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Nitric oxide (NO) is a short-lived free 
radical produced endogenously 

in biological tissues by nitric oxide syn-
thases (NOSs)[1, 2].  Three NOS isoforms, 
namely NOS1 or neuronal NOS (nNOS), 
NOS2 or inducible NOS (iNOS), and 
NOS3 or endothelial NOS (eNOS) are 
present in most cell types, including 
cardiac myocytes and vascular endothe-
lial cells.  Vascular relaxation to media-
tors such as acetylcholine or increased 
blood flow depends on NO produced 
by the eNOS.  The discovery of NO as 
the endothelium-derived relaxing fac-
tor (EDRF) and its crucial function as 
a signaling molecule in cardiovascular 
system was awarded the Nobel Prize in 
Physiology or Medicine in 1998[1].

Under normal circumstances the main 
function of eNOS is to produce NO.  It 
catalyzes the conversion of L-arginine 
(L-Arg) to L-citrulline and NO via elec-
tron transfer from the reduced form 
of nicotinamide adenine dinucleotide 
phosphate (NADPH) through a flavin 
containing reductase domain to oxygen 

bound at the heme of an oxygenase 
domain containing tetrahydrobiopterin 
(BH4) and L-Arg binding sites (Figure 1).  
The eNOS-derived NO activates the gua-
nylate cyclase/cGMP/protein kinase G 
(PKG) pathway and modulates protein 
properties and function through nitrosy-
lation of tyrosine and thiol-groups of 
cysteine in proteins, which are usually 
effective protection mechanisms against 
oxidative stress.  

Under pathophysiological condi-
tions such as hypertension, diabetes, 
septic shock and atherosclerosis, oxida-
tive stress alters many functions of the 
endothelium and leads to endothelial 
dysfunction when the endothelium fails 
to serve its normal physiologic and pro-
tective mechanisms.  A common feature 
of endothelial dysfunction is the reduced 
bioavailability of NO and increased pro-
duction of superoxide (·O2-) and other 
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Figure 1.  Schematic representation of S-glutathionylation of eNOS as a molecular switch of eNOS 
function from generation of NO to production of superoxide anion.  The endothelial NO synthase 
(eNOS) uses L-arginine to generate NO.  NO activates the guanylate cyclase/cyclic GMP (cGMP)/
protein kinase G (PKG) pathway and modulates protein properties and function through nitrosylation 
of tyrosine and thiol-groups of cysteine in proteins, which are effective protection mechanisms 
against oxidative stress.  Under pathological conditions NO production and bioavailability could be 
attenuated due to decreased supply of L-arginine or oxidation of the cofactor tetrahydrobiopterin (BH4) 
of eNOS, leading to eNOS uncoupling and superoxide anion (·O2–) formation.  Under oxidative stress, 
eNOS is S-glutathionylated through reversible thiol-disulfide exchange with oxidized glutathione 
(GSSG) or reaction of oxidant-induced protein thiolyl radicals with reduced glutathione (GSH).  
S-Glutathionylation of eNOS in endothelial cells switch off NO synthesis and turns on ·O2– generation, 
which is a pivotal mechanism for many diseases associated with epithelial dysfunction.
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reactive oxygen species (ROS) in the vas-
culature[3].  Multiple mechanisms may 
underlie the impaired NO availability[4].  
These include a reduction in the expres-
sion level of eNOS mRNA or protein, 
changes in subcellular compartmental-
ization of eNOS activity, and compro-
mised availability of the substrates and/
or enzymatic cofactors for eNOS[5, 6].  
Depletion of the substrate L-arginine, 
accumulation of methylarginines, and 
oxidation of the cofactor BH4 of eNOS 
can uncouple the electron transfer reac-
tions and revert eNOS to function as an 
NADPH oxidase, thus producing ·O2– 
instead of NO (Figure 1).  The rapid 
reaction of NO with ·O2– can form the 
most potent oxidant peroxynitrite anion 
(OONO−) and causes cellular injury 
associated with many pathophysiologic 
conditions, such as hypertension, ath-
erosclerosis, diabetes, myocardial hyper-
trophy, heart failure, and ischemia/rep-
erfusion injury[7].  The precise molecular 
mechanisms underlying the “switch” of 
the eNOS function from NO synthesis to 
·O2– production under oxidative stress 
conditions, however, are still not fully 
understood.

Recently, Chen et al reported that 
S-glutathionylation of eNOS may be 
a unique mechanism for the redox 
regulation of eNOS[8].  It has been dem-
onstrated previously that cysteine resi-
dues are critical for the maintenance 
of normal eNOS function[9].  Protein 
S-glutathionylation has been known as 
a specific post-translational modifica-
tion of protein cysteine residues by add-
ing the tripeptide glutathione through 
reversible thiol-disulfide exchange with 
oxidized glutathione (GSSG) or reaction 
of oxidant-induced protein thiyl radicals 
with reduced glutathione (GSH).  Under 
oxidative stress, therefore, protein 
S-glutathionylation can serve to prevent 

irreversible oxidation of protein thiols[10].   
S-glutathionylation has now emerged 
as a potential mechanism for dynamic, 
post-translational regulation of a variety 
of regulatory, structural, and metabolic 
proteins.  Increasing lines of evidence 
point to the important role of S-glutathi-
onylation in the regulation of signaling 
and metabolic pathways in intact cel-
lular systems.  Indeed, Chen et al found 
that GSSG induced dose-dependent 
S-glutathionylation of human eNOS 
that was reversed by reducing agents 
β-mercaptoethanol or dithiothreitol[8].   
S-glutathionylation of eNOS reversibly 
decreases NOS activity with a concomi-
tant increase in ·O2– generation primarily 
from the reductase domain.  Two highly 
conserved cysteine residuals are identi-
fied as sites of S-glutathionylation and 
found to be critical for redox-regulation 
of eNOS function.  They further dem-
onstrated that S-glutathionylation of 
eNOS in endothelial cells turned off NO 
synthesis and turned on ·O2– generation 
(Figure 1).  This conversion of eNOS 
function by S-glutathionylation is closely 
associated with impaired endothelium-
dependent vasodilatation.  In hyperten-
sive vessels, S-glutathionylation of eNOS 
is increased with impaired endothelium-
dependent vasodilatation.  Thio-specific 
reducing agents that reverse the S-gluta-
thionylation of eNOS are able to restore 
the endothelium-dependent vasodilata-
tion of the hypertensive vessels.  Thus, 
S-glutathionylation of eNOS may rep-
resent a novel and pivotal molecular 
switch providing redox regulation of cel-
lular signaling and endothelial function.  
Control of this molecular switch will 
perhaps provide new therapeutic targets 
and specific strategy to correct endothe-
lial dysfunction under pathophysiologi-
cal conditions.  Importantly, it may also 
shed new mechanistic light on the action 

of some antihypertensive herbal extracts 
that elicit potent antioxidant properties 
and relax blood vessels in an endothe-
lium-dependent and NO-mediated 
manner.  It can be speculated that herbs 
with varying degrees of redox potential 
may exert different, or even opposite, 
vascular effects by flipping the switch to 
preferentially cause the formation of NO 
or ·O2 [11], thus lending scientific support 
for the Yin-Yang temperaments empha-
sized in the theory of traditional Chinese 
medicine.
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Introduction
The Duffy blood group system was first reported by Cutbush 
and Mollison in 1950[1].  The authors reported an alloantibody 
against an antigen denoted as Fya in a multiple transfused 
patient with haemophilia.  The antigen was named after the 
patient.  The antithetical antigen, Fyb, was described one year 
later.  Three phenotypes were identified in Caucasians: Fya+b-, 
Fya-b+, and Fya+b+.  These phenotypes are the products of co-
dominant alleles comprising genotypes FY*A/FY*A, FY*B/
FY*B, and FY*A/FY*B, respectively.  The Fya-b- phenotype, is 
extremely rare in Caucasians and occurs primarily as a result 
of GATA promoter region mutation upstream of the FY allele.  
This mutation prevents expression of Duffy glycoprotein on 
erythrocytes only, while permitting expression of noneryth-
roid cells.  Most West Africans and 68% of African Americans 
do not express Duffy antigens on their erythrocytes[2, 3].  Inter-
estingly recent data suggest that reduced neutrophil count in 

people of African descent is due to a regulatory variant in the 
Duffy antigen receptor gene[4].

Soon, the Duffy blood group antigen was identified as a 
potent multi-ligand chemokine receptor and was therefore 
renamed to Duffy antigen receptor for chemokines (DARC)[5].

DARC belongs to the family of rhodopsin-like seven-helix 
transmembrane proteins[5, 6].  Besides erythrocytes DARC is 
expressed in postcapillary venular endothelial cells, which 
are the primary site of leukocyte transmigration in most tis-
sues.  The Duffy antigen has emerged as a highly specific 
binding site for both CC and CXC chemokines.  The Duffy 
antigen possesses higher affinity for ELR motif CXC chemok-
ines, which are neutrophil chemoattractants and presumably 
proangiogenic.  The best studied interaction between DARC 
and CXCL8 has demonstrated a dissociation constant (Kd) of 5 
nmol/L and receptor binding sites estimated at 1000–9000 per 
erythrocyte[7].  Unlike all other seven-transmembrane chem-
okine receptors, DARC lacks the highly conserved G protein-
coupling motif located in the second cytoplasmic loop[6–8].  
Thus DARC is not G-protein coupled and has no known 
alternative signalling mechanism.  The biological role of a 
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chemokine receptor that is unable to generate a second mes-
sage and promote chemotaxis became a challenging field of 
investigation[6–8].

In the present review we intent to provide recent evidence 
supporting the role of erythrocytes in atherosclerosis focusing 
on the erythrocyte-chemokine interaction through the Duffy 
antigen system; a novel and challenging regulatory mecha-
nism with potential implications in the management of athero-
sclerotic cardiovascular disease.

Erythrocytes and atherosclerosis
Erythrocytes: new players in the atherosclerotic cascade
Despite that knowledge on the pathophysiological back-
ground of atherosclerosis is exponentially growing, several 
aspects of the natural history of the disease remain unclear[9].  
Cellular components of the peripheral blood have been proved 
important mediators in the genesis and progression of athero-
sclerotic lesions.  However, until recently data were mostly 
focusing on leukocytes and platelets.  Erythrocytes were con-
sidered unreceptive bystanders and limited data supported 
their importance in the progression and destabilization of the 
atherosclerotic plaque[10].  

Roberts and Virmani were the first to report the presence of 
extravasated erythrocytes and iron within coronary athero-
sclerotic plaques[11].  The authors further demonstrated that the 
amount of intraplaque extravasated erythrocytes and iron was 
proportional to the extent of coronary atherosclerotic plaque[11]. 
Accordingly, Arbustini et al, identified erythrocyte membranes 
in atherosclerotic plaques outside the coronary circulation and 
suggested that cholesterol contained in their membranes may 
contribute significantly to the formation of the atheromatous 
core[12].  Kolodgie et al, reported that erythrocyte membranes 
were present in the necrotic core of advanced coronary athero-
mas and that their presence was correlated with the size of the 
necrotic core[13].  Subsequently a theory was raised suggesting 
that erythrocyte membranes contributed significantly to the 
growth of the plaque’s core and subsequently contribute to its 
vulnerability[14].

Erythrocytes: mediators of plaque vulnerability
The erythrocyte membrane is a simple plasma membrane 
comprised mainly of cholesterol and phospholipids[15].  The 
erythrocyte membranes are 1.5–2.0 times richer in cholesterol 
than any other membrane in the body and approximately 40% 
of its weight is composed of lipids[16].  The volume of choles-
terol in the membrane of a single erythrocyte is estimated to 
be 0.378 μm3 whilst the majority of its cholesterol is considered 
to be free[16].  only 50 μL erythrocytes are needed to produce 
a ≥0.2 mm3 necrotic core[17].  Therefore, breakdown of the 
erythrocytes within advanced atheromatous lesions can result 
in substantial cholesterol accumulation.  We have previously 
demonstrated that–in the clinical setting–cholesterol content 
of erythrocyte membranes is higher in patients with acute 
coronary syndromes compared to those with stable coronary 
artery disease[18, 19].  At the same time, degradation of eryth-
rocytes inside the atheromas may lead to haemoglobin and 

iron release which is known to promote inflammation, further 
oxidation of lipids, free radicals production and activation of 
apoptotic pathways[13, 20].

Erythrocytes: a sink for pro-inflammatory molecules
Erythrocytes can also regulate inflammation within the 
plaque.  Through the Duffy antigen receptor for chemokines 
(DARC) erythrocytes can bind and curry without deactivating 
a wide range of CXC and CC chemokines[8, 21].  The accumula-
tion of erythrocytes within the plaques is the natural conse-
quence of intraplaque haemorrhage.  Thus it is reasonable to 
hypothesize that erythrocytes entering the necrotic lipid core 
can release within the plaque a substantial amount of their 
pro-inflammatory load.  Therefore, erythrocyte emerges as a 
non-inflammatory cellular regulator of the local inflammatory 
processes acting as a bidirectional sink for chemokines[22].

Moreover erythrocytes are a major source of micro
particles[23].  Microparticles or microvesicles are circulating, 
phospholipid rich, submicron elements released from the 
membranes of endothelial cells, platelets, leucocytes and 
erythrocytes[23].  Microvesicles play a role in intercellular com-
munication and can deliver mRNA, miRNA, and proteins 
between cells[23].  These actions are mediated through their 
phospholipid rich surfaces and the expression of cell surface 
molecules which reflect their cell of origin and its state of 
activation.  Investigation into their biological activity has also 
revealed diverse actions in coagulation[23].  Their procoagulant 
properties rely on the exposure of phosphatidylserine and 
on the possible presence of tissue factor, the main initiator of 
blood coagulation.  Microparticles constitute the main reser-
voir of blood-borne tissue factor[23].  Elevated levels of micro-
particles have been encountered in systemic inflammatory dis-
ease, especially diseases with vascular involvement including 
acute coronary syndromes, where they appear indicative of a 
poor clinical outcome[23–26].  In the context of atherothrombosis 
both intact erythrocytes and erythrocyte derived micropar-
ticles could be acted as vehicles transferring DARC-bound 
chemokine ligands in sites of vascular damage.  The chemok-
ine content of erythrocyte microvesicles in vivo has not been 
assessed yet.  Nevertheless, erythrocyte microparticles express 
DARK[24].  Moreover, in vitro and ex vivo data suggest that 
erythrocyte microvesicles have altered membrane properties 
compared to intact erythrocyte membranes and under stimu-
lation they can increase chemokine bioavailability[25].

Atherosclerosis can also affect the morphology and func-
tion of erythrocytes.  It has been proposed that reactive oxy-
gen species produced in the course of atherosclerosis, lead to 
excessive cytoskeletal protein modification of erythrocytes.  
The modified erythrocytes are abnormally prone to vesicula-
tion during mechanical stress in vitro and apparently in vivo.  
Although these data were originally obtained from sickle cell 
anaemia models this abnormality was successfully reproduced 
in normal erythrocytes by causing stress conditions using 
phenazine methosulfate (PMS)-induced stimulation of intrac-
ellular superoxide generation, a process similar to that occur-
ring in sickle erythrocytes.  Thus it could be that the genera-
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tion of reactive oxygen species in atherosclerosis activates red 
blood cells, and microvesicles of red blood cells are formed, 
enhancing the activation of the vascular endothelium and 
leading to vascular inflammation and atherogenesis[26].

CXC chemokines and their receptors in atherosclerosis
Chemokine network in atherosclerosis
Chemokines are small secreted chemoattractant proteins 
(approximately 8–17 kDa) that serve as regulatory molecules 
in cellular trafficking and activation.  Chemokines share 
considerable homology and most importantly, a conserved 
tetracysteine motif.  They are classified into four sub-families 
based on the number and structural arrangement of conserved 
cysteine residues within their amino-terminal polypeptide 
sequence (Table 1)[27–29].  Chemokines induce cell activation by 
binding to specific seven-transmembrane G-protein coupled 
cell-surface receptors on target cells.  Chemokines interact 
with their receptors on the cell surface leading to the gen-
eration of an intracellular signal via the G-protein complex, 
and subsequently to cell chemotaxis towards a chemokine 
gradient[27–29].  Cell movement and migration is driven by the 
dynamic assemblies of the actin cytoskeleton.  In chemotaxis, 
chemokine gradients strongly bias this actin assembly to the 
cell’s leading edge and, hence modify the direction of cell 
movement[30].  Decoy receptors–also known as interceptors 
(internalizing receptors)–, which bind chemokine ligands with 
high affinity but do not elicit signal transduction, include D6, 
DARC, and CCX-CKR[31].  Chemokine receptor CCX-CKR is a 
scavenger of CCR7 ligand chemokines while D6 is thought to 
act as a chemokine scavenger for pro-inflammatory CC chem-
okines.  DARC is considered a decoy receptor for both CC and 
CXC motif chemokines while no data exist on its affinity for 
CX3C and XC chemokines (Table 1).

In the context of atherosclerotic cardiovascular disease the 
role of chemokine signalling is complex and not fully eluci-
dated.  In fact it seems that each stage of atherosclerosis is 
characterized by different chemokine-signalling[32].  In the 
early stages of atherosclerosis, oxLDL induces the expres-
sion of CCL2 (or monocyte chemoattractant protein 1) 
and CX3CL1, by vascular smooth muscle cells (SMCs) and 
endothelial cells (ECs)[32, 33].  CX3CL1 is a structurally unique 
chemokine that acts both as a chemoattractant and as a potent 
adhesion molecule through a non-integrin-dependent mecha-
nism[34–36].  CCL2, secreted by ECs and SMCs, promotes struc-
tural changes in the cytoskeleton of CCR2-positive monocytes, 
potentiating transendothelial migration[34–36].  The interaction 
of CCL5 (or regulated on activation normal T cell expressed 
and secreted), with its receptor CCR1 is also considered an 
early pathway leading to the firm adhesion of rolling mono-
cytes to stimulated ECs.  Concurrently, CXC chemokines 
induced by interferon gamma, such as CXCL9, CXCL10, 
and CXCL11 expressed predominantly by ECs interact with 
CXCR3-positive T cells, inducing their accumulation and 
migration, and subsequently increasing the vascular inflam-
matory response[34-36].  Recruitment of neutrophils and vascu-
lar progenitor cells in atherosclerotic lesions is controlled by 

CXCR2 and CXCR4, and their ligands CXCL8 (or interleukin 
8) and CXCL1 (or growth related oncogene-alpha).  CXCL8 
is highly expressed by lesion macrophages, as well as by ECs 
and SMCs.  CXCL8 also promotes angiogenesis in advanced 
stages of plague development[33].  It is obvious that in the 
course of atherosclerosis, chemokines form a complicated 
network.  Different chemokines promote different pathways.  
Moreover, the interaction of the same chemokine ligand with 
different receptors results in a different outcome.  In such a 
complex system the consequences of a single pathway block-
ade cannot be predicted.

CXC chemokines in atherosclerosis
The CXC chemokines are the second largest class (Table 1)[33].  
Since CXC chemokines are mainly neutrophil chemoattract-
ants, they have received less attention concerning their role 
in the pathogenesis of atherosclerosis.  However accumulat-
ing evidence–focusing mostly on CXCL8–supports a crucial 
role of CXC chemokines in vascular pathology.  In 1996, Rus 
et al first reported high levels of CXCL8 in the human arterial 
atherosclerotic wall, as cellular and extracellular deposit in 
the connective tissue matrix[37].  Similarly, Apostolopoulos et 
al demonstrated the expression of CXCL8 in human athero-
sclerotic plaques by in situ hybridization and also identified 
the macrophages as the main source of CXCL8 in atheroscle-
rotic plaques[38].  CXCL8 has been further shown to promote 
firm adhesion of rolling monocytes to endothelial monolayers 
expressing E-selectin while it was proposed to contribute in 
SMC proliferation and migration in more advance stages of 
atherogenesis[39, 40].  Boisvert et al provided direct evidence on 
the role of CXCL8 in atherosclerosis, demonstrating that LDL 
receptor knockout mice which were irradiated and repopu-
lated with bone marrow cells lacking the murine homologue 
of CXCL8 receptor CXCR2 had less extensive lesions and 
fewer macrophages than those mice receiving bone marrow 
cells expressing the receptor[41].  Schwartz et al reported that 
CXCL1 an alternative ligand of CXCR2, contribute to the 
adhesion of monocytes to minimally modified-LDL stimu-
lated ECs[42].  Similarly, Huo et al, using isolated carotid arter-
ies from ApoE knockout mice demonstrated that CXCL1 but 
not CCL2 promotes monocyte arrest on the endothelium of 
atherosclerosis-prone vessels[43].  CXCL8 is not the only CXC 
chemokine that has been implicated in the pathways of athero-
genesis.  The chemokine receptor, CXCR3, has multiple high-
affinity ligands including CXCL9 (or monokine induced by 
IFN-gamma), CXCL10 (or 10-kDa IFN-gamma-inducible pro-
tein) and CXCL11 (IFN-gamma-inducible T cell –chemoattrac–
ant).  Mach et al demonstrated different levels of expression of 
CXCL9, CXCL10, and CXCL11 by atheroma-associated cells 
and suggested a potential role for these 3 interferon gamma-
inducible CXC chemokines in the recruitment and retention 
of activated T lymphocytes in atherosclerotic lesions[44].  Plate-
lets represent both a source and a target of CXC chemok-
ines[45].  Abi-Younes et al reported that, of the 16 chemokines 
tested, only CXCL12 (or stromal cell derived factor-alpha) 
induced platelet aggregation and proposed an involvement of 
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Table 1.  Chemokine ligands and receptors.   

Family 
          Chemo-            Chemokine                     

Main cellular sources                                                       Comments                                                 Ref                       kine                  receptor 			 
 
CC	 CCL1	 CCR8	 Tc, Ec		  28–33
	 CCL2	 CCR2	 Ec, Mc/Mp, NK, SMc, Dc, F	
	 CCL3	 CCR1, CCR5	 Ec, NK, T, Mc/Mp, N, Dc, mast cells	  
	 CCL4	 CCR5	 Ec, Tc, Mc/Mp, N, NK, Dc		
	 CCL5	 CCR1, CCR3, CCR5	 Tc, Ec, Mc/Mp, SMc, N, Dc, P		
	 CCL6	 CCR1	 Mc/Mp, F		
	 CCL7	 CCR1, CCR2, CCR3	 Tc, Ec, Mc/Mp, F		
	 CCL8	 CCR1, CCR2, CCR3	 F		
	 CCL9	 CCR1	 Mc/Mp, DC		
	 CCL10	 CCR1	 Mc/Mp, DC		
	 CCL11	 CCR3	 SMc		
	 CCL12	 CCR2	 Mast cells		
	 CCL13	 CCR1, CCR2, CCR3	 Mc/Mp, Ec, Tc		
	 CCL14	 CCR1	 Eepithelial cells		
	 CCL15	 CCR1, CCR3	 Mc/Mp, Dc		
	 CCL16	 CCR1, CCR2, CCR5	 Mc/Mp, Dc		
	 CCL17	 CCR4	 Mc/Mp, Dc		
	 CCL18	 Unknown	 Mc/Mp, Dc		
	 CCL19	 CCR7, CCR10	 Mc/Mp, SMc, Dc		
	 CCL20	 CCR6	 N, Mc/Mp, Dc		
	 CCL21	 CCR7, CCR10	 Dc		
	 CCL22	 CCR4	 Mc/Mp, Dc		
	 CCL23	 CCR1	 EC, Mc/Mp		
	 CCL24	 CCR3	 Eepithelial cells		
	 CCL25	 CCR9	 Dc		
	 CCL26	 CCR3	 Ec, F		
	 CCL27	 CCR10	 K		
	 CCL28	 CCR3, CCR10	 K, epithelial cells, Mc/Mp		

CXC	 CXCL1	 CXCR1	 Ec, Mc/Mp, NK, F	  	 28–33
	 CXCL2	 CXCR2	 Ec	
	 CXCL3	 CXCR2	 Mc/Mp	  
	 CXCL4	 CXCR2	 Tc, P, Mc/Mp	
	 CXCL5	 CXCR3	 N	
	 CXCL6	 CXCR1, CXCR2	 Ec	 -
	 CXCL7	 CXCR2	 Megakaryocytes		
	 CXCL8	 CXCR1, CXCR2	 Tc, Mc/Mp, Ec, Dc, N, SMc, F	
	 CXCL9	 CXCR3	 Ec, Mc/Mp, N, SMc, F	
	 CXCL10	 CXCR3	 Tc, Ec, Mc/Mp, DC	
	 CXCL11	 CXCR3, CXCR7	 Ec, Mc/Mp, SMc, mast cells, F			 
	 CXCL12	 CXCR4, CXCR7	 Ec, SMc, Mc/Mp, Dc,		
	 CXCL13	 CXCR5	 Mc/Mp, Dc		
	 CXCL14	 Unknown	 F		
	 CXCL15	 Unknown	 Epithelial cells		
	 CXCL16	 CXCR6	 Mc/Mp, Dc		
	 CXCL17	 Unknown	 Dc		
	
C	 XCL1	 XCR1	 NK, Tc	  	 28
	 XCL2	 XCR1	 NK, Tc		
			 
CX3C	 CX3CL1	 CX3CR1	 Ec, Mc/Mp, SMc, Dc	  	 28, 33  

CC (or β) chemokines have no amino acid separating the 
amino-terminal cysteines. Twenty seven ligands have been 
identified up to now.  (CCL9 is the same as CCL10). They 
mainly induce the migration of Mc, Tc, and NK cells.

CXC (or α) chemokines have a single amino acid separating 
the two amino-terminal cysteine residues of the protein. They 
are further distinguished by the presence or absence of an 
amino acid sequence, glutamic acid-leucine arginine (ELR 
motif), which precedes the CXC sequence. ELR motif CXC 
chemokines are chemotactic in vitro for neutrophils but not 
for mononuclear cells. ELR negative CXC chemokines exhibit 
chemotactic activity toward monocytes and lymphocytes.

C chemokines lack two of the four conserved cysteines in the 
mature protein. They recruit Tc and NK cells. 

Include an amino-terminal domain with a novel arrangement 
of three amino acids separating their first two cysteines. It 
exists as membrane-bound and in soluble form acting both 
as a chemoattractant and as an adhesion molecule mainly 
for Mc/Mp and Tc.  

(Continued)
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Table 1.  Chemokine ligands and receptors.   

Family 
          Chemo-             Chemokine                    

Main cellular sources                                                      Comments                                                  Ref                        kine                  receptor
 
Interceptors		            D6			   31
		            DARC			   21, 22
		            CCX-CKR			   31

Tc, T lymphocytes; NK, natural killer cells; Ec, endothelial cells; N, neutrophils; Mc/Mp, monocytes/macrophages; P, platelets; F, fibroblasts; Dc, dendritic 
cells; K, keratinocyte; DARC, Duffy antigen receptor for chemokines. 

A chemokine scavenger for pro-inflammatory CC chemokines.
Decoy receptor for both CC and CXC motif chemokines. 
A scavenger of CCR7 ligand chemokines.

CXCL12 in the pathogenesis of atherosclerosis and thrombo-
occlusive disease[46].  Additionally, Schober et al assessed the 
role of CXCL12 in neointimal formation after vascular injury.  
CXCL12 was detected in the carotid arteries of ApoE knock-
out mice after wire-induced injury and was mostly located 
at sites of SMCs accumulation.  Treatment of ApoE knockout 
mice after carotid injury with a neutralizing CXCL12 mono-
clonal antibody reduced neointimal lesion area, and decreased 
neointimal SMC content without influencing the relative con-
tent of neointimal macrophages.  Thus, the authors concluded 
that CXCL12 played an active role in neointimal formation 
after vascular injury[47].  CXCL4 (or platelet factor 4) a CXC-
chemokine member secreted by platelets, induces monocyte 
activation, firm adherence of neutrophils on shear stressed 
ECs, and release of neutrophil granule components[48, 49].  Pit-
silos et al detected CXCL4 in the cytoplasm of luminal and 
neovascular endothelium, in macrophages and in regions of 
plaque calcification[50].  Yu et al demonstrated that E-selectin, 
is up-regulated in human umbilical vein endothelial cells 
exposed to CXCL4[51].  Finally, Nassar et al showed that CXCL4 
bound to oxidized LDL directly, and also increased oxidized 
LDL binding to vascular cells and macrophages, thus demon-
strating an alternative mechanism by which platelet activation 
at sites of vascular injury may promote the accumulation of 
lipoproteins[52].

Erythrocytes as reservoirs/regulators of CXC chemokines
DARC receptors on erythrocytes
The current theory on erythrocytic DARC suggests that it acts 
as a regulator of chemokine activity.  Since DARC is unable to 
initiate intracellular signals it is considered a negative regula-
tor of chemokine signalling.  However, current experimental 
data are unclear and sometimes conflicting and the exact role 
of erythrocyte DARC in vivo remains unclear.  The function of 
this chemokine reservoir on the erythrocyte surface, and the 
fate of these chemokines at the end of the erythrocyte lifespan 
are essential pathways that still need to be elucidated.  Increas-
ing experimental evidence suggests that DARC on venular 
endothelium mediates chemokine internalization at the ablu-
minal surface followed by transcytosis and transport of the 
chemokine load onto the luminal surface.  DARC expressed on 
the erythrocyte membrane binds plasma chemokines result-
ing in neutralization of chemokines in the blood.  This leads to 
leukocyte protection from unintended “desensitization” and 

enhancement of leukocyte recruitment[53].  The current concept 
on Duffy antigen’s biological role is summarized in Figure 1.

An important issue that had to be addressed early in DARC 
research was the impact of Duffy antigen activity on levels of 
circulating chemokines.  If DARC positive erythrocytes serve 
as a reservoir for circulating chemokines then individuals 
carrying the DARC negative genotype or DARC loss of func-
tion polymorphisms should have higher levels of chemokines 
following an inflammatory stimulus.  Dawson et al assessed 
indirectly this matter in a model of DARC negative mice.  The 
authors demonstrated an increased number of neutrophils 
in organs of DARC deficient mice following intraperitoneal 

Figure 1.  Schematic presentation of Duffy antigen’s presumed biological 
action: Duffy antigen expressed on endothelial cells binds and internal-
izes chemokine ligands creating a transendothelial chemokine gradient 
(A), while Duffy antigen expressed on erythrocytes binds excess circulating 
chemokines.  Despite structural homology with G-coupled chemokine re-
ceptors Duffy antigen cannot create a secondary message. 
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injection of lipopolysaccharide (LPS)[54].  Similarly in a model 
of human disease Nebor et al reported higher plasma levels 
of CXCL8 and CCL5 in Duffy negative patients with sickle 
cell anaemia[55].  Accordingly, in a genome wide analysis to 
identify the genetic basis of variance in circulating concentra-
tions of CCL2, Schnabel et al concluded that the stronger pre-
dictor of CCL2 levels was a nonsynonymous polymorphism, 
(rs12075) in DARC gene[56].  Similarly, Lee et al utilized an in 
vitro model based on whole blood derived from humans cur-
rying “loss-of-function” genotypes of the DARC gene.  The 
authors reported that plasma CXCL8 and CCL2 concentrations 
from humans homozygous for a “loss of function” DARC pol-
ymorphism were higher than in heterozygotes following LPS 
stimulation of their whole blood in vitro[57].  Finally, direct evi-
dence of the impact of DARC phenotype on chemokine activ-
ity came from a pharmacokinetic study.  Mayr et al assessed 
the impact of DARC phenotype on the pharmacokinetics of 
infused recombinant human CCL2.  In a randomized, double-
blinded, placebo-controlled dose escalation trial the authors 
demonstrated that DARC negative individuals reached maxi-
mal plasma levels significantly earlier.  Despite the fact that 
overall plasma concentration profiles were not altered the 
investigators provided direct evidence that DARC influences 
the kinetics of chemokines in vivo[58].  Moreover, the latter 
observation implies the presence of alternative pathways of 
chemokine homeostasis and disserves further investigation.

DARC and atherosclerosis: In vitro and  derived evidence
Chemokine signalling has been a critical part of vascular 
inflammation and a leading field of investigation the last three 
decades.  A regulatory point in the early stages of atherogen-
esis is accumulation and migration of circulating leukocytes 
into the intima of the vessel wall[33].  Chemokines promote this 
stage of atherogenesis by creating a chemotactic gradient that 
mobilizes the inflammatory cells towards the area of increased 
chemokine concentration[33].  Endothelial DARC has been 
proved essential in creating and preserving a transcellular 
chemokine gradient that promotes intercellular or transcel-
lular leukocyte migration.  Pruenster et al demonstrating that 
DARC, like other silent receptors, internalized chemokines 
but did not effectively scavenge them.  Instead, DARC medi-
ated chemokine transcytosis, which led to apical retention 
of intact chemokines.  Subsequently, a constant transcellular 
chemokine gradient led to more leukocyte migration across 
monolayers expressing DARC[59].  Despite the fact that the 
endothelial DARC activity fits perfectly in the inflammatory 
model underlying plaque formation there is no direct evidence 
linking DARC mediated pathways and atherosclerosis.  In fact 
the only available data in the field of cardiovascular disease 
refer to the erythrocyte DARC and its ability to bind CXCL8.  
de Winter et al investigated whether rapid clearance of CXCL8 
from plasma through binding to the erythrocyte DARC may be 
responsible for failure to detect CXCL8 consistently after acute 
myocardial infarction.  The investigators measured plasma 
concentrations of CXCL8 and erythrocyte bound CXCL8 post 
myocardial infarction and concluded that CXCL8 was released 

in plasma after acute myocardial infarction and subsequently 
bound to red blood cells; resulting in only a transient rise of 
plasma CXCL8 and a more prolonged increase of erythrocyte 
bound CXCL8[60].  

Erythrocytes have been also implicated in atherosclerotic 
plaque destabilization.  Histopathology studies support this 
hypothesis since they have identified erythrocyte membranes 
in the atherosclerotic plaque and also have shown an asso-
ciation between the presence of erythrocytes and plaque 
vulnerability[12, 13, 61].  Haemorrhages within the plaque (intra-
plaque haemorrhage), arising from rupture of intraplaque 
micro-vessels and “healed” erosions of the atherosclerotic 
plaque have been proposed as major mechanisms by which 
erythrocytes can reach the atherosclerotic plaque[17, 20].  Since 
erythrocytes carry on their surface DARC-bound pro-inflam-
matory chemokines it is possible that they release their pro-
inflammatory load –including CXCL8–, when extravasated 
in lesion area.  The latter phenomenon could initiate an 
inflammatory cascade that would lead to plaque rupture.  We 
have recently reported an association between CXCL8 con-
centrations on erythrocyte membranes and clinical instability 
in coronary artery disease that further supports the above 
hypothesis[10, 62].  However, the exact biochemical pathways 
following the extravasation of erythrocytes in the athero-
sclerotic milieu, the kinetics and activity of their membrane 
chemokines and the associated ligands has not been studied in 
detail and deserves further investigation.

Future perspectives
Erythrocytes as regulators of inflammation in atherosclerosis
Published data have shown that erythrocyte membranes are 
characterized by a multispecific cell surface receptor that has 
the capacity to bind a wide variety of inflammatory peptides 
of both major chemokine families[21, 22].  The main characteris-
tics of the DARC receptor may be summarized as follows: a) it 
is multi-specific; b) it is unable to initiate intracellular signals, 
and c) chemokines bound to erythrocyte surface are inaccessi-
ble to their normal target inflammatory cells[21, 22].  DARC pres-
ence on erythrocytes’ membranes and its unique functional 
features suggest a crucial role for these cells in the regulation 
of inflammatory processes.  

In general cytokines are presumed to be circulating soluble 
plasma proteins[22].  No other cell type –apart from erythro-
cytes– is known to act as a reservoir for signal transduction 
peptides[22].  Furthermore, the 1000-fold greater abundance of 
erythrocytes over immune-related circulating cells in blood 
accounts for the significance of their role in chemokine home-
ostasis in sites of vascular inflammation[22].  

More importantly, atherosclerotic vasa vasorum are char-
acterized by compromised structural integrity[63].  The afore-
mentioned leaky and fragile morphology of plaque neovessels 
may lead to extensive erythrocyte infiltration or to intraplaque 
haemorrhage[63].  Erythrocytes and their membranes’ inflam-
matory arsenal could thus reach the atherosclerotic plaque and 
exert their regulatory role at local lesional level.  A wide vari-
ety of inflammation-related modulator roles may be attributed 
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to erythrocytes.  Although not proven till today, erythrocytes 
can possibly release their chemokine load within the plaque 
thus fuelling the inflammatory process.  Conversely, erythro-
cytes might scavenge locally produced chemokines with their 
uncoupled receptors therefore cooling the inflammatory cas-
cade.

From bench to bedside
The role of erythrocytes as a sink for chemokines could inspire 
numerous diagnostic and therapeutic applications.  The chem-
okine content of circulating erythrocyte membranes could be 
used as a prognostic marker of future acute ischemic events, 
since the augmentation of atherosclerotic lesion inflammation 
is well associated with plaque’s instability.  The density of 
uncoupled DARC receptors on erythrocyte membranes could 
on the other hand be used as a protective marker regarding 
clinical instability in coronary artery disease.  Finally, the use 
of DARC receptors as vehicles for local delivery of inflamma-
tory regulators –ie,  CXC receptors blocking peptides reflects 
another therapeutic potential that deserves further investiga-
tion.  

In conclusion, the key points of the present article can be 
summarised as follows:

Erythrocytes carry multispecific receptors on their mem-
brane that can bind a wide array of chemokines.  CXC 
chemokines –high affinity ligands for DARC receptors– have 
been shown to modulate the inflammatory cascade within the 
atherosclerotic plaque.  

Erythrocytes have been identified within atherosclerotic 
plaques and their role in promoting plaque growth and insta-
bility has also been established.  

Considerable more data will be needed to elucidate the role 
of erythrocyte DARC in atherosclerosis and establish its role 
as a novel diagnostic and therapeutic target.
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Introduction 
Embryonic stem (ES) cells are pluripotent cells that have the 
capacity to continuously proliferate while retaining the poten-
tial to differentiate into three germ cells (cells derived from the 
end-, mes-, and ectoderm).

Mouse ES cells or their derivatives have been widely stud-
ied in the field of developmental biology, drug discovery 
and regenerative medicine[1–3].  Small molecules offer distinct 
advantages for the differentiation of mouse ES cells and are 
useful tools to facilitate therapeutic applications.  Moreover, 
small molecules can provide temporal control over protein 
functions, inducing rapid activation or inhibition, and the 
effects are often reversible and can be adjusted by varying 

the concentrations of small molecules[3, 4].  Furthermore, a 
single small molecule can simultaneously regulate multiple 
specific targets within a protein family or across various pro-
tein families[5].  Small molecules for neuronal differentiation 
from mouse ES cells have received increasing attention as 
potential treatments for neurodegenerative diseases, such as 
Alzheimer’s and Parkinson’s diseases[6, 7].  However, there still 
remains a question about how small molecules direct and con-
trol the neuronal differentiation of mouse ES cells[8].  Recently, 
several small molecules have been reported to have neuronal 
differentiation ability.  We have previously demonstrated that 
prenylflavonid compounds, such as icaritin[9], can promote 
neuronal differentiation of ES cells in an estrogen receptor-
independent manner in vitro[9].  However, the structure-
related neuronal differentiation mechanisms are still poorly 
understood.  It is, therefore, important to identify the intrinsic 
or extrinsic factors that regulate the underlying molecular 
mechanisms involved in ES cell self-renewal, proliferation and 
neuronal differentiation[8].  Thus, isobavachin (IBA, Figure 1), 

Promoting effects of isobavachin on neurogenesis of 
mouse embryonic stem cells were associated with 
protein prenylation
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effect of isobavachin (IBA), a compound with a prenyl group at position 8 of ring A, on promoting neuronal differentiation and the 
potential role of its protein prenylation.  
Methods: The hanging drop method was employed for embryonic body (EB) formation to mimic embryo development in vivo.  The EBs 
were treated with IBA at a final concentration of 10-7 mol/L from EB stage (d 4) to d 8+10.  Geranylgeranyltransferase I inhibitor GGTI-
298 was subsequently used to disrupt protein prenylation.  Neuronal subtypes, including neurons and astrocytes, were observed by 
fluorescence microscopy.  Gene and protein expression levels were detected using RT-PCR and Western blot analysis, respectively.  
Results: With IBA treatment, nestin was highly expressed in the neural progenitors generated from EBs (d 4, d 8+0).  EBs then 
further differentiated into neurons (marked by β-tubulin III) and astrocytes (marked by GFAP), which were both up-regulated in a time-
dependent manner on d 8+5 and d 8+10.  Co-treatment with GGTI-298 selectively abolished the IBA-induced neuronal differentiation.  
Moreover, in the MAPK pathway, p38 and JNK phosphorylation were down-regulated, while ERK phosphorylation was up-regulated after 
IBA treatment at different neuronal differentiation passages.  
Conclusion: IBA can facilitate mouse ES cells differentiating into neuronal cells.  The mechanism involved protein prenylation and, 
subsequently, phos-ERK activation and the phos-p38 off pathway.
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a prenylflavonid compound with a prenyl group at position 
8 of ring A, was used to evaluate the possible differentiation 
effects and potential mechanisms.  

Protein prenylation is a process of posttranslational modi-
fication present in a great number of proteins[10].  It has been 
proposed to be responsible for membrane association and 
protein-protein interactions, which contribute to its role in sig-
nal transduction pathways[11, 12].  Geranylgeranyltransferase I 
(GGTase I) is necessary for protein prenylation and is involved 
in cell survival, proliferation, and migration[12, 13].  GGTase I 
is also associated with the mitogen-activated protein kinase 
(MAPK) pathway[10].  The MAPK pathway regulates cell sur-
vival, proliferation, differentiation and motility[14, 15], such as 
the case of differentiation of mouse ES cells[15–17].  In the MAPK 
pathway, sustained activation or phosphorylation of extracel-
lular signal-regulated kinase (ERK) is a specific requirement 
for the neural lineage commitment[8] and is associated with 
neuritis formation and neuron survival during ES cells differ-
entiation[16].  In addition to ERK, p38MAPK phosphorylation 
is also activated during early mouse ES cell differentiation[8, 15].  
This was proved to be a trigger in determining the ES cell 
differentiation fate[15].  The control of p38MAPK activity con-
stitutes an early switch in ES cell commitment into cardiomyo-
cytes and neurons[18].  Moreover, JNK MAPK phosphorylation 
has neuronal protective effects[19].  Thus, distinct mouse ES 
cell lineage commitment programs are likely regulated by the 
integrated action of multiple signaling mechanisms[20].  How-
ever, whether prenylflavonid compounds are prenylated by 
GGTase I catalysis and whether prenylflavonid compounds 
can in turn activate the MAPK signaling pathway associated 
with neuronal differentiation has not been reported.  Here, we 
explore the protein prenylation effect of IBA and the subse-
quent MAPK pathway.

Our data demonstrated that IBA can promote neuronal dif-
ferentiation from mouse ES cells.  The mechanism involved 
protein prenylation and, subsequently, phos-ERK activation 
and the phos-P38/JNK off pathway.

Materials and methods 
Materials 
IBA was prepared according to the existing protocol[21].  Retin-
oic acid (RA), dimethylsulfoxide (DMSO), 4,6-diamidino-2-
phenylindole (DAPI), and β-mercaptoethanol (β-ME) were 
purchased from Sigma-Aldrich (St Louis, MO, USA).  DMEM 

medium, neural basal medium, B27 supplement, fetal bovine 
serum (FBS) and GGTI-298 were obtained from Gibco BRL 
(Burlington, Ontario, Canada).  Non-essential amino acid 
(NEAA) stock solution was purchased from Hyclon (Logan, 
UT, USA).  Recombinant mouse leukemia inhibitory factor 
(LIF), primary antibodies against neural specific markers 
β-tubulin III, neurofilament (NEFM), and JNK were purchased 
from Chemicon (CA, USA).  ERK (Cat #9102) primary anti-
bodies against GFAP, p38, phos-p38, phos-ERK, phos-JNK, 
and GAPDH were purchased from Cell Signaling.  The HRP 
conjugated secondary antibodies (bovine anti-goat IgG-HRP, 
sc-2350, bovine anti-rabbit IgG-HRP, sc-2370, goat anti-mouse 
IgG-HRP, sc-2005) were purchased from Santa Cruz, Inc (CA, 
USA).

Cell culture and differentiation scheme
Mouse ES cells (D3 line, American Type Culture Collection, 
CRL-1934)[22] were routinely cultured on primary cultured 
mouse embryonic fibroblasts (MEF) cells in DMEM, supple-
mented with 10% FBS, 0.1 mmol/L β-mercaptoethanol (β-ME), 
1×NEAA and 1×106 U/L LIF[23].  The experiment conformed to 
the Guide for the Care and Use of Laboratory Animals pub-
lished by the United States National Institutes of Health, and 
approval was granted by Ethics Review Board of Zhejiang 
University.  A hanging drop method[24–26] was used to initiate 
embryonic body (EB) formation in differentiation medium.  A 
typical 4-/4+ protocol was used to induce neuronal differen-
tiation[27].  Briefly, drops (30 µL) containing approximately 900 
ES cells were gently dropped on the lids of Petri dishes and 
were cultured for 2 d in hanging drops.  After EB formation, 
they were transferred to agar-coated Petri dishes and cultured 
in suspension for another 2 d.  On d 4, IBA (10-7 mol/L) was 
added to the medium, and EBs were cultured in suspension 
for another 4 d.  As indicated, GGTase I inhibitor GGTI-298 
(10-6 mol/L) was added into the medium with IBA during dif-
ferentiation.  On d 8+0, EBs were planted on poly-D-lysine-
coated culture plates in differentiation medium (neural basal 
medium and 1% B27 supplement) with IBA to induce neu-
ronal differentiation.  A culture treated with 10-7 mol/L RA 
was used as a positive control, and 0.1% DMSO was used as a 
solvent control.

Morphological evaluation
To evaluate the morphological changes during differentiation, 
an inverted microscope with a phase-contrast optic lens was 
used.  Images were captured by a Leica DFC300 FX camera 
device, and the images were processed using Image-Pro Plus 
version 5.1 software (Media Cybernetics, MA, USA).  Morpho-
logical evaluation was performed according to the existing 
protocol[28] with some modification.  The cells with axons at 
least three times longer than the size of their cell bodies were 
considered to be neuron-like cells.

Immunocytochemistry analysis
Immunostaining with cell markers was used to confirm the 

Figure 1.  Chemical structure of isobavachin (IBA).
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cell subtypes[29].  Cultures were washed with PBS solution and 
then fixed for 15 min in ice-cold methanol containing 0.3% 
hydrogen peroxide.  Fixed cultures were then washed three 
times with PBS and incubated in blocking solution (10% FBS in 
PBS) for 1 h.  After washing three times with PBS, the cultures 
were incubated with primary antibodies at a dilution of 1:50 
in buffer (0.5% triton X-100 in PBS) overnight at 4 °C.  Subse-
quently, the cultures were washed with PBS and incubated 
with the corresponding fluorescent secondary antibodies at 
a dilution of 1:200 for 2 h, avoiding light.  Then, the culture 
was incubated in 2 µg/mL DAPI solution in PBS for 1 min to 
label the nuclei.  In the experiment, β-tubulin III was used as 
a neuron marker, and GFAP was used as an astrocyte marker.  
The immunostaining results were visualized by microscopic 
examination using a Leica inverted microscope equipped with 
a fluorescence system.

Western blot analysis
The cells were harvested and were lysed at 4 °C in extrac-
tion buffer containing Tris–HCl (pH 7.5, 20 mmol/L), NaCl 
(150 mmol/L), EDTA (1 mmol/L), Triton X-100 (1%), sodium 
deoxycholate (0.5%), PMSF (1 mmol/L), leupeptin (10 µg/mL), 
and aprotinin (30 µg/mL).  The lysates were centrifuged at 
14 000×g for 30 min at 4 °C.  The protein concentration was 
quantified by modified Lowry assay (DC protein assay; Bio-
Rad, Hercules, CA, USA).  SDS-PAGE, Western blotting, and 
the optical density measurements of the films were performed 
according to existing protocols.  Briefly, 40 µg of protein was 
loaded on each lane, and the proteins were transferred to a 
nitrocellulose membrane after running SDS-PAGE.  Trans-
ferred membranes were blocked for 1 h in 5% nonfat milk in 
Tris buffer containing 0.1% Tween-20 (TBS/T).  The specific 
dilutions of the primary antibodies were as follows: NEFM 
(1:500); β-tubulin III (1:1000); GFAP (1:1000); p38 (1:500); phos-
p38 (1:500); ERK (1:1000); phos-ERK (1:500); JNK (1:500); phos-
JNK (1:500); and GAPDH (1:10000).  Primary antibodies were 
diluted in 5% milk, and the blots were incubated overnight at 
4 °C.  The blots were washed three times (15 min each) with 
10 mL TBS/T and were incubated with secondary antibody 

(1:5000) with gentle agitation for 1 h at room temperature.  
Then, the blots were washed three times with TBS/T and were 
exposed to a chemiluminescencent detection system using the 
Super Signal West Pico Substrate (Pierce, Rockford, IL, USA).  
Digital images of appropriate films were captured and quanti-
fied using the bio-imaging system (Bio-Rad, USA).

Semi-quantitative RT-PCR analysis
The total RNA was extracted with Trizol reagent according 
to the manufacturer’s instructions.  To synthesize first strand 
cDNA, 7 μL total RNA was incubated with 0.5 µg of oligo 
(dT) 6 primer and 5 μL water at 65 °C for 15 min.  Reverse 
transcription reactions were performed using 200 units of 
M-MuLV reverse transcriptase (Gibco BRL) in 5×reaction buf-
fer (250 mmol/L Tris–HCl; pH 8.3 at 25 °C, 375 mmol/L KCl, 
15 mmol/L MgCl2, 50 mmol/L dithiothreitol) and 1 mmol/L 
dNTP (deoxynucleotide triphosphate) mixture containing 
10×PCR buffer (100 mmol/L Tris–HCl; pH 8.3 at 25 °C, 500 
mmol/L KCl, 15 mmol/L MgCl2), 25 units Taq polymerase 
(Sangon, China), 1 µL of 10 mmol/L dNTP mixture, and 30 
pmol of each primer.  The final volume was adjusted to 50 µL.  
The PCR reactions were initiated by denaturation at 94 °C, fol-
lowed by annealing at a certain temperature (Table 1) for 45 s 
and amplification at 72 °C for 45 s using mastercycler gradient 
PCR amplifier (Eppendorf, Germany).  The specific primer 
pairs and PCR reaction conditions are described in detail in 
Table 1.

The PCR products were analyzed by 1.5% agarose gel elec-
trophoresis, visualized with ethidium bromide staining, and 
quantified by a bio-imaging analyzer (Bio-Rad, USA).  The 
quantification analysis of the optical density of the products 
was performed using Quantity One software (Bio-Rad, USA).

Results 
Neuronal differentiation effect 
The morphological changes during the course of neuronal 
differentiation were observed.  There was apparent dif-
ference between the IBA treatment group and the solvent 
control group.  At the terminal of cultivation d 8+10 in our 

Table 1.  Primer sequences and reaction conditions for RT-PCR. 

     	                                                                                                                                                                                Mg2+              Annealing
     Gene	                                                  Primer sequence	                                                    Size (bp)           concentration     temperature       Cycle
                                                                                                                                                                                             (mmol/L)	  Tm (ºC)	   
 
	 GAPDH	 S: 5′-TGACGGGGTCACCCACACTGTGCCCATCTA-3′	 660	 3	 69	 28
		  A: 5′-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3′	
	 β-tubulin III	 S: 5′-CTCCCTTCGATTCCCTGGTC-3′	 438	 3	 59	 35
		  A: 5′-TGCTCCGAGATGCGTTTGA-3′	
	 GFAP	 S: 5′-GACTATCGCCGCCAACTGC-3’	 448	 3	 61	 35
		  A: 5′-CGCCTTGTGCTCCTGCTTC-3′	
	 OCT3/4	 S: 5′-AGGGATGGCATACTGTGGAC-3′	 702	 3	 60	 35
		  A: 5′-CCTGGGAAAGGTGTCCTGTA-3′		
	 Nestin	 S: 5′-CTGGGACTGAAGCACTGGG-3′	 384	 3	 59	 35
		  A: 5′-CGGACACCTCTTTGGGAAC-3′	
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study, RA (10-7 mol/L) and IBA (10-7 mol/L) significantly 
increased the population of neuron-like cells, which have 
axons more than three times longer than the length of their 
cell bodies[9] (Figure 2A).  Neurons expressing β-tubulin III 
and astrocytes expressing GFAP induced by IBA were more 
obvious than those in solvent control (Figure 2B).  The neu-
ral progenitor cell marker nestin is highly expressed in EBs 
(d 4 or d 8+0) with or without IBA treatments, and expres-
sion decreases gradually during neuronal differentiation.  
Oct3/4, a marker of pluripotency, was highly expressed 
in ES cells and disappeared at terminal differentiation.    
The mRNA and protein levels of β-tubulin III were both 
expressed from the EB stage to terminal differentiation.  How-
ever, only a small amount of GFAP was expressed at the early 
stage, and GFAP expression was up-regulated in a time-de-
pendent manner (Figure 2C).  NEFM, a neurofilament marker 
that can reveal the fates of axons, was up-regulated by IBA 
treatment (Figure 2D).  

Involvement of protein prenylation in IBA-promoted pneuronal 
differentiation 
GGTase I inhibitor GGTI-298[11] was used to explore whether 
protein prenylation was involved in neuronal differentia-
tion of mouse ES cells in this study.  After the treatment with 
IBA accompanied with 10-6 mol/L GGTI-298 (no cytotoxicity 
to EBs, data not shown), the promoting effect in neuron and 
astrocyte differentiation was remarkably reduced as demon-
strated by immunocytochemistry and Western blot analysis.  
Interestingly, GGTI-298 has no effect on RA-induced differen-
tiation, which means that the promoting effects of IBA and RA 
on neuronal differentiation act via completely different path-
ways (Figure 3).

