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The possible alleviating effect of garlic supplement on the neural retina in a rat
model of hypercholesterolemia: A histological and immunohistochemical study
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The purpose of this work was to prove that oxidative stress is the main mechanism responsible for retinal neu-
rodegenerative changes, subsequent apoptosis, and inflammatory cytokine release in rats fed with a high
cholesterol diet (HCD) and determine the role of garlic in alleviating these changes. Forty rats were equally
divided into four groups: control, garlic-treated (positive control), HCD, and HCD + garlic-treated (HCD + G).
By the end of the experiment (24 weeks) blood samples were collected for assessment of serum lipid profile,
oxidative stress parameters, and plasma levels of IL-6 and TNF-α. Both eyes of the rats were enucleated; one
was used for light microscopic examination and the other for electron microscopic examination. There was a
significant increase in the levels of serum lipids, oxidative stress parameters, IL-6 and TNF-α, and area of
expression of caspase-3 in the HCD group compared to both the control and HCD + G groups. Histological
examination revealed degenerative changes in all layers of the neural retina in the HCD group. Garlic admin-
istration resulted in a significant improvement in the biochemical, immunohistochemical, and histological char-
acteristics of hypercholesterolemic rats. These findings support the hypotheses that garlic has strong antioxi-
dant, anti-apoptotic, and anti-inflammatory properties. Garlic ameliorates the neurodegenerative changes in the
neural retina of hypercholesteremic rats. 
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Introduction
The modern lifestyle is associated with frequent intake of fast

food, which is a high-fat diet, and reduced exercise, both of which
are factors that may result in obesity, hypercholesteremia, and sys-
temic diseases in individuals.1

Although dietary intake remains the main source of choles-
terol, it can be synthesized endogenously by the liver and other tis-
sues.2 Cholesterol plays a vital role in vitamin D synthesis, bile
acid metabolism, and steroid hormone formation.3

Cholesterol is considered the chief sterol in the retina. It is
extensively found within the neural retinal cell layers. Cholesterol
transport is vital as it supplies retinal neurons with the lipids
required for the preservation and restoration of their cell mem-
branes.4 Interestingly, the retinal pigmented epithelium, and prob-
ably Müller cells of the retina, contain low density lipoprotein
(LDL) receptors that can uptake circulating LDL. The regulation
of cholesterol metabolism is accomplished via neuronal and glial
cell interaction.5 Cholesterol homeostasis is essential in maintain-
ing the proper structure and function of the retina.6

Hyperlipidemia, which is a modifiable risk factor, causes ath-
erosclerosis and other related diseases.7 It has been proven that
both decreased and increased cellular cholesterol levels are trade-
marks of neurodegenerative retinal and brain diseases, respective-
ly.8 Previous reports have also shown that hypercholesterolemia
enhances the retinal expression of nitric oxide (NO) synthase 2,
which causes lipid peroxidation, leading to retinal oxidative dam-
age.9

Garlic (Allium sativum L.) has attained a special place in the
traditional medicine of many cultures. It has also acquired impor-
tance in modern medicine due to its various health benefits. Garlic
has been used in the treatment of cardiovascular diseases,10 hyper-
tension,11 and atherosclerosis.12 It also reduces the risk for cancer,
enhances immune function, and has hepatoprotective and antimi-
crobial functions.13 In addition, it possesses antioxidant
properties.14 The antioxidant effects of garlic could be due to its
ability to enhance numerous antioxidant enzymes that protect
endothelial cells against oxidative stress15 and scavenge intracellu-
lar reactive oxygen species (ROS)..16

Garlic exerts its anti-inflammatory actions through inhibition
of various inflammatory mediators, such as NO, prostaglandin E-
2, tumor necrotizing factor (TNF)-α, and interleukin (IL)-1β.17

Prophylactic administration of garlic decreased serum levels of
total cholesterol (TC), triglycerides (TG), and LDL cholesterol
(LDL-C), and increased serum high-density lipoprotein cholesterol
(HDL-C) levels. The beneficial effects of garlic in hypercholes-
teremic states have been reported in humans18 and experimental
animals.19

The mechanism by which garlic improves cholesterol level is
conducted by allicin components in garlic, which decrease choles-
terol absorption and biosynthesis.20 Garlic has been proven to
decrease LDL-C levels through inhibition of hepatic enzymes
involved in LDL-C synthesis, such as 7α-hydroxylase and HMG-
CoA reductase, and increasing bile acid excretion.21 Furthermore,
garlic significantly enhances excretion of bile salts in feces and
mobilization of tissue lipids into the circulation. 22

Recently, research has focused on the use of natural products
in the prevention and treatment of diseases. Since garlic is cheap
and widely available, it has the potential to be used in alternative
medicine. The purpose of this work was to study oxidative stress
and inflammatory cytokines in rats fed with a high cholesterol diet
(HCD) and their correlation to the histological changes in the neu-
ral retina as well as to elucidate the possible role of garlic supple-
mentation in the diet.

