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Herbal medicines have been used for thousands of years for
the treatment of several ailments. Herbal medicines contain
different classes of secondary metabolites with beneficial
health effects, which are considered as important sources
of lead structures. Recently, there has been a resurgence
of interest in the use of natural products because of their
reduced side effects compared to synthetic drugs. Several
synthetic drugs have been used for the treatment of different
metabolic and degenerative diseases. However, some of these
drugs are expensive and produce serious adverse effects. The
use of these drugs may be unsuccessful in some cases due to
development of tolerance and relapses and, therefore, may be
of limited therapeutic benefits. In this regard, natural prod-
ucts represent an important source of new lead structures for
the development of many drugs for ameliorating oxidative
stress and metabolic and degenerative diseases. This spe-
cial issue was dedicated to integrating the pharmacological
mechanisms of natural products in ameliorating oxidative
stress-associated diseases and the chemistry of secondary
metabolites. The editors would like to thank all authors who
have contributed their original research articles and reviews
to this special issue. Thirteen articles were published in this
issue.The topics included in this issue comprised three major
categories:

(i) Natural products with neuroprotective potential
(ii) Toxicology studies of natural products on hepatotox-

icity and effect of natural products on oxidative stress
related diseases

(iii) Effect of natural products on endocrine diseases,
metabolic syndrome, and osteoporosis

The first category included a study by D.-D. Mao et al. who
highlighted the potential for treatment of Alzheimer’s disease
by a traditional Chinese medicine, Qingxin Kaiqiao Fang
(QKF), through the modulation of hippocampus mRNA
expression of inflammation-related genes IL-1ß, GFAP, and
amyloid-beta (A𝛽) in an Alzheimer’s disease rat model.
From this study, it was evident that QKF significantly
modulated the expression of these parameters; therefore,
the authors have concluded that QKF has a therapeutic
potential against Alzheimer’s disease and can be used for
ameliorating age-associated disorders. Vitamin E has been
shown to possess potent antioxidant and neuroprotection
activities. A. Abd Jalil et al. described the effect of a to-
cotrienols-rich fraction (TRF) from palm oil and alpha-
tocopherol (𝛼-TCP) in modulating the glutamate receptor
and neuron injury markers in an oxidative stress model
of neural cells derived from embryonic stem cell cultures.
To elucidate the mechanism of action, the authors have
used an in vitro model of oxidative stress in neural-derived
embryonic stem (ES) cell cultures. TRF and 𝛼-TCP exerted
protective and antioxidant effects against glutamate toxicity
in neural-derived ES cells. Therefore, it was recommended
that these treatments could be developed into potential
therapeutic agents for Alzheimer’s disease. A standardized
Chinese herbal formula, Xiao-Er-An-Shen, was proven to
regulate neuron differentiation and antioxidant activity by Z.
Li et al. The decoction prepared from this herbal formula
was shown to prevent the impairment of neurogenesis under
oxidative stress and to exert neuron protection bymodulation
of differentiation and antioxidant activity in cultured PC12
cells. H. Wang et al. examined the effect of Ficus deltoidea
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(FD) aqueous extracts on lipopolysaccharide-induced TNF-
a production from microglia. The authors have shown that
the extract has a therapeutic potential against neuroinflam-
matory diseases. This was evident from its effect on the
release of tumor necrosis factor-alpha (TNF-�), the expres-
sion of CD40, and the morphology of microglial cells in
lipopolysaccharide- (LPS-) activated BV2 cells. An article by
Y. Fu et al. has demonstrated the potential therapeutic role of
trans-cinnamaldehyde for ameliorating neuroinflammation-
mediated neurodegenerative diseases in BV2 microglial cells
with lipopolysaccharide stimulation. TCA pretreatment sig-
nificantly inhibited LPS-induced production of NO and
expression of iNOS, COX-2, and IL-1𝛽 and normalized
the morphological changes in BV2 cells. TCA markedly
attenuated microglial activation and neuroinflammation by
blocking nuclear factor kappa B (NF-𝜅B) signaling pathway.
It was concluded that TCA greatly reduced LPS-elicited
neuronal death and exerted neuroprotective effects.

Toxicology studies of natural products on hepatotoxicity
and oxidative stress comprised an article by M. S. Hossen et
al. who highlighted the hepatoprotective effect of coadminis-
tration of two mushroom extracts from Ganoderma lucidum
(GL) and Auricularia polytricha (AP) against carbofuran-
(CF-) induced toxicity in rats. Emodin, the major active
component of Rheum officinale and Polygonum cuspidatum,
has been reported to have antifibrotic effect. It was evident
from the work done by X.-A. Zhao et al. that emodin can
alleviate the degree of liver fibrosis induced by carbon tetra-
chloride by reducing infiltration of Gr1ℎ𝑖monocytes. Emodin
significantly inhibited hepatic expression of interleukin-1𝛽
(IL-1𝛽), tumor necrosis factor-alpha (TNF)-𝛼, transforming
growth factor-𝛽1 (TGF-𝛽1), granulin (GRN), and monocyte
chemoattractant protein 1 (MCP-1). These results suggest
that emodin is a promising candidate in the prevention and
treatment of liver fibrosis. H. Peiyuan et al. have empha-
sized that resveratrol alleviated alcoholic liver disease (ALD)
through the regulation of oxidative stress, apoptosis, and
inflammation. Resveratrol significantly attenuated alcohol-
induced elevation of liver enzymes and improved hepatic
antioxidant enzymes. Resveratrol also attenuated alcohol-
induced CYP2E1 increase, oxidative stress, and apoptosis.
The data suggests that resveratrol is a promising natural
therapeutic agent against chronic ALD.

Effect of natural products on endocrine pharmacology,
metabolic syndrome, and osteoporosis included the study by
N. Rivera-Yañez et al. on the hypoglycemic and antioxidant
effects of propolis of Chihuahua in a model of experimen-
tal diabetes. This investigation demonstrated that propolis
possessed hypoglycemic and antioxidant activities and can
alleviate symptoms of diabetesmellitus inmice.The ethanolic
extract of propolis of Chihuahua significantly inhibited the
increase in blood glucose and the loss of body weight in
diabetic mice. EEPCh increased plasma insulin levels in STZ-
diabetic mice, whereas in untreated diabetic mice there was
no detection of insulin. The findings of an article by M. Y.
Ali et al. suggested that Garcinia pedunculata fruit methanol
extract is effective against hyperglycemia and may be used in
the treatment of diabetes. In addition, the extract ameliorated

diabetes complications and overall oxidative stress-mediated
pathological conditions. Furthermore, M. R. Oumarou et al.
proved that Lannea acida A. Rich. (Anacardiaceae) ethanol
extract exhibits estrogenic effects and prevents bone loss in an
ovariectomized rat model of osteoporosis. The authors high-
lighted the estrogenic activity of Lannea acida barks ethanolic
extract and its antiosteoporotic potential in ovariectomized
Wistar rats. Lannea acida extract improved bone microar-
chitecture and could restore normal bone mineralization by
increasing the inorganic phosphorus and calcium level in
bone. These findings provide evidence that Lannea acida is
a potential alternative for the prevention of postmenopausal
osteoporosis. The study by J. Huang et al. demonstrated
that icariin from Herba Epimedii, a widely used tradi-
tional Chinese medicine, exerted antiosteoporosis activity
by regulating bidirectional differentiation of bone marrow
mesenchymal stem cells (BMMSCs) through canonical Wnt
signaling pathway. Fat infiltration within bone marrow is
easily observed in some postmenopausal women. The main
origin of this fat derives from bone marrow mesenchymal
stem cells (BMMSCs). The increment of adipocytes derived
from BMMSCs leads to decreased osteoblast derived from
BMMSCs, so the bidirectional differentiation of BMMSCs
is a significant factor contributing to osteoporosis. A review
by S. Sameh et al. focused on the genus Spondias, which is
widely used in traditionalmedicine for the treatment ofmany
diseases. The authors compiled many pharmacological and
phytochemical reports on Spondias. The authors highlighted
that, in view of the limited drugs available for treating
degenerative diseases, natural products from Spondias plants
represent a promising therapeutic strategy in the search
for new and effective candidates for treating degenerative
diseases.

Eman Al-Sayed
Indumathi Somasundaram

Dinesh Dhamecha
Hanan Hagar
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The current study aimed to investigate the ameliorative effects of two types of mushrooms, Ganoderma lucidum (GL) and
Auricularia polytricha (AP), against carbofuran- (CF) induced toxicity in rats. Male Wistar rats (𝑛 = 42) were divided into six
equal groups.The rats in the negative control group received oral administration of CF at 1mg/kg with the normal diet for 28 days.
The treatment groups received oral administration of ethanolic extract of GL orAP at 100mg/kg followed by coadministration of CF
at 1mg/kg with the normal diet for the same experimental period, respectively. In the CF alone treated group, there were significant
decreases in the erythrocytic and thrombocytic indices but increases in the concentrations of the total leukocytes, including the
agranulocytes. A significant increase in all of the liver function biomarkers except albumin, in lipid profiles except high-density
lipoprotein, and in the kidney function markers occurred in the negative control group compared to the rats of the normal control
and positive control groups. The coadministration of mushroom extracts significantly ameliorated the toxic effects of the CF. The
GL mushroom extract was more efficacious than that of the AP mushroom, possibly due to the presence of high levels of phenolic
compounds and other antioxidants in the GL mushroom.

1. Introduction

Carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl-N
methyl carbamate; CF) is one of the carbamate pesticides
commonly used to combat insects, mites, and nematodes
in the soil for fruits, vegetables, and forest crops [1]. Due to
the widespread agricultural and household use of this agent,
the contamination of food, water, soil, and air has become
a serious concern based on its inevitable consequences of
adverse health effects in humans, animals, wildlife, and

fish [2]. Some studies proposed that CF has significant
harmful effects on the liver and kidney functions as well
as on certain blood parameters of rats [3–5]. Oxidative
stress has been proposed as an alternative mechanism of CF
toxicity in certain animal tissues, occurring via impairment
of mitochondrial respiratory system that leads to increased
generation of free radicals through lipid peroxidation of cell
membrane which play significant roles in the pathogenesis
of a number of complications [6, 7]. Mitigating the oxidative
stress induced by the carbamate pesticides, the exogenous
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supply of antioxidants can improve the capacity of the tissue
to cope with the high antioxidant demands [8].

Mushrooms are frequently used in traditional Chinese
medicine as well as being commonly used as a food item
[9]. Currently, many species of medicinal mushrooms are
commercially available in many countries. Among these
mushrooms, Ganoderma lucidum (GL) (also known as
Lingzhi or Reishi) [10] and Auricularia polytricha (AP) (also
known as cloud ear fungus or jelly ear fungus, a species
that is closely related to Auricularia auricula-judae) are well
known for their medicinal properties. GL is an oriental
fungus with a large, dark glossy exterior and a woody texture
[10]. It has been shown to produce antitumor compounds,
hypoglycemic polysaccharides, immunomodulatory proteins
(LZ-8), and many bioactive oxygenated triterpenoids with
a very broad spectrum of biological activities and phar-
macological functions [11]. On the other hand, AP is an
ear-like brown mushroom that grows on wood and its
medicinal properties may be contributed by its non-starch
polysaccharides, including three D-glucans and two acidic
heteropolysaccharides [12]. GL and AP are rich in vitamin B
complex, including riboflavin, folate, thiamine, pantothenic
acid, and niacin, and also contain several minerals, such as
selenium, potassium, copper, iron, and phosphorus which are
very essential for the maintenance of liver enzyme functions
and help to detoxify some carcinogenic compounds in the
body [13]. In fact, modern pharmacological and clinical
investigations have demonstrated that GL and AP contain
active constituents with numerous pharmacological effects
including antitumor, immunomodulatory, cardiovascular,
respiratory, and antihepatotoxic functions [14, 15]. Previous
data have confirmed that the two mushroom species contain
high amounts of naturally occurring antioxidants, including
ascorbic acid, tocopherol, and phenolic compounds with
robust radical scavenging and antioxidant activities [16].
Thus, it is hypothesized that GL and AP mushrooms can
mitigate oxidative stress and other toxicities induced by CF.
Therefore, the aim of this study was (1) to identify the active
phenolic compounds in these mushrooms, (2) to determine
the effects of CF on hematological and biochemical changes
in rats, and (3) to determine the ameliorative effects of the GL
and AP mushrooms against CF-induced toxicity.

2. Materials and Method

2.1. Pesticide and Mushroom Collection. CF (25 g) was pur-
chased from Shetu Corporation Limited, Bangladesh, in a
powdered form (C12H15NO3, purity 98%) and was subse-
quently stored at 4∘C. The GL and AP mushrooms were
collected in powdered form (dry samples were crushed into
a fine powder using a household blender) from the Mush-
room Development and Extension Centre, Savar, Dhaka,
Bangladesh, in summer following authentication of the
species.

2.2. Extract Preparation. The powdered mushroom samples
were extracted with 95% ethanol in a conical flask at 30∘C
for 72 hours using a shaker incubator (KS 4000 ic, IKA,

Germany) at 150 rpm. Thereafter, the extracts were filtered
throughWhatman no. 1 filter paper (HangzhouXlnhua Paper
Industry Co. Ltd., China), followed by evaporation using
a rotary evaporator (R-215, BUCHI, Switzerland) under a
reduced pressure (100 psi) at a controlled temperature (40∘C)
to remove any residual solvent.The samples were then stored
at −20∘C until analysis.

2.3. HPLC Analysis of Phenolic Compounds. From the dry
extracts, free phenolic compounds were detected following
previousmethods [17, 18] with slightmodification. Briefly, the
extracts (100mg) were dissolved in 10ml acidified water (pH
2.0) and extracted with 10mlmethanol.The organic layer was
collected for centrifugation at 6000 rpm for 10min followed
by filtration through a 0.45 𝜇m syringe filter (Sartorius AG,
Germany). The filtrate (5mL) was then passed through a
0.20𝜇m nylon membrane filter (Sigma, USA) and the 20𝜇L
of filtrate was loaded on the HPLC system (SPD-20AV, serial
number: L20144701414AE, Shimadzu Corporation, Kyoto,
Japan) equipped with a UV detector (SPD-20AV, serial
number: L20144701414AE, Shimadzu Corporation, Kyoto,
Japan). A Luna phenomenex, C18 100A (150 × 4.60mm,
5 𝜇m), HPLC column was used. A linear gradient at a flow
rate of 0.5ml/min was used and the total analytical time was
approximately 35min. The binary mobile phase consisted of
solvent A (ultrapure water with 0.1% phosphoric acid) and
solvent B (puremethanol with 0.1% phosphoric acid). Elution
from the column was achieved with the following gradient:
0 to 10min of solvent B, increased from 35% to 55%; 10 to
25min of solvent B, increased to 62%; 25 to 30min of solvent
B, increased to 85%, and the final composition was kept
constant up to 35min. The detection wavelength was fixed
between 200 and450 nm,with specificmonitoring conducted
at 265 nm. The identification of phenolic and flavonoid
compounds was performed by comparing the retention times
of the analyteswith the reference standards. Phenolics includ-
ing tannic, gallic, pyrogallol, vanillic, benzoic, and trans-
cinnamic acids as well as flavonoids (including catechin,
naringin, rutin, and quercetin) were purchased from Sigma-
Aldrich (St. Louis,Missouri, USA) andwere used as reference
standards. All solvents were of HPLC grade.

2.4. Animals. Male Wistar rats with body weights (BW) in
the range of 150–155 g were used for the experiment. The
rats were obtained from Department of Pharmacy, Jahangir-
nagar University, and were maintained at a constant room
temperature (23 ± 2∘C) in an environment with humidity
ranging from 40% to 70%. The rats were housed in clean
plastic cages and received a natural 12-h day-night cycle.
They were provided with standard food and water ad libitum.
The experiments were conducted according to the ethical
guidelines as approved by the Bangladesh Association for
Laboratory Animal Science. The experimental protocol was
approved by the Biosafety, Biosecurity & Ethical Committee
of Jahangirnagar University.

2.5. StudyDesign. All rats were acclimated to the lab environ-
ment for one week prior to the experiment. The experiment
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was conducted for 28 days using doses for the mushrooms
andCF that were selected based on those reported in previous
studies [7, 19].The hypothesized oxidative stress in rat’s tissue
was reported to occur following 1mg/kg of CF treatment [7].
A total of 42 rats were randomly divided into 6 groups (𝑛 = 7
in each group), as follows:

(1) Normal control: the rats received 0.5mL olive oil/rat
via oral gavage and a normal diets for 28 days.

(2) Positive control-1: the rats received the GL extract
(100mg/kgBW/day) dissolved in saline water via oral
gavage and a normal diet for 28 days.

(3) Positive control-2: the rats received the AP extract
(100mg/kgBW/day) dissolved in saline water via oral
gavage and a normal diet for 28 days.

(4) Negative control: the rats received CF (1mg/kg BW/
day) (1/5 of lethal dose 50%; LD50) dissolved in olive
oil (0.5mL/rat) via oral gavage and a normal diet for
28 days.

(5) CF + GL: the rats received the GL extract (100mg/
kg BW/day) dissolved in saline water along with CF
(1mg/kg BW/day) dissolved in olive oil (0.5mL/rat)
via oral gavage and a normal diet for 28 days.

(6) CF + AP: the rats received the AP extract (100mg/kg
BW/day) dissolved in saline water along with CF
(1mg/kg BW/day) dissolved in olive oil (0.5mL/rat)
via oral gavage and a normal diet for 28 days.

All administrations were conducted in themorning (between
09:00 and 10:00 AM). During the experimental period, the
rats were observed for any abnormal clinical signs and/or
death; changes in body weight were evaluated on a weekly
basis.

At the end of the experiment, all rats were sacrificed
using deep anesthesia with ketamine hydrochloride injection
(1mL/150 g) followed by dissection. Blood samples (5mL)
were withdrawn from the inferior vena cava for hematolog-
ical and biochemical analyses using a heparinized syringe
(5mL). From each rat, the liver, kidneys, heart, brain, and
pancreas were immediately removed and were placed on
ice for calculation of the fraction of the body weight.
For the hematological analysis, blood samples (1mL) were
directly transferred into EDTA tubes and were stored at
−20∘C until analysis. For the biochemical analyses, the blood
samples (4mL) were collected into sterile test tubes and
allowed to clot at ambient temperature for 30min followed
by centrifugation at 2,000 rpm for 10min to separate the
serum, which was then stored at −20∘C prior to analy-
sis.

2.6. Evaluation of Hematological Parameters. To evaluate
the hematological parameters, the blood samples (1mL)
were analyzed following standard protocols using an auto-
mated hematology analyzer (XS 1000i, Sysmex Corporation
Ltd., Japan). In this experiment, the recorded hematological
parameters were as follows.

2.7. Erythrocytic Parameters. Erythrocytic parameters are
red blood cells (RBC), hemoglobin (HGB), hematocrit
(HCT), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin concen-
tration (MCHC), red cell distribution width-standard devi-
ation (RDW SD), and red cell distribution width-coefficient
of variation (RDW CV).

2.8. Differential Leukocyte Counts. Differential leukocyte
counts are white blood cells (WBC), lymphocytes (LYMPH),
monocytes (MONO), neutrophils (NEUT), and eosinophils
(EO).

2.9. Thrombolytic Indices. Thrombolytic indices are platelets
(PLT), mean platelet volume (MPV), platelet distribution
width (PDW), pro-calcitonin (PCT), and platelet-to-larger-
cell ratio (P-LCR).

2.10. Evaluation of Biochemical Parameters. A total of
12 biochemical parameters including alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST), alkaline
phosphatase (ALP), lactate dehydrogenase (LDH), albumin
(ALB), total bilirubin (TB), total cholesterol (TC), triglyc-
eride (TG), high-density lipoprotein cholesterol (HDL-C),
low-density lipoprotein cholesterol (LDL-C), creatinine, and
urea were estimated following standard protocols using an
automated chemistry analyzer (Dimension EXL with LM
Integrated Chemistry System, Siemens Medical Solutions
Inc., USA).

2.11. Oxidative Stress Parameter (LPO). Malondialdehyde
(MDA) levels were assayed to determine the lipid per-
oxidation (LPO) products in the tissues according to the
method described by Ohkawa et al. [20]. MDA, also referred
to as thiobarbituric acid-reactive substance (TBARS), was
measured at 532 nm and the levels of TBARS were expressed
as nmol of TBARS per mg of protein. The total protein in
heart tissue homogenates was estimated by the Lowry et al.
method [21].

2.12.Histopathological Examination. The liver and kidney tis-
sues were dissected and were fixed in 10% formalin.The fixed
tissues were embedded in paraffin and were cut into serial
sections (5 𝜇m thick) using a rotary microtome. Each section
was stained with hematoxylin and eosin (H&E). Micro-
scopic observation was performed using a light microscope
(MZ3000Micros, St Veit/Glan, Austria).The pathologist who
performed the histopathological evaluation was blinded to
the treatment assignments of the different study groups.

2.13. Statistical Analysis. All analyses were performed in
triplicate. The data are expressed as the means ± standard
deviation (SD). The data were analyzed using GRAPHPAD
PRISM (version 6.00; GraphPad software Inc., San Diego,
CA, USA) and SPSS (Statistical Packages for Social Science,
version 22.0, IBM Corporation, Armonk, New York).
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Table 1: Phenolic and flavonoid compounds detected in Ganoderma lucidum and Auricularia polytrichamushroom species.

Serial number Standard compound Ganoderma lucidum Auricularia polytricha
(mg/kg) (mg/kg)

Phenolic compounds
1 Tannic acid 1958.31 ND
2 Gallic acid ND 322.32
3 Pyrogallol ND ND
4 Vanillic acid 2780.21 21.59
5 Benzoic acid ND ND
6 Trans-cinnamic acid ND ND
7 Salicylic acid 7.94 ND

Flavonoid compounds
8 Catechin 1013.78 ND
9 Naringin ND ND
10 Rutin ND ND
11 Quercetin ND ND
ND: not detected.
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Figure 1: Chromatogram of phenolic compound analysis by HPLC. (a) Standard mixture of seven phenolic acids. (b) Standard mixture of
four flavonoids. (c) Ganoderma lucidum and (d) Auricularia polytricha. Here, (1) tannic acid, (2) gallic acid, (3) pyrogallol, (4) vanillic acid,
(5) benzoic acid, (6) trans-cinnamic acid, (7) salicylic acid, (8) catechin, (9) naringin, (10) rutin, and (11) quercetin.

3. Results

A total of eleven phenolic compounds were investigated in
this study in which seven were phenolic acids and four
were flavonoid compounds (Figure 1 and Table 1). In GL
mushroom, three phenolic acids including tannic, vanillic,
salicylic acids and a flavonoid, catechin, were detected. On
the other hand, AP mushroom contained gallic and vanillic
acids. Overall, the concentration of phenolic acids was higher
in GL than AP mushroom, indicating the high antioxidant
properties of the former.

During the experimental periods, none of the animals
in the normal and positive control groups showed any
noticeable signs of toxicity. Noticeable toxic signs, such as
mild tremors, soft feces (mild diarrhea), depression, and
dyspnea, were observedmainly in negative control group.The
rats from theCF+GL and theCF+AP groups showedmilder
toxic signs including a rough hair coat and some tremors
compared to those in the negative control group. Of the total
of 42 rats, only 3 rats died (1 from the CF + AP group and
2 from the negative control group) at 2nd and 3rd weeks,
respectively.
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Table 2: Changes in body weight for the various groups.

Parameters Normal control Positive control-1 Positive control-2 Negative control CF + GL CF + AP
Initial body weight
(g) 152.62 ± 18.20 157.57 ± 17.30∗∗∗ 159.28 ± 11.31∗∗∗∗ 147.00 ± 8.18∗∗∗∗ 148.28 ± 11.31∗∗∗∗ 148.42 ± 8.18∗∗∗∗

Final body weight
(g) 233.00 ± 23.94 245.85 ± 14.83∗∗∗∗ 235.00 ± 21.63 204.40 ± 3.57∗∗∗∗ 218.83 ± 21.63∗∗∗∗ 211.25 ± 3.57∗∗∗∗

% changes in body
weight (g) 12.75 13.41 12.09 10.33∗∗ 12.06 11.01

Total body weight
gain (g) 80.38 88.28∗∗∗∗ 75.72∗∗∗∗ 57.40∗∗∗∗ 70.55∗∗∗∗ 62.83∗∗∗∗

Mitigating rate (%) − - - - 18.65 8.79
The values are presented as the means ± SD. Mean values with asterisks (∗) along a row denote level of significant differences compared to the normal control
group, obtained using a one-way ANOVA followed by Dunnett’s multiple comparisons test.

Table 3: Changes in the absolute and relative organ weights across the groups.

Groups Mean value of organ weight (g) Mean relative organ weight (g/100 g)
Liver Kidney Heart Brain Pancreas Liver Kidney Heart Brain Pancreas

Normal control 8.00 ± 1.60 1.40 ± 0.24 0.82 ± 0.11 1.62 ± 0.05 0.8 ± 0.24 3.49 0.60 0.35 0.70 0.35
Positive
control-1 8.70 ± 0.78 1.37 ± 0.12 0.79 ± 0.05 1.40 ± 0.02 0.9 ± 0.23 3.53 0.55 0.32 0.60 0.39

Positive
control-2 9.30 ± 1.02∗ 1.30 ± 0.10 0.82 ± 0.05 1.50 ± 0.01 0.9 ± 0.17 3.71∗ 0.58 0.34 0.67 0.39

Negative control 7.59 ± 1.45∗ 1.18 ± 0.19 0.74 ± 0.09 1.60 ± 0.07 0.6 ± 0.30 3.95∗ 0.57 0.36 0.79 0.29
CF + GL 9.41 ± 1.32∗ 1.36 ± 0.23 0.76 ± 0.14 1.00 ± 0.15 0.9 ± 0.24 4.30∗ 0.62 0.34 0.68 0.42
CF + AP 8.41 ± 1.06 1.39 ± 0.18 0.80 ± 0.17 1.50 ± 0.09 0.6 ± 0.27 3.69 0.61 0.35 0.69 0.29
The results are expressed as the means ± SD, 𝑛 = 7. ∗ denotes 𝑝 < 0.05 compared to the normal control group (one-way ANOVA/Dunnett).

The effects of themushroom extracts and theCF pesticide
on the body weights and relative organ weight changes are
shown in Tables 2 and 3, respectively. Consistent progressive
increases in the body weights of the rats in the normal
and positive control groups were observed. There was also a
significant increase in the final body weight (𝑝 < 0.05) at the
study completion with total body weight in normal control
(12.75%) and positive control rats (13.41% for positive control-
1 and 12.09% for positive control-2). The negative control
group showed also a progressive increase in their body
weights over the 28-day period with a significant increase
of 10.33% in their body weights at the termination of the
study, whichwas significantly less than that of the normal and
positive control groups. On the other hand, the CF + GL and
the CF + AP groups showed progressive increases of 12.06%
and 11.01% of their body weights, respectively, over the study
period that indicated protection against the toxic effect of CF.
The mitigating rates were determined to be 18.65% for CF +
GL group and 8.79% for CF + AP group.

Administration of CF (at 1mg/kg) showed significant
adverse effect on the mean relative liver weights [(liver
weight/body weight) × 100] in the negative control group.
However, themean relative liver weight of the CF +GL group
was significantly increased. On the other hand, for the other
organs (such as kidney, heart, brain, andpancreas), therewere
no significant differences among the groups for the mean
relative weight [(organ weight/body weight) × 100].

Thedata for the comparisons of the hematological param-
eters in the control and treated groups are shown in Figures
2, 3, and 4. The negative control rats had significantly lower
values for RBC (106/𝜇L), HGB (g/dL), HCT (%), MCH (pg),
MCHC (g/dL), RDW SD (fL), and RDW CV (%) compared
to normal control (Figure 2). Some hematological parame-
ters [such as RBC (106/𝜇L), HGB (g/dL), HCT (%), MCH
(pg), MCHC (g/dL), and RDW CV (%)] were significantly
decreased in the rats from the positive control-2 group
compared with normal control group but these values were
significantly higher than those of the rats in the negative
control group (Figure 2). Supplementation of the CF-treated
rats with the GL and AP mushrooms (CF + GL and CF + AP
groups) reversed these effects and significantly ameliorated
the changes in hematological parameters towards the normal
levels. On the other hand, the CF alone treated group (nega-
tive control) had significantly higher total leukocyte (WBC in
103/𝜇L) and agranulocyte counts [LYMPH (%) and MONO
(%)] but significantly lower granulocyte counts [specifically
NEUT and EO (%)] than the normal control rats. The rats in
the CF + GL and the CF + AP groups had significantly higher
LYMPH and fewer granulocytes than the normal control rats
(Figure 3). On the other hand, the negative control group rats
showed significant decreases in the PLT (103/𝜇L), MPV (fL),
PDW (fL), PCT (%), and P-LCR (%) values compared to the
normal control group. These thrombolytic parameters were
significantly attenuated in the rats of the CF + GL and the CF
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Table 4: The effects of the GL and AP mushroom extracts and carbofuran on the serum biochemical markers.

Biochemical
parameters Normal control Positive control-1 Positive control-2 Negative control CF + GL CF + AP

Liver function biomarkers
ALT (U/L) 48.75 ± 2.12 38.00 ± 2.88∗ 34.57 ± 3.30∗∗ 77.75 ± 11.08∗∗∗∗ 31.28 ± 3.98∗∗∗ 45.00 ± 10.96

AST (U/L) 100.71 ± 10.11 61.14 ± 8.19∗∗∗∗ 77.42 ± 5.82∗∗∗ 126.37 ± 19.90∗ 71.14 ± 9.40∗∗∗∗ 75.42 ± 9.76∗∗∗

ALP (U/L) 238.61 ± 18.95 235.00 ± 18.1 234.57 ± 28.23 311.87 ± 32.86∗∗∗ 234.28 ± 14.59 254.57 ± 12.68

LDH (U/L) 288.37 ± 32.04 193.71 ± 27.24 224.42 ± 14.22 470.87 ± 31.57∗∗∗ 228.85 ± 15.32 245.11 ± 13.07

TB (mg/dl) 0.10 ± 0.03 0.10 ± 0.04 0.10 ± 1.50 0.26 ± 0.10∗∗∗∗ 0.11 ± 0.06 0.18 ± 0.06∗

ALB (g/L) 10.60 ± 0.91 11.60 ± 0.91∗∗∗∗ 11.00 ± 1.10∗∗ 9.25 ± 0.88∗∗∗∗ 10.80 ± 0.62 10.34 ± 0.47

Lipid profile biomarkers
TC (mg/dL) 54.87 ± 2.79 53.28 ± 2.81 45.85 ± 3.40∗∗∗ 61.87 ± 4.51∗ 50.28 ± 4.42 51.14 ± 5.75

TG (mg/dL) 48.37 ± 5.34 45.14 ± 2.11 34.42 ± 6.34∗∗∗ 52.00 ± 9.12 40.57 ± 3.69∗ 39.85 ± 7.15∗

HDL-C (mg/dL) 41.00 ± 1.85 41.85 ± 2.47 40.28 ± 2.92 38.00 ± 2.38 41.00 ± 4.08 41.28 ± 4.15

LDL-C (mg/dL) 04.20 ± 1.80 02.40 ± 1.16 01.68 ± 1.37 10.62 ± 5.11∗ 01.17 ± 0.67 01.88 ± 1.18

Kidney function biomarkers
Urea (mmol/L) 6.50 ± 0.33 4.12 ± 0.74∗∗∗∗ 4.66 ± 0.90∗∗∗∗ 8.14 ± 0.53∗∗∗ 6.06 ± 0.74 5.35 ± 0.65∗∗

Creatinine
(mmol/L) 58.85 ± 2.68 48.88 ± 3.56∗∗ 50.20 ± 7.24∗∗∗∗ 64.46 ± 4.07 51.98 ± 5.38∗ 58.80 ± 4.30

The values are presented as the means ± SD of three determinations for seven animals per group. Mean values with asterisks (∗) along a row denote level of
significant differences compared to the normal control group (one-way ANOVA/Dunnett).
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Figure 2: Effect of carbofuran on the erythrocyte indices and the
mitigating effect of the GL and AP mushroom extracts. The data
are expressed as the means ± SD of seven animals per group. Mean
values with asterisks (∗) denote level of significant differences (𝑝 <
0.05) compared to the normal control group (one-way ANOVA/
Dunnett).The units for the vertical axis (𝑌) are expressed as follows:
RBC (106/𝜇L),HGB (g/dL),HCT (%),MCV (fL),MCH (pg),MCHC
(g/dL), RDW SD (fL), and RDW CV (%). Red blood cells (RBC),
hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean corpuscular
hemoglobin concentration (MCHC), red cell distribution width-
standard deviation (RDW SD), and red cell distribution width-
coefficient of variation (RDW CV).

+ AP groups compared to the negative control group, which
indicated that the mushrooms significantly ameliorated the
adverse effects of theCFpesticide on the thrombolytic indices
(Figure 4).

Table 4 shows the overall means of the serumbiochemical
parameters. The data indicated that the CF alone treated
rats had significant increases in the liver function biomarker
levels in serum (such as ALT, AST, ALP, LDH, and TB) but
a decrease in the ALB level compared to the normal control
group. Supplementation of CF-treated rats with the GL and
AP mushrooms, however, reversed these toxic effects and
ameliorated the hepatic marker activities to normal levels.

In addition, the lipid profile and kidney biomarker
data indicated that TC, TG, LDL-C, creatinine, and urea
were significantly increased whereas the HDL-C levels were
decreased in the negative control group following CF alone
administration compared with normal control. However, the
levels of all of these markers were significantly normalized
following supplementation of the CF-treated rats with the
mushroom extracts (Table 4).

Based on the investigation of oxidative stress biomarkers,
there was a significant increase in liver and kidney LPO levels
in the animals treated with CF alone, as evidenced by the
increase inMDA levels when compared to the normal control
group. However, both mushrooms tended to confer a protec-
tive effect because the animals that were cotreated with the
GL and AP mushroom extract had significantly lower MDA
levels compared to the negative control group (Figure 5).This
finding also correlated with the histopathological findings
which revealed that the livers and kidneys of the animals
from the normal and positive control groups had a regular
organization of hepatocytes that radiated from the central
vein (CV) to the periphery of the lobule (Figures 6(a), 6(b),
and 6(c)) and normal morphology of renal parenchyma with
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Figure 3: Effect of carbofuran on the total and differential leukocyte counts and the mitigating effect of the GL and AP mushroom extracts.
The data are expressed as the means ± SD of seven animals per group. Mean values with asterisks (∗) denote level of significant differences
(𝑝 < 0.05) compared to the normal control group (one-way ANOVA/Dunnett). On the vertical axis, the units are expressed as follows:
WBC (103/𝜇L), LYMPH (%), MONO (%), NEUT (%), and EO (%). White blood cells (WBC), lymphocytes (LYMPH), monocytes (MONO),
neutrophils (NEUT), and eosinophil (EO).
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Figure 4: The effects of carbofuran on the thrombolytic indices and the mitigating effects of the GL and AP mushroom extracts. The data
are expressed as the means ± SD of seven animals per group. Mean values with asterisks (∗) denote level of significant differences (𝑝 < 0.05)
compared to the normal control group (one-way ANOVA/Dunnett). On the vertical axis, the units are expressed as follows: PLT (103/𝜇L),
MPV (fL), PDW (fL), PCT (%), and P LCR (%). Platelets (PLT), mean platelet volume (MPV), platelet distribution width (PDW), pro-
calcitonin (PCT), and platelet-larger cell ratio (P LCR).

well-defined glomeruli (GM) and tubules (Figures 7(a), 7(b),
and 7(c)). In contrast, the liver of the animals from CF alone
treated group (negative control) showed some degenerative
vicissitudes in the organ, including severe disruption of the
cellular arrangement, degeneration of hepatocytes at the
peripheral area of the CV, and congestion in the CV associ-
ated with inflammatory infiltrates (Figure 6(d)). Moreover,

the kidney of the animals from negative control showed
degeneration of the tubular epithelium, vacuolization, and
moderate glomerular necrosis (Figure 7(d)).TheCF+GL and
the CF + AP groups, however, showed amelioration in all of
the investigated histopathological features with moderate to
mild degree of worsening of hepatonephrocytes seen (Figures
6(e), 6(f), 7(e), and 7(f) and Table 5).
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4. Discussion

To our knowledge, our study is the first to report on
the ameliorative effects of orally administered GL and AP
mushrooms against CF-induced oxidative injuries in the rats’
liver and kidney. GL conferred better protection against CF-
induced toxicity than AP for most of the parameters suggest-
ing its superior antioxidant activities as also indicated by the
higher concentration of phenolic compounds determined in
GL as compared to AP.

Among the eleven phenolic compounds, gallic and vanil-
lic acids were detected in AP while GL contained tannic,
vanillic, and salicylic acids as well as catechin. Among the
four phenolic compounds, vanillic acid was markedly higher
which is also supported by the investigations of Kim et al.
[22].

Presently, the use of carbamate pesticides exceeds the use
of organophosphate and organochlorine pesticides, on the
basis that the carbamylated enzyme is much more labile and
reactivates quickly with a rate between minutes and an hour
[23]. However, some of the carbamates, especially CF, are
extremely toxic, and overexposure of individuals involved in
its production, transportation, and use can result in serious
adverse health effects [24].

Because changes in rat body weights may provide an
indication of CF-induced toxicity, this was the first param-
eter investigated. The oral administration of CF (1mg/kg)
decreased the total body weight gain of the rats in the
negative control group compared to the normal control
group. However, the body weights of treatment groups (CF
+ GL and CF + AP) were improved compared to the negative
control group.The underlyingmechanism for the decrease in
the body weights of the rats treated with CFmay be due to the
direct cytotoxic effects of pesticides on somatic cells and/or
indirect actions through the central nervous system, which
controls feed and water intake and regulates the endocrine
system [25]. Another plausible underlying mechanism could
involve the rapid destruction of the cell membranes via lipid
peroxidation, which occurs when a free radical-mediated
attack on the membrane lipids is propagated via an auto-
catalytic chain of reactions of lipid peroxidation processes
in the presence of oxygen [26]. Because the rats from the
CF + GL and the CF + AP groups consumed GL and AP
mushrooms with the CF, the cytotoxic and oxidative stress
caused by CF were ameliorated and the body weight gain was
restored (by 18.65% and 8.79%, respectively) compared with
the negative control group.Our study also confirmed that oral
administration of CF at 1mg/kg body weight for consecutive
28 days has significant (𝑝 < 0.05) adverse effect on the
mean relative liver weights, because the liver is the first organ
exposed to metabolizing any upcoming metabolites from
gastrointestinal tract following oral ingestion [27]. However,
the CF administration had no significant (𝑝 < 0.05) effects on
the other organs, such as kidney, heart, brain, and pancreas
perhaps because of the low bioavailability; that is, the low
dose of CF was less likely to cause large scale toxicity through
the body [28]. These molecular mechanisms may also be
responsible for the clinical signs and symptoms as mentioned
in the Results section.

The complete blood count (CBC) is one of the most
commonly used blood screening tests and indicates an
animal’s or a person’s overall health. In the present study, we
examined three types of blood cells including erythrocytes,
lymphocytes, and thrombocytes. The RBC indices are calcu-
lations derived from the CBC that aid in the diagnosis and
classification of anemia. Several previous studies have shown
that organophosphate and organochlorine insecticides can
alter hematological parameters in experimental animals [29–
31]. Our study confirmed that the carbamate group pesticide
CF also altered the hematological parameters significantly.
The present results revealed that exposure to CF was associ-
atedwith significant decreases in the RBC,HGB,HCT,MCH,
MCHC, RDW SD, and RDW CV parameters. A similar
trendwas observed in rabbits treated with cypermethrin [32].
The reduction in the HGB content might be related to the
decreased size of RBCs or to the impaired biosynthesis of
heme in the bone marrow [33]. In addition, the reduction in
the blood parameters may be attributed to a hyperactivity of
the bone marrow [34] leading to the production of red blood
cells with impaired integrity which were easily destroyed in
the circulation. Shakoori et al. [35] reported that a decrease
in RBC counts is indicative of either excessive damage to
the erythrocytes or inhibition of erythrocyte formation. Our
study confirmed that CF induced anemia by reducing the
total RBCs, HGB, and also HCT (the percentage of blood
by volume that is occupied by the red cells). Treatment
with CF also significantly reduced the MCV, MCH, MCHC,
RDW SD, and RDW CV values, which indicated that it
causes the microcytic type of anemia. However, coadminis-
tration ofGL andAPmushrooms toCF-treated rats increased
these values compared to negative control rats, indicating
immunostimulatory effects of the extracts.

Furthermore, there were also significant increases in the
WBC, LYMPH, and MONO counts during the treatment
with CF.These findings are in agreement with those reported
in sheep that were treated with cypermethrin [36] and in
rabbits that were treated with CF and glyphosate [37]. In
addition, CF significantly reduced the granulocyte counts
(especially NEUT and EO) compared to those of the control
rats as also found by Elsharkawy et al. [29]. Increases in
leukocyte counts may indicate an activation of the animal’s
defense mechanism [32]. It is plausible that the toxic effects
of CF weakened the rats’ immune system, which permitted
the acquisition of infections that stimulated a further immune
response [30]. On the other hand, decreases in the PLT,MPV,
PDW, PCT, and P-LCR levels were observed in the CF-treated
group compared to the control group. These changes were
similar to that reported by Kalender et al. [38, 39]. These
decreases occurred due to rapid platelet destruction [29]
as indicated by previous reports that numerous xenobiotics
have the ability to block platelet receptor binding or to
change the platelet membrane charge or permeability [40].
Coadministration with GL and AP mushrooms significantly
normalize these leukocyte and platelet counts in CF-treated
rats compared to negative control rats.

In this study, the toxic effects of CF on liver function
were investigated by determining the activities of various
enzymes (ALT, AST, ALP, and LDH) and the plasma protein
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Table 5: Semiquantitative scoring of the architectural changes following histopathological examination of the rat’s liver and kidney.

Scoring parameters Normal control Positive control-1 Positive control-2 Negative control CF + GL CF + AP
Liver

Degeneration of
hepatocytes 1 1 1 3 2 3

Inflammatory cell
infiltration 1 1 1 2 1 3

Vascular
congestion 1 1 1 3 2 1

Edema 1 1 1 2 2 2
Mean ± SD 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 2.50 ± 0.57 1.75 ± 0.50 2.00 ± 0.81

Kidney
Degeneration of
tubular epithelium 1 1 1 2 1 2

Vacuolization 1 1 1 1 1 1
Glomerular
necrosis 1 1 1 2 1 1

Mean ± SD 1.00 ± 0.00 1.00 ± 0.00 1.00 ± 0.00 1.67 ± 0.57 1.00 ± 0.00 1.33 ± 0.57

Scoring was performed as follows: 1 = minimal (<1%), 2 = slight (1–25%), and 3 = moderate (26–50%).
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Figure 5: The effect of GL, AP mushroom, and CF on (a) liver and (b) kidney LPO levels in normal and different treated rats. The values are
presented as the means ± SD. ∗ denotes 𝑝 < 0.05 compared to the normal control group (one-way ANOVA/Dunnett).

ALB. The results showed significant increases in the ALT,
AST, ALP, and LDH levels in the CF-treated group. These
changes may occur as a result of enzyme leakage from the
tissue to the serum secondary to reduced levels of high energy
phosphate and phosphocreatine.These substances are impor-
tant for maintaining the permeability, integrity, and other
important characteristics of the cell membrane, including
the maintenance of electrophysiology balance and stability
[41]. CF poisoning results in the expenditure of a significant
amount of energy as indicated by the reduction of the ATP
levels by 40–60%. The lack of high energy phosphates can
affect the membrane characteristics, which causes enzymes
to leak into the tissue thus increasing their concentrations

in the serum [41]. Another important liver biomarker, total
bilirubin, can also be increased in the CF-treated group,
which may contribute to the onset of periportal necrosis
as reported by Clifford and Rees [42]. Cotreatment with
GL and AP mushrooms significantly ameliorated ALT, AST,
ALP, LDH, TB, and ALB levels which can be attributed by
the presence of phenolics and flavonoids in both mushroom
extracts which has inhibitory activities on membrane lipid
peroxidation with good free radical scavenging activities [43,
44].

The lipid biomarker assessment showed that TC, TG, and
LDL-Cwere significantly (𝑝 < 0.05) increased in the negative
control rats compared to both normal and positive control
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Figure 6: Photomicrographs of hematoxylin and eosin stained sections of the liver. (a) Normal control rats showing a normal liver with a
hepatic lobule and a uniform pattern of polyhedral hepatocytes radiating from the central vein (CV) towards the periphery, (b) positive
control-1 rats showing normal histological structure of the central vein (CV), (c) positive control-2 rats with surrounding hexagonal
hepatocytes, and (d) negative control rats demonstrating a disrupted arrangement of hepatocytes around the CV and in the lobule (black
arrows), degeneration of the hepatocytes at the peripheral area of the CV (green arrows), and congestion of the CV associated with
inflammatory infiltrates (red arrows). (e and f) Groups CF + GL and CF + AP rats show a remarkable degree of preservation of the cellular
arrangement with mild to moderate inflammatory infiltrates and congestion of the CV [magnification: 40x].

rats, whereas theHDL-C levelswere decreased. Similar trends
have previously been observed in studies of other pesticides
[45]. The increase in the serum cholesterol levels may be
due to increased cholesterol synthesis in the liver [46]. The
elevation of the serum TC may also be attributed to the
stimulation of catecholamines, which promote lipolysis and
increase fatty acid production. The observed elevation in
the total serum cholesterol levels could be due to blockage
of the liver bile ducts, which would cause a decrease or
cessation of the cholesterol secretion into the duodenum.
This would subsequently lead to cholestasis. Furthermore,
the elevation of the serum TG levels has been attributed to
inhibition of the lipase enzyme activities that target both
the hepatic triglycerides and plasma lipoproteins [47]. In
addition, our study also showed that oral treatment with
CF induced a significant decrease in serum HDL. HDL is

mainly synthesized in the liver and intestinal cells. It plays an
important role in cholesterol efflux from tissues, after which
the cholesterol is carried back into the liver for removal as
bile acids [48]. It has been established that reduced levels of
HDL-C are associated with a higher risk of coronary artery
disease [49].Moreover, in the treatment groups (CF +GL and
CF + AP), lipid levels were restored when compared to the
negative control rats. This may occur due to the inhibition
of cholesterol absorption and biosynthesis which may be
contributed by the activation of the lipase enzymes as well
as the increase in the excretion of bile acids due to the active
compounds present in the mushroom extracts [16, 43].

Treatment with CF caused a significant decrease in the
levels of ALB and increases in the urea and creatinine
concentrations compared to the control group. Elevated
plasma levels of urea and creatinine levels are significant
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Figure 7: Photomicrographs of hematoxylin and eosin stained sections of the kidney. (a) Normal control rats showing a normal morphology
of renal parenchyma with well-defined glomeruli (GM) and tubules; (b and c) positive control-1 and positive control-2 showing a normal
appearance of the renal parenchyma; (d) negative control rats demonstrating marked degeneration of the tubular epithelium (black arrows),
vacuolization (red arrows), and slight glomerular necrosis; and (e & f) Groups CF + GL and CF + AP rats showing a remarkable degree of
morphological preservation with only slight to minimal necrosis of the epithelium [magnification: 40x].

markers of renal dysfunction [50]. Low creatinine and urea
clearance indicate a weakened ability of the kidneys to filter
these waste products from the blood and excrete them in
the urine. Moreover, elevated blood urea is correlated with
increased protein catabolism in the body [51]. Pesticide-
induced increases in the urea level as observed in the present
study may be due to the effect of CF on the liver function
because urea is the end product of protein catabolism [52].
This possibility is supported by the decrease in the levels of
the plasma protein ALB. Coadministration of mushrooms
extracts (GL and AP mushroom) normalized the ALB, urea,
and creatinine level compared to negative control rats.

LPO generally refers to the oxidative degradation of lipids
in which free radicals acquire the electrons from the lipids
in cell membranes, resulting in cell damage. Increased LPO

appears to be the initial stage where the liver and kidney
tissue become more susceptible to oxidative damage. How-
ever, coadministration with the twomushrooms significantly
reduced the levels of lipid peroxides in CF-exposed rats
suggesting its protective effects against oxidative damage.
Moreover, our histomorphological observations in the liver
and kidney tissues also confirmed the protective effects of
GL and AP on CF-induced toxicity. The livers of negative
control rats showed a moderately disrupted arrangement of
the hepatocytes with congestion of the central vein seen. In a
recent study, marked changes in the biochemical parameters
of the liver and a generalized congestion of the portal,
central venous, and sinusoidal part of the liver were also
seen when the rats were treated with CF at 1mg/kg body
weight for five weeks [53]. It is plausible that the active
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constituents in GL (including tannic, vanillic, salicylic acids,
and catechin) and AP (including gallic and vanillic acids)
with antioxidant activities scavenge the free radicals and
confer some protection on the liver and kidney tissue.

5. Conclusion

Our study confirmed that the GL and AP mushrooms confer
significant protective effects against CF-induced toxic effects
on the body weight, hematological, and several biochemical
parameters and that the GL mushroom provided better
protective effects than the APmushroom against CF-induced
toxicity.
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Xiao-Er-An-Shen Decoction (XEASD), a Chinese herbal formula, has been used in clinic for treating insomnia and mental
excitement in children and adolescents. However, less of scientific data supports its effectiveness in clinic. Here, we aim to study
the role of XEASD in regulating neuron differentiation and antioxidant activity. An HPLC-MS was used to chemically standardize
herbal extract of XEASD. The standardized herbal extracts of XEASD (0.3–3.0mg/mL) were applied onto cultured PC12 cells for
48 hours. The treatment with XEASD extract induced neurite outgrowth of PC12 cells in a dose-dependent manner, having the
highest response by ∼50% of differentiated cells. Application of XEASD extract dose dependently stimulated expressions of NF68,
NF160, andNF200 in cultured PC12 cells. Furthermore, XEASDactivated the phosphorylation of cAMP responsive element binding
protein on PC12 cells, the effect of which was blocked by H89, a protein kinase A inhibitor. Moreover, XEASD showed free radical
scavenging activity and stimulated the transcriptional activity of ARE.These results supported the neurobeneficial effects of XEASD
in the induction of neurite outgrowth and protection against oxidative stress and could be useful for neurological diseases, in which
neurotrophin deficiency and oxidation insult are involved.

1. Introduction

Sleep disturbances are widely spread in children and ado-
lescents, and the prevalence of sleep-related problems was
estimated to be ∼43% [1]. Insomnia is characterized by a
difficulty in falling asleep and/or staying asleep, which is
the most common sleep disorder with high rate of serious
conditions [2]. It was reported that people with insomnia
have a twofold risk to develop depression compared to people
with no difficulty in falling asleep [3]. Moreover, it has been
estimated that 90% of patients with depression complain
about their sleep quality [4]. Sleep disorders are linked with
potential suicidal behaviors in depressed youth [5]. Thus,
sleep problems like insomnia should be taken as major
concern among parents and doctors. Hypnotics are primarily
used in clinic to treat insomnia, yet the treatment of this

is accompanied by many side effects. This is not an ideal
therapeutic regimen for children and adolescents. Therefore,
there is a need to develop an alternative medicine for the
treatment of insomnia in children and adolescents.

Neurogenesis is the process by which neurons are gen-
erated, including cell proliferation, survival, maturation, and
differentiation [6].The findings suggested that disturbance of
sleep can lead to a reduction of neurogenesis. And a decrease
in neurogenesis was also considered as one of the critical
factors contributing to the pathophysiology of depression [7].
Brain development in children and adolescence is foundation
upon which the brain continues developing, the impairment
of which can result in a fragile and unreliable foundation.
Taking together, we propose that enhancement of neuroge-
nesis could be one of the effective approaches in improving
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Table 1: The composition and proportion of herb in XEASD.

Botanical name Herbal name Chinese name Dosage
Polygala tenuifoliaWilld. Polygalae Radix Yuan-Zhi 16 g
Astragalus membranaceus (Fisch.) Bge. var.mongholicus (Bge.) Hsiao Astragali Radix Huang-Qi 16 g
Acorus tatarinowii Schott Acori Tatarinowii Rhizoma Shi-Chang-Pu 25 g
Citrus reticulate Blanco Citri Reticulatae Pericarpium Chen-Pi 8 g
Alpinia oxyphyllaMiq. Alpiniae Oxyphyllae Fructus Yi-Zhi 16 g
Citrus aurantium L. Aurantii Fructus Zhi-Qiao 16 g
Pinellia ternata (Thunb.) Breit. Pinelliae Rhizoma Ban-Xia 16 g
Notopterygium incisum Ting ex H. T. Chang Notopterygii Rhizoma et Radix Qiang-Huo 8 g
Glycyrrhiza uralensis Fisch. Glycyrrhizae Radix et Rhizoma Gan-Cao 6 g

sleep problems and further preventing the development of
depression for youth.

Xiao-Er-An-Shen Decoction (XEASD), a Chinese herbal
formula, has been clinically prescribed to treat insomnia
and mental excitement in children and adolescents, which
possesses the efficacies of nourishing the brain to tranquilize
and dispelling phlegm to settle fright. However, less is known
about the molecular mechanism of XEASD in supporting its
brain benefit. In our current studies, we investigated whether
XEASD possessed neurogenesis role in neuronal cells. The
effect of XEASD on neuron differentiation, an important
stage of neurogenesis, was firstly evaluated. We determined
the neurite outgrowth and neurofilament expression in neu-
ronal PC12 cells, a wide model for the study of neuronal
differentiation. In addition, the antioxidative role of XEASD
was revealed to prevent the impairment of neurogenesis
under oxidative stress.

2. Materials and Methods

2.1. Chemical and Drugs. XEASD was kindly provided by
Pharmaceutical Department of Shenzhen Traditional Chi-
nese Medicine Hospital. XEASD mainly consists of night
herbs and the mixed proportion of respective herb is illus-
trated in Table 1. Liquiritin (1), calycosin 7-O-𝛽-glucoside
(2), ammonium glycyrrhizinate (3), naringin (4), 3,6-
disinapoylsucrose (5), hesperidin (6), neohesperidin (7), and
astragaloside IV (8) were purchased from National Institutes
for Food and Drug Control (Beijing, China). The purities of
all these chemicals were over 98%. HPLC grade acetonitrile
was purchased from Merck (Darmstadt, Germany), and
ultrapure water was prepared using a Milli-Q purification
system (Molsheim, France). Other reagents were of analytical
grade.

2.2. Chromatographic Conditions and Instrumentation. Aval-
idation HPLC method was applied onto a Shimadzu (Kyoto,
Japan) LC-20AT system. The herbal extract was separated
on Agilent ZORBAX SB-C18 (250mm × 4.6mm, 5𝜇m)
column. The mobile phase was composed of acetonitrile (A)
and 10mmol/L ammonium acetate (B) using the following
gradient program: 0–0.01min, 15% A; 0.01–5min, 15%–19%
A; 5–22min, 19%–35% A; 22–35min, 35%–90%A; the flow
rate was 0.8ml/min; the injection volume was 5 𝜇l. A Shi-
madzu mass spectrum (LC-2020) equipped with an ESI ion

source was performed in both positive and negative modes,
and the selected ion monitoring was employed. The drying
gas temperature was 350∘C; drying gas flow was 1.5 L/min;
nebulizer pressure was 35 psi; capillary voltage was 3500V.
Shimadzu Mass Workstation software was used for data
acquisition and processing.