Involvement of MAPK pathway in IBA promoted neuronal 
differentiation
To explore the further possible mechanisms of the neuronal 
differentiation promoted by IBA, proteins related with the 
MAPK pathway were assessed by Western blot analysis.  The 
samples were collected at multiple time points up to and 
including terminal differentiation.  It was observed that p38 
and JNK phosphorylation was detected during the ES and 
EB (d 4, d 8+0) passages and then was down-regulated on  
d 8+5 and d 8+10.  Moreover, little p38 phosphorylation was 
detected during the entire differentiation course.  In contrast, 
ERK phosphorylation was detected in ES cells, little was seen 
in EBs (d 4, d 8+0), and then it appeared to be up-regulated 
during the neuronal differentiation (Figure 4).

Discussion 
Mouse ES cells as a model system can be used to investigate 
the effects of small molecules on differentiation and cell func-
tion in pharmacology[30].  Although numerous studies on the 
neuronal differentiation of mouse ES cells have been reported, 
the underlying molecular mechanism is probably a complex 
process and is still largely unknown.  Recent studies have indi-
cated that protein prenylation may play some role in the neu-

ropharmacology of Alzheimer’s disease[10].  Thus, we specu-
lated that the process of protein prenylation may be associated 
with the neuronal differentiation induced by prenylflavonid 
compound IBA.  IBA with prenyl group at position 8 of ring 
A may be activated by GGTase I, which can further regulate 
the ERK MAPK pathway and induce ES cell differentiation[11].  
Moreover, mouse ES cell-derived neurons and astrocytes are 
regulated via the MAPK signaling pathway[11].  Pathways 
including ERK MAPK, and protein prenylation conceivably 
converge to alter the expression of cytoskeletal protein neu-
rofilaments (NEFM) to modulate neurite outgrowth[31, 32] and 
promote neuronal differentiation from mouse ES cells.  How-
ever, whether prenylflavonid compounds are capable of pro-
tein prenylation and other elements in the MAPK pathway are 
related to protein prenylation is still unknown.  

In our study, at the early stages of the first two days in 
hanging drops and extra two days in suspension, mouse ES 
cells were allowed to form aggregated EBs, which resemble 5- 
to 6-day-old mouse embryos in vivo[33] and express the Oct3/4 
gene.  As shown in Figure 2, OCT3/4 was rapidly degraded 
following IBA treatment, while both β-tubulin III and GFAP 
were gradually expressed, representing neuron and astrocyte 
differentiation.  Nestin, a well-known marker of neural pro-
genitor cells in EBs, which was highly expressed in EBs (d 4, 
d 8+0 culture), was remarkably down-regulated in the period 
of neuronal differentiation (d 8+5, d 8+10 culture) after IBA 
treatment, indicating that IBA can further promote neural pro-
genitor cells to differentiate into terminal neuronal cells.  More 
interestingly, a significantly increased number of neurons was 
observed in the IBA-treated cultures accompanied by astro-
cytes compared with solvent control.  

IBA with a prenyl group at position 8 of ring A was found 
to possess neurogenesis stimulatory activity in our work, 
but whether prenylflavonoid compounds can play a role in 
protein prenylation in mouse ES cells and whether protein 
prenylation is necessary for neurogenesis has not yet been 
confirmed.  To explore the possible role of protein prenylation 
in inducing neuronal differentiation, pure GGTase I inhibitor 
GGTI-298 was used.  GGTI-298 co-treatment with IBA could 
obviously affect the fates of mouse ES-cell-derived neurons 
and astrocytes.  Surprisingly, GGTI-298 co-treatment with RA 
had no effect on the differentiation of either neurons or astro-
cytes, suggesting that GGTI-298 has no effect on RA-induced 
neuronal cell generation.  Therefore, GGTI-298 might block 
IBA-induced protein prenylation and influence the neuronal 
differentiation.  These data demonstrate that a prenyl group 
at position 8 of ring A of IBA is capable of protein prenylation 
during neurogenesis of mouse ES cells.  These effects make 
IBA and its derivatives promising candidates for developing 
an efficient method to derive more neuronal or neural pro-
genitor cells for cell replacement therapy.  

Protein prenylation has been reported to activate the ERK 
MAPK pathway[13, 34].  It has also been reported that the sus-
tained activation or phosphorylation of ERK is associated with 
differentiation[35].  In our study, the level of ERK phosphory-
lation was high in ES cells and was low in the early periods 
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Figure 2.  Differentiation potential of mouse ES cells into neurons and astrocytes after IBA treatment.  All the morphological images were taken on  
d 8+10 EBs culture.  DMSO: vehicle control; RA: 10-7 mol/L; IBA: 10-7 mol/L.  (A) Morphological evaluation of neurongenesis of mouse ES cells induced 
by IBA.  A typical axon with three times longer than the size of neuronal body (indicated with square) by phase contrast microscope.  (B) Immunostaining 
with β-tubulin III (neuronal marker in red) or GFAP (astrocytes marker in green).  DAPI staining (in blue) shows nuclear morphology.  (C) RT-PCR analysis 
at different passages of mouse ES cells by IBA treatment.  Stem cell marker gene (OCT3/4), neuronal genes (nestin for early differentiation, β-tubulin 
III and GFAP for late differentiation).  The expression levels of genes were normalized with those of GAPDH gene.  (D) Western blot analysis at different 
passages of mouse ES cells differentiation induced by IBA.  β-tubulin III, NEFM for neurons, GFAP for astrocytes.  The expression levels of proteins were 
normalized with those of GAPDH protein.



430

www.nature.com/aps
Wang DY et al

Acta Pharmacologica Sinica

npg

of d 4 and d 8+0 EB culture, while it increased greatly dur-
ing late neuronal differentiation at d 8+5 and d 8+10 culture.  
These data indicate that ERK phosphorylation is a key event 
required for the survival of ES cells and for neurite formation 

and neuron survival during mouse ES cell differentiation[16].  
At d 4 and d 8+0 culture, nestin was highly expressed in EBs, 
while ERK phosphorylation was inhibited, suggesting that the 
inhibition of ERK phosphorylation is associated with neural 

Figure 3.  GGTI-298 decreased mouse ES cell derived neurons and astrocytes promoted by IBA.  (A) Immunofluorescent staining of neurons co-
localization with nuclei (DAPI staining) differentiated from mouse ES cells with or without GGTI-298 treatment.  The  morphological images were taken 
on day 8+10; 0.1% DMSO: (vehicle control), RA: 10-7 mol/L, IBA: 10-7 mol/L, GGTI-298: 10-6 mol/L.  (B) Immunofluorescent staining for astrocytes with 
or without GGTI-298, and co-localization with nuclei (DAPI staining).  (C) Neuronal marker proteins expressions in various stages during neurogenesis 
with or without GGTI-298.  Neuronal proteins (β-tubulin III for neurons and GFAP for astrocytes) were examined by Western blot analysis.  Results are 
presented as the ratio of the target protein compared with GAPDH. The treatments were the same as (A).



431

www.chinaphar.com
Wang DY et al

Acta Pharmacologica Sinica

npg

progenitor formation in mouse ES cells.  p38 MAPK phospho-
rylation was shown to be a trigger in determining whether ES 
cells differentiated into neuronal cells or cardiomyocytes[15].  
The control of p38 MAPK activity constitutes an early switch 
in ES cell commitment into cardiomyocytes (phos-p38 on) 
and neurons (phos-p38 off)[18].  In our study, p38 phosphory-

lation was expressed in the period of ES and EBs (d 4, d 8+0 
culture), suggesting that p38 phosphorylation plays a critical 
role in maintaining mouse ES cell pluripotency and appears 
to promote neuroectoderm formation, while IBA can prevent 
p38 phosphorylation and subsequently promote neuronal 
differentiation.  In the late period of neuronal differentiation, 
p38 phosphorylation was rare, indicating that p38 phospho-
rylation is associated with the trigger of mouse ES-cell dif-
ferentiation and that its inhibition is important to neuronal 
differentiation.  JNK phosphorylation was inhibited during 
neuronal differentiation compared with early stages of ES and 
EBs.  It is noteworthy that the inhibitory effect of IBA on p38 
is larger than on JNK phosphorylation.  These results sug-
gest that the regulation of the p38 and JNK MAPK signaling 
cascade may involve two mechanisms underlying the promot-
ing effect of IBA on mouse ES cell neuronal differentiation[19].  
Thus, a phosphatase-mediated crosstalk may exist between 
protein prenylation and the MAPK pathway in the regulation 
of neuronal differentiation from mouse ES cells promoted by 
IBA.  Moreover, there may be a negative feedback regulation 
of their phosphorylation[17, 36].  Otherwise, ERK, p38, and JNK 
may be downstream targets of protein prenylation.  However, 
how IBA regulates the ERK/JNK/p38 MAPK pathways and 
the specific relationship with protein prenylation needs to be 
further investigated.

In conclusion, this study suggests that IBA (prenyl group at 
position 8 of ring A) can facilitate the differentiation of mouse 
ES cells into multiple kinds of neuronal cell subtypes, such 
as neurons and astrocytes.  The mechanism involved protein 
prenylation and, subsequently, phos-ERK activation and the 
phos-p38 off pathway.
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Introduction
Abnormal proliferation of vascular smooth muscle cells 
(VSMCs) plays a critical role in intimal formation in the early 
stage of atherosclerosis and restenosis[1].  Several reports have 
indicated that reduction of VSMC proliferation using thera-
peutic agents (eg, estrogen) would give rise to vasoprotective 
effects[2].  Estrogen exhibits a variety of actions on the vascular 
wall that could be implicated in its athero-protective proper-
ties[3].  These include, but are not limited to, the inhibition of 

VSMC proliferation[4, 5] .
As we know, earlier studies supported the widespread 

belief in the hypothesis of cardiovascular benefit of hormone 
replacement therapy (HRT) in postmenopausal women, but 
recent Women’s Health Initiative (WHI) trials found no coro-
nary heart disease (CHD) benefit among women aged 50 
to 79 and HRT increased risk of stroke[6, 7].  However, WHI 
also provided evidence that CHD risks are reasonably low 
for short-term use by younger postmenopausal women[8, 9].  
Although “timing hypothesis” and “critical window theory” 
for estrogen intervention in preventing atherosclerosis were 
developed, there is still a need to better understand the rela-
tionship between circulating estrogen levels and aging of the 
cardiovascular system.  

It has been suggested that steroidal hormones used in HRT 
may lead to unacceptable adverse effects such as carcinogenic-
ity in the endometrium[10].  Tamoxifen and raloxifene[11, 12], the 
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nonsteroidal and selective estrogen receptor modulators, have 
shown cardioprotective benefits with reduced side effects, 
indicating that alternative estrogen-like agents may pos-
sess better therapeutic index.  Therefore, interests have been 
directed to phytoestrogens derived from natural products, 
especially isoflavones present in soya beans[13].  An increasing 
number of studies suggest that some phytoestrogens could be 
promising substitutes for estrogen in preventing cardiovascu-
lar diseases through inhibiting VSMC proliferation and migra-
tion[14-16].

The flavonoid farrerol (Figure 1) is abundant in a traditional 
Chinese herb “Man-shan-hong”, the dried leaves of Rhodo-
dendron dauricum L.  It is considered to be the main bioactive 
ingredient of this plant and has been used as an antibechic in 
China[17].  In recent years, farrerol has attracted considerable 
interests due to its anti-inflammatory, antibacterial, and anti-
oxidant activities exerted via scavenging radicals and inhibit-
ing a variety of enzymes[18, 19].  However, to our knowledge, 
the effects of farrerol on cardiovascular system have not been 
reported to date.  In view of the structural similarities between 
farrerol and estrogenic isoflavones (eg, genistein and daid-
zein), it would be tempting to learn if farrerol could act as a 
phytoestrogen in VSMCs.  Thus, this study was designed and 
carried out to investigate the impact of farrerol on VSMC pro-
liferation and its interaction with estrogen receptors.  

Materials and methods
Reagents 
Farrerol is a reference compound (purity ≥99.0%) supplied by 
the Division of Chinese Materia Medica and Natural Prod-
ucts, National Institute for the Control of Pharmaceutical and 
Biological Products (NICPBP), Ministry of Health, China.  
β-Estradiol 17-acetate (E2), methyl-piperidino-pyrazole (MPP), 
4-[2-[phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrim-
idin-3-yl]phenol (PHTPP), ICI182,780, BrdU, and 2,3-bis(4-
hydroxyphenyl)-propionitrile (DPN) were obtained from 
Sigma (St Louis, MO, USA).  Polyclonal anti-β-actin, monoclo-
nal anti-phospho-ERK1/2 and polyclonal anti-ERK1/2 anti-
bodies were purchased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA).  Polyclonal antibodies to ERα and ERβ were 
procured from Abcam Inc (Cambridge, MA, USA).  

Cell culture 
Primary VSMCs were obtained from the thoracic aorta of 
3-month old female Sprague-Dawley rats using the tissue 

explant method described elsewhere[20].  More than 98% of the 
cells were positive for staining with smooth muscle-specific 
α-actin, and exhibited the typical hill-and-valley morphol-
ogy of VSMCs.  Cells between passages 2 and 5 were used in 
this study to ensure the genetic stability of the culture.  Cells 
grown to 80%−95% confluence were made quiescent by star-
vation (0.1% FBS) for 24 h.

Cell proliferation 
The cell proliferation assay was performed using the MTT 
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] method.  Briefly, growth-arrested VSMCs were incu-
bated with or without farrerol for 2 h prior to stimulation 
with 5% FBS for 48 h.  They were then incubated with 0.5 
mg/mL MTT for 4 h at 37 °C.  Finally, the culture medium 
was removed and the formazan salt crystals was dissolved 
with 200 μL dimethylsulfoxide (DMSO) followed by shaking 
at room temperature for 10 min.  The absorbance was read at 
a wavelength of 570 nm using a Spectramax M2 microplate 
reader (Molecular Devices, Sunnyvale, CA, USA).  

BrdU incorporation 
DNA synthesis in VSMCs was examined using the BrdU 
incorporation assay previously described[21].  Quiescent 
VSMCs were treated with or without farrerol for 2 h prior to 
stimulation with 5% FBS for 24 h.  For inhibition experiments, 
cells were pretreated with MPP or PHTPP for 30 min before 
addition of farrerol or DMSO.  

Subsequently, 10 μmol/L BrdU was added to the cells and 
incubated for additional 24 h.  To immunostain BrdU, the 
cells were washed with PBS, fixed in 4% polyformaldehyde 
and permeabilized with 0.1% Triton X-100.  After DNA dena-
turation with 4 mol/L HCl, non-specific binding sites were 
blocked with 5% non-fat milk.  The cells were then stained 
with an antibody to BrdU (Invitrogen, Carlsbad, CA, USA) fol-
lowed by incubation with Alexa Flour 568 labeled goat anti-
mouse IgG (Invitrogen) secondary antibodies.  The cell nuclei 
were stained with Hoechst 33342 and evaluated by fluores-
cence microscopy with appropriate fluorescent filters.  Results 
are presented as mitotic index, and defined as the percentage 
of BrdU-positive nuclei observed in a cell population.

Flow cytometry 
Quiescent VSMCs were preincubated with or without farrerol 
for 2 h, followed by 5% FBS treatment for 24 h.  They were 
then trypsinized, collected, and washed twice with cold PBS.  
Cell pellets were fixed in 70% ethanol and stored at 4 °C until 
use.  The fixed cells were reacted with RNase A (10 μg/mL), 
DNA was stained with propidium iodide (50 μg/mL) for 30 
min at 37 °C, and 1×104 cells were analyzed by flow cytome-
try.  The rates of G0/G1, S, and G2/M phases were determined 
using the software program ModiFit LT (BD, Franklin Lakes, 
NJ, USA).

Quantitative real-time PCR 
Total RNA from VSMCs was extracted with the TRIzol reagent 

Figure 1.  Chemical structure of farrerol.
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(Invitrogen) and reverse transcribed (RT) using Superscript 
II First-strand Synthesis SuperMix (Invitrogen).  Primers and 
real-time PCR conditions were described previously[22, 23]: 
β-actin: 5’-ATG GAT GAC GAT ATC GCT GCG-3’ (forward) 
and 5’-CAG GGT CAG GAT GCC TCT CTT-3’ (reverse); cyclin 
D1: 5’-TGC ATC TAC ACT GAC AAC TCT AT-3’ (forward) 
and 5’-GCA TTT TGG AGA GGA AGT GTT C-3’ (reverse); 
cyclin E: 5’-TGA AAT TGG TGT CGG TGC CTA T-3’ (forward) 
and 5’-TGC TCC TCC ATT AGG AAC TCT CAC-3’ (reverse); 
cyclin-dependent kinase 2 (CDK2): 5’-CTT AAG AAA ATC 
CGG CTC GAC-3’ (forward) and 5’-ATC CAG CAG CTT GAC 
GAT GTT A-3’ (reverse); CDK4: 5’-GAC TCC CAC AAC ATC 
CAG ACC-3’ (forward) and 5’-ACT CGG AGG AGG AGA 
AAT CCT-3’ (reverse); ERα: 5’-CTA AGA AGA ATA GCC 
CCG CC-3’ (forward) and 5’-CAG ACC AGA CCA ATC ATC 
AGG-3’ (reverse); ERβ: 5’-CGA CTG AGC ACA AGC CCA 
AAT G-3’ (forward) and 5’-ACG CCG TAA TGA TAC CCA 
GAT G-3’ (reverse).  For RT-PCR, SYBR® Premix Ex Taq™ 
(Takara Bio Inc, Dalian, China) was used.  Final PCR products 
were subjected to graded temperature-dependent dissocia-
tion to verify that only one product was amplified.  Reactions 
with no RT sample and no template were included as nega-
tive controls.  Relative quantitative evaluation of target gene 
levels was performed by the comparative CT (cycle threshold) 
method[24] and performed in triplicates.  

Western blotting 
VSMCs were lysed and equal amounts of protein from each 
sample were subjected to SDS-PAGE and blotted on PVDF 
membrane, which was incubated for 2 h at room temperature 
with blocking buffer (5% non-fat milk, 0.1% Tween 20, in TBS, 
pH 7.6) and then probed with primary antibodies overnight 
at 4 °C.  After incubation with the appropriate secondary 
antibodies, the immunoreactive band was detected by an ECL 
Western blotting detection system (GE Healthcare, Bucks, UK) 
and subsequently photographed by a LAS-3000 luminescent 
image system (Fujifilm, Tokyo, Japan).

Receptor binding assays 
For ER binding assay, an appropriate amount of estrogen 
receptor α/β (ERα/β) was loaded into each well of an Isopla-
teTM (PerkinElmer, Boston, MA, USA) containing the assay 
buffer [10% glycerol (v/v), NaH2PO4 25 mmol/L, MgCl2 0.5 
mmol/L, DTT 1 mmol/L, edetic acid 1 mmol/L, CHAPS 5 
mmol/L, aprotinin 2 mg/L and leupeptin 100 μmol/L] fol-
lowed by addition of [3H]estradiol (140 Ci/mmol, 5 nmol/L; 
PerkinElmer).  Various concentrations of E2 were added 
thereafter and incubated overnight at 4 °C.  Twenty-five µL 
of hydroxyapatite (25%, v/v) was added to each well the next 
morning and the plates were gently agitated twice for 5 min 
each.  Following centrifugation for 3 min at 2 500 r/min (4 oC), 
the supernatant was decanted and 100 µL of assay buffer was 
added to each well.  This washing procedure was repeated 
twice before the addition of 150 µL scintillation liquid (Perki-
nElmer), gentle agitation of the plates to resuspend hydroxy-
apatite and measurement of radioactivity with a MicroBeta 

counter (PerkinElmer).  
For peroxisome proliferator-activated receptor γ (PPARγ) 

binding assay, biotinylated PPRE was mixed with the assay 
buffer containing fish sperm DNA (Shanghai Sangon Biotech-
nology, Shanghai, China) and 4 mg streptavidin-coated micro-
beads (GE Healthcare) in a conical polypropylene centrifuge 
tube, and incubated overnight at 4 °C.  The mixture was cen-
trifuged for 10 min at 2 500 r/min.  The supernatant was then 
removed followed by washing three times with 10 mL assay 
buffer.  Reaction solution (10 mL) containing 700 µg PPARγ 
extract protein, 47 µg retinoid X receptor α (RXRα) extract 
protein, 10 nmol/L [3H]BRL49653 (American Radiolabeled 
Chemicals, Inc, St Louis, MO, USA), and various concentra-
tions of BRL49653 or farrerol were distributed to each well 
of an IsoplateTM (PerkinElmer) and incubated at 4 oC for 4 h 
before counting by a MicroBeta counter (PerkinElmer).  

Reporter gene assay 
pERE-Luc reporter (0.5 µg/well of 24-well plate) or pGL3-Luc 
(negative control) plasmids were transfected into VSMCs with 
LipofectamineTM (Invitrogen) and the procedure was carried 
out as directed by the manufacturer.  pERE-Luc contains tan-
dems of ERE linked to a downstream luciferase reporter gene.  
pGL3-Luc is an identical plasmid but without the ERE.  The 
pSV-β-galactosidase plasmid (pCH110) was co-transfected 
as an internal control.  After transfection for 24 h, cells were 
treated in conditioned medium and harvested following fur-
ther 24 h incubation.  Luciferase activity was assayed accord-
ing to the manufacturer’s protocol using the luciferase assay 
system (Promega, Madison, WI, USA).  Relative luciferase 
units (RLU) normalized to transfection efficiency were calcu-
lated as the ratio of luciferase activity to β-galactosidase.

Gal-ERα and Gal-ERβ were constructed by transferring the 
coding sequences for the ligand-binding domain (LBD) of ERα 
(amino acids 282–595) or ERβ (amino acids 234–530) to yeast 
transcription activator protein Gal4, respectively.  Gal-ERα or 
Gal-ERβ, together with the 5×UAS-Luc reporter and pSV-β-
galactosidase plasmids, were co-transfected into HEK293 cells 
according to the manufacturer’s instructions.  Luciferase activ-
ity and β-galactosidase activity were determined as described 
above.

Statistical analysis 
Results are expressed as mean±SEM.  Statistical analysis was 
performed using one-way analysis of variance (ANOVA).  The 
inter-group comparisons (post hoc analysis) among the data 
with equal variances were made by the LSD method, while 
Tamhane’s T2 method was used for the data with unequal 
variances.  A P value of less than 0.05 is considered significant.

Results
Farrerol inhibits FBS-induced VSMC proliferation and DNA 
synthesis 
In this study, we first investigated the effect of farrerol on 
the proliferation of VSMCs using the MTT assay.  When 
growth-arrested cells were treated with farrerol (0.3, 1, 3, and 
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10 μmol/L) in the presence of 0.1% FBS, no significant dif-
ference was observed in cell viability (Figure 2A, left panel), 
suggesting that farrerol did not show significant cytotoxic-
ity up to 10 μmol/L.  The absence of cytotoxicity was fur-
ther confirmed with a trypan blue exclusion assay (data not 
shown).  However, we found that 5% FBS treatment led to a 
2.65-fold increase in VSMC proliferation, while incubation of 
the cells with farrerol for 2 h prior to FBS stimulation reduced 
cell proliferation in a dose-dependent manner (Figure 2A, 
right panel).  The influence of farrerol on DNA synthesis was 
also studied: BrdU incorporation was markedly increased in 
VSMCs following exposure to 5% FBS for 48 h, indicative of 
elevated DNA synthesis; this effect was abolished by pretreat-
ment of VSMCs with farrerol in a dose-dependent manner and 
the complete blocking was achieved at the highest concentra-
tion (10 µmol/L) used (Figure 2B).

Farrerol arrests FBS-stimulated VSMCs in G1 phase and 
abrogates cell cycle protein transcription 
Proliferative cells pass through several cell cycle checkpoints, 
mainly the G1 to S and G2 to M transitions.  The former check-

point is considered to be the most important step in DNA 
replication.  Accordingly, flow cytometric assessment was per-
formed to determine the effect of farrerol on cell cycle progres-
sion.  As shown in Figure 3, the percentage of G0/G1 or S phase 
cells in the 5% FBS-stimulated group were 59.32%±2.73% and 
18.30%±2.62%, respectively.  Farrerol at concentrations of 3 
and 10 μmol/L effectively increased the proportion of cells in 
the G0/G1 phase and simultaneously decreased the S phase 
cell population.

Then, we examined the mRNA levels of cell cycle-related 
proteins using real-time PCR to determine whether farrerol 
induced changes in this pathway.  The results were analyzed 
by the comparative CT method.  Treatment with farrerol not 
only produced a significant down-regulation in cyclin D1 and 
E gene transcription, but also markedly decreased the expres-
sion of CDK2 and CDK4 genes (Figure 4A).

Figure 2.  Effects of farrerol on FBS-induced proliferation and DNA 
synthesis in VSMCs.  A, proliferation was measured by the MTT assay in 
the absence (left) or presence (right) of 5% FBS.  Relative proliferation (%) 
was displayed using untreated control cells as a standard (n=6).  B, DNA 
synthesis was measured by BrdU incorporation.  The left part shows BrdU 
incorporation of quiescent and FBS-stimulated VSMCs.  On the right side, 
a concentration-dependent decrease of BrdU incorporation in farrerol-
treated VSMCs is shown (n=6).  Values are presented as mean±SEM.  
cP<0.01 vs control; eP<0.05, fP<0.01 vs FBS induction.

Figure 3.  Cell cycle distribution of (A) quiescent and (B) FBS-stimulated 
VSMCs.  C and D show VSMCs treated with 3 µmol/L and 10 µmol/L 
farrerol (F), respectively, in the presence of FBS.  It demonstrates farrerol-
induced cell cycle arrest at the G0/G1 phase.  G0/G1 phase is represented 
by the first peak, S phase in diagonal and G2/M by the second peak.  E, 
results are expressed as a percentage of the total number of cells in 
G0/G1, S, or G2/M phases of the cell cycle.  Values are presented as 
mean±SEM.  cP<0.01 vs control; eP<0.05, fP<0.01 vs FBS induction.
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Farrerol suppresses FBS-induced ERK1/2 phosphorylation in 
VSMCs
It was reported that ERK1/2 activation plays a critical role 
in the proliferation of VSMCs[21].  Inhibition of this signaling 
protein proved to be a useful method for preventing intimal 
hyperplasia[25].  Therefore, we examined the effect of farrerol 
on ERK1/2 activation and the results indicate that exposure of 
VSMCs to FBS for 15 min enhanced ERK1/2 phosphorylation 
considerably.  Conversely, addition of farrerol dose-depend-
ently abrogated ERK1/2 activation in FBS-stimulated VSMCs: 
at a concentration of 10 µmol/L, farrerol completely blocked 
the phosphorylation of ERK1/2 (Figure 4B).

Farrerol is a functional ERβ ligand in VSMCs
To evaluate the possible role of ER in farrerol-induced anti-
mitogenic activity, we first evaluated the expression of ERα 
and ERβ by both Western blot analysis and real-time PCR in 
VSMCs.  Figure 5A depicts that protein and mRNA of both 
ER subtypes were present in the VSMCs derived from female 

Sprague-Dawley rats, as reported previously[26].  
Thereafter, an ERE-luciferase reporter gene assay was per-

formed to study whether farrerol acts as a phytoestrogen in 
VSMCs.  As shown in Figure 5B, farrerol was able to activate 
ER transcription from a luciferase reporter gene (pERE-luc) 
under the control of a promoter containing two copies of the 
ERE in VSMCs, showing a 2.1-fold induction over control and 
the efficacy was comparable to that of E2.  The ERE-driven 
luciferase activity induced by farrerol was completely blocked 
by the ERα/β antagonist ICI182,780, but not by the specific 
ERα antagonist MPP, implying that farrerol may exert its phy-
toestrogen action via ERβ.  

To obtain further evidence that farrerol activates ERβ 
directly, a heterologous system was employed.  Chimeric pro-
tein consisting of the DNA binding domain of Gal4 and ERβ 
LBD, but not ERα LBD, responded to farrerol in a transient 
expression assay in HEK293 cells (Figures 5C and 5D), thereby 
pointing to a mechanism of direct interaction between farrerol 
and ERβ signaling.

Figure 4.  Effects of farrerol on FBS-induced cell cycle 
protein transcription and ERK1/2 activation in VSMCs.  (A) 
The mRNA levels of cyclin D1, cyclin E, CDK2 and CDK4 
were measured by real-time RT-PCR.  β-actin was used 
as an internal control (n=4).  Values are presented as 
mean±SEM.  cP<0.01 vs control (Ctrl); eP<0.05, fP<0.01 
vs FBS induction.  (B) VSMCs were treated with farrerol 
for 2 h prior to FBS (5%) stimulation for 15 min.  Whole 
cell lysates were prepared and subsequently used for 
detection of p-ERK1/2 and ERK1/2 by Western blot.

Figure 5.  Activation of ERβ-mediated transcription by farrerol in reporter gene assays.  A, expression of ERα and ERβ in VSMCs.  Western blot and real-
time PCR were performed on VSMCs for ERα and ERβ protein expression and mRNA quantification.  β-actin was used as an internal control (n=3).  B, 
farrerol activates ERE-mediated transcription in VSMCs.  Cells cotransfected with pERE-luc and β-gal expression plasmids were treated with 3 µmol/L 
farrerol (F) with or without MPP (10 µmol/L) or ICI182,780 (ICI, 10 µmol/L).  E2 (100 nmol/L) was used as a positive control.  Relative luciferase units 
(RLU) normalized to transfection efficiency were calculated as the ratio of luciferase activity to β-galactosidase (n=3).  C, fusion protein consisting of ERβ 
and Gal4 DBD was activated by farrerol in transfected HEK293 cells (n=3).  Values are presented as mean±SEM.  cP<0.01 vs control (Ctrl); fP<0.01 vs 
farrerol treatment.
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Next, a competitive receptor-binding assay was employed 
to study binding specificities of farrerol for ERα and ERβ.  As 
shown in Figure 6, the IC50 values of farrerol for ERα and ERβ 
were 57 µmol/L and 2.7 µmol/L, respectively, implying that 
farrerol has a higher binding specificity for ERβ than ERα.  
Moreover, cross-reactivity check revealed that the binding 
affinity of farrerol to PPARγ is rather weak (IC50=238 µmol/L; 
Figure 6).  These data suggest that farrerol appears to be a 
selective ERβ agonist.

Farrerol exerts its action on DNA synthesis mainly via ERβ in 
VSMCs
Previous work has suggested the involvement of ERβ 
in the inhibitory effects of estrogen on VSMCs[27].  Our 
results also showed that the selective ERβ agonist 2,3-bis(4-
hydroxyphenyl)-propionitrile (DPN, 1 µmol/L) closely resem-
bled E2 in significantly reducing DNA synthesis in VSMCs 
(data not shown).  

Having established that farrerol is an ERβ agonist, PHTPP, a 
specific ERβ antagonist was chosen to characterize the role of 
ERβ in farrerol-mediated effects.  Figure 7 shows that blockade 
of ERβ signaling by PHTPP noticeably attenuated the inhibi-
tory effect of farrerol on VSMC proliferation while MPP, a 
specific ERα antagonist was ineffective.  Furthermore, neither 
PPARγ antagonist GW9662 nor PPARα antagonist GW6471 
was able to reverse the inhibitory effects of farrerol on VSMCs 
(data not shown).  Taken together, the results indicate that 
ERβ is involved in farrerol-mediated inhibition on VSMC pro-
liferation.  
 
Discussion 
The development of advanced lesions associated with athero-
sclerosis and restenosis is highly dependent on VSMC prolifer-
ation.  Thus, inhibition of VSMC proliferation has become one 
of the focal points in the prevention of atherosclerosis[3]. Far-
rerol, a naturally occurring flavonoid derivative, is found in 
various plants and more abundantly in Rhododendron dauricum 
L.  Here we show that farrerol possesses estrogenic properties 
and could mimic E2 to suppress VSMC proliferation in vitro.  
We also demonstrate that the effect exerted by farrerol on cell 

cycle involves the participation of ERβ, but not ERα.  Our data 
thus provide a potential molecular target through which far-
rerol manifests itself as an anti-mitogenic agent.  

In this study, we replaced a single growth factor with 
5% FBS to induce cell proliferation.  FBS contains a range 
of growth factors, including platelet-derived growth factor 
(PDGF), fibroblast growth factor (FGF), transforming growth 
factor, serotonin, and thrombin[18].  It was hoped that this 
would simulate the multiple factors environment in vivo.  
Indeed, addition of 5% FBS to the culture medium resulted in 
a 2.65-fold increase in VSMC proliferation that was blocked by 
farrerol in a concentration-dependent manner (Figure 2).  

Cell cycle is a highly regulated process that involves a 
complex cascade of events.  Modulation of expression and 
function of cell cycle regulatory proteins provides an impor-
tant approach to the control of cell growth.  According to the 
flow cytometry analysis, farrerol profoundly decreased FBS-
induced transition to the S phase (Figure 3).  It is known that 
the move from G1 to S phase is closely linked to the activation 
of cell cycle regulatory proteins such as CDKs[28].  In particu-
lar, the cyclin D1/CDK4 and cyclin E/CDK2 complexes are 
essential for entering the S phase[28].  As shown in Figure 4A, 
farrerol displayed a potent inhibitory effect on the expression 
of a number of cell cycle regulatory proteins (cyclin D1, cyclin 

Figure 6.  Specificity of farrerol for ERβ.  Competitive receptor-binding assay was conducted to assess interaction between radiolabeled ligands and 
recombinant human ERα, ERβ,  and PPARγ.  Values in parentheses indicate respective IC50 (µmol/L) of farrerol for each receptor.  Data are presented 
as mean±SEM.

Figure 7.  Inhibition on VSMC DNA synthesis by farrerol was reversed 
by a specific ERβ antagonist, PHTPP.  Cells were treated with or without 
3 µmol/L farrerol, in the absence or presence of PHTPP (5 µmol/L) or 
MPP (10 µmol/L).  E2 (100 nmol/L) was used as a positive control (n=3).  
Values are presented as mean±SEM.  cP<0.01 vs control (Ctrl); eP<0.05 vs 
farrerol treatment.
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E, CDK2, and CDK4).  It appears that farrerol exerts its action 
through down-regulation of positive regulators in the cell 
cycle.

Cell cycle modulators such as cyclin D1 and cyclin E are 
regulated by ERK1/2 pathway, which plays a crucial role in 
serum-induced VSMC proliferation[28].  After mitogenic stimu-
lation, ERK1/2 is phosphorylated by MEK kinase and enters 
the nucleus, where it regulates the expression of cell cycle 
regulators and subsequent DNA synthesis in VSMCs[29].  In 
our study, farrerol significantly decreased FBS-induced phos-
phorylation of ERK1/2 thereby suggesting that farrerol is a 
negative effecter for ERK1/2 activation leading to suppression 
on the expression of cell cycle regulators and eventual growth 
arrest.

An interesting observation relates to the fact that farrerol 
interacts directly with ERβ, rather than ERα, in VSMCs.  In 
the ERE-reporter gene assay, farrerol was able to activate tran-
scription from the consensus ERE motifs, while specific induc-
tion of Gal-ERβ-mediated transactivation and direct binding 
to ERβ confirmed the relationship between this phytoestrogen 
and ERβ signaling machinery.  

The mechanism by which of estrogens exert inhibitory 
actions on VSMCs has been intensely investigated following 
the discovery of a second ER subtype, ERβ.  Earlier studies in 
mice showed that estrogen inhibited VSMC proliferation in 
the medial area in response to vascular injury in both ERα[30] 
and ERβ knockout mice[31], indicating that both subtypes are 
responsible for the anti-mitogenic effect observed.  Moreover, 
it was documented that ERβ was more potent than ERα in 
inhibiting VSMC proliferation[23, 32].  Taken together, it seems 
that ERβ behaves like a key mediator for estrogen-related 
vascular protection.  Since isoflavones are capable of prefer-
entially inducing ERβ expression, their beneficial effects on 
the cardiovascular system of postmenopausal women may be 
mediated via this pathway[33, 34].  

In conclusion, our study provides new experimental evi-
dence supporting the postulated property of farrerol as a func-
tional phytoestrogen capable of inhibiting FBS-induced VSMC 
proliferation.  The effects exerted by farrerol are cell cycle 
related and ERβ specific.  Elucidation of underlying mecha-
nisms of action may offer insights into a possible molecular 
target relevant to the therapeutic use of this class of natural 
products, represented by farrerol, in certain cardiovascular 
diseases, where excess proliferation plays a pivotal pathologi-
cal role.
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Introduction
By 2025, there will be an estimated 300 million people world-
wide suffering from diabetes mellitus (DM)[1].  Up to 80% of 
morbidity and mortality in diabetic patients is due to cardio-
vascular disease (CVD).  Initially, cardiac changes are asymp-
tomatic.  Later, left ventricular hypertrophy as well as diastolic 
and systolic dysfunction develops, and finally, symptomatic 
heart failure occurs.  This unique pathological process is 
referred to as diabetic cardiomyopathy[2, 3].

The main cause of diabetic cardiomyopathy is metabolic 
changes characterized by a sustained elevation of blood glu-
cose and lipids, which promotes the formation of advance 
glycation end products (AGEs) over time[4, 5].  AGE excess 

stimulates glycosylation, which adversely affects cardiac con-
tractility, likely through calcium-modulating proteins in the 
sarcoplasmic reticulum (SR).  Sarcoplasmic reticulum calcium 
pump 2a (SERCA2a) is responsible for the uptake of intracel-
lular calcium back into the SR and is essential for cardiac func-
tion.  SERCA2a is very sensitive to posttranslational modifica-
tion, and glycosylation of SERCA2a leads to cardiac dysfunc-
tion[6, 7].  The systolic function of myocardial cells relies mainly 
on ryanodine receptor type 2 (RyR2), FOK binding protein/
calstabin 2 (FKBP12.6), SERCA2a, and troponin C, whereas 
diastolic function is dependent on SERCA2a and sodium cal-
cium exchangers (NCX).  Calcium homeostasis, the basis of 
cardiac function, relies on the release (RyR2 and FKBP12.6), 
uptake (SERCA2a and phospholamban, PLB), and storage 
(calsequestin 2, CASQ2) of Ca2+ in the SR.  RyR2, FKBP12.6, 
SERCA2a, and PLB were found to be downregulated in failing 
hearts and diabetic cardiomyopathy, but these changes can be 

Sildenafil and FDP-Sr attenuate diabetic cardiomyo-
pathy by suppressing abnormal expression of myo-
cardial CASQ2, FKBP12.6, and SERCA2a in rats 
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Aim: To study whether calcium-modulating proteins CASQ2, FKBP12.6 and SERCA2a participate in diabetic cardiomyopathy, and 
whether the beneficial actions of testosterone, sildenafil or fructose diphosphate Sr (FDP-Sr) in the treatment of diabetic cardiomyopa-
thy result from suppressing these molecules.
Methods: Fifty male Sprague-Dawley (SD) rats were divided into five groups. Except for the normal group (non-diabetic), the other 
four groups were injected with streptozotocin (STZ, 60 mg/kg, ip) to induce diabetes. Four weeks after STZ injection, the four groups 
received sildenafil (12 mg·kg-1·d-1, ig, for 4 week), FDP-Sr (200 mg/kg, ig, for 4 week), testosterone propionate (4 mg·kg-1·d-1, sc, for 4 
week), or no treatment, respectively. 
Results: In the diabetic rats, blood glucose, free fatty acids, triglycerides, total cholesterol, and low-density lipoprotein cholesterol 
(LDL-C) were significantly increased, while high-density lipoprotein cholesterol (HDL-C) was significantly reduced, as compared to the 
non-diabetic rats. Cardiac dysfunction and myocardial hypertrophy of the diabetic rats were associated with increased mRNA and 
protein expression of iNOS, OBRb, and PKCε, while expression of CASQ2, SERCA2a, and FKBP12.6 was significantly down-regulated. 
Sildenafil and FDP-Sr, but not testosterone, significantly attenuated the biomarker abnormalities, without changing the metabolic 
abnormalities.
Conclusion: CASQ2, FKBP12.6 and SERCA2a were down-regulated in diabetic cardiomyopathy. Sildenafil and FDP-Sr, but not testoster-
one, attenuated the cardiac dysfunction in diabetic cardiomyopathy, without changing the metabolic abnormalities, which may results 
from inhibiting oxidative and inflammatory cytokines and improving calcium homeostasis.
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alleviated by drug intervention[8, 9].  Furthermore, SERCA2a 
overexpression is protective against STZ-induced cardiotoxic-
ity in rats[10].  CASQ2 holds Ca2+ in the ER lumen and affects 
calcium release during the cardiac cycle.  CASQ2 or RyR2 
mutations may lead to a dangerous arrhythmia called cate-
cholaminergic polymorphic ventricular tachycardia (CPVT)[11].  
Additionally, abnormal CASQ2 expression can be caused by 
isoproterenol and relieved by CPU0213, an endothelin recep-
tor antagonist[11, 12].  We aimed to explore if downregulation of 
CASQ2 disrupts calcium homeostasis in diabetic cardiomyo-
pathy.  Currently, no studies have investigated how changes 
in CASQ2 expression affect diabetic cardiomyopathy.  

Recent evidence has suggested that low serum testosterone, 
as seen in male hypogonadism, is an independent risk factor 
for cardiovascular disease (CVD) due to increased inflamma-
tory factors and cytokines in the myocardium[13].  Testosterone 
replacement therapy (TRT) has become an attractive interven-
tion that may relieve the cardiac dysfunction associated with 
late-onset hypogonadism, a potential oxidative stress, through 
its antioxidant activity[14–16]. 

Sildenafil, a phosphodiesterase type 5 (PDE5) selective 
inhibitor, has been shown to improve heart failure by correct-
ing vascular dysfunction through increasing vascular cyclic 
guanosine monophosphate (cGMP), endogenous NO, and 
free radical-scavenging activity[17, 18].  However, the efficacy of 
sildenafil in attenuating diabetic cardiomyopathy has not been 
shown.  FDP-Sr, a derivative of FDP that contains three extra 
adenosine triphosphates (ATPs) in the moiety, has been shown 
to be effective in attenuating diabetic cardiomyopathy[19, 20] 

(Figure 1).

We hypothesized that diabetic cardiomyopathy was a 
unique disorder characterized by cardiac dysfunction associ-
ated with low serum testosterone and downregulated calcium-
handling proteins at the SR, including CASQ2, FKBP12.6, and 
SERCA2a.  In this study, the effects of FDP-Sr, sildenafil, and 
testosterone on diabetic cardiomyopathy were tested in terms 
of relieving oxidative stress and normalizing calcium homeo-
stasis in the myocardium.  

Materials and methods
Animals
Adult male Sprague-Dawley (SD) rats weighing 200–220 g 
were used.  They were housed in a controlled environment 
and allowed free access to water and food.  Animal handling 

and experimental procedures were in accordance with the reg-
ulations of the Jiangsu Provincial Government and the Princi-
ples of Laboratory Animal Care published by the US National 
Institutes of Health (NIH Publication No 85-23, revised 1996).

Experimental protocol
Fifty SD male rats were randomly divided into five groups.  
Except for the non-diabetic group, rats were injected with 
STZ (60 mg/kg, intraperitoneal) once.  On days 7, 14, 21, and 
28 after STZ administration, blood glucose was measured.  
Blood glucose consistently greater than 16.7 mmol/L was 
considered to be indicative of diabetes.  During weeks 5 to 8 
after STZ injection, animals were treated with sildenafil (12  
mg/kg, ig), FDP-Sr (200 mg/kg, ig), or testosterone propi-
onate (4 mg/kg, subcutaneous).  Rats in the non-diabetic or 
STZ untreated groups were given an equal amount of citric 
acid buffer.

Hemodynamic changes 
On day 57, the rats were anesthetized with urethane (1.5  
g/kg, intraperitoneal).  A catheter (PE 50, ID 0.58 mm, OD 
0.965 mm, Becton Dickinson, San Jose, CA, USA) was inserted 
into the left ventricular (LV) chamber through the right carotid 
artery to measure LV systolic blood pressure (LVSP), LV end 
diastolic blood pressure (LVEDP), maximum rising rate of LV 
pressure (LV+dp/dtmax), and minimum declining rate of LV 
pressure (LV-dp/dtmin), as described previously[21].

LV weight index 
After hemodynamic measurements, the rats’ hearts were 
excised and dissected into the LV free wall plus septum (LV) 
and right ventricle (RV).  The LV weight index was assessed as 
the weight of the LV divided by body weight (LVW/BW).

Cell culture
Cardiomyocytes isolated from neonatal rats (1–3 d old) were 
cultured for 72 h in DMEM medium containing 20% fetal 
bovine serum and 0.1 mmol/L bromodeoxyuridine.  The 
adherent cell density was 0.5×106/mL.  Then the cardiomyo-
cytes were incubated for 24 h with testosterone (10-5, 10-6, or 
10-7 mol/L), FDP-Sr (10-5, 10-6, or 10-7 mol/L), or sildenafil (10-5, 
10-6, or 10-7 mol/L).  The control cells were treated with DMSO.  
CASQ2 mRNA and protein expression were measured to 
investigate if changes in CASQ2 could be induced by testos-
terone, FDP-Sr, or sildenafil in the absence of high-glucose 
medium.  

RT-PCR
Total RNA was extracted using Trizol reagent (Biouniquer 
Technology Company, Nanjing, China) according to the man-
ufacturer’s instructions.  Five milligrams of RNA was used to 
synthesize cDNA using SUPERSCRIPT II RNase H-Reverse 
Transcriptase (Biouniquer Technology Company, Nanjing, 
China) according to the manufacturer’s protocol.  This cDNA 
was used as a template for the PCR reactions[22].  PCR prim-
ers specific for iNOS, OBRb, PKCε, CASQ2, FKBP12.6, SER-

Figure 1.  The chemical structure of FDP-Sr.
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CA2a, and GAPDH were designed as indicated in previous 
reports[12, 21].

Western blotting 
For quantitative analysis of myocardial phosphorylated PKCε 
(pPKCε), CASQ2, FKBP12.6, and SERCA2a protein levels, 100 
mg of heart tissue was homogenized in 1 mL of extraction 
buffer and centrifuged at 10 000×g for 10 min as previously 
described[21].  After determining protein concentration, the 
supernatants were stored at -20 °C.  An aliquot was heated 
to 100 °C for 10 min and size fractionated using 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).  The extracted protein was transferred to a nitrocel-
lulose membrane and blocked with nonfat milk (5% w/v) 
followed by incubation with primary antibody for another 
1–2 h at 37 °C.  After three washes, the blot was incubated 
with horseradish peroxidase-conjugated goat secondary anti-
body IgG (Affinity Bioreagents; 1:500) for an additional 1 h at 
37 °C[22].  Antigen was detected with a DAB kit.  The density of 
the bands was analyzed using Labworks imaging acquisition 
and analysis software (GDS8000, Syngene, UK).  

Statistical analysis
SPSS 11.5 (SPSS company, Chicago, USA) was used to ana-
lyze the results.  Data were presented as the mean±SD.  For 
statistical evaluation, one-way analysis of variance was used 
followed by Dunnett’s test.  The Student Newman Keuls test 
was performed when the variance was equal, and the Games-
Howell test was performed when the variance was not equal.  A 
P-value of less than 0.05 was considered statistically significant.

Results
Serum glucose, lipids, and androgens
In the diabetic group, blood glucose, free fatty acids, triglycer-
ides, total cholesterol, and LDL-C were significantly increased, 
and HDL-C was significantly decreased, indicating that the 
STZ-injected rats had marked metabolic changes (P<0.01).  
Single treatment with testosterone, Sildenafil, and FDP-Sr 
had no effects on the metabolic changes (Figure 2).  Serum 
androgens (nmol/L) were sharply reduced in the STZ-injected 
rats (4.6±1.9, P<0.01) compared to the non-diabetic group 
(15.6±4.1).  Serum androgens were significantly elevated in the 
testosterone group compared to the diabetic untreated group 
(12.9±2.1, P<0.01).  There was no difference compared to the 
non-diabetic rats.  The FDP-Sr group had a moderate increase 
in serum androgen compared to the diabetic untreated group 
(10.6±2.6, P<0.01).  Sildenafil did not raise serum androgen 
(5.8±2.1).  

Cardiac performance
In the diabetic group, LVSP and LV plus dp/dtmax decreased 
significantly, while LVEDP and LV-dp/dtmin significantly 
increased compared to the non-diabetic group (P<0.01).  
Sildenafil and FDP-Sr led to a significant recovery in cardiac 
dysfunction (P<0.01).  Additionally, the diabetic untreated 
group had a significantly increased LV mass index compared 
to the normal group (P<0.01).  This increase was blunted 
by FDP-Sr and sildenafil.  In contrast, testosterone had no 
effect on the hemodynamic or LV mass index abnormalities  
(Figure 3).

Figure 2.  Changes in blood sugar and lipid were found in STZ-injected rats.  The metabolic changes in DM rats were significant and testosterone 
propionate, sildenafil, and FDP-Sr had no effects on the altered sugar and lipid metabolism. (A) Serum glucose; (B) Free fatty acid (FFA); (C) Triglyceride; (D) 
Total cholesterol; (E) HDL-C; (F) LDL-C.  Mean±SD.  n=10.   cP<0.01 vs normal.  eP<0.05 vs DM.
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Oxidative stress
Plasma malondialdehyde (MDA), a measure of oxidants, was 
significantly elevated, and GSH-Px, an antioxidant marker, 
was significantly decreased in the diabetic untreated group 
compared to the non-diabetic group (P<0.01, respectively).  
Therefore, the diabetic rats had significant oxidative stress.  
Sildenafil and FDP-Sr suppressed MDA and raised GSH-PX 
levels compared to the diabetic untreated group (P<0.01, Fig-
ure 4).  Thus, the antioxidant activity of sildenafil and FDP-Sr 
ameliorated the pathological changes in diabetic cardiomyopa-

thy.  Testosterone did not significantly block these pathologi-
cal changes (Figure 4).  

Cardiac iNOS, OBRb, and PKCε
In the diabetic rats the mRNA expression of iNOS and OBRb, 
a leptin receptor, was significantly increased (P<0.01).  Addi-
tionally, PKCε mRNA expression was significantly increased 
(P<0.01).  Sildenafil and FDP-Sr ameliorated the abnormal 
expression of iNOS, OBRb, and PKCε mRNA (P<0.01).  In 
contrast, testosterone did not affect any of these biomarkers 

Figure 3.  FDP-Sr and sildenafil improv
ed hemodynamic parameters and 
heart weight index in STZ injected rats.  
(A) LVSP; (B) LVEDP; (C) LV+dp/dtmax; 
(D) LV-dp/dtmin; (E) the LV weight index.  
Mean±SD.  n=10.  cP<0.01 vs normal;  
fP<0.01 vs DM.

Figure 4.  Changes of MDA and GSH-PX 
in serum were improved by FDP-Sr or 
sildenafil in diabetic rats.  (A) MDA; (B) 
GSH-Px.  Mean±SD.  n=10.  cP<0.01 vs 
normal; eP<0.05, fP<0.01 vs DM.
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except iNOS mRNA (Figure 5).  

Calcium homeostasis
Calcium homeostasis in the myocardium is maintained by the 
calcium-handling proteins, which control intracellular calcium 
release, uptake, and storage in the SR and are manipulated 
by bioactive molecules, including FKBP12.6, the main regula-
tor of RyR2, as well as SERCA2a and CASQ2.  In the diabetic 
rats, mRNA and protein expression of CASQ2, SERCA2a, and 
FKBP12.6 were reduced (P<0.01).  This indicates that aspects 
of calcium homeostasis, such as calcium release, uptake during 
diastole, and calcium-storing capacity in the SR are impaired 
in diabetic cardiomyopathy.  The biomarker abnormalities 
may lead to heart failure and severe arrhythmias, which are 
likely to appear in diabetic cardiomyopathy.  Sildenafil and 
FDP-Sr attenuated the abnormal expression of these molecules 
(P<0.01).  Testosterone ameliorated CASQ2 and SERCA2a 
mRNA expression but had no effects on their protein expres-
sion.  Testosterone had no effects on both mRNA and protein 
expression of FKBP12.6 (Figure 6). 

CASQ2 mRNA and protein expression were measured in 
cardiomyocytes grown in normal medium with normal glu-
cose as well as sildenafil, FDP-Sr, and testosterone.  No differ-
ence in CASQ2 expression was found in these cells compared 
to the cardiomyocytes in the absence of drug interventions 
(Figure 7).  Therefore, we believe that sildenafil and FDP-Sr 
are effective in improving abnormal calcium homeostasis and 
cardiac dysfunction by suppressing the pathological processes 
due to hyperglycemia in the diabetic rats.  

Discussion
In diabetic cardiomyopathy, low serum testosterone and 
changes in glucose and lipid metabolism are the main factors 
responsible for disease progression.  The cardiac dysfunction 
and hypertrophy in diabetic rats responded significantly to 
sildenafil and FDP-Sr but not testosterone.  However, sildena-
fil and FDP-Sr did not improve hyperglycemia or hypercho-
lesterolemia.  The metabolic changes were not linked directly 
to cardiac dysfunction.  Intermediate events, such as ROS and 
inflammatory factors, are critical in the pathogenesis of dia-
betic cardiomyopathy.  