Materials and Methods

Drugs
Garlic extract (Tomex) (ATOS pharma, Sekem Group, Cairo,

Egypt) was obtained in the form of enteric-coated tablets. Each
tablet contained 200 mg of dried garlic powder. The tablets were
then dissolved in a physiological saline solution. Tomex contains
concentrated garlic powder prepared from garlic grown without
the use of chemical fertilizers or pesticides. 

Experimental hypercholesterolemia
Hypercholesterolemia was induced by feeding rats with a diet

containing 4% cholesterol, 1% cholic acid, and 0.5% thiouracil for
24 weeks.23,24

Animals and experimental design
Forty adult male Sprague–Dawley rats weighing 140-160 g

were obtained from the animal house at the Faculty of Pharmacy,
Mansoura University, Egypt. The rats were housed under con-
trolled environmental conditions (24°C, a 12-h light/dark cycle,
and 40-60% humidity) for a one-week acclimation period. The rats
were allowed free access to water and standard rat diet during this
period. The rats were then equally divided into four groups (10 rats
each):
- Group I (control): rats were fed a standard diet for 24 weeks. 
- Group II (positive control): rats were fed a standard diet and

administrated garlic orally once daily at a dose of 250 mg/kg
through a gastric tube for 24 weeks.

- Group III (HCD): rats were fed an HCD for 24 weeks. 
- Group IV [HCD + garlic (G)]: rats were fed an HCD and given

garlic orally once daily at a dose of 250 mg/kg through a gas-
tric tube for 24 weeks. The dose of garlic was chosen based on
previous study.25

By the end of the experiment, the rats were fasted for 12 h
before they were euthanized using urethane anesthesia, and blood
samples were collected and both eyes were enucleated after death.
One eye from each rat was used for paraffin block preparation for
light microscopic examination, and the other eye was prepared for
ultrastructural examination.

Biochemical parameters 

Biochemical assessment of serum lipid profile
Levels of serum TC, TG, LDL-C, and HDL-C were measured

using quantitation kits (Biomed diagnostic, Egypt) following the
manufacturer’s protocol. The levels were assessed in mg/dL.
Assessment of oxidative stress parameters 

Serum malondialdehyde (MDA) level was measured and
expressed as nmol/mL by measuring the formation of thiobarbi-
turic acid reactive substances according to the manufacturer’s
instructions.26

Serum superoxide dismutase (SOD) was measured and
expressed as U/mL.27

Assessment of inflammatory mediators
The plasma levels of IL-6 and TNF-α were assessed using

ELISA kits (RayBiotech, Inc., Norcross, GA, USA) and expressed
as pg/mL.

Light microscopic examination

Hematoxylin and eosin (H&E) staining
Sample tissues were dissected and immediately fixed in 10%

neutral buffered formalin for 16 h. Retinae were routinely
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processed and embedded in paraffin. Serial sections of 5-μm thick-
ness were obtained and stained with H&E to study the histological
structure of the retina.28

Immunohistochemical examination of caspase 3
Immunohistochemistry was performed on the retinal paraffin

sections. The sections were de-deparaffinized and hydrated. After
pretreatment with antigen retrieval (DAKO) at 95°C for 15 min,
the sections were left to cool for 15 min at room temperature.
Endogenous peroxidase activity was inhibited by incubating the
slides in 0.3% H2O2 for 30 min. The sections were then incubated
overnight at 4°C with the primary antibodies. Caspase-3 rabbit
polyclonal antibody (Lab Visions Corporation Laboratories, cata-
log number PA1-26426) was used at a concentration of 1:100. The
secondary anti-rabbit antibody detection system (Envisions, Dako)
was used for 20 min at room temperature. Finally, diaminobenzi-
dine 0.05% (Dakopatts, Glostrup, Denmark) was applied as a chro-
mogen at room temperature for 3 min. Mayer’s hematoxylin was
used as a counterstain. Lastly, dehydration, clearing, and mounting
were done. Tonsil was used as a positive control slide. Negative
control slides were prepared by replacement of the primary anti-
bodies with phosphate-buffered saline.29

Electron microscopic examination
The retinae were fixed in 3% glutaraldehyde in 0.1 M sodium

cacodylate buffer (pH 7.4) overnight at 4°C before being trans-
ferred to a solution containing 0.1 M phosphate buffer. The cells
were postfixed in S-collidine with 1% osmium tetroxide then
dehydrated in graded ethanol before being transferred to propylene
oxide and embedded in Epon 812. 

