Application Center
(approval number: 2024/175, date: 18.04.2024).

All rats were housed in conventional cages and maintained under the
same environmental and nutritional conditions (22+10 °C), with ad
libitum access to water and food. Regarding age, rats were divided into
two groups: a young group (n=6) consisting of 10-week-old rats, and an
aged group (n=6) consisting of 18-month-old rats.

The body weights of the rats were recorded at the beginning and end
of the experiment. Ketamine/xylazine anesthesia was administered;
intracardiac blood was collected; the liver was removed and weighed.
All liver tissue samples were taken from the right lobe.

Histological Analyses

Liver tissues were fixed in 10% neutral formaldehyde solution for
histological preparations. Tissues dehydrated in a graded alcohol series
were cleared and embedded in paraffin. Thin sections (4-5 um) were
prepared from paraffin blocks and stained with hematoxylin-eosin
(Merck, USA), Masson’s trichrome (Bio-Optica, Milan, Italy), and periodic
acid-Schiff (PAS) (Bio-Optica, Milan, Italy) for microscopic examination.
Ki-67 immunohistochemical staining was performed to evaluate
proliferation in hepatocytes. Histological scoring of liver tissue from each
rat in each group was performed for inflammation, necrosis, fibrosis,
and bile duct proliferation in five areas at x40 objective magnification.
Changes were evaluated as 0 (no change), 1 (mild change, <25%), 2
(moderate change, 25-50%), and 3 (severe change, >50%)." Similarly,
binucleated hepatocytes and Ki-67-positive hepatocytes were counted
in 10 fields per preparation.

Ki-67 Immunohistochemical Analysis

Formaldehyde-fixed tissue was embedded in paraffin for
immunohistochemical examination. Sections were deparaffinized in
xylene and passed through a descending series of alcohols. Antigen
retrieval was performed in citrate buffer (pH 6.0) in a microwave oven at
700 W for 15 minutes. Sections were allowed to cool to room temperature
for 30 minutes and were washed twice in phosphate-buffered saline
(PBS) for 5 minutes. Endogenous peroxidase was blocked with 3%
hydrogen peroxide for 7 minutes. The washed samples were incubated
in Ultra V Block for 8 minutes. Blocking solution was removed from the
sections, which were then incubated overnight at 4 °C with the primary
antibody. Ki-67 was evaluated using Rabbit Polyclonal Antibody, Ready-
to-Use (Cat. #RB-9043-R7, Thermo Scientific, USA). After washing the
sections in PBS, the secondary antibody was applied for 20 minutes.
The sections were washed in PBS twice for 5 minutes each and then
incubated with streptavidin-peroxidase for 20 minutes. Sections washed
with PBS were incubated with the 3,3’-diaminobenzidine chromogen.
Counterstaining with hematoxylin was applied, and after washing, the
preparations were mounted.

Biochemical Analyses

The enzyme activities of aspartate aminotransferase (AST), alanine
transaminase (ALT) and alkaline phosphatase (ALP) as well as the levels
of cholesterol and triglycerides were measured enzymatically on the
Abbott Architect c¢400 system (Abbott Laboratories, IL, USA).

Genetic Analysis

Liver tissues taken for messenger RNA (mRNA) expression analysis of
selected genes were stored in dry Eppendorf tubes at -20 °C until nucleic
acid isolation. Trizol reagent (Hibrizol, Hibrigen, istanbul, Tiirkiye) was
used for ribonucleic acid (RNA) isolation. For each sample, 500 ng of
RNA was used to synthesize complementary DNA (cDNA) using the
ABM first-strand cDNA synthesis kit, according to the manufacturer’s
instructions. Reference mRNA sequences for the rat NF-kB, IL-6, Casp3,
and mTOR genes, and for the housekeeping gene glyceraldehyde
3-phosphate dehydrogenase (GAPDH), obtained from the National Center
for Biotechnology Information Nucleotide Database, were used to
design gene-specific primers. After primer optimization, the expression
levels of NF-kB, IL-6, Casp3, mTOR, and GAPDH were evaluated using
AMPIGENE® qPCR Green Mix Lo-ROX (ENZO Life Sciences Inc., Lausen,
Switzerland) and gene-specific primers on the Rotor-Gene Q Plex real-
time polymerase chain reaction system (Qiagen, Hilden, Germany).
cDNA was diluted tenfold for use as template, with each sample
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analysed in triplicate. Normalization of Ct values was carried out using
the reference gene, and the comparative AACt method was applied to
evaluate relative gene expression changes between the two groups.

Statistical Analysis

The results were statistically evaluated using the GraphPad Prism 8.3.1
program. Differences among the groups were analyzed using one-way
ANOVA. A significance threshold of p<0.05 was used, and standard
errors were reported as £ (value not specified).

RESULTS
Body and Liver Weights

The change in body weight differed significantly between the aged and
young groups, with the 18-month-old group having more than twice
the body weight of the 10-week-old group (p<0.05). No significant
difference was observed in liver weights between young and old groups.

