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The increasing aged population poses 
new challenges to healthcare sys-

tems.  The elderly frequently suffers 
from severe infections and end-stage 
organ disease, which are associated with 
an age-dependent decline in immune 
reactivity[1, 2].   Immunosenescence, 
defined as the changes in the immune 
system associated with age, is gathering 
interest in the scientific and healthcare 
communities alike.

Immunosenescence is  general ly 
related with weaker immune responses, 
which produce a progressive dete-
rioration in the ability to respond to 
new stimulants.  One might expect the 
elderly to be less reactive against trans-
planted organs than younger patients, 
thus to show better transplant outcomes.  
It is reasonable to assume that older 
individuals would be more easily ren-
dered tolerant of transplanted organs[3].  
Paradoxically, experimental studies 
and clinical data of organ transplanta-
tion have shown that the graft is more 
rapidly rejected in the elderly than in 
the younger.  Thus, the age-related mut-
ing of the immune responses does not 
improve tolerance induction and reduce 
rejection after cell or organ transplanta-
tion.  The effects of aging on acute and 
chronic allograft rejection have been 
extensively studied[4].  Many researches 
showed that the effects of immunose-

nescence on the induction of tolerance is 
one of the major factors[5].

How does immunosenescence affect 
the transplantation tolerance?  Experi-
mental and clinical studies have shown 
that reversion or blockade of age-related 
atrophy of the thymus might be one of 
the promising therapeutic measures to 
reconstitute immune functions in the 
elderly.  In mice, transplantation of aged 
thymuses into juvenile recipients led to 
reconstruction of the structure and func-
tion of the thymus[6].  Recently, Zhao 
and colleagues[7] showed that surgical 
and chemical castration could restore the 
induction of transplant tolerance in aged 
mice.  The authors found that old mice 
(age of 12 months) exhibited resistance 
to tolerance induction for cardiac trans-
plants even after the anti-CD45RB mono-
clonal antibody therapy, in contrast to 
the robust tolerance induced in young 
mice (2 months).  Surgical castration 
could lead to long-term graft acceptance 
and restoration of thymic cellularity.  
Furthermore, they found similar results 
from prostate cancer patients who 
received Lupron Depot injections, which 
could temporarily disrupt gonadal func-
tion.  Both surgical and chemical castra-
tion could restore thymic architecture, 
increase thymic weight and numbers 
of developing regulating T cells (Treg) 
in aged mice (Figure 1).  The tolerance-
restorative effects of gonadectomy and 
hormonal suppression (with antiCD25 
treatment) would not happen in aged 
mice with thymectomy or Treg deple-
tion.  These results indicated that surgi-
cal castration or Lupron Depot injections 

could restore the thymic function and 
promote transplant tolerance-induction, 
reverse the inhibition of transplantation 
tolerance by immunosenescence in aged 
mice.  

In the aged, the thymus undergoes 
progressive involution, and the output 
of new cells significantly falls, which 
results in decreased thymic output of 
naïve T cells and decreased concentra-
tion of these cells in peripheral blood 
and lymph nodes[8].  Naïve T cells from 
aged mice exhibit reduced activation, 
differentiation and cytokine production 
following antigen presentation[9].  These 
age-associated changes in cell-mediated 
immunity strongly depend on thymic 
functions.  Transplanting cultured thy-
mic fragments to patients with DiGeorge 
syndrome who lack a functional thymus 
has been proved successful[6] and may 
be an approach to restore naïve T lym-
phocyte numbers in the elderly.  Zhao’ 
study showed that surgical and chemical 
castration could promote the restoration 
of thymic architecture, increase the thy-
mus weight and the absolute numbers 
of Treg (CD4+Foxp3+) thymocytes, and 
reduced the graft rejection.  Their results 
suggest that endocrine modulation could 
represent a potential therapy to modify 
age-induced thymic involution.

Sex steroids may have a direct effect 
on immune function in the periphery by 
augmenting Treg and other peripheral T 
cell functions.  However, increased lev-
els of sex hormones may cause thymus 
involution[10].  Luteinizing hormone-
releasing hormone (LHRH) synthesized 
in the hypothalamus is transported to 

Institute of Clinical Pharmacology, Anhui Medi-
cal University, Key Laboratory of Anti-inflamma-
tory and Immunopharmacology of Education 
Ministry of China, Hefei, 230032, China
Correspondence: Prof Wei WEI
(wwei@ahmu.edu.cn)



1086

 
Research Highlight

Acta Pharmacologica Sinica

npg

the anterior pituitary, where it controls 
the synthesis and release of luteinizing 
hormone (LH) and follicle-stimulating 
hormone (FSH), which govern the syn-
thesis of gonadal steroids.  Gonadal 
steroids have negative effects on the 
thymus and bone marrow, while LHRH 
itself is a positive immunomodulator.  
Using LHRH analogues or gonadec-
tomy could reverse age-related thymic 
atrophy[11].  In Zhao’s study, the results 
verified that Lupron-mediated gonadal 
suppression could restore the transplan-
tation tolerance induction.