2.3. Cell Culture. Pheochromocytoma PC12 cells, a cell
line derived from rat adrenal medulla, were purchased
from American Type Culture Collection (ATCC, Manassas,
VA). The cells were cultured in Dulbecco’s modified Eagles
medium (DMEM) supplemented with 6% fetal bovine serum
(FBS), 6% horse serum (HS), 100U/mL penicillin, and
100 𝜇g/mL streptomycin at 37∘C in a water-saturated 7.5%
CO
2
incubator. Culturedmediumwas changedwith fresh one

every other day. Reagents for cell cultures were obtained from
Invitrogen Technologies (Carlsbad, CA).

2.4. Neurite Outgrowth Assay. The assessment of neurite
outgrowth in PC12 cells was performed according to previous
report [8]. In brief, Cultured PC12 cells were treated with
drugs for 48 hours and changed with medium containing
XEASD every 24 hours. Nerve growth factor (NGF; Alomone
Labs; Jerusalem, Israel) at concentration of 50 ng/mL was
employed as a positive control. Cells were fixed with ice-
cold 4% paraformaldehyde immediately after collection. A
light microscope (Zeiss Group, Jena, Germany) equipped
with a phase-contrast condenser, 10x objective lens, a digital
camera, and SPOT imaging softwarewas employed to capture
and analyze the neurite presence and neurite length, and
approximately 100 cells were counted from more than 10
randomly chosen visual fields per each culture.The cells were
defined as differentiated if one or more neurites were longer
than the diameter of cell body and also classified according to
their neurite length in <15 𝜇m, 15–30 𝜇m, and >30 𝜇m.

2.5. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophore-
sis (SDS-PAGE). To investigate neurofilament expression,
PC12 cells (8 × 104 cells/mL) were seeded onto 12-well plates
in normal serum medium for 24 hours, and then medium
was transferred to low serum (1% FBS, 1% HS, 100U/mL
penicillin, and 100 𝜇g/mL streptomycin) as indicated for 3
hours prior to exposure XEASD. After 48 hours of treatment,
the cultures were collected in high salt lysis buffer (1M
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NaCl, 10mMHEPES, pH 7.5, 1mM EDTA, 1mM EGTA, and
0.5% Triton X-100), followed by centrifugation at 16,100×g
for 10mins at 4∘C. Total protein content was determined
by Bradford’s method with a kit from Bio-Rad Laboratories
(Hercules, CA). Samples of equal amount of total protein
were added with 2x direct lysis buffer (0.125M HCl, pH 6.8,
4% SDS, 20% glycerol, 2% 2-mercaptoethanol, and 0.02%
bromophenol blue) and boiled for 10mins before being
separated on 8% gel electrophoresis.

2.6. Protein Phosphorylation on PC12 Cells. PC12 cells were
seeded onto 12-well plate. After the degree of confluence
was over 90 percentage, the culture medium was changed
to DMEM medium without serum over 5 hours. The cells
were treated with XEASD or NGF at different time points
in the absence or presence of H89 (0min, 5min, 10min,
and 30min). Then, the cells were harvested, digested with
200𝜇L of 2x direct lysis buffer, and boiled for 10min before
undergoing 8% gel electrophoresis.

2.7. Western Blot Analysis. Following the electrophoresis,
proteins running on an 8% SDS-PAGEs were transferred to
the nitrocellulose membrane, using a Mini Trans-Blot� cell
at 40V and 0.1 A for 16 hours in 1x transfer buffer with
24mM Tris, 192mM glycine, 15% ethanol, and 0.1% SDS.
Transfer and equal loading of the samples were confirmed
using Ponceau-S staining. After being blocked with 5%
fat-free milk in Tris-buffer saline/0.1% Tween 20 (TBS-T),
the membranes were incubated in the primary antibody
diluted in 2.5% fat-free milk in TBS-T at 4∘C overnight.
The primary antibodies used were antineurofilament 200
(NF200; 1 : 1,000, Sigma), anti-NF160 (1 : 2,500, Sigma), anti-
NF68 (1 : 2,500, Sigma), and anti- GAPDH (1 : 10,000; Abcam
Ltd., Cambridge, UK). Then, the membrane was rinsed with
TBS-T and incubated for 2 hours at the room temperature
in horseradish peroxidase- (HRP-) conjugated anti-mouse
secondary antibody (Invitrogen) diluted in the 2.5% fat-
free milk in TBS-T. The immune complexes were visualized
using the enhanced chemiluminescence (ECL) method (GE
Healthcare, Piscateway, NJ). The densitometric analysis of
the bands in various samples was performed on an image
analyzer.

2.8. DNAConstruction andTransfection. Thevector, pGL4.37
[luc2P/ARE/Hygro], contains four copies of an antioxi-
dant response element (ARE, 5-TAGCTTGGAA ATGA-
CATTGC TAATGGTGAC AAAGCAACTT T-3) having a
downstream luciferase reporter gene luc2P (Photinus pyralis)
(Promega Corporation, Madison, WI). Cultured PC12 cells
were transiently transfected with pARE-Luc using Lipofec-
tamine 3000 (Thermo Fisher Scientific Inc, Waltham, MA),
according to the manufacturer’s guidelines. The cells were
ready for experiments after 24 hours of transfection.

2.9. Luciferase and Protein Assays. After drug treatment,
luciferase assay was analyzed by a commercial kit (Tropix
Inc., Bedford, MA). Briefly, cultures were digested by a buffer
containing 100mM potassium phosphate buffer (pH = 7.8),
0.2% Triton X-100, and 1mM dithiothreitol.The luminescent

reaction was measured in a Glomax� 96 Microplate Lumi-
nometer, and the activity was expressed as absorbance (up
to 560 nm) per mg of protein. Protein concentrations were
determined routinely by Bradford’s method with a kit from
Bio-Rad Laboratories (Hercules, CA).

2.10. DPPH Radical Scavenging Assay. DPPH solution
(100 𝜇g/ml, 2,2-diphenyl-1-picrylhydrazyl, Sigma) was
prepared with methanol (HPLC grade). Fifty 𝜇L of extracts
with different concentration together with 150𝜇L of DPPH
solution was added to each well of 96-well microplate. After
incubating for 30mins at room temperature avoiding light,
the absorbance was recorded at 495 nm for each sample
tested against methanol blank using a spectrophotometer.
The DPPH radical scavenging effect was expressed as %
scavenging relative to control (without samples).

2.11. Statistical Analysis. Statistical tests were analyzed using
𝑇-Test (version 13.0, SPSS, IBM Corporation, Armonk, NY).
Statistically significant changes were classified as significant
(∗) where p < 0.05, more significant (∗∗) where p < 0.01, and
highly significant (∗∗∗) where p < 0.001.

3. Results

3.1. Chemical Standardization of XEASD. An HPLC-MS
method was developed to reveal the chemical profile and
quantify the main ingredients of XEASD. Eight chemical
markers were identified in XEASD extract (Figure 1(a)). A
typical LC-MS profile was developed for XEASD extract
(Figure 1(b)), which was employed as a parameter for the
identification of XEASD. Besides, eight chemical components
were quantified in the XEASD extract defining the minimum
requirement for 1 g of dried powder of standardized XEASD,
that is, liquiritin (0.13mg/g), calycosin 7-O-𝛽-glucoside
(0.23mg/g), ammonium glycyrrhizinate (0.26mg/g),
naringin (1.80mg/g), 3,6-disinapoylsucrose (0.11mg/g),
hesperidin (0.12mg/g), neohesperidin (0.65mg/g), and
astragaloside IV (0.05mg/g). The extract being used in this
study reached the aforementioned requirements, which
ensured the repeatability of biological results.

3.2. XEASD Induces Neurite Outgrowth and Neurofilament
Expression of PC12 Cells. To study the trophic effect of
XEASD on PC12 differentiation, cultured PC12 cells were
treated with XEASD extract for 48 hours before examination
under light microscope. As indicated in Figure 2(a), it was
observed that neurites were produced from the cell bodies of
PC12 cells by XEASD treatment. To quantify the morpholog-
ical change, that is, differentiated cells and neurite length, the
results showed that after the treatment with XEASD extract
at various concentrations on PC12 cells for 48 hours, the
differentiated cells at highest response were calculated to ∼
50%of the total cells in cultures (Figure 2(b), upper panel). As
for neurite length, application of XEASD extract onto PC12
cells also increased the number of cells possessing neurite
length at 15–30 𝜇m and >30 𝜇m (Figure 2(b), lower panel).
Apart from the morphological observation, the expression
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Figure 1:The representative HPLC-MS chromatogram of XEASD. (a) Structures of chemical markers identified in XEASD extract, including
liquiritin (1), calycosin 7-O-𝛽-glucoside (2), ammonium glycyrrhizinate (3), naringin (4), 3,6-disinapoylsucrose (5), hesperidin (6),
neohesperidin (7), astragaloside IV (8), and puerarin (internal standard, ISTD). (b) The representative LC-MS chromatogram of XEASD
extract. The LC condition was indicated in the Materials and Methods. The denotations from 1 to 8 in the chromatogram correspond to
the chemical markers as shown in (a). The identification of the chemical markers was analyzed by a MS detector in a negative mode except
astragaloside IV (8) in a positive mode. Representative chromatograms were shown, 𝑛 = 3.
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Figure 2: XEASD induces neurite outgrowth of cultured PC12 cells. (a) Cultured PC12 cells were treated with XEASD extract at various
concentrations (0.3–3.0mg/mL) for 48 hours. NGF (50 ng/mL) served as the positive control. After treatment, cells were fixed with ice-
cold 4% paraformaldehyde, and then the neurite outgrowth was measured under microscope. Representative images were shown, n = 5. Bar
= 20 𝜇m. Arrowheads indicate cell neurite. (b) To quantify the differentiation effect, the % of differentiated cell numbers (upper panel) and
length of neurite (lower panel) were calculated as indicated in the Materials and Methods. The cells were defined as differentiated if one
or more neurites were longer than the diameter of cell body and also classified according to their neurite length in <15 𝜇m, 15–30 𝜇m, and
>30 𝜇m. Data are expressed as % of cells in 100 counted cells. Mean ± SEM; n = 4. Statistical comparison was made with the control; ∗𝑝 <
0.05; ∗∗𝑝 < 0.01.

of neurofilaments including NF68 (at ∼68 kDa), NF160 (at
∼160 kDa), and NF200 (at ∼200 kDa) was determined by a
biochemical analysis to evaluate cell differentiation. Appli-
cation of XEASD extract at various concentrations (0.3, 1.0,
and 3.0mg/mL) stimulated the expressions of NF68, NF160,
and NF200, with the highest induction, ∼0.5-fold, 2-fold, and
3-fold, respectively (Figures 3(a) and 3(b)). NGF served as
positive control, which could induce neurite outgrowth and
the expression of neurofilament in PC12 cells.

The nuclear transcription factor cAMP responsive ele-
ment binding protein (CREB) plays a vital role in neuronal
differentiation on PC12 cells [9]. The activation of CREB
by phosphorylation recruiting the coactivator CREB-binding
protein allows its binding onto the promoter and further
induces target gene transcription that results in neuronal

differentiation. Hence, the inductive role of XEASD in acti-
vating the phosphorylation ofCREBwas studied.As shown in
Figure 4(a), XEASD extract stimulated the phosphorylation
of CREB at ∼43 kDa, and its activation could be fully blocked
by H89 (Figure 4(b)).

3.3. Antioxidant Activity of XEASD. The DPPH assay is
widely used in analyzing the radical scavenging activity
known to be involvedwith oxidation.Thus, theDPPH radical
scavenging activity of XEASD was measured. The results
indicated that XEASD extract exhibited scavenging free rad-
ical activities, and a dose-dependent manner was observed
in reactions of DPPH radical with extracts (0.3–3.0mg/mL)
(Figure 5(a)). Vitamin C (Vit. C), a commercial antioxidant,
served as a positive control. Furthermore, to study the
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Figure 3: XEASD stimulates neurofilament expression of cultured
PC12 cells. (a) XEASD extracts (0.3–3.0mg/mL) were applied onto
cultured PC12 cells for 48 hours. The cell lysates were collected
to determine the expressions of NF68, NF160, and NF200. NGF
(50 ng/mL) served as the positive control. GAPDH served as a load-
ing control. (b) Quantification plot was shown in histograms. Values
are expressed as the fold of increase to basal reading (untreated
culture, set as 1). Mean ± SEM; n = 4. Statistical comparison was
made with the control; ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001.

transcriptional activity of ARE, PC12 cells were transfected
with a luciferase reporter construct (pARE-Luc), contain-
ing four AREs derived from the promoter of antioxidant
defense genes and having a downstream luciferase reporter
gene (Figure 5(b), upper panel). The results demonstrated
that application of XEASD extract stimulated the luciferase
activity in a dose-dependent manner, with highest response
at about 5-fold increase (Figure 5(b), lower panel). tBHQ
treatment was used to authenticate the activation of pARE-
Luc, which served as a positive control here (Figure 5).

4. Discussion
Neurogenesis is a process known to produce neurons in the
brain, by which neuronal differentiation is a vital stage in
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Figure 4: XEASD induces CREB phosphorylation on PC12 cells.
(a) Cultured PC12 cells were serum starved over 5 hours before the
treatment with XEASD extract (1mg/mL) or NGF (50 ng/mL) for
different time. Total CREB and phosphorylated CREB (both at ∼
43 kDa) were determined by using specific antibodies. (b) Cultured
PC12 cells with serum starvation for over 5 hours were pretreated
with or without H89 (5 𝜇M; a PKA inhibitor) for 3 hours prior to
the treatment with NGF (50 ng/mL) and XEASD (1.0mg/mL) for 10
minutes. Total CREB and phosphorylated CREB were determined
by using specific antibodies (upper panel). Quantification plot was
indicated in histograms (lower panel). Values are expressed as the
fold of change (x Basal) against the control (no treatment; set as 1).
Mean ± SEM; n = 5. Statistical comparison was made with the H89-
treated group; ∗∗𝑝 < 0.01.

developing neurons. During neuron differentiation, the axon
and neurite of neuron cell are promoted so as to connect
with other neurons to form synapse [10]. Morphological
observation including determination of neurite length and
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Figure 5: Antioxidation activities of XEASD. (a) An aliquot of
50 𝜇L of extracts and vitamin C (Vit. C) was added to a 150 𝜇L
DPPH solution. After incubating for 30min, the decrease in the
absorbance of the mixture was determined at 495 nm. The DPPH
radical scavenging effect was expressed as % scavenging relative
to control (without samples). (b) A luciferase reporter containing
four AREs and a downstream luciferase reporter gene, namely,
pARE-Luc, was used as a study tool (upper panel). Cultured PC12
cells, transfected with pARE-Luc, were treated with XEASD extracts
(0.3–3.0mg/mL) for 24 hours. The cell lysates were subjected to
luciferase assay. Values are expressed as the fold of increase to basal
reading (untreated culture), and they are in mean ± SD, where 𝑛 = 4,
each with triplicate samples. Statistical comparison was made with
the control; ∗𝑝 < 0.05; ∗∗𝑝 < 0.01.

calculation of differentiated cell number is widely used to
evaluate neuronal differentiation of PC12 cells [11]. Besides,
the expressions of neurofilaments including three kinds of
molecular weight: 68 KD, 160 KD, and 200 KD were detected

[12]. In our current study, application of XEASD could stim-
ulate the neurite outgrowth of PC12 cells morphologically.
In parallel, treatment with XEASD notably induced protein
expression of NF160 and NF 200, but to a lesser extent in
NF68. Generally, NF68 and NF160 are expressed for the early
stage of the differentiation, while NF200 is for the mature
stage. Hence, the role of XEASD in neuronal differentiation
could be involved in the entire process at both early and
late stages. Our further study also demonstrated that XEASD
could induce the phosphorylation of CREB. We therefore
proposed that PKA-CREB signaling was involved in XEASD-
induced neuronal differentiation of PC12 cells.

Currently, induction of neuronal differentiation has been
considered as a target for development of antidepressants
[10]. Neurotrophin deficiency is reported to involve various
neurodegenerative diseases. In depression patient, the neu-
rotrophic factor secretion in the brain was found to reduce,
resulting in malfunction of neuron survival, growth, and
differentiation [13]. According our findings, XEASD may
exert effect of NGF-like or neurotrophic factor stimulating
agent in mediating neuronal differentiation of PC12 cells,
supporting its application as a potential antidepressant.

On the other hand, oxidative stress is one of the major
causes of neuronal cell death in many neurological disorders,
that is, depression. Higher animals have developed elabo-
rate defense mechanism, including phase II detoxification
enzymes and antioxidant proteins to overcome these insults
[14]. Antioxidant response element (ARE) signaling has been
demonstrated to play an important role in protecting cells
against oxidative stress [15]. We speculated that XEASD
possessed free radical scavenging activity. Moreover, XEASD
was able to stimulate the transcriptional activity of ARE in
cultured PC12 cell. Due to the presence of ARE located on
promoters of the defense genes [16], we proposed that the
stimulation of the ARE signaling by XEASD may further
induce the defense gene expressions of PC12 cells.

XEASD contained numerous herbs, and some of them
as well as its major ingredients had been found to possess
neurobeneficial effects. Acori Tatarinowii Rhizoma is widely
employed clinically within a TCM formula for mental health.
Volatile oils were considered as the major active ingredients
of Acori Tatarinowii Rhizoma, which had been reported to
induce neuronal differentiation [13]. 3,6-Disinapoyl sucrose
found from Polygalae Radix exerted antidepressant-like
effect in depressive animal models [17]. Besides, euxanthone
isolated from Polygalae Radix was also shown to possess
a marked stimulatory action on neurite outgrowth [18].
Triterpenoids from Poria could regulate the expression of 5-
HT3A receptors in Xenopus oocytes [19]. Flavanoids, such
as naringin, hesperidin, and neohesperidin, from Aurantii
Fructus and Citri Reticulatae Pericarpium were found to
possess neuroprotective effects [20–22]. We hypothesized
that the active ingredients in XEASDmay exert the neuronal
differentiation and antioxidant properties. To support this
notation, some of the aforesaid components such as 3,6-
disinapoyl sucrose, naringin, hesperidin, and neohesperidin
were identified and quantified within the extract of XEASD
by LC-MS analysis, the effects of which need to be further
studied.
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5. Conclusions

XEASD could induce neurite outgrowth and stimulate the
expression of neurofilament in PC12 cells, which sup-
ported the enhancement of neurogenesis by XEASD. Besides,
XEASD protected cells against oxidative stress in regulating
the transcriptional activity of ARE. In conclusion, XEASD
could be useful for neurological diseases, in which neu-
rotrophin deficiency and oxidation insult are involved, that is,
insomnia and depression. The current studies also provided
evidences supporting the clinical usage of XEASD for the
treatment of insomnia in children and adolescents.
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Emodin, as a major active component of Rheum palmatum L. and Polygonum cuspidatum, has been reported to have antifibrotic
effect. However, the mechanism of emodin on antifibrotic effect for liver fibrosis was still obscure. In the present study, we aimed
to investigate whether emodin can alleviate carbon tetrachloride- (CCl

4
-) induced liver fibrosis through reducing infiltration of

Gr1hi monocytes. Liver fibrosis was induced by intraperitoneal CCl
4
injection in mice. Mice in the emodin group received emodin

treatment by gavage. Pretreatment with emodin significantly protected mice from liver inflammation and fibrosis revealed by the
decreased elevation of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), as well as reduced hepatic
necrosis and fibrosis by analysis of hematoxylin-eosin (HE) staining, Masson staining, 𝛼-smooth muscle actin (𝛼-SMA), and
collagen-I immunohistochemistry staining. Further, compared to CCl

4
group, mice in the emodin group showed significantly less

intrahepatic infiltration of Gr1hi monocytes. Moreover, emodin significantly inhibited hepatic expression of interleukin-1𝛽 (IL-1𝛽),
tumor necrosis factor-𝛼 (TNF-𝛼), transforming growth factor-𝛽1 (TGF-𝛽1), granulin (GRN), monocyte chemoattractant protein
1 (MCP-1), and chemokine ligand 7 (CCL7), which was in line with the decreased numbers of intrahepatic Gr1hi monocytes. In
conclusion, emodin can alleviate the degree of liver fibrosis by reducing infiltration of Gr1hi monocytes. These results suggest that
emodin is a promising candidate to prevent and treat liver fibrosis.

1. Introduction

Liver fibrosis, characterized by excessive deposition of extra-
cellular matrix (ECM), is a pathological change after chronic
liver injury including viral infection, toxic damage, metabolic
disorders, and alcohol abuse [1]. However, there is still a
lack of effective drugs for the treatment of liver fibrosis [2].

Understanding the mechanisms of liver fibrosis is important
for prevention and control of liver disease progression.

Different cell types in the liver make a network and
regulate liver fibrogenesis [3]. During the past decades,
it became apparent that hepatic macrophages play cen-
tral functions in initiating, perpetuating, and restricting
liver fibrosis [1, 4–6]. Hepatic macrophages participate in
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liver fibrosis through various ways. Importantly, hepatic
macrophages mediate the transdifferentiation of hepatic stel-
late cells (HSCs) into collagen-producing myofibroblasts by
secreting several profibrotic factors, such as transforming
growth factor-𝛽1 (TGF-𝛽1), platelet-derived growth factor
(PDGF), and granulin (GRN) in liver fibrosis [1, 5, 7–9].
Besides, hepatic macrophages can release many proinflam-
matory cytokines such as tumor necrosis factor-𝛼 (TNF-
𝛼), interleukin-1𝛽 (IL-1𝛽), and IL-6 which may induce
liver cellular apoptosis and aggravate liver inflammation
[8, 10, 11]. Thus, hepatic macrophages are an attractive
target for novel therapeutic approaches to liver fibrosis
[12].

Hepatic macrophages comprise resident Kupffer cells
(KFs) and infiltrating monocyte-derived cells [13]. During
the development of liver fibrosis, macrophage pool of the
liver can be rapidly expanded by infiltrating phagocytes
that mainly originate from circulating monocytes [14–16]. In
mice, two major populations of circulating monocytes exist:
Gr1hi (Ly-6Chi) monocytes and Gr1lo (Ly-6Clo) monocytes.
In acute and chronic liver injury ofmice, Gr1hi monocytes are
massively recruited into the liver [8, 11]. As vigorous secretors
of proinflammatory and profibrotic factors including TNF-
𝛼 and TGF-𝛽1, they drive inflammation and activate HSC
thereby triggering a cascade of events leading to liver fibrosis
[10, 17].

The accumulation of monocytes is critically due to
chemokines monocyte chemoattractant protein 1 (MCP-1)
and chemokine ligand 7 (CCL7) [8, 18–20]. When the liver
is damaged, liver cells, HSCs, macrophages, and endothelial
cells can secrete MCP-1 and CCL7 which combine with
the related receptor-chemokine receptor on peripheral blood
monocytes surface and recruit Gr1hi monocytes into liver
[8, 21, 22].

In the past two thousand years, Rheum palmatum L.
and Polygonum cuspidatum has been used as Traditional
Chinese Medicine to treat liver diseases, which has achieved
significant curative effects [23]. As the main active ingredient
of Rheum palmatum L. and Polygonum cuspidatum, emodin
has been demonstrated to have anti-inflammatory, antitumor,
and antifibrotic effects [24, 25]. Further study suggested that
emodin has certain antifibrotic effect on liver fibrosis [26, 27].
However, the mechanism of emodin on the antifibrotic effect
for liver fibrosis is still obscure. Therefore, in the present
study we investigated whether emodin could alleviate the
degree of carbon tetrachloride- (CCl

4
-) induced liver fibrosis

by inhibiting infiltration of Gr1hi monocytes.

2. Materials and Methods

2.1. Mice. Male C57BL/6 mice, 7-8 weeks old, weighing
25 ± 2 g, purchased from Beijing Vital River Experimental
Animals Technology (Beijing, China), were used in this
study. Mice were housed under laminar airflow hoods
in a specific pathogen-free room with a 12 h light and
12 h dark schedule and fed autoclaved chow and water
at a controlled temperature of 22 ± 2∘C, 50–60% relative
humidity.

2.2. Experimental Protocol. Mice were randomly assigned
to the control group, CCl

4
group, and emodin group. For

induction of liver fibrosis,mice in the emodin group andCCl
4

group were injected intraperitoneally with 0.6ml/kg dose of
CCl
4
(CCl
4
: olive oil = 1 : 4, 3𝜇l/g CCl

4
oil) twice weekly

for 4 weeks. Mice in the control group were injected with
equal volume of olive oil as control. Emodin was dissolved in
0.25% sodium carboxymethyl cellulose (CMC-Na) aqueous
solution to prepare the appropriate concentration. Emodin
was given by gavage at a dose of 20mg/kg/d in the emodin
group.This dose of emodin is the optimal dose proved by the
previous study [27]. For the control group and CCl

4
group,

mice were administrated orally with the same volume of
CMC-Na aqueous solution.

After 48 h of the last CCl
4
administration, mice were

sacrificed after anesthesia. Blood samples were collected for
ALT and AST detection. The liver tissues of mice were
collected.

2.3. Liver Function Detection. Blood samples were cen-
trifuged at 4000 rpm/min for 15min to get serum. ALT and
AST levels were determined with clinical testing technique
through biochemical instrument (Beckman Coulter, Inc.,
Brea, CA, USA).

2.4. Flow Cytometry. Isolation of liver-infiltrating lympho-
cytes was performed by an automated, mechanical disag-
gregation system (Medimachine, Becton Dickinson, USA).
The liver samples of mice were washed with PBS twice and
then cut into small pieces of 3-4mm3. Five pieces were
immediately put in a disposable disaggregator Medicon with
50 𝜇m separator mesh (Becton Dickinson, USA) and then
1ml PBS was added and processed in the Medimachine Sys-
tem for 1min. Disaggregated cells were removed and pressed
through 70 𝜇m cell strainers to obtain single cell suspensions.
Cells were used immediately for flow cytometric analysis.
Related antibodies were listed as follows: CD45 (557235, BD
Pharmingen, USA), CD11b (557397, BD Pharmingen, USA),
Gr1/Ly6C (560595, BDPharmingen,USA), Ly6G (551460, BD
Pharmingen, USA), and F4/80 (25-4801, eBioscience, USA).
Flow cytometric analysis was performed on a FACS Aria II
(BD Bioscience, USA).

2.5. Histopathology. Mouse liver tissues were fixed in
paraformaldehyde for 48 h, then dehydrated, and finally
embedded with paraffin. Paraffin-embedded liver samples
were sectioned to 3 𝜇m thin slices, which were performed
with hematoxylin-eosin (HE) staining and Masson staining
according to standard protocols.

2.6. Immunohistochemistry. 3 𝜇m paraffin sections of mouse
liver samples were dewaxed and hyalinized. Endogenous
peroxidase was blocked with 3% H

2
O
2
. Antigen repair

was achieved by boiling in ethylenediaminetetraacetic acid-
(EDTA-) alkaline solution. Then, sample sections were incu-
bated with various primary antibody: 𝛼-smoothmuscle actin
(𝛼-SMA, ab5694, Abcam,USA), collagen-I (ab34710, Abcam,
USA), F4/80 (ab111101, Abcam, USA), CD45 (ab10558,
Abcam, USA), CD11b (ab13357, Abcam, USA), TGF-𝛽1
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Table 1: Sequences of primers used for real-time PCR [28].

Gene Direction Primer sequence (5-3)

TGF-𝛽1 Forward GTGGAAATCAACGGGATCAG
Reverse ACTTCCAACCCAGGTCCTTC

GRN Forward GCTACAGACTTAAGGAACTC
Reverse GAAATGGCAGTTTGATACGG

MCP-1 Forward ATTGGGATCATCTTGCTGGT
Reverse CCTGCTGTTCACAGTTGCC

CCL7 Forward CGTCCCGTAGACAAAATGGTGAA
Reverse GCCGTGAGTGGAGTCATACTGGAACA

IL-1𝛽 Forward GGTCAAAGGTTTGGAAGCAG
Reverse TGTGAAATGCCACCTTTTGA

IL-6 Forward CATTTCCACGATTTCCCAGA
Reverse TCCCTCTGTGATCTGGGAAG

TNF-𝛼 Forward AGGGTCTGGGCCATAGAACT
Reverse CCACCACGCTCTTCTGTCTAC

𝛽-Actin Forward GGCTGTATTCCCCTCCATCG
Reverse CCAGTTGGTAACAATGCCATGT

(ab92486, Abcam, USA), GRN (ab191211, Abcam, USA),
MCP-1 (ab25124,Abcam,USA), orCCL7 (orb315556, Biorbyt,
UK) overnight at 4∘C. Then the sections were stained with
secondary antibody (Life Technologies, USA) after multiple
flushing with PBS buffer. At last, generally diaminobenzidine
(DAB) stained, haematoxylin slightly stained, and neutral
balata fixed.

2.7. Histological and Immunohistochemical Evaluation.
Sections with HE staining were examined under light
microscopy by an experienced pathologist in a blinded
fashion for liver steatosis, necrosis, and leukocyte infiltration.

For Masson staining and immunohistochemical staining
of 𝛼-SMA and collagen-I, five ×100 magnification images
of Masson staining and immunohistochemical staining were
captured in each section. Positive staining area of Masson
staining (blue), 𝛼-SMA, or collagen-I immunohistochemical
staining (brown) per high-power field (HPF) of each image
was converted into pixels by Image-ProPlus software (Media
Cybernetics, USA). The percentage of positive area was
expressed as a fraction of the total number of pixels, averaged
across the 5 different regions per section.

Absolute counts of CD45+ cells (leucocytes), F4/80+ cells
(macrophages), and CD11b+ cells (monocytes) per HPF of
stained liver sections were manually assessed in 5 different
fields per section. All quantification was carried out blinded
and without prior knowledge of sections or groups.

2.8. Real-Time Gene Expression Analysis. Total RNA was
extracted from 50mg frozen liver tissues using TRIzol
according to the manufacturer’s instructions (Life Technolo-
gies, USA) and then reverse-transcribed to get cDNA by
using the PrimeScript RT Master Mix kit (Takara, China)
according to the relevant experimental manual. Real-time
PCR was performed on Step One Plus Real-Time PCR
Systems (Life Technologies, USA) using SYBR Premix Ex Taq

kit (Takara, China). All primers and PCR product sizes of this
study are listed in Table 1. 𝛽-Actin was used as an internal
control [28].

2.9. Statistical Analysis. All data are expressed as the mean
± standard error of the mean (SEM). Statistical analysis was
performed using one-way analysis of variance (ANOVA) test
by SPSS 22.0 software. 𝑃 < 0.05 was considered to be
statistically significant.

3. Results

3.1. Emodin Attenuated CCl4-Caused Liver Inflammation.
The protective effect of emodin on CCl

4
-induced liver

injury was identified by liver function and HE staining. As
shown in Figure 1(a), the serum ALT and AST increased
significantly in mice of CCl

4
group as compared with

the control group. Emodin can significantly reduce the
increased liver enzymes. The liver tissues of mice in the
CCl
4
group showed liver steatosis, necrosis, and leukocyte

infiltration which were significantly relieved in the emodin
group (Figure 1(b)). These results demonstrated that emodin
can significantly reduce CCl

4
-induced liver inflammation

in vivo.

3.2. Emodin Alleviated Liver Fibrosis Induced by CCl4. Mas-
son staining was used to observe the collagen fibers of liver
tissues. As shown in Figure 2, fiber staining only appeared on
the central venous wall, part of portal area, and interlobular
septa in hepatic lobules of control mice. However, compared
to the control group, the collagen fibers in CCl

4
group were

significantly higher. The initial formation of interlobular
septa and significantly increased portal fiber deposition were
observed. The liver tissues of mice in the emodin group
also had fiber deposition, mainly distributed at the portal
area, fibrous septum, and central vein. But the density of
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Figure 1: Emodin attenuated CCl4-caused liver inflammation. (a) ALT and AST levels of mice in each group. (b) Hematoxylin-eosin staining
of the liver tissues. All data are expressed as the mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01. Original magnification: ×100; bar = 50 𝜇m.

collagen deposition was significantly less than that of CCl
4

group. Moreover, the liver tissues of mice in the control
group had only a small amount of 𝛼-SMA and collagen-
I expression (Figure 2). However, the hepatic expression
of 𝛼-SMA and collagen-I significantly increased in the
CCl
4
group (Figure 2). Emodin treatment can significantly

reduce the expression of 𝛼-SMA and collagen-I induced by
CCl
4
(Figure 2). These results collectively demonstrated that

emodin can significantly reduce CCl
4
-induced liver fibrosis

in vivo.

3.3. Emodin Reduced Gr1hi Monocyte Infiltration. After CCl
4

challenge for 4 weeks, infiltrations of leukocytes, monocytes,
and macrophages increased significantly in the mouse liver
tissues of CCl

4
group. However, compared to CCl

4
group,

mouse liver tissues of emodin group had greatly reduced
infiltrations of leukocytes, monocytes, and macrophages
(Figures 3(a) and 3(b)). The proportion of Gr1hi monocyte
(CD45+Ly6G−CD11b+F4/80+Gr1hi) subset increased signifi-
cantly in the liver tissues of CCl

4
group as compared with the

control group. However, the proportion of Gr1hi monocyte
subset was significantly lower in the emodin group compared
to the CCl

4
group (Figure 4(b)). These results suggested that

emodin can significantly reduce infiltration of monocyte-
derived macrophages, especially Gr1hi monocyte in chronic
liver injury.

3.4. Emodin Inhibited the Expression of Gr1hi Monocyte Asso-
ciated Proinflammatory and Profibrogenic Cytokines. Gr1hi
monocyte can promote liver fibrosis through releasing many
proinflammatory and profibrotic cytokines [1, 5, 7–9]. As
shown in Figures 5 and 6, the intrahepatic mRNA expres-
sion of IL-1𝛽, IL-6, TNF-𝛼, TGF-𝛽1, and GRN significantly
increased after CCl

4
administration. Mice in the emodin

group had significantly lower intrahepatic expression of IL-
1𝛽, TNF-𝛼, GRN, and TGF-𝛽1 as compared with CCl

4
group.

As shown in immunohistochemical staining, emodin group
had significantly lower expression of TGF-𝛽1 and GRN
(Figure 6).

3.5. Emodin Inhibited the Expression of MCP-1 and CCL7.
MCP-1 and CCL7 are the primemonocyte chemotactic factor
[8, 18–20]. Mice in CCl

4
group have strongly increased

hepatic expression of MCP-1 and CCL7, which may be
responsible for increasing numbers of intrahepatic Gr1hi
monocytes (Figure 7). However, it is obvious that emodin
effectively inhibited the hepatic expression of MCP-1 and
CCL7 (Figure 7), which may explain why emodin could
reduce the infiltration of monocytes.

4. Discussion

Hepatic macrophages, especially monocyte-derived macro-
phages, hold a central position in the pathogenesis of chronic
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Figure 2: Emodin reduced CCl4-caused liver fibrosis in mice. (a) Masson staining, 𝛼-SMA staining, and collagen-I staining of the liver tissues.
(b) Statistical analyses of collagen deposition. All data are expressed as the mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01. Original magnification: ×100;
bar = 50 𝜇m.

liver injury and have been proposed as potential targets for
liver fibrosis [13, 22, 29]. In acute and chronic liver injury,
Gr1hi monocytes will firstly be recruited into inflamma-
tory region and release proinflammatory and profibrogenic
cytokines which will aggravate liver inflammation and fibro-
sis of liver [8, 17]. In the present study, we confirmed that, after
repeated CCl

4
injections, Gr1hi monocytes were markedly

increased in the liver tissues of mice.
Pharmacological inhibition of Gr1hi hepatic monocytes

may be capable of limiting chronic liver injury and fibro-
sis in vivo [30]. Emodin, as a major active component

of Rheum palmatum L. and Polygonum cuspidatum, has
been reported to have anti-inflammatory, antitumor, and
antifibrotic effect [24, 25]. Emodin can ameliorate hepatic
steatosis through endoplasmic reticulum-stress sterol regu-
latory element-binding protein 1c pathway in liquid fructose-
feeding rats [31]. Liu et al. also reported that emodin could
ameliorate liver steatosis and decrease hepatic triglyceride
in mice fed with ethanol [32]. In addition, emodin could
also significantly inhibit the growth of HSC-T6 cells in
vitro [33]. Emodin can also protect the rat liver from CCl

4
-

induced liver fibrosis by inhibiting HSCs activation in vivo
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Figure 3: Emodin reduced infiltrations of leukocytes, monocytes, and macrophages in liver fibrosis. (a) Immunohistochemistry staining of
leukocytes, monocytes, and macrophages in the liver tissues. (b) Statistical analyses of leukocytes, monocytes, and macrophages. All data are
expressed as the mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01. Original magnification: ×400; bar = 200 𝜇m.

[27]. In the present study, we also confirmed that emodin
could reduce liver inflammation and fibrosis in mouse
model induced by CCl

4
. Recent studies show that emodin

can inhibit homologous lymphotoxins-induced monocytes
migration [34]. On this basis, we used immunohistochem-
istry staining and flow cytometry to observe the changes
of monocytes, especially Gr1hi monocytes. We found that
emodin significantly reduced the infiltration of Gr1hi mono-
cytes which is novel mechanism of the antifibrotic effect of
emodin.

Gr1hi monocytes can release many proinflammatory and
profibrogenic cytokines, including TNF-𝛼, IL-1𝛽, GRN, and
TGF-𝛽1. TNF-𝛼 and IL-1𝛽 are mainly from monocytes and
macrophages in the acute and chronic liver injury [35] and
may trigger the production of many other proinflammatory
cytokines and induce hepatocyte death through the recruit-
ment of neutrophils [36, 37]. TGF-𝛽1 is considered to be the
most potent profibrogenic cytokine [38, 39]. TGF-𝛽1 can pro-
mote liver fibrosis through multiple pathways, for example,
activatingHSCs, stimulating collagen gene transcription, and
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Figure 4: Emodin reduced infiltrations of Gr1hi monocytes in liver fibrosis. (a) Gating strategy of Gr1hi monocytes for flow cytometric analysis.
(b) Proportions of Gr1hi monocytes in the liver tissues. All data are expressed as the mean ± SEM. ∗𝑃 < 0.05; ∗∗𝑃 < 0.01. Original
magnification: ×400; bar = 200 𝜇m.

suppressing the expression ofmatrixmetalloproteinases [40].
TGF-𝛽1 mainly comes frommonocyte-derived macrophages
[29, 40]. GRNs is a family of protein growth factors that are
involved in cell proliferation. Macrophage-secreted granulin
may activate resident HSCs into myofibroblasts resulting in
a fibrotic microenvironment [7]. In our present study, we
found that the hepatic expression of proinflammatory and
profibrogenic cytokines IL-1𝛽, IL-6, TNF-𝛼, TGF-𝛽1, and
GRN was significantly increased following CCl

4
injection.

However, emodin administration was able to decrease the
hepatic expression of IL-1𝛽, TNF-𝛼, GRN, and TGF-𝛽1 in

the liver fibrosis model, which also explains why emodin can
alleviate liver inflammation and fibrosis.

CCL7 andMCP-1 are the major cytokines for the recruit-
ment of Gr1hi monocytes in the liver [41, 42]. MCP-1 has
been well studied in liver fibrosis. In acute and chronic liver
injury, MCP-1 can induce liver fibrosis through recruitment
of Gr1hi monocytes [28]. In the present study, we also found
that the hepatic expression of MCP-1 was significantly higher
in the CCl

4
group as compared with the control group. In

Balb/C mice fed on the methionine/choline-deficient diet,
a lack of MCP-1 was associated with lower ALT levels and
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Figure 5: Emodin inhibited Gr1hi monocyte associated proinflammatory cytokines. All data are expressed as the mean ± SEM. ∗∗𝑃 < 0.01;
∗
𝑃 < 0.05.
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Figure 6: Emodin inhibited the Gr1hi monocyte associated profibrogenic cytokines. (a) Immunohistochemical staining of GRN and TGF-𝛽1 in
the liver tissues. (b) Hepatic mRNA expression of GRN and TGF-𝛽1 in the liver tissues. All data are expressed as the mean ± SEM. ∗∗𝑃 < 0.01;
∗
𝑃 < 0.05. Original magnification: ×400; bar = 200 𝜇m.
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Figure 7: Emodin inhibited the expression of chemokines MCP-1 and CCL7. (a) Immunohistochemical staining of MCP-1 and CCL7 in the
liver tissues. (b) Hepatic mRNA expression of MCP-1 and CCL7. All data are expressed as the mean ± SEM. ∗∗𝑃 < 0.01; ∗𝑃 < 0.05. Original
magnification: ×400; bar = 200 𝜇m.

reduced infiltration of inflammatory cells, together with a
lower degree of liver fibrosis [43]. Pharmacological inhibition
of MCP-1 by mNOX-E36 can also significantly reduce the
infiltration of Gr1hi monocytes in the process of acute
and chronic liver injury and can reduce the degree of
liver fibrosis in vivo [21, 30, 44]. CCL7, previously known
as monocyte chemotactic protein-3, belongs to the MCP
subfamily of CCLs. CCL7 is expressed at multiple sites of
inflammation and is produced by monocytes, fibroblasts,
endothelial cells, and mast cells [45–48]. Compared to MCP-
1-deficient mice, CCL7-deficient mice showed less infiltra-
tion of monocytes in the encephalitis model caused by
West Nile virus infection, which indicates that CCL7 has
a stronger chemotactic activity than that of MCP-1 [49].
Inhibition of CCL7 could significantly reduce the infiltration
of monocytes/macrophages to lung tissues of mice infected

with rhinovirus [50]. Our study also found that MCP-1 and
CCL7 expression increased significantly during liver fibrosis,
suggesting thatMCP-1 and CCL7may play important roles in
liver fibrosis. After emodin treatment, the hepatic expression
of MCP-1 and CCL7 was significantly reduced which was
in line with the reduction of Gr1hi monocytes infiltration.
However, the related mechanisms regarding how emodin
reduces the secretion of MCP-1 and CCL7 needs further
investigation.

In conclusion, we found that emodin has inhibitory
effects on liver fibrosis, which may be associated with reduc-
ing the Gr1hi monocytes infiltration by the inhibition of
MCP-1 and CCL7. These results suggest that emodin may
be considered a promising candidate in the prevention and
treatment of liver fibrosis. However, the clinical effect of
emodin on liver fibrosis deserves further investigation.
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Propolis is a bee-collected natural product that has been proven to have various bioactivities. This study tested the effects of a
Mexican propolis on streptozotocin-induced diabetes mellitus in a murine model. The results showed that an ethanolic extract
of propolis of Chihuahua (EEPCh) significantly inhibited increases in blood glucose and the loss of body weight in diabetic
mice. EEPCh increased plasma insulin levels in STZ-diabetic mice, whereas, in untreated diabetic mice, there was no detection
of insulin. EEPCh had a high antioxidant capacity (SA

50
= 15.75 𝜇g/mL), which was directly related to the concentrations of

total phenols (314mgGAE/g of extract) and flavonoids (6.25mgQE/g of extract). In addition, increased activities of the enzymes
superoxide dismutase, catalase, and glutathione peroxidase were observed in diabetic mice treated with EEPCh. Compounds such
as pinocembrin, quercetin, naringin, naringenin, kaempferol, acacetin, luteolin, and chrysin were identified by HPLC-MS analysis.
This investigation demonstrated that propolis of Chihuahua possesses hypoglycaemic and antioxidant activities and can alleviate
symptoms of diabetes mellitus in mice.These effects may be directly related to the chemical composition of propolis, as most of the
compounds identified in propolis are reportedly active in terms of the different parameters evaluated in this work.

1. Introduction

Propolis is a resinous, complex apiarian product that is col-
lected and produced by honey bees from different floral sub-
stances, beeswax, and salivary secretions [1]. Propolis is char-
acterized by its contents of resins (approximately 50%), wax
(30%), essential oils (10%), pollen (5%), and other organic
components (5%) [2]. Importantly, each propolis varies in
composition depending on its geographical area of origin
and the type of flora in that region [3]. Notably, propolis
possesses a broad spectrum of biological activities, including

antimicrobial, anti-inflammatory, antiviral, cytotoxic, antiox-
idant, and immunomodulatory [4, 5]. In addition, recent
studies have shown that propolis has hypoglycaemic effects
and antioxidant capacity [6, 7].

Diabetes is a chronic metabolic disorder characterized
by hyperglycaemia that presents a major worldwide health
problem [1]. In view of its epidemic proportions, diabetes
stands out as one of the most urgent medical problems of the
21st century [8]. According to theWorldHealthOrganization
(WHO), in the year 2000, the prevalence of diabetes mellitus
was 171,000,000, and it is estimated that the prevalence of
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this disease will reach 439,000,000 by 2030 [9]. Diabetes
mellitus is characterized by absolute or relative deficiencies
in insulin secretion and/or insulin action associated with
chronic hyperglycaemia and disturbances of carbohydrate,
lipid, and protein metabolism [8].

Hyperglycaemia is an important factor responsible for
intense oxidative stress in diabetes, and the toxicity induced
by glucose autoxidation is likely to be one of the impor-
tant sources of reactive oxygen species. Several intra- and
extracellular antioxidant defence mechanisms counteract the
destructive effects of free radicals by attenuating or inhibiting
their activities. However, in diabetes mellitus, the oxidative
stress exceeds the antioxidant defence mechanisms of the
body [7].

Diabetes is associated with the generation of reactive
oxygen species (ROS), which cause oxidative damage to the
heart, kidneys, eyes, nerves, liver, small and large blood
vessels, and the gastrointestinal system [8].

As a result of the plethora of scientific evidence proposing
the involvement of oxidative stress in the pathogenesis of
diabetes and its complications, interest has grown in the use
of natural antioxidants as a new strategy for alleviating the
oxidative damage associated with diabetes [9]. Therefore, the
present study aimed to investigate the hypoglycaemic and
antioxidant activities of EEPCh in a model of experimental
diabetes.

2. Material and Methods

2.1. Chemicals. Streptozotocin (STZ) was purchased from
Sigma-Aldrich (St. Louis, USA) and stored at −20∘C.
Rat/mouse insulin ELISA kits were obtained from EMDMil-
lipore. Aluminium chloride (AlCl

3
), 2,2-diphenyl-1-picryl-

hydrazyl (DPPH), Folin–Ciocalteu reagent, sodium carbon-
ate, and ethanol were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Authentic flavonoid standards (vanillin,
quercetin, catechin, luteolin, pinocembrin, chrysin, baicalein,
myricetin, naringenin, naringin, gallic acid, catechol, api-
genin, acacetin, and kaempferol) were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Biological Materials. Propolis samples were collected by
Ing. Mart́ın Balcorta Baeza in November, 2014, from the api-
ary located in Ejido Concordia, Aquiles Serdán municipality,
Chihuahua, Chihuahua, Mexico.

2.3. Preparation of the Ethanolic Extract of Propolis of Chi-
huahua (EEPCh). The propolis extract was obtained by
maceration at room temperature. Propolis (300 g) was placed
in a flask containing 1 L of 70% ethanol. Next, the solutionwas
filtered and then distilled under reduced pressure in a rotary
evaporator [10]. The extract was placed in glass containers
until evaporation of the solvent was complete, thus yielding
the ethanol extract of propolis of Chihuahua (EEPCh). The
yield of EEPCh was 202.45 g (67.48%).

2.4. Experimental Animals. Healthy male adult CD1 mice
(seven weeks old) were used. The animals were cared for
according to the guidelines of the Federal Regulations for

Animal Experimentation and Care (NOM-062-ZOO-1999,
Ministry of Agriculture, Mexico), which were approved
by the Institutional Ethics Committee of the Universidad
Nacional Autónoma deMexico, Facultad de Estudios Superi-
ores Iztacala. All animals were housed with six mice per cage
and were fed with a standard pellet diet and were allowed free
access to water. The animals were maintained at a constant
temperature (22 ± 2∘C) and 50 ± 5% relative humidity with a
12 h light–dark cycle.

2.5. Induction of Experimental Diabetes. Diabetes was in-
duced by intraperitoneal injection (i.p.) of a single dose of
130mg/kg body weight of streptozotocin (STZ). STZ was
dissolved in freshly prepared 0.05M citrate buffer (pH 4.5).
After 72 h, all mice were fasted for 4 h and their blood glucose
levels were monitored from the tip of the tail vein using
a glucose kit and an autoanalyser (ACCU-CHEK Active,
Roche diagnostics). The mice used in the experiments were
considered diabetic when their fasting blood glucose levels
were above 250mg/dL [11].

2.6. Experimental Groups and Treatment. Two batches
(groups) of mice were used, one for immunohistochemistry
and the other to obtain the homogenates of the pancreatic
tissue.

The experimental animals were randomly assigned into
3 groups of six animals each and received the following
treatments: Group I, healthy (H); Group II, diabetics (D); and
Group III, diabetics treated with propolis (D/P) 0.3 g/kg/day
of propolis [7].The freshly prepared extracts of propolis were
orally administered one week after the mice were considered
as diabetics (glucose levels greater than 250mg/dL). The
propolis administration was daily for 15 days. Body weights
and blood glucose levels were measured at 3-day intervals
after fasting for 4 h.

2.7. Effects of EEPCh on Blood Glucose Levels and Body
Weight in Experimental Groups. During the study period of
15 days, the blood glucose levels of the mice were recorded
every 3 days. Blood was extracted from the tip of the tail
vein after fasting for 4 h, and the blood glucose levels were
determined using a glucometer. The body weights of mice
were also recorded at the same times using an electronic
balance (ADAM, 120 g × 0.001 g, USA).
2.8. Effect of EEPCh on Serum Insulin Levels. Blood was
collected at the end of treatment (day 15) in tubes with-
out heparin or EDTA and centrifuged at 10,000 rpm for
5min. The serum insulin levels were determined using a
mouse insulin ELISA kit (EMDMillipore, rat/mouse insulin
ELISA kit, USA), which quantifies insulin using a sandwich-
technique enzyme immunoassay. After incubation, the plate
was read at 450 nm in a Bio-Tek EL800 plate reader (Bio-
Tek). The intensity of the colour generated was directly
proportional to the amount of insulin in the sample.

2.9. Effects of EEPCh on Pancreatic Islets. At the end of the
experimental period, the animals were sacrificed and each
pancreas was quickly removed. An incision was made in the
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abdomen and the liver was lifted to allow for observation
of the bile duct, through which 1mL of Bouin fixative was
injected.The pancreas was then obtained by carefully cutting
along the borders of the pancreas to separate it from the
organs to which it was adhered. The samples were fixed
for 24 h at 4∘C, the tissues were dehydrated using a graded
alcohol series, and finally, the samples were embedded in
paraffin (Paraplast, Merck Millipore, USA) following routine
histological techniques. Each pancreas was cut to 4 microns
of thickness on a rotary microtome (Leica, RM2125RT,
Germany). Immunohistochemistry using an insulin antibody
(H-86, sc-9168; Santa Cruz Biotechnology, Inc.) was per-
formed to detect insulin in the pancreatic islets of each exper-
imental group, and the slides were examined under a light
microscope (Motic, BA310E, China) at 40x magnification.

2.10. Antioxidant Capacity of EEPCh. The antioxidant capac-
ity of the propolis extract was measured using a DPPH assay
according to a previously described procedure [12]. In an
ELISA plate, 50𝜇L of propolis extract was added at different
concentrations (1–100𝜇g/mL) in triplicate. DPPH solution
(150 𝜇L) was added and the plate was then shaken and kept
in the dark at room temperature for 30min at 37∘C. The
absorbance was measured at 540 nm using a Bio-Tek EL800
plate reader (Bio-Tek). LC-MS grade methanol was used as
a blank sample, and a DPPH solution (100 𝜇M) was used
as the control. Quercetin was used as the reference (positive
control) under the same conditions as the problem solution.
The antioxidant capacity was determined according to the
following equation:

% reduction

= [(absorbance of control − absorbance of sample)
absorbance of control

]
∗ 100.

(1)

The concentration with 50% antioxidant capacity (SA
50
) was

determined graphically.

2.11. Total Phenolic Content of EEPCh. The total phenolic
content (TPC) of the propolis extract was determined by
Folin–Ciocalteu reagent [13]. The sample was tested in trip-
licate and the absorbance of the resulting blue coloured solu-
tion was measured at 760 nm using a UV–Vis spectropho-
tometer (DU 640 Spectrophotometer, Beckman, Brea). The
total phenolic content was estimated using a calibration curve
generated using serial concentrations of gallic acid (0.00625,
0.0125, 0.025, 0.05, 0.1, and 0.2mg/mL), and total phenolics
were expressed as milligrams of gallic acid equivalent per
gram of extract (mg of GAE/g of extract).

2.12. Total Flavonoid Content of EEPCh. The total flavonoid
content (TFC) of the propolis extract was estimated using
a previously described colorimetric method based on the
formation of an aluminium chloride complex [13]. In an
ELISA plate, 200𝜇L of the mixture was added in triplicate
and the samples were incubated for 10min in the dark

at room temperature. A calibration curve was generated
using different concentrations (1–100 𝜇g/mL) of quercetin.
The absorbance was read at 415 nm in a Bio-Tek EL800
plate reader (Bio-Tek) and the total flavonoid content was
expressed as milligrams of quercetin equivalent per gram of
extract (mg of QE/g of extract).

2.13. Effects of EEPCh on Some Parameters of Oxidative Stress.
At the end of the experimental period, the animals were
sacrificed, each pancreas was quickly removed, and the pan-
creatic tissueswere homogenized (100–300mg) using a Bullet
Blender (Next Advance, Inc. USA).The homogenate was cen-
trifuged at 10,000 rpm for 5min and the collected supernatant
was stored at −80∘C. The enzymatic activities of superoxide
dismutase (SOD), catalase (CAT), and glutathione peroxidase
(GPx)were all determined using themethods provided by the
assay kits (Cayman Chemical Company, USA).

2.14. Analysis of the Chemical Composition of EEPCh by High-
Performance Liquid Chromatography (HPLC-DAD). HPLC
was used to chemically characterize 30𝜇L of the propolis
extract. The extract was injected at a concentration of 3mg/
mL into a Hewlett-Packard HP model 1100 series (Hewlett-
Packard,WilmingtonDE,USA)HPLC equippedwith a diode
array detector (DAD) 1100 operatedwithChemStationA0903
under the following parameters: separation isocratic using
a mobile phase, methanol : acetonitrile : water (25 : 25 : 50)
acidified with formic acid (1%) for 60 minutes; column,
Discovery C-18 (250 × 4.6mm), at 269 bar pressure and
a temperature range of 22∘C-23∘C; flow rate, 1mL/min;
detector array of diodes with detector setting at 260 nm; and
full scanning of 200–400 nm. The constituents were identi-
fied based on a comparison of the retention time and UV
spectrum with those of the standards.

2.15. Analysis of the Chemical Composition of EEPCh by Liquid
Chromatography–Mass Spectrometry (HPLC-MS). HPLC-
MS analysis was performed using an Agilent 1200 Infinity
LC coupled to an Agilent 6230 TOF with an Agilent Dual
ESI Source (ESI SG14289023) and Mass Hunter Wokstation
Software, Version B.05.01, Build 5.01.5125.3 operating in the
negative ionization mode. Capillary voltage was 4000V; dry
gas temperature was 250∘C; nitrogen was used as the dry
gas at a flow rate 6 L/min; nebulizer pressure was 60 psi;
fragmentor was 200V; MS range was 50–1300𝑚/𝑧; MS
acquisition rate was 1 spectrum/s.

