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Despite the fact that Ficus deltoidea and vitexin played important roles in controlling hyperglycemia, an
effective mitigation strategy dealing with cognitive deficit observed in diabetes, little is known about its
neuroprotective effects. The study is aimed to determine changes in behavioral, gyrification patterns and
brain oxidative stress markers in streptozotocin (STZ)-induced diabetic rats following F. deltoidea and
vitexin treatments. Diabetic rats were treated orally with metformin, methanolic extract of F. deltoidea
leaves and vitexin for eight weeks. Morris water maze (MWM) test was performed to evaluate learning
and memory functions. The patterns of cortical gyrification were subsequently visualized using micro-
computed tomography (micro-CT). Quantification of brain oxidative stress biomarkers, insulin, amylin
as well as serum testosterone were measured using a spectrophotometer. The brain fatty acid compo-
sition was determined using gas chromatography (GC). Biochemical variation in brain was estimated
using Fourier transform infrared (FT-IR) spectroscopy. Results showed that oral administration of
F. deltoidea extract and vitexin to diabetic rats attenuated learning and memory impairment, along with
several clusters of improved gyrification. Both treatments also caused a significant increase in the su-
peroxide dismutase (SOD) and glutathione peroxidase (GPx) values, as well as a significant reduction of
TBARS. Strikingly, improvement of cortical gyrification, spatial learning and memory are supported by
serum testosterone levels, fatty acid composition of brain and FT-IR spectra.
© 2018 Center for Food and Biomolecules, National Taiwan University. Production and hosting by Elsevier
Taiwan LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

There is a considerable amount of scientific data that consis-
tently links diabetesmellitus (DM) to neurological consequences, in
particular, to cognitive function.1e3 It is now recognized that
oxidative stress is a key factor linking DM with cognitive impair-
ment in experimental animals and humans.4e6 Excessive levels of
reactive oxygen species (ROS) by hyperglycemia cause damage to
cellular components such as DNA, neuronal proteins and lipid
peroxidation.7,8 Despite intensive glycemic control, evidence of a
for Food and Biomolecules,
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series of neurobehavioral shifts pertaining to DM9,10 highlighted
the need for interventions to reduce the deleterious effect of dia-
betes on cognition.

Considering the pathophysiologic mechanism of the cognitive
impairments consequences of DM, it is important to determine the
pattern and magnitude of this complication. Clinical studies have
demonstrated that diabetes not only impairs the integration of
neural systems, but also alters the brain anatomy.11 As cortical
gyrification patterns are thought to orchestrate cognitive func-
tions,12 the combined analysis of data from behavioral and
biochemical test as well as micro-CT imaging may provide insight
into central aspects of pathology that could be present exclusively
in the brain. It is becoming increasingly evident that micro-CT has
tremendous potential for general mapping of the mouse and rat
brain.13,14 Micro-CT has emerged as an attractive diagnostic
uction and hosting by Elsevier Taiwan LLC. This is an open access article under the
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imaging technique that enables noninvasive, high-resolution,
in vivo and ex vivo imaging.15 Thus, exploring cortical gyrification
using micro-CT imaging technique may provide additional clues
with respect to the underlying anatomical feature which correlates
cognitive ability and decline.

Approach to analyze biochemical variation in rat brain by FT-IR
may establish conclusively the link between the molecular finger-
print and diabetes-related cognitive change.16 FT-IR has proved to
be a powerful tool for studying molecules changes that occur in
diseases. It possesess many advantages such as very small sample
volume requirement, good precision over the entire physiological
range, being reagent-free, can rapidly and noninvasively detect
changes in the biochemical composition of cells and tissues (at the
molecular level).17 These techniques have been used to probe
chemical changes in serum,18,19 plasma,20 brain,21,22 pancreas,23

urine24 and bone25e27 of human and animal.
Many efforts have been made to elucidate the mechanisms and

therapeutic properties of plant-derived neuroprotective agents. In
recent, special interest has been paid to medicinal plants with
antioxidant and antidiabetic properties.28 This is due to the fact
that hyperglycemia-induced oxidative stress plays a key role in
accentuating the progression of cognitive impairment in diabetes.
In Malaysia, the decoction of Ficus deltoidea leaves has been
extensively used as an herbal medicine to normalize blood sugar,
afterbirth tonic to contract the uterus and vaginal muscles as well
as a dietary supplement used for treating leucorrhoea in humans.29

In recent, a great deal of attention has been focused on leaves due to
the high antioxidant.30,31 showed the presence of more than 20
varieties of flavonoids in the leaves of F. deltoidea, in which vitexin
has recently been isolated, identified, and evaluated.32 Above all,
antioxidant and antidiabetic properties of F. deltoidea in animal
models has been shown to be associated with vitexin.33 Therefore,
this study was designed to characterize the changes in behavioral,
cortical gyrification and brain oxidative stress markers following F.
deltoidea and vitexin treatment. Accordingly, we considered it is
worthwhile to examine whether these changes are related to hor-
monal profile, fatty acid composition and the pattern of brain FT-IR
spectral.

