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ABSTRACT

Introduction: Aging is a natural process which affects various body's organs. Animal aging models are usually created using
D-galactose (D-gal). Flaxseed oil (FSO) is nutritional supplement filled with omega-3 polyunsaturated fatty acids that have
many health benefits.

Aim of the Work: The goal of this work was to explore the possible protective impact of flaxseed oil on the cerebellar cortex
in a rat model of D-gal-induced aging.

Materials and Methods: Forty adult male albino rats were equally classified into four groups: Group I (Control), group
IT (FSO): Received flaxseed oil 1.2 ml/kg/day, group III (D-gal): Received D-galactose 200 mg/kg/day, group IV (D-gal +
FSO): Received flaxseed oil and D-galactose using the identical dosages as earlier groups. For six weeks, the medication
was administered once daily. At the end of this experiment, cerebellum samples were collected and provided for microscopic
analysis under both light and electron microscopes. Studies using morphometrics and statistics were conducted.

Results: D-galactose treated group revealed severe alterations in cerebellar cortex. Molecular layer exhibited pyknotic nuclei
and vacuolated neuropil. Purkinje cells appeared shrunken, irregularly shaped with shrunken heterochromatic nucleus and
dilated rough endoplasmic reticulum. Many Purkinje cells were lost leaving empty spaces. Granule cells seemed to be shrunken,
darkly stained and clumped in groups. Highly Significant rise in GFAP, caspase-3 and highly Significant decline in calbindin
immunoreactivity relative to control group were also noticed. Highly significant changes in serum malondialdehyde and
superoxide dismutase levels relative to control group were detected. Flaxseed oil administration with D-galactose minimized
these changes.

Conclusion: Flaxseed oil can provide neuroprotective impact in the aging process through its antioxidant and anti-inflammatory
effects.
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INTRODUCTION administration of D-galactose had been known to trigger
oxidative stress that can imitate aging properties™®. The
body naturally contains the reduced sugar D-galactose
(D-gal). D-gal can also be found in foods like soy sauce
and dairy products!”). When D-gal levels are high, it
promotes production of free radicals, attenuates activities
of antioxidant enzymes, and hence induces oxidative stress
by producing ROS. In various organs, including the kidney,
muscle, and brain, oxidative damage and inflammation are
important mediators of age-related changes(*.

Aging is an intricate natural process whose hallmark is
degenerative alterations in cell and tissue structure!!l. It is
manifested by a steady decline in physiological processes
that raises the risk of illness and mortality®®. Oxidative
stress is the primary cause of aging and can result in a
multitude of disorders linked to it due to cumulation of
reactive oxygen species (ROS) and reduced capability of
antioxidants?!.

It is projected that the number of people over 65 would
surpass 800 million by 2025. An increase in disease and
disability will be correlated with the elderly population.
Consequently, one of the main challenges facing medical
gerontology is understanding the pathophysiology of aging
and associated disorders!l.

Brain's aging is global issue because it was found to
be the primary predisposing factor for major neurological
illnesses, like Parkinson's and Alzheimer's diseases®l. As
people age, brain cells are subjected to greater oxidative
stress and metabolic deterioration, resulting in protein
buildup and DNA damage. These alterations may appear

D-galactose has been widely used to create aging as worsened cognitive function and elevated anxiety®.
models in animals in order to explore aging properties and Oxidative stress, inflammation and apoptosis of nerve cells
investigate anti-aging treatment interventions. Chronic are induced by excess D-gal”.

DOI: 10.21608/ejh.2024.294458.2080
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Due to its involvement in motor coordination and
balance maintenance, the cerebellum is a crucial component
of the brain. It may also be involved in some cognitive,
emotional, and reward processes!'!.

Linum usitatisimum L., or flaxseed, is harvest with
many uses having beneficial effect on human health,
including cardioprotective, neuroprotective, anti-diabetic,
antioxidant, anti-inflammatory, and anticancer activities.
Flaxseed oil, vitamins, fibers, lignans and proteins are
nutritious components of flaxseed!'"'2.

Flaxseed oil (FSO) or linseed oil is extracted from
flaxseeds and is widely used as a dietary supplement all over
the world"*!. Omega-3 polyunsaturated fatty acids (PUFAs)
are abundant in this oil, making it among the most important
oils due to numerous benefits of these fatty acids!'¥.

About 75% of the weight of flaxseed oil is made up of
omega-3 PUFAs; of these, 40-60% is alpha-linolenic acid,
while the remaining is oleic and linoleic acids (15% for
each). Alpha-linolenic acid gives rise to docosahexanoic
acid (DHA) and eicosapentanoic acid (EPA) and it may be
good for your health and help manage chronic illnesses.
The brain's phospholipid membranes are highly enriched
in EPA and DHA, which support development of central
nervous system, behavior and brain function!'?.

Experimental research has demonstrated that omega-3
polyunsaturated fatty acid is implicated in numerous
neurobiological processes related to neuroprotection and
neurotransmission suggesting that these fatty acids could
potentially avert age-associated brain deterioration~.

Accordingly, the intention of this study was to
determine the possible protective impact of flaxseed oil on
cerebellar cortex in rat model of aging triggered by D-gal
using histological and immunohistochemical methods.

Materials and Methods
Materials
Drugs

D-galactose (D-gal) was obtained from Sigma-Aldrich
(St. Louis, MO, United States). D-gal powder was injected
subcutaneously after being dissolved in 0.9% saline. We
dissolved 800 mg of D-gal in 20 ml saline to get solution
containing 40 mg/ml.

Flaxseed oil (FSO) was bought at Egyptian local
market. It is administrated to rats orally using gastric tube.