In this study, cardiac dysfunction in rats likely correlates 
with low serum testosterone; thus, we treated the mice with 
exogenous testosterone, which is a common way to correct 
this deficiency[23].  FDP-Sr moderately raises serum testoster-
one, likely through improving pathological changes in the 
testes.  In contrast, sildenafil plays no role in correcting low 
serum testosterone.  As a result, sildenafil and FDP-Sr, rather 
than testosterone supplement, dramatically attenuate cardiac 
dysfunction and oxidative stress.  Exogenous testosterone did 
not alleviate diabetic cardiomyopathy, likely because it lacks 
significant antioxidant activity and cannot overcome the path-
ological changes induced by hyperglycemia.  

Increased oxidative stress in vivo has been shown to con-
tribute to the pathogenesis of diabetic cardiomyopathy[24, 25].  
MDA, a lipid oxidation end product, affects the mitochondrial 
respiratory chain complex and the activities of key enzymes in 
the mitochondria.  Excess reactive oxygen species (ROS) come 
from mitochondria and result from the activities of NADPH 

Figure 5.  FDP-Sr and sildenafil inhibited 
abnormal mRNA expression of iNOS, 
OBRb, PKCε, and protein exprsssion of 
pPKCε.  (A) iNOS mRNA; (B) OBRb mRNA; 
(C) PKCε mRNA; (D) pPKCε protein.  
Mean±SD.  n=10.  cP<0.01 vs normal; 
fP<0.01 vs DM.
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oxidase and induced NOS (iNOS) activity, which have been 
implicated in diabetic insults[26].  Increased ROS disturb many 
of the normal functions of the ER, induce cellular damage, and 
lead to apoptosis[27].  Activated iNOS can be combined with 
NO to form toxic peroxynitrite (ONOO· –), which impairs 
the subcellular apparatus of the myocardium.  Upregulation 
of iNOS is associated with xanthine oxidase activation and 
upregulation of NADPH oxidase, p22phox, p40phox, and 

p47phox, leading to more cardiac dysfunction in diabetic car-
diomyopathy[28].  These changes in calcium homeostasis and 
oxidative stress are consistent with our previous findings[8, 9].  
In addition, oxidants and inflammatory cytokines, such as 
ROS, iNOS, endothelin-1, and leptin, damage DNA, leading to 
myocardial cell death.  

Diabetes is often accompanied by obesity, abnormal lipid 
metabolism, and leptin upregulation[29, 30].  Leptin is a peptide 

Figure 7.  The mRNA and protein 
ex p res s ion o f CASQ2 in the 
absence of diabetes mellitus with 
the three compounds in cardio
myocytes.  (A) CASQ2 mRNA.  (B) 
CASQ2 protein.  Mean±SD.  n=10. 

Figure 6.  FDP-Sr and sildenafil improved abnormal mRNA and protein expressions of the calcium handing system.  (A) CASQ2 mRNA.  (B) CASQ2 
protein.  (C) SERCA2a mRNA.  (D) SERCA2a protein.  (E) FKBP12.6 mRNA.  (F) FKBP12.6 protein.  Mean±SD.  n=10.  bP<0.05, cP<0.01 vs normal; 
eP<0.05, fP<0.01 vs DM.
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hormone secreted by fat cells that stimulates the satiety center 
in the hypothalamus.  However, in pathological conditions, 
prolonged leptin upregulation eventually leads to leptin resis-
tance and increased expression of the leptin receptor OBRb.  
OBRb serves as an inflammatory factor that mediates myocar-
dial injury[22].  

Disorder of calcium-modulating proteins, such as FKBP12.6 
and SERCA2a, has been shown to play a role in diabetic or 
isoproterenol-induced cardiomyopathy, which causes oxi-
dative stress and inflammation[8, 12, 21].  Downregulation of 
FKBP12.6 and SERCA2a leads to more intracellular Ca2+ at the 
end of diastole, known as calcium leak, which we found in 
L-thyroxine-induced cardiomyopathy[30].  Thus, downregula-
tion of FKBP12.6 is a marker of calcium leak, which causes car-
diac dysfunction and severe arrhythmias.  Endothelin receptor 
antagonists and CPU86017, a berberine derivative, relieve 
these conditions[23, 30].  

Mutation of CASQ2 may cause an autosomal recessive form 
of the life-threatening arrhythmia CPVT.  Additionally, muta-
tions of RyR2 can lead to an autosomal dominant form of 
CPVT[25].  Normally, CASQ2 and RyR2 form tetramers.  When 
SR calcium is low, RyR2 places the tetramer in an inhibitory 
state.  When SR calcium increases, the CASQ2-RyR2 complex 
is weakened.  If CASQ2 is mutated, the tetramer is even more 
unstable, and RyR2 sensitivity to calcium increases.  As a 
result, SR calcium leak was more likely[31, 32].  We found that 
downregulation of CASQ2 is an important event in diabetic 
cardiomyopathy.  Also, downregulation of FKBP12.6 and 
SERCA2a are likely involved.  For example, an increase in the 
cytosol:SR calcium ratio disrupts SERCA2a function.  There-
fore, concentrations of calcium in the cytoplasm increase, and 
excessive calcium flows through sodium calcium exchanger 
(NCX), leading to increased Na+ influx into myocardial cells, 
delayed repolarization, and arrhythmias[33].  Interestingly, in 
addition to mutation, CASQ2 can be altered by posttranscrip-
tional modifications due to either isoproterenol or hyperglyce-
mia, which also lead to cardiac failure and tachyarrhythmias.  
CASQ2, FKBP12.6, and SERCA2a are sensitive markers of 
oxidative stress in the myocardium.  Isoproterenol-induced 
downregulation of FKBP12.6, SERCA2a, and CASQ2 has been 
associated with increased ROS[34, 35].  ROS produced by hyperg-
lycemia and AGEs are considered to be mediated by the same 
mechanism as the downregulation of FKBP12.6, SERCA2a, 
and CASQ2 in diabetic cardiomyopathy.  Therefore, sildenafil 
and FDP-Sr were effective in blunting the abnormalities in cal-
cium-handling proteins and proinflammatory cytokines, such 
as leptin, iNOS, and endothelin-1, through their antioxidant 
activities.  As demonstrated in this study, changes in CASQ2, 
FKBP12.6, and SERCA2a are not affected by exogenous tes-
tosterone even though the low serum androgen levels were 
corrected.  This is likely due to the mild antioxidant activity of 
testosterone.  

Myocardial diacylglycerol (DAG) activates protein kinase 
C (PKC) signaling pathways.  This process has been found in 
the vascular tissue of diabetic animals and leads to increased 
blood vessel susceptibility to hyperglycemia.  The PKC/

NFκB/c-fos pathway is activated in neonatal rat cardiomyo-
cytes in high-glucose medium[36].  Activated PKCε has been 
found in isoproterenol-induced cardiomyopathy and in the 
vasculature of STZ-injected rats[37, 38].  PKCε overexpression 
may participate in downstream events, including K+ channel 
and calcium-handling protein abnormalities, that are involved 
in diabetic or isoproterenol-induced cardiomyopathy[9, 12, 35].  In 
this study, PKCε mRNA expression was elevated, and pPKCε 
was increased in association with cardiac dysfunction.  FDP-Sr 
and sildenafil decreased PKCε mRNA and pPKCε protein sig-
nificantly, likely through their antioxidant activity .  

Conclusion
In this study, CASQ2 was found to be abnormally expressed in 
diabetic cardiomyopathy.  CASQ2 is actively involved in the 
pathogenesis of diabetic cardiomyopathy and is closely related 
to oxidative stress and inflammation.  Furthermore, other 
calcium-handling proteins, such as SERCA2a and FKBP12.6, 
were abnormally expressed.  Oxidants, iNOS, OBRb, and 
pPKCε serve as markers of the metabolic changes responsible 
for inducing diabetic cardiomyopathy.  Sildenafil and FDP-Sr 
are beneficial for treating diabetic cardiomyopathy through 
their antioxidant and anti-inflammatory properties.  However, 
FDP-Sr and sildenafil did not affect blood glucose or lipid 
metabolism, leaving the abnormal metabolic changes intact.  
Testosterone did not improve cardiac dysfunction or calcium 
homeostasis in the myocardium.  
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Introduction
There are a variety of experimental models of chronic heart 
failure (CHF).  Isoproterenol (Iso)-induced CHF is a widely 
used model due to its simple methodology, low cost, and the 
clinically representative pathophysiological changes it pro-
duces.  In this model, subcutaneous administration of the beta 
adrenoceptor agonist Iso produces patchy myocardial necrosis 
in a dose-related manner while retaining intact coronary vas-
culature.  The pathophysiological and morphological changes 
observed in Iso-treated rats have been found to be similar 
to those observed following human myocardial infarction 
(MI)[1].  MI results in asymmetrical left ventricular remodel-
ing, characterized by fi brosis at both the site of infarct and in 

the noninfarcted myocardium, in addition to hypertrophy of 
viable myocytes[2].  These cardiac structural adaptations facili-
tate compensated hemodynamic performance, but ultimately 
result in a high incidence of CHF and sudden cardiac death[3].

Adiponectin acts as an anti-inflammatory and antiathero-
genic cytokine and has been demonstrated to suppress cardiac 
hypertrophy in response to pressure overload[4, 5].  Adiponec-
tin, a member of the adipokine superfamily, is expressed in 
adult ventricular cardiomyocytes and is upregulated by acti-
vation of peroxisome proliferator-activated receptor-gamma 
(PPAR-γ)[6].  Adiponectin was recently shown to be suppressed 
by tumor necrosis factor-alpha (TNF-α)[7], another cytokine 
that is expressed in and secreted from cardiomyocytes[8].  
Locally generated TNF-α plays a role in cardiac remodeling 
via its ability to stimulate apoptosis and inflammatory and 
fi brogenic responses in a pressure-overloaded heart, which in 
turn contribute to cardiac dysfunction[9,10].  
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cardiac remodeling in rats via regulation of cardiac 
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Telmisartan (Telm) is a selective angiotensin II type 1 recep-
tor antagonist that is widely used in the treatment of hyper-
tension, CHF, and diabetic nephropathy[11–13].  It has been 
shown to have beneficial effects on postinfarct ventricular 
remodeling[14].  Recently, Telm was reported to have partial 
activity as a PPAR-γ agonist, enabling it to regulate metabolic 
and inflammatory pathways and improve left ventricular 
functions[15, 16].  Moreover, Telm treatment has been shown to 
reduce the expression of inflammatory cytokines, including 
TNF-α and its transcription factors[17–19].  Angiotensin recep-
tor blocker (ARB) treatment increases circulating adiponectin 
concentrations in humans and adiponectin mRNA levels in 
adipose tissue in hypertensive rats[20–23].  ARB treatment also 
induces cardiac adiponectin expression in mice with viral 
myocarditis[24].  In addition, Telm was recently shown to be 
present in plasma at higher levels than other ARBs following 
oral administration[25], suggesting that it is absorbed well when 
administered orally.  To date, however, the effects of Telm on 
cardiac adiponectin have not been studied.  

The present study was designed to investigate the cardio-
protective effects of Telm in vitro and in vivo, specifically its 
effects on cardiac adiponectin and TNF-α.  We also examined 
the necessity of PPAR-γ activity in the stimulatory effects of 
Telm on adiponectin expression in cardiomyocytes.  Cardio-
myocyte viability and lactate dehydrogenase (LDH) activa-
tion, which is released when cell injury occurs, were employed 
as indexes of injury severity in our in vitro experiments.

Materials and methods
Animals 
Forty male Wistar rats (200–250 g body weight; 6–8 weeks of 
age) were obtained from the Experimental Animal Center of 
Hebei Medical University.  This research was carried out in 
accordance with the National Research Council protocol for 
the care and use of laboratory animals.  The animals were 
housed in the Laboratory Animal Center under conditions of a 
controlled ambient temperature of 22–24 °C with a 12-h light/
dark cycle.  Animals were provided with free access to stan-
dard rodent chow and tap water and were allowed to accli-
mate for a period of 7 d.

Drugs and chemicals
Telm was obtained from Boehringer Ingelheim International 
GmbH (Germany).  Iso hemisulfate was dissolved in 0.9% 
saline and used within 10 min of preparation.  All chemicals 
used in this study were of analytical grade and purchased 
from Sigma Chemicals (St Louis, MO, USA).  

Induction of cardiac remodeling
To induce PIR, rats were administered two subcutaneous 
injections of 80 mg/kg homologous Iso (Sigma-Aldrich) or 
vehicle at 24 h intervals on 2 consecutive days, as described by 
Palfi  A et al[26].

Experimental groups
After 7 d of acclimatization, the experimental animals were 

divided into the following treatment groups: 1) Iso, n=10; 2) 
Iso+Telm, n=10; 3) Telm, n=10; and 4) control (vehicle), n=10.  
Rats in the Telm and Iso+Telm groups were administered 
Telm orally (10 mg·kg-1·d-1) by intragastric intubation for a 
period of 65 d.  All rats were fed a standard diet throughout 
this experimental period.  Changes in body weight and food 
and water intake were noted for all animals at regular inter-
vals throughout the experimental period.

Tissue preparation
Two months after the last Iso injection, each rat was weighed 
and sacrifi ced by intravenous injection of 2–3 mL of 10% KCl 
through the femoral vein.  Immediately after the KCl injec-
tion, the thorax was opened and the heart was excised, rinsed 
with saline, blotted dry, and weighed.  The left ventricle (LV) 
was dissected out by incising the right ventricle along the sep-
tum and then weighed.  Heart weight to body weight and LV 
weight to body weight ratios were calculated.  One segment of 
the LV was then fi xed in 4% paraformaldehyde and embedded 
in paraffin.  The other segment was rapidly frozen in liquid 
nitrogen and stored at -80 °C for further analysis.  

Histological examination and Masson staining 
After being fixed for 24 h in 4% paraformaldehyde, the tis-
sue blocks were dehydrated and embedded in paraffin; 
5-μm-thick sections were then cut and stained with either 
hematoxylin-eosin or Masson’s trichrome stain.  Eight light 
microscope visual fields were randomly selected for each 
Masson’s trichome stained section and viewed using a 
computer-assisted image analysis system (Motic Med 6.0 
CMIAS, China).  To assess cardiomyocyte diameter, the cross-
sectional margins of cardiomyocytes in the LV were marked 
with the cursor using the Image Pro Plus 4.1 software and the 
mean diameter was calculated; only cardiomyocytes that had 
complete cell boundaries and clear round intra-cytoplasmic 
nuclei were measured.  Approximately 60–70 cardiomyocytes 
were randomly selected from five to seven images captured 
randomly at different sites in each specimen and the average 
cross-sectional diameter was calculated.  The collagen volume 
fraction (CVF) was measured in fi ve fi elds for each LV section.  
CVF values were determined by quantitative morphometry 
using an automatic image analyzer (IBAS 2.5, Kontron, Ger-
many), such that CVF=fi brosis area/total area of myocardium.  
The CVF excluded scars and perivascular collagen areas.  The 
pathologist performing the histopathological evaluations was 
blinded to the treatment group designations.  

Primary culture of neonatal rat ventricular myocytes (NRVMs) 
NRVMs were prepared as described previously[27].  Briefly, 
ventricles from 1–3 d-old Wistar rats were minced and 
digested in phosphate-buffered saline (PBS) containing 0.1% 
trypsin and 0.04% type II collagenase for 8–10 cycles.  The 
degraded tissue was then centrifuged and suspended in Dul-
becco’s modifi ed Eagle’s medium containing 15% fetal bovine 
serum.  A single 2-h preplating step was performed to further 
increase the ratio of NRVMs to noncardiomyocytes.  Noncar-
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diomyocytes attached readily to the bottom of culture dishes, 
and the unattached myocytes were plated at 1×106 cells/cm2 
in the same medium as above and supplemented with 0.1 
mmol/L BrdU.  Cells were then held in serum-free medium 
for 24 h prior to being used in experiments.  Morphological 
examination and staining with an anti-sarcomeric α-actin 
antibody were carried out to confi rm the presence of NRVMs, 
with about 95% of the cells being identifi ed as NRVMs.  

Cell growth assay
The cytotoxic effect of Iso on cardiac myocytes was measured 
using the MTT assay as described elsewhere[28].  The cells were 
dispensed in 96-well fl at bottomed microtiter plates (NUNC, 
Roskilde, Denmark) at a density of 5×105 cells/well.  After 48 h 
of incubation, the cells were treated with Iso (10 μmol/L) and/
or various concentrations of Telm for 48 h.  Cell viability was 
calculated as follows:

Viability (%)=(A490, sample–A490, blank)/(A490, control–A490, blank)×100

LDH activity-based cytotoxicity assay
LDH content released into the culture medium was measured 
as an index of LDH activity.  The cells were incubated with 
various concentrations of Telm for 1 h prior to a 48 h incuba-
tion in the presence of isoproterenol (10 μmol/L).  The sub-
strate reaction buffer for LDH [0.5 mmol/L, with or without 
lactic acid, 0.66 mmol/L INT, 0.28 mmol/L PMS, and 1.3 
mmol/L NAD+ in Tris-HCl, pH 8.2] was added to collected 
samples of culture media.  The absorbance value (A) at 490 nm 
for the LDH reaction was assayed after 1 and 5 min.

Measurements of protein expression levels in myocardium and 
cultured cardiomyocytes 
For immunoblot analysis, extracts of myocardial tissue and 
treated cells were matched for protein concentration (15 μg) 
with SDS-PAGE sample buffer, separated by SDS-PAGE, 
and transferred to a polyvinylidene difluoride membrane.  
The membranes were incubated with the indicated primary 
antibodies overnight at 4 °C; 50 μg of denatured protein was 
subjected to sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) on a 10% polyacrylamide gel (Bio-
Rad, Hercules, CA, USA) and transferred to polyvinylidene 
difl uoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA) 
for detection of adiponectin levels.  Nonspecifi c binding was 
prevented by incubation with 5% nonfat dry milk for 1 h.  The 
PVDF membranes were incubated overnight at 4 °C with anti-
Acrp30 and anti-GAPDH primary antibodies diluted in TBS-T 
(1:1000) (Santa-Cruz Biotechnology, Santa Cruz, CA, USA).  
After washing in Tween-20 buffer, the membranes were 
incubated with fluorescent secondary antibodies.  Labeling 
was quantified using the Odyssey Infrared Imaging System 
(LI-COR Biosciences, Lincoln, USA).  Acrp30 expression was 
corrected by comparison to the endogenous control GAPDH.  
Band densities were scanned and quantified using a LEIC-
A550IW image analysis system.  

Statistical analysis
All data are expressed as mean±SD.  Group mean values were 
compared using one-way analysis of variance (ANOVA) fol-
lowed by a Tukey’s multiple comparison test where appropri-
ate.  For all comparisons, P<0.05 was used to establish statisti-
cally signifi cant results.  

Results
Influence of Telm on Iso-induced effects on gravimetric 
parameters 
The gravimetric parameters in hearts of intact and PIR animals 
are presented in Figure 1.  Rats treated with Iso alone showed 
significantly elevated heart mass normalized to body mass, 
while Iso-treated rats that had been pretreated with Telm did 
not show these unfavorable changes (Figure 1A).  Telm pre-
treatment also reduced the gain in Iso-induced ventricular 
mass (Figure 1B).  Heart mass and ventricle/body mass ratio 
did not differ between rats treated with Telm alone and con-
trol (no drug) rats (Figure 1).

Impact of Telm on Iso-induced myocardial hypertrophy and 
interstitial fi brosis 
Compared to untreated PIR (isoprotrenol alone) animals, 
PIR animals given Telm showed signifi cantly attenuated Iso-
induced increases in mean myocyte diameter (Figure 2) and 
collagen volume fraction (Figure 3).  Treatment with Telm 
alone had no effect on these values (P>0.05 vs control) (Figure 
2, 3).

Protective effects of Telm against PIR are associated with 
enhanced protein expression of adiponectin
Relative to intact hearts, TNF-α expression in hearts with PIR 
was increased by about three-fold (P<0.01) while adiponectin 
expression in hearts with PIR was decreased by about half 

Figure 1.  Effects of Telm and Iso on the gravimetric parameters in rats 
with PIR.  Mean±SD.  n=10.  cP<0.01 vs control group; fP<0.01 vs Iso 
group.
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(P<0.01) (Figure 4).  Oral administration of Telm signifi cantly 
attenuated these PIR-related changes in TNF-α and adiponec-
tin expression (Figure 4).

Telm inhibits Iso-induced cell death in cardiomyocytes
Cardiomyocytes were exposed to Iso (10 μmol/L) alone, Iso 
(10 μmol/L) with Telm (5–20 μmol/L), or vehicle for 48 h.  The 
cell death inhibition ratio of Telm-treated cells relative to Iso 
only-treated cells ranged from 40.2%±4.5% (5 μmol/L Telm) 
to 92.6%±7.1% (20 μmol/L Telm) (Figure 5A).  Telm protected 
Iso-treated cardiomyocytes from cell death in a dose-depen-
dent manner and had no cytotoxic effects on the cells.  

It is worth noting that we observed a marked increase in 
the cardiomyocyte beating rate 6 h after Iso treatment.  The 
cardiomyocyte beating rate was then weakened in a time-
dependent manner such that by 48 h following Iso treatment, 
no cell beating was observed.  On the contrary, cells that were 
exposed to Telm and Iso simultaneously continued to exhibit 

steady beating throughout the 48 h experimental period.

Telm inhibited Iso-induced LDH release in cardiomyocytes
Iso (10 μmol/L) nearly doubled LDH release in cardiomyo-
cytes relative to cells not exposed to any drug (P<0.01).  Pre-
treatment with Telm for 48 h reduced Iso-induced LDH release 
in a dose-dependent manner; at 20 μmol/L, Telm-pretreated, 
Iso-exposed cells had LDH release levels that were similar to 
those of untreated control cells (Figure 5B).  Telm alone (5–20 
μmol/L) did not affect LDH release (data not shown).

Telm treatment blocked Iso effects on adiponectin protein 
expression in cardiomyocytes via a mechanism involving PPAR-γ 
activation 
After incubation with 10 μmol/L Iso, adiponectin protein 
expression in cardiomyocytes was decreased relative to cells 
not exposed to any drug.  However, in cells that were pre-
treated with Telm (20 μmol/L), this decrease did not occur.  
Treating Iso-exposed cells with the selective PPAR-γ antago-
nist GW9662 (30 μmol/L) potently blocked the effects of Telm 

Figure 2.  Effects of Telm and Iso on myocardial hypertrophy in rats with 
PIR.  (A) control group; (B) Iso group; (C) Iso+Telm group; (D) Telm group; (E) 
Quantitative analysis of the myocyte diameter.  Mean±SD.  n=10.  cP<0.01 
vs control group; fP<0.01 vs Iso group.

Figure 3.  Effects of Telm and Iso on collagen volume fraction (CVF) in rats 
with PIR.  (A) control group; (B) Iso group; (C) Iso+Telm group; (D) Telm 
group; (E) Quantative analysis of the CVF.  Mean±SD.  n=10.  cP<0.01 vs 
control group.  fP<0.01 vs Iso group.
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pretreatment on adiponectin expression (Figure 6).  GW9662 in 
the absence of Telm did not change the Iso-induced decrease 
of adiponectin expression (data not shown).

Inhibiting PPAR-γ activity with the selective antagonist GW9662 
blocked the protective effects of Telm against Iso-induced cell 
injury 
Inhibition of PPAR-γ activity with the selective antagonist 
GW9662 (30 μmol/L) potently blocked the protective effects 
of Telm against Iso-induced cell injury (Figure 7A and 7B).  
GW9662 alone (in the absence of Telm) had no observable 
effects on Iso-induced cell injury (data not shown).

Discussion
In the present study, oral Telm pretreatment prevented 
changes in gravimetric parameters and reduced myocardial 
hypertrophy and interstitial fi brosis in Iso-induced PIR hearts.  
Oral Telm pretreatment also reversed MI-induced decreases 
in adiponectin expression as well as MI-induced increases in 
TNF-α expression.  Cardiac expression of adiponectin mRNA 
negatively correlated with expression of cardiac TNF-α 
mRNA.  Importantly, heart size and interstitial fi brosis were 
not infl uenced by Telm in non-PIR hearts, and Telm led to an 
increased performance of the postinfarct heart.  Cardiomyo-
cytes treated in vitro with Iso alone showed elevated LDH 
activity accompanied by markedly inhibited cell growth; Telm 
inhibited Iso-induced cell death and LDH release in cardio-
myocytes.  Furthermore, we demonstrated that administration 
of the PPAR-γ antagonist GW9662 blocked the stimulatory 
effects of Telm on adiponectin expression in cardiomyocytes.  
The ability of Telm to promote preservation of myocardial adi-
ponectin expression may represent an important mechanism 
for the benefi cial effects of Telm in PIR.  

Our demonstration that PPAR-γ activity was necessary for 
Telm-induced reversal of Iso-induced decreases in adiponectin 

Figure 4.  Effects of Telm and Iso on protein expression of cardiac 
adiponectin and TNF-α in rat hearts with PIR.  GAPDH was used as a 
loading control.  Mean±SD.  n=10.  cP<0.01 vs control group.  fP<0.05 vs 
Iso group.  

Figure 5.  Telm protects against Iso-induced myocardial cell injury.  Cells 
were incubated with Telm with or without Iso (10 μmol/L) for 48 h.  (A) 
Cell viability was evaluated using the MTT method.  (B) LDH activity was 
measured in the culture medium.  Mean±SD.  n=4.  cP<0.05 vs control 
group.  fP<0.01 vs Iso only group.  

Figure 6.  Telm upregulates adiponectin protein expression in Iso-treated 
cardiomyocytes via PPAR-γ activation.  Cardiocytes were pre-incubated for 
1 h in the presence or absence of the PPAR-γ antagonist GW9662 (30 
μmol/L), and were then incubated in the presence or absence of Iso (10 
μmol/L) and/or Telm (20 μmol/L) for the subsequent 24 h.  Adiponectin 
protein levels were then measured immediately by immunoblot analysis.  
Protein levels are expressed relative to non-treated control cells (n=3).  
cP<0.05 vs control group.  fP<0.01 vs Iso only group.  hP<0.05 vs Iso+Telm 
group.  
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protein expression complements the recent fi ndings of Goyal et 
al[29] , suggesting that Telm exerts its protective effects against 
Iso-induced cardiac injury in vivo in two ways, functioning 
as an ARB as well as a PPAR-γ activator.  Moreover, acti-
vated PPAR-γ, which has anti-infl ammatory and antioxidant 
effects[30], has been shown to stimulate adiponectin expression 
in adipocytes and to upregulate adiponectin plasma levels in 
animals and humans[31, 32].  

Our fi ndings showing increased expression of cardiac TNF-α 
protein accompanied by decreased expression of adiponectin 
in the presence of myocardial injury are consistent with prior 
studies suggesting that the two factors may work in opposi-
tion to each other.  For example, adiponectin has been shown 
to provide protection against TNF-α-mediated myocardial 
injury and apoptosis in animal models of MI[33].  Furthermore, 
adiponectin knockout mice show elevated TNF-α expres-
sion, which can be attenuated by adiponectin[34].  Thus, TNF-α 
and adiponectin appear to have an antagonistic relationship, 
with one cytokine negatively regulating the expression of the 
other[35].  

After MI, initial loss of the myocardium can induce pro-
gressive ventricular enlargement and deposition of intersti-
tial collagen, changes which are intended to adapt the heart 
to its altered situation.  However, increased muscle mass is 
achieved by the enlarging of cardiomyocytes rather than an 

increase in their number, which together with the increased 
interstitial fi brosis ultimately impairs heart performance and 
decreases its elasticity.  Recently, infl ammatory pathways and 
a pro-inflammatory cytokine mechanism have been invoked 
to explain Iso-induced PIR through the promotion of matrix 
metalloproteinase expression in cardiac fibroblasts[36].  These 
post-MI changes contribute to the progression toward CHF, 
characterized by a progressive deterioration in heart function.  
Autopsies have revealed the presence of adiponectin in the 
interstitium of early stage MI lesions, and the presence of 
adiponectin was further found to lie linearly along the border 
of vital myocardium and at the periphery of surviving cardio-
myocytes around lesions in granulation stage MI lesions[37].  
Expression of adiponectin has also been reported in the injured 
myocardium of patients with cardiomyopathy[38].  Our study 
reveals for the fi rst time that the protective effects of Telm in 
vivo and in vitro are associated with enhanced expression of 
cardiac adiponectin.  Thus we posit that Telm may induce car-
diac adiponectin expression in the remodeling of hearts and in 
injured cardiomyocytes.  

In summary, we have demonstrated that Telm treatment 
attenuates Iso-induced PIR in rats and exerts protective effects 
on Iso-treated rat cardiomyocytes.  The cardioprotective 
actions of Telm may be mediated by the activation of ARB/
PPAR-γ/adiponectin pathways and appear to involve cardiac 
expression of the anti-inflammatory cytokine, adiponectin, 
together with suppression of the inflammatory cytokine, 
TNF-α.  The precise cardiac adiponectin-regulated signaling 
that occurs during Iso-induced PIR has yet to be delineated.
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Introduction
The regulation of systemic and pulmonary circulation is a very 
important issue in cardiovascular research.  Systemic circula-
tion differs from pulmonary circulation in several important 
aspects.  The same pathological stimuli may elicit different 
responses from either systemic or pulmonary circulation.  
For example, under hypoxia (20–60 mmHg pO2), pulmonary 
arteries contract while systemic arteries relax[1].  Vasoactive 
substances such as endothelin (ET) and angiotensin II (Ang 
II) play very important roles in the cardiovascular system 
but induce different vascular responses in pulmonary and 

systemic circulation[2–4].  The above-mentioned studies have 
revealed many differences in the responses of systemic and 
pulmonary circulation to pathophysiological stimuli.

In their carefully performed study, Olson et al examined ver-
tebrate vessels and found that H2S produced temporally and 
quantitatively identical responses even though the responses 
varied from constriction (lamprey dorsal; IDA) to dilation (rat 
aorta; rA) to multiphasic (rat and bovine pulmonary arteries; 
rpA and bPA, respectively)[5].  They discovered that the con-
centration of vasoactive H2S in the vessel was governed by a 
balance between endogenous H2S production and its oxidation 
by available O2

[5].  In our study, we tried to analyze the differ-
ence between rat aorta and pulmonary artery at the vasorelax-
ant stage and further explored the role of KATP channels in the 
regulation of the vasorelaxant effect by hydrogen sulfide.  

The endogenous gaseous signaling molecule hydrogen 
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sulfide (H2S) functions as a physiological regulator[6–12].  
Recent studies have shown that cystathinonine gamma-lyase 
(CSE), cystathionine beta synthase (CBS), and 3-mercapto-
pyruvate sulfurtransferase (3MST) are three H2S generating 
enzymes[13–14].  It is shown that H2S relaxes blood vessels and 
lowers blood pressure by opening ATP-sensitive K+ channels 
in vascular smooth muscle cells[15].  To examine and compare 
the pathways used for the endogenous production of H2S in 
aortic and pulmonary arteries, we tested the expression of the 
above-mentioned enzymes.  It has been demonstrated that H2S 
acts as an endogenous KATP channel opener to regulate vascu-
lar tone and that Kir6.1 and SUR2B are the main KATP channel 
subunits expressed in the vascular smooth muscle cells. So 
we tested the protein and mRNA expression of SUR2B and 
Kir6.1 in aortic and pulmonary arteries to investigate the pos-
sible mechanisms responsible for the regulation of vasore-
laxation by H2S.  H2S deficiency has been observed in animal 
models of systemic and pulmonary hypertension[16–18].  It also 
plays important roles in the pathogenesis of cardiovascular 
diseases[16–24].  The main mechanism for the cardiovascular 
actions of H2S was considered to be the activation of KATP 
channels, because H2S increased whole-cell KATP channel cur-
rents in rat aortic vascular smooth muscle cells[15].  However, 
whether H2S exerts different vasorelaxing effects on aortic and 
pulmonary artery rings is unknown.  If it does, the potential 
mechanisms behind these effects are not understood.  There-
fore, this study was designed to observe the vasorelaxing 
effect of H2S on isolated aortic and pulmonary artery rings of 
rats in vitro and to identify the possible mechanisms.

Materials and methods 
Reagents
Glibenclamide (Gli), 5-hydroxydecanoate (5-HD), and nicar-
dipine were purchased from American Sigma Aldrich Com-
pany.  NaHS was dissolved in deionized water and freshly 
prepared solution was used.

Animal preparation
The animal experimental procedures conformed to the “Guide 
for the Care and Use of Laboratory Animals” published by the 
National Institutes of Health (NIH) in the United States and 
was approved by the Animal Research Committee of Peking 
University.  Adult male Wistar-Kyoto (WKY) rats weighing 
220–250 g were purchased from Vital River (Beijing, China).  
Rats were housed in cages and fed a standard laboratory 
diet and fresh water.  The cages were kept in a room with 
controlled temperature (24 °C±1 °C), relative humidity (65%–
70%), and a 12-h light/dark cycle.  

Preparation for aortic and pulmonary artery rings
Male Wistar rats (n=10) were anesthetized with urethane 
(1 g/kg body weight) intraperitoneally.  The thoracic cavity 
was opened quickly, and the thoracic aorta and pulmonary 
artery were rapidly dissected and cleaned from fat and con-
nective tissues.  The artery was separated as carefully as pos-
sible to maintain the vascular activity.  Rings 2–3 mm in length 

were cut and placed in 0 °C Krebs solution and immersed in 
20 mL of organ baths containing pre-warmed Krebs’ bicarbon-
ate buffer filled with 95% O2–5% CO2 at 37 °C.  The composi-
tion of the Krebs solution was as follows (mmol/L): NaCl: 120, 
KCl: 5.5, CaCl2: 2.5, MgCl2·6H2O: 1.2, NaH2PO4: 1.2, NaHCO3: 
20, EDTA-Na2: 0.03, glucose: 10, and pH: 7.2–7.4.  Organ baths 
were filled with oxygenated (95% O2–5% CO2) Krebs solution.

Changes in tension were recorded using force transduc-
ers connected to a PowerLab (BL Newcentrary, TaiMeng, 
Chengdu, China).  First, the aortic rings were stretched pas-
sively to a tension of 1 g, while the pulmonary rings were 
stretched at 0.6 g.  The rings were equilibrated for 1 h before 
starting the experiment.  The endothelia of the rings were 
kept functionally unbroken, as confirmed by their relaxation 
after acetylcholine treatment (1 μmol/L).  The rings were 
contracted with norepinephrine (NE, 1 μmol/L).  When the 
vasoconstriction curves of the rings reached the plateau phase 
of maximum tension, H2S at 50–1000 μmol/L was given and 
the changes in tension were recorded.  In another experiment, 
aortic and pulmonary artery rings were incubated with two 
kinds of KATP channel blockers for 30 min (at a concentration 
of 1×10-6 mol/L) before the physiological dose of 100 μmol/L 
NaHS was given to observe whether the vasorelaxing effect of 
H2S could be blocked.  The relaxation ratio was calculated by 
the relaxation degree and preshrinking degree and expressed 
as a percentage (%).  The relaxation degree and shrinking 
degree, in grams, were recorded by electrophysiolograph.  

Measurement of CSE, CBS, SUR2B and Kir6.1 expression in 
aortic and pulmonary artery rings by Western blotting 
Aortic and pulmonary artery rings from Wistar rats (n=10) 
were homogenized and lysed.  Equal amounts of proteins 
were boiled and separated by SDS-PAGE and electrophoreti-
cally transferred to nitrocellulose membranes according to 
the experimental protocol.  The primary antibody dilutions 
were 1:1000 for CSE, 1:4000 for CBS, 1:500 for SUR2B, 1:200 for 
Kir6.1, and 1:4000 for GAPDH antibodies.  Secondary antibody 
(Santa Cruz) was used at a 1:10000 dilution.  The immunoreac-
tions were visualized by electrochemiluminescence (ECL) and 
exposed to X-ray film (Kodak Scientific Imaging film).  

Measurement of CSE, SUR2B and Kir6.1 expression in aortic and 
pulmonary rings by immunohistochemistry 
After dewaxing by dimethylbenzene, sections of aortic and 
pulmonary artery rings were placed in distilled water and 
treated with 3% H2O2 for 12 min.  The slides were washed 
with PBS three times for 5 min each.  The antigens were then 
exposed for 15 min.  The slides were rinsed again, and the 
samples were blocked for 30 min with goat serum working 
fluid.  Polyclonal antibodies to CSE (1:150), SUR2B (1:50), and 
Kir6.1 (1:50) were added and incubated at 4 °C overnight.  On 
the following day, slides were rinsed three times for 5 min in 
PBS and then incubated with biotinylated anti-mouse, goat, 
or rabbit IgG at 37 °C for 60 min.  Slides were rinsed again in 
PBS three times, and horseradish peroxidase streptavidin was 
added for 30 min at 37 °C, followed by three 5 min-washes 
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with PBS.  DAB was added for color development, and the 
sections were counter-stained with hematoxylin.  The sections 
were dehydrated through a graded ethanol series, treated with 
dimethylbenzene, and then mounted on slides.  The presence 
of brown granules in aortic and pulmonary smooth muscle 
cells and endothelial cells was defined as positive signal.  For 
negative controls, sections were processed as described above 
except that the primary incubation was performed with non-
immune goat serum instead of primary antibodies.

Measurement of SUR2B, Kir6.1, and 3MST mRNA expression in 
aortic and pulmonary artery rings using quantitative real-time 
polymerase chain reaction (PCR)
RNA from aortic and pulmonary artery rings of rats (n=7) 
was extracted using Trizol reagent (GibcoBRL) and reverse 
transcribed using an oligo d(T)18 primer and M-MLV reverse 
transcriptase.  Primers and TaqMan probes used for the 
quantification of cDNAs in samples were designed using the 
Primer Express 3.0 software (Applied Biosystems, Foster City, 
CA, USA).  Primers and probes were synthesized by the SBS 
Company, Limited (Beijing, China).  Quantitative real-time 
PCR was carried out using an ABI PRISM 7300 instrument 
(Applied Biosystems).  The sequences of the primers and 
probes are shown in Table 1.  The PCR condition for SUR2B, 
Kir6.1 and 3MST were as follows: pre-denaturation at 94 °C 
for 5 min, then 94 °C for 30 s, 59.5 °C for 30 s, and 70 °C for 1 
min for 40 cycles.  The PCR condition for β-actin was 95 °C 
for 5 min, 95 °C for 15 s, and 60 °C for 1 min for 40 cycles.  The 
amount of β-actin cDNA in the sample was used to calibrate 
the amount of sample needed for quantification.

Statistical analysis
The data were analyzed by Excel and SPSS 13.0 statistical 
software, and all values were expressed as mean±standard 
deviation.  The relaxation reaction at different concentrations 
of NaHS on aortic and pulmonary artery rings was analyzed 
by an independent sample t-test.  The relaxation reaction to 
treatment of aortic and pulmonary artery rings with physi-

ological concentrations of NaHS (the WKY+NaHS, Gli+NaHS, 
and 5-HD+NaHS groups) was analyzed by one-way ANOVA.  
LSD analysis was used for comparing data between the two 
groups.  The expression of SUR2B, Kir6.1, CSE, CBS, and 
3MST in aortic and pulmonary arteries was compared using 
the paired-sample t analysis.  A level of P<0.05 was set as sta-
tistically significant.

Results
The maximum diastolic effect of aortic and pulmonary artery 
rings to different concentrations of NaHS in rats 
NaHS caused vasorelaxation in rat thoracic aortic and pulmo-
nary artery rings pre-contracted with 1 μmol/L NE in vitro in 
a dose-dependent manner.  H2S at concentrations of 50–1000 
μmol/L dilated aortic rings more noticeably than pulmonary 
artery rings (P<0.05, Figure 1).  The EC50 of the vasorelaxant 
effect on aortic rings was 152.17 μmol/L, while the effect on 
pulmonary artery rings had an EC50 of 233.65 μmol/L.

The effects of a cytomembrane KATP channel blocker and mito
chondrial membrane KATP channel blocker on the vasorelaxing 
effect of H2S on aortic and pulmonary artery rings 
The vasorelaxing effect of H2S was markedly blocked by 
cytomembrane and mitochondrial membrane KATP channel 
blockers (Gli and 5-HD) in aortic rings (P<0.01, Figure 1).  In 
contrast, the H2S-induced vasorelaxing effect on pulmonary 
artery rings could only be blocked by the cytomembrane KATP 
channel blocker (P<0.01, Figure 1) but not by the mitochon-
drial membrane KATP channel blocker (P>0.05, Figure 1).

The different vasoactive response of aortic and pulmonary artery 
rings to different concentrations of NaHS in rats
Within 30 min, all concentrations of hydrogen sulfide (50–1000 
μmol/L) gradually relaxed the rat aorta over time until it 
reached its maximum level of vasorelaxation.  However, in 
rat pulmonary arteries, NaHS (concentrations of 50, 100 and 
200 μmol/L) produced a constriction followed by a relaxation, 

Table 1.  The sequence of the primers and probes of SUR2B, Kir6.1, 3MST and β-actin.

		  Forward primer	 SUR2B-F: 5′-ACCCGCGAGTACAACCTTCTT-3′
	 SUR2B	 Reverse primer	 SUR2B-R: 5′- TCTCATCGCTCAAGAGAAACTCAT-3′
		  Probe	 SUR2B-P: 5′-AGCCATCATCAGCGTTCAGAAGCT-3′

		  Forward primer	 Kir6.1-F: 5′-ACCCGCGAGTACAACCTTCTT-3′
	 Kir6.1	 Reverse primer	 Kir6.1-R: 5′-TATCGTCATCCATGGCGAACT-3′
		  Probe	 Kir6.1-P: 5’-AGGTCATTCACTTCTGCGTTTCTCTTCTCCAT-3′

		  Forward primer	 3MST-F: 5′-CGGCGCTTCCAGGTAGTG-3′
	 3MST	 Reverse primer	 3MST-R: 5′-CTGGTCAGGAATTCAGTGAATGG-3′
		  Probe	 3MST-P: 5′-CGCAGCTGGCCGTTTCCA-3′

		  Forward primer	 β-Actin-F: 5′-ACCCGCGAGTACAACCTTCTT-3′
	 β-Actin	 Reverse primer	 β-Actin-R: 5′-TATCGTCATCCATGGCGAACT-3′
		  Probe	 β-Actin-P: 5′-CCTCCGTCGCCGGTCCACAC-3′



459

www.chinaphar.com
Sun Y et al

Acta Pharmacologica Sinica

npg

and then followed by a reduced relaxation.  This effect was not 
obvious at higher concentrations (500 and 1000 μmol/L) in rat 
pulmonary arteries (Figure 2).  

Immunohistochemical analysis of CSE expression in aortic and 
pulmonary artery rings
CSE protein in aortic and pulmonary artery rings of rats in the 
control group was strongly expressed in the inner membrane 
and tunica media vasorum.  The presence of brown gran-
ules in aortic and pulmonary artery smooth muscle cells and 
endothelial cells was defined as a positive signal (Figure 3).  

CSE and CBS expressions in aortic and pulmonary artery rings by 
Western blotting 
Compared to that in pulmonary artery rings, the expression 
of CSE protein in aortic rings was notably enhanced (P<0.05, 
Figure 4).  However, there was no difference in CBS protein 
expression between aortic and pulmonary artery rings (P>0.05, 
Figure 4).

Expression of SUR2B, Kir6.1 and 3MST by real-time PCR
As measured by semi-quantitative real-time PCR, SUR2B 
mRNA was higher in aortic rings than in pulmonary artery 
rings (P<0.05, Figure 5).  However, Kir6.1 mRNA expression 
did not differ between aortic rings and pulmonary artery rings 
(P>0.05, Figure 5).  3MST mRNA was lower in aortic rings 
than in pulmonary artery rings (P<0.05, Figure 5).

Immunohistochemical analysis of SUR2B and Kir6.1 expression 
in aortic and pulmonary artery rings
The SUR2B and Kir6.1 proteins in aortic and pulmonary artery 
rings from WKY rats were mainly expressed in the medial 
layer of the vessel.  The brown granules in both aortic and 
pulmonary artery smooth muscle cells and endothelial cells 
viewed were defined as positive signals (Figure 6).

SUR2B and Kir6.1 expression in aortic and pulmonary artery 
rings as shown by Western blotting 
Compared to the pulmonary artery rings, the expression of 
SUR2B protein increased in the aortic rings of the Wistar rats 
(P<0.05, Figure 4), but there was no difference in Kir6.1 pro-
tein expression between aortic and pulmonary artery rings 
(P>0.05, Figure 4).

Discussion
In the present study we found that NaHS resulted in the vas-
orelaxation of rat thoracic aortic rings in a dose-dependent 
manner, which was more pronounced than the vasorelaxation 
that occurred in pulmonary artery rings.  In aortic rings, both 
cellular and mitochondrial membrane KATP channel blockers 
markedly inhibited H2S-induced vasorelaxation.  In contrast, 
H2S-induced vasorelaxation in pulmonary artery rings could 
only be blocked by a cellular, but not mitochondrial, mem-
brane KATP channel blocker.  The expression of SUR2B protein 
and mRNA in aortic rings increased compared to pulmonary 
artery rings.

H2S, a novel gaseous signaling molecule, has been consid-
ered to play an important role in the regulation of cardiovas-
cular functions[6–10].  Endogenous cardiovascular H2S is mainly 
produced by CSE[8–10].  R ecent evidence from CSE knockout 
mice suggests that loss of CSE gene expression results in a 
decrease in H2S production and a subsequent rise in blood 
pressure[16].  Furthermore, Shibuya et al and Olson et al showed 
that CSE, CBS, and 3MST were the three important H2S gen-
erating enzymes[13, 14].  In our study, we found that the mRNA 
expression of 3MST in rat aorta was lower than that in the 
pulmonary artery, whereas the CSE protein was higher in the 
rat aorta than in the pulmonary artery.  However, there was 
no difference in CBS protein expression in the rat aorta and 
pulmonary artery.

H2S plays an important role in the regulation of systemic 

Figure 1.  The maximum relaxation response of aortic and pulmonary artery rings to different concentrations of NaHS in rats, and the effect of a KATP 

channel blocker on the vasorelaxing effect of hydrogen sulfide on aortic and pulmonary artery rings (n=10). bP<0.05, cP<0.01 compared to aortic rings.  
fP<0.01 compared to aortic rings without giving KATP channel blocker.  iP<0.01 compared to pulmonary artery rings without giving KATP channel blocker.  
Gli: glibenclamide, 5-HD: 5-hydroxydecanoate.
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Figure 3.  Immunohistochemical analysis of CSE expression in aortic and pulmonary artery rings (DAB×200).  (A) The aortic ring negative control was 
processed without CSE primary antibody.  The thickness of the inner elastic layer was uniform and the structure of smooth muscle cells was normal.  (B) 
The aortic ring was processed with CSE antibody.  CSE protein was strongly expressed in the inner membrane and tunica media vasorum.  The brown 
granules in aortic smooth muscle cells and endothelial cells were defined as positive signals.  (C) The pulmonary artery ring was processed with CSE 
antibody.  The brown granules were observed in pulmonary artery smooth muscle cells and endothelial cells.  CSE, cystathinonine gamma-lyase.

Figure 2.  The different vasoactive response of aortic and pulmonary artery rings to different concentrations of NaHS in rats at the different time points.
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and pulmonary circulation[25–30].  Olson et al showed that in rat 
pulmonary arteries, NaHS produced a transit constriction fol-
lowed by relaxation for 20 to 30 min, which was then followed 
by a second constriction[5].  In a later study, this same group 
carefully examined the effects of Na2S on the conductance 
and resistance responses of the cow and sea lion pulmonary 
arteries and showed that the sea lion arteries had vasodilating 
characteristics[31].  We analyzed the vascular response to H2S 
for 30 min.  We found that in rat pulmonary arteries, NaHS at 
concentrations of 50, 100, and 200 μmol/L produced a transit 
constriction followed by a relaxation for about 20 min, which 
was then followed by a reduced relaxation.  However, this did 
not occur in the rat aorta.

In this study, we found that NaHS caused vasorelaxation of 
rat thoracic aortic and pulmonary artery rings pre-contracted 
with 1 μmol/L NE in vitro in a dose-dependent manner.  The 
mechanism for the vasoconstrictive response to norepinephine 
is the action of NE on the vascular alpha adrenaline receptors, 
resulting in the vasoconstrictive response.  A previous study 
showed that in sheep in vivo, the vasoconstrictor response to 
alpha-adrenergic stimulation was less in the pulmonary cir-
culation compared to the systemic circulation of the fetus[32].  
This same study also indicated that alpha-adrenergic receptor 
density was less pronounced in fetal intrapulmonary vascular 
smooth muscle than that in fetal aortic VSM[32].  The vasorelax-
ing effect of H2S on aortic and pulmonary rings is dependent 

Figure 5.  Expression of SUR2B, Kir6.1 and 3MST by real-time PCR (n=7, mean±SD).  bP<0.05 compared to aortic rings.  SUR2B, a KATP channel subunit.  
Kir6.1, a KATP channel subunit. 3MPST, 3-mercaptopyruvate sulfurtransferase.

Figure 4.  CSE, CBS, SUR2B and Kir6.1 expression 
in aortic and pulmonary artery rings as detected 
by Western blotting (n=10, mean±SD).  bP<0.05 

compared to aortic rings.  CSE, cystathinonine 
gamma-lyase; CBS, cystathionine beta synthase; 
SUR2B, a KATP channel subunit; Kir6.1, a KATP channel 
subunit.
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on this initial pre-contraction.  As far as we know, the differ-
ences in the vasorelaxing effects of H2S between the aortic 
and pulmonary rings involve the following mechanisms: 
the mechanical properties of the blood vessels, the targeting 
ion channel KATP expressions and density where H2S acts on.  
Thus, in our study, we attempted to examine if there were any 
KATP expression-mediated mechanisms in which H2S acts on 
the different arteries.  H2S at concentrations of 50–1000 μmol/
L dilated aortic rings more significantly than pulmonary artery 
rings.  This result indicates that H2S at the same dose induces 
a stronger vasorelaxing effect in aortic rings compared to pul-
monary artery rings.

H2S acts as a regulator of cardiovascular function[33, 34].  The 
opening of smooth KATP channels by H2S has been suggested 
to be one of the mechanisms responsible for H2S-induced 
vasorelaxation in vascular smooth muscle both in vitro and in 
vivo[24].  H2S can open KATP channels in the cell membrane of 
aortic vascular smooth muscle, causing cytomembrane hyper-
polarization.  The KATP channel is very important in the car-
diovascular system[35–41] and H2S acts as an endogenous KATP 
channel opener.  KATP channels are recognized for their cardio-
protective role in ischemia[35].  Evidence suggests that Kir6.1 
and SUR2B are the main KATP channel subunits expressed in 
the vascular smooth muscle[42–44].

Therefore, we investigated the possible mechanisms respon-
sible for the differences in vasorelaxation between aortic 
and pulmonary artery rings induced by H2S by targeting 
KATP channels using cell and mitochondrial membrane KATP 
channel blockers.  The results showed that cellular (Gli) and 
mitochondrial (5-HD) membrane KATP channel blockers could 
block H2S-induced vasorelaxation in aortic rings.  In contrast, 
in pulmonary artery rings, only the cell membrane KATP chan-
nel blocker effectively blocked H2S-induced vasorelaxation.  In 
aortic rings, vasorelaxation by NaHS was 38.4% at a concen-
tration of 100 μmol/L, which was reduced to 20.4% and 26.9% 
when aortic rings were pre-treated with cell and mitochondrial 
membrane KATP channel blockers, respectively.  In pulmonary 
artery rings, the percent of vasorelaxation was 22.2% follow-
ing 100 μmol/L NaHS, which was reduced to 12.8% when 
pre-treated with the cell membrane KATP channel blocker.  
However, pre-treatment with the mitochondrial membrane 
KATP channel blocker did not alter pulmonary artery ring vas-
orelaxation.  We presume that H2S likely induces more obvi-
ous vasorelaxation in aortic rings because H2S opens the KATP 
channels more widely in aortic rings than in pulmonary artery 
rings.

Next, we further examined whether there was any differ-
ences in KATP channel expression between aortic and pulmo-

Figure 6.   Immunohistochemical analysis of SUR2B and Kir6.1 expression in aortic and pulmonary artery rings (DAB×200).  (A) The aortic ring negative 
control was processed without SUR2B primary antibody.  This control had normal smooth muscle cell and endothelial cell structure without brown 
granules.  (B) The aortic ring was treated with SUR2B antibody.  SUR2B protein was strongly expressed in the inner membrane and tunica media 
vasorum.  The presence of the brown granules in aortic smooth muscle cells and endothelial cells was defined as positive signals.  (C) The pulmonary 
artery ring was processed with SUR2B antibody.  Brown granules were observed in pulmonary artery smooth muscle cells and endothelial cells.  (D) The 
aortic ring negative control was treated without Kir6.1 primary antibody.  The structure of smooth muscle cells and endothelial cells was normal and 
had no brown granules.  (E) The aortic ring was treated with Kir6.1 antibody.  Brown granules were strongly expressed in the medial layer of aortic ring.  
(F) The pulmonary artery ring was processed with Kir6.1 antibody.  The brown granules were observed in pulmonary artery smooth muscle cells and 
endothelial cells.  SUR2B, a KATP channel subunit.  Kir6.1, a KATP channel subunit.
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nary artery rings.  The results showed that protein expression 
of the KATP channel subunit SUR2B was higher in aortic than 
pulmonary artery rings.  Furthermore, the mRNA expression 
of SUR2B was higher in aortic rings than in pulmonary artery 
rings.  These findings suggested that the relatively higher 
density of KATP channels in aortic rings was partly responsible 
for the pronounced vasorelaxation observed in isolated aortic 
rings compared to those observed in pulmonary artery rings 
at specific concentrations.  The identification of more profound 
mechanisms involved in the H2S-induced vasorelaxation of 
aortic and pulmonary artery rings requires further investiga-
tion.  
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Introduction
Transient outward potassium currents (Ito) contribute to the 
early repolarization phase of the cardiac action potential[1, 2].  
Two types of Ito are known: Ito (fast), which shows fast recov-
ery kinetics, and Ito (slow), which shows slow recovery kinetics 
that are related to accumulated inactivations[3].  As the major 
component of Ito (slow), the Kv1.4 channel plays an important 
role in the repolarization of cardiac myocytes.  Kv1.4 chan-
nels were inactivated by two well-established processes: N- 
and C-type inactivation.  N-type inactivation results from the 
occlusion of the intracellular side of the pore by a “ball and 
chain” mechanism formed by the NH2 terminus of the channel 
molecule[4–9], while C-type inactivation involves conforma-
tional changes on the extracellular side of the pore[10].  These 
two mechanism are coupled[5]; C-type inactivation is more 
rapid in the presence of N-type inactivation[11] and can be 
affected by open channel blockers.  Recovery from inactivation 

is controlled by the slower C-type mechanism[11], which makes 
it physiologically important.

