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Gallic acid and p-coumaric acid attenuate type 2 diabetes-induced
neurodegeneration in rats
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Abstract The brain of diabetics revealed deterioration in
many regions, especially the hippocampus. Hence, the present
study aimed to evaluate the effects of gallic acid and
p-coumaric acid against the hippocampal neurodegenera-
tion in type 2 diabetic rats. Adult male albino rats were ran-
domly allocated into four groups: Group 1 served as control
ones and others were induced with diabetes. Group 2 consid-
ered as diabetic, and groups 3 and 4 were further orally treated
with gallic acid (20 mg/kg b.wt./day) and p-coumaric acid
(40 mg/kg b.wt./day) for six weeks. Diabetic rats revealed
significant elevation in the levels of serum glucose, blood
glycosylated hemoglobin and serum tumor necrosis factor-α,
while the level of serum insulin was significantly declined.
Furthermore, the brain of diabetic rats showed a marked
increase in oxidative stress and a decrease of antioxidant
parameters as well as upregulation the protein expression of
Bax and downregulation the protein expression of Bcl-2 in the
hippocampus. Treatment of diabetic rats with gallic acid and
p-coumaric acid significantly ameliorated glucose tolerance,
diminished the brain oxidative stress and improved antioxi-
dant status, declined inflammation and inhibited apoptosis in
the hippocampus. The overall results suggested that gallic acid
and p-coumaric acid may inhibit hippocampal neurodegener-
ation via their potent antioxidant, anti-inflammatory and
anti-apoptotic properties. Therefore, both compounds
can be recommended as hopeful adjuvant agents against
brain neurodegeneration in diabetics.
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Introduction

Diabetes mellitus (DM), among metabolic disorders, can be
considered the most prevalent, growing, dangerous and costly
worldwide medical problem. Uncontrolled or poorly con-
trolled diabetes may cause serious deteriorations including
neuropathy, nephropathy, retinopathy, etc., which are the main
causes of morbidities and mortalities (Narayan et al. 2000;
Zatalia and Sanusi 2013). Diabetic neuropathy affects nearly
50% of diabetic patients with either type 1 or type 2 diabetes
and involves both the peripheral and central nervous systems
(Abbott et al. 2011; Selvarajah et al. 2011). Furthermore, DM
causes chronic damage of the brain that is displayed at neuro-
psychological, neurophysiological and structural level
(Brands et al. 2004). The hippocampus is the center of alter-
ations associated with diabetes in the brain (Foghi and
Ahmadpour 2014). Many studies showed that both types of
diabetes lead to impairment in the hippocampal-based mem-
ory and decrease in the brain volume of diabetics also, diabe-
tes increases the risk of neurodegenerative diseases such as
Alzheimer’s disease (Muriach et al. 2006; Gold et al. 2007;
Choi et al. 2014; Patel et al. 2015).

Little is known about the mechanisms by which diabetes
deteriorates the brain, however, the deficiency of insulin ac-
tion in the brain besides damage induced by persistent hyper-
glycemia seemed to be connected with the pathogenesis of the
brain dysfunction in diabetics (Brands et al. 2004). In the
brain, insulin and insulin-like growth factor (IGF) signaling
play essential roles in regulating and keeping cognitive func-
tion. The suppression of insulin/IGF signaling involved in
brain neurodegeneration via increasing: 1) the formation of
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free radicals that damage lipids, proteins, DNA and RNA; 2)
mitochondrial dysfunction; 3) levels of oxidative and endo-
plasmic reticulum (ER) stress; and 4) stimulation of pro-
inflammatory and pro-death pathways (Brands et al. 2004;
de la Monte 2012). Apoptosis can be suggested as a probable
pathway for hyperglycemia-induced cell death in the neurons
because of disturbance in the expression of apoptosis
regulatory genes. The Bcl-2 family is one of the main
regulators of apoptosis and includes a group of cytoplasmic
proteins that control apoptosis such as Bcl-2 and Bax proteins.
Bcl-2 stimulates cell survival, while Bax accelerates cell
death. Furthermore, it has been reported that Bcl-2 and
Bax expressed in the neurons of the nervous system
(Kroemer 1997; Jafari et al. 2008).

