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Antioxidant and neuroprotective effects of lycopene and insulin
in the hippocampus of streptozotocin-induced diabetic rats
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Abstract. In the present study the antioxidant and neuropro-
tective effects of insulin and lycopene on passive avoidance
memory, total antioxidant capacity (TAC), malondialde-
hyde activity (MDA) and prevention of apoptosis in the
hippocampus streptozotocin-induced diabetic rats were
examined. The rats were randomly divided to six experi-
mental groups (n=8 per group): Non-diabetic (controls);
diabetic; diabetic treated with lycopene; diabetic treated
with insulin; diabetic treated with lycopene and insulin;
and normal treated with lycopene. Intraperitoneal injection
of single dose (60 mg/kg) streptozotocin (STZ) was used
to induce the diabetes rat model. The shuttle box test was
used for learning and memory assessment. Rats were then
sacrificed and hippocampi tissue isolated from the two
hemispheres to determine TAC and MDA. Apoptosis rate
was also evaluated by terminal deoxynucleotidyl transferase
dUTP nick-end labeling and acridine orange staining assays.
The results indicated that lycopene and insulin, solely or in
combination, prevented hippocampal neuronal cell death
and improved learning and cognition by increasing TAC and
decreasing MDA. Collectively, the findings presented herein
suggest that insulin and lycopene co-treatment has neuro-
protective effect, and ameliorates STZ-induced learning and
memory impairment and apoptotic cell death in the hippo-
campal regions of diabetic rats.

Introduction

Diabetes mellitus (DM) is a chronic metabolic disorder in
which the pancreas produces insufficient or no insulin to
match the body's demands (type 1 DM), or in which the
body is unable to effectively utilize the insulin produced
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(type 2 DM) (1). The prevalence of diabetes is increasing
to the extent that the number of adults with diabetes has
been estimated to be 592 million by 2035 (2-5). DM is
linked with oxidative stress occurring as a consequence of
increased formation of free radicals, including superoxide
(02°) and hydroxyl (OH) radicals, and decreased activity of
antioxidant defense systems (6). Hyperglycemia increases
the formation of reactive oxygen species (ROS) via several
pathways including glucose autoxidation, the polyol
pathway and non-enzymatic protein glycation (7). Free radi-
cals can adversely affect important biomolecules including
carbohydrates, proteins and DNA (8). Oxidative damage to
various brain regions results in long-term complications,
morphological abnormalities and memory impairments (9).
Emerging evidence suggests that oxidative damage associ-
ated with DM may negatively impact the central nervous
system (CNS), causing cognitive impairment in addition
to complications in the peripheral nervous system (2). In
the CNS, the hippocampus is considered a particular target
for diabetes-related changes (10). The hippocampus is a
component of the limbic system of the brain and considered
as an integration center for cognitive functions including
learning and memory (11). Diabetes has been associated
with cognitive and memory impairments, indicating that
the hippocampus may be affected by the disease (12).
Apoptosis may be considered as a pathway for hypergly-
cemia-induced hippocampal neuronal cell death (13). DNA
fragmentation, cell shrinkage and nuclei membrane bleb-
bing are morphological characteristics of apoptosis (14).
The neuroprotective effect of antioxidants has been indi-
cated in the treatment of experimental neurodegenerative
animal models (5). Consumption of natural antioxidants
reportedly reduces the risk of cancer, cardiovascular
disease and diabetes, among other diseases (15). Lycopene,
which naturally occurs in tomato and other fruits including
papaya, pink guava and watermelon, has long been known
to have potential health-promoting properties (16). Among
naturally-occurring carotenoids, lycopene appears to best
scavenge free radicals (17). Lycopene may also penetrate
the blood-brain barrier and prevail in the CNS (18). The
purpose of the present study was to investigate the effect
of lycopene, insulin and their co-treatment in preventing
apoptosis, on the levels of total antioxidant capacity (TAC)
and malondialdehyde activity (MDA), within the hippo-
campus of streptozotocin (STZ)-induced diabetic rats.
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Materials and methods

