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Regenerative medicine is the process of replacing or regenerating animal cells, tissues, or organs to restore or establish
normal function. This field has the potential to solve the
problem of the shortage of organs available for donation and
of organ transplant rejection. Recently, application of Complementary and Alternative Medicine (CAM) as a means to
accelerate the process of regeneration is a new approach. The
CAM therapies offer a natural and cost-effective intervention
to change the course of chronic disease and may regenerate
failing organ systems.
The paper by Dr. Y.–J. Chen et al. explores how the
Hepatitis B virus-encoded X regulates the expression of
epidermal growth factor receptor, an important gene for
growth of hepatocytes. Dr. H.–Y. Liu et al. demonstrated the
regenerative potentials of deep sea water on osteogenesis,
showing that deep sea water could potentially be applied in
osteoporosis therapy. Dr. S. –H. Hsu et al. prepared peripheral
nerve conduits containing the negatively charged Tremella
fuciformis polysaccharide (TF) and successfully used the TFimmobilized conduits to repair a large (15 mm) critical gap
defect in rats. Y. Lee et al. found that L-glutamate-induced
neurotoxicity could be suppressed by the treatment with
constituents of Rhodiola rosea, indicating that the Rhodiola
rosea may have therapeutic potential for the treatment of
inflammation and neurodegenerative disease. Dr. B.–Y. Yang
et al. tried to apply percutaneous electrical stimulation to
improve bone remodeling and bone healing in rats. X-ray and
micro-CT showed that the electrical treatment could increase
the amount of newly formed cranial bone. W. Liu et al.

examined the contribution of side population (SP) cells from
kidney and bone marrow to the reconstitution of kidney SP
pools after ischemia-reperfusion injury (IRI). They found
that following renal IRI, kidney SP cells were acutely depleted
and then progressively restorated to baseline levels by both
self-proliferation and extrarenal source, that is, bone marrowderived cell homing. Dr. F. Yahya et al. showed that methanol
extract of Bauhinia purpurea leaves could exert potential
hepatoprotective activity in rats via its antioxidant activity
and high phenolic content. T. Jayakumar et al. reviewed the
effects of andrographolide, a major bioactive chemical constituent in Andrographis paniculata (Burm.f.) Nees, against
cardiovascular disease, platelet activation, infertility, and NFkB activation. Dr. H.–M. Chiang et al. showed the antioxidant
activity of a Neonauclea reticulata water extract against
ultraviolet B (UVB) irradiation in human skin fibroblast cell
cultures (Hs68) by inhibiting MMP-1, -3, and -9 expressions
and increasing levels of collagen activity. Dr. W.–Y. Su et al.
developed a biphasic calcium phosphate cement, consisting of 𝛼-tricalcium phosphate (𝛼-TCP) and hydroxyapatite
(HAP), which is a potential biomaterial for bone repair. C.
Y. Ho et al. showed that acupuncture and electroacupuncture
could have positive effects on regeneration of median nerve
in rats. J. Xiao et al. demonstrated that administration of
garlic-derived antioxidant S-allylmercaptocysteine (SAMC)
could ameliorate hepatic injury in a nonalcoholic fatty liver
disease rat model. Dr. S.–C. Lee et al. investigated the effect of
ferulic acid (FA) against peripheral nerve injury. They found
that FA appears to promote peripheral nerve regeneration
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across a 15 mm critical defect gap in the rat sciatic nerve
injury model. Suppression of macrophages by FA at the site of
peripheral nerve injury may contribute to its nerve growthpromoting capability.
By compiling these articles, we hope to stimulate our
readers and researchers to provide continuing efforts to fully
understand the effects of CAM therapies on regenerating
tissues or organs.
Yueh-Sheng Chen
Wei-Chiang Lin
Cheryl Miller
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Novel peripheral nerve conduits containing the negatively charged Tremella fuciformis polysaccharide (TF) were prepared, and
their efficacy in bridging a critical nerve gap was evaluated. The conduits were made of poly(D,L-lactide) (PLA) with asymmetric
microporous structure. TF was immobilized on the lumen surface of the nerve conduits after open air plasma activation. The TFmodified surface was characterized by the attenuated total reflection Fourier-transformed infrared spectroscopy and the scanning
electron microscopy. TF modification was found to enhance the neurotrophic gene expression of C6 glioma cells in vitro. TFmodified PLA nerve conduits were tested for their ability to bridge a 15 mm gap of rat sciatic nerve. Nerve regeneration was
monitored by the magnetic resonance imaging. Results showed that TF immobilization promoted the nerve connection in 6 weeks.
The functional recovery in animals receiving TF-immobilized conduits was greater than in those receiving the bare conduits during
an 8-month period. The degree of functional recovery reached ∼90% after 8 months in the group of TF-immobilized conduits.

1. Introduction
Peripheral nerve injuries are commonly caused by trauma.
The nerve would degrade in distal and renew in proximal
portion. A common approach to regenerate the nerve is to
bridge the defect by an autograft [1, 2], an allograft, or a
biomaterial conduit. Autografts have been considered as the
“clinical golden standard.” However, they have unavoidable
disadvantages, such as the limited availability and donor-site
morbidity. Allografts on the other hand require immunosuppression therapy which causes another problem in the

long term. Therefore, a biomaterial nerve conduit that helps
to bridge the nerve gap is highly desired for clinical treatment. Traditional conduits are made of nonbiodegradable
silicone rubber. Recent efforts have been devoted in developing biodegradable conduits [3–5] with microporosity. For
example, biodegradable poly(D,L-lactide) (PLA) conduits
with asymmetric microporous structure were developed to
facilitate peripheral nerve regeneration [6–9]. Nerve conduits
can be loaded with biologically active components such as
the Schwann cells [10] or factors analogous to neurotrophic
factors [11, 12] to increase the peripheral nerve regeneration.
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Due to the hydrophobic nature of polymeric conduits, the
method of loading for these components should be carefully
designed so as not to decrease their bioactivities [13].
The bioactive herbal fruiting bodies of Tremella fuciformis
are very popular in China as a medicinal remedy with
nutritive and tonic actions for treating exhaustion. Attention has been drawn to the immunomodulating activities
exhibited by their nonstarch polysaccharide components [14].
The polysaccharide fractions of Tremella fuciformis (TF)
demonstrated pharmacological activities such as stimulation
of the immune system [14, 15], antitumor [16, 17], hypoglycemic [18], hypocholesterolemic [19], anti-inflammatory
[20], and antioxidant [21] effects. TF could induce human
monocytes to produce interleukins and tumor necrosis factor
in vitro [15, 22, 23]. In particular, TF (50–250 𝜇g/mL) was
reported to significantly enhance the neurite outgrowth of
nerve growth factor-(NGF-) induced PC12 h cells [24]. So far,
there has been no report regarding the efficacy of TF on the
regeneration of peripheral nerve.
TF is quite available and cost efficient. Moreover, the
bioactivity of TF, unlike those of neurotrophic proteins, is
less likely to be influenced by combination with a polymer.
In this study, TF was immobilized on the PLA conduits after
the surface was activated by air plasma treatment. The ability
of TF-modified conduits to bridge a large (15 mm) critical gap
defect in rats was evaluated by the magnetic resonance imaging (MRI) [25], electrophysiology, histology, and dynamic
walking analysis following a period of 8 months. The bioactive TF-containing conduits were demonstrated to promote
peripheral nerve regeneration in short as well as in long term.

2. Materials and Methods
2.1. Fabrication of the Asymmetric Microporous PLA Substrates. Fabrication of PLA substrates followed that described
in the previous literature [8]. 10% solution of PLA (Mw
180 kDa, Cargill, USA) was prepared in 1,4-dioxane (Sigma,
USA) and poured in glass dish. The dish was then placed
in 40% ethanol (as the nonsolvent). The asymmetric porous
structure was generated as a result of the immersion-precipitation phase inversion process. The precipitated substrate was
washed in water and dried in air. The asymmetric permeability of the PLA substrate was determined by the diffusion of
albumin in each direction (inflow and outflow with respect
to the conduit).
2.2. Immobilization of TF onto PLA by Plasma-Assisted
Grafting. TF was extracted from fruiting bodies of Tremella
fuciformis berk above 80∘ C for a few hours and centrifuged
at 3000–5000 rpm for about 2–5 min. The residues were
resuspended in water, heated, and centrifuged repeatedly
to obtain more polysaccharide extracts. Extracts obtained
from this process have an average molecular weight of about
3000 kDa and are readily soluble in water due to the abundant
negative charge [26]. To immobilize TF on PLA, the top
surface of PLA substrate was first activated by open air plasma
(Plasmatreat, Steinhagen, Germany). The parameters (power,
pressure, distance, and scan rate) of plasma treatment are
supplied in the Supplementary Information (see Figure 1S
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available online at http://dx.doi.org/10.1155/2013/959261) The
TF-grafted PLA substrate prepared from the above process
was abbreviated as “PLA/TF.”
The water contact angle of the modified surface was measured in the air with a static contact angle analyzer (FTA1000 B, First Ten Angstrom Company, USA). TF grafting was
confirmed by a Fourier-transformed infrared (IR) spectrometer (Perkin, Paragon-500) equipped with an attenuated total
reflection unit (ATR-IR). The grafted amount was determined
by gravimetry, that is, measuring the weight increase using a
high sensitivity balance (Sartorius, BP211D, Germany). The
surface as well as the cross-section was examined by a scanning electron microscope (SEM; ABT-150S, Topcon, USA).
The samples were weighed and analyzed again by ATR-IR
after placed in phosphate buffered saline (PBS) at 37∘ C for 2
and 4 weeks.
2.3. Conditions of PLA/TF by Plasma-Assisted Grafting. The
plasma source was the compressed dried air (21% oxygen and
79% nitrogen) ejected from a rotating nozzle. To optimize
the plasma activation process, parameters such as the plasma
power, distance, and operating speed of the nozzle had to be
adjusted. For the current experiment, the optimized parameters were air pressure 2.5 kg/cm2 , plasma power 1000 W,
distance 10 mm, and speed 15 m/min. Following plasma
activation, the PLA substrate was immersed in 1% TF aqueous
solution at 37∘ C for 1 h. The substrate was then rinsed with
distilled water, washed extensively in an ultrasonic bath for
30 min, air-dried, and stored in a desiccator.
2.4. Cell Culture and Gene Expression. Rat C6 glioma cells
(BCRC-60046; Bioresources Collection and Research and
Research Center, Hsinchu, Taiwan) were employed for in
vitro tests of the materials. C6 glioma cells were cultured
in Dubeleco’s modified Eagle medium (DMEM) supplemented with 44 mmol/L NaHCO3 , 10% fetal bioactive serum,
50 U/mL streptomycin-penicillin, and 1% sodium pyruvate.
Before seeding the cells, PLA and PLA/TF substrates were
sterilized by 70% alcohol, rinsed with phosphate buffered
saline (PBS), and placed into 24-well culture plates. C6 glioma
cells at a density of 1 × 104 per well were seeded. The cells were
trypsinized at 24 h and 72 h, and the number was counted
with a hemocytometer under an inverted microscope. A
blank well (tissue culture polystyrene, TCP) was used as
the control. Cells were analyzed for their neurotrophic gene
expression. Total RNA was extracted from cells after 72 h.
Trizol reagent (Invitrogen) was added after the cells were
trypsinized. 5 𝜇g of total RNA was reverse-transcribed with
the first-strand cDNA synthesis kit (Fermentas, Germany)
following the manufacturer’s instructions. Polymerase chain
reaction was performed in a 25 𝜇L reaction volume containing 1 𝜇L of the cDNA, 0.5 𝜇L, and 10 𝜇mol/L of each primer
and 5 𝜇L of 5x PCR Master Mix buffer (Gene Mark, Taiwan).
Polymerase chain reaction was carried out in a GeneAmp
PCR system 2700 thermal cycler (Applied Biosystems, ABI).
The cycling parameters of cDNA were 35 cycles of 94∘ C for
30 seconds, 55∘ C for 30 seconds, and 72∘ C for 30 seconds,
followed by a final extension at 72∘ C for 7 minutes. 𝛽actin was used to confirm fidelity of the PCR reaction and
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as an internal control for semiquantitative analysis. The
amplified products were analyzed by electrophoresis on 1.5%
agarose-TAE [10 mmol/L Tris (pH 7.5), 5.7% glacial acetic
acid, and 1 mmol/L EDTA] gels and visualized by ethidium
bromide staining. The image was recorded by an image
analyzer (BioDoc-It System, UVP, Upland, CA, USA), and
the intensities of the bands were quantified by the LabWorks
software. The optimized plasma parameters for PLA/TF were
determined from the cell studies.
2.5. Animal Implantation and Evaluation. Flat substrates
were rolled into conduits by the assistance of a 1.5 mm
diameter mandrel. The edges were adhered tightly by a small
amount of 1,4-dioxane. After rolling, the top surface of the
substrates became the internal surface of the conduits. The
conduits were dried under vacuum overnight to remove
any residual solvent. They were checked for the dimensional
fidelity and sectioned into 17 mm segments before implantation.
Forty male Sprague-Dawley rats weighing 300–350 g were
used for in vivo studies. They were divided into two experimental groups. Each experimental group received PLA or
PLA/TF conduits (∼1.53 mm ID, ∼0.21 mm in wall thickness,
and ∼17 mm long). The conduits were sterilized by 70% alcohol for 20 min and washed by PBS for 5 min before surgery.
Animals were deeply anesthetized with isoflurane (Halocarbon, USA) throughout the surgical procedures. Surgery
was conducted on the left hind leg for each rat under aseptic
conditions. After an incision had been made in the skin, the
sciatic nerve was exposed by making a muscle splitting incision. A 15 mm nerve segment was excised with microscissors.
The conduit (17 mm) was interposed into the 15 mm nerve
defect, respectively. (The proximal nerve was anchored in the
conduit by 7-0 nylon microsutures. The distal end was then
sutured into the other end of the conduit. Nerve stumps at
both ends were sutured into the conduit to a length of approximately 1 mm. The wound was then closed in layers using 30 Dexon sutures. The animals were housed in temperature(25∘ C) and humidity-(45%) controlled rooms with 12 h light
cycles. All procedures followed the ethical guidelines and
were approved by the Animal Care and Use Committee of the
university. While 15 mm gap is considered as a critical gap,
results from smaller (10 mm) nerve gap (6-week) studies are
included in the Supplementary Information.
Peripheral nerve regeneration across the gap defect was
monitored by the MRI technique for a long term (at 2, 4, 6,
and 8 months). MRI examination was performed for 30 min.
Animals were anesthetized by and maintained with isoflurane
(Halocarbon, USA) throughout the imaging procedures. The
MRI equipment was a 1.5 Tesla Sonata system from Simens
(Germany). The image employed a 5-inch surface coil (small
loop coil) to acquire the images of the transected sciatic nerve.
The parameters of MRI were T1 weighted images (T1WI),
T2 weighted image (T1WI), and T2 weighted short time
image of inversion recovery (STIR). The time parameters
were repeat time (TR) and echo time (TE). The field size was
80 mm × 80 mm. The matrix resolution was 256 × 256 pixels.
All experimental parameters of MRI should be refined by
different animal sizes.
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Walking track analysis was performed on all animals
weekly up to 2 months and every 2 months before the animals
were sacrificed. Preoperatively, the animals were trained to
walk down a 150 × 8 cm track in a darkened enclosure. The
sciatic functional index (SFI) that assessed the functional
muscle reinnervation was calculated based on the walking
track analysis, by the equation SFI = −38.3(PLF) + 109.5(TSF)
+ 13.3(ITF) − 8.8, where PLF (print length function) = (experimental PL − normal PL)/normal PL, TSF (toe spread function) = (experimental TS − normal TS)/normal TS (1st to 5th
toes), and ITF (intermedian toe spread function) = (experimental IT − normal IT)/normal IT (2nd to 4th toes) [27, 28].
The walking behavior of rats was recorded as videos
and rats were trained to walk down the 150 × 8 cm track
to perform the video recordings. The walking behavior was
analyzed by a semiautomation program using MATLAB 7.4.0.
In the analysis, the video with the mpg/mpeg format was
converted into a sequence of static images with the frames
rate of frame per second. In walking behavior analysis, vector
𝑎⃗
was defined manually to select two points horizontal to the
ground in the first frame. Vector 𝑎⃗
was originated from the
rat ankle. Vector 𝑎⃗
had consistent directions in the rest of the
frames steadily. Another vector 𝑏⃗
was defined as the central
axis of the lower limb of the rat. Vector 𝑏⃗
was varied with
the swing of the lower limb. The motion angle 𝜃 between the
two vectors 𝑎⃗
and 𝑏⃗
was calculated based on the equation
⇀



𝑎 | ⋅ |⇀
−1 ⇀
𝑏 |), 0∘ ≤ 𝜃 ≤ 180∘ . A completed
𝜃 = cos ( 𝑎 ⋅ 𝑏 )/(|⇀
swing cycle composed the changes of 𝜃 corresponding to the
movement of the lower limb. A map indicating the different
variations of 𝜃 versus time in terms of frame numbers could
be used to evaluate the function of the limb. The extension
range of the lower limb was denoted as Θ and defined as
the absolute value of the gap between the maximum and the
minimum of the 𝜃 during a swing cycle. The two parameters,
Θ and the average 𝜃, obtained from each map may be used to
evaluate the degree of recovery of the limb after implantation
of the conduit. Comparison was made to the control side
(right side) of the same rat at 2, 4, 6, and 8 months.
Electrophysiological evaluation was performed before
animals were sacrificed. Under anesthesia with chloral
hydrate (360 mg/kg, intraperitoneal injection), the left sciatic
nerve interposed by the conduit was carefully reexposed and
dissected from surrounding tissues. The recording needle
electrodes were placed in the anterior tibial muscle and the
distal of nerve conduit. The sciatic nerve was stimulated
by a pair of needle electrodes, which was placed directly
on the proximal of nerve conduit and connected with DC
electrical stimulator (PowerLab ML866, AD Instrument,
Australia). The nerve stimulation parameter used was 1 to
10 mV and 0.2 ms duration. The ground electrode was placed
in surrounding muscle tissues to remove conduction of
stimulation through muscle tissues. The compound action
potentials (CAPs) were recorded by a software (Scope for
Windows, AD Instrument, Australia). Based on the nerveto-nerve distances and time (from stimulation point to the
maximum pulse amplitude), the nerve conduction velocity
(NCV) for each group of conduits was determined.
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Animals were euthanatized by CO2 overdose treatment
after 2, 4, 6, or 8 months. The implanted grafts were harvested
and immediately fixed in cold buffered 3% glutaraldehyde
solution. After two days, the nerve conduits were cut open
longitudinally. The specimens were then washed in PBS,
postfixed in 1% osmium tetroxide (Polysciences, USA),
dehydrated in a graded series of ethanol solutions, and
finally embedded. The embedded samples were cut to 3 𝜇m
thickness and stained with 1% toluidine blue, which did
not stain PLA. All nerve sections were observed under the
optical microscope, and photographs were taken using a
digital camera (Nikon H666L, Japan). The cross-sectional
area of regenerated nerve as well as the numbers of individual
myelinated axons and blood vessels in the regenerated tissue
at the midconduit was quantified by an image analysis system
(Image-Pro Lite, Media Cybernetics, USA) [8].
2.6. Statistical Analysis. Forty rats underwent nerve conduit
implantation. Ten rats were evaluated by MRI and sacrificed
at 8 months. The average diameters of the regenerated
nerve based on axial MR images at the midconduit were
the mean values from the rats. The walking analysis and
electrophysiological measurement were performed at 2, 4, 6,
and 8 months (𝑛 = 5 for each group, the normal side as the
control) before sacrifice for histological analysis. The results
obtained from multiple samples were expressed as mean ±
standard deviation. Statistical differences were analyzed by
one-way analysis of variance (ANOVA). 𝑃 < 0.05 was
considered as statistically significant.

3. Results
3.1. Analysis of PLA/TF. To confirm that TF was successfully
immobilized on the surface of PLA, physicochemical characterization was performed. The water contact angle of the
original PLA was 76∘ and was reduced to 54∘ in PLA/TF,
suggesting that the hydrophilic TF was immobilized on the
surface. The corresponding ATR-FTIR spectra are shown in
Figure 1(a). The original PLA surface did not show obvious
absorption bands near 3394 cm−1 or 1751 cm−1 . These bands
were the characteristic absorption bands in TF. The surface of
TF-modified PLA (PLA/TF) also demonstrated these bands,
indicating that TF was successfully immobilized on PLA.
Figure 1(a) also showed that the characteristic absorption
bands near 3394 and 1751 cm−1 decreased to about one half
when the TF-immobilized PLA substrate was placed in PBS
for 2 weeks. These bands were small but remained visible
after 4 weeks. The grafted amount of TF on PLA was 237.67 ±
40.0 𝜇g/cm2 , based on the weight analysis. The amount of TF
on the surface was 163.21 ± 32 𝜇g/cm2 after being placed in
PBS for 2 weeks and was not detectable after 4 weeks.
The SEM images of the cross-section of the PLA/TF
substrate are shown in Figure 1(b). The skin layer and the
asymmetric porous structure were well kept in the modified
substrate (Figure 1(b)). These changes did not influence the
characteristic asymmetric permeability of the original PLA
substrate (Figure 1(c)). This was important because permeability of the conduit could also affect the nerve repair.
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Table 1: The average diameter of regenerative nerve in PLA/TF and
PLA conduits determined from the axial views of MRI at 2, 4, 6, and
8 months.
Months
2
4
6
8
∗

Nerve diameter (mm)
PLA/TF
PLA
0.4 ± 0.08
0.3 ± 0.10
0.7 ± 0.12
1.0 ± 0.12∗
∗
1.0 ± 0.08
1.3 ± 0.16
1.5 ± 0.14
2.1 ± 0.1∗

𝑃 < 0.05 between PLA/TF and PLA.

3.2. Effect of TF Modification on Cell Proliferation and Gene
Expression. The cytocompatibility was tested in vitro by
analyzing the proliferation and gene expression of both C6
glioma cells on different materials. The results are shown in
Figure 2. The attachment and proliferation of C6 cells on PLA
and on PLA/TF were similar (Figure 2(a)). The expression of
BDNF, GDNF, and NGF genes of C6 cells on PLA/TF was
upregulated compared with that on PLA (Figure 2(b)). These
results indicated that PLA/TF was superior to the bare PLA
in promoting the neurotrophic gene expression of C6 glioma
cells.
3.3. In Vivo Nerve Regeneration across the 15 mm Gap Defect.
MR images taken at different postimplantation periods
are shown in Figure 3. Based on the MR sagittal views
(Figure 3(A)), the sciatic nerve was at about 8 mm below the
femur bone. The nerve conduit was at about 10 mm deep
inside the rat body. The conduit was parallel to the femur
bone. The blood vessels were observed near the distal end
of the nerve conduit (indicated by the shortest arrows in
Figure 3(A)). The regenerated nerves were very thin at 4
months in both PLA and PLA/TF groups (Figure 3A (ab)). The size (diameter) of the regenerated nerve increased
at 6 and 8 months (Figure 3A (c–f)). At this time, the
regenerated nerve was thicker on both ends and still thin in
the midsection. Based on the MR axial views (Figure 3(B)),
the newly regenerated nerve inside all PLA and PLA/TF
conduits was connected before 2 months (Figure 3B (a-b)).
Among the five rats followed with MRI in the PLA group,
the nerve of two rats was connected between 4 and 6 weeks,
that is, connection not observed at 4 weeks but observed at
6 weeks. The nerve of the other three rats was connected
between 6 and 8 weeks (connected nerve visualized at 8
weeks). In the PLA/TF group, the nerve in all rats was
successfully connected between 4 and 6 weeks (connected
nerve visualized at 6 weeks). Therefore, the success rate of
nerve connection at 6 weeks was 40% for PLA conduits but
was 100% for PLA/TF conduits. The newly regenerated nerves
inside the conduits grew gradually thicker after connection.
The average diameter of regenerative nerve in PLA/TF
conduits was always greater than that in PLA conduits at each
time point, as shown in Table 1.
SFI data from 1 week to 8 months are shown in
Figure 4(a). The value of SFI increased for both PLA and
PLA/TF groups during this period. Rats receiving PLA/TF
conduits showed greater SFI in average than those receiving
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Figure 1: (a) ATR-IR spectra of PLA surface immobilized with TF (PLA/TF) after air plasma activation. The original spectrum is marked as
“0 wk,” while spectra marked “2 wk” and “4 wk” indicate those obtained after the sample was put in PBS for 2 and 4 weeks. (b) SEM image for
the cross-section of TF modified PLA. (c) The permeabilities of the original and TF-immobilized PLA substrates are shown.
∗

60000

∗
2.5
2

40000

Ratio to 𝛽-actin

Cell numbers

50000

30000
20000

1.5
∗

1

∗

0.5

10000
0

24

72
Time (hour)

TCP
PLA
PLA/TF
(a)

0

BDNF

GDNF

NGF

TCP
PLA
PLA/TF
(b)

Figure 2: The effect of TF immobilization on the (a) proliferation and (b) gene expression of C6 cells. The gene expression was analyzed at
72 h. ∗ 𝑃 < 0.05, 𝑛 = 3. PLA/TF: TF-immobilized PLA; TCP: tissue culture polystyrene (blank control).

6

Evidence-Based Complementary and Alternative Medicine

Femur

Femur

Femur

Sciatic nerve

Vessels

Vessels
Vessels

Conduit

Conduit

Conduit
Regenerated nerve

Regenerated nerve

Regenerated nerve
(a)

(b)

(c)
Knee joint

Femur

Femur

Femur
Vessels

Vessels
Vessels
Conduit

Conduit

Regenerated nerve

Regenerated nerve
(d)

Regenerated nerve

(e)

(f)

(A)

Femur

Femur

Femur

Regenerated nerve
Regenerated nerve

Regenerated nerve

(a)

(b)

(c)

Femur

Femur

Femur

Regenerated nerve

Regenerated nerve

Regenerated nerve
(d)

(e)

(f)

Femur

Femur

Regenerated nerve

Regenerated nerve

(g)

(h)
(B)
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and (e), (f) 8 months, for rats receiving PLA (a), (c), (e) or PLA/TF (b), (d), (f) conduits. (B) The axial views at (a), (b) 2 months, (c), (d) 4
months, (e), (f) 6 months, and (g), (h) 8 months, for rats receiving PLA (a), (c), (e), (g) or PLA/TF (b), (d), (f), (g) conduits. The regenerated
nerve was indicated by long white arrows in the images. The axial views (B) were clearer than the sagittal views (A) in identifying the newly
regenerated nerve.
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Figure 4: (a) SFI based on walking track analysis for rats receiving PLA and PLA/TF conduits during a period from 1 week (1 wk) to 8 months
(8 m). (b) NCV obtained from electrophysiology for PLA and PLA/TF groups at different periods.

PLA conduits during the whole period though statistical
significance could not be obtained. The values of nerve
conduction velocity (NCV) are shown in Figure 4(b). For the
normal rat sciatic nerve, NCV was about 55 ± 3 m/s (𝑛 = 10).
After nerve connection (2 months), the value was small for
the newly regenerated nerve but increased with the time.
The NCV of the regenerated nerve in the PLA/TF group was
significantly larger than that in the PLA group at 2, 6, and
8 months (𝑛 = 5 each). The functional recovery of rats at
2 months based on the data of NCV was about 42% for the
group of PLA and about 55% for the group of PLA/TF. After
8 months, the functional recovery based on NCV was 84% for
the group of PLA and 93% for the group of PLA/TF.
Results from dynamic walking analysis are shown in
Figure 5. During a swing, the motion angle (𝜃) was recorded.
The typical curves of 𝜃 versus frames at 4 months (for
PLA/TF) and the normal limb (control side) are shown in
Figures 5(c) and 5(d). The extension angle (Θ) during a swing
cycle was calculated, listed with panels C-D, and summarized
in Figure 5(e) (𝑛 = 5). The average 𝜃 is shown in Figure 5(f)
(𝑛 = 5). It was obvious that the mean values of Θ and average
𝜃 increased from 1 week to 8 months for both PLA and
PLA/TF groups. At 4, 6, and 8 months, the PLA/TF group
had greater Θ as well as greater average 𝜃 values than the PLA
group (𝑃 < 0.05, with one exception of Θ at 6 months where
𝑃 = 0.07). The percent functional recovery of rats based on
the restoration of Θ (versus normal) was 65% at 4 months,
77% at 6 months, and 90% at 8 months for the PLA/TF group,
compared with 56% at 4 months, 72% at 6 months, and 81%
at 8 months for the PLA group. These values were very close
to those obtained based on the restoration of average 𝜃 (67%
at 4 months, 80% at 6 months, and 91% at 8 months for the
PLA/TF groups; 56% at 4 months, 72% at 6 months, and 81%
at 8 months for the PLA group). Overall in this 15 mm critical
gap rat sciatic nerve model, the PLA/TF group was superior
to the PLA group in the long-term rehabilitation of walking
function.

Histological results of the regenerated nerve in Figure 6
showed formations of blood vessels and myelins in both PLA
and PLA/TF groups at 4, 6, and 8 months. All subjects had
successful connection (𝑛 = 5 each group). At 4 months,
the myelins in the regenerated nerve were very thin. The
outer contour of the regenerated nerve was irregular in shape,
especially in the PLA group (Figure 6(a)). The morphology
was different from the intact and homogeneous morphology
of myelins in the normal sciatic nerve. The accumulation of
fat tissue around the regenerated nerve was observed at 4 and
6 months but was less frequent at 8 months in both groups.
From 4 to 8 months, both PLA and PLA/TF groups
showed improvement in the sizes of blood vessels and myelins
(Figure 6(b)). The myelins were larger in size (i.e. better
morphology) in the group of PLA/TF than those in the
group of PLA, especially at 4 and 8 months (Figure 6(b)).
Blood vessels were larger and more abundant in the group of
PLA/TF, and multierythrocytes could be clearly visualized at
8 months (Figure 6(b)). At the same time, the myelins in the
group of PLA/TF formed self-organized bundles, as denoted
by the dotted boxes in the image. This phenomenon was not
as obvious in the group of PLA. Quantitative analyses of the
histology revealed a significantly larger area of regenerated
nerve as well as greater numbers of myelinated axons and
blood vessels in the groups of PLA/TF, as compared to
PLA, during a period of 8 months (Figure 7). These results
indicated that TF immobilization enhanced peripheral nerve
regeneration over a critical gap defect.

4. Discussion
This study employed a very convenient strategy to immobilize
TF on the nerve conduits by treatment with air plasma.
When PLA surface was activated by air plasma, the oxygen
and nitrogen in air plasma could attack the weak bonds
on the surface of PLA to form free radicals. Since TF was
a hydrophilic material, the water contact angle of the PLA
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Figure 5: Dynamic walking analysis for rats with 15 mm transectional gap bridged by the conduit. (a) The motion angle (𝜃) was defined as the
angle between vectors 𝑎⃗
and 𝑏.⃗
(b) During a swing (from (1) and (2) to (3)), 𝜃 was recorded. Typical curves of 𝜃 versus frames are demonstrated
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Figure 7: Quantitative analyses of the histological sections at the midconduit of PLA and PLA/TF conduits, showing a comparison of the (a)
area of regenerated nerve, (b) number of myelinated axons, and (c) number of blood vessels between the two groups after 4, 6, and 8 months
of implantation. ∗ 𝑃 < 0.05.

surface decreased to 54∘ after TF modification. ATR-IR
analysis also confirmed the grafting of TF. The current study
demonstrated that TF could also be immobilized on PLA
by air plasma. Besides, TF grafted on the surface of PLA
was slowly released in PBS but remained to be detectable on
the surface by ATR-IR after 4 weeks. This suggested that TF
grafted on PLA may have endured for 4 weeks in vivo.
The rat model of sciatic nerve injury and defect was the
most common animal model. The largest gap that could be
created in rats was 15 mm [11]. MRI was employed in this
study to monitor the long-term nerve regeneration within the
conduit in the 15 mm gap nerve injury model. The images of
the regenerated nerve and small blood vessels (100–200 𝜇m)
in the neighborhood were obtained by the MRI technique.
Evaluation of crush injury in rat sciatic nerve by MRI was

recently reported in the literature [29]. In this literature, the
proximal sciatic nerve of adult rats was ligated by a tight
suture that was removed 1 week later to induce complete
anatomy and nerve regeneration. The images in our study
not only demonstrated nerve sporting from the sagittal view
but also identified the cross-section of the connected nerve
by the axial view. Nerve connection was directly visualized at
about 2 months from the sagittal view and from the axial view.
The MRI axial views also revealed that the PLA/TF group
had clearer images and larger cross-section of the regenerated
nerve from 2 to 8 months than those of the PLA group.
The NCV in the PLA/TF group after 4 months of implantation was over 70% of that in normal nerve. Kim et al.
reported that the nerve conduction velocity of regenerated
nerve through a cellular nerve graft including growth factor
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(nerve gap 8 mm) after implantation in rats for 6 months was
about 60% [30] of that in normal nerve. The recovery degree
for our PLA/TF conduits across a much larger gap (15 mm
versus their 8 mm) in a shorter period (4 months versus their
6 months) was better than that previously reported.
The novel dynamic walking analysis and the resulted
motion angle (𝜃) and extension range (Θ) showed the rehabilitation of walking function in rats. The data were more
reliable than SFI. The SFI data had large standard deviation
that statistically significant difference could not be identified
between the two groups. Results from dynamic walking
analysis were consistent with the tendency of SFI. Moreover,
significant differences between PLA and PLA/TF groups
could be demonstrated. This suggested that the analysis
of extension range or average motion angle may be more
appropriate to analyze the functional recovery in sciatic nerve
defected animals.
Histological results showed a correlation between blood
vessel formation and the number of new myelinated axons.
Research has indicated that angiogenesis and neurogenesis
are coupled processes [31]. TF was reported to function like
NGF and promote the neurite outgrowth of PC12 h cells
[24, 30]. NGF also contributes to angiogenesis [32, 33]. In our
study, the vessels and myelins of regenerated nerves were evident in both PLA and PLA/TF groups at 4, 6, and 8 months.
The histology of the PLA/TF group was better than that of the
PLA group. While abundant blood vessels, multierythrocytes,
and self-assembly of myelinated axons were usually observed
in 6 weeks for the 10 mm gap [8], these features did not show
up in histology until 6–8 months in the present study. It has
been shown that the ligated sciatic nerve in rats recovered
and had virtually the same histology as normal nerve after
12 weeks (∼3 months) [11]. The evolutions and restoration of
histology for the 15 mm large gap defected nerve obviously
took much longer time (6–8 months in this study versus 6
weeks for the 10 mm gap). Histological results were consistent
with the slow functional recovery demonstrated by the SFI,
electrophysiology, and dynamic walking analysis.
In summary, our study demonstrated for the first time
that TF modification was an efficient way to promote the
peripheral nerve connection across a large gap in short term
as well as nerve regeneration over an extensive period of time.
The MRI technique successfully acquired the images of the
regenerated sciatic nerve bridged by the conduits in rats. The
new dynamic walking analysis provided the information of
functional recovery in rats during a longer term.

5. Conclusion
TF was successfully grafted on the PLA nerve conduit after
open air plasma treatment. The immobilization allowed TF
to be retained on the conduit for more than 4 weeks.
Nerve regeneration promoted by TF immobilization was
evaluated in a 15 mm rat sciatic nerve transection model.
MRI techniques were used to monitor the sciatic nerve
regeneration within the conduit in the experimental rats
during an 8-month period. TF-immobilized PLA (PLA/TF)
conduits promoted the early nerve connection (6 weeks) from
the two stumps. The superior efficacy of PLA/TF conduits
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over the bare PLA conduits was demonstrated in long term
(8 months). The functional recovery after 8 months was ∼
84% based on electrophysiology and ∼81% based on dynamic
walking analysis for the bare PLA conduits, while that for
PLA/TF conduits was ∼93% based on electrophysiology and
∼90% based on dynamic walking analysis.
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The aim of this study is to examine the therapeutic potential of deep sea water (DSW) on osteoporosis. Previously, we have
established the ovariectomized senescence-accelerated mice (OVX-SAMP8) and demonstrated strong recovery of osteoporosis
by stem cell and platelet-rich plasma (PRP). Deep sea water at hardness (HD) 1000 showed significant increase in proliferation of
osteoblastic cell (MC3T3) by MTT assay. For in vivo animal study, bone mineral density (BMD) was strongly enhanced followed
by the significantly increased trabecular numbers through micro-CT examination after a 4-month deep sea water treatment, and
biochemistry analysis showed that serum alkaline phosphatase (ALP) activity was decreased. For stage-specific osteogenesis, bone
marrow-derived stromal cells (BMSCs) were harvested and examined. Deep sea water-treated BMSCs showed stronger osteogenic
differentiation such as BMP2, RUNX2, OPN, and OCN, and enhanced colony forming abilities, compared to the control group.
Interestingly, most untreated OVX-SAMP8 mice died around 10 months; however, approximately 57% of DSW-treated groups
lived up to 16.6 months, a life expectancy similar to the previously reported life expectancy for SAMR1 24 months. The results
demonstrated the regenerative potentials of deep sea water on osteogenesis, showing that deep sea water could potentially be applied
in osteoporosis therapy as a complementary and alternative medicine (CAM).

1. Introduction
Osteoporosis, a common disease caused by imbalanced bone
remodeling, is a global public health problem. Patients with
osteoporosis are often accompanied with pain, disability, and
decline in the quality of life, rise in mortality, and depletion of
local health care budget [1–4]. The major type of osteoporosis
occurred in postmenopausal women with an age range of
50–70 [5]. Bone density index rapidly decreased after the
menopause, due to sex hormone imbalance and the lack of
estrogen. The imbalance of homeostasis between osteoclasts

and osteoblasts also leads to increased bone resorption [6, 7].
In addition, senile osteoporosis with increased age and the
reduction of growth hormone (GH) which stimulates renalsynthesized 1 alpha,25-dihydroxyvitamin D3 (1,25(OH)2D3)
is also another cause of osteoporosis [8, 9]. Age-related bone
loss causes bone trabecular thinning as well as the loss of
cortical layer of bone tissue, and the cortex becomes porous
which will increase the femoral neck fracture rate [10]. For
osteoporosis, supplemental dietary calcium and vitamin D
may reduce the risk of fractures in postmenopausal women
[11]. Drugs, lifestyle changes, home safety, and hip protection
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are viable approaches for the prevention of osteoporosis.
According to the World Health Organization Criteria (WHO)
statistics, the penetration rate of osteoporosis in women over
the age of 65 is up to 35%; hence, the advanced treatment for
osteoporosis has become emergent.
Deep sea water (DSW) generally refers to sea water from a
depth of more than 200 meters (m). It could be characterized
by its purity, abundant nutrients, and minerals. Currently,
DSW has been applied in the ground of food, agriculture, cosmetic, and medical field due to its high contents of unique
minerals including sodium (Na), magnesium (Mg), calcium
(Ca), potassium (K), zinc (Zn), and vanadium (V) [12].
DSW has been reported to stimulate both osteoblastogenesis
and osteoclastogenesis in bone turnover [13]. NaCl from
DSW also improves the biochemical properties of bone.
DSW combined with soluble silicon as natural material could
promote cell proliferation of osteoblast and enhance the
osteogenesis-related gene expression in animal studies [13].
The DSW utilized in this study is drawn from the Pacific
Ocean at a depth of 662 m and a distance of 5 kilometers
(km) off the coast of Hualien County, Taiwan [14, 15], which
contains abundant amounts of trace elements, including high
concentrations of four essential minerals: Mg (96200 mg/L),
K (10800 mg/L), Na (9010 mg/L), and Ca (39 mg/L).
Our previous study has demonstrated that transplantation of platelet-rich plasma- (PRP-) treated NIH3T3-G cells
into OVX-SAMP8 mice significantly reversed osteoporosis.
We also showed that PRP could not only increase bone
regeneration but also reduce bone marrow adiposity in the
osteoporotic mice [16–18]. In this study, we investigated the
possibility of the treatment of osteoporosis by DSW. For
osteoporotic model, SAMP8 mice received bilateral salpingooophorectomy at 4 months old and subsequently fed with
DSW for 15 days. The effects of DSW on bone regeneration
were then analyzed by bone mineral density, micro-CT,
bone structure with HE stain, and the activities of isolated
bone marrow stromal cells. Here, we demonstrated that
DSW not only induced bone regeneration but also strongly
recovered bone loss in OVX-SAMP8 mice. In addition, we
have observed that DSW would be effective in prevention of
osteoporosis and might be a complementary and alternative
medicine (CAM).

2. Materials and Methods
2.1. Characterization of Deep Sea Water (DSW). DSW was
obtained from the Pacific Ocean at a depth of 662 m
[14, 15]. The obtained DSW was subjected to filtration to
remove microorganism and virus and then concentrated.
The elements contained in concentrated DSW were measured by inductively coupled plasma mass spectroscopy.
As shown in Supplemental Table 1, the concentrated DSW
contained high amounts of several essential minerals such
as magnesium (Mg), potassium (K), sodium (Na), and calcium (Ca) (see Supplementary Material availbale online at
http://dx.doi.org/10.1155/2013/161976). The final hardness of
concentrated DSW was determined as 400,000 mg/L by using
calcium and magnesium concentrations.
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2.2. Cell Line and Cell Viability. Mouse preosteoblast cell line
(MC3T3-E1, ATCC CRL-2593) was provided by Dr. Alexander T.H Wu (Taipei medical University, Taipei, Taiwan) and
was cultured in 96 well plates (1 × 104 cells/well) in alpha minimum essential medium (𝛼-MEM) supplemented with 10%
fetal bovine serum (FBS) or/and different concentration of
DSW (ranged from 500 to 2000 HD). MTT reagent was
added into each well on day 3 of cell growth in culture, and
cell viability was detected by Multiskan PC (Thermo Lab).
For the cell counting assay, MC3T3 (1 × 104 ) were seeded
in 6 cm dish containing DSW-derived medium (hardness of
1000 mg/L)and incubated at 37∘ C in 5% CO2 atmosphere.
After 72 hrs, MC3T3 were collected, and the cell numbers
were counted by trypsin and ethylenediaminetetraacetic acid
treatment.
2.3. Experimental Animals. All the animal experiment protocol was approved by the Institutional Animal Care and
Use Committee of Taipei medical University. SAMP8 mice
were ovariectomized (OVX) at 4 months of age to induce
osteoporosis and then used in this experiments. Mice were
grouped into the following (six mice per group): control
group (CTRL, receiving PBS) and DSW group (receiving
DSW). Both mice were suggested for daily water uptake
which is based on a 22 g mouse consuming 5.2 mL water per
day.
2.4. Serum ALP, Mg, and Ca Analyses. All mice were sacrificed and the extracted blood specimens were obtained at
4 months. The plasma concentrations for ALP, Mg, and Ca
were then determined by a photometric method according
to the manufacturer’s instructions (Fuji Dri-Chem Clinical
Chemistry Analyzer FDC 3500).
2.5. Bone Mineral Density and Micro-CT Analysis. Dualenergy X-ray absorptiometry (DEXA) analysis was used for
the measurement of bone mass in the spine, left/right knee,
and left/right femurs. BMD (XR-36; Norland Corp.; host
software revision 2.5.3, scanner software revision 2.0.0) was
performed 4 months after DSW treatment. All mice were sacrificed and their femurs and tibia bones were collected at 4
months for detecting the trabecular bone and bone volume by
micro-CT (Skyscan-1076, Skyscan, Belgium). For trabecular
bone analysis and 3D imaging, construction was operated
at 50 KV, 200 uA, 0.4∘ of rotation step, 0.5 mm AI filter, and
9 𝜇m/pixel of scan resolution. Each group contains 6 animals.
2.6. Histological Analysis. For histological determination,
bone sample was fixed in 10% formalin and decalcified in 14%
EDTA for 3 days. Bone sections (10 𝜇m) were subjected to
paraffin-embedding and then stained with hematoxylin and
eosin (H&E) staining to detect the trabecular bone in the
bone tissue.
2.7. Isolation of Bone Marrow Cells. Bone marrow stromal
cells (BMSCs) were harvested from femurs and tibias of
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Figure 1: Optimization of hardness of DSW by cell viability of preosteoblast. Comparative proliferation profiles of preosteoblast (MC3T3) in
DSW-enriched medium were analyzed by MTT assay (optical densities, mean 6 SD for 3 separate replicates). The MC3T3 cells treated with
DSW of hardness (HD) 1000 showed the highest cell viability; 𝑡-test, ∗ 𝑃 < 0.05.