The L-type calcium channel blocker diltiazem and the 
sodium channel blocker propafenone are widely used in clin-
ics for the treatment of cardiovascular diseases of hyperten-
sion, cardiac angina (for diltiazem) and arrhythmias[12–14].  The 
therapeutic effects are generally believed to be related to the 
L-type calcium channel (for diltiazem) and the sodium chan-
nel (for propafenone).  Recent studies demonstrated that 
diltiazem inhibited the hKv1.5 channel, which conducts ultra 
rapid delayed rectifier currents (Ikur), and Ito, encoded by Kv4.3 
by binding to the open and the inactivated states of the chan-
nels[15–17].  There is evidence that diltiazem decreases Kv1.4 
channel currents expressed in the oocytes of Xenopus laevis[16], 
and propafenone was shown to be an open channel antagonist 
of Kv1.4 channel currents[18], but their detailed characteristics 
have not been studied.  

The present study, in which we used an N-terminal deletion 
construct of Kv1.4 (Kv1.4ΔN) that lacks rapid N-type inacti-
vation but exhibits robust C-type inactivation[19] , was there-
fore designed for the following: (1) to study the properties of 
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diltiazem blockade of the fKv1.4ΔN channel; (2) to study the 
effect of diltiazem on Kv1.4 channel C-type inactivation and 
recovery, and (3) to compare the electrophysiological effects of 
diltiazem on fKv1.4ΔN with those of propafenone.

Materials and methods
Molecular biology 
The constructs and sequences of the cDNA fKv1.4ΔN used in 
this study have been previously described[19–21] and were a gift 
from professor Randall L RASMUSSON (University at Buf-
falo, SUNY).  The construction of fKv1.4ΔN was performed 
by removal of 2–146 amino acid residues from the N-terminal 
domain of Kv1.4, which results in the loss of the fast compo-
nent of inactivation but leaves the C-type inactivation path-
way intact[19–21].  Transcribed fKv1.4ΔN cRNA was prepared in 
vitro using an mMessage mMachine kit (T3 kit, Ambion, USA).

Isolation of oocytes and incubation 
Oocytes were collected from mature female Xenopus laevis 
frogs (Chinese Academy of Science, Beijing, China).  Frogs 
were anesthetized (immersion in 1.5 g/L tricaine) for 30 min, 
followed by surgical removal of the ovarian lobes through a 
lateral incision in the lower abdomen.  The incision was then 
sutured, and the frog was allowed to recover in a container 
with a small amount of water.  When the frogs did not pro-
duce a high quality of oocytes, they were humanely killed via 
a high dose of tricaine.  All procedures were approved by the 
Institutional Animal Care and Use Committee of the Wuhan 
University of China.  

The follicular layer was removed enzymatically by placing 
the ovarian lobes in a collagenase-containing, Ca2+-free OR2 
solution (mmol/L: 82.5 NaCl, 2 KCl, 1 MgCl2 and 5 Hepes, pH 
7.4, with 1–1.5 mg/mL collagenase (Type I, Sigma, USA).  The 
oocytes were gently shaken for about 1 h and washed several 
times with Ca2+-free OR2 solution as previously described[13].  
Finally, defolliculated (stage IV) oocytes were selected and 
placed in ND96 solution (mmol/L): 96 NaCl, 2 KCl, 1 MgCl2, 
1.8 CaCl2 and 5 Hepes, pH 7.4.  Each oocyte was injected with 
about 25–50 nL of fKv1.4ΔN cRNA using a microinjector (WPI, 
Sarasota) and incubated in an 18 °C environment in ND96 
solution with 100 IU/mL penicillin for over 16 h.

Electrophysiology 
The experiment was carried out using a two electrode voltage 
clamp technique.  Oocytes were clamped using a preampli-
fier CA-1B (DAGAN, USA), and the current signals were 
filtered at 2.5 kHz.  Microelectrodes were fabricated from 1.5 
mm o.d. borosilicate glass tubing using a two-stage puller 
(NARISHIGE, Japan) to produce electrodes with resistances 
of 0.5–1.0 MΩ when filled with 3 mmol/L KCl.  Currents were 
recorded at room temperature (20–24 °C).  Recordings were 
made in 2 mol/L [K+]o.  Diltiazem and propafenone were 
separately dissolved in distilled water with a stock solution of 
100 mmol/L.  During recording, oocytes were continuously 
perfused with a control (ND96) or drug-containing ND96 
solution.  Whenever drugs were used, 10 min of perfusion 

time was used to allow equilibration of the drug with the 
oocytes.  After this wash-on period, a series of 500 ms depolar-
izing pulses (from -90 mV to +50 mV at a frequency of 1 Hz 
for 1 min) was employed to ensure a steady-state block before 
beginning the experimental protocols[20].

Data analysis
Data were recorded with a personal computer installed with 
pCLAMP 9.0 (Axon, USA) and analyzed using Clampfit 9.0 
(Axon, USA) and Microsoft Excel software (Microsoft, USA).  
Unless otherwise stated, raw data traces were not leakage or 
capacitance subtracted.  Data are shown as means±SEM.  Sig-
nificant differences were determined using Student’s paired 
t-tests.

Results
Effects of diltiazem on fKv1.4ΔN currents
Voltage-, concentration-, and frequency-dependent blockade of 
diltiazem on fKv1.4ΔN currents
Figure 1A shows representative fKv1.4ΔN current traces 
recorded by applying 5 s pulses from -100 mV to +50 mV in 10 
mV increments in the control, in the presence of 250 μmol/L 
diltiazem, and after the drug washout.  The fKv1.4ΔN currents 
were substantially inhibited by the application of 250 μmol/L 
diltiazem and the effect recovered after washout of the drug 
for 10 min.

Peak-voltage relationships from the control, 250 μmol/L 
diltiazem-treated and drug washout oocyte groups were plot-
ted against clamp potential in Figure 1B.  In this figure, the  
IDIL/ICON ratio was plotted as a function of the membrane 
potential.  Diltiazem decreased the peak currents at transmem-
brane potentials positive to the activation threshold (-30 mV).  
The blockade increased steeply in the voltage range coinciding 
with that of channel activation (between -40 mV and -20 mV) 
and remained constant at voltages above this range.  The peak 
current was blocked by 52.21%±4.63% when the cell mem-
brane was depolarized to +50 mV in 250 μmol/L diltiazem, 
and the effect was reversed by 95% after the drug washout.  
There was a voltage dependence to the action of diltiazem, a 
phenomenon typical of open channel block.  

Figure 1C shows the concentration dependence of fKv1.4ΔN 
current inhibition by diltiazem.  Inhibition of the currents in a 
concentration-dependent manner was measured at the end of 
a 300 ms pulse of +50 mV.  A nonlinear least-squares fit of the 
Hill equation to the individual data points yielded an appar-
ent dissociation constant, KD, for an open channel blockade of 
241.04±23.06 μmol/L (n=5).

To evaluate the longer-term effects of exposing the 
fKv1.4ΔN channel to diltiazem, we applied a series of 500 ms 
depolarizing pulses from -90 mV to +50 mV with a frequency 
of 1 Hz for a period of 1 min.  Figure 2 shows the peak cur-
rents elicited by this protocol, before and after exposure to 250 
μmol/L diltiazem, normalized to the first peak current under 
control conditions.  With increasing pulse numbers, currents in 
both the control and the diltiazem-treated groups decreased.  
The first pulse of the pulse train in the presence of 250 μmol/L 
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Figure 1.  Voltage- and concentration-dependent blockade of fKv1.4ΔN currents by diltiazem.  (A) Channels were expressed in Xenopus oocytes and 
recorded with the two electrode voltage clamp technique.  Currents were obtained by applying 5 s pulses to potentials (P1) ranging from -100 mV to +50 
mV and were followed by the tail currents obtained upon repolarization to +50 mV (P2) under control conditions (a), then in the presence of 250 μmol/L 
diltiazem (b), and finally after 10 min of washout (c).  (B) Current-voltage relationships of fKv1.4ΔN channels under control conditions, in the presence 
of 250 μmol/L diltiazem, and after the drug washout for 10 min.  Currents were normalized to the peak current at +50 mV under control conditions.  
The IDIL/ICON ratio was plotted as a function of the membrane potential.  Data are shown as means±SEM.  (n=5).  (C) Dose-response relationships for 
diltiazem inhibition of fKv1.4ΔN channels at 2 mmol/L [K+]o.  Data were obtained upon repolarization to -90 mV after 1 s pulses to +50 mV, holding 
potential -90 mV.  All values shown were normalized to the peak current in the absence of drug in 2 mmol/L [K+]o.  Continuous line was derived by fitting 
the data to the Hill equation: f=KD/(KD+D), where f is fractional current, KD is the apparent dissociation constant, and D is the diltiazem concentration.  
Symbols and error bar are means±SEM.  fKv1.4ΔN current was reduced to 50% by 241.04±23.06 μmol/L.  

Figure 2.  Frequency-dependent block of fKv1.4ΔN channels by diltiazem.  Currents were elicited by applying a series of depolarising pulses from -90 
mV to +50 mV with a frequency of 1 Hz in the absence (A) and in the presence of 250 μmol/L diltiazem (B).  The peak currents shown in Panel A and B 
were normalized to the maximum control value without drug and plotted in Panel C.  As pulse number increased, currents in both control and diltiazem-
treated groups decreased.  In control cells, there was a use-dependent reduction in the magnitude of the peak current.  When cells were exposed to 
250 μmol/L diltiazem for 10 min before stimulation, there was a reduction in the magnitude of the first peak current compared to the control value and 
then a use-dependent component.  The use-dependent reduction in current with diltiazem was much greater than that seen in control.
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diltiazem showed a decrease relative to the pre-drug control, 
and the magnitude of this reduction in current was similar to 
that seen under steady-state conditions when a sufficiently 
long recovery time was allowed between test pulses.  In both 
the control and the 250 μmol/L diltiazem protocols, there was 
a use-dependent decrease in the peak current when stimulated 
at 1 Hz, but this use-dependent decrease was considerably 
greater in 250 μmol/L diltiazem than under the control con-
ditions.  In control oocytes, the peak current decayed mono-
exponentially from 100% to 78.86%.  In contrast, in 250 μmol/L 
diltiazem the current decayed from 44.14% to 23.07%.  

Effect of diltiazem on the steady inactivation of peak Kv1.4ΔN 
currents
Figure 3A shows the time-dependent progression of the chan-
nel from the rapid open block conformation into a diltiazem-
induced block during a single depolarizing step from -90 mV 
to +50 mV.  For comparison, all current traces were normal-

ized to the peak values under control conditions.  In control 
conditions, the rate of inactivation of fKv1.4ΔN was mono-
exponential with a time constant of 2.32±0.41 s (n=6).  In the 
presence of 10 to 1000 μmol/L diltiazem, inactivation became 
bi-exponential, with a dominant fast exponential.

Figure 3B(a) shows steady-state inactivation as a function of 
holding potential for the fKv1.4ΔN channel both before and 
after exposure to diltiazem.  The relationships were deter-
mined from the two pulse protocol by calculating the ratio of 
the magnitude of the peak current in P2 to the maximum of 
the P2 obtained when P1 was -100 mV.  In this panel, diltiazem 
can be seen to shift the voltage dependence of inactivation to 
the left.  In order to correct the visual error caused by different 
minimum values, the steady-state inactivation relationships 
were renormalized [Figure 3B(b)], thus preferably displaying 
the drift of the steady inactivation curve before and after dilti-
azem treatment.  Figure 3B(b) also shows this shift to the left.  
The half-inactivation (V1/2) and slope factor (k) values from 

Figure 3.  Effect of diltiazem on the steady inactivation of peak Kv1.4ΔN currents.  (A) The time-dependent progression of channel currents.  Currents 
were elicited by applying 1 s pulses from -90 mV to +50 mV in the absence and presence of increasing concentrations of diltiazem.  For comparison, all 
current traces were normalized to the peak values under control conditions.  The smooth continuous line superimposed on each trace is the best fit of 
an exponential function, used to determine the inactivation time constant (s).  The control trace was best fitted by a mono-exponential function (Chebyshev 
method) (a), whereas in the presence of 10 μmol/L–1000 μmol/L diltiazem, inactivation was best fitted by a bi-exponential function (Levenberg-
Marquardt) (b–f).  (B) Steady-state inactivation relationships (a).  The steady-state inactivation for each P1 voltage was calculated as the magnitude 
of the peak current in P2 compared with that from the maximum of the P2 obtained when P1 was -100 mV.  Average data are shown as mean±SEM.  
Steady-state inactivation relationships are shown: fKv1.4ΔN (■) and fKv1.4ΔN+250 μmol/L diltiazem (●).  Continuous lines represent the fit of the data 
to a Boltzmann equation: f=1/{1+exp*[(V–V1/2)/k)]}.  Steady-state inactivation relationships were re-normalized (b).  
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fKv1.4ΔN without diltiazem and fKv1.4ΔN with 250 μmol/L 
diltiazem presented in Figure 4A (a and b) are similar.  No sta-
tistical difference was observed between the control and dilti-
azem conditions.  The K was 4.58±0.75 (n=6) in the control and 
5.06±0.78 (n=6) in the diltiazem treated group, and the V1/2 
was -38.38±0.81 mV in the control and -39.23±0.85 mV (n=6) in 
the diltiazem treated group.

Inactivation of fKv1.4ΔN is best fitted by a single exponen-
tial function (Figure 4B), with an inactivation time constant 
(τinactivation) that averaged 2.32±0.41 s (n=6) at +50 mV.  In the 
presence of diltiazem, the inactivation of fKv1.4ΔN is best fit-
ted with a bi-exponential function, with τfast=0.41±0.04 s and 
τslow=1.78±0.29 s at +50 mV (n=6) [Figure 4A(c)], where τfast rep-
resents the time constant of inactivation induced by the drug 
and τslow represents the time constant of C-type inactivation.  
We found that C-type inactivation was obviously accelerated 

by 250 μmol/L diltiazem at +50 mV.  Over the range 0 mV 
to +50 mV, there is no voltage sensitivity to τinactivation (P>0.05, 
n=6).  In the presence of diltiazem, τfast is voltage indepen-
dent, whereas τslow is voltage dependent.  The time constant 
of C-type inactivation changes was independent of voltage, 
indicating that C-type inactivation of the fKv1.4ΔN channel is 
at least partly independent on activation.  Thus, above 0 mV, 
C-type inactivation has nothing to do with the degree of depo-
larization of membrane voltage; however, C-type inactivation 
becomes correlated to activation in the presence of diltiazem.

Figure 4C shows the plot of the 1/τblock as a function of 
the diltiazem concentration for data obtained at concentra-
tions between 10 μmol/L and 1000 μmol/L.  The straight 
line is the least-squares fit to the equation (1/τblock=k+1[d]+k-1).  
Slope and intercept with the ordinate axis for the fitted rela-
tion yielded a k+1 and k-1 of (0.01±0.002)×106 (mol/L)-1·s-1 and  

Figure 4.  Comparison of the voltage for half-inactivation (V1/2) and slope factor (k) from fKv1.4ΔN without diltiazem and fKv1.4ΔN with 250 μmol/L 
diltiazem (A(a) and A(b)).  (A (a)) V1/2, control=-38.38±0.81 mV (n=6), V1/2, diltiazem=-39.23±0.85 mV (n=6), (A(b)) Kcontrol=4.58±0.75 (n=6), Kdiltiazem=5.06±0.78 
(n=6).  Average data are shown as means±SEM (aP>0.05 vs control), (A(c)) The effect of diltiazem on the rate of inactivation of fKv1.4ΔN channels.  
The time constant of inactivation was acquired by fitting the current trace elicited at +50 mV (P1) ranging from the beginning of the peak of P1 to the 
end of 5 s.  τinactivation, control=2.32±0.41 s (n=6).  In the presence of diltiazem, τfast=0.41±0.04 s and τslow=1.78±0.29 s (n=6).  Average data are shown as 
means±SEM (bP<0.05 vs control).  (B) Diltiazem alters the rate of inactivation for fKv1.4ΔN channels.  Inactivation of fKv1.4ΔN channels is well fitted 
by a single exponential function (Chebyshev method), and is voltage independent (■) over the range 0 mV to +50 mV.  In the presence of diltiazem, the 
inactivation of fKv1.4ΔN is best fitted with a bi-exponential function (Levenberg-Marquardt).  Over the range 0 mV to +50 mV, τfast is voltage independent 
(●), whereas τslow is voltage dependent (▲).  (C) The reciprocal of the diltiazem-induced fast time constant (1/τblock) at +50 mV as a function of the 
diltiazem concentration for data obtained at concentrations in the range between 10 μmol/L and 1000 μmol/L.  The straight line is the least-squares fit 
to equation: 1/τblock=k+1[d]+k-1, where τblock is the time constant of development of block, k+1 and k-1 are the apparent association rate constant and the 
apparent dissociation rate constant, respectively.  The dotted lines is the 95% confidence interval of the fit, each point represents the means±SEM of 6 
experiments.
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2.67±0.25 s-1, respectively.

Effects of diltiazem on the recovery kinetics of fKv1.4ΔN currents 
The rate of recovery from inactivation of the Kv1.4 channel is 
governed by recovery from C-type inactivation.  We measured 
the effect of diltiazem on the rate of recovery from inactiva-
tion in the fKv1.4ΔN channel using a standard gapped pulse 
protocol with a variable interstimulus interval.  The ratio of 
the magnitude of the first and second pulse peak currents was 
used as an indication of the degree of the recovery from inacti-
vation.  

Figure 5A shows the fraction of fKv1.4 channels recovered 
plotted against the interstimulus interval.  In the presence of 

250 μmol/L diltiazem, there is a dramatic decrease in the rate 
of recovery of fKv1.4ΔN channels when compared to the con-
trol.  The envelope of peak ratios was best fitted with a mono-
exponential function.  The presence of 250 μmol/L diltiazem 
increased the time constant for the rate of recovery from inac-
tivation in fKv1.4ΔN.  The mean time constants for recovery 
were 1.73±0.10 s (n=5) in the control and 2.66±0.14 s (n=5) in 
the diltiazem treated group (P<0.05; Figure 5B).  The half time 
constant of recovery (t1/2) for fKv1.4ΔN was 1.01±0.03 s in the 
control and 1.67±0.05 s in the presence of 250 μmol/L dilti-
azem (n=5, P<0.05; Figure 6).  Diltiazem shifted the recovery 
from inactivation curve to the right and slowed the recovery 
time constant and t1/2.

Figure 5.  Effect of diltiazem on the rate of recovery from inactivation in fKv1.4ΔN.  Recovery from inactivation was measured using a standard variable 
interval gapped pulse protocol.  An initial 5 s pulse (P1) from -90 mV to +50 mV was followed by a second pulse (P2) to +50 mV after an interval of 
between 0.1 s and 20 s.  (A) The ratio of the peak current elicited by the P1 and P2 pulses (P2/P1) is plotted against pulse interval to show the recovery 
from inactivation.  The recovery of inactivation was best fitted using the function: f=1–A*exp(-τ/t), where t is duration (in s), τ is the time constant, A is 
the amplitude of the current.  Recovery curves for fKv1.4ΔN and fKv1.4ΔN+diltiazem, holding potential=-90 mV.  (B) Comparison of recovery rate data 
from fKv1.4ΔN without and with 250 μmol/L diltiazem.  The mean time constants for recovery were 1.73±0.10 s (n=5) in control and 2.66±0.14 s (n=5) 
in the diltiazem treated group (bP<0.05 vs control).  

Figure 6.  (A) Average recovery time course for fKv1.4ΔN without diltiazem and with 250 μmol/L diltiazem.  Data were normalized between 0 and 1 
presented with intervals on a log scale.  (B) t1/2 for fKv1.4ΔN was 1.01±0.03 s (n=5) and t1/2 was 1.67±0.05 s (n=5) in the presence of 250 μmol/L 
diltiazem (bP<0.05 vs control).
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Effects of propafenone on fKv1.4ΔN currents
Voltage-, concentration-, and frequency-dependent blockade of 
propafenone on fKv1.4ΔN currents
Figure 7A shows typical fKv1.4ΔN current traces recorded 
by applying 5 s pulses from -100 mV to +50 mV followed 
by the tail currents obtained upon repolarization to +50 mV 
under control conditions, in the presence of 100 μmol/L 
propafenone, and after the drug washout.  As shown, 100 
μmol/L propafenone decreased fKv1.4ΔN currents, with the 
effect recovered upon a 10 min washout.

Peak-voltage relationships under control conditions, 100 
μmol/L propafenone, and after washout are shown in Figure 
7B.  In this figure, the IPRO/ICON ratio is plotted as a function of 
the membrane potential.  Propafenone substantially decreased 
the current amplitude at potentials positive to -30 mV.  The 
IPRO/ICON ratio was plotted as a function of the membrane 

potential; the blockade increased steeply in the voltage range 
coinciding with that of channel activation (between -40 mV 
and -20 mV), and it remained constant thereafter.  The peak 
current was blocked by 51.82%±2.35% when depolarized 
to +50 mV in 100 μmol/L propafenone, and the effect was 
reversed by 96% after the drug washout.  There was a voltage 
dependence related to the action of propafenone, a phenom-
enon typical of open channel block.

The concentration dependence of open channel propafenone 
block of peak fKv1.4ΔN currents at 2 mmol/L [K+]o is shown 
in Figure 7C.  Data were obtained upon repolarization to -90 
mV after 1 s pulses to +50 mV (holding potential: -90 mV).  
The concentration dependence of the blockade of fKv1.4ΔN 
currents was best fitted to the Hill equation.  The KD value for 
open channel block of fkv1.4ΔN was 103.68±11.25 μmol/L 
(n=5).

Figure 7.  Voltage- and concentration-dependent blockade by propafenone on fKv1.4ΔN currents.  (A) Current recordings from two-electrode voltage 
clamp of oocytes expressing fKv1.4ΔN.  Currents were obtained by applying 5 s pulses to potentials (P1) ranging from -100 mV to +50 mV followed by 
the tail currents obtained upon repolarization to +50 mV (P2) under control conditions (a), then in the presence of 100 μmol/L propafenone (b), and 
finally after 10 min of washout (c).  (B) Current-voltage relationships of fKv1.4ΔN channels under control conditions, in the presence of 100 μmol/L 
propafenone, and after the drug washout for 10 min.  Currents were normalized to the peak current at +50 mV under control conditions.  The IPRO/ICON 
ratio was plotted as a function of the membrane potential.  Data are shown as means±SEM (n=5).  (C) Dose-response relationships for propafenone 
inhibition of fKv1.4ΔN channels at 2 mmol/L [K+]o.  Data were obtained upon repolarization to -90 mV after 1 s pulses to +50 mV, holding potential -90 
mV.  All values shown were normalized to the peak current in the absence of drug in 2 mmol/L [K+]o.  Continuous line was derived by fitting the data to 
the Hill equation: f=KD/(KD+D), where f is fractional current, KD is the apparent dissociation constant, and D is the propafenone concentration.  Symbols 
and error bar are means±SEM.  fKv1.4ΔN current was reduced to 50% by 103.68±11.25 μmol/L.
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To determine the longer-term effects of exposing the 
fKv1.4ΔN channel to propafenone, we applied a series of 500 
ms depolarizing pulses from -90 mV to +50 mV with a fre-
quency of 1 Hz for a period of 1 min.  Figure 8 shows the peak 
currents recorded by this protocol, before and after exposure 
to 100 μmol/L propafenone, normalized to the first peak cur-
rent under control conditions.  With increasing pulse numbers, 
the currents in both the control and the propafenone-treated 
groups decreased.  The first pulse of the pulse train in the pres-
ence of 100 μmol/L propafenone showed a decrease relative 
to the pre-drug control, and the magnitude of this reduction 
was similar to that seen under steady-state conditions when 
an adequately long recovery time was allowed between test 
pulses.  In both the control and the 100 μmol/L propafenone 
protocols, there was a use-dependent decrease in the peak cur-
rent when stimulated at 1 Hz, but this use-dependent decrease 
was much greater in 100 μmol/L propafenone than in the con-
trol.  In control oocytes, the peak current decayed mono-expo-
nentially from 100% to 74.52%.  By contrast, in 100 μmol/L 
propafenone, the current decreased from 49.72% (due to initial 
rapid open channel block) to 35.20% in the steady state.  

Effect of propafenone on the steady inactivation of peak 
Kv1.4ΔN currents
The time-dependent progression of the channel from the rapid 
open block conformation into a propafenone-induced block 
was studied during a single depolarizing step from -90 mV to 
+50 mV (Figure 9A).  For comparison, all current traces were 
normalized to the peak values under control conditions.  In 
control conditions, the rate of inactivation of fKv1.4ΔN was 
mono-exponential with a time constant of 2.32±0.41 s (n=6).  
In the presence of 10 to 500 μmol/L propafenone, inactivation 
became bi-exponential, with a dominant fast exponential.  

Figure 9B(a) shows the inactivation curves in the absence 
and presence of 100 μmol/L propafenone.  The steady-state 
inactivation relationships were determined from the two pulse 
protocol by calculating the ratio of the magnitude of the peak 
current in P2 to the maximum of the P2 obtained when P1 was 
-100 mV.  In this panel, propafenone can be seen to shift the 

voltage dependence of inactivation to the left.  However, after 
steady-state inactivation relationships were renormalized 
[Figure 9B(b)], we found that propafenone did not shift the 
voltage dependence of inactivation.  Under control conditions, 
the V1/2 and K values averaged -41.29±5.21 mV and 1.13±0.09 
(n=6), and 100 μmol/L propafenone did not modify either the 
V1/2 (-50.62±6.77 mV) or the K (1.62±0.27) (n=6) [Figure 10A(a 
and b)].

Inactivation of fKv1.4ΔN is best fitted by a single exponen-
tial function (Figure 10B), with τinactivation=2.32±0.41 s (n=6) at 
+50 mV.  In the presence of propafenone, the inactivation of 
fKv1.4ΔN is best fitted with a bi-exponential function, with 
τfast=0.44±0.03 s and τslow=2.23±0.23 s (n=6) at +50 mV [Figure 
10A(c)].  We found that C-type inactivation was not shifted by 
100 μmol/L propafenone at +50 mV.  Over the range of 0 mV 
to +50 mV, there was no voltage sensitivity to τinactivation (P>0.05, 
n=6).  In the presence of propafenone, both τfast and τslow were 
voltage independent.  

Figure 10C shows the plot of the 1/τblock as a function of the 
propafenone concentration for data obtained at concentra-
tions between 10 μmol/L and 500 μmol/L.  The straight line 
is the least-squares fit to the equation (1/τblock=k+1[d]+k-1), and 
the apparent association and dissociation rate constants were 
(0.02±0.002)×106 (mol/L)-1·s-1 and 1.87±0.15 s-1, respectively.

Effects of propafenone on the recovery kinetics of fKv1.4ΔN 
currents 
The effects of propafenone on the recovery kinetics of the 
fKv1.4ΔN channel expressed in Xenopus oocytes are presented 
in Figure 11A.  The fraction of fKv1.4 channels recovered 
was plotted against the interstimulus interval.  The mean 
time constants of recovery from the steady-state inactivation 
were 1.78±0.09 s (n=5) in the control and 1.86±0.14 s (n=5) in 
the propafenone treated group (P>0.05; Figure 11B).  In the 
presence of 100 μmol/L propafenone, there is no significant 
change in the rate of recovery of fKv1.4ΔN compared to the 
control.  The half time constant of recovery for fKv1.4ΔN was 
1.14±0.04 s in the control and 1.49±0.05 s in the presence of 100 
μmol/L propafenone (n=5, P>0.05; Figure 12).  These results 

Figure 8.  Frequency-dependent block of fKv1.4ΔN channel by propafenone.  Currents were elicited by using a series of depolarising pulses from -90 
mV to +50 mV with a frequency of 1 Hz in the absence (A) and in the presence of 100 μmol/L propafenone (B).  The peak currents shown in Panel A 
and B were normalized to the maximum control value without drug and plotted in Panel C.  As pulse number increased, currents in both control and 
propafenone-treated groups decreased.  In control cells, there was a use-dependent reduction in the magnitude of the peak current.  When cells were 
exposed to 100 μmol/L propafenone for 10 min before stimulation, there was a reduction in the magnitude of the first peak current compared to the 
control value and then a use-dependent component.  The use-dependent reduction in current with propafenone was obviously greater than that seen in 
control.
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indicate that propafenone does not affect the recovery of 
fKv1.4ΔN channels from inactivation.

Discussion 
The L-type calcium channel blocker diltiazem and the sodium 
channel blocker propafenone have been reported to block sev-
eral cloned potassium channels, including Kv1.1, Kv1.2, Kv1.4, 
Kv1.5, Kv2.1, Kv4.2, and hERG channel currents[16, 21-24].  For 
instance, diltiazem, at concentrations of 0.01 nmol/L to 500 
μmol/L, suppressed the hKv1.5 potassium channel expressed 
in mouse fibroblasts with an estimated IC50 of 42.3 μmol/L[17].  
But in human atrial myocytes, IKur was blocked by diltiazem 
at relatively low concentrations (IC50=11.2 μmol/L)[25 ].  In 
Chinese hamster ovary cells, diltiazem (109.9 μmol/L) was 
reported to suppress the Kv4.3 channel by 50%[17].  Diltiazem 
blocked Ito (fast) in human atrial myocytes with an IC50 of 29.2 
μmol/L[26].  Propafenone was shown to depress hERG chan-

nel currents in human embryonic kidney cells with an IC50 of 
440 μmol/L[22], and it was shown to block hKv1.5 channels in 
a concentration-, voltage-, time- and use-dependent manner 
with an IC50 value of 4.4 mmol/L[23].  Propafenone was also 
shown to inhibit Ito in rabbit atrial myocytes and rat ventricu-
lar myocytes[26], as well as to inhibit the hyperpolarization-
activated inward current in isolated human atrial myocytes[27] 
and IKr in sinoatrial node cells, rabbit atrial myocytes and 
guinea pig ventricular myocytes[26, 28–29].  

Limited data are available for the Kv1.4 potassium chan-
nel.  In Xenopus oocytes, diltiazem and propafenone have 
been reported to reduce fKv1.4 potassium channel currents, 
and 100 μmol/L diltiazem and 100 μmol/L propafenone were 
reported to suppress Kv1.4 potassium channel tail currents by 
10% and 11%, respectively[16].  Propafenone was shown to be 
an open channel antagonist of Kv1.4 channel currents[18], but 
the mechanism of the drug block was not examined.  Our find-

Figure 9.  Effect of propafenone on the steady inactivation of peak Kv1.4ΔN currents.  (A) The time-dependent progression of channel currents.  
Currents were recorded by using 1 s pulses from -90 mV to +50 mV in the absence and presence of increasing concentrations of propafenone.  For 
comparison, all current traces were normalized to the peak values under control conditions.  The smooth continuous line superimposed on each trace 
is the best fit of an exponential function, used to determine the inactivation time constant (s).  The control trace was best fitted by a mono-exponential 
function (Chebyshev method) (a), whereas in the presence of 10–500 μmol/L propafenone, inactivation was best fitted by a bi-exponential function 
(Levenberg-Marquardt) (b–f).  (B) Steady-state inactivation relationships (a).  The steady-state inactivation for each P1 voltage was calculated as the 
magnitude of the peak current in P2 compared with that from the maximum of the P2 obtained when P1 was -100 mV.  Average data are shown as 
mean±SEM.  Steady-state inactivation relationships are shown: fKv1.4ΔN (■) and fKv1.4ΔN+100 μmol/L propafenone (●).  Continuous lines represent 
the fit of the data to a Boltzmann equation: f=1/{1+exp*[(V-V1/2)/k)]}.  Steady-state inactivation relationships were re-normalized (b).  
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ings agree with these reports; however, we found that block-
ade required relatively high drug concentrations.  

In the current study, it has been shown that both diltiazem 
and propafenone are blockers of the fKv1.4 channel.  Starting 
with concentrations of 10 μmol/L, up to 50% of the fKv1.4 
channel currents were blocked with 241 μmol/L diltiazem 
and 103 μmol/L propafenone.  Although the concentrations 
required were higher, in interpreting the results, it has to be 
further considered that in the oocyte expression system, a 
fivefold to ten fold higher concentration of antiarrhythmic 
drugs is needed to obtain an effect comparable to that seen in 
mammalian cells lines[16].  Thus, it can be assumed that in car-
diomyocytes, both diltiazem and propafenone have an even 
stronger effect on the Kv1.4 channel than that reported in this 
study in Xenopus oocytes.  

Diltiazem and propafenone are different types of antiar-
rhythmic drugs.  The electrophysiological effects of the two 

drugs on fKv1.4ΔN channel inactivation have been deter-
mined.  Both drugs decrease fKv1.4ΔN channel currents in 
voltage-, concentration-, and frequency-dependent manners.  
However, the difference between the two drugs is three fold.  
First, our results have demonstrated that diltiazem exhibits 
a similarly high affinity for fKv1.4 channels and that the con-
centration of blockade is slightly higher than that needed to 
block L-type calcium channels[16], while propafenone exhibits a 
higher binding affinity for fKv1.4 channels compared with dil-
tiazem.  Second, in the presence of diltiazem, the magnitude of 
the peak current is obviously reduced, and the rate of inactiva-
tion is increased compared with the control.  The τinactivation val-
ues we found were 2.32±0.21 s and 1.78±0.19 s in the absence 
and presence of 250 μmol/L diltiazem, respectively; however, 
100 μmol/L propafenone did not increase the C-type inactiva-
tion time constant. Third, diltiazem slows recovery from inac-
tivation, but propafenone has no effect on this process.

Figure 10.  Comparison of the voltage for V1/2 and K from fKv1.4ΔN without propafenone and fKv1.4ΔN with 100 μmol/L propafenone [A(a) and A(b)].  
[A(a)] V1/2, control=-41.29±5.21 mV (n=6), V1/2, propafenone=-50.62±6.77 mV (n=6); [A(b)] Kcontrol=1.13±0.09 (n=6), Kpropafenone=1.62±0.27 (n=6); [A(c)] The effect 
of propafenone on the rate of inactivation of fKv1.4ΔN channels.  The time constant of inactivation was acquired by fitting the current trace elicited 
at +50 mV (P1) ranging from the beginning of the peak of P1 to the end of 5 s.  τinactivation, control=2.32±0.41 s (n=6).  In the presence of propafenone, 
τfast=0.44±0.03 s and τslow=2.32±0.23 s (n=6).  Average data are shown as means±SEM (aP>0.05, bP<0.05 vs control).  (B) Effect of propafenone on 
the rate of inactivation for fKv1.4ΔN channels.  Inactivation of fKv1.4ΔN channels is well fitted by a single exponential function (Chebyshev method), 
and is voltage independent (■) over the range of 0 mV to +50 mV.  In the presence of propafenone, the inactivation of fKv1.4ΔN is best fitted with a bi-
exponential function (Levenberg-Marquardt).  Over the range of 0 mV to +50 mV, both τfast (●) and τslow (▲) are voltage independent.  (C) The reciprocal 
of the propafenone-induced fast time constant (1/τblock) at +50 mV as a function of the propafenone concentration for data obtained at concentrations 
in the range between 10 and 500 μmol/L.  The straight line is the least-squares fit to equation: 1/τblock=k+1[d]+k-1, where τblock is the time constant of 
development of block, k+1 and k-1 are the apparent association rate constant and the apparent dissociation rate constant, respectively.  The dotted lines 
is the 95% confidence interval of the fit, each point represents the means±SEM of 6 experiments.
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Diltiazem induced a voltage-dependent block of fKv1.4 
channels that increased over the voltage range of channel 
activation.  When channel activation reached saturation, the 
block induced by diltiazem remained increased, an effect that 
resembles the action of propafenone on fKv1.4[18], and there 
was a voltage dependence to the action of both drugs.  

The rate of fKv1.4 current decay in the control could be fit-
ted to a single exponential function, and in the presence of 
diltiazem and propafenone, the inactivation became biexpo-
nential, characterized by the extremely fast drug-induced inac-
tivation and the relatively slower C-type inactivation.  The dil-
tiazem-induced C-type inactivation was much faster than that 
seen under control conditions, which may be explained by the 
mechanism in which binding of drug to the intracellular site 
of the channel triggers a conformational change at the external 

mouth of the pore that facilitates C-type inactivation.  This 
phenomenon was also observed in the same channel induced 
by quinidine and verapamil[18, 20].  However, propafenone did 
not increase the C-type inactivation time constant, demonstrat-
ing that binding of propafenone to the channel did not induce 
a conformational change at the external mouth of the pore.

The two drug-induced extra component of inactivation 
[rapid inactivation(τfast)] had a time constant that was much 
faster than that of slow inactivation; therefore, this fast time 
constant can be considered to represent the interaction of the 
drug with the open state.  Using the time constants of devel-
opment for fKv1.4 blockade obtained in the range of 10–1000 
μmol/L (for diltiazem) and 10–500 μmol/L (for propafenone), 
the k+1 and k-1 constants for diltiazem and propafenone were 
obtained.  Assuming a first order reaction drug/channel inter-

Figure 11.  Effect of propafenone on the rate of recovery from inactivation in fKv1.4ΔN.  Recovery from inactivation was measured using a standard 
variable interval gapped pulse protocol.  An initial 5 s pulse (P1) from -90 mV to +50 mV was followed by a second pulse (P2) to +50 mV after an interval 
between 0.1 and 20 s.  (A) The ratio of the peak current elicited by the P1 and P2 pulses (P2/P1) is plotted against pulse interval to show the recovery 
from inactivation.  The recovery of inactivation was best fitted using the function: f=1–A*exp(-τ/t), where t is duration (in s), τ is the time constant, A 
is the amplitude of the current.  Recovery curves for fKv1.4ΔN and fKv1.4ΔN+propafenone, holding potential=-90 mV.  (B) Comparison of recovery 
rate data from fKv1.4ΔN without and with 100 μmol/L propafenone.  The mean time constants for recovery were 1.78±0.09 s (n=5) in control and 
1.86±0.14 s (n=5) in the propafenone treated group (aP>0.05 vs control).

Figure 12.  (A) Average recovery time course for fKv1.4ΔN without propafenone and with 100 μmol/L propafenone.  Data were normalized between 
0 and 1 presented with intervals on a log scale.  (B) t1/2 for fKv1.4ΔN was 1.14±0.04 s (n=5) and t1/2 was 1.49±0.05 s (n=5) in the presence of 100 
μmol/L propafenone (aP>0.05 vs control).
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action, the ratio k-1/k+1 would give the apparent IC50 of 267 
μmol/L (for diltiazem) and 113 μmol/L (for propafenone)[30, 31].  
This estimate was independent of but similar to the IC50 calcu-
lated from the respective concentration-response curve.  The 
similarity of the IC50 values obtained by the two independent 
methods supports the open-channel block model used to cal-
culate the rate constants for the Kv1.4 channel.  Diltiazem and 
propafenone-induced blockade of Kv1.4 channels developed 
during depolarization, and no blockade happened when the 
channel closed, which strongly suggests that both drugs are 
open state blockers of the Kv1.4 channel.

From this study, we found that diltiazem blockade of the 
fKv1.4ΔN channel was a complex process that may involve 
more than one conformational state.  First, diltiazem blocks 
the open channel with rapid kinetics as fast as activation kinet-
ics because diltiazem does not change the steady state activa-
tion.  Second, diltiazem binds to the channel and blocks it in a 
voltage- and time-dependent manner.  Finally, the binding of 
diltiazem to the channel enhances C-type inactivation.  Based 
on previous results showing that retardation of C-type inacti-
vation dramatically reduced E-4031 binding affinity in hERG 
channels[32], we concluded that an interaction between drug 
binding and C-type inactivation exists.  

Clinically, diltiazem is widely used as an anti-arrhythmic 
and anti-anginal drug.  It has been reported that the cardiac 
action potentials in mice were lengthened by 10 nmol/L dilti-
azem, a finding that may be explained by diltiazem-induced 
blockade of the Ito

 (slow) currents generated by the Kv1.4 
channel[33].  The Kv1.4 channel, as the major component of Ito 
(slow), which in turn is a major contributor to phase 1 and the 
early part of phase 2 of the action potential, plays an impor-
tant role in the repolarization of the endocardial region of the 
left ventricle[34].  Therefore, the reduction of Kv1.4 induced by 
diltiazem prolongs action potential durations.  Propafenone 
has a similar effect.

In this study, we found that in response to the faster fre-
quency stimulations, fKv1.4ΔN channel currents were signifi-
cantly reduced.  Opening the channel with a faster frequency 
may facilitate entry of the drug into the channel.  These con-
formation-specific drug-binding properties lead to some clini-
cally important issues, such as use dependence.  The effects of 
micromolar diltiazem on fKv1.4 are moderate but are likely to 
be enhanced during tachyarrhythmias due to the frequency 
dependence of the drug’s action, and propafenone shares these 
characteristics.  Decreasing recovery rates could attenuate the 
shortening of the action potential duration caused by dilti-
azem-induced inhibition of L-type calcium channels.  Because 
diltiazem and propafenone have different antiarrhythmic 
effects, their blockade actions on the Kv1.4ΔN channel must 
be considered when diltiazem is applied in combination with 
propafenone or other potassium channel blockers such as 
amiodarone.
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Introduction
Endothelial cells (ECs) located in the inner lining of the vas-
cular space play a key role in maintaining essential physi-
ological processes of the vasculature[1].  Serving as a barrier 
between the bloodstream and vascular wall, ECs are sensi-
tive to pathological stimuli in the body.  Once activated by 
extracellular mediators, ECs initiate a variety of inflamma-
tory responses, which ultimately lead to the formation of 
cardiovascular diseases.  Lipopolysaccharide (LPS), the major 
portion of the outer membrane of gram-negative bacteria, is 
a strong risk factor for vascular inflammation[2].  In the patho-
genesis of infectious diseases, high levels of LPS directly lead 
to the occurrence of inflammatory responses elicited by ECs, 
including enhancement of endothelial permeability, secretion 
of chemokines and recruitment of circulating leukocytes[3].  
Among these activities, LPS-induced interleukin-8 (IL-8) 

expression should receive more attention for its substantial 
contribution to endothelial damage.  As an early chemotactic 
signal in an inflammation reaction, IL-8 not only promotes the 
recruitment and adhesion of leucocytes but also mediates the 
complex activation of ECs[4, 5].  Therefore, the inhibition of IL-8 
expression in activated ECs has been considered as a potential 
therapeutic strategy against vascular inflammation.

Chitosan, the deacetylated derivative of chitin, is a linear 
polymer of β-(1,4)-linked D-glucosamine[6].  Chitosan oligosac-
charides (COS) are depolymerized products of chitosan by 
either chemical or enzymatic hydrolysis.  As a cellulose-like 
biopolymer, COS are mainly produced from the exoskeleton of 
crustaceans and the cell walls of fungi and insects.  Tradition-
ally, COS were recommended as a healthy food in Asian coun-
tries for their diverse pharmacological effects such as antioxi-
dant, antimicrobial, antitumor and antidiabetic activities[7–10].  
In addition, recent studies suggest that COS have potential 
anti-inflammatory properties in vivo and in vitro.  For example, 
Song et al reported that COS may be a potential immunoadju-
vant for the treatment of metastatic tumors[11].  In the studies 
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by Villiers et al, chitosan was found to regulate the balance 
of dendritic cell-induced IL-10 and IL-12 production[12].  In 
addition, COS were shown to inhibit the production of nitric 
oxide, IL-6 and tumor necrosis-α (TNF-α) in activated murine 
macrophages (RAW264.7)[13, 14].  To the best of our knowledge, 
however, no studies have been performed to examine the 
effect of COS on LPS-induced IL-8 production in ECs, which 
may be helpful for determining the effect of COS in the treat-
ment of vascular diseases.  

Human umbilical vein endothelial cells (HUVECs) were 
demonstrated to be a useful in vitro model for studying the 
expression and regulation of inflammatory cytokines in 
response to exogenous stimuli[15].  The aim of this study was 
to explore whether and how COS inhibited IL-8 production 
in LPS-induced HUVECs.  We evaluated the inhibition of IL-8 
gene expression by COS in HUVECs at the transcriptional and 
translational levels.  In addition, we assayed the suppressive 
effects of COS on LPS-induced HUVEC migration and U937 
monocyte adhesion to HUVECs.  To identify the underling 
mechanism(s) by which COS inhibits IL-8 over-production in 
HUVECs, we explored the roles of nuclear factor κB (NF-κB), 
p38 mitogen-activated protein kinase (MAPK) and phosphoki-
nase Akt after LPS exposure.

Materials and methods
Chemicals and reagents
COS were prepared by our laboratory (the degree of deacety-
lation was over 95%) and were free of endotoxin according to 
a limulus amebocyte lysate test[16].  The weight percentages of 
COS with degrees of polymerization (DP) of 2–6 in an oligo-
mixture were 3.7%, 16.1%, 28.8%, 37.2%, and 14.2%, respec-
tively.  LPS from Escherichia coli and 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained 
from Sigma (St Louis, MO, USA).  The p38 MAPK inhibitor 
(SB203580) was purchased from Invitrogen Corporation 
(Carlsbad, CA, USA).  The phosphatidylinositol 3-kinase 
(PI3K) inhibitor (LY294002), rabbit anti-NF-κB p65 polyclonal 
antibody and 2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluo-
rescein, acetoxymethyl ester (BCECF AM) were obtained from 
Beyotime Institute of Biotechnology (Jiangsu, China).  Rabbit 
anti-p38 MAPK, anti-phospho-p38 (p-p38) MAPK, anti-Akt, 
anti-phospho-Akt (p-Akt), anti-c-Jun, anti-phospho-c-Jun (p-c-
Jun) and anti-GAPDH polyclonal antibodies and horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG were 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA).  Dulbecco’s-modified Eagle’s medium F12 (DMEM-
F12), RPMI-1640 medium and fetal bovine serum (FBS) were 
obtained from Gibco (Grand Island, NY, USA).

Cell culture and drug treatment
HUVECs were isolated from normal human umbilical cords, 
digested with 0.05% trypsin and 0.02% EDTA, and eluted with 
DMEM-F12.  Cells were grown in DMEM-F12 containing 5 
units/mL heparin, 30 µg/mL endothelial cell growth supple-
ments, 100 units/mL penicillin, 100 units/mL streptomycin 
and 10% FBS.  At confluence, the cells were subcultured at a 

1:3 ratio and then cultured in an atmosphere of 95% air and 5% 
CO2 at 37 °C.  Passage 2–6 was chosen for experiments.  The 
U937 monocytic cell line from Wuhan Institute of Cell Biol-
ogy (Wuhan, China) was maintained in RMPI-1640 medium 
supplemented with 10% FBS and antibiotics.

After reaching sub-confluence, the HUVECs were pretreated 
with vehicle or COS (50–200 μg/mL) in DMEM-F12 with 1% 
FBS for 24 h.  The cells were then washed with phosphate-
buffered saline (PBS, pH 7.4) and exposed to 100 ng/mL of 
LPS for different time intervals.

Cell viability assay
HUVECs were plated at a density of 5×103 cells/well into 
96-well plates containing 150 μL of DMEM-F12 with 10% FBS 
and incubated overnight.  Cells were treated with 150 μL of 
COS (50–200 μg/mL) or LPS (100 ng/mL) in DMEM-F12 with 
1% FBS for 24 h.  After the treatment, the cells were washed 
with PBS and incubated with MTT (5 mg/mL) in culture 
medium with 1% FBS.  Following 3 h of incubation at 37 °C, 
the medium was discarded, and the formazan blue, which 
formed inside the cells, was dissolved in 100 μL of DMSO.  
The optical density at 490 nm was determined with a Sunrise 
Remote Microplate Reader (Grodig, Austria).  The cell viability 
of each well was presented as percentage of the control level.

Reverse transcriptase-polymerase chain reaction (RT-PCR)
Total RNA was extracted from HUVECs using TRIZOL 
(Takara, Dalian, China).  Reverse transcription was performed 
in 10-μL reaction mixtures containing 1 μg total RNA, 2.5 units 
AMV reverse transcriptase, 25 pmol oligo-dT primer, 10 nmol 
dNTP mixture and 20 units RNase inhibitor (Bioer, Hang-
zhou, China) at 42 °C for 1 h and 95 °C for 5 min.  To quantify 
the IL-8 mRNA expression in HUVECs, RT-PCR was carried 
out in 20-μL PCR reaction mixtures containing 1 µL cDNA 
reaction mixture, 10 nmol dNTP mixture, 10 pmol sense and 
antisense primers, and 2 units BioReady rTaq polymerase 
(Bioer, Hangzhou, China).  The following primers were used 
for mRNA amplification: IL-8 (292 bp, sense 5’-ATG ACT TCC 
AAG CTG GCC GTG GCT-3’; antisense 5’-TCT CAG CCC TCT 
TCA AAA ACT TCT C-3’) and GAPDH (230 bp, sense 5’-CTC 
TCT GCT CCT CCT GTT CGA CAG-3’; antisense 5’-GTG 
GAA TCA TAT TGG AAC ATG T-3′).  The thermal cycling 
program was as follows: 4 min at 94 ºC for initial denaturation 
and 30 cycles of 30 s at 94 °C, 30 s at 60 °C for IL-8 and 54 °C 
for GAPDH, and 30 s at 72 °C.  For PCR product analysis, 6 
μL of each reaction mixture was electrophoresed on a 1.5% 
agarose gel containing 1% GoldViewTM.  Band intensities were 
analyzed with ImageJ software (NIH, USA) and are presented 
as a percentage of GAPDH expression.  

Enzyme-linked immunosorbent assay (ELISA) for IL-8
The concentration of IL-8 in the culture medium was detected 
with an ELISA kit according to the manufacturer’s instructions 
(R&D Systems, Minneapolis, USA).  Briefly, 100 μL of experi-
mental supernatants or IL-8 standard dilution was added into 
a microplate pre-coated with anti-IL-8 human monoclonal 
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antibody and incubated for 1.5 h at 37 °C.  The microplate 
was then washed, reacted with detection antibody for 1 h 
and washed again.  Next, horse radish peroxidase (HRP) 
was added for a 30-min incubation before another wash and 
subsequent incubation with the substrate solution for 15 min.  
Finally, the reaction was stopped with 2 mol/L H2SO4 and 
the absorbance of each well was measured at 450 nm using 
a Sunrise Remote Microplate Reader (Grodig, Austria).  The 
concentration of IL-8 (pg/mL) was acquired by comparing the 
absorbance values to those obtained from a standard curve.

Wound healing migration assay
HUVECs were seeded at a density of 105 cells/well in 24-well 
plates in DMEM-F12 with 10% FBS.  After reaching sub-
confluency, the cells were pretreated with COS as described 
above.  Subsequently, the cell monolayer was scratched with 
a pipette tip to obtain a “wounded” zone.  The medium and 
dislodged cells were aspirated, and then the remaining cells 
were exposed to LPS (100 ng/mL) for 12 h.  After incubation, 
the cells were washed with PBS, fixed with 4% paraformalde-
hyde, and stained with hematoxylin and eosin.  Cell migration 
was observed, and photos were taken using a phase contrast 
microscope (Wetzlar, Germany).  The number of migrated 
cells in the wounded area under different experimental condi-
tions was counted using a pre-defined frame.

Monocytic cell adhesion assay
HUVECs were grown in DMEM-F12 with 10% FBS at a den-
sity of 105 cells/well in 24-well plates.  After growth to sub-
confluence, the cells were pretreated with COS as described 
above.  Following the pretreatment, the cells were washed 
with PBS and exposed to LPS (100 ng/mL) for 4 h.  U937 
monocytes were incubated in RPMI-1640 medium contain-
ing 10% FBS and 10 µmol/L of fluorescent dye BCECF-AM at 
37 °C for 1 h.  Fluorescence-labeled U937 cells were washed 
with PBS twice and seeded at a density of 5×104 cells/well 
onto HUVECs treated with COS and/or LPS.  After incuba-
tion at 37 °C for 1 h, non-adherent U937 cells were removed 
by gentle washing with PBS, and the images of random fields 
were captured using a Leica DMRX microscope (Wetzlar, Ger-
many).  The fluorescent intensity of each image was measured 
with Image-Pro Plus 6.0 software (Media Cybernetics, USA).