Animals

This study utilized forty adult male albino rats weighing
between 170 and 200 grams. Their normal and healthy
circumstances were preserved by strict maintenance of
hygiene and care. They were given free access to water and
a healthy meal. Every animal procedure was carried out in
compliance with instructions about responsible usage and
care of laboratory animals as well as approved protocols
(Approval number: 4/2024 HIST9).

Experimental design

The rats were classified into 4 groups. Each group
consisted of 10 rats. For six weeks, the medication was
administered once daily

Group I (control group): Rats in this group were
subdivided into subgroup Ia & subgroup Ib, each contained
5 rats:

*  Subgroup la: Not treated during the entire duration
of the experiment.

*  Subgroup Ib: Received 1 ml saline 0.9 % orally by
gastric tube.

Group II (FSO group): Received Flaxseed oil 1.2ml/
kg/day!'! orally using gastric tube.

Group III (D-gal group): Received D-galactose 200
mg/kg/day?! subcutaneously. Each animal received 1ml of
D-gal solution.

Group IV (D-gal + FSO group): Received flaxseed
oil 1h before D-galactose using the identical dosages as
earlier groups.

Methods

Blood samples were collected for biochemical analysis
twenty-four hours after the final dose. Pentobarbital
injections intraperitoneally (35 mg/kg)!'®! were used to
anesthetize the rats, after which they were killed. The
cerebellum was extracted, cleaned, and split into two
pieces. One piece was prepared for examination under a
light microscope, while the other piece was prepared for
examination under a transmission electron microscope.

A- Biochemical study

Serum levels of malondialdehyde (MDA) and
superoxide dismutase (SOD) were estimated at clinical
pathology lab of Menoufia University.

B- Light microscopic study

Tissue was put for 3 days in 10% neutral-buffered
formalin and then underwent standard processing to
produce regular paraffin blocks. Thin sections measuring
4um were subsequently sliced and subjected to the
following investigations:

1. Histological study: For usual histological analysis,
Hematoxylin and eosin (H&E) stain was used!!”
and to demonstrate Nissl's granules, toluidine blue
stain was used!'$].

2. Immunohistochemical study: Streptavidin—biotin
complex technique!'”! was used for detection of:

e Glial fibrillary acidic protein (GFAP):
to identify astrocytes. Utilizing anti-
GFAP, a mouse monoclonal antibody
(catalog number MS-1376-P0, Lab Vision
Corporation laboratories, USA, CA94539).
Brown coloration in cytoplasm of astrocyte
and its processes indicated positive reaction.
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*  Caspase-3: to illustrate cell apoptosis, the
anti-caspase-3 antibody (catalog number
RB-1197-R7, USA, Lab Vision Thermo
Fisher Scientific), a rabbit polyclonal
antibody, was employed. Positive reaction
appeared as cytoplasmic brown coloration.

e Calbindin (CB): to demonstrate calbindin
(calcium-binding protein) in nerve cells.
Using anti-calbindin antibody, a rabbit
polyclonal antibody (E10340, Spring
Bioscience, Pleasanton, CA, USA). Positive
reaction appeared as cytoplasmic brown
coloration.

C- Transmission electron microscopic study”

Tiny specimens were preserved in 2.5% glutaraldehyde
and processed to be examined using JOEL (Japan) electron
microscope at Tanta University's Faculty of Medicine in
Electron Microscopic Unit.

Morphometric measurements

1. Purkinje cell Number in sections stained by H&E
at x 200 magnification.

2. Thickness of the granular layer in sections stained
by H&E at x 200 magnification.

3. Percentage of area  exhibiting = GFAP
immunoexpression in GFAP immuno-stained
sections at x 400 magnification.

4. Percentage of area exhibiting caspase-3
immunoexpression in caspase-3 immuno-stained
sections at x 400 magnification.

5. Percentage of area exhibiting calbindin
immunoexpression in calbindin immuno-stained
sections at x 400 magnification.

Digital image analysis system (Program Leica Q
500 MC; UK, Cambridge, Leica) was used to take all
measurements in anatomy department of Menoufia
University's faculty of medicine. Ten sections, chosen at
random from five animals in every group, were utilized for
the measurements.

Statistical analysis

The findings of the biochemical and morphometric
analyses have been statistically analyzed utilizing program
SPSS, version 17 (IBM Corporation, Somars, NewYork,
USA). The outcomes were displayed using the mean
+ SEM. The "Tuckey" post hoc test was used after an
ANOVA to compare the groups. If a comparison's P value
was lower than 0.001, it was deemed highly significant;
if it was below 0.05, it was deemed significant; if it was
higher than 0.05, it was deemed non-significant?!!,

RESULTS

There were no recorded deaths during the entire
duration of the experiment in the current study. Subgroups
belonging to control group didn't exhibit any variations

in the histological, immunohistochemical, morphometric,
statistical results. So, it was referred to subgroups (Ia & Ib)
as control group. As regard FSO group (II), there were no
differences in any of the result outcomes relative to control
group.
Light microscopic results