DSW-treated mice and vehicle-treated mice (CTRL) after
4 months treatment. BMSCs were washed out in the bone
marrow and centrifuged at 1000 rpm for 5 min. Cells were all
cultured in 𝛼-MEM supplemented with 10% FBS for one week
to remove the nonadherent cells and then washed with PBS.
The adherent cells, indicated the BMSCs, were collected for
ethylenediaminetetraacetic acid treatment.
2.8. Cell Proliferation and Colony-Forming Unit of BMSCs In
Vivo. BMSCs were cultured in 𝛼-MEM supplemented with
10% FBS and/or DSW treatment for 3 days, and the cell numbers were counted for evaluating their proliferation. For colony formation assay, BMSCs were cultured in maintenance
medium after 14 days and then fixed with 4% formaldehyde.
Fixed cells were then stained with 0.5% crystal violet in
methanol for 10 min, and formed colonies were then counted.
2.9. RT-PCR Analysis. Total RNA from BMSCs was extracted
using TRIzol regent (Invitrogen Life Technologies). Gene
expression levels were measured by RT-PCR. Primer
sequences were indicated as follows: bone morphogenetic
protein (BMP2): forward primer 5 -GGTCCTTGCACCAAGATGAAC-3 ; reverse primer 5 -CAACCCTCCACAACCATGTC-3 , and temperature 62∘ C; osteopontin (OPN): forward primer 5 -ATGAGATTGGCAGTGATT-3 , reverse
primer 5 -GTTGACCTCAGAAGATGA-3 , and temperature 48.8∘ C; osteocalcin (OCN): forward primer 5 -CAGCTTGGTGCACACCTAAGC-3 , reverse primer 5 -AGGGTTAAGCTCACACTGCTCC-3 , and temperature 55∘ C;
runt-related transcription factor 2 (RUNX2): forward primer
5 -ACTTTCTCCAGGAAGACTGC-3 ; reverse primer 5 GCTGTTGTTGCTGTTGCTGT-3 , and temperature 55∘ C;
glyceraldehyde 3-phosphate dehydrogenase (GAPDH): was
used as an internal control (CTRL) forward primer 5 GCTCTCCAGAACATCATCCCTGCC-3 ; reverse primer

5 -CGTTGTCATACCAGGAAATGAGCTT-3 , and temperature, 55∘ C. PCR products were separated by electrophoresis on 1% agarose gels (Agarose I; AMRESCO) and
visualized with ethidium bromide staining.
2.10. Statistical Analysis. All results were represented as mean
± standard deviation (SD). Significant differences between
the two groups were determined by Student’s 𝑡-test, 𝑃 value <
0.05.

3. Results
3.1. Effect of Deep Sea Water (DSW) Hardness on the Cell
Growth of Preosteoblast. To determine the effects of different
hardness of DSW water on the cell viability of preosteoblasts,
MC3T3 cells were cultured in DSW-derived medium for
48 hrs and analyzed by MTT assay. As shown in Figure 1(a),
the DSW with hardness of 50 and 2000 mg/L did not affect
the cell viability of preosteoblasts, yet DSW with hardness
of 1000 mg/L slightly increased the cell viability of MC3T3
cells. Hence, we further evaluated the cell growth effects
of DSW with hardness of 1000 mg/L on MC3T3 cells by
using cell-counting assay. After 72 hrs of culture, MC3T3 cells
showed 2- to 3-fold enhanced cell growth in DSW-derived
medium (hardness of 1000 mg/L) compared to the control
medium (Figure 1(b)). These results indicated that 1000 mg/L
displays the optimal hardness of DSW for the cell growth of
preosteoblasts. Therefore, we utilized DSW with hardness of
1000 mg/L in the following experiments.
3.2. Effect of DSW on Serum Alkaline Phosphatase (ALP),
Calcium (Ca), and Magnesium (Mg) Activity in OVX-SAMP8
Mice. Based on the in vitro results, DSW of hardness 1000
was applied to OVX-SAMP8 mice for 4 months. We first
evaluated the in vivo osteogenic effects of DSW by using
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Figure 2: The effect of DSW treatment on serum ALP, Ca, and Mg activity. The serum ALP, Ca and Mg levels after 4 months DSW treatment
was measured by ELISA assay. Serum ALP levels presented a significant decrease in DSW-treated mice (a). In contract, Ca and Mg showed
no significant different in DSW group compared with control mice ((b) and (c)). Each bar represents the average from six animals; 𝑡-test,
∗
𝑃 < 0.05 versus CTRL group.

serum levels of ALP, Ca, and Mg. Serum ALP values reflect
the increased turnover associated with bone destruction of
aging, menopause, and various conditions affecting bone
metabolism. Increased serum ALP levels are associated with
an increased risk of rapid bone loss in peri- and postmenopausal women [19–21]. Ca and Mg play important roles
in bone homeostasis and metabolism. Decreased serum levels
of Ca and Mg have been shown to contribute to the risk
of osteoporosis [22–24]. After 4 months DSW treatment,
significantly lower ALP activity was evident in the DSW
group as compared to control group (Figure 2(a)), which
means that DSW could recover the bone loss in OVX-SAMP8
mice. Meanwhile, no significant difference was found in Ca
and Mg levels between the DSW and control group (Figures
2(b) and 2(c)).
3.3. Quantitative Analysis of BMD in DSW-Treated Mice.
DSW was used for prevention of OVX-SAMP8 osteoporotic
mice, and bone density scores of spine, knee (right/left),
and femurs (right/left) were determined by dual-energy
X-ray absorptiometry (general scheme, Figure 3(a)). As

demonstrated in Figure 3, 4 months after treatment, DSW of
hardness 1000 significantly improved BMD of OVX-SAMP8
mice, compared with vehicle-treated OVX-SAMP8 mice,
indicating that DSW induced bone regeneration and recovered bone mass loss in these osteoporotic mice (Figure 3(b)).
3.4. Photomicrographs for Bone Recovery in OVX-SAMP8
Mice by DSW. The improvement in BMD scores in DSWtreated animals was further supported by bone morphological analysis. Both micro-CT 2D and 3D imaging demonstrated higher trabecular area and volume in DSW-treated
OVX-SAMP8 animals (left and middle two columns, resp.,
Figure 4(a)). Meanwhile, histological sections of bone tissues
from DSW-treated mice also showed more trabecular bone
areas in the bone marrow (right two columns, Figure 4(a)).
After the relative trabecular bone volume ratio to the total
bone volume (BV/TV) was measured, it was clear that a
higher percent bone volume ratio (upper panel, Figure 4(b))
and trabecular bone number (lower panel, Figure 4(b)) were
also found in DSW-treated OVX-SAMP8 mice.
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Figure 3: Quantitative analysis of BMD in DSW-treated and control mice. Bone density scores (BMD) of spine, knee (right/left), and femurs
(right/left) were measured by Dual-energy X-ray absorptiometry after 4 months treatment (a). DSW-induced bone formation and decreased
bone loss were observed in the DSW-treated OVX-SAMP8 mice (b). Values (means + SD) indicate relative BMD levels normalized to month
0 BMD (before operation = 100%; dashed line), respectively; ∗ 𝑃 < 0.05 determined by 𝑡-tests; 𝑛 = 6 of each group.
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Figure 4: Effects of DSW on bone structure of OVX-SAMP8 mice. Comparative analyses of bone structure between control and DSWtreated OVX-SAMP8 mice. Micro-CT imaging observed that bone structure (trabecular/cortical bone, 2D), trabecular bone volume (3D),
and trabecular bone mass were increased in the DSW-treated OVX-SAMP8 mice after 4 months treatment. H&E staining represented a higher
ratio of bone mass in DSW-treated mice (a). The volume of trabecular bone (bone volume/total bone volume (BV/TV)), and the numbers of
trabecular bone (Tb.N) were calculated (right panel), and bars represented the average from six animals (b); 𝑡-test, ∗ 𝑃 < 0.05 versus CTRL
group.

3.5. The Proliferation and Colony-Forming Ability of Bone
Marrow Stem Cell (BMSC) Derived from DSW-Treated Mice.
To validate these observations and determine the effect of
DSW on bone microenvironment in OVX-SAMP8 mice,
BMSCs in DSW-treated mice were isolated and examined
for cell proliferation and colony-forming ability (general
scheme, Figure 5(a)). The BMSCs from DSW-treated SAMP8
mice demonstrated significantly higher proliferative activity
and higher numbers of colonies as compared to those from
vehicle-treated mice after 7 days incubation (Figures 5(b) and
5(c)). This finding suggested that the BMSCs from DSWtreated SAMP8 mice had statistically significant proliferative
and colony-forming abilities.
3.6. Effects of DSW on Osteogenic Differentiation of BMSCs
In Vivo. Following the characterization scheme in Figure 5,
osteogenic differentiation markers, including BMP2 (regulate
the transcription factor Runx2 expression), RUNX2 (an early
stage marker for osteogenesis), OPN (an intermediate marker
for osteogenesis), and OCN (a late stage marker for osteogenesis) mRNA transcripts of BMSCs from DSW-treated
OVX-SAMP8, were examined and compared. The mRNA

level of RUNX2, BMP2, OPN, and OCN was significantly
upregulated in DSW-treated mice when compare to control
mice (Figure 6(a)). Moreover, the Alizarin Red S staining
showed an increased level of matrix mineralization in the
BMSCs isolated from the DSW-treated group, as compared
to the control group (Figure 6(b)).
3.7. Survival of Osteoporotic Mice Treated with DSW. In addition to significantly improving bone trabecular architecture
and BMD, the DSW could extend the life span of OVXSAMP8 mice, which was markedly longer than that of the
untreated OVX-SAMP8 (Figure 7). Most untreated OVXSAMP8 mice died around 10 months; however, approximately
57% of DSW-treated groups lived up to 16.6 months, a life
expectancy similar to the previously reported life expectancy
for SAMR1 24 months [16].

4. Discussion
Previously, we have demonstrated the osteogenic regeneration mechanism by stem cells and platelet-rich plasma
in OVX-SAMP8 mice [16]. In this study, we extended to
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Figure 5: Ex vivo proliferation and colony-forming ability of isolated BMSCs. Comparative proliferation profiles of BMSCs from DSW and
vehicle-treated mice were demonstrated by MTT assay ((a) and (b)). BMSCs were cultured for 14 days, and their colony forming abilities were
assayed. Data was expressed quantitatively in the upper panel (c). Representative results of 3 experiments are demonstrated; 𝑡-test, ∗ 𝑃 < 0.05
versus CTRL group.

examine the feasibility of using deep sea water (DSW) as
a molecular cocktail to modulate the osteogenesis in osteoporotic mouse model. DSW contained major trace elements
such as magnesium (Mg) and calcium (Ca), that have been
reported to regulate bone metabolism. Mg and Ca were also
found to induce murine osteoblast differentiation in MC3T3
cells. When MC3T3 cells were cultured in Mg- and Ca-free
medium, their osteoblast differentiation marker osteocalcin
(OCN) was reduced [25]. Epidemiologic studies showed a
good correlation between Mg/Ca and bone density, in which
low Mg and Ca intake might decrease bone mass [26, 27],
bone turnover, and also cause high risk of fracture and
osteoporosis. Moreover, the hardness (HD) of DSW which
resulted from the composition of Mg and Ca also reported
to modulate osteogenesis [28, 29]. In this study, our result
showed that DSW of hardness 1000 (1000HD) appeared to be
the optimal condition for osteoblast proliferation (Figure 1)
and was applied for later experiments.
Serum alkaline phosphatase (ALP) is a group of enzymes
found primarily in bone tissue. The primary importance of
measuring ALP is to check the possibility of bone disease such
as fractures and bone loss [30, 31]. The decreased serum ALP

activity and bone mass recovery were found in early
postmenopausal woman with osteoporosis after hormone
replacement therapy [32]. From the biochemical analysis,
OVX-SAMP8 mice exhibited decreased ALP activity after
4 months DSW treatment (Figure 2). The decreased ALP
activities were evidenced by bone mineral density (BMD)
which indicated that bone quality in OVX-SAMP8 mice was
enhanced by DSW (Figure 3). Interestingly, there was no
significant difference in Ca and Mg levels after DSW treatment compared to control group. In the present study, OVXSAMP8 mice exhibited increased BMD and decreased bone
loss after 4 months treatment with DSW. The histological
and micro-CT 2D and 3D imaging data also demonstrated
that BV/TV ratio, trabecular bone numbers, and volume were
strongly enhanced in DSW-treated OVX-SAMP8 animals
(Figure 4). BMD has been shown to be an important factor
to determine the strength of cancellous bone and trabecular
bone [33, 34]. In addition to BMD, trabecular structural
parameters, such as fractal dimension or tissue volume, could
enhance the prediction of bone mechanical quality [35, 36].
These analyses indicated that DSW treatment reduced the
bone loss and induced the bone recovery.
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Figure 6: Comparative expression profile of osteogenic differentiation markers of BMSCs in osteoporotic mice. Effect of DSW on osteogenic
mRNA expression in specific genes including bone morphogenetic protein 2 (BMP2), runt-related transcription factor 2 (RUNX2),
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results of 3 experiments are demonstrated; ∗ 𝑃 < 0.05 versus CTRL group.

Interestingly, we initially used in vitro osteoblast cell
culture to determine the effects of DSW on cell proliferation and colony formation; however, no effects were found
(data not shown). Metabolism would be an important factor to be considered. Therefore, an alternative approach
was designed and shown in general scheme of Figure 5(a).
After administration of DSW, BMSCs in DSW-treated mice
were then isolated and examined for cell proliferation
and colony-forming ability. BMSCs obtained from DSWtreated mice showed markedly induction in osteogenesisrelated molecules including BMP2, RUNX2, OPN, and OCN

(Figure 6). BMP2 has been shown to regulate osterix via
RUNX2 [37], an essential transcription factor for osteoblast
differentiation [38]. During osteogenesis, OPN is an intermediate marker, while OCN is a late stage marker of osteoblasts
[39]. DSW was found to strongly modulate the molecular
determinants in bone microenvironment for osteogenesis.
Meanwhile, the higher cell growth and colony formation
were also detected in bone marrow cells isolated from DSWtreated mice (Figure 5). Taken together, DSW treatment
enhanced bone formation in OVX-SAMP8 mice through
metabolism.
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Our data demonstrated that therapy with DSW appeared
to prolong the life span of OVX-SAMP8 mice (Figure 7). Previously, we have shown that cell therapy with growth factors
(PRP/NIH3T3-G) prolonged the life span of the osteoporotic
mice through the bone mass recovery [16]. Epidemiologic
studies indicated that the high mortality of hip fractures
patients was 3-fold higher than those of general population.
In contrast, the increased bone mass can also reduce the
risk of bone fracture and subsequently increase the life
expectancy in osteoporotic patients [40–42]. DSW treatment
strongly indicated that not only bone mass was recovered
but also osteogenesis was induced in osteoporotic mice and
then potentially improving (regenerating) their structure and
function in degenerative lesions, aging tissue, and organs.
Furthermore, DSW treatment could be applied for rejuvenation therapy and bone regeneration for prolongation of life.

5. Conclusion
In this study, the potential effects of DSW on bone regeneration in osteoporosis recovery were investigated; we found
that DSW promoted osteoblast viability and increased BMD
scores, trabecular bone numbers, and ameliorated symptoms
of osteoporosis. These findings suggest that DSW could be
a useful treatment for preventing osteoporosis in the near
future.
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The aim of this study was to examine the contribution of side population (SP) cells from kidney and bone marrow for reconstitution
of kidney SP pools after ischemia-reperfusion injury (IRI). The SP and non-SP cells in kidneys following IRI were isolated and
serially assessed by fluorescence-activated cell sorting. The apoptosis, proliferation, phenotype, and paracrine actions of SP cells
were evaluated in vitro and in vivo. Results indicated that the SP cells from ischemic kidney were acutely depleted within one day
following renal IRI and were progressively restored to baseline within 7 days after IRI, through both proliferation of remaining
kidney SP cells and homing of bone marrow-derived cells to ischemic kidney. Either hypoxia or serum deprivation alone increased
apoptosis of SP cells, and a combination of both further aggravated it. Furthermore, hypoxia in vivo and in vitro induced the
increase in the secretion of vascular endothelial growth factor, insulin-like growth factor 1, hepatocyte growth factor, and stromal
cell-derived factor-1𝛼 in kidney SP but not non-SP cells. In summary, these results suggest that following renal IRI, kidney SP cells
are acutely depleted and then progressively restored to baseline levels by both self-proliferation and extrarenal source, that is, bone
marrow-derived cell homing.

1. Introduction
Renal ischemia/reperfusion injury (IRI) is the most common
cause for acute kidney injury (AKI) and is associated with
high morbidity and mortality [1]. A large number of studies
have focused on the endogenous and exogenous mechanisms
of kidney repair after ischemic/hypoxic injury [2, 3]. A single
step purification method for hematopoietic stem cells, based
on the efflux of the DNA binding dye Hoechst 33342, has been
reported [4]. The isolated cells were called side population
(SP) cells, and they were also found in other nonhematopoietic organs including kidney [5–13]. The kidney SP cells can
differentiate into multilineage and ameliorate acute kidney
injury [6, 7, 9, 12], suggesting that kidney SP cells are a good

target for clinical renal regenerative therapy. Several studies
have demonstrated that the kidney SP cells were decreased in
the kidney of several kidney injury animal models [7, 9, 13].
The possibility as to whether the depletion of resident SP cells
in the injured kidney is provisional or permanent remains
to be determined. During renal repair from ischemic injury,
the proliferative activity of remaining renal cells increases
dramatically and the mobilization of bone marrow-derived
cells (BMCs) into the injured kidney improves significantly,
which reflects the intrinsic ability of these cells to replace
damaged cells with new ones [14–16]. The SP cells, including
kidney SP and bone marrow-derived SP, probably have similar responses, as mentioned above, during repair from an
ischemic insult, which needs to be determined. Our previous
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study has reported that, for the animals with renal IRI,
the infusion of exogenous kidney SP cells can significantly
improve renal function, accelerate mitogenic response, and
reduce cell apoptosis [12]. However, the response of endogenous SP cells to renal IRI still remains unknown; especially, the knowledge about proliferation, reconstitution, and
paracrine actions of endogenous SP cells after IRI has not
been evaluated in vivo.
In the present study, therefore, we attempted to investigate
serial changes of the SP cell numbers during renal IRI
and to validate the relative relevance among proliferation,
restoration, and paracrine actions of SP cells.

2. Materials and Methods
2.1. Animals. C57BL/6 mice (age from 6 to 8 weeks) were
provided by the Experimental Animal Center of the Fourth
Military Medical University (Xi’an, China). All procedures
involving animals were approved by the Institutional Animal
Care and Use Committees of the university. Animals bred
in the house with constant temperature and humidity, with
a 12/12 h light/dark cycle, could freely ingest standard diet
and tap water. The results for all experiments had been
demonstrated at least six times.
2.2. Induction of Renal IRI. Renal IRI was induced in isoflurane anaesthetized female C57BL/6 mice, and rectal temperature was maintained at 37∘ C. After a mid-abdominal
laparotomy, kidneys were exposed and left kidney pedicles
were clamped with atraumatic vascular microclamps for
30 min followed by clamp release to allow reperfusion, as
described earlier [12, 17]. Before and 1, 3, and 7 days after
unilateral renal IRI, kidney SP and non-SP cells were, respectively, isolated from the ischemic (left) and nonischemic
(right) kidneys.
2.3. Histological Score of Kidney (HSK). The excised kidneys
were fixed in phosphate-buffered 10% formalin, sectioned,
and then stained with hematoxylin and eosin. Evaluation of
HSK was performed in a blind manner by a pathologist. HSK
was graded on a 4-point scale [2, 18]: 0 = normal histology; 1 =
mild damage (less than onethird of nuclear loss (necrosis) per
tubular cross section); 2 = moderate damage (greater than
one-third and less than two-thirds of tubular cross section
showing nuclear loss (necrosis)); 3 = severe damage (greater
than two-thirds of tubular cross section showing nuclear loss
(necrosis)). The total score per kidney section was calculated
by addition of all 10 scores with a maximum possible injury
score of 30.
2.4. Isolation of Kidney SP Cells. The protocol was based
on a report by Challen et al. [6]. Briefly, anesthetized mice
were perfused via the abdominal aorta with normal saline,
and the minced kidneys were digested enzymatically in
Hank’s balanced salt solution (HBSS) (Invitrogen, Sweden)
containing 1.2 U/mL Dispase II (Roche, Italy), 0.01% DNAse
type I (Sigma, USA), and 7.5 mg/mL collagenase B (Roche)
for 20 min at 37∘ C. The cell suspension was filtered through
40 𝜇m strainers (BD Falcon 2350; BD Pharmingen, USA)
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to remove debris and washed in HBSS containing 10 mmol/L
HEPES (Sigma) and 2% fetal bovine serum (FBS) (Gibco,
USA). Cells were resuspended in Dulbecco’s modified Eagle’s
medium (DMEM) (HyClone, USA) containing 2% FBS,
10 mM HEPES, and 5 𝜇g/mL Hoechst 33342 (Sigma), with
or without 50 𝜇M verapamil (Sigma), at 1 × 106 cells/mL,
incubated at 37∘ C for 90 min, and washed in cold phosphatebuffered saline (PBS) prior to cell surface antigen staining.
Cell surface antigen staining was performed at 4∘ C for
20 min using monoclonal rat anti-mouse antibodies reactive
to CD45-FITC, c-Kit-FITC, CD31-PE, and isotype controls
(BD Pharmingen). Propidium iodide (PI, 2 𝜇g/mL) (BD
Pharmingen) was added prior to fluorescence-activated cell
sorting (FACS) analysis to exclude dead cells.
2.5. Cell Culture. Cells were plated in DMEM containing
10% FBS, 5 𝜇g/mL insulin, 5 𝜇g/mL transferrin, 5 pM thyronine, 50 nM hydrocortisone, 50 nM selenium, and 50 nM
prostaglandin (all Sigma) at 37∘ C in a 95% air/5% CO2 incubator for 48 h. The conditions that might be observed in
ischemia were simulated by hypoxia and by serum deprivation (SD) of the culture medium. For hypoxia exposure, cells
were maintained under hypoxic conditions in an airtight
chamber (Billups-Rothenberg, USA) containing a gas mixture composed of 95% N2 and 5% CO2 at 37∘ C for 6 h. For SD
experiments, cells were washed with serum-free DMEM and
placed in serum-free medium under normoxic or hypoxic
conditions at 37∘ C for 6 h.
2.6. Apoptosis Assay. Apoptosis assay was performed by
using an Annexin V = FITC apoptosis detection kit (BD
Pharmingen) according to the manufacturer’s instructions.
In brief, cells were rinsed with ice-cold PBS, resuspended in
binding buffer, incubated with Annexin V-FITC and PI in the
dark for 15 min, and then immediately analyzed by using a
FACScan flow cytometer.
2.7. Cell Cycle Assay. Cells were suspended in 1× PBS at a concentration of 1 × 106 cells/mL and then ice-cold 70% ethanol was dropwise added into cell solution. After incubating overnight at 4∘ C, the cells were resuspended with
paraformaldehyde fixation solution and fixed on the surface
of ice for 1 h. Cells were then collected by centrifugation and
resuspended in PI staining solution containing 0.05% Triton
X-100, 100 𝜇g/mL RNase A, and 50 𝜇g/mL PI. After incubating for 30 min at 37∘ C, cells were immediately analyzed by
using the FACScan flow cytometer.
2.8. FACS Analysis. Cell analysis and sorting were performed on a dual-laser FACS Vantage (BD Biosciences,
USA). Hoechst 33342 was excited at 355 nm UV light, and
fluorescence emission was collected with a 675 nm long-pass
filter (Hoechst red) and a 450/20 band-pass filter (Hoechst
blue), and a 610 nm dichroic mirror short-pass was used to
separate the emission wavelengths. PE, FITC, and PI fluorescence was detected by using a 488 nm argon laser, and live
cell gate was defined as the cells being excluded from the cells
positive for PI.
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2.9. Enzyme Linked Immunosorbent Assay (ELISA). The production of vascular endothelial growth factor (VEGF),
insulin- like growth factor 1 (IGF-1), hepatocyte growth factor
(HGF), and stromal cell-derived factor-1 (SDF-1𝛼) in the
supernatants of SP and non-SP was determined by ELISA
using a commercially available ELISA kit (R&D Systems,
USA) according to the manufacturer’s recommendation.
About 1 × 106 cell suspension was cultivated in serum-free
or serum-containing DMEM medium for 6 h under the
conditions of normoxia or hypoxia. Protein was quantified by
BCA protein assay reagent (Pierce, USA). Optical density was
measured at 450 nm with wavelength correction at 570 nm.
All samples and standards were measured twice.
2.10. Statistical Analysis. Data are presented as mean ± SD.
Differences between data means were checked by analysis
of variance (ANOVA) or Student’s 𝑡-test using the SPSS
statistical software package (SPSS, Inc., Chicago, IL, USA).
A 𝑃 value of less than 0.05 was considered statistically
significant.

3. Results
3.1. Depletion of Kidney SP Cells after Acute Renal IRI. Whole
kidney cells were isolated from C57BL/6 mice and stained
with Hoechst 33342 dye (Figure 1(a)). FACS analysis of
renal isolates from normal animals revealed that the
Hoechst-extruding, verapamil-sensitive kidney SP cell fraction showed, on average, 1.36% of the total viable cell
population (1.13% to 1.59%). Importantly, the kidney SP pools
were significantly depleted by more than 40% within 1 day
after IRI. To determine the response of endogenous kidney
SP to ischemic kidney injury, adult animals received sham
operation and unilateral renal IRI. Immunohistochemistry
staining showed that left (ischemic) kidneys from mice at
1 d after IRI had significantly higher histological score of
kidney (HSK) than sham-operated kidneys, and the increased
HSK was decreased to 50.6 ± 9.1% at 7 d after IRI. In contrast, the HSK in the right (nonischemic) kidneys was not
changed during all the observation times. All the above
results indicated that the model for unilateral renal IRI had
been successfully established (Figure 1(b)). In nonoperated
and in sham-operated animals, regional kidney SP levels were
similar in the left kidney (data not shown). Interestingly,
after unilateral renal IRI, the ischemic (left) kidney, but not
nonischemic (right) kidney, showed an acute depletion of SP
cells within one day (Figures 1(c) and 1(d)). Importantly, left
kidney SP cells were progressively restored to baseline levels
within 7 days after IRI. For right kidney, a percentage of the
kidney SP cells had no change over time.
3.2. In Vitro Apoptosis of Kidney SP Cells with Hypoxia and
SD Alone or in Combination. Since hypoxia and SD are
both components of ischemia-reperfusion in vivo, we further
investigated the impact of the two components on kidney
SP and non-SP cell apoptosis in vitro. To achieve this goal,
kidney SP and non-SP cells were incubated in four kinds of
culture conditions for 6 h as follows: DMEM medium supplemented with or without 10% FBS under normoxia or hypoxia
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(Figure 1(e)). Under hypoxia with FBS condition, it caused
more apoptotic (Annexin V+ ) cells (in both SP and non-SP
groups) than under normoxia with FBS condition; however,
hypoxia caused fewer apoptotic cells in SP group than in nonSP group. Meanwhile, under normoxia without FBS, it caused
more apoptotic cells (similarly in both SP and non-SP groups)
than under normoxia with FBS. Finally, the hypoxia without
FBS condition generated the most apoptotic cells among four
kinds of culture conditions. In one word, SD alone increased
the level of apoptosis both in SP and non-SP cells, and
hypoxia further aggravated the SD-induced cell apoptosis.
3.3. The Paracrine Actions of Kidney SP Cells after IRI. We first
determined the effects of hypoxia on the secretion of chemokines and mitogenic factors in kidney SP cells. The
result showed that hypoxia for 6 h significantly increased
the release of VEGF, IGF-1, HGF, and SDF-1𝛼 when compared with normoxia in the serum-containing or serumfree media (Figure 2(a)). However, SD markedly reduced
the hypoxia-induced increase in the production of these
factors (Figure 2(a)). Furthermore, the secretion levels of
these factors in non-SP cells did not change by hypoxia and/or
SD (Figure 2(b)). Next, we wanted to determine whether
hypoxia in vivo induced SP cell paracrine actions. In the left
kidney, the secretion of growth factors in the SP but not in
non-SP cells appeared to be increased within the first day of
IRI, peaked on the third day, and rapidly downregulated on
the seventh day after injury to the level observed in shamoperated kidneys (Figures 2(c)–2(f)). In the right kidney,
however, the secretion levels of these factors in both SP and
non-SP cells had no change over time.
3.4. The Proliferation of Kidney SP Cells after IRI. The cellular
mechanisms being responsible for reconstituting kidney SP
following IRI remain unknown. We, therefore, quantified
kidney SP and non-SP in S-G2 M phase from sham-operated
and IRI animals, using the cell cycling marker, the DNA
binding dye, PI. After IRI, the SP cells in left kidney underwent self-proliferation and reentered the cell cycle on the first
day, as marked by a 2.5-fold increase in PI, and remained
cycling on the seventh day after IRI (Figure 3(a)). The proliferation of non-SP in left kidney was delayed, with increased
PI staining on the seventh day after injury (Figure 3(a)). In
the right kidney, the SP proliferation was also delayed and
non-SP proliferation had no change over time (Figure 3(b)).
In addition, the role of either hypoxia or SD in vitro in the
proliferation of kidney SP and non-SP cells was also evaluated. The result showed that hypoxia but not SD induced the
increase in proliferation in vitro in kidney SP cells. However,
neither hypoxia nor SD had effect on the proliferation of the
kidney non-SP cells (Figure 3(c)).
3.5. Phenotype of Kidney SP Cells after IRI. Characterization
by flow cytometry confirmed that the SP cells from normal
kidney expressed CD31 (17.5% ± 2.7%) and lacked hematopoietic stem cell markers such as CD45 (2.8% ± 0.7%) and
c-Kit (0.7% ± 0.4%). In the kidney SP cells isolated from mice
on the first day after IRI, the percentage of cells expressing
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Figure 1: Depletion of SP cells in the ischemic kidney after IRI. (a) Fluorescence-activated cell sorting isolation of SP and non-SP cells in
the left kidney from normal animals and IRI animals. Hoechst low SP cells are identified by the R3 area and demonstrate an a decrease in
kidney SP cells within 1 day after IRI. (b) The histological score of kidney (HSK) in kidneys from sham-operated and IRI-mice was calculated.
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cells in basal conditions and after simulated ischemia. Cultured kidney SP and non-SP cells were subjected to hypoxia and SD alone or in
combination for 6 h. Bar graph described from the FACS-based Annexin V/propidium iodide apoptosis assay. The cells without both hypoxia
and SD stimulation were used as controls. ∗ 𝑃 < 0.05 versus control; † 𝑃 < 0.05 versus hypoxia; ‡ 𝑃 < 0.05 versus SD; # 𝑃 < 0.05 versus non-SP.
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Figure 2: Hypoxia induces the increase in SP cell paracrine actions in vitro and in vivo. ((a) and (b)) Effect of hypoxia and SD alone or
a combination of both on SP and non-SP cell paracrine actions in vitro. Cultured kidney SP (a) and non-SP (b) cells were subjected to hypoxia
and SD alone or in combination for 6 h, and then the secretion levels of VEGF, IGF-1, HGF, and SDF-1𝛼 were quantified by ELISA. The cells
without both hypoxia and SD stimulation were used as controls. ∗ 𝑃 < 0.05 versus control; † 𝑃 < 0.05 versus hypoxia. ((c)–(f)) ELISA was
performed to detect the secretion levels of VEGF, IGF-1, HGF, and SDF-1𝛼 in the SP and non-SP cells separated from the ischemic (left) and
nonischemic (right) kidneys of unilateral renal IRI mice. ∗ 𝑃 < 0.05 versus sham.

CD45 and c-Kit was observed to increase in the left kidney compared with the right kidney (Figures 4(a) and 4(b)),
suggesting the hematopoietic origin and bone marrow phenotype of these cells. With time following renal injury,
the number of CD45 and c-Kit positive cells significantly
decreased. Furthermore, CD31 expression was low among left

kidney SP on the first day after IRI but increased significantly
within 7 days (Figure 4(c)). In the right kidneys after IRI,
the percentage of SP cells expressing CD45, c-Kit, and CD31
had no change over time (Figures 4(a)–4(c)). In addition,
as shown in Figure 4(d), neither hypoxia in vitro nor SD
in vitro had effect on the expression of CD45, c-Kit, and CD31
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versus SD; # 𝑃 < 0.05 versus SP.

in the kidney SP cells. In short, these results suggested the
possibility about the BMC homing to ischemic kidney and
about their immunophenotypic conversion from BMCs to
kidney SP cells.

4. Discussion
SP cells have been found in various types of adult tissues
including kidney and are presumed to be a stem cell-rich
population [4–13]. Protective effects of kidney SP cells have
been demonstrated by the findings that infusion of exogenous
kidney SP cells can improve renal function in different models of renal injury [6, 7, 9, 12]. However, experiments based on
the administration of exogenous SP do not necessarily reflect
the physiological role of endogenous SP, and the response

of the endogenous SP to renal injury remains incompletely
understood.
We first identified the existence of SP cells in adult
C57BL/6 mice kidneys and an acute depletion of kidney SP
cells on the first day following renal IRI. Next, we wanted
to determine whether hypoxia and SD, which were both
components of ischemia in vivo, could induce the increase
in SP apoptosis. As expected, either hypoxia or SD alone
increased the level of SP cell apoptosis and a combination of
both further aggravated it. Importantly, the hypoxia-induced
increase in apoptosis was much less in SP cells than that
in non-SP cells, suggesting that SD was the stronger one in
kidney SP cells between the two stimuli on cell apoptosis.
Because the SP cells were more survivable than non-SP cells
under hypoxia conditions, we hypothesized that molecules or
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proteins secreted by SP cells could inhibit hypoxia-induced
cell apoptosis. As expected, our result showed that, at least
in SP cells, hypoxia in vitro but not SD in vitro induced
the enhanced secretion of VEGF, IGF-1, HGF, and SDF-1𝛼.
Furthermore, the increased secretion of growth factors was
discovered in the SP but not non-SP cells in the ischemic
kidney after acute renal IRI. These data suggest the potential
role of SP cell paracrine actions in repair after acute renal IRI.
We also evaluated serial changes of kidney SP number
during acute renal IRI and, for the first time, discovered
that the initial depleted SP cells in the ischemic kidney were
progressively restored to baseline levels within 7 days after

IRI. Although the clear evidence has showed that renal recovery from ischemic injury requires regeneration of damaged
tubular epithelium [14], the relative relevance of regeneration
of kidney SP cells in physiopathological conditions still needs
to be identified further. In the present study, we confirmed
that the proliferation of SP cells was earlier than that of
non-SP cells in the ischemic kidney and was delayed in
the nonischemic kidney, suggesting that the proliferation of
resident kidney SP cells might partially participate in the
renewal of kidney SP cells following renal IRI.
Furthermore, immunophenotypic analysis showed that
the SP cells obtained from normal kidneys contained very low
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levels of cells that expressed CD45 and c-Kit, which were predominant in bone marrow SP cells, suggesting that the kidney
SP cells, under physiologic conditions, were a resident nonhematopoietic cell population. Marumo et al. [13] confirmed
that kidney SP fraction was reduced by 38% in tubulointerstitial injury caused by unilateral ureteral obstruction, and the
number of cells expressing CD45 in kidney SP cells was conversely increased in obstructed kidneys. Although the possibility that BMCs might functionally contribute to the renal
regeneration after inducing renal ischemia was still a matter
of debate, mobilization of BMCs to injured kidney was clear
[19–23]. To determine the possible contribution of SP fraction
within BMCs to the injured kidney, the expression of CD45
and c-Kit on SP cells from kidneys was serially investigated.
Our results showed that the expression of CD45 and c-Kit
was significantly increased in the SP fraction in kidneys from
IRI animals compared with sham-operated animals on the
first day after surgery, suggesting that the SP cells of BMCs,
which were positive for CD45 and c-Kit, might be mobilized
and home to ischemic kidney and partly contribute, at least,
to maintain and reconstitute the kidney SP pools under
renal IRI. In addition, with time following renal injury, the
percentage of cells expressing CD45 and c-Kit decreased
significantly and the percentage of cells expressing CD31 (vascular endothelial cells marker) increased significantly within
7 days, suggesting that the SP cells in ischemic kidney, which
probably originated from resident renal cells or BMCs, could
undergo tissue-specific immunophenotypic conversion to
participate in restoration of ischemic renal tissue.
In conclusion, these studies demonstrate that the initial
depleted kidney SP cells are progressively restored to baseline
levels within 7 days after IRI. The reconstitution of this cell
population may come from the proliferation of existing SP
cells and homing of bone marrow-derived SP cells to ischemic
kidney. The kidney SP cells can be used as a therapeutic
target which can modulate tissue regeneration in AKI by
promoting their activation or preventing their depletion.
Further investigation into the function and biological signals
of the reconstituted SP cell population following injury is of
clinical importance to promote renal regeneration.
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Our previous study demonstrated that administration of garlic-derived antioxidant S-allylmercaptocysteine (SAMC) ameliorated
hepatic injury in a nonalcoholic fatty liver disease (NAFLD) rat model. Our present study aimed to investigate the mechanism of
SAMC on NAFLD-induced hepatic apoptosis and autophagy. Adult female rats were fed with a high-fat diet for 8 weeks to develop
NAFLD with or without intraperitoneal injection of 200 mg/kg SAMC for three times per week. During NAFLD development,
increased apoptotic cells and caspase-3 activation were observed in the liver. Increased apoptosis was modulated through both
intrinsic and extrinsic apoptotic pathways. NAFLD treatment also enhanced the expression of key autophagic markers in the liver
with reduced activity of LKB1/AMPK and PI3K/Akt pathways. Increased expression of proapoptotic regulator p53 and decreased
activity of antiautophagic regulator mTOR were also observed. Administration of SAMC reduced the number of apoptotic cells
through downregulation of both intrinsic and extrinsic apoptotic mechanisms. SAMC also counteracted the effects of NAFLD
on LKB1/AMPK and PI3K/Akt pathways. Treatment with SAMC further enhanced hepatic autophagy by regulating autophagic
markers and mTOR activity. In conclusion, administration of SAMC during NAFLD development in rats protects the liver from
chronic injury by reducing apoptosis and enhancing autophagy.

1. Introduction
Nonalcoholic fatty liver disease (NAFLD) is one of the
most common chronic liver diseases in Western countries.
It ranges from simple fatty liver (steatosis) to nonalcoholic
steatohepatitis (NASH) and even cirrhosis [1]. At present,
the pathogenesis of NAFLD is not fully understood. Key
events that contribute to the initiation and progression of
NAFLD are summarized in a “multi-hit” model [2, 3]. In this
model, dysregulated metabolism of free fatty acids (FFAs) is
considered as the “first-hit” of NAFLD pathogenesis, which
leads to insulin resistance and fat accumulation in the liver.
Inflammatory response, oxidative stress, apoptosis, and even
autophagy serve as “following-hits” that contribute to the

ongoing inflammation (NASH). Emerging data suggest that
apoptosis plays a critical role in NAFLD-induced liver injury
and in the progression from steatosis to NASH and cirrhosis
[4–6]. Moreover, the degree of apoptosis is closely associated
with the severity of NASH and the stage of fibrosis [7]. Thus,
inhibition of apoptosis in the liver may be a useful treatment
strategy of NAFLD.
There are two major apoptotic pathways: intrinsic (mitochondrial) and extrinsic (death receptor) pathways. Both
pathways are involved in the pathogenesis of NAFLD [8]. p53
is a transcription factor that controls the activation of both
intrinsic and extrinsic apoptotic pathways in response to a
variety of stimuli including direct DNA damage, oncogenes,
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hypoxia, and survival factor deprivation [9]. For intrinsic pathway, p53 enhances the expression of proapoptotic
genes, such as Bak1 and Bax, to facilitate the mitochondriamediated apoptosis. For extrinsic pathway, apart from the
signal transduction of death receptors (e.g., Fas and FADD)
on the cell membrane, p53 also activates caspase-8 in the
cytosol to promote the caspase signaling cascade [9, 10].
Other members of the Bcl-2 family, such as Bcl-2 and Bcl-XL,
antagonize the proapoptotic effects mediated by p53 to act as
an antiapoptosis mechanism [11]. However, the relationship
between the initiation of NAFLD and apoptosis is still poorly
understood.
Macroautophagy (hereafter referred to as autophagy)
refers to a process where cytoplasmic materials are
sequestered and degraded by lysosomal pathway. As a
terminal target of insulin signaling, mTOR negatively
controls the activity of ULK1 complex and then regulates
the autophagic sequestration via vps34 and beclin1. After
that, autophagosomes fuse with lysosome to degrade target
cytosolic contents through the action of Atg 5, 12, and LC3
[12]. In the liver, autophagy is believed to exert several
important physiological functions, including starvation
adaptation, quality control (to prevent the accumulation of
degenerating proteins and organelles), and prevention of
tumorigenesis [13]. However, the exact role of autophagy
during NAFLD progression remains largely unknown.
S-allylmercaptocysteine (SAMC) is a water-soluble compound of aged garlic. It is a major in vivo metabolic
product of diallyl disulfide and allicin, the organo-sulfur
compounds of raw garlic [14]. SAMC has been characterized
for its anticancer property both in vivo and in vitro [15–
17]. In addition, SAMC also plays a preventive role in an
acetaminophen-induced acute liver injury model through the
inhibition of the activity of cytochrome P450 2E1 (CYP2E1)
[18]. We previously demonstrated the protective properties
of SAMC in both carbon tetrachloride-induced acute liver
injury model [19] and NAFLD-induced chronic liver injury
model [20]. In these studies, SAMC reduces the key events
that contribute to the hepatic damage including oxidative
stress, inflammation, and necrosis. However, whether the
application of SAMC could alleviate apoptosis in NAFLD
liver injury is still largely unknown. In the current study,
we investigated the antiapoptotic and autophagic enhancing
effects of SAMC in a NAFLD rat model. Signaling pathways
regulated by SAMC on hepatic apoptosis and autophagy have
also been characterized.

2. Materials and Methods
2.1. Reagents. SAMC pure powder was kindly given by Dr.
Patrick M. T. Ling (Queensland University of Technology,
Australia) and originally from Wakunaga Co. Ltd (Osaka,
Japan). The purity of the SAMC powder is more than 95%
by HPLC analysis. It does not contain any other garlic
compound such as SAC or allicin. SAMC was dissolved in a
phosphate buffered saline containing 10% L-dextrose and 1%
gum Arabic (w/v) at pH 4.5. Antibodies against Bcl-2, BclXL, Bak1, Bax, vps34, and phosphorylated phosphoinositide
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3-kinase (PI3 K) p85𝛼 at Tyr508 were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies of
phosphorylated liver kinase B1 (LKB1) at Ser428, total LKB1,
phosphorylated AMP-activated protein kinase (AMPK) at
Thr172, total AMPK, phosphorylated p53 at Ser15, total p53,
phosphorylated Akt at Ser473, total Akt, total PI3 K (p85
subunit), cytochrome c, TNF-related apoptosis-inducing ligand (TRAIL), Fas, Fas-associated protein with death domain
(FADD), cleaved caspase-3, cleaved caspase-8, phosphorylated mTOR at Ser2448, mTOR, beclin 1, Atg12, LC3 II, and
p62 were from Cell Signaling Technology (Danvers, MA,
USA).
2.2. Animals and Treatments. Eight weeks healthy female
SD rats with body weight ranging from 180–200 g were
purchased from the Laboratory Animal Unit (LAU), The
University of Hong Kong. Rats were kept under standard
conditions for three days before starting of the experiment
with free access to animal chow and tap water. The animals
were divided into four groups (𝑛 = 7 in each group),
namely, (1) control group; (2) NAFLD group; (3) SAMC
treatment only group (200 mg/kg in solvent, intraperitoneal
injection, three times per week); and (4) NAFLD and SAMC
cotreatment group. Pilot studies on hepatic histology and
serum ALT showed that this solvent had no hepatic toxicity.
The development of NAFLD in rats, including the recipe and
preparation protocols of diet, was performed based on our
previously described voluntary oral feeding NAFLD animal
model [18]. The optimum dosage of SAMC was previously
shown to be effective in protecting the liver from both acute
and chronic injury [19, 20]. Instead of oral administration
in a dietary supplement form, SAMC was intraperitoneally
injected to avoid possible degradation prior to absorption
through the gastrointestinal tract (GIT). After eight weeks,
the rats were euthanized by an overdose of anesthesia according to the protocols approved by the Committee on the Use of
Live Animals in Teaching and Research at The University of
Hong Kong. The Laboratory Animal Unit of the University
of Hong Kong is fully accredited by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC international). Liver samples were
collected for further analysis.
2.3. Processing of Tissue and TUNEL Assay. Liver tissue
samples were fixed in 10% phosphate-buffered formalin processed for histology and embedded in paraffin blocks. Fivemicrometer tissue sections were subjected to hematoxylin
and eosin (H&E) staining and terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL)
assay using an in situ cell death detection kit (Roche Diagnostics, Basel, Switzerland). After H&E staining, hepatic
injury was evaluated by using the NAFLD activity score
(NAS) system as previously described [20]. For TUNEL
assay, TUNEL-positive parenchymal and nonparenchymal
cell signals were quantified in terms of the intensity of the
red stain. This parameter is represented by the mean optical
density in ten random fields per section per animal using the
ImageJ software (NIH, Bethesda, MD, USA).
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2.4. Western Blot Analysis. Cytosolic protein of each liver
sample was extracted by using NE-PER protein extraction
system (Pierce Biotechnology, Rockford, IL, USA) with the
addition of Halt phosphatase inhibitor cocktail (Pierce).
Before Western blot, protein was diluted and mixed with 2×
sample buffer (0.1 M Tris-HCl, pH 6.8, 20% glycerol, 4%
sodium dodecyl sulfate, 0.2% Bromophenol Blue, 5.25% 𝛽mercaptoethanol). The mixture was denatured at 99∘ C for
5 min and followed by electrophoresis in a 10% polyacrylamide gel. The protein was then transferred to an ImmunBlot PVDF Membrane (Bio-Rad) in a TE series transfer
electrophoresis unit (Hoefer Inc., Holliston, MA, USA). The
membrane was then incubated in blocking buffer (5% nonfat
milk powder in TBST, 100 mM Tris-HCl, pH 7.5, 0.9% NaCl,
0.1% Tween 20) for 1 hour followed by incubation with
appropriate primary antibodies in TBST overnight at 4∘ C
with gentle agitation. On the following day, the membrane
was washed with TBST and incubated with appropriate
secondary antibodies for 2 h at room temperature. Betaactin was used as the internal control. After washing off
the unbound antibody with TBST, the expression of the
antibody-linked protein was determined by an ECL Western
Blotting Detection Reagents (GE Healthcare). The optical
density of the bands was measured and quantified by ImageJ
software (National Institute of Health, MD). The ratio of the
optical density of the protein product to the internal control
was calculated and was expressed as a percentage of the
control expression by ImageJ.
2.5. Statistical Analysis. Data from each group were
expressed as means ± SEM. Statistical comparison between
groups was done using the Kruskal-Wallis test followed by
Dunn’s post hoc test to compare all groups. A P < 0.05 was
considered to be statistically significant (Prism 5.0, Graphpad
software, Inc., San Diego, CA, USA).