Semi-thin sections were prepared, and toluidine blue 1% was
applied on the selected part to be examined by a transmission elec-
tron microscope (TEM).

Uranyl acetate and lead citrate-stained ultrathin (75 nm thick)
sections were examined and photographed30 by a JEOL TEM (100
CX; Tokyo, Japan) at the Faculty of Science, Alexandria
University, Egypt. 
Histomorphometric study

The area percent of Caspase-3 was measured using a CX31
light microscope (Olympus, tpkyo, Japan) connected with Leica

Qwin 500 image analyzer computer system (Leica, UK). Serial
sections were obtained from the retina of each rat. 5 randomly
selected sections from 5 rats/group were used. From each section,
5 different fields were selected and measured at 400x magnifica-
tion.31

Statistical analysis
The biochemical and histomorphometric data were expressed

as mean ± standard deviation and were statistically analyzed using
SPSS version 22 (SPSS, Inc., Chicago, IL, USA). One-way analy-
sis of variance followed by Tukey’s post-hoc test was used to com-
pare different groups with the control group. Results were consid-
ered significant when the p-value was <0.05.32

Results 

Biochemical results
There was a significant increase in the levels of TC, TG, LDL-

C, and decrease in the level of HDL-C in the HCD group as com-
pared to both the control and HCD + G groups. A non-significant
difference was observed between the control and the HCD + G
groups (Table 1). 

The oxidative stress parameters revealed a significantly
increased MDA level and a significant decrease in SOD in the
HCD group as compared to the control group. A non-significant
difference was observed between the control and the HCD + G
groups (Table 2).

There was a statistically significant increase in the plasma lev-
els of IL-6 and TNF-α in the HCD group as compared to both the
control and HCD + G groups. A non-significant difference was
observed between the control and the HCD + G groups (Table 3).

Light microscopic results

H&E staining
H&E-stained sections of the retina of the control group showed

the typical histological structure; the basal pigmented epithelium,
the photoreceptor layer (PL) with its pale and regularly arranged

Table 1. Lipid profile parameters in the studied groups.

                            Control group               Positive control group         HCD group       HCD + G group            ANOVA           Tukey’s
                                 (10 rats)                              (10 rats)                    (10 rats)             (10 rats)                p-value           test p-value

TC (mg /dl)                       51.20±0.78                                       53.41±1.01                            105.75±2.5                  53.11±0.95                        �0.001*                P1= 0.47
                                                                                                                                                                                                                                                                     P2= 0.001*
                                                                                                                                                                                                                                                                     P3= 0.10
                                                                                                                                                                                                                                                                     P4= 0.001*
TG (mg /dl)                       51.36±1.10                                       51.01±0.82                             68.15±1.2                   52.47±0.56                        �0.001*                P1= 0.90
                                                                                                                                                                                                                                                                     P2= 0.001*
                                                                                                                                                                                                                                                                     P3= 0.16
                                                                                                                                                                                                                                                                     P4= 0.001*
LDL-c (mg /dl)                 16.46±1.01                                       16.01±1.33                             48.34±1.7                     15.9±1.5                           �0.001*                P1= 0.93
                                                                                                                                                                                                                                                                     P2= 0.001*
                                                                                                                                                                                                                                                                     P3= 0.89
                                                                                                                                                                                                                                                                     P4= 0.001*
HDL-c (mg /dl)                 31.29±1.05                                        32.2±1.01                             21.96±0.84                   30.9±0.88                         �0.001*                P1= 0.30
                                                                                                                                                                                                                                                                     P2= 0.001*
                                                                                                                                                                                                                                                                     P3= 0.69
                                                                                                                                                                                                                                                                     P4= 0.001*

P1, control group (I) versus positive control group (II); P2, control group (I) versus HFD group (III); P3, control group (I) versus HCD + G group (IV); P4, HFD group (III) versus HCD + G group (IV);
*statistically significant.
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outer segment and intensely stained inner segment; and the outer
limiting membrane (OLM), which forms a continuous layer. A
layer of closely packed nuclei of rods and cones form the outer
nuclear layer (ONL). The outer plexiform layer (OPL) is a pale and
thin synaptic layer followed by the inner nuclear layer (INL),
which is thinner than the ONL and has nuclei of various sizes and
density. The inner plexiform layer (IPL) has a reticular appearance
similar to the OPL, but thicker. The ganglionic cell layer (GL) is
formed by a single non-continuous layer of large cell bodies with
rounded vesicular nuclei. The axons of the ganglion cells form the
nerve fiber layer. A continuous layer of inner limiting membrane is
seen (Figure 1 A1-3).