Animals and study design. A total of 48 adult male Wistar rats
(weighing 200-250 g, aged 8-10 weeks old) were purchased
from the Bagqiyatallah University of Medical Sciences,
Tehran, Iran. The animals were housed under standard labo-
ratory conditions (12-h light/dark cycle, room temperature of
21-22°C and 45-55% humidity) with ad libitum access to food
and tap water. The experimental protocols were reviewed and
approved by the Institutional Animal Ethics Committee of
Zanjan University of Medical Sciences (ZUMS), Zanjan,
Iran (approval no. ZUMS.REC.1394.29), and conducted
in accordance with the ethical guidelines approved by the
Institutional Animal Ethics Committee of ZUMS (IAEC
n0.03/028/07). An overnight fast was followed by a single dose
of 60 mg/kg STZ (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) prepared in citrate buffer (pH 4.4; 0.1 M), injected
intraperitoneally (i.p.) to induce diabetes (19). Blood samples
(0.2-0.5 ml) were collected through the tail vein, and glucose
levels measured using a glucometer (Accu-Chek; Roche
Diagnostics GmbH, Mannheim, Germany); diabetes was
confirmed 72 h after STZ injection. Animals with fasting
blood-glucose levels >250 mg/dl (20) were selected and
used for the present study. Body weights and blood-glucose
levels were determined prior to the experiment and at the
end of the experiment to evaluate the effects of lycopene and
insulin. Rats were randomly divided into six groups, with
each group consisting of 8 animals. The first group consisted
of non-diabetic control animals. The second group served
as the control group treated with lycopene [4 mg/kg/day
per os (p.o.); lycopene was dissolved in double distilled water
following trituration with 5% Tween-80] (21). The third and
fourth groups were the diabetic control and diabetic animals
treated with lycopene (4 mg/kg/day p.o.), respectively. The
fifth group was the diabetic group treated with insulin
(1 to 2 units per day, i.p.), and the sixth group comprised
of diabetic animals administered lycopene (4 mg/kg p.o.)
and insulin (1-2 units a day, i.p.) simultaneously. On the
third day of administration, the control and diabetic control
groups received 0.5 ml normal saline while the other groups
continued to receive insulin and/or lycopene. Drug admin-
istration continued for 8 weeks and at the end of the eighth
week, learning and memory were evaluated for two days
using the shuttle box test. The animals under deep anesthesia
were sacrificed; blood samples (0.2-0.5 ml) were collected
through the tail vein, and blood-glucose levels were measured.
The hippocampi were isolated following rapid removal of the
brains. To perform a terminal deoxynucleotidyl transferase
dUTP nick-end labeling (TUNEL) assay and acridine orange
(AO) staining, left hippocampi were fixed in 10% formalin,
and right hippocampi were stored in cryotubes at -70°C in
order to assess TAC and MDA.

Passive avoidance task. The behavioral experiments were
conducted using a two-way shuttle box system (Borj Sanaat Co.,
Tehran, Iran). The apparatus and procedure were as described
previously (22). In brief, the step-through passive avoidance
apparatus consisted of a light chamber (27x14.5x14 ¢cm?) made
of transparent plastic and a dark chamber (27x14.5x14 cm®)
made of dark opaque plastic. The floors of both chambers

were made of stainless steel rods (3-mm diameter) spaced
1 cm apart. The floor of the dark chamber could be electrified
using a shock generator. A rectangular opening (6x8 cm?) was
located between the two chambers and could be closed by an
opaque guillotine door.

First, all experimental groups received two trials to
habituate and acclimatize the rats to the apparatus. For these
trials, the rats were placed in the light compartment of the
apparatus facing away from the door, and 10 sec later, the
guillotine door was raised. Upon the rat entering the dark
compartment, the door was closed, and after 30 sec, the
rats were taken from the dark compartment and placed in
their home cage. The habituation trial was repeated after
30 min and followed after the same interval by the first
acquisition trial. The entrance latency to the dark compart-
ment (step through latency, STLa) was recorded when the
animal had placed all four paws in the dark compartment.
For the training of the animals, as soon as they had spon-
taneously entered into the dark compartment, the guillotine
door was lowered, and a mild electrical shock (0.5 mA) was
applied for 3 sec; after 30 sec, the rat was returned to its
home cage. Then, after 2 min, the procedure was repeated.
The rat received a foot-shock each time it reentered the dark
compartment with all four paws placed in the compartment;
training was terminated when the rat remained in the light
compartment for 120 sec. The number of trials (entries into
the dark chamber) were recorded. Long-term memory was
tested within 24 h after the passive avoidance learning (PAL)
acquisition trial. The rats were placed in the lighted chamber
as in PAL training session, and 10 sec later, the guillotine
door was raised, and the step-through latency (STLr) and the
time spent in the dark compartment (TDC) were recorded
for up to 600 sec. If the rat did not enter the dark compart-
ment within 600 sec, the retention test was terminated, and
a ceiling score of 600 sec was assigned. During this session,
the electric shocks were not applied to the grid floor.