Histological study

* Haematoxylin and Eosin staining

When examining H&E-stained sections of the control
group (I), it was observed that the cerebellar cortex
displayed its typical histological structure. This structure
comprised three layers, namely inner granular, middle
Purkinje cell and outer molecular layers. The outer
molecular layer was composed primarily of fibers with tiny
stellate cells and sparse basket cells. Middle Purkinje cell
layer was made up one row of large pyriform shaped cells
with central vesicular nucleus, noticeable nucleolus and
basophilic cytoplasm. Surrounding the Purkinje cells were
Bergmann astrocytes, which appeared pale. Inner granular
layer was made up primarily of many small granule cells
closely packed together, each with darkly stained rounded
nuclei. Acidophilic areas were interspersed among the
granule cells, representing glomeruli (cerebellar islands)
(Figure 1). In contrast, D-gal group (III) exhibited severe
alterations in the cerebellar cortex. The molecular layer
exhibited pyknotic nuclei. In some areas, the molecular
layer showed vacuolated neuropil (Figures 2,3,6). The
Purkinje cells appeared shrunken, irregularly shaped and
darkly stained with nucleus showing pyknosis. In some
areas, there were empty neuropils around Purkinje cells.
Remnants of Purkinje cells were noticed. There was focal
loss of many Purkinje cells leaving empty spaces. In some
areas, Purkinje cells were arranged in multiple layers with
invasion of the molecular layer (Figures 2,3,4,5,6). Granule
cells seemed to be shrunken, darkly stained and clumped in
groups. There was a noticeable decline in granular layer's
thickness in some areas. Granule cells seemed to be few
in number, shrunken and widely separated in some places
(Figures 2,3,4,6). Congested blood vessels were seen in all
cerebellar cortex's layers (Figures 4,5). Sections from group
IV showed high level of preservation in cerebellar cortex's
histological structure. Most Purkinje cells had basophilic
cytoplasm, vesicular nucleus and noticeable nucleolus. A
small number of Purkinje cells seemed to be shrunken,
darkly stained with pyknotic nucleus. The molecular and
granular layers had normal appearance except for slightly
congested blood vessels (Figure7).

* Toluidine blue staining

Sections stained with toluidine blue in the control group
() displayed Purkinje cells characterized by a vesicular
nucleus and a cytoplasm that was dark blue having Nissl's
granules. Granule cells were more deeply stained (Figure
8). In contrast, D-gal group (III) revealed reduced stain
intensity in Purkinje and granule cells (Figure 9). Sections
from group IV (D-gal + FSO) exhibited most of Purkinje
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cells appeared nearly normal with dark blue cytoplasm
having Nissl's granules. Few cells appeared shrunken and
irregular with reduced stain intensity. The granule cells
were moderately stained (Figure 10).

Immunohistochemical study
Glialfibrillary acidic protein (GFAP) immunostaining

The control group (I) revealed mild positive
cytoplasmic GFAP immunoreaction in few astrocytes
scattered throughout the various cerebellar cortex layers.
The astrocyte appeared with few and thin processes (Figure
11). In contrast, D-gal group (III) exhibited strong positive
cytoplasmic GFAP immunoreaction in many astrocytes in
various Cerebellar Cortex layers. The astrocyte appeared
with many and thick processes (Figure 12). Regarding
group IV (D-gal + FSO), it exhibited moderate positive
cytoplasmic GFAP immunoreaction in some astrocytes
scattered throughout various cerebellar cortex layers. The
astrocyte appeared with thin processes (Figure 13).

Caspase-3 immunostaining

The control group (I) demonstrated negative
cytoplasmic immunoreaction for caspase-3 in cerebellar
cortex's cells (Figure 14). In contrast, D-gal group (III)
exhibited strong positive immunoreaction in cerebellar
cortex's cells (Figure 15). While group IV (D-gal + FSO),
displayed mild positive immunoreaction in cerebellar
cortex's cells (Figure 16).

Calbindin (CB) immunostaining

Control group (I) demonstrated strong positive
cytoplasmic immunoreaction for CB in Purkinje cells and
moderate immunoreaction in the cells of molecular and
granular layers (Figure 17). D-gal group (III) exhibited
negative cytoplasmic CB immunoreaction in Purkinje cells
and cells of molecular and granular layers (Figure 18).
Regarding group IV (D-gal + FSO), it exhibited strong
CB immunoreaction in most of Purkinje cells while few
Purkinje cells appeared with negative CB immunoreaction.
The cells of molecular and granular layers exhibited mild
CB immunoreaction (Figure 19).

Transmission electron microscopic results

The electron microscopy findings of the control group
(I) showed typical ultrastructure of the different layers of
cerebellar cortex. The molecular layer contained several
myelinated nerve fibers of varying size and shape. The
myelinated nerve fibers displayed an intact and tightly
packed lamellar structure of the myelin sheath, containing
mitochondria within the axoplasm (Figure 20). The
Purkinje cells owned euchromatic nucleus with double
walled nuclear membrane. Their cytoplasm contained
Golgi apparatus, mitochondria having regular intact cristae,
free ribosomes and rough endoplasmic reticulum (Figures
21,22). The granule cells possessed heterochromatic
nucleus holding clumps of chromatin and surrounded by
narrow cytoplasmic rim that contained mitochondria and
free ribosomes. Some myelinated nerve fibers with intact

tightly packed myelin sheath were noticed in granular
layer (Figure 23). In contrast, D-gal group (I1I) exhibited
remarkable ultrastructure changes involving the different
layers of cerebellar cortex. In molecular layer, many
myelinated nerve fibers showed irregular dilatation with a
decrease in myelin thickness and rarefaction of axoplasm,
other nerve fibers showed splitting and disruption in myelin
sheath (Figure 24). Regarding Purkinje cell layer, some cells
had electron dense nucleus and cytoplasm with ill-defined
nuclear envelop showing indentation. Other Purkinje cells
seemed to be shrunken with shrunken heterochromatic
nucleus, dilated rough endoplasmic reticulum and dilated
smooth endoplasmic reticulum. Near to Purkinje cells,
some myelinated axons showed irregular dilatation with a
decrease in their myelin thickness and rarefaction of their
axoplasm (Figures 25,26,27). Some granule cells showed
destruction of the cellular processes. Their nuclei were
irregular with more condensed chromatin. Some apoptotic
cells were noticed. Mitochondria with destroyed cristae
were observed. Spaces were seen between the granule
cells. Dilated congested blood vessels were seen in granular
layer (Figures 28,29).