The retinae of the rats in the HCD group revealed disorganiza-
tion of photoreceptors, areas of interruption in the OLM, thinning
of OPL, and wide separation between the nuclei of the ONL and
INL. Small darkly stained nuclei of ganglion cells with dilated and
congested blood vessels were observed in the GL (Figure 1 B1-3).

The retinae of the rats in the HCD + G group revealed obvious
improvement of the histological features compared to that of the
HCD group, and their features resembled almost those of the con-
trol group, apart from the slight separation of the nuclei of the INL
(Figure 1 C1-3).

Immunohistochemistry staining
Caspase-3 immunoexpression was negative in all retinal layers

of the control group (Figure 2A). Caspase-3 immunoexpression
was positive in the OPL, ONL, INL, and GCL of the retinae of the
HCD group (Figure 2B). Caspase-3 immunoexpression was slight-
ly positive in the ONL and INL of the retinae of the HCD + G
group (Figure 2C).
Morphometric results

Statistical analysis of the areas showing immune reactions for
caspase-3 showed that these were significantly increased in the
HCD group as compared to both the control and HCD + G groups.
However, a non-significant difference was observed between the
control and HCD + G groups (Table 4).

Electron microscopic results

Photoreceptor layer 
Retinae in the control group revealed regularly arranged outer

and inner segments with slight spaces between the segments. The
outer segments contained repeated and organized lamellar disks,
and the inner segment contained elongated mitochondria with pre-
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Table 2. Oxidative stress parameters in the studied groups.

                             Control group        Positive control group           HCD group           HCD + G group            ANOVA              Tukey’s
                                  (10 rats)                        (10 rats)                      (10 rats)                (10 rats)                p-value             test p-value

MDA (nmol/ml)                 4.97±0.25                                  4.83±0.19                                8.53±0.17                          5.19±0.3                           �0.001*                    P1= 0.71
                                                                                                                                                                                                                                                                        P2= 0.001*
                                                                                                                                                                                                                                                                        P3= 0.32
                                                                                                                                                                                                                                                                        P4= 0.001*
SOD (U/ml)                      174.56±2.55                              174.21±2.65                            138.63±2.30                     170.61±2.21                       �0.001*                    P1= 0.9
                                                                                                                                                                                                                                                                        P2= 0.001*
                                                                                                                                                                                                                                                                        P3= 0.44
                                                                                                                                                                                                                                                                        P4= 0.001*

P1, control group (I) versus positive control group (II); P2, control group (I) versus HFD group (III); P3, control group (I) versus HCD + G group (IV); P4, HFD group (III) versus HCD + G group (IV);
*statistically significant.

Table 3. Inflammatory cytokines levels in the studied groups.

                           Control group            Positive control group            HCD group           HCD + G group          ANOVA              Tukey’s
                            (10 rats)                               (10 rats)                       (10 rats)                 (10 rats)              p-value             test p-value

IL-6 (pg /ml)              180.15±3.06                                      177.81±2.68                              420.87±4.34                      181.09±0.8                    <0.001*                  P1= 0.47
                                                                                                                                                                                                                                                                          P2≤0.001*
                                                                                                                                                                                                                                                                          P3= 0.93
                                                                                                                                                                                                                                                                          P4≤0.001*
TNF-α (pg/ml)          73.9±1.0472.53±1.05                       160.47±1.02                               74.64±1.11                         <0.001*                                                        P1= 0.11
                                                                                                                                                                                                                                                                          P2≤0.001*
                                                                                                                                                                                                                                                                          P3= 0.52
                                                                                                                                                                                                                                                                          P4≤0.001*

P1, control group (I) versus positive control group (II); P2, control group (I) versus HFD group (III); P3, control group (I) versus HCD + G group (IV); P4, HFD group (III) versus HCD + G group (IV);
*statistically significant.

Table 4. Area % of caspase-3 immunohistochemical study in the studied groups.