2. Methods

2.1. Plant materials and extract preparations

The leaves of F. deltoidea var. deltoidea were collected from
Forest Research Institute Malaysia, Kepong, Malaysia in January
2015. The sample was then deposited at the Herbarium Unit, Uni-
versiti Kebangsaan Malaysia, Bangi with a voucher number Her-
barium UKMB-40315. The leaves were washed thoroughly and
over-dried at 37 ± 5 �C. The dried leaves were finely powdered
using an electric grinder. For extraction, 100 g of powdered leaves
was soaked in 1 L methanol for three days at room temperature.32

Liquid extracts were concentrated by using a rotary evaporator at
40 �C and subjected to freeze drying for 48 h. The extraction yield
calculated was 10.6%. The extracts were kept in tightly closed glass
containers and stored at �20 �C until further use.

2.2. Animals

The animal use and experiment protocols involved in the study
were approved by the Universiti Putra Malaysia, Animal Care and
Use Committee with an approval number: UPM/IACUC/AUP-R090/
2014. Thirty four-week-old Sprague Dawley male rats (mean body
weight, 80 g) were used. The reason of using younger animals was
to minimize the confounding effects of neuronal loss, and other
aging changes in rats that might confound the results. It is known
that after a period of rapid growth, neuronal loss started to occur as
soon as the end of adolescence in rats, or at three months old in
normal rats.34 Furthermore, work done by Wang et al35 also
showed that four months after STZ treatment in 8e10 week old
rats, age-related diabetic encephalopathies and cognitive deficits
became very evident. The animals were acclimatized upon arrival
for a week and were housed at a density of three per cage in a
temperature controlled room (22 ± 1 �C and a 12 h light/dark cycle).
The rats were identifiedwith a cage card indicating project number,
dose level, group, and animal number. They were had access to
standard rat chow (Gold Coin Holdings, Kuala Lumpur, Malaysia)
and water ad libitum.

Diabetes-like hyperglycemiawas induced experimentally in rats
by STZ injection at a dosage of 60 mg/kg of body weight.36,37 In
order to prevent drug-induced hypoglycemic shock, the rats were
given prophylactic 5% glucose water for 2 days following STZ in-
jection.38 After a week, animals with fasting blood glucose levels
>11 mmol/L were considered diabetic.39
2.3. Experimental design and procedure

The rats were divided into five groups of six rats per treatment
group. The treatment group were normal control rats treated with
saline (NC), diabetic control rats treated with saline (DC), diabetic
rats treated with 1000 mg/kg of metformin (DMET),40 diabetic rats
treated with 1000 mg/kg of F. deltoidea (DFD),32 diabetic rats
treated with 1 mg/kg b.w. of vitexin (DV).33

Metformin, methanolic extract of F. deltoidea and vitexin were
dissolved in saline and treatments were given once daily via oral
gavage for eight weeks. At the end of the experiment, all animals
were fasted overnight. Animals were then anesthetized with ke-
tamine (80 mg/kg) and xylazine (8 mg/kg), followed by terminal
exsanguinations. Blood samples (10e15 ml) were collected via
cardiac puncture from the rats into a plain red-top tube containing
no anticoagulants (BD Vacutainer®, USA). The blood samples were
then centrifuged at 4000 g for 15 min, and serum was stored in
aliquots at �80 �C.
2.4. Morris water maze test (MWM)

MWMwas carried out from day 51 and continue each day to day
56 of the treatment period as described by Nagapan et al. and
Weitzner et al.41,42 Latencies to find the platform, swim speed and
time in each quadrant were recorded using a ceiling-mounted
camera (DSR-SR47; Sony Corporation, Tokyo, Japan) and analyzed
with ANY-maze Video Tracking System Software (Stoelting Co.,
USA). Prior to themaze test, all animals were examined and verified
to be free from physical disabilities and motor function deficits that
would affect their maze performance. The test was carried out in
two phases:
2.4.1. Spatial acquisition
This phase evaluated the spatial learning abilities of the rats.

Rats had daily training for five consecutive days with three trials
per day per treatment regime. On each trial, the rat was placed in
the water, facing the edge of the pool and located at one of four
pseudo-randomly determined start positions as described in
Table 1. The rats were given 1 min to locate hidden platformwhich
was placed in the centre of SW quadrant. If the animal failed to find
the platformwithin 1 min, it was physically guided to the platform.
The escape latency(s) and path length (cm) to find the platform
were measured in each trial and averaged over three trials for
each rat.



Table 1
Depiction of different starting positions in each trail.

Day Trial 1 Trial 2 Trial 3

1 E SE NW
2 N NW E
3 SE E N
4 E NW N
5 SE E NW
6 (probe trial) NE
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2.4.2. Probe trial
To assess the spatial memory retention, a probe trial was per-

formed 24 h after the last acquisition day. In this trial, the platform
was removed and the animal was released from the opposite site of
the quadrant and allowed to swim for 1 min. The relative time
animal spent in the former platform quadrant was recorded and
analyzed.