3. Results
3.1. SAMC Cotreatment Improved Hepatic Histology during
NAFLD Development. Eight-week induction of NAFLD by
high-fat diet induced showed increase in lipid accumulation
and inflammatory foci deposition in the rat liver. SAMC
cotreatment significantly improved the hepatic histology by
reducing the fatty droplets and inflammatory foci number
without influencing the healthy rats (Figures 1(a)–1(d)).
NAS quantification of liver sections further confirmed the
beneficial effects of SAMC cotreatment on hepatic histology
(Figure 1(e)).
3.2. Addition of SAMC Reduced Apoptosis in the Liver during
NAFLD Development. After 8 weeks of NAFLD induction
using high-fat diet, hepatic apoptosis in NAFLD rats was
more evident than that in other three groups (∼3.5-fold),
as shown by the quantification of TUNEL assay staining
(Figure 2(e)). Cotreatment with 200 mg/kg SAMC significantly reduced the intensity of hepatic apoptotic positive
signal comparable to the control level in the liver section
(Figures 2(a)–2(d)). Vehicle-treated SAMC group rats did
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not show increase in the intensity of apoptotic signals
when compared with the control group (Figure 2(c)). As the
central apoptotic signaling pathway, caspase-3 is activated
under the signals from both intrinsic and extrinsic apoptotic
pathways [21]. In NAFLD rats, the expression level of cleaved
(activated) caspase-3 was markedly higher than the control
level (∼7.2-fold), which was consistent with the TUNEL assay.
Addition of SAMC significantly and markedly reduced the
level of the activated caspase-3 induced by a high-fat diet
(Figure 2(f)).
3.3. Intrinsic Apoptotic Signaling Pathway Components
Involved in SAMC Attenuation. In NAFLD rats, the protein
level of phosphorylated p53 was highly elevated, indicating
an activation of the master regulator of cellular apoptosis.
Cotreatment with SAMC during NAFLD development
significantly reduced the phosphorylated p53 expression to
the control level without significantly disturbing its baseline
and the total form of p53 expressions (Figure 3(a)). As an
important intrinsic intermediate in apoptosis, the protein
level of cytochrome c was also upregulated in NAFLD rats
but attenuated in SAMC cotreatment rats (Figure 3(b)). The
antiapoptotic members of the Bcl-2 family (Bcl-2 and BclXL) showed inhibited expression during the development of
NAFLD, while the level of proapoptotic members (Bak1 and
Bax) was upregulated (Figures 3(c)–3(f)). Administration
of SAMC potently counter-acted the effects of NAFLD on
these Bcl-2 family members through the intrinsic apoptotic
pathway.
3.4. Extrinsic Apoptotic Signaling Pathways Components
Involved in SAMC Attenuation. To further examine the
effects of NAFLD and SAMC on the extrinsic apoptotic
pathway, protein expressions of key extrinsic apoptotic pathway components, including Fas, TRAIL, FADD, and cleaved
caspase-8, were measured by Western blot. The expression
level of Fas, TRAIL, FADD, and cleaved caspase-8 was
upregulated during the NAFLD progression by 7.1-fold, 2.0fold, 3.2-fold, and 1.7-fold, respectively. Administration of
SAMC significantly reduced the elevated expressions of these
proteins comparable to the control levels (Figures 4(a)–4(d)).
SAMC treatment alone did not influence the basal expression
of TRAIL and cleaved caspase-8 but increased basal Fas level
and decreased basal FADD level.
3.5. SAMC Alleviated Hepatic Apoptosis through Targeting
LKB1/AMPK and PI3 K/Akt Pathways. To explore the signaling pathways involved in SAMC attenuated apoptosis, we
measured the phosphorylation and total forms of key components from two kinase pathways, namely, LKB1/AMPK
and PI3 K/Akt signaling pathways. Development of NAFLD
in rats inhibited the phosphorylation of LKB1, AMPK,
PI3 K, and Akt proteins (Figures 5(a)–5(d)). The influence
of NAFLD on total LKB1, AMPK, and Akt was not obvious,
while total PI3 K expression was inhibited by NAFLD. Addition of SAMC dramatically restored the phosphorylation
form of LKB1 and Akt to levels that were higher than control
(Figures 5(a) and 5(d)). Treatment of SAMC also upregulated
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Figure 1: Cotreatment with SAMC during NAFLD development improved hepatic histology in rats. ((a)–(d)) Representative images of H&E
staining in the rat liver sections ((a) control, (b) NAFLD, (c) SAMC, (d) NAFLD + SAMC) and (e) quantitative data of NAS score of H&E
staining. Data presented are expressed as Mean ± SEM (𝑛 = 7) and experimental groups marked by different letters represented significant
differences between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). Magnification: 200x. Bar: 20 microns. N + S:
NAFLD + SAMC cotreatment.

the phosphorylated and total protein expressions of PI3 K
when compared with the NAFLD group (Figure 5(c)). For
phosphorylated AMPK, SAMC also slightly restored its level
when compared with the NAFLD rat level, although the
change was not statistically significant (Figure 5(b)).
3.6. SAMC Treatment Further Enhanced Autophagy through
Inhibition of mTOR Activity. NAFLD rats showed increased
expression level of autophagic markers during NAFLD progression, including vps34, beclin 1, Atg 12, and LC3 II,

with inhibited phosphorylation level of autophagic inhibitor
mTOR (Figures 6(a)–6(e)). Interestingly, cotreatment with
SAMC further enhanced the expression level of vps34, beclin
1, Atg 12, and LC3 II. It also further decreased the phosphorylation of mTOR, indicating a further induction of hepatic
autophagy after NAFLD progression through inhibition of
mTOR activity (Figures 6(a)–6(e)). As an ubiquitin binding
protein for autophagy, the protein expression of p62 was
downregulated in the NAFLD group and further reduced by
the cotreatment of SAMC (Figure 6(f)).
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Figure 2: Addition of SAMC during the development of NAFLD reduced the hepatic apoptosis in rats. ((a)–(d)) Representative results of
TUNEL assay in the rat liver sections by fast red staining ((a) control, (b) NAFLD, (c) SAMC, (d) NAFLD+SAMC) and (e) quantitative data
of TUNEL assay results (a.u. = arbitrary unit). (f) Protein expression of cleaved (activated) caspase-3 was measured by Western blot and then
quantified by ImageJ software. Data presented are expressed as mean ± SEM (𝑛 = 7), and experimental groups marked by different letters
represented significant differences between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). Magnification: 200x.
Bar: 20 microns. N + S: NAFLD + SAMC cotreatment.

4. Discussion
Despite the huge effort put in the prevention and treatment
of NAFLD from researchers and clinicians, there are few
options to retard or even reverse the progression of this

disease. As to date, weight loss is the most recognized therapeutic method to improve liver injury induced by NAFLD
[22]. Recently, several drugs have been assessed for the
treatment of NAFLD, including antiobesity regimens, insulin
sensitizers, antihyperlipidemics, and antioxidants. However,
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Figure 3: Addition of SAMC attenuated intrinsic apoptotic pathway components through p53 during the development of NAFLD. Protein
expressions of (a) phosphorylated and total p53, (b) cytochrome c, (c) Bcl-2, (d) Bcl-XL, (e) Bak1, and (f) Bax were measured by Western blot
and then quantified by ImageJ software. Data presented are expressed as mean ± SEM (𝑛 = 7), and experimental groups marked by different
letters represented significant differences between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). N + S: NAFLD +
SAMC cotreatment.

a few of them showed very positive outcomes [23]. We have
reported that administration of 200 mg/kg SAMC during
the development of NAFLD in a rat model could attenuate
the histolopathogical changes, lipid metabolism dysfunction,
oxidative stress, and inflammation through kinase- and
transcription-factor-dependent pathways with minimal side
effects on healthy animals [20]. In the current study, we

demonstrated the antiapoptotic and proautophagic properties of SAMC cotreatment. During NAFLD development,
both intrinsic and extrinsic apoptotic pathways have been
activated to transduce death signals to the functional protein
caspase-3 under the actions of p53. As the upstream regulating pathways, both LKB1/AMPK and PI3 K/Akt pathways
were inhibited to further facilitate the process of apoptosis.
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Figure 4: Addition of SAMC attenuated extrinsic apoptotic pathway components during the development of NAFLD. Protein expression
of (a) Fas, (b) TRAIL, (c) FADD, and (d) cleaved caspase-8 were measured by Western blot and then quantified by ImageJ software. Data
presented are expressed as mean ± SEM (𝑛 = 7), and experimental groups marked by different letters represented significant differences
between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). N + S: NAFLD + SAMC cotreatment.

Addition of SAMC targeted both intrinsic and extrinsic
pathways through restoring the LKB1/AMPK and PI3 K/Akt
pathways, leading to reduced caspase-3 activity and apoptosis
in the liver. In addition, treatment of SAMC further enhanced
the hepatic autophagy through the inhibition of mTOR,
contributing to the ameliorative effects of SAMC.
Apoptosis of liver cells and adipocytes is often found in
NAFLD patients and experimental animals [4, 24]. It is considered as a critical factor for the progression of NAFLD to
NASH [8]. Inhibition of excessive apoptosis in the liver may
be helpful in the treatment of NASH experimentally and clinically. In response to cellular damage, such as hypoxia, DNA
damage, and fat accumulation, the p53 tumor suppressor is
activated to inhibit cell proliferation through promotion of
intrinsic and extrinsic apoptotic pathways [9]. Previous study
found that the extrinsic pathway of apoptosis (especially the

activation of Fas/FasL system) may be a central event for the
induction of apoptosis in NAFLD [7, 25]. Another report
also showed that the activation of p53 and TRAIL receptor
expression is associated with apoptosis in a methionine and
choline deficient (MCD) diet model [26]. Therefore, it is very
clear that both intrinsic and extrinsic pathways of apoptosis
are activated in NAFLD despite the action of p53, which is
consistent with our current findings of clinically relevant and
not genetically modified NAFLD rat model [27]. Interestingly, several previous reports demonstrated that in cancer
cell, addition of SAMC induced apoptosis by microtubule
depolymerization, JNK1, and caspase-3 activation [17, 28].
The discrepancy of results between these reports and our
current study may be due to different microenvironment.
In cancer cells, apoptosis is a beneficial event which can
retard the proliferation of tumor cells, whereas in NAFLD
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Figure 5: Addition of SAMC reduced NAFLD-induced hepatic apoptosis via modulating the LKB1/AMPK and PI3 K/Akt pathways. Protein
expressions of phosphorylated and total (a) LKB1, (b) AMPK, (c) PI3 K, and (d) Akt were measured by Western blot and then quantified
by ImageJ software. Data presented are expressed as mean ± SEM (𝑛 = 7), and experimental groups marked by different letters represented
significant differences between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). N + S: NAFLD + SAMC cotreatment.

rats, apoptosis is a detrimental event responsible for the
progression and severity of NAFLD. Therefore, SAMC may
exert distinct action on apoptosis under different circumstances, whichever is more beneficial to the host. Indeed,
the underlying mechanisms for this interesting phenomenon
require further investigations.
The detailed function and mechanism of autophagy
in NAFLD development are not fully elucidated. Recent
studies pointed out that autophagy may selectively target
lipid droplets within hepatocytes for degradation, leading to
reduction of steatosis. This process is called lipophagy [29].
Pharmacological inhibition of vps34 by 3-methyladenine

(3MA) increases the triglyceride (TG) contents in normal cell
or cell treated with unsaturated fatty acid. Inhibition of negative regulator of autophagy, mTOR, by rapamycin decreases
oleic acid-induced TG levels in cultured hepatocytes [29, 30]
and fatty liver mouse model [31]. Therefore, enhancing
autophagy is considered as a novel therapeutic strategy for
NAFLD therapy [32]. In this study, SAMC enhanced the
hepatic autophagy during NAFLD development, with further
reduced activity of mTOR, indicating a mTOR-directed
pathway. Whether this process is directly related to the
reduction of lipid contents in hepatocytes needs future
investigations.
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Figure 6: Cotreatment with SAMC further enhanced hepatic autophagy through inhibition of mTOR activity. Protein expressions of (a)
phosphorylated and total mTOR, (b) vps34, (c) beclin 1, (d) Atg 12, (e) LC3 II and (f) p62 were measured by Western blot and then quantified
by ImageJ software. Data presented are expressed as mean ± SEM (𝑛 = 7), and experimental groups marked by different letters represented
significant differences between groups at 𝑃 < 0.05 (Kruskal-Wallis test followed by Dunn’s post hoc test). N + S: NAFLD + SAMC cotreatment.

To further investigate the upstream signaling regulators
of apoptosis and autophagy in the liver, we assessed the phosphorylation and total forms of LKB1/AMPK and PI3 K/Akt
pathways and found that reactivation of these two pathways
contributed to the cell survival during NAFLD. AMPK is an
important enzyme response to energy deprivation and, in

some cases, cellular stress to induce apoptosis through the
AMPK-p53 axis [33]. During NAFLD, AMPK increases the
transport of FFAs into the mitochondria, as well as promotes
𝛽-oxidation, thus restoring energy balance [34]. In many
cases, activation of AMPK protected cells from apoptosis.
In an iron-induced hepatic oxidative stress and liver injury
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model, addition of sauchinone, a bioactive lignan, activated
the LKB1/AMPK pathway, resulting in inhibition of apoptosis
in the liver [35]. Moreover, an in vitro study using HepG2 cell
line found that resveratrol attenuates arachidonic acid and
iron-induced apoptosis through activation of LKB1/AMPK
pathway [36]. Recent study found that activation of hypothalamic autophagy PI3 K/Akt pathway has also been found
to play an important role in the impairment of mitochondria during NAFLD development. In a high-fat diet fed
NAFLD rat model, reduced phosphorylated form of PI3 K
and Akt and total form of PI3 K were observed with hepatic
apoptosis. Treatment of pharmacological inhibitors of PI3 K
or Akt instead of high-fat diet mimicked such phenomena
[37]. Thus, in this study, the modulation of the activity of
LKB1/AMPK and PI3K/Akt pathways by SAMC administration may partly be involved in its antiapoptotic effect during
NAFLD development. However, further investigations are
needed to clarify the interactions between these pathways and
p53, as well as the possible involvement of other apoptosisrelated signaling pathways. In addition, it is not clear whether
the antiapoptotic effects of SAMC on NAFLD are a direct
effect or a consequence of “upstream” antioxidant and antiinflammatory effects. Although some studies proposed the
regulatory roles of LKB1/AMPK and PI3 K/Akt pathways
in autophagy [38], in this study, it is suggested that the
further enhancement of autophagy by SAMC cotreatment
was not through these two pathways. Detailed mechanisms
for distinct regulation of apoptosis and autophagy by SAMC
are waiting for further study.
In conclusion, our results clearly showed the antiapoptotic and proautophagy properties of SAMC during the development of NAFLD in a rat model. The protective effect of
SAMC was partly through modulating both p53-dependent
intrinsic and extrinsic apoptotic pathways, as well as the
inhibition of mTOR activity. Restoration of LKB1/AMPK and
PI3 K/Akt pathways also contributed to this protective effect
of SAMC.
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In an attempt to further establish the pharmacological properties of Bauhinia purpurea (Fabaceae), hepatoprotective potential of
methanol extract of B. purpurea leaves (MEBP) was investigated using the paracetamol- (PCM-) induced liver toxicity in rats.
Five groups of rats (𝑛 = 6) were used and administered orally once daily with 10% DMSO (negative control), 200 mg/kg silymarin
(positive control), or MEBP (50, 250, and 500 mg/kg) for 7 days, followed by the hepatotoxicity induction using paracetamol (PCM).
The blood samples and livers were collected and subjected to biochemical and microscopical analysis. The extract was also subjected
to antioxidant study using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay with the total phenolic content (TPC)
also determined. From the histological observation, lymphocyte infiltration and marked necrosis were observed in PCM-treated
groups (negative control), whereas maintenance of the normal hepatic structural was observed in group pretreated with silymarin
and MEBP. Hepatotoxic rats pretreated with silymarin or MEBP exhibited significant decrease (𝑃 < 0.05) in ALT and AST enzyme
level. Moreover, the extract also exhibited antioxidant activity and contained high TPC. In conclusion, MEBP exerts potential
hepatoprotective activity that could be partly attributed to its antioxidant activity and high phenolic content and thus warrants
further investigation.

1. Introduction
Diverse range of bioactive molecules has been isolated from
plant natural product, making them medicinally valuable
sources [1]. There has been a revival of interest in plant-based
medicines due to the increase awareness of the limited ability
of synthetic pharmaceutical products to control major disease
and the need to discover new molecular structures as the lead
compounds from other sources, including the plant kingdom

[2]. One of the plants that are currently under investigation
for its potential pharmacological activities in our laboratory
is Bauhinia purpurea (family Leguminosae). Known to the
Malays as “pokok tapak kerbau,” B. purpurea leaves have
been traditionally used by the Indians to treat stomach
tumors, ulcers, wounds, glandular swellings, diarrhea, and
fever [3]. Scientifically, B. purpurea has been proved to
possess antidiarrheal activity [4], thyroid stimulating and
antihypothyroidism [5, 6], and larvicidal [7] activities. Other
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researchers have also reported the pharmacological benefit of
B. purpurea. For example, the plant exhibited antimicrobial
[8], antinociceptive, anti-inflammatory, and antipyretic [3,
9], antimycobacterial, antimalarial, antifungal, cytotoxic, and
anti-inflammatory [10], anti-nephrotoxicity [11], and wound
healing [12] activities. In vitro study has demonstrated that
B. purpurea possesses antiproliferative [13], antioxidant [13,
14], and antimicrobial activities [14, 15], and also has potential as hepatocellular carcinoma inhibitor [16]. Interestingly,
other studies have proved that B. purpurea leaf possesses
antiulcer activity [17, 18]. We have also reported on the
phytochemical constituents of B. purpurea, which indicate
the presence of flavonoids, triterpenes, tannins, and steroids
[3]. Flavonoids, in particular, are polyphenolic compounds,
widely distributed in the plant kingdom, and exhibited various pharmacological activities including hepatoprotective
activity [19]. Interestingly, there is a link between the hepatoprotective activity with the anti-inflammatory, antioxidation,
and antiproliferative activities, which has been exerted by the
leaves of B. purpurea.
Our literature survey revealed that no attempt has been
made to this date to study the hepatoprotective activity of B.
purpurea leaves. Thus, we take this opportunity to study the
hepatoprotective activity of methanol extract of B. purpurea
leaves (MEBP) using the paracetamol- (PCM-) induced liver
damage in rats as the animal model.

2. Materials and Methods
2.1. Chemicals. Paracetamol (PCM; Sigma-Aldrich, USA)
and silymarin (Sigma-Aldrich) were used in the present study.
All other chemicals and reagents used were of analytical
grade.
2.2. Collection of Plant Material. The leaves of B. purpurea
were collected from their natural habitat around Universiti
Putra Malaysia (UPM), Serdang campus, Selangor, Malaysia.
A voucher specimen (SK 1985/11) was identified by comparison with specimens available at the Herbarium of the Laboratory of Natural Products, IBS, UPM, Serdang, Selangor,
Malaysia. The leaves were dried under shade for 7 days at
room temperature, segregated, and pulverized by mechanical
grinder to form coarse powder.
2.3. Preparation of Plant Extract. The coarse powder of B.
purpurea had undergone the maceration type of extraction
using methanol as the solvent system. The coarse powder of air-dried leaves of B. purpurea was subjected to
methanol extraction whereby 1 kg of powder leaves was
macerated in 20 L of methanol in the ratio of 1 : 20 (w/v)
for 72 hours, and the supernatant was filtered sequentially using cloth filter, cotton wool, and Whatman no.
1 filter paper. The solvent was then evaporated under
reduced pressure (204 mbar) and controlled temperature
(40∘ C) using a vacuum rotary evaporator (Buchi Rotavapor
R210/215, Switzerland). The residue was collected and subjected to the similar extraction process for another two times
[20].
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2.4. Pharmacological Studies
2.4.1. Antioxidant Activity of MEBP
Total Phenolic Content. Determination of total phenolic
content (TPC) was performed using Folin-Ciocalteu reagent
according to the method of Singleton and Rossi [21] with
slight modifications. Briefly, a 1.0 mg quantity of MEBP
was extracted for 2 hours with 1.0 mL of 80% methanol
containing 1.0% hydrochloric acid and 1.0% of distilled water
at room temperature on the shaker set at 200 rpm. The
hydrochloric acid was added at this stage as part of the
extraction solution to increase solubility of insoluble plant
compounds. The mixture was centrifuged at 6000 rpm for
15 minutes, and the supernatant decanted into vials. The
supernatant was used for the determination of TPC. A
200.0 𝜇L of supernatant extract was mixed with 400.0 𝜇L
of Folin-Ciocalteu reagent (0.1 mL/0.9 mL) and allowed to
stand at room temperature for 5 minutes. Then, 400.0 𝜇L of
sodium bicarbonate (60.0 mg/mL) solution was added, and
the mixture was allowed to stand at room temperature for 90
minutes. Absorbance was measured at 725 nm. A calibration
curve was generated by using the gallic acid standard optical
density (OD), and the levels in the samples were expressed as
gallic acid equivalent (GAE)-TPC mg/100 g.
2.4.2. DPPH Radical Scavenging Activity. Antioxidant reducing activity on DPPH radical was estimated according to
the method of Blois [22] with modification involving the
use of high-throughput microplate system. Sample (50 𝜇L of
1.0 mg/mL) was added to 50 𝜇L of DPPH (FG: 384.32) (1 mM
in ethanolic solution) and 150 𝜇L of ethanol (absolute) in a
96-well microtiter plate in triplicates. The plate was shaken
(15 seconds, 500 rpm) and left to stand at room temperature
for 30 minutes. The absorbance of the resulting solution was
measured spectrophotometrically at 520 nm.
2.5. Hepatoprotective Assay
2.5.1. PCM-Induced Hepatotoxicity Test. The in vivo hepatoprotective activity of MEBP was determined using the PCMinduced hepatotoxicity test in rats. The animals were divided
into 6 groups (𝑛 = 6) and administered with test solutions as
described below.
(i) Group I served as normal control and received 10%
DMSO
(ii) Group II served as negative control and received 10%
DMSO.
(iii) Group III served as positive control and received
200 mg/kg silymarin.
(iv) Pretreatment groups:
(1) Group IV received 50 mg/kg MEBP,
(2) Group V received 250 mg/kg MEBP, and
(3) Group VI received 500 mg/kg MEBP.
These doses of extract (50, 250, and 500 mg/kg) were
used in the present study based on our previous reports on
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the acute toxicity study performed using the single dose of
orally administered 5000 mg/kg MEBP, which showed no
sign of toxicity in rats. Furthermore, this dose range was
chosen based on the antiulcer activity of B. purpurea leaves
[14]. Based on these findings, the highest dose used in the
present study (500 mg/kg) was set up to be 10% of the dose
used in the acute toxicity study (5000 mg/kg). In our preliminary study, the 500 mg/kg MEBP, which exhibited significant
antiulcer activity, also exerted significant hepatoprotective
activity. Therefore, the other two doses (50 and 250 mg/kg,
which were 10 and 2 folds reduction of 500 mg/kg (the highest
dose) were selected based on the antiulcer findings [14],
respectively.
The animals were fasted for 48 hours prior to the
experiment under standard laboratory conditions. After 48
hours, each group of rats received the respective dose of
test solution orally once daily for 7 consecutive days. The
oral administration of PCM was performed 3 hours after
the last extract administration on the 7th day except for
group I, which received only 10% DMSO. Forty eight [23]
hours after the hepatic injury induction, the animals were
anesthetized using diethyl ether, and the blood was drained
for biochemical parameters study. The animals were then
sacrificed by cervical dislocation, and the liver was removed
for histopathological studies.
2.6. Biochemical Studies. Biochemical parameters were
assayed according to the standard methods. Alanine
aminotransferase (ALT), alkaline phosphate (ALP), aspartate
aminotransferase (AST), total were measured using the
Hitachi 902 Automatic Chemical Analyser.
2.7. Histopathology. The liver tissue was dissected out and
fixed in the 10% formalin, dehydrated in gradual ethanol
(50–100%), cleared in xylene, and embedded in paraffin wax.
The sections, which are 5-6 𝜇m thick, were then prepared
using rotary microtome (Leica RM 2125 RTS, Singapore)
and stained with hematoxylin and eosin dye for microscopic
observation of histopathological changes in the liver. Liver
sections then will be scored and evaluated according to the
severity of the hepatic injury as described by El-Beshbishy
et al. [24] with modifications.
2.8. Phytochemical Screening and HPLC Analysis of MEBP.
The phytochemical screening of MEBP was performed again
according to the conventional protocols as adopted by
Zakaria et al. [18]. The HPLC analysis of the extract was
also carried out and performed according to the previous
report [18] but with slight modifications. Briefly, 10 mg of
MEBP was dissolved in 1 mL mETH and then filtered through
the membrane filter (pore size 0.45 𝜇m). A Waters Delta
600 with 600 Controller and Waters 2996 Photodiode Array
(Milford, MA, USA) equipped with an autosampler, online
degasser, and column heater was used to analyse the filtered
sample. Data were evaluated and processed using the installed
Millenium 32 Software (Waters Product). The filtered samples
were separated at 27∘ C on a minibore Phenomenex Luna
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Table 1: Antioxidant profile of MEBP.
Sample
Ascorbic acid (200 𝜇g/mL)
MEBP (200 𝜇g/mL)

DPPH radical scavenging (%)
85.72 ± 0.97
61.06 ± 0.35

5 𝜇m C18 column (dimensions 250 × 4.60 mm) using a onestep linear gradient. The solvents were (A) 0.1% aqueous
formic acid and (B) acetonitrile, and the elution system was as
follows: initial conditions were 85% A and 15% B with a linear
gradient reaching 25% B at 𝑡 = 12 min. This was maintained
for 10 min after which the programmed returned to the initial
solvent composition at 𝑡 = 25 min and continued for 10 min.
The flow rate used was 1.0 mL/min, and the injection volume
was 10 𝜇L. The HPLC was monitored at 254 and 366 nm.
2.9. Statistical Analysis. Data obtained are presented in mean
± standard error of mean (SEM). The data were analysed
using the one-way analysis of variance (ANOVA), and the
differences between the groups were determined using the
Dunnett post hoc test as provided by the Graph pad PRISM
V5.02 software. The limit of significance was set at 𝑃 < 0.05.

3. Results
3.1. In Vitro Antioxidant Studies
3.1.1. Total Phenolic Compound. The result obtained showed
that the total phenolic content of MEBP (200 𝜇g/mL) was
1194.35 ± 24.89 mg GAE/100 g. From the standard given, TPC
value that higher than 1000 mg GAE/100 g is considered high
total phenol compound.
3.1.2. DPPH Scavenging Assay. Free radicals scavenging
capacity of MEBP was indicated by the bleaching of DPPH.
Since the ability of MEBP to scavenge the free radical species
in DPPH scavenging assay has been determined previously
[13], the present study was carried out using only one
concentration of the currently prepared MEBP with the aim
of supporting the previous findings and, later, to propose the
role of antioxidant effect as one of the possible mechanisms
of hepatoprotective of MEBP. As can be seen from Table 1, the
200 𝜇g/mL MEBP caused more than 50% antioxidant activity
when assessed against the DPPH radical scavenging assay,
which is in comparison to the standard drug, 200 𝜇g/mL
ascorbic acid.
3.2. In Vivo Hepatoprotective Study
3.2.1. Effect of MEBP on the Body Weight and Liver Weight
after Induction with PCM. PCM administration following
pretreatment with 10% DMSO significantly (𝑃 < 0.05)
caused augmentation in liver weight and body weight when
compared to the normal control group. Interestingly, pretreatment with 500 mg/kg significantly (𝑃 < 0.05) reduced
the increased liver and body weight seen in the PCM-treated
liver group. The reference hepatoprotective agent 200 mg/kg
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Figure 1: (a) Normal liver, (b) liver intoxicated with 3 g/kg PCM: gross image shows major color changes of liver lobes (arrow), (c) liver
pretreated with 200 mg/kg silymarin and induced with PCM: spot of color changes was noted (arrow), (d) liver pretreated with 50 mg/kg
MEBP and induced by PCM, (e) liver pretreated with 250 mg/kg MEBP and induced by PCM, (f) liver pretreated with 500 mg/kg MEBP and
induced by PCM.

Table 2: Effect of MEBP on percentage change of body and liver
weight in PCM-treated rats.
Dose (mg/kg)

Change of body
weight (%)

Liver weight
(g/100 g)

Control
PCM

—

5.14 ± 0.43
17.58 ± 2.10a

Silymarin + PCM

200

3.11 ± 0.67b

2.89 ± 0.06
4.81 ± 0.40a
3.60 ± 0.11b

MEBP + PCM

50
250
500

15.57 ± 1.53a
11.07 ± 0.73ab
4.55 ± 0.91b

5.66 ± 0.39a
4.29 ± 0.17a
4.06 ± 0.24ab

Treatment

Values are expressed as means ± S.E.M. of six replicates.
a
Data differed significantly (𝑃 < 0.05) when compared to normal control
within the respective column.
b
Data differed significantly (𝑃 < 0.05) when compared to the negative
control within the respective column.

silymarin as expected has also demonstrated significant
reduction in liver weight to normal value (Table 2).
3.2.2. Histopathological Study of the PCM-Induced Hepatotoxic Liver with and without Pretreatment with MEBP. Gross
necropsy and histopathological study were performed on
the liver to observe any irregularities or abnormalities on
the structure. Gross necropsy of normal liver demonstrated
normal appearances (i.e., dark maroon in-color liver with
smooth surfaces (Figure 1(a)). Meanwhile, the liver intoxicated with PCM showed major changes of the color of the

lobes from maroon to brown (Figure 1(b)). Pre-treatment
with 200 mg/kg silymarin (Figure 1(c)) or the MEBP (Figures
1(d)–1(f)) reversed the toxic effect of PCM with only mild
spots of brown color changes observed.
Histopathologically, the non-PCM-intoxicated liver pretreated with 10% DMSO (normal) shows normal lobular
architecture and normal hepatic cells with well preserved
cytoplasm and well defined sinusoids line and nucleus around
the perivenular area (Figure 2(a)). The section of PCMintoxicated liver, pretreated with 10% DMSO, demonstrates
infiltration of lymphocytes, the presence of haemorrhage
and extensive coagulative necrosis of the perivenular, and
midzonal region with periportal sparing (Figure 2(b)).
Coagulative-type necrosis of hepatocytes in PCM-induced
liver toxicity is present predominantly in the perivenular
zone (zone 3). These pathological changes were found to be
lesser as the dose of MEBP increased indicating the extract
ability to reverse the PCM-induced intoxication (Figures
2(d)–2(f))). Table 3 shows the histopathological scoring of
the liver tissues pretreated with the respective test solution.
Interestingly, the presence of marked necrosis, inflammation,
and hemorrhage following treatment with PCM (shown by
the negative control group) was reduced remarkably when
pretreated with the extract or silymarin.

3.2.3. Biochemical Study. In this study, gross necropsy and
histopathological study of the PCM-intoxicated liver pretreated with the respective test solution showed a correlation
with serum biochemical indices. Paracetamol administration
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Figure 2: (a) Normal, (b) section of liver tissue of 3 g/kg PCM-treated group (p.o) showing massive coagulative necrosis, haemorrhage and
inflammation. (c) Section of 200 mg/kg of silymarin liver tissue pretreated on the liver followed by PCM showing preservation of normal
hepatocytes. (d) Section of pretreated 50 mg/kg MEBP liver tissue followed by PCM showing tissue necrosis and inflammation. (e) Section of
pretreated 250 mg/kg MEBP liver tissue followed by PCM showing mild inflammation. (f) Section of pretreated 500 mg/kg MEBP liver tissue
followed by PCM showing normal histology with mild inflammation. (100x magnification). CV: centrilobular. CN: coagulative necrosis. I:
inflammation. H: haemorrhage.
Table 3: Histopathological evaluation of the effect of various doses of MEBP against PCM-induced hepatic injury in rats.
Treatment
Normal
10% DMSO
Silymarin
MEBP

Dose (mg/kg)
−
200

Steatosis
−
−
−

Necrosis
−
+++
+

Inflammation
−
++
+

Haemorrhage
−
++
+

50
250
500

−
−
−

++
+
+

+
+
+

+
−
+

The severity of various features of hepatic injury was evaluated based on those following scoring schemes: −: normal, +: mild effect, ++: moderate effect, +++:
severe effect.

caused significant elevation in the ALT, AST, and ALP
serum marker level in group pretreated with 10% DMSO as
compared to the normal 10% DMSO-pretreated, non-PCMintoxicated group (Table 4). However, oral administration
of high dose MEBP (500 mg/kg) and silymarin (200 mg/kg)
exhibited an ability to counteract the toxic effect of PCM by
decreasing the level of these enzymes.
3.3. Phytochemical Constituents and HPLC Profile of MEBP.
The phytochemical screening of MEBP is shown in Table 5.
Several groups of bioactive constituents were detected,
namely, saponins, flavonoids, tannins and polyphenolic compounds, triterpenes, and steroids, but not alkaloids. However,

the presences of those compounds are very low as indicated
by the low froth formation (for detection of saponins) and
weak colour formation (for detection of flavonoids, tannins,
and triterpenes).
The HPLC profile of MEBP measured at the wavelength of
254 and 366 nm is shown in Figure 2(a). The best wavelength
wherein clear separation of peaks was obtained is 366 nm. At
this wavelength, several peaks were separated with 5 major
peaks (labelled as P1, P2 P3, P4, and P5) which were clearly
detected in the chromatogram at the respective retention time
(RT) of 2.75, 3.65, 4.94, 6.25, and 7.12 min, respectively. Further analysis demonstrated that the five peaks showed 𝜆 max
values in the region of 201.4–272.0, 192.0–268.5, 254.3–350.6,
264.9–344.6, and 254.3–351.7 nm, respectively (Figure 3(b)).
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Table 4: Effect of MEBP pretreatment on ALT, AST and ALP (U/L) level.

Treatment
Control
PCM control (neg)
Silymarin (pos)
MEBP

Dose (mg/kg)
—
200

ALT (U/L)
15.83 ± 2.862
1714 ± 142.2a
588.1 ± 193.7ab

AST (U/L)
95.13 ± 5.924
3008 ± 210.7a
959.2 ± 338.8ab

ALP (U/L)
115.7 ± 6.994
330.0 ± 42.35a
195.5 ± 11.06ab

50
250
500

1222 ± 187.7a
1096 ± 221.1ab
867.7 ± 101.2ab

2407 ± 294.9a
2076 ± 409.4ab
1730 ± 256.6ab

347.0 ± 29.40a
264.8 ± 29.77a
256.3 ± 13.91a

Values are expressed as means ± S.E.M. of six replicates.
a
Data differed significantly (𝑃 < 0.05) when compared to the normal control group within each respective column.
b
Data differed significantly (𝑃 < 0.05) when compared to the negative control group within each respective column.

Table 5: Comparison on the phytochemical constituents between
the leaves of B. pururea and MEBP.
Sample

MEBP

Phytochemical constituent
Alkaloid
Saponin
Flavonoid
Tannins and polyphenolic compounds
Triterpene
Steroid

Result
—
+
+
+
+
++

For saponins—+: 1-2 cm froth; ++: 2-3 cm froth; +++: >3 cm froth.
For flavonoids, tannins, triterpenes, and steroids—+: weak colour; ++: mild
colour; +++: strong colour.
For akalioids—+: negligible amount of precipitate; ++: weak precipitate; +++:
strong precipitate.

4. Discussion and Conclusion
Hepatocytes are the main component that regulates various
metabolic activities of liver. Distortion of this organ will result
in disorder of body metabolism [25, 26]. An accidental over
dosage administration of PCM as an antipyretic drug and
over-the-counter analgesic [27] can result in hepatic damage [28]. N-acetyl-p-benzoquinoneimine (NAPQI), which is
one of the metabolites of PCM after the latter undergoes
metabolism in the liver via the action of cytochrome P450
(cyP450) monooxygenase [26, 29, 30], is highly responsible
for the PCM toxic effect to the liver [31]. Several CYP450
enzymes have been known to participate in the bioactivation of NAPQI [30]. NAPQI is normally conjugated with
glutathione (GSH) and excreted in urine. GSH has been
highlighted to be responsible in the antioxidant defense of our
body by scavenging the free radicals produced through the
metabolism processes within the liver [32] in order to prevent
any subsequent cell damage. Overdosage of PCM will result
in accumulation of NAPQI, which will bind to GSH to form
conjugates that will lead to the oxidation and conversion of
GSH to glutathione disulfide (GSSG) resulting in the reduced
level of blood and liver GSH [33]. Depletion of GSH level in
blood and liver due to this process can result in mitochondrial
dysfunction, increase of lipid peroxidation, and development
of acute hepatic necrosis. Hepatocellular necrosis releases the
enzymes such as AST and ALT into the circulation [34],
and hence it can be measured in the serum [28]. Hepatic

parenchymal cells produce pool of ALT that is regarded
as specific enzyme for detection of liver abnormalities [35,
36]. Despite that, measurement of AST is still considered
to be essential marker since it is sensitive to mitochondrial
distortion predominantly in zone 3, centrilobular zone [35,
36]. Moreover, Somchit et al. [37] also suggested that NAPQI
is involved in the formation of protein adducts via its action
on DNA, proteins, cellular proteins, which in turn leads to
the dysfunction and death of hepatocytes and finally liver
necrosis.
PCM-intoxication model is a universally established
model to study the potential hepatoprotective activity of
extracts/compounds [26, 38]. From the results obtained in
the present study, PCM, at the intoxicated dose of 3 g/kg,
increased the body weight and subsequently liver weight of
rats as expected and showed significant elevation of serum
level of hepatic enzymes, ALT and AST. Histopathological
observations provide evidence of reducing number of viable
cells with massive necrotic cells around the centrilobular zone
extending to parenchymal zone, which is characterized by
pyknosis and karyolysis nuclear. Interestingly, administration
of MEBP showed capability to reduce the liver weight and
concurrently caused significant reduction of enzyme ALT
and AST level in blood in a dose-dependent manner. It is
further supported by the normalization of histopathological
changes to preserve the histostructure of hepatocytes. This
liver regeneration progress was almost comparable to silymarin pretreated group which showed increasing number of
viable cells and declining of hepatic enzymes level in serum.
Based on the role of PCM metabolite, NAPQI, as
described previously, the development of PCM-induced hepatotoxicity seems to depend partly on the existence of free
radicals and oxidative processes. For that reason, it is hypothesized that extracts/compounds possessing free radical scavenging and/or antioxidant activities could also demonstrate
hepatoprotective activity against the PCM toxic effect. This is
supported by claim that the combination of hepatoprotective
effect and antioxidant activity synergistically prevents the
process of initiation and progress of hepatocellular damage
[39]. Interestingly, our previous findings did demonstrate
the MEBP ability to scavenge free radicals and to exert
antioxidant activity [26], which is concurrent with our recent
finding using the DPPH assay. Moreover, the inflammatory processes activated by PCM or other toxic agents are
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Figure 3: (a) The HPLC profile of MEBP at two different wavelengths, namely 254, and 366 nm. (b) The UV spectra analysis of peak 4 (RT =
4.94 min), peak 5 (RT = 6.27 min), and peak 6 (RT = 7.12 min) of the MEBP at 254 nm exhibiting the 𝜆 max at 254–351 nm, 264–345 nm,and
254–352 nm, respectively, suggesting, in part, the presence of flavonoid-based compounds.
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intimately involved in the chemical-induced hepatotoxic
processes [40]. The inflammatory processes are thought to
be responsible for producing various mediators, which are
involved in the production of ROS and NO that can affect
liver damage or repair. Therefore, it is also possible to postulate that extracts/compounds possessing anti-inflammatory
activity might also exhibit hepatoprotective activity. It is again
interesting to highlight that we have previously demonstrated
that the leaves of B. purpurea possess anti-inflammatory
activity [3, 9].
Phytochemical screening of MEBP demonstrated the
presence of flavonoids, saponins, condensed tannins, and
steroids. In addition, the presence of high content of total
phenolic compounds in the MEBP was reported in our
previous and present study. The presence of flavonoids, in
particular, has been confirmed earlier by Yadav and Bhadoria
[41] followed by Zakaria et al. [18]. Flavonoids have been
reported to exhibit antioxidant [42, 43], anti-inflammatory
[44], and hepatoprotective [43, 44] activities. Furthermore,
condensed tannins have been suggested to possess free
radical scavenging and antioxidant, anti-inflammatory, and
hepatoprotective activities [45], while saponins have been
reported also to exhibit hepatoprotective activity via modulation of its antioxidant [46] and anti-inflammatory activities
[47]. Taking all these reports into consideration, it is plausible
to suggest that the hepatoprotective activity of MEMM
involved, partly, synergistic action of flavonoids, condensed
tannins, and saponins.
Furthermore, the MEBP successfully reversed PCMinduced hepatotoxic effect, which is supported by the extract
ability to bring down the elevated levels of ALT, AST and ALP,
suggesting that these biochemical restorations could be due
to the extract’s inhibitory effects on cytochrome P450 or/and
promotion of the PCM glucuronidation [48]. Moreover, the
ability to bring down the enzymes level could be associated
with the ability of MEBP to prevent peroxidative degradation of membrane lipids of endoplasmic reticulum that
is rich in polyunsaturated fatty acids by thwarting binding
of activated radicals to the macromolecules. This process
could be achieved via the antioxidant activity of MEBP [23].
Other than that, several possible mechanisms could partly
be linked to the observed hepatoprotective activity of MEBP.
Mehendale [49] suggested that any potential mechanisms
must involve activation of peroxisome proliferators activated
receptor-𝛼 (PPAR-𝛼), which are ligand-activated transcription factors activated by xenobiotics and are highly expressed
in hepatocytes. Interestingly, Manautou et al. [50] and Liang
et al. [51] have demonstrated the ability of flavonoids and
saponins, which are also found in the MEBP, to activate the
PPAR-𝛼 system. This mechanism of action might relate to the
role of these compounds in the attenuation of PCM-induced
hepatotoxicity. Interestingly, Han et al. [52] suggested that
in the PCM-induced hepatotoxicity, regardless of which
cellular pathway is involved in hepatoprotective activity, all
pathways depend on PPAR-𝛼 receptor activation. In addition, mechanisms of hepatoprotection that could take place
include activation of hepatic regeneration via an enhanced
synthesis of protein and glycoprotein or accelerated detoxification and excretion [38], prevention of the process of lipid
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peroxidation, and stabilization of the hepatocellular membrane [23]. However, further studies are warranted before
we could conclude on the exact mechanism(s) involved in
the hepatoprotective activity of the MEBP such as cytokine
assessments, antimitochondrial swelling activity, evaluation
of oxidative stress markers, and immunohistochemistry
study.

Acknowledgments
This study was supported by the Science Fund Research Grant
(Reference no. 06-01-04-SF1127) from the Ministry of Science
Technology and Innovation, Malaysia, and the Research
University Grant Scheme (Reference no. 04-01-11-1169RU)
from the Universiti Putra Malaysia, Malaysia. The authors
thank the Faculty of Medicine and Health Sciences, Universiti
Putra Malaysia, Malaysia, for providing the facilities to carry
out this study.