Interestingly, group IV (D-gal + FSO) exhibited
much preservation of the ultrastructure of the cerebellar
cortex. Majority of nerve fibers in molecular layer had
normal structure with intact compact lamellar structure
of myelin sheath. Few myelinated nerve fibers displayed
loss of compact lamellar structure with splitting (Figure
30). Purkinje cells had euchromatic nucleus with double
walled nuclear membrane. Their cytoplasm contained
free ribosomes, cisternae of rough endoplasmic reticulum
and mitochondria with regular intact cristae (Figure 31).
Most granule cells appeared normal with heterochromatic
nucleus and surrounded by narrow cytoplasmic rim
containing mitochondria. Few granule cells had shrunken
and irregular nuclei with more condensed chromatin. Most
nearby myelinated nerve fibers had normal structure,
but few displayed decrease in their myelin thickness and
rarefaction of the axoplasm (Figure 32).

Statistical results
Biochemical results
1- Serum MDA Level

Serum MDA level of group III (D-gal treated) revealed
highly significant increase relative to control group. Group
IV (D-gal + FSO) demonstrated significant increase in the
identical measure relative to control group. Comparing
group IV to group II1, there was highly significant reduction
in group IV. (Table 1, Histogram 1).

2- Serum SOD Level

Comparing serum SOD level of group 111 (D-gal treated)
to that of control group, there was highly significant decline.
Group IV (D-gal + FSO) exhibited significant reduction in
the identical measure relative to control group. Comparing
group IV to group III, there was highly significant rise in
group IV. (Table 1, Histogram 2).
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Morphometric results
1- Number of Purkinje cells

Group III (D-gal treated) exhibited significant decline
in mean number of Purkinje cells in comparison with
control group. Group IV (D-gal + FSO) demonstrated
non-significant decline in the identical measure relative to
control group. When compared group IV to group III, there
was significant rise in group IV (Table 2, Histogram 3).

2- Thickness of the granular layer

Group III (D-gal treated) demonstrated highly significant
decline in granular layer thickness relative to control group.
Group IV (D-gal + FSO) demonstrated non-significant
decrease in the identical measure relative to control group.
When compared group IV to group III, there was highly
significant rise in group IV (Table 2, Histogram 4).

3- Area percentage of GFAP immunoexpression

Group III (D-gal treated) demonstrated highly
significant rise in mean areca percentage of GFAP
immunoexpression in comparison with control. Group IV
(D-gal + FSO) demonstrated significant rise in the identical
measure relative to control group. When compared group
IV to group III, there was highly significant decline in
group IV (Table 2, Histogram 5).

4- Area percentage of caspase-3 immunoexpression

Group IIT (D-gal treated) exhibited highly significant
rise in area percentage of caspase-3 immunoexpression
relative to control group. Group IV (D-gal + FSO)
demonstrated highly significant rise in the identical
measure relative to control group. When compared group
IV to group III, there was highly significant decline in
group IV (Table 2, Histogram 6).

5- Area percentage of calbindin immunoexpression

D-gal treated group (III) exhibited highly significant
reduction in mean area percentage of calbindin
immunoexpression relative to control group. Group IV
(D-gal + FSO) demonstrated highly significant reduction
in the identical measure relative to control group. When
compared group IV to group 111, there was highly significant
rise in group IV (Table 2, Histogram 7).

Fig. 1: A Photomicrograph of a section in the cerebellar cortex of the
control group (I) showing its three layers. The outer molecular layer (M)
is composed mainly of fibers with scattered basket cells (B) and small
stellate cells (S). The middle Purkinje cell layer is formed of one row
of large pyriform shaped Purkinje cells (P) with basophilic cytoplasm,
central vesicular nucleus and prominent nucleolus. The inner granular
layer is formed mainly of numerous small closely packed granule cells
(G) having darkly stained rounded nuclei. Lightly stained acidophilic
areas representing glomeruli (cerebellar islands) (*) are scattered in-
between the granule cells. Notice: Bergmann astrocytes (arrows) appear
pale around the Purkinje cells. (H&E x 400)
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Fig. 2: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing the molecular layer with some pyknotic nuclei
(arrows). The Purkinje cells (P) appear shrunken, irregularly shaped

and deeply stained with pyknotic nuclei. Some granule cells appear with
hyperchromatic nuclei and clumped in groups (G). (H&E x 400)
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Fig. 3: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing vacuolated neuropil (arrows) in the molecular layer.
The Purkinje cells (P) appear shrunken, irregularly shaped and deeply
stained with pyknotic nuclei. Remnants of Purkinje cells (arrowhead)
are noticed. The granule cells (G) appear shrunken, deeply stained, and
clumped in groups. Notice: spaces (*) are seen in-between the granule
cells. (H&E x 400)

Fig. 5: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing focal loss of many of Purkinje cells leaving empty
spaces (*). One Purkinje cell (P) appears shrunken with pyknotic nuclei.
Congested blood vessels (Bv) are noticed in the three layers of cerebellar

cortex. (H&E x 400)

Fig. 4: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing apparent decrease in the thickness of the granular
layer. The granule cells (G) appear few in number, shrunken, deeply
stained and widely separated. Congested blood vessels (Bv) are seen in
the molecular and granular layers. The Purkinje cells (P) appear shrunken,
irregularly shaped and deeply stained with pyknotic nuclei. Remnants of
Purkinje cells are noticed. Notice, the Purkinje cells are surrounded by
empty neuropils (*). (H&E x 400)