2.5. In vivo micro CT analysis of brain

Before imaging, rats were anesthetized with 10:1 ratio of ke-
tamine to xylazine and placed vertically to the beam path on its
left side. In vivo brain imaging was performed with SkyScan
1176 mCT (Bruker, Kontich, Belgium) at 12 mm spatial resolution, a
voltage of 41 kV and a current of 232 mA. Beam hardening effect of
the X-rays was minimized by applying a 1 mm aluminum filter, to
equalize the energy of the emitted X-rays from the source. The
rotation step size used for acquiring images was 0.5 degrees ac-
cording the methods described by Wathen et al.43 Total scan time
for the brain was approximately 20 min. The images were
reconstructed using NRecon software (Bruker-MicroCT) to
generate grayscale images. The brain region of interest (ROI) was
first defined. For standardization purpose, brain ROIs were created
using the largest circles that could be enclosed within the
endosteal envelope on the 2D slices. The transverse, coronal and
sagittal slices were then displayed to generate anatomy specific
data sets.

2.6. Preparation of tissue homogenates

One hundred milligram of brain tissue was homogenized in
5e10 ml/g of homogenizing buffer (50 mM Tris-HCl, 5 mM EDTA,
1 mM DTT pH 7.5) using a Teflon pestle (Glass-Col, USA) at 900 rpm
as described previously by Saxena et al.44 The homogenates were
centrifuged at 9,000�g in a refrigerated centrifuge (4 �C) for 10 min
to remove nuclei and debris. The supernatant obtainedwas used for
biochemical assays and FT-IR analysis. Protein concentration was
estimated by the method of Lowry,45 using bovine serum albumin
as the standard.

2.7. Estimation of TBARS levels in brain

The levels of MDA equivalents were determined in pancreas by
TBARS assay kit (Cayman, MI, USA) as describe by Hardwick et al.46

The absorbance was determined spectrophotometrically at a
wavelength of 540 nm using a spectrophotometer.

2.8. Assessment of enzymatic activities GPx and SOD in brain

GPx and SOD activity was measured using assay kit (Cayman,
MI, USA). The experimental procedures were carried out according
to the manufacturer's instructions.
2.9. Estimations of testosterone, insulin and amylin levels

Serum levels of testosterone were measured using commercial
RIA kits (Labor Diagnostika Nord GmbH & Co, KG, Nordhorn, Ger-
many) while insulin levels in brain were determined by Enzyme
Linked Immunosorbent Assay kit specific for rat insulin (Cloud-
Clone Corp., Houston, USA) as described by Zhang et al.47 The
amylin level in the brain was determined by using Rat Amylin
Enzyme Immunoassay Kit (RayBiotech Incorporation, GA). All
samples were run in triplicate and the optical density was read at
450 nm with microplate reader (Epoch Microplate Spectropho-
tometer, BioTek, USA).

2.10. Fatty acid analysis

Fats from the brain were extracted according to the methods
described by Hajjar et al.48 According to this method, 1 ml of serum
were thawed at room temperature for 30 min and extracted using
the Folch method (chloroform:methanol, 2:1, v/v) containing
butylated hydroxytoluene as antioxidant. Then, fatty acids methyl
esters (FAME) were prepared using 0.66 N potassium hydroxide
(KOH) in methanol and 14% methanolic boron trifluoride (BF3)
(Sigma Chemical Co. St. Louis, Missouri, USA). The FAME were
separated with an Agilent 7890A Series GC system (Agilent Tech-
nologies, Palo Alto, CA, USA) using a 30 m � 0.25 mm ID (0.20 mm
film thickness) Supelco SP-2330 capillary column (Supelco, Inc.,
Bellefonte, PA, USA). The fatty acid proportions are expressed as
percentage of total identified fatty acids. One microlitre of FAME
was injected by an auto sampler into the chromatograph, equipped
with a split/splitless injector and a flame ionization detector (FID)
detector. The injector temperature was programmed at 250 �C and
the detector temperature was 300 �C. The column temperature
program initiated runs at 100 �C, for 2 min, warmed to 170 �C at
10 �C/min, held for 2 min, warmed to 200 �C at 7.5 �C/min, and then
held for 20 min to facilitate optimal separation. Identification of
fatty acids was carried out by comparing relative FAME peak
retention times of samples to standards obtained from Sigma (St.
Louis, MO, USA).

2.11. FT-IR analysis

Infrared spectroscopic experiments were performed using a
Bruker 66V FT-IR spectrometer (Bruker Corp., MA, USA) that was
equipped with a focal plane array detector. Twenty microliter of
brain homogenate was then deposited on a liquid cell (demounted
cell) using a pipette according to the method reported by Demir
et al.16 All individual FT-IR spectra were recorded in the region
4000e400 cm�1 at room temperature. In order to resolve the
overlapped absorption components in FT-IR spectra, second deriv-
ative spectra were calculated using SavitzkyeGolay algorithm. All
spectra processingwas performed by using Bruker Spectra software
(Version 7.0). The peaks of each spectra curve were then fitted and
calculated. The regionenriched vibration changeswere compared to
existing literature database towards providing chemical informa-
tion on the targeted tissues. Absorptions belonging to fatty acyl
chains, proteins and carbohydrates of biological samples are basi-
cally available in the 3020e2800 cm�1, 1700e1500 cm�1 and
1200e900 cm�1 spectral intervals, respectively.49

2.12. Statistical analysis

Behavioral data from the training period was analyzed using
repeated measures ANOVA. Meanwhile, the one-way ANOVA was
used to compare differences among groups for probe trials, brain
insulin, amylin, oxidative stress marker, antixioxidant enzymes and



Table 2
Effect of F. deltoidea and vitexin on fasting blood glucose level (mmol/L) in STZ
induced diabetic rats.