References
[1] C. Alagesaboopathi, “Phytochemical screening and antimicrobial potential of Andrographis ovata,” African Journal of
Biotechnology, vol. 10, no. 25, pp. 5033–5036, 2011.
[2] M. A. Hussain, M. Q. Khan, N. Hussain, and T. Habib,
“Antibacterial and antifungal potential of leaves and twigs of
Viscum album L.,” Journal of Medicinal Plant Research, vol. 5,
no. 23, pp. 5545–5549, 2011.
[3] Z. A. Zakaria, L. Y. Wen, N. I. Abdul Rahman, A. H. Abdul Ayub,
M. R. Sulaiman, and H. K. Gopalan, “Antinociceptive, antiinflammatory and antipyretic properties of the aqueous extract
of Bauhinia purpurea leaves in experimental animals,” Medical
Principles and Practice, vol. 16, no. 6, pp. 443–449, 2007.
[4] P. K. Mukherjee, T. K. Gopal, T. Subburaju et al., “Studies on the
anti-diarrheal profiles of Bauhinia purpurea linn leaves extract,”
Natural Product Sciences, vol. 4, no. 4, pp. 234–237, 1998.
[5] S. Panda and A. Kar, “Withania somnifera and Bauhinia
purpurea in the regulation of circulating thyroid hormone
concentrations in female mice,” Journal of Ethnopharmacology,
vol. 67, no. 2, pp. 233–239, 1999.
[6] R. Jatwa and A. Kar, “Amelioration of metformin-induced
hypothyroidism by Withania somnifera and Bauhinia purpurea
extracts in type 2 diabetic mice,” Phytotherapy Research, vol. 23,
no. 8, pp. 1140–1145, 2009.
[7] A. R. Gururaj, I. A. Urbandale, B. N. Kumar, and I. A. des
Moines, Derivatives of Bauhinia purpurea Lectin and Their Use
as Larvicides, United States Pioneer Hi-Bred International, Des
Moines, Iowa, USA, 1999.
[8] M. Murugan and V. R. Mohan, “Evaluation of phytochemical
analysis and antibacterial activity of Bauhinia purpurea L. and
Hiptage benghalensis L. Kurz,” Journal of Applied Pharmaceutical
Science, vol. 1, pp. 157–160, 2011.
[9] Z. A. Zakaria, N. I. A. Rahman, Y. W. Loo et al., “Antinociceptive
and anti-inflammatory activities of the chloroform extract of
Bauhinia purpurea L., (Leguminosae) leaves in animal models,”
International Journal of Tropical Medicine, vol. 4, pp. 140–114,
2009.
[10] S. Boonphong, P. Puangsombat, A. Baramee, C. Mahidol, S.
Ruchirawat, and P. Kittakoop, “Bioactive compounds from
Bauhinia purpurea possessing antimalarial, antimycobacterial,

Evidence-Based Complementary and Alternative Medicine

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

[25]

antifungal, anti-inflammatory, and cytotoxic activities,” Journal
of Natural Products, vol. 70, no. 5, pp. 795–801, 2007.
B. V. S. Lakshmi, N. Neelima, N. Kasthuri, V. Umarani,
and M. Sudhakar, “Protective effect of Bauhinia purpurea on
gentamicin-induced nephrotoxicity in rats,” Indian Journal of
Pharmaceutical Sciences, vol. 71, no. 5, pp. 551–554, 2009.
K. V. Ananth, M. Asad, N. P. Kumar, S. M. B. Asdaq, and G.
S. Rao, “Evaluation of wound healing potential of Bauhinia
purpurea leaf extracts in rats,” Indian Journal of Pharmaceutical
Sciences, vol. 72, no. 1, pp. 122–127, 2010.
Z. A. Zakaria, M. S. Rofiee, L. K. Teh, M. Z. Salleh, M.
R. Sulaiman, and M. N. Somchit, “Bauhinia purpurea leaves’
extracts exhibited in vitro antiproliferative and antioxidant
activities,” African Journal of Biotechnology, vol. 10, no. 1, pp. 65–
74, 2011.
H. V. Annegowda, M. N. Mordi, S. Ramanathan, M. R. Hamdan,
and S. M. Mansor, “Effect of extraction techniques on phenolic
content, antioxidant and antimicrobial activity of Bauhinia purpurea: HPTLC determination of antioxidants,” Food Analytical
Methods, vol. 5, no. 2, pp. 226–233, 2012.
B. S. Negi, B. P. Dave, and Y. K. Agarwal, “Evaluation of
antimicrobial activity of Bauhinia purpurea leaves under in vitro
conditions,” Indian Journal of Microbiology, vol. 52, no. 3, pp.
360–365, 2012.
E. F. Fang, C. S. F. Bah, J. H. Wong et al., “A potential human
hepatocellular carcinoma inhibitor from Bauhinia purpurea L.
seeds: from purification to mechanism exploration,” Archives of
Toxicology, vol. 86, no. 2, pp. 293–304, 2012.
Z. A. Zakaria, E. E. Abdul Hisam, M. S. Rofiee et al., “In vivo
antiulcer activity of the aqueous extract of Bauhinia purpurea
leaf,” Journal of Ethnopharmacology, vol. 137, no. 2, pp. 1047–
1054, 2011.
Z. A. Zakaria, E. E. Abdul Hisam, M. Norhafizah et al.,
“Methanol extract of Bauhinia purpurea leaf possesses AntiUlcer activity,” Medical Principles and Practice, vol. 21, no. 5, pp.
476–482, 2012.
K. R. Narayana, M. S. Reddy, M. R. Chaluvadi, and D. R.
Krishna, “Bioflavonoids classification, pharmacological, biochemical effects and therapeutic potential,” Indian Journal of
Pharmacology, vol. 33, no. 1, pp. 2–16, 2001.
Z. Zabidi, W. N. Wan Zainulddin, S. S. Mamat et al., “Antiulcer
activity of methanol extract of Melastoma malabathricum leaves
in rats,” Medical Principles and Practice, vol. 21, no. 5, pp. 501–
503, 2012.
V. L. Singleton and J. A. Rossi Jr., “Colorimetry of total phenolics
with phosphomolybdic-phosphotungstic acid reagents,” American Journal of Enology and Viticulture, vol. 16, pp. 144–158, 1965.
M. S. Blois, “Antioxidant determinations by the use of a stable
free radical,” Nature, vol. 181, no. 4617, pp. 1199–1200, 1958.
M. Mujeeb, V. Aeri, P. Bagri, and S. Khan, “Hepatoprotective
activity of the methanolic extract of Tylophora indica (Burm. f.)
Merill. leaves,” International Journal of Green Pharmacy, vol. 3,
no. 2, pp. 125–127, 2009.
H. A. El-Beshbishy, A. M. Mohamadin, A. A. Nagy, and A. B.
Abdel-Naim, “Amelioration of tamoxifen-induced liver injury
in rats by grape seed extract, black seed extract and curcumin,”
Indian Journal of Experimental Biology, vol. 48, no. 3, pp. 280–
288, 2010.
E. Shaker, H. Mahmoud, and S. Mnaa, “Silymarin, the antioxidant component and Silybum marianum extracts prevent liver
damage,” Food and Chemical Toxicology, vol. 48, no. 3, pp. 803–
806, 2010.

9
[26] Z. A. Zakaria, M. S. Rofiee, M. N. Somchit et al., “Hepatoprotective activity of dried- and fermented-processed virgin coconut
oil,” Evidence-Based Complementary and Alternative Medicine,
vol. 2011, Article ID 142739, 8 pages, 2011.
[27] E. Hazai, L. Vereczkey, and K. Monostory, “Reduction of
toxic metabolite formation of acetaminophen,” Biochemical and
Biophysical Research Communications, vol. 291, no. 4, pp. 1089–
1094, 2002.
[28] B. Rajkapoor, Y. Venugopal, J. Anbu, N. Harikrishnan, M. Gobinath, and V. Ravichandran, “Protective effect of Phyllanthus
polyphyllus on acetaminophen induced hepatotoxicity in rats,”
Pakistan Journal of Pharmaceutical Sciences, vol. 21, no. 1, pp.
57–62, 2008.
[29] B. G. Katzung, Basic and Clinical Pharmacology, McGrawHill,
New York, NY, USA, 9th edition, 2004.
[30] H. Ha, N. Lee, C. Seo et al., “Hepatoprotective and antioxidative
activities of cornus officinalis against acetaminophen-induced
hepatotoxicity in mice,” Evidence-Based Complementary and
Alternative Medicine, vol. 2012, Article ID 804924, 8 pages, 2012.
[31] H. S. Farghaly and M. A. Hussein, “Protective effect of curcumin
against paracetamol-induced liver damage,” Australian Journal
of Basic and Applied Sciences, vol. 4, no. 9, pp. 4266–4274, 2010.
[32] C. Kerksick and D. Willoughby, “The antioxidant role of
glutathione and N-acetyl-cysteine supplements and exerciseinduced oxidative stress,” Journal of the International Society of
Sports Nutrition, vol. 2, no. 2, pp. 38–44, 2005.
[33] S. U. Yanpallewar, S. Sen, S. Tapas, M. Kumar, S. S. Raju, and S. B.
Acharya, “Effect of Azadirachta indica on paracetamol-induced
hepatic damage in Albino rats,” Phytomedicine, vol. 10, no. 5, pp.
391–396, 2003.
[34] A. K. Shnoy, S. N. Somayaji, and K. L. Bairy, “Hepatoprotective
activity of ethanolic extract of Ginkgo biloba against carbon
tetrachloride induced hepatic injury in rats,” Indian Journal
Pharmacology, vol. 46, pp. 167–174, 2002.
[35] D. E. Amacher, “Serum transaminase elevations as indicators
of hepatic injury following the administration of drugs,” Regulatory Toxicology and Pharmacology, vol. 27, no. 2, pp. 119–130,
1998.
[36] N. Uma, S. Fakurazi, and I. Hairuszah, “Moringa oleifera
enhances liver antioxidant status via elevation of antioxidant
enzymes activity and counteracts paracetamol-induced hepatotoxicity,” Malaysian Journal of Nutrition, vol. 16, no. 2, pp. 293–
307, 2010.
[37] M. N. Somchit, A. Zuraini, A. A. Bustamam, N. Somchit, M. R.
Sulaiman, and R. Noratunlina, “Protective activity of turmeric
(Curcuma longa) in paracetamol-induced hepatotoxicity in
rats,” International Journal of Pharmacology, vol. 1, pp. 252–256,
2005.
[38] G. Kumar, G. S. Banu, P. V. Pappa, M. Sundararajan, and M. R.
Pandian, “Hepatoprotective activity of Trianthema portulacastrum L. against paracetamol and thioacetamide intoxication in
albino rats,” Journal of Ethnopharmacology, vol. 92, no. 1, pp. 37–
40, 2004.
[39] A. K. Gupta, H. Chitme, S. K. Dass, and N. Misra, “Hepatoprotective activity of Rauwolfia serpentina rhizome in paracetamol
intoxicated rats,” Journal of Pharmacological and Toxicological,
vol. 1, pp. 82–88, 2006.
[40] M. I. Luster, P. P. Simeonova, R. M. Gallucci, J. M. Matheson,
and B. Yucesoy, “Immunotoxicology: role of inflammation
in chemical-induced hepatotoxicity,” International Journal of
Immunopharmacology, vol. 22, no. 12, pp. 1143–1147, 2000.

10
[41] S. Yadav and B. K. Bhadoria, “Two dimeric flavonoids from
Bauhinia purpurea,” Indian Journal of Chemistry B, vol. 44, no.
12, pp. 2604–2607, 2005.
[42] J. F. S. Ferreira, D. L. Luthria, T. Sasaki, and A. Heyerick,
“Flavonoids from Artemisia annua L. As antioxidants and
their potential synergism with artemisinin against malaria and
cancer,” Molecules, vol. 15, no. 5, pp. 3135–3170, 2010.
[43] A. R. Tapas, D. M. Sakarkar, and R. B. Kakde, “Flavonoids
as nutraceuticals: a review,” Tropical Journal of Pharmaceutical
Research, vol. 7, no. 3, pp. 1089–1099, 2008.
[44] H. K. Sandhar, B. Kumar, S. Prasher, P. Tiwari, M. Salhan, and
P. Sharma, “A review of phytochemistry and pharmacology of
flavonoids,” Internationale Pharmaceutica Sciencia, vol. 1, pp.
24–41, 2011.
[45] P. Pithayanukul, S. Nithitanakool, and R. Bavovada, “Hepatoprotective potential of extracts from seeds of Areca catechu and
nutgalls of Quercus infectoria,” Molecules, vol. 14, no. 12, pp.
4987–5000, 2009.
[46] O. O. Elekofehinti, I. G. Adanlawo, K. Komolafe, and O. C.
Ejelonu, “Saponins from Solanum anguivi fruits exhibit antioxidant potential in Wistar rats,” Annals of Biological Research, vol.
3, no. 7, pp. 3212–3217, 2012.
[47] E. K. Akkol, I. I. Tatli, and Z. S. Akdemir, “Antinociceptive
and anti-inflammatory effects of saponin and iridoid glycosides from Verbascum pterocalycinum var. mutense Hub.-Mor.,”
Zeitschrift fur Naturforschung C, vol. 62, no. 11-12, pp. 813–820,
2007.
[48] E. Porchezhian and S. H. Ansari, “Hepatoprotective activity
of Abutilon indicum on experimental liver damage in rats,”
Phytomedicine, vol. 12, no. 1-2, pp. 62–64, 2005.
[49] H. M. Mehendale, “PPAR-𝛼: a key to the mechanism of
hepatoprotection by clofibrate,” Toxicological Sciences, vol. 57,
no. 2, pp. 187–190, 2000.
[50] J. E. Manautou, S. G. E. Hart, E. A. Khairallah, and S. D. Cohen,
“Protection against acetaminophen hepatotoxicity by a single
dose of clofibrate: effects on selective protein arylation and
glutathione depletion,” Fundamental and Applied Toxicology,
vol. 29, no. 2, pp. 229–237, 1996.
[51] Y. Liang, S. Tsai, D. Tsai, S. Lin-Shiau, and J. Lin, “Suppression
of inducible cyclooxygenase and nitric oxide synthase through
activation of peroxisome proliferator-activated receptor-𝛾 by
flavonoids in mouse macrophages,” FEBS Letters, vol. 496, no.
1, pp. 12–18, 2001.
[52] K. L. Han, M. H. Jung, J. H. Sohn, and J. Hwang, “Ginsenoside 20(S)-protopanaxatriol (PPT) activates peroxisome proliferator-activated receptor 𝛾 (PPAR𝛾) in 3T3-L1 adipocytes,”
Biological and Pharmaceutical Bulletin, vol. 29, no. 1, pp. 110–113,
2006.

Evidence-Based Complementary and Alternative Medicine

Hindawi Publishing Corporation
Evidence-Based Complementary and Alternative Medicine
Volume 2013, Article ID 324864, 9 pages
http://dx.doi.org/10.1155/2013/324864

Research Article
Neonauclea reticulata (Havil.) Merr Stimulates Skin
Regeneration after UVB Exposure via ROS Scavenging and
Modulation of the MAPK/MMPs/Collagen Pathway
Hsiu-Mei Chiang,1 Hsin-Chun Chen,1 Hua-Hsien Chiu,2 Chien-Wen Chen,1
Ssu-Meng Wang,1 and Kuo-Ching Wen1
1
2

Department of Cosmeceutics, China Medical University, Taichung 404, Taiwan
Center for Biomedical Technology Research and Development, Fooyin University, Kaohsiung 83102, Taiwan

Correspondence should be addressed to Hsiu-Mei Chiang; hmchiang@mail.cmu.edu.tw
and Kuo-Ching Wen; kcwen0520@mail.cmu.edu.tw
Received 3 January 2013; Accepted 29 May 2013
Academic Editor: Wei-Chiang Lin
Copyright © 2013 Hsiu-Mei Chiang et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
In this study, we investigated whether the protective effects of Neonauclea reticulata water extract against ultraviolet B (UVB)
irradiation in human skin fibroblast cell cultures (Hs68) are governed by its ability to protect against oxidative stress and expression
of matrix metalloproteinases (MMPs). We found that Neonauclea reticulata extract exhibited DPPH scavenging activity and
inhibited AAPH-induced haemolysis of erythrocytes in a dose- and time-dependent manner. We also found that pretreatment of
fibroblasts with Neonauclea reticulata water extract resulted in markedly lower levels of MMP-1, -3, and -9 expressions. Furthermore,
our results indicate that Neonauclea reticulata extract inhibits the expression of MMPs by inhibiting ERK, JNK, and p38
phosphorylation. Our results also demonstrate that treatment with Neonauclea reticulata extract protects against UVB-induced
depletion of collagen. In addition, Neonauclea reticulata extract did not have a cytotoxic effect. These findings indicate that the
antioxidant activity of Neonauclea reticulata extract resulted in inhibition of MMP-1, -3, and -9 expressions and in increased levels
of collagen activity. Our results suggest that Neonauclea reticulata extract can protect against photoaging.

1. Introduction
Ultraviolet (UV) irradiation causes hazardous effects on the
structure and function of skin, including sunburn, immune
suppression, cancer, and photoaging [1, 2]. UV-induced
oxidative damage and induction of matrix metalloproteinases
(MMPs) have been implicated in skin photoaging. Photoaging is thought to occur by continuous damage to the collagenous extracellular matrix (ECM) that comprises the dermal
connective tissue [3], and histological studies have demonstrated that the alterations are found in the dermal layer
of photoaged skin. Collagen is the major insoluble fibrous
protein in the extracellular matrix and in connective tissue,
and type I collagen is the most abundant subtype of collagen.
Collagen is synthesized primarily by fibroblasts residing
within the dermis and is responsible for conferring strength

and elasticity of skin [4]. Disorganization, fragmentation,
and dispersion of collagen bundles are prominent features of
photodamaged human skin.
Ultraviolet B (UVB) irradiation stimulates the generation
of reactive oxygen species (ROS) and induces the overexpression of MMP-1, -3, and -9 in human fibroblasts, resulting
in the destruction of collagen and, hence, wrinkle formation
and sagging skin [5–8]. Increased levels of ROS are known
to alter the structure and function of genes and proteins in
skin and MMPs, which are involved in extracellular matrix
(ECM) remodelling, play important roles in cell migration,
skin ulceration, and photoaging [9].
The results from recent studies have shown that phytochemicals such as polyphenols are excellent antioxidant and
antiphotoaging agents [7, 10, 11]. Polyphenols and flavonoids
are abundant in fruits, vegetables, green tea, and red wine
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and possess a variety of biological activities including antioxidants and the ability to inhibit the expression of MMPs in
dermal fibroblasts. Neonauclea reticulata (Havil.) Merr is a
member of the flavonoid-rich Rubiaceae family of flowering
plants. In our previous studies, we found that Coffea arabica
and Ixora parviflora, also members of the Rubiaceae family,
were rich in polyphenols content and exhibited antiphotoaging activity by inhibiting the expression of MMPs and
mitogen-activated protein kinases (MAPKs) [7, 8]. Therefore,
we expected that plants who belonged to Rubiaceae family,
such as Neonauclea reticulate, may exhibit similar activity. In
our preliminary study, Neonauclea reticulata extract showed
high total phenolic content and good ROS scavenging activity, suggesting that Neonauclea reticulata extract might be
effective against UVB-induced photoaging. The aim of this
study was to investigate the mechanisms through which
Neonauclea reticulata extract protects against UVB-induced
oxidative stress and photoaging in human skin fibroblast cell
cultures. In addition, in our knowledge, this is the first report
of the biological benefits of Neonauclea reticulata.

2. Materials and Methods
2.1. Materials. Human foreskin fibroblasts were obtained
from the Bioresource Collection and Research Center (Hsinchu, Taiwan). Gelatin, agarose, hydrochloric acid, methanol,
dimethyl sulfoxide (DMSO), doxycycline hyclate, calcium
chloride (CaCl2 ), DL-dithiothreitol, and Folin-Ciocalteu
reagent were purchased from Sigma-Aldrich Chemicals
(St. Louis, MO, USA). Fetal bovine serum (FBS), penicillin-streptomycin, trypsin-EDTA, and Dulbecco’s Modified Eagle’s Medium (DMEM) were purchased from Gibco,
Invitrogen (Carlsbad, CA, USA). Coomassie blue R-250,
dibasic sodium phosphate, igepal CA-630, tris, and 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from USB (Cleveland, OH, USA).
Collagenase was purchased from Calbiochem, Merck (Darmstadt, Germany). Fluorogenic peptide substrate I was purchased from R&D Systems (Wiesbaden, Germany), and
Bradford reagent was supplied by Bio-Rad Laboratories (Hercules, CA, USA). Donkey anti-goat IgG-HRP, ERK 1 (C-16),
JNK1 (G-13), MMP-1 (L-20), MMP-3 (1B4), MMP-9 (6-6B),
p38 (A-12), p-p38 (Thr 180/Tyr 182)-R, p-JNK (Thr 183/Tyr
185), and p-ERK 1/2 (Thr 202/Tyr 204) were purchased
from Santa Cruz Biotechnology, Inc. (CA, USA). All other
chemicals used were of high purity biochemistry grade.
2.2. Preparation of Neonauclea reticulata Extract. Fresh leaves
of Neonauclea reticulata were harvested and identified at
the National Museum of Natural Science, Taichung, Taiwan.
The leaves were identified by macroscopic and microscopic
examination by Dr. T. Y. Aleck Yang, and the voucher
specimen was deposited in the National Museum of Natural
Science (no. TNM BS 00599). The leaves were dried, ground,
and then extracted twice with a 30-fold volume of water or
methanol ultrasonically for 1 h. The supernatant was filtered,
and the filtrate was evaporated to dryness in vacuo. The
Neonauclea reticulata extract was stored at −20∘ C before use.

Evidence-Based Complementary and Alternative Medicine
2.3. Total Phenolic Content of Neonauclea reticulata Extract.
Total phenolic content was determined by the Folin-Ciocalteu reaction as reported previously [7]. Briefly, a mixture
of Neonauclea reticulata extract and Folin-Ciocalteu phenol
reagent was prepared, and then sodium carbonate was added
to the mixture. The resulting blue complex was then measured at 760 nm. Gallic acid was used as a standard for the
calibration curve. The contents of phenolic compounds were
expressed as mg gallic acid equivalent/g dry weight. The dry
weight indicated was Neonauclea reticulata leaves dry weight.
2.4. The Antioxidant Effects of
Neonauclea reticulata Preparations
2.4.1. DPPH Radical Scavenging Activity. In this assay, ascorbic acid (50 𝜇g/mL) was used as a positive control. Reaction
mixtures containing DPPH and serial dilutions of sample
(amounts of sample ranging from 25 to 1000 𝜇g/mL) were
placed in a 96-well microplate at room temperature in the
dark for 30 min. After incubation, the absorbance was read at
517 nm by ELISA. Scavenging activity was determined by the
following:

scavenging activity (%) = [1 − (

𝐴 sample
𝐴 control

)] × 100.

(1)

2.4.2. Preparation of Erythrocyte Suspensions and Hemolysis
Assay. Blood was obtained from male SD rats via cardiopuncture, and whole blood was collected in EDTA-containing
tubes. This animal study adhered to The Guidebook for the
Care and Use of Laboratory Animals (published by The
Chinese Society for Laboratory Animal Science, Taiwan).
The erythrocytes were isolated by centrifugation, washed
with PBS, and then resuspended to the desired hematocrit level. In order to induce free radical chain oxidation
in the erythrocytes, aqueous peroxyl radicals were generated
by thermal decomposition of AAPH in oxygen. A erythrocyte
suspension at 5% hematocrit was incubated with PBS (control) or preincubated with Neonauclea reticulata extract (10–
50 𝜇g/mL), followed by incubation with or without AAPH
in PBS. This reaction mixture was shaken gently while
being incubated for a fixed interval at 37∘ C. The reaction
mixture was removed and centrifuged at 3000 ×g for 2 min,
with absorbance of the supernatant determined at 540 nm.
Reference values were determined using the same volume of
erythrocytes in a hypotonic buffer. The hemolysis percentage
was calculated using the formula [(𝐴 sample /𝐴 control )] × 100.
2.4.3. Peroxide Scavenging Assay. The ability of Neonauclea
reticulata extract to scavenge H2 O2 was determined spectrophotometrically as previously described [12]. Briefly, a
20 mM solution of H2 O2 was prepared in PBS (pH 7.4), added
to various concentrations of Neonauclea reticulata extract
that had been dissolved in methanol (50 to 2000 𝜇g/mL),
and then allowed to stand at room temperature in the
dark. The absorption was measured at 230 nm using an
ELISA reader (Tecan, Grodig, Austria). The H2 O2 scavenging
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activity of Neonauclea reticulata extract was determined by
the following:
scavenging effect (%)
=(

𝐴 control at 230 nm − 𝐴 sample at 230 nm
𝐴 control at 230 nm

) × 100.

(2)

2.5. MMP Activity Assay by Fluorescent Gelatin. The MMP
activity in samples exposed to Neonauclea reticulata was
assessed using a fluorescent method. Various concentrations
of Neonauclea reticulata extract were tested for its ability to
digest a synthetic fluorogenic substrate. Each concentration
of Neonauclea reticulata extract was incubated with substrate
at 37∘ C. Fluorescence intensity was measured at 320 nm (excitation) and 405 nm (emission) with a fluorescence reader.
2.6. Cell Culture. Human foreskin fibroblasts (Hs68) cells
were plated in a 10 cm dish and grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL
streptomycin at 37∘ C in 5% CO2 humidified air. The cells were
subcultured following trypsinization. For UVB irradiation,
the medium was removed and washed in PBS. All UVB
irradiations were performed under a thin layer of PBS.
After UVB irradiation, cells were rinsed twice with PBS
and incubated in fresh culture media without serum in the
presence of Neonauclea reticulata extract for a further 24 h.
2.7. UVB Irradiation Dose. The source of UVB radiation was
a UV lamp with a digital controller to regulate UV dosage
(CL-1000 M, UVP, USA). The peak emission was recorded at
302 nm. The UVB irradiation dose was 40 mJ/cm2 (exposure
time was 15 seconds). According to the results of our preliminary study, this UV dose induces the expression of MMPs and
MAPKs but does not significantly affect cell viability (data
not shown). After UVB irradiation, PBS was replaced with a
serum-free medium, and cells were incubated for 24 h before
subjecting them to the thiazolyl blue tetrazolium bromide
(MTT) and MMP assays.
2.8. Cell Viability Test. Fibroblasts were plated at a density of
104 cells/well in 96-well plates per 100 𝜇L medium and treated
with 50 𝜇L of various concentrations of Neonauclea reticulata
extract dissolved in DMEM and a small amount of DMSO
for 24 h (the final concentration of DMSO was lower than
0.1%). The cytotoxic effect of Neonauclea reticulata extract on
cells exposed to UVB and on cells that were unexposed to
UVB irradiation was evaluated in cells that had been cultured
for 3 h in MTT solution. Metabolic activity was quantified
by measuring light absorbance at 570 nm (Tecan, Grodig,
Austria).
2.9. Fluorescence Assay of Intracellular ROS. This assay is
based on the use of an established nonfluorescent (DCFDA)/
fluorescent (DCF) system that measures the levels of ROS,
which are in turn responsible for the generation of fluorescence [12]. Hs68 cells were seeded in a 24-well plate at a density of 105 cells/well for 24 h, rinsed once with 0.5 mL PBS, and
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then exposed to UVB irradiation (302 nm, CL-1000 M, UVP,
USA). The UVB irradiation dose was 80 mJ/cm2 (exposure
time was about 30 seconds). After that, PBS was removed, and
then various concentrations of Neonauclea reticulata extract
(1, 5, 10, and 50 𝜇g/mL) that had been prepared in serumfree DMEM were added. Cells were then allowed to incubate
for 24 h at 37∘ C. The cells were then incubated for 30 min
in the presence of 10 𝜇M DCFDA. After that, the DMEM
was removed and the cells were washed twice with PBS.
The cells were then covered with PBS. Images were observed
under a fluorescence microscope (Leica DMIL, German),
and the fluorescence (emission 520 nm, excitation 488 nm)
was measured using a microplate reader (Thermo Electron
Corporation, Vantaa, Finland). The following equation was
used to calculate the relative fluorescence:
relative fluorescence (%) = (

𝐴 control − 𝐴 sample
𝐴 control

) × 100.
(3)

2.10. Immunoblot Analysis. Cells were harvested and homogenized with lysis buffer [7]. Equal amounts of protein were
separated on 10% SDS-PAGE gels and then transferred to
a PVDF membrane (Hybond ECL, Amersham Pharmacia
Biotech Inc., Piscataway, NJ, USA). Blots were blocked with
nonfat milk in TBS buffer containing 0.05% Tween 20
(TBST). The membrane was incubated overnight at 4∘ C with
specific antibodies. The antibodies comprised goat polyclonal
antibodies against MMP-1 (1 : 500) and type I procollagen
(1 : 500) and mouse polyclonal antibodies against MMP-3
(1 : 500), MMP-9 (1 : 500), ERK (1 : 500), JNK (1 : 500), p38
(1 : 500), p-ERK (1 : 500), p-JNK (1 : 500), and p-p38 (1 : 500)
(Santa Cruz Biotechnology, Inc.). The membranes were
washed with TBST, and the blots were then incubated with the
corresponding conjugated anti-immunoglobulin G-horseradish peroxidase (Santa Cruz Biotechnology Inc.). Immunoreactive proteins were detected with the ECL Western blotting
detection system (Fujifilm, LAS-4000). Signal strengths were
quantified using a densitometric program (multi Gauge
V2.2).
2.11. Measurement of Total Collagen Synthesis. Total collagen
synthesis in fibroblasts after UVB exposure was measured
by the Sircol soluble collagen assay kit (Biocolor Ltd., UK)
according to the manufacturer’s protocol. Briefly, cell culture
medium was mixed with Sircol dye reagent and incubated at
room temperature for 30 min. After centrifugation, ice-cold
acid-salt washing reagent was added to the precipitate, and
then the mixture was centrifuged. The precipitate was dissolved with Alka reagent, and the absorption was determined
at 555 nm by an ELISA reader (Tecan, Grodig, Austria).
2.12. Statistical Analysis. Results are expressed as mean ±
SD. Differences between groups were analyzed by ANOVA
followed by the Scheffe’s test. A 𝑝 value <0.05 was considered
to represent statistical significance.
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3.1. The Extraction Yield and Total Phenolic Content of
Neonauclea reticulata Preparations. The extraction yield of
Neonauclea reticulata leaves was 5.6% by methanol and 17.0%
by water. The total phenolic content in the extract was determined by the Folin-Ciocalteu method. The total phenolic
content, expressed as 𝜇g gallic acid equivalent per mg of dry
weight (Neonauclea reticulata leaves) was 24.2 ± 1.6 𝜇g/mg in
the water extract and 9.2 ± 0.6 𝜇g/mg in the methanol extract.

100

3.2. Fluorometric Analysis of the Inhibitory Effect of Neonauclea reticulata Preparations on Bacterial Collagenase-1. In
order to elucidate the inhibitory effect of Neonauclea reticulata extract on bacterial collagenase-1, fluorescence-conjugated gelatin was used, and the results were compared with
the positive control, namely, doxycycline hyclate (DC). In
this study, a fluorescence-conjugated substrate was incubated
with bacterial collagenase-1 for 20 h in the presence of different concentrations of water extract, methanol extract, or DC
at 37∘ C. The inhibitory effects of Neonauclea reticulata preparations (10–500 𝜇g/mL) were dose-dependent (Figure 1) and
the highest dose of Neonauclea reticulata extract (500 𝜇g/mL)
inhibited bacterial collagenase-1 expression in 90% of cells.
3.3. The Antioxidant Effect of
Neonauclea reticulata Preparations
3.3.1. Scavenging of DPPH Radicals. Figure 2(a) shows the
free radical (DPPH) scavenging activity of Neonauclea reticulata extract (10–100 𝜇g/mL) and ascorbic acid (50 𝜇g/mL).
Our results indicate that Neonauclea reticulata water and
methanol extracts exhibited DPPH radial scavenging activity
in a dose-dependent manner. The DPPH scavenging activity
was significant at 10 𝜇g/mL and was similar to that of ascorbic
acid at 50 𝜇g/mL (Figure 2(a)).
3.3.2. Erythrocyte Hemolysis Assay. According to the results
of the DPPH and MMP activity assays in a cell-free system,
the activity of the water extract of Neonauclea reticulata was
similar to those of methanol extract. Therefore, the water
extract of Neonauclea reticulata was determined using an
AAPH-induced erythrocyte hemolysis assay. The influence
of the Neonauclea reticulata extract on in vitro erythrocyte
hemolysis was examined by incubating rat erythrocytes in
the presence of 25 mM AAPH as an initiator of oxidation.
The Neonauclea reticulata extract exhibited a strong, dosedependent inhibitory effect at concentrations greater than
50 𝜇g/mL (50–500 𝜇g/mL) against erythrocyte hemolysis
when treated for more than 1.5 h (Figure 2(b)).
3.3.3. Peroxide Scavenging Assay. Peroxide is the primary
product of oxidation produced during the initial stage of
oxidation. The peroxide scavenging activities of Neonauclea
reticulata extract and ascorbic acid are shown in Figure 2(c).
The mean peroxide scavenging activity of various concentrations of Neonauclea reticulata extract (50, 100, 250, 500,
750, 1000, and 2000 𝜇g/mL) ranged from 5.1% ± 0.3% to

Inhibition (%)

3. Results
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80

∗∗∗

60
∗

∗∗

40
20
0
PG DC 10
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Figure 1: Collagenase fluorescence assay of methanol and water extracts of Neonauclea reticulata extract (1000 𝜇g/mL). Methanol and
water extracts of Neonauclea reticulata significantly reduced collagenase activity. (∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01; ∗∗∗ 𝑃 < 0.001).

99.6% ± 0.3% and that of ascorbic acid (1000 𝜇g/mL) was
98.5 ± 0.1%. The activity of Neonauclea reticulata extract was
similar to that of ascorbic acid at an equal concentration
(500 𝜇g/mL).
3.3.4. Fluorescence Assay of Intracellular ROS. DCFDA staining and fluorescence microscopy were used to qualitatively
characterize the degree of ROS generation. Fibroblasts were
exposed to UVB (80 mJ/cm2 ) and then incubated with 10 𝜇M
of DCFDA for 30 min in a 24-well plate. After removing
the DCFDA-containing medium, the cells were washed with
PBS and treated with Neonauclea reticulata extract for 24 h.
As shown in Figure 3, ROS levels were markedly higher
in UVB-exposed fibroblasts than in control cells; however,
this increase in ROS generation was attenuated in a dosedependent manner in UVB-exposed fibroblasts that had
been pretreated with various concentrations of Neonauclea
reticulata extract (1–50 𝜇g/mL).
3.4. Effect of Neonauclea reticulata Extract on the Cell Viability.
According to the results obtained in the cell-free system mentioned above, Neonauclea reticulata water extract was chosen
for the study in human foreskin fibroblasts (Hs68). Hs68 cells
were treated with various concentrations of Neonauclea reticulata extract, and cell viability was measured using the MTT
assay. As shown in Figure 4, the survival curve indicates that
Neonauclea reticulata extract (5–200 𝜇g/mL) did not exhibit
cytotoxic effects on the proliferation of cells. In addition, the
preparations at high concentration (>100 𝜇g/mL) stimulated
cell growth (140%).
3.5. Effects of Neonauclea reticulata Extract on UVB-Induced
Photoaging and the Effect of Neonauclea reticulata Extract on
Expression of MMPs and Type I Procollagen. UV irradiation
at a UVB dose of 40 mJ/cm2 resulted in overexpression of
MMPs and a decrease in type I procollagen synthesis in
untreated fibroblast cells (Figure 5). However, pretreatment
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Figure 2: Antioxidant effect of Neonauclea reticulata preparation on DPPH radical scavenging and AAPH-induced hemolysis (𝑛 = 6). (a)
Effects of methanol and water extracts of Neonauclea reticulata (10–100 𝜇g/mL) on DPPH radical scavenging. (b) Scavenging of hydrogen
peroxide by Neonauclea reticulata. (c) Time course inhibition of water extract of Neonauclea reticulata (10–100 𝜇g/mL) on AAPH-induced
hemolysis. Neonauclea reticulata preparations exhibited DPPH radial scavenging activity at doses higher than 50 𝜇g/mL. The IC50 of
Neonauclea reticulata extract on DPPH radical scavenging was 10.2 𝜇g/mL. The Neonauclea reticulata extract inhibited erythrocyte hemolysis
in a dose-dependent manner (10–50 𝜇g/mL). The IC50 of Neonauclea reticulata extract on AAPH-induced lysis of rat erythrocytes was
33.5 𝜇g/mL.

of cells with different concentrations of Neonauclea reticulata
before exposure to UVB (40 mJ/cm2 ) irradiation resulted in a
dose-dependent reduction in expression of MMP-1, -3, -9 in
cells (Figure 5). In addition, we found that UVB irradiation
resulted in underexpression of type I procollagen and that
pretreatment with Neonauclea reticulata extract did not result
in a significant increase in expression of type I procollagen
after exposure to UVB (Figure 5).
3.6. Effect of Neonauclea reticulata Extract on MAPK Expression. As shown in Figure 6, UVB (40 mJ/cm2 ) induced
the phosphorylation of p38, ERK, and JNK. The inhibitory

effect of Neonauclea reticulata extract (5–50 𝜇g/mL) on ERK
phosphorylation was dose-dependent (Figure 6), and the
effect was significant even at low doses (e.g., 5 𝜇g/mL).
Phosphorylation of p38 and ERK was suppressed in cells that
had been pretreated with Neonauclea reticulata extract, even
at low doses.
3.7. Pretreatment with Neonauclea reticulata Extract Attenuated UVB-Induced Reduction in Total Collagen Synthesis.
Fibroblasts were pretreated with Neonauclea reticulata extract
(1–50 𝜇g/mL) for 1 h, exposed to UVB, and then treated with
Neonauclea reticulata extract for 24 h. As shown in Figure 7,
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Figure 5: Effects of Neonauclea reticulata extract on UVB-induced
expression of MMP-1, -3, and -9 and type I procollagen in human
foreskin fibroblasts. Expression of MMPs increased and that of type
I procollagen decreased after UVB irradiation. Neonauclea reticulata
extract (5–50 𝜇g/mL) treatment attenuated this effect.
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100
80
60
40
20
0
0

5

10
50
(𝜇g/mL)

100

200

Figure 4: Viability (%) of human foreskin fibroblasts exposed
to Neonauclea reticulata extract. Neonauclea reticulata extract (5–
200 𝜇g/mL) did not exhibit cytotoxic effects on the proliferation of cells. In addition, the preparations at high concentration
(>100 𝜇g/mL) stimulated cell growth (150%) (∗∗∗ 𝑃 < 0.001).

Neonauclea reticulata extract treatment resulted in a dosedependent restoration of collagen.

4. Discussion
UVB irradiation of human skin fibroblasts induces the
expression of MMPs, which in turn degrades the extracellular
matrix (ECM), causing photoaging. Some investigators have,
therefore, focused on the development of MMP inhibitors as a
promising antiphotoaging strategy [2]. In our previous study,
we demonstrated that irradiation of human skin fibroblasts
with UVB caused a decrease in cell viability and type I
procollagen content and an increase in ROS production and
expression of MMPs [7, 8]. In this study, we found that
Neonauclea reticulata extract not only enhanced the proliferation of fibroblasts in a concentration-dependent manner
but also exhibited a protective effect against UVB-induced
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Figure 7: Effect of Neonauclea reticulata extract (NRW) on total collagen synthesis.

cytotoxicity. These results suggest that Neonauclea reticulata
extract is a promising antiphotoaging agent.
UVB-induced inflammation and the resulting accumulation of ROS play an important role in chronologically aged
and photoaged skin in vivo [13]. Studies have shown that
intracellular generation of ROS such as superoxide anion
(O2 − ), hydroxyl radical (OH∙ ), singlet oxygen (1 O2 ), and
hydrogen peroxide (H2 O2 ) lead to a state of cellular oxidative
stress and that said ROS generation is a key mediator in the
photoaging process [12, 14]. The mechanisms of action of
most natural product- and vitamin-based treatments that are
used for skin aging involve free radical scavenging. Studies
of numerous natural compounds from plant sources have
shown that their photoprotective effects are mediated by
their ability to quench ROS generation and prevent DNA
damage due to UVB irradiation [15, 16]. In addition, other
studies on natural products have reported that the high
polyphenol content in these products is responsible for
some of the biological activities observed in these plants.
Increased cellular levels of ROS can lead to cellular damage;
however, studies have shown that natural products with high
polyphenol content such as Coffea arabica, Terminalia catappa, and Emblica officinalis protect cells from such cellular
damage by scavenging ROS [7, 17–21]. In this study, we
found that Neonauclea reticulata extract, which is abundant
in polyphenols, is a natural antioxidant and that it protects
against photoaging. Polyphenols are good ROS scavengers
because they contain a large number of OH groups [22].
In this study, Neonauclea reticulata extract showed good
DPPH radical and peroxide scavenging activity and protected
against AAPH-induced erythrocyte hemolysis. In addition,
Neonauclea reticulata extract exhibited scavenging activity of
intracellular ROS produced by UVB irradiation, indicating
that Neonauclea reticulata extract is a potential candidate for
the prevention of aging and photoaging.
UV irradiation also enhances collagenase activity and
reduces the production of collagen, resulting in wrinkle
formation through degradation of the collagen in the dermal
extracellular matrix [6, 23]. Collagenase inhibitors have been
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identified as potential therapeutic candidates for antiphotoaging and prevention of wrinkle formation [24]. MMPs
cause an imbalance between collagen synthesis and degradation [5, 25]. UV irradiation induces MMP-1, MMP-3, and
MMP-9 expressions [6, 26]. MMP-1 initiates the degradation
of types I and III fibrillar collagens, MMP-9 further degrades
collagen fragments generated by collagenases, and MMP-3
activates pro-MMP-1 [27]. Our previous studies indicated
that Coffee arabica and Terminalia catappa extracts protect
against photoaging induced by UVB by inhibiting the MAPK
pathway and, hence, the expression of MMP-1, -3, and 9 [7, 18]. It had been reported that Melothria heterophylla
extract and esculetin isolated from Fraxinus chinensis inhibited UVB-induced expression of MMP-1 mRNA and protein
[28]. The results from our study indicate that Neonauclea
reticulata extract is not only a potent MMP inhibitor but
also inhibits MMP-1-induced degradation of types I and III
collagen. In addition, we found that Neonauclea reticulata
extract inhibited MMP-9 expression, thereby preventing the
degradation of collagen fragments generated by MMP-1 and
inhibited MMP-3 expression, which in turn resulted in a
reduction in pro-MMP-1 secretion. Our findings indicate that
Neonauclea reticulata extract promotes skin regeneration.
MAPK activation is not only involved in photoaging
but also plays a role in MMP production in fibroblasts.
We found that Neonauclea reticulata extract inhibited JNK,
ERK, and p38 activation. We speculate that the inhibition
of collagen degradation by Neonauclea reticulata extract is
related to its antioxidant activity, since the direct injury of
UVB in skin is due to ROS. We also found that Neonauclea
reticulata extract inhibits MAPK phosphorylation and causes
modulation of c-Fos expression. JNK and p38 modulate cFos expression, and c-Fos accompanied by c-Jun synthesizes
the transcription factor AP-1. The inhibition of ERK, JNK,
and p38 expression by Neonauclea reticulata extract may also
result in suppression of c-Fos and c-Jun expression, which
in turn would inhibit AP-1, MMP, and type I procollagen
expression. Based on our findings, we speculate that Neonauclea reticulata extract and its active components stimulate
the proliferation of fibroblasts and TGF-𝛽 secretion, activate
the signal transduction pathway of collagen synthesis, and
suppress UVB-induced AP-1 activation.

5. Conclusions
Neonauclea reticulata extract attenuated UVB-induced overexpression of MMP-1, -3, and -9 in fibroblasts by inhibiting UVB-induced MAPK activation (Figure 8). Our results
indicate that Neonauclea reticulata extract is a promising
antiphotoaging agent.
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Hepatitis B virus (HBV) infection accounts for over a half of cases of hepatocellular carcinoma (HCC), the most frequent malignant
tumor of the liver. HBV-encoded X (HBx) plays critical roles in HBV-associated hepatocarcinogenesis. However, it is unclear
whether and how HBx regulates the expression of epidermal growth factor receptor (EGFR), an important gene for cell growth.
Therefore, the study aimed to investigate the association between HBx and EGFR expression. In this study, we found that HBx
upregulates miR-7 expression to target 3 UTR of EGFR mRNA, which in turn results in the reduction of EGFR protein expression in
HCC cells. HBx-mediated EGFR suppression renders HCC cells a slow-growth behavior. Deprivation of HBx or miR-7 expression or
restoration of EGFR expression can increase the growth rate of HCC cells. Our data showed the miR-7-dependent EGFR suppression
by HBx, supporting an inhibitory role of HBx in the cell growth of HCC. These findings not only identify miR-7 as a novel regulatory
target of HBx, but also suggest HBx-miR-7-EGFR as a critical signaling in controlling the growth rate of HCC cells.