                              Control group        Positive control group            HCD group           HCD + G group          ANOVA               Tukey’s
                                    (10 rats)                       (10 rats)                       (10 rats)                 (10 rats)              p-value              test p-value

Caspase-3                                     0                                                 0                                          1.93±0.17                         0.47±0.03                     <0.001*                   P1=1
                                                                                                                                                                                                                                                                          P2=0.000*
                                                                                                                                                                                                                                                                          P3=0.000*
                                                                                                                                                                                                                                                                          P4=0.000**

P1, control group (I) versus positive control group (II); P2, control group (I) versus HFD group (III); P3, control group (I) versus HCD + G group (IV); P4, HFD group (III) versus HCD + G group (IV);
*statistically significant.
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served cristae, free ribosomes, and rough endoplasmic reticulum
(rER) (Figure 3 A,B). Retinae in the HCD group revealed widely
separated outer and inner segments; the outer segments showed
areas with degenerated lamellar disks, others showed irregularly
arranged lamellae, and about a third without the outer segment
membrane. The inner segment revealed swollen and irregularly
arranged mitochondria without cristae and some vacuoles (Figure
3 C-E). Retinae in the HCD + G group showed both the outer and
inner segments with preserved ultrastructure, similar to that of the
control group, except for the relatively wide spaces (Figure 3 F,G).
Outer limiting membrane and outer nuclear layer

The OLM and ONL in the control groups showed a continuous
electron-dense OLM separating the PL from the ONL. The ONL
was formed by the cell bodies of rods and cones and their nuclei.
The nuclei of the rods were more numerous, smaller in size, and
more condensed than those of the cones (Figure 4A). On the other
side, the OLM and ONL in the HCD group exhibited an interrupted
OLM. The ONL had small hyperchromatic nuclei with irregular
nuclear membranes and wide separation of the cell bodies of the
rods and cones (Figure 4 B1,B2). The OLM and ONL in the HCD

+ G group showed that the nuclei of the rods and cones were rela-
tively similar to those of the control group with restoration of the
OLM (Figure 4C).

Outer plexiform layer
The OPL in the control group revealed that the synapses

between the axon terminal of the PL contained mitochondria with
preserved cristae along with dendrites of bipolar nerve cells
(Figure 5A). The OPL in the HCD group exhibited disrupted mito-
chondria without cristae and a relative decrease in the density of
axon terminals of the PL (Figure 5B). The OPL in the HCD + G
group appeared comparatively similar to that of the control group
(Figure 5C).
Inner nuclear layer 

The INL in the control group showed cell bodies of the follow-
ing cells: bipolar cells with their large euchromatic nuclei sur-
rounded by little cytoplasm, which contained mitochondria and
rER; Müller cells with hyperchromatic nuclei and cytoplasmic
processes that extended between the surrounding neurons; and he

Figure 1. Photomicrographs of H&E stained sections in the retina. A1-3) Control groups showing the normal histological structure of
the ten layers of the retina; retinal pigment epithelial (RPE), the photoreceptor layer (PR) with its outer and inner segments (OS, IS),
the outer limiting membrane (OLM), the outer nuclear layer (ONL), the outer plexiform layer (OPL), the inner nuclear layer (INL),
the inner plexiform layer (IPL), the ganglion cell layer (GCL), nerve fiber layer (NFL) and the inner limiting membrane (ILM); fibers
of Muller cells (arrowhead) are seen in the IPL layer. B1-3) HCD group showing an irregular arrangement of the processes of photore-
ceptors (PR); the OLM is interrupted (arrows); multiple spaces (stars) are obvious within both the ONL and INL; note that some nuclei
of the ONL and INL (crossed arrows) are dislodged in the PR layer and IPL; the OPL looks precisely thin; the GCL revealing some
cells with small darkly stained nuclei (zigzag arrows) and some vacuoles (V); congested blood vessels are seen in GCL (arrowhead). (C1-
3) HCD + G group showing preserved photoreceptor layer; the histological appearance of the INL, IPL and GCL was similar to that
of the control except few spaces (*) around cells of INL; note, normal blood vessel is seen in GCL (arrowheads). 
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Figure 2. Photomicrographs of caspase-3  immunostained sections in the retina; A) the control groups showing negative immune reac-
tion in all layers of the retina. B) HCD group showing positive immune reactions in the OPL and in cytoplasm of the cells of the ONL,
INL and GCL (arrowheads). C) HCD + G group showing few positive cells in the ONL and INL (arrowhead).  