The chromatographic separation was accomplished using
a HPLC (Infinity Series 1200, Agilent Technologiest, Ger-
many) equipped with a Kinetex 2.6 u, C1800A column (150× 2.1mm) (Phenomenex, USA). The column temperature
was maintained at 25∘C.The following gradient program was
used, along with a mobile phase consisting of water : aceto-
nitrile (90 : 10) with 0.1% formic acid (solvent A) and
methanol : acetonitrile (90 : 10) with 0.1% formic acid (solvent
B). This initial term for 3min in an isocratic elution is com-
posed of 100% solvent A followed by 3–11min: 65% A-35%
B; 11–20min: 55% A-45% B; 20–35min: 100% B; and 25min:
100% B, v/v. The flow rate was 0.2mL/min, and the injection
volume was 20 𝜇L (3mg/mL).
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Figure 1: Effect of propolis on blood glucose levels. Results are from 15 days of treatment.Diabeticmice treated dailywith propolis (300mg/kg)
have decreased glucose levels compared with the untreated diabetic group (Figures 1(a) and 1(b)). The values represent the means of 𝑛 = 6.
Significant differences were determined with multiple 𝑡-tests, 𝑃 < 0.05. ∗ indicates statistically significant differences with respect to the
healthy group.∞ indicates statistically significant differences with respect to the diabetic group.

2.16. Statistical Analysis. All data concerning hypoglycaemic
activity, body weight, detection of insulin, in vitro antioxidant
capacity, total phenolic content, total flavonoids content, and
the antioxidant enzymes activity (SOD, CAT and GPx) were
expressed as the means ± SD. Statistical differences between
the treatments and the controls were tested by one-way analy-
sis of variance (ANOVA) using the GraphPad-Prism (version
6.0) statistical analysis software. A difference in the mean
values of 𝑃 < 0.05 was considered statistically significant.

3. Results

3.1. Effects of EEPCh on BloodGlucose Levels and BodyWeight.
During the treatment period, diabetic mice showed constant
hyperglycaemia from day 3 until day 15, whereas the group
of diabetic mice treated with propolis showed significantly
decreased glucose levels from day 9 until the end of the
treatment period. In the healthy mice, constant glucose levels
were maintained below 200mg/dL (Figure 1).

It is important to note that the dose used (0.3 g/Kg/day
of propolis) is not toxic, according to the OECD 423 acute
toxicity test [14] (data not shown).

3.2. Body Weight Monitoring. The administration of propolis
during the 15 days of treatment showed a considerable
effect on the weight loss of the diabetic mice. As shown
in Figure 2(a), the mice that were given propolis showed
significantly greater body weights of above 30 g compared
to the diabetic mice, which weighed below 30 g; the healthy
mice maintained the highest weight at a constant 35 g. At the
end of treatment (Figure 2(b)), the weights of the diabetic
mice treated with propolis (D/P) were significantly different
compared to those of the diabetic mice.

3.3. Effects of EEPCh on Serum Insulin Levels. Since a de-
crease in blood glucose levels was found, the insulin levels
were then determined in the experimental groups. At the end
of treatment (day 15), the insulin levels (expressed in ng/mL)
in the group of healthymice (H) showed a value of 0.9 ng/mL,
whereas in the group of diabetic mice the presence of insulin
was not detected. In the group of mice treated with propolis,
insulin levels of 0.3 ng/mL (Figure 3) were recorded, with
significant differences compared with those of the diabetic
mice (D).

3.4. Effects of EEPCh on Pancreatic Islets. After the oral
administration of propolis, differences in the size of the islets
were observed.Thus, immunohistochemistry was performed
to determine whether the islets were still producing insulin.
In this assay, it was found that the islets in the group of healthy
mice (H) and the diabetic group treated with propolis (D/P)
contained insulin, whereas the islets in the group of diabetic
mice (D) did not contain insulin (Figures 4(a), 4(b), and 4(c)).

3.5. Antioxidant Capacity (SA
50
), Total Phenolic Content

(TPC), and Total Flavonoid Content (TFC) of EEPCh. The
EEPCh showed a SA

50
= 15.75𝜇g/mL. According to the litera-

ture, phenols are primarily responsible for antioxidant capac-
ity. The total phenolic content of EEPCh was 314mgGAE/g
of extract, and the total flavonoid content was 6.25mgQE/g
of extract.

3.6. Effects of EEPCh on Some Parameters of Oxidative Stress
(SOD, CAT, and GPx). High concentrations of glucose in
diabetes lead to oxidative stress by increasing the levels of
reactive oxygen species (ROS) and decreasing the antioxidant
defences of the organism. Therefore, the effects of propolis
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Figure 2: Effect of propolis on body weight of mice. Results from 15 days of treatment are shown. Unlike the group of diabetic mice without
treatment, the diabeticmice treatedwith propolis daily (300mg/kg) showednodrasticweight loss (Figures 2(a) and 2(b)).The values represent
the means of 𝑛 = 6. Significant differences were determined with multiple 𝑡-tests, 𝑃 < 0.05. ∗ indicates statistically significant differences
with respect to the healthy group.∞ indicates statistically significant differences with respect to the diabetic group.

on the enzymatic activities of enzymes involved in the
antioxidant system (SOD, CAT, andGPx) were determined at
the end of treatment (day 15) with propolis (Figure 5) using
colorimetric methods. As shown in Figure 5, the activities
of these three enzymes were diminished in the diabetic
mice. Nevertheless, the mice treated with propolis showed
increased enzymatic activities of SOD, CAT, and GPx. This
is an important result that indicates a reduction in oxidative
stress in the D/P group compared with the D group.

3.7. Analysis of the Chemical Composition of EEPCh by HPLC-
DAD and HPLC-MS. The compounds in the sample were
identified according to their absorption maxima under low
ultraviolet light (𝜆max), their retention times, and HPLC-MS.
In total, 8 compounds were identified (Table 1).

4. Discussion

Since ancient times, propolis has been used extensively by
humans for its beneficial effects and to treat many diseases
and conditions. Propolis is a natural remedy and a popular
alternative medicine for various diseases. Current applica-
tions of propolis include formulations for cold syndromes
(upper respiratory tract infections, common cold, and flu-
like infections), and dermatological preparations are use-
ful in wound healing and in treating burns, acne, herpes
simplex and genitalis, and neurodermatitis [15]. Propolis
is known to have antibacterial, antifungal, antioxidant, anti-
inflammatory, antiviral, immunomodulatory, and anti-car-
cinogenic properties [16, 17].

Propolis is a naturally occurring resinous mixture col-
lected by honey bees from tree buds, sap, and other botanical
sources. Due to its antiseptic and antimicrobial properties,
propolis has long been utilized in folkmedicine [18]. Propolis
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Figure 3: Serum insulin levels on day 15 of treatment. Serum
insulin was detected (0.3 ± 0.02 ng/mL) in diabetic mice treated
daily with propolis (300mg/kg), whereas untreated mice showed no
insulin levels. The values represent the means of 𝑛 = 6. Significant
differences were determined by ANOVA. ∗ indicates significant
differences with respect to the healthy group.∞ indicates significant
differences with respect to the diabetic group (𝑃 < 0.05).

is a highly complex substance; thus, the chemical compo-
sition and biological properties of propolis obtained from
different regions or countries can be very different [19, 20].
Importantly, different extraction processes can also yield dif-
ferent bioactive ingredients [21]. The composition and prop-
erties of propolismay also depend on the bee species that pro-
duced it due to their preferences for specific plants [22, 23].

In terms of the hypoglycaemic activity of propolis, several
studies have shown that propolis from various countries,
including Nigeria, Saudi Arabia, Brazil, and China, can lower
glucose levels in diabetic rat models [7, 24, 25]. However, to
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Table 1: HPLC-DAD and HPLC-MS analysis of EPCh.

Name Retention time (min) 𝜆max (nm) Parent ion (m/z) [M-H]− Relative error (ppm)
HPLC-DAD HPLC-MS

Naringin 5.71 17.116 214, 282 315.8400 2.98
Naringenin 7.88 24.071 290, 325 (sh) 271.0621 −3.18
Kaempferol 8.31 26.892 200, 266, 366 285.0412 −2.58
Quercetin 8.94 23.158 256, 372 301.0361 −2.48
Acacetin 9.40 32.32 210, 268, 324 283.0619 −2.32
Luteolin 10.05 22.51 252, 348 285.0774 −1.98
Pinocembrin 14.82 30.378 290 255.0672 −3.34
Chrysin 17.58 31.175 268, 314 253.0509 −1.18

(a) (b) (c)

Figure 4: Immunohistochemical detection of pancreatic insulin in the different experimental groups. Healthy mice showed insulin
production (Figure 4(a)), whereas untreated diabetic mice show no insulin production (Figure 4(b)). The oral administration of propolis
to diabetic mice favours the production of insulin in the pancreatic islets (Figure 4(c)). Each image is representative of 6 independent
experiments. Microphotographs (40x).

our knowledge, there are very few studies of the biological and
medicinal properties of Mexican propolis. Thus, the results
presented here comprise the first evidence that a propolis of
Mexican origin has a hypoglycaemic effect.

The Chihuahua propolis sample used in this study was
collected from a hive of Apis mellifera honey bees. Treatment
of diabetic mice with an ethanolic extract of this propolis
for 15 days decreased blood glucose levels by approximately
40% compared with those levels in untreated diabetic mice.
In addition, this same treatment prevented decreases in body
weight of the mice. There are reports that the adminis-
tration of propolis extracts from China and Brazil in rats
with streptozotocin-induced diabetes leads to reduced blood
glucose levels and prevents decreases in body weight [6, 25].

Insulin is a hormone secreted by 𝛽-cells of the islets
of Langerhans in the pancreas. One function of insulin is
to favour the incorporation of glucose into tissues, thereby
decreasing blood glucose levels [26].Therefore, once the Chi-
huahua propolis extract was shown to lower blood glucose
levels, whether this effect was related to the production of
insulin was evaluated. The insulin levels were determined
in each of the experimental groups. Insulin was detected
in diabetic mice treated with propolis (0.3 ± 0.02 ng/mL),
whereas in the group diabetic mice insulin was not detected.
The detection of insulin in propolis-treated diabetic mice
suggests that the administration of Chihuahua propolis may
have improved the secretion of insulin by the 𝛽-cells of the

pancreatic islets, which may have been due to the possi-
bility that propolis prevented further deterioration of the
pancreatic islets. Some authors have suggested that propolis
from Brazil shows activity in removing free radicals; together
with the inhibition of IL-1𝛽 and nitric oxide synthase, these
activities are probably the main factors for the protective
effect of propolis [27]. In other reports with similar results,
insulin levels (0.84 ± 0.3 ng/mL) can be detected after the
administration of propolis fromSaudiArabia in experimental
groups of diabetic rats [7].

Because insulin, a hormone that is only produced by the𝛽-cells of the pancreatic islets, was detected, the presence
of insulin in the pancreatic islets was evaluated in each of
the experimental groups.The results showed that insulin was
present in the islets of mice treated with propolis. There are
few reports on propolis and insulin detection by immuno-
histochemistry.Nonetheless, some authors have reported that
propolis from Nigeria possesses antioxidant compounds that
could have indirect protective effects on pancreatic 𝛽-cells by
stimulating the few surviving 𝛽-cells to secrete more insulin,
thereby decreasing blood glucose levels [28].

Hyperglycaemia is an important factor responsible for the
intense oxidative stress in diabetes, and the toxicity induced
by glucose autoxidation is an important source of reactive
oxygen species. There are several intra- and extracellular
antioxidant defencemechanisms that counteract the destruc-
tive effects of free radicals by attenuating or inactivating
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Figure 5: Effects of EEPCh on the enzymatic activities SOD, CAT, and GPx. Diabetic mice treated with propolis (D/P) showed increased
activities of antioxidant enzymes compared with those of untreated mice. Notably, in the treated mice, the CAT activity shows no differences
relative to that of healthy mice. The values represent the means of 𝑛 = 6. Significant differences were determined by ANOVA. ∗ indicates
significant differences with respect to the healthy group.∞ indicates significant differences with respect to the diabetic group (𝑃 < 0.05).

these compounds. SOD, CAT, and GPx are antioxidant
enzymes that play vital roles in preventing the exposure of
cells to oxidative damage. SOD can reduce the superoxide
radical in hydrogen peroxide (H

2
O
2
), whereas CAT and GPx

reduce hydrogen peroxide towater and protect tissues against
reactive hydroxyl radicals. In diabetes, high glucose levels can
inactivate the antioxidant enzymes SOD, CAT, and GPx via
glycation of these proteins, which produces oxidative stress
that overcomes the antioxidant defence mechanisms of the
body [7, 29]. Therefore, it is of great importance to identify
compounds or natural products with good antioxidant capac-
ities. In this study, the Chihuahua propolis extract was found
to possess good antioxidant capacities (SA

50
of 15.75 𝜇g/mL)

based onAl-Fatimi et al.’s criteria for extracts with concentra-
tions lower than 96.6 𝜇g/mL to be considered as having ade-
quate antioxidant capacity [30]. In addition, the extract was
found to consist of 31.4%phenols and 6.2%flavonoids. Propo-
lis from other countries, such as China, Italy, Russia, and
Brazil, has been reported to contain phenols and flavonoids
as important parts of their chemical compositions, as these
compounds have good antioxidant capacities. Some authors
also mention that there is a direct correlation between the
phenol and flavonoid contents and antioxidant capacity, as it

has been shown that these compounds are able to eliminate
the radicals that interfere with the normal cell metabolism,
thereby protecting the cell membrane against lipid peroxida-
tion [18, 19, 31]. In addition, in terms of antioxidant enzyme
activity, in the propolis-treated diabetic, increases in the
activities of each studied enzyme (SOD, CAT, and GPx) were
observed comparedwith those in the untreated diabeticmice.
Research carried out in diabetic rats has demonstrated that
the administration of separate propolis extracts from China
and Brazil increased the activity of SOD, CAT, and GPx
enzymes [6, 25]. All of the effects described above are indis-
pensable for counteracting the damage caused by free radicals
that occur in diabetes-induced hyperglycaemia [32]. Thus, it
can be suggested that treatment with propolis increases the
activity of these enzymes in diabetic mice, and for the antiox-
idant defence system of the body to function well, there must
be a decrease in the damage to different tissues, including the𝛽-cells of the pancreatic islets, which are very susceptible to
oxidative changes due to their low antioxidant capacity [6].

All of these results can be correlated with the data
obtained from the chemical composition analysis, which
showed that Chihuahua propolis is rich in flavonoids. Some
of the compounds identified were naringin, pinocembrin,
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naringenin, kaempferol, quercetin, acacetin, luteolin, and
chrysin. There are reports that flavonoids, such as flavones
and flavonones, are among the main compounds in propo-
lis [18]. Moreover, in studies performed using methano-
lic, aqueous, or ethanolic extracts of propolis from China,
Italy, Russia, and Brazil, the main compounds identified
included apigenin, luteolin, quercetin, kaempferol, galan-
gin, pinobanksin, epicatechin, naringenin, pinocembrin, and
chrysin [5, 31]. Flavonoids comprise a class of compounds
that have received substantial attention for their potential
roles as alternative treatments for complex diseases, such
as diabetes, which implies alterations in multiple signalling
pathways. Flavonoids are widely distributed in the plant
kingdom and exhibit distinctive pharmacological properties
[33]. As such, the results of the present study suggest that
treatment with Chihuahua propolis, which contains several
flavonoids, could affect different targets to lower blood
glucose levels. Some authors have administered flavonoids,
such as quercetin, naringin, or genistein, and have reported
reduced blood glucose concentrations, detected insulin in
serum or islets, and showed increased insulin release; these
effects likely resulted from changes in Ca2+ metabolism,
thus facilitating the hypoglycaemic effects of flavonoids [32–
35]. Flavonoids have the ability to scavenge free radicals
and chelate metals [36]. Given the hypothesized relation
between diabetes and inflammation [37] and the potential
for flavonoids to protect the body against free radicals
and other prooxidative compounds [38], it is biologically
plausible that the consumption of flavonoids or flavonoid-
rich products may reduce the risk of diabetes complica-
tions [39, 40]. There is evidence that flavonoids such as
naringin, a natural flavanone glycoside, has been widely
used in traditional medicine. Naringin has been reported
to possess antiapoptotic, antiosteoporosis, antiulcer, antiox-
idant, anti-inflammatory, and anticarcinogenic properties
[41, 42]. Moreover, emerging data indicate that naringin
is involved in ameliorating hyperglycaemia. Naringin pos-
sesses lipid-lowering and insulin-like properties that decrease
insulin resistance, hyperglycaemia, and dyslipidaemia [43].

Another possible mechanism through which Chihuahua
propolis might act is through its potent antioxidant capacity.
Different studies have reported that the administration of
quercetin in diabetic rats results in an increase in the activity
of the antioxidant enzymes SOD, CAT, and GPx, which
further protect the majority of Langerhans islet cells. It was
thus concluded that quercetin treatment partially prevents𝛽-cell degeneration, probably through antiapoptotic signals
[34, 44].

Another possible effect of the Chihuahua propolis extract
is the decreased absorption of glucose in the intestine via
the inhibition of the enzymatic activity of 𝛼-glucosidase.
Different in vitro and in vivo studies have reported that the
administration of some flavonoids, such as acacetin, luteolin,
chrysin, kaempferol, or naringenin, decreases glucose levels
in diabetic rats and mice and shows inhibitory effects against
the enzymatic activity of 𝛼-glucosidase [45–48]. Addition-
ally, Chihuahua propolis might also have an effect on the
reduction of serum glucose at the muscle level, as mentioned
in some studies. Those researchers administered flavonoids

such as quercetin or naringenin to isolated muscles and
reported an increase in the uptake of glucose by skeletal
muscle cells as well as the inhibition of the enzyme glycogen
phosphorylase [49–51].

Chihuahua propolis might lower blood glucose levels
via the activity of certain enzymes in the liver, as has been
reported in several studies. In that previous research, the
administration of flavonoids such as naringin, quercetin,
or naringenin increased the concentration and activity of
the hepatic enzyme glucokinase and markedly reduced the
enzymatic activities of hepatic glucose-6-phosphatase and
PEPCK. These findings suggested that the progression of
hyperglycaemia is prevented partly by an increase in the
hepatic concentration of glycolysis and/or by the reduction
of hepatic gluconeogenesis [33, 49, 50, 52, 53].

This investigation demonstrated that propolis of Chi-
huahua possesses hypoglycaemic and antioxidant activities.
These effects are directly related to its chemical composition,
as most of the compounds found in propolis have been
reported to have activities in terms of the different parameters
evaluated in this work. However, more research is needed to
increase the knowledge of all the biological effects of propolis,
its possible adverse effects, and its mechanisms of action in
order to promote the possible use of propolis in different
therapeutic applications, including counteracting the various
alterations caused by diabetes.
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Objective. To investigate the effects of QKF on expression of amyloid-beta (A𝛽), interleukin-1 beta (IL-1𝛽), and glial fibrillary acidic
protein (GFAP) using a rat model of AD.Materials and Methods. Fifty-six male Sprague-Dawley rats were randomly divided into
seven groups (eight rats each): control group, sham-operated group, AD model group, groups of AD rats administered with low,
medium, and high doses of QKF, and the donepezil group. AD was established by bilateral injection of 𝛽-amyloid (A𝛽) 1–40 into
the hippocampus. Two days after AD was established, drugs were administered by gavage. After 14 days of treatment, we used RT-
PCR,Western blotting, and immunohistochemistry to measure the transcript expression and protein abundance of A𝛽, IL-1𝛽, and
GFAP, and methenamine silver staining was used to detect amyloid protein particle deposition. Results. Compared to the control
group, the rats from the AD model group showed significantly greater expression levels of A𝛽, IL-1𝛽, and GFAP. However, these
differences in expression were abolished by treatment with QKF or donepezil. Conclusion. QKF possesses therapeutic potential
against AD because it downregulated A𝛽, IL-1𝛽, and GFAP in the hippocampus of AD rats. Future studies should further examine
the mechanisms through which QKF produces its effects and the consequences of long-term QKF administration.

1. Introduction

Alzheimer’s disease (AD) is a common neurological degen-
erative disease among the elderly. It is characterized by
progressive declines in memory and cognitive function and
has an incidence rate of 10% to 30% in people over 85 years
of age [1]. AD eventually leads to memory and cognitive
disorders, daily behavior disorders, and dementia, and the
incidence of AD increases with age. The main pathological
features of AD are loss of neurons, senile plaque (SP), and
neurofibrillary tangles (NFT) [2]. The core component of
SP is beta-amyloid (A𝛽), which has been shown to play an
important role in the progression of AD [3, 4]. Glial cell
proliferation and excessive cytokine production are involved
in the formation of SP and NFT [5, 6], suggesting the

involvement of the immune response. Because there are
currently no approved effective AD treatments, compounds
from traditional Chinese medicine offer a basis from which
to discover new AD treatments.

Qingxin Kaiqiao Fang (QKF) is a component of the
traditional Chinese medicine Man Jian, which is based on
a recipe from the medical book Jingyue Quanshu written
by Zhang Jing-yue during the Ming Dynasty. QKF has been
used as a treatment for AD for many years and produces
remarkable effects on early symptoms such as cognitive
dysfunction and behavioral and psychological symptoms [7–
9]. It is currently unknown whether brain inflammation in
AD patients is the cause of the disease or a secondary phe-
nomenon, but A𝛽 is known to promote astrocyte-mediated
inflammatory responses and thus activate signaling pathways
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Table 1: Polymerase chain reaction primers.

Primers Sequence (5-3)

A𝛽 Forward CTGGAGGTGCCCACTGATG
Reverse GGGTCTGACTCCCATTTTCC

IL-1𝛽 Forward TCTGTGACTCGTGGGATGATGAC
Reverse TTGGCTTATGTTCTGTCCATTGAG

GFAP Forward AGAGTGGTATCGGTCCAAGTT
Reverse TCAAGGTCGCAGGTCAAG

𝛽-Actin Forward CCCATCTATGAGGGTTACGC
Reverse TTTAATGTCACGCACGATTTC

that could lead to neurodegeneration.This study investigated
the potential of QKF as a treatment for AD by measuring the
expression of A𝛽, IL-1𝛽, and GFAP in the hippocampus of
rats in AD model.

2. Methods

2.1. Animals. Sprague-Dawley (SD) rats of specific pathogen
free (SPF) grade (𝑁 = 56), weighing 250 ± 20 g, were
purchased from the Beijing Vital River Laboratory Animal
Technology Co., Ltd., China (certification number SCXK
2012-0001; Beijing). Rats were bred in Wenzhou Medical
University Laboratory Animal Center (a qualified facility
meeting clean experimental animal feeding standards). Rats
were housed in standard laboratory cages with a 12 h light and
dark cycle along with free access to food and water, and all
animal experiments were performed in accordance with the
ethical requirements approved by the Chinese Association of
Accreditation of Laboratory Animal Care.

2.2. Drugs andReagents. QKF is composed ofRadix Rehman-
niae, Radix Ophiopogonis, Radix Paeoniae, Herba Dendrobii,
Cortex Moutan Radicis, Poria Cocos, Pericarpium Citri Retic-
ulatae, Rhizoma Anemarrhenae, Rhizoma Acori Tatarinowii,
and Sophorae flavescentis. These components were provided
by the Second Affiliated Hospital of Wenzhou Medical Uni-
versity and verified by the Department of Chinese Materia
Medica of Wenzhou Medical University. To make 1 g/mL
drug stocks, the raw herbs were decocted with appropriate
amounts of water, extracted twice, filtered, and concentrated.
The drug stocks were kept at 4∘C. Donepezil was used as a
positive control and was purchased from the Eisai Pharma-
ceutical Co., Ltd. (Suzhou, China) (Number: 100223A).

A𝛽 1–40 andDMSOwere purchased from Sigma-Aldrich
(St. Louis,MO,USA).TheDAB reagent kit was obtained from
Zymed (San Diego, CA, USA). Trizol reagent was bought
from Shanghai ShengGong Biological Engineering Co., Ltd.
Reverse transcriptase and SYBR green were obtained from
Bioneer (Shanghai, China). All PCR primers were obtained
from Dalian Treasure Biological Engineering Co. Ltd. Rabbit
anti-mouse A𝛽, GFAP, and IL-1𝛽 antibodies were obtained
from Bioworld Technology, Inc. (St. Louis Park, MN, USA).
Chloral hydrate was obtained from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China) and the BCA protein
assay kit was obtained from Pierce (Rockford, IL, USA).

2.3. Animal Model and Groups. Aggregated A𝛽 1–40 was
prepared following the manufacturer’s instructions. AD was
established in rats by bilateral injection of A𝛽 1–40 fragments
into the hippocampus using stereotaxic methods [10]. In
brief, eight of the 56 rats were randomly chosen for the
control group (0 + NS). The other 48 rats were anesthetized
via intraperitoneal injection of 10% chloral hydrate at a dose
of 3-4mL/kg. The rats were disinfected with 75% alcohol
before the skulls were opened using a cranial drill. The
bregma was located based on the rat brain atlas of Paxinos
andWatson and used as a reference to drill a 1.5mm opening
on the right and left sides approximately 3mm behind the
bregma [11]. Rats were then subjected to microinfusion with
2 𝜇L of ddH

2
O for the sham-operated group (𝑛 = eight, NS

+ NS) or 2 𝜇L of 2.5 𝜇g/𝜇L A𝛽 1–40 (equivalent to 5 𝜇g A𝛽)
using a 3-mm microsyringe. The day after the operation, the
40 A𝛽-treated rats were randomly divided into five groups
(eight rats in each group) and orally given drugs for 14 days.
Rats in the normal control group (0 +NS), the sham-operated
group (NS + NS), and the model group (A𝛽 + NS) were
administered saline. Rats in the positive control group (A𝛽
+ donepezil) were administered donepezil (1.67mg/kg), and
rats in theQKF groups were administered a low (4.75mg/kg),
medium (9.5mg/kg), or high (19mg/kg) dose of QKF (A𝛽
+ L-FJ, A𝛽 + M-FJ, and A𝛽 + H-FJ, respectively). All QKF
dosages were relevant to the treatment of human adults in
clinical settings.

2.4. Hippocampus Collection. At the end of the experiment,
the rats were anesthetized with 10% chloral hydrate. Brains
were removed quickly and placed in 4% paraformaldehyde.
The hippocampi were snap-frozen and stored at −80∘C.

2.5. RT-PCR Analysis. Total RNA from the hippocampus
was isolated with Trizol reagent and cDNA was synthesized
with reverse transcriptase. Quantitative gene expression was
measured by Real-time PCR. The data were analyzed using
a LightCycler 480 II PCR cycler (Roche, Basil, Switzerland)
based on Ct value and normalized to 𝛽-actin. All PCR
primers were designed by the Shanghai Rui Jingsheng Bio-
logical Engineering Co., Ltd. (Table 1).

2.6. Western Blot Analysis. The frozen hippocampus tissue
was ground and lysed in RIPA lysis buffer containing a
protease inhibitor cocktail (Roche, Rockford, IL, USA). The
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Figure 1: Gene expression of A𝛽, IL-1𝛽, and GFAP in the hippocampus. Compared to A𝛽 + NS group, ∗∗𝑃 < 0.01; compared to Aricept
group, △△𝑃 < 0.01, △𝑃 < 0.05; compared to “M-FJ” group, 𝑃 < 0.05, 𝑃 < 0.01.

protein was quantified by the BCA protein assay kit (Pierce,
Rockford, IL, USA). Forty micrograms of total protein for
each samplewas separated by 10%SDS-PAGE and transferred
to a polyvinylidene difluoride (PVDF)membrane.ThePVDF
membranewas blocked for 1 h at room temperature and incu-
bated with primary antibodies overnight at 4∘C. After several
washes with TBST (Tris-buffered saline and Tween-20), the
membranes were incubated with horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody at room
temperature for 2 h. The protein bands were visualized using
a chemiluminescence-based detection kit (Pierce, Rockford,
IL, USA). The OD values of A𝛽, IL-1𝛽, GFAP, and 𝛽-actin
were quantified using aQuantityOne gel analysis system.The
measurements were performed in triplicate for each rat.

2.7. Immunohistochemistry. The fixed brain tissues were
removed, dehydrated with an alcohol gradient, impregnated
with xylene transparent wax, embedded in paraffin, and
sliced at a thickness of 5 𝜇m, according to the manufacturer’s
instructions. An MIAS medical system (Media Cybernetics,
Rockville,MD,USA)was used for image analysis. Each group
was represented by six slices and each sample was observed
at five horizons of the CA1 area of the hippocampus. All
positive granules within viewwere identified, and density was
calculated as the positive granules within the target area/total
area of the statistical field.

2.8. Methenamine Silver Staining to Detect Amyloid Protein
Particles. Methenamine silver primary liquid was mixed
with an equal volume of sodium borate (1 : 1), boiled in a
microwave oven, and kept at 60∘C in a water bath. After
sections were fully dewaxed, they were placed into 0.5%
periodate and 8% chromic acid for 15min and 30min,
respectively. After washing with distilled water, the sections
were processed with 1% sodium metabisulfite solution for
1min. Next, they were placed into preheated methenamine
working solution and kept at 60∘C in an incubator for
30–60min, until the sections appeared as black particles on
a brown background. Lastly, the sections were added to 1%

gold chloride aqueous solution to tint for 2min and then
processed with 3% sodium thiosulfate solution for 3min.

2.9. Statistical Analysis. All data were processed using SPSS
16.0 statistics software and expressed as mean ± standard
deviation. First, a normality test was performed for all data
(𝑃 < 0.1 signified normal distribution). Pair-wise compar-
isons were performed using the LSD test for homogeneous
variance or Dunnett’s test for nonhomogeneous variance.
Differences were considered statistically significant when𝑃 <
0.05.

3. Results

3.1. General Health of Rats. In the control group, all rats had
smooth fur, good food intake, quick reflexes, and normal
weight gain. There were no deaths within 24 hours after
surgery. The rats in the sham-operated group also demon-
strated normal characteristics.The rats on which surgery was
performed showed various degrees of malaise, low activity,
loss of appetite, and weight loss, especially in the model
group. After two weeks of medication, the treated rats recov-
ered significantly, but there was no significant improvement
in the model group.

3.2. Gene Expression of A𝛽, IL-1𝛽, andGFAP in theHippocam-
pus. RT-PCR showed that there was no significant difference
in the expression of A𝛽, IL-1𝛽, or GFAP between the control
group and the sham-operated group. Expression of A𝛽, IL-
1𝛽, and GFAP in the model control group was significantly
increased compared to corresponding levels in the other
groups (𝑃 < 0.05, 𝑃 < 0.01). After treatment with donepezil
or QKF, all observed changes in the expression of A𝛽, IL-1𝛽,
and GFAP were reduced to different degrees (Figure 1).

3.3. Protein Levels of A𝛽, IL-1𝛽, and GFAP in the Hippocam-
pus. A𝛽, IL-1𝛽, and GFAP protein levels were significantly
increased in the hippocampus of the AD model group, in
comparison to the other groups (𝑃 < 0.01; Figure 2). After
treatment with donepezil or QKF, changes in A𝛽, IL-1𝛽,
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Figure 2: Protein expression of A𝛽, IL-1𝛽, and GFAP in the hippocampus. Compared to A𝛽 + NS group, ∗∗𝑃 < 0.01; compared to Aricept
group, △△𝑃 < 0.01; Compared to “M-FJ” group, 𝑃 < 0.01.

and GFAP levels were reduced in comparison to the other
groups. Of the QKF treatments, a dose of 9.5mg/kg per day
produced the strongest effect, which was comparable to that
of 4.75mg/kg/per day or 19mg/kg/per day.

3.4. Immunohistochemistry Results. The expression levels of
A𝛽, IL-1𝛽, and GFAP in the hippocampus were significantly
increased in the AD model group (𝑃 < 0.01; Figure 3)
in comparison to the other groups. After treatment with
donepezil or QKF, changes in A𝛽, IL-1𝛽, and GFAP protein
levels were reversed. Of the QKF treatments, a dose of
9.5mg/kg per day produced the strongest effect, which was
comparable to that of 4.75mg/kg/per day or 19mg/kg/per
day.

3.5. Methenamine Silver Granule Staining Results. Methen-
amine silver granule staining showed no significant differ-
ences between the control group and the sham-operated
group (Figure 4). Methenamine silver staining was signifi-
cantly increased in the model group in comparison to the
other groups (𝑃 < 0.05, 𝑃 < 0.01). After treatment with
donepezil or QKF, changes in methenamine silver staining
were reduced compared to the model group (𝑃 < 0.05, 𝑃 <
0.01); however, there was no significant difference between
themoderate-dose group and the donepezil group (𝑃 > 0.05)
(Figure 4).

4. Discussion

Alzheimer’s disease (AD) is the most common form of
dementia and causes problems with memory, cognition, and
behavior. The incidence of AD increases with age, and AD
seriously affects the health and quality of life of affected
individuals, their families, and their communities. Currently,
the main methods for AD treatment in China and worldwide
are based in Western medicine methods and rehabilitation.
The former causes undesirable side effects and the latter is
expensive and has variable outcomes. Treatments based in
traditional Chinesemedicine (TCM) have shown potential to
treat AD, and many studies have reported on the use of TCM
for AD treatment in clinical practice [12, 13].

The etiology and molecular mechanisms of AD are
complex and not well understood [14]. Hypotheses for AD
pathogenesis include A𝛽 cascade [15, 16], immune responses
with inflammation [17, 18], cholinergic defects [19, 20], tau
protein hyperphosphorylation [21, 22], intracellular calcium
homeostasis disorders [23, 24], and peroxidation [25]. These
hypotheses are indicative of the complex nature of AD.
However, A𝛽deposition in neurons in the brain iswell known
to be an initial event in AD [26] and a key trigger of AD
pathogenesis. A𝛽 causes neurons in the brain to undergo
apoptosis [27], which results in a series of consequences such
as glial cell activation [28], triggering of the inflammatory
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Figure 3: Expression of A𝛽, IL-1𝛽, andGFAP in the hippocampus (×200magnification). Compared to A𝛽 +NS group, ∗∗𝑃 < 0.01, ∗𝑃 < 0.05;
compared to Aricept group, △△𝑃 < 0.01, △𝑃 < 0.05; compared to “M-FJ” group, 𝑃 < 0.05, 𝑃 < 0.01. A: normal group, B: sham operation
group, C: model group, D: Aricept group, E: low-dose group, F: moderate-dose group, and G: high-dose group.
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cascade [29], oxidative stress [30, 31], and excessive expres-
sion of NO [32].

A large number of studies have shown that inflamma-
tion is associated with AD. A𝛽 deposition is caused by
microglia, astrocytes, inflammatory cytokines, free radicals,
and chemokines that play a major role in the inflammatory
response. Activated glial cells accumulation is caused by
inflammatory cytokines [33], which may play an important
role in the pathology ofAD. Proinflammatory cytokines, such
as IL-1𝛽, and IL-6, are elevated in the brain and cerebrospinal
fluid of patientswithAD [34]. IL-1 family cytokines have been
shown to induce endothelial cell amyloid precursor protein
(APP) mRNA expression [35], and thus increased levels of
IL-1 cytokines in the brains of AD patients might be related
to A𝛽 formation.

In the early stages of AD, astrocytes in the molecular
layer of the cerebral cortex are activated by A𝛽 sediments.
Astrocyte activation is associated with high expression of
glial fibrillary acidic protein (GFAP) and local neuronal
depolarization, which can contribute to brain injury. It
has been shown that injecting oligomeric A𝛽 into the rat
cortex can cause significant changes in astrocytes, including
activation of transcription factor NF-𝜅B and inflammatory
mediators such as TNF-𝛼 and IL-1𝛽 [36]. IL-1 cytokines have
been shown to upregulate APP in neurons by stimulating
its promoter, which promotes the formation of SP [37].
Therefore, the activation of astrocytes has protective effects
on the brain, but excessive activation leads to nerve injury and
accelerates the development of neurodegenerative diseases.

5. Conclusions

In the present study, we established AD model in rats by
bilateral injecting A𝛽 1–40 into the hippocampus and used
this ADmodel to test the effects of TCM compoundQKF.We
were able to reliably establish AD model in rats by A𝛽 1–40
injection. InADmodel rats, after treatingwithQKFat various
doses for 14 days, QKF-treated rats showed decreased IL-1𝛽,
GFAP, and A𝛽 expression in the hippocampus. The efficacy
of QKF at 9.5mg/kg/day was similar to that of the positive
control donepezil, and both treatments produced significant
differences compared to the model group (𝑃 < 0.01 and
𝑃 < 0.05, respectively). QKFmay be effective in the treatment
of AD by having effect on IL-1𝛽, GFAP, and A𝛽.
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It is believed that many degenerative diseases are due to oxidative stress. In view of the limited drugs available for treating
degenerative diseases, natural products represent a promising therapeutic strategy in the search for new and effective candidates
for treating degenerative diseases. This review focuses on the genus Spondias which is widely used in traditional medicine for
the treatment of many diseases. Spondias is a genus of flowering plants belonging to the cashew family (Anacardiaceae). This
genus comprises 18 species distributed across tropical regions in the world. A variety of bioactive phytochemical constituents were
isolated from different plants belonging to the genus Spondias. Diverse pharmacological activities were reported for the genus
Spondias including cytotoxic, antioxidant, ulcer protective, hepatoprotective, anti-inflammatory, antiarthritic, and antidementia
effects. These attributes indicate their potential to treat various degenerative diseases. The aim of this review is to draw attention
to the unexplored potential of phytochemicals obtained from Spondias species, thereby contributing to the development of new
therapeutic alternatives that may improve the health of people suffering from degenerative diseases and other health problems.

1. Introduction

Degenerative disease results from a continuous process based
on degenerative cell changes of tissues and organs, which
increasingly deteriorate over time. This might happen due to
normal bodily wear or lifestyle choices such as lack of exercise
or eating habits. Oxidative stress is known to be implicated
in the development of degenerative diseases. An imbalance
between formation and neutralization of free radicals leads
to oxidative stress. These reactive species seek stability
through electron pairing with biological macromolecules
such as proteins, lipids, and DNA in healthy cells leading
to protein and DNA damage along with lipid peroxidation
[1]. These changes contribute to the development of cancer,
atherosclerosis, cardiovascular diseases, aging, inflammatory
diseases, and other degenerative changes. All human cells
protect themselves against free radical damage by enzymes
such as superoxide dismutase (SOD) and catalase, or antiox-
idant compounds such as ascorbic acid, tocopherol, and
glutathione. Sometimes, these protective mechanisms are
disrupted by various pathological processes [1]. In view of
the limited drugs available for the treatment of degenerative
diseases, there is an urgent need for the development of

new, nontoxic, and affordable candidates for treating these
diseases, especially from natural sources.

Investigation on the phytotherapy ofmedicinal plants that
are highly valued and widely used in traditional medicine
may provide efficient management for many diseases. Genus
Spondias belongs to family Anacardiaceae which comprises
70 genera and 600 species and is endogenous mostly in
the tropics and subtropics worldwide but also extends into
the temperate zone. Members of this family are used in
traditional medicine in the treatment of many ailments
[2, 3]. Spondias consists of 18 species, namely, S. acida, S.
admirabilis, S. chinensis (Merr.) F. P. Metcalf (syn. S. lako-
nensis Pierre), S. dulcis Parkinson (syn. S. cytherea Sonn.), S.
expeditionariaHook. f., S. globosa J. D. Mitch., S. macrocarpa
Engl., S. malayanaKosterm., S. mombin L. (syn. S. aurantiaca
Schumach. &Thonn., S. dubia A. Rich., S. graveolensMafad,
S. lutea L., S. pseudomyrobalanus Tussac, and S. oghigee
G. Don), S. novoguineensis, S. pinnata (L. f.) Kurz (syn. S.
mangifera Willd., S. acuminata Roxb.), S. purpurea (syn. S.
myrobalanus L., S. crispula Beurl., and S. cirouela Tussac), S.
mexicana S. Watson, S. radlkoferi Donn. Sm., S. tefyi J. D.
Mitch., Daly & Randrian, S. testudinis J. D. Mitch. and D. C.
Daly, S. tuberosa Arruda, S. venulosa Engl., and S. xerophila
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Kosterm. [4, 5]. Among those species, only five species were
thoroughly studied.

Members of this genus were used extensively in tra-
ditional medicine in the treatment of many ailments.
Pharmacological investigation of different Spondias species
demonstrated that these plants possess cytotoxic, antiox-
idant, ulcer protective, hepatoprotective, photoprotective,
anti-inflammatory, antiarthritic, antidementia, antipyretic,
analgesic, thrombolytic, hypoglycemic, antifertility, antihy-
pertensive, antimicrobial, and anthelmintic activities due to
the wide range of phytoconstituents that are present in this
genus. Plants belonging to genus Spondias contain tannins,
flavonoids, sterols, triterpenes, saponins, essential oils, amino
acids, and polysaccharides. All the available information
present in this review concerning the genus Spondias was
compiled from official sources, namely, SciFinder, Reaxys,
Google Scholar, PubMed, ScienceDirect, and Springer Link
from November 2016 to August 2017. These electronic
databases offer data about taxonomy, ethnopharmacology,
phytochemistry, biological activities, and toxicity.The revised
articles were included in this review on the basis that
they are discussing the traditional uses, the phytochemical
constituents, the taxonomic classification, and the pharma-
cological effects of the genus Spondias; the total number of
revised articles was 73.

2. Taxonomic Classification

Kingdom: Plantae
Subkingdom: Viridiplantae
Infrakingdom: Streptophyta
Division: Tracheophyta
Subdivision: Spermatophytina
Infradivision: Angiospermae
Class: Magnoliopsida
Superorder: Rosanae
Order: Sapindales
Family: Anacardiaceae
Genus: Spondias [6].

3. Ethnopharmacology

Members of the genus Spondias are widely used in traditional
medicine for the treatment of numerous diseases, including
stomachache, diarrhoea, diabetes, dementia, anemia, dysen-
tery, and various infections.

Considering the fruits of various species, they were used
to treat many ailments. It was reported that S. dulcis fruits
are utilized by the rural population in Bangladesh to increase
eyesight and to prevent eye infections [7] while those of S.
tuberosa are eaten by rural communities in Brazil due to their
high nutritional value [8]. On the other hand, the fruits of S.
mombin are used in Nigeria as a diuretic [9]. Powdered ripe
fruits of S. pinnata are used in India as an antidote for poison
arrows [10].

Regarding the leaves of Spondias, in Mexico, an infusion
of the fresh leaves of S. purpurea is used to treat stomachache
and flatulence [11]. The leaf decoction of the fresh leaves is
used in the treatment of anemia, diarrhoea, dysentery, and
skin infections [12–14], while in Belize, a decoction of S.
mombin leaves is used to treat diarrhoea and dysentery as
well as by populations in Nigeria, Benin, and Togo to retain
goodmemory [3].The aqueous extract of S. mombin leaves is
popularly used in Brazil as an abortifacient [15]. In Southwest
Nigeria, the leaves are used by traditional healers to manage
diabetesmellitus [2].They possess also antimicrobial [16] and
antiviral activities [17].

The gum of S. mombin is used in Belize as an expectorant
and to expel tapeworms [18, 19]. In India, the gum produced
from S. pinnata is used as a a demulcent [20] and to treat
bronchitis, dysentery, ulcers, diarrhoea, and skin diseases
[21].

In Mexico, a decoction from the bark of S. purpurea is
used to treat anemia, diarrhoea, dysentery, and skin infec-
tions [12–14]. In India, the bark of S. pinnata is used as a rube-
facient for the treatment of painful joints. It is also used to
treat diarrhoea and dysentery and to prevent vomiting [22].
A decoction prepared from the root bark is used to regulate
menstruation and to treat gonorrhoea [23].

4. Phytochemical Constituents

Genus Spondias is rich in different classes of secondary meta-
bolites, including phenolics, sterols, triterpenes, saponins,
essential oils, amino acids, and polysaccharides (Tables 1–
3).

Among the isolated phenolic compounds, geraniin and
galloyl geraniin were isolated from the 80% ethanolic extract
of S. mombin leaves and stems [24]. Galloyl glucose, rham-
netin, isorhamnetin, kaempferol, kaempferide, astragalin,
isoquercetin, and quercetin dihydrate were obtained from
the fruit acetone extract of S. purpurea [25]. Moreover,
some flavonoids including rutin (quercetin 3-O-𝛽-D-rutino-
side), rhamnetin 3-O-𝛽-D-rutinoside, and quercetin 3-O-
[𝛼-rhamnopyranosyl-(1→2)]-𝛼-rhamnopyranosyl-(1→6)-𝛽-
glucopyranoside were isolated from the methanol extract
of S. venulosa leaves [26]. Gallic acid and 3-caffeoyl quinic
acid were isolated from the acetone extract of S. purpurea
fruit [25]. Furthermore, methyl gallate was isolated from the
methanolic extract of S. pinnata bark [27].

Triterpenoid compounds, including 𝛽-amyrin and olean-
olic acid, were isolated from the methanolic extract of S.
pinnata fruit [28]. Sterols such as stigmast-4-en-3-one, 24-
methylenecycloartanone, lignoceric acid, 𝛽-sitosterol, and 𝛽-
sitosterol 𝛽-D-glucoside were isolated from the ethanolic
extract of S. pinnata aerial parts [29], while stigmasta-9-
en-3,6,7-triol and 3-hydroxy-22-epoxystigmastane were iso-
lated from the methanolic extract of S. mombin bark [30].
Ergosteryl triterpenes 1 and 2 were isolated from the chloro-
form/methanol extract of S. pinnata bark [31]. In addition,
lupeol was isolated from S. mombin and S. purpurea leaves
[32]. Some saponins such as echinocystic acid-3-O-𝛽-D-
galactopyranosyl (1→5)-O-𝛽-D-xylofuranoside were isolated
from the ethanolic extract of S. mangifera roots [33].
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Table 1: Phenolic compounds and their occurrence in Spondias species.

Number Compound Species Part used (type of extract) Reference(s)
(A) Tannins and Pseudotannins

1 Geraniin S. mombin Leaves and stems (80% EtOH) [24]
2 Galloyl geraniin S. mombin Leaves and stems (80% EtOH) [24]
3 Galloyl glucose S. purpurea Fruits (acetone) [25]

(B) Flavonoids
4 Rhamnetin S. purpurea Fruits (acetone) [25]
5 Isorhamnetin S. purpurea Fruits (acetone) [25]
6 Kaempferol S. purpurea Fruits (acetone) [25]
7 Kaempferide S. purpurea Fruits (acetone) [25]
8 Astragalin S. purpurea Fruits (acetone) [25]
9 Isoquercetin S. purpurea Fruits (acetone) [25]
10 Quercetin dihydrate S. purpurea Fruits (acetone) [25]
11 Rutin (quercetin 3-O-𝛽-D-rutinoside) S. venulosa Leaves (80% MeOH) [26]
12 Rhamnetin 3-O-𝛽-D-rutinoside S. venulosa Leaves (80% MeOH) [26]

13 Quercetin 3-O-[𝛼-rhamnopyranosyl-(1→2)]-𝛼-
rhamnopyranosyl-(1→6)-𝛽-glucopyranoside S. venulosa Leaves (80% MeOH) [26]

(C) Phenolic acid derivatives
14 Gallic acid S. purpurea Fruits (acetone) [25]
15 3-Caffeoyl quinic acid S. purpurea Fruits (acetone) [25]
16 Methyl gallate S. pinnata Bark (70% MeOH) [27]

Various volatile oil constituents were reported from
different Spondias species. Hydrodistillation of the leaves of S.
mombin and S. purpurea led to the isolation and identification
of 𝛼-pinene,𝛽-pinene, caryophyllene, humulene, indene, and
cadinene [32].

The fruit of S. pinnata showed nutritional value and was
found to be rich in several amino acids, namely, glycine,
cysteine, serine, alanine, and leucine [34].Moreover,D-galac-
tose, D-xylose, L-arabinose, 2,3,4,6-tetra-O-methylglucose,
2,3,6-tri-O-methylglucose, 2,3-di-O-methylglucose, and 3-
O-methylglucose were isolated from the aqueous extract
of S. pinnata fruit [35]. Propan-1,2-dioic acid-3-carboxyl-𝛽-
D-glucopyranosyl-(6 →1)-𝛽-D-glucofuranoside (an acid
glycoside) was obtained from the ethanolic extract of S.
pinnata fruits [36]. The chemical structures of all these com-
pounds isolated from the genus Spondias are presented in
Figures 1–3.

5. Pharmacological Effects

Different reported pharmacological activities of the genus
Spondias are detailed below.

5.1. Cytotoxic Activity. Ghate et al. (2013) demonstrated that
themethanolic extract of S. pinnata bark exhibited significant
cytotoxicity on human lung adenocarcinoma (A549) and
human breast adenocarcinoma (MCF-7) cell lines via induc-
ing apoptosis. In vitroWST-1 cell proliferation assay was car-
ried out; A549 cells were seeded in a 96-well culture plate at a
density of 5∗104 cells/well whereas MCF-7 cells were seeded
at 1∗104 cells/well and allowed to settle for 2 h.The cells were

then treated with themethanolic extract of S. pinnata ranging
from 0 to 200𝜇g/ml for 48 h. The 70% methanolic extract
of S. pinnata inhibited the growth of both A549 and MCF-7
cells in a dose-dependent manner with an IC

50
value of 147.84

and 149.34 𝜇g/ml, respectively. Cell proliferation and viability
were quantified bymeasuring the absorbance of the produced
formazan at 460 nm using a microplate ELISA reader. The
pathway of apoptosis induction may be due to an increase
in Bax/Bcl-2 ratio in both cell types, which resulted in the
activation of the caspase cascade, subsequently leading to
cleavage of poly adeno ribose polymerase enzyme [37].

Chaudhuri et al. (2015) tested the activity of compounds
isolated from the ethyl acetate fraction obtained from the
bark of S. pinnata for their cytotoxic activity against human
glioblastoma cell line (U87). In vitroWST-1 cytotoxicity assay
was carried out; 1 × 104 cells were treated with compounds
isolated from the ethyl acetate fraction (1 to 30𝜇g/ml) for
48 h in a 96-well culture plate. Two isolated compounds
(gallic acid and methyl gallate) showed promising cytotoxic
activities with IC

50
of 59.28 and 8.44 𝜇g/ml, respectively [27].

Gallic acid induced cell death in promyelocytic leukemiaHL-
60RG cells [38]. Previous studies showed that treatment of
murine tumors with methyl gallate extracted from Moutan
Cortex Radicis enhances the antitumor effects through mod-
ulation of the function of CD4+CD25+ Treg cells. In vitro,
methyl gallate decreased CD4+CD25+ Treg cell migration
and reduced the suppressive function of effector T-cells.
In tumor-bearing animals, treatment with methyl gallate
delayed tumor progression and prolonged survival through
inhibition of the tumor infiltration of CD4+CD25+ Treg cells
[39].
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Table 2: Sterols and terpenoids and their occurrence in Spondias species.

Number Compound Species Part used (type of extract) Reference(s)
17 𝛽-Amyrin S. pinnata Fruit (MeOH) [28]
18 Oleanolic acid S. pinnata Fruit (MeOH) [28]
19 24-Methylenecycloartanone S. pinnata Aerial parts (EtOH) [29]
20 Stigmast-4-en-3-one S. pinnata Aerial parts (EtOH) [29]
21 𝛽-Sitosterol S. pinnata Aerial parts (EtOH) [29]
22 Lignoceric acid S. pinnata Aerial parts (EtOH) [29]
23 𝛽-Sitosterol 𝛽-D-glucoside S. pinnata Aerial parts (EtOH) [29]
24 Stigmasta-9-en-3,6,7-triol S. mombin Bark (MeOH) [30]
25 3-Hydroxy-22-epoxystigmastane S. mombin Bark (MeOH) [30]
26 Ergosteryl triterpene 1 S. pinnata Bark (CHCl

3
/MeOH) [31]

27 Ergosteryl triterpene 2 S. pinnata Bark (CHCl
3
/MeOH) [31]

28 Lupeol S. mombin, S. purpurea Leaves (hydrodistillation) [32]

29 Echinocystic acid-3-O-𝛽-D-galactopyranosyl
(1→5)-O-𝛽-D-xylofuranoside S. pinnata Roots (EtOH) [33]

30 𝛼-Pinene S. mombin, S. purpurea Leaves (hydrodistillation) [32]
31 𝛽-Pinene S. mombin, S. purpurea Leaves (hydrodistillation) [32]
32 Caryophyllene S. mombin, S. purpurea Leaves (hydrodistillation) [32]
33 Humulene S. mombin, S. purpurea Leaves (hydrodistillation) [32]
34 Indene S. mombin, S. purpurea Leaves (hydrodistillation) [32]
35 Cadinene S. mombin, S. purpurea Leaves (hydrodistillation) [32]

Table 3: Amino acids and carbohydrates and their occurrence in Spondias species.

Number Compound Species Part used (type of extract) Reference(s)
36 Glycine S. pinnata Fruits [34]
37 Cysteine S. pinnata Fruits [34]
38 Serine S. pinnata Fruits [34]
39 Alanine S. pinnata Fruits [34]
40 Leucine S. pinnata Fruits [34]
41 D-Galactose S. pinnata Fruits (aqueous) [35]
42 D-Xylose S. pinnata Fruits (aqueous) [35]
43 L-Arabinose S. pinnata Fruits (aqueous) [35]
44 2,3,4,6-Tetra-O-methylglucose S. pinnata Fruits (aqueous) [35]
45 2,3,6-Tri-O-methylglucose S. pinnata Fruits (aqueous) [35]
46 2,3-Di-O-methylglucose S. pinnata Fruits (aqueous) [35]
47 3-O-Methylglucose S. pinnata Fruits (aqueous) [35]

48 Propan-1,2-dioic
acid-3-carboxyl-𝛽-D-glucopyranosyl-(6 →1)-𝛽-D-glucofuranoside S. pinnata Fruits (EtOH) [36]

5.2. Antioxidant Activity. Hazra et al. (2008) proved that
the 70% methanolic extract of S. mangifera bark is a potent
source of antioxidants. Total antioxidant activity was assessed
in vitro, depending on the ability of the 70% methanolic
extract to scavenge ABTS radical cation, and compared to
trolox standard, the total antioxidant activity of the 70%
methanolic extract was calculated from the decolorization
of ABTS cation which was measured spectrophotometrically
at 734 nm; the trolox equivalent antioxidant value was of
0.78 [1]. In addition, S. mangifera methanolic fruit extract

at concentration of 5𝜇g/ml showed 16% radical scavenging
activity compared to the same concentration of vitamin C
which showed only 5% radical scavenging activity [40].

Arif et al. (2016) showed that the ethanolic extract of
S. mangifera fruits contains large amounts of phenolics,
flavonoids, and acid glycosides, such as propan-1,2-dioicacid-
3-carboxyl-𝛽-D-glucopyranosyl-(6 →1)-𝛽-D-glucofura-
noside. In vitro and in vivo studies were conducted to test the
effects of ethanolic extract and acid glycoside as antioxidants
against anoxia-stress tolerance, swimming endurance, and
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Figure 1: Chemical structures of phenolic compounds isolated from Spondias species.

cyclophosphamide—immune suppression. The antioxidant
activity was compared to a standard drug Geriforte [36].

An in vitro study was carried against DPPH∙ and deter-
mined by a UV spectrophotometer at 517 nm. Aliquots of
0.05, 0.5, and 1mg/ml of either the ethanolic extract of the
acid glycoside were mixed in test tubes each containing
3ml of methanol and 0.5ml of 1mM DPPH∙; ascorbic acid
was used as a standard at the same concentrations, and
the reaction mixture was incubated at 37∘C for 30min. The
radical scavenging activity was calculated; IC

50
was 0.32

and 0.15mg/ml for the ethanolic extract and acid glycoside,
respectively, while IC

50
of ascorbic acid was 0.015mg/ml.

These results indicated that the ethanolic extract and the acid
glycoside exhibited a significant antioxidant activity [36].