Tissue preparation. The hippocampus samples obtained from
rats were immersed in 10% formalin for 72 h to allow fixa-
tion at room temperature. A slow step-wise dehydration was
performed for tissue processing by adding a series of ethanol
solutions (50-100%) of increasing concentration. Samples were
washed with xylene prior to the addition of each new alcohol
solution. Following dehydration, the hippocampal samples
were embedded in melt paraffin. Sectioning was performed
using a rotary microtome, from which slices of 5 ym thick-
ness were obtained. The slices were mounted on microscope
slides and any paraffin adhering to the mounted sections was
dissolved by passive clearance with chloroform.

TUNEL assay. In-situ DNA fragmentation was visualized by
the TUNEL method according to a previous study (23) using
an in situ cell death detection POD kit (Roche Diagnostics
GmbH) (24). Briefly, dewaxed tissue sections were predigested
with proteinase K (20 mg/ml in 10 mmol/l Tris-HCI, pH 7.6)
for 30 min at room temperature, then rinsed three times with
phosphate-buffered saline solution (PBS). Subsequently,
treatment with 3% H,O, for 10 min at room temperature
was used to block endogenous peroxidase activity, and the
sections were incubated with the TUNEL reaction mixture for
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60 min at 37°C. The slides were then rinsed three times with
PBS and incubated with convertor peroxidase for 30 min in
a humidified chamber at room temperature. Following three
washes with PBS, diaminobenzidine chromogenic substrate
(Roche Diagnostics GmbH) was added to sections for 10 min
at room temperature. The sections were counterstained with
hematoxylin for 30 sec at room temperature. The number
of TUNEL-positive cells in the hippocampal region were
counted under a light microscope (Olympus BX51; Olympus
Corporation, Tokyo, Japan) by double-blinded observation
and analyzed with Digital Imaging Solution Cell Software
version 1.1 (Olympus Soft Imaging Solutions GmbH, Miinster,
Germany).

AO staining. AO is a metachromatic fluorescence probe
which is used to demonstrate the degree of nuclear DNA
susceptibility to diabetes-induced denaturation by distin-
guishing between native double-stranded DNA (green
fluorescence) and denatured single-stranded DNA (red
fluorescence) (5). Samples were washed with distilled water
(5 min) and PBS (5 min) and then stained with freshly
prepared AO (0.19 mg/ml in Mcllvain phosphate-citrate
buffer, pH 4.0) for 20 min, and finally counterstained with
hematoxylin for 5 min, all at room temperature. To measure
the percentage of dead cells, samples were assessed on the
same day using a fluorescent microscope (Olympus BX51). A
total of 8 samples from each group were selected randomly.
For each sample, 5 sections, and in each section, 5 regions
[CA1, CA2, CA3, CA4 and dentate gyrus (DG)], were evalu-
ated at random. The total number of cells and the number of
dead cells were determined in each region (23).

TAC. The hippocampus samples obtained from rats were lysed
by adding 1 ml lysis buffer (154 mM NH,CI, 10 mM KHCO;,
0.1 mM EDTA, pH 7.4). Samples were then homogenized with
a sterile syringe and homogenizer. The samples were centri-
fuged at 7,000 x g for 20 min at room temperature, and the
supernatants were collected and aliquoted. Samples were stored
at -20°C prior to assessment of TAC and MDA. The TAC assay
was performed using a TAC kit (Abcam, Cambridge, MA,
USA) and the method described by Prieto et al (25). Different
concentrations of extracts (0.50, 0.75, 1.00 and 1.50 mg/ml)
and ascorbic acid as standard were added to 3 ml reagent solu-
tion (0.6 M H,SO,, 28 mM Na,HPO, and 4 mM ammonium
molybdate). The samples were incubated for 90 min at 25°C
following shaking, and centrifuged at 700 x g for 10 min at
room temperature. The absorbance of the supernatant was then
determined at 490 nm with an ELISA plate reader. Distilled
water (I ml) was used as blank, processed in the same way.
TAC was expressed as ascorbic acid equivalent per dry weight
of extract.