Figure 3. Electron micrographs of sections in the photoreceptors layer of the retina. A,B) Control group showing an elongated OS con-
tains regularly arranged flattened horizontal lamellar discs (arrows); Tte IS containing elongated mitochondria (M) with preserved
cristae, free ribosomes (zigzag arrows) and rER (curved arrows); minimal spaces are present between the segments (*). C-E) HCD group
showing the OS with the area of degenerated discs (arrowheads) and other with lost OS membrane (crossed arrow) and irregular discs
(arrows); the IS shows irregularly arranged swollen mitochondria (m) with lost cristae and some vacuoles (V); note that the spaces
between the segments (*) are relatively widened. F,G) HCD + G group showing preserved ultrastructure of both OS and IS nearly similar
to that of the control apart from relatively widened spaces (*) between the processes; the OS showing regularly arranged horizontal
lamellar discs (arrow) and the IS showing intact mitochondria (M) with preserved cristae, free ribosomes (zigzag arrows) and rER
(curved arrows). TEM: 8000x.
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Figure 4. Electron photomicrographs of sections in the ONL (nuclei of rods and cones) and the OLM. A) Control group showing rods
nuclei (Rd) are smaller in size more electron-dense with large clumps of heterochromatin surrounded by a thin rim of cytoplasm; cones
nuclei (Cn) are larger less electron-dense with few clumps of heterochromatin; the nuclei of rods and cones are close together with min-
imal spaces; a continuous OLM and parts of IS are also observed. B1-2) HCD group showing some small pyknotic hyperchromatic
nuclei (arrow), fragmentation of the nucleus (zigzag arrow) irregularity of both Rd and Cn nuclei with wide spaces between the cells
(*); note that interrupted OLM was observed (arrowhead), hyperchromatic nuclei in INL. C) HCD + G group showing ONL [rods (Rd)
and cones (Cn) nuclei] are relatively similar to the control group with the restoration of the OLM. TEM: 3000x.

Figure 5. Electron photomicrographs of sections in the OPL. A) Control group showing the terminal synaptic process of the photore-
ceptors (thick arrows) containing mitochondria with preserved cristae (M) and synaptic vesicles (Sv); note that ONL and blood vessel
(BV) are also seen. B) HCD group showing synaptic processes (thick arrows) between ONL and INL with disrupted mitochondria (m)
and few synaptic vesicles (Sv). C) HCD + G group showing the restoration of the average thickness and density of the synaptic processes
(thick arrows) between ONL and INL; the mitochondrial (M) and synaptic vesicle (Sv) ultrastructure are similar to that of the control
group. TEM: 4000x.
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horizontal cells that had characteristic large nuclei with prominent
nucleoli (Figure 6A). The INL in the HCD group exhibited numer-
ous Müller cells. The bipolar cells were slightly shrunken, and
there were areas of irregularities and disruption of nuclear mem-
brane with widened perinuclear spaces. The cytoplasm contained
swollen mitochondria without cristae, dilated rER, and multiple
cytoplasmic vacuoles (Figure 6B). The INL in the HCD + G group
showed neuronal cell bodies that were relatively preserved, apart
from few swollen mitochondria, dilated rER, and lysosomes in the
cytoplasm of bipolar cells (Figure 6C).
Inner plexiform layer

The IPL in the control group showed the synapse between the
axon terminals of the bipolar nerve cells and the dendrites of gan-
glion cells. The axon terminal showed mitochondria with pre-

served cristae, neurofibrils, and synaptic vesicles (Figure 7A). The
IPL in the HCD group showed a synaptic terminal containing mito-
chondria without cristae and relatively few synaptic vesicles
(Figure 7B). The IPL in the HCD + G group showed synaptic ter-
minals with preserved ultrastructural contents of mitochondria,
neurofibrils, and synaptic vesicles (Figure 7C).
Ganglionic cell layer

The GL in the control group showed ganglion cells that had a
large nucleus with a regular nuclear membrane. The cytoplasm
showed multiple mitochondria with preserved cristae, free ribo-
somes, rER, Golgi apparatus, and few lysosomes (Figure 8A). The
GL in the HCD group showed ganglion cells with irregular nuclear
membranes and cytoplasm with numerous swollen mitochondria
without cristae, dilated rER, and many vacuoles and lysosomes

[page 359]