According to several in vitro and in vivo studies, in
animals and human, dietary phenolic compounds modu-
late hyperglycemia, dyslipidemia and insulin resistance,
and ameliorate oxidative stress and inflammation
markers. In addition, they can inhibit the progression
of many complications of diabetes involving retinopa-
thy, nephropathy, neuropathy and cardiovascular disease
(Bahadoran et al. 2013). Gallic acid (GA, 3,4,5-
trihydroxybenzoic acid), a plant polyphenol, found with
high content in tea, grapes and wine (Ma et al. 2003).
GA received much attention due to its potent antioxi-
dant, antihyperglycemic, antihyperlipidemic, anti-
inflammatory and neuroprotective effects (Latha and
Daisy 2011; Mansouri et al. 2013). p-Coumaric acid
(PCA, 4-hydroxyphenyl-2-propenoic acid), a natural
phenolic acid, presents in a plenty of foods such as
grapes, carrot, spinach, coffee, tomato and garlic
(Alamed et al. 2009). PCA has several biological actions
such as antioxidant and radical scavenging, anti-
inflammatory and neuroprotective activities (Yoon
et al. 2014; Guven et al. 2015). Although these find-
ings, no major research has been performed until now
concerning the anti-neurodegenerative effects of gallic
acid and p-coumaric acid in the diabetic brain. Thus,
the present investigation aimed to assess the beneficial
effects of these phenolic compounds against hippocampal
neurodegeneration in type 2 diabetic rats.

Materials and methods

Chemicals

Nicotinamide, streptozotocin and gallic acid were pur-
chased from Sigma Chemical Co., St Louis, MO,
USA. p-Coumaric acid was purchased from Santa Cruz
Biotechnology Inc., Santa Cruz, CA, USA. All other
chemicals were of analytical grade and were obtained
from standard commercial supplies.

Experimental animals

Adult male albino rats (Rattus norvegicus) of age four months
and body weight about 130 ± 10 g were used in the present
study. Rats were obtained from National Research Center
(NRC), Doki, Giza, Egypt. The chosen animals were housed
in well-aerated cages at the normal atmospheric temperature
(25 ± 5 °C), humidity (55 ± 5%) and normal 12 h light/dark
cycle. During the entire period of study, animals were provid-
ed with water and normal basal diet with known composition
ad libitum and allowed to adapt for one week. Animal exper-
iments were approved by the Animal Care and Use
Committee at Beni-Sueif University.

Induction of diabetes mellitus

Experimental type 2 diabetes was induced in rats starved for
16 h by single intraperitoneal (i.p.) injection of streptozotocin
(STZ) (65 mg/kg b.wt.), freshly dissolved in cold citrate buffer
(pH 4.5) after 15 min of i.p. injection of nicotinamide
(120 mg/kg b.wt.) prepared in 0.9% saline (Masiello et al.
1998). Seven days after STZ injection, the blood glucose
levels were measured in the rats to detect the hyperglycemia
state.

Animals grouping and treatment schedule

The animals were randomly allocated into four groups as
discussed follows:

Group 1: considered as control rats.
Group 2: considered as diabetic rats.
Group 3: considered as diabetic rats treated with gallic
acid (20 mg/kg b.wt.; Latha and Daisy 2011) orally for
six weeks.
Group 4: considered as diabetic rats treated with
p-coumaric acid (40 mg/kg b.wt.; Ambika et al. 2013)
orally for six weeks.

After one week of diabetes induction, all treatments were
dissolved in 0.5% carboxymethyl cellulose and given daily by
gastric intubation. Every week, the dosage was adjusted ac-
cording to any change in the weight of the body to keep sim-
ilar dose over the whole period of investigation for all treated
groups.