Furthermore, an in vivo experiment was carried out on
thirty Swiss Albinomice which were divided into five groups
of six mice each; group 1 served as the control and received
vehicle alone (2% gum acacia), groups 2 and 3 were treated
with 100 and 200mg/kg/day of the ethanolic extract, group
4 was treated with 10mg/kg/day of the acid glycoside, and
group 5 was treated with 50mg/kg/day of the standard drug
Geriforte; all the groups were treated for 3 weeks; every

week after 1 h of drug administration, each animal was placed
in an airtight glass container of 250ml and the time taken
for appearance of generalized clonic seizures was observed
(alternate limbs flexion and extension connected to loss of
posture).Thereafter, the mice were removed for recovery; the
time duration from the entry of the animal into the hermetic
vessel to the appearance of the first convulsion was taken as
the time of anoxia tolerance; the anoxia tolerance effect was
increased with increasing dose and duration of treatment,
indicating the significant stress relaxant activity [36].

Another in vivo study was carried out on 30mice, divided
into five groups of six mice each; group 1 served as the control
and received vehicle alone (2% gum acacia), groups 2 and 3
were treated with 100 and 200mg/kg/day of ethanolic extract,
respectively, group 4 was treated with 10mg/kg/day of acid
glycoside, and group 5 was treated with 50mg/kg/day of
the standard drug Geriforte; all the drugs were given orally
once a day for seven days; on the seventh day, 1 hour after
drug administration, all the mice were made to swim in a
water tank maintained at room temperature until they sank;
the control group swam for 131.2min; the ethanolic extract
treatedmice at doses of 100 and 200mg/kg/day swam for 152.7
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Figure 2: Chemical structures of sterols and terpenoids isolated from Spondias species.

and 158.6min, respectively, whereas the acid glycoside treated
mice swam for 155.4min. It was evident that the ethanolic
extract and the acid glycoside treated mice exhibited a
significant increase in physical swimming endurance time
[36].

An extra in vivo study was carried out on 24mice, divided
into four groups of six mice each. It was observed that the
administration of cyclophosphamide alone (25mg/kg/day)
produced a significant decrease in the total RBCs and leuko-
cytes counts, whereas cyclophosphamide given along with
ethanolic extract (100mg/kg/day) and acid glycoside (10mg/
kg) conferred a good protection by increasing the haema-
tological parameters. It was suggested, based on this study,

that the ethanolic extract and acid glycoside may be coad-
ministered with chemotherapy for the treatment of patients
with severely impaired or suppressed immune system [36],
as the ethanolic extract and the acid glycoside are able
to reduce leukopenia and anemia induced by cyclophos-
phamide administration [36].

Shetty et al. (2016) conducted an in vivo study on Wistar
rats to show the effects of combining conventional chemo-
therapywith S. pinnata bark extract to reduce chemotherapy’s
side effects. The rats were divided into four groups: group 1
(normal control), group 2 (received etoposide alone (i.p.) in a
single dose of 60mg/kg b.w.), group 3 (received etoposide fol-
lowed by S. pinnata bark extract (100mg/kg b.w.) orally once
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Figure 3: Chemical structures of amino acids and carbohydrates isolated from Spondias species.

a day from 0 h to 72 h), and group 4 (received etoposide (i.p.)
followed by 𝑆. pinnata bark extract in a dose of 200mg/kg
b.w. orally once a day from 0 h to 72 h). The results showed
that animalswhich received chemotherapy in group 2 showed
a significant decrease of GSH level in the liver and kidney
tissues as compared to the control group, while treatment
with S. pinnata bark extract after chemotherapy showed a
significant increase in GSH level when compared to group
2. This study proved the protective action of the extract on
the liver and kidney against chemotherapy-induced chemical
stress [41].

Cabral et al. (2016) proved that the hydroethanolic extract
of S. mombin leaves showed a significant antioxidant activity,
and in an in vitro DPPH∙ assay, the hydroethanolic extract
was tested at 60, 125, 250, and 500𝜇g/ml and showed DPPH∙
radical scavenging activity ranging from 66% to 76% [42].

Themethanol extract of S. purpurea fruit showed a strong
free radical scavenging activity and this was deduced by
carrying out an in vitro study to evaluate the ability of
the methanol extract of S. purpurea fruit to sequestrate the
DPPH∙ radicals; the flavonoid rutin was used as a positive
control and sequestrated 90.01% of the DPPH∙ radicals at
concentration 250𝜇g/ml. while the methanol extract of S.
purpurea fruit sequestrated 74.41% with EC

50
of 27.11 𝜇g/ml

[43]. The strong antioxidant activity of plants belonging to
genus Spondias has been attributedmainly to their flavonoids
and phenolic content [41].

5.3. Ulcer Protective Activity. The pathophysiology of gastric
ulceration involves an imbalance between offensive and
protective factors [44, 45]. Arif et al. (2008) carried out an

in vivo study to evaluate the ulcer protective activity of S.
mangifera methanolic bark extract. Gastric ulceration was
achieved by administering different doses of indomethacin
(30, 60, and 100mg/kg) to rats orally and 100mg/kg was
found to be themost effective for producing gastric ulceration
in the rats. The rats were then divided into four groups,
each comprising six animals. Food andwater werewithdrawn
24 h and 2 h, respectively, before drug administration. Rats
in group 1 received 100mg/kg indomethacin while those in
group 2 were pretreated with 100mg/kg cimetidine. The rats
in groups 3 and 4 were pretreated with 100–200mg/kg of
bark extract 1 h prior to the administration of indomethacin
(100mg/kg). The drugs were administered intragastrically.
After 4 h, the animals were killed by cervical dislocation
and their stomachs were removed and opened along the
greater curvature. The ulcer index (UI) of each group was
calculated. The groups treated with bark extract showed a
marked reduction of the ulcerogenic effect of indomethacin,
reducing the ulcer index from 17.7 (ulcerated control) to 8.7
and 6.7 for the groups treated with bark extracts of 100mg/kg
and 200mg/kg, respectively.Themethanolic bark extract of S.
mangiferawas thus concluded to possess a marked inhibitory
effect of indomethacin-induced ulceration [46].

Sabiu et al. (2015) tested the gastroprotective and antiox-
idative potential of the aqueous extract of S. mombin leaves.
Ulceration was induced in Albino rats by oral administration
of indomethacin which caused a significant increase in
the degree of ulceration. Pretreatment with the extract of
200mg/kg b.w. facilitated the ulcer healing process, which
was associated with a decrease in pepsin activity and an
elevation in mucin levels in the gastric mucosa. Moreover,
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S. mombin leaf extract ameliorated the oxidative stress and
inhibitory action of indomethacin on prostaglandin synthesis
[47].

5.4. Hepatoprotective Activity. The ethyl acetate and meth-
anolic extracts of S. pinnata stemheartwoodpossess amarked
in vivo hepatoprotective effect on CCl

4
intoxicated rats. The

ethyl acetate and methanolic extracts were administered
at doses of 100, 200, and 400mg/kg, p.o., and the results
showed a protective activity in a dose-dependent manner
as evidenced by the significant decreases in ALT and AST
to their normal levels, which was comparable to silymarin.
The hepatoprotective effect in this study was attributed to the
presence of flavonoids. Histopathological examination was
also carried out on CCl

4
intoxicated rats and revealed that

normal hepatic architecture was retained in rats treated with
S. pinnata extracts [48].

Hazra et al. (2013) evaluated the effect of S. pinnata stem
bark methanol extract on iron-induced liver injury in mice.
Intraperitoneal administration of iron dextran induced an
iron overload and led to liver damage along with a significant
increase in serum hepatic markers (ALT, AST, ALP, and
bilirubin). The administration of S. pinnatamethanol extract
in doses of 50, 100, and 200mg/kg induced a marked
increase in antioxidant enzymes, along with dose-dependent
inhibition of lipid peroxidation, protein oxidation, and liver
fibrosis. Meanwhile, the levels of serum enzyme markers
and ferritin were also reduced, suggesting that the extract is
potentially useful as an iron chelating agent for iron overload
diseases [49].

Chaudhuri et al. (2016) evaluated the activity of the
methanolic extract of S. pinnata bark against iron-induced
liver fibrosis and hepatocellular damage. In an iron-
overloaded liver, iron reacts with cellular hydrogen peroxide
to generate hydroxyl radicals which in turn initiate the
propagation of various free radicals; this situation leads to
oxidative stress. Two compounds (gallic acid and methyl
gallate) were isolated from the ethyl acetate fraction of this
extract; an in vivo study showed that methyl gallate exhibited
better iron chelation properties than gallic acid. It was proved
thatmethyl gallate overcomes hepatic fibrosis by ameliorating
oxidative stress and sequestrating the stored iron in cells
[50]. These results were in accordance with previous studies
of Nabavi et al. (2013) which indicated the in vivo protective
effect of gallic acid isolated from Peltiphyllum peltatum
against sodium fluoride induced hepatotoxicity and oxidative
stress. The results showed that gallic acid (10 and 20mg/kg)
prevented the sodium fluoride induced abnormalities in the
hepatic biochemical markers; these effects were comparable
to the reference drug silymarin (10mg/kg) [51].

5.5. Photoprotective Activity. Ultraviolet A and ultraviolet B
are known to induce skin cancer. The free radicals generated
from sunlight are responsible for the degradation of essential
cellular components such as DNA and proteins [43]. The
UVA photoprotective activity of the ethanolic extract of S.
purpurea fruit was assessed in vitro by the trans-resveratrol
method, which indicated its marked photoprotective ability
against UVA radiation [52]. Silva et al. (2016) tested the

in vitro UVB photoprotection effect of the ethanol extract
of S. purpurea fruit by a spectrophotometric method. The
photoprotective effect was attributed to phenolic compounds
in S. purpurea fruit extract having the ability to absorb the
solar radiation, to scavenge free radicals, and to decrease the
harmful effects of the sun [43].

5.6. Anti-Inflammatory Activity. The hydroethanolic extract
of S. mombin leaves showed a significant anti-inflammatory
activity in a carrageenan-induced peritonitis model in mice.
Carrageenan induced neutrophil migration to the peritoneal
cavity and typical signs of acute inflammation including
vasodilation, edema, and leukocyte infiltration. It was evident
from this study that S. mombin leaf extract (100, 200, 300,
and 500mg/kg) reduced the leukocyte influx to the peritoneal
cavity of the treated animals [42].

da Silva Siqueira et al. (2016) showed that phenolic
compounds were responsible for the anti-inflammatory
activity exhibited by S. tuberosa leaves hydroethanolic extract.
Furthermore, an in vivo studywas conducted on Swiss Albino
mice, where dexamethasone was used as a standard anti-
inflammatory drug and carrageenan was used to induce hind
paw edema. The extract (125, 250, and 500mg/kg) induced
significant amelioration of the inflammatory response
induced by carrageenan, a marked reduction in the num-
ber of leukocytes in the peritoneal cavity, and a significant
decrease in myeloperoxidase activity [53].

5.7. Antiarthritic Activity. Nitric oxide plays an important
role in various inflammatory processes. However, sustained
levels of production of this radical are directly toxic to tissues
and contribute to the vascular collapse associated with septic
shock, whereas chronic expression of nitric oxide radical
is associated with various degenerative diseases, including
carcinomas and inflammatory conditions such as juvenile
diabetes, multiple sclerosis, arthritis, and ulcerative colitis.
The toxicity of NO increases greatly when it reacts with a
superoxide radical, forming the highly reactive peroxyni-
trite anion (ONOO-). Hazra et al. (2008) proved that the
methanolic extract of S. pinnata inhibits nitrite formation in
vitro by directly competing with oxygen in the reaction with
nitric oxide. The results revealed that IC

50
of the methanolic

extract (tested at 200𝜇g/ml) was 716.32 𝜇g/ml which was
lower than that of the reference compound gallic acid (IC

50

= 876.24𝜇g/ml). The scavenging percentages were 22.3 and
15.8% for S. pinnata and gallic acid, respectively. This study
proved that the extract exhibited more potent peroxynitrite
radical scavenging activity than the standard gallic acid [1].

5.8. Learning and Memory. The ability to acquire knowledge
and to retain this acquired knowledge can be defined as
learning and memory. Several conditions such as aging and
stress may lead to the impairment of learning. It has been
shown that aging may lead to various neurodegenerative
processes including memory loss, dementia, and Alzheimer’s
disease [54]. Asuquo et al. (2013) proved that the aqueous
extract of S. mombin leaves (400, 800mg/kg b.w.) enhanced
the learning and memory capabilities of Wister rats due
to structural changes observed in the cerebrum. Improved
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learning and memory have been also linked to structural
changes of the limbic system [55]. The aqueous extract may
have also positively affected the biosynthesis of neurotrans-
mitters, such as acetylcholine, noradrenaline, dopamine, and
5-HT that are involved in learning and memory mechanisms
[56, 57]. Ishola et al. (2017) investigated the in vivo protective
effect of the hydroethanolic leaf extract of S. mombin (50, 100,
or 200mg/kg, p.o.) and proved the protective effect against
scopolamine-induced cognitive dysfunction and memory
deficit that could be attributed to the extract antioxidant
properties [58].

5.9. Analgesic and Antipyretic Activities. Panda et al. (2009)
tested the analgesic activity of the ethanolic extract of S.
pinnata bark.The analgesic activitywas evaluated using acetic
acid, formalin test, and hot plate model.The extract showed a
dose-dependent analgesic effect (50–100mg/kg, p.o.) in the
acetic acid test, comparable to the effect of acetyl salicylic
acid. Terpenoids, flavonoids, and tanninswere responsible for
the analgesic activity [59]. Panda et al. (2014) also evaluated
the antipyretic activity of S. pinnata bark ethanol extract
(200 and 400mg/kg, p.o.). Pyrexia was induced in Albino
rats by brewer’s yeast. The extract showed a significant
reduction in pyrexia, which continued for 5 hours after drug
administration [60].

5.10. Thrombolytic Activity. Manik et al. (2013) showed that
both ethyl acetate and aqueous extracts of S. pinnata fruit at
the concentration of 10mg/ml have a significant thrombolytic
activity compared to streptokinase as a standard substance
[61]. Kamal et al. (2015) proved that the ethanolic extract
of S. pinnata (1mg/ml) leaves has a membrane stabilizing
activity for human RBCs in hypotonic solution-induced
hemolysis. In case of heat-induced hemolysis, S. pinnata
extracts produced marked inhibition of hemolysis [62].
Uddin et al. (2016) demonstrated the possible thrombolytic
and membrane stabilizing activities of the ethanolic extract
of S. pinnata aerial parts and its different fractions. The ethyl
acetate fraction exerted the highest thrombolytic activity and
membrane stabilizing activity [63].

5.11. Hypoglycemic Activity. The hypoglycemic activity was
tested using different extracts of the genus Spondias. The
leaves of S.mombinwere tested in vitro by Fred-Jaiyesimi et al.
(2009) for their hypoglycemic activity. A new compound, 3𝛽-
olean-12-en-3-yl (9Z)-hexadec-9-enoate, isolated from the
diethyl ether fraction of the methanolic extract of S. mombin
leaves, showed an 𝛼-amylase inhibitory activity similar to the
activity of acarbose. The methanolic leaf extract and the iso-
lated new compound decreased postprandial hyperglycemia.
The methanolic extract (250mg/ml) showed 39% inhibition
of the 𝛼-amylase activity, while the diethyl ether fraction
(70mg/ml) showed 73% inhibition and the isolated com-
pound (20mg/ml) exhibited 57% 𝛼-amylase inhibition [2].

Mondal and Dash (2009) showed a promising hypo-
glycemic effect of the methanolic bark extract of S. pinnata,
which was comparable to glibenclamide.The test was carried
out in vivo, and the methanolic extract was administered at
a dose of 300mg/kg to rats. After 30min of treatment, rats

were loaded orally with glucose (2 g/kg, p.o.). Blood samples
were collected before and at 30, 90, and 150min intervals after
glucose administration, the methanol extract was found to
reduce blood glucose level by 63.12%, and the results were
found to be comparable to glibenclamide [64].

Acharyya et al. (2010) tested the hypoglycemic activity of
both the methanolic and the aqueous extracts of S. pinnata
roots in vivo using oral glucose tolerance test and indicated a
significant decrease in blood glucose levels after four hours of
treatment as compared to glibenclamide [65].

5.12. Antifertility Activity. Asuquo et al. (2013) carried out a
study on adult female Wister rats to determine the effect of
the ethanolic extract of S.mombin leaves on anterior pituitary,
ovary, uterus, and serum sex hormones.The animals received
the ethanolic extract at dose levels of 250, 350, and 500mg/kg
b.w. The results showed a significant decrease in the weight
of pituitary, ovary, and uterus of the treated animals, along
with a significant reduction in FSH, LH, estradiol, and
progesterone levels. Therefore, this study concluded that the
extract showed antifertility activity and can be used as a
contraceptive [66].

5.13. Antihypertensive Activity. Das and De (2013) tested
the in vitro antihypertensive activity of the aqueous extract
of S. pinnata fruit (20 𝜇g/ml). The angiotensin-converting-
enzyme inhibitory activity was assayed using ACE from rab-
bit lung and N-hippuryl-L-histidyl-L-leucine as a substrate.
This showed 50% inhibition of ACE enzyme [67].

5.14. Antimicrobial Activity. Arif et al. (2008) tested the in
vitro antibacterial activity of the methanolic and the aqueous
extracts of S. pinnata bark by cup plate diffusion method
at the concentrations of 50, 100, and 150mg. The activity
was tested against Escherichia coli, Salmonella Typhimurium,
and Vibrio cholerae and compared with penicillin and strep-
tomycin as standard drugs. The methanolic extract showed
a good antibacterial activity against Gram +ve and Gram
−ve bacteria, while the aqueous extract showed only a mild
antibacterial activity. The resin of S. pinnata also showed an
antibacterial activity against Bacillus subtilis [46].

The 80% ethanolic extract of S. pinnata fruits showed a
strong antibacterial activity against bothGram+ve andGram
−ve bacteria. The antimicrobial activity was tested by disc
diffusion method; standard discs of kanamycin (30 𝜇g/disc)
and blank discs were used as positive and negative controls,
respectively [68].

Tapan et al. (2014) isolated two new ergosteryl triterpenes
(SP-40, SP-60) from S. pinnata bark and tested their antipseu-
domonal activity by agar disc diffusion method against
a moderately resistant strain of Pseudomonas aeruginosa
MTCC 8158. The tested organism was completely resistant
to ampicillin and tetracycline at concentrations of 10 and
30 𝜇g/disc, respectively, while exhibiting an inhibition zone
of 15mm against streptomycin at 100 𝜇g/disc concentration.
SP-40 exhibited an inhibition zone of 20mm, which was bet-
ter than streptomycin at comparable concentrations. SP-60,
however, did not show any antimicrobial activity against this
organism up to a concentration of 200 𝜇g/disc. The MIC
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values of SP-40, thus, were estimated to be between 25 and
12.5 𝜇g/disc [31].

Olugbuyiro et al. (2013) isolated two new phytosterols:
stigmasta-9-en-3,6,7-triol and 3-hydroxy-22-epoxystigma-
stane from the methanolic extract of S. mombin stem bark.
Both compounds exhibited a marked antimycobacterial acti-
vity with 93% inhibition against Mycobacterium tuberculosis
by a fluorometric microplate Alamar Blue Assay [30].

Furthermore, the methanolic fruit extract of S. purpurea
showed a strong antimicrobial activity against E. coli and P.
aeruginosa using the disc diffusion method [43]. Islam et
al. (2013) observed similar results when evaluating the anti-
microbial activity of S. dulcis fruit [69].

5.15. Anthelmintic Activity. The ethanolic and acetone
extracts of S. pinnata bark were tested for anthelmintic
activity. Florido and Cortiguerra (2003) and Kumar et al.
(2012) proved that the ethanolic extract with a concentration
range of 50mg/ml and 100mg/ml showed more potent
activity than the acetone extract [70, 71]. The bark of S.
pinnatawas shown to exhibit an anthelmintic activity against
Indian earthworms due to different glycosides present in the
bark. Mondal et al. (2010) tested the anthelmintic activity of
the chloroform extract of the bark of S. pinnata (10, 15, and
20mg/ml) and showed promising effects [72].

5.16. Diuretic and Laxative Activity. Mondal et al. (2009)
showed that the administration of chloroform and the meth-
anol extracts of S. pinnata bark (300mg/kg) toWister Albino
rats produced significant diuretic and laxative activities as
compared to reference standards furosemide and agar [73].

5.17. Antiepileptic and Antipsychotic Activity. Ayoka et al.
(2006) conducted an in vivo study using the methanolic and
ethanolic extracts of S. mombin leaves and showed promis-
ing antiepileptic and antipsychotic effects. They also tested
the effects of aqueous, methanolic, and ethanolic extracts of
S. mombin on hexobarbital-induced sleep in mice. Animals
given hexobarbitone (100mg/kg i.p.) showed loss of writh-
ing reflex within five minutes of administration. The admin-
istration of the aqueous extract (100mg/kg) decreased the
latency of sleep significantly and was more potent in increas-
ing hexobarbitone-induced sleeping time in mice. The meth-
anolic extract did not alter the latency of sleep, whereas it
increased the latency time at doses of 12.5 and 50mg/kg. The
three extracts produced a dose-dependent prolongation of
hexobarbitone-induced sleeping time in mice [74].

6. Toxicity

It was evident that oral administration of aqueous, methano-
lic, and ethanolic extracts of S. mombin leaves (≤5 g/kg) did
not produce any toxic effects inmice and rats. Intraperitoneal
administration of the aqueous extract (≤200mg/kg) also did
not produce any toxic effects; however, the ethanolic and
methanolic extracts (>100mg/kg) produced toxic symptoms.
Lethal effects were observed in mice and rats with the three
extracts at the dose of 3.2 g/kg administered i.p. LD

50
in mice

for ethanolic extracts was 480mg/kg while it was 1.1 g/kg for
the methanol extract and 1.36 g/kg for the aqueous extract.
Also, LD

50
in rats for the ethanolic, methanolic, and aqueous

extracts was 620mg/kg, 1.08, and 1.42 g/kg, respectively. The
LD
50
determination of the extracts was carried out in a 48 h

continuous observation [74].
Mondal and Dash (2009) tested the acute in vivo toxicity

of chloroform, methanol, and aqueous extracts of S. pinnata
bark. The animals were divided into different groups of six
animals each. The control group received 1% Tween-80 in
normal saline (2ml/kg, p.o.). The other groups received 100,
200, 300, 600, 800, 1000, 2000, and 3000mg/kg of the tested
extracts, respectively, in a similar manner. Immediately after
dosing, the animals were observed continuously for the first
4 h for any behavioural changes. They were then kept under
observation for up to 14 days after drug administration to
find out the mortality rate if any. It was found that the
chloroform and methanol extract induced sedation, diuresis,
and purgation at all tested doses. However, there was no
mortality in any of the extracts at the tested doses till the end
of the observation period [64].

Based on these results, it can be concluded that the
aqueous extract is the safest one among the tested extracts.
Furthermore, the aqueous extract showed a variety of phar-
macological activities using different in vitro and in vivo
models which could validate its ethnopharmacological use.
This evidence of use and the absence of toxicity can provide
an important basis for the development of herbal medicines
from the aqueous extract of different Spondias species.

7. Conclusion

Presently, there is an increased demand worldwide for the
use of natural remedies. Herbal medicines could be used
as a complementary or alternative medicine to synthetic
drugs, and this requires more laboratory investigations on
their pharmacological activities. Many degenerative diseases
are associated with oxidative stress. There is an increased
demandworldwide for nontoxic, easily accessible, and afford-
able antioxidants of natural origin. Plants belonging to the
genus Spondias were widely used in traditional medicine due
to their beneficial therapeutic effects. This is attributed to
their diverse bioactive phytoconstituents like phenolics and
flavonoids which possess marked antioxidant activity and
thus are capable of preventing many degenerative diseases.
The present review provides a comprehensive understanding
of the chemistry and pharmacology of Spondias species,
which may help in the discovery of new candidates for
the treatment of various degenerative diseases and health
problems.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] B. Hazra, S. Biswas, and N. Mandal, “Antioxidant and free radi-
cal scavenging activity of Spondias pinnata,” BMC Complemen-
tary and Alternative Medicine, vol. 8, article 63, 2008.



Evidence-Based Complementary and Alternative Medicine 11

[2] A. Fred-Jaiyesimi, A. Kio, and W. Richard, “𝛼-Amylase inhi-
bitory effect of 3𝛽-olean-12-en-3-yl (9Z)-hexadec-9-enoate iso-
lated from Spondias mombin leaf,” Food Chemistry, vol. 116, no.
1, pp. 285–288, 2009.

[3] M. Adams, F. Gmünder, and M. Hamburger, “Plants tradition-
ally used in age related brain disorders—a survey of ethnob-
otanical literature,” Journal of Ethnopharmacology, vol. 113, no.
3, pp. 363–381, 2007.

[4] J. D. Mitchell and D. C. Daly, “A revision of Spondias L. (Ana-
cardiaceae) in the neotropics,” PhytoKeys, vol. 55, no. 1, pp. 1–92,
2015.

[5] http://www.theplantlist.org?tp1.1/search?q=Spondias.
[6] N. S. Bora, B. B. Kakoti, and B. Gogoi, “Ethno-medicinal

claims, phytochemistry and pharmacology of Spondias pinnata:
A review,” International Journal of Pharmaceutical Sciences and
Research, vol. 5, no. 4, pp. 1138–1145, 2014.

[7] M. Rahmatullah, D. Ferdausi, A. H. Mollik, N. K. Azam, M.
Taufiq-Ur-Rahman, and R. Jahan, “Ethnomedicinal survey of
bheramara area in Kushtia district, Bangladesh,” American-
Eurasian Journal of Sustainable Agriculture, vol. 3, no. 3, pp. 534–
541, 2009.

[8] E. M. de Freitas Lins Neto, N. Peroni, and U. P. de Albuquerque,
“Traditional knowledge and management of Umbu (Spondias
tuberosa, Anacardiaceae): An endemic species from the semi-
arid region of Northeastern Brazil,” Economic Botany, vol. 64,
no. 1, pp. 11–21, 2010.

[9] A. O. Ayoka, R. O. Akomolafe, O. S. Akinsomisoye, and O.
E. Ukponmwan, “Medicinal and economic value of Spondias
mombin,”African Journal Biomedical Research, vol. 11, no. 2, pp.
129–136, 2008.

[10] R. N. Chopra, S. L. Nayar, and I. C. Chopra, “Glossary of
Indian medicinal plants,” in Council of Scientific and Industrial
Research, “Glossary of Indian medicinal plants. : Council of
Scientific and Industrial Research, New Delhi, 1956.

[11] M.A.M.Alfaro, “Medicinal plants used in a totonac community
of the sierra norte de puebla: tuzamapan de gale ana, puebla,
mexico,” Journal of Ethnopharmacology, vol. 11, no. 2, pp. 203–
221, 1984.

[12] A. Caceres, O. Cano, B. Samayoa, and L. Aguilar, “Plants used
in Guatemala for the treatment of gastrointestinal disorders.
1. Screening of 84 plants against enterobacteria,” Journal of
Ethnopharmacology, vol. 30, no. 1, pp. 55–73, 1990.

[13] M. C. Zamora-Martinez and C. N. P. Pola, “Medicinal plants
used in some rural populations ofOaxaca, Puebla andVeracruz,
Mexico,” Journal of Ethnopharmacology, vol. 35, no. 3, pp. 229–
257, 1992.
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The aim of this study was to investigate the hepatoprotective effects of resveratrol in alcoholic liver disease (ALD). Alcohol
was administered to healthy female rats starting from 6% (v/v) and gradually increased to 20% (v/v) by the fifth week. After 16
weeks of intervention, liver enzymes (aspartate aminotransferase [AST] and alanine aminotransferase [ALT]) were analyzed using
a chemistry analyzer, while hepatic antioxidant enzymes, oxidative stress markers, and caspase 3 activity were assessed using
ELISA kits. Furthermore, hepatic CYP2E1 protein levels and mRNA levels of antioxidant and inflammation-related genes were
determined using western blotting and RT-PCR, respectively. The results showed that resveratrol significantly attenuated alcohol-
induced elevation of liver enzymes and improved hepatic antioxidant enzymes. Resveratrol also attenuated alcohol-inducedCYP2E1
increase, oxidative stress, and apoptosis (caspase 3 activity).Moreover, genes associatedwith oxidative stress and inflammationwere
regulated by resveratrol supplementation. Taken together, the results suggested that resveratrol alleviated ALD through regulation
of oxidative stress, apoptosis, and inflammation, which was mediated at the transcriptional level. The data suggests that resveratrol
is a promising natural therapeutic agent against chronic ALD.

1. Introduction

Alcoholic liver disease (ALD) often results from binge
overconsumption of alcohol. Epidemiological investigations
have shown that, in the developed countries of Europe and
America, liver diseases account for a significant cause of
morbidity and mortality [1, 2]. ALD is becoming a global
problemwith increasing cases in the developing countries [3].
ALD encompasses fatty liver, alcoholic hepatitis, and chronic
hepatitis with liver fibrosis, which are caused by the toxic
effects of the byproducts of alcoholmetabolism [4, 5]. Clinical
testing has demonstrated that ALD patients normally have
protein and/or combined protein-calorie malnutrition [6].
On the other hand, rats fed with corn oil and ethanol showed
accelerated liver injury because of the polyunsaturated fatty
acids intake [7]. Accordingly, risk factors for the development
of ALD, including excessive alcohol intake, high fat diet, and
calorie malnutrition, have been adopted in the rat model.

Oxidative stress and inflammation are central to the
development and progression of ALD [8, 9], often leading
to apoptotic cell death as a result of accumulating metabolic
end-products of alcohol. Oxidative stress through an imbal-
ance of prooxidant and antioxidant proteins results in oxida-
tive damage including lipid peroxidation [5]. Inflammation,
on the other hand, is often a secondary factor that further
promotes hepatic damage [10]. Despite the huge burden of
the problem at present, there is a lack of effective therapeutics
to protect against ALD. Moreover, available pharmaceutical
agents are costly and may have side effects. For this reason,
interest has heightened in natural products as sources of cost
effective and safer alternative therapies for ALD.

Resveratrol is a polyphenol existing in natural products,
especially in grape seed. It is a nutraceutical withwide ranging
potential therapeutic actions, including antioxidant [11], anti-
inflammation [12], cardioprotective [13], and anticancer [14]
activities in vitro and in vivo. Additionally, results of animal
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experimentation and clinical trial in nonalcoholic fatty liver
disease setting have suggested that resveratrol could reduce
hepatic fat accumulation, partly through antioxidant and
anti-inflammatory actions [15, 16]. Furthermore, nonalco-
holic liver disease shares overlapping mechanisms with ALD
suggesting that resveratrol may also be effective on ALD.
Moreover, resveratrol has been shown to attenuate subacute
ALD via regulation of inflammation and hepatosteatosis [17,
18]. There is still need, however, to determine the effect of
resveratrol on chronic ALD and the underlying mechanisms
involved. Thus, in this study, we explored the effects of
resveratrol supplementation against liver damage caused by
chronic alcohol intake with limited high fat diet.

2. Materials and Methods

2.1. Materials. Rat superoxide dismutase (SOD) and catalase
(CAT) enzyme-linked immunosorbent assay (ELISA) kits
were purchased from Cell Biolabs (INC. USA). Glutathione
peroxidase (GPx) and caspase 3 colorimetric assay kits were
purchased from Beyotime (Jiangsu, China). Rat chow was
purchased fromSpecialty Feeds (Glen Forrest,WA,Australia)
and other solvents of analytical grade were purchased from
Merck (Darmstadt, Germany).

2.2. Animals, Diets, and Experimental Design. Thirty-six
female Wistar rats weighing approximately 200 g were used
for the animal experimentation at the Tianjin Medical Uni-
versity (Tianjin, China). All protocols for animal experi-
mentation and maintenance were conducted in accordance
with ChengdeMedical University Animal Ethics Committee.
The animals were kept in individual cages under controlled
temperature (25 ± 2∘C) and humidity and a 12 h light/dark
cycle. Animals were acclimatized for 2 weeks on standard
rat chow ad libitum and free access to water. After that, rats
were randomly distributed into three groups of nine animals
each: control group, maintained on high fat diet; alcoholic
liver fibrosis group, maintained on high fat diet and free
access to alcohol; resveratrol group, maintained on high fat
diet, alcohol, and resveratrol (250mg/kg BW/day) [19, 20].
The high fat diet fed to the alcohol and resveratrol groups
was based on our previous publication [21] and contained
85% standard rat chow plus 15% corn oil. The ethanol was
introduced as 6% (v/v) ethanol-containing water for one
week and gradually increased to 9% (v/v) for three days,
12% (v/v) for two weeks, and finally 20% (v/v) from the fifth
week onwards. Body weights were monitored weekly and
food intake was monitored daily. The alcohol and resveratrol
groups were fed with isocaloric high fat diet for 16 weeks.
Before sacrifice, the rats were fasted for 12 hours, and blood
was collected and stored at −80∘C. At sacrifice, portions of
the liver tissue were snap-frozen in liquid nitrogen or fixed in
10% neutral formalin for further analyses.

2.3. Serum Biochemical Assays. Serum aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) analyses
were performed at several times during the study using blood
collected via cardiac puncture after a 12 h fast. Analyses were
performed using analytical kits (Biosino Bio-Technology

and Science Inc. Beijing, China) based on manufacturer’s
instructions on the Hitachi-High-Tech instrument (Hitachi
High-Technologies Co. Ltd., Shanghai, China).

2.4. Morphological Observation. For light microscopy, the
dissected livers were fixed in 10% (v/v) formalin saline, and
subsequently processed accordingly. Samples were finally
stained with hematoxylin and eosin. To evaluate the liver
changes, samples were observed at ×200 magnification, and
the scale and degrees of liver injury were assessed by two
pathologists. For transmission electron microscopy, 1mm
cubes of rat liver were fixed for 4 h at 0∘C in 2.5% glutaralde-
hyde in 0.1M sodium cacodylate buffer (pH 7⋅4), washed
overnight, and postfixed in 2% (w/v) osmium tetroxide.
The tissue was then stained with 2% (w/v) uranyl acetate,
ethanol dehydrated, and finally embedded in resin. Sections
were poststained with lead citrate, and observed under the
transmission electron microscope (Hitachi H-7650).

2.5. SOD, CAT, and GPx Antioxidant Activities. SOD, CAT,
and GPx activities of the liver were analyzed using commer-
cial ELISA kits based on manufacturer’s instructions. Finally
the absorbances were read at the appropriate wavelengths
on the Synergy H1 Hybrid Multimode Microplate Reader
(BioTek, Winooski VT, US), and the results were calculated
from the corresponding standard curves (SOD, 𝑦 = 0.319𝑥 −
0.126, 𝑟2 = 0.998; CAT, 𝑦 = 0.279𝑥 − 0.300, 𝑟2 = 0.995; GPx:
𝑦 = 0.246𝑥 − 0.107, 𝑟2 = 0.996).

2.6. Thiobarbituric Acid Reactive Substances (TBARS) Assay.
Liver samples were homogenized in PBS (50mg/50 𝜇l PBS)
and added to a mixture of 0.25N HCl, 15% TCA, and 0.375%
TBA. The samples were then incubated at 100∘C for 10min,
after which they were centrifuged at 3000 rpm for 15min.
Finally, the absorbance of supernatants was read at 540 nm
using the Synergy H1 Hybrid Multimode Microplate Reader
(BioTek, Winooski VT, US). Tetramethoxypropane (TMP)
was used as the standard (𝑦 = 0.115𝑥 − 0.266, 𝑟2 = 0.983).

2.7. CYP2E1 Western Blotting. Liver samples were homog-
enized in radio-immune precipitation assay buffer (RIPA)
with protease inhibitors. The homogenate was centrifuged at
10,000𝑔 for 20min at 4∘C. Then, 30mg protein, determined
by the bicinchoninic acid (BCA) protein assay kit, was
loaded per well onto a 10% resolving gel and 4% stacking
gel. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes and incubated with primary antibody
CYP2E1 (1 : 500 dilution, Abnova, Taipei, Taiwan) at 4∘C
overnight. The horseradish peroxidase- (HRP-) conjugated
secondary antibody (Abnova, Taipei, Taiwan)was then added
for 1 h at room temperature. The membrane was stripped
once for 20min with stripping buffer and then reprobed
with first/secondary antibody as described above for 𝛽-actin
(Sigma, St. Louis, MO, USA) which was used as a loading
control. Bands were visualized using 3,3-diaminobenzidine
(DAB) kit (Nacalai Tesque, Inc. Kyoto, Japan). The relative
intensities of the immunoreactive bands were captured using
a Molecular Imager, ChemiDoc XRS + System (Bio-Rad,
Hercules, CA) and quantified with Quantity One Analysis
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Table 1: Body weights and food intake in alcoholic liver disease rat model after 16 weeks of intervention.

Rat groups Control group Alcohol group Resveratrol group
Body weight at beginning (g) 188.89 ± 12.24 185.45 ± 3.21 190.21 ± 6.31
Body weight at end of 4th week (g) 207.34 ± 13.55 204.95 ± 14.50 202.85 ± 12.18
Body weight at end of 8th week (g) 232.40 ± 17.45 221.91 ± 18.70 222.65 ± 14.38
Body weight at end of 12th week (g) 255.86 ± 26.74 229.74 ± 23.87a 232.11 ± 4.8a

Body weight at end of 16th week (g) 298.6 ± 35.91 217.85 ± 25.16a,b 254.97 ± 24.99a

Total food intake (Kcal./kg/day) 155.83 ± 8.56 64.56 ± 4.43 72.21 ± 5.66
Total alcohol intake (g/kg/day) NA 8.23 ± 2.14 7.89 ± 3.31
Values are mean ± SD, 𝑛 = 9. Control group received standard rat chow for 16 weeks; alcohol group gained high fat diet and alcohol liquid; resveratrol group
received high fat diet and alcohol liquid with 250mg/kg BW/day resveratrol. a𝑃 < 0.05 versus normal control group; b𝑃 < 0.51 versus alcohol group.
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Figure 1: Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) levels of the rats during chronic alcohol
administration for 16 weeks with resveratrol. Control group received standard rat chow for 16 weeks; alcohol group received high fat diet and
alcohol; resveratrol group received high fat diet and alcohol with 250mg/kg BW/day resveratrol. Data represent mean ± SD of 5 individual
values. A𝑃 < 0.05 versus alcohol group; B𝑃 < 0.05 versus control group.

Software, Version 4.6.4 (Bio-Rad, Hercules, CA). The results
were expressed as the ratio of protein to 𝛽-actin.

2.8. Liver Caspase 3 Activity. Caspase 3 Activity Assay Kit
was used to quantify hepatic caspase 3 activity according to
manufacturer’s instructions (Beyotime, Jiangsu, China). The
absorbances were read at 405 nm on the Synergy H1 Hybrid
Multimode Microplate Reader (BioTek, Winooski VT, US).

2.9. Quantitative RT-PCR. The total RNAwas extracted from
rat hepatic tissue using the total RNA extraction kit (San-
gon Biotech, Shanghai, China), while reverse transcription
was performed using the TaqMan Reverse Transcription
Kit according to the manufacturer’s instructions. Primer
sequences (Table 2) were designed on the National Center for
Biotechnology Information (NCBI) website and purchased
from Sangon Biotech (Shanghai, China). Quantitative PCR
was performed using SYBR Green PCRMaster Mix (Qiagen,
Inc., Valencia, CA) in a Thermal Cycler (Bioer Technology,
Germany). Furthermore, the results were normalized to beta-
actin expression and analyzed based on the manufacturer’s
instructions.

2.10. Statistical Analysis. Data were analyzed by one-way
ANOVA with Tukey’s HSD test, 𝑇 test, Pearson correlation,
and linear regression analysis using the Statistical Analysis

System (SAS Institute, Cary, NC, USA). Results are expressed
as the mean and SEM. 𝑃 ≤ 0.05 was taken as the level of
statistical significance.

3. Result

3.1. Ethanol Intake, Food Intake, and Body Weight. As can be
recalled, ALD often results from alcohol overconsumption.
Alcohol metabolism byproducts can propagate liver dis-
ease through steatohepatitis, fibrosis, cirrhosis, liver failure,
and/or hepatocellular carcinoma [10]. At the beginning of
the intervention, no significant differences in weights were
observed among all the groups (Table 1). At the end of 12
weeks of intervention, however, the control group was sig-
nificantly different from the alcohol and resveratrol groups,
while, after 16 weeks, the body weights of the resveratrol
group were increased and significantly different compared to
the alcohol group, although they were still lower than those
of the control group. In the ALD-inducing period, there was
no significant difference in food and alcohol intake between
the alcohol and resveratrol groups.The total food and alcohol
intake are shown in Table 1.

3.2. Liver Enzymes. There were no significant differences in
the ALT and AST among all groups at the beginning of
the study (Figure 1; ALT: 𝑃 = 0.4543; AST: 𝑃 = 0.2694).
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Table 2: Names, accession number, and primer sequences used in the study.

Gene name Accession number Forward sequence Reverse sequence
Kan(r)∗∗

Beta-actin∗ NM 031144 AGGTGACACTATAGAATA
GGCATCCTGACCCTGAAGTA

GTACGACTCACTATAGGGA
AGACGCAGGATGGCATGAG

SOD1 NM 017050 AGGTGACACTATAGAATA
TCAATATGGGGACAATACAC

GTACGACTCACTATAGGGA
TACTTTCTTCATTTCCACCTT

SOD2 NM 017051 AGGTGACACTATAGAATA
TGTATGAAAGTGCTCAAGAT

GTACGACTCACTATAGGGA
GCCCTCTTGTGAGTATAAGT

SOD3 NM 012880 AGGTGACACTATAGAATA
TCGAACTACTTTATGCCC

GTACGACTCACTATAGGGA
GAAGACAAACGAGGTCTCTA

CAT NM 012520 AGGTGACACTATAGAATA
ACTGCAAGTTCCATTACAAG

GTACGACTCACTATAGGGA
GTTCAACTTCAGCAAAATAAT

GPx NM 001039848 AGGTGACACTATAGAATA
GTGCCAGAGCCGGGG

GTACGACTCACTATAGGGA
GGTCTTGCCTCACTGGGA

CYP2E1 NM 031543 AGGTGACACTATAGAATA
AGAGGGAATTGGATC

GTACGACTCACTATAGGGA
TGCCTGGGATCAGGTTA

FasL NM 010177 AGGTGACACTATAGAATA
GTGCCCCGGAATTGGG

GTACGACTCACTATAGGGA
GGGCTCAATTCCCAA

TNF-𝛼 NM 001024447 AGGTGACACTATAGAATA
GCCAAGGGGTTGGGAA

GTACGACTCACTATAGGGA
GGGACTTTGGGGGAAA

∗Housekeeping gene. Underlined sequences are left and right universal left and right sequences (tags). ∗∗Internal control supplied by Beckman Coulter Inc.
(Miami, FL, USA) as part of the GeXP kit. RT conditions were 48∘C for 1 min; 37∘C for 5 min; 42∘C for 60min; 95∘C for 5min and then held at 4∘C. PCR
conditions were initial denaturation at 95∘C for 10min, followed by two-step cycles of 94∘C for 30 sec and 55∘C for 30 sec, ending in a single extension cycle
of 68∘C for 1min. IDE: insulin degrading enzyme; LRP: low density lipoprotein receptor-related protein 1; SOD: superoxide dismutase; CAT, catalase; PSEN:
presenilin; APP: amyloid precursor protein. Gapdh: glyceraldehyde-3-phosphate dehydrogenase; Kan(r): kanamycin resistance.

At the end of the fourth week of intervention, however,
the alcohol group showed elevated ALT and AST levels in
comparison with the other two groups (ALT, 𝑃 < 0.0001;
AST, 𝑃 = 0.0004), which progressively increased until the
end of the intervention period, suggesting ongoing damage to
the liver. The liver enzymes (AST and ALT) in the resveratrol
supplementation group were significantly lower than in the
alcohol group (𝑃 < 0.05) after the fourth week.

3.3. Morphological Changes. Morphological changes in the
liver are shown in Figure 2. The control group showed
liver cells in normal state, with clear cellular boundary,
rounded and centrally located nuclear membrane, central
lobular vein, and radially arranged and clear sinusoids with
no dilatation or congestion (Figure 2(a)(A)). The alcohol
group, however, had ballooning of hepatocytes at the acinar
zone III, with signs of necrosis (Figure 2(a)(B), shown as
arrow), dark double-nucleus hepatocytes, and lymphocyte
and neutrophil infiltration. There were also signs of acinar
perivascular fibrosis, evidenced by the large numbers of bun-
dles of collagen fibers and a wide range of bridging fibrosis
(Figure 2(a)(B), shown as arrow). In some areas, steatosis and
inflammation were also visible (Figure 2(a)(B)). Interestingly,
the resveratrol group had no bundles of collagen fibers and
showed attenuation of the alcohol-induced changes, although
rounded fat droplets were still visible in the liver tissue
(Figure 2(a)(C)).

No fatty infiltration and bundles of collagen or other
abnormal changes were seen in the control group under TEM
(Figure 2(b)(A)). In the alcohol group, the Disse space was

filled with bundles of collagen, while the microvilli were
reduced, and the mitochondria were spherical. There were
also fewer and shorter mitochondrial cristae, and the sur-
faces of the endoplasmic reticulum were smooth and cystic.
Bundles of collagen between intercellular spaces and rounded
lipid droplets were also visible (Figure 2(b)(B)). Notwith-
standing, the resveratrol group significantly attenuated
alcohol-induced hepatocellular damage (Figure 2(b)(C)).
Accordingly, no deformation of mitochondrial and collagen
structures was observed, although few rounded lipid droplets
were observed.

3.4. Hepatic Antioxidant Capacity. The levels of SOD enzyme
activity were assessed in hepatic homogenate. As shown
in Figure 3, at the end of the intervention the alcohol
group had significantly increased SOD level (𝑃 < 0.0001;
Figure 3(a)), which was attenuated by resveratrol supplemen-
tation, although it was not as low as that of the control group
(𝑃 = 0.0067). The alcohol group had significantly lower
levels of CAT andGPx activities in comparisonwith the other
groups (CAT, 𝑃 < 0.0001, Figure 3(b); GPx, 𝑃 < 0.0001, Fig-
ure 3(c)). Interestingly, the resveratrol-treated group had sig-
nificantly higher activities of both enzymes (CAT,𝑃 < 0.0001;
GPx, 𝑃 = 0.0001). Additionally, the ratio of SOD/CAT+GPx
in the resveratrol group was lower than that of the alcohol
group (𝑃 < 0.0001), although it was not as low as that
of the control group (𝑃 < 0.0001).

3.5. Hepatic Oxidative Damage. The hepatic malondialde-
hyde (MDA) level was estimated as a measure of oxidative
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Figure 2: Histological study in the different groups ((A) control, (B) alcohol, and (C) resveratrol). (a) Hematoxylin and eosin staining (light
microscope) of liver tissue ×200; (b) Transmission electron microscopy of liver tissue ×15000. Groups are the same as Figure 1.

damage to the liver. As described in Figure 4, the alcohol
group had higher levels of MDA (𝑃 < 0.0001) in comparison
with the other groups, which were not significantly different
between each other (𝑃 = 0.0613).

3.6. CYP2E1 Protein Expression. The alcohol group had
significantly higher CYP2E1 protein expression in the liver
compared to the control and resveratrol groups (𝑃 <
0.0001; Figure 5). Conversely, the resveratrol group had lower
CYP2E1 protein expression in comparison with the alcohol
group (𝑃 < 0.0001).

3.7. Hepatic Caspase 3 Activity. Cleaved caspase 3 was upreg-
ulated in the alcohol group in comparison with the other
groups (𝑃 < 0.0001; Figure 6). Resveratrol supplementation
decreased cleaved caspase 3 activity in comparison with the
alcohol group (𝑃 < 0.001), although it was not as low as that
of the control group.

3.8. mRNA Levels of Hepatic Antioxidant and Inflammation-
Related Genes. Figure 7(a) shows the effects of the inter-
ventions on the expression of antioxidant genes (SOD1,
SOD2, SOD3, CAT, and GPx). In the present study, alcohol
upregulated SOD genes (SOD1, 𝑃 < 0.0001; SOD2, 𝑃 <
0.0001; SOD3, 𝑃 < 0.0001) and decreased the expression

of the CAT and GPx genes (CAT, 𝑃 < 0.0001; GPx, 𝑃 <
0.0001). Interestingly, resveratrol supplementation attenu-
ated the alcohol-inducedmRNA changes (SOD1, 𝑃 = 0.0004;
SOD2, 𝑃 < 0.0001; SOD3, 𝑃 < 0.0001; CAT, 𝑃 = 0.0003;
GPx, 𝑃 < 0.0001). Additionally, significant differences were
observed inmRNA levels of SOD andGPx genes between the
control and resveratrol groups (𝑃 = 0.0003 and 𝑃 = 0.0073,
resp.). Moreover, the mRNA levels of inflammation-related
genes (CYP2E1, FasL, and TNF-𝛼) were significantly higher
in the alcohol group in comparison with the other groups
(CAP2E1, 𝑃 < 0.0001; FasL, 𝑃 < 0.0001; TNF-𝛼, 𝑃 <
0.0001), although the levels in the control group were signif-
icantly lower than in the resveratrol group except for TNF-𝛼
mRNA expression (𝑃 = 0.1286).

4. Discussion

In the present study, ALD was established using chronic
alcohol administrationwith high fat diet consumption, which
is known to induce hepatic steatosis, inflammation, and
hepatocyte ballooning, similar to the features of human ALD
[22]. Accordingly, signs of incipient fibrosis, worsening of
liver function and antioxidant status, and increased inflam-
matory markers and caspase 3 expression were indicative of
successful induction of ALD in the alcohol group.
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Figure 3: Antioxidant enzymes following chronic alcohol administration for 16 weeks with or without resveratrol supplementation, (a) liver
superoxide dismutase (SOD) levels; (b) liver catalase (CAT) levels; (c) glutathione peroxidase (GPx) activity; (d) SOD/[CAT + GPx] level.
Groups are the same as Figure 1. Data represent mean ± SD of 5 individual values. A𝑃 < 0.05 versus alcohol group; B𝑃 < 0.05 versus control
group.
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Figure 4: Hepatic malondialdehyde (MDA) at the end of chronic alcohol administration for 16 weeks with resveratrol. Groups are the same
as Figure 1. Data represent mean ± SD of 5 individual values. a𝑃 < 0.05 versus alcohol group.
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Figure 5: Hepatic CYP2E1 protein expression of rats at the end of
chronic alcohol administration after 16 weeks. (a) Representative
western blot assay and (b) relative optical density in hepatic
homogenate. Groups are the same as Figure 1. Data representmean±
SD of 5 individual values. A𝑃 < 0.05 versus alcohol group; B𝑃 < 0.05
versus control group.
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Figure 6: Hepatic caspase 3 protein expression of rats at the end of
chronic alcohol administration after 16 weeks. Groups are the same
as Figure 1. Data represent mean ± SD of 5 individual values. a𝑃 <
0.05 versus alcohol group; b𝑃 < 0.05 versus control group.

The effects of resveratrol onALDwere assessed, including
mechanistic bases for such effects. In the past, the protec-
tive role of resveratrol against liver damage has been pre-
dominantly attributed to antioxidant and anti-inflammatory
activities. However, both inflammation and oxidative stress
are largely secondary effects of liver damage. Therefore, we
sought to establish whether resveratrol exerted any direct
effect on the major enzymes in the alcohol metabolism
pathway. The elimination of alcohol is primarily dependent

on the oxidation of alcohol and its metabolic byproducts by
CYP2E1, which produces toxic byproducts, like hydroxyethyl,
superoxide anion, and hydroxyl radicals [23, 24]. Interest-
ingly, we observed that resveratrol could attenuate CYP2E1
activity and protein levels via western blotting assay. The
present findings appear to be consistent with the benefits
of resveratrol on suppression of CYP2E1 observed in other
liver damage disease models because it is also involved in the
metabolism of other toxins in addition to alcohol [25].

On the basis of observations that ethanol administration
yields increased amounts of free radicals and hydrogen per-
oxide, one would logically predict a compensatory increase
in enzyme activity to overcome oxidative stress. Moreover,
oxidative stress is a well-established factor in the progression
of liver damage due to alcohol intake and a high fat diet.
In ALD, the byproducts of dysregulated alcohol and lipid
metabolism result in the excessive production of free radicals,
which leads to oxidative stress [26, 27]. ALDhas been demon-
strated to be more severe in mice lacking specific antioxidant
enzymes [28, 29], underpinning the central role of oxidative
damage in ALD and the importance of antioxidants in
attenuating such effects. Additionally, chronic alcohol admin-
istration typically reduces the antioxidant enzyme activities,
as indicated in the present study by the reduced SOD, CAT,
and GPx activities. Insufficient antioxidant activity allows
free radicals to accumulate and bind to unsaturated fatty
acids in cell membranes, which causes lipid peroxidation
[30]. Kessova et al. [31] reported that the induction of
steatosis after chronic alcohol administration is more severe
in Cu/Zn SOD knockout mice. The increased CAT and GPx
activities, with lower SOD activity in the resveratrol group in
comparisonwith the alcohol control group, is suggestive of an
antioxidative mechanism in attenuation of alcohol-induced
oxidative damage by resveratrol. This is further supported
by the reduced oxidative stress (MDA) and improved liver
function (AST and ALT) in the resveratrol group. There are
divergent views on the significance of the absolute values of
antioxidant enzyme activities as a reflection of their effects
[32, 33], in which case SOD/CAT + GPx ratio has been used
[34, 35]. The data again suggested that resveratrol modulated
antioxidant enzymes, which may have been the basis for
the improved attenuation of oxidative stress and ultimately
ALD. Additionally, increased caspase 3 activation in the
alcohol group may have been mediated through increased
oxidative stress. Moreover, oxidative stress and apoptosis are
reported to share common pathways, and the end result of
oxidative stress in cells is often apoptotic death [36, 37]. This
is supported by the potentiation of antioxidant enzymes and
attenuation of both MDA and caspase 3 by resveratrol in this
study.

It is well documented that transcriptional regulation of
metabolic processes precedes any biochemical changes, and
in the present study transcriptomic regulation of antioxidant
and inflammation-related genes were evaluated. The data
showed that the effects of resveratrolmay have beenmediated
at the transcriptional level. Accordingly, the effects of resver-
atrol may be long lasting since transcriptional regulation is
reported to produce longer lasting effects than biochemical
changes alone [38, 39]. Such nutrigenomic regulation may
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Figure 7: Hepatic mRNA levels of SOD1, SOD2, SOD3, CAT, GPx1, CYP2E1, FasL, and TNF-𝛼 genes at the end of chronic alcohol
administration after 16 weeks. Groups are the same as Figure 1. Data represent mean ± SD of 5 individual values. A𝑃 < 0.05 versus alcohol
group; B𝑃 < 0.05 versus control group.

mean that resveratrolmay be amore effective alternative than
palliative pharmaceuticals presently in use for ALD.

The findings from this study mirror those of previous
studies that have shown the beneficial effects of resveratrol
on ALD [15, 16]. However, our data adds to the existing
knowledge on how resveratrol protects the liver against
alcohol damage. Moreover, the duration of our study (16
weeks) mimics that of chronic alcohol exposure more than
the previous studies which lasted between 4 and 6 weeks.
Similarly, while the previous studies have shown that resver-
atrol attenuates ALD through regulating inflammation and
hepatic lipid metabolism, our data shows that multiple
mechanisms, including the modulation of oxidative stress,
inflammation, and apoptosis, may be involved in the long
term effect of resveratrol against ALD. Another study [19]
had demonstrated that resveratrol could attenuate alcohol-
induced oxidative stress similar to what was observed in this
study. However, the dose used in that study (5 g/kg body
weight) calls the reliability of the findings into question.
Crowell et al. [20] have demonstrated that doses of resveratrol
above 300mg/kg in rodents are toxic, suggesting that the
results from the study byKasdallah-Grissa et al. [19]may have
been influenced by toxicity from resveratrol.