Figure 6. Electron photomicrographs of sections in the inner nuclear layer. A) The control group showing; Müller cells (Mc) with hyper-
chromatic nuclei and cytoplasmic processes intervened between the neurons (arrows heads), the bipolar cells (Bc) have large nuclei with
dispersed chromatin and little cytoplasm containing mitochondria (M) and rER (tailed arrow) and the horizontal cells (Hc) have nuclei
with noticeable nucleoli. B) HCD group showing many Muller cells with their characteristic nuclei (n); the bipolar cells (Bc) have wide
perinuclear space (crossed arrow) slight shrinkage nuclei and areas of irregularity and disruption of nuclear membrane, their cytoplasm
contains swollen mitochondria (m), dilated rER (tailed arrow), and cytoplasmic vacuoles (V). C) HCD + G group showing the cells of
INL; Müller cells (Mc) with its cytoplasmic processes between the neurons (arrows head), bipolar cells (Bc) with large nuclei and little
cytoplasm contain rER (tailed arrow), few lysosomes (L) and mitochondria with preserved cristae (M), apart from few disrupted ones
(m). TEM: 2500x.

Figure 7. Electron micrographs of sections in the inner plexiform layer (IPL) between the Gc and the INL. A) Control group showing
the synaptic terminals containing mitochondria (M) with preserved cristae, neurofibrils (crossed arrows) and synaptic vesicles (Sv). B)
HCD group showing synaptic processes (thick arrows) with swollen mitochondria (m) and few synaptic vesicles (Sv). C) HCD + G
group showing synaptic terminals with relatively preserved mitochondria (M), neurofibrils (crossed arrow) and synaptic vesicle (Sv).
TEM: 3000x.
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(Figure 8B). The GL in the HCD + G group showed ganglion cells
with regular nuclear membranes with preserved ultrastructural
contents (Figure 8C).

Discussion
Numerous researches have been conducted on the beneficial

effects of garlic supplements on human and experimental ani-
mals.33,34 Garlic has been proven to have antioxidant, anti-apoptot-
ic, antimicrobial, anticancer, and anti-inflammatory effects.
However, the antioxidant, anti-apoptotic, and anti-inflammatory
effects of garlic on the retina of individuals in a hypercholes-
teremic state remain unclear. In the present study, we tried to deter-
mine the role of garlic in ameliorating lipid and cholesterol oxida-
tion, oxidative stress, and inflammation in addition to the histolog-
ical changes in the retina of rats fed with an HCD.

The data of the current work demonstrated noticeable disorders
in the lipid profile of rats fed with an HCD. This is shown by the
significant increase in the levels of TC, TG, and LDL-C together
with a decrease in the level of HDL-C, which is in agreement with
previous research.35

MDA is produced by the degradation of polyunsaturated lipids
due to ROS; therefore, it is used as a marker of oxidative stress in
living cells.36 SOD is an enzyme that degrades superoxide, hence
its role as an antioxidant marker.27

It is known that oxidative stress occurs due to a disturbance in
the balance between peroxidant and oxidant mechanisms.
Hyperlipidemia has been proven to be associated with alterations
in the physical properties of cellular membranes. This permits free
radical outflow from the electron transport chain of the mitochon-
dria, which result in peroxidation of cell membrane lipids, produc-
ing lipid peroxide radicals.37

A growing number of experimental data have been obtained,
which support garlic as having strong antioxidant activity.18 Garlic
has been proven to ameliorate oxidative stress, thereby preventing
tissue damage. In this study, administration of garlic resulted in a
noticeable improvement in the oxidative stress parameters, which
could be due to the high polyphenol content in garlic.38 Allicin and

alexin, which are the chief organosulfur constituents in garlic, has
also been proven to possess the ability to neutralize numerous
types of ROS. Hence, the antioxidant effects of garlic may relieve
oxidative stress-related symptoms.18

A significant elevation of the plasma levels of inflammatory
cytokines IL-6 and TNF-α were observed in the HCD group com-
pared with the other groups. It has been reported that IL-6 and
TNF-α are reliable indicators of hypercholesterolemia, even in
people with no risk factors for the condition.39 These cytokines
promote atherogenesis, and elevated plasma levels of TNF-α have
been documented to increase the risk of heart disease and even
heart failure.40

Generally, the high level of oxidative stress parameters and the
release of ROS have been confirmed to promote the expression
and synthesis of inflammatory cytokines.41 In the present study,
serum levels of IL-6 and TNF-α significantly decrease in the HCD
+ G group. Our results agree with those of a previous study, which
documented that aged garlic extract could improve neuroinflam-
mation by suppressing NO production and modifying the expres-
sion of several protein targets included in oxidative stress.42 This
anti-neurotic effect of garlic could be due to its organic sulfur com-
ponent, which has a stimulatory effect on microglia.43