Groups Fasting blood glucose (mmol/L) ± SD % changes

Before After

NC 4.80 ± 0.30a 4.93 ± 0.21a þ2.71%
DC 20.00 ± 3.24b 30.13 ± 2.63b þ50.65%
DMET 29.30 ± 3.70c 19.83 ± 3.75c �32.32%
DFD 27.87 ± 6.03c 17.27 ± 4.97c �38.03%
DV 30.43 ± 4.07c 15.87 ± 2.01c �47.85%

Values are mean ± 1 SD for 6 rats in each group. Values with different superscripts
down the column indicate significant difference at p < 0.05.
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fatty acids compositions dataset. If any significant changes were
found, post hoc comparisons were performed using Duncan's
multiple comparison test. Results were presented as mean ± 1 SD.
All analysis was performed at 95% confidence level.
3. Results

3.1. Fasting blood glucose

The means and standard deviations of FBG in entire groups are
given in Table 2. The FBG concentrations in the DC animals were
Fig. 1. Effects of 8 weeks daily of administration of F. deltoidea and vitexin on (A) escape
rats, respectively (n¼ 6, mean ± SD). Day 1- rats were oriented to the maze; Day 2- rats lea
from different or randomized quadrants. Values with different superscripts are significantly

Table 3
Changes during probe trial of various experimental groups.

Groups Escape latency times (s) Mean path length (m)

NC 6.97 ± 2.12a 1.84 ± 0.46a

DC 42.57 ± 2.58c 8.79 ± 0.33d

DMET 10.67 ± 2.08a 3.25 ± 1.13b

DFD 18.87 ± 10.74b 5.19 ± 2.62c

DV 9.34 ± 0.85a 3.1 ± 0.26b

Data are presented as mean ± 1SD. Values with different superscripts in a column differ
increased by 50.65% compared to initial values, confirming the
validity of the diabetogenic dose of STZ in this study. The treatment
for 8 weeks with either metformin or F. deltoidea or vitexin resulted
in a significant reduction in FBG. F. deltoidea and vitexin treatment
of the diabetic rats resulted in significantly decreased by 38.03%
and 47.85%, respectively compared to pre-treatment values. All
treated diabetic groups depict significant changes at week 6 of
treatment.
3.2. Morris water maze test

As illustrated in Fig. 1, there was no significant difference be-
tween any of the groups on the first day of the training in the water
maze. All animals progressively had learned the task by climbing
onto the visible platform on the second day, as indicated by
decreasing latencies and swim distance. It was observed that the
DC, DMET and DV rats had longer latencies on day 3. However, the
latencies and swim distance gradually decreased with the days of
training for the DMET and DV groups. The DC rats associated with
prolonged latency (45.30 ± 13.35 vs 8.97 ± 2.25) and swim distance
(10.06 ± 2.20 vs 2.3373 ± 0.70) compared to the NC rats by the end
of that session.

During the probe test, STZ treated animals had longer latencies,
higher path length and a lower percentage of time spent in the
latency, (B) mean path length, (C) swimming speed in control and treated diabetic
rned to locate the visible platform; Day 3 to 5-rats learned to locate the hidden platform
different at p < 0.05.

% of time spent in the target quadrant Swimming speed (ms�1)

33.41 ± 2.99c 0.267 ± 0.021ab

14.04 ± 1.68a 0.212 ± 0.002a

23.23 ± 2.73b 0.299 ± 0.045b

12.44 ± 2.56a 0.280 ± 0.031ab

16.56 ± 1.16a 0.334 ± 0.005b

ed significantly at p < 0.05.
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target quadrant (Table 3). The swim speed to the platform, how-
ever, was not significantly different in the DC animals. Remarkably,
the DMET, DFD and DV rats had a significant decreased in latencies
and path length as compared to DC group. A significant increase in
the swim speed was observed in the DMET and DV rats.
Fig. 2. Cross-sectional micro-CT images of rat brain. Gyrification abnormalities were obse
and DV rats. NC: Normal control; DC: diabetic control; DMET: diabetic treated with metfor
hemisphere and R: right hemisphere. Images are representative of three animals per exper
3.3. Micro-computed tomography images of brain

The transaxial and coronal images showed that the DC rats had
severe reduction in cortical convolution (Fig. 2). However,
increased gyrification, consistent with clear deep sulci was
observed in the cortex of DFD and DV rats for over 8 weeks period.
rved in the DC and DMET while a clear deep sulcal lines obtained in the cortex of DFD
min; DFD: diabetic treated with F. deltoidea; DV: diabetic treated with vitexin; L: left
imental group.



Table 4
Oxidative stress marker and antioxidant enzymes of different experimental groups.