Fig. 6: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing irregularly shaped deeply stained Purkinje cells
with pyknotic nuclei (P) arranged in multiple layers with invasion of the
molecular layer. Purkinje cells are surrounded by vacuolated neuropil (*).
The granule cells (G) appear few in number, shrunken, deeply stained,
clumped and widely separated. Notice: the molecular layer (M) shows
vacuolated neuropil. (H&E x 400)
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Fig. 7: A Photomicrograph of a section in the cerebellar cortex of D-gal +
FSO group (IV) showing most of Purkinje cells (P) appearing with basophilic
cytoplasm, vesicular nuclei and prominent nucleoli. One Purkinje cells
(arrowhead) appear shrunken, darkly stained with pyknotic nucleus. The
molecular (M) and granular (G) layers have a normal appearance. Slightly
congested blood vessel (Bv) is seen in the granular layer. (H&E x 400)

Fig. 8: A Photomicrograph of a section in the cerebellar cortex of the
control group (1) showing flask shaped to rounded purkinje cells (P) with
vesicular nucleus and dark blue cytoplasm containing Nissl's granules.
The granule cells (G) are more deeply stained. (T.B. % 1000)

Fig. 9: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing decreased intensity of stain for Nissl's granules in the
cytoplasm of Purkinje (P) and granule cells (G). (T.B. x 1000)

Fig. 10: A Photomicrograph of a section in the cerebellar cortex of D-gal + FSO
group (IV) showing most of Purkinje cells (P) appear nearly normal with vesicular
nucleus and dark blue cytoplasm containing Nissl's granules. One Purkinje cell
(arrowhead) appears shrunken and irregular with decreased intensity of stain for
Nissl's granules. The granule cells (G) are moderately stained. (T.B. x 1000)
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Fig. 11: A Photomicrograph of a section in the cerebellar cortex of the control
group (I) showing mild positive cytoplasmic GFAP immunoreaction in few
astrocytes (arrows) dispersed between the different layers of cerebellar
cortex. Notice: the astrocytes have few and thin processes. (GFAP x 400)

Fig. 12: A Photomicrograph of a section in the cerebellar cortex of D-gal
group (III) showing strong positive cytoplasmic GFAP immunoreaction in
many astrocytes (arrows) dispersed between the different layers of cerebellar
cortex. Notice: the astrocytes have many and thick processes. (GFAP x 400)
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Fig. 13: A Photomicrograph of a section in the cerebellar cortex of Fig. 16: A Photomicrograph of a section in the cerebellar cortex of D-gal
D-gal + FSO group (IV) showing moderate positive cytoplasmic GFAP + FSO group (IV) showing mild positive cytoplasmic immunoreaction
immunoreaction in some astrocytes (arrows) dispersed between the for caspase-3 in different cells of different layers of cerebellar cortex.
different layers of cerebellar cortex. Notice: the astrocytes have thin (Caspase-3 x 400)

processes. (GFAP x 400)

Fig. 17: A Photomicrograph of a section in the cerebellar cortex of the

Fig. 14: A Photomicrograph of a section in the cerebellar cortex of control group (I) showing strong positive cytoplasmic immunoreaction
the control group (I) showing negative cytoplasmic immunoreaction for CB in Purkinje cells (P). The cells of molecular and granular layers
for caspase-3 in different cells of different layers of cerebellar cortex exhibit moderate immunoreaction for CB (arrows). (CB x 400)

(arrows). (Caspase-3 X 400)

Fig. 18: A Photomicrograph of a section in the cerebellar cortex of

Fig. 15: A Photomicrograph of a section in the cerebellar cortex of D-gal group (III) showing negative cytoplasmic immunoreaction for
D-gal group (IIT) showing strong positive cytoplasmic immunoreaction CB in Purkinje cells (P), cells of molecular and granular layers (arrows).
for caspase-3 in different cells of different layers of cerebellar cortex (CB % 400)

(arrows). (Caspase-3 x 400)
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Fig. 19: A Photomicrograph of a section in the cerebellar cortex of D-gal
+ FSO group (IV) showing strong positive cytoplasmic immunoreaction
for CB in most of Purkinje cells (P), one Purkinje cell appears with
negative CB immunoreaction (arrowhead). The cells of molecular and
granular layers exhibit mild CB immunoreaction (arrows). (CB x 400)
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Fig. 20: An electron micrograph from the control group (I) showing the
molecular layer of the cerebellar cortex containing several myelinated
nerve fibers of varying size and shape (orange arrows). Myelinated nerve
fibers reveal intact tightly packed lamellar structure of myelin sheath with
mitochondria (M) in their axoplasm. A cell with heterochromatic nucleus
(N) is observed among nerve fibers. (TEM x 2500)
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Fig. 21: An electron micrograph from the control group (I) showing
pyriform Purkinje cell with euchromatic nucleus (N). The cytoplasm
contains many mitochondria (M) and several cisternae of rough
endoplasmic reticulum (Rer). (TEM x 1500)
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Fig. 22: Higher magnification of the previous section showing Purkinje
cell with euchromatic nucleus (N). The nuclear membrane appeared
double walled (arrowhead). The cytoplasm contains Golgi apparatus
(Ga), mitochondria (M) with regular intact cristae, cisternae of rough
endoplasmic reticulum (Rer) and free ribosomes (arrow). (TEM x 3000)
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Fig. 23: An electron micrograph from the control group (I) showing
closely packed granule cells with heterochromatic nucleus (N) containing
clumps of chromatin and surrounded by thin rim of cytoplasm. Their
cytoplasm contains mitochondria (M) and free ribosomes (orange arrow).
Notice: A myelinated nerve fiber appears with compact myelin sheath
(arrowhead). (TEM x 1500)
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Fig. 24: An electron micrograph from D-gal group (III) showing many
myelinated nerve fibers in the molecular layer of the cerebellar cortex
appearing irregularly dilated with thinning of their myelin and rarefaction
of their axoplasm (*). Some myelinated nerve fibers appear with splitting
and disruption of myelin sheath (orange arrows). (TEM x 2500)