The significant anti-inflammatory effects of garlic powder has
been proven in cases of acute inflammation due to carrageen-
induced leg and paw edema in rats and in chronic inflammation
due to cotton pellet-induced dry granuloma weight. The anti-
inflammatory effect of garlic powder was comparable to that of
piroxicam minus the adverse effects of non-steroidal anti-inflam-
matory drugs.44

Histological examination in our study revealed evidence of
neurodegenerative changes in the retinae of the HCD group com-
pared to those of the control group. This result is in agreement with
that of Ban et al., 45 who stated that increased levels of cholesterol
or its metabolites may induce metabolic stress and lead to chronic
lipotoxicity and neurodegenerative changes. 

Oxidative stress could be a leading cause of cell death through
apoptosis. It has been documented that one of the most consistent
indicators for apoptosis in retinal tissue is the increased expression
of caspase-3. The high level of expression of caspase-3 was asso-

Figure 8. Electron micrographs of sections in the ganglionic cell layer. A) Control group showing Gc with regular nucleus, the cyto-
plasm contains well developed Golgi apparatus (g), mitochondria (M) with preserved cristae, ribosomes (R), rough endoplasmic retic-
ulum (tailed arrow) and lysosomes (L). B) HCD group showing Gc with irregular nuclear membrane. The cytoplasm contains swollen
mitochondria (m), dilated rER (tailed arrow), cytoplasmic vacuoles (V) and many lysosomes (L). C) HCD + G group showing preserved
ultrastructure of Gc as in control, its cytoplasm contains well developed Golgi apparatus (g), intact mitochondria (M), ribosomes (R)
and rough endoplasmic reticulum (tailed arrows). TEM: 3000x.
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ciated with the accelerated death of neurons.46

In the current study, mitochondrial integrity was evaluated via
an ultrastructural study. Ultrastructural evaluation of mitochondri-
al integrity showed disrupted mitochondria without cristae in the
photoreceptor cell layer and cytoplasm of the INL layer and GL. In
addition, IHC expression of caspase-3 was significantly elevated in
the HCD group. It was reported that mitochondria are closely
linked to the beginning of apoptosis. Increased levels of ROS
could induce mitochondria to release cytochrome C with subse-
quent activation of caspase-3.47

Besides the ultrastructural mitochondrial changes, small-sized
hyperchromatic nuclei. Nuclear chromatin fragmentation and cyto-
plasmic vacuolation, which were observed in the INL, ONL, and
GCL, provide proof for apoptosis and neurodegeneration of the
retina. Apoptosis can be exaggerated by apoptogenic factors dis-
charged upon the opening of the mitochondrial permeability tran-
sition pores.35

In addition to the disrupted mitochondria, the disorganization,
wide separation, and vacuolations observed in the PL of the HCD
group could indicate photoreceptors death, which was confirmed
by the increased immunoexpression of caspase-3 in the PL. A sim-
ilar change in PL was detected after exposure of the retina to white
LED light.48 These changes were related to oxidative stress and
release of ROS from mitochondria, in addition to the release of
cytochrome C from the mitochondrial matrix. 

In the present work, a discontinuous or interrupted outer
nuclear membrane was also observed in the retinae of the HCD
group, which may have resulted from the disturbance of the tight
junctions between the inner photoreceptor segments and the
peripheral processes of Müller cells.49

In addition to the increased immunoexpression of caspase-3 in
the cytoplasm of ganglion cells, this study also revealed apoptotic
changes in the GL in the form of irregular hyperchromatic nuclei,
swollen mitochondria, numerous lysosomes, and dilated rER.
These degenerative changes, along with those of the INL, may be
secondary to photoreceptor degeneration with a consequent reduc-
tion in the feedback to postsynaptic bipolar and ganglion cells.50

Dilated, and congested capillaries were also seen in the GCL,
which could have been due to oxidative stress and increased nitric
components that caused venous dilatation.51

The findings of the present study provide a strong correlation
between oxidative stress and the incidence of apoptosis and release
of inflammatory cytokines in a hypercholesteremic state. It also
provides evidence that garlic has strong antioxidant, anti-apoptot-
ic, and anti-inflammatory properties. In this study, garlic has been
proven to ameliorate the neurodegenerative changes in the neural
retinae of hypercholesteremic rats. Further studies should be car-
ried out to determine the vascular integrity in such cases.
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