Sample collection and tissue preparation

By the end of the sixth week, animals were starved for 12 h
and were sacrificed by cervical dislocation under anesthesia
with diethyl ether. Blood samples were collected then sera
were isolated for analysis of some biochemical parameters.
The brain was excised quickly after dissection of the sacrificed

1280 Metab Brain Dis (2017) 32:1279–1286



animals. Half of brain was fixed in neutral buffered formalin
(10%) for paraffin section preparation, staining and histolog-
ical examination. Hippocampus was isolated from the second
half and kept in RNA later at −70 °C for protein expression
assay. Part of the brain was homogenized at 4 °C with ten
times (w/v) in 0.9% saline. The homogenate was centri-
fuged (3000 r.p.m. for five minutes) for removing cellular
debris, the supernatant was stored at −20 °C, and used for
brain biochemical assay.

Biochemical examinations

Blood glucose level was estimated spectrophotometrically ac-
cording to Trinder (1969) using reagent kit purchased from
Spinreact Co. (Spain). Blood glycosylated hemoglobin
(HbA1c) was measured according to the method of Bisse
and Abraham (1985) using reagent kits purchased from
Biosystems S.A. (Spain). Insulin and tumor necrosis factor
alpha (TNF-α) levels in serum were estimated using specific
ELISA kits (R&D Systems Inc., USA) according to the man-
ufacturer’s instructions. Lipid peroxidation (LPO) level was
assayed in the brain homogenate by measuring the formation
of malondialdehyde (MDA) according to the method of
Preuss et al. (1998). The level of nitric oxide (NO) in the brain
homogenate was estimated as nitrite using reagent kit pur-
chased from Biodiagnostic Co. (Egypt). Reduced glutathione
(GSH) content (Beutler et al. 1963), and the activities of anti-
oxidant enzymes such as catalase (CAT) (Cohen et al. 1970),
superoxide dismutase (SOD) (Marklund andMarklund 1974),
glutathione peroxidase (GPx) (Matkovics et al. 1998) and
glutathione-S-transferase (GST) (Mannervik and Guthenberg
1981) were determined in the homogenate of brain. The
insulin resistance was calculated by homeostasis model
assessment of insulin resistance (HOMA-IR) according
to the formula of Haffner et al. (2002).

Western blot analysis

Hippocampi were homogenized with ice-cold homogeniza-
tion buffer by polytron homogenizer then homogenates were
centrifuged (10,000 r.p.m. for 15 min) and supernatants were
separated. Proteins were measured by Bio-Rad Protein Assay
Kit. Hippocampal lysates containing 50 μg of proteins were
onto to SDS-PAGE gel then transported to polyphenyl diene
difluoride (PVDF) membrane by electrophoresis. Then, blots
were blockaded with 5% non-fat dry milk in tris-buffered
saline with tween (TBST) for 3 h at room temperature.
Consequently, blots were probed with specific primary anti-
bodies including mouse monoclonal antiserum against Bcl-2
(Thermo-scientific, USA), rabbit polyclonal antiserum against
Bax (Thermo-scientific, USA), and mouse and rabbit mono-
clonal anti-serums against β-actin (Cell Signaling, USA), at
1:1000 dilutions for 2 h in room temperature. TBST (0.1%)

was used for washing membranes (3 times). Then, blots were
incubated with anti-mouse and rabbit horseradish peroxidase
labeled IgG (Cell Signaling, USA) that acted as secondary
antibodies (1:3000 dilutions for 1 h in room temperature).
Lastly, bands of protein were visualized by an enhanced
chemiluminescence reagent (Pierce ECLwestern blotting sub-
strate) and Alliance Gel-doc (Alliance 4.7 Gel doc, UVtec
UK). Semi-quantitative analysis of protein bands was per-
formed by UVTec software (UK). All blots were standardized
against intensities of matching β-actin protein bands.

Histological investigation

Paraffin sections were routinely prepared from fixed brain
specimens. The prepared sections were stained with hematox-
ylin and eosin stain method according to Bancroft and Stevens
(2008).

