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Editorial

Development of natural antitumor agents

Six articles in this issue cover topics of natural anticancer
plants or agents, and auxiliary diagnosis for assessing diabetic
and pregnant progression. Such research offers advanced
biomedical information.
Medicinal plants and their extracts or active compounds
have attracted more attention recently, because these plants
or potent agents may prove valuable for disease prevention or
therapy. Evidence obtained from animal or cell studies indicate that some plants and their components posses
pharmacological(-like) activity, including anticancer, antiinflammatory and immune-modulatory effects. For example,
Phellinus linteus is a medicinal mushroom and Rheum palmatum
is a herb, and both have been used in traditional Oriental
medicine for ages. An invited review article is included in this
issue, which covers studies related to the biological and
chemical properties of P. linteus from 1999 to 2011. The review
also organizes these facts to highlight the pharmacological
properties and mechanisms of small-molecular-weight components isolated from this plant. Antimigratory and antiinvasive activities of R. palmatum crude extract in U-2 OS
human osteosarcoma cell lines suggest that R. palmatum has a
beneficial effect in bone cancer therapy. This crude extract
inhibits the production of matrix metalloproteinase while
suppressing focal adhesion kinase, mitogen-activated protein
kinase, protein kinase C, and nuclear factor kappa B pathways
by downregulating several crucial targets in this bone-cancer
cell line. Such studies yield novel findings to extend our understanding regarding the use of these medicinal plants for
further research and application.
Polyamine derivatives are considered potential antitumor
agents. A clinical study reports supplementation of polyamine
for patients with metastatic castration-resistant prostate
cancer, which improves their quality of life and pain control.
This study indicates that supplementation of polyamine at
certain doses is safe and tolerable. Therefore, application of
polyamine or its derivatives for patients with cancer seems
feasible and promising.

The BioMedicine journal also targets studies on rare or
common diseases with rare etiology. Insulin exocytosis in
pancreatic islet b cells requires normal adenosine triphosphate (ATP)-sensitive potassium channels (KATP channels)
and Ca2þ channels for regulating ion exchange. Any abnormality in these channels causes failure in ion exchange and bcell apoptosis. Although Ca2þ store depletion in these cells
might be rare, it definitely cannot be ignored for diabetic
diagnosis and therapy. One article evaluates the impact of the
Ca2þ channel on insulin secretion. Electromyography (EMG)
record has been widely used as an important tool for diagnosis
of neurological and neuromuscular problems. One animal
study in this issue used EMG to examine electrical activity
synchronization for uterus during pregnancy, unearthing key
data. Gastroparesis usually occurs in diabetics, but a clinical
case report described the condition with a rare etiology that
occurred at a medical center in central Taiwan. This brief
report indicates that early and prompt diagnosis for a disease
with rare etiology is essential for saving a patient’s life.
All efforts in diagnosis and therapy for cancer, diabetes,
and other diseases are always encouraged. The journal covers
all aspects of medical research. It is a good choice for scholars
to submit, share, and update advanced research findings. We
look forward to obtaining and publishing evermore articles
with high quality.

Mei-chin Yin
Department of Nutrition, China Medical University, 16th floor,
Number 91, Hsueh-shih Road, Taichung, Taiwan
E-mail address: mcyin@mail.cmu.edu.tw
Available online 8 July 2013
2211-8020/$ e see front matter
Copyright ª 2013, China Medical University. Published by
Elsevier Taiwan LLC. All rights reserved.
http://dx.doi.org/10.1016/j.biomed.2013.06.001

B i o M e d i c i n e 3 ( 2 0 1 3 ) 1 0 6 e1 1 3

Available online at www.sciencedirect.com

journal homepage: http://www.e-biomedicine.com

Review article

Chemistry and biology of Phellinus linteus
Pei-Wen Hsieh a, Jin-Bin Wu b, Yang-Chang Wu c,d,e,*
a

Graduate Institute of Natural Products, School of Traditional Chinese Medicine, College of Medicine, Chang Gung University,
Taoyuan 33302, Taiwan
b
Department of Pharmaceutical Chemistry, College of Pharmacy, China Medical University, Taichung 404, Taiwan, ROC
c
Natural Medicinal Products Research Center, China Medical University Hospital, Taichung 404, Taiwan, ROC
d
Center for Molecular Medicine, China Medical University Hospital, Taichung 404, Taiwan, ROC
e
School of Pharmacy, College of Pharmacy, China Medical University, Taichung 404, Taiwan, ROC

article info

abstract

Article history:

Phellinus linteus (PL) is a medicinal mushroom used to prevent or treat gastroenteric
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of extracts from fruit-bodies (or mycelium) of PL by means of various in vitro and in vivo
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models. Subsequently, many small molecular weight pure components were isolated from
extracts of PL to identify their pharmacological properties and mechanisms. These studies
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suggest PL and its bioactive compounds as promising candidates as anticancer, anti-

anticancer

inflammatory, and immunomodulating agents. This review comprehensively covers

anti-inflammatory

literature on these extracts, pure components, and potential therapeutic applications of PL

bioactive compounds

from 1999 to June 2011. In particular, small molecular weight compounds that exhibit

fruiting body

biological activity as well as pharmacological effects on PL’s anticancer, anti-inflammatory,

Phellinus linteus

antidiabetic, neuro- and/or hepatic-protective, and immunomodulating activities are
reviewed.
Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights
reserved.

1.

Introduction

Traditional remedies in Chinese, Indian, Arabic, and other
indigenous medicines, are prescribed and recorded in ancient
medical classics and pharmacopoeias by their traditional
medical doctors; in many countries these are considered as
alternative or complementary medicines [1,2]. Sources of
traditional remedies are diverse: mineral substances, plants,
animal species, and mushrooms. Of these, mushrooms have

been used as food and traditional medicine for more than 3000
years [3]. Additionally, many mushrooms like Phellinus linteus
(PL), Schizophyllum commune, Cordyceps sinensis, Grifola frondosa,
Hericium erinaceus, Trametes versicolor, and Ganoderma lucidum,
are considered not only to possess therapeutic value, but also
as a source of pure biocomponents for medical usage [3e5].
PL is a species of fungus belonging to the Hymenochaetaceae
family native mainly to tropical America, Africa, and East Asia
(in particular China, Japan, and Korea); it has been used to

* Corresponding author. School of Chinese Medicine, College of Chinese Medicine, China Medical University, Number 91, Hsueh-Shih
Road, Taichung 40402, Taiwan, ROC.
E-mail address: yachwu@mail.cmu.edu.tw (Y.-C. Wu).
2211-8020/$ e see front matter Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights reserved.
http://dx.doi.org/10.1016/j.biomed.2013.01.002
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prevent or treat gastroenteric dysfunction, diarrhea, hemorrhage, allergy, diabetes, and cancer [4]. In an attempt to translate PL into western-accepted therapies, many researchers have
investigated the effects of the extracts from fruit-bodies (or
mycelium) of PL on in vitro and in vivo activities [4].
Many earlier reviews focused on bioactive mushrooms
[6e10], whereas fractionation and identification of biological
active components, antitumor function, and pharmacological
mechanisms of PL were reviewed in 2008 [4]. This review
comprehensively covers literature from 1999 to June 2011 on the
natural products purification and potential therapeutic applications of PL, in particular small molecular weight components
that exhibit biological activity, as well as pharmacological effects on anticancer, immune modulating, antioxidant, antiinflammatory, antidiabetes, and antibacterial activities of PL.

2.
Bioactive small molecular weight
compounds from PL
The genus Phellinus includes several species, of which P. linteus,
P. ribis, and P. igniarius, have served as treatments for cancer,
diabetes, bacterial and viral infections, and ulcer [11,12]. PL is
used as an ingredient of dietary supplements in East Asia [4].
Prior studies isolated polysaccharides, proteoglycans, furanderivatives, as well as styrylpyrones from PL and verified
their bioactivity [4,11,12]. Hispidin (Compound 1; Fig. 1), a wellknown styrylpyrone from mycelia culture broth of PL, is a
noncompetitive b-secretase inhibitor with half maximal
inhibitory concentration (IC50) value of 4.9 mM and a inhibition
constant (Ki) value of 8.4 mM [13]; it also acts as an antidiabetic
agent by inhibiting hydrogen peroxide (H2O2)-induced
apoptosis and increasing insulin secretion in H2O2-treated
cells [14]. Furthermore, Compound 1 as an antioxidant could
scavenge 2,2-diphenyl-1-picrylhydrazyl free radicals and 2,20 azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) radical cations, as well as inhibit superoxide generation via suppressing
xanthine oxidase [15]. In 2006, anticomplement furan derivatives, phellinusfurans A (Compound 2; Fig. 2) and B (Compound 3; Fig. 2), were isolated from the fruiting body of PL; both
exhibited a significant inhibitory effect on the hemolytic activity of human serum against erythrocytes with IC50 values of
33.6 mM and 33.7 mM, respectively [16].
To identify active principles for diabetics from the fruiting
body of PL, hispidin and its derivatives (Compounds 4e9; Figs. 3
and 4), along with protocatechuic acid (Compound 10; Fig. 5),
protocatechualdehyde (Compound 11; Fig. 5), caffeic acid
(Compound 12; Fig. 5), and ellagic acid (Compound 13; Fig. 5) were
isolated and elucidated by spectroscopic methods. Among them,
Compounds 5, 7, and 13 revealed potent inhibitory effects on rat
lens aldose reductase and human recombinant aldose reductase
with IC50 values of 0.33 mM, 0.82 mM, 0.63 mM, and 0.56 mM, 1.28 mM,

Fig. 1 e Structure of hispidin (Compound 1).
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Fig. 2 e Structures of phellinusfurans A (Compound 2) and
B (Compound 3).

1.37 mM, respectively [17]. At an early stage of protein glycation,
Compounds 4, 8, and 9 exhibited inhibitory activity on hemoglobin A1C formation; at the middle stage, Compounds 4, 8, and
11 showed a significant inhibitory effect on methylglyoxalmedicated protein modification with IC50 values of 144.28 mM,
213.15 mM, and 158.66 mM, respectively. Of these, Compound 8
also potently inhibited the last stage of glycation and proved
more effective than positive control amnoguanidin. Hence
interfungins A (Compound 8) showed the most potency in suppressing protein glycation [18].
Nagatsu et al isolated additional styrylpyronesdmeshimakibnol A (Compound 14; Fig. 5), meshimakibnol B (Compound
15; Fig. 5), phellifuropyranone A (Compound 16; Fig. 5), and
phelligridin G (Compound 17; Fig. 6)dfrom fruit bodies of wild
PL, then evaluated their antiproliferation against five B16
mouse melanoma cells (wild, BL6, F1, F10, and C2M) and
human lung cancer cells (A549, EBC-1, and SBC-3) [19,20]. Of
these, Compounds 14e16 showed weakly antiproliferative
activity against cell lines, with 50% growth inhibition concentration ranging 5.6e31.3 mM [20].
A retinolic acid derivative, (2E,4E )-g-ionylideneacetic acid
(Compound 18; Fig. 6), that reverses liver fibrosis at an early
phase through downregulation of reactive oxygen species
(ROS) generation and calcium influx in HSC-T16 cells, was
isolated from the mycelium of PL [21]. Also, a new

Fig. 3 e Structures of Compounds 4e6 isolated from PL.
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Fig. 4 e Structures of Compounds 7e9 isolated from PL.
Fig. 6 e Structures of Compounds 17e23 isolated from PL.
antimicrobial furanone derivative, phellinone (Compound 19;
Fig. 6), was isolated from stem-cooked rice culture broth of PL.
Compound 19 showed selectively antimicrobial activity
against Bacillus subtilis at a concentration of 10 mg/mL [22].
Cerebroside B (Compound 20; Fig. 6), protocatechualdehyde
(Compound 11), 5-hydroxymethyl-2-furaldehyde (Compound
21; Fig. 6), succinic acid (Compound 22; Fig. 6), and fumaric acid
(Compound 23; Fig. 6) were isolated and identified from the

Fig. 5 e Structures of Compounds 10e16 isolated from PL.

fruiting body of PL by Kang et al in 2004 [23]. Compounds 11 and
21 inhibited tyrosinase activity with IC50 values of 0.40 and
90.8 mg/mL and Ki values of 1.1 mM and 1.4 mM, respectively
[23].
Cancer cells with higher extracellular signaling-regulating
kinase 1/2 (ERK1/2) activity were recently more sensitive to
hispolon (Compound 24; Fig. 7), with hispidin analog from PL
demonstrated as being able to attenuate MDM2 expression so
as to inhibit breast and bladder cancer cell growth [24]. Likewise, Compound 24 decreased expression of matrix
metalloproteinases-2 and -9, and urokinaseeplasminogen
activator, while inhibiting phosphorylation of ERK1/2, phosphatidylinositol-3-kinase/serine/threonin protein kinase, and
focal adhesion kinase in SK-Hep1 cells [25]. By contrast,
treatment of male ICR (imprinting control region) mice with
Compound 24 significantly inhibited not only acetic acidinduced writhing response, but also formalin-induced pain.
Furthermore, Compound 24 decreased the level of malondialdehyde in the edema paw through augmenting activities
of superoxide dismutase, glutathione (GSH) reductase, and
GSH peroxidase in liver tissue [26]. Results indicate that hispolon acts as a lead antimetastatic and anti-inflammatory
agent. A new trimeric hispidin derivative, phellinstatin
(Compound 25; Fig. 7), together with known dimeric hispidin
derivative hypholomine B (Compound 26; Fig. 7), were isolated
from culture broth of PL. Both exhibited potently inhibitory
effect on Staphylococcus aureus enoyl-ACP reductase with IC50
values of 6 mM and 15.3 mM. However, only Compound 25
showed antibacterial activity against methicillin-resistant S.
aureus [27].