MDA assay. MDA content, as a measure of lipid peroxida-
tion, was assayed in the form of thiobarbituric acid-reactive
substances (TBARS) by the method of Wills (26) using a lipid
peroxidation MDA assay kit (Abcam). Briefly, 0.5 ml post
mitochondrial supernatant and 0.5 ml Tris HCI were incubated
at 37°C for 2 h. Following incubation, 1 ml 10% trichloroacetic
acid was added and centrifuged at 1,000 x g for 10 min at room
temperature. To 1 ml of supernatant, 1 ml 0.67% thiobarbituric

acid was added and the tubes were retained in boiling water
for 10 min. Following cooling, 1 ml double distilled water was
added and absorbance was measured at 535 nm with an ELISA
plate reader. TBARS were quantified using an extinction coef-
ficient of 1.56x10° M'cm™. Tissue protein was estimated using
the Biuret method and the brain malondialdehyde content
expressed as nmol malondialdehyde/mg protein (27).

Statistical analysis. For data analysis, SPSS 15.0 software
(SPSS, Inc.,Chicago, IL, USA) was used. All data are presented
as the mean + standard error of the mean. To compare differ-
ences between the means of multiple groups, one-way analysis
of variance followed by Tukey's post hoc test was used. P<0.05
was considered to indicate statistical significance.

Results

Step-through latency in the acquisition trial. On assessing
delay in the acquisition phase (step-through to the dark
compartment), there were no significant differences between
the groups (Fig. 1A).

Responding at the end of trial to acquisition (TA). At 24 h after
training, memory assessment showed that TA for step-through
between the two chambers was significantly increased in the
diabetic group without treatment compared with in the control
group (P<0.05), indicating that the induction of diabetes could
increase TA. Comparing the diabetic group without treatment
with the groups treated with insulin and lycopene individually
and simultaneously, the increase in TA observed was statisti-
cally significant (P<0.05; Fig. 1B).

Step-through latency (STLr). At 24 h after training, STLr
of the diabetic group without treatment was significantly
decreased compared with that of the control group (P<0.05),
Furthermore, in the diabetic group without treatment, STLr
was significantly reduced compared with in the diabetic groups
treated with insulin, lycopene or both compounds simultane-
ously (P<0.05; Fig. 1C).

Time spent in dark compartment (TDC). Comparisons of
total time spent in the dark compartment of the shuttle box
between diabetic and control rats revealed significant differ-
ences among groups. In the diabetic group without treatment,
probably owing to increased TA between the two chambers,
and thereby reduced STLr, TDC was significantly increased
compared with in the control group (P<0.05). In the diabetic
groups treated with insulin, lycopene or both compounds
simultaneously, TA between the two chambers was reduced
compared with in the diabetic group without treatment,
resulting in a significant reduction in TDC in these groups,
compared with in the diabetic group without treatment
(P<0.05; Fig. 1C).

TAC in the hippocampus. The TAC of blood in the diabetic
group was significantly lower than that in the control group
(P<0.05). By contrast, the diabetic rats that underwent treat-
ment for 8 weeks with insulin, lycopene and a combination
thereof exhibited significant increases in TAC compared with
the diabetic rats without treatment (P<0.05; Fig. 2).
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Figure 1. Effect of lycopene and insulin on (A) STLa, (B) trial to acquisition
(TA) and (C) STLr and TDC in diabetic rats subjected to the passive avoid-
ance learning test. ‘P<0.05, group D vs. other experimental groups; “P<0.05,
group D vs. other experimental groups. The bars indicate the mean * stan-
dard error of the mean. C, control; CL, control group treated with lycopene;
D, untreated diabetic group; DI, diabetic group treated with insulin; DL, dia-
betic group treated with lycopene; DIL, diabetic group treated with insulin
and lycopene; STLa, step-through latency in the acquisition trial; STLr,
step-through latency; TDC, time spent in dark compartment.