1. Introduction
Hepatocellular carcinoma (HCC), the third leading cause
of cancer-associated death worldwide, is a heterogeneous
and complex disease [1]. Chronic infections of hepatitis
virus, such as hepatitis B virus (HBV) and hepatitis C virus
(HCV), are known to contribute to the tumorigenesis in most
of HCC [2]. Particularly, HBV infection-associated HCC
accounts for over a half of HCC cases and is endemically

observed in Asia and Africa [3, 4]. HBV-associated hepatocyte transformation is attributed to inflammatory responses,
destruction and regeneration of hepatocytes, and pleiotropic
activities of HBV-encoded proteins [5]. When HBV-infected
insults are destroyed, hepatocyte regeneration is activated
for the replacement of damaged or destroyed hepatocytes by
replication of mature hepatocytes [6]. Similar to wound healing, deposition of extracellular matrix components occurrs
during liver regeneration and thereby causes liver fibrosis
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and cirrhosis [7]. In the potentially mutagenic environment
caused by continual inflammation, repeated proliferation of
hepatocytes and constant liver regeneration may eventually
be selected for transformed hepatocytes and could link HBV
infections to the development of HCC [6].
In addition to HBV-initiated immune and inflammatory
responses, HBV-encoded proteins per se may also regulate
proliferation and regeneration of hepatocytes by altering
multiple cellular signaling transduction pathways [8]. The
HBV genome contains four overlapping open reading frames
(ORFs), which encode pre-S1/pre-S2/S, viral polymerase,
HBV X protein (HBx), and pre-C/C, respectively. Among
them, the HBx protein is the smallest one with 154 amino
acids and is thought to make the most significant contribution to the development of HBV-associated HCC [9,
10]. However, the roles of HBx in proliferation, apoptosis,
and liver regeneration remain controversial. Results from
two studies using transgenic HBx mouse models reveal its
oncogenic function in enhancing tumor growth [11, 12].
Introduction of HBx into HCC cell lines can cause cells to
enter cell cycle through activation of Src kinase, Ras, and
MAPKs [13] or through induction of cyclin expression and
cyclin-dependent kinase activity [14]. Inhibition of apoptosis
by HBx by elevation of transcription factor nuclear factor
Kappa B (NF-𝜅B) has also been linked to the development
of HCC [15]. However, the results from several other HBxtransgenic mouse studies do not support the direct link
between HBx and tumorigenesis of HCC [16, 17]. In contrast,
an inhibitory activity of HBx in hepatoma cell growth has
been shown both in vivo and in vitro [18–21]. Inhibition of
proliferation via GSK-3𝛽/𝛽-Catenin cascade [21], induction
of apoptosis via releasing cytochrome c from mitochondria
[22], and inactivating FLICE inhibitor protein (c-FLIP) [23]
have been proposed for the antigrowth activity of HBx. To
develop a complete understanding of HBx-associated liver
disease and hepatocarcinogenesis, it will be important to
reconcile these apparently conflicting data.
Besides inflammatory mediators, such as interleukin-6
and interleukin-1, accumulating evidence indicates a critical
role of dysregulated growth and survival-related pathways in
HCC development [24]. Aberrant activation of Raf-MEKERK and PI3K-Akt pathways driven by epidermal growth
factor receptor (EGFR) is commonly observed and implicated in the tumor growth and progression of many human
cancer types, including HCC [25]. Moreover, activation of
EGFR signaling pathways via the overexpression of either its
cognate ligands or itself is strongly associated with the poor
prognosis of HCC [26, 27]. Interestingly, the poor prognosis
is particularly observed in HBV-infected HCC patients with
EGFR expression [27, 28]. Activation of oncogenic MAPK
and PI3K/Akt signaling pathways is also frequently observed
in HBx-expressing HCC cells [29, 30]. These observations
imply an association between EGFR and HBx in HBVassociated HCC. However, there is a lack of direct evidence
to prove the modulation of EGFR expression by HBx in
controlling cellular growth of HCC.
In this study, our data surprisingly reveal that HBx
decreases, but not increases, cell proliferation of HCC
cells by suppressing EGFR protein expression. Mechanically,
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targeting EGFR mRNA 3 UTR by upregulated microRNA7 (miR-7) in response to HBx accounts for the suppression
of EGFR protein level in HBx-expressing HCC cells. Our
data support the inhibitory role of HBx in the cell growth of
HBV-associated HCC through the miR-7-depednent EGFR
suppression.

2. Materials and Methods
2.1. Cell Culture. The human hepatocellular carcinomas
Hep3B, HepG2, and their derivatives with HBx expression
were cultured in Dulbecco’s modified eagle medium: nutrient
mixture F-12 (DMEM/F12) supplemented with 10% fetal
bovine serum.
2.2. Chemicals, Antibodies, and Reagents. The antibody
against EGFR was purchased from Santa Cruz (Santa Cruz,
CA), and the antibody against HBx was from Abcam
(Cambridge, UK). We purchased antibody against myc-tag
from Sigma-Aldrich (St. Louis, MO). The validated siRNAs
for negative control, HBx, miR-7 mimic, miR-7 inhibitor,
and DharmaFECT 1 transfection reagent were all from
Dharmacon (Lafayette, CO). We purchased TransIT-2020
transfection reagent from Mirus Bio LLC (Madison, WI). The
QuickGene RNA-cultured cell kit was from Kurabo (Osaka,
JP). The RevertAid H Minus First Strand cDNA synthesis
kit was purchased from Fermentas (Glen Burnie, MD). The
VeriQuest Fast SYBR Green qPCR Master Mix was from
Affymetrix (Cleveland, OH). TaqMan Probe qPCR Master
Mix was purchased from Roche (Indianapolis, IN).
2.3. Transfection and Reporter Gene Assay. The luciferase
reporter gene containing full-length 3 UTR of the miR-7targeting human EGFR gene was a gift from Dr. Keith Giles
(Western Australian Institute for Medical Research). Cells
with 60–80% of confluence were transfected with 0.5 𝜇g of
EGFR-3 UTR luciferase plasmid along with or without different doses of myc-HBx expression vector by using TransIT2020 transfection reagent according to the manufacturer’s
instruction. After 48 hrs of transfection, cells lysates were
harvested and subjected to luciferase assay system. Luciferase
activity was normalized to 𝛽-gal. For siRNA/microRNA
transfection, cells with 60–80% of confluence were transfected with various siRNAs by using DharmaFECT 1 transfection reagent. Cells were harvested at indicated time points
and subjected to further experiment.
2.4. Reverse Transcription-Quantitative Polymerase Chain
Reaction (RT-qPCR). Total RNA was extracted by using
QuickGene RNA-cultured cell kit according to the manufacture’s instruction. One 𝜇g of RNA was subjected to
reverse transcription with the RevertAid H Minus First
Strand cDNA synthesis kit. The qPCR analysis of EGFR
and HBx mRNA expressions was performed on ABI 7500
system (Applied Biosystems) by using VeriQuest Fast SYBR
Green qPCR Master Mix and was normalized to GAPDH
or actin expression. The qPCR analysis of miR-7 expression
was performed on LightCycler 480 System (Roche) by using
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TaqMan Probe qPCR Master Mix and was normalized to the
expression of small RNA (U47).
2.5. Cell Growth Assay. Cell growth was measured in MTT,
cell counting, and crystal violet staining assays. For MTT
assay, cells (2–5 × 103 cells/well) were seeded in 96-well plates
for indicated time periods, and then 1 𝜇g/mL MTT was added
to each well. After 4-hour incubation, formazan was solubilized in 100 𝜇L DMSO/well and the absorbance was measured
at 570 nm. For cell counting, cells were trypsinized and relative cell amounts were counted by using Countess Automated
Cell Counter (Invitrogen, Carlsbad, CA). For crystal violet
staining, cells were seeded with the same amount at the beginning. Five to seven days later, relative cell amounts were determined by crystal violet staining. In brief, cells were washed
with 1X PBS once, followed by fixation, and staining with 1%
crystal violet in a solvent of 30% ethanol for 15–30 minutes at
room temperature. Then, cells were washed with tape water
till complete elimination of the background interfered.

3. Results
3.1. The Protein Level of EGFR Was Attenuated in Response to
HBx Expression in HCC Cells. To investigate the regulatory
roles of HBx in EGFR expression, the protein levels of EGFR
in Hep3B and HepG2 HCC cell lines and in their HBx-stable
transfectants, Hep3Bx and HepG2x cells, were examined
by Western blot analysis. Unexpectedly, we found that the
protein level of EGFR was obviously reduced in both HBxexpressing Hep3Bx and HepG2x cells as compared with their
counterpart Hep3B and HepG2 cells (Figure 1(a)). To rule
out the possibility of the EGFR attenuation due to the effects
of clonal selection, we transiently enforced HBx expression
into Hep3B cells and analyzed EGFR protein expression. As
shown in Figure 1(b), the EGFR protein level was decreased
by the enforced HBx expression in Hep3B cells. In support
to these findings, silencing of HBx with siRNA could restore
EGFR protein level in Hep3Bx cells (Figure 1(c)). Taken
together, these results indicate an inhibitory effect of HBx on
EGFR protein expression in HCC cells.
3.2. The 3 UTR Activity of EGFR Was Reduced by HBx in
HCC Cells. We next addressed the molecular mechanisms of
HBx-mediated EGFR suppression. Since the regulations of
gene expression by HBx have been widely reported [31–33],
we first examined whether HBx reduces EGFR protein
expression through transcriptional regulation. However, the
mRNA level of EGFR was comparable in Hep3B and Hep3Bx
cells (Figure 2(a), left panel) and was even slightly higher in
HepG2x cells than in HepG2 cells (Figure 2(a), right panel),
suggesting that HBx suppresses EGFR expression through
posttranscriptional regulation. It is well documented that
EGFR is subjected to polyubiquitination by Cbl and proceeds
to endocytosis, followed by lysosomal degradation upon
binding with ligands [34, 35]. In addition, the regulation
of EGFR activity has been reported to involve proteasomal
degradation with unclear molecular mechanisms [36, 37].
We thus examined whether HBx affects EGFR protein
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expression via these degradation pathways. To this end,
both lysosomal and proteasomal inhibitors were applied. As
shown in Figure 2(b), however, neither lysosomal inhibitors
(bafilomycin A1 and NH4 Cl) nor proteasomal inhibitors
(MG132 and bortezomib) could restore the EGFR protein
expression in Hep3Bx cells, suggesting that the HBx-reduced
EGFR protein expression is not mediated by enhanced
receptor degradation. Moreover, enforced expression of
HA-HBx into Hep3B cells did not affect the myc-EGFR
protein expression, which is driven by heterologous CMV
promoter (Figure 2(c)). These results further indicate that
HBx has no effect on both promoter activity and protein
stability of EGFR.
It is well known that microRNA (miRNA) targets the
3 UTR of mRNA to inhibit protein translation [38]. HBx
was recently reported to enhance HCC progression via
deregulating miRNA expression [39]. These observations and
our results of Figures 2(a)–2(c) led us to further investigate whether HBx affects 3 UTR activity of EGFR mRNA
through induction of miRNAs. Accordingly, the luciferase
gene constructed with full-length 3 UTR of human EGFR
gene was employed. As shown in Figure 2(d), the 3 UTR
activity of EGFR in Hep3Bx cells was lower than that in
Hep3B cells. Moreover, when the myc-HBx expression was
enforced into cells, we observed an attenuation of 3 UTR
activity of EGFR by myc-HBx in a dose-dependent manner
(Figure 2(e)). Collectively, these results suggest that HBx
suppresses EGFR protein expression through targeting its
3 UTR activity.
3.3. HBx Upregulated miRNA-7 (miR-7) Expression to Reduce
EGFR Protein Level in HCC Cells. The mechanism underlying the regulation of EGFR 3 UTR activity by HBx was
further explored. It is well documented that miR-7 plays
critical roles in the downregulation of EGFR expression
in many cancer types [40–43]. The dysregulation of miR7 leading to HCC progression is also reported by Fang
et al., more recently [44]. Thus, we clarified whether HBx
upregulates miR-7 expression to target 3 UTR of EGFR
mRNA and in turn leads to the attenuation of EGFR protein
level. First, we examined the expression of miR-7 in both
Hep3B/Hep3Bx and HepG2/HepG2x cell pairs. As shown
in Figure 3(a), both Hep3Bx and HepG2x cells presented a
higher expression level of miR-7 than their counterparts. To
confirm the induction of miR-7 expression by HBx, HBx
gene silencing with siRNA was applied. We found that the
miR-7 expression in Hep3Bx cells was inhibited by HBx
siRNA (Figure 3(b)), supporting that HBx suppresses EGFR
protein level through inducing miR-7. That is, adjustment of
miR-7 expression could modulate the protein level of EGFR
presented in HCC cells. Indeed, when miR-7 expression
was enforced into Hep3B cells, EGFR protein level was
decreased (Figure 3(c), compared lane 2 with lane 1). On the
contrary, when miR-7 expression was deprived from Hep3Bx
cells by using miR-7 inhibitor, the EGFR protein expression
was increased (Figure 3(c), compared lane 4 with lane 3).
Altogether, these results indicate that HBx upregulates miR-7
expression to downregulate the protein level of EGFR.
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Figure 1: The protein expression of EGFR was attenuated in response to HBx expression in HCC cells. (a) The protein expressions of EGFR,
HBx, and Tubulin in HCC cells were analyzed by Western blot. Tubulin acts as an internal control. (b) Hep3B cells were transiently transfected
with myc-HBx expression vector for 48 hrs. EGFR protein expression was examined by Western blot. (c) Hep3Bx cells were transiently
transfected with si-control or si-HBx for 3 days. The gene silencing for HBx mRNA was determined by RT-qPCR. Under the condition,
EGFR protein expression was also analyzed by Western blot. Statistical analysis was performed by Student’s 𝑡-test. ∗ 𝑃 < 0.05 as compared to
the control group.

3.4. The miR-7-Dependent EGFR Suppression by HBx Slows
Down Cell Growth in HCC. Our above results led us to
further investigate the impact of HBx-mediated EGFR suppression on HCC. It is known that EGFR signaling is a
strong mitogenic stimulator for cell proliferation, and a slow
cell growth is expectable when EGFR expression is reduced.
Therefore, we examined the growth curve in both HCC
cells lines and their HBx-expressing derivatives. As expected,
HCC cells with HBx expression, including Hep3Bx and
HepG2x cells, showed a retarded growth rate as compared
with their counterparts (Figure 4(a)). Consistently, HBxexpressing Hep3B cells exhibited a delayed cell cycle as
evidenced by the increased cell accumulation in G0/G1 phase
(Figure S1(a), see in Supplementary Material available online
at http://dx.doi.org/10.1155/2013/682380) and longer duration
of S phase (Supplementary Figure S1(b)) when compared with
their counterparts. Moreover, the cell number was increased
in Hep3Bx cells after HBx expression was silenced by siRNA
for 4 days (Figure 4(b)). These results suggest that HBx may
slow down HCC proliferation through downregulation of
EGFR expression in a miR-7-dependent manner. Indeed,

introduction of miR-7 inhibitor (Figure 4(c)) or myc-EGFR
(Figure 4(d)) into Hep3Bx cells could significantly increase
the cell growth as determined by crystal violet staining.
Collectively, these results indicate that the miR-7-dependent
EGFR suppression by HBx reduces cell growth of HCC.

4. Discussion
In this study, our data showed downregulation of EGFR
protein level by HBx in HCC cells (Figure 1). As a consequence, it rendered HCC cells with HBx expression to display
a phenotype of slow growth (Figure 4), which is consistent
with the previous findings that HBx plays an inhibitory role
in the HCC cell growth both in vivo and in vitro [18, 20,
21, 45–47]. In contrast, HBx has been proposed to positively
regulate cell proliferation and metastatic ability of HCC
tumor cells [48]. There also has been considerable confusion
regarding both proapoptotic and antiapoptotic functions of
HBx mediated by p53-dependent and -independent manners
during hepatocarcinogenesis [49, 50]. The differences in cell
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Figure 2: The 3 UTR activity of EGFR was reduced by HBx in HCC cells. (a) The mRNA expression of EGFR in HCC cells was examined by
RT-qPCR. The EGFR mRNA expression was normalized to actin expression. (b) Hep3Bx cells were treated with either lysosomal inhibitors
(bafilomycin A1 and NH4 Cl) or proteasomal inhibitors (MG132 and bortezomib) for 6 hrs. EGFR protein expression was analyzed by Western
blot. (c) Hep3B cells were transiently transfected with myc-EGFR expression vector along with or without HA-HBx plasmid for 48 hrs.
The protein expression of myc-EGFR was examined by Western blot with anti-myc antibody. (d) Hep3B and Hep3Bx cells were transiently
transfected with EGFR-3 UTR luciferase plasmid for 48 hrs. Total cells lysates were harvested for luciferase activity analysis. The luciferase
activities were normalized to 𝛽-gal. Values of luciferase activity were means ± SE of three determinations. Statistical analysis was performed
by Student’s 𝑡-test. ∗ 𝑃 < 0.05 as compared to Hep3B cells. (e) Human embryonic kidney HEK293 cells were transiently transfected with
EGFR-3 UTR luciferase plasmid as well as different doses of myc-HBx expression vector for 48 hrs. Total lysates were harvested for luciferase
activity analysis. The luciferase activities were normalized to 𝛽-gal. Values of luciferase activity were means ± SE of three determinations.
Statistical analysis was performed by Student’s 𝑡-test. ∗ 𝑃 < 0.05; ∗∗∗ 𝑃 < 0.001 as compared to control group.
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Figure 3: HBx upregulated miR-7 expression to reduce EGFR protein level in HCC cells. (a) The miR-7 expression in HCC cells was examined
by RT-qPCR. The miR-7 expression was normalized to small RNA U47 level. Statistical analysis was performed by Student’s 𝑡-test. ∗∗ 𝑃 < 0.01;
∗∗∗
𝑃 < 0.001 as compared to individual parental cells. (b) Hep3Bx cells were transiently transfected with si-control or si-HBx for 3 days. The
miR-7 expression was analyzed by RT-qPCR. The miR-7 expression was normalized to small RNA U47 expression. Statistical analysis was
performed by Student’s 𝑡-test. ∗∗ 𝑃 < 0.01 as compared to control group. (c) Hep3B and Hep3Bx cells were transiently transfected with miR-7
mimic or miR-7 inhibitor, respectively. Four days later, the EGFR protein expression was analyzed by Western blot.

contexts and experimental condition used in a particular
system may explain these conflict observations [5].
Of note, carboxy-terminal (C-terminal) truncation of
HBx is frequently observed in HCC patients with HBV infection [51, 52]. It has further been observed that overexpression
of C-terminal truncated HBx leads to cell growth of HCC
[19, 46], suggesting an inhibitory role of carboxy-terminal
domain of HBx in controlling cell proliferation. Consistently,
overexpression of centromere protein A (CENP-A), a protein
required for chromosome segregation in mitosis, has been
found to be closely associated with HBx carboxy-terminal
mutation in HCC [53]. The enhancement of proliferation
and cyclin D1 expression by HBx carboxy-terminal deletion
mutant (deleted at nucleotide 382–400) in LO2 hepatocyte
cells further supports the inhibitory role of C-terminal
domain of HBx in controlling cell proliferation [54]. The HBx
used in this study is full-length and does not contain this
deletion, raising the possibility that C-terminal domain of
HBx may be responsible for HBx-mediated EGFR suppression. Since it has been shown that HBx-mediated regulation
of NF-𝜅B activity varies depending on the residues of HBx
point mutations [55], it is also worthy to explore in the further
studies whether any point mutation in HBx determines its
ability to suppress EGFR expression.

Dysregulation of miRNA expression has been widely
observed in HCC [56, 57]. Wang et al. first demonstrate that
HBx can regulate miRNA expression [39]. Several studies
also explore the pathological functions of aberrant miRNA
expression in HCC in response to HBx [29, 58–60]. Our data
further revealed that the molecular mechanism underlying
HBx-mediated EGFR suppression is due to the induction of
miR-7, which can bind to and target EGFR 3 UTR, leading
to the downregulation of EGFR protein level (Figures 2 and
3). Disruption of the miR-7-EGFR regulatory trait increases
the growth rate of HBx-expressing HCC cells, suggesting
that HBx induces miR-7 to reduce EGFR expression and cell
growth (Figure 4). In consistence with our findings, dysregulated miR-7 is recently detected in tumor tissues from HCC
patients and functions in suppressing cell growth by targeting
Akt/mTOR, a survival signaling pathway downstream of
EGFR [44]. Indeed, overexpression of miR-7 resulted in the
attenuation of Akt activity (Supplementary Figure S2) and it
is frequently reported to have an inhibitory effect on tumor
growth in various cancer types [44, 61–63], supporting the
tumor suppressive roles of miR-7.
Although the induction of miR-7 by HBx was demonstrated for the first time in this study, further investigations
remain to understand the underlying regulatory mechanism.
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Figure 4: The regulatory trait of HBx-miR-7-EGFR conferred HCC cells a slow growth behavior. (a) The growth curves of Hep3B, HepG2, and
their derivatives were determined by MTT assay. Statistical analysis was performed by Student’s 𝑡-test. ∗ 𝑃 < 0.05; ∗∗ 𝑃 < 0.01 as compared to
individual parental cells. (b) Hep3Bx cells were transiently transfected with si-control and si-HBx for 4 days. These cells were then trypsinized
for cell number counting. Statistical analysis was performed by Student’s 𝑡-test. ∗∗ 𝑃 < 0.01 as compared to control group. (c) Hep3Bx cells
were transiently transfected with or without miR-7 inhibitor for 1 day. Cells were reseeded at the same amount between groups and allowed
for growth. The growth rate was determined by crystal violet staining. Total RNA was also collected for examination of miR-7 expression
by RT-qPCR. (d) Hep3Bx cells were transiently transfected with or without myc-EGFR expression vector for 1 day. Similar procedures as
described in (c) were performed. The protein expression of myc-EGFR was examined by Western blot.
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In addition to being targeted by miR-7, EGFR has also been
reported to induce miR-7 transcription relying on its tyrosine
kinas activity [64], suggesting miR-7 as a negative feedback
regulator of EGFR expression. However, our data showed that
miR-7 is constitutively increased in stable HBx-expressing
cells even if EGFR expression is attenuated, indicating that
other mechanisms rather than EGFR signaling mediate HBxinduced miR-7 expression. Interestingly, induction of miR7 is selectively found in differentiating neuronal progenitor
cells with overexpression of IKK𝛼, an upstream kinase for
activation of NF-𝜅B [65]. HBx has been widely found to
interact with NF-𝜅B to regulate gene expressions involved
in the HCC pathogenesis [31–33]. Our previous findings
also showed that IKK𝛼 is activated by HBx and translocates
into the nucleus to function as a chromatin modifier for
gene transcription. These observations raise the possibility
that HBx may induce miR-7 expression through IKK/NF-𝜅B
and nuclear IKK𝛼 signaling pathways in HCC cells, which
deserves further investigations.

5. Conclusion
This study linking viral regulatory protein HBx to EGFR
suppression reveals an inhibitory role of HBx in the cell
growth of HCC. HBx increases the expression of miR-7
and subsequently leads to the attenuation of EGFR protein
expression, which reflects a slow-growth phenotype of HBxexpressing HCC cells. Our findings not only identify that
miR-7 is a novel regulatory target of HBx, but also enhance
the understandings of the pleiotropic roles of HBx in HBVassociated HCC.
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Previous studies have shown the electromagnetic stimulation improves bone remodeling and bone healing. However, the effect
of percutaneous electrical stimulation (ES) was not directly explored. The purpose of this study was to evaluate effect of ES on
improvement of bone repair. Twenty-four adult male Sprague-Dawley rats were used for cranial implantation. We used a composite
comprising genipin cross-linked gelatin mixed with tricalcium phosphate (GGT). Bone defects of all rats were filled with the GGT
composites, and the rats were assigned into six groups after operation. The first three groups underwent 4, 8, and 12 weeks of ES,
and the anode was connected to the backward of the defect on the neck; the cathode was connected to the front of the defect on
the head. Rats were under inhalation anesthesia during the stimulation. The other three groups only received inhalation anesthesia
without ES, as control groups. All the rats were examined afterward at 4, 8, and 12 weeks. Radiographic examinations including
X-ray and micro-CT showed the progressive bone regeneration in the both ES and non-ES groups. The amount of the newly formed
bone increased with the time between implantation and examination in the ES and non-ES groups and was higher in the ES groups.
Besides, the new bone growth trended on bilateral sides in ES groups and accumulated in U-shape in non-ES groups. The results
indicated that ES could improve bone repair, and the effect is higher around the cathode.

1. Introduction
Trauma, infection, tumor resection, or skeletal abnormalities
can cause bone defects of various shapes and sizes. Many
methods have been applied to accelerate bone repair [1, 2].
Autografting from a tibia, fibula, iliac crest, or rib is a popular
procedure but has many drawbacks such as the short supply
and possible damage to the donor site. Allografting avoids
these donor site problems; however, allografting has risks of
immunoreaction and disease transmission [3–6]. Metal bone
substitutes such as stainless steel and titanium alloys may
damage the contacted normal bone and lead to inflammation
from toxic ion release [1]. Bioactive ceramics, such as hydroxyapatite (HA) and tricalcium phosphate (TCP), demonstrate
good biocompatibility and osteoconductive potential. Furthermore granular TCP is biodegradable [7]. In a previous

study, we developed a novel composite comprising genipin
cross-linked gelatin mixed with tricalcium phosphate (GGT),
which is biocompatible, osteoconductive, biodegradable, and
malleable [7–10]. Electromagnetic stimulation improves bone
remodeling and bone healing [11–13]. Several studies have
used techniques such as direct current (DC), capacitive
coupling (CC), and pulsed electromagnetic field (PEMF)
to stimulate bone healing. However, DC results in damage
during operation; CC might cause skin hypersensitivity;
and PEMF leads to the time redundant because of its time
dependence [14–16]. Bone regeneration relies heavily on
angiogenesis because the transportation of nutrients, oxygen,
and stem cells is closely related to blood vessels [3, 17, 18].
Based on previous successful studies, the percutaneous electrical stimulation (ES) using 2 Hz and 2 mA is beneficial for
angiogenesis [19, 20]. We hypothesized that the percutaneous
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electrical stimulation could accelerate the bone regeneration.
The evaluation of percutaneous electrical stimulation for
improving bone repair was investigated in present study.

2. Materials and Methods
2.1. Implant Material Preparation. Type A gelatin (Bloom
number 300, Sigma Chemical Co., Saint Louis, MO, USA)
with a mass of approximately 50,000–100,000 Dalton was
extracted and purified from porcine skin. A homogeneous
18% gelatin solution was made by dissolving 9 g of gelatin
powder in 41 mL of distilled water in a water bath at 70∘ C.
While the gelatin solution was cooling to 50∘ C, a 20% genipin
solution (Challenge Bioproducts Co., Taichung, Taiwan) was
added to the gelatin solution to induce cross-linking reactions
at a constant temperature. After stirring for 2 min, tricalcium
phosphate, Ca3 (PO4 )2 , ceramic particles (Merck, Germany)
with grain sizes of 200–300 𝜇m were mixed into the gelatingenipin mixture. With an inorganic/organic ratio equivalent
to that in natural bone, the weight ratio of the TCP and gelatin
in the composite was 3 : 1 [7, 8, 10]. The GGT composites
were manually cut and shaped to a diameter of 8 mm and a
thickness of 1.5 mm. All samples were frozen at −80∘ C for 24 h
and then dried in a freeze dryer for another 24 h.
2.2. Surgical Procedure. Twenty-four adult male SpragueDawley rats weighing 280–300 g were used as experimental
animals for cranial implantation. The animals were kept in
a stable following the national animal care guidelines. Prior
to the beginning of the study, the protocol was approved by
the Institutional Animal Care and Use Committee (IACUC)
of China Medical University. All animals were anesthetized
by the inhalation of isoflurane (Abbott, Taiwan). The head of
each rat was shaved and prepared for surgery in an aseptic
animal operation room. The head skin was incised in a Tshape. Next, the overlying parietal periosteum was excised.
A circular (8 mm in diameter), full-thickness defect of the
parietal bone was created with a drilling burr on a slowspeed dental handpiece; neither the dura nor the superior
sagittal sinus was violated. All of these defects in the rats were
then filled with the GGT composites. After each operation,
the periosteum was closed with 5-0 vicryl, and the skin was
sutured with 3-0 black silk [7, 21].
2.3. Percutaneous Electrical Stimulation Procedure. Percutaneous electrical stimulation using 2 Hz and 2 mA was applied
in this study based on previously successful studies [19, 20].
Two points at a distance of 14 mm on the midline of the
head, which were 3 mm ahead of and behind the defect, were
selected for ES. After the operation, the rats were divided
into six groups, with four rats each. The first three groups
underwent 4, 8, and 12 weeks of percutaneous electrical
stimulation (15 min/time, 3 times/week, and separated by
an interval of at least one day) with stainless steel needles
(0.27 mm OD, 13 mm length, Ching Ming, Taiwan) in the
insertion depth of 2 mm and a stimulator (Trio 300; Ito,
Tokyo, Japan). The anode was connected to a point on the
back of the neck; the cathode was connected to a front

Figure 1: shows how the electrodes were positioned. The anode
was connected to a point on the back of the neck; the cathode was
connected to a front point on the head.

(a)

(b)

Figure 2: This figure represents the gross examination. (a) illustrates
that there was no wound infection, scalp effusion, hematoma, festers
or disturbed wound healing at the surgical site of the calvarial bone.
No gaps between the GGT composite and the peripheral osseous
tissues were noted, and no GGT composite was extruded. (b) shows
that the brain tissues underlying the implantation site did not display
any evidence of cortical inflammation, scar formation, or necrosis.

point on the head, as illustrated in Figure 1. During each
stimulation, the rats were under inhaled anesthesia. The other
three groups, as control groups, only received inhalation
anesthesia without percutaneous electrical stimulation. All
the rats were examined afterward at 4, 8, and 12 weeks.
2.4. Harvesting, Radiomorphometry, and Histomorphometry of Tissue. The bone defect regeneration was evaluated
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Figure 3: This figure shows the X-ray images. The top of each image corresponds to the front part of the rats, where the cathode is connected,
and the bottom is the back part, where the anode is attached. (a), (c), and (e) display the results of the ES groups after 4, 8, and 12 weeks
of bone repair, respectively. (b), (d), and (f) show the corresponding images of the control groups, in which non-ES was performed. In the
ES groups, the new bone mostly formed on bilateral sides, whereas the new bone was U-shape in the non-ES groups (NB: new bone; GGT:
genipin cross-linked gelatin mixed with tricalcium phosphate).

radiographically and histologically. Using a micro-CT scanner (SkyScan-1076, Aartselaar, Belgium) and with inhalation
anesthesia, each group of animals was examined 4, 8, and
12 weeks after individual percutaneous electrical stimulation.
The contrast between the gray levels of the implanted material
and the new bone tissue was enhanced. The volume of newly
formed bone was evaluated by counting the number of voxels

using ImageJ (National Institutes of Health, USA). Next, 3D
images of the new bone were obtained using Amira (Visage
Imaging GmbH, Berlin, Germany) to evaluate the growth
trend.
Anesthetized animals were sacrificed in a carbon-dioxide-filled box 4, 8, and 12 weeks after the operation. The
craniectomy sites, along with 2-3 mm of contiguous bone,
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Figure 4: This figure shows that the percentage of bone regeneration
in the rats is significantly higher in the ES groups than in the nonES groups. The bone regenerated appreciably from 4 to 8 weeks and
from 8 to 12 weeks.

were removed from each skull after the animal was sacrificed.
Specimens were promptly placed into phosphate-buffered
10% formalin and prepared for further analysis. After 24 h
of fixation, the specimens were radiographed in a cabinet
X-ray machine (MGU 100A, Toshiba Company), using a
high contrast X-ray film at 23 keV and 12.5 mA. The craniectomy site radiographs were analyzed using a semiautomatic
histomorphometric method, and the regenerated bone was
quantitatively evaluated as the percentage of infill area.
Using an image analyzer system (Image-Pro Lite, Media
Cybernetics, Silver Spring, MD, USA), a satisfactory contrast
was achieved between the implanted materials and the new
bone tissue by operator selection of a gray level sensitivity
standard that was consistent for all treatments. The amount of
newly grown bone tissue was calculated by moving a cursor
on the digitizing plate, which was visible as a projection over
the histological field, and this amount was expressed as a
percentage of the ingrowth bone tissue in the created bone
defect.
All of the calvarial specimens were subsequently decalcified in a solution of formic acid (10%) for 1-2 weeks and
then immersed in sodium sulfate overnight. The specimens
were dehydrated in a graded series of ethanol and then
embedded in a tissue freezing medium (OCT). Axial sections
of the decalcified bone and implants (10 𝜇m thickness each)
were prepared and stained with hematoxylin and eosin
(H&E). To observe the relationship between the electrodes
and osteoblasts or osteoclasts, longitudinal sections of other
specimens (10 𝜇m thickness each) were arranged and stained
with either alkaline phosphatase (ALP) stain or tartrate
resistant acid phosphatase (TRAP). Photomicrographs of
these sections were obtained using light microscopy.

2.5. Statistical Analysis. All numerical data were presented as
the mean ± one standard deviation. Significant differences
among the samples were evaluated using Student’s 𝑡-test

3.1. Gross Examination. All animals in both the experimental
and control groups survived for the entire experimental
period without any local or general complications. There was
no wound infection, scalp effusion, hematoma, festers, or
disturbed wound healing at the surgical site of the calvarial
bone. The results reveal that the GGT composite did not
lead to histopathology or exhibit poor biocompatibility with
the peripheral osseous tissues. No gaps between the GGT
composite and the peripheral osseous tissues were noted, and
no GGT composite was extruded (Figure 2(a)). The findings
indicate that the GGT composite not only was easily molded
to the calvarial bone defect without any fixation but also
cohered strongly to the peripheral osseous tissues. However,
cytotoxic implants may harm the underlying brain tissues
because they were implanted in the calvarial bone defect
and were in direct contact with brain tissue. To determine
whether the brain tissue exhibited any abnormality, the calvarial bone covering implant was removed from the implantation site. The brain tissues underlying the implantation site
did not display any evidence of cortical inflammation, scar
formation, or necrosis (Figure 2(b)). The results revealed
that the GGT composites did not cytotoxically affect the
underlying brain tissue.
3.2. X-Ray Radiographic Analysis. Gross examination does
not determine whether the newly formed osseous tissues
were completely calcified new bones. Therefore, X-ray radiographs were obtained for further analysis. The performance
both with and without ES in repairing the calvarial bone
defect was evaluated to determine the efficacy of ES in
accelerating the healing of defective bones. Figure 3 presents
the radiographs of calvarial bone-covered implants 4, 8 and
12 weeks after the GGT composites were implanted into
the calvarial bone defect. The three pictures in the left row
show the ES groups, and those in the right row show the
non-ES groups. In the non-ES groups, four weeks after
surgery, the newly formed bone did not evidently grow into
the GGT construct (Figure 3(b)); eight weeks after surgery,
the implantation site had some radiopaque material in the
GGT construct (Figure 3(d)); twelve weeks after surgery,
the amount of radiopaque material in the GGT construct
exceeded that in the radiograph obtained after 8 weeks
(Figure 3(f)). The three pictures revealed that the new bone
formation tended to grow in a U-shape in the non-ES groups.
In the ES groups, the radiographs obtained four weeks after
surgery displayed more radiopacity than those in the nonES groups (Figure 3(a)). The radiograph obtained eight weeks
after surgery showed the same pattern, and the newly formed
bone accumulated on bilateral sides (Figure 3(c)). These
two characteristics were more prominent in the 12-week
radiograph. The newly formed bone replaced more GGT
composite, and the area of the calvarial bone defect became
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Figure 5: This figure shows the 3D images of the new bone. The top of each image corresponds to the front part of the rats, where the cathode
is connected, and the bottom is the back part, where the anode is attached. (a), (c), and (e) display the results of the ES groups after 4, 8, and
12 weeks of bone repair, respectively. (b), (d), and (f) are the corresponding images of the control groups, in which non-ES was performed.
In the ES groups, the new bone mostly formed on bilateral sides, whereas the new bone was U-shape in the non-ES groups.

much smaller in comparison with the 4-week and 8-week
radiographs. In addition, the trend for the new bone to grow
on bilateral sides was more pronounced (Figure 3(e)).
The new bone formation became more obvious as the
time between implantation and examination increased. Additionally, the radiographs clearly reveal that the calvarial
bone defect was repaired gradually and that the GGT
composite degraded progressively. Figure 4 shows the percentage of newly formed bone to calvarial bone defect in
each implantation-examination period for both groups with
or without ES. The data showed augmentation in the areas
of newly formed bone with time. For each implant period,
the percentage of bone regeneration in the ES groups was
markedly higher than that in the non-ES groups. Figure 4 and
the serial postsurgery radiographs in Figure 3 exhibit progressive wound healing. The GGT composite biodegraded,
and new bone infiltrated into the implant construct over

time. Although the area of newly formed bone increased
with implantation-examination time in the non-ES groups,
it remained lower than that in the ES groups.

3.3. Three-Dimensional Micro-CT Radiographic Analysis. A
new three-dimensional (3D) method, micro-CT, was applied
to evaluate the amount of new bone formation. Bone repair
in both the ES and non-ES groups were evaluated. Figure 5
displays the images of newly formed bone 4, 8, and 12 weeks
after the GGT composites were implanted. The three pictures
in the left row show the ES groups, and those in the right row
show the non-ES groups.
In the non-ES groups, four weeks after surgery, some
newly formed bone evidently grew into the GGT construct
(Figure 5(b)); eight weeks after surgery, the implantation
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Figure 6: This figure shows transverse histological sections of calvarial defect 12 weeks after implantation with H&E stain. (a) displays the
result of bone repair in the ES group. (b) shows the corresponding event for the control groups, in which non-ES was performed. The amount
of bone regeneration in the rats is higher in the ES group than in the non-ES group (ITF: interface; NB: new bone; HB: host bone; FBC:
foreign body capsule; original magnification: 40).

site contained more new bone in the GGT construct (Figure 5(d)); twelve weeks after surgery, the amount of bone
regeneration in the GGT construct exceeded that in the
radiograph obtained after 8 weeks (Figure 5(f)). The three
pictures also showed a U-shape trend in the new bone
formation in the non-ES groups.
The images obtained four weeks after surgery displayed
a larger amount of new bone formation in the ES groups
than in the non-ES groups (Figure 5(a)). The radiograph
obtained eight weeks after surgery showed the same pattern,
and the newly formed bone accumulated on bilateral sides
(Figure 5(c)). These two observations were more pronounced
in the 12-week radiograph. The newly formed bone occupied
a larger volume of the calvarial bone defect than in the 4-week
and 8-week radiographs. The trend of the new bone to grow
on bilateral sides was more obvious (Figure 5(e)).
Table 1 shows the volume of newly formed bone for both
the ES and non-ES groups for each implantation period.
The volume of newly formed bone gradually increased
with time. For each implant period, the volume of bone

Table 1: The volume of new bone formation measured with microCT scan.
Implantation time
Four weeks∗
Eight weeks∗
Twelve weeks∗∗

With/without ES

Volume (mm3 )
Mean ± SD

With ES
Without ES
With ES
Without ES
With ES
Without ES

16.70 ± 2.62
12.36 ± 2.24
22.03 ± 2.84
16.31 ± 2.49
27.85 ± 2.16
18.29 ± 1.57

The volume of the newly-formed bone was determined in each implantation
period (𝑛 = 4) (∗ 𝑃 < 0.05, ∗∗ 𝑃 < 0.01).

regeneration was obviously higher in the ES groups than in
the non-ES groups.
3.4. Histological Evaluation. A histological evaluation was
performed to compare the progress of restoration at the bone
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Figure 7: This figure shows longitudinal sections with ALP stain. The left side represents the far-end, in the direction of the cathode; the
right side indicates the near-end, near the anode. For the ES group, the ALP accumulates on the left side after 12 weeks, as shown in (a); (b)
illustrates the uniform distribution of ALP in the non-ES groups. The results indicate that osteoblasts are more active near the cathode in the
ES groups.

defect in the ES and non-ES groups. Figure 6 shows the
transverse sections with the H&E stain, demonstrating the
difference in the growth rates of the new bone between the ES
and non-ES groups. Twelve weeks after surgery, histological
observation of the defective bone treated without ES indicated much new bone formation, as shown in Figure 6(b).
However, compared with the control groups, the ES groups
showed more new bone, indicating that ES could accelerate
the restoration of defective bone (Figure 6(a)). The bone
repair continued with time, and 12 weeks after implantation,
the newly formed bone had replaced large amounts of the
GGT composite. Substantially, more new bones were present
in the defect after 12 weeks in the ES group than in the non-ES
group (Figures 6(a) and 6(b)).
Longitudinal sections with the ALP and TRAP stains
identified the activity of osteoblasts and osteoclasts near the
electrodes. In Figures 7 and 8, the left side represents the farend, in the direction of the cathode on the head; the right side
indicates the near-end, near the anode on the neck. Figure 7
shows the slides with the ALP stain, and Figure 8 exhibits the
TRAP stain. As shown in Figure 7(a), ALP accumulates on the
left side in the ES groups, indicating that osteoblasts are more
active near the cathode. In contrast, Figure 8(a) represents

the aggregation of TRAP on the right side in the ES groups,
demonstrating that osteoclasts are vigorous near the anode.
When compared, Figures 7(b) and 8(b) illustrate the uniform
distribution of ALP and TRAP in the non-ES groups.

4. Discussion
The GGT composite did not cause an obvious cytotoxic
reaction in rabbits [7] or in the rats in this study. The
radiographs from both X-ray and micro-CT showed the same
trend. The new bone grew on bilateral sides of the electric
current in the ES groups and grew in a U-shape in the nonES groups. Osteogenesis depends on angiogenesis because
blood vessels transport nutrients, oxygen, and stem cells. In
the non-ES groups, the bottom of the U is near the heart,
indicating that angiogenesis occurs from the heart to the farend. Additionally, osteogenesis might rely on those vessels,
resulting in the U-shaped formation. Previous researchers
found that electric current stimulates bone regeneration at
the cathode and, in contrast, bone resorption at the anode
[22–24]. In the ES groups, more new bone accumulated on
bilateral sides, extending to the far-end, in the direction of
the cathode. Furthermore, much less new bone grew at the
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Figure 8: This figure shows longitudinal sections with TRAP stain. The left side represents the far-end, in the direction of the cathode; the
right side indicates the near-end, near the anode. (a) shows the aggregation of TRAP on the right side in the ES group after 12 weeks. (b)
illustrates the uniform distribution of TRAP in the non-ES groups. The results demonstrate that osteoclasts are vigorous near the anode in
the ES groups.

near-heart-end, around the anode. The mechanism may be
related to the increasing pH level around the cathode; the pH
is raised by the electric current and results in an increase in
osteoblastic bone formation and a decrease in osteoclast bone
resorption [25–27].
As shown with the data in Figure 4 and Table 1, the
amount of new bone measured using micro-CT was much
greater than the amount measured using X-ray during the
early stage of examination. However, the data were similar in
the late stage. These findings might result from the fact that
the bone regeneration began around the interface between
the host bone and the GGT composite, and the new bone
expanded after filling the interface. Furthermore, Yao et al.
also found that new bone grew in the centripetal direction
[7]. Thus, we may underestimate the rate of bone repair when
using 2D images from X-ray data. With this explanation,
the information obtained from the 3D micro-CT data is
considered more accurate. In addition, the images from
micro-CT are obtained with live rats. Sacrificing the animals
before examination is not necessary. Thus, serial data can be
acquired from each individual rat, which could reduce the
number of rats used in the experiment if micro-CT is the sole
imaging technique in the study.

The present study only investigated the appearance of
bone regeneration using X-ray and micro-CT imaging. The
hypothesis that the percutaneous electrical stimulation can
accelerate the bone regeneration was confirmed in this study.
However, the mechanism is still not very clear. The further
study focused on the in-depth mechanism of ES which is
undergoing.

5. Conclusion
The study used a calvarial bone defect model to evaluate
the effect of percutaneous electrical stimulation on bone
regeneration. Radiographic analyses including X-ray and
micro-CT show progressive bone healing with time. The bone
repair rate is higher in the ES groups than in the non-ES
groups. Additionally, the new bone grows on bilateral sides
in the ES groups and accumulates in a U-shape in the non-ES
groups. Histological evaluations with H&E stain also confirm
the higher new bone formation rate in the ES groups. The
slides with ALP and TRAP stains indicate that osteoblasts
are more active near the cathode and that osteoclasts are
more vigorous beside the anode. The results prove the thesis
that percutaneous electrical stimulation can accelerate bone
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repair, and the bone regeneration is more active near the
cathode than around the anode. Bone repair might rely on
the activity of osteoblasts and osteoclasts by EA stimulation.
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This study investigated the effect of ferulic acid (FA) on peripheral nerve injury. In the in vitro test, the effect of FA on viability of
Schwann cells was studied. In the in vivo test, right sciatic nerves of the rats were transected, and a 15 mm nerve defect was created.
A nerve conduit made of silicone rubber tube filled with FA (5 and 25 𝜇g/mL), or saline (control), was implanted into the nerve
defect. Results show that the number of proliferating Schwann cells increased significantly in the FA-treated group at 25 𝜇g/mL
compared to that in the control group. After 8 weeks, the FA-treated group at 25 𝜇g/mL had a higher rate of successful regeneration
across the wide gap, a significantly calcitonin gene-related peptide (CGRP) staining of the lamina I-II regions in the dorsal horn
ipsilateral to the injury, a significantly diminished number of macrophages recruited, and a significantly shortening of the latency
and an acceleration of the nerve conductive velocity (NCV) of the evoked muscle action potentials (MAPs) compared with the
controls. In summary, the FA may be useful in the development of future strategies for the treatment of peripheral nerve injury.