B i o M e d i c i n e 3 ( 2 0 1 3 ) 1 0 6 e1 1 3
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b cells [31]. Type II diabetes mellitus is not only due to
pancreatic b cell defects, but also includes insulin resistance
[32]. Treatment of polysaccharide fraction from PL inhibited
development of autoimmune diabetes via attenuating
expression of inflammatory cytokines (e.g., interferon (IFN)-g,
interleukin (IL)-2, tumor necrosis factor (TNF)-a) by T helper
type 1 (Th1) cells or macrophages, while upregulating IL-4
expression by Th2 cells in nonobese diabetic mice [31].

3.3.

Fig. 7 e Structures of Compounds 24e26 isolated from PL.

3.
Pharmacological properties of the extracts
and fractions from PL
3.1.

Neurorelative activity of PL

Thromboembolic occlusion of cerebral artery causes cerebral
infarction, further inducing cerebral ischemia causes brain
damage and death. Many reports indicate that free radical
generation plays a vital role in brain lesions during cerebral
ischemia [28]. Administering high-molecular-weight (12,000)
fractions of PL culture filtrate results in reduction of cortical
cerebral infarction in a rat permanent focal ischemia model
[28]. Monocarboxylate transporter (MCT) proteins include
isoforms MCT1e4. Among them, MCT1 plays a major role in
the influx of lactic acid for oxidation; MCT4 modulates in
efflux of lactate from muscle fibers, particularly in white
muscle fibers, during intense exercise [29,30]. Levels of MCT1
and MCT4 thus modulate muscle activity and rate of lactate
transport [29]. Treatment with 200 mg/kg aqueous extracts of
PL not only led to a significant increase in time to fatigue in
response to running on a treadmill, but also raised MCT1 and
MCT4 expression in gastrocnemius muscles; both 5hydroxytryptamine synthesis and tryptophan hydroxylase
expression decreased in the dorsal raphe of rats after
administering the same dosage of PL [29].

3.2.

Antidiabetic activity of PL

Type I insulin-dependent diabetes mellitus is a serious disorder causing progressive loss of insulin-producing pancreatic

Anti-inflammatory activity of PL

Kim et al reported that ethanolic extracts of PL showed a dosedependent inhibitory effect on mouse ear edema induced by
croton oil, as well as reducing writhing induced by acetic acid.
Additionally, the butanolic subfraction fractionated from the
ethanolic extracts of PL revealed highest inhibitory activity on
chick embryo chorioallantoic membrane angiogenesis [33].
Meanwhile, this butanolic subfraction also diminished lipopolysaccharide (LPS)-stimulated nitric oxide (NO) production,
ROS generation, c-Jun induction, and c-Jun N-terminal kinase
activation via upregulation of heme oxygenase-1 in RAW264.7
macrophages [34]. PL increased heme oxygenase-1 expression
through the PKCd/Nrf2/ARE pathway [35]. The butanolic subfraction fractionated from the ethanolic extracts of PL also
suppressed production of NO and prostaglandin E2 through
downregulation of iNOS and COX-2 gene expression via nuclear factor-kB and mitogen-activated protein kinase activation in RAW264.7 macrophages [36].
Oral administration of derivative PL proteoglycan inhibits
collagen-induced arthritis in mice due to a decrease in antitype II collagen IgG and IgG2a antibody, as well as modulating cytokines IL-12, TNF-a, and IFN-g [37], whose release
induced by LPS stimulation can be manipulated via administration of acidic polysaccharide from PL in septic shock mice.
Moreover, anti-inflammatory PL may associate with
augmented apoptosis of a portion of the activated macrophages and lymphocytes [38].
Intraperitoneal infection, due mainly to previous surgery
and abdominal inflammation, is accompanied by fibrin
deposition in the abdominal cavity. This fibrin deposition may
become a nidus for abscesses and, in turn, adhesion formation. Degradation of fibrin is a target in preventing adhesion
formation [39e41]. Polysaccharides isolated from PL significantly attenuate adhesion formation via augmenting expression of urokinase-type plasminogen activator, urokinase-type
plasminogen activator cellular receptor, tissue-type plasminogen activator, and TNF-a [39,41]. Additionally, a combination
of carboxymethylcellulose and polysaccharide proved more
potent than single treatment with either [40].

3.4.

Antitumor activities

Many studies demonstrate PL as immunostimulator or
immunoregulator through activating immune cells [e.g., T
cells, B cells, dendritic cells (DC), and macrophages] thereby
acting against tumors [4]. Park et al indicated acidic polysaccharides from PL treatment not only forming morphologically mature DC but also inducing predominant migration to
lymphoid tissues. Furthermore, PL induced protein kinase C
activity and phosphorylated protein tyrosine kinase in DC
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[42]. Further study suggested the tumoricidal activity of
peritoneal macrophages cultured with acidic polysaccharides
from PL against B16 melanoma and Yac-1 cells via increasing
NO and TNF-a production, and enhanced phagocytic ability.
These results indicated that PL acts as an immunomodulator
and enhances antitumor activity of peritoneal macrophages
[43]. By contrast, proteoglycan from the fruiting body of PL
targets B cells and enhances expression of CD80 and CD86 by
regulating the protein tyrosine kinase and protein kinase C
signaling pathways [44]. Proteoglycan also inhibits growth of
MCA-102 tumor cells in vivo via induced production of IL-12
and IFN-g leading to a Th1 dominant state. These effects
stimulated substantial CD11cþ and CD8þ DC expression [45],
whereas proteoglycan could induce phenotypic and functional maturation of DC through Toll-like receptors 2 and 4,
further mediating nuclear factor-kB, ERK, and p38 mitogenactivated protein kinase pathways [46]. Recently, orally
administrated mycelia culture of PL (250 mg/kg) to hepatoma
3B-bearing mice significantly suppressed hepatocellular carcinoma growth and improved survival rate by increasing
natural killer cell activity and IL-12, IFN-g, and TNF-a secretion [47]. Meanwhile, after administration of proteoglycan
(100 mg/kg) in BALB/c-nu/nu mice, proteoglycan not only
modulated immune response by protecting T cells from
prostaglandin E2 attack and enhancing the mucosal IgA
response, but also suppress the Reg IV/EGFR/Akt signaling
pathway [48].
In addition to activating immune cells against tumors, PL
can also control growth and metastasis of tumors through
other pharmacological mechanisms (e.g., apoptosis, antiadhesion, and antiangiogenesis) [4]. In 2006, a combination
treatment with low doses of PL and doxorubicin was found to
result in synergistic effect on induction of apoptosis in prostate cancer LNCap cells via activated c-Jun N-terminal kinases
and caspases [49]. Furthermore, it was demonstrated that high
doses of PL not only activate the androgen receptordependent pathway via caspase 2, a specific intracellular
switch for regulating susceptibility of prostate cancer LNCap
cells, but also induce apoptosis in prostate cancer LNCap, and
PC3 cells activate the androgen receptor-independent
pathway [50]. A subsequent in vivo study indicated growth
of prostate cancer DU145 and PC3 cells is dramatically attenuated after administration of PL (30 mg/kg in PBS) every
2 days for 12 days. Additionally, histochemistry of immunochemistry analysis also revealed that PL induces tumor
apoptosis by activation of caspase 3 [51]. In addition to prostate cancer cells, PL induces cell cycle arrest and apoptosis in
different cancer cells including human colon carcinoma cells,
melanoma cells, epidermoid cells, and lung cancer cells by
regulating signaling pathways [52e56].
Cancer metastasis consists of several processes including
abnormal cell proliferation, invasion, migration, and adhesion. Furthermore, angiogenesis also play an important role in
tumor growth and metastasis [57]. PL inhibits cancer cell
adhesion to and invasion through interaction with cell-toextracellular matrix in vitro and in vivo tests in B16F10 cancer
cells and in mice, respectively [58]. In addition, PL can suppress growth, angiogenesis, and invasive behavior by inhibition of phosphorylation of protein kinase B at Thr308 and Ser473
in breast cancer MDA-MB-231 cancer cells [57].

Chemopreventive agents are a major topic in anticancer
drug development. These agents involve diverse pharmacological mechanisms, such as antioxidation and the induction
of Phase II detoxification enzymes [59]. Butanol and water
extracts of PL elevate quinine reductase and GSH S-transferase activity, and GSH levels, thereby catalyzing the metabolism of xenobiotics and carcinogens (e.g., 4-nitro-Ophenylenediamine, sodium azide, and 2-aminofluorene) and
reducing toxicity [59]. Moreover, the 70% ethanol extracts of PL
showed scavenging of free radical activity, as well as inhibiting lipid peroxidation [60].
On the basis of these investigations, PL shows diverse
mechanisms including antimetastatic, antioxidant, apoptosis,
cell cycle arrest, and immunomodulation, inhibiting the
growth, proliferation, and metastases of tumor cells. These
establish PL as a promising source for developing new generation anticancer drugs.

3.5.

Antiallergic and immunomodulating activities of PL

Allergic disease caused by activation of Th2 cells, further induces IgE-dependent mast cell degranulation and eosinophil
accumulation [61]. Extracts from PL grown on germinated
brown rice and PL alone were administered orally (2 mg/kg/
day) for 4 weeks in mice. The results showed that both
dramatically decrease IgE; however, the INF-g level and the
proportion of CD4þ were increased [61]. INF-g is a representative Th1 cytokine, attenuating the development and activation of Th2 cells [61,62]. In addition, extracts from PL grown
on germinated brown rice also exhibited modulation of intestinal Th1/Th2 balance [62].
Inagaki et al orally administered (100 mg/kg) five fractions,
including chloroform-soluble, ethyl acetate-soluble, methanol-soluble, water-soluble, and boiling water-soluble (BW)
fractions, from mycelium of PL to determine their inhibitory
effects on IgE-dependent mouse triphasic cutaneous reaction,
which was induced in the ear of BALB/c mice passively
sensitized with anti-dinitrophenol IgE by painting with
2,4-dinitrofluorobenzene 24 hours later. Of these, BW was
more potent than other fractions [63]. In addition, BW not only
exhibited inhibitory effect on the vascular permeability increase induced by passive cutaneous anaphylaxis and histamine, but also on ear swelling caused by TNF-a. BW also
potentiated the production of IL-4 and IFN-g from anti-CD3stimulated mouse splenocytes [63]. Similarly, oral administration of water extract from PL inhibited the compound 48/
80-induced systemic anaphylaxis-like reaction and ear
swelling. In addition, this water extract not only decreased the
compound 48/80-induced calcium uptake into rat peritoneal
mast cells, but also augmented and reversed the reduction of
intracellular cAMP level caused by compound 48/80 in rat
peritoneal mast cells [64].
Orally administrated, the BW extracts of PL (4 g/kg/day)
also augment the immune response of the spleen and concentrations of IL-4 and INF-g in mitomycin C-induced
immunodeficient mice [65]. By contrast, fish (Epinephelus
bruneus) fed a diet enriched with extracts of PL showed
dramatically augmented resistance against bacterial diseases
through increases in alternative complement activity and
lysosyme activity [66].
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3.6.

Hepatoprotective activity of PL

Polysaccharides from the mycelia of PL with mulberry extract
showed inhibitory effect on cytochrome P450 (CYP) 1A1, CYP
1A2, CYP 2B1, and CYP 2E1 activities in vitro [67]. Additionally,
oral administration of PB at a dose of 200 mg/kg protected the
liver injury induced by carbon tetrachloride (CCl4) via
decreasing peroxidation production, catalase and superoxide
dismutase activity, as well as expression of CYP 2E1 protein [68].
The methanolic extract of PL was further fractionated into
n-hexane, ethyl acetate, n-butanol, and water fractions by Kim
et al. Among them, the ethyl acetate fraction reversed the
decrease in hepatic glutathione level induced by treatment
with H2O2 or galactosamine. This fraction also protects hepatocytes from H2O2- or galactosamine-induced liver injury
by restoring RNA synthesis [69]. By contrast, treatment of
hepatocytes with ethanolic extracts of PL reversed ferric
nitrilotriacetate (FeNTA)-induced cell viability loss, lactate
dehydrogenase leakage, lipid peroxidation, and protein
carbonyl formation, as well as recovery of GSH content, and
GSH reductase and GSH peroxidase activity. Furthermore, the
ethanolic extracts of PL revealed inhibitory effect on intracellular ROS formation induced by FeNTA. These results suggest that the extract of PL has cytoprotective activity against
FeTNA-induced hepatotoxicity [70].

3.7.

Other pharmacological activity of PL

The n-butanol fraction fractionated from the methanolic extracts of PL showed a good antibacterial activity against
methicillin-resistant S. aureus strains with minimum inhibitory concentration values ranging 63e125 mg/mL [71]. Extracts
of PL also exhibited potent antioxidant against oxidative
stress-induced bacterial DNA strand break. In addition,
cotreating with extract of PL and ginseng extracts synergistically increased the effect on the damage incurred by eukaryotic nuclear DNA exposed to oxidative stress [72]. PL also
potently suppressed activation of aryl hydrocarbon receptor
(AhR) and AhR-dependent gene expression triggered by cigarette smoke, dioxin, and polycyclic aromatic hydrocarbon,
indicating that PL might be useful for prevention of pathologies associated with aberrant activation of AhR [73].
Recently, Ichinohe et al found that intranasal administration of NIBRD14 vaccine in combination with an extract of PL
showed cross-protection against heterologous influenza A
virus challenge in a nasal infection model by augmenting
mucosal secretory IgA. Furthermore, PL-adjuvanted vaccine
also increased postinfection survival days. These results propose PL-adjuvanted vaccine as a new mucosal adjuvant for
use against influenza virus infection [74].

4.