Groups Oxidative stress marker Antioxidant enzymes

TBARS (nmol MDA/mg protein) GPx (U/mg protein) SOD (mU/mg protein)

NC 1.61 ± 0.109a 25.03 ± 0.371b 13.02 ± 0.891d

DC 44.15 ± 9.655c 21.69 ± 5.223b 2.61 ± 0.363a

DMET 20.95 ± 2.493b 24.09 ± 2.538b 4.45 ± 0.413b

DFD 10.74 ± 0.662ab 42.13 ± 0.702c 6.94 ± 0.663c

DV 9.55 ± 0.385ab 13.40 ± 3.255a 4.89 ± 0.208b

Data are presented as mean ± 1SD. Values with different superscripts in a column differed significantly at p < 0.05.

Table 5
Insulin, amylin and testosterone concentrations of different experimental groups.

Groups Insulin (pg/ml) Amylin (ng/ml) Testosterone (ng/ml)

NC 63.15 ± 0.936d 40.87 ± 1.162b 1.81 ± 0.088ab

DC 39.13 ± 0.254b 35.02 ± 0.702a 0.84 ± 0.370a

DMET 50.25 ± 0.718c 33.15 ± 4.442a 2.97 ± 0.627c

DFD 34.99 ± 0.369a 32.25 ± 0.913a 2.40 ± 0.166bc

DV 89.49 ± 1.279e 45.60 ± 0.860b 3.03 ± 0.436c

Data are presented as mean ± 1SD. Different superscripts in a column differed
significantly at p < 0.05.
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3.4. Oxidative stress marker and antioxidant enzymes in brain

Table 4 showed that the DC rats had a significant decrease in the
activity of SOD and a substantial increase of TBARS. Significant in-
creases in the SOD and GPx values as well as a significant reduction
of TBARS were observed in the brain of DFD rats. Similarly, vitexin
treatment is associated with a significant increase in the activity of
SOD and decrease in TBARs levels, but resulted in a significant
decrease in GPx activity.

3.5. Changes in brain insulin, amylin and serum testosterone

It was observed that STZ-induced diabetes caused a significant
decrease in the levels of brain insulin, but did not substantially
affect the levels of brain amylin and serum testosterone as
compared to the NC rats. A significant reduction of insulin levels
was also observed in the brain of DFD rats. It is noteworthy that
metformin and vitexin resulted in significant increase in the levels
Table 6
Fatty acid composition (percentage of total identified fatty acids) of the brain of the exp

Fatty acids composition (%) Groups

NC DC

Saturated fatty acids (SFA)
Palmitic acid (C16:0) 14.11 ± 2.41 19.07 ± 1.21
Heptadecanoic acid (C17:0) 1.63 ± 2.30 4.31 ± 0.04
Stearic acid (C18:0) 13.09 ± 2.26 19.12 ± 0.82
Total SFA 28.82 ± 6.97 42.50 ± 1.71
Monounsaturated fatty acids (MUFA)
Oleic acid (C18:1n9) 14.91 ± 2.15 29.06 ± 2.13
Total MUFA 14.91 ± 2.15 29.06 ± 2.13
n-6 PUFA
Linoleic acid (C18:2n6) 0.00 ± 0.00 2.39 ± 2.08
Arachidonic acid (C20:4n6) 5.80 ± 1.30 8.05 ± 0.75
total n-6 PUFA 5.80 ± 1.30a 10.43 ± 2.23b

n-3 PUFA
a-Linolenic acid (C18:3n3) 43.35 ± 14.63c 6.92 ± 2.28a

Docosapentaenoic acid (C22:5n3) 1.09 ± 1.55a 3.19 ± 0.17b

Docosahexaenoic acid (C22:6n3) 6.02 ± 2.66 7.90 ± 1.42
Total n-3 PUFA 50.46 ± 10.42b 18.01 ± 1.03a

n-6: n-3 0.12 ± 0.05a 0.59 ± 0.16bc

Values are mean ± 1 SD at n ¼ 3. Values with different superscripts in a row differed sig
a The data are expressed as the percentage of total identified fatty acids.
of brain insulin. However, only vitexin could lead to significant
increase in brain amylin levels as compared to the DC rats. As
depicted in Table 5, all groups had experienced testosterone in-
crease after treatment. Interestingly, groups that had shown
marked improvement in cognitive performance also had among
the highest testosterone levels.

3.6. Brain fatty acid changes

As shown in Table 6, the total brain saturated fatty acids (SFA)
and monounsaturated fatty acids (MUFAs) were not affected
following STZ induction. However, the DC rats had significantly
decreased total n-3 PUFA, in particular, a-linolenic acid (ALA) but
increased n-6 PUFA compared to controls. Elevation in docosa-
pentaenoic acid (DPA) was also noticed in the brain of DC rats.
Similar changes were observed in the animals treated with vitexin.
Interestingly, DFD rats had increased brain n-3 PUFA, especially ALA
concentrations.