1. Introduction
Nerves are not homogenous tissues of monotypic cells.
Peripheral nerve regeneration represents a series of highly
specialized processes of healing when considered on a cellular
level. Numerous investigators have bridged the stumps of a
transected peripheral nerve by inserting them in conduits
fabricated from a large variety of materials, either biological
or artificial [1–4]. These nerve-bridging conduits provide a
means for studying the nerve regenerative processes under
controlled experimental conditions. However, the investigators’ widespread use of a variety of gap lengths may not be
able to reveal the real functions of the conduits. In the works
of Zhang and Yannas [5], they analyzed a large normalized
database from independent investigations, showing that the
critical axon elongation, that is, the gap length between the

transected sciatic nerve stumps at which the frequency of
reconnection is just 50% in an empty silicone rubber nerve
conduit, is 9.7 ± 1.8 mm for the rat. Their results implied
that the nerve bridge technique can be successfully used to
repair short nerve gaps in a rat model. However, the rat
peripheral nervous system possesses a high potential for
axonal regeneration across short nerve gaps. Therefore, the
use of a longer gap more than 10 mm may be necessary in rats
to show significant improvements in bridging injured nerves
by using different modifications of nerve conduits. Various
stimulatory substances such as laminin [6], fibronectin [7],
and collagen [8] have been used accompanied with the nerve
bridging conduits to modify their internal microenvironment
in order to promote the growth of nerves across longer gaps.
Recently, administration of herbal medicine has attracted
the attention of investigators as a new approach to treat
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peripheral nerve injuries, such as extraction of Paeoniae alba
Radix [9], Chungpa-Juhn [10], Lumbricus [11], and Sanyak
[12]. Components in herbs can also accelerate axonal regeneration and target muscle reinnervation, such as quercetin [13],
puerarin [14], astragaloside [15], and bilobalide [16].
Ferulic acid (FA) is a component of Angelica sinensis
(Oliv.) Diels, and Ligusticum chuanxiong Hort. (Figure 1),
was shown to be a free radical scavenger and to have
anti-inflammatory and antioxidation effects in a transient
middle cerebral artery occlusion model [17]. FA could
also decrease the level of intercellular adhesion molecule-1
mRNA and the number of microglia/macrophages and
subsequently downregulated inflammation-induced oxidative stress and oxidative stress-related apoptosis after cerebral ischemia/reperfusion injury in rats, suggesting that
FA could provide neuroprotection against oxidative stressrelated apoptosis [18]. It has been also reported that the
FA was better for retinal nerve cell proliferation than that
of brain-derived neurotrophic factor [19]. Although the
literature shows that FA has versatile biological functions, its
nerve growth-promoting effect has never been characterized.
Therefore, this study investigated the effect of FA on peripheral nerve injury, using a rat in vivo sciatic nerve transection
and repair model with a long 15 mm gap and rat Schwann cell
line in vitro.

2. Materials and Methods
2.1. Cell Culture and Treatment. Schwann cells (RSC96) were
maintained at 37∘ C in a humidified atmosphere of 5% CO2
and 95% air in DMEM medium supplemented with 5%
fetal calf serum, 2 mM HEPES, and 2 mM L-glutamine. The
Schwann cells (7 × 103 cells/cm2 ) were then induced to
undergo neuronal differentiation by treatment with 5 and
25 𝜇g/mL of FA solution (Product 128708, Sigma-Aldrich, St.
Louis, MO, USA) for two days. Cells that had been exposed
to the vehicle alone (culture medium only) were the control.
Six replicates were used in each study.
2.2. Analysis of Cell Viability. After 48 h of cell incubation, the
medium was removed, replaced with 110 𝜇L/well of 5 mg/mL
of MTT solution in 1 × PBS, and further incubated in an
incubator at 37∘ C for 4 h. Then, the MTT solution was
removed and replaced with 50 𝜇L of DMSO to dissolve
the formazan. The color intensity was measured using a
microplate reader (ELx800TM, Bio-Tek Instrument, Inc.,
Winooski, VT, USA) at the absorbance of 550 nm. Data were
then expressed as a percent of control level of the optical
density within an individual experiment.
2.3. Cell Imaging. After treating with the FA solution for 48 h,
the Schwann cells were washed with PBS twice, fixed in 2%
paraformaldehyde for 30 min, and then permeabilized with
0.1% Triton X-100/PBS for 30 min at room temperature. After
washing with PBS, TUNEL assay was performed according
to the manufacturer’s instructions (Boehringer Mannheim).
Cells were incubated in TUNEL reaction buffer in a 37∘ C
humidified chamber for 1 h in the dark, then rinsed twice
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Figure 1: Structure of ferulic acid (FA).

with PBS, and incubated with DAPI (1 mg/mL) at 37∘ C for
10 min; stained cells were visualized using a fluorescence
microscope (Olympus DP70/U-RFLT50, Olympus Optical
Co. Ltd., Japan). DAPI-positive and TUNEL-positive cells
were counted as live and apoptotic cells, respectively.
2.4. Surgical Preparation of Animals. Adult Sprague-Dawley
rats underwent placement of silicone chambers. The animals
were anesthetized with an inhalational anesthetic technique
(AErrane, Baxter, USA). Following the skin incision, fascia
and muscle groups were separated using blunt dissection, and
the right sciatic nerve was severed into proximal and distal
segments. The proximal stump was then secured with a single
9-0 nylon suture through the epineurium and the outer wall
of the silicone rubber chamber (1.47 mm ID, 1.96 mm OD;
Helix Medical, Inc., Carpinteria, CA, USA). Animals were
divided into 3 groups. In group A (𝑛 = 9), the chambers were
filled with normal saline as the controls. In group B (𝑛 = 9),
5 𝜇g/mL of FA solution was filled in the chambers. Similarly,
chambers in group C (𝑛 = 9) were filled with 25 𝜇g/mL of FA
solution, respectively.
The volume of the chamber lumen was approximately
25.5 𝜇L. These fillings, which were in the liquid state, were
injected through a micropipette into the lumens by passing
the tip of the needle inside the silicone rubber chambers as
slowly as possible to prevent the leakage. As we secured the
proximal stump into the end of the silicone rubber chamber,
the swollen nerve end blocked the opening of the chamber.
The chamber was then tilted and the distal stump secured into
the other end of the chamber. Both the proximal and distal
stumps were secured to a depth of 1 mm into the chamber,
leaving a 15 mm gap between the stumps. The muscle layer
was reapproximated with 4-0 chromic gut sutures, and the
skin was closed with 2-0 silk sutures. All animals were then
returned to plastic cages where a sufficient amount of sawdust
was present to decrease direct contact of the paralyzed limb
of the rat with the floor. These animals were housed in temperature (22∘ C) and humidity (45%) controlled rooms with
12-hour light cycles, and they had access to food and water ad
libitum. All animals were maintained in facilities approved by
the China Medical University for Accreditation of Laboratory
Animal Care and in accordance with current ROC National
Science Council of health regulations and standards.
2.5. Electrophysiological Techniques. After 8 weeks of regeneration, the animals were reanaesthetized and the silicone
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rubber conduit was removed to expose their sciatic nerve. The
stimulating cathode was a stainless steel monopolar needle,
which was placed directly on the sciatic nerve trunk, 5 mm
proximal to the transection site. The anode was another
stainless steel monopolar needle placed 3 mm proximally to
the cathode. Amplitude, area, and nerve conductive velocity
(NCV) of the evoked muscle action potentials (MAPs) were
recorded from gastrocnemius muscles with microneedle
electrodes linked to a computer system (Biopac Systems, Inc.,
USA). The amplitude and the area under the MAP curve
were calculated from the baseline to the maximal negative
peak. The NCV was carried out by placing the recording
electrodes in the gastrocnemius muscles and stimulating the
sciatic nerve proximally and distally to the silicone rubber
conduit. The NCV was then calculated by dividing the
distance between the stimulating sites by the difference in
latency time. All data are expressed as mean ± standard
deviation. Statistical comparisons between groups were made
by the one-way analysis of variance.
2.6. Histological Techniques. After perfusion, as was done for
the retrograde labeling, the L4 spinal cord and the distal
stump outside the nerve gap were quickly removed and
postfixed in the same fixative for 3-4 h. Tissue samples were
placed overnight in 30% sucrose for cryoprotection at 4∘ C,
followed by embedding in optimal cutting temperature solution. Samples were kept at −20∘ C until preparation of 18 𝜇m
sections was performed using a cryostat, with samples placed
upon poly-L-lysine-coated slide. Immunohistochemistry of
frozen sections was carried out using a two-step protocol
according to the manufacturer’s instructions (Novolink Polymer Detection System, Novocastra). Briefly, frozen sections
were required, endogenous peroxidase activity was blocked
with incubation of the slides in 0.3% H2 O2 , and nonspecific
binding sites were blocked with Protein Block (RE7102;
Novocastra). After serial incubation with rabbit- anti-CGRP
polyclonal antibody 1 : 1000 (Calbiochem, Germany), Post
Primary Block (RE7111; Novocastra), and secondary antibody
(Novolink Polymer RE7112), the L4 spinal cord sections were
developed in diaminobenzidine solution under a microscope
and counterstained with hematoxylin. Similar protocols were
applied in the sections from the distal stump except that
they were incubated with antirat CD68 1 : 100 (AbD Serotec,
Kidlington, UK). Sciatic nerve sections were taken from the
middle regions of the regenerated nerve in the chamber.
After the fixation, the nerve tissue was postfixed in 0.5%
osmium tetroxide, dehydrated, and embedded in Spurr’s
resin. The tissue was then cut to 5 𝜇m thickness by using
a microtome (Leica EM UC6, Leica Biosystems, Mount
Waverley, Australia) with a dry glass knife, stained with
toluidine blue.
2.7. Image Analysis. All tissue samples were observed under
optical microscopy. CGRP immunoreactivity (IR) in dorsal
horn in the lumbar spinal cord was detected by immunohistochemistry. The immunoproducts were confirmed positive
labeled if their density level was over five times background
levels. Under a 100x magnification, the ratio of area occupied

3
by positive CGRP-IR in dorsal horn ipsilateral to the injury
following neurorrhaphy relative to the lumbar spinal cord was
measured using an image analyzer system (Image-Pro Lite,
Media Cybernetics, USA) coupled to the microscope.
As counting the myelinated axons, at least 30 to 50 percent
of the sciatic nerve section area randomly selected from each
nerve specimen at a magnification of 400x was observed. The
axon counts were extrapolated by using the area algorithm
to estimate the total number of axons for each nerve. Axon
density was then obtained by dividing the axon counts by
the total nerve areas. Similarly, the density of macrophage
was determined by dividing the macrophage counts by the
total nerve areas. All data are expressed as mean ± standard
deviation. Statistical comparisons between groups were made
by one-way analysis of variance with Scheffe’s test.

3. Results
3.1. Cell Viability. When RSC96 cells were treated with FA
at 25 𝜇g/mL for 24 h, cell viability significantly increased to
121% of control (𝑃 < 0.05, Figure 2(a)). Cell imaging also
strongly supports the beneficial effect of FA in proliferation
of Schwann cells that increases DAPI positive cells, and no
TUNEL positive cells were seen in both the FA-treated groups
compared to the controls (Figure 2(b)). Taken together, these
data indicate that treatment with FA promotes viability of
Schwann cells.
3.2. Electrophysiological Measurements. Rats having regenerated cables within the bridging conduits presented a triphasic
wave of MAP indicating successful reinnervation of the
gastrocnemius muscle by the regenerating sciatic nerve. The
comparison of latency or NCV of the MAP waves showed
significant differences between FA-treated rats at 25 𝜇g/mL
and controls (𝑃 < 0.05, Figures 3(a) and 3(b)). The FA-treated
animals had a dramatic shortening of the latency and an
acceleration of the NCV compared with the controls. The FAtreated animals also had a relatively larger area and amplitude
of the MAP wave compared with the controls, though their
differences did not reach the significant level at 𝑃 = 0.05
(Figures 3(c) and 3(d)).
3.3. CGRP-IR in the Dorsal Horn following Injury. Immunohistochemical staining showed that CGRP-labeled fibers were
seen in the area of lamina III–V and lamina I-II regions
in the dorsal horn ipsilateral to the injury in all of the rats
(Figure 4(a)) in which the FA-treated rats at 25 𝜇g/mL had
a significantly higher CGRP expression compared with the
FA-treated rats at 5 𝜇g/mL and the controls (𝑃 < 0.05,
Figure 4(b)).
3.4. Macrophages Recruited in the Distal Nerve Ends. Within
distal portions of the transection gap zone we identified
clusters of macrophages labeled with CD68. Obviously, the
FA could alleviate local inflammatory conditions in the
regenerated nerves in which the density of macrophage
was decreased as the concentration of FA was increased
(Figure 5(a)). Specially, a significantly lower density of
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Figure 2: (a) Quantification of viability of Schwann cells treated with ferulic acid relative to controls. Values are means ± S.E.M. ∗ 𝑃 < 0.05
indicates a significant difference from other groups. (b) Nuclei of Schwann cells characterized by DAPI and TUNEL assays and investigated
via fluorescent microscopy.
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Figure 3: Analysis of evoked MAPs, including (a) latency, (b) NCV, (c) peak amplitude, and (d) area under the MAP curves. ∗ 𝑃 < 0.05
indicates significant difference from other groups.
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Figure 4: (a) Photomicrographs demonstrating CGRP-IR in dorsal horn in the lumbar spinal cord after injury of controls and FA-treated
animals. Scale bars = 200 𝜇m. (b) Note the significantly increased CGRP-IR area ratios in FA-treated animals at 25 𝜇g/mL compared to those
at 5 𝜇g/mL and the controls. ∗ 𝑃 < 0.05 indicates significant difference from other groups.

macrophages was recruited into the nerve stumps in the FAtreated animals at 25 𝜇g/mL compared to that at 5 𝜇g/mL and
the controls (𝑃 < 0.05, Figure 5(b)). This result indicated that
deliberate superimposition of FA in the bridging conduits
could dramatically suppress influx of macrophages in injured
nerves.

3.5. Sciatic Nerve Regeneration. Features of axon regeneration in bridging conduits have largely been described at
the light and electron microscopic level. Usually, connective
tissue regenerative bridges populated by a core of myelinated
axons surrounded by layers of perineurial and epineurial cells
could be identified. In this study, we found that two of nine
conduits in the control group developed regenerative bridges
by the 8-week end point (Figure 6(a)). Only one of them had
evidence of axon regrowth (number: 3592) and penetration
into the bridge. In conduits exposed to FA at 5 𝜇g/mL, two of
nine had bridges (Figure 6(b)), and the mean axonal number
was 1627 (range: 1600–1653). By comparison, four of nine
rats treated with 25 𝜇g/mL of FA developed the regenerative
bridges (Figure 6(c)) and three of which contained a sizeable

population of myelinated axons (mean axon number was
2437; range: 691–3963).

4. Discussion
Most of the studies in the literature associated with the
nerve regeneration using herbal medicine to repair injured
rat nerves have reported that the interstump gap lengths used
were shorter than 10 mm. A 10 mm gap is considered the
critical gap length within a tubular prosthesis above which
neural components usually will not cross the gap when no
growth substances are distributed in the chambers at the time
of implantation [20]. Therefore, to demonstrate the real effect
of herbal medicine on nerve regeneration we chose a 15 mm
gap in the rat transaction model.
Before examining the in vivo action of FA on nerve
regeneration, we first found that FA could increase Schwann
cell viability in a dose-dependent fashion in vitro. Schwann
cells are the principal glia as well as myelinating cells of
the peripheral nervous system, which are involved in many
important aspects of peripheral nerve regeneration, such
as secreting neurotrophic factors and physically supporting
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Figure 5: (a) Photomicrographs demonstrating antirat CD68 immunoreactivity in macrophages (arrows) from cross sections of distal nerve
cables of controls and FA-treated animals. Scale bars = 100 𝜇m. (b) Note the dramatically decreased density of macrophages with the
concentration of FA. ∗ 𝑃 < 0.05 indicates significant difference from other groups.

regenerating axons [21]. Therefore, the FA should have significant nerve growth-promoting potential. The in vivo study
supports and extends these initial in vitro findings by showing
that FA could enhance formation of regenerated nerve cables
in the bridging conduits, especially in the group of FA at
25 𝜇g/mL (4 of 9). By comparison, the complete interruption
of regenerative bridge formation was dramatic in the controls
(7 of 9) and the FA-treated rats at 5 𝜇g/mL (7 of 9). In addition,
histological observations of regenerated nerve also strongly
support the beneficial effect of FA in axonal regrowth that
only one of the regenerated cables in the controls showing
myelinated axons. Similar to the morphometric analyses,
the FA effect was also observed in the MAP measurements.
For example, the FA group at 25 𝜇g/mL showed bundles of
myelinated axons in morphometric analysis with a relatively
larger amplitude, area, NCV, and shorter latency during
electrophysiological assay as compared to those in the other
two groups. To address how regenerative events might fare
in bridges exposed to FA, we also examined CGRP-labeled
components in the spinal cord sections. Unlike control or
low-dose FA infused sections, the FA-treated rats at 25 𝜇g/mL
had a dramatic high CGRP expression. The CGRP is crucial
for interactions between axons and Schwann cells during
peripheral nerve regrowth [22] and plays important roles
in nerve function and repair when axons are severed [23].
Taken together, these data indicate that treatment with FA at

25 𝜇g/mL could promote functional recovery by accelerating
axonal regeneration after sciatic nerve transaction in the rat.
Finally, in this study, a surface marker, CD68, was
employed to characterize macrophages participating in nerve
regeneration. It was found that population of macrophages
was significantly diminished as the dosage of FA was
increased. Macrophages have been reported, playing an
important role during early nerve regeneration [24]. Within
days of peripheral nerve injury, activated macrophages begin
tasks of debris removal, secretion of growth factors, and
remodeling of the extracellular matrix of the distal nerve
stump. However, at later stage of nerve regeneration inflammation caused by macrophages becomes harmful since nitric
oxide (NO) generated by inducible nitric oxide synthase
(iNOS) can collapse growth cones and cause axonal degeneration [25]. Since this study focused on late regenerative
events associated with axon growth across a critical defect
gap, population of macrophages suppressed by administering
FA in the bridging conduits was beneficial to the regenerating
axons.

5. Conclusions
Our data demonstrates that FA appears to promote peripheral
nerve regeneration across a 15 mm critical defect gap in the
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(a)
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Figure 6: Photomicrographs showing regenerated nerve cross sections of (a) controls and FA-treated animals at (b) 5 𝜇g/mL and (c) 25 𝜇g/mL.
Scale bars = 20 𝜇m.

rat sciatic nerve injury model. Suppression of macrophages
by FA at the site of peripheral nerve injury may contribute to
its nerve growth-promoting capability.
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To determine the biological activity of Rhodiola rosea, the protein expression of iNOS and proinflammatory cytokines was measured
after the activation of murine microglial BV2 cells by LPS under the exposure of constituents of Rhodiola rosea: crude extract, rosin,
rosarin, and salidroside (each 1–50 𝜇g/mL). The LPS-induced expression of iNOS and cytokines in BV2 cells was suppressed by the
constituents of Rhodiola rosea in a concentration-dependent manner. Also the expression of the proinflammatory factors iNOS,
IL-1𝛽, and TNF-𝛼 in the kidney and prefrontal cortex of brain in mice was suppressed by the oral administration of Rhodiola rosea
crude extract (500 mg/kg). To determine the neuroprotective effect of constituents of Rhodiola rosea, neuronal cells were activated
by L-glutamate, and neurotoxicity was analyzed. The L-glutamate-induced neurotoxicity was suppressed by the treatment with rosin
but not by rosarin. The level of phosphorylated MAPK, pJNK, and pp38 was increased by L-glutamate treatment but decreased by
the treatment with rosin and salidroside. These results indicate that Rhodiola rosea may have therapeutic potential for the treatment
of inflammation and neurodegenerative disease.

1. Introduction
Rhodiola rosea (R. rosea) is known as a golden or arctic root
and belongs to the plant family of Crassulaceae, subfamily
of Sedoideae, and genus Rhodiola [1]. R. rosea is widely
distributed in the Arctic and mountainous regions throughout Europe and Asia. It is a popular plant in traditional
medical systems and has been used to stimulate the nervous
system, decrease depression, enhance work performance, and
prevent high altitude sickness [2]. Of the Rhodiola species,
R. rosea has been extensively studied for its phytochemical
and toxicological properties [3]. R. rosea root contains about
28 compounds, of which salidroside (rhodioloside), rosavins,
and p-tyrosol are thought to have the most critical therapeutic
activity [4]. It was reported that R. rosea ingestion can
improve cognitive function [5], reduce mental fatigue [6, 7],
promote free radical mitigation, have antioxidative [8] and

neuroprotective [9] effects, increase endurance performance
[10, 11], and enhance learning and memory [11]. R. rosea may
play a role in the amelioration of neurodegenerative diseases,
such as Alzheimer’s disease (AD), via its anti-inflammatory
and neuroprotective properties.
Alzheimer’s disease is the common neurodegenerative
disease characterized by the inflammation and neuronal loss
in the specific regions of the forebrain. Therefore, any compound that has the antineurotoxicity and the anti-inflammatory properties can be a good candidate for AD therapy.
The central nervous system includes two major cell types,
neurons, and glial cells; glial cells are represented by astrocytes, oligodendrocytes, and microglia [12]. Once the
microglia is activated by lipopolysaccharide, the affected
microglia can produce a series of proinflammatory and
cytotoxic factors, such as tumor necrosis factor- (TNF-) 𝛼
and interleukin- (IL-) 1𝛽, which have been implicated in the

neuropathogenesis of AD [13]. Moreover, the release of these
proinflammatory factors from the activated cells enhances
LPS-induced cytotoxic activations [14] and develops a continuous cycle of inflammatory stimuli.
L-Glutamate (L-glu) is the most abundant excitatory
neurotransmitter in the vertebrate central nervous system
(CNS) and plays a crucial role in the neurological processes
including cognition, learning, and memory [15]. However,
excessive stimulation of glutamate receptors, under pathophysiological conditions, leads to the neuronal damage and
death. This phenomenon is well known as “excitotoxicity,”
since neurotoxicity is correlated with excitatory properties
of various L-glu analogs [16]. Glutamate neurotoxicity has
also been postulated to play important roles in the pathophysiology of numerous neurological diseases including
hypoxic-ischemic brain injury [17, 18], epileptic seizures [19],
and neurodegenerative diseases including AD [20, 21] and
Parkinson’s disease [22, 23]. Accordingly, substances which
can prevent L-glu-induced neurotoxicity are expected to be
potential tools in the therapy of various neurological and neurodegenerative diseases. If one compound reduces the L-gluinduced neurotoxicity, it would become a candidate means
of improving the neurodegenerative diseases. This experiment was aimed to investigate the effects of the various constituents of R. rosea on inflammation and neurotoxicity.

2. Materials and Methods
2.1. Reagents. LPS (Escherichia coli, O111:B4) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Cell culture ingredients were obtained from Invitrogen (Carlsbad, CA, USA).
All other reagents were obtained from Sigma-Aldrich. Roots’
water extract (230 g) of Rhodiola rosea was soaked in MeOH
at room temperature. The soluble part was evaporated under
reduced pressure to afford a dry brown material (extract,
165 g) and subjected to vacuum liquid chromatography over
flash silica gel. Through column fraction, rosin (322 mg),
rosarin (339 mg), and salidroside (908 mg) were purified and
identified as described in detail [24]. R. rosea extract and
constituents (Figure 1) were kindly supplied from Dr. Ikhlas
Khan (NCNPR, University of Mississippi, MS, USA).
2.2. Cell Culture. The murine BV2 cell line (a generous
gift from W. Kim, Korea Research Institute of Bioscience
and Biotechnology, Daejeon, Republic of Korea), which is
immortalized after infection with a v-raf/v-myc recombinant
retrovirus, exhibits the phenotypic and functional properties
of reactive microglial cells. BV2 cells were maintained at 37∘ C
at 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% FBS, 100 𝜇g/mL streptomycin, and
100 U/mL penicillin. BV2 cells were grown in 24-well plates at
a concentration of 1 × 105 cells/well followed by proper treatment.
2.3. Nitrite Assay. NO production from activated microglial
cells was determined by measuring the amount of nitrite, a
relatively stable oxidation product of NO, as described previously [25]. Cells were incubated with or without LPS
in the presence or absence of various concentrations of
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Figure 2: The suppression of NO generation in LPS-treated BV2
microglial cells. Cells were treated with 100 ng/mL LPS with or
without R. rosea constituents (1, 10, 50 𝜇g/mL) for 18 h. At the end
of incubation, 50 𝜇L of the medium was collected to measure nitrite
production. The amount of NO in the supernatant fractions was
measured by using the Griess reagent. All values are expressed as
mean ± S.E.M. from three independent experiments. Data were
analyzed by one-way ANOVA for multiple comparison and StudentNewman-Keuls test as post hoc test. # 𝑃 < 0.01 as compared with the
vehicle group; ∗ 𝑃 < 0.05 as compared with the LPS-treated group.

compounds for 18 h. The nitrite accumulation in the supernatant was assessed by the Griess reaction. In brief, an aliquot of the conditioned medium 50 𝜇L was mixed with an
equal volume of 1% sulfanilamide in water and 0.1% N-1naphthylethylenediamine dihydrochloride in 5% phosphoric
acid. The absorbance was determined at 540 nm in an automated microplate reader.
2.4. Immunoblot Analysis. BV2 and cortical neuronal cells
were washed twice with ice-cold phosphate-buffered saline
(PBS) and then lysed in ice-cold modified lysis buffer
(150 mM NaCl, 50 mM Tris, 1 mM EDTA, 0.01% Triton
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Figure 3: Effects of R. rosea constituents on iNOS protein expression in LPS-treated microglial cell. BV2 microglial cells were treated with
the Rhodiola rosea constituents (1, 10, 50 𝜇g/mL) 30 min prior to activation by 100 ng/mL LPS. The protein was collected after 18 h. The iNOS
protein levels were measured using immunoblot analysis. R. rosea active components suppressed the LPS-induced expression of iNOS protein
in activated microglia. Results are representative of three independent experiments. Data were analyzed by one-way ANOVA for multiple
comparison and Student-Newman-Keuls test as post hoc test. # 𝑃 < 0.01 as compared with the vehicle group; ∗ 𝑃 < 0.05 as compared with the
LPS treated group.

X-100, and protease inhibitors, pH 8.0), and cellular debris
was cleared by centrifugation. Samples were assayed for
protein concentration using bicinchoninic acid reagents
(Pierce Chemical, Rockford, IL, USA). The supernatants
were aliquoted and stored at −70∘ C until use. Proteins were
separated by SDS-polyacrylamide gel electrophoresis and
transferred to a polyvinylidene difluoride membrane. The
membrane was blocked with 5% skim milk in Tris-buffered
saline/Tween 20 solution. The blots were incubated with the
TNF-𝛼, IL-6, and iNOS (Cell Signaling Technology Inc.,
Danvers, MA, USA). GAPDH (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) was performed as an internal control. After washing with Tris-buffered saline/Tween 20,
horseradish peroxidase-conjugated secondary antibodies
(Cell Signaling Technology Inc. Danvers, MA, USA) were
applied, and the blots were developed using the enhanced
chemiluminescence detection kit (GE Healthcare, Chalfont
St. Giles, Buckinghamshire, UK).
2.5. Animals. All the experiments were carried out using
male ICR mice weighing 28–30 g purchased from the Orient
Co., Ltd. (Seoul, Republic of Korea), according to the guidelines of the Animal Care and Use Committee of the School
of Medicine, Ewha Womans University in Seoul, Republic of
Korea. The mice were housed 6 or 8 per cage, allowed access
to water and food ad libitum, and maintained at an ambient
temperature of 23∘ C with 40–50% humidity and a 12 h diurnal
light cycle (light on 07:00–19:00). Seven-week-old ICR male
mice were injected with saline or LPS from Escherichia coli
(0111:B4, Sigma-Aldrich, St. Louis, MO, 1 mg/kg). LPS was
dissolved in saline and injected intraperitoneally. R. rosea
crude extract (500 mg/kg) was administered orally 1 h before
LPS injection. Control animals were injected with equivalent

volumes of saline. The tissue was collected from mice after 6 h
of kidney and 16 h for frontal cortex of brain LPS injection,
and changes of proinflammatory cytokine expression were
measured by PCR.
2.6. Mixed Cortical Culture. After CO2 anesthesia, cerebral
cortices were removed from the brains of 16-day-old ICR fetal
mice. The neocortices were triturated and plated on 24-well
plates (with approximately 1 × 106 cells/well), which were precoated with 100 𝜇g/mL poly-D-lysine and 4 𝜇g/mL laminin in
modified Eagle’s medium (MEM) and supplemented with 5%
horse serum, 5% fetal bovine serum (FBS), 2 mM glutamine,
and 20 mM glucose. After 6 days in vitro (DIV), the cultures
were shifted to the plating media containing 10 𝜇M cytosine
arabinoside without FBS. The cultures were then fed twice per
week. After 12 to 13 days, more than 90% of neurons were
MAP2-positive to immunocytochemical staining and sat on
the top of a confluent monolayer of astrocytes. Mixed cortical
cell cultures containing neurons and glia (DIV 12–14) were
exposed to the excitatory amino acid, L-glutamate, in MEM
without 10% horse serum for 24 h to measure the condition
of the cells.
2.7. Measurement of Neurotoxicity. Cell death was assessed
by measuring the activity of lactate dehydrogenase (LDH)
released in the culture medium according to the method
described by Koh and Choi [26]. Culture medium collected
after 18 to 24 h drug treatment was used unless otherwise
indicated. An aliquot of 25 𝜇L of culture medium was
transferred to a microplate, and 100 𝜇L of NADH solution
(0.3 mg/mL NADH and 0.1 M potassium phosphate, pH 7.4)
was added to the medium. After 2 min, 25 𝜇L of pyruvate
solution (22.7 mM pyruvate and 0.1 M potassium phosphate,
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Figure 4: Effects of R. rosea constituents on the LPS-induced expressions of TNF-𝛼, IL-1𝛽, and IL-6 in microglial cells. BV2 microglial cells
were treated with the Rhodiola rosea constituents (1, 10, 50 𝜇g/mL) 30 min prior to activation by 100 ng/mL LPS for 18 h. Cell extracts were
collected from cultured microglia after activation by LPS with treatment of R. rosea constituents, and immunoblot analysis was performed
using TNF-𝛼, IL-1𝛽, and IL-6. R. rosea suppressed the expression of TNF-𝛼, IL-1𝛽, and IL-6 in activated microglia, respectively. GAPDH was
used as an internal control. Results are representative of three independent experiments. Data were analyzed by one-way ANOVA for multiple
comparison and Student-Newman-Keuls test as post hoc test. # 𝑃 < 0.01 as compared with the vehicle group; ∗ 𝑃 < 0.05 as compared with the
LPS treated group.

pH 7.4) was added. After adding the pyruvate solution, the
decrease in absorbance at 340 nm, indicating the conversion
of NADH to NAD, was measured using a SpectraMax
microplate reader (Molecular Devices, Sunnyvale, CA, USA).
LDH activity was normalized on the basis of the reference
scale such that the sham-treated culture and culture showing
complete cell death were taken as 0 and 100%, respectively,
and normalized LDH activity was regarded as an indicator of
cell death.
2.8. Polymerase Chain Reaction. ICR mice were administered
with LPS in the absence or presence of crude extract of R.
rosea for 6 h or 16 h. Total RNA was isolated from kidney
or prefrontal cortex of brain of ICR mice using TRIzol
(Invitrogen, CA, USA) according to the manufacturer’s
instructions. For cDNA synthesis, 2 𝜇g of total RNA was
reverse-transcribed using the SuperScript First-Strand Synthesis System (Invitrogen, CA, USA). cDNA was amplified

by polymerase chain reaction (PCR) using primers for iNOS
(F: GTGTTCCACCAGGAGATGTTG, R: CTCCTGCCCACTGAGTTCGTC), IL-1𝛽 (F: AGCAACGACAAAATACCTGT, R: CAGTCCAGCCCATACTTTAG), and IL-6 (F:
CCACTTCACAAGTCGGAGGC, R: CCAGCTTATCTGTTAGGAGA). Thermal cycling conditions included initial
denaturation at 95∘ C for 2 min, followed by 30 cycles of 1 min
at 95∘ C, 1 min at 56∘ C and 30 s at 72∘ C, and then a dissociation step. PCR products were separated by 1% agarose gel
electrophoresis and visualized by ethidium bromide staining.
2.9. Statistical Analysis. All values were expressed as mean
± S.E.M., and comparisons between groups were performed
using analysis of variance followed by the Student-NewmanKeuls test for multiple comparisons. The results are representative of three independent experiments done. Differences
with 𝑃 < 0.05 and 𝑃 < 0.01 were considered as statistically
significant.
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Figure 5: Effects of R. rosea extract on cytokines mRNA expression in LPS-treated mice. ICR mice were orally administered with the R. rosea
extract (500 mg/kg); 30 min later mice were injected (i.p.) by 1 mg/kg LPS. Expressions of iNOS, IL-1𝛽, and TNF-𝛼 were measured by PCR
analysis at 6 h or 16 h after LPS treatment. R. rosea extract suppressed the expression of iNOS, IL-1𝛽, and TNF-𝛼 in mice 6 h later for kidney
and 16 h later for prefrontal cortex of brain. 𝛽-actin was used as an internal control. All values are expressed as mean ± S.E.M. from three
independent experiments. Data were analyzed by one-way ANOVA for multiple comparisons and Student-Newman-Keuls test as post hoc
test. # 𝑃 < 0.01 as compared with the vehicle group; ∗ 𝑃 < 0.05 as compared with the LPS injected group.

3. Results
3.1. Rhodiola rosea Constituents Suppressed the LPS-Induced
NO Generation and iNOS Expression in Microglia. To investigate the anti-inflammatory effect of R. rosea constituents, the
LPS-induced production of NO was measured in the presence
or absence of constituents of R. rosea in BV2 microglial cells.
Microglial cells were treated with R. rosea constituents 30 min
prior to the LPS treatment for 18 h. The constituents, rosarin
and salidroside, suppressed the generation of NO in activated
microglia in a dose-dependent manner (Figure 2). These
findings suggest that R. rosea constituents may suppress the
LPS-induced inflammatory response through the inhibition
of NO generation. The expression of iNOS protein was highly
induced by LPS, and this expression was inhibited by rosarin
and salidroside as did in NO generation (Figure 3). These
results implied that suppression of NO generation by R. rosea
might be due to the inhibition of iNOS protein expression by
components of R. rosea.

3.2. Rhodiola rosea Constituents Reduced the LPS-Induced
Expression of Proinflammatory Cytokines. Constituents of R.
rosea exerted an anti-inflammatory effect on LPS-induced
responses accompanied by the expression of proinflammatory cytokines. Microglial cells were treated with constituents
of R. rosea and LPS for 18 h. The expression levels of the proinflammatory cytokines, TNF-𝛼, IL-1𝛽, and IL-6 were reduced by the treatment with constituents of R. rosea in
dose-dependent manners (Figure 4). The crude extract of R.
rosea showed suppressing activity to the LPS-induced TNF𝛼 expression but did not inhibit the IL-1𝛽 or IL-6 expression. These results indicated that constituents of R. rosea
(rosin, rosarin, and salidroside) showed the suppression of
LPS-induced expression of proinflammatory cytokines in
microglia.
3.3. Rhodiola rosea Extract Reduced the LPS-Induced Elevation
of Proinflammatory Cytokine Expression in Mice. The R. rosea
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Figure 6: Effects of R. rosea constituents on L-glutamate toxicity in
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(1, 10, 50 𝜇g/mL) with L-glu (60 𝜇M) for 18 h. Neuronal toxicity
was measured by using LDH assay. Data were analyzed by one-way
ANOVA for multiple comparisons and Student-Newman-Keuls test
as post hoc test. All values are expressed as mean ± S.E.M. from three
independent experiments. # 𝑃 < 0.01 as compared with the vehicle
group; ∗ 𝑃 < 0.05 as compared with the L-glu-treated group.

extracts exerted an anti-inflammatory effect on LPS-induced
responses accompanied by the expression of proinflammatory cytokines in mice. Kidney and brain prefrontal cortex
of ICR mice were collected after 6 h (kidney) or 16 h (brain)
of oral administration of R. rosea extract (500 mg/kg) and
LPS treatment. The mRNA expression levels of the iNOS,
IL-1𝛽, and TNF-𝛼 were reduced by treatment with R. rosea
extracts (Figure 5). These results indicated that R. rosea
extracts have an anti-inflammatory effect on the expression
of LPS-induced proinflammatory cytokines in mice centrally
and peripherally.
3.4. Rhodiola rosea Constituents Suppressed the L-Glu-Induced
Neurotoxicity in Primary Cortical Neurons. To investigate
the antineurotoxic effect of constituents of R. rosea, the Lglutamate-induced neurotoxicity was measured after treating
cortical neuronal cells with L-glutamate (60 𝜇M) in the presence of R. rosea constituents for 18 h. The neuronal toxicity
was measured by using LDH assay. The neuroprotective
effects of constituents of R. rosea, rosin and salidroside,
were evidenced by the significant decrease of LDH release
(Figure 6).
3.5. Rhodiola rosea Constituents Reduced the L-Glu-Induced
Expression of MAPK in Primary Cortical Neurons. R. rosea
exerted an antineurotoxicity effect by the suppression of
MAPK. Primary cortical neuronal cells were treated with
constituents of R. rosea and L-glu for 18 h. The elevated levels
of the pJNK and pp38 were reduced by crude extract and
constituents of R. rosea, rosin and salidroside, in a dosedependent manner (Figure 7). These results indicated that
rosin and salidroside had an antineurotoxic effect on the

Over the past few decades, many researchers have attempted
to develop antineurotoxic agents that are capable of preventing the release of glutamate [27], activation of microglia
[28], oxidative stress [29], and apoptosis [30]. Therefore, we
also searched for active natural products with better neuroprotective effects and fewer side effects. The main purpose
of this study was to determine the anti-inflammatory and
neuroprotective effects of R. rosea constituents in microglial
and neuronal cells.
The functional characteristics of microglia have received
increasing attention, as these cells play a key role in the
inflammatory reaction [31, 32]. Activation of microglia occurred during the development of neurodegenerative pathologies such as Alzheimer’s and Parkinson’s diseases [33].
In vivo studies also proved that activated microglia produce large amounts of reactive oxygen species (ROS), nitric
oxide (NO), and proinflammatory cytokines such as TNF𝛼, interleukin-1𝛽 (IL-1𝛽), and interleukin-6 (IL-6), which,
in turn, cause neuronal damage [34–36]. Therefore, treatment with anti-inflammatory drugs can appear to be the
most promising option for neurodegenerative disease like
Alzheimer’s disease. Since nitric oxide is one of the main
inflammatory mediators and plays an important role in neuroinflammatory disease, the effect of the R. rosea constituents
on the NO production was investigated in LPS-stimulated
microglial cells. The present study also suggested that R. rosea
constituents strongly inhibit NO production and the expression of iNOS, the key enzyme for NO in LPS-stimulated BV2
microglial cells. LPS is a stimulator which is responding to the
inflammation to generate TNF-𝛼. Currently, the treatment of
inflammation-mediated diseases has been studied to suppress
the TNF-𝛼 production which is released by LPS-stimulated
microglia [37]. In the following studies, the inhibitory effect
of constituents of R. rosea against TNF-𝛼, IL-1𝛽, and IL-6
was investigated because these cytokines are also known as
major proinflammatory mediators in the progress of neuroinflammatory disease. In these studies, constituents of R.
rosea treatment decreased the production of TNF-𝛼, Il-1𝛽,
and IL-6 which are induced by LPS in BV2 microglia cells
in a dose-dependent manner. In particular, TNF-𝛼, which
may potentiate damage to neuronal cell, is a proinflammatory
cytokine and costimulator which is thought to be mediated
in the regulation of iNOS gene, predominantly through the
mitogen-activated protein kinase (MAPK) and NF-𝜅B signaling pathway [38, 39]. And then regarding the anti-inflammatory role of R. roesa, we determined whether R. rosea
decreased the proinflammatory cytokine expression in mice.
This idea is showing that disruption or attenuation of peripheral organ function is linked to an increased risk for chronic inflammatory disease [40–43]. In the present study, oral
administration of R. rosea extract significantly decreases
iNOS and proinflammatory cytokines responses in not only
kidney but also prefrontal cortex of brain. These results
suggest that R. rosea constituents can be delivered to the brain
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Figure 7: Effects of R. rosea constituents on the L-glu-induced expressions of MAPK expression in primary neuronal cells. Primary cortical
neuronal cell extracts were collected after activation by L-glu (60 𝜇M) with or without treatment of R. rosea constituents for 18 h and
immunoblot analysis was performed using phospho- or total JNK, p38 antibodies. GAPDH was used as an internal control. All values are
expressed as mean ± S.E.M. from three independent experiments. Data were analyzed by one-way ANOVA for multiple comparison and
Student-Newman-Keuls test as post hoc test. # 𝑃 < 0.01 as compared with the vehicle group; ∗ 𝑃 < 0.05 as compared with the L-glu treated
group.

and suppress the inflammation in the CNS. Further experiment of the anti-inflammatory effect of R. rosea to determine the signal cascade from TLR-4 which induces a signaling cascade leading to the activation of NF-𝜅B is under
investigation.
Alzheimer’s disease is a progressive neurodegenerative
disease characterized by the presence of two types of abnormal deposits, senile plaques and neurofibrillary tangles, and
by extensive neuronal loss [44]. Other studies have suggested
the involvement of glutamate cytotoxicity in various neurodegenerative diseases [45] and that amyloid-𝛽 increases
the vulnerability of cultured cortical neurons to glutamate
cytotoxicity [20]. Thus, glutamate may play an important
role in amyloid 𝛽-induced cytotoxicity in the cerebral cortex. Therefore, we investigated the modulation of signaling pathways in the neurotoxic conditions induced by Lglutamate treatment with R. rosea. L-glutamate release and
subsequent excitotoxic cell damage has been proposed as a

major mechanism producing neuronal cell death in several
experimental paradigms of human neurodegenerative disorders [46]. Examination of the intracellular mechanism of
neuroprotection against acute L-glu-induced neurotoxicity
demonstrated that R. rosea treatment protects against L-gluinduced neurotoxicity.
In AD brain, the association between neurotoxicity and
MAPK activation has been observed in dystrophic neuritis
and astroglial cells [47]. Neurotoxicity is one of the major
stimuli for MAPK cascades which are involved in the apoptotic signal transduction. It has been reported that the activation of JNK and p38 MAPK is closely related with cytotoxicity by insults, while the activation of ERK is associated with
cell proliferation and serves as an anti-apoptotic signal [48].
In fact, regulators upstream of ERK are distinct from those
involved in JNK and p38 activation.
In the present study, R. rosea constituents inhibit L-gluinduced JNK and p38 MAPK, but not ERK phosphorylation
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(data not shown). Further study on whether L-glu could stimulate a rapid, transient activation of ERK in cortical neuronal
cells, and whether R. rosea has any effects on expression is
now under investigation.
In summary, R. rosea constituents could ameliorate the
inflammation and neurotoxicity in cortical neuronal cells.
The protective effects of R. rosea constituents not only were
related to modulate endogenous anti-inflammatory, but also
affected the neuronal over activation. As far as we know, this is
the first report to demonstrate that R. rosea has the neuroprotective effects against L-glu-induced neurotoxicity in cortical
neuronal cells. The protective effects of R. rosea against
neurotoxicity may provide the pharmacological basis of its
clinical usage in the treatment of neurodegenerative diseases.
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Osteomyelitis therapy is a long-term and inconvenient procedure for a patient. Antibiotic-loaded bone cements are both a
complementary and alternative treatment option to intravenous antibiotic therapy for the treatment of osteomyelitis. In the
current study, the biphasic calcium phosphate cement (CPC), called 𝛼-TCP/HAP (𝛼-tricalcium phosphate/hydroxyapatite) biphasic
cement, was prepared as an antibiotics carrier for osteomyelitis. The developed biphasic cement with a microstructure of 𝛼-TCP
surrounding the HAP has a fast setting time which will fulfill the clinical demand. The X-ray diffraction and Fourier transform
infrared spectrometry analyses showed the final phase to be HAP, the basic bone mineral, after setting for a period of time. Scanning
electron microscopy revealed a porous structure with particle sizes of a few micrometers. The addition of gentamicin in 𝛼-TCP/HAP
would delay the transition of 𝛼-TCP but would not change the final-phase HAP. The gentamicin-loaded 𝛼-TCP/HAP supplies high
doses of the antibiotic during the initial 24 hours when they are soaked in phosphate buffer solution (PBS). Thereafter, a slower
drug release is produced, supplying minimum inhibitory concentration until the end of the experiment (30 days). Studies of growth
inhibition of Staphylococcus aureus and Pseudomonas aeruginosa in culture indicated that gentamicin released after 30 days from
𝛼-TCP/HAP biphasic cement retained antibacterial activity.