Conclusion and perspectives

In summary, extracts and fractions from PL show diverse
pharmacological mechanisms, including anticancer, antiinflammatory, neuro- and hepatic-protective, antidiabetic,
immunomodulating, antibacterial, and antioxidation in multiple in vitro and in vivo tests. Bioactive components of PL extracts were also identified, suggesting PL and its bioactive
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compounds as promising candidates for drug discovery. To
apply PL to clinical usage, further study of its pharcokinetic
and pharmacodynamic profile, and other preclinical studies of
PL are necessary. By contrast, bioactive components may be
created by chemical modification to generate more potent
agents.
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two PA-reduced meals for 7 weeks. Oral neomycin was administered at 0.75 g/day as PIID
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every other week. Toxicity, performance, and pain status were rated on World Health
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Organization and European Organisation for Research and Treatment of Cancer scales.

polyamines

Prostate-specific antigen, blood counts, ionograms, and hepatic transaminases were
regularly assessed. Bone and computed tomography scans were performed at weeks 0, 5
and 12.
Results: One patient disliked the taste and stopped on Day 4. Nine patients experienced
transient Grade I diarrhea. Performance status and pain score were significantly improved
in five patients and maintained in three patients. No significant differences in body weight,
hemoglobin, serum proteins, and ionograms were noted. Four patients had 20e40% prostate-specific antigen baseline decline during the first 5 weeks of the trial. Five patients had
bone and computed tomography scan stabilization.
Conclusion: This PA-free ONS was safe and well tolerated with PIDD. It seemed to benefit
quality of life and control pain. The effects were dose dependent, with maximum
improvement observed during the first 5 weeks when PA depletion was maximal.
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1.

Introduction

Polyamines (PAs) belong to a wide range of biogenic amines
involved in many physiological functions [1]. These ubiquitous
chemical entities have roles in cellular proliferation and differentiation. In mammals, cellular PAs such as putrescine,
spermidine, and spermine are derived from endogenous
biosynthesis as well as from the diet and intestinal microorganisms. Putrescine is synthesized from ornithine by a reaction
catalyzed by ornithine decarboxylase (ODC), a limiting enzyme
in polyamine synthesis. Cadaverine, a PA chemically similar to
putrescine, is produced by microorganisms and is generated by
the decarboxylation of lysine by lysine decarboxylase. Two
other mammalian PAs are derived from putrescine by successive attachment of two propylamine groups by aminopropyl
transferases: spermidine synthase and spermine synthase. The
propylamine group donor is S-adenosyl-S-methyl-homocysteamine, derived from S-adenosyl-methionine by the action of
S-adenosyl-methionine decarboxylase. Abnormalities in homeostatic control of PA metabolism are implicated in several
pathological processes, including cancer. PA metabolism is a
potential target in prostate cancer treatment, because ODC is
overexpressed in prostate cancer [2]. Additionally, high PA
levels are present in circulating red blood cells and are correlated with tumor stage and aggressiveness [3,4].
In vitro, difluoromethylornithine (DFMO), an ODC inhibitor,
effectively inhibits malignant cell proliferation. However, its
effectiveness in vivo is reduced because tumor cells can take
up PAs released into the circulation by normal and cancer
cells, as well as from gut microflora or dietary sources. Tumorbearing animals fed with a PA-deficient diet and treated with
DFMO and neomycin, which partially decontaminates the
gastrointestinal tract, exhibit significant inhibition of tumor
progression and metastatic spread [5]. In these animals,
anticancer immunity is stimulated [6], and deleterious secondary effects are not observed. Moreover, we have previously
observed 40% inhibition in tumor progression and metastatic
spread in tumor-grafted animals fed only with a PA-deficient
diet and receiving neomycin in the drinking water, without
DFMO treatment [5]. Single-agent treatment with neomycin or
DFMO did not slow progression.
A preliminary clinical trial performed in 13 metastatic
castrate resistant prostate cancer (CRPC) patients previously
showed the feasibility of nutrition therapy, based on a diet
with reduced PAs, combined with intermittent oral neomycin
treatment for 6 months [7]. This trial demonstrated that
combining reduction of PA dietary intake with partial intestinal decontamination is adhered to well and well tolerated.
Likewise, this regimen seemed to benefit quality of life and
control pain. Both performance status and pain were improved
during the regimen but deteriorated 3 months after cessation.
We have previously published PA contents of 233 food and
drink items. This food list and PA content can serve as the
basis for establishing a PA-reduced diet (PRD). Quality of life
was maintained for 33 prostate cancer patients treated with a
PRD; 30 of whom had metastatic HRPC disease. PRD tolerance
and adherence were also good [8]. To reduce PA dietary intake
significantly, we designed an industrially processed, PA-free
oral nutritional supplement (ONS) containing 100 pmol/mL
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PA, which covered all human nutritional needs. In hormoneresistant Dunning Mat LyLu prostatic and Lewis L lung carcinoma tumor-bearing animals, PA-free ONS monotherapy
reduced tumor growth and pulmonary metastatic spread by
40% without weight loss or toxicity (unpublished results).
Here, we tested the feasibility, adherence, tolerance, and
toxicity of PA-free ONS combined with oral neomycin PIID
administered to symptomatic metastatic HRPC patients in a
palliative setting.

1.1.

Patients and methods

Ten volunteers with symptomatic metastatic CRPC of mean
age 68  12 years (range: 46e81 years) were enrolled in a clinical
trial assessing PA-free ONS and PIID. All eligible patients had
CRPC, as defined by prior treatment with androgen-blocking
hormonal manipulations, castrate testosterone serum levels,
and rising prostate-specific antigen (PSA) levels. Mean time
from palliative hormonal treatment to hormonal escape was
35  18 months, and mean time from hormonal escape to trial
was 18  8 months. All cases were nonresponsive to prior
chemotherapy with either estramustine phosphate or oral
low-dose cyclophosphamide (100 mg/day). During this trial,
chemotherapy was stopped, but hormone therapy continued
as usual. Bone scans assessing metastatic bone spread showed
one patient with 5 hotspots (Grade I), six with 6e20 hotspots
(Grade II), and three with >21 hotspots (Grade III). As such, most
patients had extensive metastatic disease.
PA-free ONS covers all human nutritional needs, with an
energy content of 1800 kcal. PRD, as previously described [8],
was proposed in combination with ONS during the trial. We
designed the trial to mimic a Phase I trial, with three different
phases of PA dietary depletion, starting with 14 days of the
least possible dietary intake and gradually increasing dietary
PAs with time.
The following polyamine-free ONS was proposed. (1) Three
times daily (three cans) as sole food during the first 2 weeks.
Hungry patients could eat some bread and butter, which have
low PA content. Patients were not limited for consumption of
water, tea, or coffee. (2) Twice daily (2 cans) with one PRD meal
for 3 weeks. (3) Once daily (1 can) with two PRD meals for the
last 7 weeks. (4) Patients then continued with a PRD.
The primary objective was to assess feasibility, tolerance,
and adherence of these three consecutive periods of PA dietary reduction and of combining PA-free ONS and PIID. Secondary objectives were to assess biological and clinical
responses. Performance and pain status were assessed according to World Health Organization (Table 1) and European
Organisation for Research and Treatment of Cancer (Table 2)
scales. Body weight, PSA, alkaline phosphatases (APs), blood
counts, serum and urine ionograms, serum urea, creatinine,
proteins, cholesterol, hepatic transaminases, and bilirubin
were also regularly monitored. Bone and computed tomography (CT) scans were performed on Days 0, 35 and 85.

1.2.

Polyamine-free ONS

Polyamine-free ONS is presently manufactured and marketed
under the tradename Castase by Nutrialys Medical Nutrition
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Table 1 e World Health Organization performance status
scale.
Grade 0: Patient able to carry out all normal activity without
restriction
Grade 1: Patient restricted in physically strenuous activity but
ambulatory and able to carry out light work
Grade 2: Patient ambulatory and capable of all self-care but unable
to carry out any work, up and about for >50% of waking hours
Grade 3: Patient capable of only limited self-care, confined to bed or
chair for >50% of waking hours
Grade 4: Patient completely disabled, cannot carry out any selfcare, totally confined to bed or chair

(Saint Grégoire, France). PA content is 100 pmol/mL. At the
time of the study, three 500-mL cans supplied 1800 kcal/day
and covered all adult nutritional needs, including proteins,
fatty acids, sugars, vitamins, iron, calcium, and magnesium.

1.3.

PIID

Patients were prescribed with daily doses of 0.75 g oral
neomycin, starting with antibiotics at Day 0 and continuing
treatment daily for 1 week. Treatment stopped during the
second week, resumed during the third, stopped during the
fourth, and continued in that manner until the end of the trial.
This intermittent prescription was proposed to reduce side
effects of long-term intestinal decontamination. Results are
expressed as mean  standard deviation or median values,
and statistics were calculated by nonparametric Wilcoxon test
using BI@LOGINSERM software. The local ethics committee
approved the trial.

2.

Results

2.1.

Tolerance and adherence

One patient disliked the taste of the ONS and experienced
intestinal discomfort. He stopped participating in the trial on
Day 4 but continued with PRD and is still alive. No other
voluntary dropouts were recorded.

2.2.

Toxicity

Nine patients had mild transient Grade I diarrhea, defined by
an increase in stools, but fewer than four over baseline daily,
for a mean 2.2  1.7 days (range: 0e4 days) during the first 2
weeks. No other significant toxicity was reported. Table 3 reports body weight and main biological parameters assessed.

Table 2 e European Organization for Research and
Treatment of Cancer pain scale.
Grade
Grade
Grade
Grade
Grade

0: No analgesics
1: Occasional non-morphine analgesics
2: Regular non-morphine analgesics
3: Occasional morphine analgesics
4: Regular morphine analgesics

2.3.

Quality of life

Performance status and pain scores were improved in five
patients, stabilized in three patients, and deteriorated in one
patient. Their mean values were significantly reduced during
the first 5 weeks of the trial (Fig. 1).

2.4.

Treatment response

Five patients had bone and CT scan stabilization, and four
patients showed disease progression. Four patients had a 10%,
27%, 28% or 42% decline in PSA from baseline during the first 5
weeks. One patients showed PSA stabilization, and four others
showed PSA progression. At the end of the trial, five patients
had secondary PSA decline of 55e70% over an average of 90
days, following reintroduction of estramustine phosphate or
low-dose cyclophosphamide therapy. Median levels of APs fell
significantly at Days 18 and 35 (Table 3 and Fig. 2). From Day 4
onwards, total lymphocyte counts significantly improved
(Table 3 and Fig. 3).

2.5.

Patient survival

Two patients died in the final stages of the trial. One patient
aged 81 years on Day 70 died of a previously recorded bone
marrow insufficiency, which was unaffected by diet. Another
patient died of terminal cancer on Day 77. Both had advanced
disease with Grade III bone scans. One patient died of an unrelated cause (endocarditis) at 10 months. Cancer-specific
survival after hormonal escape and initiation of trial were
30  9 months (range: 16e42 months) and 9  5 months (range:
3e17 months), respectively.

3.

Discussion

Prostate cancer is the second leading cause of male cancer
mortality in western countries. Managed in its early stages,
cures are possible most of the time. However, when radical
treatment fails, including radical prostatectomy, external
beam radiation or brachytherapy, treatment becomes palliative, as resistance to androgen ablation inevitably occurs [9].
Currently, docetaxel chemotherapy is standard for management of symptomatic CRPC and was the first chemotherapy
regimen to increase cancer-specific survival significantly. Yet,
this improvement is only marginal and does not exceed 2
months, compared to mitoxantrone chemotherapy or prednisolone alone [9e11]; HRPC management generally focuses
on quality of life and pain control.
Here, we report the results of the first PA-free ONS given in
combination with intermittent oral neomycin as a palliative
treatment for CRPC patients and as an adjunct to continuous
androgen deprivation. We estimate that this nutrient, given as
sole food source food during the first 14 days of the trial, enables a 2500-fold reduction of daily dietary PA intake. One patient disliked the taste of the product, which is now produced in
vanilla, strawberry, chocolate, coffee, biscuit and vegetable
flavors. Adherence was excellent in other patients. Side effects
were moderate and included transient Grade 1 diarrhea;
whether this was related to PA-free ONS, to neomycin, or to
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Table 3 e Body weight and main biological parameters assessed during trial.