3.7. FT-IR spectroscopy

The FT-IR spectroscopy revealed that the brain tissues from
different groups are distinct at three regions of infrared (IR) spectra.
It was noticed that the most dominant peak corresponds to CH2
stretch of lipid-rich regions had decreased to levels far below
normal in the DC and DMET groups as illustrated in Fig. 3. Inter-
estingly, the brain of DFD and DV rats associated with the reap-
pearance of the sharp IR peaks in the lipid-rich region.

The appearance of two additional methyl peaks at 1425 and
1419 cm�1 was observed in the DC rats. Meanwhile, three new
erimental groups.a

DMET DFD DV

17.98 ± 2.17 15.01 ± 5.59 20.58 ± 1.79
4.32 ± 0.690 2.32 ± 2.714 4.13 ± 0.183
17.09 ± 2.07 14.73 ± 5.71 18.36 ± 1.30
39.39 ± 4.93 32.06 ± 12.76 43.06 ± 1.97

23.15 ± 7.95 19.96 ± 8.26 27.91 ± 0.65
23.15 ± 7.95 19.96 ± 8.26 27.91 ± 0.65

2.14 ± 1.18 1.45 ± 1.34 4.03 ± 1.94
8.03 ± 0.55 6.64 ± 2.62 8.58 ± 0.45

c 10.17 ± 0.63bc 8.09 ± 2.71ab 12.60 ± 1.60c

15.66 ± 12.86ab 31.70 ± 7.42bc 4.31 ± 1.54a

3.36 ± 0.16b 2.09 ± 0.96ab 3.21 ± 0.12b

8.27 ± 0.81 7.30 ± 3.64 8.90 ± 0.65
27.29 ± 13.51a 41.10 ± 3.65b 16.43 ± 1.66a

0.43 ± 0.24abc 0.32 ± 0.30ab 0.78 ± 0.15c

nificantly at p < 0.05.
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peaks appeared in the DMETgroup. However, as seen in Fig. 4(c and
d), the IR spectra of DFD and DV groups appear less affected by STZ
injection.

The differences in IR spectra between groupswere also observed
in the range of 1180e1110 cm�1. The brain of DC rats displayed a
decreased in the intensity of sugar vibrations as compared to the NC
rats, with a slight shift for three peaks as depicted in Fig. 5(a). More
important, the DC, DMET and DFD groups had led to the distortion
of the peak approximately at 1151e1160 cm�1, implying some
structural changes of carbohydrates. However, the treatment with
F. deltoidea had significantly induced the reappearance of the peak
at 1143 and 1131 cm�1, likely similar to that observed in the NC
group [Fig. 5(c)]. Meanwhile, Fig. 5(d) showed that the DV group
displayed similar vibrational frequencies, in which some differ-
ences in the absorption intensities were observed, accompanied by
shifts in the peak position.
4. Discussion

The results of the present study demonstrate, for the first time,
that F. deltoidea and vitexin improve both spatial learning and
memory retention in diabetic rats. Transaxial and coronal views
frommicro-CT imaging showed that the DFD and DV rats associated
with increased cortical gyrification (Fig. 2). Also, it was noticed that
these improvements may to some extent be linked with brain
oxidative stress markers, hormonal changes and FT-IR spectra.
Fig. 3. Second derivative spectra for brain tis
Behavior predominantly reflects structural and functional of the
brain.50 Herein, the MWM test was employed to assess spatial
learning and memory. We showed convincing evidence that STZ-
induced diabetic rats are associated with disturbance in spatial
learning and memory functions. Regardless of the location of the
swim-start, the DC rats required longer time to find the submerged
platform and learned its location, indicating a decrease of spatial
learning ability.51 These results were consistent with previous
studies demonstrating that STZ induced diabetic rats associated
with higher mean in latencies although the swim speeds did not
differ significantly to the NC rats.52,53 It is intriguing that the DMET,
DFD and DV rats recorded a shorter latency in both acquisition
phase and probe trial than that observed in the DC rats. Several
reports had described that any significant decrease in latency and
mean path length and increase in the percentage of time spent in
the target quadrant indicate improvement of learning and memo-
ry.41,54e56 This could be explained by the fact that most of the
treated animals had a greater tendency to swim away from thewall,
cross swimming to the target quadrant of the pool and decreased
floating behavior during spatial navigation. It was well corre-
sponded to the previous studies that behavioral aspects can be
enhanced by plant extract or active compoundwith potent learning
and memory enhancing effects.57e59

Working towards the objectives of the visualizing structure of
rat brain, X-ray micro-CT was used for non-invasive determination
of cortical convolution. The data clearly indicated that brain
sue in the regions of 3000e2800 cm�1.



Fig. 4. Second derivative spectra for brain tissue in the regions of 1450e1390 cm�1.
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gyrification was severely decreased in rats exposed to STZ. It has
been suggested by Palaniyappan60 that lower gyrification are
related to a reduction in cortical thickness. Indeed, thickness
reduction of prefrontal cortical regions has been reported in
T1DM61 and T2DM patients.62 In fact, the association of cortical
thinning and cognitive decline has been reported earlier.63,64

Although there is disagreement regarding the structure-function
relations of brain areas and cognition,65 but, cognitive abilities
and sensorimotor skills are associated with the size and extent of
folding of the cerebral cortex in most animal species.66,67

One of the most striking findings of this study is the association
of F. deltoidea and vitexin treatments with the pattern of cortical
gyrification. Results showed gyrification of the DFD and DV rats
improved in parallel to the behavioral transition. This observation
supports the idea that increased cortical gyrification can lead to
better learning-memory performance.68 Therefore, it is conceivable
that cortical gyrification and sulcal spans could facilitate the early
diagnosis of cognitive decline69 and restoration of cognitive
impairment in diabetes would largely depend on cortical
gyrification.