Taken together, the present findings indicate that resvera-
trol may have alleviated ALD through alleviation of oxidative
stress, apoptosis, and inflammation, which were mediated
at the transcriptional level. Moreover, resveratrol affected
multiple processes and pathways suggesting its effectiveness
in alleviating ALD.

5. Conclusions

These results demonstrated that resveratrol (250mg/kg BW/day)
effectively attenuated alcohol-induced hepatotoxicity in
femaleWistar rats.The hepatoprotective effects of resveratrol
were mediated by modulating multiple pathways including
oxidative stress, inflammation, and apoptosis. The evidence
obtained in this study suggested the effectiveness of res-
veratrol as a natural therapy for ALD.
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Fat infiltrationwithin the bonemarrow is easily observed in some postmenopausal women.Those fats aremainly derived frombone
marrow mesenchymal stem cells (BMMSCs). The increment of adipocytes derived from BMMSCs leads to decreased osteoblasts
derived fromBMMSCs, so the bidirectional differentiation of BMMSCs significantly contributes to osteoporosis. Icariin is themain
extractive of Herba Epimedii which is widely used in traditional Chinese medicine. In this experiment, we investigated the effect
of icariin on the bidirectional differentiation of BMMSCs through quantitative real-time PCR, immunofluorescence, western blot,
and tissue sections in vitro and in vivo. We found that icariin obviously promotes osteogenesis and inhibits adipogenesis through
detecting staining and gene expression. Micro-CT analysis showed that icariin treatment alleviated the loss of cancellous bone of
the distal femur in ovariectomized (OVX) mice. H&E staining analysis showed that icariin-treated OVX mice obtained higher
bone mass and fewer bone marrow lipid droplets than OVX mice. Western blot and immunofluorescence showed that icariin
regulates the bidirectional differentiation of BMMSCs via canonical Wnt signaling. This study demonstrates that icariin exerts its
antiosteoporotic effect by regulating the bidirectional differentiation of BMMSCs through the canonical Wnt signaling pathway.

1. Introduction

Osteoporosis (OP) is a prevalent systemic metabolic bone
disease that is featured by microarchitectural deterioration,
low bone mass, and increased risk of fractures, which results
from the unbalance between bone loss and bone formation.
The presence of fat infiltration within the marrow cavity is a
symbol of aging and a consequence of osteoporosis, particu-
larly in menopausal women [1]. One possible source of lipid
formation within the bone marrow is the disrupted balance
between osteogenesis and adipogenesis of BMMSCs, and
the latter assumes predominance [2, 3]. BMMSCs, the most
important MSCs in the bone morrow, are self-renewable,
multipotent stem cells with the capacity to differentiate into
cartilage, bone, and adipose tissue [4–6]. The contributing
factors of the formation of osteoblasts are recognized as an

inhibitor for the maturation of adipocytes and vice versa [7–
9]. Recent studies showed that various chemical compounds
have the ability to regulate survival and differentiation of
stem cells, such as bioflavonoids, vitamin E, vitamin C, and
carotenoids [10–15]. The increased proportion of adipocytes
in the bone marrow consequently induces the apoptosis of
osteoblasts and proliferation of osteoclasts and suppresses the
function of osteoblasts, which contribute to the progress of
osteoporosis [16, 17]. Thus, regulation of osteogenesis and
adipogenesis of BMMSCs seems to be a potential therapeutic
strategy for osteoporosis.

Icariin (ICA, C33H40O15, molecular weight: 676.67), a
natural flavonoid glycoside isolated from Herba Epimedii, is
themain active compound responsible for its biological effect.
In traditional Chinese medicine (TCM), its tonic, aphro-
disiac, and antiosteoporotic effectiveness were recognized for
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thousands of years in Asian countries, principally China,
Japan, and Korea. In a clinic study, bone mineral density
(BMD) and bone strength of postmenopausal women were
significantly improved via icariin treatment for 24 months
[18]. Several studies had shown that, during bone formation,
maturation andmineralization of osteoblasts and osteoblastic
differentiation of BMMSCs could be improved and enhanced
by icariin treatment [19]. During bone resorption,maturation
and formation of osteoclasts, mediated by the inflammatory
mediums and cytokines, could be suppressed by icariin [19].
Several bone metabolism-related signaling molecules such
as Notch, extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), hypoxia-inducible transcription
factor 1𝛼 (HIF1𝛼), and RhoA could be regulated by icariin
[20–24]. Other studies also reported that icariin exerts
beneficial effects on the skeletal system. Icariin could increase
angiogenesis through promoting endothelial cell migration,
proliferation, and tubulogenesis, and then the newborn blood
vessel supports blood supply for bone formation [25]. In
a rotator cuff tear model, icariin group could stimulate
expression of Collagen I and Collagen II compared with
control group at 2 weeks and 4 weeks, and more VEGF-
positive cells were detected in the icariin group than in the
control group [26].

In other biological processes, icariin was reported as
an agonist to peroxisome proliferator activated receptor-
𝛼 (PPAR𝛼), with a pivotal role in the regulation of lipid
metabolism and fatty acid oxidation, which is beneficial
in protecting against metabolic disorders associated with
type II diabetes and obesity [27]. In another study, icariin
could improve diet-induced obesity and hyperlipidemia and
alleviate insulin resistance through targeting sterol regulatory
element-binding proteins (SREBPs) and suppressing their
activation [28]. Furthermore, icariin could suppress lipid
accumulation in a model of Graves’ orbitopathy [29].

The Wnt signaling pathway is an ancient and evolu-
tionally conserved pathway which plays a fundamental role
in cell migration, cell polarity, cell fate determination, and
organogenesis during embryonic development and tissue
homeostasis [30, 31]. A decade ago, four groups of patients
with variation in bone density, high or low bone mass, were
identified to associate with the mutations in canonical WNT
signaling. Two of the four mutations causing totally altered
bone mass and density are found to be LRP5, responsible for
the Wnt coreceptor low density lipoprotein receptor-related
protein 5. In osteoporosis-pseudoglioma syndrome (OPPG),
loss-off-function mutation in this gene is associated with low
bonemass, and in some healthy patients, high bonemass was
associated with gain-of-function mutation in the same gene
[32]. The other two mutations affected the expression of a
common gene, SOST, encoding protein sclerostin, secreted
primarily from osteocytes, which binds LRP5 and the related
LRP4 and LRP6 receptors and functions as an antagonist
in Wnt signaling [33]. Lack of sclerostin expression in bone
was found to be the cause for sclerosteosis and Van Buchem
disease with a symptom of high bone mass [34]. Some
research reported that adipogenesis of BMMSCs was under
the regulation of Wnt signaling pathway and activation of 𝛽-
catenin leading to inhibitory adipogenesis [35].

Based on the above evidence, our hypothesis was that
icariin can direct differentiation toward osteoblast lineage
and away from adipocyte lineage in differentiation of BMM-
SCs. In this study, we aim to detect whether icariin regulates
adipogenic and osteogenic differentiation of BMSCs in vitro
and in vivo and identify whether the Wnt signaling pathway
plays a fundamental role in osteoadipogenic differentiation of
BMMSCs.

2. Materials and Methods

2.1. Reagents. Icariin was purchased from Cayman (Ann
Arbor, MI, USA). Fetal bovine serum (FBS) was purchased
from Gibco Life Technologies (Grand Island, NY, USA).
Dulbecco’s modified Eagle’s medium (DMEM), penicillin,
and streptomycin were purchased from Hyclone (Hyclone,
Waltham, MA, USA). The Cell Counting Kit-8 (CCK-8) was
purchased from Dojindo (Kumamoto, Japan). Adipogenic
and osteogenic differentiation media of rat bone marrow
mesenchymal stem cells were purchased from Cyagen Bio-
sciences Inc. (Santa Clara, CA 95050, USA). The total RNA
extraction kit was purchased from OMEGA. The ReverTra
Ace kit and SYBR Green Master Mix were purchased from
TOYOBO (Tokyo, Japan). DKK-1, inhibitor of canonical
Wnt signaling pathway, was purchased from R&D Systems
(Minneapolis, MN, USA). The following antibodies used in
the experiment were purchased from Cell Signaling Tech-
nology (Beverly, MA, USA): phospho-GSK-3𝛽 (#8213), 𝛽-
catenin (#9562), Non-phospho (Active) 𝛽-Catenin (#8814),
and GAPDH (#2118). Other reagents were of the highest
commercial grade and were purchased from Sigma Chemical
(St. Louis, MO, USA)

2.2. BMMSCs Culture. Briefly, rat BMMSCs used in the
experiment were isolated from 4-week-old male Sprague-
Dawley rats purchased from the Experimental AnimalCenter
of Tongji Medical College, Huazhong University of Science
and Technology (Wuhan, China), and expanded in accor-
dancewith published techniques [36].The animal procedures
were consistent with the regulations of the Ethics Committee
on Animal Experimentation of Tongji Medical College,
Huazhong University of Science and Technology (Wuhan,
China). Isolated cells were maintained in DMEM consist-
ing of 10% FBS, 2mM glutamine, 100U/ml penicillin, and
100mg/ml streptomycin and were then incubated at 37∘C in
a humidified atmosphere of 95% air and 5% CO2. When cells
became confluent, cells were trypsinized with 0.5% trypsin-
ethylenediaminetetraacetic acid and passaged at a ratio of
1 : 3. BMMSCs of passage 2-3 were used for the following
experiment. In the differentiation experiment of BMMSCs,
cells were cultured in adipogenic and osteogenic differentia-
tion media for 21 days following the operation instruction by
changing the medium every 2 days. Icariin (1 𝜇M) and DKK-
1 (50 ng/ml) were used to detect the function of icariin in
osteogenesis and adipogenesis differentiation of BMMSCs.

2.3. CCK-8 Proliferation Assay. BMMSCs were seeded in 96-
well plates at a density of 1 × 103 cells/well. Each group had
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Table 1: List of primers used in quantitative real-time RT-PCR.

Gene Forward (5-3) Reverse (5-3)
ALP AGGGTGGGTTTCTCTCTTGG AGAGAAGGGGTAGGGGAGAG
Runx2 GGGACCGACACAGCCATATA TCTTAGGGTCTCGGAGGGAA
COL1 TCAAGATGGTGGCCGTTACT CATCTTGAGGTCACGGCATG
PPAR𝛾 GGAATCAGCTCTGTGGACCT TCAGCTCTTGTGAACGGGAT
Fabp4 ATGTGCAGAAGTGGGATGGA TGCAAATTTCAGTCCAGGGC
Adipsin AGTGTCAATCATGGACCGGA ACTCGAGATCCCCACGTAAC
GAPDH CAAGTTCAACGGCACAGTCA CCCCATTTGATGTTAGCGGG

five subwells. After 12-hour incubation, cells were treated
with icariin at 0.001, 0.01, 0.1, 1, and 10 𝜇M, respectively. Cell
proliferation was carried out by the CCK-8 kit (Dojindo,
Japan) in a culture after cultivating for 1 day, 3 days, 5 days,
and 7 days, respectively. In brief, 10 𝜇L CCK-8 solution was
added to each well and incubated in the dark at 37∘C with
5% CO2 for 1.5 h, and then the absorbance was measured at
450 nmby an ELX800 absorbancemicroplate reader (BioTek,
Vermont, USA).

2.4. Total RNA Extraction and Quantitative Real-Time RT-
PCR. Total RNA was extracted by total RNA extraction
kit, OMEGA. The purity and concentration of the RNA
samples were determined by a spectrophotometer (Thermo
Fisher Scientific, USA). The ReverTra Ace kit was used
for the synthesis of first-strand cDNA from 3 𝜇g RNA and
quantitative real-time PCRwas carried out with CFX96 (Bio-
Rad, CA, USA) and SYBR Green Master Mix. The relative
expression of Runx2, PPAR𝛾, ALP, Collagen I, adipsin, and
Fabp4 was quantified in this system. Primers were purchased
from Sangon Biotech (Shanghai, China), and their sequences
are shown in Table 1. The system of reactions consisted
of denaturation at 95∘C for 30 s followed by 40 cycles
of 94∘C for 5 s and 60∘C for 35 s. Relative expression of
gene-specific products was analyzed using the comparative
Ct (2−ΔΔCt) method and normalized to the reference gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each
sample was detected in triplicate.

2.5. Alizarin Red S Staining and Oil Red O Staining. In
osteogenic differentiation, BMMSCs were cultivated at 2 ×
104 cells/cm2 on six-well plates and incubated for 21 days
in an osteogenic induction medium consisting of SD rat
BMMSCs osteogenic differentiation basal medium (175mL),
fetal bovine serum (20mL), penicillin/streptomycin (2mL),
glutamine (2mL), ascorbate (400𝜇L), 𝛽-glycerophosphate
(2mL), and dexamethasone (20 𝜇L).

In adipogenic differentiation, BMMSCs were cultivated
at 2 × 104 cells/cm2 on six-well plates and incubated
in an adipogenic induction medium consisting of SD
rat BMMSCs adipogenic differentiation basal medium A
(175mL), fetal bovine serum (20mL), insulin (400 𝜇L),
glutamine (2mL), rosiglitazone (200 𝜇L), dexamethasone
(200𝜇L), 3-isobutyl-1-methylxanthine (200𝜇L), and peni-
cillin/streptomycin (2mL) for 3 days, followed by 1 day
with an adipogenic maintenance medium consisting of SD

rat BMMSCs adipogenic differentiation basal medium B
(175mL), fetal bovine serum (20mL), insulin (400 𝜇L), glu-
tamine (2mL), and penicillin/streptomycin (2mL). When
both steps were repeated five cycles, cells were ready for Oil
Red O staining.

Icariin (1 𝜇M) and DKK-1 (50 ng/ml) were treated,
respectively, and jointly into induction medium every 2 days.
When cells were ready forAlizarin Red S staining andOil Red
O staining, samples were washed with PBS twice and fixed
with 4% paraformaldehyde for 30min at room temperature.
In Alizarin Red S staining, fixed samples were treated with
1mL Alizarin Red S staining solution for 3–5 minutes. In Oil
Red O staining, fixed samples were treated with 1mL of Oil
Red O staining solution for 30 minutes. Both samples were
gently rinsed by tridistilled water, followed by investigation
under a light microscope and capturing of images.

2.6. Alkaline Phosphatase (ALP) Staining. BMMSCswere cul-
tivated at 2 × 105 cells/cm2 on six-well plates and then treated
with icariin (1 𝜇M) and DKK-1 (50 ng/ml), respectively and
jointly, in an osteogenic medium. After 7 days of induction,
leukocyte alkaline phosphatase (ALP) kits (Sigma,USA)were
used for Al staining. Samples were washed with PBS twice,
fixed in 4% paraformaldehyde for 10min, and stained with
a BCIP/NBT alkaline phosphatase color development kit
(Beyotime, Shanghai, China) under protection from direct
light at 37∘C. A light microscope was used for observing and
taking photos.

2.7. Western Blot Assay. Samples were lysed via the protein
extraction reagent RIPA (BOSTER, Wuhan, China) supple-
mented with 1mM PMSF and phosphatase inhibitor cocktail
(BOSTER, Wuhan, China). The concentration of samples
was measured through a BCA protein assay kit (BOSTER,
Wuhan, China). Prior to loading, a 5x reducing sample load-
ing buffer (BOSTER,Wuhan, China)was added to all the pro-
tein samples and denatured at 95∘C for 5min. An equivalent
amount of protein, 20𝜇g of every sample, was resolved by 10%
SDS-PAGE gel and transferred to PVDF membranes (Mil-
lipore, Billerica, MA, USA). Membranes were blocked and
incubated with individual primary antibodies and then were
washed and incubated with secondary antibodies conjugated
with horseradish peroxidase (BOSTER, Wuhan, China; dilu-
tion: 1 : 5000). The immunoreactive proteins were detected
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by enhanced chemiluminescence (BOSTER, Wuhan, China)
and the bands of protein were captured through ChemiDoc�
XRS+ systemwith Image Lab� software (Bio-Rad, CA,USA).

2.8. Immunofluorescence. BMMSCs were seeded on aseptic
1 cm diameter disks in a 24-well plate with density of 2 × 104
cells/disc for 4 days. Samples were washed with PBS and fixed
in 4% paraformaldehyde for 15min at room temperature.The
cells were washed with PBS three times and blocked with PBS
containing 5% BSA for 1 h. After being blocked with BSA,
samples were incubated with primary antibody 𝛽-catenin
(1 : 200) (CST, MA, USA) overnight at 4∘C. On the following
day, sampleswerewashedwith PBS three times and incubated
with the goat anti-rabbit Cy3-labeled secondary antibody
(1 : 500) (BOSTER, Wuhan, China) which was diluted in
a blocking solution for 1 h at room temperature. Samples
were further counterstained with DAPI (1 : 500) (BOSTER,
Wuhan, China) and phalloidin (1 : 100) (Beyotime, Shanghai,
China). Inverted fluorescent microscope (Eclipse Ti, Nikon,
Tokyo, Japan) was used to capture fluorescent images.

2.9. Ovariectomized Mouse Model. Briefly, three-month-old
female C57/BL6 mice (22 ± 1 g) were purchased from the
Experimental Animal Center of Tongji Medical College
(Wuhan, China) and were randomly divided into three
groups (𝑛 = 10 mice per group): sham-operated mice
(SHAM), ovariectomized (OVX) mice treated with vehicle
(OVX), and OVX mice treated with icariin (OVX + ICA).
All experimental procedures on the animals were in accord
with the Ethics Committee on Animal Experimentation of
Tongji Medical College, Huazhong University of Science
and Technology (Wuhan, China).The ovariectomized model
was accomplished by removal of bilateral ovaries through
a dorsal approach and sham surgery was accomplished by
detecting the bilateral ovaries. On the following day after
operation, mice were treated orally with icariin (25mg/kg)
or vehicle daily. After 6 weeks of intervention, animals of
the three groups were euthanized with excess amounts of
pentobarbitone and the femurs were collected.

2.9.1. Histologic Analysis. Femur samples were in decalcifica-
tion in 10% tetrasodium-EDTA aqueous solution at 4∘C for 1
week. Paraffin-embedded sections (5mm) from each femur
sample were prepared for hematoxylin and eosin (H&E)
staining.The cancellous bone and lipid droplets in the region
below the metaphysis were observed microscopically. The
trabecular bone density and lipid droplets area of interest
were measured and compared in H&E-stained sections.

2.9.2. Microcomputed Tomography (𝜇-CT) Scanning and
Analysis. The bone samples of the three groups were
scanned through a Scanco VivaCT 40 instrument (Scanco,
Brüttisellen, Switzerland). The bone samples were scanned
in a setting of 100 kV and 98 𝜇A and the thickness of serial
tomographic images was 10.5 𝜇m. Subsequently, the obtained
outcomes of bone structure were analyzed as previously
reported [37].The constant threshold for trabecular bone was
220 for segmenting bone from the bone marrow. The region

of interest (ROI) in trabecular bone was selected from 10
slices (105𝜇m) from the metaphysis of the distal femur, and
the length range was 150 slices (1575𝜇m). Fourmorphometry
parameters, that is, bone volume/tissue volume (BV/TV),
trabecular number (Tb.N), trabecular thickness (Tb.Th), and
trabecular separation (Tb.Sp), were quantitatively measured
using software compatible with the 𝜇-CT system. Nomencla-
ture and abbreviations of 3D-𝜇CT parameters are in accord
with the recommendations of the American Society of Bone
and Mineral Research [38].

2.9.3. Statistical Analysis. The quantitative data were
expressed as mean ± SD from three independent
experiments. Student’s t-test was selected for assessing
the significance of differences between two groups. One-way
ANOVA (SPSS, v.19.0; Chicago, IL, USA) was selected for
assessing the significance of differences among three or more
groups. The difference was denoted as statistically significant
at 𝑃 < 0.05.

3. Results

3.1. Effects of Icariin on Bone Loss in OVX Mice. Microcom-
puted tomography (𝜇-CT) was used to analyze trabecular
bone in the distal femur via different observation angles
from different groups of mice (Figure 1(a)). When compared
with sham-operated group, the data of trabecular bone in
the distal femoral metaphyses from the OVX group showed
that BV/TV, Tb.N, and Tb.Th decreased significantly; on
the contrary, Tb.Sp was dramatically increased (Figure 1(b)).
In a group of OVX mice treated with icariin (OVX +
ICA), the measured parameters showed that intervention
of icariin significantly attenuated the bone loss induced by
ovariectomy.These results were consistent with the outcomes
of tissue sections (Figure 2(a)). Sample sections from OVX
mice demonstrated a paucity of cancellous bone (Figure 2(a)).
Icariin treatment in OVX mice resulted in an increase in
bone density. In the selective area of the distal femur from
different groups, the number of adipocytes (N.Adi/Ma.Ar)
in OVX mice distinctly increased compared with sham-
operated controlmice, whereas icariin treatment significantly
decreased formation of adipocytes (Figure 2(b)).

3.2. Icariin Stimulates BMMSCs Proliferation and Osteogenic
Differentiation and Inhibits Adipogenic Differentiation.
Through CCK-8 kit, we found that no differences in cell
numbers were observed in the concentrations of 0.001
and 0.01𝜇M. The other concentrations of icariin showed a
proliferative role on BMMSCs, but its proliferative function
started at a different time point. The concentration of 1 𝜇M
icariin showed the most proliferative effect and initiated
its proliferative effect earlier (Figure 3(a)). 1𝜇M icariin
was selected in a later experiment. By intervention of
icariin, icariin could upregulate the relative expression of
related osteogenic genes—Runx2, ALP, and Collagen I—and
downregulate the relative expression of related adipogenic
genes—PPAR𝛾, Fabp4, and adipsin (Figure 3(c)). These
selective genes—Runx2, ALP, Collagen I, PPAR𝛾, Fabp4,
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Figure 1: Icariin inhibits OVX-induced bone loss. (a) Images of the distal femurs were obtained after 6-week intervention (top, coronal view
of the metaphyseal region; middle, sagittal view; bottom, transverse view). (b) Analysis of the parameter of the three-dimensional trabecular
structure of the distal femur: BV/TV: trabecular bone volume/tissue volume; Tb.N: trabecular number; Tb.Sp: trabecular separation; Tb.Th:
trabecular thickness. Data represented as mean ± SD, 𝑛 = 10. ∗𝑃 < 0.05; ∗∗∗∗𝑃 < 0.0001.
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Figure 2: Icariin inhibits angiogenesis in VOX mouse. (a) Femurs were fixed and then embedded in paraffin. Scale bar: 40x
magnification. Images stained with H&E in the distal femurs were obtained. (b) Quantification of N.Adi/Ma.Ar was measured through bone
histomorphometry analysis of the selected area shown in (a) by Image-Pro Plus. N.Adi/Ma.Ar: number of adipocytes/the area of the bone
marrow. Data represented as mean ± SD, 𝑛 = 10. ∗𝑃 < 0.05; ∗∗∗∗𝑃 < 0.0001.

and adipsin—have been shown to have a proven function of
regulating the differentiation of BMMSCs in previous studies
[5]. In the morphological observation of osteogenesis, the
number of Alizarin Red S stained nodules formed and the
ALP expressed in the culture medium of icariin treatment
were higher than in control. In adipogenesis, compared with
the control, the formation of lipid droplets in the culture
medium of icariin treatment was decreased (Figure 3(b)).

3.3. Participation of Canonical Wnt Signaling Pathway in
BMMSCs Differentiation Intervened in by Icariin. Wnt sig-
naling pathway is an important pathway in cell fate deter-
mination and organogenesis.Therefore, we detected whether
BMMSCs treated with icariin could activate canonical Wnt
signaling pathway. BMMSCswere treated with 1𝜇M icariin at
different time points. Western blot showed that intervention
of icariin promoted the phosphorylation of GSK-3𝛽 and
increased the quantity of Non-phospho (Active) 𝛽-catenin.
The peak phosphorylation level of GSK-3𝛽 appeared at 4 h.𝛽-
Catenin activation occurred at 1 h and reached the maximum
at 2 h (Figure 4(a)). After BMMSCs were treated with icariin
for 8 h, immunofluorescence showed that icariin facilitated
transportation of 𝛽-catenin into the nucleus and more 𝛽-
catenin appeared in the nucleus other than the cytoplasm
compared with the control (Figure 4(c)).

3.4. Role of Canonical Wnt Signaling Pathway in Osteogenic
and Adipogenic Differentiation during Icariin Treatment.
DKK-1, a specific inhibitor of Wnt signaling pathway, can
downregulate the phosphorylation of GSK-3𝛽 and promote
degradation of 𝛽-catenin, so the quantity of 𝛽-catenin that
is transported into the nucleus is reduced in immunofluo-
rescence (Figures 4(b) and 4(c)). DKK-1 downregulated the
relative expression of related osteogenic genes and upreg-
ulated the relative expression of related adipogenic genes
(Figure 5(b)). During osteogenesis induction, the number of
Alizarin Red S stained nodules and expression of ALP were
significantly reduced by treatment of DKK-1; on the other
hand, the treatment of DKK-1 in adipogenesis induction
had a function of promoting the formation of lipid droplets
(Figure 5(a)). When cells were treated with a combination
of icariin and DKK-1, the downregulated phosphorylation of
GSK-3𝛽 by treatment of DKK-1 solely was attenuated and the
expression of 𝛽-catenin showed upregulation (Figure 4(b)).
In detection of immunofluorescence, nuclear import of 𝛽-
catenin showed an increase in combined intervention (Fig-
ure 4(c)). In the group with combined intervention, the rela-
tive expression of related adipogenic genes showed a signifi-
cant difference compared with groups of control and DDK-1
intervention. However, not all relative expression of related
osteogenic genes showed a significant difference compared
with groups of control and DKK-1 intervention. Collagen I
showed a difference compared with groups of control and



Evidence-Based Complementary and Alternative Medicine 7

∗ ∗

∗

∗
∗ ∗

∗ ∗

3 days 5 days 7 days1 day
0.0

0.5

1.0

1.5

2.0

2.5

O
D

 v
al

ue
(4
5
0
Ｈ
Ｇ
)

0
0.001
0.01

0.1
1
10

(a)

Control
Icariin

∗ ∗

∗
∗ ∗

∗

PPAR AdipsinFabp4Runx2 COL1ALP

Control
Icariin

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e e

xp
re

ss
io

n

0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e e

xp
re

ss
io

n

(b)

Alizarin Red Staining

Oil Red O staining

ALP staining

Control Icariin
(c)

Figure 3: Icariin promotes osteogenesis differentiation and inhibits adipogenesis differentiation of BMMSCs. (a) Effect of icariin treatment
on proliferation of BMMSCs at different time points. Data presented as mean ± SD. 𝑛 = 3. ∗𝑃 < 0.05 versus control. (b) Effect of icariin on
ALP activity and formation of calcium nodules and lipid droplets. (c) Effect of icariin on mRNA expression of ALP, Runx2, COL1, PPAR𝛾,
Fabp4, and adipsin. Data presented as mean ± SD, 𝑛 = 3.
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Figure 4: Icariin activated Wnt signaling pathway in BMMSCs. (a) Images of icariin intervention on expression of P-Gsk3𝛽 and 𝛽-catenin.
(b) Images of icariin and DDK-1 intervention on expression of P-Gsk3𝛽 and 𝛽-catenin. (c) Immunofluorescence images of icariin and DKK-1
intervention on intracellular localization of 𝛽-catenin.

DDK-1 intervention, but ALP and Runx2 only showed a
difference compared with DKK-1 group (Figure 5(b)). In
the induction culture process, the combined intervention of
icariin and DKK-1 contributed to the reduced formation of
lipid droplet and improved the formation of Alizarin Red S
stained nodules and activity of ALP (Figure 5(a)).

4. Discussion

Osteoporosis had become a major burden for healthcare
and individual and society costs, affecting a large popula-
tion worldwide. Bone marrow plays an important role in

maintaining bone homeostasis [39]. The different cells in the
bone marrow can establish a functional relationship through
locally produced soluble factors, extracellular matrix compo-
nents, and systemic factors, and this connection contributes
to a distinctive microenvironment [40, 41].

In normal condition, adipocytes within the bone marrow
mainly derive from adipogenic differentiation of BMMSCs,
and other studies showed that, in somepathological processes
of skeletal disorders, such as osteoporosis, BMMSCs-derived
osteoblasts and chondrocytes had the ability to transdiffer-
entiate into adipocytes [42, 43]. The increased adipocyte
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Figure 5: Icariin had an antagonistic effect on DDK-1 in the differentiation of BMMSCs. (a) Effect of icariin and DKK-1 intervention on ALP
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mRNA expression of ALP, Runx2, COL1, PPAR𝛾, Fabp4, and adipsin. Data presented as mean ± SD, 𝑛 = 3. ∗𝑃 < 0.05.

formation in the bone marrow had been linked to increased
fracture risk and reduced bone density, and this effect was
considered even more pronounceable in osteoporosis [44–
46]. Further research on BMMSC differentiation showed that
the upregulation of PPAR𝛾 positively stimulates adipocyte
differentiation while serving as a dominant negative stim-
ulus for osteogenic differentiation [47, 48]. Administration
of rosiglitazone (a PPAR𝛾 agonist) in mice showed bone
loss and reduced bone formation with increased adipocyte
accumulation [49, 50]. In contrast, in heterozygous deficient
animals, a PPAR𝛾 deficient mouse model showed increased
bone mass density and osteoblastogenesis [51]. Additionally,
Runx2−/− calvarial cells spontaneously showed adipocyte
differentiation, which suggested that Runx2 expression in

BMMSCs may inhibit the BMMSCs differentiation into
adipocytes [52].

In the bone marrow, there are two kinds of stem
cells—hematologic stem cells and nonhematopoietic stem
cells—and mesenchymal stem cells belong to the latter.
Mesenchymal stem cells differentiate into osteoblast and
osteoclast derived from hematologic stem cells. Osteoblast-
mediated bone formation and osteoclast-mediated bone
resorption are engaged in an unceasing process of bone
reconstruction and determine bone mass and bone quality.
Initially, cell researches on the occurrence of osteoporosis
were concentrated on osteoclastic activity with its bone
resorption processes or solely osteoblastic differentiation of
BMMSCs and icariin had been proven its function on the
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above-mentioned aspects [53–56]. BMMSCs’ own ability to
undertake osteogenic differentiation and adipogenic differ-
entiation and adipose tissuewithin the bonemarrowhas been
demonstrated to have a relationship with bone homeostasis.
When 12-week-old mice underwent ovariectomy, the images
of the distal femur showed sharply reduced cancellous bone
which is consistent with previous studies [57, 58]. Moreover,
we focused on the accumulation of adipose tissue in the
bone marrow, and thus we found that the bone marrow
of mice with ovariectomy was infiltrated with adipocytes,
which is in accordance with clinical studies [59, 60]. OVX
mice treated with icariin not only had mitigated bone loss
but also had alleviated adipocyte accumulation. The detailed
quantitative parameter obtained from micro-CT and tissue
slice also showed consistent outcomes.

In an in vitro study, we firstly investigate the proper
concentration of icariin to intervene in its effect on BMMSCs
proliferation and differentiation. In previous researches, the
concentration of icariin at 0.1𝜇M could promote the prolif-
eration of BMMSCs [61]. We demonstrated that the concen-
tration of icariin lower than 1 𝜇M was optimal in improving
BMMSCs proliferation and regulating differentiation. In our
present study, 1 𝜇M icariin intervention could regulate the
differentiation of BMMSCs toward osteoblast lineage and
away from adipocyte lineage frommorphological exhibition.
At the genetic level, icariin upregulated osteogenic related
genes and downregulated adipogenic related genes at differ-
ent levels. Hasan et al. reported that diosmin could attenuate
fibrosis of hepatic stellate cells via activating Wnt signaling
pathway [62]. Hesperetin was demonstrated to elicit 𝛽-
catenin-dependent osteoblastic differentiation of periodontal
ligament stem cells in high glucose condition [63]. Another
research also reported that Wnt pathway is critical for
naringin to counterbalance the negative effect on osteogen-
esis of adipose-derived mesenchymal stem cells in oxidative
stress [64].Diosmin, hesperetin, naringin, and icariin are part
of bioflavonoids, so we detected the influence of icariin on
Wnt pathway. In the following study, icariin could upregulate
the phosphorylation of GSK-3𝛽 in N-terminal Ser9 site. The
activity of phosphorylated GSK-3𝛽 is in an inhibitory state
and the intracellular depolymerized complex is unable bind
to the 𝛽-catenin in the cytoplasm [65]. Therefore, the non-
phosphorylated state of 𝛽-catenin was upregulated and the
nonphosphorylated 𝛽-catenin entered the nucleus. We then
utilized DKK-1, an inhibitory secretory glycoprotein for Wnt
signaling pathway, to investigate whether icariin regulates
the bidirectional differentiation of BMMSCs throughWnt/𝛽-
catenin signaling pathway. We realized that DKK-1 obviously
blocked upregulated ALP expression and reduced the depo-
sition of extracellular calcified nodules compared with the
control group. The osteogenic related genes showed reduced
expression with DKK-1 treatment. In aspect of adipogenic
differentiation, DKK-1 significantly increased accumulation
of lipid droplets and expression of adipogenic related genes.
In accordance with expectation, icariin neutralized the effect
of DKK-1 on the bidirectional differentiation of BMMSCs
in morphology and gene level. The reduced phosphorylation
of GSK-3𝛽 and expression of nonphosphorylated 𝛽-catenin
induced by DKK-1 were counterbalanced by icariin, with less

𝛽-catenin anchored in the cellmembrane andmore𝛽-catenin
transferred into the nucleus.

In conclusion, this study demonstrated the ability of
icariin to regulate the bidirectional differentiation of BMM-
SCs; with the use of DDK-1, the Wnt signaling pathway
inhibitor, we confirmed that this regulatory effect of icariin
is achieved by canonical Wnt signaling pathway.
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Phytoestrogens have been shown to prevent postmenopausal osteoporosis. Lannea acida is a medicinal plant traditionally used in
Cameroon to treat infertility, gynaecological complaints, and rheumatism.These uses prompted us to evaluate estrogenic activity of
Lannea acida bark ethanolic extract and its antiosteoporotic potential in ovariectomizedWistar rats. In vitro, the E-screen assay was
used to assess the ability of L. acida extract to induceMCF-7 cells proliferation. In vivo, a 3-day uterotrophic assay and a 12-week oral
treatment in ovariectomized adult rats were carried out to evaluate the ability of L. acida extract to prevent bone mass loss. L. acida
extract induced MCF-7 cell proliferation. In vivo, it significantly increased the uterine wet weight, uterine and vaginal epithelial
heights, and mammary glands differentiation. At 200mg/kg, a long-term treatment with the extract prevented body weight gain
(𝑝 < 0.05) and loss of bone mass and/or density (𝑝 < 0.05) induced by ovariectomy. Also, a significant (𝑝 < 0.001) decrease
of alkaline phosphatase activity was observed with 50mg/kg. L. acida extract improved bone microarchitecture and could restore
normal bone mineralization by increasing the inorganic phosphorus and calcium level in bone. These findings provide evidence
that Lannea acida is a potential alternative for the prevention of postmenopausal osteoporosis.

1. Introduction

Estrogen is steroidal hormone mainly produced by ovaries,
which greatly fluctuates during women’s lifespan and declines
with menopause [1]. In addition to its role in primary organs
like uterus, vagina, and mammary glands, it plays an impor-
tant role in bone growth and homeostasis. Genetic, nutri-
tional, and lifestyle factors as well as estrogen deficiency fol-
lowing the menopause are known to increase osteoclastic
bone resorption rate and then risk of osteoporosis [2, 3].
Osteoporosis is a worldwide threat characterized by a bone
mass loss linked to a low mineral content and microarchitec-
tural deterioration of bone tissue leading to bone fragility and

increased risk of fracture [4].These fractures occur mainly in
hip, spine, and wrist and are a major cause of morbidity and
mortality in elderly populations [3, 5]. According to the Inter-
national Osteoporosis Foundation [6], the number of elderly
people is increasing throughout the globe. Accordingly, the
incidence of related fractures and costs for treatment will rise
dramatically unless effective prophylacticmeasures are taken.
It is estimated that the incidence of hip fracture will rise from
1.66 million in 1990 to 6.26 million by 2050 [7]. Osteoporosis
and fragility fractures are believed to be uncommon inAfrica.
However, in a 2-year period study conducted in two urban
hospitals in Cameroon, Zebaze and Seeman [8] reported that
among all women patients aged 35 years and older diagnosed

Hindawi
Evidence-Based Complementary and Alternative Medicine
Volume 2017, Article ID 7829059, 16 pages
https://doi.org/10.1155/2017/7829059

https://doi.org/10.1155/2017/7829059


2 Evidence-Based Complementary and Alternative Medicine

for fracture the hip andwrist fractures related to bone fragility
were the most common pattern.

For decades, effective treatment such as antiresorptive
bisphosphonates and hormone replacement therapy (HRT)
has been used formanaging postmenopausal osteoporosis [9,
10].Unfortunately, the uses of bisphosphonates are often asso-
ciated with gastrointestinal intolerance and osteonecrosis of
the jaws [11]. Moreover, HRT is involved in adverse outcomes
after long-term use such as increased risk of endometrial and
breast cancers, stroke, and pulmonary thromboembolism
[12, 13]. Due to these reports women turned to alterna-
tives. Efforts have been made for decades to find nonhor-
monal, effective and safer antiosteoporotic alternatives. In
line with this interest in phytoestrogens rose significantly
as they mimic estrogenic activity and might be promis-
ing.

In our ongoing research of novel phytoestrogens from
plant, we sought a scientific rationale for the traditional use of
Lannea acida (syn.Odina acida) (Anacardiaceae), commonly
called “faruhi” in Fulani-Fulfulde (Nigeria), “faàrú” inHausa,
“Mipadi” in Giziga, or “Timbiya” inMoundang in Cameroun
[14], and growth in Sub-Saharan Africa. Barks of L. acida are
traditionally used in Nigeria as antiabortifacient, vermifuge
and to treat anal haemorrhoids, diarrhoea, dysentery, mal-
nutrition, and debility [15] and in Cameroon to treat dys-
menorrhea, amenorrhea, and infertility, while the leaves treat
rheumatism [16]. Information provided by the traditional
healer in Moutourwa (Far North Region of Cameroon)
revealed that the maceration of L. acida stem bark in local
alcoholic drink (palm wine) is used to treat diarrhoea and
gynaecological complaints. Ahmed et al. [17] showed that
the methanolic extract of L. acida increased mobility, mor-
phology, and sperm count as well as testosterone level
in Wistar rats. Moreover, 4 flavonoids have been isolated
from barks of L. acida [18], but to the best of our knowledge,
no estrogenic activity of this plant has been investigated
to date. Therefore, the present study aimed to evaluate
in vitro and in vivo estrogenic activities of the ethanolic
extract of stem bark of L. acida and to assess the antios-
teoporotic potential of this extract in ovariectomized Wistar
rats.

2. Materials and Methods

2.1. Chemicals. 17𝛽-Estradiol valerate (Progynova� 2mg)
was purchased from DELPHARM (Lille, France). Penicillin
(Xtapen�) was provided by CSPC Zhongnuo Pharmaceutical
(ShijiazhuangCity, China). Diclofenac (Dicloecnu�) was pro-
vided by ECNU Pharmaceutical (Yanzhou City, China). The
cell culture mediumwas purchased fromCultilab (São Paulo,
SP). Serum and antibiotics were purchased from GIBCO
(Grand Island, NY). The 17𝛽-estradiol benzoate [(estr-
1,3,5(10)-trien-3,16𝛼,17𝛽-triol); purity ≥ 98%] was obtained
from Sigma-Aldrich (Hamburg, Germany). The 2-[4-(2-
hydroxyethyl)piperazin-1-yl]ethane sulfonic acid (HEPES,
purity ≥ 99.5%) was purchased from Ludwig Biotecnologia
Ltda (Alvorada, RS, Brazil). Trypan blue, quercetin, Alamar
Blue, and Sulforhodamine-B were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Plant Material

2.2.1. Collection and Authentication. The stem barks of Lan-
nea acida A. Rich. (Anacardiaceae) were harvested in Mou-
tourwa (Far North Region of Cameroon) on 6 July 2014
(pluvial season) around 11:30 a.m. The plant was localized
at the geographical coordinates of N10∘12.681 East and E0
14∘11.623 altitude with a “ESTREX” Global Positioning Sys-
tem. This botanical sample was identified and authenticated
by Mr. Victor Nana, botanist at the National Herbarium
of Cameroon (HNC-IRA), by comparison to the specimen
deposited under the voucher number 40942 HNC.

2.2.2. Extraction. The collected stem barks of L. acida were
cleaned and air-dried at room temperature for 14 days. Then,
2000 g of the powder was macerated in 95% ethanol at room
temperature (6 L of solvent × 3, 48 h per extraction). The
combined solutions were filtered using a Whatman filter
paper number 4 and evaporated under reduced pressure
(337mbar at 40∘C) using a rotary evaporator to afford 272 g of
crude extract (a yield of 13.6%).The extract was kept at 4–8∘C
and dissolved in distilled water prior to administration.

2.2.3. Preliminary Phytochemical Screening. Investigation on
phytochemical composition of L. acida ethanol extract was
performed according to the method described by Odebiyi
and Sofowora [19]. Concentrations of some bioactive phy-
tochemicals, such as total phenols, flavonoids, and alkaloids,
were measured according to methods described by Singleton
and Rossi [20], Zhishen et al. [21], and Fazel et al. [22],
respectively.

2.3. In Vitro Experiments

2.3.1. Cell Line System. The human ER+ breast adenocarci-
nomaMCF-7 cells were obtained from the Rio de Janeiro Cell
Bank (Federal University of Rio de Janeiro, Brazil).

2.3.2. Cell Culture. MCF-7 cells were cultured in RPMI-1640
medium supplemented with fetal bovine serum (FBS) 10% as
previously reported by Zingue et al. [23]. Briefly, cell cultures
were also supplemented with penicillin 100U/mL, strepto-
mycin 100 𝜇g/mL, and HEPES 10mM.They were maintained
at 37∘C in a CO2 5% humidified atmosphere and pH 7.4.
Every two days, cells were passaged by removing 90% of
the supernatant and replaced by fresh medium. Viable cells
(a minimum of 95%) were checked at the beginning of the
experiment by Trypan Blue dye exclusion test.

2.3.3. Cell Viability Assay. Cytotoxicity potential of L. acida
extract was evaluated by Alamar Blue (resazurin) assay in
MCF-7 cells as described in our previous report [24]. This
assay evaluates the mitochondrial production as a measure-
ment of cell viability. To evaluate the influence of concen-
tration and time on cytotoxicity, 1 × 104 cells/well were
seeded in a 96-well plate in 100 𝜇L of culture medium. After
24 h to permit their adhesion, cells were exposed to L. acida
extract at concentrations from 0.1 to 200𝜇g/mL for 24 h. The
CC50 (cytotoxic concentration, which means concentration
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required to reduce the cell number by 50%) was determined
by nonlinear regression analysis of the logarithm of concen-
tration in function of the normalized response (percentage of
cell viability) using the software GraphPad Prism 5.0. Each
experiment was performed at least in triplicate and repeated
three times.

2.3.4. E-Screen Assay. In order to evaluate estrogenic-like
effects of L. acida extract a simple and sensitive E-screen
cell proliferation assay was performed withMCF-7 cells.This
assay indirectly determines the estrogenicity/antiestrogenic-
ity of compounds through measurement of the proliferation
ofMCF-7 cells and was performed as previously described by
Zingue et al. [23]. Briefly, cells were trypsinized and seeded in
24-well plates at an initial concentration of 5 × 104 cells per
well in RPMI supplemented with FBS 10%. After 24 h of incu-
bation (37∘C, CO2 5%) to permit their adhesion, cells were
washed with phosphate-buffered saline-PBS (NaCl 137mM;
KCl 2.7mM;Na2HPO4 10mM; KH2PO4 1.8mM; pH 7.4) and
the Serum Replacement 2 (0.5x) supplemented phenol red-
free RPMI was substituted for the seeding medium. A stock
solution of L. acida ethanolic extract 100mg/mL prepared in
DMSOwas then added to the experimental medium in order
to reach concentrations from 0.1 to 200 𝜇g/mL. The DMSO
concentration of 0.01% was fixed based on the final volume
on different wells. For antiestrogenic evaluation, before cell
incubation, 17𝛽-estradiol 10 nM was added to the wells. Cells
treated with DMSO (0.01%) and FBS 10% in RPMI served as
solvent andmediumcontrols, respectively.Quercetin (10 nM)
was used as the reference/standard. The assay was stopped
after 144 h by removing the medium from the wells, fixing
the cells with cold trichloroacetic acid 10%, and incubation
at 4∘C for 1 h. Thereafter, cells were washed four times with
tap water and dried. Cells were stained for 30min with
Sulforhodamine-B (SRB) 0.057% (w/v) which was dissolved
in 1% acetic acid, rinsed four times with acetic acid 1%, and
air-dried. Bound dye was solubilized with Tris base 10mM
(pH 10.5) in a shaker. Finally, aliquots were read in a Biotek
EL800 absorbance reader (Winooski, USA) at 510 nm. The
results related to estrogenic activity were expressed as mean
± standard error of the mean (SEM) of the proliferative
effect (PE), which was calculated according to Schilirò et al.
[25]: PE = max cell number of sample/cell number of DMSO
control. The estrogenic activity of a sample was determined
as the relative proliferative effect (RPE%).The RPE compares
the maximum proliferation induced by a sample with that
induced by 17𝛽-estradiol: RPE% = [PE for sample/PE for 17𝛽-
estradiol] × 100 [26].

2.4. In Vivo Experiments

2.4.1. Animals. Healthy female albinos Wistar rats (10–12
weeks old) weighing ∼ 150 g were supplied by the production
facility of the Animal Physiology Laboratory, University of
Yaounde 1 (Cameroon). All rats were housed in clean plastic
cages at the room temperature and lit with natural light.
They were given free access to tap water and free-soy rat
chow.The composition of animal diet was corn (36.7%), bone
flour (14.5%), wheat (36.6%), fish flour (4.8%), crushed palm

kernel (7.3%), sodium chloride (0.3%), and vitamin com-
plex (Olivitazol�, 0.01%). All experiments were conducted
in accordance with the principles and procedures of the
European Union on Animal Care (CEE Council 86/609)
guidelines adopted by the Cameroon Institutional National
Ethic Committee, Ministry of Scientific Research and Tech-
nology Innovation (Reg. number FWA-IRD 0001954).

2.4.2. The 3-Day Uterotrophic Assay. The estrogenic activity
of L. acida extract was evaluated using a classical 3-day
uterotrophic assay in ovariectomized adult rats [27]. Thirty
female Wistar rats were ovariectomized (OVX) under keta-
mine and valium anesthesia (10mg/kg and 50mg/kg BW i.p.,
resp.) and randomly grouped into six groups of five rats each,
after 14 days of endogenous hormonal decline.The first group
(OVX) received 10mL/kg distilled water. The second group
served as positive control and received 17𝛽-estradiol valerate
(E2V) at the dose of 1mg/kg BW/day. The four remaining
groups were treated with L. acida ethanolic extract at the
doses of 50, 100, 200, and 300mg/kg BW. Animals were orally
treated for 3 days; then vaginal smears were analyzed and
animals were sacrificed by decapitation under light anes-
thesia (10mg/kg BW diazepam and 50mg/kg BW ketamine
i.p.). Estrogen target organs (uterus, vagina, and mammary
gland) were collected and fixed in 10% formaldehyde for
histomorphological analysis. Prior to the fixation, wet uteri
were trimmed of fat and weighed. As endpoints, the uterine
wet weight, uterine protein and glycogen levels, uterine water
content, and uterine and vaginal epithelial heights as well as
mammary gland alveolar and ductal structures were assessed.

2.4.3. The Postmenopausal-Rat Model of Osteoporosis. Twen-
ty-five rats were either sham operated (Sham) or bilaterally
ovariectomized (OVX) using the dorsal approach. Seven
days later, animals were further distributed in five different
groups (𝑛 = 5) and treated by gavage once daily (9:00-
10:00 a.m.) for 84 consecutive days as follows: Sham and
one OVX group received vehicle (distilled water), while the
third group received 1mg/kg of E2V. The two further groups
received L. acida extract at the doses of 50 and 200mg/kg
BW. Animals were weighed weekly. Twenty-four hours after
the last administration and following a 12 h of overnight
fasting, animals were sacrificed under light anesthesia. Blood
samples were taken and centrifuged at 3500 rpm (15min at
4∘C) to obtain serum samples which were kept at −15∘C for
the determination of alkaline phosphatase activity as well as
inorganic phosphorus levels. The uterus, vagina, femur, tibia,
third lumbar vertebrae (VL-3), mandible (the interradicular
septum of the second molar) [28], liver, lungs, kidneys,
stomach, adrenal, spleen, and heart were dissected out and
cleaned of all soft tissues. Prior to immersion-fixation of
organs in the 10% formaldehyde solution for histological
analysis, they were weighted. Fresh bone (femur and tibia)
volumes were measured using a plethysmometer and their
density was calculated using the formula: density = [bone
wet weight (kg) × 1000 (kg/mm3)/volume of bone (mm3)]
as described by Lee et al. [29]. After measuring the above
parameters, bones were dried at 200∘C for 24 h and weighed
again. Further, they were calcined and the ashes obtained



4 Evidence-Based Complementary and Alternative Medicine

were dissolved in deionized water (0.5 g per 2mL) and kept
in −15∘C for the measurement of calcium and inorganic
phosphorus content. The femur, VL-3, and mandible were
successively fixed in 10% formalin for 1 week and decalcified
in 10% nitric acid [30] for histological analysis.

2.5. Cytological and Histological Analysis. Vaginal smears
were taken using an eyedropper containing 10mL of NaCl
0.9%, placed on ringed slides, fixed in ethanol 95% for 30min,
and stained with a Papanicolaou method [31]. Cellular types
were observed under a light microscope using 400 magni-
fications. To determine the histomorphological changes in
mammary gland, uterus, vagina, femur, VL-3, mandibular
bone, liver, lungs, and kidneys, paraffin-embedded organs
were cut to 5 𝜇mtissue sections and stainedwith hematoxylin
and eosin. Stained sections were visualized and images
captured using the complete Zeiss equipment consisting of a
microscope Axioskop 40 connected to a computer where the
images were transferred and analyzed with the MRGrab1.0
and Axio Vision 3.1 software, all provided by Zeiss (Hall-
bergmoos, Germany).

2.6. Biochemical Analysis. Total protein and glycogen levels
in uteri were determined using the colorimetric method
described by Gonal et al. [32] and Montgomery [33], respec-
tively. The total calcium and inorganic phosphorus levels
in bones were determined using reagent kits purchased
from fortress Diagnostic (Muckamore, United Kingdom) and
HumanGesellschaft (Germany). Serum alkaline phosphatase
activity in serum was measured using reagent kits purchased
from BIOLABO (Maizy, France).

For hematological analysis, white blood cell count, lym-
phocytes, monocytes, granulocytes, red blood cells (RBC)
count, hematocrit (Ht), hemoglobin (Hb), mean corpuscu-
lar volume (MCV), mean corpuscular hemoglobin (MCH),
mean corpuscular hemoglobin concentration (MCHC), and
platelet count were evaluated using a Humacount 30TS
Automated Hematology Analyzer from Human Diagnostics
Worldwide (Wiesbaden, Germany).

2.7. Statistical Analysis. Results were presented as means ±
standard error of mean (SEM). In vitro experiments were
performed in triplicate and repeated three times. All formulas
and function were calculated with Microsoft Excel software.
Data analysis was performed with GraphPad Prism 5.0 Soft-
ware, using the ANOVA test followed by Dunnett’s post hoc
test. Differences were considered significant at a probability
level of 5% (𝑝 < 0.05).

3. Results

3.1. Results of Phytochemical Analyses. Preliminary phy-
tochemical analysis showed that the ethanolic extract of
stem bark of L. acida ethanolic possess phenols, flavonoids,
saponins, tannins, and alkaloids. Quantitative phytochemical
analysis of this extract revealed the quantity per g of dried
extract of total phenols (786.75±82.33), flavonoids (250.61±
48.17), and alkaloids (31.64 ± 5.63) (Table 1).

Table 1: Quantitative analyses of selected phytochemicals present in
L. acida ethanolextract.

Number Phytochemical class Concentration in L. acida extract
1 Total phenols 786.75 ± 82.33mg eq quercetin
2 Flavonoids 250.61 ± 48.17mg eq quercetin
3 Alkaloids 31.64 ± 5.63mg eq berberine
Total phenols and flavonoids are expressed in mg eq quercetin/g of dried
extract while alkaloids content is expressed in mg eq berberine/g of dried
extract. Data are represented as mean ± SEM of triplicates from at least three
independent experiments.

3.2. In Vitro Estrogenicity Assessment

3.2.1. Cytotoxicity. Ethanolic extract of Lannea acida did not
induce cytotoxic effects in MCF-7 cells at tested concentra-
tions (Figure 1(a)).

3.2.2. E-Screen Assay. Effects of L. acida ethanolic extract
on MCF-7 cells proliferation are depicted in Figure 1(b). It
can be observed that 17-𝛽 estradiol benzoate (1 nM) and
quercetin (10 nM) induced a significant (𝑝 < 0.001) increase
of MCF-7 cells yield. The L. acida ethanol extract induced a
significant increase of MCF-7 cells yield at concentrations of
10 (𝑝 < 0.05), 100 (𝑝 < 0.05), and 200 (𝑝 < 0.01) 𝜇g/mL
as compared to DMSO control. Further, a significant (𝑝 <
0.001) and concentration-dependent antiestrogenic effect
was noted with L. acida extract when administered with E2B.

3.3. Results of the 3-Day Treatment with L. acida

3.3.1. Effects on the Uterine Wet Weight and Uterine Content
Parameters. As shown in Table 2, the 3-day oral adminis-
tration of L. acida extract induced a significant increase in
uterine wet weight and uterine water content at all tested
doses as compared to OVX group. Similarly, the uterine
total protein and glycogen levels significantly increased at
all the tested doses except at the dose of 300mg/kg. The
maximum increase was observed at the dose of 200mg/kg
BW; however, this increase remained much lower than in
E2V-treated group.

3.3.2. Effects on the Uterine Epithelium. The 3-day treatment
with the ethanolic extract of L. acida induced a significant
(𝑝 < 0.05) increase in uterine epithelial height only at dose of
200mg/kg BW (from 3.17±0.21 to 3.87±0.22 𝜇m). However
this increase remained much lower than that induced by
E2V at the dose of 1mg/kg BW, which showed a 3-fold
(𝑝 < 0.001) increase of uterine epithelial height (Figure 2(b)).
The photomicrographs of uteri of OVX animals showed a
low cuboidal epithelium, while in the E2V treated group,
all structures are hypertrophic; the endometrium is lined
by tall columnar cells with squamous metaplasia and atypic
mitotic pattern surrounded by anaplastic epithelial nuclei
(Figure 2(a)). Microphotographs of uteri of animals receiving
L. acida ethanol extract at the dose of 200mg/kg displayed
an endometrium consisting of tall cuboidal single-layered
epithelial cells with abundant mitotic figures and necrosis;
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Figure 1: Effects of L. acida ethanol extract on MCF-7 cells proliferation viability (a) and growth (b). Its effect was investigated by measuring
E-screen assay. The relative MCF-7 cells yields (PE) were measured in the presence of DMSO (0.01%), 17𝛽-estradiol benzoate (E2B, 10 nM),
quercertin (10 nM), and L. acida extract (from 0.1 to 200 𝜇g/mL). PE = max cell number of sample/cell number of DMSO control; ∗𝑝 < 0.05,
∗∗𝑝 < 0.01 and ∗∗∗𝑝 < 0.001 as compared to the DMSO control. ###𝑝 < 0.001 as compared to the E2B control.