Body weight (kg)
Hb (g/L)
WBC (/mL)
Lymphocytes (/mL)
Platelets (/mL)
Proteins (g/L)
Albumin (g/L)
Urea (g/L)
Creatinine (g/L)
Glycemia (g/L)
Calcium (mg/L)
Cholesterol (g/L)
Iron (g/L)
Bilirubin
Transaminases
GGT
AP
PSA (ng/ml)

D0

D4

D7

D18

D35

D50

D85

74  12
10.85
7700
631
219,500
63
33
0.34
8
1.02
84
1.88
68
5
22
12
161
782

74  10
11.05
6200
994*
231,500
63
33
0.33
8.5
0.9
88,5
1.94
59,5
5
26
12
153
765

73  10
11.15
7150
798*
262,000
67
34
0.46
9.5
1.15
90,5
1.99
70
5
29
51
145
667

73  11
10.55
6850
902*
210,500
65
36
0.58
10,5
1.15
89
1.92
44
5
31
59
120*
668

74  10
9.5
7300
679*
212,000
61
34
0,37
8
1
88
1.78
49
5
30
57
126*
594

74  10
10.6
6400
861*
236,000
61
35
0.36
8
0.9
87
1.89
72
5
25
65
161
692

74  10
11.4
7200
756*
247,000
66
38
0.48
11
1
91
1.9
66
5
25
42
162
859

*Significant difference ( p < 0 .05) compared to D0 values expressed as median values, except for body weight and PSA, which are expressed as
mean  standard deviation due to large variations between patients.
AP ¼ alkaline phosphatase; D ¼ day; GGT ¼ g-glutamyl transferase; Hb ¼ hemoglobin; PSA ¼ prostate-specific antigen; WBC ¼ white blood cells.

their combination is unclear, although it was mainly observed
with neomycin. Body weight was maintained and no vital
biological parameters were significantly impaired, particularly
during the first two phases (5 weeks) of minimal PA dietary
intake. By contrast, blood lymphocyte counts significantly
improved. Two deaths recorded at the end of trial were not
attributed to treatment itself but to the terminal state of the
disease.
Marked improvements in pain control and performance
status were observed. Rapid pain improvement, measured by
stark reduction of analgesic consumption, was observed on
Day 4. Performance status improvement was slightly delayed
and observed on Days 7e14. These improvements occurred
during the first two phases of the trial, with maximal PA dietary reduction. During the third phase, pain and performance

Fig. 1 e Mean performance status values (World Health
Organization) and pain scores (European Organization for
Research and Treatment of Cancer). Patients received three
cans daily during Phase 1, two cans daily and one
polyamine-reduced diet (PRD) meal daily during Phase 2,
and one can daily and two PRD meals during Phase 3.
* p £ 0.05.

status scores increased but remained below initial values.
Rapid pain control was most likely not due to tumor control,
because progressive cases also exhibited pain improvement. It
possibly relates to the fact that PAs are known to regulate Nmethyl-D-aspartate (NMDA) receptors and, in particular, their
NR2B subunit, which is involved in pain perception [12e15].
This NMDA receptor is widely expressed in the nervous system and has been implicated in a variety of synaptic signaling
events that also modulate other functions: for example,
learning, memory processing, and feeding. Recent research
supports the involvement of this receptor in several human
disorders, such as seizures, schizophrenia, Parkinson’s disease, and drug abuse [12].
PA deprivation has potential direct analgesic effects.
Experimentally, PA deprivation provokes analgesic effects in
animals submitted to painful stimuli [16,17]. Studies have
shown that spermine is directly implicated in nociception,
and exogenous intrathecal administration of spermine produces pain-related behavior in mice, an effect attributed to
activation of NMDA receptors [18]. PA-deficient diets suppress

Fig. 2 e Median alkaline phosphatase values significantly
declined during Days 11e35 ( p < 0.05).
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during the trial, then secondarily after reintroduction of lowdose chemotherapy. The effect of PA dietary depletion seems
to be dose-dependent. Results merit further investigation.
Phase II trials combining PA dietary depletion by means of a
PA-free ONS and docetaxel chemotherapy are currently in
progress.

references

Fig. 3 e Median total circulating blood lymphocyte values
significantly increased during Days 4e85.

morphine-induced hyperalgesia and allodynia in rats [19].
Reducing exogenous polyamine pools could thus be useful as
a pain management strategy. Furthermore, PRD is simple and
cost-effective.
Objective CT and bone scan stabilization were observed in
five of nine evaluable patients. AP levels significantly dropped
on Days 18e35. As bilirubin values were normal at treatment
initiation and not modified during the trial, this AP reduction
was not of hepatic origin but may have arisen from positive
metastatic bone response. Four cases had a 10e42% decline in
PSA, and one showed stabilization of PSA. Although these
observed PSA declines did not reach 50%, which represented a
positive response, they remained outstanding for nutrition
therapy alone with neomycin, especially in symptomatic patients showing aggressive disease with extensive metastases.
These responses were observed during the first weeks of the
trial, when PA reduction was maximal. Furthermore, after the
trial, some patients who remained on a natural PRD showed a
secondary 55e73% decline in PSA in response to prior ineffective therapies, such as low-dose cyclophosphamide or
estramustine phosphate.
Circulating lymphocyte levels significantly increased during the trial. Lymphocytes are involved in antitumor immunity. In a preclinical in vivo setting with the androgenindependent prostate carcinoma Mat LyLu model, PA deprivation prevented tumor-induced immunosuppression in
tumor-bearing animals [6]. Although specific lymphocyte
measurements were not performed in the present trial, we
may speculate that global lymphocyte count improvement
could reflect positive antitumor immune response. These results suggest that in clinical settings, dietary PAs can have
similar potential implications in tumor control, immune
response and chemosensitization, as highlighted previously
by the Dunning Mat LyLu rodent prostatic adenocarcinoma
model [6,20]. Dietary PAs appear to be inversely correlated
with dosage, because maximum depletion yields maximum
beneficial clinical effects.
In conclusion, as a novel therapeutic nutritional approach
to CRPC, this PA-free nutrient combined with intermittent
gut decontamination is safe, adhered to well, and well
tolerated with no major toxicity. Treatment proved beneficial
to quality of life and pain control, with objective stabilization
achieved in half of the patients. PSA decline was observed
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[3] Cipolla B, Guillé F, Moulinoux J-Ph, Bansard J-Y, Corbel L,
Staerman F, et al. Polyamines and prostatic carcinoma:
clinical and therapeutic implications. Eur Urol
1993;24:124e31.
[4] Cipolla B, Ziade J, Blanchard J-Y, Moulinoux J-P,
Staerman F, Quemener V, et al. Pretherapeutic erythrocyte
polyamine spermine levels discriminate high risk relapsing
patients with M1 prostate carcinoma. Cancer 1996;78:
1055e65.
[5] Seiler N, Sarhan S, Graffel C, Jones R, Knödgen B,
Moulinoux J-Ph. Endogenous and exogenous polyamines in
support of tumor growth. Cancer Res 1990;50:5077e83.
[6] Chamaillard L, Catros-Quemener V, Delcros J-G, Bansard J-Y,
Havouis R, Desury D, et al. Polyamine deprivation prevents
the development of tumour-induced immune-suppression.
Br J Cancer 1997;76:365e70.
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that it may have anti-cancer effects. However, there is no information showing that CERP
can affect the mobility of human osteosarcoma cells. In this study we determined the
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crude extract of Rheum palmatum

inhibited the migration and invasion of U-2 OS cells. CERP also reduced the activity of

U-2 OS human osteosarcoma cells

matrix metalloproteinase (MMP)-2 and MMP-9 and decreased expression levels of the
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1.

Introduction

Osteosarcoma is the most common bone tumor and occurs
predominantly in children, adolescents, and young adults
[1e4]. In children younger than 15 years, osteosarcoma is the
sixth most common cancer and is associated with high pulmonary metastases [5]. Currently, patients with osteosarcoma
who have lung metastasis have a 5-year survival rate no
greater than 30% [6,7]. Advances in osteosarcoma therapy,
including neoadjuvant and adjuvant chemotherapy, have
enhanced patient outcomes [8], but the prognosis remains
poor for most patients with metastatic or recurrent osteosarcoma [9].
Cancer cells from a primary site give rise to a metastatic
tumor involving several regulatory pathways that can be used
as biomarkers for predicting metastasis of cancer cells [10].
Matrix metalloproteinases (MMPs) play an initial and
important role in cancer cell invasion and metastasis by
controlling degradation of the extracellular matrix [11,12].
There is currently much effort focused on identifying MMP
inhibitors [13e15].
In the Chinese population, traditional Chinese herbal
medicines such as Rheum palmatum L. have been used for
treating different diseases [16e18] including anti-inflammatory
diseases [19]. Rheum undulatum L. components are used for
treating chronic liver diseases [20,21]. Several studies have reported that major components of R. palmatum such as emodin
and aloe-emodin induce apoptosis in different human cancer
cell lines [22e26]. There are no reports on the effects of crude
extract of R. palmatum (CERP) on the migration and invasion in
human osteosarcoma cancer cells. Here we determined if
water-soluble CERP can reduce the migration and invasion of
U-2 OS human bone cancer cells. Our findings showed that
CERP inhibits migration and invasion of U-2 OS cells by
reducing protein expression of MMP-2 and -9 and upregulation
of NF-kB signaling.

2.

Materials and methods

2.1.

Chemicals and reagents
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and 100 mg/mL streptomycin and maintained in 75-cm2 tissue
culture flasks at 37  C under a humidified 5% CO2 atmosphere
as previously described [27,28].

2.3.

Cell viability assay

U-2 OS cells at a density of 2  105 cells/well were placed in
12-well plates for 24 hours. The cells were treated with 0, 50,
100, 250, 500 and 750 mg/mL CERP or 1 phosphate-buffered
saline (PBS) as a control for 24 and 48 hours. Cells harvested from each treatment by centrifugation were stained
with PI (5 mg/mL). The cells were analyzed using the PI
exclusion method and flow cytometry (FACS Calibur; BD
Biosciences, San Jose, CA, USA) as previously described
[27,28].

2.4.

Wound healing assay

Cell migration was determined using a wound healing assay.
U-2 OS cells at a density of 5  105 cells/well were maintained in 10-cm Petri dishes for 24 hours until they were
completely confluent. The monolayer in each plate was
scraped with a sterile yellow micropipette tip to remove
cells to mimic a wound and the remaining cells were
washed with PBS three times. Cells in each well were
cultured in medium containing 0e500 mg/mL CERP for 24
hours. Then random fields were examined, selected, and
photographed using an inverted microscope as previously
described [29].

2.5.

Cell invasion and migration assays

Cell mobility (migration and invasion) was evaluated using a
Matrigel cell migration assay and invasion system as previously described [29,30]. The cell migration assay was performed using transwell (BD Biosciences, Franklin Lakes, NJ,
USA) cell culture chambers (8-mm pore size; Millipore,

Propidium iodide (PI), TriseHCl, trypsin, trypan blue, and
dimethyl sulfoxide (DMSO) were purchased from Sigma
(St. Louis, MO, USA). Fetal bovine serum (FBS), McCoy’s 5A
medium, L-glutamine, penicillinestreptomycin, and trypsin
in EDTA were purchased from Gibco BRL (Grand Island, NY,
USA). CERP was kindly provided by Dr Chien-Chih Yu
(School of Pharmacy, China Medical University, Taichung,
Taiwan). All chemicals and reagents used were of analytical
grade.

2.2.

U-2 OS cell culture

The U-2 OS human osteosarcoma cell line was obtained from
the Food Industry Research and Development Institute
(Hsinchu, Taiwan). Cells were cultured in 90% McCoy’s 5A
medium with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin

Fig. 1 e CERP decreased the percentage of viable U-2 OS
human osteosarcoma cells. U-2 OS cells were incubated
with 0, 100, 250, 500, 750, 1000 and 1500 mg/mL CERP for 48
hours. The percentage of viable cells was then determined
by flow cytometry. * Significant difference compared to the
control ( p < 0.05, Student’s t test).
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Billerica, MA, USA). U-2 OS cells at a density of 5  104 cells/
well were maintained in serum-free medium for 24 hours.
Cells were then trypsinized and resuspended in serum-free
McCoy’s 5A medium and placed in the upper chamber of
the transwell insert and incubated with vehicle or CERP (50
and 75 mg/mL). Then 90% McCoy’s 5A medium containing
10% FBS was added to the lower chamber. Cells in both
chambers were incubated for 24 or 48 hours before nonmigrating cells in the upper chamber were removed by
wiping with a cotton swab. Migrating cells on the lower
surface of the filter were fixed with 4% formaldehyde in PBS.
Cells in the lower chamber were stained with 2% crystal violet in 2% ethanol and were counted and photographed
under a light microscope at 200. The cell invasion assay
was performed in the same way except that the filter membrane was coated with Matrigel from a BioCoat Matrigel invasion kit. Cells located on the underside of the filter were
examined and counted under a light microscope at 200 as
previously described [28,29].

2.6.

Gelatin gel zymographic assay of MMP-2 and -9

Gelatin gel zymography was used to measure levels of MMP2 and MMP-9 secreted from U-2 OS cells after exposure to
CERP as previously described [28,29]. U-2 OS cells at a density of 5  105 cells/well were maintained in 12-well plates
for 24 hours and then treated individually with CERP (50 and

75 mg/mL) for 24 and 48 hours. At the end of the incubation
period, cells from each treatment were harvested. The supernatant from the control and CERP-treated groups was
resuspended in none reducing loading buffer and incubated
at 37  C for 15 min. The samples were then applied to 10%
SDS-PAGE gels cast with 0.1% gelatin and electrophoresed.
The gels were then incubated in renaturing buffer (2.5%
Triton X-100) for 30 minutes and then in developing
buffer (50 mM TriseHCl, pH 7.8, 10 mM CaCl2, 150 mM NaCl)
for 16 hours at 37  C. Gels were stained with Coomassie
brilliant blue R 250 and destained in 30% methanol/10%
acetic acid to detect gelatinase secretion as previously
described [28,29].

2.7.
Western blot analysis of proteins associated with
cell migration and invasion
U-2 OS cells at a density of 1  106 cells/well were placed in
6-well plates for 24 hours. Each well was incubated with or
without CERP (250 mg/mL) at 37  C for 0, 6, 12, 24 and 48 hours.
After incubation, the cells were harvested and lysed with
ice-cold 50 mM potassium phosphate buffer (pH 7.4) containing 2 mM EDTA and 0.1% Triton X-100 by sonication and
were then centrifuged at 13,000 g for 10 minutes at 4  C [28,29].
The supernatant was collected and the total protein for each
sample was measured using a Bio-Rad protein assay kit
(Hercules, CA, USA) with bovine serum albumin (BSA) as the

Fig. 2 e Wound healing assay to determine the effects of CERP on U-2 OS cell migration. Cells were maintained in 6-well
dishes for 24 hours before a wound was introduced by scraping confluent cell layers with a pipette tip. CERP (0, 100 and
250 mg/mL) was added to each well and incubated for 24 and 48 hours. Representative images of treated and control cells are
presented.
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standard. Protein samples of 30 mg were loaded onto 12%
SDS-PAGE gels and electrophoresed. The proteins were then
electrotransferred to nitrocellulose membranes and blotted
with appropriate primary antibodies (anti-FAK, GRP78, PKC,
HIF-1, SOS1, VEGF, PI3K, GRB2, Ras, p-ERK1/2, ERK1/2, p-p38,
JNK1/2, p-JNK1/2, MEKK3, MKK7, PERK, p-PERK, iNOS, COX-2,
NF-kB p65, IRE-1, UPA, RhoA, MMP-2, and MMP-9; 1:100). The
membranes were washed and stained with a secondary
antibody (FITC-conjugated goat anti-mouse IgG at 1:100 dilution). An enhanced chemiluminescence reagent (Amersham
Biosciences ECL) was used for detection. The bands were
quantified using an NIH Image analyzer (NIH, Bethesda, MD,
USA) [28,29].