Despite activation of oxidative stress can be regarded as an
early predictor of tissue damage,70,71 literature on the link be-
tween brain oxidative stress and cortical gyrification are more
limited. The present study found that the activity of SOD
decreased while the levels of TBARS increased in the brain of DC
rats. These data strengthen the fact that antioxidant depletion
can cause oxidative damage, in turn, may contribute to the
physiological and behavioral changes.72 Interestingly, it was
observed that TBARS decreased while SOD increased in the brain
of animals with improved learning and memory. This finding is in
agreement with the other studies showing that increased
cognitive performance in STZ induced diabetic rats are related to
the improvement of brain antioxidant markers.73,74 Treatment
with antioxidants has been proven to ameliorate depressive-like
behavior in diabetic rats.75 In fact,76 demonstrated that several
plants extract improves behavioral deficits via enhancement of
antioxidant capacities.

At first glance, it was thought that cortical gyrification would be
better related to SOD activity, but it soon appeared that the brain
with greater gyrification are associated with increases in both GPx
and SOD activity. As pointed out by Yu et al,77 the balance between
the main antioxidant enzymes are more important than any single
one for the treatment of ROS-related diseases, thus provide insight
into the relationship between gyrification and brain antioxidants
activities.

Neuroprotective roles of insulin have been outlined in previous
reviews.78 According to the results summarized in Table 5, the DC
brains had lower insulin levels. Similar findings have been obtained
in other rat models of diabetes.79,80 These data imply that brain
insulin content could have a significant influence on cognitive
ability and behavior.81e83 Indeed, improvement in behavior has
been reported in STZ-induced diabetic rats treated with insulin,84

thereby supporting the notion that insulin affects spatial learning
and memory abilities.

It is interesting to note that treatment with metformin and
vitexin are capable of inducing brain insulin levels in diabetic rats.
However, the increment was negated by F. deltoidea. This is not
surprising because it has been observed that metformin rapidly
crossed the blood-brain barrier and have specific pharmacological
effects on the central nervous system of rat.85 It is conceivable that
metformin and vitexin inhibit learning and memory impairments,
at least in part, by enhancing glucose metabolism and promoting
neurotransmission. Another possibility is that metformin and
vitexin can reduce the accumulation of b-amyloid (Ab) plaque in
the brains, thereby reversing cognitive decline.86 Vandal87

demonstrated that a single insulin injection decreased soluble Ab
levels, thus prompt us to examine whether insulin could influence
amylin levels in the brain. Nevertheless, the possibility of
F. deltoidea to restore cognitive function cannot formally exclude.
Perhaps the most convincing explanation is that F. deltoidea has
only modest blood-brain barrier penetration and/or utilize
different mechanisms to improve learning and memory.

Clinical and animal studies have recently looked at the unique
relationship between amylin and cognition.88,89 Similar to the
finding by Qiu,90 the concentration of amylin was markedly
decreased in the DC rats. It is worth mentioning that amylin hor-
mone potently enhances the translocation of Ab peptide from the
brain into blood.91,92 Therefore, it is conceivable that learning and
memory deficits in STZ-treated rat were somehow related to Ab
aggregation, manifestation of brain amylin deficiency.93,94
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As depicted in Table 5, vitexin significantly increased brain
amylin. This finding is particularly important because amylin has
been shown to improve glucose metabolism95 and enhances neural
regeneration,96 which may support, in part, the improvement in
learning and memory were seen in the DV group. Although amylin
deposition in the brain is linked to neuro-inflammatory response
and neurologic deficits,97 some aspects of the neuro-inflammatory
response can be beneficial to central nervous system.98 It has been
reported that early inflammatory response mediated by chemokine
signaling involved in neurogenesis and even axonal regeneration.99

Therefore, it is reasonable to suggest that amylin hormone could be
beneficial to cognitive function.

While the effects of testosterone on brain behavioral functions
and cognitive abilities are still debated, we found all treatment
groups that had shown marked improvement in cognitive perfor-
mance exhibited a significant increase in serum testosterone levels.
However, there were no statistically significant differences be-
tween the DC and NC rats.100 The potential of F. deltoidea to increase
the secretion of testosterone in male diabetic rats has been re-
ported earlier.101 Interestingly, it has been reported that testos-
terone attenuates cognitive decline in animals by mitigating brain
oxidative stress.102 Although others have argued that current clin-
ical evidence is inconclusive,103,104 low endogenous levels of
testosterone-related cognitive decline and neuropsychiatric
symptoms have been reported in several studies.105,106 The dis-
covery raises the possibility that elevated circulating testosterone
may influence cognitive performance in diabetic rats, but his hy-
pothesis warrants further investigation.