Fig. 25: An electron micrograph from D-gal group (III) showing irregular
Purkinje cell with electron dense nucleus (N) and cytoplasm. The nucleus
has prominent nucleolus (n) and ill-defined nuclear envelop showing
indentation (orange arrows). Some nearby myelinated axons show
rarefaction of their axoplasm (*). (TEM x 1500)
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Fig. 26: An electron micrograph from D-gal group (I1I) showing shrunken
Purkinje cell with shrunken heterochromatic nucleus (N). Some nearby
myelinated axons are irregularly dilated with thinning of their myelin and
rarefaction of their axoplasm (*). (TEM X1500)
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Fig. 27: Higher magnification of the previous section showing Purkinje
cell with shrunken heterochromatic nucleus (N). The cytoplasm contains
dilated rough endoplasmic reticulum (Rer) and smooth endoplasmic
reticulum (Ser). (TEM x 3000)
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Fig. 28: An electron micrograph from D-gal group (III) showing
destruction of the cellular processes of the granule cells (orange arrows)
with one apoptotic cell (orange arrowhead). Some nuclei (N) appear
irregular with more condensed chromatin. Mitochondria (M) with
destroyed cristae are observed. Spaces are seen in between the cells (¥).
(TEM x 1500)
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Fig. 29: An electron micrograph from D-gal group (III) showing dilated
congested blood vessel (Bv). Notice: endothelial cell (E) lining the wall
of the blood vessel. (TEM x 2500)
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Fig. 30: An electron micrograph from D-gal + FSO group (IV) showing
most of the myelinated nerve fibers in the molecular layer preserving their
normal structure with intact compact lamellar structure of myelin sheath
(orange arrows). Few myelinated nerve fibers display loss of compact
lamellar structure with splitting (arrowhead). (TEM x 2500)
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Fig. 31: An electron micrograph from D-gal + FSO group (IV) showing
Purkinje cell with euchromatic nucleus (N) and prominent nucleolus
(n). The nuclear membrane appeared double walled (arrowhead). The
cytoplasm contains mitochondria (M) with regular intact cristae, cisternae
of rough endoplasmic reticulum (Rer) and free ribosomes (orange arrow).
(TEM x 3000)

13.tit
Print Mag: 8780x @7.0 in
TEM Mode: ITmaging

2 microns
HV=2000.0kV
Direct Mag: 1500x

32

<

Fig. 32: An electron micrograph from D-gal + FSO group (IV) showing
most of granule cells appear normal with heterochromatic nucleus (N1)
and surrounded by thin rim of cytoplasm containing mitochondria (M).
Few granule cells have shrunken and irregular nuclei (N2) with more
condensed chromatin. Most nearby myelinated nerve fibers appear with
normal structure (arrows), but few appear with thinning of their myelin
sheath and rarefaction of their axoplasm (*). (TEM x 1500)

Table 1: The biochemical and statistical results in the control and experimental groups

Group I Group 11 Group IIT Group IV Pvalue
(P1>0.05) *
Serum MDA level (nmol/ml) 3.49+0.33 3.3240.28 13.41£1.71 4.98+0.89 (P2<0.001) *** (P3<0.05) **
Mean = SD e
(P4<0.001)
(P1>0.05) "
Serum SOD leve (U/ml) 30.25+1.76 31.13£1.97 18.56+1.18 27.31+1.40 (P2<0.001) ™ (P3<0.05) **
Mean = SD e
(P4<0.001)
P1: Group I V Group II P2: Group I V Group III P3: Group I V Group IV P4: Group III V' Group IV
Non-significant * (P> 0.05) Significant** (P<0.05) Highly significant®** (£<0.001)
Table 2: The morphometric and statistical results in the control and experimental groups
Group [ Group II Group III Group IV Pvalue
(P1>0.05)
Number of purkinje cells Mean + SD 14.712.06+ 15.282.14+ 9.863.67+ 13.432.23+ (P2<0.05) ™ (P3>0.05) "
(P4<0.05) **
Thickness of granular layer (pm) (P1>0.05) "
Mean + SD 256.64+12.89  255.76+11.74  208.94+10.92 247.82+10.60 (P2<0.001) ™" (P3>0.05) "
(P4<0.001) ***
. . (P1>0.05) "
Area percentage of GFAP immunoexpression 8.070.75 8.5340.67 36.26+4.35 13.2141.47 (P2<0.001) *** (P3<0.05) **
Mean = SD -
(P4<0.001)
Area percentage of Caspase-3 immunoexpression (P1>0.05)°
P g P P 0.90+0.83 0.76£0.71  53.47+10.01 18.0744.27  (P2<0.001) *** (P3<0.001) **
Mean = SD .
(P4<0.001)
Area percentage of calbindin immunoexpression (P1>0.05)*
p & P 37.02+3.89 36.73+3.21 1.79+0.49 16.91+2.24 (P2<0.001) **(P3<0.001) "
Mean + SD (P4<0.001) ™

P1: Group I V Group II
Non-significant * (P> 0.05)

P2: Group I V Group III
Significant** (P<0.05)

P3: Group I V Group IV
Highly significant*** (P<0.001)

P4: Group III V Group IV
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DISCUSSION

Aging is a gradual process that affects many parts of
body, but brain is the organ that is most affected by aging
with changes in structure and function!”- ??. Memory loss
and cognitive disorders are often caused by aging, which
is a significant contributor to brain decline. Recently, the
search for antiaging potent agents has become populart?.
So, it was crucial to locate a natural agent that possesses
a potential protective role against the changes induced by
aging in the cerebellar cortex. Flaxseed oil was selected as
the natural protective product for this study. In this study,

989



ROLE OF FLAXSEED OIL IN INDUCED AGING

we used a well-established rat model of aging triggered by
D-gal to determine the possible protective impact of FSO
on rat cerebellar cortex in this model.