Table 2: Effects of the ethanol extract of Lannea acida on uterus.

Groups Uterine wet weight
(mg/kg)

Water content in uterus
WW/DW

Total protein levels in uterus
(mg/mL)

Glycogen level in uterus
(mg/mL)

OVX 298.75 ± 33.55 0.13 ± 0.014 0.1087 ± 0.0002 5.43 ± 0.11

E2V 2022.63 ± 91.81∗∗∗ 0.41 ± 0.058∗∗∗ 0.1114 ± 0.0003∗∗ 9.21 ± 0.21∗∗

Lannea acida (mg/kg)
50 507.64 ± 10.42∗∗ 0.20 ± 0.008∗ 0.1096 ± 0.0003∗ 6.71 ± 0.42∗

100 424.73 ± 37.48∗ 0.31 ± 0.025∗∗ 0.1095 ± 0.0002∗ 7.3 ± 0.25∗

200 553.38 ± 43.72∗∗ 0.29 ± 0.036∗∗ 0.1105 ± 0.0001∗∗ 6.9 ± 0.53∗

300 424.69 ± 31.48∗ 0.23 ± 0.032∗ 0.1090 ± 0.0002 6.11 ± 0.3

OVX = ovariectomized animals that received the vehicle (distilled water); E2V = OVX animals treated with 1mg/kg of 17𝛽-estradiol valerate; Lannea acida
= OVX animals treated with ethanol extract of Lannea acida at doses of 50, 100, 200, and 300mg/kg BW. WW = wet weight; DW = dried weight. Data are
expressed as mean ± SEM (𝑛 = 5); ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 as compared to the OVX group.

however, this effect is less than those observed in E2V-treated
group.

3.3.3. Effects on Vagina. As depicted in Figure 3(a) vaginal
smears of controls (OVX) had predominantly parabasal and
polynuclear cells, corresponding to diestrus. On the other
hand, smears of animals treatedwith E2V and L. acida extract
at all tested doses suggest that they are in estrus, evidenced by
the presence of superficial cells (Figure 3(a)). Furthermore,
the microphotographs of vaginal epithelium of the control
group (OVX) consist simply of the stratum germinativum
(Ge) at the lowest level of approximately the thickness of
three to seven cells. After the treatment with E2V (1mg/kg),
the vaginal epithelium became stratified characterized by the
presence of stratum germinativum, stratum granulosum
(Gg), and stratum corneum (Co) (Figure 3(b)). Following the
L. acida extract treatment, the vaginal epithelium became
hypertrophic and hyperplasic; however compared to E2V
there are fewer cell layers and it failed to induce a cornifica-
tion.

The graphical representation of the vaginal epithelial
height (Figure 4) shows that E2V induced a 5-fold (𝑝 <
0.001) increase of vaginal epithelial height. L. acida ethanolic

extract significantly (𝑝 < 0.01) and in a bell shaped dose
response manner increased vaginal epithelial height. The
maximum 2.8-fold increment was obtained with the dose of
100mg/kg BW (from 3.03±0.04 to 8.6±0.92 𝜇m) as compared
to the OVX group.

3.3.4. Effects onMammary Glands. Figure 5 presents sections
of mammary glands. Ovariectomy induced an atrophy of
mammary glands materialized in OVX-histological sections
by a modest alveolar development, a small cluster of densely
packed epithelial cells without luminal formation, the loss of
the gland parenchyma (Tc), and the ductular and alveolar
components, while adipocyte tissue (At) appears prominent.
Mammary glands of E2V-treated group present well-formed
acinar and luminal structures, an increase in proliferative
activity compared to OVX group such as increase of the
diameter and the lumenof alveoli, abundant eosinophil secre-
tion (Se) in lumen of alveoli, and further compression of
stromal fat. Similar changes were observed following a 3-day
treatment with L. acida extract at all tested doses but only
doses of 200 and 300mg/kg BW presented an eosinophil
secretion in their lumens.
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Figure 2: Effects of a 3-day treatmentwith L. acida ethanol extract onmicrophotographs (hematoxylin-eosin staining, 400x) (a) and graphical
representation of uterine epithelial height (b). OVX = OVX animals treated with distilled water as vehicle; E2V = OVX animals treated with
17𝛽-estradiol valerate at 1mg/kg BW; Lannea acida=OVX animals treatedwith L. acida ethanol extract at doses of 50, 100, 200, and 300mg/kg
BW. ∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001 as compared with OVX control. Lu: uterine lumen; En: endometrium; St: stroma.

Table 3: Effects of the ethanol extract of Lannea acida on estrogen target organs in postmenopausal-rat model after 12 weeks of treatment.

Items Sham
Ovariectomized rats

OVX E2V Lannea acida (mg/kg BW)
50 200

Uterine wet weight (mg/kg) 1761.34 ± 174.20 248.03 ± 19.56### 1970.98 ± 203.67∗∗ 226.36 ± 16.22 277.37 ± 17.63

Uterine epithelial height (𝜇m) 9.88 ± 0.29 2.02 ± 0.06### 10.05 ± 1.29∗∗ 5.79 ± 1.75∗ 2.79 ± 0.19

Vaginal epithelial height (𝜇m) 21.83 ± 1.82 4.20 ± 0.29### 46.01 ± 0.85∗∗ 5.98 ± 0.29 6.38 ± 0.35

Sham (sham operated) and OVX (ovariectomized) animals received the vehicle (distilled water); E2V = OVX animals treated with 1mg/kg of 17𝛽-estradiol
valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of 50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 =
5); ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 as compared to the OVX group. ###𝑝 < 0.001 as compared to the Sham group.

3.4. Results of the 84-Day Treatment with L. acida

3.4.1. Effects on Estrogen Target Organs. As depicted in
Table 3, bilaterally oophorectomy significantly (𝑝 < 0.001)
decreased the uterine wet weight (610.13%) and uterine
(388.57%) and vaginal (419.4%) epithelial height as compared

to the Sham operated group. Following E2V treatment, the
uterine wet weight (694.65%) and the uterine (397.39%) and
vaginal (419.4%) epithelial height increased as compared to
OVX group. L. acida extract induced a slight but significant
(𝑝 < 0.05) increase of uterine epithelial height at the dose of
50mg/kg BW (30.82%) compared to OVX control.
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Figure 3: Effects of a 3-day treatment with L. acida ethanol extract on the vaginal epithelium: smear (Papanicolaou staining, 400x) (a) and
microphotographs (hematoxylin-eosin staining, 400x). OVX = OVX animals treated with distilled water as the vehicle; E2V = OVX animals
treated with 17𝛽-estradiol valerate at 1mg/kg BW; Lannea acida = OVX animals treated with L. acida ethanol extract at doses of 50, 100, 200,
and 300mg/kg BW. Po = polynuclear cells, PC = parabasal cells, IC = intermediate cells, SP = superficial cells, Lv = vaginal lumen, Co =
stratum corneum, Gg = stratum granulosum, Ge = stratum germinativum, and St: stroma.

3.4.2. Effects on Bone Weight and Density. As shown in
Figure 6 ovariectomy induced a significant decrease in femur
(𝑝 < 0.05) and tibia (𝑝 < 0.001) wet weight (Figures 6(a)
and 6(b)) and a significant (𝑝 < 0.05) decrease of dried
femur and tibia weight as well as the femur (33.78%, 𝑝 <
0.01) and tibia (38.83%, 𝑝 < 0.001) densities as compared
to sham operated rats. E2V and L. acida extract at the dose of
200mg/kg induced a significant (𝑝 < 0.05) increase of femur

and tibia wet and dried weights as compared to OVX group.
Furthermore, significant (𝑝 < 0.05) increases of femur and
tibia densities were also observed following administration
of E2V and L. acida extract at the dose of 200mg/kg as
compared to OVX (Figures 6(e) and 6(f)).

3.4.3. Effects on Body and Organ Weights. After 84 days of
treatment period, a significant (𝑝 < 0.05) increase of body



8 Evidence-Based Complementary and Alternative Medicine

Table 4: Effects of L. acida ethanol extract on body weight and relative organ weights after 12 weeks of treatment in postmenopausal-rat
model.

Items Sham
Ovariectomized rats

OVX E2V Lannea acida (mg/kg BW)
50 200

Body weight (g)
Initial 155.80 ± 5.67 145.80 ± 2.75 147.00 ± 4.49 153.60 ± 4.43 146.10 ± 5.23

Final 182.10 ± 8.51 203.10 ± 3.22# 185.17 ± 5.13 199.74 ± 6.17# 183.14 ± 7.79

Organ weights (mg/kg)
Liver 32283.86 ± 845.01 30918.79 ± 701.81 31590.70 ± 948.29 31055.44 ± 905.08 28137.84 ± 1924.21

Lungs 7648.59 ± 166.14 8525.59 ± 243.24 7834.56 ± 374.67 8799.39 ± 472.94 11380.12 ± 1053.63∗∗

Kidneys 5013.12 ± 107.64 5127.95 ± 59.69 5366.69 ± 284.57 5105.20 ± 171.53 5989.34 ± 275.03∗

Stomach 10569.99 ± 277.86 11892.14 ± 761.88 12379.29 ± 848.28 12554.57 ± 1102.40 13042.20 ± 1229.32

Spleen 3442.94 ± 82.54 3196.14 ± 67.20 3526.94 ± 324.13 3626.61 ± 135.77 3618.77 ± 166.85

Adrenals 392.17 ± 147.31 211.02 ± 27.70 221.09 ± 24.89 213.17 ± 5.20 197.70 ± 11.40

Heart 3119.72 ± 24.16 3432.90 ± 120.48 3194.82 ± 151.18 3475.69 ± 166.82 3527.98 ± 36.96

Sham (sham operated) and OVX (ovariectomized) animals received the vehicle (distilled water); E2V = OVX animals treated with 1mg/kg of 17𝛽-estradiol
valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of 50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 =
5); ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 as compared to the OVX group. #𝑝 < 0.01, initial body weight compared to the final one.

Table 5: Effects of Lannea acida ethanol extract after 12 weeks of oral treatment in some biomarkers of osteoporosis.

Items Sham
Ovariectomized rats

OVX E2V Lannea acida (mg/kg BW)
50 200

Alkaline phosphatase (UI/L) 5.03 ± 0.456 8.72 ± 0.618∗∗∗ 6.86 ± 0.377∗ 5.63 ± 0.096∗∗∗ 7.56 ± 0.330

Calcium (mmol/L)
Tibia 0.045 ± 0.007 0.028 ± 0.003 0.050 ± 0.011 0.038 ± 0.004 0.028 ± 0.005

Femur 0.03 ± 0.004 0.028 ± 0.002 0.025 ± 0.006 0.032 ± 0.002 0.043 ± 0.005∗

Inorganic phosphorus (mmol/L)
Tibia 7.24 ± 0.622 2.88 ± 0.122∗∗∗ 3.99 ± 0.347 3.23 ± 0.756 4.64 ± 0.344∗

Femur 3.99 ± 0.540 2.85 ± 0.384 4.93 ± 0.697∗ 2.72 ± 0.182 4.30 ± 0.482∗

Sham (sham operated) andOVX (ovariectomized) animals received the vehicle (distilled water); E2V =OVX animals treated with 1mg/kg of estradiol valerate;
Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of 50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 = 5);
∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001 as compared to the OVX group.
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Figure 4: Effects of a 3-day treatment with L. acida ethanol extract
on the vaginal epithelial height. OVX = OVX animals treated with
distilled water as the vehicle; E2V = OVX animals treated with
17𝛽-estradiol valerate at 1mg/kg BW; Lannea acida = OVX animals
treated with L. acida ethanol extract at doses of 50, 100, 200, and
300mg/kg BW. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001 as
compared with OVX control.

weight was observed in OVX and L. acida extract (50mg/kg)
groups (Table 4). The E2V and L. acida extract at the dose of
200mg/kg treatments prevented this body weight increase.

The different treatments did not induce change in the
organ wet weights, except the relative weights of lungs and
kidneys that increased following the 84-day treatment with
L. acida extract at the dose of 200mg/kg.

3.4.4. Biochemical Bone Parameters. Table 5 shows the effects
of L. acida extract or E2V treatment on serum and bone
biochemical parameters. Ovariectomized rats showed a sig-
nificant increase (42.29%; 𝑝 < 0.001) in the serum alkaline
phosphatase (ALP) activity as compared to Sham rats. E2V
treatment significantly decreased (21.29%, 𝑝 < 0.05) the
ALP activity as compared to the OVX controls. The L. acida
ethanol extract induced a similar effect by decreasing ALP
activity at all tested doses, although being only significant at
the dose of 50mg/kg BW/day (31.49%, 𝑝 < 0.001).
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Figure 5: Effects of a 3-day treatment with L. acida ethanol extract on mammary glands: microphotographs of hematoxylin-eosin staining
(400x). OVX = OVX animals treated with distilled water as the vehicle; E2V = OVX animals treated with 17𝛽-estradiol valerate at 1mg/kg
BW; LA = OVX animals treated with L. acida ethanol extract at doses of 50, 100, 200, and 300mg/kg BW. La = lumen of alveoli; Ep = alveoli
epithelium; At = adipose tissue; Se = eosinophil secretion.

Concerning calcium levels in tibia and femur, no sig-
nificant changes were observed between OVX, Sham, and
E2V groups. However, a significant (𝑝 < 0.05) increase in
the calcium level was observed in rats treated with L. acida
200mg/kg as compared to OVX control.

Regarding inorganic phosphorus (IP) levels in tibia and
femur ashes, a decrease of IP in tibia (𝑝 < 0.001) and femur
(nonsignificant) was observed in OVX rats as compared to
sham operated controls. E2V treatment significantly (73.03%,
𝑝 < 0.05) increased IP in femur compared to OVX controls.
Treatment with L. acida extract increased (𝑝 < 0.05) IP levels
in femur (50.86%) and in tibia (61.27%) ashes at the dose of
200mg/kg.

3.4.5. Effects on the Hematological Parameters. Lymphocytes,
red blood cell count, and hemoglobin level as well as hema-
tocrit increased in ovariectomized rats as compared to sham
operated rats after 84 days of experimentation although
these values remain in the normal ranges (Table 6). The
E2V-treatment prevented this blood cell increment, although
being significant only in the hematocrit parameter. L. acida
extract also protected rat against the ovariectomy-induced
increase in blood cells, evidenced by a significant reduction of
lymphocytes, granulocyte, hemoglobin level, and hematocrit.

3.4.6. Effects on the Microarchitecture of Some Organs.
No alterations in the microarchitecture of liver, lungs, and
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Figure 6: Protective effects of L. acida ethanol extract on bone loss: in both femur and tibia wet weight ((a) and (b)), dried weight ((c) and
(d)), and density ((e) and (f)). Sham (sham operated) and OVX (ovariectomized) animals received the vehicle (distilled water). E2V = OVX
animals treated with 1mg/kg of 17𝛽-estradiol valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of
50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 = 5). ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 compared with control; #𝑝 < 0.05, ##𝑝 < 0.01,
and ###𝑝 < 0.001 compared with Sham.

kidneys were noted in this work (Figure 7). However, the
femur, tibia, VL-3, and mandible microarchitectures of OVX
rats showed bone marrow disparities into the trabecu-
lar network (Figure 8). E2V and L. acida ethanol extract
(200mg/kg) treatments prevented bone resorption, evi-
denced by the inhibition of bone marrow loss into the tra-
becular network.

4. Discussion

The present work aimed to investigate the estrogenic and
bone loss preventive effects of the ethanol extract of Lannea
acida, a plant used in the Cameroonian traditional system to
treat many ailments including gynaecological problems and
rheumatism. To evaluate the in vitro estrogenic effect of L.
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Table 6: Effects of Lannea acida ethanol extract on hematological parameters after 11 weeks of treatment in postmenopausal-rat model.

Items Normal ranges Sham
Ovariectomized rats

OVX E2V Lannea acida (mg/kg BW)
50 200

WBC (103/𝜇L) 5–16 4.02 ± 0.42 4.00 ± 0.21 5.62 ± 0.80 2.48 ± 0.14 5.58 ± 0.54

Lymphocytes (%) 65–85 74.42 ± 1.77 83.06 ± 0.46∗∗ 82.6 ± 1.59 85.46 ± 1.148 73.8 ± 2.46∗∗

Monocytes (%) 0–20 13.52 ± 2.14 10.1 ± 0.33 10.86 ± 0.98 9.05 ± 0.74 11.82 ± 0.99

Granulocytes (%) 0–27 10.15 ± 1.58 7.76 ± 0.83 10.32 ± 1.42 5.5 ± 0.55 13.7 ± 1.69∗

RBC (106/𝜇L) 5–10 3.65 ± 0.83 7.41 ± 0.18∗∗ 4.97 ± 0.85 4.99 ± 0.99 6.24 ± 0.28

Hematocrit (%) 32–53 25.56 ± 2.99 41.72 ± 1.09∗∗ 31.93 ± 3.02∗∗ 31.60 ± 1.92∗∗ 33.48 ± 1.30∗

Hemoglobin (g/dL) 12–18 10.48 ± 0.57 14.6 ± 0.54∗ 13.32 ± 0.09 9.56 ± 1.70∗∗ 11.40 ± 0.44

MCV (fL) 52–60 67.80 ± 5.94 56.80 ± 0.58 70.20 ± 7.27 54.2 ± 0.66 68.20 ± 11.84

MCH (pg) 17–29 36.38 ± 8.40 19.62 ± 0.38 32.80 ± 7.35 20.20 ± 1.03 39.92 ± 16.96

MCHC (g/dL) 32–45 50.45 ± 7.21 34.90 ± 0.58 44.00 ± 4.94 37.20 ± 1.60 48.68 ± 11.32

Platelets (103/𝜇L) 200–1100 343.00 ± 42.97 338.8 ± 26.36 485.00 ± 53.95 241.20 ± 45.33 483.00 ± 17.68

Sham (sham operated) and OVX (ovariectomized) animals received the vehicle (distilled water); E2V = OVX animals treated with 1mg/kg of 17𝛽-estradiol
valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of 50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 =
5); ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 as compared to the OVX group.

acida, a suitable biological screening described by Soto et
al. [34] and reported in our previous study [24] has been
used. The basic principle of this assay is to compare the
MCF-7 cells yield following treatment with tested substances
with those obtained after estradiol treatment. In this study,
the L. acida ethanol extract induced a significant increase
of MCF-7 cells proliferation at concentrations of 10, 100,
and 200𝜇g/mL as compared to DMSO control. The MCF-
7 cells proliferation is known as a hallmark of estrogenicity
[34], suggesting that L. acida have phytoconstituents that
mimic estrogenic effects. Indeed, Resende et al. [26] reported
that a relative proliferative effect (RPE) ≥ 80% corresponds
to a possible agonistic activity to ER𝛼. L. acida induced
a RPE > 80% at the concentration of 100 and 200𝜇g/mL.
Consequently, flavonols detected in L. acida ethanol extract
might bind ERs and induced cell proliferation. However,
this effect could also be an ER-independent effect, due to
the fact that MCF-7 cells express ERs, aromatase, and 5
𝛼-reductase enzymes, which permit it to elicit estrogenic
response involving both genomic and nongenomic pathways
[25]. Although an ER binding assay was not assessed in this
study, we can hypothesize that flavonoids reported in L. acida
could be responsible for the MCF-7 cells proliferation and
are potential phytoestrogens. In fact, 4 flavonoids, named
as 6,7-(2,2-dimethyl chromeno)-8-𝛾,𝛾-dimethyl allyl fla-
vanone, 3,4-dihydroxy-7,8 (2,2- dimethyl chromeno)-6-
𝛾,𝛾-dimethyl allyl flavonol, 7-methyltectorigenin, and irisoli-
done, have been isolated from barks of the acetone extract of
Lannea acida [18]. Irisolidone and tectorigenin (an analogue
of 7-methyltectorigenin resulting from the hydrolyzing by
intestinal bacteria) have been reported to exhibit estrogenic
effects in E-screen assay, as they have induced MCF-7 cells
proliferation at concentrations of 0.1, 1, and 10𝜇M [35].
Therefore they could at least partly account for the prolif-
erative activity of L. acida on MCF-7 cells observed in this
study. Moreover, the concomitant administration of L. acida
extract with estradiol leads to the decrease of theMCF-7 cells

proliferation, suggesting that some of the phytoconstituents
of L. acida entered in competition with E2V for ERs. The
phytoestrogens are well known to bind ERs with ∼ 1000 times
lower affinity than estradiol [36].

Numerous studies showed that estrogen deficiency is
accompaniedwith amarked atrophy of estrogen target organs
such as uterus, vagina, and mammary glands [23, 24, 37, 38].
The same observation was done in this study; ovariectomy
significantly reduced vaginal epithelium to one cell layer: the
stratum germinativum. The uterine wet weight as well as
uterine and vaginal epithelial heights decreased dramatically
after ovariectomy.As expected, estradiol induced a significant
increase in the uterine wet weight and in uterine and vaginal
epithelial heights after a 12-week treatment. The uterotrophic
effects of estrogen have been attributed to water imbibition
or endometrial cells proliferation [39, 40]. These effects have
been reported to be mediated via ER𝛼 as demonstrated by
the lack of uterine stimulation and mitotic growth responses
in 𝛼ERKO mice [41]. Lannea acida ethanol extract induced
an estrogen-like effect, evidenced by a significant increase
in the uterine wet weight and uterine and vaginal epithelial
heights at all tested doses (except with the dose of 300mg/kg
in some parameters) in the 3-day uterotrophic test. These
results are in line with the in vitro results obtained in this
study and strengthen our hypothesis that the flavonoids
detected in L. acida could bind ERs and trigger the genomic
mechanism that produces estrogen-like effects. Interestingly,
the 12-week treatment of ovariectomized rats with L. acida
extract did not exhibit estrogenic effect, a part of a slight
increase of the uterine epithelial height observed with the
dose of 50mg/kg, indicating that the estrogen-like effects of
L. acida extract are time-dependent.These types of effects are
specific to phytoestrogens. Indeed, flavonoids are well known
phytoestrogens with mixed effects [23, 24, 38, 42].

The postmenopausal-rat model of osteoporosis has been
used for decade to characterize natural substances. It shares
many characteristics of postmenopausal women bone loss
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Figure 7: Effects of 11 weeks of treatment with ethanol extract of Lannea acida (LA) or E2V on liver (a), lung (b), and kidney (c) of sham
operated or ovariectomized rats. Sham (sham operated) andOVX (ovariectomized) animals received the vehicle (distilled water). E2V=OVX
animals treated with 1mg/kg of 17𝛽-estradiol valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of
50 and 200mg/kg BW. Data are expressed as mean ± SEM (𝑛 = 5). CV = central vein, A = alveoli; G = glomeruli.

and therefore it is a suitable model for postmenopausal
osteoporosis [43–45]. Following the 12 weeks of admin-
istration period, the body weight of ovariectomized rats
significantly increased as compared to other groups. This
result corroborates previous observations [45, 46] and could
be explained by an increase in adipose deposition. E2V
(1mg/kg) and L. acida extract at the optimal dose of
200mg/kg prevented this body weight gain, probably by
mechanisms involving ERs [47]. In fact, estrogen is known
to reverse ovariectomy-induced body weight gain. Further-
more, ovariectomy induced a significant decrease of tibia
and femur (weight and dried) weights as well as tibia and
femur densities. Moreover, a significant decrease in inor-
ganic phosphate level in tibia and a significant increase of

serum alkaline phosphatase activity were noted. All these
events suggest that ovariectomy enhanced the rate of bone
turnover and the experimental osteoporosis was set up in rats.
Indeed, the alkaline phosphatase activity is a biomarker of
osteoblastic activity associated with bone formation [48]. It is
found to increase in osteoporosis and other bone metabolic
disorders [41]. Treatment with E2V and L. acida extract at
the dose of 200mg/kg increased bone (tibia and femur) wet
and dried weights as well as bone densities. In addition, these
treatments decreased the serum alkaline phosphatase activity
and increase the bone inorganic phosphorus content. The
aforesaid results suggest that L. acida extract reduced bone
turnover. The potential preventive effects of estrogen and
estrogen-like substances on bone loss have been attributed
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Figure 8: Protective effects of L. acida ethanol extract on histomorphologic (100x magnification) of tibia, femur, VL-3, and mandible. Sham
(sham operated) and OVX (ovariectomized) animals received the vehicle (distilled water). E2V = OVX animals treated with 1mg/kg of
estradiol valerate; Lannea acida = OVX animals treated with ethanol extract of Lannea acida at doses of 50 and 200mg/kg BW. Data are
expressed as mean ± SEM (𝑛 = 5). TB = trabecular bone; AB = alveolar bone; and BM = marrow bone.

to their ability to bind ERs on the osteoclast cells and to
provoke release of chemical mediators and reduction of the
osteoclastic activity [49].

Bone histomorphometry is a technique often used to pro-
vide information about bone weight gain or loss in untreated
and treated diseases [28, 45, 46, 50]. These studies have
showed that ovariectomy resulted in increased bone turnover
with resorption exceeding formation. This imbalance is
known to lead to progressive loss in bonemass and eventually

osteoporosis [51]. In accordance with this, our results showed
that ovariectomy induced microarchitectural alterations of
all the studied bones (VL-3, mandible, femur, and tibia).
However, treatments with E2V and Lannea acida extract
improved the bone tissue microarchitecture, restoring both
cortical and compact bone structure. The same results were
observed by Njamen et al. [52] and Zingue et al. [45]. The
flavonoids/isoflavonoids of Lannea acida could account for
this beneficial effect on bone since phytoestrogens have been
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reported to play an important role in the bone formation
through the activation of the ER𝛽 localized on osteoblast cells
[53].

5. Conclusion

The ethanol extract of Lannea acida possesses in vitro and
in vivo estrogenic effects, materialized by the proliferation
of MCF-7 cells and the increase in uterine wet weight
and uterine and vaginal epithelial heights. Results also
suggest that long-term (3 months) treatment with L. acida
extract could prevent estrogen decline-related bone mass
loss,microarchitecture alterations, and demineralization.The
dose of 200mg/kg BW/day was the optimal dose. Taken
altogether, this finding provides the evidence that L. acida is
a potential alternative for the prevention of postmenopausal
osteoporosis which occurs as a consequence of estrogen
decline atmenopause. In-depth phytochemical investigations
are needed to isolate the active principles of L. acida and
understand the precise mechanism by which it induced
estrogenic effect.
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Objective. To explore the effect of Ficus deltoidea (FD) aqueous extracts on the release of tumor necrosis factor-𝛼 (TNF-𝛼), the
expression of CD40, and the morphology of microglial cells in lipopolysaccharide- (LPS-) activated BV2 cells. Methods. The
cytotoxicity of FD extract was assessed byMTS solution. BV2 cells were divided into 5 experimental groups, intervened, respectively,
by FD (4mg/mL) and LPS + FD (0, 1, 2, and 4mg/mL). Besides, a blank control group was set up without any intervention. TNF-𝛼
release was assessed by enzyme linked immunosorbent assay (ELISA). The expression of CD40 was examined by flow cytometry.
Immunocytochemical staining was used to show the morphology of BV2 cells. Results. FD extract of different concentrations (1,
2, and 4mg/mL) had no significant toxic effects on the BV2 cells. FD suppressed the activation of microglia in morphology and
reduced TNF-𝛼 production and expression of CD40 induced by LPS. Conclusion. FD extract has a therapeutic potential against
neuroinflammatory diseases.

1. Introduction

Neuronal damage in neurodegenerative diseases is associated
with neuroinflammatory responses [1], whose hallmark is
the activation of microglia [2]. Microglia originate in the
extraembryonic yolk sac during embryonic development and
almost evenly populate throughout the whole brain [3]. They
act as the main and first form of active immune defense in
CNS. Under resting conditions, microglia in a ramified state
support the proper function of neurons, organize and pre-
serve the neuronal network, andmaintain homeostasis [4, 5].
When brain homeostasis is disturbed, such as in injury, infec-
tion, or obvious alterations of neuronal activity, microglia

rapidly transform into an amoeboid morphology, acquire the
ability to proliferate and migrate, and secrete inflammatory
mediators [6].

TNF-𝛼, one of the proinflammatory cytokines, plays an
important role in the initiation and regulation of inflamma-
tory responses. Studies support the notion that TNF-𝛼 has
neurotoxic effects on neuronal death both in vivo [7] and in
vitro [8]. In CNS, TNF-𝛼 produced by activated microglia
can further activate microglia and astrocytes to enhance the
inflammatory response by cascade amplification [9]. In addi-
tion, TNF-𝛼 can stimulate extensive glutamate release from
microglia via the upregulation of glutamate synthesis and
downregulation of glutamate uptake [10].Therefore, the level
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of TNF-𝛼 is a key step in neurodegenerative diseases and
inhibition of TNF-𝛼 production from microglia may be an
effective strategy against the neuronal damage mediated by
TNF-𝛼.

Ficus deltoidea (FD), known as “Mas Cotek” in Malaysia,
is used in traditional medicine to treat various kinds of
ailments such as sores, wounds, pain, and rheumatism [11].
Many studies confirmed that FD possessed strong anti-
inflammatory effects in some inflammatory models [12–
14]. It was reported that FD leaves extract reduces serum
levels of IL-1𝛽 and PGE

2
in osteoarthritis rats [12]. Aqueous

extracts of three varieties of Ficus deltoidea showed dif-
ferent anti-inflammatory activities against lipoxygenase,
hyaluronidase, and 12-O-tetradecanoylphorbol 13-acetate-
(TPA-) induced ear edema [14]. Therefore, it is likely that the
anti-inflammatory effects of FD are common.The aim of this
present study was to reveal the potential and possible mech-
anism through which FD extract suppresses the activation of
LPS-treated BV2 cells.

2. Methods

2.1. Ficus deltoidea. Plant samples of FD var. trengganuensis
were collected from a farm in Malacca. After being air-dried,
the leaves were coarsely powdered and then extracted with
boiling water for 1 h. The infusion was filtered and the filtrate
was spray-dried to form a powder. A voucher specimen was
deposited at Universiti KebangsaanMalaysia herbarium.The
voucher specimen number is UKMB 40354. The powder was
dissolved and diluted to suitable concentrations with sterile
water before usage.

2.2. BV2 Cell Culture. The murine microglial cell line BV2
was obtained from Assoc. Professor Dr. Thameem Dheen
of the National University of Singapore. BV2 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) containing 5% heat-inactivated fetal bovine
serum (FBS) (iDNA, South America), 1% (v/v) penicillin and
streptomycin, and 0.3% (v/v) insulin in fully humidified air
of 5% carbon dioxide (CO

2
) at 37∘C.

2.3. Cell Viability Assay. MTS solution (Promega, USA) was
used to determine whether the FD concentrations used in the
experiment caused any cytotoxicity in BV2 cells. This assay is
based on the mitochondrial mediated reduction of a tetra-
zolium compound (MTS) by living cells to form a colored
formazan product which is measured colorimetrically [15,
16]. Briefly, cells were seeded on a 96-well plate at the density
of 5 × 104 cells/well. After 24 h, the cells were incubated
with FD (0, 1, 2, 4, and 8mg/mL) for 24 h or 48 h. 20𝜇L of
MTS/PMS solution (Promega, USA) was added to each well.
After 3 h incubation at 37∘C in 5% CO

2
, the concentration of

the MTS formazan product was measured at 490 nm (Dynex
MRX II microplate reader).The average of absorbance values
for triplicate wells was examined.The absorbance values of all
wells were deducted with the values of DMED-treated con-
trol, which served as the background reading, and reported
in percentage (%) as cell viability.

2.4. Immunocytochemical Staining of BV2 Cells. BV2 cells
were seeded onto the culture slides treated with poly-L-lysine
for 24 h before being preincubated with FD (4mg/mL) for
24 h.Then, the cells were treated with 1 𝜇g/mL LPS or normal
medium for 12 h. After being washed with PBS thrice for
5min, the cells were fixed by 4% paraformaldehyde for 1 h at
room temperature. 0.2% Triton-X was added to cultures and
incubated at 4∘C for 30 minutes. Subsequently, the cells were
stained with Lectin from Lycopersicon esculentum (1 : 300).
After being washed with PBS, the cells were counterstained
with DAPI (1 : 1000, Invitrogen, USA; cat. number D1306) at
4∘C for 20min, washed with PBS, mounted onto microscope
slides, and sealed.

2.5. CD40 Immunophenotyping. BV2 cells (1 × 105 cells/mL)
were pretreated with FD (0, 1, 2, and 4mg/mL) for 24 h in
24-well plates before being incubated with 1 𝜇g/mL LPS for
24 h. Then, the cells were harvested and resuspended in PBS.
CD40-FITC antibody (1 : 100; BD Pharmingen, San Diego,
USA) and Fixable Viability Dye eFluor� 780 (1 : 1000; eBio-
science, San Diego, USA) were used for immunofluorescence
staining. Cells were analyzed by a FACS Fortessa Cytometer
(BDBiosciences, San Jose, CA,USA).TheFACSDiva software
was used to analyze the data.

2.6. ELISA for TNF-𝛼. ELISA kit (BD Sciences, San Jose, CA,
USA) was used to assess the inhibitory effect of FD on TNF-𝛼
production. BV2 cells (5 × 104 cells/mL) were pretreated with
FD (0, 1, 2, and 4mg/mL) for 24 h in 96-well plates before
being incubated with 1 𝜇g/mL LPS for 12 h. According to the
manufacturers’ protocol, 100𝜇L of supernatants was collected
in each well of the ELISA plate. The cell absorbance was then
read by a microplate reader at 450 nm. The concentration
in each sample was calculated according to the standards
provided with the kit.

2.7. Statistical Analysis. Data were presented as mean ± SEM.
All data were analyzed by one-way ANOVA followed by
Tukey’s post hoc test with GraphPad Prism Software version
5.0. The group means were considered significantly different
at the level of 𝑝 < 0.05.

3. Discussion

Under some pathological conditions, such as infection,
trauma, and ischemia, microglia can be activated. Activated
microglia act as the first defense in the brain, regulating the
expression of some immune-related molecules and releasing
cytokines and chemokines. At the same time, they can also
engulf invasive pathogens, harmful substances, and debris
of dead neurons, so as to play a protective role in neurons. On
the other hand, the sustained activation of microglia makes
them secrete a series of toxic substances andproinflammatory
factors, such as reactive oxygen species (ROS), interleukin-
1𝛽 (IL-1𝛽), TNF-𝛼, and NO [1, 17]. These substances cause
the amplification of inflammatory reaction in the CNS,
with higher release of toxic products, leading to neuronal
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degeneration and necrosis in the corresponding brain, fol-
lowed by the emergence of the corresponding disease.There-
fore, inhibition of activated microglia may be the key to
inhibit neuroinflammatory response. In the present study, FD
reduced the release of TNF-𝛼 fromLPS-activated BV2 cells by
the inhibition of CD40 signaling pathway.

In normal medium or 4mg/mL FD alone, most of the
BV2 cells are composed of a small cellular body and some
bipolar projections. In this state, the main functions of
microglia are to search for immune threats and to maintain
homeostasis in the CNS. Resting microglia are extremely
sensitive to even small pathological changes and undergo
various structural and functional changes based on their role
and location in response to injury or threat [18]. LPS is a
bacterial cell wall component which triggers microglia acti-
vation via Toll-like receptor 4 [19]. After LPS treatment, BV2
cells became round, retracting the branches. Some of them
showed an increased volume and an amoeboid morphology.
However, preincubation with FD attenuated this morpho-
logical change, indicating its inhibition in LPS-activated BV2
cells.

CD40, a member of the TNF receptor superfamily
(TNFR), is a 50 kDa type I phosphoprotein [20]. CD40
expression on microglia is an important component of the
neuroinflammatory response in the CNS. Stimulation of rat
CD40+ microglia with LPS leads to higher neurotoxic iNOS
and TNF-𝛼 mRNA expression than stimulation of CD40−
microglia [21]. LPS and IFN-𝛾 dramatically induced CD40
expression in cultured microglia [22, 23]. Activated CD4+ T-
cells, astrocytes, macrophages, vascular endothelial cells, and
smooth muscle cells have the capacity to express the ligand
for CD40. Ligation of CD40 activates many signaling path-
ways including NF-𝜅B, MAPK, and TRAF proteins and P13K
and JAK/STAT pathways which lead to alterations in gene
expression and function [24]. The immune-activation path-
way of CD40-CD40L is closely related to both the host
response against infection and the development of autoim-
mune diseases [25, 26]. The interaction between CD40 and
CD40L promotes the production of various neurotoxins from
microglia including NO, TNF-𝛼, IL-12, MCP-1, MMP-9, and
IP-10, as well as some unidentified ones. So, a decrease in the
expression of CD40 may be beneficial to extenuate neuro-
inflammation and protect neurons within the CNS [27]. In
the present study, the expression of CD40 in resting BV2 cells
was at a low level, which was in accordance with previous
literatures [22]. However, the expression of CD40 increased
in FD-alone group. Perhaps FD existed in the supernatant
like some foreign matters to the microglia, so that microglia
expressed more CD40 and were activated to engulf and
eliminate them.Microglia stimulated by LPS showed a higher
number of cells with basal expression of CD40 compared
to that in control and FD-alone group, which was reduced
by preincubation with 4mg/mL FD. The two-step activation
process of microglia during autoimmune inflammation in
CNS required CD40 expression on microglial cells [28]. The
fully activated microglia present antigens and stimulate T-
cells, leading to the exacerbation of disease. Therefore, FD
may prevent antigen-presenting functions of microglia by
reducing their CD40 expression. Inhibition of microglial

activation by suppression of CD40 expression to attenuate
inflammation within the CNSmay be a beneficial strategy for
neuroinflammatory diseases.

TNF-𝛼, one of the proinflammatory cytokines involved
in systemic inflammation, is mainly produced by activated
macrophages. In the CNS, the primary source of TNF-𝛼
is activated microglia followed by activated astrocytes. The
main role of TNF is to regulate immune cells. TNF can cause
fever, inflammation, apoptosis, and cachexia and inhibit viral
replication and tumorigenesis. TNF-𝛼 plays a central role
in the initiation and regulation of inflammatory responses.
LPS-activated microglia can secrete a lot of TNF-𝛼, which
can activate microglia and astrocytes to increase the inflam-
matory response by cascade amplification [29]. TNF-𝛼 and
glutamate acted synergistically to induce the expression of
various inflammatory-related factors, neurotoxic effects, and
neuronal cell death [30, 31]. In the present study, microglia
in normal medium or incubated with FD hardly produced
TNF-𝛼. After LPS stimulation, BV2 cells release more than
600 pg/mL TNF-𝛼, which reduced by different doses of FD.
This also proved that FD inhibited the activation of microglia
induced by LPS.

FD has been used as a traditional medicine in Malaysia
to treat various kinds of ailments such as sores, wounds,
pain, and diabetes. Acute and chronic inflammatory models
were used to evaluate the anti-inflammatory activity of FD
aqueous extract [13]. A study indicated that FD leaf extract
had significant anti-inflammatory properties [14]. So far, it
has not been reported whether FD can inhibit the activation
of microglia induced by LPS. In the present study, FD
significantly ameliorated TNF-𝛼 release and CD40 expres-
sion induced by LPS in a dose-dependent manner. Data
from morphology also demonstrated that FD pretreatment
inhibited microglial activation. Cell viability assay showed
that FD (1, 2, and 4mg/mL) had no significant toxic effects on
BV2 cells, which excluded the possibility that the inhibitory
effect was due to a decrease of cell viability. This suggested
that anti-inflammatory effects of FD might be common. The
anti-inflammatory effects of FD might be associated with
the inhibition of activated microglia by CD40 pathway. The
active components in FD extract further identification and
purification.

4. Results

4.1. Effects of FD on the Viability of BV2 Cells. To examine
the toxicity of FD, BV2 cells were incubated with or without
FD at the specified concentrations for 24 h and 48 h. The cell
viability was detected by MTS. As shown in Figure 1, FD of
different concentrations (1, 2, and 4mg/mL) had no signi-
ficant toxic effects on the cells (𝑝 > 0.05). The cell viability
is approximately 100%. But FD of 8mg/mL reduced it.There-
fore, we used these three concentrations of FD in subsequent
experiments.

4.2. Effects of FD on LPS-Induced Microglial Activation. For
morphological analysis, we labeled BV2 cells with Lectin
from Lycopersicon esculentum and DAPI to show the size and
shape of the cells. Figure 2 shows typical composite images of
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Figure 1: Effect of FD on BV2 cell viability. BV2 cells were treated with different concentrations of FD for 24 h (a) and 48 h (b) and cell viability
was detected byMTS conversion. FD (1, 2, and 4mg/mL) had no significant toxic effects on BV2 cells. The data are expressed as mean ± SEM
of three independent experiments. ∗∗𝑝 < 0.01 and ∗∗∗𝑝 < 0.001, compared to normal medium (0mg/mL FD).

labeled BV2 imaged at 20x magnification. As shown in Fig-
ure 2, BV2 cells maintained the resting state in normal med-
ium and 4mg/mL FD alone. Most of them exhibited round
cytoplasm with some bipolar projections. However, in the
LPS group, the extent of amoeboid morphology seemed to
be increased with the cytoplasmic area appearing minimal.
But preincubationwith 4mg/mL FD attenuated LPS-induced
morphological changes of BV2 cells.The number of BV2 cells
with bipolar projections increased obviously compared with
the LPS group.

4.3. Effects of FD on CD40 Expression. CD40 is a measure
of the activated microglia. LPS treatment induced microglia
to release inflammatory mediators and express major histo-
compatibility complex (MHC) class II receptors and CD40
to facilitate antigen presentation to T-lymphocytes [19]. We
assessed the level of the costimulatory molecule CD40, one
of the members of the TNF receptor superfamily, with flow
cytometry. As shown in Figure 3, the number of CD40+ BV2
cells in the control group was at a low level, approximately
30%. However, the number of CD40+ BV2 cells increased
by about 63% upon exposure to LPS. Almost all of the BV2
cells expressed CD40 (93.0 ± 4.0%) after LPS treatment for
24 h. However, CD40+ BV2 cells in FD groups (1, 2, and
4mg/mL) decreased by 10.4%, 18.2%, and 23.4%, respectively,
comparedwith LPS treatment alone, indicating the inhibition
of activation of BV2 cells.

4.4. Effects of FD on TNF-𝛼 Release in LPS-Treated BV2 Cells.
We examined the release of an important inflammatory

cytokine, TNF-𝛼. As shown in Figure 4, the levels of TNF-
𝛼 were less than 31 pg/mL in the supernatant of BV2 cells
treated with normal medium or FD (4mg/mL) alone. LPS
treatment increased TNF-𝛼 release to about 22-fold higher
than that in the control group. FD of 1mg/mL decreased the
release of TNF-𝛼, but this was not statistically significant.
LPS-induced release of TNF-𝛼 was significantly ameliorated
by FD pretreatment (2 and 4mg/mL). In particular, FD of
4mg/mL decreased LPS-induced TNF-𝛼 release to nearly
332 pg/mL.

5. Conclusions

FD extract can inhibit LPS-induced activation ofmicroglia by
reducing TNF-𝛼 release and CD40 expression.
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Figure 2: Effects of FDonCD40 expression in LPS-treatedBV2 cells. BV2 cells were preincubated in amediumcontaining 0, 1, 2, and 4mg/mL
FD for 24 h and then activated by 1𝜇g/mL LPS for 24 h.The CD40 expression on BV2 cells was analyzed by flow cytometry. CD40+ BV2 cells
in 4mg/mL FD were decreased significantly compared to LPS treatment alone. The results shown were from one representative experiment
of three independent experiments performed. (a) Normal medium; (b) FD (4mg/mL); (c) LPS (1𝜇g/mL); (d) LPS + FD (1mg/mL); (e) LPS
+ FD (2mg/mL); (f) LPS + FD (4mg/mL).
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Figure 3: Effect of FD on TNF-𝛼 release in LPS-treated BV2 cells. FD (2 and 4mg/mL) decreased TNF-𝛼 release induced by LPS. The data
are expressed as mean ± SEM of three independent experiments (∗𝑝 < 0.05 and ∗∗∗𝑝 < 0.001, compared to LPS-alone group).
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Figure 4: Composite immunofluorescent images of stained BV2
cells. Cell bodies are shown in green, and the DAPI stained nuclei
are shown in blue. Pretreatment with 4mg/mL FD attenuated
the morphological changes of BV2 cells induced by LPS. Control:
untreated BV2 cells. FD: BV2 cells treated with FD (4mg/mL)
for 24 h. LPS: BV2 cells treated with LPS (1𝜇g/mL) for 12 h. LPS
+ FD: BV2 cells treated with LPS (1 𝜇g/mL) for 12 h after being
preincubated with FD (4mg/mL) for 24 h. Images were captured at
20x objective magnification.
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Glutamate is the primary excitatory neurotransmitter in the central nervous system. Excessive concentrations of glutamate in the
brain can be excitotoxic and cause oxidative stress, which is associated with Alzheimer’s disease. In the present study, the effects of
vitamin E in the form of tocotrienol-rich fraction (TRF) and alpha-tocopherol (𝛼-TCP) in modulating the glutamate receptor and
neuron injury markers in an in vitromodel of oxidative stress in neural-derived embryonic stem (ES) cell cultures were elucidated.
A transgenic mouse ES cell line (46C) was differentiated into a neural lineage in vitro via induction with retinoic acid. These
cells were then subjected to oxidative stress with a significantly high concentration of glutamate. Measurement of reactive oxygen
species (ROS) was performed after inducing glutamate excitotoxicity, and recovery from this toxicity in response to vitamin E was
determined. The gene expression levels of glutamate receptors and neuron-specific enolase were elucidated using real-time PCR.
The results reveal that neural cells derived from 46C cells and subjected to oxidative stress exhibit downregulation of NMDA,
kainate receptor, and NSE after posttreatment with different concentrations of TRF and 𝛼-TCP, a sign of neurorecovery. Treatment
of either TRF or 𝛼-TCP reduced the levels of ROS in neural cells subjected to glutamate-induced oxidative stress; these results
indicated that vitamin E is a potent antioxidant.

1. Introduction

VitaminE is a fat-soluble compoundwith antioxidant proper-
ties that naturally exists in eight forms (alpha-, beta-, gamma-
, and delta-tocopherol and alpha-, beta-, gamma-, and delta-
tocotrienol); each isomer possesses unique biological prop-
erties [1]. The difference between tocopherol and tocotrienol
is the number and position of methyl groups attached to the
aromatic ring [2]. In short, tocopherols are saturated forms
of vitamin E, whereas tocotrienols possess an isoprenoid side
chain. The latter variant of vitamin E only occurs at very low
levels in nature, with the highest concentration found in palm

oil. Currently, there is increased interest in the tocotrienol-
rich fraction (TRF) of palm oil. TRF consists of 25% alpha-
tocopherol (𝛼-TCP) and 75% tocotrienol. TRF from palm oil
has been reported to possess potent antioxidant, anticancer,
and cholesterol-lowering activities [2, 3].

At normal concentrations, glutamate functions as amajor
neurotransmitter in the brain that is critical for cognition,
memory, and learning. However, elevated levels of glutamate
can cause overstimulation of glutamate receptors, which can
excessively excite nerve cells and results in the generation
of ROS that can damage cells. Furthermore, glutamate over-
stimulation was associated with neurodegenerative diseases
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such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD) [4]. Overstimulation of glutamate receptors such as
NMDA, AMPA, and kainate receptors can cause an influx
of calcium ions into the postsynaptic membrane. High levels
of ATP are required to produce the energy needed to restore
the intracellular calcium ion concentrations to normal. This
high energy requirement will cause mitochondria to generate
more reactive oxygen species (ROS) as a natural byproduct.
ROS is a chemically reactive species containing oxygen
and includes peroxides, superoxides, hydroxyl radicals, and
singlet oxygen [5]. Generally, thesemolecules are a byproduct
of DNA, amino acid, and lipid oxidation that significantly
damage cells. Oxidative stress is the condition whereby ROS
production is greater than the capacity of the body to reduce
oxidation.

This study aims to elucidate the protective role of vita-
min E against glutamate toxicity and to understand how
vitamin E is involved in modulating glutamate receptor
function, antioxidant activity, and neuron-specific enolase
(NSE) expression as an injury marker to achieve neurore-
covery in an oxidative stress model in vitro. Establishment
of a transgenic mouse embryonic stem (ES) cell line (46C)
provided a method with a renewable source of cells that can
generate both neurons and glial cells in vitro. This cell line
was engineered to express Sox-1/eGFP, which is a marker
for neural precursor cells and facilitates its differentiation
into a neural lineage in an in vitro system. In this present
study, we mimic oxidative stress in the brain using glutamate
excitotoxicity in neural cells derived from the 46C cell line
using 4−/4+ protocol as previously described; this protocol
successfully generated neural cells in vitro to produce amixed
culture of neuronal cells and glial cells [6–8]. It is predicted
that both forms of vitamin E (TRF and 𝛼-TCP) would exert
a neuroprotective effect against oxidative stress in neural
cultures.

2. Materials and Methods

2.1. Culture Conditions of Undifferentiated 46C Cells. The
transgenic mouse ES cell line (46C) was obtained from Dr.
JohnOrrMason at theUniversity of Edinburgh, UK.The 46C
cells were cultured and passaged regularly on tissue culture
flasks coated with a 0.1% gelatine solution. The 46C cell line
was cultured in embryonic stem cell medium (ESM), which
comprised 1%MEM nonessential amino acids, 1mM sodium
pyruvate, 0.1mM2-mercaptoethanol, and 2mML-glutamine
into 1X Glasgow’s MEM (GMEM, Gibco). Complete GMEM
media were then aliquoted and supplemented with 15% foetal
bovine serum (Gibco) and 10–20 ng/ml human recombinant
leukaemic inhibitory factor (LIF) (Merck).

2.2. Induction of Differentiation. 46C cells were differentiated
using 4−/4+ protocols as described by Bain et al., 1995. The
46C cell line was subjected to an 8-day induction procedure
which consisted of 4 days of culture as aggregates in the
absence of retinoic acid (RA) and 4 days of culture in the
presence of RA. To establish the inductions, a confluent
culture of undifferentiated 46C cells was dissociated with
0.25% trypsin, and the cell suspension was counted using a

haemocytometer. Approximately 5 × 106 cells [9] were seeded
in a 100mm bacteriological grade Petri dish (nontissue
culture) in 10mL of medium (standard medium as men-
tioned above) without LIF. Cell suspensions were cultured
as multicellular aggregates known as embryoid bodies (EBs)
for 2 days. The medium was changed, and the cultures
were maintained for an additional 2 days. On day 4 of the
EBs culture, the medium was changed with the addition
of all-trans-retinoic acid (Sigma). After another 2 days, the
medium was replaced with fresh medium containing RA,
and the expression of enhanced green fluorescent protein
(eGFP) was assessed under an inverted fluorescence micro-
scope (OLYMPUS IX51) to identify neural progenitor cells
(NPCs). After an 8-day induction period, the EB suspension
was dissociated with a high concentration of trypsin (4X
Trypsin-EDTA, 4% chicken serum in 1X PBS) for 5 minutes
in a 37∘C water bath and agitated to obtain a single-cell
suspension,whichwas then counted using a haemocytometer
prior to plating on adhesive substratum dishes precoated
with 2𝜇g/ml laminin from Engelbreth-Holm-Swarmmurine
sarcoma basement membrane (Sigma) and 10 𝜇g/mL of poly-
D-lysine hydrobromide (PDL, Sigma) in 1X PBS.The 24-well
plate was coated first with PDL for at least 20minutes at room
temperature, after which the flask was washed with 1X PBS
twice before laminin was added and incubated at least 20
minutes at room temperature. Excess laminin was suctioned
out before the cells were plated. The cells were seeded at
a density of approximately 1 − 2 × 105/cm2 for terminal
differentiation in serum-free medium comprising a 1 : 1 ratio
of DMEM/F12/N2 supplement (Gibco) and Neurobasal/B27
supplement (Gibco). The medium was replaced with fresh
N2/B27 complete medium every two days.

2.3. Immunocytochemistry (ICC). The primary antibodies
used targeted class III 𝛽-tubulin (Sigma, T2200) and glial
fibrillary acidic protein (GFAP; Abcam, AB10062). Class
III 𝛽-tubulin is a microtubule component that is normally
expressed in neuronal cells, and GFAP is expressed in
multiple cells in the central nervous system (CNS), including
astrocytes and glial cells. On day 6 after neural postplating,
the attached neuron-like cells in the 24 well plates were
gently washed 3 times with 1X PBS prior to being fixed with
4% paraformaldehyde. The cells were then permeabilized in
1% Triton-X100; blocked with a solution comprising 0.3%
BSA, 10% goat serum, and 10% Tween-20 in 1X PBS; and
treated with primary antibody.The cells were then incubated
with goat anti-rabbit IgG-488 secondary antibodies (Abcam:
150077) for class III 𝛽-tubulin and goat anti-mouse IgG-
488 secondary antibodies (Abcam: 150113) for GFAP, after
which the cells were counterstained with 10 𝜇g/mL DAPI
(Invitrogen) to detect nuclei. The cells were stored in 1X PBS
and kept in the dark until the specimens could be viewed
under a fluorescence microscope.

2.4. Glutamate Dose Response and Time Course Study. On
day 6 after plating the neural cells, the cells in the 24-
well plates were challenged with six different concentrations
(0, 31.25, 62.5, 125, 250, and 500mM) of L-glutamic acid
monosodium salt hydrate (Sigma) diluted in 1X PBS to
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calculate the IC
50

of glutamate toxicity in the cell cultures.
The day before glutamate was added, the old medium was
replaced with DMEM/F12 and Neurobasal medium (1 : 1
ratio) in the absence of N2 and B27 supplements; this new
medium was designated minimal medium. Then, glutamate
was administered to the cells and incubated for 24 hours
at 37∘C in an atmosphere containing 5% CO

2
and 95%

humidity. A similar volume of 1X PBS was added to the
cells as a negative control. After 24 hours, 100𝜇L of MTT
(2mg/ml) was added to each well and incubated with the
cells for 4 hours at 37∘C in an atmosphere containing 5%
CO
2
. Then, 200𝜇L of DMSO was added to each well to

dissolve the formazan crystals. The cells were incubated for
an additional 5 minutes in the dark at room temperature and
gently agitated for 10–15 seconds, and 100𝜇L from each well
was transferred into a 96-well plate. The absorbance value
wasmeasured using an enzyme-linked immunosorbent assay
(ELISA) reader (BioTek ELx800, USA) at the 570/630 nm
wavelength. The graph of the cell viability against dose and
time course was plotted. The IC

50
and IC

20
were calculated,

and the IC
20
was used throughout the entire study.

A time course study was conducted on day 6 after neural
plating; cells in 24-well plates were challenged with the IC

20

calculated from the dose response study for 5 different time
intervals (0, 4, 8, 12, and 24 hours). After the culture medium
was replaced with freshminimalmedium, the calculated IC

20

of glutamatewas added to eachwell in the plate and incubated
for the abovementioned intervals at 37∘C in an atmosphere
containing 5% CO

2
and 95% humidity. The cells were then

subjected to the MTT protocol as described above.