2.8.

Statistical analysis

Results are based on at least three independent experiments
and expressed as mean  SD. Differences between CERPtreated and control groups were analyzed using Student’s t
test, with p < 0.05 considered significant.

3.

123

Results

3.1.
CERP alters the percentage of viable U-2 OS human
osteosarcoma cells
To determine if CERP has cytotoxic effects, U-2 OS cells were
treated with or without CERP (100, 250, 500, 750, 1000 and
1500 mg/mL) for 48 hours. The percentage of viable cells was
quantified by flow cytometry. Fig. 1 shows that CERP did not
significantly decrease the percentage of viable cells at concentrations of 100e500 mg/mL. Higher CERP concentrations
caused a significant reduction in cell viability.

3.2.
cells

CERP inhibits the migration and invasion of U-2 OS

U-2 OS cells were incubated with CERP (0, 100 and 250 mg/mL)
for 24 and 48 hours and cell migration was evaluated using a
wound healing assay. The results in Fig. 2 indicate that CERP

Fig. 3 e CERP suppressed U-2 OS cell migration in vitro. After penetration through a filter, cells on the lower surface were
stained with crystal violet and photographed under a light microscope at 2003. Cells in the lower chamber were counted at
2003. Data represent the mean for three independent experiments. * Significant difference compared to the control
( p < 0.05, Student’s t test).
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inhibited the migration of U-2 OS cells in a dose-and timedependent manner.
To further investigate the effects of CERP on cell migration
and invasion, U-2 OS cells were treated with or without 100
and 250 mg/ml CERP for 24 and 48 hours and samples were
seeded in Millicell chambers with an uncoated (for migration)
or Matrigel-coated (for invasion) filter. Fig. 3 shows that CERP
significantly inhibited migration of U-2 OS cells, in agreement
with the data in Fig. 2. CERP significantly inhibited the invasion of U-2 OS cells in a time-dependent manner, as observed
in Fig. 4.

3.3.
cells

CERP inhibits MMP-2 and MMP-9 activity in U-2 OS

Fig. 5 e CERP affected the activity of MMP-2 and MMP-9 in
U-2 OS cells. Representative zymogram from three
independent experiments was used to detect the activity of
secreted MMP-2 and MMP-9 by using conditioned medium
of U-2 OS cells culture with CERP. MMP-2 and MMP-9
activities were determined by densitometric analysis.
Results are expressed as a percentage of the control (100%).

CERP inhibition of U-2 OS cell migration and invasion may be
associated with effects on MMP-2 and -9 activity. The data in
Fig. 5 show that U-2 OS cells constitutively secrete high levels
of MMP-2 but low levels of MMP-9. However, after CERP

Fig. 4 e CERP suppressed U-2 OS cell invasion in vitro. After penetration through Matrigel, U-2 OS cells on the lower surface
of the filter were stained with crystal violet and photographed under a light microscope at 2003. Cells in the lower chamber
were counted at 2003. Data represent the mean for three independent experiments. * Significant difference compared to the
control ( p < 0.05, Student’s t test).
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Fig. 6 e CERP affected NF-kB p65, RhoA, and ROCK-1 expression in U-2 OS cells. Cells were treated with 0, 100, and 250 mg/mL
CERP for 24 hours. They were then fixed and stained using primary (A) anti-NF-kB p65, (B) RhoA, or (C) ROCK-1 antibodies
overnight. Staining with a secondary antibody yielded green fluorescence and nuclear counterstaining with PI yielded red
fluorescence. Photomicrographs were obtained using a Leica TCS SP2 confocal spectral microscope.
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Fig. 6 e (continued).

treatment (50, 100, 250, 500 mg/mL) for 24 hours, levels of both
MMP-2 and -9 levels were lower (Fig. 5).

3.4.
CERP alters levels of proteins associated with
migration and invasion
We examined the effects of CERP on levels of proteins associated with cell migration and invasion. CERP decreased cytosolic levels of NF-kB p65 (Fig. 6A), RhoA (Fig. 6B), and ROCK-1
(Fig. 6C). It also reduced protein levels of FAK, GRP78, PKC,
HIF-1, and SOS1 (Fig. 7A), VEGF, PI3K, GRB2, and Ras (Fig. 7B), pERK1/2, ERK1/2, p-p38, JNK1/2, and p-JNK1/2 (Fig. 7C), MEKK3,
MKK7, PERK, and p-PERK (Fig. 7D), iNOS, COX-2, NF-kB p65, and
IRE-1a (Fig. 7E) and UPA, RhoA, MMP-2, and MMP-9 (Fig. 7F).

4.

Discussion

Several studies have reported that R. palmatum has many
biological activities and that components such as emodin and
aloe-emodin have anti-cancer activity [31e33]. Migration and
invasion are key functions in cancer dynamics. In the present
study we investigated the effects of CERP on U-2 OS cell
migration and invasion. CERP reduced cell migration and invasion and these effects were associated with decreases in
MMP-2 and -9. It is well documented that both enzymes play
important roles in cancer cell migration and invasion [34].
Numerous reports have shown that MMPs (a family of zinccontaining proteolytic enzymes) are associated with cancer

cell migration and invasion [1,34]. We found that CERP
reduced protein levels of MMP-2 and -9 . CERP also decreased
PI3K and inhibited the expression of FAK and the downstream
kinases ERK1/2, JNK and p38 in U-2 OS cells. FAK/Src signaling
plays an important role in tumor metastasis by increasing
cell migration and invasiveness [35,36]. Activated FAK (Tyr
397)/Src (Tyr416) may stimulate signaling through downstream cascade targets (PI-3K/AKT and Ras/ERK1/2) [37,38].
We found that CERP decreased levels of NF-kB p65 in U-2 OS
cells. It was previously reported that NF-kB p65 alters downstream levels of MMP-2 and MMP-9 [39,40]. In the present
study, CERP reduced protein levels of UPA and RhoA. UPA is
involved in cancer cell migration and invasion [41,42]. Upregulation of UPA induces increases in cancer cell invasion and
metastasis [43]. RhoA also stimulates metastasis of tumor
cells [44,45]. On the basis of these observations, we propose
decreases in MMP-2 and MMP-9 activity induced by CREP may
involve ERK1/2MAPK, NF-kB and UPA signaling pathways.
CERP also reduced levels of Sos1, PKC, GRB2, and Ras proteins, which are associated with cell mobility [46e48]. It has
been reported that protein kinase C epsilon (an oncogene) is
overexpressed in several human cancers and is associated
with cell proliferation, migration, invasion, and survival [49].
The FAKeSrc complex allows Src to phosphorylate FAK and
then to mediate its interaction with GRB2 to activate the
RaseERK signaling pathway [50]. Aberrant regulation of RhoA
proteins is associated with metastasis via promotion of
tumor cell motility [51]. CERP may act as an effective inhibitor
of ERK/Rho signaling in U-2 OS cells.
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Fig. 7 e CERP affected the levels of proteins associated with cell migration and invasion. U-2 OS cells at the density of 1 3 106
cells/dish were treated with 250 mg/mL CERP for 6, 12, 24, and 48 hours. Total protein extracts were prepared and protein
expression was determined by Western blotting. (A) FAK, GRP78, PKC, HIF-1a, and SOS1. (B) VEGF, PI3K, GRB2, and Ras.
(C) p-ERK, ERK1/2, p-p38, JNK1/2, and p-JNK1/2. (D) MEKK3, MKK7, PERK, and p-PERK. (E) iNOS, COX-2, NF-kB p65, and IRE-1.
(F) UPA, RhoA, MMP-2, and MMP-9.
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Fig. 8 e Possible signaling pathways for CERP inhibition of the migration and invasion of U-2 OS human osteosarcoma cells.

In conclusion, CERP effects on U-2 OS cancer cell migration
and invasion may involve multiple signaling pathways, as
hypothesized in Fig. 8. Our results show that CREP is effective
in osteosarcoma cells. Future studies are required to determine if CERP reduces cell motility in other cancer types and
if it can prevent metastasis in animal models of cancer.
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cause Ca2+ store depletion and consequently death in many cell types, but the impact of

Available online 5 January 2013

sustained Ca2+ store depletion on b-cell plasmalemmal ion channels is unknown.
Purpose: This report examined whether sustained Ca2+ store depletion induced by cyclo-

Keywords:

piazonic acid (CPA) could affect voltage-gated ion channels and KATP channels in rat

Ca2þ store depletion

insulinoma RINm5F cells.

b-cell

Methods: Microfluorimetric Ca2+ imaging and patch-clamping experiments were employed

RINm5F cells

in this study.

voltage-gated Ca2þ channel

Results: Glucose- and KCl-stimulated Ca2+ signals were substantially attenuated after a 24-h
CPA treatment. Consistently, patch clamp experiments also demonstrated that VGCC
currents were much reduced after a 24-h CPA treatment. Quantitative RT-PCR experiments
showed that gene expression of a-1A and a-1C was reduced, suggesting that expression of
P/Q- and L-type VGCC was down-regulated. Voltage-gated K+ channels, KATP channels and
store-operated Ca2+ entry were, however, unaffected. Inhibition of extracellular signalregulated kinases (ERK) and c-Jun N-terminal kinases (JNK) could not rescue the KClstimulted Ca2+ signal attenuated by sustained Ca2+ store depletion.
Conclusion: Our work shows, for the first time, that sustained Ca2+ store depletion in
insulinoma RINm5F cells leads to selective down-regulation of VGCC possibly via pathways
other than ERK or JNK.
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1.

Introduction

An elevation in cytosolic Ca2þ concentration ([Ca2þ]i) depends
on two major pathways; one is Ca2þ entry from the extracellular milieu while the other is Ca2þ mobilization from the
intracellular Ca2þ stores [1]. Intracellular Ca2þ stores are
found mainly in the endoplasmic/sarcoplasmic reticulum.
The functional integrity of intracellular Ca2þ stores is essential to cell proliferation. For instance, depletion of the intracellular Ca2þ store by thapsigargin, an inhibitor of the
sarcoplasmic/endoplasmic reticulum Ca2þ ATPase (SERCA),
induces growth arrest in DDT1MF-2 smooth muscle cells [2],
and apoptosis in human prostate cancer LNCaP cells [3].
Similarly, thapsigargin induces Ca2þ store depletion and
subsequently death in mast cells, PC12 cells and hippocampal
neurons [4e6]. Depletion of the intracellular Ca2þ store by the
ryanodine receptor agonists caffeine and ryanodine has also
been demonstrated to induce apoptosis in Chinese hamster
ovary cells [7].
Toxins from animals and fungi have also been known to
inhibit SERCA (thus causing store depletion): for example,
myotoxin from snake venom [8], the mycotoxins cyclopiazonic acid and paxilline [9,10], palytoxin from marine
animals [11] and mastoparan from wasp venom [12].
In addition, albeit with the exact mechanisms unclear,
a wide spectrum of substances such as the anticancer
drug tamoxifen [13], b-amyloid and prion particles [14],
and the environmental toxicant nonylphenol [15]
have been shown to cause Ca2þ store depletion and cell
death.
Pancreatic b-cells play an important role in glucose
homeostasis by secreting insulin. When glucose is low, the
resting membrane potential of b-cells is maintained mainly by
ATP-sensitive Kþ (KATP) channels [16,17]. When b-cells are
exposed to high glucose, the ATP/ADP ratio rises as a result of
glucose metabolism. The raised ATP/ADP ratio causes KATP
channel closure; cessation of Kþ outflow, together with
a continuous depolarizing current of yet uncertain nature,
causes depolarization of b-cells [16,17]. Voltage-gated Ca2þ
channels (VGCCs) then open, leading to Ca2þ entry, which
culminates in insulin exocytosis. Depolarization also activates
voltage-gated Kþ (Kv) channels; the latter permits the Kþ
efflux needed to repolarize the cell membrane, thus dampening excitability [18,19].
Not much is known about the toxic effects of sustained
Ca2þ store depletion on b-cell functions. In one report, after
primary rat b-cells and INS-1E b-cells had been challenged
with cyclopiazonic acid (CPA), gene expression of calbindin,
calreticulin, Grp94, Rab3a and HNF-1a was modulated [20]. In
particular, insulin-1 and -2 mRNAs were severely degraded
[20]. The effects of sustained Ca2þ store depletion on b-cell
plasma membrane ionic channels are hitherto unknown. In
the present work, CPA was used to induce sustained Ca2þ
store depletion and cytotoxicity in rat insulinoma RINm5F
cells. Our results showed that there was a selective downregulation of VGCCs, but not Kv and KATP channels, in
RINm5F cells whose Ca2þ stores had been chronically
emptied.

2.

Materials and methods

2.1.

Chemicals and cell culture
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CPA, SP600125, PD98059 and SK&F 96365 were obtained from
Calbiochem (San Diego, CA). Diazoxide was purchased from
Sigma (St. Louis, MO). Fura-2 AM was from Invitrogen (Carlsbad, CA). Tetrodotoxin (TTX) was purchased from Alomone
(Jerusalem, Israel). Rat insulinoma RINm5F cells were cultured
at 37  C in 5% CO2 in Roswell Park Memorial Institute 1640
medium (Gibco) supplemented with 10% fetal bovine serum
(Invitrogen; Carlsbad, CA) and penicillin-streptomycin
(100 units/mL, 100 mg/mL) (Invitrogen).

2.2.

Cell viability assay

Cell viability was measured using the 3-(4,5-dimethylthiazol2-yl)-2,5-diphenltetrazolium bromide (MTT) method. Cells
were cultured in a 96-well plate at a density of 1.5  104/well,
and were then treated with either 0.1% dimethyl sulfoxide
(DMSO) or 30 mM CPA for 3 or 24 hours. MTT (final concentration at 0.5 mg/mL) was subsequently added to each well
and then further incubated for 4 hours. The culture medium
was then removed and 100 ml of DMSO was added to each well
for 15 minutes (with shaking) to dissolve the cells. The
absorbance at 595 nm was measured using an enzyme-linked
immunosorbent assay reader and was used as an indicator of
cell viability.