Long-term administration of D-galactose has been
known to trigger oxidative stress that can imitate aging
properties’®. When D-galactose increases in the body, it
can react with amino acids in peptides and proteins to form
advanced glycation end products (AGEs). These products
then combine with particular receptors (RAGE) in various
cells, causing the nuclear factor kappa-B (NF-kB) and other
signaling pathways to become activated. This leads to the
release of ROS, which can accelerate the aging process.
The increased level of ROS and reactive nitrogen species
cause damage to proteins, lipids, and DNA, increasing the
risk of various diseases including aging, neurodegenerative
disorders, tumors and inflammation™.

Typically, there is a delicate equilibrium between
the production of ROS and their elimination by the
antioxidant defense system. Nevertheless, when there is an
overproduction of ROS and reduction in the antioxidant
enzymes' activity in the brain, it leads to damage in
tissue??!. Reactive oxygen spices (ROS) have harmful
impacts on human health, such as enzyme deactivation,
peroxidizing membrane lipid, breaking down DNA, and
triggering apoptosis®??. MDA is recog-nized as the most
crucial product of membrane lipid peroxidation triggered
by increased ROS. SOD, CAT and GSH-Px are potent
antioxidant enzymes which prevent free radicals creation.
They are recognized as primary defense against ROS
generated in times of oxidative stress®!. The MDA, GSH
and SOD levels are regarded as markers for assessing the
status of oxidative stress!**.

In the current work, there were highly significant rise
in MDA serum level and highly significant decline in
SOD serum level of D-gal treated rats and this confirmed
the oxidative stress status induced by D-gal. Such results
were consistent with the results of prior studies™**! on
D-galactose-induced aging. Shwe et al*! stated that
high levels of D-gal result in its oxidation by galactose
oxidase, producing H,O, (hydrogen peroxide). This leads
to a reduction in SOD levels. The increased H202 then
reacts with reduced iron to generate hydroxide ions (OH-).
Both H,0, and OH~— are reactive oxygen species that can
trigger lipid peroxidation in cell membrane and disrupt
redox balance, ultimately causing neuronal damage. They
added that a decline in the antioxidant enzymes like SOD,
GSH-Px and CAT by D-galactose causes an imbalance
between antioxidant activities and reactive oxygen species
and hence increases oxidative stress and mitochondria
dysfunction.

The histological and immunohistochemical results of
D-gal treated rats (group III) in the current study confirmed
the neuronal damage associated with oxidative stress of
D-galactose-induced aging. There were shrunken irregular
Purkinje cells with pyknotic nuclei, Purkinje cell loss with
empty spaces, Purkinje cells organized in several layers,

deeply stained and clumped granule cells with wide spaces
in between, mitochondria with destroyed cristae, apparent
decrease in the granular layer thickness. Also, there were
vacuolated neuropil, irregularly dilated myelinated axons
with reduced myelin thickness and rarefaction of their
axoplasm and dilated congested blood vessels. Such results
were supported by the statistical results in this study as
there was significant decrease in Purkinje cell number
and thickness of granular layer. These histological results
were in line with the results of earlier studies™>¢ on
D-galactose-induced brain aging in which the researchers
detected Pyknosis, necrosis and loss of neurons of the
cerebellar cortex.

In this study, the presence of pyknotic nuclei may
reflect an apoptotic state as previously reported [27]. Also,
vacuolated neuropil observed in the H&E-stained sections
of D-gal group could be explained by cell shrinkage and
loss of cellular processes??”. Electron microscopic result
of this group supported such explanation as there were
irregularly dilated myelinated axons and their myelin
became thinner and their axoplasm exhibited rarefaction.

The arrangement of Purkinje cells in multiple layers
could be explained by Purkinje cells attempt to fulfill their
function by being crowded in multiple layers to reestablish
synaptic connection with other nerve cells®.

In the current study, the staining for Nissl's granules
in Purkinje and granule cells of D-gal group (III) showed
a reduction in intensity. Such result was in line with prior
work?? where the authors detected a reduction in number
of Nissl granules in the hippocampus neurons by D-gal.

In the present study, the immunohistochemical results
supported the observed histological results. GFAP stained
sections of D-gal treated rats (group III) exhibited strong
GFAP immunoreaction in many astrocytes dispersed in
cerebellar cortex. This was confirmed statistically by
highly significant rise in GFAP immunoreaction relative
to control. Similar finding was reported in a previous
research®” in which the authors detected elevated GFAP
expression with increased astrocyte number in all brain
regions as a result of D-galactose-induced oxidative
stress. This positive reaction could be explained by
astrogliosis which is defined as astrocytes proliferation
and enlargement with increased expression of GFAP as a
result of any chemical, degenerative or mechanical injury
to brainl!,

Elevated levels of ROS can potentially activate
Caspase-3, a significant factor in apoptosis, leading
to neuronal damage®®?. This was in harmony with the
present study as caspase-3 exhibited strong positive
immunoreaction in cerebellar cortex of D-gal treated rats
(group III). Statistical analysis confirmed that by a highly
significant rise of caspase-3 immunoreaction compared
to control. Such finding was reported in a previous
study®®¥! in which the authors stated that oxidative stress
and inflammation induced by D-gal are two mechanisms
working in harmony to trigger apoptosis in the cells.
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Calcium plays an important role as an intracellular
signaling molecule controlling many cell activities, but
it is involved in the neurodegenerative process. Several
pathways of cell damage share to cause marked rise
in intracellular calcium level, triggering a sequence of
caspases and initiating apoptosis. Therefore, it is crucial
for neurons to maintain calcium homeostasis for their
well-being. The function of calcium essentially relies
on a set of proteins, called calcium-binding proteins,
which are expressed by neurons. Calbindin is a protein
that binds to calcium and safeguards neurons from harm
resulting from excessive levels of calcium. It is present
in neurons within the nervous system. Calbindin plays a
potent role in maintaining calcium balance, protecting
cells from programmed cell death, and impeding the
degeneration of neurons?*3. To clarify this point, calbindin
immunoreaction was estimated in the current work and
D-gal was found to induce highly significant decrease in
area percent of calbindin immunoreaction in the cerebellar
cortex resulting in activated caspase 3 that triggered cell
apoptosis. Such result was in line with previous study®.