MDA in the hippocampus. MDA was significantly increased
in the diabetic group compared with in the control group
(P<0.05). In the diabetic rats treated for 8 weeks with insulin,
Iycopene or a combination thereof, MDA was significantly
lower than that in the diabetic rats without treatment (P<0.05;
Fig. 2).

AO staining results. AO is a nucleic acid-selective
metachromatic stain useful for cell cycle determination. In
this staining assay, the dead and intact cells were red and
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Figure 2. Effect of lycopene and insulin on TAC and MDA in the hippo-
campus of diabetic rats. MDA: ®P<0.05, group D vs. other experimental
groups. TAC: “P<0.05, group D vs. other experimental groups. The bars
indicate the mean + standard error of the mean. C, control; CL, control group
treated with lycopene; D, untreated diabetic group; DI, diabetic group treated
with insulin; DL, diabetic group treated with lycopene; DIL, diabetic group
treated with insulin and lycopene; TAC, total antioxidant capacity; MDA,
malondialdehyde activity.

green, respectively. Cell counts in the different regions of the
hippocampus (CA1, CA2, CA3, CA4 and DG; Fig. 3) revealed
that the mean percentage of intact cells in each of the treated
groups was significantly higher than that for diabetic rats
without treatment (P<0.05). The results of all experimental
groups are shown in Table I.

TUNEL staining results. The mean percentage of
TUNEL-positive cells in the diabetic group was significantly
increased compared with that in the control group (P<0.05).
By contrast, in each of the insulin, lycopene and combina-
tion-treated groups, the mean percentage of apoptotic cells
was significantly lower than that in diabetic rats without treat-
ment (P<0.05; Figs. 4 and 5).

Discussion

The findings of the present study firstly verified that STZ
induced neuronal cell death in the hippocampus region.
Furthermore, diabetic animals treated with lycopene and
insulin for 8 weeks exhibited attenuated STZ-induced learning
and memory impairments, associated with increased TAC and
decreased MDA.

STZ-induced diabetic hyperglycemia serves an impor-
tant role in the degeneration of neurons in various regions
of the brain, including the cingulate cortex, thalamic
nuclei and hippocampus, by increasing the production of
ROS (28). Oxidative stress is now recognized as an impor-
tant etiological factor associated with the development of
several chronic diseases, including cancer, cardiovascular
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Table I. Effects of insulin and lycopene on hippocampal neuronal cell viability (acridine orange staining).

Group cell death rate, %

Region C CL D DI DL DIL

CAl 0.36+0.31* 0.42+0.19 18.90+1.75 2.91+0.65* 2.73£0.45° 2.36+0.52*
CA2 0.30+0.34* 0.34+0.26 21.50+£2.16 2.74+0.65* 2.58+0.63" 2.51£0.43*
CA3 0.33+0.27¢ 0.38+0.25 19.00£1.70 2.65+0.65* 2.84+0.68" 2.10+0.58*
CA3 0.46+0.32¢ 0.56+0.31 20.57+1.84 2.60+0.92* 2.48+0.41° 2.36+0.73*
Dentate gyrus 0.45+0 .46 0.61+0.23 18.43+1.50 2.30+0.95* 2.80+0.70° 2.23+0.65*

Data are expressed as the mean + standard error of the mean. *P<0.05 vs. D group for each region. C, control; CL, control group treated with
lycopene; D, untreated diabetic group; DI, diabetic group treated with insulin; DL, diabetic group treated with lycopene; DIL, diabetic group

treated with insulin and lycopene.

C CL D D1 DL DIL
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Figure 3. Effect of lycopene and insulin on cell viability in the different
regions (CAl, CA2, CA3, CA4 and DG) of the hippocampus according to
acridine orange staining. Magnification, x400; scale bar, 200 ym. C, control;
CL, control group treated with lycopene; D, untreated diabetic group; DI,
diabetic group treated with insulin; DL, diabetic group treated with lycopene;
DIL, diabetic group treated with insulin and lycopene; DG, dentate gyrus.