Preparation of cell lysates
Nuclear and cytoplasmic fractions were separated using a 
nuclear and cytoplasmic protein extraction kit (Beyotime, 
Jiangsu, China).  Briefly, cells were washed with ice-cold 
PBS (pH 7.4), harvested and resuspended in 200 µL lysis buf-
fer A (10 mmol/L Hepes with pH 7.9, 10 mmol/L KCl, 0.1 
mmol/L EDTA, 1 mmol/L dithiothreitol, 0.4% Igepal CA-630, 
5 μmol/L leupeptin, 2 μmol/L pepstatin A, 1 μmol/L aproti-
nin and 1 mmol/L phenylmethylsulfonyl fluoride).  Follow-
ing a violent vortex, the obtained lysates were incubated for 
10 min on ice and centrifuged at 12 000×g for 5 min at 4 °C.  
The supernatant, consisting of the cytoplasmic fraction, was 
aliquoted for analysis.  The pellets were resuspended in 50 μL 

nuclear extraction buffer B (20 mmol/L Hepes with pH 7.9, 0.4 
mol/L NaCl, 1 mmol/L EDTA, 1 mmol/L dithiothreitol and 
1 mmol/L phenylmethylsulfonyl fluoride) and then agitated 
for 30 min at 4 °C.  After centrifugation at 12 000×g for 10 min, 
the supernatant containing nuclear extracts was collected.  For 
isolation of total cell extracts, the cells were lysed in RIPA lysis 
buffer (50 mmol/L Tris with pH 7.4, 150 mmol/L NaCl, 1% 
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate and 0.05 mmol/L EDTA) for 15 min on ice.  The lysates 
were centrifuged at 12 000×g for 10 min at 4 °C, and the super-
natants were collected.  Protein content of extracted samples 
was measured using a bicinchoninic acid protein assay kit 
(BioMed, Beijing, China).  All samples were stored at -80 °C 
until further analysis.

Western blot analysis
To evaluate the expression of target proteins, cell lysates were 
boiled in 5×loading buffer (125 mmol/L Tris·HCl, pH 6.8, 10% 
SDS, 8% dithiothreitol, 50% glycerol and 0.5% bromochloro-
phenol blue) for 10 min.  Equal amounts of protein (50 µg) 
were separated on 8%–12% SDS-polyacrylamide gels and 
transferred to 0.45 μm polyvinylidene fluoride membranes.  
The membranes were blocked with 5% skim milk in PBS with 
0.1% Tween 20 (PBST) for 1 h and incubated with primary 
antibodies overnight at 4 °C, including NF-κB p65 (1:250), 
phosphorylated (p)-p38 (1:500), p38 (1:500), p-Akt (1:1000), Akt 
(1:1000), c-Jun(1:1000), p-c-Jun (1:1000) and GAPDH (1:1000).  
Then the membranes were washed with PBST and incubated 
with HRP-conjugated secondary antibodies for 1 h at room 
temperature.  After the final wash, specific protein bands were 
visualized using enhanced chemiluminescence reagents (ECL), 
and densitometric analysis was performed with the use of a 
PDI Imageware System (Bio-Rad, Hercules, CA, USA).  

Statistics
Statistical analyses were performed using SPSS 10.0 pack-
age (SPSS Inc, Chicago, IL, USA).  Data are represented as 
means±SD.  One-way ANOVA and Student’s t-tests were 
performed to determine statistical significance.  Values with 
P<0.05 were considered significant.  

Results
COS fail to decrease the cell viability of HUVECs
Because COS have been reported to stimulate the growth of 
normal cells and to induce tumor cell apoptosis[17, 18], their 
effect on the cell viability of HUVECs was assessed.  After 
treatment with COS (50, 100, and 200 µg/mL) or LPS (100  
ng/mL) alone for 24 h, no difference was observed compared 
to the vehicle-treated group (data not shown), indicating that 
both COS and LPS at the above concentrations failed to cause 
cytotoxic effects on HUVECs.

COS inhibit LPS-induced IL-8 expression in HUVECs at the 
transcriptional and translational levels
To investigate whether COS are capable of inhibiting LPS-
induced IL-8 expression in HUVECs at the transcriptional 
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level, the cells were pretreated with COS as described pre-
viously and then exposed to LPS (100 ng/mL) for 4 h.  As 
indicated in Figure 1A, stimulation with LPS caused a 
333.7%±36.7% increase in the mRNA level of IL-8 compared 
to the vehicle-treated group (P<0.01).  COS (100 and 200  
μg/mL) pretreatment for 24 h significantly inhibited LPS-
induced over-expression of IL-8 mRNA (48.9%±2.9% and 
47.7%±4.3% of that of the LPS-treated group, respectively, 
P<0.01).  

The effect of COS on LPS-induced IL-8 secretion in HUVECs 
was also determined using ELISAs.  As expected, we found 
that the secretion of IL-8 in the supernatant fraction of 
HUVECs was significantly increased by an LPS (100 ng/mL) 
challenge for 8 h (550.5%±33.5% of the vehicle-treated group, 
P<0.01) (Figure 1B), whereas pretreatment with COS (50, 100, 
and 200 μg/mL) markedly reduced the IL-8 concentration to 
77.0%±1.4% (P<0.05), 50.0%±3.8% (P<0.01) and 58.3%±6.4% 
(P<0.01) of that of the LPS-treated group, respectively.  

COS suppress LPS-induced HUVEC migration
To evaluate the suppressive effect of COS on LPS-induced 
HUVEC migration, a wound-healing method was used with 
some modifications[19].  As shown in Figure 2, after exposure to 
LPS (100 ng/mL) for 12 h, the number of cells migrating into 
the “wounded” zone was increased to 261.0%±20.9% of the 
vehicle-treated group (P<0.01), whereas COS (50, 100 and 200 
μg/mL) pretreatment for 24 h led to a concentration–depen-
dent decrease in HUVEC migration (50 μg/mL, 89.5%±12.5%, 
P=0.42; 100 μg/mL, 69.8%±4.2%, P<0.05; 200 μg/mL, 
62.5%±1.9%, P<0.05, vs the LPS-treated group).  

COS inhibit U937 cell adhesion to LPS-induced HUVECs
To determine whether the inhibition of IL-8 expression by 
COS in LPS-induced HUVECs was associated with a decrease 
in monocyte adhesion, we assessed U937 cell adhesion to 
HUVECs challenged by LPS.  There was a 348.2%±43.5% 
increase in the rate of U937 cell adhesion to HUVECs after 
LPS exposure (100 ng/mL) for 4 h compared to the vehicle-
treated group (P<0.01) (Figure 3).  When HUVECs were pre-
treated with COS for 24 h before exposure to LPS, the number 
of adherent U937 cells was strikingly reduced (50 μg/mL, 
60.8%±3.6%, P<0.05; 100 μg/mL, 41.3%±4.1%, P<0.01; 200 μg/
mL, 37.2%±1.9%, P<0.01 vs the LPS-treated group).

Figure 1.  Inhibition of LPS-induced IL-8 expression in HUVECs by COS at 
transcription and translation levels.  (A) Cells were pretreated with COS 
(50, 100, and 200 µg/mL) for 24 h and then exposed to LPS (100 ng/mL) 
for 4 h.  After treatment, the IL-8 mRNA level was determined by RT-PCR 
analysis as described in Materials and methods.  (B) Cells were pretreated 
with COS (50, 100, and 200 µg/mL) for 24 h and then exposed to LPS 
(100 ng/mL) for 8 h.  After treatment, the concentration of IL-8 in culture 
medium was determined by ELISA analysis as described in Materials and 
methods.  Data are expressed as means±SD (n=3).  cP<0.01 compared to 
the vehicle-treated group; eP<0.05, fP<0.01 compared to the LPS-treated 
group.

Figure 2.  Suppressive effect of COS on LPS-induced HUVEC migration.  
(A) After wounding of the HUVEC monolayer, cells were stimulated with 
vehicle for 12 h.  (B) After wounding of the HUVEC monolayer, cells were 
stimulated with LPS (100 ng/mL) for 12 h.  (C) After pretreatment with 
COS (200 μg/mL) for 24 h, the HUVEC monolayer was wounded and 
then exposed to LPS (100 ng/mL) for 12 h.  (D) HUVEC migration was 
presented as a percentage of the vehicle-treated group.  Cells migrated 
into the denuded area were counted as described in Materials and 
methods.  Data are expressed as means±SD.  (n=3).  cP<0.01 compared 
to the vehicle-treated group; eP<0.05 compared to the LPS-treated group.
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COS display a blocking effect on LPS-induced NF-κB and AP-1 
translocation into the nuclei of HUVECs
Because increased expression of IL-8 is known to be associ-
ated with the activation of NF-κB and AP-1[20, 21], we tested the 
inhibitory effects of COS on LPS-induced nuclear transloca-
tion of both transcription factors in HUVECs.  As shown in 
Figure 4A, in comparison to the vehicle-treated group, LPS 
(100 ng/mL) exposure for 4 h stimulated NF-κB translocation 
into the nucleus of HUVECs, as indicated by an increased pro-
tein level of NF-κB p65 in the nucleus (187.5%±16.9%, P<0.01).  
However, this translocation was remarkably down-regulated 
by COS pretreatment for 24 h (50 μg/mL, 46.6%±6.5%, P<0.01; 
100 μg/mL, 8.8%±1.1%, P<0.01; 200 μg/mL, 20.1%±1.2%, 
P<0.01, vs the LPS-treated group).  In parallel, COS pretreat-
ment also suppressed LPS-induced AP-1 activation in the 

nucleus of HUVECs, which was presented as the relative 
expression of c-Jun, a major component of AP-1 (50 μg/mL, 
56.9%±8.0%, P<0.05; 100 μg/mL, 34.0%±4.1%, P<0.01; 200  
μg/mL, 63.1%±3.9%, P<0.05, vs the LPS-treated group) (Figure 
4B).  These results suggest that COS effectively inhibited LPS-
induced NF-κB and Ap-1 activation in HUVECs.

COS inhibit LPS-induced over-expression of phosphorylated p38 
MAPK and Akt in HUVECs
Next, we determined the effect of COS on the p38 MAPK 
signaling pathway, which is involved in the regulation of 
upstream gene expression in HUVECs[22].  The results in 
Figure 5A show that LPS (100 ng/mL) exposure for 10 min 
induced a rapid increase in p-p38 protein levels in HUVECs 
(120.6%±14.5% of the vehicle-treated group, P<0.01).  After 

Figure 3.  Inhibitory effect of COS on U937 cell adhesion to LPS-
induced HUVECs.  Cells were pretreated with COS (50, 100, and 200  
μg/mL) or vehicle for 24 h, exposed to LPS (100 ng/mL) for 4 h and then 
incubated with fluorescent-labeled U937 cells for 1 h.  (A) Representative 
fluorescence and phase contrast images of HUVECs were shown.  (B) 
Monocyte adhesion was presented as a percentage of total fluorescent 
intensity of the vehicle-treated group.  Data are expressed as means±SD.  
(n=3).  cP<0.01 compared to the vehicle-treated group; eP<0.05, fP<0.01 
compared to the LPS-treated group.

Figure 4.  Blocking effect of COS on LPS-induced NF-κB and AP-1 
translocation into nucleus of HUVECs.  (A) Relative protein levels of NF-
κB in nucleus of HUVECs.  (B) Relative protein levels of AP-1 in nucleus 
of HUVECs.  Cells were pretreated with COS (50, 100, and 200 µg/mL) 
for 24 h and then exposed to LPS (100 ng/mL) for 4 h.  After treatment, 
nuclear and cytoplasmic fractions were analyzed for detection of NF-κB by 
Western blot analysis as described in Materials and methods.  Data are 
representative of three experiments (mans±SD).  cP<0.01 compared to 
the vehicle-treated group; eP<0.05, fP<0.01 compared to the LPS-treated 
group.



483

www.chinaphar.com
Liu HT et al

Acta Pharmacologica Sinica

npg

pretreatment with COS at concentrations of 50, 100, and 200 
μg/mL for 24 h, the level of p-p38 was reduced to 34.6%±3.5% 
(P<0.01), 17.8%±2.5% (P<0.01) and 26.6%±2.4% (P<0.01) of that 
of the LPS-treated group, respectively.

Several studies have reported the activation of the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway and its con-
tribution to the up-regulated production of inflammatory 
cytokines in activated endothelial cells[23].  Thus, we ana-
lyzed the effect of COS on LPS-induced PI3K/Akt activation 
in HUVECs.  As shown in Figure 5B, the level of p-Akt in 
HUVECs was increased to 171.5%±10.8% of that of the vehicle-
treated group (P<0.05) after LPS (100 ng/mL) exposure for 1 h.  
COS pretreatment for 24 h failed to inhibit LPS-induced Akt 
phosphorylation from 50 to 100 μg/mL.  However, COS at 200 
μg/mL exhibited a significant inhibition of p-Akt (26.6%±1.9% 

of that of the LPS-treated group, P<0.01).

p38 MAPK and PI3K inhibitors suppress LPS-induced IL-8 mRNA 
levels in HUVECs
A p38 inhibitor, SB203580, and a PI3K inhibitor, LY294002, 
were used in this study to determine whether COS inhibited 
LPS-induced IL-8 expression in HUVECs through the block-
ade of the p38 MAPK and PI3K/Akt signaling pathways.  
When cells were pretreated with SB203580 (25 μmol/L) or 
LY294002 (50 μmol/L) for 1 h and then challenged with LPS 
(100 ng/mL) for 4 h, LPS-induced expression of IL-8 mRNA 
was reduced to 52.4%±2.6% (P<0.01) and 56.4%±3.4% (P<0.05), 
respectively, in comparison to the LPS-treated group (Figure 
6A and 6B).  Additionally, treatment with the inhibitors alone 
had no effect on IL-8 mRNA expression in HUVECs that 
were not treated with LPS.  These results indicate that the p38 
MAPK and PI3K/Akt pathways are required for LPS-induced 

Figure 5.  Inhibitory effect of COS on LPS-induced over-expression 
of phosphorylated p38 MAPK (A) and Akt (B) in HUVECs.  Cells were 
pretreated with COS (50, 100, and 200 µg/mL) for 24 h and then 
exposed to LPS (100 ng/mL) for 10 min for p38 detection and for 1 h 
for Akt detection.  After treatment, cell lysates were extracted and the 
protein levels of phosphorylated p38 (p-p38) MAPK, total p38 (t-p38) 
MAPK, phosphorylated Akt (p-Akt) and total Akt (t-Akt) were determined 
by Western blot analysis as described in Materials and methods.  Data 
are representative of three experiments (mans±SD).  bP<0.05, cP<0.01 
compared to the vehicle-treated group; fP<0.01 compared to the LPS-
treated group.

Figure 6.  Suppressive effects of p38 MAPK inhibitor, SB203580 (A) and 
PI3K inhibitor, LY294002 (B) on LPS-induced IL-8 mRNA level in HUVECs.  
Cells were pretreated with SB203580 (25 µmol/L) or LY294002 (50 
µmol/L) for 1 h and then exposed to LPS (100 ng/mL) for 4 h.  After 
treatment, the mRNA expression of IL-8 was analyzed by RT-PCR as 
described in Materials and methods.  Data are representative of three 
experiments (mans±SD).  cP<0.01 compared to the vehicle-treated group; 
eP<0.05, fP<0.01 compared to the LPS-treated group.
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IL-8 expression at the mRNA level.

Discussion
Endothelial dysfunction, the early stage of vasculopathy, is 
closely related to the vascular inflammatory process, and 
excessive secretion of pro-inflammatory cytokines released by 
damaged ECs may indicate a dysregulation of the host defense 
against invasive stimuli in vivo[22].  This view is supported by 
Papadopoulou et al and by Seino et al[24, 25], who found that 
over-expression of IL-8, IL-6, monocyte chemoattractant pro-
tein-1 (MCP-1) and other chemokines occurred in ECs and the 
intima of atherosclerotic lesions.  Therefore, the inhibition of 
IL-8 and other mediators in activated ECs through drugs or 
specific nutrients might be of great benefit in the maintenance 
of endothelial homeostasis and the prevention of vascular 
diseases.  Several intervention studies have shown that COS 
can regulate immune responses by decreasing the production 
of pro-inflammatory cytokines[12–14].  Our results provide the 
first evidence that COS inhibit the production of IL-8 in LPS-
induced HUVECs through the blockade of the p38 MAPK and 
PI3K/Akt signaling pathways.

As a key mediator in acute inflammatory responses, IL-8 
can be produced in ECs stimulated by IL-1β, TNF-α, LPS, and 
other infectious agents[23, 26, 27].  In this context, drugs with anti-
inflammatory activities have been investigated to ameliorate 
endothelial damage by limiting the synthesis and release of 
IL-8.  For example, ghrelin, a newly discovered hormone, was 
verified to inhibit TNF-α-induced IL-8 production in ECs[28].  
Moreover, ciprofloxacin, one of the quinolone antibiotics, 
displayed a suppressive effect on IL-8 mRNA expression in 
ECs[29].  In this study, we determined the mRNA expression 
and protein secretion of IL-8 in LPS-induced HUVECs.  We 
found that pre-incubation with COS ameliorated the elevated 
production of IL-8 by LPS stimulation.  Because incubation 
of COS (50–200 μg/mL) alone for 24 h showed no inhibitory 
effect on the cell viability of HUVECs, it was apparent that the 
inhibition of IL-8 production by COS pretreatment was not 
due to a decrease in cell numbers but to a down-regulation in 
the cellular production of IL-8.  The data support our hypoth-
esis that COS may exert a blunting effect on LPS-induced IL-8 
production in ECs.

In the process of vascular inflammation, chemotactic stimuli 
direct the migration of leukocytes toward damaged vessel 
walls and the subsequent adhesion to ECs[30].  In addition, acti-
vated ECs by themselves can migrate to surrounding tissues 
to spur the formation of new blood vessels, which is essential 
for the aggravation of vascular diseases[31].  In experimental 
studies, LPS has been shown to promote human endothelial 
cell migration by inducing the activation of related inflam-
matory cytokines such NF-κB and IL-8, which is the main 
tissue-derived chemoattractant for leukocytes and partly con-
tributes to the interaction of leukocytes with ECs[32, 33].  Based 
on these reports, we examined the effects of COS on LPS-
induced HUVEC migration and monocyte (U937 cell line) 
adhesion to HUVECs.  As expected, LPS stimulation not only 
promoted HUVEC migration but also intensified U937 cell 

adhesion to HUVECs, and these effects were reversed by COS 
pretreatment.  Considering the excessive production of IL-8 
in HUVECs challenged by LPS, it can be speculated that COS 
might lessen LPS-induced HUVEC migration and U937 cell 
adhesion through inhibition of IL-8 production.  Conversely, 
the study by Park et al provided a different observation that 
chitosan treatment elicited neutrophil migration, which 
was enhanced with an increasing degree of N-acetylation of 
chitosan[34].  As the N-acetylation degree of COS (<1 kDa) used 
in the present study is below 5%, perhaps it is the different 
N-acetylation degree and different molecular weight between 
chitosan and COS that led to the opposite pharmaceutical 
effects in the two observations.

Among the known cell signaling pathways, NF-κB, and 
AP-1 are two well-studied transcription factors and have 
been demonstrated to induce the production of inflammatory 
cytokines such as IL-8, IL-6, and adhesion molecules[27, 35].  In 
resting cells, NF-κB exists in its canonical form as a p50/p65 
heterodimer bound to the inhibitor factor-κB (IκB) in the cyto-
plasm[36].  In response to extracellular stimulation such as by 
LPS and TNF-α, the degradation of IκB through proteolysis is 
initiated, which allows for the translocation of NF-κB from the 
cytoplasm into the nucleus, where it activates the transcription 
of target genes[4].  AP-1, a heterodimer formed by the products 
of the c-Fos and c-Jun, is another nuclear transcription factor 
that is involved in inflammation by binding to the upstream 
promoters of inflammatory cytokines[37].  In this study, COS 
pretreatment suppressed LPS-induced NF-κB and AP-1 activa-
tion by reducing the levels of both transcription factors in the 
nuclei of HUVECs, from which we therefore speculate that 
the inhibitory effect of COS on IL-8 over-production in LPS-
induced HUVECs may result from the suppression of NF-κB 
and AP-1 activation.

Among the cell signaling pathways in ECs, p38 MAPK 
and PI3K/Akt are reported to act upstream of NF-κB and 
AP-1.  In the case of TNF-α-induced IκB degradation and 
subsequent NF-κB activation in HUVECs, a pivotal role for 
p38 MAPK has been identified[21].  Additionally, p38 activity 
is necessary for the recruitment of AP-1, which subsequently 
promotes IL-8 expression[38].  Studies by Isoda et al and Kim 
et al showed that the release of pro-inflammatory cytokines 
was positively related to the activation of NF-κB and AP-1 
through the up-regulation of phosphorylated PI3K and Akt 
levels[27, 39].  Hence, we assessed the effect of COS on LPS-
induced phosphorylation of p38 MAPK and Akt.  Our find-
ings suggest that COS pretreatment suppressed the phospho-
rylation of these two pro-inflammatory kinases in HUVECs 
challenged by LPS.  More importantly, the LPS-induced IL-8 
mRNA expression was partially, but significantly, inhibited by 
pretreatment with specific inhibitors of p38 MAPK (SB203580) 
and PI3K (LY294002), implying a critical role for both signal-
ing pathways in the regulation of IL-8 expression[40, 41].  On the 
other hand, the partial effects of SB203580 and LY294002 also 
revealed potential roles for other signaling pathways.  Taken 
together, these results might indicate that COS blocked LPS-
induced signal transduction of IL-8 in HUVECs at least partly 
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by suppressing the phosphorylation of p38 MAPK and Akt 
and the translocation of NF-κB and AP-1.

Binding of COS to a specific receptor is thought to be a pre-
requisite for enhancing cell activation[42].  In studies by Feng 
et al, oligochitosan was found to interact with the mannose 
receptor in macrophages and was subsequently internalized 
into cells[43].  Regretfully, it remains to be determined whether 
COS can also be internalized into HUVECs and, if so, which 
membrane molecules are involved in COS-mediated inhibition 
of pro-inflammatory cytokine production.  These puzzling 
presumptions indicate that the action of COS on endothe-
lial cells may be complex, and further efforts are required to 
explore the underlying mechanisms by which COS exert their 
anti-inflammatory effects.

In conclusion, our investigation demonstrated that COS 
exerted an inhibitory effect on LPS-induced IL-8 expression in 
HUVECs at the transcriptional and translational levels.  Fur-
thermore, COS inhibited LPS-induced HUVEC migration and 
U937 monocyte adhesion to HUVECs.  Signal transduction 
studies suggest that COS act by interfering with the phospho-
rylation of p38 MAPK and Akt and the translocation of NF-κB 
and AP-1.  Our findings underscore a role of COS in amelio-
rating endothelial dysfunction by exogenous insults to the 
vasculature.  
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Introduction
Tachykinins (TKs) are a family of neuropeptides distributed 
throughout the mammalian central and peripheral nervous 
systems.  TKs act as neurotransmitters on neurons and cells 
(such as smooth muscle, secretory epithelium, and glands) in 
the gastrointestinal tract of mammals[1–3].  They are important 
excitatory neurotransmitters in the enteric nervous system, are 
involved in the coordination of gastrointestinal motility, and 
are powerful spasmogens in almost every region of the mam-
malian intestine[1–6].  Substance P (SP), neurokinin A (NKA) 
and neurokinin B (NKB) are tachykinins derived from two 
preprotachykinin (PPT) genes[1, 7–10].  Substance P and neuroki-
nin A (NKA) are present in neurons of the enteric nervous sys-
tem, where they appear to coexist with acetylcholine (ACh)[11].  
SP, NKA, and NKB contract nearly all parts of the gastrointes-
tinal tract, acting on different types of receptors[4, 12].

Receptors of TKs have been implicated in normal, defensive, 
and pathological gastrointestinal (GI) functions[13–16].  The three 

types of tachykinin receptors, which have been identified 
based on their genomic and molecular structure, are currently 
termed NK1, NK2, and NK3 tachykinin receptors[1].  They are 
heterogeneously distributed within each species.  The tachy-
kinin NK1 receptor is widely expressed in the nervous system 
at both the central and the peripheral level, and it is present in 
neurons, muscle, and different types of immune cells[2, 3].  The 
tachykinin NK2 receptor is detected primarily in the periphery 
nerves, and its expression in the central nervous system (CNS) 
appears to be restricted to specific brain nuclei[3, 17].  Tachyki-
nin NK1, NK2, and/or their receptors are expressed by neu-
rons, interstitial cells of Cajal, intestinal muscle, epithelium, 
vasculature and the immune system in a cell-specific, region-
specific, and species-specific manner[1, 15, 18, 19].  In contrast, the 
tachykinin NK3 receptor is primarily expressed in the CNS 
and has been detected only in certain peripheral tissues, such 
as human and rat uterus, rat mesenteric vein, and certain 
enteric neurons from the gut of various species[15, 20, 21].

TKs influence gastrointestinal motor activity not only 
through their direct effect on the muscle but also through their 
action on other motility-regulating systems[8].  The aims of this 
work were to study in vitro the role of tachykinin receptors on 
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spontaneous contractions of longitudinal and circular smooth 
muscle from rabbit small intestine using specific agonists and 
antagonists of each tachykinin receptor as well as to determine 
the mechanism of action of SP.  

Materials and methods
Male New Zealand rabbits weighing 2–2.5 kg were maintained 
at a constant temperature (22 °C) with standard rabbit fodder 
and free access to water.  The equipment used and the han-
dling and sacrifice of animals complied with European Coun-
cil legislation 86/609/EEC concerning experimental animal 
protection.  The experimental protocols were approved by the 
Ethical Committee of the University of Zaragoza (Spain).

Solutions and substances
The Krebs solution contained the following (in mmol/L): NaCl 
120, KCl 4.7, CaCl2 2.4, MgSO4 1.2, NaHCO3 24.5, KH2PO4 1, 
and glucose 5.6 at 37 °C to achieve pH 7.4.  Some experiments 
were conducted with a Ca2+-free Krebs solution from which 
CaCl2 was omitted and to which EGTA 0.5 mmol/L was 
added.

Acetylcholine (ACh), atropine, guanethidine, verapamil, 
hexamethonium, Nω-nitro-L-arginine (L-NNA), ethylene 
glycol-bis (β-aminoethylether)-N,N’-tetraacetic acid (EGTA), 
ryanodine, and Substance P (SP) were purchased from Sigma 
(Madrid, Spain).  Neurokinin A (NKA), neurokinin B (NKB), 
[Sar9] SP, (β-Ala8)-neurokinin A [(β-Ala8)-NKA], [succinyl-
Asp6, Me-Phe8]-SP (senktide), and GR-94800 were obtained 
from American Peptide (Sunnyvale, CA, USA).  Tetrodotoxin 
(TTX), staurosporine, U 73122, L-733060, and SB 218795 were 
acquired from Tocris (Bristol, UK).  Thapsigargin was kindly 
donated by Alomone Labs (Jerusalem, Israel).  All chemicals 
were of analytical grade.  TTX and staurosporine were dis-
solved in acidic buffer (pH 4.8) and ethanol, respectively.  
Thapsigargin, ryanodine, and U 73122 were prepared in dim-
ethyl sulphoxide (DMSO).  The remaining drugs were dis-
solved in Milli-Q water.  All solutions were stored at -20 °C, 
and fresh dilutions were made daily.

Preparation of smooth muscle segments
After 24 h of fasting, animals were humanely euthanized by 
means of a blow to the head.  Pieces of rabbit duodenum, 
jejunum, and ileum were removed, washed, freed from mes-
enteric attachment, and cut into smaller segments.  Whole 
thickness segments (10 mm long) were suspended in the direc-
tion of longitudinal and circular smooth muscle fibers in a 
thermostatically controlled (37 °C) organ bath (10 mL capacity) 
containing Krebs solution and were continuously gassed with 
95% O2 and 5% CO2.

Each segment was connected to an isometric force trans-
ducer (Pioden UF1, Graham Bell House, Canterbury, UK) and 
passively stretched to an initial tension of 20 mN.  The signal 
output of the mechanical activity was amplified, recorded on 
a computer for later analysis using Mac Lab System/8e com-
puter program (AD Instruments Inc, Milford, MA, USA), and 
digitized at two samples per second per channel.  Prior to test-

ing, segments were allowed to equilibrate in Krebs solution 
for 60 min.

Experimental protocols
Each experimental protocol was systematically performed 
on two or three segments of duodenum, jejunum, and ileum 
taken from the same rabbit and repeated in three or four dif-
ferent animals.  Segments that showed no spontaneous activ-
ity were discarded; thus, each preparation served as its own 
control.  

Noncumulative concentration-response curves of SP (ago-
nist of NK1, NK2, and NK3 receptors) were established by 
adding SP (1 nmol/L to 10 μmol/L) to the bath for 3 min.

To identify the tachykinin receptor subtypes, we tested sev-
eral specific agonists of tachykinin receptors in the bath for 3 
min: [Sar9] SP (100 nmol/L, agonist of NK1 receptor), NKA 
and (β-Ala8)-NKA (100 nmol/L, agonists of NK2 receptor), 
and NKB and Senktide (100 nmol/L, agonists of NK3 recep-
tor).  Furthermore, we assayed L-733060 (1 μmol/L), GR-94800 
(100 nmol/L), and SB 218795 (1 μmol/L), antagonists of NK1, 
NK2, and NK3 receptors, respectively, on SP-invoked contrac-
tions.  In addition, L-733060, GR-94800, and SB 218795 were 
assayed on [Sar9] SP-, (β-Ala8)-NKA-, and Senktide-invoked 
contractions, respectively, in longitudinal and circular muscle 
of small intestine.  The antagonists or inhibitors used in this 
work were added to the bath 15 min before the respective ago-
nist was added.

To examine neuronal transmission, the segments were incu-
bated with tetrodotoxin (1 μmol/L) or hexamethonium (100 
μmol/L) for 15 min before adding [Sar9] SP, (β-Ala8)-NKA, or 
Senktide.  

To investigate cholinergic transmission, segments were 
incubated with atropine (1 μmol/L); the adrenergic transmis-
sion was assessed by incubating segments with atropine (1 
μmol/L)+guanethidine (1 μmol/L); neuronal transmission 
was studied by adding atropine (1 μmol/L)+tetrodotoxin (1 
μmol/L), and NO release was studied by incubating the sam-
ples with atropine (1 μmol/L)+L-NNA (100 μmol/L).  

To study the effect of Ca2+ on the SP-invoked contractions of 
longitudinal and circular smooth muscle in the small intestine, 
segments were exposed to Ca2+-free Krebs solutions contain-
ing 0.5 mmol/L EGTA; verapamil (100 nmol/L), a voltage-
dependent Ca2+-channel inhibitor; thapsigargin (100 nmol/L), 
an inhibitor of sarco-endoplasmic reticulum Ca2+-ATPases; or 
ryanodine (100 nmol/L), an inhibitor of Ca2+ release from the 
sarcoplasmic reticulum.  Furthermore, effects of staurosporine 
(100 nmol/L), a protein kinase C (PKC) inhibitor, and U 73122 
(100 nmol/L), a phospholipase C (PLC) inhibitor, on SP-in-
voked contractions were tested.  

Data analysis
All intestinal segments included in the analyses showed 
spontaneous contractions.  The tachykinin receptor agonists’ 
motor responses (MR) were measured in terms of integrated 
mechanical activity (IMA) per second, expressed as mN/s, 
and normalized per square millimeter of cross-sectional area 
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(CSA), as we have previously described[22].  Results were 
expressed as a percentage of the control values of the various 
agonists (100%).

Median effective concentration (EC50, the concentration of 
SP required to produce 50% of the effect) and 95% confidence 
limits were calculated using a linear least-squares regression.  

Values are expressed as means±SEM.  Comparisons 
between means were made using one-way analysis of variance 
(ANOVA), and P-values were verified using the Scheffé F test.  
Differences in P-values of <0.05 were considered statistically 
significant.

Results
Effects of tachykinin receptor agonists on spontaneous motility
Muscle of rabbit duodenum, jejunum and ileum exhibited 
cyclic, phasic and rhythmic spontaneous contractions in 
vitro[23].  To study the role of the tachykinin receptors in the 
spontaneous motility of rabbit small intestine, we tested spe-
cific agonists of these receptors.  SP (1 nmol/L to 10 μmol/L), 
an NK1, NK2, and NK3 receptor agonist, induced tonic 
contractions in longitudinal and circular smooth muscle of 
rabbit duodenum, jejunum, and ileum.  These SP-induced 
contractions were concentration-dependent (Table 1 and Fig-
ure 1).  The EC50 calculated from the noncumulative concen-
tration-response curves in longitudinal and circular smooth 
muscle, were 40 nmol/L and 160 nmol/L in the duodenum, 
120 nmol/L and 200 nmol/L in the jejunum, and 80 nmol/L 
and 200 nmol/L in the ileum, respectively.  

[Sar9] SP (100 nmol/L, NK1 receptor agonist), NKA and 
(β-Ala-8)-NKA (100 nmol/L, NK2 receptor agonists), and NKB 

and Senktide (100 nmol/L, NK3 receptor agonists) induced 
contractions in three segments of the longitudinal and circu-
lar muscle of the intestine (Figure 2).  We compared the con-
tractile responses of the different agonists with the response 
to SP (Table 2).  [Sar9] SP-evoked contractions were similar 
to those evoked by SP in both types of smooth muscle of the 
three segments of small intestine.  (β-Ala8)-NKA, NKB, and 
Senktide invoked weaker contractions than SP in both types of 
smooth muscle.  The order of potency of agonists tested was  
[Sar9] SP>SP>NKA>NKB>(β-Ala8)-NKA=Senktide (Table 2).

Effects of tachykinin receptor antagonists
We also tested the effect of specific antagonists of TK receptors 

Figure 1.  Concentration-dependent effects 
of SP (1 nmol/L–10 µmol/L) on spontaneous 
contractions in longitudinal and circular smooth 
muscle of rabbit duodenum.  Arrowheads 
indicate the addition of agents.

Table 1.  Effects of different doses of substance P (SP).  Average values of the motor response (mN·s-1·mm-2) to SP of the longitudinal and circular 
muscle of the duodenum, jejunum and ileum of rabbits. In brackets it expresses in number of segments. 

                                                                     Duodenum                                                           Jejunum	                                                         Ileum  
                                                         L	                       C	                           L 	                          C	                           L	                       C
 
	 SP 1 nmol/L	 0.0±0.0 (8)	 0.0±0.0 (13)	 0.0±0.0 (10)	 0.0±0.0 (11)	 0.1±0.0 (9)	 0.1±0.0 (11)
	 SP 10 nmol/L 	 0.0±0.0 (9)	 0.0±0.0 (13)	 0.0±0.0 (10)	 0.0±0.0 (11)	 0.0±0.0 (9)	 0.0±0.0 (11)
	 SP 100 nmol/L	 0.2±0.0 (9)	 0.0±0.0 (13)	 0.3±0.1 (10)	 0.1±0.0 (11)	 0.4±0.1 (9)	 0.1±0.0 (11)
	 SP 1 µmol/L 	 0.1±0.0 (9)	 0.0±0.0 (13)	 0.2±0.1 (10)	 0.1±0.0 (11)	 0.4±0.1 (9)	 0.1±0.0 (11)
	 SP 10 µmol/L	 0.1±0.0 (8)	 0.1±0.0 (12)	 0.5±0.0 (8)	 0.2±0.0 (10)	 0.5±0.1 (8)	 0.1±0.0 (10)

Figure 2.  Effect of SP (100 nmol/L), NKA (100 nmol/L), NKB (100 nmol/L), 
[Sar9] SP (100 nmol/L), (β-Ala-8)-NKA (100 nmol/L), and Senktide (100 
nmol/L) on spontaneous contractions in longitudinal smooth muscle of 
rabbit duodenum.  Arrowheads indicate the addition of agents. 
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on the SP-, [Sar9] SP-, (β-Ala8)-NKA-, and Senktide-induced 
contractions.  L-733060 (1 μmol/L), GR-94800 (100 nmol/L), 
and SB 218795 (1 μmol/L), antagonists of NK1, NK2, and 
NK3, respectively, reduced contractions caused by SP (100 
nmol/L) (Table 3).  L-733060 (1 μmol/L) reduced contractions 
caused by [Sar9] SP (100 nmol/L) in all intestinal segments 
except for the longitudinal muscle of the ileum (Figure 3A, 
3D).  GR-94800 (100 nmol/L) reduced contractions caused by 
(β-Ala8)-NKA (100 nmol/L) in all intestinal segments except 
for the circular muscle of the duodenum (Figure 3B, 3E).  SB 
218795 (1 μmol/L) slightly reduced the Senktide-induced con-
tractions (100 nmol/L), although this reduction was only sta-
tistically significant for the circular muscle of the ileum (Figure 
3C, 3F).  

Effects of tetrodotoxin (TTX) and hexamethonium on contractions 
induced by TK receptor agonists
We examined whether TK receptor agonists act directly on 
the muscle or indirectly at the nerve level with the use of 
TTX (1 μmol/L), a blocker of Na+ channels in neurons, and 
hexamethonium (100 μmol/L), a blocker of nicotinic recep-
tors.  TTX and hexamethonium reduced the contractions 
induced by [Sar9] SP (100 nmol/L) in all segments except for 
the longitudinal muscle of the jejunum (Figure 3A, 3D).  TTX 
and hexamethonium decreased the contractions induced by 
(β-Ala8)-NKA (100 nmol/L) in the circular muscle of all three 
intestinal segments (Figure 3E).  Hexamethonium, but not 
TTX, decreased these contractions in the longitudinal muscle 

(Figure 3B).  TTX reduced the contractions induced by Senk-
tide (100 nmol/L) in all intestinal segments except for the jeju-
num and the longitudinal muscle of the ileum (Figure 3C, 3F).  
Hexamethonium reduced these contractions in all intestinal 
segments except for the circular muscle of the jejunum (Figure 
3C, 3F).

Effect of atropine, guanethidine, TTX, and L-NNA on the effects 
of SP
To examine the mechanism involved in SP responses, we 
investigated whether SP acted directly on the muscle or 
indirectly at the nerve level.  Pretreatment of the intestinal 
segments for 15 min with atropine (1 μmol/L) decreased the 
SP-induced contractions in longitudinal and circular muscle of 
the small intestine (Figure 4A, 4B).  No additive effects were 
observed with respect to contractions to SP reduced by atro-
pine (1 μmol/L) when the three intestinal segments were incu-
bated with atropine (1 μmol/L) plus guanethidine (1 μmol/L), 
atropine (1 μmol/L) plus TTX (1 μmol/L), or atropine (1 
μmol/L) plus L-NNA (100 μmol/L) (Figures 4A, 4B).

Intracellular mechanisms for the action of SP
SP-induced contractions (100 nmol/L, 3 min) were reduced 
in Ca2+-free Krebs solution containing 0.5 mmol/L EGTA or 
in the presence of verapamil (100 nmol/L, 15 min), a voltage-
dependent Ca2+-channel inhibitor, in longitudinal and circular 
muscle of the duodenum, jejunum, and ileum (Figures 5A, 
5B).  However,  incubation of intestinal segments for 15 min 

Table 2.  Comparison of the effects of [Sar9] SP (100 nmol/L), NKA (100 nmol/L), ( β-Ala-8) NKA (100 nmol/L), NKB (100 nmol/L), and Senktide (100 
nmol/L) with respect to SP (100 nmol/L, 100%), on contractions of longitudinal (L) and circular (C) smooth muscle of rabbit duodenum, jejunum, and 
ileum. Values of integrated mechanical activity (% of SP) are the mean±SEM.  Numbers in brackets indicate number of segments.  cP<0.01 

                                                              Duodenum                                                           Jejunum	                                                       Ileum  
                                                   L	                                  C	                    L 	                     C	                     L	                     C
 
	 SP 	       100 (11)	       100 (8)	       100 (8)	      100 (12)	      100 (11)	      100 (10)
	 [Sar9] SP 	 103.1±15.2 (8)	 128.3±28.4 (8)	 134.5±29.6 (8)	 131.1±21.3(8)	 116.2±19.2 (12)	 144.1±20.7 (8)
	 NKA 	    87.9±4.1 (10)	   89.5±8.5 (6)	   90.9±2.1 (9)	   96.0±2.3 (5)	   98.2±5.0 (9)	    97.2±3.9 (8)
	 (β-Ala-8)NKA 	   15.8±2.3 (8)c	   22.4±6.4 (8)c	   39.5±7.4 (8)c	    17.2±6.4 (8)c	   32.8±5.2 (10)c	   24.7±8.4 (9)c

	 NKB 	   69.1±4.5 (10)c	   79.4±12.5 (6)	   72.5±4.1 (9)c	   91.2±5.1 (5)	   73.7±4.8 (14)c	   80.2±6.4 (5)
	 Senktide 	   26.1±3.4 (10)c	   36.3±17.8 (5)	     8.9±2.2 (8)c	     8.3±2.6 (5)c	     6.5±1.0 (9)c	     6.9±0.4 (5)c

Table 3.  Comparison of the effects of different tachykinin receptor antagonists with respect to Substance P. Effect of L-733060 (1 μmol/L), GR-94800 
(100 nmol/L), and SB 218795 (1 μmol/L) on SP (100 nmol/L) contractions on longitudinal (L) and circular (C) smooth muscle of rabbit duodenum, 
jejunum, and ileum. Values of integrated mechanical activity (% of SP) are the mean±SEM.  Numbers in brackets indicate number of segments. 
bP<0.05; cP<0.01.

                                                                 Duodenum                                                        Jejunum	                                                       Ileum  
                                                      L	                  C	                   L 	                    C	                      L	                      C
 
	 SP 	     100 (11)	      100 (8)	      100 (8)	    100 (12)	    100 (11)	    100 (10)
	 L-733060+SP 	 73.7±3.2 (9)c	 77.7±2.3 (10)c	 70.1±3.4 (8)c	 77.6±6.3 (9)c	 74.5±7.7 (7)c	 96.5±1.1 (7)
	 GR-94800+SP	 74.6±5.5 (6)c	 75.9±5.2 (7)c	 92.5±3.6 (5)b	 86.7±6.2 (7)	 85.2±1.4 (5)c	 70.9±6.3 (6)c

	 SB 218795+SP 	 70.9±6.1 (8)c	 79.7±9.1 (8)c	 61.5±11.4 (9)c	 81.9±1.5 (9)c	 71.7±12.5 (8)b	 70.7±14.8 (8)
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with thapsigargin (100 nmol/L), an inhibitor of sarco-endo-
plasmic reticulum Ca2+-ATPases, or ryanodine (100 nmol/L), 
an inhibitor of Ca2+ release from sarcoplasmic reticulum, did 
not change the contractile response to SP (Figures 5A, 5B); 
however, SP-induced contractions were reduced in the pres-
ence of staurosporine (1 μmol/L, 15 min), a PKC inhibitor, and  
U 73122 (100 nmol/L, 15 min), a PLC inhibitor, in longitudinal 
and circular muscle of the small intestine (Figures 5A, 5B).

Discussion
In the present study, SP and [Sar9] SP, agonists of the NK1 
receptor, invoked contractions in the longitudinal and circu-
lar smooth muscle of rabbit small intestine; the contractions 
were higher in the presence of [Sar9] SP.  L-733060, a potent 
NK1 antagonist, significantly reduced the SP- and [Sar9] SP-
induced contractions.  This suggests the existence of NK1 
receptors that modulate these contractions in the rabbit small  

Figure 3.  (A and D) Effects of L-733060 (L, 10-6 mol/L), tetrodotoxin (TTX, 10-6 mol/L), and hexamethonium (Hex, 10-4 mol/L) on contractions caused by 
the agonist of tachykinin NK1, [Sar9] SP (Sar9, 100 nmol/L), in longitudinal and circular smooth muscle from rabbit duodenum, jejunum, and ileum.  (B 
and E) Effects of GR-94800 (GR, 100 nmol/L), TTX, and Hex on contractions caused by the agonist of tachykinin NK2, (β-Ala 8)-NKA (β-NKA, 100 nmol/L), 
in longitudinal and circular smooth muscle from rabbit duodenum, jejunum, and ileum.  (C and F) Effects of SB 218795 (SB, 100 nmol/L), TTX, and Hex 
on contractions caused by the agonist of tachykinin NK3, Senktide (Sk, 100 nmol/L), in longitudinal and circular smooth muscle from rabbit duodenum, 
jejunum, and ileum.  Columns indicate the mean values of integrated mechanical activity (% of TK agonist), and vertical bars indicate SEM.  bP<0.05, 
cP<0.01.  Numbers in brackets indicate the number of segments.

Figure 4.  Effect of atropine (A, 1 µmol/L), atropine plus guanethidine (A+G, 1 µmol/L), atropine plus TTX (A+TTX, 1 µmol/L), and atropine (1 µmol/L) 
plus L-NNA (100 µmol/L) (A+L-NNA) on contractions caused by SP (100 nmol/L) in longitudinal (A) and circular (B) smooth muscle of rabbit duodenum, 
jejunum, and ileum.  Columns indicate the mean values of integrated mechanical activity (% of SP), and vertical bars indicate SEM.  eP<0.05, cP<0.01.  
Numbers in brackets indicate the number of segments.
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intestine.  Our results agree with other authors’ findings 
that tachykinin NK1 receptors are implicated in intestinal 
peristalsis[24] and in excitatory nonadrenergic and noncholin-
ergic (NANC) transmission in the mouse ileum[25].

As demonstrated in our experimental model, NKA and 
(β-Ala8)-NKA, as well as NKB and Senktide, agonists of tachy-
kinin NK2 and NK3 receptors, respectively, invoked contrac-
tions in the longitudinal and circular smooth muscle of rabbit 
small intestine, but these contractions were weaker than those 
that were SP-invoked.  At the same concentrations, NKA and 
NKB caused stronger contractions than (β-Ala8)-NKA and 
Senktide.  Moreover, GR-94800 and SB 218795, potent and 
selective NK2 and NK3 antagonists, respectively, diminished 
SP-invoked contractions, and GR-94800 reduced (β-Ala8)-
NKA-invoked contractions.  SB 218795 partly reduced con-
tractions caused by Senktide in all of the intestinal segments, 
although not significantly.  In rabbit, peristalsis regulation in 
the isolated distal colon is most likely mediated by the activa-
tion of postjunctional excitatory tachykinin NK1 receptors[24].  
NK1 receptors are also implicated in the descending relax-
ant reflex responses and in ascending contraction[26].  NK1 
and NK2 receptors are activated in the contractile responses 
induced by SP and NKA in canine ileum circular muscle[27] and 
mediate nonadrenergic, noncholinergic excitatory neurotrans-
mission in hamster ileum[28].  In muscle cells of rat intestine, 

the coexistence of NK1, NK2, and NK3 tachykinin receptors 
has been described[29].

In our study, the potency of the agonists tested was 
ranked as follows: [Sar9] SP>SP>NKA>NKB>(β-Ala8)-
NKA=Senktide.  This finding is in accordance with other 
studies for the three subtypes of TK receptors in which the 
rank order of potency for NK1 receptors was SP=hHK-
1≥NKA>NKB, while it is NKA>NKB>SP>hHK-1 (Human 
hemokinin 1) for the NK2 receptor and NKB>NKA>hHK-1 
(Human hemokinin 1)>SP for the NK3 receptor[5,  30–32].

We examined whether the TK receptor agonists act directly 
on the muscle or indirectly at the nerve level using TTX, a 
blocker of Na+ channels in neurons, and hexamethonium, 
a blocker of nicotinic receptors.  TTX and hexamethonium 
reduced the contractions induced by [Sar9] SP, (β-Ala8)-NKA, 
and Senktide in longitudinal and circular smooth muscle, 
suggesting that preganglionar neural pathways are involved.  
However, the fact that only a small part of the TK agonist 
response was blocked by TTX or hexamethonium suggests 
that the main contractility response is due to TK receptors 
located on smooth muscle cells.  Indeed, TTX and hexametho-
nium do not alter the contractions caused by various TK recep-
tor agonists in the Suncus murinus ileum[6, 33].  Tachykinin 
NK1, NK2, and/or their receptors have been reported to be 
expressed by neurons, interstitial cells of Cajal, intestinal mus-
cle, epithelium, vasculature, and the immune system in a cell-
specific, region-specific and species-specific manner[1, 3, 18, 19].  In 
contrast, the tachykinin NK3 receptor is primarily expressed 
in the central nervous system and has been detected only in 
certain peripheral tissues, such as the human and rat uterus, 
the rat mesenteric vein, and certain enteric neurons from the 
gut of various species[3, 20].

In this study, we investigated the mechanism of action of 
SP on smooth muscle in rabbit small intestine.  SP induced 
concentration-dependent contractions in longitudinal and cir-
cular smooth muscle of the duodenum, jejunum, and ileum.  
The EC50s in circular muscle were slightly higher than those in 
longitudinal muscle of the small intestine.  These results are 
in accordance with the contractions caused by SP described in 
isotonic recordings in longitudinal muscle of rabbit ileum[34].  

Our results showed that the contractions induced by SP 
were reduced in Ca2+-free solutions and in the presence of 
verapamil, whereas they were not modified in the presence of 
thapsigargin or ryanodine.  These results show that extracel-
lular Ca2+ is more important in SP-induced contractions than 
intracellular Ca2+ and that extracellular Ca2+ enters the cell 
through voltage-dependent Ca2+ channels.  Staurosporine, 
a PKC inhibitor, and U 73122, a PLC inhibitor, diminished 
SP-invoked contractions in small intestine longitudinal and 
circular muscle, suggesting a role for these intracellular mes-
sengers.  Verapamil reduces the effect of SP on rabbit ileum[34].  
Ca2+ antagonists such as verapamil, nifedipine, and diltiazem 
diminish spontaneous activity in sheep duodenum[35].  In 
murine colonic myocites, SP at low concentrations hyperpolar-
izes the muscle cells and, at higher concentrations, increases 
basal cytoplasmic Ca2+ concentration by increasing Ca2+ influx 

Figure 5.  Effect of Ca2+-free solutions containing 0.5 mmol/L EGTA (0Ca), 
verapamil (V, 100 nmol/L), thapsigargin (T, 100 nmol/L), ryanodine (R, 
100 nmol/L), staurosporine (St, 100 nmol/L), and U 73122 (U, 100 nmol/L) 
on contractions caused by SP (100 nmol/L) in longitudinal (A) and circular 
(B) smooth muscle of rabbit duodenum, jejunum, and ileum.  Columns 
indicate the mean values of integrated mechanical activity (% of SP), 
and vertical bars indicate SEM.  bP<0.05, cP<0.01.  Numbers in brackets 
indicate the number of segments.
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through L-type Ca2+ channels.  Furthermore, nifedipine and 
GF 109203, a PKC inhibitor, blocked SP-induced effects[36].  
NK1 antagonists competitively inhibit the activation of phos-
pholipase C by [Pro9] SP in cultured cortical astrocytes[37].  In 
previous studies, the amplitude of spontaneous contractions 
of intestine was diminished by Ca2+-free solutions, verapamil 
and nifedipine and was increased by thapsigargin and cyclo-
piazonic acid; however, extracellular and intracellular Ca2+ 

mediate ACh- and KCl-induced contractions[23], and K+ chan-
nels mediate spontaneous contractions in rabbit intestine[38].

In this study, atropine (1 µmol/L) decreased SP-induced 
contractions in longitudinal and circular muscle of the duo-
denum, jejunum, and ileum, whereas atropine plus guanethi-
dine, atropine plus TTX (1 µmol/L), or atropine plus L-NNA 
did not invoke additional effects when compared with atro-
pine alone.  These results suggest that in SP-invoked contrac-
tions, a cholinergic neural pathway is involved through the 
activation of muscarinic receptors.  In contrast, our results do 
not favor a role of adrenergic and nitrergic pathways because 
guanethidine and L-NNA do not alter SP responses; however, 
atropine (0.35 µmol/L) or TTX (0.31 µmol/L) added to the 
bath 2 min before the addition of SP has no impact on SP-
induced effects in rabbit ileum[34].  This author tested the short-
time effects of atropine on the amplitude of contractions at a 
lower concentration.  Atropine (1 µmol/L) inhibits the velocity 
of propulsion of rabbit colon, which is mediated by NK2 and 
reduces the effect of TK receptor agonists in Sancus murinus 
ileum[33, 39].  Our results are partially consistent with those of 
other reports where the contractions induced by NK1 agonists 
were reduced by atropine and augmented by L-NNA[25, 40].  
These authors propose that excitatory nonadrenergic and non-
cholinergic transmission in the circular muscle layer is medi-
ated by tachykinins that principally act on NK1 receptors on 
cholinergic nerves and smooth muscle cells.  

In conclusion, our study demonstrates that tachykinin NK1, 
NK2, and NK3 receptors invoke contractions in the smooth 
muscle of rabbit intestine.  Furthermore, extracellular Ca2+, 

PKC, phospholipase C, and cholinergic neurons mediate 
the contractions caused by SP.  We suggest that the SP acts 
directly on smooth muscle cells through the tachykinin NK1 
receptor.
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Introduction
Non-steroidal anti-inflammatory drugs (NSAIDs) cause dam-
age to the small intestine.  Many clinical and experimental 
investigations have documented a propensity of diclofenac 
and other NSAIDs to injure the small intestine, resulting in 
small intestinal perforation, ulcers, and strictures requiring 
surgery[1–3].  A recent report on 312 patients who received 
NSAIDs for rheumatologic conditions, including 166 who 
received diclofenac, showed a 44% prevalence of enteropa-
thy.  Capsule endoscopy presented evidence of macroscopic 
injury to the small intestine resulting from 2 weeks of slow-
release diclofenac ingestion in up to 68% of volunteers[4, 5].  
NSAIDs have been linked to the development of serious 

gastrointestinal side effects, and numerous strategies have 
been employed to reduce the likelihood of mucosal damage.  
Various approaches, including proton pump inhibitors and 
prostaglandin analogues, have been used for this purpose.  
However, none of these approaches has solved the problem of 
NSAID-induced gastrointestinal damage.