1. Introduction
Osteomyelitis is defined as inflammation of bone and marrow
cavity [1]. Osteomyelitis causes major morbidity and remains
the most feared and difficult infection to treat in orthopedic surgery. In general, it is a protracted commitment to
antibiotic therapy for 6∼8 weeks. The course of treatment
is a long-term and inconvenient procedure for patients. For
the treatment of osteomyelitis and prosthesis infection, continuous irrigation and antibiotic-impregnated bone cement
beads have become popular because of the resulting higher
antibiotic concentration in soft tissue or bone [2, 3].
Various studies have suggested that the local application
of antimicrobials clearly provides higher local antibiotic
concentrations than those achieved with intravenous application and additionally avoids toxicity with high plasma
levels [4, 5]. Antibiotic beads are both a complementary and
alternative treatment option to intravenous antibiotic therapy

for the treatment of osteomyelitis. Polymethylmethacrylate
(PMMA) antibiotic beads were introduced clinically 30 years
ago and have been the main local antibiotic delivery system
in osteomyelitis therapy until recently [6, 7]. The beads can be
impregnated with one or more antibiotics and placed within
the wound site at the time of surgery. Ideally, the antibiotics
then diffuse out of the beads, maintaining a local concentration above the minimum inhibitory concentration for a
period of days or weeks, thereby preventing or diminishing
bacterial infection at the site. PMMA beads, however, are
associated with some serious disadvantages including uncertain period of antibiotic delivery, as the carrier material is not
degradable, and induction of foreign body reaction [8–10].
Recently, much attention has been paid to calcium phosphate cement (CPC) and it has been applied to fractures, filling bone defects, and intensification of bone as bone replacement and augmentation [3, 11]. Calcium phosphate cement,
which has a chemical composition close to that of bone, has
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Figure 1: XRD patterns of (a) 𝛼-TCP/HAP; (b) JCPDS card 9–348 alpha-TCP; (c) JCPDS card 9–432 HAP.

been extensively explored as bone graft materials [12]. The
possibility to use CPCs not only as bone substitutes, but also
as carriers for local and controlled release of drugs is very
attractive and can be useful in treatments of different skeletal
diseases, such as bone tumors, osteoporosis, or osteomyelitis,
which normally require long and painful therapies. Several
studies have shown that CPC could also be used as a delivery
system for therapeutic peptides or antibiotics [13–15]. In
general, most of CPCs are composed of one or more calcium
phosphates, which upon mixing with a liquid phase, usually
water or an aqueous solution, to form a paste, are able to set
and harden after being implanted within the body [16–18].
In the present study, we developed a biphasic calcium
phosphate cement, which consisted of 𝛼-tricalcium phosphate (𝛼-TCP) and hydroxyapatite (HAP). The HAP doped
with ammonium hydrogen phosphate [(NH4 )2 HPO4 ] could
partially convert HAP into 𝛼-TCP on heating to a temperature up to 1350∘ C–1450∘ C. With different concentrations
of ammonium hydrogen phosphate addition, we could prepare series of biphasic calcium phosphates in different 𝛼TCP/HAP ratios. The prepared 𝛼-TCP/HAP biphasic cement
can set in aqueous environment because the 𝛼-TCP can
be hydrolyzed in water solution and perform segregation.
Apatite crystal generated in segregation can interactively set
with each other similar to the coagulation of cement.
𝛼-TCP/HAP biphasic cement is a self-setting materials
consisting of 𝛼-TCP and HAP that can harden completely
into a uniform microporous hydroxyapatite when mixed in
an aqueous solution. By replacing water with an antibiotic
solution, 𝛼-TCP/HAP biphasic cement might be a convenient
carrier material for local antibiotic delivery. It might be
possible to maintain high concentrations of antibiotics within
an infected lesion and allow bone formation in a bone defect
at the same time. Since the morbidity of chronic osteomyelitis
is due in part to bone loss and the need of multiple surgical

procedures, using these antibiotic-loaded CPC in the bonedefect-filling manner may potentially minimize the risk of
infection and avoid additional surgical procedures.
For this reason, the aim of this study was to investigate 𝛼TCP/HAP biphasic cement as a drug carrier for gentamicin
released in the treatment of chronic osteomyelitis. Gentamicin is the primary choice of orthopedic surgeons for local
treatment of osteomyelitis [19, 20]. In the current study,
the setting properties of gentamicin-loaded 𝛼-TCP/HAP
biphasic cement were evaluated by X-ray diffraction (XRD),
fourier transform infrared (FTIR) spectroscopy, and scanning electron microscope (SEM) observation. The release
behavior of gentamicin from 𝛼-TCP/HAP was evaluated over
a period of 30 days and the efficacy of the released gentamicin
was performed in the germ culture of staphylococcus aureus
and pseudomonas aeruginosa.

2. Material and Methods
2.1. Preparation of 𝛼-TCP/HAP Biphasic Cement. 𝛼-TCP/
HAP biphasic cement was prepared by heating a mixture
that contains hydroxyapatite (HAP) and ammonium hydrogen phosphate [(NH4 )2 HPO4 ]. First, we dissolve 2.19 g of
(NH4 )2 HPO4 powder in 70 mL distilled water uniformly and
then add 40 g of HAP powder into the solution. After stirring,
the mixture was dried in an oven at 60∘ C for 72 hours. The
dried mixture was crushed with a mortar and ground into
fine powder for the following thermal treatment. The powder
mixture was heated to 1350∘ C at a heating rate of 10∘ C/min
and kept at 1350∘ C for one hour, and then the powder mixture
was quenched to room temperature immediately to obtain the
𝛼-TCP/HAP biphasic cement.
2.2. Preparation and Evaluation of Gentamicin-Loaded 𝛼TCP/HAP Biphasic Cement. Gentamicin sulfate powder was
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Figure 2: XRD patterns of 𝛼-TCP/HAP biphasic cement containing (a) 0 wt%; (b) 4 wt%; (c) 16 wt% gentamicin sulfate immersed in distilled
water for 15 minutes, 72 hours, 120, and 168 hours. Peak description: (◊) HAP; () alpha-TCP.

dissolved in distilled water with different concentrations.
The gentamicin-loaded 𝛼-TCP/HAP biphasic cement was
prepared by mixing 0.5 g of 𝛼-TCP/HAP biphasic cement
powder and 0.1 mL of gentamicin sulfate solution. The mixed
cement pastes were kneaded to a cube with a dimension of
5 mm × 5 mm × 5 mm.
In the study, we prepared three different groups of
gentamicin-loaded 𝛼-TCP/HAP biphasic cements, which
were loaded with various concentrations of gentamicin sulfate (0 wt%, 4 wt% and 16 wt%, resp.) respectively. Each group
of gentamicin-loaded 𝛼-TCP/HAP biphasic cement involved
12 samples, and then the samples were immersed into 10 mL
distilled water for 15 min, 2 hr, 4 hr, 8 hr, 16 hr, 24 hr, 48 hr,
72 hr, 96 hr, 120 hr, 144 hr, and 168 hr, respectively. Draw out
samples at the end of each period of time, and then immerse

them into pure alcohol immediately to stop transferring
of 𝛼-TCP. After 168 hr, all of the samples were analyzed
by scanning electron microscope (SEM), X-ray diffraction
(XRD), and fourier transform infrared spectroscopy (FTIR).
2.3. Antibiotic Release Experiments. The gentamicin-loaded
𝛼-TCP/HAP biphasic cements were prepared as described
previously; four samples (containing 0, 4, 8, and 16 wt% of
gentamicin sulfate) were prepared and then immersed in
10 mL of phosphate buffer solution (PBS) at 37∘ C incubator,
respectively. The PBS was changed and collected at regular
time interval. The collected PBS was analyzed by UVVIS spectrometer to measure the concentration of released
gentamicin sulfate.

4

Evidence-Based Complementary and Alternative Medicine

15 min

15 min

2 hr

2 hr

8 hr

8 hr

8 hr

24 hr

24 hr

24 hr

72 hr

72 hr

72 hr

120 hr
1087

863.95

1400

1200

1000

800

168 hr

600

400

2 hr

120 hr

1087
1600

15 min

1600

Wavenumber (cm−1 )

1400

1200

1000

120 hr
863.95

168 hr

863.95

800

600

400

1600

1400

Wavenumber (cm−1 )

(a)

168 hr

1087
1200

1000

800

600

400

Wavenumber (cm−1 )

(b)

(c)

4500

7

4000

6.9

3500

6.8
6.7

3000
pH value

Concentration (𝜇g/mL)

Figure 3: FTIR spectra of 𝛼-TCP/HAP biphasic cement containing (a) 0 wt%; (b) 4 wt%; (c) 16 wt% gentamicin sulfate immersed in distilled
water for 15 minutes, 72 hours, 120, and 168 hours.
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Figure 4: (a) Release curve of gentamicin-loaded 𝛼-TCP/HAP biphasic cement containing 4 wt% (⧫), 8 wt% (◼), and 16 wt% () of gentamicin
sulfate immersed in distilled water for 15 minutes, 72 hours, 120, and 168 hours. (b) pH value of released media of 𝛼-TCP/HAP biphasic cement
containing 4 wt% (⧫), 8 wt% (◼), and 16 wt% () gentamicin sulfate.

2.4. Bacteria Growth Inhibition by GS Released from 𝛼TCP/HAP Biphasic Cements. In order to evaluate the activity
of released gentamicin sulfate, two kinds of bacteria, Staphylococcus aureus ATCC 29213 and Pseudomonas aeruginosa
ATCC 27853, were used to culture with the solution collected from antibiotic release experiments (Section 2.3). The
Mueller-Hinton Broth and sterile test tubes (13 × 100 mm)
were used in the experiments. First, add bacteria into a
test tube that contained 2 mL of Mueller-Hinton Broth, and
then adjust the concentration of bacteria to 107 /mL, which
was used as coordinated bacteria solution for following
experiments. After that, 0.1 mL of the coordinated bacteria
solution and 0.5 mL of released gentamicin sulfate solution

at each time point (obtained from Section 2.3) were added
to sterile test tube that contained 2 mL of Mueller-Hinton
Broth. Furthermore, test tubes containing broth and bacteria
without released gentamicin sulfate solution were used as
control groups. All of these test tubes were incubated in an
atmosphere containing 5% CO2 at 35∘ C for 18 hours.

3. Results
3.1. Preparation and Characterization of 𝛼-TCP/HAP Biphasic
Cement. Figure 1(a) shows the XRD patterns of 𝛼-TCP/HAP
biphasic cements. The JCPDS cards 9–348 (Figure 1(b)) and
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Figure 5: SEM observation of 𝛼-TCP/HAP biphasic cement immersed in distilled water for a period of time of (a) 15 min; (b) 72 hours; (c)
120 hours; (d) 168 hours.

9–432 (Figure 1(c)) are the standard diffraction pattern of 𝛼TCP and HAP, respectively. The major diffraction peak of
HAP at 2𝜃 = 30.6∘ and 𝛼-TCP at 2𝜃 = 31.8∘ could be
observed in XRD pattern of 𝛼-TCP/HAP biphasic cements,
which means the end product of thermal treatment consisted
of HAP and 𝛼-TCP.
3.2. Preparation and Evaluation of Gentamicin-Loaded 𝛼TCP/HAP Biphasic Cement. The effects of adding gentamicin
sulfate on the transition of 𝛼-TCP are shown in Figure 2.
Figure 2(a) shows the XRD patterns of 𝛼-TCP/HAP biphasic
cements without gentamicin sulfate obtained from different
setting time points. At 𝑡 = 15 min, the peaks of 𝛼-TCP and
HAP can be observed clearly. As the soaking time increased,
the 𝛼-TCP peak intensities decreased and HAP peaks intensity increased. Finally, the 𝛼-TCP peaks almost disappear at
𝑡 = 168 hours. Figures 2(b) and 2(c) show that the XRD
patterns of 𝛼-TCP/HAP biphasic cements contained 4% and
16% gentamicin sulfate obtained from different setting time
points. The diffraction peaks of 𝛼-TCP still could be observed
even after being immersed in distilled water for 168 hours,
which means the phase transition of 𝛼-TCP is not completed.
AS we know, 𝛼-TCP would be gradually converted into
apatite in aqueous solution as immersed time increased.
However, from the XRD patterns we cannot distinguish HAP
from d-HAP. It is known that the deficient HAP has the
same crystal structure as HAP, which can be presented by
a formula: (d-HAP, Ca10−𝑋 (HPO4 )𝑋 (PO4 )6−𝑋 (OH)2−𝑋 ). In
order to confirm the formation of d-HAP in the CPC system,

FTIR analysis was needed. Figure 3 shows the FTIR spectra of
the 𝛼-TCP/HAP biphasic cements without/with gentamicin
sulfate obtained at different setting times. As the soaking
time increased, the HPO4 − band at 865 cm−1 was observed
and increased in all the spectra of 𝛼-TCP/HAP biphasic
cement with/without gentamicin sulfate; it indicated that
the calcium-deficient hydroxyapatite could be formed by the
transition of 𝛼-TCP.
3.3. Antibiotic Release Experiments. Figure 4(a) shows the
drug release behavior of 𝛼-TCP/HAP biphasic cement containing various amounts (4 wt%, 8 wt%, and 16 wt%) of
gentamicin sulfate. The drug delivery system showed twostage release curve. Firstly, gentamicin sulfate was released
rapidly from the cement at the initial stage within 24 hours.
Secondly, after 24 hours the sustained release of gentamicin
sulfate could be observed for 30 days. At the end of release
experiments conducted with 4 wt%, 8 wt%, and 16 wt% gentamicin sulfate, the concentrations in the release medium are
7.11 ± 1.01, 12.76 ± 1.03, and 28.76 ± 1.56 𝜇g/mL. The pH
value of gentamicin sulfate-released medium was maintained
between 6.7 and 6.4 within the release period, as shown in
Figure 4(b).
The SEM photos in Figure 5 show the microstructure of
the 𝛼-TCP/HAP biphasic cement without gentamicin sulfate
at different setting time points (15 min, 72 hours, 120 hours,
and 168 hours). Small needle-like crystals are occasionally
observed on the surface of 𝛼-TCP/HAP particles at early
time (15 min). At 72 hours, lots of needle-like crystallites
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Figure 6: SEM observation of 𝛼-TCP/HAP biphasic cement containing 4% gentamicin sulfate which was immersed in distilled water for a
period of time of (a) 15 min; (b) 72 hours; (c) 120 hours; (d) 168 hours.

can be observed on the surface of the particles (Figure 5(b));
the crystallites continuously grown and then transformed
to plate-like structure after 120 hours, shown in Figure 5(c).
Finally, the majority of the 𝛼-TCP/HAP particles are covered with plate-like of HAP, and area of petal-like crystals
significantly increased as the soaking time increased. The
microstructures of the cement with different concentrations
(4 wt% and 16 wt%) of gentamicin sulfate are showed in Figures 6 and 7, respectively. The similar results were observed
when adding various concentration of gentamicin sulfate
into cement. However, compared with Figures 5(d), 6(d),
and 7(d), the addition of gentamicin sulfate might lead to a
thinner and smaller average crystal size.
3.4. Bacteria Growth Inhibition by GS Released from 𝛼-TCP/
HAP Biphasic Cements. Figure 8 shows some representative
digital pictures of the released gentamicin sulfate solution
cultured with Staphylococcus aureus ATCC 29213 and Pseudomonas aeruginosa ATCC 27853 in Mueller-Hinton Broth.
The released gentamicin sulfate solutions were collected
from the previous release experiments and then used for
bacteria growth inhibition experiments. At the end of release
experiments (30 days) conducted with 4 wt%, 8 wt%, and
16 wt% gentamicin sulfate, the concentrations in the release
medium are 7.11 ± 1.01, 12.76 ± 1.03, and 28.76 ± 1.56 𝜇g/mL,
respectively. The antibacterial efficacy was evaluated by the
clarity of solution; the turbid solution indicated the bacterial
growth. In these photos, the left test tube was a control group
that did not contain released gentamicin sulfate, and the

right test tube contained the released gentamicin sulfate at
different time points. It is easy to distinguish the clarity from
the line behind test tubes, and it indicated that the released
gentamicin sulfate at each time point could inhibit bacteria
growth significantly. According to the results of germ culture,
the antibiotic-loaded 𝛼-TCP/HAP biphasic cement could
release effective concentration of gentamicin sulfate to inhibit
the growth both of Staphylococcus aureus and Pseudomonas
aeruginosa for 30 days.

4. Discussion
When treating osteomyelitis and prosthesis infection, it is
often difficult to cure them by antibiotics administered
systemically. Usually, osteomyelitis treatment requires prolonged antibiotic therapy, with a course lasting a matter
of weeks or months. Further, there is a need of high parenteral dose of antibiotic to achieve effective therapeutic
drug concentrations in the infected bone [1]. Therefore,
antibiotic-loaded bone cements have become a complementary treatment because of the resulting higher antibiotic
concentration in the infected area [2, 5, 8, 20]. Calcium
phosphate cement has been used for bone replacement
and augmentation because of good biocompatibility and
osteoconductivity. There have been some studies about the
efficacy and release of antibiotic-impregnated bone cement
[21–24]. The present study showed the efficacy of 𝛼-TCP/HAP
biphasic cement as a biocompatible carrier material that
allows prolonged release of antibiotics, gentamicin sulfate.
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Figure 7: SEM observation of 𝛼-TCP/HAP biphasic cement containing 16% gentamicin sulfate which was immersed in distilled water for a
period of time of (a) 15 min; (b) 72 hours; (c) 120 hours; (d) 168 hours.

Calcium phosphate cements have the significant advantage of
setting at ambient temperatures, which means that antibiotics
can be incorporated into the matrices during preparation.
The significant effect of gentamicin sulfate on the setting
properties of the 𝛼-TCP/HAP biphasic cement is to obstruct
the phase transformation of 𝛼-TCP to HAP. The addition of
gentamicin sulfate led to a thinner and smaller precipitate
grain size (Figures 5, 6, and 7) because sulfate ions might
create more nucleation sites and block the crystal growth [25].
Comparing between Figures 5(a), 6(a), and 7(a), it can be
observed that there is a large amount of needle-like d-HAP
in Figure 5(a), but it could not be observed that there are
conspicuous needle-like precipitates in Figures 6(a) and 7(a).
Furthermore, comparing between Figures 5(d), 6(d), and
7(d), the average crystal size in Figure 5(d) was larger than
that in Figures 6(d) and 7(d). This phenomenon conjectured
that due to the higher concentration of sulfate, the sulfate
ions would be the nucleation sites when 𝛼-TCP hydrolyzed
and crystallized in aqueous solution. On the other hand, the
large molecular structure of gentamicin sulfate may also be
obstacles in the process of grain growth.
The release curves of different concentrations of gentamicin sulfate in this study are similar in shape, suggesting
that the drug release was controlled by diffusion through the
interconnected porous structure of the cement. The release
behavior of this drug delivery system showed two-stage
release; initial stage and sustained stage, respectively. In initial
stage, it showed bursting release, the high concentration
of released gentamicin sulfate conjectured that due to the

adsorbent gentamicin sulfate near the surface of cement.
Furthermore, the cement did not form enough needle-like or
plate-like structure to block the release of gentamicin in initial
stage. So, a large amount of gentamicin sulfate was released
in this stage. In fact, bursting release is an advantage for
the treatment of osteomyelitis. The effectiveness of antibiotic
delivery systems for the local prevention of bacterial infections related to orthopedic implants is strongly dependent on
the drug release profile. Since the concentration of bacteria
was very high at local in early infection, it is needed to
maintain a high local concentration of antibiotic to inhibit
bacteria. In sustained stage, the release rate became slower
due to the formation of needle-like and plate-like structure.
The therapeutic concentration of GS is ≥4 𝜇g/mL for sensitive
microorganisms and ≥8 𝜇g/mL for more-resistant microorganisms [26]. At the end of release experiments (30 days)
conducted with 4 wt%, 8 wt%, and 16 wt% gentamicin sulfate,
the concentrations in the release medium are 7.11 ± 1.01,
12.76 ± 1.03, and 28.76 ± 1.56 𝜇g/mL, respectively. According
to the result of our study, the amount of released gentamicin
sulfate collected from the three groups (𝛼-TCP/HAP biphasic
cement containing 4%, 8%, and 16% gentamicin sulfate) in
vitro clearly exceeded the minimum inhibitory concentration for Staphylococcus aureus and Pseudomonas aeruginosa.
Many species of organisms, such as Staphylococcus, Enterobacteriaceae, and Pseudomonas species, have been implicated in the etiology of osteomyelitis, with Staphylococcus
aureus being the most commonly isolated organism. The
antibacterial experiments further confirm the activity and

8

Evidence-Based Complementary and Alternative Medicine
2 hr

24 hr

240 hr

720 hr

4% gentamicinloaded 𝛼-TCP/HAP
biphasic cement

16% gentamicinloaded 𝛼-TCP/HAP
biphasic cement

Figure 8: Antibacterial experiments of gentamicin-loaded 𝛼-TCP/HAP biphasic cement. The left test tube was control group that did not
contain released gentamicin sulfate, and the right test tube contained various period of time of released gentamicin sulfate. At the end of release
experiments (30 days) conducted with 4 wt%, 8 wt% and 16 wt% gentamicin sulfate, the concentration in the release medium are 7.11 ± 1.01,
12.76 ± 1.03 and 28.76 ± 1.56 𝜇g/mL, respectively. The gentamicin loaded 𝛼-TCP/HAP biphasic cement can release effective concentration of
gentamicin sulfate to inhibit the growth both of staphylococcus aureus and pseudomonas aeruginosa for 30 days.

efficacy of released gentamicin sulfate at regular time interval
(Figure 8).
Most antibiotics, except for aminoglycosides such as gentamicin and tobramycin, are heat labile. The characteristics
of calcium phosphate cement are a high release rate of
antibiotics and no heating during the setting process. Many
antibiotics have been shown to maintain efficacy when mixed
with bone cement [11, 14, 15, 21–24]. The requirements of
such antibiotics are that they are heat stable and hydrophilic.
Release of the antibiotic in such bone cement systems
depends on the rate of dissolution of drug in its matrix
allowing its penetration through the porous structure of the
carrier. The most commonly used antibiotics include gentamicin, tobramycin, and vancomycin. Gentamicin remains the
most effective antibiotic to incorporate with bone cement due
to its high solubility, heat stability, and bactericidal activity
at low concentration [20]. Vancomycin and tobramycin are
both water-soluble and available in powder form. Mixing of
more than one antibiotic into bone cement has been shown
to have a synergistic effect [27, 28]. The combination of
different antibiotics can increase the antimicrobial spectrum,
and also it would potentially lead to increased concentrations
of antibiotics in the local area. The combination of antibiotics
is supposed not only to be more powerful, but also to prevent
the emergency of resistant strains through the synergistic
action of two antibiotics at the same time [29].
Prevention of osteomyelitis and its treatment are still
a challenge not only to the veterinary orthopedic surgery
but also to the human subjects. Low systemic toxicity and

high local antibiotic concentrations are the major advantages
of local antibiotic delivery system. Furthermore, there is a
possibility that CPC allows bone formation in a bone defect
caused by infection because CPC has a character of bone
replacement and augmentation.

5. Conclusion
The use of 𝛼-TCP/HAP biphasic cement as a drug delivery
system for gentamicin sulfate appears to be very promising
because gentamicin sulfate could be sustainably released for
at least 30 days and the biological activity of gentamicin
sulfate was preserved when mixed with the 𝛼-TCP/HAP
biphasic cement. For clinical application, gentamicin-loaded
𝛼-TCP/HAP biphasic cement may be able to maintain a
high local concentration of gentamicin sulfate, which was
beneficial to the treatment of osteomyelitis or prosthesis
infection.
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Andrographis paniculata (Burm. F) Nees, generally known as “king of bitters,” is an herbaceous plant in the family Acanthaceae.
In China, India, Thailand, and Malaysia, this plant has been widely used for treating sore throat, flu, and upper respiratory
tract infections. Andrographolide, a major bioactive chemical constituent of the plant, has shown anticancer potential in various
investigations. Andrographolide and its derivatives have anti-inflammatory effects in experimental models asthma, stroke, and
arthritis. In recent years, pharmaceutical chemists have synthesized numerous andrographolide derivatives, which exhibit essential
pharmacological activities such as those that are anti-inflammatory, antibacterial, antitumor, antidiabetic, anti-HIV, antifeedant,
and antiviral. However, what is noteworthy about this paper is summarizing the effects of andrographolide against cardiovascular
disease, platelet activation, infertility, and NF-𝜅B activation. Therefore, this paper is intended to provide evidence reported in
relevant literature on qualitative research to assist scientists in isolating and characterizing bioactive compounds.

1. Introduction
Andrographis paniculata (Burm. F) Nees, commonly known
as the “king of bitters,” is an herbaceous plant belonging
to the Acanthaceae and is found throughout tropical and
subtropical Asia, Southeast Asia, and India. In India, A.
paniculata is known as “Kalmegh”; in China it is known
as “Chuan-Xin-Lian”; in Thailand it is known as “Fah Tha
Lai”; in Malaysia it is known as “Hempedu bumi”; in Japan
it is known as “Senshinren”; and in Scandinavian countries
it is known as “green chiretta” [1]. Extracts of this plant
and andrographolide exhibit pharmacological activities such
as those that are immunostimulatory [1, 2], antiviral [3],
and antibacterial [4]. As major active constituent, andrographolide exhibits a broad range of biological activities, such
as anti-inflammatory, antibacterial, antitumor, antidiabetic,

antimalarial, and hepatoprotective [5]. Because of the impressive variety of these biological activities, researchers propose
obtaining various leads by structurally modifying andrographolide. In recent decades, numerous andrographolide
derivatives have emerged and their pharmacological activities have also been evaluated. However, studies that have
comprehensively summarized or analyzed A. paniculata and
its derivatives have been minimal. Therefore, to contribute
to the advanced trends of research on andrographolide,
this paper provides thorough information regarding the
pharmacological activities of A. paniculata and its major
compound andrographolide.
1.1. Chemical Structure. Andrographolide is a major bioactive phytoconstituent found in various parts of A. paniculata (Figure 1), but particularly in the leaves. The chemical
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Figure 1: Morphology of Andrographis paniculata.

revealed the melting point of andrographolide to be 235.3∘ C
[8, 9].
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Figure 2: Chemical structure of andrographolide.

name of andrographolide is 3𝛼, 14, 15, 18-tetrahydroxy-5𝛽,
9𝛽H, 10𝛼-labda-8, 12-dien-16-oic acid 𝛾-lactone (Figure 2),
and its molecular formula and weight are C20 H30 O5 and
350.4 (C 68.54%, H 8.63%, and O 22.83%), respectively.
The structure of andrographolide has been analyzed by
using X-ray, 1H,13 C-NMR, and ESI-MS [6–10]. Although
andrographolide is not very soluble in water, it is soluble
in acetone, chloroform, ether, and hot ethanol. Crystalline
andrographolide was reported to be highly stable, over a
period of three months [11]. Rajani et al. [8] reported
a simple and rapid method for isolating andrographolide
from the leaf of A. paniculata. They extracted it using a
1 : 1 mixture of dichloromethane and methanol and then
isolated the andrographolide directly from the extract by
performing recrystallization. The purity of the compound has
been evaluated with thin-layer chromatography (TLC), UV
absorption spectrum, high-performance liquid chromatography (HPLC), liquid chromatography-mass spectrometry
(LCMS), and differential scanning calorimetry (DSC), which

1.2. Biological Activities of Andrographolide. Andrographolide has been reported to have a wide range of biological
activities, such as those that are anti-inflammatory [12],
antiallergic [13], antiplatelet aggregation [14, 15], hepatoprotective [16], and anti-HIV [17]. In addition to these activities,
the ability of ethanol or an aqueous extract of A. paniculata to
decrease blood glucose levels in normal rats or streptozotocin
diabetic rats has been documented [18]. In biological systems,
andrographolide can interact with many inter- and intracellular constituents as a bipolar compound, thus ensuing in many
biological responses. A recent study demonstrated that A.
paniculata polysaccharides combined with andrographolide
can ease the recovery of diabetic nephropathy [18].

2. Experimental Studies
2.1. Effects on Antioxidant Defense. Antioxidant defense
systems may only partially prevent oxidative damage [19].
Hence, there is interest in using dietary supplements containing antioxidants to protect the components of the human
body from oxidative damage. Currently, the most commonly
used synthetic antioxidants are butylated hydroxyanisole
(BHA), butylated hydroxytoluene (BHT), propyl gallate,
and tert-butylhydroquinone. However, BHA and BHT have
restricted use in foods because they are suspected to be
carcinogenic and to cause liver damage [20]. Therefore, there
is growing interest in using natural additives as potential
antioxidants [21, 22].
Several studies have reported the antioxidant activities of
A. paniculata and its constituents. Verma and Vinayak [23]
reported that the aqueous extract of A. paniculata significantly increased the activities of antioxidant defense enzymes
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such as catalase, superoxide dismutase, and glutathione-Stransferase and reduced glutathione content. The extract
significantly inhibits lipid peroxidation by lowering the levels
of thiobarbituric-acid-reactive substances in the liver and
kidney of diabetic rats (as compared to normal rats) and
also significantly increases the level of hepatic glutathione
concentrations [24]. A pretreatment of andrographolide
was reported to significantly attenuate the accumulation of
the phorbol-12-myristate-13-acetate- (PMA-) induced formation of ROS and N-formyl-methionyl-leucyl-phenylalanine(fMLP-) inducing adhesion of rat neutrophils [25]. Andrographolide exhibited free radical-scavenging ability, thus
reduced oxidative stress and thiobarbituric-acid-reactive
substance formation [26].
2.2. Anti-Inflammatory Effects. Andrographolide has been
reported to significantly reduce the inflammation caused
by histamine, dimethyl benzene, and adrenaline [27]. Overproduction of NO and prostaglandin E2 (PGE2), because
of the expression of inducible isoforms of nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2), plays a
significant role in the inflammatory processes of activated
macrophages. The secretion of proinflammatory cytokines
from macrophages stimulated and promoted by lipopolysaccharide, which causes induction of iNOS, results in increased
production of NO. The methanol extract of A. paniculata
and andrographolide incubated with macrophages have been
reported to inhibit LPS-stimulated NO production in a
concentration-dependent manner [28, 29]. Chiou et al. [30]
observed that andrographolide inhibits lipopolysaccharideinduced nitric oxide (NO) production and inducible NO
synthase (iNOS) expression in the murine macrophagelike cell line RAW 264.7. Administering andrographolide
to rats fully restored the maximal contractile response of
the thoracic aorta to phenylephrine after incubation with
LPS and alleviated the decrease in the mean arterial blood
pressure of anesthetized rats. Andrographolide has also been
reported to suppress IL-2 production and T-cell proliferation
in a mixed lymphocyte reaction and to inhibit dendritic cell
maturation and antigen presentation [31].
2.3. Anticancer Activity. Natural products are recognized
as sources for drugs used to treat several human ailments
including cancers. Vincristine, irinotecan, etoposide, and
paclitaxel are examples of many natural pharmaceuticals
derived from plants [32]. Despite the discovery of numerous
drugs of natural origin, searching for new anticancer agents
is still necessary to provide drugs that are less toxic and
more effective and to increase their variety and availability.
Samples with pharmacological usage should be accounted for
when selecting plants to treat cancer because several ailments
reflect disease states bearing relevance to cancer or cancerlike symptoms [33]. Andrographolide exhibited potent cytotoxic activity against KB (human epidermoid leukemia)
and P388 (lymphocytic leukemia) cells [34]. Among the
diterpenoid lactones isolated from the ethyl acetate fraction
of A. paniculata, andrographolide had strong anticancer
activity by inducing cell differentiation in mouse myeloid
leukemia cells [35]. Andrographolide was found to inhibit
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the proliferation of various cell lines including leukemia,
breast cancer, lung cancer, and melanoma cells [2, 36].
Furthermore, this compound has strong anticancer activity
against human colorectal carcinoma LoVo cells by inhibiting
cell cycle progression [37]. A potent growth inhibitory effect
of andrographolide has been demonstrated in acute promyelocytic leukemic cells (HL-60 and NB4) that are mediated by
inducing cell differentiation and apoptosis [38, 39]. Andrographolide was also reported to suppress the adhesion of
gastric cancer cells which express high-level sialyl Lewis X
to human vascular endothelial cells by blocking E-selectin
expression and, thus, may represent a candidate therapeutic
agent for cancer [40]. Lim et al. [41] demonstrated that
the anticancer mechanisms for andrographolide include the
inhibition of Janus tyrosine kinases-signal transducers and
activators of transcription, phosphatidylinositol 3-kinase and
NF-𝜅B signalling pathways, suppression of heat shock protein
90, cyclins and cyclin-dependent kinases, metalloproteinases
and growth factors, and the induction of tumour suppressor
proteins p53 and p21, leading to the inhibition of cancer cell
proliferation, survival, metastasis, and angiogenesis.
In vivo models of the anticancer activity of andrographolide have been used against MCF-7 and HT-29 tumor
xenografts and B16F0 melanoma [38]. In a radiation therapy study, andrographolide was found to sensitize Rastransformed cells and significantly delay tumor growth [42].
Sheeja and Kuttan [43] demonstrated that A. paniculata
extract or andrographolide alone could stimulate cytotoxic
T lymphocyte production through the enhanced secretion of
IL-2 and IFN-c by T cells, thereby inhibiting tumor growth
in vivo. Inhibition of angiogenesis is currently perceived as a
promising strategy in treating cancer. In a significant invention, A. paniculata and andrographolide alone were found to
inhibit tumor-specific angiogenesis by regulating the production of various pro- and antiangiogenic factors, such as proinflammatory cytokines, NO, vascular endothelial growth
factor, IL-2, and the tissue inhibitor of metalloproteinase1 [43]. A recent study demonstrated that andrographolide
inhibits breast cancer cell proliferation, migration, and cell
cycle arrest at the G2/M phase and induces apoptosis through
a caspase-independent pathway. Their experimental evidence
suggests that andrographolide attenuates endothelial cell
motility and tumor-endothelial cell interaction [44]. The
antitumor activity of andrographolide in an in vivo model
was correlated with the downregulation of PI3 kinase/Akt
activation, inhibition of proangiogenic molecules, such as
OPN, and VEGF expressions [44].
2.4. Immunomodulatory Activity. Purified andrographolide
(1 mg/kg body weight) or intragastric administration of
ethanol extracts of the stems and leaves (25 mg/kg body
weight) to mice stimulate antibody production and the
delayed-type hypersensitivity response to sheep red blood
cells [45]. The extract and purified andrographolide were
also reported to stimulate an innate immune response in
mice, which was measured according to the macrophage
migration index, phagocytosis of leucine-labelled Escherichia
coli, and proliferation of splenic lymphocytes stimulated by
A. paniculata extract [45]. The immunomodulatory property
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of a diterpene lactone andrographolide was reported to
be associated with the enhancement of the proliferation
of human peripheral blood lymphocytes, as well as the
production of key cytokines and the expression of Y Xu 21
immune activation markers in whole blood cells in culture
in vitro [46]. Rajagopal et al. [2] and Kumar et al. [1] have
reported the immunostimulatory activity of andrographolide
in vitro in PHA-stimulated human peripheral blood lymphocytes (HPBLs) by increased proliferation of lymphocytes
and production of IL-2. In vivo immune responses, such
as an antibody response to a thymus-dependent antigen
and delayed-type hypersensitivity, were considerably lessened in mice treated with andrographolide. In addition,
Iruretagoyena et al. [47] reported that andrographolide
enhanced the tolerogenic properties of immature dendritic
cells (DCs) in experimental autoimmune encephalomyelitis
(EAE) by inhibiting NF-kappa B activation in murine DCs.
Andrographolide was also reported to reduce IFN-𝛾 and IL2 production in murine T cells stimulated with concanavalin
A (Con A) in vitro [48]. Moreover, andrographolide was
reported to inhibit the production of TNF-𝛼 and IL-12 in
macrophages stimulated by lipopolysaccharide [49].
2.5. Hepatoprotective Activity. Liver diseases of various origins remain a serious health problem and a major cause
of mortality. In the absence of reliable hepatoprotective
drugs in modern medicine, herbs and plants play a vital
role in managing several liver disorders [50, 51]. Extensive
literature related to the hepatoprotective activity of molecules
from herbal sources shows that there is a vast array of
molecules exhibiting potent hepatoprotective efficacy. The
Indian systems of medicine have long used A. paniculata
as a hepatostimulant and hepatoprotective agent [16]. A.
paniculata is also an ingredient in several polyherbal preparations used as hepatoprotectants [52], one of which has
been reported to be efficacious in chronic hepatitis B viral
infection [53]. A recent study showed that andrographolide
attenuated concanavalin A-induced liver injury and inhibited hepatocyte apoptosis [54]. Shukla et al. [55] reported
observing choleretic effects of andrographolide in conscious
rats and anesthetized guinea pigs. The effect of andrographolide was found to be more potent than silymarin
against acetaminophen-induced reduction of the volume
and contents of bile. Andrographolide was also shown to
protect against ethanol-induced hepatotoxicity in mice with
an equivalent efficacy of silymarin [56]. Oral pre- and
posttreatments of adult rats with an extract of A. paniculata
were protective against an ethanol-induced increase in serum
transaminases. A protective effect of a single oral dose each
of the extract and of andrographolide has been studied in
carbon tetrachloride- (CCl4 -) induced hepatic microsomal
lipid peroxidation. Rana and Avadhoot [57] reported the
hepatoprotective effects of the crude alcohol extract of leaves
against CCl4 -induced liver damage; these effects have had
also been established against paracetamol-induced toxicity
in an ex vivo rat model of isolated hepatocytes [58]. Plant
extracts of A. paniculata showed hepatoprotective characters
consistent with the folk use and pharmacology [59].
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2.6. Antimicrobial Effects. Antimicrobial drugs have caused a
dramatic change not only in the treatment of infectious diseases but to the fate of mankind. Antimicrobial chemotherapy
has made noteworthy advances, resulting in positive observations that infectious diseases might be dominated in the
near future. However, in reality, emerging and reemerging
infectious diseases have indicated a countercharge from
infections. Infections with drug-resistant organisms hang
back an imperative problem in clinical practice that is
complicated to explain. If an unsuitable antimicrobial agent is
preferred over the treatment of infection with drug-resistant
microorganisms, the therapy may not achieve beneficial
effects and may lead to a worse prognosis. A. paniculata
and andrographolide have been reported to exhibit potent
antimicrobial activity against various microbial organisms.
In vitro antibacterial activity of the crude powder of A.
paniculata has been reported against Salmonella, Shigella, E.
coli, gram A streptococci, and Staphylococcus aureus, even
at a concentration of 25 mg/mL. Singha et al. [4] found
significant antibacterial activity in an aqueous extract with
andrographolide. A similar result was found in a crude
aqueous extract of leaves that exhibit significant antimicrobial activity against gram-positive S. aureus, methicillinresistant S. aureus, and gram-negative Pseudomonas aeruginosa [60]. Significant activity against enterohemorrhagic
strains of E. coli was found in the ethanol extract of A.
paniculata [61]. The virucidal activity of andrographolide
has been reported against herpes simplex virus 1 (HSV1) without having any significant cytotoxicity [62]. At a
concentration of 0.05 mg/mL of a chloroform extract of A.
paniculata, the plant completely inhibits malarial parasitic
growth within 24 h of incubation; and the same inhibition has
been noted within 48 h with methanol extract concentration
of 2.5 mg/mL [63]. A methanol extract was found to inhibit
Plasmodium falciparum substantially at a 50% inhibitory
concentration (IC50) of 7.2 𝜇g/mL [64]. The ethanolic extract
of A. paniculata was effective against upper respiratory tract
infection [65]. The antimicrobial activity of A. paniculata
against nine bacterial strains, Salmonella typhimurium, E.
coli, Shigella sonnei, Staphylococcus aureus, Pseudomonas
aeruginosa, Streptococcus pneumonia, Streptococcus pyogenes,
Legionella pneumophila, and Bordetella pertussis, has also
been reported [66].
2.7. Antiviral Effects. The antiviral activities of plant extracts
have been renewed and have been the topic of passionate
scientific investigation. Several medicinal plant extracts have
shown antiviral activities against some RNA and DNA
viruses. Among these plants is A. paniculata which exhibits
a neutralizing activity against the human immunodeficiency
virus (HIV) [67]. Andrographolide was investigated for
antiviral activity against herpes simplex virus (HSV) [62,
68], HIV [3], flaviviruses, and pestiviruses [69]. Lin et al.
[70] demonstrated that 25 𝜇g/mL of ethanolic extract of A.
paniculata and 5 𝜇g/mL of andrographolide effectively inhibit
the expression of Epstein-Barr virus (EBV) lytic proteins, Rta,
Zta, and EA-D, during the viral lytic cycle in P3HR1 cells. A
recent study has demonstrated that A. paniculata has the most
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antiviral inhibitory effects among six medicinal plants tested
against DENV1-infected Vero E6 cells [71].
2.8. Antipyretic and Analgesic Effects. In Asian countries, A.
paniculata has been widely used for its antipyretic, analgesic,
protozoacidal, antihepatotoxic, anti-HIV, immunostimulant,
anticancer effects [36]. It had been reported that andrographolide, with oral doses of 100 and 300 mg/kg, produced a significant antipyretic effect after 3 h administration
of brewer’s yeast-induced fever in rats [72]. In addition,
doses of 180 or 360 mg/kg of andrographolide were also
found to relieve fever in humans by the third day after
administration [73]. Madav et al. [72] have also reported
that 300 mg/kg of andrographolide, administered orally, had
significant analgesic activity on acetic-induced writhing in
mice and on the Randall-Selitto test in rats, but without any
effect on the hot plate test in mice. These authors have also
reported that intraperitoneal administration of 4 mg/kg of
andrographolide exhibited an analgesic effect, whereas the
former study, 300 mg/kg administered orally did not. The
different routes of administration between these experiments
could contribute to this discrepancy [72].
2.9. Antimalarial Effects. In vitro and in vivo studies performed by Rahman et al. [63] showed that A. paniculata
produced significant antimalarial effects. Chloroform extract
of this plant shows better effect than the methanol extract
because it showed complete parasite growth inhibition as low
as 0.05 mg/mL drug dose within 24 h incubation period as
compared to methanol extract of drug dose of 2.5 mg/mL
but under incubation time of 48 h of the same plant species.
In vivo activity of A. paniculata also demonstrated higher
antimalarial effect [63]. Fractions isolated from A. paniculata also exhibited antimalarial activity [74]. Misra et
al. [75] have isolated andrographolide, neoandrographolide,
deoxyandrographolide and andrographolide from the leaves
of A. paniculata that showed anti-malarial activity against
Plasmodium berghei NK65 in Mastomys natalensis.
2.10. Larvicidal and Ovicidal Effects. Plant products have
been used by traditionally human communities in many
parts of the earth against the vectors and species of insects.
The phytochemicals derived from plant sources can act as
larvicides, insect growth regulators, repellents, and ovipositional attractants and have deterrent actions as observed
by many researchers [76–80]. The treatment of different
products of A. paniculata greatly affected the larval growth of
Anopheles stephensi and caused malformation and mortality
in a dose-dependent manner [81]. An ethanolic extract of A.
paniculata caused moderate ovicidal activity against various
age groups of Aedes stephensi, but it inflicted delayed effects
such as high larval, pupal, and adult mortality, thereby
suppressing the vector population and adversely influencing
transmission of the disease pathogen [82]. The leaf extract
of A. paniculata with different solvents of benzene, hexane,
ethyl acetate, methanol, and chloroform exhibited larvicidal
and ovicidal activities against Culex quinquefasciatus Say
and Aedes aegypti L., whereas ethyl acetate and methanol
extracts of the plant showed only ovicidal activity against
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Culex quinquefasciatus and Aedes aegypti [83]. They have also
found 100% mortality against two mosquito species exerted
by ethyl acetate and methanol extracts of the plant. A recent
study performed by Sheeja et al., 2012 suggest that the leaf
extracts of A. paniculata may have the potential to be used as
an ideal eco-friendly approach for the control of the filarial
vector Culex quinquefasciatus [76].
2.11. Renoprotective Effects. The recurrence of urolithiasis is
critical; thus, preventing and treating stone formation are
highly recommended. The most recent data suggest that 27
million people have chronic kidney disease, representing
nearly one in seven adults and a 30% increase over the past
decade [84]. In the Unites States, more than 200 thousand
people suffer from kidney failure. A similar increase in the
incidence of end-stage renal failure caused by an increasing
incidence of the risk factors for renal disease has occurred in
many Asian countries [85]. A study found that the aqueous
extract of A. paniculata could considerably alleviate the
nephrotoxic action of gentamicin in male albino rats, thus
exhibiting marked renoprotective activity [86].
2.12. Antifertility Effects. Efforts are underway to develop
antifertility products from plants. Many plants are reported
to have fertility-regulating properties in ancient Indian literature [87]. Numerous plants have been tested for their
antifertility activities in laboratory animals [88, 89] and
several animal studies have reported an effect of A. paniculata
on male and female reproduction. Early reports of oral
administration of the powdered stem of A. paniculata have
shown an antifertility effect on male Wistar mice, but no
impact on fertility in female mice [90]. It has also been
reported that administering A. paniculata results in abortion
in pregnant rabbits. Moreover, the herb is reported to suppress the growth of human placental chorionic trophoblastic
cells in vitro [91]. Zoha et al. [92] reported feeding sundried Andrographis powder to female mice at a dose of 2 g/kg
bw/day for 6 weeks and then mated them with untreated
males of proven fertility, thus inhibiting pregnancy in 100%
of the tested animals. Oral administration of Andrographis
paniculata extract during the first 19 days of pregnancy in
doses of 200, 600, and 2000 mg/kg did not exhibit any effect
on the elevated level of progesterone in the blood plasma of
rats [46]. Animal studies have also shown that A. paniculata
may have contraceptive or antifertility effects following longterm treatment at high doses (20 mg/rat) [93]. However,
there was a large degree of discrepancy in the results, with
some studies demonstrating no untoward effects even at the
1000 mg/kg dose [48]. Administering dry leaf powder to male
albino rats (20 mg daily for 60 days) has been shown to inhibit
spermatogenesis, degenerative changes in the seminiferous
tubules, regression of Leydig cells, and regressive or degenerative changes in the epididymis, seminal vesicle, ventral
prostate, and coagulating glands [94]. Andrographolide also
produced similar results when orally administered to male
Wistar albino rats for 48 days. A study reported no toxicity
of andrographolide (50 mg/kg) treatment for up to 8 weeks
in the number and motility of sperm [95]. It was reported
that the effect of andrographolide or A. paniculata on sex
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hormones in patients with an impaired testosterone level
might be able to return hormone levels to normal and treat
decreased libidos and decreased mental and physical sexual
activity.
2.13. Antihyperglycemic Activities. Diabetic nephropathy has
become the leading cause of end-stage renal disease in
developed countries, thus creating an increasing clinical
problem [96]. To prevent and treat diabetic nephropathy,
current methods using agents such as angiotensin-converting
enzyme inhibitors, angiotensin-II receptor blockers, and
antihypertensive drugs have been attempted in clinical practice [97]. Despite these treatments, numerous patients still
develop intractable diabetic nephropathy. This has prompted
considerable interest in using traditional medicines to
treat this condition. Orally administered glucose-induced
hyperglycemia in nondiabetic rabbits was reported to be
prevented by the extract of A. paniculata. Six weeks of chronic
administration of the extract showed no effect on fasting
blood glucose levels [98]. The ethanolic extract of A. paniculata at a dose of 400 mg/kg body weight twice daily for 2 weeks
to diabetic rats was shown to produce a 49.8% reduction
in fasting serum triglyceride levels. This was reported to
be greater than the 27.7% decline that was achieved with
500 mg/kg body weight twice daily for 14 days [24]. An
aqueous extract (50 mg/kg body weight) administered to
streptozotocin-diabetic rats resulted in a 52.9% reduction in
blood glucose levels. Dry powder of the plant material significantly decreased blood glucose levels by 61.8% at a lower dose
of 6.25 mg/kg body weight [99]. Comparable results were
observed by Dandu and Inamdar [100] with oral administration of an aqueous extract of A. paniculata leaves. A dose
of 400 mg/kg was found to lower the blood glucose levels
of streptozotocin-induced animals and increased the activity
of superoxide dismutase and catalase. Oral administration of
the decoction also significantly reduced blood glucose levels
in alloxan-induced diabetic rats and reduced food and water
intake when compared to vehicle-treated diabetic controls
[100]. Extended mean estrous cycles were reduced from 8 to
5 days in treated diabetic rats [101]. Andrographolide appears
to reduce plasma glucose concentration dose-dependently
in streptozotocin-induced diabetic and normal rats, with
the potential effect observed in normal rats rather than in
diabetic rats [102]. This is a significant difference from the
water extract, which did not show a glucose-lowering effect
in a study on normoglycemic rats [100].
Andrographolide also attenuates the increase in plasma
glucose in response to an intravenous glucose challenge in
normal rats and enhances the uptake of radioactive glucose
by isolating the soleus muscle of streptozotocin-diabetic rats
in a concentration-dependent manner. Repeated intravenous
administration of andrographolide in diabetic rats for three
days resulted in an increase in mRNA and protein levels of
glucose transporter in the soleus muscle, indicating that the
glucose-lowering effect of andrographolide could be caused
by more effective glucose use of the skeletal muscle [102].
However, an in vitro experiment concluded that the hypoglycemic effect of A. paniculata is caused by insulin release
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from pancreatic cells through ATP-sensitive potassium channels, an effect that is similar to that of other insulinotropic
antidiabetic agents [103]. Subramanian et al. [104] conducted
in vitro experiments and suggested that the inhibition of
alpha-glucosidase and alpha-amylase enzyme could be the
mechanism by which the ethanol extract of A. paniculata
and andrographolide produce hypoglycemic effects. Water
extract seems to be a more suitable candidate for further study
because it does not affect the fasting blood glucose levels of
nondiabetic animals. Therefore, identifying blood glucoselowering constituents in both water and ethanol extracts may
be of value.
2.14. Hypolipidemic Effects. Hyperlipidemia is a crucial factor, particularly in patients with high cholesterol levels
and abnormal lipoprotein metabolisms, and has a direct
relationship with cardiovascular diseases [105, 106]. Hence,
the research and development of new functional foods and
medicines for preventing coronary heart disease are crucial.
Cholesterol and other fatty substances combine in the bloodstream and are deposited in the blood vessels to form a material called plaque [107]. The increase in lipids can cause plaque
to grow over time and lead to obstructions in blood flow. If an
obstruction occurs in the coronary arteries, it could result in
a heart attack. Furthermore, an obstruction occurring in the
arteries of the brain could lead to a stroke [108]. Hence, it is
critical to actively decrease blood lipid counts to prevent and
cure cardiovascular and cerebrovascular diseases. A recent
study thoroughly demonstrated that andrographolide has
potent hypolipidemic effects and protects the cardiovascular
system without significant liver damage by lowering TC, TG,
HDL-TC, and LDL-TC in mice and rats [109]. Nugroho et al.
[110] reported that the purified extract of andrographolide
significantly (𝑃 < 0.05) decreased the levels of blood glucose,
triglycerides, and LDL.
2.15. Effects on Cardiovascular Disease. A. paniculata has
demonstrated an increase of blood-clotting time; hence, preand posttreatments of the extract of A. paniculata after
surgery significantly prevent the constriction of blood vessels,
thus decreasing the risk of the subsequent closing of blood
vessels after angioplasty procedures [111]. Several studies have
used animal models to investigate the effects of aqueous
extracts and active constituents of A. paniculata, both before
and after experimental myocardial infarction. An extract
of the plant produced antihypertensive effects because it
relaxed smooth muscles in the walls of blood vessels and
prevented the blood vessels from constricting and limiting
blood flow to the brain, heart, and other organs [112]. A timedependent protection of rat cardiomyocytes against hypoxia
injury was reported to be caused by the pretreatment of
andrographolide; this effect was reported to be associated
with upregulation of cellular reduced glutathione (GSH)
level and antioxidant enzyme activities [113]. Awang et al.
[114] demonstrated that the dichloromethane extract of A.
paniculata significantly reduced coronary perfusion pressure
by up to 24.5 ± 3.0 mm Hg at a 3 mg dose and also reduced
the heart rate by up to 49.5 ± 11.4 beats/min at this dose.
The arterial constriction caused by high cholesterol in the
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Figure 3: Hypothetical scheme shows the inhibitory signaling of andrographolide in platelet activation. Andrographolide can activate the
endothelial nitric oxide synthase- (eNOS-) NO-cyclic GMP pathway, followed by the inhibition of both the PLC𝛾2-DAG-PKC and PI3
kinase/Akt cascades, and ultimately inhibits platelet aggregation [120].