Statistical analysis

Data were expressed as mean ± standard error (SE) and sub-
jected to One-Way Analysis of Variance (ANOVA) by a com-
puter software package, SPSS version 20, (IBM Corp 2011)
and followed by Duncan’s Multiple Range Test (DMRT) to
detect the significant differences between groups. The differ-
ences were considered significant at P < 0.05.

Results

As illustrated in Table 1, there was a significant increase in the
levels of serum glucose and blood HbA1c in diabetic rats as
compared to control rats. Treatment of diabetic rats with gallic
acid and p-coumaric markedly ameliorated these altered pa-
rameters. On the contrary, serum insulin level was obviously
declined in diabetic rats and was significantly increased as a
result of administration of the tested agents. Diabetic rats re-
vealed a significant elevation of HOMA-IR that was dropped
significantly after supplementation with gallic acid and p-
coumaric acid. These results indicate the potential antidiabetic
effects of the tested agents. However, gallic acid seemed to be
more potent than p-coumaric acid.

The levels of LPO and NO, markers of oxidative stress,
were significantly elevated in the brain of diabetic rats and
were significantly diminished after treatment with gallic acid
and p-coumaric acid. The brain of diabetic rats exhibited a
significant depletion in GSH content as compared to control
ones. On the other hand, both treatments produced the marked
increase in GSH concentration in treated diabetic rats. The
activities of antioxidant enzymes including CAT, SOD, GPx
and GSTshowed a significant decrease in the brain of diabetic
rats as compared to control rats. Oral administration of gallic
acid and p-coumaric acid potentially improved these altered
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activities. Based on the above-mentioned data, GA and PCA
have powerful free radical scavenging and antioxidant activi-
ties in the diabetic brain (Table 2).

Consistent with the previous results, the serum level of pro-
inflammatory cytokine, TNF-α, was significantly elevated in
diabetic rats and was decreased upon treatment with gallic
acid and p-coumaric acid, reflecting their anti-inflammatory
effects as showed in Table 1.

Figures 1 and 2 revealed the effect of treatments on Bax
and Bcl-2 protein expression levels in the hippocampus. In
diabetic rats, Bax protein expression level significantly in-
creased as compared to control ones. In contrast, Bcl-2 protein
expression level significantly declined. On the other hand,
supplementation with gallic acid and p-coumaric acid signif-
icantly downregulated the protein expression of Bax and up-
regulated the protein expression of Bcl-2 in the hippocampus
of diabetic rats.

The hippocampus of control rats showed normal his-
tological architecture (Fig. 3a & b). Diabetic rats re-
vealed marked histopathological changes in hippocam-
pus including focal necrosis and decrease in the number
of pyramidal cells. There was also an obvious many
shrunken irregular pyramidal cells with pyknotic nuclei
and loss their processes. Other shrunken cells appeared
with pyknotic nuclei and surrounded by halo shape
(Fig. 3c). Oral treatment with gallic acid and p-coumaric acid
preserves the pyramidal cells with nearly normal cell size,
vesicular nuclei and neural process except few shrunken
pyramidal cells. (Fig. 3d & e).

Discussion

Because of difficulties in human research, animal models of
diabetes are suitable and essential research tools for under-
standing the molecular pathogenesis and therapeutic ap-
proaches of diabetes and its associated complications
(Chatzigeorgiou et al. 2009). For induction of experimental
diabetes in animals, nicotinamide-streptozotocin (NA-STZ)
model is frequently utilized which causes a moderate degree
of hyperglycemia with clinical symptoms as type 2 diabetes.
This model is based on the protective effects of NA against
STZ cytotoxic effects in β-cells. NA-STZ model has been
reported to be a good model to study the complications of
diabetes such as diabetic neuropathy (Srinivasan and
Ramarao 2007; Sharma et al. 2012).