The pathogenesis of NSAID-induced enteropathy is a multi-
stage process involving specific biochemical and subcellular 
organelle damage followed by an inflammatory tissue reac-
tion.  Increased intestinal permeability has been implicated 
in the pathogenesis of NSAID-induced enteropathy.  This 
altered permeability allows for dietary macromolecules, bile 
acids, pancreatic juices, bacteria, and other intra-luminal 
toxins to access the usually intact intestinal epithelium.  The 
increased intestinal permeability is presumably related to  
cellular damage resulting from energy depletion.  Glutamine, 
a major energy source for the intestinal epithelium, has been 
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shown to play an important role in the protection of the intes-
tinal mucosa against exogenous substance-mediated injury[6].  
Thus, it has been hypothesized that glutamine might prevent 
NSAID-induced changes in intestinal permeability.  

Melatonin plays a fundamental role in the neuroimmu-
noendocrine system[7].  The levels of melatonin and melatonin 
receptors are highly concentrated in the intestine[8]; melatonin 
concentrations in the gut are 10–100 times greater than those 
found in the plasma[9].  Moreover, it has been suggested that 
the intestine is the major site for extra-pineal melatonin pro-
duction[10].  Melatonin was found to have a beneficial effect in 
experimental models of gastric injury, such as ischemia-reper-
fusion (I/R), ethanol and indomethacin[11–14].  This protection 
was attributed to melatonin’s function as an antioxidant[15–17]; 
therefore, melatonin may play an important role in the regu-
lation of the intestinal mucosa.  Additionally, melatonin has 
significant anti-apoptotic effects, which could protect the gas-
tric mucosa from NSAID-induced apoptosis and gastropathy 
and make it useful as a potential therapy against the gastric 
damage that occurs with NSAID treatment[18].  There is also 
evidence that melatonin exerts some effect against the patho-
genesis associated with NSAID-induced enteropathy[14].  Most 
previous studies have focused on the protection provided 
by melatonin against NSAID-related gastric mucosal injury, 
but there is a shortage of data as to whether melatonin can 
improve NSAID-related small intestinal mucosa injury.  Thus, 
in the current study, we investigated the protective ability of 
melatonin in a mouse model of diclofenac-induced enteropa-
thy.

Materials and methods
Mice
Male Kunming mice weighing 20±2 g were supplied by the 
Experimental Animal Center of Anhui Medical University.  
The mice were maintained in a controlled environment at 
(20±1) °C for 1 week with a 12-h light/dark cycle and 50%±5% 
relative humidity throughout the experimental period.  All 
mice were allowed free access to water and chow diet.  The 
experiments were conducted in accordance with local institu-
tional guidelines for the care and use of laboratory animals.  

Reagents
Melatonin, diclofenac, FITC-D, rhodamine 123, and succinate 
were all purchased from Sigma (Saint Louis, Missouri, USA).  
Glutamine and acetylcysteine were obtained from Beijing 
Solarbio Science & Technology Co, Ltd (Beijing, China).  Suc-
cinate dehydrogenase (SDH), ATPase and kits for assaying 
malondialdehyde (MDA) and myeloperoxidase (MPO) were 
obtained from the Nanjing Jiancheng Institute of Biotechnol-
ogy (Nanjing, China).  The other reagents were all of analytical 
grade.

Induction of small intestinal mucosal injury with diclofenac
Mice were administered diclofenac (2.5 mg/kg) dissolved in 
0.2% methylcellulose daily by oral gavage for 3 d.  Controls 
received only the methylcellulose vehicle by gavage.

Treatment schedule
The animals were randomly divided into four groups: the 
control group, diclofenac-treated group, the glutamine-treated 
group (1000 mg/kg) and the melatonin-treated group (10  
mg/kg).  Melatonin and glutamine were given intragastrically 
(ig) once per day for 3 d beginning 4 h after diclofenac admin-
istration.  In the control and diclofenac-treated groups, saline 
was given instead of melatonin.  At the end of the experiment, 
mice were decapitated, and their plasma and intestines were 
collected for biochemical analyses.  

Morphological analyses 
The small intestine was removed and fixed in 2% neutral buff-
ered formalin for 24 h and then transferred to 70% ethanol.  
The mucosa of the small intestine was exposed by cutting 
along the anti-mesenteric side and pinning it out on a piece 
of cork for assessment of macroscopic damage.  The number 
and size of ulcers (longest diameter >5 mm) and the areas 
(mm2) of visible lesions were measured[19].  A piece of ileum 
initially fixed in 10% neutral buffered formalin was embedded 
in paraffin for histological analysis.  Full-thickness (5-μm) sec-
tions were stained with hematoxylin and eosin and examined 
microscopically by a pathologist blinded to the treatment 
groups.  The severity of intestinal injury was graded on a scale 
of 0–4 and expressed as the pathological index according to a 
standard scoring system[20].  A portion of ileum approximately 
0.5 cm from the ileocecal junction that was approximately 1 
cm in length was excised with a scalpel.  Specimens processed 
for TEM were fixed in 2.5% glutaraldehyde for 4 h at 4 °C 
followed by fixation in osmic acid and embedding in Epon.  
Ultrathin sections were examined with a Hitachi transmission 
electron microscope.

Determination of intestinal permeability using fluorescein 
isothiocyanate dextran (FD-4)
Intestinal mucosal permeability to the fluorescent tracer fluo-
rescein isothiocyanate dextran (4000 Da) was determined 
using the method previously described by Chen et al.  A 5-cm 
segment of the ileal sac was ligated beginning at 3 cm proxi-
mal to the ileocecal valve, 0.2 mL of PBS (pH 7.4) containing 
25 mg/mL FD-4 was injected into the ileal sac with a syringe, 
and the abdomen was sutured closed.  After 30 min, a blood 
sample (100 μL) was collected from the portal vein and imme-
diately diluted with 1.9 mL of 50 mmol/L Tris (pH 10.3) con-
taining 150 mmol/L chloride natrium.  The diluted plasma 
was centrifuged at 3000×g for 10 min, and plasma FD-4 con-
centrations were determined by fluorescence spectrophotom-
etry at an excitation wavelength of 480 nm and an emission 
wavelength of 520 nm[21].

Determination of intestinal permeability by Evans blue 
Small intestine sacs were prepared as previously described[22].  
Briefly, small intestine was incised, and the fecal contents were 
washed out gently with 2–3 mL of PBS.  The proximal and 
distal intestines were ligated, and 0.2 mL of 1.5% (w/v) Evans 
blue (EB) in PBS was infused into the lumen.  The intestinal 
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sacs were incubated in 20 mL of Krebs buffer at 95% O2 and 
37 °C. They were removed 30 min later, washed three times in 
6 mmol/L acetylcysteine, dried on filter paper at 37 °C for 24 h 
and then incubated with 1 mL of formamide at 50 °C for 24 h.  
The amount of dye eluted was estimated using a wavelength 
of 655 nm.  The amount of EB permeating into the intestinal 
wall was calculated based on a standard curve of EB in forma-
mide.

Detection of intestinal homogenates 
Dissected intestine were excised, all fat and mesenterium was 
removed and intestinal mucosal specimens were scraped and 
cut into pieces using sharp scissors and forceps.  The tissue 
was gently washed and weighed (all samples were approxi-
mately 100 mg), homogenated in physiologic saline and tem-
porarily stored at -20 °C prior to detection of MDA content 
and MPO activity with their respective kits according to the 
manufacturer’s instructions (Nanjing Jiancheng Institute of 
Biotechnology, Nanjing, China).  Protein content was deter-
mined by the Lowry method[23].  

Preparation of liver mitochondria
Mouse liver mitochondria were isolated and used for these 
studies because it is exceedingly difficult to obtain a high yield 
of mitochondria from intestinal tissue[24].  A liver mitochon-
drial fraction was prepared according to the method described 
by Schneider and Hogeboom[25].  Briefly, the liver was rapidly 
removed and placed in ice-cold 0.9% saline, cut into approxi-
mately 1-cm3 pieces and homogenized in 50 mL of ice-cold 
homogenizing solution [250 mmol/L sucrose, 10 mmol/L 
Tris-HCl buffer (pH 7.4), 0.5 mmol/L EDTA] by six strokes 
with a tight-fitting Teflon pestle.  The homogenate was then 
centrifuged at 600×g for 10 min, and the resulting supernatant 
was further centrifuged at 15 000×g for 10 min.  Finally, the 
pellet was removed and resuspended in 10 mL of homogeniz-
ing solution and centrifuged for 10 min at 15 000×g to give the 
resulting mitochondrial-enriched pellet used for the experi-
ments.  All procedures were performed at 4 °C.  Mitochondrial 
protein concentration was determined using Lowry’s method.  
The pellets were resuspended in mitochondria separating 
medium (pH 7.4) to make a final suspension containing 5  
mg/mL mitochondrial proteins, which was stored at -20 °C.  

Determination of mitochondrial membrane potential (MMP) 
MMP was evaluated from the uptake of rhodamine 123[26], 
which electrophoretically accumulates into energized mito-
chondria in response to their internal negative membrane 
potential.  First, 1800 μL of phosphate buffer (250 mmol/L 
sucrose, 5 mmol/L KH2PO4, pH 7.2 at 25 °C), 3 mmol/L suc-
cinate and 0.3 μmol/L rhodamine 123 were added to the 
cuvette, and the scanning fluorescence of the rhodamine 123 
was monitored using a fluorescence spectrometer at excitation 
and emission wavelengths of 503 and 527 nm, respectively.  
After 30 s, mitochondria (0.5 mg/mL) were added.  Finally, 
the fluorescence intensity of the mitochondria suspension was 
recorded continuously at 25 °C for 5 min.  Each measurement 

was expressed as a relative value as compared with the base-
line intensity.

Measurement of mitochondrial swelling 
Mitochondrial swelling was assessed by measuring the change 
in absorbance of the suspension at 520 nm (∆A520 nm) over time 
according to the procedure described by Hernández-Muñoz et 
al[27].  The standard incubation conditions used for the swelling 
assay were 250 mmol/L sucrose, 10 mmol/L Tris (pH 7.4), 5 
mmol/L succinate, and 0.3 mmol/L CaCl2.  Mitochondria (0.5 
mg) were suspended in 3.6 mL of phosphate buffer.  A quan-
tity of 1.8 mL of this suspension was added to both sample 
and reference cuvettes; then 6 mmol/L succinate was added to 
the sample cuvette only, and the A520 nm scanning was started 
and recorded continuously at 25 °C for 10 min.  The extent of 
the swelling of the mitochondria was evaluated according to 
the decrease in values obtained at 520-nm absorption.

Determination of mitochondrial succinate dehydrogenase (SDH) 
and ATPase activity
The activities of mitochondrial SDH and ATPase were 
detected according to the instructions provided with their 
respective kits[28, 29].  The quantity of Pi produced was repre-
sentative of the activities of the ATPase, with the active unit 
mmoL (Pi)/(h·mg) protein.  SDH activity was expressed as 
units/mg protein.

Statistical analysis
All results are expressed as mean±SEM.  Statistical com-
parisons were made using a one-way analysis of variance 
(ANOVA) test.  The level of significance was set at P=0.05.  All 
tests were two-sided.  

Results
Effect of melatonin on intestinal mucosal injury induced by 
diclofenac in mice
As compared with the control group, intestinal mucosal inju-
ries, such as edema and small ulcers, were observed macro-
scopically (P<0.05), and microscopic assessment of the intes-
tinal mucosa showed disarranged villi, epithelial exfoliation, 
inflammatory cell infiltration and ulceration in the diclofenac 
group.  In contrast, melatonin reduced the observed intes-
tinal mucosal injury both macroscopically and microscopi-
cally.  Histological scoring based on the Chiu scale showed 
that melatonin decreased the intestinal damage score signifi-
cantly in comparison with the diclofenac group (4.8±0.4 vs 
1.8±0.4).  Therefore, melatonin administration protected mice 
from diclofenac-induced intestinal inflammation and injury 
(Figure 1).  

Effect of melatonin on intestinal mucosal barrier function 
induced by diclofenac in mice
As compared with the control group (Figure 2A), the intestinal 
mucosa in the diclofenac group showed a focal reduction in 
the thinning of the microvillous carpet and the disarrange-
ment of the epithelial surface as viewed by TEM.  In addition, 
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we observed irregular widening of the intercellular space, 
decurtated and broadened junctional complexes and partially 
damaged surface epithelium in the diclofenac group (Figure 
2B).  Melatonin-treated intestine exhibited an attenuation 
of the surface epithelial damage that was observed in the 
diclofenac-treated intestine along with a regular microvillous 
carpet and an improved tight junction structure (Figure 2C).  
Accordingly, the amount of EB permeating into the intestinal 
wall and the plasma FD-4 concentrations in diclofenac group 
were much greater than those recorded in the control group 
(P<0.01); in contrast, the increases in dye movements were 
suppressed effectively by melatonin, indicating that mela-
tonin significantly decreased the permeability of the intestinal 
mucosa (Figure 3).

Effect of melatonin on the MDA and MPO levels in intestinal 
mucosal homogenates
As shown in Figure 4, the MDA levels of intestinal mucosal 
homogenates increased in the diclofenac group (1.65±0.32 
nmol/mg protein), whereas melatonin significantly decreased 
MDA production (1.12±0.22 nmol/mg protein).  Correspond-
ingly, MPO activity was also increased in the intestinal 

mucosal homogenates obtained from the diclofenac group 
(0.236±0.027 U/g homogenate).  Melatonin treatment effec-

Figure 1.  Effects of melatonin on the intestinal mocusal injury induced 
by diclofenac in mice.  Melatonin (10 mg/kg) was given intragastrically 
(ig) once a day for 3 d at 4 h after diclofenac (2.5 mg/kg) administration.  
n=8.  Mean±SEM.  cP<0.01 vs control group.  eP<0.05, fP<0.01 vs 
diclofenac group.

Figure 2.  Effects of melatonin on the epithelial ultrastructure morphology of small intestine in the mice under TEM (original magnification ×20 000).  
(A) Control group; (B) Diclofenac group; (C) Melatonin group (10 mg/kg).  Melatonin (10 mg/kg) was given intragastrically (ig) once a day for 3 d at 4 h 
after diclofenac (2.5 mg/kg) administration.  In diclofenac group, reduced and shorter microvillous carpet, irregular widening of the intercellular space, 
decurtated and broaden junctional complex were observed (B).  Melatonin group showed a much more regular and intensive microvillous carpet, and 
ameliorated tight junction (C). 

Figure 3.  Effects of melatonin on the intestinal mocusal permeability 
induced by diclofenac in mice. Melatonin (10 mg/kg) was treated 
intragastrically (ig) once a day for 3 d at 4 h after diclofenac (2.5  
mg/kg) administration. n=8. Mean±SEM.  cP<0.01 vs control group. 
fP<0.01 vs diclofenac group.  EB: Evans blue; FD-4: fluorescent tracer 
fluorescein isothiocyanate dextran.

Figure 4.  Effects of melatonin on the MDA and MPO levels of intestinal 
mocusal injury induced by diclofenac in mice.  Melatonin (10mg/kg) 
was treated intragastrically (ig) once a day for 3 d at 4 h after diclofenac 
(2.5 mg/kg) administration.  n=8.  Mean±SEM.  cP<0.01 vs control 
group. fP<0.01 vs diclofenac group.  MDA: malondialdehyde; MPO: 
myeloperoxidase.
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tively inhibited the increase of MPO activity in the intestine 
(0.181±0.330 U/g homogenate).  

Effect of melatonin on liver mitochondrial swelling and MMP in 
the diclofenac mouse model of intestinal mucosal injury
Mitochondrial permeability transition (MPT) occurrence was 
assessed by measurement of the resulting large-amplitude 
swelling.  After energizing with succinate, the swelling rate of 
mitochondria isolated from the diclofenac group was less than 
that of the control group.  The administration of melatonin 
partly prevented the diclofenac effect on mitochondrial vol-
ume.  Mitochondria isolated from the control group had a sig-
nificant reduction in fluorescence intensity by 30 s after adding 
the reaction solution.  The fluorescence intensity of mitochon-
dria isolated from the diclofenac group decreased less than did 
that of the control group, and melatonin effectively restored 

the decrease in fluorescence intensity induced by diclofenac.  
This observation shows that melatonin improved the impaired 
mitochondrial function that occurred as a result of diclofenac 
treatment and maintained a normal MMP (Figure 5).

Effect of melatonin on liver mitochondrial SDH and ATPase 
activities in diclofenac-treated mice
As shown in Figure 6, as compared with the values of the 
control group, marked decreases in the activities of ATPase 
and SDH in mitochondria were found in the diclofenac group 
(P<0.01).  Melatonin clearly restored the activities of ATPase 
and SDH in mitochondria and, thus, contributed to mainte-
nance of a normal energy metabolism.

Discussion
NSAID enteropathy is a frequent complication that occurs 
upon treatment with diclofenac and other NSAIDs.  Newer 
imaging modalities, such as capsule endoscopy studies, sug-
gest that small bowel erosions may be common in nonselec-
tive NSAID users.  In two retrospective studies of 268 and 
188 patients, hospitalization due to intestinal perforations or 
hemorrhage were twice as likely to develop in patients on 
NSAIDs than in controls[30].  Bjarnason et al[31] reported that up 
to 70% of patients receiving long-term NSAID therapy, includ-
ing diclofenac therapy, developed small intestinal NSAID 
enteropathy.  Numerous studies have demonstrated that an 
increase in intestinal permeability is the central mechanism 
that translates biochemical damage to tissue damage in the 
pathogenesis of NSAID enteropathy.  NSAIDs increase intes-
tinal permeability in the human within 24 h of ingestion, and 
this increase is equally evident when NSAIDs are taken long 
term[32].  As an alternative to intestinal ulceration, intestinal 
permeability has been investigated as a method for measur-
ing the level of NSAID-induced gut damage in the rat and 

Figure 5.  (A) Effect of melatonin on liver mitochondrial swelling after 
intestinal mucosal injury induced by diclofenac in mice.  (B) Effect of 
melatonin on liver mitochondrial membrane potential after intestinal 
mucosal injury induced by diclofenac in mice.  Melatonin (10 mg/kg) was 
given intragastrically (ig) once a day for 3 d at 4 h after diclofenac (2.5 
mg/kg) administration.

Figure 6.  Effects of melatonin on the activities of SDH and ATPase of 
liver mitochondria after intestinal mocusal injury induced by diclofenac in 
mice.  Melatonin (10 mg/kg) was given intragastrically (ig) once a day for 
3 d at 4 h after diclofenac (2.5 mg/kg) administration.  n=8.  Mean±SEM.  
cP<0.01 vs control group.  eP<0.05, fP<0.01 vs diclofenac group.  ATP: 
adenosine triphosphate; SDH: succinate dehydrogenase.
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then developed as a method for routine measurement.  Con-
sequently, it has become a potential therapeutic target for the 
prevention of NSAID enteropathy.

Several recent publications have presented evidence that 
melatonin has a significant protective action against gastroin-
testinal damage.  Furthermore, other studies have shown that 
melatonin has a beneficial effect in experimental models of 
gastric injury[33, 34].  This protective effect of melatonin, which is 
believed to be related to its antioxidant activity, has also been 
demonstrated in the rat small intestine experimental model 
of I/R.  However, it was not clear whether melatonin could 
improve NSAID-related small intestinal mucosa injury.  In the 
current study, we found that melatonin treatment protected 
mice from the intestinal mucosal injury induced by diclofenac.  
Mice treated with melatonin exhibited significantly reduced 
numbers of and areas of intestinal ulceration, and histologi-
cal staining showed that melatonin administration strongly 
attenuated intestinal inflammation.  The beneficial effect 
of melatonin appeared to be related to its reinforcement of 
intestinal barrier function, as demonstrated by the attenua-
tion of the diclofenac-induced intestinal permeability and the 
improvement in the ultrastructure observations of the intesti-
nal mucosa in the melatonin-treated group as compared with 
the diclofenac-treated group.  

Lipid peroxidation is considered a major mechanism of 
oxygen free radical attack and an indicator for oxidative 
stress and reactive oxygen species production.  Experimental 
evidence has been presented that connects melatonin to the 
prevention or treatment of gastrointestinal disorders with the 
scavenging properties of active oxygen[35].  In separate experi-
ments, cotreatment of rats with melatonin and ranitidine or 
omeprazole was found to protect against stress ulceration in 
doses at which none of these alone could protect the stomach.  
These findings raise the possibility that melatonin, although 
an effective gastroprotective agent individually, may func-
tion even better when used in conjunction with ranitidine 
or omeprazole.  Melatonin likely exerts its gastroprotective 
effects through direct and indirect antioxidant activities[36–38].  
Accordingly, our results demonstrate that melatonin treat-
ment decreased intestinal mucosal oxidative injury induced by 
diclofenac.  

NSAID-induced enteropathy has now been shown to be 
multifactorial, involving a combination of biochemical events 
that direct mucosal toxicity, mitochondrial damage, and the 
breakdown of intercellular integrity.  This allows mucosal 
exposure to luminal damaging agents (bacteria and their 
degradation products, bile acids, etc) with predictable inflam-
matory reactions.  This inflammation varies in intensity from 
mild to that producing erosions and ulcers.  NSAIDs were 
recently reported to cause mitochondrial injury, resulting in 
dissipation of the mitochondrial transmembrane potential and 
induction of a mitochondrial permeability transition pore, 
which liberates cytochrome c[39].  Cytochrome c generates reac-
tive oxygen species and thereby triggers the caspase cascade 
and cellular lipid peroxidation, resulting in cellular apopto-
sis.  The pathogenesis of mitochondrial damage induced by 

NSAIDs alters intestinal permeability with consequent intesti-
nal damage.  Accordingly, our results indicate that melatonin 
strongly protects against intestinal mucosal injury induced by 
diclofenac in mice.  This protective effect of melatonin appears 
to be mediated by its action on mitochondria.  Melatonin pro-
tects against alterations in various mitochondrial bioenergetic 
parameters associated with NSAIDs.  Specifically, we found 
that melatonin significantly restored the activities of ATPase 
and SDH in mitochondria, thus helping to maintain a normal 
energy metabolism.  This observation suggests that melatonin 
improved the impaired mitochondrial function induced by 
diclofenac and maintained a normal MMP.

A role for melatonin in the improvement of mitochon-
drial function and an increase in ATP production in differ-
ent experimental conditions has been widely reported.  The 
results of Kim et al[40] suggest that melatonin ameliorates I/
R-induced hepatocyte damage by inhibiting the level of oxida-
tive stress and the induction of the apoptotic pathway.  The 
degree of mitochondrial swelling, which reflects the extent of 
the MPT was greater after 5 h of reperfusion, but this increase 
was attenuated by melatonin treatment.  In this experiment, 
melatonin limited the release of cytochrome c into the cytosol 
and the activation of caspase-3 observed in I/R rats.  Thus, 
melatonin protected against mitochondrial injury by reducing 
mitochondrial oxidative stress and improving I/R-induced 
hepatic energy metabolism[41] and by directly inhibiting for-
mation of the mitochondrial permeability transition pore and 
reducing the membrane potential[42, 43].  Martín et al[44] showed 
that melatonin counteracted mitochondrial oxidative stress 
and increased the activity of the mitochondrial oxidative 
phosphorylation enzymes both in vivo and in vitro.  Melatonin 
also increased the production of ATP in control mitochon-
dria.  Acuña-Castroviejo et al documented that melatonin 
counteracted mitochondrial oxidative damage induced by 
t-butyl hydroperoxide, recovering glutathione levels and ATP 
production[45, 46].  These data, along with other findings, sug-
gest that melatonin regulates mitochondrial homeostasis[47].  

In conclusion, our results demonstrate that pharmacological 
concentrations of melatonin strongly protect against the intes-
tinal mucosal injury and ameliorate the increased intestinal 
permeability induced by diclofenac.  The mechanism of pro-
tection is likely to be due, at least in part, to the preservation 
of mitochondrial function mediated by melatonin.
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Introduction
Triptolide (PG490, TPL) is a diterpene triepoxide purified from 
the Chinese herb Tripterygium wilfordii hook F. This compound 
has been used to treat a variety of autoimmune diseases’ it 
has also been used as an immunosuppressant in patients who 
have undergone organ and tissue transplantations[1, 2]. Recent 
studies analyzing the mechanisms of action of TPL have 
revealed many properties of this compound that are relevant 
not only to anti-inflammatory activity but also to anticancer 
activity. Shamon et al[3], for example, found that TPL could 
inhibit the growth of several human cancer-derived cell lines 
(including breast, prostate, and lung) under cell culture condi-
tions. In hematologic tumors produced by acute myeloid leu-
kemia (AML) cells, TPL treatment caused caspase-dependent 

cell death that was mediated via the mitochondrial pathway[4]. 
This treatment also down-regulated Bcr-Abl expression in 
K562 cells and induced apoptosis in STI571-resistant chronic 
myeloid leukemia (CML) cells[5, 6], suggesting that it lacks 
cross-resistance with currently available treatments. Our pre-
vious study showed that TPL also induced apoptosis in the 
multiple myeloma (MM) cell line 8226 and in U266 cells. We 
observed no cytotoxicity in the peripheral blood mononuclear 
cells examined from normal volunteers[7]. Importantly, clini-
cal trials performed in China examining TPL treatment have 
shown that this drug can induce remission rates of 71% and 
87% in mononucleocytic and granulocytic leukemia, respec-
tively[8]. A succinate salt derivative of TPL (PG490-88) that is 
water soluble has recently been approved for Phase I clinical 
trials in France[9]. Results show that 3 out of 19 patients diag-
nosed with refractory or relapsing AML achieved complete 
remission[10]. These data imply a possible clinical application 
of TPL for leukemia treatment. Data on the ability of TPL to 

Triptolide inhibits the proliferation of cells from 
lymphocytic leukemic cell lines in association with 
downregulation of NF-κB activity and miR-16-1* 
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Aim: To examine the effects of triptolide (TPL) on T-cell leukemia cells and identify their underlying mechanisms.  
Methods: The cytotoxicity of TPL was assessed by MTT assay. Cell apoptosis was determined using annexin V and DAPI staining and 
analyzed by flow cytometry or fluorescence microscopy. The activation of caspase pathways and the expression of nuclear factor κB 
(NF-κB) p65 were examined by Western blotting. Differences in microRNA (miRNA) expression in Molt-4 and Jurkat cells before and 
after TPL treatment were identified using microarrays and real-time RT-PCR, respectively.   
Results: TPL 20−160 nmol/L treatment potently inhibited cell growth and induced apoptosis in T-cell lymphocytic leukemia cell lines. 
Molt-4 and Jurkat cells, however, were more sensitive to TPL than L428 and Raji cells. After 24 h of treatment, bortezomib abrogated 
the growth of Molt-4 and Jurkat cells with an IC50 of 15.25 and 24.68 nmol/L, respectively. Using Molt-4 cells, we demonstrated that 
TPL 20−80 nmol/L inhibited the translocation of NF-κB p65 from the cytoplasm to the nucleus and that phosphorylated NF-κB p65 in 
nuclear extracts was down-regulated in a dose-dependent manner. Similar results were also seen in Jurkat cells but not in L428 cells, 
as these cells are resistant to TPL and bortezomib (a NF-κB inhibitor). Twenty-three miRNAs were differentially expressed after TPL 
treatment. Functional analysis revealed that TPL treatment could inhibit expression of miR-16-1* and that transfection of miR-16-1* 
led to significantly decreased apoptosis induced by TPL. 
Conclusion: Our in vitro studies suggest that TPL might be an effective therapeutic agent for treatment of T-cell lymphocytic leukemia 
and that its cytotoxic effects could be associated with inhibition of NF-κB and down-regulation of miR-16-1*.

Keywords: triptolide; T-cell lymphocytic leukemia; NF-κB; miR-16-1*; bortezomib 
 
Acta Pharmacologica Sinica (2011) 32: 503–511; doi: 10.1038/aps.2010.237; published online 28 Mar 2011

Original Article

* To whom correspondence should be addressed. 
E-mail qianwenb@yahoo.com.cn  
Received 2010-10-07    Accepted 2010-12-31  



504

www.nature.com/aps
Meng HT et al

Acta Pharmacologica Sinica

npg

induce lymphoblastic leukemia cell death, however, are lim-
ited, and underlying mechanisms regulating the action of this 
compound are not well characterized.

Nuclear factor κB (NF-κB) plays a critical role in many bio-
logical processes, including cell cycle progression, apoptosis, 
oncogenesis, inflammation, and various autoimmune dis-
eases[11, 12]. Abnormal constitutive NF-κB activation is widely 
seen in a number of solid tumors and in diverse types of 
hematopoietic malignancies, such as CML[13], AML[14], lym-
phoma[15, 16], and acute lymphoblastic leukemia (ALL)[17–19]. In 
particular, constitutively activated NF-κB is found selectively 
in leukemia stem cells and not in normal hematopoietic stem 
cells[20]. As such, NF-κB may be a potential therapeutic target 
for the selective eradication of leukemia stem cells. The NF-κB 
family is composed of five members: p65 (RelA), RelB, c-Rel, 
p50 (NF-κB1), and p52 (NF-κB2). Activation of p50 homodi-
mers and p50/p65 heterodimers are detected in childhood 
ALL[17]. A recent study revealed a novel stromal cell function 
of RelB that promotes T-cell leukemogenesis[21]. Furthermore, 
inhibition of NF-κB activity was found to sensitize ALL cells 
to interferon β treatment[22]. Targeting NF-κB thus provides an 
attractive strategy for the treatment of lymphoblastic leuke-
mia.

MicroRNAs (miRNAs or miRs) are a small (about 22 nucle-
otides), highly conserved noncoding class of regulatory RNA 
molecules expressed in a tissue- and development-specific 
manner[23]. They can play an important role in several types 
of cancers and in various other aspects of cancer biology[24–26]. 
Currently, extensive studies suggest that several miRNAs may 
act as oncogenes, tumor-suppressor genes[27], or even modula-
tors of cancer stem cell growth and metastasis[28, 29]. The theory 
that miRNAs are involved in cancer is derived from the find-
ing that miR-15a and miR-16-1* are downregulated or deleted 
in most patients diagnosed with CLL[30]. More interestingly, 
recent findings indicate that miRNAs can substantially modu-
late sensitivity and resistance to anticancer drugs[31]. A study 
by Kovalchuk et al[32] shows that miR-451 regulates the expres-
sion of multidrug resistance 1 gene and that transfection of 
miR-451 results in the increased sensitivity of breast cancer 
cells to doxorubicin. In contrast, miR-214 has been shown to 
induce cell survival and cisplatin resistance in ovarian cancer 
cells through inhibiting PTEN translation and activation of the 
Akt pathway[33]. Based on these observations, we hypothesized 
that miRNAs could affect the response of leukemia cells to 
TPL. In this study, we examined the effects of TPL on human 
T-cell leukemia cell lines and investigated the mechanisms 
underlying TPL-induced cell death. We found that TPL treat-
ment at low nanomolar concentrations potently induced cell 
death in T-cell lymphocytic leukemia cells in association with 
inhibition of NF-κB and down-regulation of miR-16-1*.

Materials and methods
Cell culture and transfection
The human T-cell lymphocytic leukemia cell lines Molt-4 and 
Jurkat, the Burkitt lymphoma cell line Raji, and the Hodg-
kin’s disease cell line L428 were purchased from American 

Type Culture Collection (ATCC, Rockville, USA). They were 
maintained in RPMI-1640 (Hyclone Laboratories, Logan, USA) 
supplemented with 10% fetal bovine serum (Hyclone Labo-
ratories), 1% L‑glutamine and 0.1% gentamicin at 37 °C in a 
humidified incubator containing 5% CO2 in air. For functional 
analysis, leukemia cells were washed and resuspended in 
Opti-MEM I medium (Invitrogen, Carlsabad, USA), and miR-
16-1* mimics and non-targeting miRNA mimics (GenePharma, 
Shanghai, China) were used. The miR mimics and control 
RNA were transfected into the appropriate cells using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s 
instructions. In brief, cells were plated in 6-well plates. For 
each well, miR-16-1* mimic (100 nmol/L), control RNA (100 
nmol/L) and 5 µL of Lipofectamine 2000 Transfection Reagent 
were separately added into 250 µL of antibiotic-free Opti-
MEM I medium and then mixed together to form the transfec-
tion complex. The transfection complex was added to cells and 
incubated for 6 h before replacing the medium.

Cell viability measurements
Leukemia cells were plated on 96-well plates at 1.0×105/well 
and then treated with or without TPL at the indicated dosages 
for 24 h and 48 h, respectively. The cell viability was evalu-
ated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay (Sigma, St Louis, USA) as previously 
described[34].

Assessment of apoptosis
Apoptosis was determined using an annexin V-FITC and 
propidium iodide (PI) apoptosis detection kit (Biouniquer, 
Suzhou, China), according to the manufacturer’s instructions. 
Prepared cells were analyzed with FACScan flow cytometer 
and CELLQuest software (Becton Dickinson, Franklin Lakes, 
USA). To detect chromatin condensation and nuclear fragmen-
tation, cells were fixed with 4% paraformaldehyde and then 
stained with 5 µg/mL Hoechst 33258 (Sigma) for 20 min at 
room temperature. Apoptotic cells were determined by fluo-
rescence microscopy (Olympus, Tokyo, Japan).

Immunofluorescence studies
Molt-4 cells were treated with PBS or TPL at 40 nmol/L and 
subjected to immunofluorescence analysis after 24 h. Briefly, 
cells were plated on glass slides for fixation by 4% paraform-
aldehyde for 30 min at room temperature followed by three 
washes with PBS. Cells were then incubated with a blocking 
buffer. The blocking buffer was then removed, and cells were 
incubated with an anti-human NF-κB p65 subunit antibody 
(Cell Signaling, Danvers, USA) at 4 °C overnight. After being 
washed three times with PBS, slides were incubated with 
Texas Red-conjugated goat anti-rabbit antibody for 30 min in 
the dark at room temperature, and secondary antibody was 
then removed. Next, slides were stained with 1 μmol/L DAPI 
(SouthernBiotech, Birmingham, USA) for 5 min in the dark 
and washed three times with PBS. They were then mounted 
on a coverslip and observed under a fluorescence microscope 
(Olympus, Tokyo, Japan).
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Western blotting
Cells were harvested and extracted with lysis buffer (Cell Sig-
naling), and nuclear extracts were collected by using a nuclear 
extraction kit (Millipore, Billerica, USA) according to the man-
ufacturer’s instructions. Western blot analysis was performed 
as described previously[35], with equal protein loading on 12% 
SDS-PAGE. The primary antibodies used were caspase-3, poly 
(ADP-ribose) polymerase (PARP), NF-κB p65, and Phosphor-
NF-κB p65 (Ser536), all purchased from Cell Signaling Tech-
nology. Actin and Lamin B antibodies were used as house-
keeping protein control. They were obtained from Santa Cruz 
Biotechnology (Santa Cruz, USA). After incubation with sec-
ondary antibodies (MultiSciences Biotech, Hangzhou, China), 
blots were revealed by enhanced chemiluminescene (ECL) 
procedures according to the manufacturer’s recommendation. 

miRNA microarray expression analysis
Total RNA was extracted from Molt-4 and TPL-treated-Molt-4 
cells using TRIzol (Invitrogen) and the RNeasy mini kit (Qia-
gen, Valencia, USA) according to the manufacturer’s instruc-
tions. The miRNA microarray analysis was done by KangChen 
(Shanghai, China). After passing RNA measurement on the 
Nanodrop instrument, the samples were labeled using the 
miRCURY™ Hy3™/Hy5™ Power labeling kit and hybrid-
ized on the miRCURY™ LNA Array (v 14.0). Experiments 
were carried out in triplicate. Scanning was performed with 
the Axon GenePix 4000B (Axon, Sunnyvale, USA) microarray 
scanner. GenePix pro V6.0 was used to read the raw inten-
sity of the image. A t test analysis was conducted comparing 
Molt-4 and TPL-treated-Molt-4 samples, and miRNA with P 
values < 0.05 were selected for cluster analysis. The clustering 
analysis was performed using a hierarchical method as well as 
average linkage and Euclidean distance metrics[36].

Real-time quantitative RT-PCR of micro-RNA
The quantitative real-time PCR (qRTPCR) was done by using 
Hairpin-it miRNAs qPCR Quantitation Kit (GenePharma) 
according to manufacturer’s specified guidelines. Total RNA 
was isolated by using TRIzol (Invitrogen) and further sub-
jected to DNase (Invitrogen) digestion, following the manu-
facturer’s protocol. The RNA levels were quantified by spec-
trophotometry. One microgram of total RNA was incubated 
with DNase I and reverse-transcribed using MMLV reverse 
transcriptase (Invitrogen). The reverse transcription product 
was amplified using primer pairs specific for miR-16-1* and 
miR-138-2*. U6 were used as controls for quantification. qRT-
PCR was performed using an iQ5 Multicolor Real-Time PCR 
Detection System (Bio-Rad, Berkeley, USA). The level of each 
miRNA expression was measured using the 2-DeltaDeltaCt method.

Statistical analysis
Means were compared using the 2-tailed Student’s t test. 
P<0.05 was considered statistically significant in all calcula-
tions. All data analyses were performed using GraphPad 
Prism software version 4.0 (GraphPad, San Diego, USA).

Results
Effect of TPL on the proliferation of lymphocytic leukemia cells 
in vitro 
To investigate the effects of TPL on growth and survival of 
lymphocytic leukemia cells, we treated various leukemia 
cell lines, including Molt-4, Jurkat, Raji and L428 cells, with 
increasing concentrations of TPL. As shown in Figure 1, after 1 
or 2 d of treatment, the proliferation of the leukemia cells was 
significantly inhibited by TPL in a dose-dependent manner, 
as indicated by MTT assay. Molt-4 and Jurkat cells, however, 
were more sensitive to TPL than L428 and Raji cells. Next, we 
compared the efficacy of TPL with that of bortezomib, a pro-
teasome inhibitor that potently inhibits NF-κB activity. After 
24 h of treatment, bortezomib abrogated the growth of Motl-4 
and Jurkat cells with an IC50 of 15.25 and 24.68 nmol/L, respec-
tively. In contrast, a much higher concentration of bortezomib 
(326.23 nmol/L) was required to achieve a 50% inhibition in 
L428 cells.

TPL inhibits NF-κB and induces apoptosis in leukemia cells
To understand the mechanisms of TPL-induced cell death in 
leukemic cells, we examined the ability of TPL to induce apop-
tosis using Annexin V/PI and DAPI staining followed by flow 
cytometry and fluorescence microscopy analyses, respectively. 
As shown in Figure 2A, TPL treatment in nanomolar concen-
tration (80 nmol/L) for 12 h resulted in apoptosis in a large 
percentage of cells. L428 and Raji cells, however, were resistant 
to apoptosis induced by TPL. Analysis of Molt-4 nuclei after 
Hoechst staining confirmed that TPL-treated cells exhibited 
morphologic changes characteristic of apoptosis, such as chro-
matin condensation and formation of micronuclei (Figure 2B). 
Next, we tested for molecules that control apoptosis. Western 
blot analysis was used to confirm our flow cytometric findings 
by demonstrating that TPL treatment activated two key mol-
ecules in the apoptosis pathway, namely, caspase-3 and PARP 
in Molt-4 and Jurkat cells, but not in L428 cells (Figure 2C).

Several tumor-cell types, including myeloma and leukemia, 
are known to constitutively express NF-κB through a mecha-
nism yet to be fully defined[37]. To determine the role of NF-κB 
in the process of TPL-induced cell death in lymphoblastic 
leukemia cells, we treated Molt-4, Jurkat cells, which are sensi-
tive to TPL, and L428 cells, which are resistant to TPL, with 
the indicated concentrations of TPL. We then used Western 
blot analysis to determine the possible influence of TPL on the 
subcellular localization of p65. As shown in Figure 3A, TPL 
treatment inhibited the nuclear accumulation of p65 in Molt-
4. Phosphor-NF-κB p65 (Ser536) in nuclear extracts of Molt-4 
cells was reduced in a dose-dependent manner. Similar results 
were seen in Jurkat cells (data not shown). However, this 
result was not observed in L428 cells. Immunofluorescence 
staining using a specific antibody against p65 also indicated a 
decrease in the nuclear translocation of NF-κB in TPL-treated 
Molt-4 cells and confirmed the results of the immunoblotting 
analysis (Figure 3B). Collectively, these data demonstrate that 
TPL inhibits the nuclear accumulation of NF-κB.
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Figure 2.  Apoptosis induced by triptolide. (A) After treatment with triptolide at 80 nmol/L for 12 h, cells were collected and detected by the annexin-V/
propidium iodide (PI)-staining method. The results were expressed as mean±SD (n=3). (B) After treatment with triptolide at indicated concentrations for 
12 h, Molt-4 cells were stained with Hoechst 33258 and then observed under a fluorescence microscope. Arrows, apoptotic nuclei. (C) Leukemia cell 
lines were incubated with 80 nmol/L of triptolide for 12 h, and then cell extractions were subjected to Western blotting analysis using anti-caspase-3 
and PARP antibodies. The results are the representatives of three separate experiments.

Figure 1.  Effect of triptolide 
on cell growth in lymphocytic 
leukemia cell l ines. Expo-
nentially growing cells were 
seeded into 96-well plates, 
and then treated with the 
indicated concentrations of 
triptolide for 24 and 48 h, 
respectively. The proliferation 
of cells was determined by a 
MTT assay. Mean±SD. n=3 
independent experiments. 
bars, SD.
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Comparative analysis of miRNA expression profile in Molt-4 cells 
before and after TPL treatment
We analyzed the miRNA expression profiles in the human 
leukemia Molt-4 cell line and TPL-treated Molt-4 cells. The 
clusters analysis revealed that the Molt-4 cells treated with 
TPL demonstrated significant changes in miRNA expression. 
We identified 23 miRNA genes (17 up-regulated and 6 down-
regulated) that were differentially expressed (P<0.05) in the 
TPL-treated Molt-4 cells, compared to the parental Molt-4 cells 
(Figure 4A). Among these identified miRNAs, miR-16[38] and 

miR-138 family members[39–40] have been previously implicated 
in tumorigenesis and cancer cell death. As such, qRT-PCR 
was used to determine the expression differences of miR-16-1* 
and miR-138-2* in the paired lymphocytic leukemia cell lines. 
Upregulation of miR-138-2* and downregulation of miR-16-1* 
by TPL in a time- and dose-dependent manner was observed 
in Molt-4 cells (Figure 4B and C). Similar results were obtained 
in Jurkat cells (Figure 4D). These results confirmed the 
microarray findings for miR-138-2* and miR-16-1*.

Downregulation of miR-16-1* may contribute to TPL-induced cell 
death
To investigate the involvement of miR-16-1* down-regulation 
in TPL-induced cell death, functional analyses were performed 
to test the effects of miR-16-1* on cell apoptosis. As shown in 
Figure 5, ectopic transfection of miR-16-1* mimics led to signif-
icantly decreased apoptosis of TPL-treated Molt-4 cells (23% vs 
17%, P<0.05), suggesting that miR-16-1* may provide partial 
protection against the cytotoxicity of TPL. It should be noted 
that transfection of negative control oligonucleotides into 
Molt-4 cells did not affect their sensitivity to TPL. Collectively, 
out data indicate that downregulation of miR-16-1* may be 
associated with the cytotoxicity of TPL in T-cell lymphocytic 
leukemia cells. 

Discussion
Acute lymphocytic leukemia in adults is the most aggres-
sive neoplastic disorder of lymphocytes. Over the last sev-
eral decades, survival rates of the patients have remarkably 
improved due to progress in therapeutic protocols; however, 
a higher proportion of the patients cannot expect long-term 
remission because of frequent relapse with poor clinical out-
come. As such, novel biological therapeutics need to be devel-
oped, either alone or in combination with conventional che-
motherapy[18]. NF-κB is a major factor underlying malignant 
T-cell transformation, drug resistance, and apoptosis. It was 
found that adult T-cell leukemia cells possess constitutively 
activated NF-κB and that inhibition of NF-κB by the protea-
some inhibitor bortezomib or by Bay 11-7082 induces cell 
death in adult T-cell leukemia cells[41–43]. We became interested 
in TPL because it was reported that TPL is a potent inhibitor 
of NF-κB activation. In this regard, Qiu et al[44] showed that 
TPL at 200 ng/mL and 1000 ng/mL caused nearly complete 
inhibition of IκBα protein expression in activated T-cells. In 
the present study, we demonstrate that TPL at low nanomolar 
concentration (20–80 nmol/L) potently inhibits cell growth of 
T-cell lymphocytic leukemia cell lines and induces apoptosis, 
as demonstrated by annexin V staining and Hoechst stain-
ing. The cleavage of caspase-3 and PARP was observed in the 
T-cell lymphocytic leukemia cells, suggesting that the activa-
tion of caspase pathway is involved in TPL-induced apoptosis. 
These results concur with those obtained in AML cells treated 
with TPL[4]. We also show that the responses appear to be 
dependent upon inhibition of NF-κB activity, as treatment 
with TPL induced a dose-dependent decrease of phospho-p65 
level in T-cell leukemia cell lines accompanied by a reduced 

Figure 3.  Triptolide inhibits the expression of NF-κB and the accumulation 
of p65 in nucleus. (A) Cells were treated with triptolide at the indicated 
concentrations for 24 h. The nuclear and cytoplasm fractions of cells were 
harvested, and then were analyzed by Western blotting using anti-nuclear 
factor κB (NF-κB) p65 and phos-p65 antibodies. The blots were blot-
ted with actin or lamin B antibody to control for sample loading. Results 
shown are representative of three separate experiments. (B) Cells treated 
with 40 nmol/L of triptolide were fixed, permeabilized, and then subjected 
to immunofluorescent double staining with antibody against p65 subunit 
of NF-κB by Texas Red. Nuclei were counterstained with DAPI.
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nuclear accumulation of NF-κB p65. In contrast, similar results 
were not found in L428 cells, which are resistant to TPL and 
bortezomib. Together, these data suggest that the ability of 
TPL to inhibit NF-κB could explain the underlying mecha-
nism. 

Previous studies suggest that cellular effects and mecha-
nisms of action of TPL in cancer cells are highly complex 
and undoubtedly involve multiple biological pathways. In 
addition to NF-κB inhibition, down-regulation of XIAP[45,46], 
activation of functional p53 pathway[9], inhibition of Bcr-abl 
transcription[5,6], and decreased HSP70 mRNA and protein 
levels[47, 48] are also responsible for TPL-induced cell death. In 
this study, we performed miRNA expression profiling using 
Molt-4 cells with or without TPL treatment, and we showed 
that 23 miRNA genes were differentially expressed at a level 
of P<0.05. The function of majority of the identified miRNA 
genes, however, is still unknown. We thus focused on miR-
16-1* and miR-138-2*, as miR-16 and miR-138 are reported 

to be functionally associated with the apoptosis of cancer 
cells[39, 49]. The results of qRTPCR, which are consistent with 
our microarray data, showed that TPL treatment decreased 
miR-16-1* expression and increased miR-138-2*. Furthermore, 
functional analysis revealed that miR-16-1* could partly 
abrogate the effects of TPL in Molt-4 cells, suggesting that 
inhibition of miR-16-1* expression may contribute to TPL-
induced cell death. The miR-16 family contains miRNAs that 
have been shown to regulate Bcl-2[49] and cell cycle genes[50, 51], 
including cyclin D1, cyclin D3, cyclin E1, and CDK6, which 
together can result in cell cycle arrest and the apoptosis of 
cancer cells. Recently, miR-16-1 has been considered as a pos-
sible tumor suppressor gene[38] because its levels have been 
found to be reduced or completely ablated in >65% of CLL 
cases examined[52, 53]. Also, forced expression of this gene can 
induce apoptosis through the targeting of Bcl-2[49]. Although it 
remains unclear why miR-16-1*, a miR-16 family member, acts 
in a functionally different manner than miR-16-1, these seem-

Figure 4.  Triptolide affects microRNA (miRNA) expression.  (A) 
Molt-4 cells were treated with triptolide at 80 nmol/L for 8 h. 
Total RNA was collected and then comparative analysis of miRNA 
expression profile was performed (n=3).  The color scale shown 
at the top illustrates the relative expression level of a miRNA: red 
represents a high expression level; green represents a low ex-
pression level.  (B) Molt-4 cells treated with 80 nmol/L triptolide 
for the indicated times. Real-time PCR was done for the detection 
of miR-16-1* and miR-138-2* expression.  (C) Real-time PCR re-
sults from Molt-4 cells treated with triptolide at the indicated con-
centrations for 8 h.  (D) Levels of miR-16-1* and miRNA-138-2* 
in Jurkat cells treated with triptolide at the indicated concentra-
tions for 8 h were determined by real-time PCR. The data in panel 
B, C, and D represent the mean±SD of three independent experi-
ments; bars, SD.  Ct value means cycle threshold value.



509

www.chinaphar.com
Meng HT et al

Acta Pharmacologica Sinica

npg

ingly contradictory findings are not surprising. In fact, CLL 
patients presenting with deletions of 13q14, where miR-15a 
and miR-16-1 reside, have been shown to exhibit a more favor-
able prognosis[54]. In contrast, Calin et al [52] reported that high 
expression levels of miR-16-1/miR-16-2 were observed in CLL 
patients with a poor prognosis. Taken together, these data 
indicate that the roles of alterations in the miR-16 family genes 
in the leukemia are complicated. Here, we also show that TPL 
up-regulates the expression of miR-138-2*. It was previously 
reported that miR-138, which can repress hTERT mRNA, 
was down-regulated in thyroid cancer cells[40]. A recent study 
shows that miR-138 suppresses invasion and promotes apop-
tosis in head and neck squamous cell carcinoma cell lines and 
suggests that miR-138-1 and miR-138-2 may function as tumor 
suppressor genes[39]. Thus, further investigation is required for 
evaluating the roles of miR-138-2* in TPL-induced cell death.

In summary, our data suggest that TPL at low nanomolar 
concentrations can potently inhibit cell growth and induce 
apoptosis in T-cell lymphocytic leukemia cells and that the 
inhibition of NF-κB may, in part, contribute to the toxicity 
of TPL. Additionally, TPL treatment resulted in the marked 
alteration of 23 miRNA genes. Among these genes, miR-138-
2* expression was up-regulated and miR-16-1* was down-
regulated. As this may contribute to the cytotoxic effects of 
TPL, our data suggest that miRNAs could be a potential target 
for T-cell leukemia treatment. Future work is required to gain 
a deeper understanding of the proteins targeted by these miR-
NAs. 
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Introduction
Candida albicans (C albicans), a major human fungal pathogen, 
causes disorders ranging from mild infections to life-threat-
ening diseases[1, 2].  C albicans is often treated with fluconazole, 
which is a fungistatic drug.  However, there is a rapid acqui-
sition of resistance to azoles in C albicans.  This is due to a 
limited number of multidrug resistance related genes, which 
include ERG11, CDR1, CDR2, and CaMDR1[3–6].  Recently, 
DNA microarray and proteomic analyses have revealed 
many differentially regulated genes in either laboratory[7, 8] or 
clinical[9–12] azole-resistant C albicans isolates.  However, few of 
these new observations have been confirmed by genetic stud-
ies because C albicans is difficult to study experimentally due 
to its asexual diploid nature and variant genetic code.

The calcineurin pathway is involved in the development of 
azole resistance in C albicans[13–15].  Calcineurin is a Ca2+ calm-

odulin-dependent serine/threonine phosphatase consisting 
of a catalytic subunit A (encoded by CNA1) and a regulatory 
subunit B (encoded by CNB1)[16].  The phosphatase activity of 
calcineurin is activated when calcineurin binds calmodulin in 
the presence of calcium ions.  Activated calcineurin regulates 
downstream gene expression via transcription factors such as 
Crz1p[17].

In our previous study, we found that RTA2, CaIPF14030, 
and MXR1 were involved in the calcineurin pathway.  These 
three genes were overexpressed in the experimentally induced 
azole-resistant C albicans strain DSF28[18].  The rta2 and ipf14030 
null mutants from C albicans were constructed along with 
deletions of CDR1, CDR2, and CaMDR1[18].  The disruption 
of RTA2 increased the susceptibility of C albicans to azoles, 
whereas the disruption of CaIPF14030 did not influence the 
sensitivity of C albicans to azoles[18].  Bioinformatic analy-
sis also revealed that the promoters of both the RTA2 and 
the CaIPF14030 genes contained the calcineurin-dependent 
responsive element (CDRE) sequence, which is controlled 
by either calcineurin or Crz1p[17, 18].  However, the function 
of CaIPF14030 was unknown.  In the present study, we con-
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structed the ipf14030 null mutant from the C albicans wild-type 
strain to investigate the role of CaIPF14030 during the devel-
opment of azole resistance in C albicans.

Materials and methods
Antifungal agents
Fluconazole was from Pfizer Inc (New York, NY, USA).  Keto-
conazole and econazole were purchased from Sigma (St Louis, 
MO, USA).  Itraconazole was a gift from Prof Chao-mei LIU, 
and voriconazole was a gift from Prof Wan-nian ZHANG  
from the Second Military Medical University, Shanghai, China.

Candida albicans strains and culture media 
Candida albicans strains used in this study are listed in Table 
1; they were cultured in YPD medium or SC medium lacking 
uridine, methionine and cysteine.

RNA isolation and quantitative RT-PCR 
All primer sequences are listed in Table 2.  RNA isolation, 
cDNA synthesis, and PCR amplification were performed as 
described previously[18].  Triplicate independent quantita-
tive RT-PCRs were performed using the LightCycler System 
(Roche Diagnostics, Mannheim, Germany).  Gene expression 
levels relative to the calibrator were expressed as 2-∆∆CT.

Construction of mutant strains 
All primer sequences are listed in Table 2.  Construction of 
plasmid pUC-IPF14030-URA3 was performed as described 
previously[18].  Briefly, the fragment containing the 5’ and 3’ 
ends of the CaIPF14030 gene for homologous recombination 
was obtained according to the Fusion PCR method.  The 4-kb 
hisG-URA3-hisG fragment was from the p5921 plasmid[19].  
The two fragments were subsequently cloned into plasmid 
pUCm-t (Sangon, Shanghai, China).  The XhoI-digested frag-
ment of pUC-IPF14030-URA3 was transformed into the ura3 

mutant strain (RM1000) by standard methods[20].  The hybri-
dization probe primers are listed in Table 2.  Southern blot 
analysis was used to confirm the absence of the CaIPF14030 
gene.  