diseases, osteoporosis and diabetes (5). Nishikawa et al (29)
reported that direct glucose toxicity to neurons may
be due in particular to enhanced intracellular glucose
oxidation, which leads to an increase in ROS production.
According to Arvanitakis et al (30), oxidative stress is a
major factor influencing the extent of neuronal damage
in both experimental diabetic rats and humans. Lycopene
treatment may reduce the enzyme activities of superoxide
dismutase, glutathione peroxidase and catalase to control
levels of ROS in cadmium-treated rats, and may attenuate
oxidative stress by reducing xanthine oxidase activity (31).
Akbaraly et al (32) observed that lycopene enhanced cogni-
tive performance in the elderly. Furthermore, a study by
Kuhad er al (21) demonstrated that lycopene attenuated
diabetes-associated cognitive decline in rats, at the levels
of oxidative-nitrosative stress and peripheral inflammation
associated with the development of cognitive impairment,
which suggested the therapeutic potential of lycopene in

C CL D (11 DL DIL

CA3

CA4

Figure 4. Effect of lycopene and insulin on cell apoptosis in the different
regions (CAl, CA2, CA3 and CA4 and DG) of the hippocampus. Apoptosis
was evaluated by terminal deoxynucleotidyl transferase dUTP nick-end
labeling assay. Magnification, x400; scale bar, 200 ym. C, control; CL, con-
trol group treated with lycopene; D, untreated diabetic group; DI, diabetic
group treated with insulin; DL, diabetic group treated with lycopene; DIL,
diabetic group treated with insulin and lycopene; DG, dentate gyrus.

diabetes-induced learning and memory impairment. Thus,
lycopene may protect against diabetes-associated memory
decline through reducing oxidative stress, as evident in rat
models.

The TUNEL assay results indicated that lycopene
and insulin individually and simultaneously prevented
apoptosis. In support of this result, Lim et al (33) reported
that lycopene inhibited apoptosis in neural cells via reducing
oxidative stress. They also concluded that the consumption of
lycopene-rich foods may prevent neuronal damage induced
by oxidative stress in certain neuropathological conditions
including Alzheimer's disease. Sadek et al (34) demonstrated
that lycopene could protect brain tissue from apoptotic cell
death through inhibiting monosodium glutamate formation.
Feng et al (35) also revealed that lycopene was a potent
neuroprotectant against apoptosis during oxidative stress and
mitochondrial dysfunction in the hippocampal neuroglia.
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Figure 5. Effects of lycopene and insulin on the apoptosis rate of neuronal cells in the (A) CAl, (B) CA2, (C) CA3, (D) CA4 and (E) DG regions of the
hippocampus. The bars indicate the mean + standard error of the mean. “P<0.05, group D vs. other experimental groups. DG, dentate gyrus.

Previous study by our group demonstrated that lycopene and
insulin, alone or in combination, could prevent apoptosis
in the hippocampus region of STZ-induced diabetic rats,
with increased expression of anti-apoptotic genes (Bcl-2
and Bcl-xL) and decreased expression of pro-apoptotic
gene Bax (36). Data obtained presently indicated decreased
TAC and increased MDA in the hippocampi of diabetic
rats. Plasma TAC represents an appropriate biochemical
parameter for comparing the overall antioxidant status. Lipid
peroxidation is a well-established mechanism associated
with cellular injury and is frequently used as an indicator
of oxidative stress (37). It has previously been revealed that
in STZ-induced diabetic rats, TCA, MDA and antioxidative
enzymes including catalase are altered not only in plasma,
but also in other organs (including the kidney, liver, heart
and brain) (1). The current results indicated that lipid
peroxidation levels were significantly increased, while
glutathione, superoxide dismutase and catalase activities

were markedly decreased in the hippocampus of diabetic
rats. It has been shown that treatment with lycopene may
recover the levels of lipid peroxides, glutathione, superoxide
dismutase and catalase to control values (38). Witztum (39)
reported that lipid peroxidation products increased oxidative
stress conditions and ROS. Consistent with the present study,
Zhang et al (40) and Prakash and Kumar (41) reported that
dietary antioxidants, including lycopene, could protect
important biomolecules and DNA from oxidation and serve
an important role in the prevention of chronic diseases such
as Alzheimer's and Parkinson's disease.

In conclusion, the current data suggested that insulin and
lycopene are effective in protecting hippocampal neuroglia
against STZ-induced damage leading to learning and memory
impairment. Therefore, insulin and lycopene, alone or in
combination, may be considered as drug candidates for neuro-
logical disorders in which oxidative stress serves an important
role in pathogenesis.
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