In our study, fasted diabetic rats revealed a significant ele-
vation in serum glucose level that was parallel with high
HOMA-IR value. However, serum insulin level was markedly
diminished in diabetic rats as compared to control ones. Oral
supplementation with gallic acid (GA) and p-coumaric acid
(PCA) to diabetic rats significantly ameliorated the altered
parameters. The present results are concomitant with many
previous studies that reported the antihyperglycemic and
insulinotropic effects of GA and PCA in STZ-induced diabet-
ic rats (Latha and Daisy 2011; Ambika et al. 2013). Blood
HbA1c level remains the standard biochemical marker to eval-
uate long-term glycemic control in diabetic patients, and it
helps to assess the risk of the progression or development of
diabetic complications (Calisti and Tognetti 2004). The

Table 1 Effect of gallic acid and
p-coumaric acid on blood HbA1c,
and serum glucose, insulin,
HOMA-IR and TNF-α

Control Diabetic Diabetic + GA Diabetic + PCA

Glucose (mg/dl) 79.03 ± 4.41 254.05 ± 9.28* 118.83 ± 1.42*# 129.33 ± 2.12*#

HbA1c (%) 4.45 ± 0.20 9.86 ± 0.49* 6.50 ± 0.38*# 7.33 ± 0.19*#

Insulin (μIU/ml) 21.68 ± 0.40 12.74 ± 0.59* 17.81 ± 0.46*# 16.14 ± 0.16*#

HOMA-IR 4.22 ± 0.23 7.98 ± 0.46* 5.15 ± 0.19*# 5.22 ± 0.09*#

TNF-α (pg/ml) 29.70 ± 0.69 108.56 ± 3.11* 44.03 ± 1.15*# 60.58 ± 3.67*#

Data are expressed as Mean ± SE (n = 6). * P < 0.05 vs. Control, # P < 0.05 vs. Diabetic

Table 2 Effect of gallic acid and
p-coumaric acid on brain
oxidative stress markers and
antioxidant defense system
parameters

Control Diabetic Diabetic + GA Diabetic + PCA

LPO (nmol MDA/100 mg tissue) 10.51 ± 0.02 15.91 ± 0.23* 12.12 ± 0.06*# 13.93 ± 0.07*#

NO (nmol nitrite/100 mg tissue) 12.23 ± 0.41 20.45 ± 0.81* 14.17 ± 0.51*# 14.52 ± 0.19*#

GSH (nmol/100 mg tissue) 108.33 ± 7.25 57.03 ± 8.44* 82.02 ± 2.85*# 65.00 ± 3.39*

SOD (U/g tissue) 11.82 ± 0.24 5.67 ± 0.22* 9.53 ± 0.30*# 8.05 ± 0.20*#

CAT (Kx10−2) 19.80 ± 0.55 9.74 ± 0.47* 16.19 ± 0.49*# 13.86 ± 0.23*#

GPx (mU/100 mg tissue) 68.56 ± 0.34 49.06 ± 0.55* 65.76 ± 0.86# 62.46 ± 1.58*#

GST (U/100 mg tissue) 126.23 ± 1.05 102.97 ± 1.85* 115.56 ± 1.2*# 110.01 ± 0.64*#

Data are expressed as Mean ± SE (n = 6). * P < 0.05 vs. Control, # P < 0.05 vs. Diabetic
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HbA1c level was markedly elevated in the diabetic rats as
compared to control rats. On the other hand, treatment with
GA and PCA caused an obvious decrease of the elevated
HbA1c level. This finding could be due to potential glycemic
control by the tested agents.

The brain is specifically susceptible to oxidative damage
due to its elevated metabolic rate, high lipid content and rela-
tive lack of antioxidant enzymes system when compared to
other organs. Thus, oxidative stress is considered the main
player of many neurodegenerative diseases (Dugan et al.
1995). Many studies on both diabetic humans and experimen-
tally induced diabetic rats have revealed that hyperglycemia
induces oxidative stress that may disturb brain function
(Biessels et al. 2002). Raza et al. (2015) reported the increase
of oxidative and nitrosative stress in tissues of Zucker diabetic
fatty rats, especially in the brain homogenate. More specifi-
cally, it has been shown that hippocampus of STZ-induced
diabetic rats has increased oxidative stress and impaired anti-
oxidant defense systems (Samarghandian et al. 2014).