Overexpression of CaIPF14030 in ipf14030 mutants 
The CaIPF14030 ORF was amplified by PCR with Pyrobest 
polymerase (TaKaRa, Dalian, China).  The BamH I/Pst I-diges-
ted PCR fragment was ligated into pCaExp[21] to obtain recom-

Table 1.  C albicans strains used in this study.   

     Strain	                 Parental strain	                                                              Genotype	                                                                          Reference 
 
	 CAF2-1	 SC5314	 ura3Δ::imm434/URA3	 [19]
	 DSY2091	 CAF4-2	 cnaΔ::hisG/cnaΔ::hisG::URA3::hisG	 [17]
	 DSY2115	 DSY2101	 cnaΔ::hisG/cnaΔ::hisG; LEU2::CNA::URA3	 [13]
	 DSY2195	 DSY2188	 crz1Δ::hisG/crz1Δ::hisG::URA3::hisG	 [17]
	 MKY268	 MKY59	 crz1Δ::hisG/crz1Δ::hisG LEU2::CRZ1/URA3	 [17]
	 DSY1024	 CAF4-2	 cdr1Δ::hisG/cdr1Δ::hisG cdr2Δ::hisG/cdr2Δ::hisG camdr1Δ::hisG/camdr1Δ::hisG 	 [32]
			   flu1Δ::hisG/flu1Δ::hisG-URA3-hisG	
	 RM1000	 RM100	 ura3Δ::imm434/ura3Δ::imm434, his1Δ::HisG/his1Δ::HisG, iro1Δ::imm434/iro1Δ::imm434	 [33]
	 MZP10	 RM1000	 RM1000* ipf14030Δ::hisG-URA3-hisG/IPF14030	 This study
	 MZP11	 MZP10	 RM1000* ipf14030Δ::hisG/IPF14030	 This study
	 MZP100	 MZP11	 RM1000* ipf14030Δ::hisG/ipf14030Δ::hisG-URA3-hisG	 This study
	 MZP101	 MZP100	 RM1000* ipf14030Δ::hisG/ipf14030Δ::hisG	 This study
	 Exp-14030	 MZP101	 RM1000* ipf14030Δ::hisG/ipf14030Δ::hisG RP10/rp10Δ::pExpIPF14030-URA3	 This study
	 Exp-MZP	 MZP101	 RM1000* ipf14030Δ::hisG/ipf14030Δ::hisG RP10/rp10Δ::pCaExp-URA3	 This study
	 Exp-RM	 RM1000	 RM1000*  RP10/rp10Δ::pCaExp-URA3	 This study

                                                                          * RM1000 background.

Table 2.  Primers used in this study.   

       Name*	                                    Sequence** 
 
	 Primers used in quantitative RT-PCR
	 18 S FWD	 GTGCCAGCAGCCGCGGTA
	 18 S RV	 TGGACCGGCCAGCCAAGC
	 IPF14030 FWD	 CTTCCTGTACCTGTTGTGATTC
	 IPF14030 RV	 TCTTCCAAGAAAACTGCTGATG

	 Primers used in disruption of IPF14030 gene
	 IPF14030up FWD	 ccgctcgagACCAACCAGATTCCCCTTC
	 IPF14030up RV	 ctgacggatccgagtcCACTCCAATGGAAACTAGGC
	 IPF14030down FWD	 gactcggatccgtcagGAAGCGAATTTTGCTCTTGG
	 IPF14030down RV	 ggaattccatatgGTTCCCATTACCACGAACTC

	 Primers used for amplifying IPF14030 ORF
	 IPF14030 FWD	 ccggatccACACTAGAACATGTTCATTATT
	 IPF14030 RV	 atgcctgcagCATCTGTCAGTTGTGCTT

	 Primers used for amplifying hybridization probe of IPF14030 gene
	 IPF14030up FWD	 TGGCAACAAATATTAATCCCCG
	 IPF14030up RV	 GTTCAAAATCAAGCCCAATGTG

* FWD, forward; RV, reverse
** Restriction sites are in lower case
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binant plasmid pEXP-IPF14030.  DNA sequencing confirmed 
that the sequence of the insert was identical to the CaIPF14030 
sequence reported in the Candida Genome Database (http://
www.candidagenome.org/).  The ipf14030 mutant (MZP101) 
was transformed with the Stu I-digested and linearized pEXP-
IPF14030 plasmid and selected on SC medium lacking uridine, 
methionine and cysteine.

Susceptibility testing 
The sensitivities of the mutant strains to azoles were determi-
ned by testing the strains on agar plates containing different 
concentrations of azoles (fluconazole, ketoconazole, econazole, 
itraconazole, and voriconazole).  Five microliters of ten-fold 
serial dilutions of each yeast culture (OD600=1.0) were spotted 
on plates of the appropriate medium and then incubated at 
30 °C for the indicated time.

Measurement of intracellular ATP levels 
C albicans strains were diluted to 1×108 or 1×107 cells/mL in 
YPD broth.  A total of 100 μL of cell suspension was mixed 
completely with the same volume of BacTiter-Glo reagent 
(Promega Corporation, Madison, WI, USA) and incubated 
for 10 min at room temperature.  Luminescent signals were 
measured with a TD 20/20 luminometer (Turner Biosystem, 
Sunnyvale, CA, USA) with a 1 s integration time per sam-
ple.  A control tube without cells was used to obtain a value 
for background luminescence.  The signal-to-noise ratio (S/
N) was calculated as follows: [mean of signal - mean of back-
ground]/standard deviation of background.  A standard 
curve for ATP increments from 10 pmol/L to 1 μmol/L was 
constructed.  Signals represented the mean of three separate 
experiments.  The ATP content was calculated from the stan-
dard curve.

Statistical analysis 
Experiments were performed at least three times.  Data are 
presented as mean±standard deviations, and data were ana-
lyzed using Student’s t test where indicated.

Results
CaIPF14030 up-regulation by Ca2+ in a calcineurin-dependent 
manner
Bioinformatic analysis revealed that the CaIPF14030 promoter 
contains the CDRE sequence, which can be controlled by 
either calcineurin or Crz1p[17].  In our study, expression levels 
of CaIPF14030 were examined by quantitative RT-PCR in wild-
type (CAF2-1), cnaΔ/Δ mutant (DSY2091), crz1Δ/Δ mutant 
(DSY2195), CNA revertant (DSY2115) and CRZ1 revertant 
(MKY268) strains after exposure to 200 mmol/L CaCl2 for 2 h 
(Figure 1A).  CaIPF14030 was up-regulated by 6.51 fold in the 
CAF2-1 strain (Figure 1A).  Depletion of CNA or CRZ1 inhib-
ited the effects of CaCl2 on CaIPF14030 up-regulation by 1.53 
fold in the DSY2091 strain and by 0.96 fold in the DSY2195 
strain (Figure 1A).  However, reintroduction of CNA or CRZ1 
in the respective null mutant strains restored the effect of 200 
mmol/L CaCl2 on CaIPF14030 up-regulation.  There was a 
3.62-fold change in the DSY2115 strain and a 3.19-fold change 
in the MKY268 strain (Figure 1A).  Taken together, these data 
demonstrate that CaIPF14030 is up-regulated by Ca2+ in a 
calcineurin-dependent manner.

CaIPF14030 is overexpressed during the stepwise acquisition of 
azole resistance in DSY1024
It has been well documented that calcium can activate 
the calcineurin pathway and modulate azole activity in  
C albicans[22, 23].  Because the CaIPF14030 gene of C albicans is 
up-regulated by Ca2+ in a calcineurin-dependent manner, we 
investigated the dynamic expression of CaIPF14030 in the 
DSF7, DSF14, DSF21, and DSF28 strains obtained in our previ-
ous study[18].  As shown in Figure 1B, the CaIPF14030 gene was 
overexpressed in the DSF7, DSF14, DSF21, and DSF28 strains.  
These results are similar to those found for other known resis-
tance-related genes such as ERG11, CDR1, and CaMDR1[4, 24].  
These data suggest that CaIPF14030 is involved in the develop-
ment of azole resistance in C albicans.

Disruption and ectopic overexpression of the CaIPF14030 gene 
in C albicans 
To investigate the role of CaIPF14030 during the development 

Figure 1.  (A) Expression of CaIPF14030 was examined by quantitative RT-PCR in wild-type (CAF2-1), cnaΔ/Δ mutant (DSY2091), CNA revertant (DSY2115), 
crz1Δ/Δ mutant (DSY2195), and CRZ1 revertant (MKY268) strains in the presence of 200 mmol/L CaCl2.  The corresponding strains in the absence of 
CaCl2 were used as controls.  (B) Expression of CaIPF14030 was examined by quantitative RT-PCR in DSF7, DSF14, DSF21, and DSF28 strains obtained 
in our previous study[18] and compared to DSY1024.  (C) Expression of CaIPF14030 in the Exp-14030 strain (MZP101 carrying pCaEXP-IPF14030) was 
compared to the Exp-RM strain (RM1000 carrying pCaEXP).  Strains were cultured in SC medium lacking methionine, cysteine, and uridine for 16 h 
before harvesting for quantitative RT-PCR analysis.  Data are represented as mean±SD.
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of azole resistance in C albicans, two alleles of CaIPF14030 were 
sequentially disrupted in the RM1000 strain using the URA-
blaster method and 5-FOA selection.  This yielded the follow-
ing strains: Ura+ ipf14030/IPF14030 (MZP10), Ura– ipf14030/
IPF14030 (MZP11), Ura+ ipf14030/ipf14030 (MZP100), and Ura– 
ipf14030/ipf14030 (MZP101) (Table 1).  The strategy to disrupt 
both copies of CaIPF14030 is depicted in Figure 2A and 2B.  

Southern blot analysis of DNA from the constructed strains 
revealed that the recombination patterns were as expected 
(Figure 2C).  To further characterize the generated mutants, 
RM1000 and MZP101 growth curves were obtained.  They 
showed identical growth rates.

To investigate whether other deletions were introduced into 
the C albicans genome, the CaIPF14030 ORF was placed under 

Figure 2.  Schematic representation of the plasmid construction and disruption of CaIPF14030 using the URA3 selection marker.  (A) Diagrammatic 
representation of the plasmid construction of pUC-IPF14030-URA3 containing hisG-URA3-hisG with flanking portions on either side for homologous 
recombination.  Ba: BamH I, X: Xho I, N: Nde I.  (B) Sequential targeted disruption of the two CaIPF14030 alleles in C albicans with the disruption 
cassette.  Strain designation is shown on the right.  (C) Southern blot analysis of the genomic DNA digested with Kpn I and Sac I.  The exact size and 
genotype of the expected hybridizing DNA fragment are indicated on the right.  The hybridization probe was a 0.528-kb PCR fragment from -432 to 96 of 
the CaIPF14030 gene amplified by Pyrobest polymerase (TaKaRa, Dalian, China) from genomic DNA extracted from RM1000.
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the control of the MET3 promoter in the pCaEXP vector, and 
it was successfully integrated into the ipf14030Δ/Δ mutant 
(MZP101) at the RP10 locus as determined by PCR (data not 
shown).  Ectopic overexpression of CaIPF14030 in the Exp-
14030 strain was confirmed by quantitative RT-PCR with 
CaIPF14030 expression in the parental strain (RM1000) carry-
ing empty vector pCaEXP, which served as a control (Figure 
1C).  The growth rates of the RM1000 and Exp-14030 strains 
were similar, suggesting that there were no other gene disrup-
tions that affected the growth of the strains.

Disruption or ectopic overexpression of CaIPF14030 does not 
affect the sensitivity of C albicans to azoles
Because the CaIPF14030 gene was overexpressed during the 
stepwise acquisition of azole resistance in DSY1024, a drug 
susceptibility assay was performed to determine whether 
CaIPF14030 is associated with enhanced azole resistance in 
C albicans.  Spot assay results demonstrated that neither dis-
ruption nor ectopic overexpression of CaIPF14030 affected the 
sensitivity of C albicans to the azoles, including fluconazole, 
ketoconazole, econazole, itraconazole, and voriconazole (Fig-
ure 3A, 3B).  Taken together, these data support the hypothesis 
that CaIPF14030 does not play an important role in the devel-
opment of azole resistance in C albicans.

CaIPF14030 negatively controls the intracellular ATP content of 
C albicans
It has been well documented that lower intracellular ATP 
levels are found in C albicans strains that are azole resistant or 
have been treated by azoles[25, 26].  Because overexpression of 
CaIPF14030 occurred during the development of azole resis-
tance in C albicans, intracellular ATP concentrations were mea-
sured in the following strains: wild-type (RM1000), ipf14030Δ/
Δ mutant (MZP101) and ectopically over-expressed (Exp-
14030).  As shown in Figure 4, the level of intracellular ATP 
in the MZP101 strain was significantly higher than that in the 
RM1000 strain (P<0.01), whereas the level of intracellular ATP 
in the Exp-14030 strain was significantly lower than that in the 

RM1000 strain (P<0.01).  These results suggest that CaIPF14030 
plays a critical role in the generation of intracellular ATP dur-
ing the development of azole resistance in C albicans.

Discussion
Bioinformatic analysis have revealed that the CaIPF14030 
promoter contains a CDRE sequence, which can be controlled 
by either calcineurin or Crz1p[17].  The expression levels of 
CaIPF14030 were examined by quantitative RT-PCR in the 
wild-type (CAF2-1), cnaΔ/Δ mutant (DSY2091), crz1Δ/Δ 
mutant (DSY2195), CNA revertant (DSY2115) and CRZ1 rever-
tant (MKY268) strains after exposure to 200 mmol/L CaCl2.  

Figure 3.  Drug susceptibility profiles of C albicans strains (Table 1) determined by spot assays.  (A) The ipf14030 heterozygous and homozygous mutant 
strains from RM1000 were spotted on YPD agar plates supplemented with 0.0025% uridine with or without different antifungal agents at the indicated 
concentrations.  Plates were incubated for 48 h at 30°C.  (B) The ipf14030 mutant strains (MZP101) carrying pCaEXP or pCaEXP-IPF14030 and the 
parental strain (RM1000) carrying pCaEXP were spotted on SC medium plates lacking methionine, cysteine, and uridine with or without drugs.  Plates 
were incubated for 72 h at 30 °C.

Figure 4.  Intracellular ATP content in the wild-type (RM1000), RM1000 
carrying pCaEXP (Exp-RM), ipf14030 mutant (MZP101) and MZP101 
carrying pCaEXP-IPF14030 (Exp-14030) strains.  ATP levels represent the 
mean±standard deviation for three independent experiments.  bP<0.05 
when compared to the control strains (RM1000 or Exp-RM); cP<0.01 when 
compared to the control strains (RM1000 or Exp-RM).
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CaIPF14030 was up-regulated by Ca2+ in a calcineurin-depen-
dent manner.  It is well documented that calcium can activate 
the calcineurin pathway and modulate azole activity in C albi-
cans[22, 23].  In addition, the dynamic expression of CaIPF14030 
was investigated in the DSF7, DSF14, DSF21, and DSF28 
strains obtained in our previous study [18].  The CaIPF14030 
gene shows a steady overexpression state in the DSF7, DSF14, 
DSF21, and DSF28 strains.  These results are similar to those 
involving other known resistance-related genes such as 
ERG11, CDR1, and CaMDR1[4, 24].  Taken together, these data 
suggest that CaIPF14030 is involved in the development of 
azole resistance in C albicans.

Both copies of CaIPF14030 were successfully disrupted, 
and the role of CaIPF14030 during the development of azole 
resistance was investigated.  A drug susceptibility assay dem-
onstrated that the disruption or ectopic overexpression of 
CaIPF14030 did not affect the sensitivity of the tested C albicans 
strains to azoles.  Therefore, these data support the hypothesis 
that CaIPF14030 does not play an important role in the devel-
opment of azole resistance in C albicans.  Recent studies have 
shown that lower intracellular ATP levels were observed in  
C albicans strains that were azole-resistant or had been 
treated with azoles[25, 26].  Our data showed that disruption of 
CaIPF14030 significantly increased intracellular ATP content, 
whereas ectopic overexpression of CaIPF14030 significantly 
decreased intracellular ATP content.  Therefore, CaIPF14030 
may play a critical role in regulating intracellular ATP levels 
during the development of azole resistance in C albicans.  Fur-
ther analysis is required to elucidate the precise relationship 
between the generation of intracellular ATP that is negatively 
controlled by CaIPF14030 and the lower intracellular ATP 
levels in C albicans strains that are azole resistant or have been 
treated with azoles.  

It has been previously reported that there was a strong cor-
relation between azole susceptibility and intracellular ATP 
levels in C albicans[27].  It has also been documented that sev-
eral peptides have synergistic activity against C albicans when 
combined with fluconazole due to inhibition of production 
and release of intracellular ATP[28-30].  Because CaIPF14030 
plays a critical role in regulating intracellular ATP levels, the 
protein encoded by CaIPF14030 may be targeted by the inhibi-
tors of intracellular ATP.  Further studies must be performed 
to unravel the function of CaIPF14030 in C albicans.

A BLAST search of the C albicans genome (available at 
http://www.genolist.pasteur.fr/CandidaDB/) revealed that 
the CaIPF14030 gene (also known as orf19.851) encoded a 
putative polypeptide of 839 amino acids with a calculated 
molecular mass of 97.2 kDa.  The SOSUI[31] program predicted 
that the protein encoded by CaIPF14030 was an integral mem-
brane protein with one membrane-spanning segment.  There 
are two CaIPF14030 homologs (Mnn4p and YJR061Wp) in the 
S cerevisiae genome database (available at http://www.yeast-
genome.org/) that have 30%–37% identity and 44%–55% simi-
larity with the C albicans protein.  Mnn4p has been shown to 
be a positive regulator of mannosylphosphate transferase, and 
it is involved in mannosylphosphorylation of N-linked oligo-

saccharides.  Expression of MNN4 increases in late-logarithmic 
and stationary growth phases[32, 33].  It has been shown that 
YJR061W is a putative membrane protein involved in glycosy-
lation, and it has been shown to be repressed by Rim101p[34, 35].  
Further studies are needed to verify whether CaIPF14030 is 
involved in mannosylphosphorylation or glycosylation.

Our data show that CaIPF14030 is up-regulated by Ca2+ in a 
calcineurin-dependent manner as well as during the stepwise 
acquisition of azole resistance in C albicans.  Disruption or ecto-
pic overexpression of CaIPF14030 did not affect the sensitiv-
ity of C albicans to azoles, although disruption of CaIPF14030 
significantly increased intracellular ATP content, and ectopic 
overexpression significantly decreased intracellular ATP 
content.  In conclusion, our findings suggest that CaIPF14030 
plays a critical role in the generation of intracellular ATP dur-
ing the development of azole resistance in C albicans.
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Introduction
Genipin (Figure 1), an iridoid compound, is an aglycone 
derived from geniposide.  It is the major active ingredient of 
Gardenia jasminoides Ellis fruit, which has long been used in 
traditional Chinese medicine[1, 2].  Genipin has a molecular 
weight of 226 and a white crystalline structure.  It is soluble 
in ethanol and ethyl acetate and slightly soluble in water.  It 
also has a low cytotoxicity[2].  Pharmacokinetic studies sug-
gested that geniposide is hydrolyzed into genipin by β-D-
glucosidases in the intestine and liver[3].  It is genipin, not 
geniposide, which functions as the main bioactive compound 
and exhibits the pharmacological activities of the gardenia[4].  
Genipin is used to prepare blue colorants in the food industry 
and as a crosslinking reagent for biological tissue fixation[5].  Additionally, genipin has also been shown to possess vari-

ous pharmacological actions such as anti-inflammatory[2, 6], 
antiangiogenic[7], antithrombotic[8], anti-diabetic[9], and anti-
oxidative[10] properties, the inhibition of NO production[2] and 
the protection of neurotrophic activities[11].  Genipin inhibits 
endothelial exocytosis in human umbilical vein endothelial 

Figure 1.  Chemical structure of genipin.
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G2/M arrest
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Aim: To investigate the effect of genipin on apoptosis in human leukemia K562 cells in vitro and elucidate the underlying mechanisms.  
Methods: The effect of genipin on K562 cell viability was measured using trypan blue dye exclusion and cell counting.  Morphological 
changes were detected using phase-contrast microscopy.  Apoptosis was analyzed using DNA ladder, propidium iodide (PI)-labeled fl ow 
cytometry (FCM) and Hoechst 33258 staining.  The infl uence of genipin on cell cycle distribution was determined using PI staining.  
Caspase 3 activity was analyzed to detect apoptosis at different time points.  Protein levels of phospho-c-Jun, phosphor-c-Jun N-termi-
nal kinase (p-JNK), phosphor-p38, Fas-L, p63, and Bax and the release of cytochrome c were detected using Western blot analysis.
Results: Genipin reduced the viability of K562 cells with an IC50 value of approximately 250 μmol/L. Genipin 200–400 μmol/L induced 
formation of typical apoptotic bodies and DNA fragmentation.  Additionally, genipin 400 μmol/L signifi cantly increased the caspase 3 
activity from 8–24 h and arrested the cells in the G2/M phase.  After stimulation with genipin 500 μmol/L, the levels of p-JNK, p-c-Jun, 
Fas-L, Bax, and cytochrome c were remarkably upregulated, but there were no obvious changes of p-p38. Genipin 200–500 μmol/L 
signifi cantly upregulated the Fas-L expression and downregulated p63 expression.  Dicoumarol 100 μmol/L, a JNK1/2 inhibitor, mark-
edly suppressed the formation of apoptotic bodies and JNK activation induced by genipin 400 μmol/L.
Conclusion: These results suggest that genipin inhibits the proliferation of K562 cells and induces apoptosis through the activation of 
JNK and induction of the Fas ligand.
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cells (HUVECs), suppresses vascular and endothelial cell 
infl ammatory activation, and may target acute infl ammatory 
events[12].  Notably, genipin has been shown to induce dose-
dependent apoptosis in FaO rat hepatoma cells, human hepa-
tocarcinoma Hep3B cells[13] and PC3 human prostate cancer 
cells[14].  However, whether genipin shows a potential effect on 
human leukemia K562 cells and the cellular signaling pathway 
involved in this potential effect have not been well elucidated.

Stress-activated protein kinase/c-Jun NH2-terminal kinase 
(SAPK/JNK1/2), a member of the mitogen-activated protein 
kinase (MAPK) family, is highly activated in response to a 
variety of stress signals including chemotherapy drugs, tumor 
necrosis factor, hyperosmotic stress and ultraviolet irradiation.  
Its activation is most frequently associated with the induc-
tion of apoptosis[15–17].  Activated JNK specifically catalyzes 
the phosphorylation of c-Jun on its N-terminal transactiva-
tion domain at Ser63 and Ser73.  Phosphorylation of c-Jun, a 
major target of JNK, is a signal of JNK activation[18].  The death 
domain-containing receptor Fas and its ligand Fas-L have 
mainly been studied with respect to their ability to induce 
apoptosis.  JNK/Fas mediation of the apoptotic pathway has 
been reported in previous studies of genipin[19].  In the pres-
ent study, we investigated the effect of genipin on apoptosis 
in human leukemia K562 cells and elucidated the molecular 
mechanism of cell apoptosis.  The results showed that genipin 
induced apoptosis in K562 cells via blockage of cell cycle pro-
gression at the G2/M phase and the subsequent progression 
into apoptosis through a multi-signaling pathway.  

Materials and methods
Materials
The human leukemia cell line K562 was kindly provided by 
Professor Sheng-fu LI (Laboratory of Transplant Engineering 
and Immunology, West China Hospital, Sichuan University, 
Chengdu, China).  Genipin (98%, Figure 1) was purchased 
from Haikang Biotechnology Co, Ltd (Chengdu, China) and 
dissolved in distilled water (13.1 mg/mL, pH 7.4).  The solu-
tion of genipin was filtered with Millipore filtration and 
stored at -20 °C.  Triton X-100, Tris base, SDS, acrylamide, 
bisacrylamide, ammonium persulfate and TEMED were from 
Amresco Co (Solon, OH, USA).  RPMI-1640 medium was from 
Gibco Co (Langley, USA).  Fetal bovine serum (FBS) was from 
HyClone Co (Beijing, China).  Antibodies against p63, β-actin, 
Bax and cytochrome c were from Cell Signaling Technology 
Co (Boston, USA).  Phosphorylated antibodies (anti-phosphor-
JNK, anti-phosphor-c-Jun, and anti-phosphor-p38) were pur-
chased from Cell Signaling Technology Co (Boston, USA).  The 
antibody against Fas-L was from Millipore Co (Billerica, USA).  
The 0.25% Trypsin/EDTA solution, penicillin and streptomy-
cin were from Beijing Solarbio Science & Technology Co, Ltd 
(Beijing, China).  Peroxidase-conjugated Affi niPure goat anti-
rabbit and goat anti-mouse immunoglobulin were from ZSGB-
BIO Co, Ltd (China).  Dicoumarol (a JNK inhibitor) was pur-
chased from NICPBP (Beijing, China).  PVDF paper and the 
enhanced chemiluminescence (ECL) Western blot detection 
system were purchased from Millipore Co (Billerica, USA).  

Trypan blue was from Sigma Co (USA).  The Apoptosis DNA 
Ladder Detection Kit and the Caspase 3 Activity Assay Kit 
were from the Beyotime Institute of Biotechnology Co (Nan-
jing, China).  The Apoptotic Body/Nuclear DNA Staining Kit 
was from Bio Basic Inc (Toronto, Canada).  All stock solutions 
were stored at 4 or -20 °C.  All other chemicals were of analyti-
cal grade.

Cell culture
K562 cells were cultured in RPMI-1640 medium with 10% (v/v) 
heat-inactivated FBS, 100 U/mL penicillin and 100 μg/mL 
streptomycin in humidifi ed atmosphere at 37 °C with 5% CO2.  
Cells were seeded at a density of 5×104 in 100-mm Petri dishes 
and incubated for 6 h before drug treatment.  Various con-
centrations of genipin were added to each well.  Experiments 
were performed in triplicate.

Cell viability assays
Cell viability was determined by direct cell counting.  K562 
cells were cultured in 24-well plates at a density of 2×104 
cells/well for 6 h and then incubated with various concentra-
tions of genipin (100, 200, 300, 400, and 500 μmol/L) for 24 h.  
The cells were then stained with trypan blue dye and counted 
with a hemocytometer.  The result was expressed as a percent-
age relative to the control, and the IC50 values were calculated.

Morphological observation of cells
After being cultured at 37 °C for 6 h in 100-mm Petri dishes, 
K562 cells were treated with various concentrations of geni-
pin (0, 200, 300, and 400 μmol/L) for 24 h.  K562 cells were 
observed with a phase-contrast microscope (Leica DMIRB, 
Germany).

Analysis of DNA fragmentation
After incubation with the designated concentrations of genipin 
(200, 300, 400, and 500 μmol/L) for 24 h, 1×106 K562 cells were 
collected.  Genomic DNA was extracted from untreated and 
genipin-treated cells using the Apoptosis Ladder Detection 
Kit.  The DNA was then electrophoresed in a 1.0% agarose gel 
and visualized by ethidium bromide (EB) staining.  The gel 
was photographed under ultraviolet light.

Caspase 3 activity assay
Caspase 3 activity in cytosolic extracts was determined using a 
spectrophotometric assay as described by Song et al[20].  Briefl y, 
supernatants from cell lysates treated with 400 μmol/L geni-
pin for different amounts of time were incubated at 37 °C with 
Ac-DEVE-MCA, a fl uorogenic substrate of caspase 3.  Cleav-
age of the substrate was monitored at 405 nm.  Data were 
normalized for the protein content of each supernatant and 
expressed as the relative value compared to the untreated 
group (time 0 h).

Flow cytometric analysis of the cell cycle and apoptosis
To further measure the apoptosis induction activity of genipin, 
K562 cells were incubated for 24 h in 6-well plates with geni-
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pin.  Cells were then harvested, washed twice with ice-cold 
phosphate-buffered saline (PBS) and fi xed with 70% ethanol at 
4 °C.  Before the samples were analyzed the DNA was stained 
on ice with 200 μL of cold (4 °C) propidium iodine (PI) for 10 
min in the dark.  DNA-bound PI fl uorescence was measured 
using a 15 mW air-cooled argon ion laser at 488 nm as the exci-
tation source and an EPICS ELITE ESP fl ow cytometer (Beck-
man Coulter, USA).  Analysis of the cell cycle was performed 
with Coulter Elite 4.5 Multicycle software.  Ten thousand 
events were recorded for each sample[21].

Electrophoresis and immunoblotting
K562 cells were treated for 24 h with different concentrations 
of genipin (200, 300, 400, and 500 μmol/L).  The cells were 
then harvested and washed with PBS.  Whole cell lysates 
were obtained using cell lysis solution [250 mmol/L NaCl, 
50 mmol/L Tris-HCl (pH 7.4), 0.1% SDS, 1% Triton X-100, 1 
mmol/L EDTA, 50 mmol/L NaF, and 1 mmol/L PMSF], fol-
lowed by centrifugation (12 000×g, 30 min).  Protein samples 
were heated at 95 °C for 5 min, normalized to a total of 100 μg 
per lane, resolved by SDS-PAGE, transferred onto PVDF mem-
branes (Millipore) by electroblotting, and probed with anti-
bodies against phosphor-JNK, phosphor-c-Jun, phosphor-p38, 
p63, Bax, Fas-L, and cytochrome c.  Primary antibodies were 
detected with goat anti-rabbit antibody conjugated to horse-
radish peroxidase using enhanced chemiluminescence with 
the ImmobilonTM Western Chemiluminescent HRP Western 
blotting detection system (Millipore).  Photographs were taken 
with the ChemiDoc XRS automatic photomicrograph system 
(Bio-RAD, USA) and analyzed using Quantity One software.

Analysis of cytochrome c release
K562 cells were collected by centrifugation at 300×g for 5 min 
at 4 °C and lysed with cell lysis solution for the mitochondrial 
cytochrome c release assay.  Samples were then centrifuged 
at 12 000×g at 4 °C for 30 min.  Supernatants containing the 
cytosolic proteins were recovered and analyzed using Western 
blotting.

Hoechst 33258 staining
Nuclear fragmentation of K562 cells treated with 400 μmol/L 
genipin was visualized by Hoechst 33258 staining following 
the use of the Apoptotic body/Nuclear DNA Staining Kit 
(Canada).  Briefly, K562 cells were cultured in 6-well plates 
for 6 h and then co-incubated for 1 h with 100 μmol/L dicou-
marol, an inhibitor of JNK activation[22], before treatment with 
400 μmol/L genipin.  After treatment for 24 h, the cells were 
washed with PBS, fixed in 10% formaldehyde solution for 5 
min at room temperature and resuspended in 50 μL of PBS 
before deposition on cover slips.  The adhered cells were incu-
bated with Hoechst 33258 for 20 min at room temperature.  
Cover slips were rinsed with PBS and imaged by fl uorescence 
microscopy (Nikon Eclipse ET2000-E, Japan).  Three replicate 
wells were analyzed for each treatment by the quantitative 
and qualitative examination of three random fields in each 
well.  Cell viability was calculated from the number of viable 

cells excluding apoptotic nuclei vs the total number of nuclei 
in each well.

Statistical analysis 
Data were presented as the mean±SD and were representative 
of three independent experiments.  Statistical differences were 
evaluated using the Student’s t-test.

Results
Effect of genipin on cell viability
The effect of genipin on cell viability was evaluated by the 
trypan blue dye exclusion method; cells were counted with 
a hemocytometer.  A significant decrease in viable cells and 
total cell number was detected after treatment with genipin 
for 24 h.  Cell viability decreased to 22.75% of the control after 
treatment with genipin 500 μmol/L (Figure 2).  The IC50 of 
genipin in K562 cells was approximately 250 μmol/L.  Genipin 
showed dose-dependent cytotoxic and antiproliferative effects 
on K562 cells.

Morphological changes in genipin-treated K562 cells
To better clarify the changes in cell morphology induced by 
genipin, K562 cells were exposed to the indicated concentra-
tions of genipin for 24 h and then observed under a micro-
scope.  As shown in Figure 3, characteristic morphological 
changes were observed in K562 cells.  Control K562 cells had 
normal features with round and homogeneous nuclei (Figure 
3A).  Signifi cant morphological changes were observed in the 
cells after treatment with genipin.  Cells exhibited the charac-
teristic features of apoptosis such as cell shrinkage, membrane 
blebbing, and the appearance of apoptotic bodies (Figure 
3B–3D, arrows).  Genipin was found to inhibit the growth of 
K562 cells and increase the number of apoptotic cells in a dose-
dependent manner.  The exposure of K562 cells to 400 μmol/L 
genipin resulted in the most obvious apoptotic phenomena.

DNA fragmentation
An important feature of apoptosis is the fragmentation of 

Figure 2.  Effect of genipin on cell viability in K562 cells.  Cells were 
treated in vitro for 24 h with various concentrations of genipin (0, 100, 
200, 300, 400, and 500 μmol/L).  Cell viability was determined by cell 
counting.  Data are the mean±SD of three independent experiments.  
bP<0.05 vs control.
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genomic DNA into integer multiples of 180-200 bp, which 
results in a characteristic ladder upon agarose gel electropho-
resis.  Experiments showed that the DNA of K562 cells pre-
sented typical ladder-like pattern after treatment with genipin 
at the indicated concentration (Figure 4).  Genipin induced 
apoptosis in K562 cells.

Involvement of caspase 3 in genipin-induced apoptosis
We examined whether apoptosis is induced in genipin-treated 
K562 cells and when the cells become apoptotic.  We measured 
the activity of caspase 3, the critical mediator of apoptosis, 
in cytosolic extracts using Ac-DEVD-MCA as its fluorogenic 
substrate.  Genipin signifi cantly activated caspase 3 after 6 h 
of treatment; the trend increased slightly near 24 h (Figure 5).  
Caspase 3 activity increased within 24 h in a time-dependent 
manner in K562 cells treated with 400 μmol/L genipin.

Effect of genipin on apoptosis and the induction of G2/M cell 
cycle arrest in K562 cells
Apoptosis and cell cycle distribution were examined at the 
indicated concentration of genipin.  The fl ow cytometry results 
shown in Figures 6A–6C demonstrated that the population 
of apoptotic cells (propidium iodide-positive cells) gradu-

ally increased to 17.9% and 27.6% (4- and 7-fold) when the 
cells were treated with 200 and 400 μmol/L genipin, respec-
tively; the increase in the control group was 4.1%.  A dramatic 
hypodiploid (sub-G1) population was seen with 400 μmol/L 
genipin and is shown in Figure 6D.  The results suggested that 
genipin could induce the apoptosis of K562 cells in a dose-
dependent manner.

Cell cycle distribution was analyzed by comparing the 
percentage of cells in the G0/G1, S, and G2/M populations 
between the control group and cells treated with genipin for 
24 h (Figure 6E and Table 1) without taking into consideration 
the apoptotic cell (sub G0/G1) population.  In the control cells, 
the G2/M population represented 24.1% of the total number of 
viable cells.  After 24 h of treatment with 200 μmol/L and 400 

Figure 3.  Morphological changes in K562 cells when treated for 24 h with different concentrations of genipin.  The cells were observed under a 
microscope (phase-contrast microscopic view).  (A) Control; (B) K562 cells treated with 200 μmol/L genipin; (C) K562 cells treated with 300 μmol/L 
genipin; (D) K562 cells treated with 400 μmol/L genipin.  Apoptotic cells are shown with arrows, 400× magnifi cation.

Figure 4.  K562 cells were cultured for 24 h in the presence or absence of 
the indicated concentration of genipin.  DNA was isolated and visualized 
on a 1.0% agarose gel stained with ethidium bromide.  Lane 1, DL2000 
Marker; lane 2, control; lane 3, 200 μmol/L; lane 4, 300 μmol/L; lane 5, 
400 μmol/L; lane 6, 500 μmol/L.  

Figure 5.  Activation of caspase 3 in K562 cells treated with 400 μmol/L 
genipin.  Enzymatic activity is represented as ΔA405 nm per min per mg 
protein.  Data are mean±SD of three independent experiments.  bP<0.05 
vs control.

Table 1.  Effect of genipin on cell cycle distribution in K562 cells. The cells 
in G0/G1, S and G2/M phase was shown in the form. Data are expressed 
as mean±SD of 3 independent experiments.

  Cell cycle               Concentration of genipin (24 h)
  distribution                 Control                  200 μmol/L              400 μmol/L 

 
 % G0/G1   38.3±1.6   33.2±2.2       30±0.2
 % S    37.6±5.3   35.4±1.8    28.4±2.4
 % G2/M   24.0±6.8   31.5±0.3    41.7±2.6
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μmol/L genipin, the G2/M population increased to 31.5% and 
41.7% (near 1.5- and 2-fold) of the total viable cells, respec-
tively.  This change was accompanied by a decrease in the G1 
and S populations (Table 1).  Moreover, it occurred in a dose-
dependent manner.  Treatment with genipin significantly 
altered the cell cycle profile and increased the number of 
apoptotic cells, demonstrating that the decrease in cell viabil-
ity is due to an induction in cell apoptosis and is related to cell 
cycle arrest.  These fi ndings support the conclusions that the 
induction of cell death is due to apoptosis and that genipin 
arrests K562 cells at the G2/M phase.

Activation of JNK and phosphor-c-Jun expression in genipin-
treated K562 cells
To elucidate the signaling pathways involved in the genipin-
induced apoptosis of K562 cells, we evaluated the expression 
of phosphor-JNK and phosphor-c-Jun, a target of JNK, by 
using Western blotting.  JNK has three isoforms (JNK1, JNK2, 
and JNK3) with splicing variants that are either p46 or p54 in 
size[23].  Obvious p-JNK and p-c-Jun bands were detected.  The 
results showed that the protein levels of p-JNK and p-c-Jun 
were increased in a dose-dependent manner; they were dra-
matically increased after treatment with 500 μmol/L genipin 
in comparison to the control (Figure 7A, 7B).  The protein level 

Figure 6.  Effect of genipin on the 
sub-G1 population and cell cycle 
distribution in K562 cells.  K562 
cells were incubated for 24 h in the 
absence (A) or presence of (B) 200 
μmol/L and (C) 400 μmol/L genipin.  
Cells were then collected, stained 
with propidium iodide and analyzed 
by fl ow cytometry.  The percentage 
of apoptotic cells is shown in each 
char t , and the apoptos is rate 
(D) and cell cycle distribution (E) 
are shown in the histogram.  The 
histogram was obtained using 
Origin Version 8.0 software.  Data 
are the mean±SD of 3 independent 
experiments.  bP<0.05 vs control.  

Figure 7.  Effect of genipin on phospho-JNK (A), phospho-c-Jun (B) and phospho-p38 (C) activation in K562 cells.  K562 cells were treated for 24 
h with the indicated concentrations of genipin.  The cells were harvested and lysed.  Total protein (100 μg per lane) was loaded on the SDS gel, 
electrophoresed, transferred to PVDF membranes, and probed with antibodies against p-JNK, p-c-Jun and p-p38.  Lane 1, control; lane 2, 200 μmol/L; 
lane 3, 300 μmol/L; lane 4, 400 μmol/L; lane 5, 500 μmol/L.  Histograms indicated the changes in p-JNK and p-c-Jun expression as compared to 
the control.  Relative protein levels (fold of the control) were obtained using Quantity One software.  Histograms were obtained using Origin Vision 8.0 
software.  Data are the mean±SD of three independent experiments.  bP<0.05 vs control.
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of p-p38, another stress kinase and member of MAPK family, 
did not change signifi cantly in the K562 cells exposed to geni-
pin (Figure 7C).

Fas-L and p63 expression in genipin-treated K562 cells
To further confirm that apoptosis was induced by genipin 
through the death-receptor pathway, Fas-L and p63, two sig-
naling proteins in the apoptotic pathways, were detected by 
Western blot analysis.  The expression of death-receptor Fas-L 
was induced by genipin in a concentration-dependent man-
ner (Figure 8).  Because K562 cells lack functional p53[24], the 
expression of p63 in genipin-treated K562 cells was investi-
gated.  Genipin downregulated the expression of p63 (Figure 
8).  p63 in general and one of its specific isoforms, ΔNp63α, 
are overexpressed in a variety of squamous cell cancers.  How-
ever, their expression is downregulated in apoptotic cells[25].  
These results demonstrated that the genipin-induced apop-
tosis is accompanied by the up-regulation of Fas-L and the 
downregulation of p63 in K562 cells.

Increase in Bax expression and cytochrome c release after 
genipin treatment
To clarify whether the mitochondria-dependent pathway is 
involved in genipin-induced apoptosis, the expression of Bax 
and the efflux of cytochrome c into the cytosol were exam-
ined in genipin-treated K562 cells using Western blotting.  
As shown in Figure 9, accumulation of the Bax protein was 
observed and cytochrome c content increased signifi cantly in 

the cytosol of genipin-treated K562 cells.  These results showed 
that genipin-induced apoptosis resulted in cytochrome c 
release from the mitochondria into the cytosol in K562 cells.

Activation of JNK in genipin-induced apoptosis
As shown in Figure 7, the activation of JNK was involved in 
genipin-induced apoptosis in K562 cells.  To clarify the role 
of JNK activation, we tested the effect of dicoumarol, a JNK 
inhibitor[22], on genipin-induced apoptosis and JNK activation.  
Nuclear fragmentation in K562 cells treated for 24 h with 400 
μmol/L genipin was determined by Hoechst 33258 staining 
(Figures 10E and 10F).  Apoptotic bodies containing nuclear 
fragments were found only in genipin-treated cells; the nuclear 
envelope appeared lytic and the cytoplasm had shrunk (Fig-
ures 10E and 10F).  In contrast, cells cultured with dicoumarol 
only (Figures 10C and 10D) or with genipin and dicoumarol 
(Figures 10G and 10H) showed normal cell nuclei morphology 
as in the control (Figures 10A and 10B).  These results showed 
that dicoumarol markedly suppressed the formation of apop-
totic bodies and inhibited genipin-induced JNK activation.  
Additionally, the results of cell viability analyses in Figure 10I 
revealed that genipin-induced apoptosis was effectively inhib-
ited by the addition of a JNK inhibitor.  Taken together, these 
results indicated that the JNK signaling pathway mediated the 
genipin-induced apoptosis in K562 cells.

Figure 8.  Effect of genipin on Fas-L and p63 expression in K562 cells.  
K562 cells were treated for 24 h with the indicated concentration of 
genipin.  The Western blot was analyzed using antibodies against Fas-L 
and p63.  Lane 1, control; lane 2, 200 μmol/L; lane 3, 300 μmol/L; lane 
4, 400 μmol/L; lane 5, 500 μmol/L.  The histogram indicated the changes 
in Fas-L and p63 expression as compared to the control.  The mean 
densities were obtained using Quantity One software.  The histogram 
was obtained using Origin Vision 8.0 software.  Data are the mean±SD of 
three independent experiments.  bP<0.05 vs control.

Figure 9.  Genipin induced Bax expression and cytochrome c release 
into the cytosol of K562 cells.  K562 cells were treated for 24 h with the 
indicated concentrations of genipin.  The Western blot was analyzed using 
antibodies against Bax and cytochrome c.  Lane 1, control; lane 2, 200 
μmol/L; lane 3, 300 μmol/L; lane 4, 400 μmol/L; lane 5, 500 μmol/L.  
The histogram indicated the changes in cytochrome c release into the 
cytosol and Bax expression as compared to the control.  The mean 
densities were obtained using Quantity One software.  The histogram 
was obtained using Origin Vision 8.0 software.  Three independent 
experiments were conducted and revealed similar patterns of changes.  
Data are the mean±SD of three independent experiments. bP<0.05 vs 
control.
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Discussion
In recent years, genipin has been found to display potent anti-
cancer effects.  Genipin has been reported to induce apoptosis 
in FaO rat hepatoma cells, human hepatocarcinoma Hep3B 
cells and PC3 human prostate cancer cells[13, 14].  However, the 
exact mechanism of genipin-induced apoptosis has not yet to 
be determined.  The present study demonstrates that genipin, 
a plant-derived iridoid, induces apoptosis in human K562 leu-
kemia cells in a dose-dependent manner involving the activa-
tion of JNK/Fas-L signaling and G2/M arrest.  

Apoptosis is characterized by specific morphological 
changes such as condensation of chromatin, nuclear fragmen-
tation, blebbing of the plasma membrane, and the presence of 
apoptotic bodies[26].  We observed the typical characteristics of 
apoptosis in genipin-treated K562 cells using phase-contrast 
microscopy (Figure 3) and fluorescence microscopy (Figure 
10).  DNA fragmentation, a hallmark of apoptosis, was dem-
onstrated by fragments ranging in size from 180 to 200 bp 
(Figure 4).  Inhibition of cell viability (Figure 2) and the forma-
tion of a sub-G1 peak of apoptosis (Figure 6) were observed in 
a dose-dependent manner.  These results demonstrated that 
the death of K562 cells induced by genipin was due to apopto-
sis.  Caspase 3, one of the crucial mediators of apoptosis, is an 
executioner caspase that can be activated by a mitochondrial 

pathway or a death receptor pathway[27].  Activation of caspase 
3 was observed in genipin-treated cells and increased dramati-
cally after 6 h of incubation (Figure 5).

Perturbation of the progression of the cell cycle is a signal 
that can trigger apoptotic cell death[28].  Several studies have 
reported that various cytotoxic drugs can induce G2/M phase 
arrest.  As shown in Figure 6, genipin induced the dose-depen-
dent accumulation of cells in the G2/M phase of the cell cycle 
with subsequent accumulation in the sub-G1 phase suggesting 
the sequential events of cell cycle arrest followed by apoptosis.  
Innocente et al[29] reported that p53 arrested the cells  at the 
G2/M phase.  However, we determined by Western blot that 
K562 cells were defi cient in functional p53 (data not shown), 
which was consistent with the results of Lubbert et al[24].  Muta-
tion or dysfunction of p53 is found in more than half of all 
human cancers.  However, p63, a transcription factor homolo-
gous to p53, was found to be gradually reduced in a dose-
dependent manner in our study (Figure 8).  p63 has a critical 
physiological function.  There is evidence that p63 in general 
and its specifi c ΔNp63α isoform are overexpressed in a variety 
of squamous cell cancers and in other types of cancers and 
could act as oncogenes[25, 30, 31].  Stravopodis et al[32] reported the 
dose-dependent attenuation of p63 expression in RT4 cells at 
the mRNA level in doxorubicin-induced apoptosis.  This result 

Figure 10.  Effect of a JNK inhibitor on genipin-induced apoptosis.  K562 cells were treated for 
24 h with vehicle or 400 μmol/L genipin in the absence or presence of the JNK1/2 inhibitor 
dicoumarol (100 μmol/L).  Morphological changes in K562 cells treated with 400 for 24 h were 
observed by Hoechst 33258 staining and fl uorescence microscopy.  Fragmented or condensed 
nuclei indicative of apoptosis could be observed in the genipin-treated groups (E, F).  However, 
the dicoumarol-treated cells (C, D) and the dicoumarol and genipin-treated cells (G, H) showed 
normal cell nuclei morphology as observed in untreated cells (A, B).  (400×magnifi cation).  Cell 
viability of each group is shown in the histogram (I), which was obtained using Origin Version 8.0 
software.  1, control; 2, dicoumarol-treated cells; 3, genipin-treated cells; 4, dicoumarol and 
genipin-treated cells.  Three independent experiments were conducted and revealed similar 
patterns of changes.  Mean±SD. n=3.  bP<0.05 vs control.  
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suggested that p63 might regulate apoptosis in genipin-treated 
K562 cells.

The prolonged and persistent activation of JNK and c-Jun 
induce apoptotic cell death.  Previous studies have shown 
upregulation of JNK activation in FaO rat hepatoma cells and 
human hepatocarcinoma Hep3B cells with genipin-induced 
apoptosis[13].  It has also been reported that JNK plays an 
important role in IQDMA-mediated G2/M arrest and apopto-
sis of K562 cancer cells[33].  Although JNK and p38 MAPKs are 
collectively termed stress-activated protein kinases and are 
activated by a variety of stress-related stimuli and chemother-
apy drugs[15, 16], there was no obvious change in p-p38 (Figure 
7C) in our studies.  Kim et al[13] reported that the phosphoryla-
tion of JNK was clearly detectable in genipin-treated FaO cells, 
whereas MEK1/2 and p38 MAPKs were not activated after 
genipin treatment.  Here, genipin dose-dependently upregu-
lated the phosphorylation levels of JNK in K562 cells (Figure 
7A).  The effect of JNK was supported by dose-dependent 
phosphorylation of c-Jun, a substrate of JNK (Figure 7B).  Fur-
thermore, the involvement of JNK activation was confirmed 
by the use of dicoumarol (a JNK inhibitor)[22] (Figure 10).  
These results suggest that the genipin-induced apoptosis in 
K562 cells occurs through the JNK activation pathway.

The Fas/Fas-L pathway is an important cellular pathway 
regulating the induction of apoptosis in a variety of cell types.  
JNK has been found to contribute to death receptor apoptotic 
signaling via c-Jun/AP-1, which leads to the transcriptional 
activation of Fas-L[19].  Peng et al[34] suggested that JNK/Fas 
plays a pivotal role in (Ac)5GP-induced apoptosis.  In the pres-
ent study, the expression of Fas-L in genipin-treated K562 cells 
was found to increase dose-dependently (Figure 8), suggesting 
that genipin triggered Fas-L signaling following JNK activa-
tion and induced the death receptor apoptotic pathway in 
K562 cells.  Mundt et al[35] suggested that the ΔNp63α isoform 
of p63 negatively regulated genes encoding Fas.  Thus, p63 
downregulation may regulate Fas/Fas-L activation.  These 
results indicate that the activation of Fas-L might be attributed 
to both JNK activation and p63 downregulation in genipin-
treated K562 cells; Fas-L is then able to activate caspases to 
induce apoptosis.

Bax is a member of Bcl-2 family and also plays a crucial 
role in apoptosis as a proapoptotic protein.  Accumulation 
of the Bax protein was observed (Figure 9) and cytochrome c 
content was signifi cantly increased in the cytosol of genipin-
treated K562 cells suggesting that genipin-induced apoptosis 
also occurs through the mitochondrial apoptotic pathway.  It 
has been reported that genipin induces apoptotic cell death in 
PC3 cells via JNK-dependent activation of the mitochondrial 
pathway[14].  Several experiments also revealed that activation 
of the JNK pathway can also cause cytochrome c release from 
the mitochondria to the cytosol and that apoptotic stimuli 
fail to release cytochrome c in JNK null cells[36].  Additionally, 
the ΔNp63α isoform repressed apoptosis-related genes of the 
mitochondrial apoptotic pathway[35].  

In conclusion, a signaling pathway associated with genipin-
induced apoptosis in K562 cells was preliminarily examined 

in the present study.  Treatment of K562 cells with genipin 
resulted in G2/M phase cell cycle arrest and cell apoptosis in a 
dose-dependent manner.  Additionally, the activation of JNK 
was shown to play a crucial role in genipin-induced apoptosis 
in K562 cells.  Downregulation of p63 may result in both Fas-L 
activation and cytochrome c release, which are related to the 
death receptor pathway and mitochondrial apoptotic path-
way, respectively.  These changes lead to caspase 3 activation 
and the ultimate induction of apoptosis in K562 cells.  Further 
studies will be performed on the specifi c apoptotic signaling 
pathways in genipin-induced apoptosis in K562 cells.  Taken 
together, our research provided important insights into the 
anticancer activity of genipin.
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Introduction
Over the past three decades, esophageal squamous cell carci-
noma remains the dominant histological type of esophageal 
cancer in Europe and Asia.  Despite technological advances in 
cancer therapies, the overall 5-year survival rate of this malig-
nancy has remained at about 10% since 1980s[1].  Approxi-
mately 50%−70% of all cancer patients received radiotherapy 
during their treatment.  However, except for those with very 
early-stage disease, radiation has had little impact on long-
term survival[2].  Epidemiological data strongly suggest that 
the integration of radiation therapy into multimodal manage-
ment approaches improves the outcome of therapy for esopha-

geal cancer, but clinical radiation resistance continues to be a 
major problem[3].  

We hypothesize that this resistance is due, in part, to altered 
levels of antioxidant enzymes.  It is well known that the thera-
peutic effect of ionizing radiation (IR) is damage of DNA and 
proteins caused by radiation and IR-induced intracellular reac-
tive oxygen species (ROS).  Among the antitumor effects of IR, 
ROS are crucial for cell survival[4, 5].  The enhanced constitu-
tive oxidative stress renders tumor cells highly dependent on 
endogenous antioxidants, such as catalase (CAT), glutathione 
peroxidase (GPx), Cu/Zn-superoxide dismutase (SOD), Mn-
SOD, and peroxiredoxins (Prxs).  These endogenous antioxi-
dants protect tumor cells from continuous intracellular ROS 
injury.  