2.3.

Electrophysiology

Electrophysiological experiments were performed as
described in a previous report [21]. RINm5F cells were voltageclamped using the whole-cell configuration. Borosilicate glass
tubes (o.d. 1.5 mm, i.d. 1.10 mm, Sutter Instrument, Novato,
CA) were prepared with a micropipette puller (P-87, Sutter
Instrument), and then fire-polished by a microforge (Narishige
Instruments, Inc., Sarasota, FL). For measurements of Kv
channel currents, intracellular solution contained: 140 mM
KCl, 1 mM MgCl2, 1 mM EGTA, 10 mM HEPES, and 5 mM MgATP
(pH 7.25 adjusted with KOH). For measurement of ATPsensitive Kþ currents, the concentration of ATP was reduced
to 1 mM in the above-mentioned intracellular solution. For
measurements of Ca2þ currents, intracellular solution contained: 120 mM CsCl, 20 mM TEA-Cl, 8 mM NaCl, 1 mM MgCl2,
1 mM EGTA, 10 mM HEPES, and 5 mM MgATP (pH 7.25 adjusted
with CsOH). For measurements of Kþ currents, the bath
solution contained: 140 mM NaCl, 4 mM KCl, 1 mM MgCl2,
2 mM CaCl2, and 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) (pH 7.4 adjusted with
NaOH). When Ca2þ currents were measured, 1 mM TTX was
added to the above-mentioned bath solution to block Naþ
channels. The currents were recorded using an EPC-10
amplifier with Pulse 8.60 acquisition software and analyzed
by Pulsefit 8.60 software (HEKA Electronik, Lambrecht,
Germany). Data were filtered at 2 kHz and sampled at 10 kHz.
After the establishment of a whole-cell configuration, the cells
were held at 70 mV and subject to various protocols as
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described in the text and the figure legends. All experiments
were carried out at room temperature (w25  C).

2.4.

Microfluorimetric measurement of cytosolic Ca2þ

Microfluorimetric measurement of cytosolic Ca2þ concentration was performed using fura-2 as the Ca2þ-sensitive fluorescent dye as described previously [22]. Briefly, cells were
incubated with 5 mM fura-2 AM for 1 hour at 37  C and then
washed. The bath solution contained: 140 mM NaCl, 4 mM KCl,
1 mM MgCl2, 2 mM CaCl2, and 10 mM HEPES (pH 7.4 adjusted
with NaOH). When Ca2þ-free bath solution was used, Ca2þ was
omitted from the above bath solution and 20 mM ethylene
glycol tetraacetic acid (EGTA) was supplemented. Cells were
alternately excited with 340 nm and 380 nm using an optical
filter changer (Lambda 10-2, Sutter Instruments). Emission
was collected at 500 nm and images were captured using
a CCD camera (CoolSnap HQ2, Photometrics, Tucson, AZ)
connected to an inverted Nikon TE 2000-U microscope. Images
were analyzed with MAG Biosystems Software (Sante Fe, MN).
All imaging experiments were conducted at room temperature (w25  C).

2.5.
Quantitative reverse transcriptase-polymerase
chain reaction
Total RNA was extracted using a TRIzol kit (MDBio, MD). The
reverse transcription (RT) reaction was performed using 2 mg
of total RNA that was reverse transcribed into cDNA using the
oligo(dT) primer. Quantitative real-time polymerase chain
reaction (PCR) using SYBR Green I Master Mix was analyzed
with a model 7900 Sequence Detector System (Applied Biosystems, Foster City, CA). After pre-incubation at 50  C for 2
minutes and 95  C for 10 minutes, the PCR was performed as
40 cycles at 95  C for 10 seconds and 60  C for 1 minute. The
threshold was set above the non-template control background and within the linear phase of target gene amplification to calculate the cycle number at which the transcript
was detected (denoted as CT). The oligonucleotide primers for
P/Q-type (a-1A), N-type (a-1B) and L-type (a-1C and a-1D)
VGCCs, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were as reported in previous publications [23,24]:
a-1AForward: CAA AGG TAC CAC CAA CGC CReverse: TGG
TCA TGC TCA GAT CTG TCCa-1BForward: GCA CTG GAG ATC
AAG CTT GCReverse: CCC ACT GTC ATC TCG TCA GGa-1C
Forward: 50 -CCGGAAGCCAGTGCATTTT-30 ;Reverse: 50 -TGGT
GAAGATCGTGTCATTGACA-30 a-1DForward: 50 -GAAGAGGACG
50 -TTTTCTCCTTCATGTTCAAC
AGCCTGAGGTT-30 ;Reverse:
0
0
5 -ACCACAGTCCATGCCATCACTCTGA-3 GAPDHForward:
30 ;Reverse: 50 -TCCACCACCCTGTTGCTGTA-30

2.6.

Statistical analysis

Data are presented as mean  SEM. The unpaired or paired
Student t test was employed where appropriate. Analysis of
variance (ANOVA) was used to compare multiple groups, followed by the Tukey’s honestly significant difference (HSD)
post-hoc test. A p value of <0.05 was considered to have
statistical significance.

3.

Results

The effect of CPA on cell viability was first examined. While
a 3-hour incubation with CPA did not significantly affect cell
viability, a 24-hour challenge with CPA caused substantial cell
death (65%) as shown in the MTT assay (Fig. 1). This suggests
that chronic Ca2þ store depletion had a cytotoxic effect on
RINm5F cells. We were interested in the ion channel properties of the cells after 3-hour CPA treatment and those viable
cells after a 24-hour CPA challenge. In electrophysiological
and Ca2þ imaging experiments, the cells were rigorously
washed before the experiments and only viable cells
remained attached to the substratum. Trypan blue exclusion
test showed that 98.4  1.0 % of the attached cells were viable.
We examined whether sustained CPA-induced Ca2þ store
depletion would affect intracellular Ca2þ release and storeoperated Ca2þ entry. The cells were treated with CPA for 3 or
24 hours. The cells were then washed extensively in Ca2þcontaining bath solution (to remove CPA and to replenish the
Ca2þ pool). Before the experiments, the cells were bathed in
nominally Ca2þ-free bath solution containing 20 mM EGTA. For
3-hour (Fig. 2AeC) and 24-hour treatments (Fig. 2DeF), the
basal [Ca2þ]i and Ca2þ release upon CPA re-challenge were
comparable in the control groups and the CPA-challenged
groups. This suggests that the Ca2þ stores and their Ca2þ
release channels were still fully functional even when the
Ca2þ stores had been discharged by CPA for 24 hours. Ca2þ
entry after Ca2þ store depletion [store-operated Ca2þ entry
(SOCE)] in the CPA-treated groups (3 and 24 hours) was similar
in magnitude to that in the control groups, suggesting that
CPA-induced chronic store depletion did not adversely affect
SOCE.

100
80
60
*

40
20
0

DMSO

3h

CPA

DMSO

CPA

24 h

Fig. 1 e CPA-induced Ca2D store depletion for 24 hours
caused cell death. RINm5F cells were incubated with 0.1%
DMSO or 30 mM CPA for 3 or 24 h before the MTT assay.
Substantial cell death (65%) was observed in cells treated
with CPA for 24 hours. Results are displayed as the
mean ± SEM of three separate experiments. * p < 0.05.
CPA [ cyclopiazonic acid; DMSO [ dimethyl sulfoxide;
MTT [ 3-(4,5-dimethylthiazol-2-yl)-2,5diphenltetrazolium bromide.
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Fig. 2 e Sustained Ca
store depletion did not affect intracellular Ca
release and SOCE. After RINm5F cells were treated
with 0.1% DMSO (control) or 30 mM of CPA for (A,B) 3 hours or (D,E) 24 hours, they were washed extensively in Ca2Dcontaining bath solution, bathed in Ca2D-free bath solution and then assayed for [Ca2D]i. The cells were first challenged with
30 mM CPA to cause store depletion before replenishment of 2 mM bath Ca2D. (C) Quantitative results of the 3-hour group. (F)
Quantitative results of the 24-hour group. Results are displayed as the mean ± SEM of 31e60 cells. There is no significant
difference between the control and CPA-treated groups. CPA [ cyclopiazonic acid; DMSO [ dimethyl sulfoxide;
SOCE [ store-operated Ca2D entry.

We then examined whether glucose-stimulated [Ca2þ]i
elevation would be affected by chronic store depletion. The
cells were rigorously washed and finally bathed in Ca2þ-containing bath solution. While there was no significant difference in glucose-stimulated [Ca2þ]i elevation between the
control group and CPA group at the 3-hour time point
(Fig. 3AeC), a 24-hour Ca2þ store depletion by CPA did attenuate glucose-induced Ca2þ signaling (Fig. 3DeF).
As the glucose-triggered Ca2þ signal most likely involves
opening of VGCCs, we proceeded to test whether KClstimulated VGCC opening was affected. Application of
30 mM KCl causes depolarization, which directly opened
VGCCs. A 3-hour Ca2þ store depletion did not suffice to affect
KCl-triggered VGCC opening (Fig. 4AeC); attenuation of VGCC

activity required a 24-hour CPA pretreatment (Fig. 4D, E, and
G). To distinguish whether this attenuation of VGCC activity
was due to store depletion per se or due to any possible deleterious effects of continuous SOCE during the 24-hour time
period, in one group the cells were co-treated with CPA and
SK&F 96365 (SOCE inhibitor; 10 mM). SK&F 96365 did not
prevent or relieve the attenuation of VGCC activity in cells
treated with CPA for 24 hours at all (Fig. 4DeG), suggesting that
the decreased VGCC activity was unlikely to be related to the
continuous SOCE.
Patch clamp experiments were performed to confirm that
the reduced glucose- and KCl-stimulated Ca2þ signals were
due to decreased currents through VGCCs. Serial depolarizing
pulses triggered Ca2þ currents in RINm5F cells; and in cells
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Fig. 3 e Sustained Ca2D store depletion for 24-hour inhibited glucose-induced Ca2D signal. After RINm5F cells were treated
with 0.1% DMSO (control) or 30 mM CPA for (A,B) 3 h or (D,E) 24 h, they were washed extensively in and bathed in Ca2Dcontaining bath solution, and then assayed for [Ca2D]i. The cells were treated with 20 mM glucose. (C) Quantitative results
of the 3-hour group. (F) Quantitative results of the 24-hour group. Results are displayed as the mean ± SEM of 9e60 cells.
* Indicates significant ( p < 0.05) difference from the glucose-stimulated control group. CPA [ cyclopiazonic acid;
DMSO [ dimethyl sulfoxide.

treated with CPA for 24 hours, substantial reduction of currents
was observed (Fig. 5A and B). SK&F 96365 co-treatment did not
prevent or relieve the reduction in currents in cells treated with
CPA for 24 hours. We pondered whether the decreased VGCC
activity after a 24-hour Ca2þ store depletion was due to reduced
VGCC gene expression. Multiple types of VGCCs are expressed
in RINm5F cells, including P/Q-, N- and L-types [25,26]. We then
used quantitative RT-PCR to investigate which VGCC types
were susceptible to gene down-regulation. It was found that
a1A and a1C gene expression were selectively suppressed, while
that of a1B and a1D was relatively unaffected (Fig. 5C). These
results suggest that chronic Ca2þ store depletion selectively
down-regulated expression of P/Q- and L-type VGCCs in
RINm5F cells.
KATP channels are an essential component in the
metabolism-excitation coupling of b-cells; their closure by
ATP results in depolarization [16,17]. Kv channels are

important in repolarizing b-cells and curbing excitability
[18,19]. Unexpectedly, Ca2þ store depletion for 3 or 24 hours
did not cause any reduction in Kv and KATP channel currents
(Fig. 6). In fact, a 3-hour Ca2þ store depletion caused a slight
but significant enhancement of Kv channel currents (Fig. 6A).
We also examined whether Ca2þ store depletion would affect
membrane potential. As measured by current clamp, the
membrane potentials in control and CPA-treated cells for 24
hours were 68.7  1.1 and 71.7  1.8 mV, respectively
( p > 0.05). In the control group, cell capacitance was
12.6  1.6 pF and pipette series resistance was 17.8  1.3 MU
(n ¼ 7), while in the CPA group, cell capacitance was
11.1  1.5 pF and pipette series resistance was 13  2.5 MU
(n ¼ 6). The data suggest Ca2þ store depletion for 24 hours did
not affect membrane potential.
Extracellular signal-regulated kinases (ERK) and c-Jun Nterminal kinases (JNK) have been known to be activated
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Fig. 4 e Sustained Ca2D store depletion for 24 hours inhibited KCl-induced Ca2D signal. After RINm5F cells were treated with
0.1% DMSO (control), 30 mM CPA or 30 mM CPA plus 10 mM SK&F 96365 for (A,B) 3 hours or (DeF) 24 h, they were washed
extensively in and bathed in Ca2D-containing bath solution, and then assayed for [Ca2D]i. The cells were exposed to 30 mM
KCl. (C) Quantitative results of the 3-hour group. (G) Quantitative results of the 24-hour group. Results are displayed as the
mean ± SEM of 11e66 cells. * Indicates significant ( p < 0.05) difference from the KCl-stimulated control group.
CPA [ cyclopiazonic acid; DMSO [ dimethyl sulfoxide.
during endoplasmic reticulum (ER) stress [27e30]. Since
chronic Ca2þ store depletion inevitably leads to ER stress,
we examined whether ERK and JNK pathways were
involved in mediating the down-regulation of VGCCs.
SP600125 and PD98059, inhibitors of JNK and ERK respectively, were employed. As shown in Fig. 7, KCl-triggered
[Ca2þ]i elevation, which was indicative of VGCC opening,
was attenuated by a 24-hour CPA-induced Ca2þ store
depletion. The down-regulation could not be reversed or
relieved by co-treatments with SP600125 or PD98059, or
a combination of these two inhibitors. These data suggest

that JNK and ERK pathways were possibly not involved in
the VGCC down-regulation caused by sustained Ca2þ store
depletion.