In group IV, flaxseed oil was given with D-galactose
to assess its possible role in alleviating the aging influence
on the cerebellar cortex. Flaxseed oil exerted a protective
effect on cerebellar cortex as shown by the histological and
immunohistochemical findings. The results exhibited much
preservation of the histological structure of the cerebellar
cortex. The molecular, Purkinje cell and granular layers
had normal appearance except for few changes. There were
few Purkinje cells with pyknotic nuclei, few granule cells
with shrunken irregular nuclei and few myelinated nerve
fibers displaying splitting with loss of compact lamellar
structure. Morphometric and statistical results of this group
confirmed such findings. These findings matched with a
previous work?*! in which the authors detected reduced
hippocampal neuronal loss by flaxseed oil in their study on
induced neurodegeneration.

The protective role of flaxseed oil owed to its
antioxidant and anti-inflammatory characteristics as has
been reported by Ismail et al.'? who stated that FSO has
a neuroprotective role on CCl4-induced brain damage
by scavenging free radicals, enhancing the antioxidant
enzymes, increasing GSH level and reducing inflammatory
response. Biochemical results of group IV (D-gal + FSO)
confirmed such explanation as there were drop in serum
MDA level and an increase in serum SOD level compared
to group III (D-gal). Similar outcomes were obtained by
Tashkandi ez al.!"¥) in their study on protective impact of FSO
on nephrotoxicity. They attributed antioxidant capabilities
of FSO to its rich content of omega-3 fatty acids which
act as free radicals scavengers. As a result, the activity
of the SOD and GSH enzymes was enhanced. According
to Mishra et al.P the neuroprotective effect of FSO
was owed to omega 3 fatty acids which play a defensive
role in the brain against peroxidation by the mechanism
of adaptable fluidity of cell membrane and its enzymes.
Moreover, Badawy et al.'" suggested that omega-3 PUFAs

in FSO may have alleviating effect on brain damage by two
potential ways. Firstly, they may boost catalase levels in the
peroxisome and cytoplasm, improving defense against free
oxygen radicals. Secondarily, Omega-3 polyunsaturated
fatty acids in FSO may replace the polyunsaturated
fatty acid components of the membranes that have been
damaged by ROS.

Kassabl"! attributed the anti-inflammatory action of
flaxseed to omega-3 fatty acids which reduce the release
of the inflammatory cytokines as IL-1, IL-6, TNF and CRP
by inhibiting NF-Kb. The author added that Omega-3 fatty
acids control the expression of adhesion molecules like
VCAM-1, which aids in leukocyte endothelial interaction.

Moreover, the neuroprotective effect of FSO could
be attributed to Omega-3 polyunsaturated fatty acids that
have been shown to promote neurogenesis in a variety
of animal studies as previously reported®®. To clarify
this point, Medoro et al.,”! reported that decreased adult
neurogenesis, or the gradual depletion of neural stem cells
in adult neurogenic niches, is considered a hallmark of brain
aging. They added that many factors regulate neurogenesis
in adult brain, which has an effect on neural stem cells
differentiation and fate. These elements comprise both
extrinsic and intrinsic components, as hormones, growth
factors, neurotrophins, inflammatory cytokines, physical
exercise, and diet. Many dietary bioactive substances
have been proven to control and promote neurogenesis
in adult progenitor cells. Dyall et al.*” stated that dietary
supplementation with the omega-3 PUFAs could increase
neurogenesis in aged rats and this contributes to its
neuroprotective effects in brain aging. Purkinje cells could
be regenerated via Bone marrow-derived cells that cross
the blood brain barrier and fuse with Purkinje cells in the
cerebellum giving them their nuclear genetic material™!.
On the other hand, the granule cells could be regenerated
from external granular layer that contains granule cell
progenitors that will differentiate and then migrate into the
cerebellum.

As regard group IV, GFAP immunoreaction exhibited
significant reduction relative to group III. Such finding
agreed with an earlier research®®’ in which the authors
detected attenuated GFAP expression by FSO treatment
suggesting that FSO can decrease pro-inflammatory
cytokines and astrocyte stimulation.

Caspase-3 immunoreaction of group IV revealed
significant reduction relative to group III reflecting the
anti-apoptotic role of FSO. Similar result was obtained by
Mitrovi¢ et al.®® who reported that FSO administration
reduced the hippocampal cell damage, likely by inhibiting
the caspase-3 signaling pathway, decreasing the presence
of the pro-apoptotic factor Bax, and rising Bcl-2 reaction.
These findings suggest that FSO protected the structure
and function of mitochondria. Moreover, Kassab"!
attributed anti-apoptotic effect of flaxseed to its main
component a-linolenic acid which hinders both extrinsic
and intrinsic cell death pathways that are activated by
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prolonged stimulation of inflammatory cytokines. It also
stops cytochrome-c release and keeps the mitochondria's
outer membrane from depolarization caused by cytokines.

CONCLUSION

These findings provided evidence that D-gal can
create aging process in rats manifested by biochemical
abnormality, histological and immunohistochemical
alterations in the cerebellar cortex. FSO was able to
minimize D-gal-induced changes. These findings suggest
that FSO can provide neuroprotective impact in the aging
process through its antioxidant and anti-inflammatory
properties. So, FSO may be promising approach in the
prevention of aging-relative disorders.
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