diet and by injury to the inner lining of the blood vessel was
also found to be diminished by A. paniculata [115]. It was
reported that A. paniculata decreased the damage of the heart
muscle, when it is administered to dogs one hour after the
development of myocardial infarction [116]. These findings
imply the promising use of A. paniculata as a favorable
alternative for cardiovascular therapy.
2.16. Inhibitory Effects on Platelet Aggregation. An intravascular thrombosis is among the generators of a wide variety of
cardiovascular diseases. Initiation of an intraluminal thrombosis is believed to involve platelet adherence and aggregation. Thus, platelet aggregation may play a crucial role in the
atherothrombotic process [117]. Blood platelet activation and
aggregation are common denominators in atherothrombotic
events and various inflammatory diseases. Platelets have been
viewed exclusively as mediators of thrombosis and hemostasis; their function has been extended to include prominent
roles in inflammation and immunity [118]. Therefore, the
use of antiplatelet agents, which can inhibit thromboembolic
diseases (myocardial infarction, ischemic stroke, and vascular
death) in the platelets, warrants investigation. Amroyan et
al. [14] found that andrographolide inhibited PAF-induced
human platelet aggregation. Moreover, Thisoda et al. [119]
reported that the extract of A. paniculata (10–100 𝜇g/mL)
significantly inhibited platelet aggregation in washed rat
platelets. Our recent study demonstrated for the first time that
andrographolide exhibits potent antiplatelet activity through
the activation of the eNOS-NO/cyclic GMP pathway and
inhibition of both the PLC𝛾2-PKC and PI3 kinase/AktMAPK (i.e., p38 MAPK) cascades in washed human platelets

(Figure 3) [120]. Our earlier study also showed that andrographolide may involve an increase in cyclic GMP/PKG,
followed by inhibition of the p38 MAPK/∙ HO-NF-𝜅B-ERK2
cascade in activated platelets. In that study, we also suggested
that andrographolide may have a high therapeutic potential
to treat thromboembolic disorders and may also be considered for treating various inflammatory diseases [15].
Aqueous extract, andrographolide, and DDA inhibit
thrombin-induced platelet aggregation in time- and concentration-dependent manners [119]. Andrographolide inhibits
platelet-activating factor- (PAF-) induced platelet aggregation in a dose-dependent manner without affecting the
biosynthesis of eicosanoids. An extract of A. paniculata significantly inhibited ex vivo ADP-induced platelet aggregation
in 63 patients with cardiac and cerebral vascular diseases 3 h
after administration. Thirty-three of these patients, who were
observed for platelet aggregation after 1 week, experienced
even more significant effects. Serotonin release from platelets
was significantly reduced in 20 extract-treated volunteers,
although the plasma serotonin levels remained unchanged
[121].
2.17. Inhibitory Effects on NF-kappa B (NF-𝜅B) Transcription
Factors. NF-𝜅B plays a pivotal role in the pathogenesis of
inflammation, prompting various drugs designed to treat
human inflammatory disease to be focused on inhibiting
NF-𝜅B activation [122]. Many natural compounds or herbal
extracts reportedly exhibit anti-inflammatory activities that
generally involve NF-𝜅B activation [123, 124]. Phytochemicals, especially flavonoids, are currently of interest because
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of their essential biological and pharmacological properties,
including the inhibition of NF-𝜅B activation [125].
NF-kappa B comprises a family of inducible transcription
factors that serve as crucial regulators of the host immune
and inflammatory responses. The NF-kappa B transcription
factor regulates the expression of various components of
the immune system, including proinflammatory cytokines,
chemokines, adhesion molecules, and inducible enzymes
such as cyclooxygenase-2 and inducible nitric oxide synthase,
as well as proteins that regulate the specific immune response,
such as interleukin- (IL-) 2, IL-12, and interferon-𝛾 that control lymphocyte proliferation and differentiation. Therefore,
dysregulation of this transcription factor can lead to inflammatory and autoimmune diseases [126]. Andrographolide
has been proven to attenuate inflammation by inhibiting
NF-kappa B activation through the covalent modification
of reduced Cys62 of p50. Mechanistically, andrographolide
formed a covalent adduct with a reduced cysteine of p50,
thus blocking the binding of NF-kappa B oligonucleotide
to nuclear proteins. Andrographolide suppressed the activation of NF-kappa B in stimulated endothelial cells, thereby
reducing the expression of the cell adhesion molecule Eselectin and prevented E-selectin-mediated leukocyte adhesion under flow [13]. Andrographolide also abrogated the
cytokine- and endotoxin-induced peritoneal deposition of
neutrophils, attenuated septic shock, and prevented allergic
lung inflammation in vivo.
Other researchers have analyzed the effect of andrographolide on the activation of NF-kappa B induced by
a platelet-activating factor (PAF) and N-formyl-methionylleucyl-phenylalanine (fMLP) in HL-60 cells differentiated
to neutrophils. Andrographolide has been shown to inhibit
the NF-kappa B luciferase activity induced by PAF. Andrographolide also reduced the DNA binding of NF-kappa B in
whole cells and in nuclear extracts induced by PAF and fMLP.
Therefore, andrographolide exerts its anti-inflammatory
effects by inhibiting NF-kappa B binding to DNA, thus
reducing the expression of proinflammatory proteins, such as
COX-2 [127].
Several lines of evidence indicate that inhibition of NF𝜅B transcriptional activity contributes to the protective antiinflammatory actions of andrographolide [128, 129]. Andrographolide inhibits nuclear factor kappa B (NF-𝜅B) activation
by blocking the binding of NF-𝜅B oligonucleotides to nuclear
proteins [30, 128]. Recently, we demonstrated that andrographolide enhances the NF-𝜅B subunit p65 Ser536 dephosphorylation through the activation of protein phosphatase 2A
in vascular smooth muscle cells [129]. We also demonstrated
for the first time that andrographolide inhibited p65 Ser536
phosphorylation, reduced nuclear translocation of p65, and
diminished p65 kB oligonucleotide binding in LPS/IFN-𝛾stimulated rat VSMCs [129]. In addition, PP2A may contribute to these actions of andrographolide in rat VSMCs.

3. Clinical Studies
3.1. Antidiarrheal Effects. In the tropical and subtropical
regions of the world, diarrhea is still one of the major causes
of death. In developing countries, it is a principal cause of
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Table 1: Effect of andrographolide on mortality of acute pulmonary
thrombosis caused by intravenous injection of ADP in experimental
mice.

Solvent control
(0.5 DMSO)
ADP (700 mg/kg)
ADP (700 mg/kg) +

Total no.
of mice

Number of
deaths

Mortality
rate (%)

6

0

0

10

9

90

10
10

6
5

60∗
50∗

andrographolide (𝜇g, kg)
22
55

ADP: adenosine diphosphate; DMSO: dimethyl sulfoxide.
𝑃 < 0.05 (compared with ADP control).

∗

death in children under 5 years of age and the causes include
infectious agents, plant toxins, and gastrointestinal disorders
[130]. Many Western medicines, such as kaolin-pectin, bismuth, and loperamide, have long been used to alleviate the
symptoms but have included undesirable side effects. It was
reported that the ethanol extract of A. paniculata cured 88.3%
of acute bacillary dysentery and 91.3% of acute gastroenteritis
cases [91]. Administering andrographolide was reported to
cure 91% of acute bacillary dysentery cases. The same cure
rate (91.1%) was also achieved by administering a compound
tablet containing andrographolide and neoandrographolide
(at a ratio of 7 : 3) in cases of bacillary dysentery. This
was reported to be higher than cure rates obtained with
furazolidrne or chloramphenicol [91]. This compound has
also been used traditionally to sluggish live as an antidote
for colic dysentery and dyspepsia, and has been employed
successfully in cases of general debility in convalescence after
fever, livero disorders and advanced stages of dysentery. The
juice of fresh leaves of A. paniculata, which generally contains
andrographolide, is used as a domestic remedy to treat colic
pain, loss of appetite, irregular stool, and diarrhea [131].
3.2. Anti-HIV Effects. Studies on the development of new
anti-HIV drugs have begun worldwide in the past few years
[132]. The growing incidence of drug-resistant HIV strains is
one of the main problems in treating HIV infection, although
current anti-HIV drugs can inhibit HIV infection. To avoid
existing therapeutic difficulties, current searches for new antiHIV agents are focused on discovering compounds with
novel structures and different mechanisms of action [133].
Natural products and their derivatives have long been invaluable as a source of therapeutic agents for the development of
medicine. The development of anti-HIV drugs derived from
natural products is an area of research in which considerable
effort should be dedicated in the future [134]. A clinical
trial of andrographolide was conducted to examine 13 HIVpositive patients and five HIV-negative healthy volunteers.
A planned protocol began with a dose of 5 mg/kg body
weight for the first 3 weeks, increased to 10 mg/kg body
weight for 3 weeks, and then increased to 20 mg/kg body
weight for the final 3 weeks. Andrographolide administration
significantly improved the CD4+ lymphocyte count from
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Table 2: Dosage and toxicity of Andrographis paniculata and its major natural product andrographolide.
Products name
Andrographolide
Andrographolide
Andrographolide
A. paniculata
Andrographolide
A. paniculata
Andrographolide
Andrographolide

Dosage/duration/route
10 mg/kg for 3 weeks
500 mg/kg bw for 7 days i.p.
25–75 𝜇M
20 mg/kg bw for 60 days, oral
22–55 𝜇g/kg, i.v.
1 g/kg/day for 4, 6, and 8 weeks
100 mg/kg, i.p.
10 mg/kg, i.v.

Experimental models
Human
Mice
Platelets
Rats
Mice
Rats
Mice
Rats

Toxic effects
No
No
No cytotoxicity
No
Lower mortality
No
No
No

References
[3]
[4]
[15]
[71]
[97]
[120]
[121]
[123]

i.p.: intraperitoneal; i.v.: intravenous; and bw: body weight.

a baseline mean of 405 cells/mm3 to 501 cells/mm3 in HIVpositive patients. There was no statistically significant change
in mean plasma HIV-1 RNA levels [3]. A recent study summarized that andrographolide derivatives may be promising
candidates for preventing HIV infection [135], suggesting that
andrographolide inhibited the gp120-mediated cell fusion of
HL2/3 cells with TZM-bl cells.
3.3. Effects on Upper Respiratory Tract Infections. A. paniculata has been widely used for upper respiratory tract infections (URTIs). In a randomized, double-blind, and controlled
study, Thamlikitkul et al. [73] administered A. paniculata at
a dose of 6 g/day for 7 days to 152 Thai adults suffering from
pharyngotonsillitis, and the efficiency has been reported to be
similar to that of acetaminophen in relieving the symptoms of
fever and sore throat. Cáceres et al. [136] clearly demonstrated
that the treatment of Andrographis paniculata extract SHA10 reduces the intensity of the symptoms of tiredness (OR
= 1.28; 95% CI 1.07–1.53), sleeplessness (OR = 1.71; 95% CI
1.38–2.11), sore throat (OR = 2.3; 95% CI 1.69–3.14), and,
HSP, (OR = 2.51; 95% CI 1.82–3.46) as compared with the
placebo group in a duration-dependent manner. They have
found that Andrographis paniculata extract treatment for 4
days significantly decreases in the intensity of all symptoms
than in 2-day treatment group.

day for 7 days proved that no mortality was observed. In
another test for toxicity, rats or rabbits receiving 1 g/kg of
andrographolide orally showed no changes in body weight,
blood count, or the functions of the liver, kidney, or other vital
organs [94]. Singha et al. [56] noticed that pretreatment of
A. paniculata and andrographolide at 500 mg/kg body weight
and 125 mg/kg body weight, respectively, could minimize
the toxicity when compared with the ethanol-treated group,
as evidenced by different enzymatic assays in the liver and
kidney tissues; the results were comparable with those of
administering silymarin.
Our recent study show that andrographolide concentrations of 22 𝜇g/kg and 55 𝜇g/kg markedly lowered the
mortality rate in mice challenged with ADP (700 mg/kg)
from 90% to 60%, respectively, indicating that andrographolide effectively prevents thromboembolism (Table 1)
[120]. Suo et al. [140] investigated the pharmacokinetics of
andrographolide (10 mg/kg, i.v.) in rats and observed that the
blood concentration of andrographolide was approximately
11 𝜇g/mL (approximately 30 𝜇M). Moreover, administering
andrographolide causes no cytotoxic effects on platelets
at concentrations between 35 and 150 mM [15]. Therefore,
andrographolide is recommended to be clinically tested as a
pharmaceutical agent.

5. Conclusion
4. Dosage and Safety of Andrographolide
Numerous studies have been performed in different countries
on the toxicity of A. paniculata, finding that it is extremely
nontoxic, even at high doses (Table 2). Sakila et al. [137]
conducted an antifertility study and found no toxicity, even
at a high dose of A. paniculata that was administered to
rats. The LD50 of andrographolide in male mice through the
intraperitoneal route was reported to be 11.46 g/kg [138]. In
a study of HIV-positive patients, a dose of 1,500–2,000 mg
of andrographolide was administered daily for 6 weeks. The
study was discontinued early despite some improvements
in CD4+ counts [3], and the side effects were common.
Intravenous administration of andrographolide (10 mg/kg)
to rabbits showed no abnormal cardiovascular responses.
Results from liver enzyme tests indicated that the heart, liver,
kidney, and spleen of these rabbits were found to be normal
[139]. Mice receiving an oral plant extract (10 g/kg) once a

Andrographolide, which exhibits notable pharmacological
activities (Table 3), has attracted the interest of numerous researchers. Because of its rational activity, numerous andrographolide derivatives have been synthesized for
the development of biological activities. Thus, this paper
summarizes various experimental and clinical pharmacological activities of andrographolide, such as those that
are antioxidant, anti-inflammatory, anticancer, antimicrobial
and parasitic, hepatoprotective, antihyperglycemic, and antihypoglycemic. Evidence from clinical studies suggests that
andrographolide reduces HIV symptoms, uncomplicated
upper respiratory tract infections, including sinusitis and
the common cold, and rheumatoid arthritis. Nevertheless,
summarizing the effects on cardiovascular disease, NF-𝜅B,
and platelet activation of this natural product is worthy of
review, and additional studies must be conducted to confirm
the toxicological properties of this novel molecule before
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Table 3: Experimental and clinical pharmacology of Andrographis paniculata and its major phytoconstituent andrographolide.

Pharmacological effects

Mechanisms

References

(I) Experimental studies
↑ CAT, SOD, and GST;
Antioxidant activity

Anti-inflammatory effects

Anticancer effects

Immunomodulatory effect

Hepatoprotective effects

↓ LDH

[23]

↑ CAT, SOD, and GSH
↓ TBARS

[26]

↓ LPS-induced NO production

[28–30]

↑ Cell differentiation

[35]

↓ Proliferation of cancer cells

[3, 36]

↑ IL-2 and IFN-c

[38]

[24]

↓ Tumour growth
↓ Cell proliferation, migration, and cell cycle arrest at G2/M phase

[42]

↓ E-selectin expression
↓ Janus tyrosine kinases-signal transducers and activators of transcription,
phosphatidylinositol 3-kinase and NF-𝜅B signalling pathways, suppression
of hsp 90, cyclins, and cyclin-dependent kinases, MMPs and growth factors
↑ Tumor suppressor proteins p53 and p21

[40]

↑ Antibody production

[43]

[41]

↓ Delayed-type hypersensitivity response
↑ Proliferation of human peripheral blood lymphocytes
Key cytokines and the expression

[1, 2, 44]

↓ ALT activity

[50]

↓ Concanavalin A-induced liver injury and hepatocyte apoptosis
↓ GOT, GPT, ACP, and ALP levels
Losses of HBsAg, HBeAg, and HBV DNA

[52]
[54, 56]

Acted against herpes simplex virus 1 (HSV-1)

[59]

Acted against nine bacterial strains such as
Antimicrobial effects

Salmonella typhimurium, Escherichia coli,
Shigella sonnei, Staphylococcus aureus,

[63]

Pseudomonas aeruginosa, Streptococcus pneumonia,
Streptococcus pyogenes, Legionella pneumophila, and Bordetella pertussis

Antiviral effects

Larvicidal and ovicidal effects

Renoprotective effects

Antifertility effects

↓ Herpes simplex virus (HSV)

[62, 68]

Human immunodeficiency virus (HIV)

[3, 67]

Flaviviruses and pestiviruses
Dengue virus (DENV1)

[69]
[71]

Affected the larval growth of Anopheles stephensi

[81]

Ovicidal activity against various age groups of Aedes Stephens
Larvicidal and ovicidal activities against Culex quinquefasciatus Say and
Aedes aegypti L.

[82]

↓ Gentamicin-induced increase in serum creatinine,
serum urea, and blood urea nitrogen levels

[86]

↓ Spermatogenesis
↓ Degenerative changes in the seminiferous tubules, regression of Leydig
cells, and regressive and/or degenerative changes in the epididymis,
seminal vesicle,

[94]

[83]

[94]
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Table 3: Continued.
Pharmacological effects

Mechanisms
↓ ventral prostate, and coagulating glands

References

↓ TG
↓ Blood glucose level

[24]

Antihyperglycemic activity

Hypolipidemic effects

[94]

[99, 100, 102]

↓ TC, TG, HDL-TC, and LDL-TC
↓ Blood glucose, triglyceride, and LDL

[109]

Limiting blood flow to the brain, heart, and bodies of other organs

[112]

[110]

Protect rat cardiomyocytes against
Cardiovascular effects

Inhibitory effects on platelet aggregation

Inhibitory effects on NF-kappa B activation

Anti-HIV effect

Effects on upper respiratory tract infections

hypoxia injury by increasing GSH

[113]

and antioxidant enzyme
↓ Coronary perfusion pressure

[114]

↓ Platelet-activating factor (PAF)

[15]

↑ eNOS-NO/cyclic GMP pathway
↓ PLC𝛾2-PKC and PI3 kinase/Akt-MAPKs

[120]

↓ NF-𝜅B via the covalent modification of reduced Cys62 of p50
↓ NF-𝜅B via blocking the binding of NF-𝜅B oligonucleotides to nuclear
proteins
(II) Clinical studies

[13]

↑ CD4+ lymphocyte count
↓ gp120-mediated cell fusion of HL2/3 cells with TZM-bl cells

[128]

[3]
[135]

↓ Relieving the symptoms of fever and sore throat

[73]

Tiredness, sleeplessness, sore throat, and nasal secretion

[136]

CAT: catalase; SOD: superoxide dismutase; GST: glutathione-S-transferase; LDH: lactate dehydrogenase; TBARS: thiobarbituric-acid-reactive substances;
LPS: lipopolysaccharides; NO: nitric oxide; IL-2: interleukin-2; IFN-c: interferon-c; GOT: glutamate oxaloacetate transaminase; GPT: glutamate pyruvate
transaminase; ALP: alkaline phosphatase; ACP: acid phosphatase; HBsAg: hepatitis B surface antigen; HBeAg: hepatitis B “e” antigen; ALT: alanine
aminotransferase; TC: total cholesterol; TG: triglyceride; LDL: low-density lipoprotein; HDL: high-density lipoprotein; GHS: reduced glutathione; PLC-𝛾2:
phospholipase C; PKC: protein kinase C; MAPK: mitogen-activated protein kinase; cGMP: cyclic guanosine monophosphate; eNOS: endothelial nitric oxide
synthase; HSP: heat shock protein; MMP: matrix metalloproteinases.

taking place in clinical studies in patients. This summary
offers pharmaceutical chemists and plant scientists additional
thoughts for drug discovery. The combined drug discovery of
andrographolide analogues will likely transform them into an
effective assemblage of inflammation and cancer treatment in
the future.
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Background. Acupuncture and electroacupuncture treatments of damaged nerves may aid nerve regeneration related to hindlimb
function, but the effects on the forelimb-related median nerve were not known. Methods. A gap was made in the median nerve of
each rat by suturing the stumps into silicone rubber tubes. The influences of acupuncture and electroacupuncture treatments on
transected median nerve regeneration were evaluated from morphological, electrophysiological, and functional angles. Results.
Morphologically, the group receiving acupuncture and electroacupuncture treatments had larger total nerve area and blood
vessel number compared with the controls. Electrophysiologically, the group receiving electroacupuncture had significantly larger
amplitude and larger area of the evoked muscle action potentials compared with the controls. Functionally, the acupuncture
and electroacupuncture treatments enhanced the injured paw’s ability to regain its grasping power and resulted in a faster
efficiency to a new bilateral balance. Conclusion. Our findings provide multiapproach evidence of the efficacy of acupuncture and
electroacupuncture treatments to the regeneration of median nerve. Indeed, acupuncture and electroacupuncture appear to have
positive effects on the regeneration processes. This platform is beneficial to further study the clinical application of acupuncture
and electroacupuncture alternative treatments on nerve-injured patients.

1. Introduction
Peripheral nerve injury is an important issue in the world and
represents a series of highly specialized processes of nerve
regeneration [1]. The techniques of using silicone rubber
to bridge a severed nerve provide a method for observing
the regenerative processes. While most researches focus on
the lower limbs injury model, upper limbs injuries are in
fact more commonly observed in clinical trauma, especially
median nerve injury [2, 3]. Recently, application of combining traditional Chinese acupuncture and electroacupuncture to stimulate nerve regeneration has become the mainstream treatment in clinical rehabilitation and related basic
research [4, 5]. However, the effects of acupuncture and electroacupuncture were still controversial and seldom compared
together, and had been evaluated from multiple approaches.

Therefore, it is of great interest and urgent need to evaluate the
influences of acupuncture and electroacupuncture on median
nerve regeneration simultaneously and from multiple angles.
Acupuncture and electroacupuncture cause physiobiological effects that promote movement and function
after peripheral nerve injury in individuals [6, 7]. Several researches have revealed that a low frequency electroacupuncture is a better approach to promote nerve regeneration after trauma injury [8, 9]. Therefore, it is reasonable to
assume that electrical stimulation can have positive impacts
on nerve regeneration. As a clinical physician, the clinical
outcomes that resulted from rehabilitation medicine must be
taken into consideration at first priority in which treatment
is most likely to be safe and effective. Acupuncture and
electroacupuncture provide a safe and effective way to help
patients’ rehabilitation after trauma accident. To the best of
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our knowledge, there are two pilot studies reported by Yao et
al. using the conduit tube to investigate the effects of electrical
stimulation at different frequencies and current levels on
regenerating sciatica nerves [10, 11]. Besides Bertelli’s model,
there was little literature available that described the rat’s
upper limb’s nerve injury model and discussed the different
nerve regeneration rates, especially for common diseases like
median nerve injury [12]. Because allograft and autograft
nerve implantation lacks the availability of experimental
models to evaluate the nerve regeneration condition, the
nerve conduit provides a state-of-the-art platform. Therefore,
the objective of this study is to determine whether acupuncture and/or electroacupuncture can serve as an effective
clinical strategy for improving functional recovery after a
median nerve transection.

2. Methods
2.1. Silicone Rubber Tube Entubulation. Twenty-one adult
Sprague-Dawley rats received placement of silicone rubber
tube. First, all of the rats were surgical with inhalation
anesthetic technique (AErrane; Baxter, Deerfield, IL, USA).
The left arms and forelimbs of the rats were sheaved. Then,
fascia and muscle were separated using blunt dissection after
incising skin, and the left median nerve was severed into
proximal and distal segments at, forelimb. Continuously the
proximal and distal stumps were fixed with a simple 90 nylon direct suture through the nerve epineurium and
silicone rubber tube (1.47 mm inter diameter, 1.96 mm outer
diameter; Helix Medical, Carpinteria, CA, USA). Both the
proximal and distal nerve segments were severed to the depth
of 1 mm into the chamber, leaving a 5 mm gap between
the bridge stumps. The muscle layer was sutured with 4-0
chromic gut sutures, and the skin was closed with 2-0 silk
sutures. All animals were reared in temperature (22∘ C)- and
humidity (45%)-controlled rooms with 12-hour light-dark
cycles, and they had access to food and water ad libitum.
2.2. Acupuncture and Electroacupuncture Protocols. The
acupuncture and electroacupuncture treatment protocols are
similar to that previously reported [13]. Briefly, their left
forearms were extended, and left paws were held in place by
rubber tapes. One stainless steel needle electrode (0.35 mm
outer diameter, 12 mm length) connected to the negative
wick (cathode) of a stimulator (Trio 300, Ito, Japan) was
inserted aseptically into the middle aspect of the wrist (DaLing, PC7), and another positive electrode (anode) was
positioned around the site of the arm (Quze, PC3) along with
pericardium meridian. The positive and negative stimulating
sites were located near the proximal and distal ends of the
implanted silicone tubes, respectively. The depth of insertion
varied from 0.5 cm to 1 cm according to the thickness of
skin and fatty tissues. The stimulation was applied to the
animals for 15 minutes every other day beginning a week
after the nerve repair. The reason that we did not perform
the electrical stimulation on animals immediately after the
nerve repair was to avoid the loosening of suture line on
the skin because of muscle contraction, which might cause
serious inflammatory reactions. All the animals were divided
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into three groups according to the current intensity of the
electrical stimulation they received. In group A (𝑛 = 7),
animals were the controls which received empty silicone
rubber chambers, and the stimulator did not deliver current
to the two stainless steel needle electrodes. In group B (𝑛 = 7),
animals received a treatment of acupuncture stimulation after
their injured nerves were bridged with the silicone rubber
tubes. Similarly, animals in groups C (𝑛 = 7) received
electrical stimulation of frequency 2 Hz, and the current
intensity was 1 mA to produce a visual muscle contraction as
the proper response of acupuncture.
2.3. Electrophysiological Measurements. After the entubulation duration of 5 weeks, all rats were reanesthetized, and the
left hand median nerve was exposed. Then, the nerve was
stimulated with supramaximal stimulus intensity through
a pair of needle electrodes placed directly on the median
nerve trunk, 5 mm proximal to the transection site. Latency,
amplitude, muscle action potentials (MAPs) area, and nerve
conduction velocity (NCV) were recorded from the thenar
muscle with microneedle electrodes linked to a computer
system (Biopac Systems, Goleta, CA, USA). The latency was
recorded from the stimulus to the starting points of the first
negative skew. The amplitude and the area under the MAP
curve from the baseline to the maximal negative peak were
measured. The MAP was used to evaluate the NCV, which was
performed by placing the recording electrodes in the thenar
muscle and stimulating the median nerve proximally. The
NCV was then calculated by dividing the distance between
the stimulating sites by the difference in latency period.
2.4. Histological Measurements. After the electrophysiologic
MAP measurements, rapidly the regenerated median nerve
was taken out. The median nerve sections were taken from the
middle regions of the regenerated nerve in the chamber. After
the fixation of glutaraldehyde (Merck, Whitehouse Station,
NJ, USA), the nerve tissue was postfixed in 0.5% osmium
tetroxide (Sigma Chemical Co., St. Louis, MO, USA), dehydrated in a series of graded alcohols (70, 80, 95, and 100%;
Merck, Whitehouse Station, NJ, USA) for 60 minutes each,
and embedded using a JB-4 Embedding Kit (Polysciences,
Warrington, PA, USA). The tissue was then cut to 5 mm
thickness by using a microtome with a dry glass knife and
stained with toluidine blue (Sigma Chemical Co., St. Louis,
MO, USA). Using an optical microscope (Olympus IX70,
Olympus Optical Co., Japan) with an image analyzer system
(Image-Pro Lite, Media Cybernetics, Bethesda, MD, USA),
the number of neural components in each nerve section was
counted. Myelinated axons in a frame of image randomly
selected from each nerve specimen at a magnification of
400x were counted. When the axons in one image had been
counted, those of a second image were counted, and so on
until all images had been included. The total number of myelinated axons and their areas was then determined from the
number of components in each image and the total number
of images occupied by the nerve cross section. In addition, the
total nerve areas including the epineurial and the endoneurial
areas were measured under the microscope at 40x. Similarly,
the areas of blood vessels were also measured.
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Figure 1: The sampling of median nerve from the rat (a) and light micrographs of the regenerated nerve cross sections of control (b);
acupunctured (c), and electrical stimulation plus acupunctured (d) rats.

2.5. Grasping Test Analyses. The analyzing system of a rats’
grasp pattern by recording their grip power of the forepaw
movements has been well established and widely employed
for the assessment of motor nerve recovery after median
nerve injury. In this study, a grasp methodology was designed
by modifying that of Bertelli and Mira to assess the forelimb
median nerve function of the rat [14]. Briefly, a mesh pullbar assembly was placed via a threaded adaptor to a digital
force gauge. The mesh was 8 cm × 15 cm inches with 2.5
square grids. The bars of the grids were 8 mm thick. The rats
were gently lifted by holding their tails and then lowered
toward the mesh and continued while the body was in a
line where forepaw catch can reach for the mesh. When
the digits of the forepaw had grasped the mesh, the rat was
rapidly pulled vertically away from the mesh in a smooth
and constant motion. The rats would hold onto the mesh
until they can no longer resist the pull. When the grasp
was broken, the report from the gauge was recorded as the
grasp strength (Kgw, Newton). When the rats grasp the mesh,
a digital video camera (Sony TCR19) was used to record
their forelimb grasp movements. These movements were
calculated three times, and the average of the measurements
was taken. The measurements of the bilateral hands at 6 weeks
postoperatively were recorded. All the measurements were
done by the same observer and data expressed as mean ± SD.
2.6. Statistical Analysis. Statistical comparisons between
groups were made by the one-way analysis of variance (SPSS
16.0). The Turkey test was then used as post hoc test.

3. Results
To focus on investigating the influence of acupuncture and
electroacupuncture on the regenerative process, all other
confounding factors, such as carious acupoints, permeability
of biomaterial, surface morphology, and electrical properties,
were eliminated by using nondegradable silicone rubber
as the guide channel. After an implantation time of 5
weeks, the silicone conduit, together with the regenerated
nerves in it, was then retrieved from the rats and evaluated. Swelling or deformation of the silicone tubes was
not obvious, and no nerve dislocation was seen in all the
investigated rats. It was found that the regenerated nerve,
which was surrounded by fluid, occupied a central location
within the tube (Figure 1(a)). Rough examination of the
silicone rubber chambers revealed 100% rates of successful
nerve regeneration in all the three groups (A: control, B:
acupuncture, and C: electroacupuncture groups) with the
animals exhibiting a regenerated nerve cable across the 5 mm
gap. Figures 1(b)–1(d) showed representative cross sections
of nerve specimen retrieved from the A (Figure 1(b)), B
(Figure 1(c)), and C (Figure 1(d)) groups. The influence of
acupuncture and electroacupuncture on the regeneration
of the nerve will be investigated from three angles: nerve
morphology, nerve electrophysiology, and integrate function
of nerve-recovered grasping capacity.
First, the morphometry examined with quantification
helped us to understand the alterations of nerve regeneration
and the effects of acupuncture and electroacupuncture on
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Figure 2: Morphometric analysis from the regenerated nerves in the chambers receiving electrical stimulation at different current intensities,
including axon number (a), endoneurial area (b), total nerve area (c), blood vessel number (d), and blood vessel area (e). Cont: untreated
control group; Acup: acupuncture group; Elect + Acup: electroacupuncture group. ∗ Statistically different compared with the control group,
𝑃 < 0.05.
Table 1: The morphometric, electrophysiological, and grasping analysis of the influences of acupuncture and electroacupuncture on nerve
regeneration.
Measuring index
Morphometric analysis
Axon number#
Endoneurial area (mm2 )
Total nerve area (mm2 )
B. V. number#
B. V. area (𝜇m2 )
Electrophysiological analysis
Latency (ms)
Amplitude (mv)
MAP area (mvms)
NCV (m/s)
Grasping analysis
Right paw (healthy)
Left paw (injured)

Control

Acupuncture

Electroacupuncture

3009 ± 977
0.15 ± 0.06
0.28 ± 0.15
78 ± 25
62 ± 21

3612 ± 1381
0.22 ± 0.09
0.40 ± 0.17∗
130 ± 39∗
67 ± 30

3404 ± 1528
0.24 ± 0.15
0.52 ± 0.17∗
154 ± 63∗
51 ± 17

5.11 ± 0.8
12.49 ± 1.31
16.41 ± 2.96
24.07 ± 1.3

4.39 ± 1.02
12.82 ± 3.67
15.54 ± 5.57
24.97 ± 4.55

4.69 ± 0.57
16.50 ± 3.18∗
21.85 ± 5.17∗
27.44 ± 5.58

100.26 ± 30.94
20.51 ± 5.80

47.45 ± 18.66∗
23.31 ± 14.44

39.80 ± 12.33∗
29.74 ± 6.86∗

∗
#

P < 0.05 compared with the control group; B. V.: blood vessel; MAP: muscle action potential; NCV: nerve conductive velocity.
Cell number.

nerve regeneration (Figure 2). The indexes included the mean
values of axon number, endoneurial area, total area, blood
vessel number, and blood vessel area, which were positively
indexes for better regeneration. In the results, we can find that
in the acupuncture and electroacupuncture groups, the total
nerve areas and blood vessel numbers were larger than those
in the control group (𝑃 < 0.05). Also, all the other indexes in
the acupuncture and electroacupuncture groups seemed to be

slightly higher than those in the controls, except the areas of
blood vessel in the electroacupuncture group (Figure 2 and
Table 1).
Second, we were interested in the effects of acupuncture and electroacupuncture on the reconstruction of nerve
virtue electrofunction. To estimate the effect from multiple
approaches, the MAP indexes included the latency, the amplitude, the MAP area, and the NCV as described in Section 2.
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Figure 3: Electrophysiological analysis of the evoked MAPs, including latency (a), amplitude (b), area under the MAP curves (c), and NCV
(d). Cont: untreated control group; Acup: acupuncture group; Elect + Acup: electroacupuncture group. ∗ Statistically different compared with
the control group, 𝑃 < 0.05.

As for the MAP indexes, the regenerated nerves treated
with electrical stimulation in addition to acupuncture had
relatively larger amplitude and larger MAP area compared
with the controls (Figure 3). The latency was slightly shorter,
and the NCV was slightly faster. As for the acupuncture
group, the effects were too small to make any difference in the
electrophysiological measurements (Figure 3 and Table 1).
Finally, we investigated the integrate function of nerve
regeneration by analyzing the recovered grasping capacity
(Figure 4). In the design, we had measured not only the
grasping capacity of the injured left paw but also the healthy
right paws as well. The results showed that in the control
group, the injured paw had regained only 39.6% of the
original strength after nerve regeneration. In the other two
groups, acupuncture and electroacupuncture improved the
recovery rates up to 45% and 57.4%, respectively. Obviously,
the electroacupuncture treatment had a better and significant
improvement compared with the controls while grasping the
mesh (𝑃 < 0.05).

4. Discussion
It is believed that acupuncture and electroacupuncture would
do well to ameliorate nerve regeneration and movement
function recovery. However, there is very few evidence
available to support this theory. In the previous literature,
it has been reported that low frequency electroacupuncture
and acupuncture could improve sciatica nerve regeneration
[10, 12, 15–17]. Koppes et al. indicated that alternation of
neurite growth could be manipulated by extracellular direct
current [18]. The in vitro nerve growth promoting effects
of electrical stimulation have also been demonstrated with
the in vivo experiments showing that nerve regeneration
could be enhanced by applying direct current to the sciatic
nerve of rats as the cathode was placed toward the distal
end of the injured nerve conduits. Zhang et al. provided
the peripheral nerve regeneration with a definite theory
stating that the nerve’s successful rate was decided via the
balance of contact guidance substance, basement microtube
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Figure 4: Functional analysis of the grasping power from the right
(healthy) and left (injured) paws of the rats. Cont: untreated control
group; Acup: acupuncture group; Elect + Acup: electroacupuncture
group. ∗ Statistically different compared with the basic (intact) group,
𝑃 < 0.05; # statistically different compared with the control group,
𝑃 < 0.05.

formation, neurotrophic factor, and contractile fibroblast
capsule [19, 20]. McCaig et al. revealed that electroacupuncture could stimulate two cascade pathways: one was related
to the activation of phospho-inositide-3 kinase (PI-3K) and
phospholipase C (PLC); the other is to trigger laminin to
secret integrins [21]. At the same time, the electroacupuncture
could lead to an increase of calcium concentration and
consequently an increase in the concentration of cAMP and
cAMP-dependent protein kinase A, which would promote
nerve regeneration [21]. It has also been explored that placing
direct current at the cathode would form adhesion-associated
proteoglycan to accelerate nerve regeneration [22]. In our
previous researches in which we studied injured nerves
related to the hindlimbs, we recognized that acupuncture
and electroacupuncture could accelerate the maturity of
regenerated nerves with larger mean values of axon number,
endoneurial area, blood vessel number, and blood vessel area
as compared with the controls [13, 23]. This was similar
to our current study of the injured median nerve related
to the forelimbs. The electroacupuncture could significantly
improve the overall recovery at the indexes of the enlarged
total nerve area, blood vessel numbers, nerve amplitude, and
MAP area. Most importantly, electroacupuncture could help
our rats to regain grasping power (Figures 2–4 and Table 1).
However, in our current study, the effects of acupuncture were
only significant in the increasing of the total nerve area and
blood vessel numbers.
Chen et al.’s and Lu et al.’s studies revealed that acupuncture and electroacupuncture increase regenerated nerve
Schwann cell proliferation and provide blood supply for
treatments. Some investigators had pointed out that when
the nerve was transacted, the electrical stimulation would
help blood reconstruction via somatic/autonomic reflex arc
to provide enough blood flow for the regenerated nerve

[11, 13]. In our study, the effects of acupuncture and electroacupuncture on blood vessel reconstruction were not as
obvious as the previous findings, which may also be due to
the different targets that were investigated. In his experiment,
Bertelli and Mira first used the median nerve model and grasp
test for the evaluation of functional median nerve recovery
[12, 14]. As a result, the regenerated nerves treated with electroacupuncture had relatively shorter latency, larger amplitude, and larger MAP area as compared with the controls.
These results indicated that the transected nerves receiving acupuncture and electroacupuncture have undergone
an enhanced regeneration with more mature nerve fibers
that have reinnervated the muscle fibers [12, 14]. Although
it is uncertain whether electrical stimulation promotes an
outgrowth of neural components in developing nerves, the
movement function-improving capability of electrical stimulation on regenerated nerves is obvious. The kinematic
grasp analysis to median nerve function evaluation is usually
designed to assess individual upper motor functions, which
can prevent the interference of compensatory movements
from healthy limbs. However, in previous designs, the healthy
limb’s function was not measured simultaneously as ours. It is
interesting to find that the rats in the control group depended
so much on the healthy right paw that the grasping strength
could reach almost twice as much as the other groups after
the duration of the nerve regeneration (Figure 4). More interestingly, the rats in the acupuncture and electroacupuncture
groups exhibited better balance and coordination between
their left and right limbs. In other words, the acupuncture
and the electroacupuncture treatment would do more benefit
to enhance the injured forepaw grasp strength but reduce the
dependency on the healthy forelimb than the control groups.
It is promising that median nerve injured patients receiving
acupuncture and electroacupuncture treatment may recover
faster and better and may regain a bilateral balance of normal
life.
This study provides a better strategy to assist the recovery
of nerve-injured patients in clinical practices. However,
there is still much work to be done before this practice can be performed in a real setting. These include
an overall examination of the various types of electrical
stimulation (continuous or pulsed), meridian acupoints,
the stimulation parameters, the sites for the placement of
electrodes, and most importantly the length of the nerve
gap, which may affect the efficacy of electrical stimulation on
nerve regeneration. Our animal models provide a platform
for further studies on establishing a palette of electrical
stimulation with different stimulus combinations and an
efficient multiapproach examination for figuring out the
optimal way to promote the growth of the regenerating
nerves.

5. Conclusions
The current study provides evidence indicating that traditional acupuncture and electroacupuncture have potential
rehabilitating effects on the regeneration of the dissected
median nerves from the angles of morphology, electrophysiology, and grasping function.
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