4.

Discussion

Intracellular Ca2þ store depletion caused by pharmacological
manipulation of SERCA or Ca2þ release channels has been
shown to induce cell growth arrest or cell death [2,3,7]. A
variety of natural toxins from animals and fungi have also
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Fig. 5 e Sustained Ca2D store depletion for 24 h caused
reduction in Ca2D currents and expression of VGCC. (A)
After RINm5F cells were treated with 0.1% DMSO (control),
30 mM CPA or 30 mM CPA plus 10 mM SK&F 96365 for 24
hours, they were washed extensively in and bathed in
Ca2D-containing bath solution, and then assayed for Ca2D
currents. The cells were held at L70 mV and then
stimulated with increasing depolarizing pulses up to D
70 mV at 10 mV increments. (B) Current density is plotted
against voltages. Results are displayed as the mean ± SEM
of 12e16 cells. Control group: cell capacitance was
8.6 ± 0.9 pF and pipette series resistance was 14.1 ± 2 MU
(n [ 16); CPA group: cell capacitance was 7.3 ± 0.6 pF and
pipette series resistance was 20.6 ± 2.7 MU (n [ 13);
CPA D SKF group: cell capacitance was 6.7 ± 0.4 pF and
pipette series resistance was 21.3 ± 2.2 MU (n [ 12). (C)
After RINm5F cells were treated with 0.1% DMSO (control)
or 30 mM CPA for 24 h, total RNA was extracted and VGCC
mRNA was quantified by real time PCR. Results are
displayed as the mean ± SEM from three separate
experiments. * Indicates significant ( p < 0.05) difference of
the CPA and CPA D SKF group from the control group.
CPA [ cyclopiazonic acid; DMSO [ dimethyl sulfoxide;
PCR [ polymerase chain reaction; VGCC [ voltage-gated
calcium channel.

been shown to inhibit SERCA and would thus induce Ca2þ
store depletion and cell death [8e12]. A wide spectrum of
substances, such as the anticancer drug tamoxifen [13], bamyloid and prion particles [14], and the environmental
toxicant nonylphenol [15] have been shown to cause Ca2þ

store depletion and cell death. Not much is known about the
effects of sustained Ca2þ store depletion on b-cell functions
and gene expression. In one study, b-cell gene expression was
extensively studied after CPA-induced Ca2þ store depletion;
while expression of Bip, calreticulin, Grp94, ATF4, caspase 12 and
Sec61 genes was up-regulated, that of Pcsk1, Pcsk2, Rab3a, Pdx1, HNF-1a and HNF-3a was down-regulated [20]. Of note, the
degradation of insulin-1 and -2 mRNAs was particularly
severe [20]. It is unknown whether sustained Ca2þ store
depletion affects b-cell plasma membrane ionic channels.
VGCCs, and Kv and KATP channels are essential regulatory
components in metabolismeexcitation coupling and hence
insulin secretion of b-cells. In this work, we reported for the
first time that sustained Ca2þ store depletion caused cell death
and a selective down-regulation of VGCCs in a b-cell line
(RINm5F cells).
We showed that persistent (24 hour) Ca2þ store depletion
by CPA resulted in marked cell death (Fig. 1). It is of interest to
know the electrophysiological properties of the remaining
viable cells. Results in Fig. 2 suggest that cells treated with CPA
even for 24 hours (followed by extensive washing and Ca2þ
store replenishment) still had functionally intact stores to be
discharged again by a CPA re-challenge, suggesting that
a prolonged Ca2þ store emptying did not appear to affect the
Ca2þ-handling molecules of the stores (SERCA, intracellular
Ca2þ release-channels such as leak channels of unknown
nature, inositol-1,4,5-trisphosphate receptors and ryanodine
receptors). Indeed, the latter two receptor-channels, by
allowing Ca2þ to flow out of the store, account partly for b-cell
apoptosis after SERCA inhibition [31]. SOCE is important in
Ca2þ signaling triggered by hormones and neurotransmitters
in b-cells [32]. SOCE has been found to be composed of STIM
(Ca2þ sensor of the store) and ORAI (plasmalemmal channel)
[33]. SOCE was not affected even after a 24-hour Ca2þ store
depletion. Also found to be resistant to a 24-hour Ca2þ store
depletion were Kv and KATP channels (Fig. 6), responsible for
repolarization and maintenance of resting potential, respectively. Of note, a 3-hour Ca2þ store depletion modestly
enhanced Kv channel density. The cause of this phenomenon
is not understood, but could be related to an enhanced
surfacing of Kv channels destined for initiating cellular
apoptosis [34,35]. The observations that SOCE, and Kv and
KATP channels were not significantly affected argue against
the theory that VGCC down-regulation reflects a general
protein synthesis shut-down.
Results in microfluorimetric imaging experiments showed
a reduction in glucose- and KCl-triggered Ca2þ signaling after
a 24-hour CPA treatment (Figs. 3 and 4). This is supported by
the findings in patch-clamp experiments that decreased VGCC
activities were observed after 24-hour Ca2þ store depletion
(Fig. 5). L-, N- and P/Q-type VGCCs have been observed in
RINm5F cells [25,26]. Quantitative RT-PCR data revealed that
P/Q- and L-type VGCC gene expression was selectively downregulated (Fig. 5).
Ca2þ store depletion triggers SOCE. The latter causes sustained and elevated cytosolic Ca2þ level which might exert
deleterious effects such as activation of nucleases and proteases. To distinguish the effect of Ca2þ store depletion per se
and its consequent SOCE, the SOCE inhibitor SK&F 96365 was
used. Since this drug did not prevent the effect of CPA (Figs. 4
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Fig. 6 e Sustained Ca2D store depletion did not affect Kv and KATP channel currents. After RINm5F cells were treated with
0.1% DMSO (control) or 30 mM CPA for (A,C) 3 hours or (B,D) 24 hours, they were washed extensively in and bathed in Ca2Dcontaining bath solution, and then examined for Kv or KATP currents. When Kv currents were measured, the cells were held
at L70 mV and then stimulated with increasing depolarizing pulses up to D50 mV at 10 mV increments. When KATP
currents were measured, the cells were held at L70 mV and then stimulated with L120 mV hyperpolarizing pulses at 10-s
intervals. Diazoxide (300 mM) was added to open KATP channels and when the KATP current magnitude reached equilibrium,
the cells were stimulated by serial depolarizing pulses up to L40 mV at 20-mV increments to obtain the IeV relation.
Results are displayed as the mean ± SEM of 8e15 cells. For Kv channel current measurements, in the control group at 3
hours, cell capacitance was 9.8 ± 0.6 pF and pipette series resistance was 19 ± 3 MU (n [ 8). In the control group at 24 hours,
cell capacitance was 11.2 ± 0.6 pF and pipette series resistance was 16.6 ± 1.7 MU (n [ 8). In the CPA group at 3 h, cell
capacitance was 8.5 ± 0.6 pF and pipette series resistance was 15.5 ± 2.1 MU (n [ 9). In the CPA group at 24 hours, cell
capacitance was 6.6 ± 0.6 pF and pipette series resistance was 18 ± 2.3 MU (n [ 8). For KATP current measurements, in the
control group at 3 hours, cell capacitance was 10 ± 0.6 pF and pipette series resistance was 17 ± 2.2 MU (n [ 15). In the
control group at 24 hours, cell capacitance was 10.5 ± 0.7 pF and pipette series resistance was 19 ± 1.5 MU (n [ 14). In the
CPA group at 3 hours, cell capacitance was 7.9 ± 0.5 pF and pipette series resistance was 17.1 ± 2.9 MU (n [ 8). In the CPA
group at 24 hours, cell capacitance was 9.1 ± 0.7 pF and pipette series resistance was 15.7 ± 4 MU (n [ 9). * Indicates
significant ( p < 0.05) difference from the control group. CPA [ cyclopiazonic acid; DMSO [ dimethyl sulfoxide;
KATP [ ATP-sensitive KD; Kv [ voltage-gated KD.

and 5), we attribute the down-regulation of VGCCs to Ca2þ
store depletion per se, but not the resultant SOCE.
ER stress has been known to activate the ERK and JNK
pathways in a variety of cell types, including b-cells
[27e30,36]. Since sustained Ca2þ store depletion inevitably
leads to ER stress, we asked if these two kinases were involved
in the down-regulation of VGCCs by CPA-induced Ca2þ store
depletion in RINm5F cells. However, using two drugs to inhibit
ERK and JNK, we did not observe any prevention or relief of
CPA effects on VGCC activities (Fig. 7). The pathway(s) by
which sustained Ca2þ store depletion affected VGCC expression is yet to be determined.
Our data on the effects of Ca2þ store depletion on rat
insulinoma RINm5F cells may have relevance to diabetes
mellitus. ER stress has been implicated in the

malfunctions and apoptosis of b-cells in both type 1 and 2
diabetes mellitus [37]. This pathology arises either due to
Ca2þ store depletion induced by nitric oxide (type 1) or
excessive production of insulin (type 2) [37,38]. Of note,
L-type VGCCs are down-regulated in b-cells of Zucker
diabetic fatty rats, which are animal models for type 2
diabetes mellitus [39]. The b-cells of these rats also
exhibit reduced Ca2þ signaling in response to glucose and
KCl. It is also noteworthy that anomalies could also arise
not due to defective VGCCs per se, but due to deranged
coupling of VGCC activities with exocytotic machineries.
For example, a recent report showed that there is a functional uncoupling between VGCCs and secretory vesicles
in b-cells of mice suffering from high-fat-diet-induced
diabetes [40].
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Fig. 7 e Reduction in KCl-triggered Ca
signal by
sustained Ca2D store depletion was not reversed by
inhibition of JNK and ERK. After RINm5F cells were treated
with 0.1% DMSO (control), 30 mM CPA or 30 mM CPA plus
other drugs (PD, 30 mM PD98059; SP, 30 mM SP600125) for 24
hours, they were washed extensively in and bathed in
Ca2D-containing bath solution, and then assayed for
[Ca2D]i. The cells were stimulated with 30 mM KCl. Results
are displayed as the mean ± SEM of 14e92 cells. * Indicates
significant ( p < 0.05) difference from the KCl-stimulated
control group. CPA [ cyclopiazonic acid; DMSO [ dimethyl
sulfoxide; ERK [ extracellular signal-regulated kinase;
JNK [ c-Jun N-terminal kinase.
In conclusion, CPA-induced Ca2þ store depletion in RINm5F
cells caused cell death and selectively down-regulated VGCCs
via pathway(s) other than ERK and JNK. VGCC downregulation may be one of the consequences of b-cell toxicity
after exposure to toxicants which cause sustained Ca2þ store
depletion.
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gated whether this phenomenon occurs in other species and if it could thus be generalized.
To this end we calculated the nonlinear correlation coefficient (h2) for 30 uterine EMG
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channels positioned on the uterus of pregnant Wistar rats using an experimental protocol

nonlinear regression analysis

developed in our laboratory. The results obtained for 16 rats recorded on different gesta-

uterine EMG signals

tional days revealed a notable increase in h2 values throughout pregnancy and at term.

uterine electrical activity

These results could improve our understanding of physiological changes in uterine activity
and help in enhancing labor detection.
Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights
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1.

Introduction

Uterine electromyography (EMG) is a technique that has been
developed for monitoring uterine activity since the 1990s
[1e3]. In recent years, uterine EMG has been the subject of
many research studies. Studies in both women [4,5] and animals [6e8] have demonstrated that this technique can offer an
insight into the progression of pregnancy and the onset of
labor. Various temporal and spectral characteristics of uterine
EMG signals have been defined for pregnancy and labor [9,10]
and their use has been proposed for monitoring pregnancy
and detecting labor [5]. The results obtained are encouraging.
However, pregnancy monitoring may be improved using
nonlinear methods since these methods take into account the

nonlinear nature of the signals. A promising technique for this
purpose is the nonlinear regression analysis introduced by
Pijn and Lopes da Silva [11] in the field of electroencephalograpy (EEG). This approach can be used to study
synchronization and to quantify the relationship between
signals. Application of this analysis to uterine EMG signals has
already provided good results. Terrien et al applied the technique to uterine EMG signals recorded for a monkey during
labor [12]. They found higher h2 values during contractile
events compared to baseline h2 values. Hassan et al investigated the spatial synchronization of uterine electrical activity
recorded using a 4  4 electrode grid on the abdomen [13]. The
results revealed an increase in the degree of synchronization
between contractions throughout pregnancy.

* Corresponding author. CNRS UMR 6600 Biomécanique et Bio-ingénierie, Université de Technologie de Compiègne, F60205 Compiègne
Cedex, France.
E-mail address: aly.chkeir@gmail.com (A. Chkeir).
2211-8020/$ e see front matter Copyright ª 2013, China Medical University. Published by Elsevier Taiwan LLC. All rights reserved.
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For application of nonlinear regression analysis to other
species, multichannel recordings are essential. In previous
studies, Lammers et al used an array of 240 extracellular
surface electrodes covering an area of 15 mm  16 mm [14] to
investigate in vitro the propagation of slow waves in rat
myometrium [15] and rabbit duodenum [16]. However, there
have been no studies of the synchronization of recorded signals. In this study, we describe a new ex vivo recording protocol developed in the laboratory of Biomechanics and BioEngineering at UMR 6600 of the University of Technology of
Compiegne to record uterine EMG signals using pin electrodes
positioned directly on the uterus of pregnant Wistar rats. All
signals are recorded simultaneously and the electrical propagation features can be reconstructed. Such analysis allows
detection and investigation of the synchronization of recorded signals.