Biochemical Results

Changes in lipid profile and liver enzyme levels, which are indicators
of metabolic and physiological alterations that occur with aging, were
observed between the two groups. In the elderly group, cholesterol
(p<0.001), triglycerides (p<0.05), and the liver enzymes ALT (p<0.01)
and ALP (p<0.05) were significantly higher than in the young group.
Changes in AST enzyme levels, on the other hand, were not statistically
significant (Figure 1).

Histological Results

Age-related changes in the frequency of binucleated hepatocytes
were observed in the study groups (Figures 2a and 2b). Binucleated
hepatocytes were counted at 40x magnification. While the number was
4.967£2.178 in the 10-week group, it increased to 8.433£3.734 in the
18-month group. This increase was statistically significant (p<0.0001)
(Figure 2c). The number of Ki-67-positive hepatocytes was higher in the
young group than in the aged group (p<0.01) (Figures 3a-c).

In histological scoring, a significant increase in congestion, vacuolization,
fibrosis, and bile duct proliferation was observed in the aged group
compared with the young group, whereas mononuclear cell levels did
not differ significantly between groups (Figure 4). In young rats, portal
areas, hepatic cords, sinusoids, and Kupffer cell distribution showed
normal histological structure (Figure 5a). Increased vacuolization

was detected in hepatocytes of the aged group and attributed to
lipid accumulation (Figure 5b). While bile duct proliferation occurred
in small numbers in the portal areas of the young group (Figure 5c),
the aged group showed widespread proliferation and an increase in
mononuclear cells in those areas (Figure 5d).

Compared with the young group (Figure 6a), the amount of collagen
around the portal area and vena centralis was increased in the aged
group (Figure 6b); prominent collagen strands were observed around
the sinusoids (Figure 6¢); and fibrotic bridging between the portal areas
was detected (Figure 6d). PAS staining for glycogen indicated that the
staining intensity in hepatocytes of the elderly group was low or absent
because of vacuolization (data not shown).

Gene Expression Results

Changes in mRNA expression levels of the genes IL-6, mTOR, Cas-
3, and NF-kB were examined in the liver tissue of young and old
rats (Figure 7). IL-6 and NF-kB expression levels increased with
age; however, no statistically significant differences were observed
between the two groups. On the other hand, mTOR levels have
been shown to increase significantly with age.

Biochemical results
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Figure 1. Comparison of biochemical enzymes in groups.
*(p<0.05), **(p<0.01) and ***(p<0.001).

AST: Aspartate aminotransferase, ALT: Alanine transaminase, ALP: Alkaline
phosphatase.
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Figure 2. Binucleated hepatocytes (arrows) are present in both the young (2a) and aged (2b) groups; the statistical graph is shown in (2c, ****
p<0.0001), irregularity in hepatocyte cell cords and congestion in sinusoids (*) are observed in the aged group. Hematoxylin-eosin, x40.
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Figure 3. Ki-67 immunohistochemical staining in hepatocytes in young (3a) and aged groups (3b) and its statistical distribution (3c), x40.
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Figure 4. Quantitative histological scoring values in rats of
different age groups.*(p<0.05), **(p<0.01) and ***(p<0.001).

Figure 5. Light microscopic images of young and aged rat liver tissue.
While normally structured hepatocytes, sinusoids, the portal area are
observed in the livers of young rats (5a), widespread vacuolization
(arrow) is observed in hepatocytes of the aged group (5b). Bile
duct (bd) proliferation is markedly increased in the aged group
compared with the young group. Mononuclear cells (arrow) (5¢, 5d).
Hematoxylin-eosin, x40.

Gene Expression profile in different age groups
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Figure 6. In contrast to the normal distribution of collagen fibers
within the portal areas in the young group (6a), the aged group
exhibits a significant increase in collagen in the portal areas
(6b) and around the sinusoids (arrows) (6¢), together with the
formation of connective tissue bridges between the portal areas
(6d). Masson trichrome stain, x40.

Figure 7. Gene expression levels in groups. *(p<0.05), and

#%%(n<0.001).

IL-6: Interleukin-6, NF-kB: Nuclear factor kappa B, mTOR: Mammalian

target of rapamycin, Cas-3: Caspase-3.
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In the older group, mTOR levels were nearly twofold higher than in the
10-week group (p<0.05). This result demonstrates the potential role
of mTOR in regulating autophagy and aging processes. An age-related
increase in Cas-3 expression was also observed. It was significantly
increased in the 18-month group (p<0.001). These results further
emphasize the role of Cas-3 in the aging process and reflect an increase
in apoptotic activity.

DISCUSSION

This study examined changes in histological features and in the
expression of biochemical and molecular markers associated with
aging in rat liver tissue. Aging generally leads to decreased liver size
and weight, and to alterations in biochemical enzyme activity. Although
subtle signs of cellular aging were observed in the liver tissues of young
adult rats, these changes were offset by the liver's regenerative capacity.
In aged rats, both senescence and decreased regenerative capacity result
in a prolonged or absent regenerative process."' Elevated AST and ALT
levels have been reported in older adults in previous studies.'®"

Although a decrease in liver weight was observed in the aged group
compared with the young group in this study, the difference was not
statistically significant. Biochemically, increases in ALP and ALT levels
were significant, but not in AST levels. Significant increases in cholesterol
and triglyceride levels were also observed in the aged group.