Among intracellular antioxidant defense enzymes, Prxs 
have been recently characterized as a group of thiol-containing 
proteins with efficient antioxidant capacity, and have been 
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Aim: To investigate whether down-regulation of peroxiredoxin 1 (Prx1) and/or peroxiredoxin 5 (Prx5) sensitizes human esophageal can-
cer cells to ionizing radiation (IR).
Methods: Human esophageal carcinoma cell lines Eca-109 and TE-1 were used. Prx mRNA expression profiles in Eca-109 and TE-1 
cells were determined using RT-PCR. Two highly expressed isoforms of Prxs, Prx1 and Prx5, were silenced by RNA interference (RNAi). 
Following IR, intracellular reactive oxygen species (ROS) and apoptosis were measured using flow cytometry, the activities of catalase, 
superoxide dismutase and glutathione peroxidase were measured, and the radiosensitizing effect of RNAi was observed. Tumor xeno-
graft model was also used to examine the radiosensitizing effect of RNAi in vivo.
Results: Down-regulation of Prx1 and/or Prx5 by RNAi does not alter the activities of catalase, superoxide dismutase and glutathione 
peroxidase, but made human tumor cells more sensitive to IR-induced apoptosis both in vitro and in vivo. When the two isoforms were 
decreased simultaneously, intracellular ROS and apoptosis significantly increased after IR.
Conclusion: Silencing Prx1 and/or Prx5 by RNAi sensitizes human Eca-109 and TE-1 cells to IR, and the intracellular ROS accumulation 
may contribute to the radiosensitizing effect of the RNAi.

Keywords: ionizing radiation; peroxiredoxin; radiosensitivity; RNA interference; esophageal cancer; cell cycle distribution; antioxidant 
enzymes; reactive oxygen species
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proved to play a critical role in peroxide detoxification[6, 7].  
Altogether six distinct Prx isoforms have been identified in 
mammalian tissues, and elevated expression of different Prx 
isoforms has been documented in numerous malignancies[8–11].  
Furthermore, silencing of Prx expression is currently used to 
enhance the radiotherapy effect in the cells of breast cancer, 
lung carcinoma, intestinal cancer and colon cancer[12].

A comparative proteomic analysis showed that the expres-
sion of Prx1, increased in human esophageal squamous cell 
carcinoma tissues as compared with adjacent normal tissues[9].  

However, the Prx expression profile is not clear, as well as the 
relationship between Prx expression and human esophageal 
squamous cell radiosensitivity.  

Therefore, we conducted the present study to get a clear 
picture of Prx expression.  Meanwhile, we explored the influ-
ence of Prxs on the radiosensitivity of two human esophageal 
cancer cell lines, namely, Eca-109 and TE-1.

Materials and methods 
Cell culture
Human esophageal carcinoma cell lines Eca-109 and TE-1 
were obtained from Cell Bank, Chinese Academy of Sciences 
(Shanghai, China).  The cell lines were cultivated at 37 °C in 
complete Dulbecco's modified Eagle's medium (DMEM, Invit-
rogen, USA) supplemented with 10% fetal calf serum (FCS, 
Gibco, USA), and 100 units/mL penicillin G, 100 mg/mL 
streptomycin sulfate, in a humidified atmosphere consisting of 
95% air and 5% CO2.  

Animals
Male BALB/c nude mice (4-6 weeks old) were used.  All mice 
were handled according to the Guidelines for the Care and 
Use of Laboratory Animals.  This study was approved by the 
Institutional Animal Care and Use Committee of Xi’an Jiao-
tong University, Xi’an, China.  

Irradiation
For the investigation of radiosensitivity, IR was performed at 
a fixed dose rate of 0.262 Gy/min and a focus-surface distance 
of 100 cm from a linear accelerator (ELEKTA, Britain) located 
in the First Affiliated Hospital, School of Medicine, Xi’an Jiao-
tong University, Xi’an, China.  

Profiling of Prx mRNA expression
Total RNA was isolated from cultured Eca-109 and TE-1 cells 
using RNAfast200 Kit (Fastagen Biotech, Shanghai, China), 
and first strand cDNA was synthesized from the total RNA 
(2 μg) using random hexamer primers and RevertAidTM First 
Strand cDNA Synthesis Kit (Fermentas, USA); both kits were 
used according to the manufacturer’s instructions.  Quanti-
tative real-time PCR was performed using SYBR Premix Ex 
TaqTM (Takara, Japan).  Amplification and detection were 
performed using the ABI PRISM 7300 Sequence Detection 
System starting with 2 μL of cDNA.  Profiling of Prx mRNA 
expression was detected by real-time PCR.  The primer pairs 
(listed in Table 1) were synthesized by Sangon Biotech Co, Ltd 

(Shanghai, China).  Real-time PCR was performed following 
the method taken by Thomas et al[13].  Beta-actin was used as 
an internal control.

Prx1 small interfering RNA (siRNA) transfection
RNA interference (RNAi) of Prx1 was performed using siRNA 
duplexes chemically synthesized by GenePharma Co, Ltd  
(Shanghai, China).  The sense strand nucleotide sequence for 
Prx1 siRNA was 5’-CUGGAAACCUGGCAGUGAUTT-3’, and 
the anti-sense sequence was 5’-AUCACUGCCAGGUUUCCA-
GTT-3’.  The negative control siRNA (siNeg) sense sequence 
was 5’-UUCUCCGAACGUGUCACGUTT-3’, while the anti-
sense sequence was 5’-ACGUGACACGUUCGGAGAATT-3’.  
The siRNA duplexes were introduced into the cells using 
Lipofectamine 2000 (Invitrogen, USA) according to the manu-
facturer’s guidelines, and Prx1 knock-down was evaluated by 
Western blotting with antibodies to Prx1.

Prx5 small hairpin RNA (shRNA) transfection and isolation of 
clones stably expressing Prx5 shRNA 
Prx5 specific shRNA (PGPU6/Neo-Prx5) and control shRNA 
vector (PGPU6/Neo-shNC) were purchased from Geneph-
arma (Shanghai, China).  The targeted sequence of PGPU6/
Neo-Prx5 was GGAATCGACG-TCTCAAGAGGT, and the 
targeted sequence of the negative control PGPU6/Neo-shNC 
was GTTCTCCGAACGTGTCACGT.  Eca-109 and TE-1 cells 
grown on 24-well plates were transfected either with PGPU6/
Neo-Prx5 or negative control plasmid.  Transfection was per-
formed using Lipofectamine 2000.  The cells were incubated 
at 37 °C in 5% CO2 overnight, and then DMEM plus 10% FCS 
was added.  After another 12-h incubation the cells were re-
plated at 1/10−1/40 dilution onto the 6-well plates.  Selection 
with G418 (500 μg/mL) started on the next day and the pro-
cess lasted for 2 weeks.  Eca-109 and TE-1 clones with stably 

Table 1.  Upstream and downstream oligonucleotide primers used to 
determine gene expression using real-time PCR.  

 Gene	 Forward/	 Primers sequence (5'→3')  	   Product size
	 reverse	  		    (bp)                            
 
Prx1	 Forward	 5′-CGGGCCTCTAGATCACTTCT-3′	 200
	 Reverse	 5′-TATGTCTTCAGGAAATGCTA-3′	
Prx2	 Forward 	 5′-TTCAAGCTTATGGCCTTCCG-3′	 190
	 Reverse	 5′-TCTAGACTAATTGTGTTTGG-3′	
Prx3	 Forward 	 5′-AACAGCACACCGTAGTCTCG-3′	 144
	 Reverse	 5′-AGTTGTCGCAGTCTCAGTGG-3′	
Prx4	 Forward	 5′-CGCTGGCTTGGAAATCTTCG-3′	 196
	 Reverse	 5′-GCTTCTGCTGCCGCTACTG-3′	
Prx5	 Forward	 5′-ATCAGCCAGGAGCCGAACC-3′	 330
	 Reverse	 5′-GTCCGCAGTTTCAGCAGAGC-3′	
Prx6	 Forward	 5′-GGCAAGATGGTCCTCAACAC-3′	 157
	 Reverse	 5′-GGGAGACTCATGGGGCATTC-3′	
β-actin	 Forward 	 5′-ATCGTGCGTGTGACATTAAGGAG-3′	 178
	 Reverse	 5′-AGGAAGGAAGGCTGGAAGAGTG-3′	

Prx, peroxiredoxin.
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decreased expression of Prx5 as well as the control clones were 
obtained for further study.  Prx5 knock-down was evaluated 
by Western blotting with antibodies to Prx5.

Western blot analysis
The protein expression of Prxs in Eca-109 and TE-1 cells were 
examined by Western blotting 72 h post transfection.  The cells 
were washed twice in phosphate buffered saline (PBS), lysed 
in ice-cold radioimmune precipitation (RIPA) buffer, and then 
centrifuged for 10 min at 4 °C.  Supernatant was collected and 
protein concentrations were determined and adjusted to 2 
mg/mL using the Bio-Rad kit (Bio-Rad Laboratories, Hercules, 
CA, USA).  Cell lysates were mixed with 3×Laemmli buffer 
and heated for 5 min at 95 °C.  They were then resolved by 
SDS-PAGE (8% or 10% polyacrylamide gels), and transferred 
to polyvinylidene difluoride membranes (ImmobilonTM; Mil-
lipore Corp, Bedford, MA, USA) by electroblotting.  The mem-
branes were blotted with 10% nonfat milk, washed in Tris-
buffered saline (TBS) Tween and incubated with primary rab-
bit polyclonal antibodies overnight at 4 °C.  Washed with TBS 
Tween again, they were incubated with secondary antibody 
solution (horseradish peroxidase conjugated IgG) for 60 min 
at room temperature.  The membranes were washed again, 
and then fluorescence detection was conducted using the 
enhanced chemiluminescence detection system (Amersham 
Pharmacia Biotech, Piscataway, NJ, USA).  The following pri-
mary antibodies were used at dilutions: anti-Prx1, 1:1000; anti-
Prx2, 1:1000; anti-Prx5, 1:1000; anti-β-actin, 1:800; secondary 
antibodies were used at dilutions of 1:5000.  Protein loading 
equivalence was assessed by the expression of β-actin.  

Measurement of enzymatic activities of CAT, GPx, Cu/Zn-SOD 
and Mn-SOD after RNAi
Eca-109 and TE-1 cells, according to the way they were 
treated, were divided respectively into 7 groups as follows: 
Blank group; Prx1 siNeg group, cells transfected with negative 
control siRNA; Prx1 siRNA group, cells transfected with Prx1 
siRNA; Prx5 shNeg group, cells stably expressing a non-tar-
geted control shRNA; Prx5 shRNA group, cells stably express-
ing Prx5 shRNA; Combined negative group (Prx5 shNeg and 
Prx1 siNeg), cells stably expressing a non-targeted control 
shRNA and transfected with Prx1 siNeg; Combined group 
(Prx5 shRNA and Prx1 siRNA), cells stably expressing Prx5 
shRNA and transfected with Prx1 siRNA.  With Eca-109 and 
TE-1 cells, we got altogether 14 cell groups.  After transfection, 
cells were grown on T-25 flasks for 48 h at 37 °C.  Before IR, 
cell lysates were centrifuged at 12 000×g for 10 min at 4 °C and 
the supernatant was collected for measuring the activities of 
CAT, GPx, Cu/Zn-SOD and Mn-SOD, respectively by a Cata-
lase Analysis Kit, a Cellular Glutathione Peroxidase Assay Kit, 
and Cu/Zn-SOD and Mn-SOD Assay Kit with WST-1 (Bey-
time Institute of Biotechnology, China).  The measurements 
were performed according to the manufacturer’s instructions 
as well as those described earlier[14-16].  Protein content was 
determined by using a BCA protein assay kit (Beytime Insti-
tute of Biotechnology, China).  

Colony-forming assay
The division of cell groups was as described above.  Cells were 
cultured in plastic flasks; 48 h after transfection, the flasks 
were irradiated with indicated dose of X-rays (0, 2, 4, 6, 8, 10, 
15 and 20 Gy).  After IR, cells were immediately trypsinized, 
diluted, counted and seeded in dishes with a diameter of 60 
mm at various cell densities.  Three replicates were set at each 
radiation dose of each group.  After 2 weeks of incubation, cell 
colonies were stained with crystal violet dissolved in metha-
nol.  The colonies containing more than 50 cells were counted.  
The plating efficiency (PE) of each group was calculated by PE 
= (colony number/inoculating cell number)×100%.  The sur-
vival fraction of each group was corrected by SF=PE (irradi-
ated group)/PE (unirradiated group) × 100%.  A dose-survival 
curve was obtained for each experiment and used for calculat-
ing the radiobiological parameters.  The cell-survival curve 
was fitted using SPSS 13.0 software according to the multi-
target single-hit model.  The equation of SF = 1-(1-e-D/D0)N was 
applied to calculate the cellular radiosensitivity (mean lethal 
dose, D0), the capacity for sublethal damage repair (qua-
sithreshold dose, Dq), the dose for 37% survival (D37), the 
extrapolationnumber (N) and the survival fraction (SF) after 
irradiation at a dose of 10 Gy (SF10).

Measurement of intracellular ROS
The division of cell groups was the same to that mentioned 
above.  Forty-eight hours after transfection, cells were irradi-
ated with 10 Gy of X-rays, and intracellular ROS were detected 
using the cell-permeable probe DCFH-DA (Invitrogen) dis-
solved in high quality anhydrous dimethylsulfoxide (DMSO).  
Three replicates were set at each observation point of each 
group.  The cells were treated with either DCFH-DA (final 
concentration of 5 μmol/L) or non-oxidizable control (final 
concentration of 1 μmol/L) probe at 0 h, 1 h, and 3 h after IR, 
and then incubated in 5% CO2 at 37 °C.  After 30 min, the cells 
were collected by trypsinization and washed with cold phos-
phate buffered saline (PBS) 3 times.  Then they were resus-
pended in cold PBS at a concentration of 1×106 cells/mL, and 
fluorescence was detected by flow cytometry.  

Apoptosis analysis
The division of cell groups was as described above.  Six rep-
licates were set at each group.  Cells were irradiated with 10 
Gy of X-rays 48 h after transfection.  The cells were collected 
by trypsinization 24 h post IR, washed twice with cold PBS, 
and then resuspended in 1×binding buffer at a concentra-
tion of 1×106 cells/mL.  These mixtures (100 μL) were then 
transferred to 1.5 mL eppendorf tubes respectively and 5 μL 
of fluorescein-conjugated Annexin V (Annexin V-FITC) and 
10 μL of propidium iodide (PI) (Pharmingen, San Diego, CA, 
USA) were added to each tube.  The cells were gently vortexed 
and incubated for 15 min under room temperature in the dark.  
Then, 400 μL of binding buffer was added to each tube.  Flow 
cytometry was performed within 1 h.  Apoptosis was deter-
mined by the percentage of cells stained positively by Annexin 
V-FITC and PI.  Multiparameter cytometric measurements 
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were performed using the minimum of 10 000 events for each 
sample.  The data were analyzed with LYSIS II software (Bec-
ton Dickinson, Buccinasco, Mi, Italy).  

Tumor xenograft experiments
Eca-109 cells were chosen for in vivo test.  Twenty-five nude 
mice were divided into 5 groups (5 in each group) as follows: 
Blank group (implanted with control Eca-109 cells), Prx1 
siRNA group (implanted with control Eca-109 cells and later 
transfected with Prx1 siRNA), Prx5 shRNA group (implanted 
with Eca-109 cells stably expressing Prx5 shRNA), Combined 
group (implanted with Eca-109 cells stably expressing Prx5 
shRNA and later transfected with Prx1 siRNA), and Combined 
Neg group (implanted with Eca-109 cells stably expressing a 
non-targeted control Prx5 shRNA and later transfected with 
Prx1 siNeg).  The in vivo treatment was performed in the fol-
lowing steps.  First, 2 × 105 of each type of Eca-109 cells (those 
stably expressing Prx5 shRNA, those stably expressing a non-
targeted control shRNA, and control cells) were suspended 
in 200 μL of PBS and injected subcutaneously into the upper 
hind leg of each mouse in the corresponding group.  Second, 7 
days after implantation, the tumor reached 4−5 mm in diam-
eter, and intratumoral injections were conducted: Prx1 siRNA 
(0.5 mg/kg) in the Prx1 siRNA group and Combined group, 
and Prx1 siNeg (0.5 mg/kg) in the Combined Neg group.  The 
siRNA was mixed with 50 μL Lipofectamine 2000 and proper 
volume of Opti-MEM medium (Life Technologies, USA) to the 
final volume of 100 μL[17].  The same volumes of the mixture 
without siRNA were injected in the mice in Blank group and 
Prx5 shRNA group.  Forty-eight hours following intratumoral 
injection, IR was performed in all the groups.  Tumor sizes 
were measured by a caliper every three days and the volumes 
were estimated using the following formula: tumor volume = 
0.5×(tumor length)×(tumor width)2.  Thirty-one days later, all 
the mice were sacrificed.

Statistical analysis
Statistical analysis was performed with SPSS 13.0 for Windows 
(Scientific Packages for Social Sciences, Chicago, IL, USA) and 
the results were statistically evaluated by one-way analysis of 

variance.  The difference was considered statistically signifi-
cant when P<0.05.

Results 
High expression of Prx1 and Prx5 in Eca-109 and TE-1 cells 
The mRNA expression profiles of Prxs in cell lines Eca-109 
and TE-1 were analyzed by real-time PCR assay, calculating 
the relative gene expression by normalizing the results with 
β-actin mRNA expression.  The β-actin normalized mRNA 
levels of six different Prx isoforms in both Eca-109 and TE-1 
cells were shown in Figure 1A and 1B.  Among the six Prx iso-
forms, Prx4 expression was the lowest.  Prx1 and Prx5 expres-
sions were significantly higher than Prx2, Prx3, Prx4 and Prx6 
expressions in both cell lines (P<0.05, P<0.05).  Results of 
representative immunodetection of Prxs (Prx1, Prx2 and Prx5) 
were in accordance with their mRNA expressions in Eca-109 
and TE-1 cells (Figure 1C).  

Down-regulation of Prx1 and Prx5 by RNAi
Based on the profiles of Prx mRNA expression in Eca-109 
and TE-1 cells, the protein expressions of Prx1 and Prx5 were 
silenced using siRNA and shRNA, respectively.  Clones of 
Eca-109 and TE-1 cells stably expressing Prx5 shRNA or a non-
targeted control shRNA were successfully established.  The 
representative results of immunodetection of Prx1 and Prx5 
in different cell groups of Eca-109 and TE-1 were shown in 
Figure 2.  Protein loading equivalence of Prx1 and Prx5 was 
assessed by the protein expression of β-actin.  It was shown 
that Prx1 and/or Prx5 were efficiently silenced by Prx1 siRNA 
and/or Prx5 shRNA in both Eca-109 and TE-1 cells.

Radiosensitivity of Eca-109 and TE-1 cells with down-regulated 
Prx1 and/or Prx5
As mentioned in Materials and methods, Eca-109 and TE-1 
cells were divided respectively into 7 groups, ie, altogether 
14 cell groups.  For detection of cell radiosensitivity, a total 
of 24 replicates were set for each group of cells.  Forty-eight 
hours after transfection, the replicates of each cell group were 
irradiated with different doses (0, 2, 4, 6, 8, 10, 15 and 20 Gy), 
respectively.  After 14-d incubation, clonogenic survival of 

Figure 1.  The expression profiles of Prxs in cell lines Eca-109 and TE-1.  The mRNA expression levels of six different Prx isoforms were detected by real-
time PCR assay; the mRNA levels for Prxs were normalized by the mRNA level of β-actin.  (A) The mRNA expression profiles of Prxs in Eca-109.  Prx1 and 
Prx5 are relatively highly expressed (bP<0.05 vs Prx2, Prx3, Prx4 and Prx6).  (B) The mRNA expression profiles of Prxs in TE-1 cells.  Prx1 and Prx5 are 
relatively highly expressed (bP<0.05 vs Prx2, Prx3, Prx4 and Prx6).  (C) Representative Western blot analysis of Prxs (Prx1, Prx2 and Prx5) in Eca-109 
and TE-1 cells.  The results were in accordance with their mRNA expressions in Eca-109 and TE-1 cells.
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each group was assessed.  The cell-survival curve was fitted 
according to the multi-target single-hit model (Figure 3A, 3B).  
As the curves for the control groups are similar, we adopt only 
that of Blank group to represent the cell survival of all the 4 

control groups.  Relative biological parameters for different 
cell groups are shown in Table 2.  It was found that D0, Dq 
and D37 of Prx1 siRNA group, Prx5 shRNA group and com-
bined group in both Eca-109 and TE-1 cells were remarkably 
lower than those in control groups, which suggested that the 
cells were insensitive to low dose of radiation.  While with 10 
Gy of radiation, the survival fraction (SF) of the cells decreased 
obviously in all groups.  As shown in Table 2, SF10 was sig-
nificantly lower in Prx1 siRNA group, Prx5 shRNA group and 
Combined group as compared to the control groups (P<0.05).

Influence of Prx1 and/or Prx5 down-regulation on the activities 
of other antioxidant enzymes
With Prx1 and/or Prx5 was down-regulated by RNAi, the 
activities of other antioxidant enzymes (CAT, GPx, Cu/Zn-
SOD and Mn-SOD) were detected before IR by enzyme-linked 
immunosorbent assay, and the results are shown in Table 3.  
No remarkable change of the activities of the enzymes was 
found in the treated groups and the control groups (P>0.05).

Increase of tumor cell intracellular ROS by RNAi in vitro
The results showed that intracellular ROS increased signifi-
cantly in all cell groups 1 h after 10 Gy of radiation, especially 
in Prx1 siRNA group, Prx5 shRNA group and Combined 
group (Figure 4A & 4B).  No significant difference in ROS 
levels was observed among the control groups (so the data 
are not shown).  Figure 4C shows that, compared with that 
in Blank group, the ROS levels were higher in the cells trans-
fected with Prx1 siRNA and/or Prx5 shRNA (P<0.05) at the 
three observation points, namely, 0 h, 1 h and 3 h.  The ROS 
levels reached the peak at 1 h, while decreased notably at 3 h.

Increase of IR-induced apoptosis rates of Eca-109 and TE-1 cells 
by RNAi in vitro
IR-induced apoptosis in each group was analyzed by flow 
cytometry 24 h after 10 Gy of radiation (Figure 5A & 5B).  The 
results showed an increase in IR-induced apoptosis rates when 
Prx1 and/or Prx5 were decreased by RNAi.  Furthermore, in 
cells where both Prx1 and Prx5 were decreased (Combined 

Table 2.  Relative biological parameters of different cell groups  after calculated by multi-target single-hit model. 

	 Eca-109	 TE-1
 Cell groups
	 D0	 Dq	 D37	 N	 SF10	 D0	 Dq	 D37	 N	 SF10 
 
Blank	 4.0160	 3.6314	 7.6475	 2.4700	 0.1925	 3.8023	 3.6185	 7.4208	 2.5901	 0.1851
Prx1 siNeg	 4.0241	 3.7038	 7.7279	 2.5103	 0.1961	 3.8609	 3.6938	 7.5548	 2.6031	 0.1903
Prx1 siRNA	 3.7722	 2.6614	 6.4336	 2.0250	 0.1448	 3.5474	 2.7842	 6.2956	 2.1710	 0.1190
Prx5 shNeg	 4.0568	 3.6203	 7.6771	 2.4410	 0.1899	 3.8125	 3.6179	 7.4373	 2.5793	 0.1877
Prx5 shRNA	 3.4188	 2.5202	 5.9390	 2.0901	 0.1089	 3.2594	 2.5101	 5.7696	 2.1601	 0.0978
Combined Neg	 3.9761	 3.7102	 7.6863	 2.5424	 0.1881	 3.7864	 3.6331	 7.4195	 2.6104	 0.1839
Combined	 3.1456	 1.8314	 4.9770	 1.7902	 0.0733	 3.0395	 1.8552	 4.8947	 1.8411	 0.0675

D0: mean lethal dose; Dq: quasithreshold dose; D37: dose for 37% survival; N: the extrapolation number; SF10: the survival fraction (SF) after 
irradiation at a dose of 10 Gy.

Figure 2.  The protein expressions of Prx1 and/or Prx5 in different cell 
groups 72 h post transfection.  The protein expressions of Prx1 and/or 
Prx5 decreased in Prx1 siRNA group, Prx5 shRNA group and Combined 
group, compared with those in Blank group, Prx1 siNeg group, Prx5 shNeg 
group and Combined Neg group.

Figure 3.  Clonogenic survival of Eca-109 cells (A) and TE-1 cells (B) 14 d 
post IR.  All the cell groups received 0–20 Gy of IR 48 h after transfection, 
and cloning formation was detected by 14 d after irradiation.



533

www.chinaphar.com
Gao MC et al

Acta Pharmacologica Sinica

npg

group), apoptosis rate was higher than that in cells where Prx1 
or Prx5 was decreased alone (P<0.05, P<0.05 and P<0.05).  No  
significant difference in apoptosis rate was observed among 
control groups.

Enhancement of tumor radiosensitivity by RNAi in vivo
A tumor xenograft model was used to examine the radio-
sensitizing effect of Prx1 siRNA and Prx5 shRNA in vivo.  
The tumors in mice grew to final volume between 273 and 
1915 mm3 thirty-one days after implantation.  The growth of 
tumor was delayed by RNAi and IR in Prx1 siRNA group 
(930.40±267.70 mm3), Prx5 shRNA group (680.20±240.55 mm3) 
and Combined group (364.00±90.77 mm3), compared to Blank 
group (1537.20 ± 347.90 mm3) and Combined negative group 
(1455.80 ± 294.91 mm3) (P<0.05, P<0.05 and P<0.05).  It is 
found that the tumor growth in Combined group was more 
significantly inhibited than that in either Prx1 siRNA group or 
the Prx5 shRNA group (P<0.05, Figure 6).  

Discussion 
We have found in this study that only two Prx isoforms (Prx1 
and Prx5) are highly expressed in Eca-109 and TE-1 cells, and 
silencing Prx1 and/or Prx5 sensitizes esophageal cancer cells 
to IR through accumulation of intracellular ROS.  This is the 
report on the Prx expression profiles in esophageal cancer cells 
and the influence of Prx1 and Prx5 expressions on the radio-
sensitivity of esophageal cancer cells.

ROS are usually a side product of general metabolism.  
Intracellular ROS can be induced by IR and serve as major 
mediators of radiation damage[18].  When ROS genera-
tion exceeds the cellular antioxidant defenses, cell damage 
ensues[19, 20].  In the present study, we find that Prx1 and/or 
Prx5 knock-down through RNAi, together with the IR treat-
ment after the transfection, lead to significant elevation of the 
levels of intracellular ROS and the cell apoptosis rates.  Thus, 
increased intracellular ROS could be, in part, due to the lower 
Prx1 and/or Prx5 levels in tumor cells.  This assumption is 

Table 3.  The enzymatic activities of other antioxidant enzymes of different cell groups 48 h after RNAi.  

   
Cell lines

	 Enzymatic	       
Blank	  Prx1 siNeg	  Prx1 siRNA           Prx5 shNeg	 Prx5 shRNA        Combined Neg	   Combined	 activity		

 
Eca-109	 CAT	 33.70±0.70	 32.60±2.61	 34.23±2.01	 33.01±2.20	 32.90±2.60	 31.77±1.90	 33.87±1.31
	 GPx	   1.88±0.29	   1.74±0.57	   1.63±0.34	   1.59±0.29	   1.84±0.38	   1.37±0.30	   1.78±0.34
	 Mn-SOD	   4.48±0.79	   4.24±0.52	   3.98±0.60	   4.48±0.21	   4.38±0.18	   4.12±0.44	   3.66±0.27
	 Cu/Zn-SOD	   2.94±0.47	   3.23±0.51	   2.05±0.49	   2.87±0.59	   2.70±0.55	   2.13±0.52	   2.64±0.22
TE-1	 CAT	 33.63±2.94	 33.33±3.73	 31.43±2.00	 32.87±2.06	 33.90±1.30	 34.03±2.34	 33.23±2.39
	 GPx	   1.92±0.66	   1.86±0.54	   1.57±0.25	   1.75±0.20	   1.94±0.62	   1.67±0.25	   1.97±0.76
	 Mn-SOD	   4.78±0.23	   4.00±0.64	   4.39±0.20	   4.03±0.09	   4.45±0.45	   3.99±0.42	   3.82±0.35
	 Cu/Zn-SOD	   3.06±0.50	   3.08±0.44	   3.01±0.71	   3.19±0.31	   2.84±0.62	   2.92±0.33	   2.38±0.16

Abbreviations are: CAT, catalase; SOD, Mn- and Cu/Zn- superoxide dismutase; GPx, glutathione peroxidase.
*SOD: U/mg protein; CAT, μmol/L H2O2 per min per mg protein; GPx: μmol/L NADPH  per min per mg protein.

Figure 4.  Change of intracellular ROS post transfection and 10 Gy of IR in vitro.  The levels of ROS were determined using the dye DCFH-DA.  Flow cyto-
metric histograms show a broad unimodal distribution of DCF fluorescence in different cell groups.  Increase in the ROS levels is indicated as a shift in 
the histograms.  (A) Increased intracellular ROS in Eca-109 cells.  (B) Increased intracellular ROS in TE-1 cells.  As shown in (A) and (B), ROS increase 
significantly in all cell groups 1 h post IR. The levels of ROS are higher in the cells transfected with Prx1 siRNA and/or Prx5 shRNA, P<0.05 vs Blank 
group.  (C) The change of intracellular ROS levels at different observation points.  The ROS levels are higher in the cells transfected with Prx1 siRNA 
and/or Prx5 shRNA at the three observation points (P<0.05 vs Blank group), particularly in the cells transfected with both Prx1 siRNA and Prx5 siRNA 
(P<0.05 vs Prx1 siRNA and Prx5 shRNA groups).
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also supported by some studies[21–23].  Furthermore, the more 
Prx isoforms that are silenced, the more intracellular ROS 
remained unscavenged in the tumor cells and the more tumor 
cells die post IR.  After IR, the dose-survival curves of Eca-
109 or TE-1 cells in Prx1 siRNA and/or Prx5 shRNA groups 
exhibit a narrower shoulder and a greater slope rate, indicat-
ing decreased quasi-threshold dose (Dq) and mean lethal dose 
(D0), respectively, that suggests that the radiosensitivity of the 
cells has increased.  In our further investigation of the poten-
tial radiosensitizing effects of Prx1 siRNA and Prx5 shRNA in 
vivo, we have achieved similar results.  So, our findings show 
that down-regulation of Prx1 and Prx5 can enhance the radio-
sensitivity of Eca-109 and TE-1 cells.

The enzymatic activity of other primary antioxidant 
enzymes (CAT, GPx, Cu/Zn-SOD, and Mn-SOD) in the cancer 
cells has not changed when Prx1 and/or Prx5 are inhibited.  In 
another word, decreasing Prx1 and/or Prx5 does not alter the 
activities of the enzymes.  This suggests that other antioxidant 
enzymes will not compensate for the loss of Prx1 and/or Prx5.  
All our findings indicate that tumor cell radiosensitivity is 
influenced by altered levels of Prxs, and Prx1 and Prx5 play a 
critical role in regulating intracellular ROS.

In addition to the protective role of Prx1 and Prx5 as per-
oxidase, evidence has indicated other mechanisms of them 
involved in protecting cells from radiation-induced death.  It 
is reported that Prx1 plays a negative role in apoptosis signal-

Figure 5.  Change of tumor cel l 
apotosis after transfection and 10 Gy 
of IR in vitro.  The cells were exposed 
to 10 Gy of IR 48 h post transfection.  
IR-induced apoptosis in each group 
was analyzed by f low cytometr y 
24 h after IR.  (A) Representative 
flow cytometry profiles of Eca-109 
cell groups.  It is shown that knock-
down of Prx1 and/or Prx5 increased 
apoptosis.  (B) Representative flow 
cytometry profiles of TE-1 cell groups.  
It is shown that knockdown of Prx1 
and/or Prx5 increased apoptosis.  
All the data are means±SEM.  n=3.  
bP<0.05 vs Blank and Combined 
groups; eP<0.05 vs Blank and Com-
bined groups; hP<0.05 vs Blank,  Prx1 
siRNA, Prx5 shRNA, and Combined 
Neg groups.
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regulating kinase 1 (ASK1)-induced apoptosis.  ASK1 is a 
mitogen-activated protein kinase (MAPK) kinase kinase which 
phosphorylates c-Jun N-terminal kinase (c-JNK) and p38 
MAPK, and elicits apoptotic response[24].  ASK1 activity is reg-
ulated in multiple ways, one of which is through interaction 
with Prx1.  The overexpression of Prx1 inhibits the activation 
of ASK1, and results in the inhibition of downstream signaling 
cascades such as the mitogen-activated protein kinase kinase 
3/6 (MKK3/6), p38 and c-JNK pathway[25].  Moreover, over-
expression of Prx1 could directly suppress IR–induced c-JNK 
activation and cell apoptosis through interaction with the 
glutathione S-transferase π (GSTπ)-JNK complex[26].  While, in 
Prx1 knock-down cells, ASK1, p38, and c-JNK are quickly acti-
vated, leading to cell apoptosis in response to H2O2

[25].  The cell 
cycle phase also determines a cell’s relative radiosensitivity, 
with cells being most radiosensitive in the G2-M phase, less 
sensitive in the G1 phase, and least sensitive during the latter 
part of the S phase[27].  It has been shown that Prx1 expression 
is associated with cell cycle phase distribution.  After IR, cell 
cycle phases are redistributed to radiosensitive phases in Prx1 
knock-down cells, that is, G2-M checkpoint arrested, more cells 
blocked in G2 phase, and higher ratio of G2/G1 observed[21].  In 
the presence of excess peroxide, the cysteine residue of Prxs is 
found to be hyperoxidized to the sulfinic acid or to the sulfo-
nic acid to form complex oligomeric structures[28], this hyper-
oxidized Prx toroids are reported to exhibit a chaperone-like 
function protecting mammalian cells from hydrogen peroxide-
induced apoptosis[29, 30].  A recent study demonstrated that the 
hyperoxidation of the active-site cysteine of Prx to cysteine 
sulfonic acid enhanced its molecular chaperone activity[31].  

Prx5 has been proved to have a broad range of functions 
that the expression of the redox-negative Prx5 mainly affects 
the mitochondrial pathway of apoptosis, and the impairment 
of the Prx5 enzymatic function also affects transmembrane 
potential and calcium loading capacity of mitochondria, as 

well as mitochondrial morphology[32].  For as yet unknown 
reasons, Prx5 is insensitive to hyperoxidation.  To date, there 
has been no investigation of the chaperone activity of the Prx5.  
It is expected that these functions of Prx1 and Prx5 do not nec-
essarily depend on peroxidase activity.  Additionally, decreas-
ing the expression of Prx1 and/or Prx5 in Eca-109 and TE-1 
cells could also abrogate such functions, and, in turn, contrib-
ute to increased radiosensitivity.  

Conclusion
Silencing Prx1 and/or Prx5 by RNAi can sensitize human 
esophageal cancer cells Eca-109 and TE-1 cells to IR, and the 
resulting intracellular ROS accumulation may contribute to the 
radiosensitizing effect of the RNAi.  The results of this study 
suggest that inactivation of Prx1 and Prx5 may be a promising 
approach to improving the radiotherapy outcome of esopha-
geal cancer.
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Introduction
Prostate carcinoma is the most common nonskin malignancy 
among men.  Age is acknowledged as one of the risk factors 
for prostate carcinoma.  With prostate-specifi c antigen (PSA)-
based screening and postoperative follow-up being widely 
used[1–3], the incidence of prostate carcinoma has increased.  
Androgen deprivation therapy (ADT) is a well-established 
treatment for advanced and metastatic prostate carcinoma, 
which began with Huggins’s observations on advanced and 
metastatic prostate carcinoma[4].  Although ADT improves 
survival for undergoing hormone therapy, biochemical 
recurrence after ADT remains a long-term problem to be 

solved.  The optimal time to initiate hormone therapy for 
patients with a regular PSA follow-up is still under investiga-
tion[3, 5, 6].  As the modern pharmaceutical industry advanced, 
a luteinizing hormone–releasing hormone (LHRH) agonist 
with monthly dosing became available.  From that point on, 
surgical castration was largely replaced by medical castration 
with an LHRH agonist to reduce the psychological impact of 
orchiectomy to the patients and to preserve reversibility[7, 8].  
Then, maximal androgen blockade (MAB) was proposed to 
address the androgens of adrenal origin[9].  Many trials fol-
lowed comparing MAB and monotherapy[10–12].  However, 
because of the high cost of LHRH agonist and the limited 
medical reimbursement system, surgical castration has again 
become more prevalent[13, 14].  There are several reports com-
paring the castration level and the sustainability of surgical 
and medical castration[7, 15, 16].  However, there are few reports 
comparing the prognosis between these two groups.

A comparison of androgen deprivation therapy versus 
surgical castration for patients with advanced pros-
tatic carcinoma 
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Aim: To examine the outcomes of patients with advanced prostate carcinoma who underwent medical or surgical castration.
Methods: A hundred twenty one consecutive cases of patients with advanced prostate carcinoma who underwent medical or surgical 
castration between 2001 and 2006 were retrospectively reviewed. Associations between clinical outcomes and prognostic scoring 
factors were determined based on the Reijke study. In the surgical and medical castration groups, the impact on the prostate-specifi c 
antigen (PSA) normalization rate, the rebound rate and the disease-free survival rate were evaluated. The mean follow-up was 36.1 
months.
Results: In the initial 12 months, there were no statistical differences in the PSA normalization rate and the PSA rebound rate between 
the two groups. However, the PSA rebound rate after the 12th month (20.90% vs 40.74%, P=0.0175) and the 18th month PSA norma-
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In this study, we compared the clinical effectiveness of 
surgical and medical castration with respect to patient out-
comes.  We also identifi ed clinical outcomes and PSA response 
features that predicted favorable treatment outcomes for 
prostate carcinoma after ADT.  

Materials and methods
Patient selection
After obtaining institutional review board approval for a 
retrospective study of the medical records from January 2001 
to March 2006, we identified all patients who had advanced 
prostate carcinoma.  Patients with localized prostate carci-
noma received definitive therapy, such as radical surgery or 
radiotherapy.  Patients whose clinical staging was greater than 
tumor stage T3, T4, or metastatic disease, received hormone 
therapy.  In this study, we included these patients receiving 
hormone therapy but excluded patients on radiotherapy or 
chemotherapy for prostate carcinoma.  However, there were 
some patients on palliative radiotherapy for spinal or other 
bone metastases.

The exclusion criteria for this study were concurrent malig-
nancy, previous surgical, radiotherapy or hormonal therapy 
for prostate carcinoma, poor renal and hepatic function, and 
a life expectancy of less than 3 months.  All of the patients 
enrolled had a baseline PSA test, chest X-ray films, pelvic 
magnetic resonance imaging, and whole-body bone scans as 
baseline data.

From January 2001 to March 2006, we identifi ed 121 patients 
with advanced prostate carcinoma (defined as stage III or 
stage IV carcinoma) with complete medical records.  MAB 
included either surgical castration plus antiandrogen therapy 
with cyproterone (100 mg twice daily), flutamide (250 mg 
three times per day), or bicalutamide (50 mg daily) or medi-
cal castration consisting of LHRH agonist hormone therapy 
(goserelin 3.6 mg monthly or leuprorelin 14 mg monthly) 
plus antiandrogen therapy.  The patients who received medi-
cal castration received antiandrogen 2 weeks in advance 
for testosterone flare-up prevention[17].  All of the prostate 
tumors were pathologically staged according to the 1997 TNM 
classifi cation.

Reijke[18] developed a prognostic scoring system for patients 
with advanced prostate carcinoma receiving hormone ther-
apy.  The prognostic scoring system is characterized by (a) >5 
sites of bone metastasis, (b) hydronephrosis, (c) pain requiring 
analgesics, and (d) alkaline phosphatase >2 times the upper 
limit of the normal range.  A prognostic score is determined 
by counting the parameters present and obtaining a five-
level score (0–4 points).  Collapsing the prognostic score, we 
divided patients into subgroups according to their prognostic 
score: the good prognosis group (scores 0 and 1) and the poor 
prognosis group (scores 2, 3, and 4).  We further divided the 
surgical castration (group 1) and medical castration (group 
2) patients into good and poor prognostic groups based on 
Reijke’s classification.  The four groups were defined as the 
following: (1) G1g: surgical castration with a good progno-
sis score, (2) G1p: surgical castration with a poor prognosis 

score, (3) G2g: medical castration with a good prognosis score, 
and (4) G2p: medical castration with a poor prognosis score.  
We evaluated these enrollment criteria in association with 
subsequent disease progression and treatment patterns to 
clarify the most appropriate therapy for metastatic prostate 
carcinoma.  After initiating the hormone therapy, patients 
were monitored regularly with a PSA checkup every 3 months.

Statistical analysis
SPSS 15.0 for Windows [SPSS INC., CHICAGO, IL60616] 

was used to analyze the collected data.  The PSA normaliza-
tion rate and the PSA rebound rate were examined using the 
Chi-squared test.  The tumor progression–free survival rate 
and the overall survival rate were calculated using the Kaplan-
Meier method.

Results
We identified 121 patients with complete medical records.  
There were 67 patients in group 1 (surgical castration) and 54 
patients in group 2 (medical castration).  Table 1 shows the 
patient distribution and prostate carcinoma characteristics 
(initial PSA, Gleason score, tumor staging, and metastasis).  
The bone metastasis rate was higher in the medical castration 
group, and it reached statistical significance.  However, in 
Reijke’s criteria with four independent prognosis factors for 
advanced prostate carcinoma, there was no difference between 
these two groups.

The cancer-specifi c survival rates for patients within group 
1 and 2 differed significantly (P<0.001) (Figure 1).  Patients 
in the surgical castration group demonstrated better survival 
than the medical castration group.

PSA normalization rate
The PSA normalization rates by study group are shown in 
Table 2.  We defined the PSA normalization rate as the per-
centage of patients with a PSA level returning to normal 
(<4 ng/mL) and staying normal.  The PSA normalization 

Figure 1.  Cancer-specific survival based on overall good and poor 
prognosis groups.
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rate peaked in the 6th and 9th months in the surgical and the 
medical castration group, respectively.  The PSA normaliza-

tion rate then decreased with time; in the 18th month, there 
was a difference between these two groups (P=0.0217).  When 

Table 1.  Patient characteristics of the advanced prostate cancer.   

                                                                                              Group 1:                                                           Group 2:                                                   P value
                                                                               Orchiectomy + Anti-androgen         LHRH Agonist + Anti-androgen   

 Number   67   54 
 Age (mean)   74.13 (59–89)   72.94 (50–88) 0.3676
 Initial PSA level (median) 202.82 (2.56–13851.20) 297.72 (19.14–7422.83) 0.3234
 Gleason score 
     2–6     9     2
     7   13   10
     7–10   45   42

 TNM stage   
     Stage III   17.91% (12/67)     5.56% (3/54) 
     Stage IV   82.09%  (55/67)   94.44% (51/54) 0.0763

 Metastasis    
     Bone metastasis   58.21% (39/67)   81.48% (44/54) 0.0109
     Lung metastasis     1     3 
     Liver metastasis     0     3 

 Reijke prognosis criteria   
     Good   45 (67.16% )   34 (62.96%) 0.7714
     Poor   22 (32.84%)   20 (37.04%) 

 Anti-androgen   
     Steroid   56.9%   37.25%
     Non-steroid   43.1%   62.75%

Table 2.  Match comparison of patients undergoing ADT at PSA normaliza tion rate.   

                                Group 1    Group 2            P-value            Group 1g        Group 2g  P-value         Group 1p          Group 2p      P-value                     

 
 3 month 55.22% 44.44% 0.3192 55.56% 47.06% 0.6024 54.55% 40.00% 0.3743
  (37/67) (24/54)   (25/45) (16/34)  (12/22)   (8/20) 
 6 month 71.64% 53.70%  0.0645 75.56% 58.82% 0.1806 63.64% 45.00% 0.3521
  (48/67) (29/54)  (34/45) (20/34)  (14/22)   (9/20) 
 9 month 68.66% 55.56%  0.1960 75.56% 55.88% 0.1094 54.55% 55.00% 1
  (46/67) (30/54)  (34/45) (19/34)  (12/22) (11/20) 
 12 month 62.69% 42.59% 0.0434 71.11% 47.06% 0.0530 45.45% 35.00% 0.5403  
  (42/67) (23/54)  (32/45) (16/34)  (10/22)   (7/20) 
 15 month 61.19% 42.59% 0.0637 66.67% 47.06% 0.1281 50.00% 35.00% 0.3665
  (41/67) (23/54)  (30/45) (16/34)  (11/22)   (7/20) 
 18 month 59.70% 37.04% 0.0217 66.67% 47.06% 0.1281 45.45% 20.00% 0.0375
  (40/67) (20/54)  (30/45) (16/34)  (10/22)   (4/20) 
 21 month 61.19% 35.19% 0.0078 64.44% 44.12% 0.1159 54.55% 20.00% 0.0289
  (41/67) (19/54)  (29/45) (15/34)  (12/22)   (4/20) 
 24 month 55.22% 31.48% 0.0152 64.44% 41.17% 0.0676 36.36% 15.00% 0.0465  
  (37/67) (17/54)  (29/45) (14/34)    (8/22)   (3/20) 

PSA normalization is defi ned as PSA level <4 ng/mL
Group 1: Orchiectomy+anti-androgen.  Group 2: LHRH agonist+anti-androgen.  G1g: surgical castration group with good prognosis score.  G1p: surgical 
castration group with poor prognosis score.  G2g: medical castration group with good prognosis score.  G2p: medical castration group with poor 
prognosis score.
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we further divided groups 1 and 2 into four subgroups by 
Reijke’s[19] prognostic factors, patients with good prognosis 
scores, regardless of the castration method, showed no sig-
nifi cant difference in PSA normalization during the 2 years of 
follow-up (P=0.0676).  However, in the poor prognosis patient 
group, patients in the surgical castration group (G1p) had 
signifi cantly better PSA normalization rates than those in the 
medical castration group (G2p) (P=0.0465).  This difference, 
which occurred after the 18th month, remained to the end of 
the study.  

PSA rebound rate
After ADT, follow-up was performed every 3 months for 
the fi rst 2 years.  The fi rst detected PSA increase after steady 
state for all available PSA measurements at least 3 months 
apart were analyzed for PSA rebound.  PSA rebound was 
defi ned as a PSA level ≥4 ng/mL or greater than the previous 
measurement.  Table 3 summarizes the PSA rebound rate.  The 
PSA rebound rate was lower in group 1 (surgical castration) 
than group 2 (medical castration); the significant difference 
occurred 12 months after castration (P=0.0175).  In the good 
prognosis group, there was no significant difference in the 
PSA rebound rate between surgical and medical castration 
until the 21st month.  In contrast, in the poor prognosis group, 
the PSA rebound rate was significantly lower in group 1 
(surgical castration) after 15 months than in group 2 (medical 
castration) (P=0.0286).

Tumor progression-free survival rate
After stratifying the patients in groups 1 and 2 according to 
the Reijke scoring system, the cancer survival for patients 
within the four prognostic groups (G1g, G1p, G2g, and G2p) 
was analyzed.  Tumor progression was defi ned as any one of 
the following situations: (1) PSA rebound, (2) increased prog-

nosis score, (3) death, (4) imaging or clinical evidence of tumor 
progression.  In the good prognosis group, the curves of tumor 
progression–free survival were similar between surgical and 
medical castration (P=0.001).  However, in the poor prognosis 
group, patients in the surgical castration (G1p) group survived 
signifi cantly longer than those in the medical castration group 
(G2p) (P<0.001, Figure 2).  

Overall survival rate
The overall survival of patients in the four groups is shown 
in Figure 3.  The overall survival rate in the good prognosis 
group did not differ signifi cantly by castration method.  How-
ever, among patients with a poor prognosis, those in the 
surgical castration group survived significantly longer than 
patients in the medical castration group (P<0.001).
 
Discussion
The concept of treating metastatic prostate carcinoma started 
with Huggins’s observation in 1941[4].  After that, hormone 

Figure 2.  Tumor progression–free survival rate by group.

Table 3.  Match comparison of patients undergoing ADT at PSA rebounding rate.

                                 Group 1       Group 2               P-value             Group 1g           Group 2g             P-value          Group 1p        Group 2p      P-value 

 
 6 month   8.96% 12.96% 0.6800   4.44%   8.82% 0.7435 18.18% 15.00% 1
    (6/67) (7/54)    (2/45)   (3/34)    (4/22)   (3/20) 
 9 month 16.42% 27.78% 0.1971 13.33% 29.41% 0.1394 22.72% 25.00% 1
  (11/67) (15/54)    (6/45) (10/34)    (5/22)   (5/20) 
 12 month 20.90% 40.74% 0.0175 17.78% 35.29% 0.1307 27.27% 50.00% 0.2040
  (14/67) (22/54)    (8/45) (12/34)    (6/22) (10/20) 
 15 month 22.39% 48.15% 0.0054 20.00% 41.18% 0.0717 27.27% 65.00% 0.0286
  (15/67) (26/54)    (9/45) (14/34)    (6/22) (12/20) 
 18 month 23.88% 53.70% 0.0014 22.22% 44.12% 0.0676 27.27% 70.00% 0.0124
  (16/67) (29/54)  (10/45) (15/34)    (6/22) (14/20) 
 21 month 23.88% 57.41% 0.0004 22.22% 47.06% 0.0371 27.27% 75.00% 0.0048
  (16/67) (31/54)  (10/45) (16/34)    (6/22) (15/20) 
 24 month 25.37% 57.41% 0.0007 22.22% 47.06% 0.0371 31.82% 75.00% 0.0068
  (17/67) (31/54)  (10/45) (16/34)    (7/22) (15/20) 

PSA rebound was defi ned as that PSA level become higher than the previous checked data. 
Group 1: Orchiectomy+anti-androgen; Group 2: LHRH agonist+anti-androgen; G1g: surgical castration group with good prognosis score; G1p: surgical 
castration group with poor prognosis score; G2g: medical castration group with good prognosis score; G2p: medical castration group with poor prognosis 
score.
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therapy became the mainstay of treatment for men with 
advanced and metastatic prostate carcinoma.  The initial 
regimen of androgen deprivation therapy included bilateral 
orchiectomy, estrogen therapy, or both.  However, these thera-
pies had a greatly negative impact on quality of life, not to 
mention the occurrence of lethal cardiac events[20, 21].  The dis-
covery of synthetic luteinizing hormone–releasing hormone 
agonists reduced the cardiac toxicity and the other side effects 
of androgen deprivation therapy.  Then, in 1983 Labrie et al[9] 
conducted a new trial for the total elimination of androgen 
from both the testes and adrenal glands.  They reported a small 
series of patients with advanced prostate carcinoma managed 
with an LHRH analogue combined with an oral antiandrogen.  
The results showed an impressive improvement in survival 
rate, and this success led to numerous studies exploring this 
concept.  In addition, with the longer duration of LHRH dos-
age intervals and the reduced negative impact to patients’ self-
image and cosmetic appearance[7, 8], LHRH agonist therapy 
became more popular than surgical castra tion[22, 23].

Because medical castration is reversible and has less of a 
psychiatric impact than surgical castration, several new trials 
have been conducted in different clinical situations.  These 
trials showed that patients with localized prostate carcinoma 
received no benefit from primary androgen deprivation 
therapy[24, 25]; on the contrary, patients with metastatic prostate 
carcinoma showed a survival benefi t with androgen depriva-
tion therapy[26, 27].  Additionally, these trials provided evidence 
supporting androgen deprivation therapy for a survival ben-
efit among patients who underwent radical prostatectomy 
with positive lymph node resection[28, 29] and among those with 
locally advanced prostate carcinoma after radiotherapy[30, 31].  

The medical insurance system has become more prevalent 
and influential in recent decades.  Medical expenses surge 
with administration of more new drugs and the use of new 
and delicate medical instruments.  Restriction of medical 
expenses became inevitable and is an important factor in phy-
sicians’ decision-making processes.  As a result, the number of 
surgical castrations increased again[13, 14].  This study provides 
evidence supporting surgical castration rather than medical 

castration with LHRH, especially among patients with poor 
prognoses.  We also showed that there was little survival ben-
efit among patients with good prognosis scores, regardless 
of the method of castration.  In Samson’s analysis of patients 
with complete androgen blockade or monotherapy with 
LHRH, they also concluded that there was no survival benefi t 
between complete androgen blockade and monotherapy with 
LHRH in patients with a good prognosis[10].  As a result, in the 
poor prognosis group (>5 sites of bone metastasis, hydroneph-
rosis, pain requiring analgesics, alkaline phosphatase >2 times 
the upper limit of the normal range), bilateral orchiectomy 
should be performed for a better survival benefi t.  The reason 
why surgical castration is superior to medical castration with 
LHRH is not clear.  According to Morgentaler’s saturation 
model, prostate carcinoma requires a fairly low testosterone 
concentration for the carcinoma to fl ourish[32].  There are some 
studies indicating that LHRH therapy does not achieve as low 
of a testosterone level as does bilateral orchiectomy[33–36].  This 
might be one of the reasons why surgical castration had bet-
ter outcomes for advanced prostate carcinoma, especially in 
the poor prognosis group.  Another reason that might explain 
this difference is the sustainability of testosterone suppression.  
Bilateral orchiectomy would defi nitely cease the production of 
testosterone.  Owing to different pharmacokinetics from per-
son to person, the LHRH agonist might not be able to remain 
effective for one full month in every single person.  Then, dur-
ing readministration of the LHRH agonist, testosterone fl ares 
up and this causes so-called acute-on-chronic responses[36].  In 
our present study, antiandrogen was used in the medical cas-
tration group, but repeated fl are-up episodes might also lead 
to a poor result.

In this study, ADT for the treatment of advanced prostate 
carcinoma improved tumor progression-free survival and 
biochemical failure rates after 12 months for patients in the 
surgical castration group.  When we compared Reijke scores 
among the patients, surgical castration for patients with poor 
prognostic scores resulted in better disease-free survival and 
PSA normalization rates.  The survival advantage suggests 
that surgical castration is beneficial in patients with poor 
prognosis scores, although further studies are needed to 
identify which patients would derive the most benefit from 
hormone therapy, particularly when balanced against the 
potential adverse cardiovascular effects of long-term ADT.  
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