It is well established that PUFA regulate several processes within
the brain.107 In fact, recent studies revealed that circulating
testosterone levels is dictated in part by n-6 PUFA.108 The present
work showed that vitexin significantly increased the value of brain
n-6 PUFA as compared to NC, which would be beneficial in atten-
uating a cognitive decline in STZ-induced diabetic rats. This hy-
pothesis is strengthened by the fact that linoleic acid is able to
prevent both apoptosis and necrosis in a rat model of spinal cord
ischemia.109 In aged rats, the fluidity of biological membranes,
hippocampal plasticity and spatial cognition improved with
arachidonic acid.110 In fact, arachidonic acid was also reported to be
a survival molecule for glial cells.111 Tang112 later showed that both
linoleic acid and arachidonic acid reduced in vitro neurotoxicity of
1-methyl-4-phenylpyridinium in PC12 cells. Based on this inter-
pretation, results suggest that n-6 PUFAs exert neuroprotective
effects in the brain of STZ-induced diabetic rats.

Strengthening the hypothesis that behavioral impairment and
gyrification destruction is secondary to diabetes, FT-IR results
showed that the intensity of the lipid methylene band in the brain
IR spectra attenuated following STZ induction. It is important to
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note that lipids regulate synaptic throughput in neurons by deter-
mining the localization and function of proteins in the cell mem-
brane.113 In fact, it was hypothesized that smooth brains gyrate are
related to lipids.114 Kingsbury115 provide evidence that extracellular
lipids induced cortical folding in up to ~85% by increasing the
number of cortical cell number. Thus, it appears that brain function,
structure and behavioral performance directly related to the lipid
composition of the brain. These findings aligned well with previous
work that showed diabetes apparently causes lipid perturbation in
the prefrontal cortex, hippocampus, and amygdala.75,116 The fact
that diabetes induces myelin abnormalities by altering lipid pattern
strengthening the importance of methylene vibrations in main-
taining brain function.117 Intriguingly, the frequency of the intense
band was markedly improved in the brain of DFD and DV rat.
Although it seems implausible to suggest that the absence of lipid
methylene signal from FT-IR spectrum would reflect to brain
structure and function, but decreased in two major structural lipid
classes has been reported in Alzheimer's disease.118 Therefore, FT-IR
signals might be very relevant in grading brain lipid and could be
the important markers for defining learning and memory impair-
ments in diabetes.

One particularly interesting finding was the vibrations of methyl
groups of protein in the brain of DC rats appeared to split at a
different frequency with lower intensity as compared to the NC
rats. It seems likely that injection of STZ associated with protein
aggregation in the brain of diabetic rats. Supporting this view,119

demonstrated high protein aggregation in the diabetic rat brain.
Amyloid formation provides a simple explanation of observing
protein aggregation. Indeed, our data showed that there were
obvious reduction of amylin levels in diabetic animals with peak
splitting at 1450e1390 cm�1. Recent studies suggest that alter-
ations in brain cortical anatomy significantly correlated with
deposition of Ab,120 thus raising the potential of methyl groups
vibrations as a promising biomarker to supporting structure-
function relations of the brain.121 Interestingly, the vibrations of
methyl groups of DFD and DV groups that had shown marked
improvement in the cortical gyrification look reasonably similar to
the NC rats.

While the impact of diabetes on the pattern of gyrification is not
readily explained, this study suggests the relationship between FT-
IR spectra and brain structure-function. There is evidence that the
brain of DC rats was associated with lower intensity and peak
distortion in the region of carbohydrate. Similar distortion at
1160e1151 cm�1 was observed in the brain of DMETand DFD rats. It
is important to note that remarkable spectral differences may
indicate structural changes.122 Nikonenko123 demonstrated that the
absorption bands in the 1175e1140 cm�1 spectral range is related to
the 1 / 4 glycosidic linkage formation in polysaccharides. There-
fore, our results suggest that the peak distortion could be related to
the position of a and b glycosidic bond conformations. Reportedly,
carbohydrate structure is one of the important factors determining
the insulin concentrations.124 Earlier work done by Rossini and
Soeldner125 shown that the a-glucose anomer produces a greater
insulin release than b-glucose in various animal models. Interest-
ingly, these results were paralleled by a decrease in brain insulin
content, suggesting FT-IR as vibration spectroscopic method that
sensitive to the anomeric structure.126 Further work is needed,
however, to characterize the relationships between inversion of the
glycosidic bond and brain structure-function.

Collectively, these results suggest that restoring the redox bal-
ance, brain insulin and amylin levels showed a tendency to improve
STZ-induced learning and memory impairments. This is supported
by good agreement between pathological changes and FT-IR peaks.
Further studies are required to confirm the specific effects and
mechanisms of brain fatty acid compositions on its structure and
functions.
5. Conclusion

It is concluded that F. deltoidea and vitexin improves learning
ability among STZ-treated rats. This improvement is associated
with reduction of oxidative stress and positive changes in the brain
topography. It is believed that reduction of brain sugar is an
important factor that mediated all these improvements.
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