2.5. Posttreatment with Vitamin E on Glutamate-Induced
Neural Cells. 𝛼-tocopherol and TRF were purchased from
ICN Biomedical and Sime Darby Malaysia, respectively. TRF
used in current study consist of 25% tocopherol and 75%
tocotrienols with 95% purity. Vitamin E was dissolved in
100% ethanol and freshly prepared in laminar air flow to
maintain its sterility. Working concentration of vitamin E
was kept at 0.1% v/v in culture media to avoid toxicity from
ethanol. To achieve 0.1% of vitamin E, volume to the total
volume of medium, vitamin E was prepared in microgram
(𝜇g) concentrations. The vial was wrapped with aluminium
foil to protect from light and flushed with nitrogen gas to
prevent from oxidation. Vitamin E was then stored at 4∘C
until further used. To determine the effect of vitamin E as an
antioxidant, cell toxicity was induced with IC

20
of glutamate

followed by supplementation of 100, 200, and 300 ng/mL of
TRF or 𝛼-TCP for 24 hours in 5% CO

2
and 95% air. The cell

viability was then assessed usingMTT assay.The graph of cell
viability against vitamin E treatment was plotted.

2.6. ROS Measurement. Cells were seeded in 24-well plates.
On day 6 after neural cell plating, the cells were induced with
60mMof glutamate for 12 hours (based on data from the dose
response and time course experiments) followed by treatment
with 100, 200, or 300 ng/mL of either TRF or 𝛼-TCP for an
additional 24 hours. A commercially availableDCFH-DAdye
(OxiSelect� Intracellular ROS Assay Kit, Cell Biolabs) was
used according to the manufacturer’s instructions with slight

modifications. DCFH-DAdiffuses into cells and is deacylated
by cellular esterase to the nonfluorescent molecule DCFH,
which is rapidly oxidized to the highly fluorescent DCF in the
presence of intracellular ROS; this shift in fluorescence is read
by a fluorescence microplate reader. The treated cells were
washed gently twice with Dulbecco’s phosphate-buffered
saline (DPBS, Gibco) before 200𝜇L of DCFH-DA was added
to the cells and incubated at 37∘C for 1 hour. Then, the cells
were washed twice with DPBS and 200 𝜇L of media was
added to the cells followed by 200 𝜇L of 2x Cell Lysis Buffer;
the mixtures were incubated for 5 minutes. The mixture
(150 𝜇L) was then transferred to a black 96-well plate, and the
fluorescence was measured using a fluorometric plate reader
(FLUOstar� Omega, BMG LABTECH) at 480 nm/530 nm
excitation/emission wavelengths. All the data are reported
as the mean ± SEM. For the statistical analysis, one-way
ANOVA was used; comparisons with the control group
were made using Dunnett’s test (GraphPad Prism version 5,
GraphPad Software). The statistical analysis was presented in
Microsoft Excel.

2.7. Gene Expression Analysis. To determine the effect of vita-
min E as an antioxidant, cell toxicity was induced by 12 hours
incubation with 60mM glutamate, followed by supplemen-
tation of 100, 200, or 300 ng/mL of either TRF or 𝛼-TCP for
24 hours in an atmosphere containing 5% CO

2
and 95% air.

Total RNA was isolated using a FavorPrep� Blood/Cultured
Cell Total RNA Mini Kit (Favorgen). cDNA synthesis was
performed using a qPCRBIO cDNA Synthesis kit (PCR
Biosystems), and qRT-PCR was performed using qPCR-
BIO SyGreen Master Mix (PCR Biosystems), following the
manufacturer’s instructions. The following primer sequences
were used: GluN1, forward AGTATGACTCCACTCACGG,
reverse CATGGTGGTGAAGACACCAGT; GluK1, forward
CTAATTCGTCTGCAAGAGCTCATC, reverse CTCCTT-
GCCTTTCTTCATCTCCTT; NSE, forward GATCTCTAT-
ACTGCCAAAGGTC, reverse GCCTAAGTAACGCTG-
TTTGTC; and GAPDH, forward CAGTATGACTCCACT-
CACGG, reverseCATGGTGGTGAAGACACCAGT.All the
experiments were independently performed at least twice;
within each experiment, all the conditions were technically
repeated in triplicate. The qPCR data were normalized to
the GAPDH values. All data are reported as the mean ±
SEM. For statistical analysis, one-way ANOVAwas used, and
comparisons to positive controls were made using Dunnett’s
test (GraphPad Prism version 5). Statistical analyses are
presented in Microsoft Excel.

3. Results

3.1. Efficiency of theNeural Differentiation of 46CCells. In this
study, the transgenic mouse ES cell line 46C was used. The
quality of the 46C cells was assessed to determine the effi-
ciency of the neural differentiation of 46C cells. High-quality
46C cells exhibit an increased nucleus-cytoplasm ratio and
a large nucleus with multiple nucleoli; these characteristics
were successfully achieved in this study as shown in Figure 1.
Upon removal of LIF and culture of 46C cells on a nonad-
hesive substratum dish, the cells proceeded to spontaneously
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Figure 1: High-quality 46C cells exhibit an elevated nucleus-cytoplasm ratio and large nuclei with multiple nucleoli in culture.
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Figure 2: (a) 46C cells begin to form aggregates on day 2 after removal of LIF from the culture and grow on the nonadhesive substratum
plate. (b) Mature EBs on day 6 after removal of LIF exhibit a clear and smooth boundary, are larger in size (124.279 𝜇m), and have begun the
cavitation process.

differentiate and form EBs. On day 2 after removing LIF,
the formation of EBs appeared as small aggregates with an
irregular boundary as shown in Figure 2(a). Neural induction
was then performed by the addition of 10𝜇M all-trans-
retinoic acid (ATRA) from day 4 to day 8 of culturing.
On day 6, the EBs appeared mature with clear and smooth
boundaries, were larger in size (100–300 𝜇m), and exhibited
cavitation within the centre of themasses (Figure 2(b)). From
day 5 onwards, the formation of NPCs was observed under
a fluorescence microscope for expression of eGFP. On day
6, 2 days after the addition of ATRA, cells expressing eGFP
were detected under a fluorescence microscope as shown in
Figure 3(b).

3.1.1. Antigenic Characterization of Class III Beta-Tubulin.
Class III 𝛽-tubulin is a microtubule component that is
expressed in neuronal cells. After the dissociated eGFP-
positive EBs were replated, the cells began to form a net-
work of neural-like cells after two days. On day 6 after
replating, a more prominent network showed neuron-like
cells, and class III 𝛽-tubulin protein expression was assessed
via immunocytochemistry. The cells were positive for class

III 𝛽-tubulin protein indicating the presence of postmitotic
neurons (Figure 4).

3.1.2. Antigenic Characterization of Glial Fibrillary Acidic Pro-
tein (GFAP). GFAP is an intermediate filament (IF) protein
that forms a network that provides support and strength
to neurons. It is expressed in cells throughout the CNS,
including astrocytes and glial cells. On day 6 after plating, the
neural-like cells expressedGFAP, which is highly indicative of
the presence of glial cells in the cultures of differentiated 46C
cells (Figure 5).

3.2. Establishment of an In Vitro Oxidative Stress Model in
a Neural-Derived 46C Cell Line. Glutamate induction was
initially conducted in the presence of the N2/B27 supple-
ment; however, the induction failed after many trials, and
it was decided that N2/B27 supplementation impeded the
glutamate induction. Successful induction was achieved after
consistent withdrawal of N2/B27. Glutamate dose response
and time course study was then carried out to determine
glutamate concentration and time incubation to induced
injury in neural-derived 46C cells followed by posttreatment
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Figure 3: (a) Phase contrast image of day 6 EBs and the corresponding (b) fluorescence microscopy image showing eGFP expression, which
clearly indicates the expression of Sox-1 and thus marks the presence of neural precursor cells (NPCs).
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Figure 4: Day 6 of neural postplating. (a) Phase contrast of neural-like cells on day 6 of neural postplating. (b) DAPI counterstaining
corresponding to (a). (c) Immunofluorescence of class III 𝛽-tubulin corresponding to (a). (d) Merge of (b) and (c).

of vitamin E to determine the cell cytotoxicity of vitamin E
using MTT assays.

3.2.1. Glutamate Dose Response Study. A dose response curve
of glutamate was constructed to determine the tolerance
concentration of neural cells derived from 46C cells against
glutamate insults (Figure 6). The IC

50
of glutamate toxicity

to induce neural cell was determined; from this value, the
IC
20
was extrapolated and used to induce minimal injury to

the neural cells. Figure 6 shows the toxicity of glutamate was
dose dependent; with increasing glutamate concentrations,
increasing cell death was observed. The IC

50
and IC

20
were

approximately 125mM and 60mM, respectively. Approxi-
mately 80% of the neural cells survived when induced with

60mM glutamate; thus, this dosage was then used for the
time course experiment aswell as all subsequent experiments.

3.2.2. Glutamate Time Course Study. Time course study has
been conducted in five time intervals: 0, 4, 8, 12, and 24 hours.
The purpose of this study is to determine the incubation
period of neural cells against glutamate excitotoxicity. Fig-
ure 7 shows incubation time for neural cells to reach 20% cell
death with 60mM glutamate was approximately 12 hours.

From dose response and time course data, neural cells
that derived from 46C cells were induced with oxidative
stress by 60mM concentration of glutamate for 12 hours that
caused 20% neuronal cell death to generate in vitro oxidative
stress model. IC

20
was used to induce minimal injury of the
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Figure 5: Day 6 of neural postplating. (a) Phase contrast of neural-like cells on day 6. (b) DAPI nuclear counterstaining corresponding to
(a). (c) Immunofluorescence of GFAP staining corresponding to (a). (d) Merge of (b) and (c).
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Figure 6: Graph of various glutamate concentrations against cell
viability. Cell viability (%) is the mean ± SEM of three independent
experiments (𝑛 = 3 in each experiment).

cells; thus prophylactic effects of TRF and 𝛼-TCP treatment
can be determined [10]. IC

20
was further used in the entire

study whereby the cell was designed to only achieve minimal
stress. Although the glutamate concentration used to induce
neuronal cell injury is high, this concentration is optimal for
the setup of this study due to the various sensitivities and
resistance to glutamate within the mixed culture.

3.2.3. Effect of Posttreatment with Vitamin E on Glutamate-
InducedNeural-Like Cells Derived from 46CCells. Thepoten-
tial of vitamin E in treating the cells after being exposed
to high concentration of glutamate was elucidated as in
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Figure 7: Graph of incubation time against cell viability. Cell
viability (%) is the mean ± SEM of three independent experiments
(𝑛 = 3 in each experiment).

Figure 8. Neural-derived 46C cells were exposed to 60mM
of glutamate for 12 hours. Two different types of vitamin E
(TRF and 𝛼-TCP) of several concentrations (100, 200, and
300 ng/ml) were added to cells. Then the cells were subjected
to MTT assay to assess the cell viability.

Twenty percent of cell death occurs in positive control
cells upon exposure to 60mM glutamate. When increased
concentrations of TRF were added to the cells from 100
to 300 ng/mL, the cell viability was gradually increased.
Nevertheless, this increase was insignificant. Similarly, treat-
ment with 𝛼-TCP also did not show any significant effects.
Treatment with TRF and 𝛼-TCP (100, 200, and 300 ng/ml)
for 24 hours does not give any toxic effect to our neural cell
culture.Thus, 100–300 ng/ml of TRF and 𝛼-TCPwere further
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Figure 8: Effects of posttreatment with vitamin E on neural-
derived 46C cells injured with 60mM glutamate for 12 hours before
being treated with 100–300 ng/ml of TRF and 𝛼-TCP for 24 hours
(posttreatment). Data are the mean ± SEM of three independent
experiments (𝑛 = 3 per experiment). ∗𝑃 < 0.05 compared with
negative control; Δ𝑃 < 0.05 compared with positive control.

used to investigate the potential of vitamin E in treating
glutamate-injured neural cells.

3.3. Effect of Vitamin E on Scavenging Glutamate-Induced ROS
in Neural-Like Cells Derived from 46C Cells. The posttreat-
ment study was conducted to elucidate the potential of vita-
min E to reduce ROS production in glutamate-injured neural
cells. Figure 9 shows that the glutamate insult increased the
production of ROS approximately elevenfold in the positive
control (Cells + 60mM glutamate) compared to that in the
untreated group (negative control; cell + ethanol).

Regarding the TRF and 𝛼-TCP treatments, both iso-
mers exerted a similar effect in response to the glutamate
toxicity in neural-like cells derived from 46C cells. There
were approximately 61.1%, 52.7%, and 33.05% decreases of
ROS production upon supplementation of 100–300 ng/mL of
TRF, respectively, compared to positive control. Meanwhile,
treatment of 100, 200, and 300 ng/mL of 𝛼-TCP decreased
the ROS production by approximately 67.1%, 60%, and 57.2%,
respectively, compared to positive control.

ROS production was greatest in the positive control
compared to the production in the TRF and 𝛼-TCP-treated
samples. Furthermore, there were significant differences in
ROS production among the 100, 200, and 300 ng/mL TRF
treatment groups compared with the positive control group.
Treatment with 𝛼-TCP also shows significant differences at
concentrations of 200 and 300 ng/mL compared with the
positive control. Additionally, TRF exhibited a more marked
reduction of ROS levels compared to 𝛼-TCP.
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Figure 9: Posttreatment effect of TRF and 𝛼-TCP on neural-
like cells derived from 46C cells injured with 60mM glutamate.
Injured cells (60mM glutamate for 12 hours) were posttreated with
100–300 ng/mL TRF or 𝛼-TCP and incubated for another 24 hours.
RFU is the relative fluorescence unit where the value is the mean
± SEM of three independent experiments (𝑛 = 3 per experiment).
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𝑃 < 0.01 and ∗∗∗𝑃 < 0.001, vitamin E-treated group versus the

positive control group.
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Figure 10: GluN1 expression in neural cells derived from 46C cells
after glutamate challenge and posttreatment with vitamin E. The
fold change of GluN1 was normalized to GAPDH levels. Data are
presented as the mean ± SEM of three independent experiments.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001, vitamin E-treated group
versus the positive control group.

3.4. Effects of Vitamin E on the Gene Expression of Glutamate
Receptors and Neuron-Specific Enolase

3.4.1. Glutamate Receptor, NMDA-1 (GluN1). In the posttreat-
ment study, 60mM glutamate increased level of injury as
indicated by increased GluN1 expression in the neural cells
treated with glutamate (Figure 10). However, supplementa-
tion of 100, 200, and 300 ng/mL TRF in cells exposed to
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Figure 11: GluK1 expression in neural cells derived from 46C cells
after glutamate challenge and posttreatment with vitamin E. The
fold change of GluK1 was normalized to GAPDH levels. Data are
expressed as the mean ± SEM of three independent experiments.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001, vitamin E-treated group
versus the positive control group.

glutamate toxicity significantly decreased the levels of GluN1
expression with fold ratios of 0.347 ± 0.03, 0.195 ± 0.04, and
0.083 ± 0.01, respectively. Posttreatment with 𝛼-TCP also
significantly decreased GluN1 expression with fold ratios of
0.646±0.06, 0.583±0.1, and 0.530±0.09, respectively. Despite
the significantly decreased GluN1 expression in the 𝛼-TCP-
treated group, the reduction was only between 40 and 50%.
However, the reduction in response to TRF supplementation
achieved nearly 90% in the cells treated with 300 ng/mL TRF.
When comparing these two isomers of vitamin E, TRF was
more effective than 𝛼-TCP in suppressing GluN1 expression.

3.4.2. Glutamate Receptor, Kainate 1 (GluK1). Figure 11 shows
that, upon supplementation with 100–300 ng/mL TRF, there
was a significant decline in GluK1 expression with fold ratios
of 0.594 ± 0.16, 0.320 ± 0.02, and 0.291 ± 0.07, respectively,
compared to the positive control. Treatment with 𝛼-TCP
shows a significant difference in GluK1 expression at 100 and
200 ng/mL with fold ratios 0.614 ± 0.09 and 0.502 ± 0.04,
respectively. Overall, 200 ng/mL of either vitamin E isomer
elicited the best protection against glutamate insults.

3.4.3. Neuron-Specific Enolase (NSE). In neural cells derived
from46C cells, treatmentwith 60mMglutamate significantly
increased the level of injury as detected by the increased levels
of NSE expression. Figure 12 shows that, upon supplemen-
tation with TRF at 100–300 ng/mL, the NSE expression fold
ratios were significantly decreased compared to the positive
control; these ratios were 0.525±0.03, 0.514±0.02, and 0.605±
0.11, respectively. Upon treatment with 100–300 ng/mL 𝛼-
TCP, the NSE expression fold ratios in glutamate-injured
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Figure 12: NSE expression in neural cells derived from 46C cells
after glutamate challenge and posttreatmentwith vitamin E.The fold
change ofNSEwas normalized toGAPDH levels. Data are presented
as the mean ± SEM of three independent experiments. ∗𝑃 < 0.05
and ∗∗𝑃 < 0.01, vitamin E-treated group versus the positive control
group.

neural cells were 0.468 ± 0.08, 0.460 ± 0.1, and 0.782 ±
0.12, respectively. A significant reduction of NSE expression
as an injury marker was achieved by supplementation with
100–200 ng/mL of either TRF or 𝛼-TCP.

4. Discussion

4.1. In Vitro Oxidative Stress Model. The 46C cell line used
in this study is a transgenic mouse embryonic stem (ES) cell
that was transducedwith the eGFP gene inserted into the Sox-
1 open reading frame [11]. In this study, Sox-1, which is the
earliest marker for NPCs, was used to directly monitor the
differentiation of 46C cells under a fluorescence microscope
by observing eGFP expression in live cells from 46C EBs.
Sox-1 is not expressed in undifferentiated ES cells but it is
primarily expressed in NPCs upon differentiation of ES cells
into a neural lineage [12]. Our findings show that eGFP
expression was first detected in 46C EBs on day 6 after
neural induction, which indicates the appearance of NPCs
in our cultures. A study conducted by Nordin et al. [13]
used fluorescence activated cell sorting (FACS) to reveal that
that few cells express Sox1eGFP before day 4 and that eGFP
expression peaks at approximately day 8 in the same cell line.

Thepresent study exhibits the successful differentiation of
the 46C cell line into a neural lineage using 4−/4+ protocols
with RA as an inducer in the EBs suspension to stimulate
neural differentiation. Serum-free media supplemented with
N2 and B27 were also used to trigger neural lineages from
the 46C cell line. This study revealed the presence of a major
population of class III 𝛽-tubulin-positive cells and a small
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population ofGFAP-positive cells in the cultures.Throughout
the experiment, the composition of the cell types after day 6
of neural cell postplating was approximately 80–90%neurons
and the remainder were glial cells. The mixed population
of neuronal and glial cells in the culture is advantageous
because it more closely recapitulates the synergistic effects
between glial cells and neurons against neurotoxicity. A study
conducted by Kim et al. [14] showed using the same protocol
with serum-freemedium that a high percentage of class III 𝛽-
tubulin-positive cells concomitant with GFAP-positive cells
appeared after 6 days of neural postplating in which the
primary population was neurons (approximately 60–70%)
and the remainder are glial cells. In addition, Bibel et al.
[15] showed that approximately 85% of the cells were class
III 𝛽-tubulin-positive cells with a homogenous appearance of
neuronal cell bodies.

In principle, the physiological properties of ES cell-
derived neurons are similar to primary neuronswith the pres-
ence of glutamate receptors and transporters. These neurons
can express voltage-gated calcium channels and glutamate
receptors such as NMDA and the kainate receptor (David
and James, 1999). Neurons derived from ES cells can also use
glutamate as a neurotransmitter as reported by Bibel et al.
[15], who showed that approximately 93 ± 4.7% of the cells
were positive for vGlut1, a vesicular glutamate transporter
expressed on the surface membrane of neurons derived from
ES cells. Based on this accomplishment, neurons derived
from the 46C cell line offer distinct advantages over other
neuron-based cell cultures as an in vitro model system
for investigating nutritional therapy in the prevention or
mitigation of AD progression.

The ability of 46C cells to form EBs and express eGFP
and other neural protein markers denoted the successful
implementation and efficiency of the neural differentiation
of 46C cells. These neural cell cultures were used as a
model of oxidative stress to determine the antioxidant activity
of vitamin E on modulating the expression of glutamate
receptors and other markers of neuronal injury.

4.2. Glutamate Excitotoxicity. In the CNS, glutamate is a
major neurotransmitter involved in cognition, memory, and
learning [16]. Elevated levels of glutamate can cause glutamate
excitotoxicity in neurons and eventually promote a state of
oxidative stress. Glutamate excitotoxicity has been shown to
contribute to the pathogenesis of neurodegenerative diseases
including AD [17, 18]. Oxidative stress occurs due to an
imbalance of prooxidant production and antioxidant defence
molecules in the body to detoxify the free radicals.

The presence of glial cells (primarily astrocytes) in cell
culture can strengthen the neurons and combat the effects
of elevated glutamate concentrations. Despite the protection
conferred by glial cells against glutamate toxicity, a study
conducted by Gupta et al. [19] showed that glutamate toxicity
can be induced in amixed culture of neural cells derived from
ES cells by incubating the cells with deprived medium. In
parallel, our study revealed that administration of glutamate
at a millimolar concentration to cells in the presence of
N2 and B27 supplements in the medium failed to induce
oxidative stress injury. There are two likely reasons for

this response: first, the N2/B27 supplements contain an
antioxidant that can neutralize the glutamate toxicity, and
second glial cells can provide support against injury. Thus,
instead of removing the glial cells from the culture, the
N2/B27 supplement was eliminated from the differentiation
medium the day before administration of the glutamate
treatment to create a nutrient-deficient environment for the
cells. Successful induction with IC20 of glutamate was then
achieved after consistent withdrawal of N2/B27.

In this study, the neural cells were exposed to few
concentrations of glutamate and cell viability was assessed
to determine the cell response to glutamate excitotoxicity. It
was expected that the cell viability would drop significantly
when exposed to high concentrations of glutamate. Previous
observation found that the exposure of HT4 and HT22
neuronal cells to 10mM glutamate reduced the cells viability
by more than 90% in 24 hours (Sen et al., 2000) [20]. From
dose response and time course data, neural cells that derived
from 46C cells were induced with oxidative stress by 60mM
concentration of glutamate for 12 hours that caused 20%
neuronal cell death to generate in vitro oxidative stressmodel.

To assess the neurorecovery properties of vitamin E
against glutamate injury, the posttreatment study was con-
ducted. Various concentrations (100–300 ng/ml) of TRF and
𝛼-TCP were given to the cells after being exposed to 60mM
glutamate. TRF which consist of 75% tocotrienols and 25%
tocopherol were comparedwith 𝛼-TCP.The cells viability was
later determined by using theMTT assay. Present finding has
shown that viability of neural-derived 46C cells was reduced
approximately by 20% when exposed to 60mM glutamate
for 12 hours. Posttreatment with TRF increased steadily
when the concentrations of TRF given increased from 100
to 300 ng/mL. Although there was no significant difference
when compared to the positive control (60mM glutamate),
this result showed that the posttreatment with TRF thus
improved cells viability. On the other hand, posttreatment
of neural cells with 𝛼-TCP also produced no significant
effect along 100–300 ng/ml concentrationswhen compared to
positive control.

Although the results shown were not significant, TRF
exhibited better potential than 𝛼-TCP which indicates its
capability to be used in neurorecovery of injured neural cells.
TRF might be able to help the cells recovery after being
injured with high concentrations of glutamate. However,
MTT assay was mostly used for screening purposes only as
it only measures the activity of mitochondrial dehydrogenase
in the cells. Therefore, more detailed studies need to be
conducted to verify the effects of TRF to reduce the oxidative
stress in the neural cells, hence leading to understanding its
neuroprotective potential. Thus, in this present study ROS
measurement was conducted.

Generally, ROS are formed as a natural byproduct dur-
ing normal aerobic-based energy metabolism in cells and
are safely eradicated by biological antioxidants. Typically,
cells have their own protective mechanism against ROS via
upregulation of antioxidant molecules such as glutathione,
catalase, superoxide dismutase, and glutathione peroxidase
to counteract ROS toxicity [21]. The influx of a high concen-
tration of glutamate inhibits the conversion of glutamate and
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cysteine into glutathione (an antioxidant molecule) through
the antiporter system xc

− [20], which suggests that glutamate
excitotoxicity can cause oxidative insults by decreasing the
production of antioxidant molecules that can start a chain
reaction of free radical attack and eventually result in the
disruption of a living cell.

In addition, glutamate excitotoxicity is due to the over-
stimulation of glutamate receptors—primarily ionotropic
glutamate receptors (iGluRs). This current study focused on
the gene expression of two iGluRs: GluN1, which encodes the
NMDA receptor subunit 1, and GluK1, which encodes the
kainate receptor subunit 1. The results of our experiments
indicate that after a 12-hour incubation with 60mM gluta-
mate, neural cells exhibited markedly increased GluN1 and
GluK1 expression; excessive stimulation of these receptors
mediates calcium ion-dependent cell death [22]. This finding
proved that our neural cells derived from 46C cells expressed
mRNA for theNMDAand kainate receptors upon incubation
with a significant concentration of glutamate. In comparison,
according to Gupta et al. [19], an elevated concentration of
glutamate can cause overactivation of the NMDA receptor,
which leads to cell death in neural cells derived from human
embryonic stem cells.

A previous study showed that overactivation of the
NMDA and kainate receptors by high concentrations of glu-
tamate caused an excess influx of calcium ions into the cells,
which initiates the generation of ROS [4, 5, 23]. Accumulation
of calcium ions in the cytosol triggers the depolarization
of the mitochondrial permeability transition pore (MTP)
that allows the entry of calcium into the mitochondrial
membrane and consequently causes the mitochondria to
swell and rupture. This action releases the ROS content from
themitochondria into the cytosol and contributes to the high
level of ROS in the cytosol during glutamate excitotoxicity.

This study also showed that ROS production in cells
injured by excessive glutamate increased approximately
elevenfold after a 12-hour incubation compared to untreated
cells (negative control). Mouse hippocampal HT22 neuronal
cells exhibitedmore than fivefold increase in ROS production
after a 6-hour incubation with 5mM glutamate [24]. Our
finding demonstrates that glutamate is tightly associated with
ROS generation in neural cell cultures.

Additionally, another hallmark of neuronal injury is the
expression of NSE. The current study showed that NSE
expression was significantly increased in neural cells derived
from 46C cells upon glutamate treatment, which indicates
successful injury in the culture. According to Martin et al.
[25], neurons upregulated NSE expression upon neuronal
injury due to the high ATP requirements to overcome the
injury. During periods of neuronal injury, more glucose is
converted to pyruvate via glycolysis to generate more ATP
to be utilized by injured cells. This study suggests that the
upregulation of NSE expression during glutamate insult in
this experiment is an effort to promote survival in response
to glutamate injury.

4.3. Neurorecovery of Vitamin E against Glutamate Excitotoxi-
city. Vitamin E exhibits strong antioxidant potential that can
inhibit the reactivity of ROS or free radicals. Additionally,

a few in vitro studies reported that vitamin E possesses
neuroprotective effects in neurons and astrocytes [2, 10, 26].
In this present study, TRF and 𝛼-TCP were administered at
100, 200, and 300 ng/mL to determine the ability of these
isomers to scavenge ROS and modulate the expression of
glutamate receptors and neuron-specific enolase, a marker of
neuronal injury.

This present study demonstrates that glutamic excito-
toxicity caused neuronal injury via ROS generation. Clearly,
vitamin E in the form of TRF and 𝛼-TCP could reduce
the ROS levels in neural cells derived from 46C cells that
were subjected to glutamate-induced oxidative stress. Both
vitamin E isomers function in a dose-dependent manner
and demonstrated a neuroprotective effect due to their
strong antioxidant activity. Our data showed that treatment
with 100–300 ng/mL vitamin E after a 12-hour induction
of glutamate toxicity significantly reduced the generation of
ROS, which suggests that the glutamate toxicity causes ROS-
mediated cell death and that vitamin E exerted antioxidant
potential in neutralizing ROS reactivity.

Furthermore, the current study indicates that supplemen-
tation of 100–300 ng/mL of either TRF or 𝛼-TCP signifi-
cantly reduced the overexpression of GluN1 and GluK1 in
neural cells subjected to glutamate-induced injury suggesting
that vitamin E can potentially modulate glutamate receptor
expression and decrease glutamate receptor toxicity. The role
of vitamin E in the recovery of glutamate-injured neural
cells was also assessed by measuring NSE gene expression.
After posttreatment with vitamin E, theNSE expression levels
significantly dropped in neural cells subjected to glutamate
toxicity; doses of 100 and 200 ng/mL of either TRF or 𝛼-TCP
exhibited the best neuroprotection against neuronal injury.
This result suggests that both TRF and 𝛼-TCP can improve
the survival of injured neural cells at a concentration as low
as 100 ng/mL. However, an effective dosage is crucial for
vitamin E to exert its beneficial effects, and postinduction
administration of 300 ng/mL vitamin Ewas not as effective as
either 100 or 200 ng/mL.When both isomers were compared,
TRF consistently conferred better neuroprotection than 𝛼-
TCP in three independent experiments. These results are
in agreement with a previous study demonstrating that
tocotrienol better protects cells against glutamate-induced
injury compared to tocopherol [1, 10].

5. Conclusion

The46C cell line has been successfully used tomonitor neural
commitments and differentiate into neural cells. Neural
differentiation using the single-cell suspension method via
the formation of EBs has been shown to efficiently monitor
neural differentiation andproduce amixed culture of neurons
and glial cells; furthermore, this process has been used
to create an oxidative stress model by treating the mixed
neural-based cultures with a high concentration of glutamate.
The gene expression assay clearly indicated that glutamate
receptors (NMDA and kainate receptor) are involved in
glutamate excitotoxicity and contribute to oxidative damage
of neural cells derived from 46C cells. Alternatively, neural
cells have their own protectivemechanism towards glutamate
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toxicity via increased expression of NSE, an enzyme critical
for glycolysis. The analysis of gene expression revealed that
the upregulation of NSE is due to increased ATP demand
for the neurorecovery process. Upon supplementation with
one of two isomers of vitamin E, the ROS levels dropped
significantly. Additionally, supplementation with vitamin E
suppressed the expression of both tested glutamate receptors
as well as NSE, which promoted the survival of neural cells
derived from 46C cells.
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Background. Microglial activation contributes to neuroinflammation and neuronal damage in neurodegenerative disorders
including Alzheimer’s and Parkinson’s diseases. It has been suggested that neurodegenerative disorders may be improved if
neuroinflammation can be controlled. trans-cinnamaldehyde (TCA) isolated from the stem bark of Cinnamomum cassia possesses
potent anti-inflammatory capability; we thus tested whether TCA presents neuroprotective effects on improving neuronal survival
by inhibiting neuroinflammatory responses in BV2 microglial cells. Results. To determine the molecular mechanism behind TCA-
mediated neuroprotective effects, we assessed the effects of TCAon lipopolysaccharide- (LPS-) induced proinflammatory responses
in BV2 microglial cells. While LPS potently induced the production and expression upregulation of proinflammatory mediators,
including NO, iNOS, COX-2, IL-1𝛽, and TNF-𝛼, TCA pretreatment significantly inhibited LPS-induced production of NO and
expression of iNOS, COX-2, and IL-1𝛽 and recovered themorphological changes in BV2 cells. TCAmarkedly attenuatedmicroglial
activation and neuroinflammation by blocking nuclear factor kappa B (NF-𝜅B) signaling pathway. With the aid of microglia and
neuron coculture system, we showed that TCA greatly reduced LPS-elicited neuronal death and exerted neuroprotective effects.
Conclusions. Our results suggest that TCA, a natural product, has the potential of being used as a therapeutic agent against
neuroinflammation for ameliorating neurodegenerative disorders.

1. Introduction

Neuroinflammation is a critical component in both acute
and chronic neurodegenerative disorders, exemplified by
Alzheimer’s disease (AD), Parkinson’s disease (PD), ischemia,
and traumatic brain injury (TBI) [1–3]. A major charac-
teristic of brain inflammation is microglial activation that
accompanies the neurodegenerative process [4]. Microglia,
the residentmacrophages in the brain, possess properties par-
ticularly suitable to mediate cellular inflammatory responses
[5]. Microglia are activated in response to brain injury and
exposure to lipopolysaccharide (LPS), interferon gamma

(IFN-𝛾), or 𝛽-amyloid [6, 7]. Activated microglia are linked
to the release of a number of proinflammatory mediators
including nitric oxide (NO), inducible nitric oxide synthase
(iNOS), cyclooxygenase-2 (COX-2), interleukin-1 beta (IL-
1𝛽), tumor necrosis factor alpha (TNF-𝛼), chemokines, com-
plements, excitatory amino acids, and reactive oxygen species
(ROS) that are thought to contribute to neuronal death,
damage, and functional deterioration [8, 9]. Recent studies
suggest that nuclear factor kappa B (NF-𝜅B) and mitogen-
activated protein kinase (MAPK) signaling pathways includ-
ing p38, extracellular signal-regulated kinase (ERK), and
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c-Jun N-terminal kinase (JNK) are involved in the pro-
cess of inflammation associated with microglial activation.
Sincemicroglia-mediated neurotoxicity is a crucialmolecular
event involved in initiation and progression of neurodegen-
erative disorders [10], inhibition of microglial activation may
thus be a potential therapeutic approach against neuroinflam-
matory and neurodegenerative disorders [11, 12].

Cinnamomum cassia (C. cassia) has been used to
treating dyspepsia, gastritis, blood circulation disturbances,
and inflammatory disease in China for thousand years.
It has been shown to provide a significantly protective
effect against glutamate-induced neuronal death [13]. trans-
cinnamaldehyde (TCA), a natural product, is a major bioac-
tive component isolated from the stem bark of C. cas-
sia [14–16] and has been reported to possess antitumor,
antipyretic, antimicrobial, antidiabetic, and antimutagenic
properties [17–20]. Importantly, TCA also has potent anti-
inflammatory activity in aging rats, endothelial cells, and
monocytes/macrophages [21–23]. Cinnamon and its main
constituents including TCA have also been shown to inhibit
neuroinflammation in LPS-stimulated BV2 microglial cells
[24]. TCA’s anti-inflammatory activity is likely to be associ-
ated with its suppressive role in toll-like receptor 4- (TLR4-
) mediated signaling [25, 26] and is probably mediated by
targeting multiple molecular mechanisms because it can
inhibit age-related inflammatory NF-𝜅B activation via the
NIK/IKK, ERK, and p38 MAPK pathways in aging rats [21].
These results strongly suggested that TCAmay represent as an
effective anti-inflammatory drug to deter neurodegenerative
processes. However, the molecular mechanisms of TCA for
being used to protect neuronal damage under neuroinflam-
mation remain unclear.

The objective of this study is to investigate the potential
of using TCA to block neuroinflammation and to improve
neuronal survival under neuroinflammation. Using LPS-
stimulated microglia as a model of activated microglia,
our results showed that TCA inhibited the production of
NO and IL-1𝛽 and expression of iNOS and COX-2 by
suppressing activation of NF-𝜅B and granted neuroprotective
effects evidenced by attenuating microglial neurotoxicity in
microglia/neuron coculture system. This study suggests that
TCA, a natural product, should be seriously considered as a
potential therapeutic agent for a variety of neuroinflamma-
tory and neurodegenerative diseases.

2. Materials and Methods

2.1. Chemicals and Reagents. Bacterial lipopolysaccharide
(LPS) from E. coli serotype 0111:B4, trans-cinnamaldehyde
(TCA), and JSH-23 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). LPS was dissolved in sterile saline.
TCA and JSH-23 were reconstituted in dimethyl sulfox-
ide (DMSO). Anti-CD11b monoclonal antibody (OX-42,
microglial marker) was from Abcam (Cambridge, UK).
Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park
Memorial Institute medium (RPMI), and fetal bovine serum
(FBS) were purchased fromGibco (Rockville, MD, USA). All
other reagents were purchased from Sigma-Aldrich unless
otherwise described.

2.2. Cell Culture. The immortalized BV2 murine microglial
cell line and rat pheochromocytoma PC12 neuronal cell
line were obtained from the Cell Culture Center of the
Chinese Academy of Medical Sciences (China). BV2 cells
were maintained at DMEM supplemented with 10% heat-
inactivated FBS at 37∘C in a humidified atmosphere contain-
ing 5% CO

2
. PC12 cells were cultured in RPMI supplemented

with 10% FBS and 20% horse serum. The growth medium
was replenished every third day until confluence. In all
experiments, cells were treated with TCA for the indicated
times before LPS stimulation.

2.3. MTT Cell Viability Assay. The 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay
was used to determine cell viability. Briefly, BV2 cells (2 × 104
cells/well) were plated in 96-well plates and then subjected
to various treatment. To determine cell viability, 0.5mg/ml
MTT solution was added to cells for 4 h. Formed MTT for-
mazan was solubilized with DMSO and quantified at 540 nm
using a microplate reader (Synergy 2, BioTek Instruments,
Inc., Winooski, VT, USA) and results are expressed as the
percentage of cells in treated groups over the untreated
Control. Each assay was carried out in triplicate.

2.4. Nitrite Quantification. BV2 cells were plated at 2 × 104
cells/well in 96-well plates. Cells were stimulated with LPS
(0.1 𝜇g/ml) for 24 h after pretreatment of varying concentra-
tions of TCA.Amount of nitrite in cell culturemediawas ana-
lyzed by Griess reaction as previously described [27] as used
to assess NO production. Briefly, 50 𝜇l of cell supernatant
was mixed with an equal volume of Griess reagent (1% sul-
fanilamide in water and 0.1% N-1-naphthylethylenediamine
dihydrochloride in 5% phosphoric acid) and incubated at
room temperature for 10min followed by measuring the
absorbance at 550 nm with the aid of a microplate reader.
The data are the representative of three or more independent
experiments.

2.5. Western Blot Analysis. To prepare lysates, BV2 cells were
cultured in the presence or absence of LPS (0.1𝜇g/ml) or LPS
+ TCA (10 𝜇M) for varying times and then lysed in ice cold
RIPA buffer [150mM NaCl, 50mM Tris-HCl pH 7.4, 1mM
EDTA, 1% Triton X-100, 0.1% SDS, 1% sodium deoxycholate,
2mM sodium orthovanadate (Na

3
VO
4
), and 1mM sodium

fluoride (NaF)], supplemented 1mM phenylmethanesulfonyl
fluoride (PMSF), and inhibitors of protease and phosphatase
(10 𝜇g/ml each of aprotinin, leupeptin, and pepstatin A).
The nuclear proteins were then extracted using Nuclear
Extraction Reagents kit (Keygen BioTECH, Nanjing, Jiangsu,
China). An aliquot of 20 𝜇g of cytosol and nuclear protein
was electrophoresed on 10% and 12% sodium dodecyl sulfate-
poly-acrylamide gel electrophoresis (SDS/PAGE) gels and
then transferred to a nitrocellulose membrane (Amersham
Biosciences, Buckinghamshire, UK) followed by incubation
with primary antibodies. Primary antibodies used for this
studies are anti-iNOS (Cell Signaling Technology, Danvers,
MA, USA), anti-COX-2 (CST), anti-NF-𝜅Bp65 (CST), anti-
p-I𝜅B𝛼 (Santa Cruz Biotechnology, Dallas, Texas, USA), anti-
I𝜅B𝛼 (Santa Cruz), anti-𝛽-actin (CST), and anti-Histone 3
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(ProteinTech, Chicago, IL, USA). The intensities of protein
bands were quantified by Image Quant software (Tanon,
Shanghai, China). The relative protein level was normalized
to 𝛽-actin or Histone 3.

2.6. Quantitative RT-PCR (qRT-PCR). BV2 cells (2 × 106
cells/well in 6-well plate) used for qRT-PCR analysis were
stimulated with LPS (0.1𝜇g/ml) in the presence or absence of
TCA (10 𝜇M) for varying times. Total RNA was isolated with
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to
themanufacturer’s instructions and reverse transcribed using
PrimeScript� RT reagent kit with gDNA Eraser (Takara Bio
Inc. Otsu, Shiga, Japan) followed by qRT-PCR. The primer
sequences were included in the following:

iNOS (Forward, 5-CACCTTGGAGTTCACCCA-
GT-3; Reverse, 5-ACCACTCGTACTTGGGATGC-
3)
IL-1𝛽 (Forward, 5-CAGGCAGGCAGTATCACT-
CA-3; Reverse, 5-AGCTCATATGGGTCCGACAG-
3)
TNF-𝛼 (Forward, 5-GAACTGGCAGAAGAGGCA-
CT-3; Reverse, 5-AGGGTCTGGGCCATAGAACT-
3)
COX-2 (Forward 5-GTCTGGTGCCTGGTCTGA-
TGA-3; Reverse 5-TGGTAACCGCTCAGGTGT-
TG-3)
𝛽-Actin (Forward, 5-AGCCATGTACGTAGCCAT-
CC-3; Reverse, 5-TCTCAGCTGTGGTGGTGA-
AG-3).

2.7. Enzyme-Linked Immunosorbent Assay (ELISA). BV2 cells
(2 × 104 cells/well in 96 well plates) were treated with LPS
in the presence or absence of TCA (10 𝜇M) for 6 h. To
determine the amount of IL-1𝛽 and TNF-a secreted, the
supernatants of the cells were collected and analyzed using
commercially available enzyme-linked immunosorbent assay
kits purchased from Invitrogen according to manufacturer’s
protocol. Experiments were repeated at least three times.

2.8. Transfection and Dual Luciferase-Reporter Assay. For
measurement of NF-𝜅B transcriptional activity, BV-2 cells
were seeded at a density of 5 × 104 cells/well in a 24-
well plate. The triplicate wells were cotransfected with a
mixture of plasmid (pNF-𝜅B-luc reporter plasmid and PRL-
TK internal Control plasmid) using lipofectamine trans-
fection reagent according to manufacturer’s specifications
(Promega, Madison, WI, US). After 24 h transfection, the
cells were pretreated with TCA (10𝜇M) for 2 h followed by
LPS (0.1 𝜇g/ml) stimulation for 6 h. The cells were harvested
in lysis buffer and were analyzed for luciferase activity using
the Dual Luciferase Reporter Assay System (Promega). The
firefly luminescence was quantified, standardized to Renilla
expression and reported as relative activity.

2.9. Immunofluorescence Staining. BV2 cells were treated
with LPS in the presence or absence of TCA (10 𝜇M) for
24 h in 24-well plate followed by three times with PBS. The

medium was removed and cells were fixed with ice cold
4% paraformaldehyde in 0.1M phosphate buffer (PB) for
15min. Cells were permeabilized with 0.2% Triton X-100 for
10min followed by blocking with 10% normal donkey serum
(Jackson ImmunoResearch Lab, West Grove, PA, USA) for
30min at room temperature. Fixed cells were incubated with
anti-CD11b monoclonal antibody (1 : 500) in PBS containing
0.1% Triton X-100 overnight at 4∘C and then Alexa Fluor 594-
conjugated donkey anti-mouse secondary antibody (1 : 500;
Invitrogen) for 1 h at room temperature. The nuclei were
counterstained using DAPI. Images of microglia were visu-
alized under an Axiovert 40 CFT visible/fluorescence micro-
scope (Carl Zeiss, Oberkochen, Germany).

2.10. Cytotoxicity Assay in Microglia/Neuron Coculture. BV2
cells were pretreated with or without TCA (10 𝜇M) for 2 h
followed by LPS (0.1 𝜇g/ml) stimulation. LPS-stimulated BV2
cells were added to transwell inserts (pore size 0.4𝜇m) while
PC12 cells were plated in the underwells. In such coculture
system, cells in the transwell inserts can communicate with
cells in the underwells through the semipermeable mem-
brane without direct cell contact. After 24 h coculture, MTT
assay was performed to evaluate neuronal cell viability. The
experimental timeline is shown in Figure 6(a).

2.11. Statistical Analysis. Data were presented as the mean ±
SEM derived from three or more independent experiments.
Statistical analyses were performed using one-way or two-
way ANOVA, followed by Holm-Bonferroni post hoc test.
The differences were considered statistically significant when
𝑃 < 0.05.

3. Results

3.1. Effects of TCA on NO Production and Cytotoxicity in LPS-
Stimulated BV2 Cells. Since NO production is an excellent
indicator of inflammatory response, we evaluate the effects
of TCA on LPS-induced NO production in BV2 cell lines.
Griess assay showed that TCA dose-dependently diminished
LPS-induced NO production in BV2 cells (Figure 1(a)). In a
parallel experiment, we compared the effectiveness of TCA
to block LPS-induced NO production with the well-known
microglial deactivator minocycline (Mino) [28, 29]. TCA at
dose of 10 𝜇M displayed similar level of inhibition seen with
50 𝜇M minocycline in BV2 lines (Figure 1(b)). Moreover, to
determine the cytotoxic effects of TCA and minocycline on
BV2 cells, cells were treated with varying concentrations of
TCA and minocycline for 24 h. MTT assay showed that TCA
up to 10 𝜇M and minocycline 50 𝜇M displayed no significant
effects on cell viability in BV2 cells (Figures 1(c) and 1(d)).
Since TCA is not toxic to BV2 lines up to 10𝜇M, these results
suggest that TCA at the concentration of 2.5–10 𝜇M can be
safely used to block LPS-induced inflammatory responses in
BV2 cells.

3.2. Effects of TCA on the Protein Levels of Proinflammatory
Mediators in LPS-Stimulated BV2 Cells. To clarify molecular
mechanism associated with the suppressive effects of TCA
on LPS-induced production of proinflammatory mediators,
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Figure 1: Effects of TCA on NO production and cell viability in LPS-stimulated BV2 cells. (a) BV2 cells were pretreated with varying
concentration of TCA for 2 h and then stimulated with 0.1𝜇g/ml LPS for 24 h. Griess assays were performed to measure the amount of nitrite
inmedia of BV2 cells. (b)The inhibitory effects of TCAonNOproductionwere compared tominocycline (Mino) in LPS-stimulated BV2 cells.
Cell viability was determined by MTT assay following treatment with TCA (c) and Mino (d). The results are expressed as the percentage of
surviving cells over the untreated Control. Each value indicates themean ± SEM from three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01,
and ∗∗∗𝑃 < 0.001 versus untreated Controls; #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

we analyzed the protein levels of iNOS, COX-2, IL-1𝛽,
and TNF-𝛼 in BV2 cells stimulated by LPS. Western blot
analysis showed that significant upregulation of iNOS and
COX-2 expression could be detected in BV2 cells upon LPS
stimulation for 24 h, while pretreatment of TCA at dose of
2.5 𝜇M and 5 𝜇M did not significantly prevent LPS-induced
upregulation of iNOS andCOX-2 expression. Instead, TCA at
dose of 10 𝜇M led to a dramatic reduction of iNOS and COX-
2 expression at 24 h after LPS stimulation compared to LPS-
stimulatedmicrogliawithoutTCApretreatment (Figures 2(a)
and 2(b)). Similar effect was observed with the levels of IL-
1𝛽 release judged by ELISA analysis. ELISA showed that LPS
stimulation for 6 h more than doubled the levels of TNF-𝛼
and IL-1𝛽 release in BV2 cells, while pretreatment of TCA
at 10 𝜇M almost completely abolished LPS-induced IL-1𝛽
release (Figure 2(c)). TCA pretreatment did not affect the
secretion of TNF-𝛼 in LPS-stimulated BV2 cells (Figure 2(d)).

3.3. Effects of TCA on the mRNA Expression of Proinflamma-
tory Mediators in LPS-Stimulated BV2 Cells. Because of the
importance of proinflammatorymediators in chronic inflam-
mation, we examined the effects of TCA on LPS-induced

mRNA expression of proinflammatory factors, including
iNOS, COX-2, IL-1𝛽, and TNF-𝛼, in BV2 cells by qRT-PCR
analysis.The results showed that LPS stimulation significantly
increased the mRNA expression of iNOS, COX-2, IL-1𝛽, and
TNF-𝛼 at varying times (Figure 3), while pretreatment of
TCAblocked LPS-induced iNOS andCOX-2mRNAat a later
time point (after 24 h, Figures 3(a) and 3(b)) and suppressed
the upregulation of IL-1𝛽 mRNA at early time point (before
6 h, Figure 3(c)) but displayed no effects on TNF-𝛼mRNA in
LPS-stimulated BV2 cells (Figure 3(d)).

3.4. TCA Recovers LPS-Induced Morphological Alteration in
BV2 Cells. Since the morphological alteration of microglia
can be observed upon inflammatory condition, we treated
BV2 cells with LPS (0.1 𝜇g/ml) in the absence or presence
of TCA (10 𝜇M) for 24 h. Anti-CD11b immunofluorescence
staining analysis showed that resting BV2 cells exhibited
elongated cell bodies and highly ramified processes. In
contrast, BV2 cells exposed to LPS displayed larger spherical
cell bodies and retracted processes, indicating a morphologi-
cal transformation into amoeboid/activated. However, TCA
pretreatment partially blocked LPS-induced morphological
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Figure 2: Effects of TCA on the protein levels of iNOS, COX-2, IL-1𝛽, and TNF-𝛼 in LPS-stimulated BV2 cells. BV2 cells were pretreated with
2.5–10 𝜇M TCA for 2 h prior to 0.1 𝜇g/ml LPS stimulation. After 24 h, cells were lysed and cell lysates were subjected to Western blot to
detect iNOS (a) and COX-2 (b) expression.The protein levels of iNOS and COX-2 were standardized based on the respective level of 𝛽-actin
protein. Value was expressed as relative changes in comparison to Control, which was set to 1. Supernatants were collected at 6 h after LPS
stimulation and subjected to ELISA to measure the amount of IL-1𝛽 (c) and TNF-𝛼 (d) secreted by BV2 cells with TCA 10 𝜇M pretreatment.
Each value indicates the mean ± SEM from three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated
Controls; #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

alteration and microglial activation, and short ramified pro-
cesses were observed in BV2 cells (Figure 4).

3.5. Inhibitory Effects of TCA on NF-𝜅B Activation and I𝜅B𝛼
Phosphorylation in LPS-Stimulated BV2 Cells. The activation
of NF-𝜅B by LPS stimulation can induce the expression of
proinflammatory mediators, which contribute to the patho-
genesis of the inflammatory process [27]. We investigated
the regulation of NF-𝜅B activation by TCA using West-
ern blot of nuclear NF-𝜅B analysis and Dual Luciferase-
reporter assay. The transfected BV2 cells were pretreated
with TCA (10 𝜇M) for 2 h followed by the LPS (0.1 𝜇g/ml)
stimulation for 6 h. We examined the effects of TCA on the
nuclear translocation of the p65 subunit of NF-𝜅B in LPS-
stimulated BV2 cells. The NF-𝜅B activation was induced by

LPS stimulation. It also caused the nuclear translocation of
the p65 (cytosol), subunit of NF-𝜅B. The above process was
dramatically suppressed by TCA (Figure 5(a)). Further, the
cells were cotransfected with pNF-𝜅B-luc reporter and PRL-
TK plasmid. After transfection, cells were treated with TCA
(10 𝜇M) for 2 h before the 6 h LPS stimulation (0.1 𝜇g/ml),
and then NF-𝜅B transcriptional activity was determined and
expressed as relative luciferase activity (RLU). As shown in
Figure 5(b), NF-𝜅B transcriptional activity was significantly
enhanced by LPS stimulation, while the enhancement of NF-
𝜅B activity was inhibited by TCA pretreatment. In addition,
we also investigated the effects of TCA on the cytosolic
expression of p-I𝜅B𝛼 and I𝜅B𝛼 in LPS-stimulated BV2 cells.
Figure 5(c) showed that pretreatment of TCA decreased LPS-
induced phosphorylation of I𝜅B𝛼, which further indicated
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Figure 3:Effects of TCA on iNOS, COX-2, IL-1𝛽, andTNF-𝛼mRNA in LPS-stimulated BV2 cells.BV2 cells were stimulatedwith LPS (0.1 𝜇g/ml)
with or without TCA (10𝜇M) pretreatment for varying times. Total RNAwas isolated and subjected to quantitate the levels of iNOS (a), COX-
2 (b), IL-1𝛽 (c), and TNF-𝛼 (d) mRNA by qRT-PCR analysis. Values are expressed as fold change over the respective Controls. Each value
indicates the mean ± SEM from three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated Controls;
#
𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

that the subsequent NF-𝜅B inactivation was induced by
TCA in LPS-stimulated BV2 cells. Together, these results
suggested that the inhibition of NF-𝜅B activation by TCA
may be the mechanism responsible for the suppression of
proinflammatory mediators in LPS-stimulated BV2 cells.

3.6. Attenuation of Microglial Neurotoxicity in the Microglia/
Neuron Coculture by TCA Pretreatment. Excessively acti-
vated microglia through the release of various proinflam-
matory mediators are well recognized as a major contribut-
ing factor to neuronal degeneration [30]. We thus carried
out microglia/neuron coculture system to investigate the
potential neuroprotective effects of TCA on microglial neu-
rotoxicity (Figure 6(a)). We plated BV2 cells in the inserts
and PC12 cells in the underwells, which have been shown
to allow the free exchange of proinflammatory cytokines
without direct contact between BV2 and PC12 cells [31, 32].

The coculture experiments revealed that LPS-stimulated BV2
cells decreased the viability of PC12 cells while unstimulated
BV2 cells did not. However, pretreatment of PC12 cells with
TCA significantly improved cell viability (Figure 6(b)).These
results implicate that TCA may possess the capability to
protect neuronal cells from being damaged by suppressing
activated microglia-mediated inflammation.

3.7.TheEffects of TCAand JSH-23 onNOProduction andNeu-
rotoxicity in LPS-Stimulated BV2 Cells and Microglia/Neuron
Coculture. As NF-𝜅B signaling pathway may be involved in
the inhibitory effects of TCA on proinflammatory mediators
in LPS-stimulated BV2 cells, we subsequently investigated
the effects of JSH-23, an inhibitor of NF-𝜅B nuclear translo-
cation, on NO production in LPS-stimulated BV2 cells and
neurotoxicity in microglia/neuron coculture. Griess assay
showed that JSH-23 decreased the level of NO production
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Figure 4: Effects of TCA on LPS-induced morphological alteration in BV2 cells. Immunostaining of BV2 cells was performed by using anti-
CD11b monoclonal antibody (red) in the presence of DAPI (blue). Staining was visualized under a fluorescence microscopy. Magnification
is 20x and scale bar is 100𝜇m. Insets show high-magnification representative BV2 cells. Control: untreated BV2 cells. Treatment condition:
TCA: TCA (10𝜇M) treatment alone. LPS: LPS (0.1𝜇g/ml) stimulation alone. LPS + TCA: combined treatment of LPS (0.1𝜇g/ml) and TCA
(10𝜇M).

in LPS-stimulated BV2 cells. Moreover, MTT assay showed
that JSH-23 could significantly upregulate neuronal viability
against microglial neurotoxicity in microglia/neuron cocul-
ture. Since the addition of TCA did not further reduce NO
production (Figure 7(a)) and improve neuronal survival with
JSH-23 treatment (Figure 7(b)), these results indicate that
TCAprevents neuroinflammatory-inducedneuronal damage
by intercepting the NF-𝜅B signaling pathway.