2.

Materials and methods

2.1.

Protocol

Approval for this study was granted by the Animal Care Laboratory of the University of Technology of Compiegne. Our
animal house is approved under License No. B-60-60159-001
and our experimental protocol was accepted by the Directorate of Veterinary Services.
Our recording protocol was tested on 16 Wistar rats (4
months old) with a timed pregnancy term. Signals were
recorded for four rats for every day from 17 to 21 days of
pregnancy. All rats were weighed on a biomedical precision
balance. Their weights varied from 340 to 460 g. Females in
proestrus were caged overnight with males of proven fertility.
Vaginal smears were obtained daily and only animals showing
three consecutive 4-day cycles were used. Pregnancy was
confirmed by the presence of spermatozoa in the vaginal
smear the morning after coitus, defined as Day 1 of pregnancy.
In our colony, delivery occurs on Day 21 and we used this as
the normal gestation period in our study.
The procedures were performed under sterile conditions.
Each rat was first anaesthetized with pentobarbital for surgery
and recordings. After a mid-abdominal incision was made, the
two uterine horns, which can contain an average of five to
eight baby rats each, were located. Only one of the uterine
horns was chosen for the experiment. Two strings were
quickly tied around the end of the selected horn (Fig. 1) at a
distance of 5 mm apart to prevent bleeding and release of the
baby rats. After cutting the selected uterine horn between the
two ties, the horn was excised, keeping the ovarian end
attached, and placed in a suitable custom-made support
(Fig. 2). The string was attached to a force transducer (range
0e0.5 N). To obtain good extension, the horn was pinned and
hooked at the ovarian end. This procedure allowed us to record electrical and mechanical activity simultaneously while
the uterine horn was connected to the rat’s vascular system.
To record electrical and mechanical activity simultaneously, great care was taken in positioning of the uterine
horn and the electrode assembly. A 30-electrode recording
array (3  10 nickel/tin-plated terminal pins of 0.3 mm in
diameter at an inter-electrode distance of 4.5 mm) were gently

Fig. 1 e Two strings were tied around the end of the uterine
horn to prevent bleeding and release of the baby rats.

positioned along the length of the selected horn. Recorded
signals were amplified between 0.16 and 256 Hz using BioSemi
Active-One amplifiers and sampled at 128 Hz with an antialiasing low-pass filter of 64 Hz.
The signals were digitally filtered to remove ambient 50-Hz
noise and reduce the frequency range to 1e40 Hz. Therefore,
our ex vivo model allows recording of uterine electrical activity
while the uterus is still connected to the rat’s body.

2.2.

Nonlinear regression analysis

Nonlinear regression analysis is a non-parametric method
used to quantify and evaluate the dependence of a random
process (a time-series signal Y recorded from GY, for instance)
on another process (signal X recorded from Gx, for instance)
from samples (no data model), independent of the type of

Fig. 2 e Prototype used to record electrical activity with 30
electrode pins.
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relationship between the two processes. This method was first
used in the field of EEG analysis by Pijn and colleagues [17, 18],
who showed that it performed better than methods based on
the linear regression or mutual information for analyzing the
interdependence of intracerebral EEG signals in an experimental model of generalized epilepsy. The method was then
evaluated using a realistic simulation of EEG signals generated
by coupled populations of neurons [19]. The correlation ratio
h2 describes the reduction in variance of Y that can be obtained by predicting Y values from X values according to
h2 ¼ (total variance e unexplained variance)/total variance. In
practice, the nonlinear correlation coefficient h2 is estimated
from a scatter plot of Y versus X. The values of X are subdivided into bins; for each bin we calculate the X value of the
midpoint ( pi) and the average value of Y (qi) computed for the
same bin interval. The regression curve is approximated by
connecting the resulting points ( pi, qi) by straight-line segments [20]. Then the nonlinear correlation coefficient between the X and Y signals is calculated as
PN
h2Y=X ¼

2
K¼1 XðkÞ

P
 NK¼1 ðYðkÞ  f ðXi ÞÞ
;
PN
2
K¼1 YðkÞ

where f(Xi) is the linear piecewise approximation of the
nonlinear regression curve. The values of h2 range between

0 (X and Y are independent) and 1 (Y is determined by X ). One
of the advantages of nonlinear regression is that it can be
applied to signals independently of whether their relationship
is linear or not.
Another interesting property of the nonlinear correlation
coefficient h2 is that it is asymmetric: the h2 value from signal
X to signal Y differs from the value from signal Y to X. Wendling et al used this property and proposed a new parameter
they called the direction index to show the direction of the
dependence between X and Y [18].

3.

Results

To evaluate our method, simultaneous recordings of electrical
and mechanical activity were made for 16 pregnant Wistar
rats on different gestational days (Days 17, 19, 20, and 21)
using the ex vivo protocol described above.
Fig. 3 shows action potential bursts obtained from the
three columns of electrodes (30 electrodes), oriented in the
longitudinal axis of the uterine horn, for one uterine
contraction recorded with the new ex vivo protocol.
The h2 values were computed pairwise using 900 possible
pairs for the 30 monopolar signals recorded from the ex vivo

Fig. 3 e Action potential bursts registered during a contraction in three columns of electrodes along the longitudinal axis on
Day 17 of pregnancy.
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uterus. We represent the nonlinear correlation values using
color-coded matrices. Therefore, all h2 values calculated over
one contraction are represented in one correlation matrix [13].
First, we studied the evolution of the synchronization
throughout pregnancy by plotting the color-coded matrices
and their mean values against the number of gestation days
and at the onset of labor. To this end, we first calculated the
mean h2 value over the matrix related to each recorded
contraction. Then we calculated the mean of these values over
all contractions associated with each pregnancy timepoint.
Fig. 4 shows the results. It is clear that there was an increase in
h2 values during pregnancy (Fig. 4AeC) and at term (Fig. 4D).
The h2 matrices have low values over almost all the channels
for the Day 17 contractions (Fig. 4A) and high values for contractions on Day 21 (Fig. 4D), which indicates a lower degree of
synchronization of uterine cells on Day 17 of pregnancy than
in labor. Furthermore, the mean h2 matrix value increased
from 0.86  0.1 on Day 17 to 0.98  0.07 on Day 21. Fig. 5 and
Table 1 present the mean values at each timepoint and the
results of Student’s t test applied to the data.

4.

Discussion

We used nonlinear regression analysis to study the synchronization between uterine EMG signals recorded from the
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Fig. 5 e Change in the mean h2 matrix value from Day 17 to
Day 21. *Significant difference (p < 0.05).

uterus of Wistar rats. A new protocol was developed to record
uterine electrical activity through 30 electrode pins in an
ex vivo uterus. We analyzed data recorded for 16 Wistar rats
on different gestational days. The results show that synchronization increases during pregnancy. There was a
notable increase for all h2 matrices during pregnancy and at
the onset of labor. This confirms the results obtained in

Fig. 4 e Color-coded matrices representing h2 for various gestational timepoints: (A) Day 17, (B) Day 19, (C) Day 20 and (D)
Day 21.
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Table 1 e Results for Student’s t test applied to the mean value at each gestational timepoint.

p

D17eD19

D17eD20

D17eD21

D19eD20

D19eD21

D20eD21

0.0572

0.0012*

0.00411*

0.2174

0.019*

0.0013*

*Significant difference between the two timepoints considered.

humans [13] but we used an electrode grid covering the
majority of the uterus volume. We analyzed statistical differences between gestational timepoints using Student’s t
test (Table 1). Although there was no systematic significant
difference between two consecutive points during pregnancy,
there was a significant difference in mean h2 between values
recorded during labor and any other value recorded during
pregnancy. Therefore, our study shows that nonlinear
regression analysis represents a powerful tool for distinguishing between pregnancy and labor using uterine EMG
signals recorded for a living pregnant rat.

5.

Conclusion

We described a new protocol for recording uterine electrical
activity in pregnant rats. The signals recorded for 16 pregnant
Wistar rats on different gestational days were subjected to
nonlinear regression analysis. The results revealed more
synchronized activity during labor than in pregnancy. The
difference in mean h2 values between pregnancy and labor
was significant. This recording technique can be used to
improve our understanding of physiological changes during
pregnancy by analyzing electrical activity of the uterus while
it is still connected to the body by giving uterotonic or tocolytic
agents to living pregnant rats.
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A 53-year-old male was hospitalized in August 2007 for evaluation of a 2-day history of tarry stools against a background
of a hemorrhagic stroke and hypertension for 3.5 years for
which he received irregular antihypertensive medication.
There was no epigastric pain or weight loss. On admission, his
physical examination was unremarkable; blood tests showed
hemoglobin 15.7 g/dL, hematocrit 47.1%, and leukocyte count
6.8  109/L. Esophagogastroduodenoscopy revealed multiple
hemorrhagic spots over the antrum (Fig. 1A). He was treated
with a proton pump inhibitor. He then developed nausea and
non-bilious vomiting. Plain abdominal X-rays showed no
small intestinal obstruction but subsequent gastric emptying
scintigraphy showed 2-hour retention of a solid-phase meal of
59.2% (normal 17.2  7.1%) and a half-emptying time of 175.6
minutes (normal 59.1  16.4 minutes) (Fig. 1B), suggesting
markedly delayed gastric emptying. A trial of a prokinetic
agent was unsuccessful. Insertion of a duodenal tube led to
clinical improvement; the patient’s nausea and vomiting
recurred when the tube was removed. A second esophagogastroduodenoscopy showed no changes and a biopsy was

taken from the location of the gastric antral hemorrhagic
spots. The patient then developed multiple organ dysfunction
with nephrotic syndrome, congestive heart failure, and
moderate restrictive lung disease. Investigation included a
renal biopsy.
Histologically, the gastric mucosal and renal biopsies had
amyloid deposits in the submucosa and mucosa. Staining
with Congo red revealed that the amorphous hyaline material
exhibited a characteristic apple-green birefringence under a
polarized light microscope (Fig. 1C).
Gastroparesis can occur in many clinical settings. The
three most common etiologies are idiopathic, diabetes, and
postsurgical. Rare etiologies include pregnancy, collagen
vascular disease, chronic renal insufficiency, and gastric
amyloidosis. Symptoms vary and include early satiety,
nausea, vomiting, bloating, upper abdominal discomfort, and
weight loss [1]. Treatment depends on the underlying cause.
Esophagogastroduodenoscopy findings in primary gastric
amyloidosis may be non-specific, including erosions, hemorrhagic spots, ulcers, hypertrophic antral folds, pseudotumor
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Fig. 1 e (A) Endoscopy revealed multiple hemorrhagic spots over antrum. (B) Gastric emptying scintigraphy showed a
marked delay in gastric emptying time. (C) Histology of the gastric mucosa. Staining with Congo red revealed characteristic
apple-green birefringence under a polarized light microscope.

formation, and pseudopolyps [2]. Our patient only had hemorrhagic spots over the antrum.
The gastrointestinal tract is commonly involved in systemic amyloidosis, yet gastric amyloidosis is rare. Once
amyloidosis is diagnosed, an attempt should be made to treat
any underlying chronic disorder such as multiple myeloma or
collagen disease [3]. No effective treatment exists for primary
systemic amyloidosis, unlike secondary amyloidosis, for
which treatment of the underlying disease may lead to resolution of symptoms. The prognosis for primary systemic
amyloidosis is usually poor; to the best of our knowledge,
there is no effective treatment for gastrointestinal motility
associated with primary systemic amyloidosis. Our patient

therefore received supportive care with intermittent duodenal
tube insertion.
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9.7. Tables
Tables should supplement, not duplicate, the text.
They should have a concise table heading, be selfexplanatory, and numbered consecutively in the
order of their citation in the text. Information
requiring explanatory footnotes should be denoted
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superscripted
lowercase
letters
in
alphabetical order (a, b, c, etc.). Asterisks (*, **) are
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used only to indicate the probability level of tests
of significance. Abbreviations used in the table
must be defined and placed after the footnotes. If
you include a block of data or table from another
source, whether published or unpublished, you
must acknowledge the original source.

9.8. Figures
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The number of figures should be restricted to the
minimum necessary to support the textual
material. They should have an informative figure
legend and be numbered in the order of their
citation in the text. All symbols and abbreviations
should be defined in the legend. Patient
identification should be obscured. All lettering
should be done professionally and should be in
proportion to the drawing, graph or photograph.
Photomicrographs must include an internal scale
marker, and the legend should state the type of
specimen, original magnification and stain.
Figures must be submitted as separate picture files
at the correct resolution (see Section 9.7.2. below). The
files should be named according to the figure number,
e.g., “Article1_Fig1”, “Article1_Fig2”.

9.8.2. Formats
Regardless of the application used, when your
electronic artwork is finalized, please “save as” or
convert the images to one of the following formats
(note the resolution requirements for line drawings,
halftones, and line/halftone combinations given
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EPS: Vector drawings. Embed the font or save the
text as “graphics”.
• TIFF: Color or grayscale photographs (halftones):
always use a minimum of 300 dpi.
• TIFF: Bitmapped line drawings: use a minimum of
1000 dpi.
• TIFF: Combination of bitmapped line/half-tone
(color or grayscale): a minimum of 600 dpi is
required.
• DOC, XLS or PPT: If your electronic artwork is
created in any of these Microsoft Office
applications, please supply “as is”.
Please do not:
• Supply files that are optimized for screen use (like
GIF, BMP, PICT, WPG); the resolution is too low;
• Supply files that are too low in resolution;
• Submit graphics that are disproportionately large
for the content.

If such an acknowledgment is not received in a
reasonable period of time, the author should
contact the Editorial Office.
Submissions are reviewed by the Editorial Office to
ensure that it contains all parts. The Editorial Office
will not accept a submission if the author has not
supplied all the material and documents as outlined
in these author instructions.
Manuscripts are then forwarded to the Editor-inChief, who makes an initial assessment of it. If the
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