In line with many authors, the current results showed that
MDA and NO levels in brain of diabetic rats significantly

increased while the activities of SOD, CAT, GPx and GST
as well as GSH content markedly reduced as compared to
those of control ones (Prince et al. 2011; Oyagbemi et al.
2016). These findings indicated the contribution of oxidative
stress in the neuronal damage of the diabetic brain. The
decreased activity of SOD and CAT could be attributed
to an elevated production of reactive oxygen species
(ROS) that can inhibit the activity of these enzymes
(Wohaieb and Godin 1987) while the lowered activities
of GSH-dependent enzymes, GPx and GST, may be due
to elevated lipid peroxidation or decreased GSH (Prince et al.
2011). The alteration of GSH levels may be linked to in-
creased polyol pathway activity resulting in NADPH deficien-
cy which is essential for the enzymatic depletion of oxidized
glutathione (Preet et al. 2005).

Treatment of diabetic rats with GA and PCA markedly
decreased oxidative stress and improved antioxidant
parameters. These results revealed that both tested agents
have potent free radical scavenging and antioxidant
properties in the diabetic brain. Oyagbemi et al. (2016) re-
vealed that GA ameliorated oxidative stress in the brain of rats
(cerebrum and cerebellum) via quenching ROS and RNS

Bax

β-ac�n

Fig. 1 Western blot analysis of Bax andβ-actin proteins expression level
of control, diabetic and diabetic rats treated with gallic acid and p-
coumaric acid. Top: Gel photograph of Western blot analysis of Bax
and β-actin proteins. Bottom: Corresponding densitometric analysis of
Western blot bands of Bax and β-actin proteins expression level,
represented as the Bax percentage of β-actin protein. * P < 0.05 vs.
Control, # P < 0.05 vs. Diabetic

Bcl-2

β-ac�n

Fig. 2 Western blot analysis of Bcl-2 and β-actin proteins expression
level of control, diabetic and diabetic rats treated with gallic acid and p-
coumaric acid.Top:Gel photograph ofWestern blot analysis of Bcl-2 and
β-actin proteins. Bottom: Corresponding densitometric analysis of
Western blot bands of Bcl-2 and β-actin proteins expression levels, rep-
resented as the Bcl-2 percentage ofβ-actin protein. * P < 0.05 vs. Control,
# P < 0.05 vs. Diabetic
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production and improving antioxidant status. GA also in-
creased the activities of SOD, CAT, and GSH-dependent en-
zymes and blocks the formation of free radicals generated in
the STZ-induced diabetic brain (Prince et al. 2011). In addi-
tion, PCA revealed neuroprotective effects in a rat model of
embolic cerebral ischemia via its antioxidant activity
(Guven et al. 2015). The antioxidant and free radical
scavenging properties of phenolic acids may be attribut-
ed to direct free radical scavenging activity, inactivation
the enzymes responsible for the production of ROS and/
or upregulation of the antioxidant enzymes (Thyagaraju
and Muralidhara 2008; Saibabu et al. 2015). Depending
on these data, it could be suggested that both agents
have neuroprotective effects against oxidative stress-
induced neurodegeneration in the diabetic brain.

High levels of ROS and persistent activation of nuclear
factor kappa B (NF- B) have been detected in the hippocam-
pus of STZ-administered rats (Alvarez-Nölting et al. 2012).
The activated NF-κB regulates numerous pro-inflammatory
mediators including pro-inflammatory cytokines including in-
terleukins (ILs) and tumor necrosis factor-α (TNF-α),

cyclooxygenase-2 (COX-2) and inducible nitric oxide syn-
thase (iNOS), also its activation exacerbates inflammation as
well as oxidative stress and promotes apoptosis (Yun et al.
2008). The level of serum TNF-α was significantly increased
in diabetic rats and was significantly reduced upon
treatment with GA and PCA, reflecting the anti-
inflammatory activities of both agents. Consequently,
the neuroprotective effects of GA and PCA could be
attributed to their anti-inflammatory effects. This finding
is supported by the results of Mansouri et al. (2013)
who found that GA treatment considerably ameliorated
memory and long-term potentiation in the traumatic
brain rats via decreasing the levels of TNF-α, IL-1β
and IL-6 in the brain. Moreover, Yoon et al. (2014)
indicated that PCA derived from Corni fructus sup-
pressed the Aβ25-35-stimulated expression of pro-
inflammatory mediators such as COX-2 and iNOS in
PC12 cells.