It is known that aging hepatocytes generally lose some of their
regenerative capacity.® Extracellular matrix components are altered,
leading to fibrosis.”™ This results in impaired blood flow and altered
hepatocyte function. The distribution and function of nonparenchymal
cell populations, such as liver Kupffer cells and stellate cells, change
during the aging process.”>' When Kupffer cells are insufficient to clear
pathogens and debris, activated stellate cells cause fibrosis. This study
identified fibrosis in the elderly group, with increased collagen fibers in
the portal areas and around the sinusoids and central vein.

Another change that can occur in the liver with age is bile duct
proliferation.?® Increased bile duct proliferation in portal areas was
assessed for its association with increased ALP.

Furthermore, aging causes increases in inflammatory molecules such
as IL-6 and NF-kB, and alterations in immune cell function, ultimately
leading to increased susceptibility to infections and diseases.??
Although expression levels of IL-6 and NF-kB were increased in the
elderly group, these differences were not statistically significant. Light
microscopic examination confirmed this finding; inflammatory cell
populations were not widespread.

Polyploidy increases in aged hepatocytes. This change appears to be
a compensatory mechanism to cope with the decline in cell division
capacity in aging tissues.” In our study, the number of binucleated
hepatocytes was significantly higher in the aged group than in the
younger group. Furthermore, a significantly greater number of
hepatocyte nuclei stained positive for Ki-67 in the aged group. Increased
hepatocyte proliferation and polyploidy are adaptive mechanisms that
help maintain liver function despite age-related decline.

Cas-3-controlled apoptosis in the liver is important for cellular
homeostasis and prevents the proliferation of harmful cells that lead
to liver disease. During aging, some degenerating hepatocytes undergo
apoptosis.>'®?* Studies have shown an increase in Cas-3 expression and
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activity during aging. The increased Cas-3 gene expression in the liver
of our elderly experimental group is consistent with this information.

Autophagy, on the other hand, is a cellular defense mechanism that
removes and recycles damaged organelles and proteins, maintaining
homeostasis and cellular function. Fibrosis, along with increased
steatosis and inflammation, has been associated with impaired
hepatic autophagy.” Therefore, autophagy is considered a strategy for
restoring age-related hepatic changes and for highlighting the complex
relationships between aging, dietary habits, and environmental factors
in liver histology.® Autophagy is active in young rats and underlies the
high functional activity and cellular resilience of the liver.2® Autophagic
activity decreases with aging. This decrease is associated with the
onset of mild cellular dysfunction, as the liver begins to show signs of
accumulation of oxidative stress and of lipid peroxidation products.?’
The autophagic process is regulated by mTOR kinase.® The mTOR
signaling pathway is a key genetic factor in liver aging and plays a
crucial role in cellular growth and metabolism. Therefore, inhibition
of mTOR potently extends lifespan and significantly delays signs of
pathological aging in rat livers. This inhibition leads to reduced fibrosis
and improved cellular function.?3' This study found increased mTOR
gene expression in liver tissue in the elderly group, in contrast to other
studies. These results demonstrate that during aging, cells continue to
attempt to slow the aging process and protect themselves.

Study Limitations

Disadvantages of the studyincluded a small number of subjects in
the groups, the inability to define fibrosis morphometrically and
biochemically, and the inability to perform immunohistochemical
staining of genetically expressed molecules in the tissue.

CONCLUSION

Liver aging is a complex process, and some events remain unexplained.
Changes in liver structure and function among individuals of the same
age, and between women and men, vary depending on factors such as
living conditions, nutrition, and genetic background. The differences
between the results obtained in our study - such as high mTOR levels,
increased Ki-67 related to mitotic changes, low AST enzyme levels,
no significant change in liver weight, and absence of inflammation
- and those reported in other studies can be explained by individual
differences. The mechanisms and molecules that contribute to the aging
process require more detailed investigation. Delaying orpreventing age-
related functional disorders and chronic diseases will be the primary
focus of the studies.

MAIN POINTS

» Aging caused significant increases in cholesterol, triglyceride,
alanine transaminase, and alkaline phosphatase levels, indicating
altered liver metabolism.

» The aged group showed vacuolization, sinusoidal congestion, bile
duct proliferation, collagen accumulation, and more Ki-67-positive
and binucleated hepatocytes, reflecting structural and regenerative
changes.

* mTOR and Cas-3 gene expressions were upregulated in aged livers,
suggesting enhanced autophagic and apoptotic activity.
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* Interleukin-6 and nuclear factor kappa B levels did not differ
significantly between groups, indicating no prominent inflammatory
response.

« Physiological aging leads to histological, apoptotic, and autophagic
changes that impair liver function, with variations likely influenced
by genetic and environmental factors.
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