4. Discussion

Under the neurodegenerative condition, microglia can be
activated and release a variety of neurotoxic and proin-
flammatory mediators such as iNOS, COX-2, IL-1𝛽, and
TNF-𝛼 which are associated with severe neuronal damage

and progression of neuroinflammation [9, 33]. Neuroin-
flammation is a host defense mechanism for protecting the
central nervous system (CNS) against aging, infection, and
injury. However, sustained neuroinflammatory responses can
contribute to neuronal damage and memory impairment
in neurodegenerative disorders. Therefore, the suppression
of microglial activation and subsequent neuroinflammation
have been considered as an effective therapeutic strategy
to alleviate the progression of neuroinflammation-mediated
neurodegenerative disorders.

Both in vitro and in vivo studies have demonstrated anti-
inflammatory potential of TCA, the major constituent from
C. cassia [21, 34]. In this study, we investigated the possi-
bility of using TCA to prevent neuroinflammation-caused
neuronal damage. Our results showed that TCA was capable
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Figure 5: Inhibitory effects of TCA on NF-𝜅B activation and I𝜅B𝛼 phosphorylation in LPS-stimulated BV2 cells. (a) Total nuclear protein was
extracted to detect NF-𝜅B expression followed by Western blot using an anti-NF-𝜅Bp65 antibody. Quantification of protein band densities
was normalized to the corresponding levels of Histone 3. (b) Effects of TCA on LPS-induced NF-𝜅B luciferase activity in BV2 cells. (c) Total
cytosolic protein was extracted to detect p-I𝜅B𝛼 expression, which were normalized with the levels of total I𝜅B𝛼. Value was expressed as
relative changes in comparison to Controls, which was set to 1. Data are the mean ± SEM from three independent experiments. ∗𝑃 < 0.05,
∗∗
𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated Controls; #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

of decreasing LPS-inducedNOproduction dose-dependently
without eliciting cytotoxicity in BV2 cells (Figures 1(a) and
1(c)). Moreover, pretreatment of TCA (10 𝜇M) significantly
prevented LPS-induced upregulation of iNOS and COX-2
expression in BV2 cells after 24 h. TCA has been previously
reported to reduce the levels of iNOS and COX-2 in the LPS-
stimulated BV2 cells [24, 35]. However, the dose of TCA
used in our studies is different from other previous reports.
We found that TCA at dose of 10 𝜇M, but not 2.5𝜇M or
5 𝜇M, dramatically reduced the levels of iNOS and COX-2
expression in the 24 h after LPS-stimulated BV2 cells (Figures
2(a) and 2(b)). Moreover, we also found that TCA could
display cytotoxicity above dose of 20𝜇M (results not shown).

Furthermore, we determined the effects of TCA (10 𝜇M)
on the mRNA expression of iNOS and COX-2 in LPS-
stimulated BV2 cells for varying times (Figure 3). We found
that pretreatment of TCA blocked LPS-induced iNOS and
COX-2 mRNA at later time point (after 24 h, Figures 3(a)
and 3(b)). The same inhibitory effects of TCA were observed
on IL-1𝛽mRNA and production in LPS-stimulated BV2 cells
(Figures 2(c) and 3(c)), but TCA displayed no effects on
TNF-𝛼 mRNA and production in LPS-stimulated microglia
(Figures 2(d) and 3(d)). Subsequently, we observed that
TCA also prevented the conversion of resting microglia
into activated ones in LPS-stimulated BV2 cells (Figure 4).
The suppressive effects of TCA on microglial activation by
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Figure 6: TCA attenuated microglial neurotoxicity in the microglia/neuron coculture. BV2 cells were cocultured with PC12 cell using transwell
system. (a) The experimental timeline for microglia/neuron coculture. BV2 cells were pretreated with or without TCA (10 𝜇M) for 2 h and
then stimulated with LPS (0.1 𝜇g/ml) prior to coculture. (b) After 24 h of coculture period, transwell inserts were removed and MTT assay
was performed to determine the viability of PC12 cells in the underwells. Data are the mean ± SEM from three independent experiments.
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated Controls; #𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

recovering morphologic change are most likely linked to
its ability to block LPS-induced proinflammatory mediators
expression. These results are consistent with our previous
reports that TCA treatment can suppress primary microglial
activation and improve memory deficits in neurodegenera-
tive disease models [36].

However, the molecular mechanisms associated with
TCA’s suppressive effects on neuroinflammation were poorly
elucidated. In present study, we further investigated the
regulation of NF-𝜅B signaling pathway by TCA pretreatment
using a reporter gene assay and Western blot analysis. NF-
𝜅B is an important transcription factor, which is activated
by inflammatory stimulation that are associated with the
regulation of cell survival and expression of proinflammatory
mediators and enzymes such as iNOS, COX-2, IL-1𝛽, and
TNF-𝛼 [37, 38]. NF-𝜅B and inhibitory I𝜅B protein are com-
plexed in the cytoplasm. Inflammatory stimulation causes
phosphorylation and subsequent degradation of I𝜅B. Free
NF-𝜅B (p65 subunit) enters the nucleus and mediates many
proinflammatory mediators. Intranuclear blockage of NF-
𝜅B has been demonstrated to suppress the expression of
proinflammatory mediators. Our results also indicated LPS-
induced upregulation of I𝜅B phosphorylation, NF-𝜅B p65
nuclear translocation, and NF-𝜅B luciferase activity. Again,
this process was inhibited by TCA pretreatment (Figure 5).
It is consistent with a previous study where NF-𝜅B signaling
was downregulated by TCA in various cell culture models
including RAW264.7 and TLR4-expressing HEK293 [22].
These results suggested that TCA decreased the production
of downstream proinflammatory mediators in BV-2 cells,
the mechanism of which at least in part might involve the
inhibition of NF-𝜅B activation.

Microglial activation has been suggested as a major cause
of neuronal damage [27]. The most likely mechanism behind
microglial activation-induced neuroinflammation and neu-
ronal death is the excessive production of proinflammatory

mediators that are neurotoxic [39–41]. For example, iNOS
expression and NO production are upregulated in activated
microglia [42, 43]. Anti-inflammatory agents have been
shown to inhibit microglial activation and production of
proinflammatory mediators. Importantly, these agents are
able to attenuate neuronal degeneration and thus exert neuro-
protective effects [44, 45]. The fact that TCA is able to reduce
proinflammatory mediators expression in LPS-stimulated
BV2 cells suggests that TCA may grant protective effects to
neuronal cells under inflammation. In this study, our data
showed that LPS-stimulated BV2 cells conferred significant
toxicity to PC12 neuronal cells in a transwell-based cocul-
ture system. However, pretreatment of TCA significantly
improved PC12 cell survival (Figure 6). To determinewhether
the NF-𝜅B signaling pathway is involved in the neuropro-
tective effects of TCA in LPS-stimulated microglia/neuron
coculture, we treated LPS-stimulated microglia with specific
inhibitor, JSH-23, to blockNF-𝜅B signaling pathway followed
by improving PC12 cells survival. Since combined treatment
of JSH-23 and TCA had similar effects on NO production
and neuronal survival as JSH-23 used alone, we conclude that
TCA inhibitsmicroglial neurotoxicity by interferingwithNF-
𝜅B signaling pathway (Figure 7(b)). This observation raises
the possibility of using TCA as a natural product to deter
neurodegenerative process.

5. Conclusions

As illustrated in the summary diagram (Figure 8), we
provide the evidences that natural product TCA can pro-
tect neuronal damage under neuroinflammatory condition
and TCA accomplishes its role by suppressing microglial
activation and proinflammatory mediators expression via
blocking NF-𝜅B signaling pathway in LPS-stimulated BV2
cells. Our study suggests that TCA, a natural product, may be
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Figure 7: TCA inhibited LPS-induced NO production in BV2 cells and neurotoxicity in microglia/neuron coculture by intercepting the NF-
𝜅B signaling pathway. (a) BV2 cells were stimulated with LPS (0.1𝜇g/ml) in the absence or presence of TCA (10𝜇M), JSH-23 (25 𝜇M), or TCA
+ JSH-23 for 24 h followed by Griess assay to measure the level of nitrite in medium. (b) MTT assay was performed to analyze PC12 cells
viability in microglia/neuron coculture with LPS stimulation in the absence or presence of TCA (10 𝜇M), JSH-23 (25𝜇M), or TCA + JSH-23
for 24 h. Data are the mean ± SEM from three independent experiments. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 versus untreated Controls;
#
𝑃 < 0.05, ##𝑃 < 0.01, and ###

𝑃 < 0.001 versus LPS alone.

trans-cinnamaldehyde

LPS

Neuronal 
damage/death 

NF-B activation Proinflammatory 
mediators

Activated
microglia

Resting
microglia

OH

Figure 8: Schematic diagram representing TCA’s inhibition of microglial activation and improvement of neuronal survival by blockage of
NF-𝜅B activation.

represented as a potential therapeutic agent for ameliorating
neuroinflammation-mediated neurodegenerative diseases.

Additional Points

Highlights. TCA suppresses microglial activation and proin-
flammatory mediators expression via blocking NF-𝜅B signal-
ing pathway in LPS-stimulated BV2 cells. TCA can protect
neuronal damage under neuroinflammatory condition. TCA
is a potential therapeutic natural product for ameliorating
neuroinflammation-mediated neurodegenerative diseases.
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The antihyperglycemic, antidiabetic, and antioxidant potentials of the methanolic extract of Garcinia pedunculata (GP) fruit in rats
were investigated.The acute antihyperglycemic effect of different doses of GP was studied in normal maleWistar rats. Diabetes was
induced by streptozotocin (STZ) injection in another cohort of maleWistar rats and they showed significantly higher blood glucose
and glycated hemoglobin (HbA1c) levels, altered lipid profiles, and lower insulin levels compared to nondiabetic control animals.
There were increased lipid peroxidation and reduced levels of cellular antioxidant enzymes in different tissues of diabetic rats.
However, oral administration of GP extracts, especially the highest dose (1000mg/kg), significantly ameliorated hyperglycemia
(42%); elevated insulin levels (165%); decreased HbA1c (29.4%); restored lipid levels (reduction in TG by 25%, TC by 15%, and
LDL-C by 75% and increase in HDL-C by 4%), liver and renal function markers, and lipid peroxidation (reduction by 52% in the
liver, 39% in the kidney, 44% in the heart, and 46% in the pancreas); and stimulated tissue antioxidant enzymes to near normalcy.
Overall, the findings suggest that GP fruit is effective against hyperglycemia and could be used in the treatment of diabetes and its
complications and other oxidative stress-mediated pathological conditions.

1. Introduction

Diabetes mellitus (DM) is a multifarious, degenerative endo-
crine disease associated with reduced insulin secretion and
activity due to damage to pancreatic 𝛽-cells and/or reduced
insulin sensitivity, ultimately affecting carbohydrate, fat, and
protein metabolism [1]. DM is a growing public health con-
cern all over the world. TheWHO has declared that approxi-
mately 220 million people will be affected in the year 2020 [2,
3]. Hence, the issue of how to control this complex disorder
warrants much concern.

Several antidiabetic drugs are available, but all of them
have many adverse side effects such as lactic acidosis, hyper-
glycemia, diarrhea, or flatulence, which impose an economic
burden [4–6]. Therefore, researchers around the world are
doing extensive research to find alternative therapies for
DM with low side effects and low cost. Medicinal plants and
their products have been considered an excellent source for
alternative medicine to treat DM by virtue of their active
phytochemical constituents.The benefits of a natural medici-
nal product may be due to a single phytocompound or, more
preferably, a synergistic effect of multiple phytochemicals.
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To date, more than 800 medicinal plants have been reported
to show antihyperglycemic activity [7]. The most common
benefits of medicinal plants are better safety profiles, good
effectiveness, wide availability, acceptability, and affordability
[8].

Garcinia pedunculata (GP) is an indigenous medicinal
plant that belongs to the family Clusiaceae and is com-
monly known as “Taikor” in Bangladesh and “Amlavetasa”
in India. Availability is especially common in Sylhet district
in Bangladesh and in Assam, Arunachal Pradesh, India. The
mature GP fruit is greenish yellow and is consumed as a
cooked vegetable, a raw fruit, or an ingredient for pickle pre-
paration [9]. It has been used locally for the ailments of
chronic catarrh, asthma, cough, bronchitis, dysentery, maldi-
gestion, and fever [10]. The fruit extract has also been
reported to possess a variety of beneficial effects such as anti-
oxidant [9, 11], antimicrobial [12], anti-inflammatory [13],
hypolipidemic [14], hepatoprotective [15], nephroprotective,
and cardioprotective activity [16]. GP fruit has been reported
to contain moisture (88.20%), protein (0.50%) 𝛽-carotene
(45.00mg/100 g), thiamine (0.03mg/100 g), and riboflavin
(0.02mg/100 g) as well as minerals (sodium 1.80, potassium
106.00, calcium 18.00, magnesium 23.00, iron 0.08, zinc 0.15,
manganese 0.23, copper 0.12, and phosphorus 17.00mg/100 g,
resp.) [9]. Recently, the antioxidant constituent of the fruit
was analyzed andwas reported to contain phenolics (5.86mg/
g of catechin), flavonoids (5.60mg/g of quercetin), and total
antioxidant activity (504 nmol/g of ascorbate) as well as
6.67mg of anthocyanin and 142.83mg of ascorbic acid per
100 g, respectively [9, 14]. In addition, the presence of a num-
ber of benzophenones including pedunculol, garcinol, and
cambogin and other organic acids, such as citric acid, hydrox-
ycitric acid, hydroxycitric acid lactone, and oxalic acid has
also been identified [17, 18]. Further insights intoGP’s efficacy
as free radical scavengers and capacity to protect cells from
lipid peroxidation have been confirmed in several studies,
thus uncovering its medicinal importance related to chronic
or degenerative diseases including diabetes [9, 19].

In our previous study, we reported the potentials of GP
fruit extracts in the regulation of blood glucose level and
positive effects on pancreatic and liver functions as well as
lipid profile in rats [20].

Therefore, considering the traditional use of the fruit as
an alternative medicine and its inherent phytoconstituents,
we aim to evaluate the antihyperglycemic, antidiabetic, and
antioxidant effects of a GP fruit extract in rats and also
to identify its potential compounds using high-performance
liquid chromatography (HPLC) analysis.

2. Materials and Methods

2.1. Chemicals. Streptozotocin (STZ) and methanol were
purchased from Sigma (Sigma-Aldrich, St. Louis, USA).
Glibenclamide was purchased from Square Pharmaceuti-
cals Ltd., Bangladesh. Ketamine was acquired from Popu-
lar Pharmaceuticals Ltd., Dhaka, Bangladesh. Glucose oxi-
dase/peroxidase reactive strips were purchased from Abbott
Diabetes Care, Inc., USA. All chemicals and reagents used in
this experiment were of analytical grade.

2.2. GP Fruit Sample Preparation. Fresh, mature GP fruits
were collected from Sylhet district of Bangladesh in March
2016. A methanolic fruit extract (25%) was prepared accord-
ing to a method described by Lanjhiyana et al. [21] with
slight modifications. Briefly, the fresh, cleaned mature fruits
were thoroughly rinsed with cold sterile water. The edible
parts were isolated carefully, cut into small pieces using a
sharp stainless steel knife, and dried in the sunlight. When
the samples were free from moisture and appeared crunchy,
they were ground into a fine powder using a blender (Jaipan
Commando, Mumbai, India).

The fine powder (200 g) was mixed with sufficient abso-
lutemethanol to dissolve it (800mL) and was kept in a shaker
(IKA400i, Germany) at 150 rpm and 30∘C for 72 hours. The
mixture was filtered withWhatman No. 1 filter paper, and the
methanol solvent was completely evaporated using a rotary
evaporator (R-215, BUCHI, Switzerland) under reduced pres-
sure (100 psi) at a controlled temperature (40∘C).The concen-
trated extract was preserved at −20∘C for subsequent use.

2.3. HPLC Analysis of Phenolic Compounds. The phenolic
compounds in GP extract were detected following previous
methods [22, 23] with slight modifications. Briefly, 5% GP
extract solution was prepared in methanol, followed by
filtration through a 0.45𝜇m syringe filter (Sartorius AG,
Germany). 20𝜇Lof the filtratewas loaded onto theHPLC sys-
tem (SPD-20AV, serial number: L20144701414AE, Shimadzu
Corporation, Kyoto, Japan) equipped with a UV detector
(SPD-20AV, serial number: L20144701414AE, Shimadzu Cor-
poration, Kyoto, Japan). A Luna Phenomenex C18 100A (150
× 4.60mm, 5𝜇m) HPLC column was used. A linear gradient
at a flow rate of 0.5mL/min was employed throughout with a
total analytical time of approximately 35min.

The binary mobile phase consisted of solvent A (ultra-
pure water with 0.1% phosphoric acid) and solvent B (pure
methanol with 0.1% phosphoric acid). Elution from the
column was achieved with the following gradient: 0 to 10min
of solvent B, increased from 35% to 55%; 10 to 25min
of solvent B, increased to 62%; 25 to 30min of solvent
B, increased to 85%; and the final composition was kept
constant up to 35min. All solvents were of HPLC grade. The
detection wavelength was fixed between 200 and 450 nm,
with specific monitoring conducted at 265 nm. The identifi-
cation of phenolic and flavonoid compounds was performed
by comparing the retention times of the analytes with the
reference standards. Phenolics which included tannic, gallic,
pyrogallol, vanillic, benzoic, and trans-cinnamic acids as
well as flavonoids (including catechin, naringin, rutin, and
quercetin) were purchased from Sigma-Aldrich (St. Louis,
Missouri, USA) and were used as reference standards.

2.4. Experimental Animals. MaleWistar rats (𝑛 = 48) weigh-
ing between 175 and 250 g (aged 16–18 weeks) were used in
this study. The animals were maintained under controlled
environmental conditions in an animal housing facility at
the Department of Biochemistry and Molecular Biology,
Jahangirnagar University, at an ambient temperature of 22 ±
3∘C and relative humidity of 44% to 56% under a 12 h/12 h
light/dark cycle. They were fed with a standard pellet rat diet
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along with water ad libitum. The study was conducted in
accordance with the internationally established principles of
the US guidelines (NIH publication #85–23, revised in 1985).
The experimental protocol was approved by the Biosafety,
Biosecurity & Ethical Committee of Jahangirnagar Univer-
sity.

2.5. Induction of Diabetes in Experimental Animals. Induc-
tion of diabetes in experimental animals was done after
8–10 hours of fasting by intraperitoneal injection of STZ
dissolved in 0.1M cold citrate buffer, pH4.5, at a single dose of
60mg/kg [24]. After STZ injection, the animals were allowed
to drink a 10.0% glucose solution overnight to overcome
the initial drug-induced hypoglycemia. After seven days,
rats with glycemia ≥ 250mg/dL were selected for further
experimentation.

2.6. Experimental Design

2.6.1. Evaluation of the Antihyperglycemic Effect of GP Extracts
in Normal Rats. An oral glucose tolerance test (OGTT) was
performed to observe the acute antihyperglycemic effects of
the GP fruit extracts using different sets of normal rats. Five
groups of six rats each were used in this study. Briefly, group 1
served as a normal control; group 2 served as a glibenclamide
control, orally treated once with glibenclamide at 10mg/kg;
and groups 3, 4, and 5 were orally treated once with fruit
extracts (250, 500, and 1000mg/kg, resp.).

In overnight-fasted rats, fasting blood glucose level was
measured; this time point was defined as 0min. Then, differ-
ent doses of the fruit extract (250, 500, and 1000mg/kg) were
administered orally to the appropriate groups of rats. Blood
glucose levels were measured 30min later. The animals were
then given glucose solution (2 g/kg) orally, and their glucose
tolerance was measured hourly. Blood glucose levels were
estimated using glucose oxidase/peroxidase reactive strips.

2.6.2. Experimental Groups for Antidiabetic Study. A total
of 48 male Wistar rats were acclimatized one week prior to
the experiment and randomly divided into six groups (each
group containing 8 rats) as follows:

Group 1 (Normal Control). Animals receiving only a
normal diet for 28 days.
Group 2 (Diabetic Control). Diabetic animals receiv-
ing a normal diet for 28 days.
Group 3 (Diabetic + Glibenclamide). Diabetic animals
treated with glibenclamide at a dose of 10.0mg/kg
body weight for 28 days.
Group 4 (Diabetic + GP 250). Diabetic animals treated
with methanolic extract of GP at a dose of 250mg/kg
body weight for 28 days.
Group 5 (Diabetic + GP 500). Diabetic animals treated
with methanolic extract of GP at a dose of 500mg/kg
body weight for 28 days.
Group 6 (Diabetic + GP 1000). Diabetic animals
treated with methanolic extract of GP at a dose of
1000mg/kg body weight for 28 days.

All animals received a standard laboratory diet and drink-
ing water ad libitum during the experimental period. In addi-
tion, the rats’ body weights and fasting blood glucose levels
weremeasured on aweekly basis.The animals were alsomon-
itored for any behavioral changes during the study period.

2.6.3. Evaluation of the Antihyperglycemic Effect of GPExtracts
in Rats with STZ-Induced Diabetes. An OGTT was per-
formed to investigate the effects of the GP fruit extracts
on glucose-induced hyperglycemia in rats with STZ-induced
diabetes. The blood glucose levels were measured in over-
night-fasted rats at a time point designated as 0min.The ani-
mals were then orally dosed with glucose solution (2 g/kg)
using a gavage needle, and their glucose tolerance was meas-
ured hourly for 4 hours. Blood glucose levels were estimated
by glucose oxidase/peroxidase reactive strips.

2.7. Sacrifice of Animals. At the end of the experimental
period, all rats were fasted for 15 hours before being sacri-
ficed by intraperitoneal injection of ketamine hydrochloride
(500mg/kg) [25]. Blood samples (5mL) were collected from
the inferior vena cava. In addition, selected tissue sam-
ples including the liver, kidneys, heart, and pancreas were
immediately excised from the surrounding tissues and were
subsequently weighed.

The relative organ weight was calculated by dividing the
individual weight of each organ by the final body weight
of each rat according to the following formula [26]: relative
organ weight (%) = wet organ weight/body weight × 100.

2.8. SerumPreparation. Blood samples (4mL)were placed in
dry test tubes and were allowed to coagulate at ambient tem-
perature for 30min. Serum was separated by centrifugation
at 2000 rpm for 10min.

2.9. Tissue Homogenate Preparation. Immediately following
collection, the tissue samples were washed with ice-cold
phosphate-buffered saline (PBS). The samples were homog-
enized in phosphate buffer (25mM, pH 7.4) to make approxi-
mately 10%w/v homogenates. The homogenates were cen-
trifuged at 1700 rpm for 10min, and the supernatant was col-
lected and stored at −20∘C for further biochemical analysis.
Part of each tissue sample was preserved in formalin solution
(10%) for histopathological examination.

2.10. Biochemical Analysis of Serum. Biochemical parameters
for liver function such as alanine transaminase (ALT), aspar-
tate transaminase (AST), alkaline phosphatase (ALP), lactate
dehydrogenase (LDH), 𝛾-glutamyltransferase (GGT), total
bilirubin (TB), total protein (TP), albumin (ALB), globulin
(GLB), and albumin/globulin (A/G) ratio; parameters for
kidney function such as creatinine, urea, and uric acid; and
parameters for lipid profile including total cholesterol (TC),
triglycerides (TG), and high-density lipoprotein cholesterol
(HDL-C) were determined following standard procedures
using an automated chemistry analyzer (Dimension EXL
with LM Integrated Chemistry System, Siemens Medical
Solutions Inc., USA). Another lipid profile parameter, serum
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low-density lipoprotein cholesterol (LDL-C) level, was esti-
mated based on the following Friedewald formula [27]:

LDL-C = TC −HDL-C − TG
5

. (1)

Serum insulin level was measured using a rat-specific insulin
ELISA assay kit, while hemoglobin (Hb) level was analyzed
using an automated hematology analyzer (8000i, Sysmex,
Japan). Glycosylated hemoglobin (HbA1c) levels were mea-
sured in whole blood using an automated chemistry analyzer
(Dimension EXL with LM Integrated Chemistry System,
Siemens Medical Solutions Inc., USA).

2.11. Biochemical Analysis of Tissue. Malondialdehyde
(MDA) levels were analyzed to detect lipid peroxidation
(LPO) products in the liver, kidney, heart, and pancreas
tissues of normal and treated rats. MDA is referred to as
a thiobarbituric acid reactive substance (TBARS) and was
measured with thiobarbituric acid (TBA) at 532 nm accord-
ing to the method described by Ohkawa et al. [28]. The levels
of TBARS were expressed as mmol of MDA per mg of pro-
tein.

The levels of endogenous antioxidant or antiperoxidative
enzymes, including superoxide dismutase (SOD) and glu-
tathione peroxidase (GPx), were determined in the rats’ liver,
kidney, heart, and pancreas tissues using rat-specific SOD
and GPx ELISA assay kits (CUSABIO, USA). To this end,
the tissue homogenates were recentrifuged at 12,000 rpm for
10min at 4∘C using an Eppendorf 5415D centrifuge (Ham-
burg, Germany).The clean supernatants were used for analy-
sis. The levels of SOD and GPx were expressed as pg/mL and
mIU/mL, respectively.

2.12. Histopathological Analysis. The tissue samples were
fixed in 10% neutral formalin and processed by the paraffin
embedding technique.The histopathological specimens were
cut into 5 𝜇m thick sections using a rotary microtome and
subsequently stained with hematoxylin and eosin (H&E)
dye [29]. Photomicrographs at 6100x magnification were
captured by a normal-spectrum fluorescence microscope
(Olympus DP 72) with an attached digital camera (Olympus,
Tokyo, Japan).Thepathologist performing the histopatholog-
ical evaluation was blinded to the treatment assignments of
the different study groups.

2.13. Statistical Analysis. All results were represented as
the mean ± standard deviation (SD). Data were analyzed
using Microsoft Excel 2007 (Redmond, Washington, USA),
GraphPad Prism version 6 (GraphPad Software, Inc., USA),
and SPSS (Statistical Package for the Social Sciences, version
16.0, IBM Corporation, New York, USA). All the data from
the treatment groups (including Diabetic + Glibenclamide,
Diabetic + GP 250, Diabetic + GP 500, and Diabetic + GP
1000) were compared with the results from the diabetic con-
trol group using a one-way ANOVA followed by Dunnett’s
multiple comparison test. A 𝑝 value of less than 0.05 was
considered statistically significant.

RT
2
.6
7
7 Ca
te
ch
in

RT
3
.4
2
7

RT
4
.1
3
6

RT
4
.8
0
8

0

25(m
V

)

50

75

2.50.0 7.55.0 12.510.0 17.515.0

(min)

Figure 1: Chromatogram of GP extract showing the presence of
catechin (RT: 3.427). RT: retention time.

3. Results

3.1. HPLC Analysis. A total of eleven phenolic standards
were used in this study in which seven were phenolic acids
and four were flavonoid compounds. Only a flavonoid and
catechin (13.59mg/g) were detected in GP extract while some
other peaks remained unidentified since therewere no proper
standards available (Figure 1).

3.2. Acute Effects of GP Extract on Glucose-Induced Hyper-
glycemia in Normal Rats. Blood glucose levels returned to
baseline or even lower 1 hour after glucose administration
in all animals. Animals treated with glibenclamide and fruit
extracts showed marked decreases in blood glucose level
compared with normal control animals, beginning only 1
hour after glucose administration. In particular, the rats given
glibenclamide and GP at 500 and 1000mg/kg doses showed
significant reductions in blood glucose level compared with
the normal control rats at each time point (Table 1).

3.3. The Effects of GP Extract on Glucose-Induced Hyper-
glycemia in Rats with STZ-Induced Diabetes. Blood glucose
levels were significantly higher in rats with STZ-induced
diabetes than in normal control rats one hour after oral
administration of glucose solution. However, the administra-
tion of glibenclamide and GP at three doses caused gradual
decreases in the blood glucose levels compared with those
of diabetic control rats. The effects were significant in rats
treated with glibenclamide and GP extract at 1000mg/kg as
observed up to 4 hours after treatment (Table 2).

3.4. The Effects of GP Extract on Body Weight and Relative
Organ Weight Parameters. The effects of GP fruit extract on
body weight and relative organ weights are summarized in
Figure 2 and Table 3, respectively. During the experimental
period, the body weight of diabetic control rats gradually
decreased; however, treatment with GP extract and gliben-
clamide improved the body weight of the animals. Rats
treated with GP at 1000mg/kg showed a significant increase
in the body weight on the last week of the experiment. On the
other hand, relative organ weights were increased in diabetic
control rats but decreased in GP-treated rats. Administration
of GP extract at a dose of 1000mg/kg significantly reduced
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Table 1: The effects of GP fruit extract and glibenclamide on glucose-induced hyperglycemia in normal rats.

Groups Blood glucose level (mg/dL)
0 h 1 h 2 h 3 h 4 h 5 h

Control 108.0 ± 17.10 106.2 ± 14.58 109.8 ± 13.50 124.20 ± 9.90 115 ± 10.44 112.6 ± 8.82

Glibenclamide 104.40 ± 4.86 51.48 ± 4.50∗ 71.28 ± 2.70∗ 76.14 ± 4.50∗ 67.68 ± 4.50∗ 54.54 ± 2.07∗

GP (250mg/kg) 102.60 ± 1.98 90.00 ± 7.74 104.40 ± 2.07 117.00 ± 4.50 113.4 ± 4.51 104.4 ± 1.03

GP (500mg/kg) 99.00 ± 14.04 87.48 ± 10.44 94.14 ± 7.27 101.88 ± 10.80∗ 99 ± 6.48∗ 95.40 ± 6.48∗

GP (1000mg/kg) 104.40 ± 1.98 80.64 ± 4.50∗ 101.34 ± 9.0 108.59 ± 4.50∗ 101.98 ± 3.6∗ 98.28 ± 5.49∗

Data are represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant difference (𝑝 < 0.05) between the treatment groups and the diabetic control group.The
comparisons were made by one-way ANOVA followed by Dunnett’s multiple comparison test.

Table 2: The effects of GP fruit extract and glibenclamide on glucose-induced hyperglycemia in rats with STZ-induced diabetes.

Groups Blood glucose level (mg/dL)
0 h 1 h 2 h 3 h 4 h

Normal Control 110.31 ± 4.05# 115.12 ± 4.17# 113.32 ± 3.21 111.00 ± 6.41# 110.72 ± 5.46#

Diabetic Control 335.43 ± 19.05 353.46 ± 21.11 359.00 ± 16.30 351.4 ± 19.44 347.80 ± 27.81

Diabetic + Glibenclamide 421.90 ± 36.08 456.40 ± 45.18∗ 385.40 ± 45.18∗ 356.00 ± 16.48∗ 334.68 ± 20.45∗

Diabetic + GP (250mg/kg) 435.20 ± 38.07 467.40 ± 31.31∗ 435.40 ± 39.52 415.20 ± 26.20 407.84 ± 32.38

Diabetic + GP (500mg/kg) 343.80 ± 18.50 374.60 ± 29.56∗ 359.50 ± 21.48 335.20 ± 9.45 325.30 ± 8.30

Diabetic + GP (1000mg/kg) 320.80 ± 15.23 351.60 ± 12.09∗ 324.40 ± 18.72∗ 304.40 ± 35.43∗ 276.48 ± 24.82∗

Data are represented as the mean ± SD (𝑛 = 6). ∗ denotes a significant difference (𝑝 < 0.05) between the treatment groups and the diabetic control group; #
denotes a significant difference (𝑝 < 0.05) when the normal control group was compared to the diabetic control group. The comparisons were made by one-
way ANOVA followed by Dunnett’s multiple comparison test.
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Figure 2:The effects of GP fruit extract and glibenclamide on body
weight in normal and diabetic rats. Data are represented as themean
± SD (𝑛 = 8). ∗ denotes a significant difference (𝑝 < 0.05) between
the treatment groups and the diabetic control group. # denotes a
significant difference (𝑝 < 0.05) when the normal control group was
compared to the diabetic control group.The comparisonsweremade
by one-way ANOVA followed by Dunnett’s multiple comparison
test.

the relative weights of the liver, kidney, heart, and pancreas
compared with the diabetic control group.

3.5. The Effects of GP Extract on the Weekly Measured Blood
Glucose Levels of Normal and STZ-Induced Diabetic Rats.
Figure 3 represents the effects of GP extract on the weekly
measured blood glucose levels of normal and STZ-induced
diabetic rats during the experimental period of 28 days. The
administration of STZ injections caused a sharp increase in
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Figure 3: The effects of GP fruit extract and glibenclamide on
weekly measured blood glucose levels in normal and STZ-induced
diabetic rats. Data are represented as the mean ± SD (𝑛 = 8). ∗
denotes a significant difference (𝑝 < 0.05) between the treatment
groups and the diabetic control group. # denotes a significant
difference (𝑝 < 0.05) when the normal control group was compared
to the diabetic control group. The comparisons were made by one-
way ANOVA followed by Dunnett’s multiple comparison test.

the blood glucose levels of diabetic control and treated rats
compared with those of normal controls. However, treatment
with GP extract at the three selected dose levels resulted in
a marked decrease in blood glucose following the first week
and later in the experimental period. In addition, rats treated
with GP extract at 1000mg/kg and glibenclamide exhibited a
significant reduction in blood glucose levels in the third and
fourth weeks compared with diabetic control rats (𝑝 < 0.05).
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Table 3: The effects of GP fruit extract and glibenclamide on relative organ weight profile.

Groups Relative organ weight (%)
Liver Kidney Heart Pancreas

Normal Control 3.41 ± 0.29 0.61 ± 0.06 0.39 ± 0.02# 0.24 ± 0.04#

Diabetic Control 4.27 ± 0.03 0.85 ± 0.09 0.45 ± 0.04 0.42 ± 0.06

Diabetic + Glibenclamide 3.30 ± 0.32 0.77 ± 0.06 0.31 ± 0.02∗ 0.29 ± 0.07

Diabetic + GP (250mg/kg) 3.58 ± 0.45 0.84 ± 0.13 0.31 ± 0.05∗ 0.20 ± 0.07∗

Diabetic + GP (500mg/kg) 3.99 ± 0.61 0.85 ± 0.05 0.32 ± 0.02∗ 0.27 ± 0.07

Diabetic + GP (1000mg/kg) 2.80 ± 0.46∗ 0.55 ± 0.09∗ 0.32 ± 0.04∗ 0.23 ± 0.06∗

Data are represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant difference (𝑝 < 0.05) between the treatment groups and the diabetic control group; #
denotes a significant difference (𝑝 < 0.05) when the normal control group was compared to the diabetic control group. The comparisons were made by one-
way ANOVA followed by Dunnett’s multiple comparison test.
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Figure 4: The effects of GP fruit extract and glibenclamide on
insulin, HbA1c, and Hb levels in normal and STZ-induced diabetic
rats. Data are represented as the mean ± SD (𝑛 = 8). ∗ denotes
a significant difference (𝑝 < 0.05) between the treatment groups
and the diabetic control group. # denotes a significant difference
(𝑝 < 0.05) when the normal control group was compared to the
diabetic control group. The comparisons were made by one-way
ANOVA followed by Dunnett’s multiple comparison test.

3.6. Effect of GP on Serum Insulin, Glycosylated Hemoglobin
(HbA1c), and Hemoglobin Levels in Normal and STZ-Induced
Diabetic Rats. The effects of GP on serum insulin, HbA1c,
and Hb levels are presented in Figure 4. A significant
decrease in serum insulin and Hb and an increase in HbA1c
levels were observed in diabetic control rats compared with
the normal control group. However, treatment with GP
extract ameliorated these parameters in a dose-dependent
manner. Moreover, GP extract administered at the highest
dose (1000mg/kg) showed the highest potential in restoring
insulin levels and decreasing HbA1c levels compared with
those of the diabetic control group.

3.7. The Effect of GP Fruit Extract on the Lipid Profiles of
Normal and STZ-Induced Diabetic Rats. A marked increase
in circulating levels of TG, TC, and LDL-C and a decrease in
HDL-C level were observed in diabetic control rats compared
with normal control animals (Figure 5). Treatment with GP
extract was observed to significantly reduce the levels of TG,
TC, and LDL-C while increasing the HDL-C level compared
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Figure 5: The effects of GP fruit extract and glibenclamide on the
lipid profiles of normal and STZ-induced diabetic rats. Data are
represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant
difference (𝑝 < 0.05) between the treatment groups and the diabetic
control group. # denotes a significant difference (𝑝 < 0.05) when
the normal control group was compared to the diabetic control
group. The comparisons were made by one-way ANOVA followed
by Dunnett’s multiple comparison test.

with the levels measured in the STZ-challenged diabetic
control groups.

3.8. The Effects of GP on Renal Function in Normal and STZ-
Induced Diabetic Rats. The effects of GP extract and gliben-
clamide on the renal functionwere investigated bymeasuring
serum creatinine, urea, and uric acid levels (Figure 6). There
were significant increases in serum urea and uric acid and a
nonsignificant increase in creatinine levels in the diabetic rats
compared with normal controls. However, the serum levels
of these kidney function markers were improved in animals
that received GP extracts. Moreover, the animals treated
with GP extract (500 and 1000mg/kg) and glibenclamide
had significantly reduced serum urea and uric acid levels
compared with the diabetic controls.

3.9. The Effects of GP on Liver Function in Normal and STZ-
Induced Diabetic Rats. The effects of oral GP administration
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Figure 6: The effects of GP fruit extract and glibenclamide on
renal function in normal and STZ-induced diabetic rats. Data are
represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant
difference (𝑝 < 0.05) between the treatment groups and the diabetic
control group. # denotes a significant difference (𝑝 < 0.05) when
the normal control group was compared to the diabetic control
group. The comparisons were made by one-way ANOVA followed
by Dunnett’s multiple comparison test.

on liver function in diabetic rats were investigated bymeasur-
ing serum ALT, AST, ALP, GGT, and LDH activity as well as
TB, TP, ALB, and GLB levels and A/G ratio (Table 4). Serum
ALT, AST, ALP, and GGT activity and LDH and TB levels
were significantly higher in STZ-challenged diabetic rats than
in normal control rats. The rats receiving GP treatment at
500 or 1000mg/kg or glibenclamide had significantly lowered
ALT, AST, ALP, GGT, LDH, and TB levels compared with
the STZ-induced diabetic control rats. Significant reductions
in serum ALT, ALP, and LDH levels were also observed in
the 250mg/kg GP-treated group compared with the diabetic
control group.

3.10. The Effects of GP on Lipid Peroxidation (LPO) in Liver,
Kidney, Heart, and Pancreas of Normal and STZ-Induced
Diabetic Rats. Based on the investigation of oxidative stress
biomarkers, there was a significant increase in LPO levels in
STZ-induced diabetic control rats as evidenced by increases
in liver, kidney, heart, and pancreas MDA levels compared
with those of the normal control group. However, GP tended
to confer a protective effect: the animals thatwere treatedwith
fruit extracts showed a dose-dependent reduction in MDA
levels compared with the diabetic controls. Significantly
reduced LPO levels were observed in liver, kidney, heart, and
pancreas tissues from the rats treated with 1000mg/kg GP
and with glibenclamide, and the rats treated with 500mg/kg
GP had significantly reduced LPO levels in both liver and
heart tissues compared with diabetic control rats (Figure 7).

3.11. The Effects of GP on Tissue Antioxidant Enzymes (SOD
and GPx) in the Liver, Kidney, Heart, and Pancreas of Normal
and STZ-Induced Diabetic Rats. The effects of GP supple-
mentation on the activity of cellular antioxidant enzymes
including SOD and GPx in the liver, kidney, heart, and
pancreas of rats are shown in Figure 8. Diabetic rats treated
with STZ alone exhibited a significant decrease in SOD
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Figure 7: The effects of GP fruit extract and glibenclamide on lipid
peroxidation in liver, kidney, heart, and pancreas tissues. Data are
represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant
difference (𝑝 < 0.05) between the treatment groups and the diabetic
control group. # denotes a significant difference (𝑝 < 0.05) when
the normal control group was compared to the diabetic control
group. The comparisons were made by one-way ANOVA followed
by Dunnett’s multiple comparison test.

and GPx activity compared with the levels measured in the
control group. However, treatment with GP extract signifi-
cantly restored the levels of SOD activity compared with the
levels measured for the diabetic control rats. On the other
hand, diabetic rats treated with 500mg/kg or 1000mg/kg GP
showed significantly increasedGPx activity in the kidney and
heart, while rats treated with 1000mg/kg GP exhibited sig-
nificantly increased liver GPx activity, as did glibenclamide-
treated rats, compared with the diabetic control group.

3.12. Histopathological Examination of the Liver. Normal
control rats had normal livers whose hepatic lobules had a
uniform pattern of polyhedral hepatocytes radiating from
the central vein (CV) towards the periphery (Figure 9(a)).
In contrast, the livers of the GP-treated animals exhibited
histopathological changes. The rats treated with STZ alone
showed a disrupted arrangement of hepatocytes around the
CV, congestion in the central vein (CV), degeneration of
hepatocytes at the peripheral area of the central vein, and
massive vacuolization in the lobules (Figure 9(b)). The livers
of the animals in groups 3 to 6 showed improvements in all
of the histopathological features (Figures 9(c)–9(f)), with a
mild tomoderate degree of hepatocyte degeneration, vascular
congestion, and edema at all investigated doses.

3.13. Histopathological Examination of the Kidney. Normal
control rats showed normal renal parenchymal morphology
with well-defined glomeruli and tubules (Figure 10(a)). In
contrast, the rats treated with STZ alone (Figure 10(b))
showed some pathological changes including degenerated
tubular epithelium, vacuolization in some spaces, and abnor-
mally structured glomeruli (GMs) with infiltration of inflam-
matory cells. However, diabetic rats treatedwithGP extract at
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Figure 8: Effect of GP on the tissue antioxidant enzymes (a) SOD and (b) GPx in the liver, kidney, heart, and pancreas of rats in different
experimental groups. Data are represented as the mean ± SD (𝑛 = 8). ∗ denotes a significant difference (𝑝 < 0.05) between the treatment
groups and the diabetic control group. # denotes a significant difference (𝑝 < 0.05) when the normal control group was compared to the
diabetic control group. The comparisons were made by one-way ANOVA followed by Dunnett’s multiple comparison test.

each of the three doses and glibenclamide-treated rats showed
significant preservation of glomeruli architecture compared
with rats treated with STZ alone, although mild tubular
degeneration, epithelial vacuolization, and inflammatory cell
infiltration were still present (Figures 10(c)–10(f)).

3.14. Histopathological Examination of the Heart. Normal
control rats showed normal cardiac muscle fibers (Fig-
ure 11(a)). However, myocardial structural changes including
separation of cardiac muscle fibers, coagulative necrosis, and
edematous intramuscular spaces were found in the diabetic
control rats (Figure 11(b)). GP-treated rats showed marked
protection of the cardiac muscles, with increased areas of
normal muscle fibers (Figures 11(c)–11(f)).

3.15. Histopathological Examination of the Pancreas. Nor-
mal control rats showed normal islets of Langerhans (IL)
(Figure 12(a)). The rats treated with STZ alone had some
pathological changes such as IL disruption, degenerative
and necrotic changes, and vacuolization. Treatment with 250
or 500mg/kg GP caused the IL to shrink and conferred
only mild or moderate protection, respectively. Rats treated
with 1000mg/kg GP exhibited significant protection, with
markedly decreased necrosis of IL cells.

4. Discussion

To our knowledge, this is the first study to report on the
antihyperglycemic, antidiabetic, and antioxidant potentials
of GP in vivo. Weekly measurement of body weight of
the animals gives us an overview of the changes in their
body weight. Gradual weight loss is a common symptom in
DM due to degradation of structural protein and abnormal
carbohydrate metabolism [30, 31]. In this study, significant
weight loss was observed in the diabetic control group. In

contrast, significantly improved body weights compared with
the diabetic control group were found in the glibenclamide
and 1000mg/kg GP groups. This restoration of body weight
might be due to reversal of gluconeogenesis, glycogenolysis,
and proteolysis [32].The relative organ weights (liver, kidney,
heart, and pancreas) of the diabetic control rats and the
diabetic rats treated with glibenclamide and GP extracts were
higher than those of the normal control group. Daily admin-
istration of GP extract (1000mg/kg) significantly decreased
the relative organ (liver, kidney, heart, and pancreas) weights
compared with those of the diabetic control group, indicating
that GP has the potential to ameliorate diabetes by maintain-
ing or regenerating hepatocytes, renal tissue, cardiac muscle,
and islet of Langerhans histoarchitecture.

The OGTT measures the body’s ability to utilize blood
glucose. The GP fruit extract exhibited a dose-dependent
effect on the glycemic status of rats. An OGTT study in nor-
mal rats and diabetic rats showed that administration of GP
extract reduced blood glucose levels significantly, as we also
observed in rats treated with a standard drug, glibenclamide.
In the normal rats, administration of GP at 500mg/kg and
1000mg/kg doses significantly reduced blood glucose levels
within 3 to 5 hours. Diabetic rats treated with 1000mg/kg GP
showed significantly reduced blood glucose levels within 2 to
4 hours of treatment. The hypoglycemic activity of GP might
be the result of an improved insulin level, which is observed in
the GP-treated rats. This suppression of hyperglycemia may
result from the inhibition of 𝛼-glucosidase and 𝛼-amylase
enzymes by GP as reported by Sarma et al. [14].

In the present study, we found a continuous increase in
blood glucose in the diabetic control group. However, oral
administration of GP fruit extract showed significant im-
provement in blood glucose levels. Our findings indicate that
the 1000mg/kg GP dose significantly reduced blood glucose
within the thirdweek of the experiment.This finding strongly
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Figure 9: Histopathological photomicrographs of liver tissue (6100x magnification; scale bar: 20 𝜇m). (a) Normal control rats had normal
livers whose hepatic lobules had a uniform pattern of polyhedral hepatocytes radiating from the central vein (CV) towards the periphery. (b)
Diabetic control rats showed disrupted arrangement of hepatocytes around the CV, congestion in the CV, degeneration of hepatocytes at the
peripheral area of the central vein, and massive vacuolization in the lobules. (c–f) Glibenclamide- and GP-treated rats showed a remarkable
degree of preservation of the cellular arrangement with only mild vacuolization in the lobules.

supports the antidiabetic effects of GP. The antidiabetic role
of GP may result from insulin-like action such as improving
the uptake of cellular glucose or enhancing glycogenolysis.

Both insulin deficiency and resistance are responsible for
the pathogenesis of DM. Hence, increasing insulin secretion
and maintain its level within the normal physiological range
are very important for antidiabetic therapy. In this study,
administration of STZ caused damage to pancreatic 𝛽-cells
and consequently decreased the serum fasting insulin level in
rats. However, oral administration of GP extract significantly
increased serum insulin levels compared with those of the
diabetic control group in a dose-dependent manner. The
insulin levels in GP-treated diabetic rats were found to be in
the normal physiological range for rats. This indicates that
GP extract might have effects on both insulin secretion and
insulin action. In this case, the phytochemicals of GP extract
might act as stimulating agents for both insulin secretion and

insulin action. Among the compounds present inGP, garcinol
has been reported to enhance insulin action by increasing the
expression of GLUT2 and GLUT4.

Hb and HbA1c are closely associated with DM, and
HbA1c is a diagnosticmarker used to predict DMprogression
in individuals [33]. HbA1c is also widely used as a reliable
marker for estimating the degree of protein glycation during
DM [34] to indicate poorer long-term control of blood
glucose levels, leading to chronic hyperglycemic status, which
is correlated with various complications associated with DM.
We observed an elevated level of HbA1c in STZ diabetic
control rats, which was also directly proportional to the
decreased levels of total Hb. This is similar to some reports
in diabetic control experimental animals [35, 36]. However,
the oral administration of GP extract significantly improved
HbA1c andHb levels in the rats treated with 1000mg/kg.This
effect might be due to the effective control of hyperglycemia
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Figure 10: Histopathological photomicrographs of kidney tissue (6100x magnification; scale bar: 20𝜇m). (a) Normal control rats showed
normal renal parenchymal morphology with well-defined glomeruli and tubules. (b) Diabetic control rats showed abnormally structured
glomeruli (GMs) withmarked degeneration of the tubular epithelium, vacuolization, and inflammatory cell infiltration. (c–f) Glibenclamide-
and GP-treated rats showed a remarkable degree of morphological preservation with only moderate to mild degenerative changes.

by GP. This also indicates that GP might be very effective for
long-term control of DM and preventing further complica-
tions in diabetic individuals.

Catechin was detected in this study by HPLC analysis
while significant amounts of some other polyphenols were
also identified in some other studies [17, 18]. It is plausible
that the polyphenols found in GP such as catechin and
garcinol may ameliorate diabetes and its complications by
reduction in oxidative stress due to their strong antiox-
idant properties [37, 38]. Different studies have reported
that dietary polyphenols including flavonoids and phenolic
acids may inhibit 𝛼-amylase and 𝛼-glucosidase, inhibit glu-
cose absorption in the intestine by sodium-dependent glu-
cose transporter 1 (SGLT1), stimulate insulin secretion, and
reduce hepatic glucose output. Polyphenolsmay also increase
insulin-dependent glucose uptake, activate 5 adenosine
monophosphate-activated protein kinase (AMPK), mod-
ify the microbiome, and have anti-inflammatory effects.
Detailed experimentation should be conducted to identify the
exact mechanism.

The most common lipid abnormalities in DM are hyper-
triglyceridemia and hypercholesterolemia [39]. Elevated lev-
els of certain lipids are major risk factors for cardiovascular
diseases [40]. In DM, the increased level of serum lipids is
due to the uninhibited activity of lipolytic hormone on the
fat stores, primarily because of the low activity of insulin. In
the normal state, insulin activates the lipolytic actions of the
hormones on the peripheral fat depots, hydrolyzing triglyc-
erides and preventing mobilization of free fatty acids [41, 42].
In the diabetic state, lipoprotein lipase, which hydrolyzes
triglycerides, does not function properly due to the shortage
of insulin. As a result, hypertriglyceridemia occurs [43]. The
lowering of serum lipid levels through diet or drug supple-
mentation seems to be associated with a decreased risk
of cardiovascular disease and its associated complications
[44]. In this experimental study, control rats with STZ-
induced diabetes showed significantly elevated levels of TG
and cholesterol. In contrast, treatment with GP extract signif-
icantly decreased TC, TG, and LDL-C and increased HDL-C
levels in the diabetic animals. Sharma et al. reported a similar
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Figure 11: Histopathological photomicrographs of heart tissue (6100x magnification; scale bar: 20 𝜇m). (a) Normal control rats showed
normal cardiacmuscle fibers. (b) Diabetic control rats showed pathological changes includingmarked separation of cardiacmuscle fibers and
myocardial necrosis. (c–f) Glibenclamide- and GP-treated rats showed cardioprotection, with markedly increased areas of normal muscle
fibers.

hypolipidemic potential of polyphenol-rich GP extract in
high-fat diet (HFD) rats [14]. Altogether, the methanolic
extract of GP seems to possess insulin-stimulating activity,
which would be helpful to reduce the incidence of lipid-
related complications.

Diabetic nephropathy is one of the major complications
of DM. High blood sugar from DM destroys the tiny blood
vessels in the kidneys, leading to impaired renal function and
diabetic nephropathy [45]. In our present study, STZ caused
increased levels of renal function markers that indicate renal
damage in these animals. However, the daily administration
of GP, especially the 1000mg/kg dose, reduced thesemarkers,
indicating a nephroprotective effect in these diabetic animals.
Garcinol, one of the major phytoconstituents of GP, has been
reported to show significant nephroprotective effects in rats
with STZ-induced diabetes.

During DM, insulin deficiency contributes to increased
serum levels of transaminase enzymes because sufficient
amounts of amino acids stimulate the occurrence of glu-
coneogenesis and ketogenesis [46]. Increased levels of liver
enzymes such as ALT, AST, ALP, GGT, and LDH and

metabolites such as TB, TP, ALB, and GLB in the serum
are markers of liver dysfunction and/or liver mitochondrial
injury in diabetes [47]. In this study, the elevated levels of
these enzymes confirmed the existence of liver dysfunction
in the diabetic control group. Treatment withGP significantly
reversed the increased levels of liver marker enzymes such as
ALT, AST, ALP, GGT, and LDH and metabolites such as TB
and TP and restored the levels to normal values, indicating
stimulation of insulin secretion into the circulation and a
resulting hepatoprotective effect. A similar hepatoprotective
effect of GP extract was also found in HFD rats.

Oxidative stress is considered a potential contributor to
the development ofDMaswell as its complications.Oxidative
stress develops in DM through increased generation of reac-
tive oxygen species (ROS) and a decrease in ROS scavenging
capacity [48]. The excessive levels of MDA are attributed
to increased production of ROS (O2

−, H2O2, and
−OH).

Excessive lipid peroxidation causes lipid degradation that
impairs cell membrane function, resulting in tissue damage
and leading tomany pathological conditions and cytotoxicity
in the body [49, 50]. In this study, lipid peroxidation was
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Figure 12: Histopathological photomicrographs of pancreas tissue (6100x magnification; scale bar: 20𝜇m). (a) Normal control rats had
normal islets of Langerhans (IL). (b) The rats from the diabetic control group showed disruption of the IL with degenerative as well as
necrotic changes. (c–f) Glibenclamide- and GP-treated rats showed a notable degree of protection, with markedly decreased necrosis of IL
cells.

estimated in the tissues of four different organs: liver, kidney,
heart, and pancreas. As expected, STZ caused a significant
increase in lipid peroxidation as indicated by the level of
MDA (a secondary product of LPO). Treatment with a
1000mg/kg dose of GP significantly decreased the LPO levels
in all tissues.This suggests the antilipid peroxidation capacity
of GP in all of these important tissues.

Cellular antioxidant enzymes are considered the first
line of defense against free radicals [51]. Free radicals are
constantly formed in the living cells and removed by antioxi-
dant defense mechanisms. Uncontrolled generation of ROS
is involved in a number of human diseases including DM.
SOD and GPx are two important antioxidant enzymes. SOD
catalyzes the breakdown of the superoxide anion into oxygen
and hydrogen peroxide, whereas GPx reduces free hydrogen
peroxide to water. Reductions in the activity of these antiox-
idant enzymes can lead to harmful effects via the accumula-
tion of free radicals. Our findings revealed that STZ admin-
istration significantly reduced the levels of SOD and GPx
activity in the liver, kidney, heart, and pancreas in the dia-
betic control rats. However, treatment with GP fruit extract
significantly increased the levels of these antioxidant enzymes

in all the tissues compared with the diabetic control group.
This finding might result from the scavenging activity of GP,
which suppresses oxidative stress. A study has also reported
the capacity of GP fruit extract to remediate the alterations in
GSH, SOD, CAT, and MDA levels caused by HFD.

Histopathological examination of different organs
showed that STZ causes degenerative necrosis of hepatocytes,
vacuolization of the hepatic lobules, degeneration of the kid-
ney glomeruli with inflammatory infiltrates, massive separa-
tion of cardiac muscle, and necrotic damage to the myocytes
of the heart tissue and islets of Langerhans of the pancreas
in diabetic control group rats. Administration of different
doses of GP extract restored the morphology of these tis-
sues to normalcy. These histopathological findings further
confirmed the potential of GP fruit extract against STZ-
induced tissue damage.

5. Conclusions

The findings of this study indicated that oral administration
of GP in Wistar rats can ameliorate hyperglycemia, diabetes,
and diabetic complications and protect against oxidative
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stress-induced damage. Although establishing the mecha-
nisms behind these effects is far beyond the scope of this
study, we can certainly mention that the phytoconstituents of
GP might be responsible for these pharmacological proper-
ties. We can conclude that GP is a nontoxic source of natural
antioxidants that could be used to treat diabetes and its com-
plications. However, more detailed biochemical and molec-
ular studies should be conducted to identify the main active
ingredients in GP and their mechanistic roles as well.
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