Apoptosis could be a probable mechanism for
hyperglycemia-induced cell death in the hippocampus. In the
current study, the level of Bax protein expression in the

Fig. 3 a–e Photomicrographs of
hippocampal sections of rats in
different experimental groups. a
& b The hippocampus of control
rats is formed of cornu ammonis
(CA) which includes CA1, CA2,
CA3 and CA4. The pyramidal
cells, the principle cells, have a
triangular body with large
vesicular nuclei (arrow). CA4
projects into the concavity of
dentate gyrus (c) Diabetic rats
show marked histopathological
changes in hippocampus
including focal necrosis (curved
arrow), many shrunken irregular
pyramidal cells with pyknotic
nuclei and surrounded by halo
shape (arrow head). Gallic acid
(d) or p-coumaric acid (e)
administration to diabetic rats
preserves the pyramidal cells with
nearly normal cell size, vesicular
nuclei and neural process except
few shrunken pyramidal cells
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hippocampus of diabetic rats significantly elevated, while Bcl-
2 protein expression level significantly declined as compared
to control rats. These data run in parallel with the study of
Jafari et al. (2008) who showed that after 8 weeks of experi-
mentally induced diabetes using STZ, Bax expression in hip-
pocampus of diabetic rats was significantly elevated at both
mRNA and protein levels, while the expression of Bcl-2 and
Bcl-xL was considerably declined at the levels of both mRNA
and protein. Oral administration of GA and PCA significantly
downregulated the protein expression level of Bax and upreg-
ulated the protein expression level of Bcl-2. These findings are
in line with the study of Hong et al. (2012) who found that GA
and PCA isolated from Corni fructus showed neuroprotective
activity against Aβ (25–35)-induced neurotoxicity in PC12
Cells through antioxidant and anti-apoptotic activities. Thus,
GA and PCA may have anti-apoptotic effects against
hyperglycemia-induced hippocampal neurodegeneration via
downregulation the protein expression of Bax and upregula-
tion the protein expression of Bcl-2.

Concerning the present histological examination of hippo-
campal sections, diabetic rats exhibited marked histopatholog-
ical alterations in hippocampus including disorganization, cell
loss and a decrease in the number of pyramidal cells indicating
cell death. This could be attributed to apoptosis as supported
by the present results of Bax and Bcl-2 protein expression
levels. In agreement with our findings, electron microscopic
studies showed neuronal cell death, after 21 days, in the hip-
pocampus of STZ-induced diabetes in rats (Golembewski
et al. 2007). This study supports the fact that diabetes induced
by STZ is capable of inducing apoptosis in the hippocampus
of diabetic rats (Jafari et al. 2008). Otherwise, the supplemen-
tation of diabetic rats with GA and PCA reversed the
histopathological changes in the hippocampus. Our results
agreed with those of Sarkaki et al. (2014) who stated that
GA could improve cell viability of hippocampus and
cerebral cortex by attenuating oxidative stress in the
hypoperfusion brain tissues. Furthermore, Guven et al.
(2015) reported that PCA is a neuroprotective agent because
of its powerful antioxidant and anti-apoptotic properties.
Thus, treatment with both agents can inhibit the progress of
hippocampal neuronal damage in diabetic rats.

Taken together, it can be concluded that gallic acid and p-
coumaric acid may attenuate the progress of hippocampal
neurodegeneration in the brain of diabetic rats through their
potential antioxidant, anti-inflammatory and anti-apoptotic ac-
tivities. Hence, gallic acid and p-coumaric acid can be consid-
ered as promising adjuvant agents against the progression of
neurodegeneration in the brain by diabetes.
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