The mechanisms underlying immu-
nosenescence is complex and not com-
pletely understood.  Multiple factors, 
such as oxidative stress, gender differ-
ences, innate immunity, humoral and 
cellular immunity, thymus atrophy and 
persistent microbial infections, may con-
tribute to immunosenescence[5].  Zhao’ 
study has made an important progress 

in the treatment of immunosenescence, 
and established an effective therapeu-
tic protocol for restoration of trans-
plantation tolerance in aged mice, and 
afforded a potential approach to organs 
transplantation of the elders.  Although 
it’s hard to extrapolate a mouse’s age 
to a human’s, their results suggest that 
hormone modification may improve 
transplant acceptance in older patients 
by restoring exuberance in the immune 
system.  
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Figure 1.  Surgical and chemical castration enhanced thymic mass and restored 
thymic architecture.  (A) Thymic mass decreased with age.  The mass increased 
after either surgical or chemical castration.  (B) Histograms showing the thymic 
weight in different groups (*P<0.01; **P<0.001 versus 12-month normal; ^P<0.01 
versus 2-month normal; n=3 to 5 animals per group).  The increased thymic mass 
was associated with a restoration of the normal thymic architecture as shown 
in the lower row in (A): the recovery of corticomedullary differentiation that was 
disrupted in the noncastrated 12-month-old animal (H&E staining, ×100).  C, 
cortex; M, medulla; SC, surgical castration; CC, chemical castration.  Reprinted with 
permission from AAAS: Science Translational Medicine, copyright 2011.
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D epression is a common but seri-
ous illness, which is described as 

a state of low mood or mood disorder 
that involves feelings of sadness lasting 
for two weeks or longer[1].  Depressed 
people may suffer from a spectrum of 
syndromes, including change of sleep 
habitation or pattern, dramatic weight 
loss, cognitive impairments or even 
suicide.  One conventional antidepres-
sant medication is selective serotonin 
re-uptake inhibitor[2, 3].  However, the 
weeks delay of its efficacy constitutes 
the major drawback of this treatment[3].  
Therefore, fast-acting antidepressants 
are urgently needed for clinical treat-
ment of depression.  Autry et al reported 
in a recent issue of Nature that N-methyl-
D-aspartate receptor (NMDAR) antago-
nists could be such candidates by trig-
gering rapid behavioural antidepressant 
responses[4].  

I t  was previously observed that 
patients with major depressive disorder 
symptoms could be relieved shortly after 
a single low-dose intravenous infusion 
of ketamine, a non-competitive NMDAR 
antagonist, with the effects lasting up to 
two weeks[5, 6].  This exciting observation 
inspires the authors to investigate the 
underlying cellular mechanisms.  The 
authors first found that non-competitive 

NMDAR antagonists ketamine, CPP and 
MK-801 reduced immobility of wiled-
type C57BL/6 mice in notable behav-
ioural responses, such as the forced 
swim test (FST) and novelty-suppressed 
feeding (NSF), and the antidepressant-
like behavioural effects of ketamine and 
CPP emerged as early as 30 min after 
the administration and persisted for at 
least 24 h.  Because NMDAR antagonists 
applied acutely in vivo are eliminated 
within hours, it is more likely that the 
long-lasting antidepressant effects come 
from synaptic plasticity caused by the 
acute blockade of NMDAR.  Brain-
derived neurotrophic factor (BDNF) 
has been proved to be involved in both 
synaptic plasticity and antidepressant 
action[7, 8].  This study further demon-
strated that fast-acting antidepressant 
responses required rapid increase in the 
translation of BDNF protein and TrkB 
activation, which might in turn initi-
ated synaptic plasticity.  Many forms 
of activity-dependent plasticity require 
NMDAR activation[9].  Thus, blockade of 
NMDAR does not seem to be in favor of 
triggering plasticity that might underlie 
the fast-acting antidepressant responses.  

It has been found that the spontane-
ous and evoked forms of glutamatergic 
activity may utilize distinct signal-
ing pathway[10, 11].  It is possible that 
NMDAR blockade would initiate a dif-
ferent signaling pathway that depends 
on spontaneous activity.  Eukaryotic 
elongation factor 2 (eEF2) is a critical 

catalytic factor for ribosomal translation 
during protein synthesis.  It has been 
proposed that NMDAR activity at rest 
would affect eEF2 phosphorylation and 
subsequent translation of target tran-
scripts[12].  The authors demonstrated 
that ketamine at rest inhibited sponta-
neous mEPSCs and dose-dependently 
de-phosphorylated eEF2, allowing trans-
lation of target proteins.  These results 
demonstrated that ketamine’s rapid 
antidepressant effect results from inhibi-
tion of NMDAR-mediated spontaneous 
synaptic responses, leading to decreased 
eEF2K activity and subsequent attenu-
ated eEF2 phosphorylation, which in 
turn rapidly increases BDNF translation.  

The authors elegantly elucidate the 
cellular mechanisms underlying fast-
antidepressant responses of a single, 
low-dose intravenous infusion of ket-
amine under clinical treatment and 
provides the first evidence that tonic 
resting glutamatergic neurotransmission 
is involved in behavior.  Moreover, this 
study shed new light on the potential 
of therapeutic approaches on transla-
tional machinery.  eEF2 is proposed to 
be the key molecule involved in synaptic 
BDNF translation that act downstream 
of NMDAR blockade and could be novel 
therapeutic targets for the development 
of faster-acting antidepressants.  

Future challenge will be to examine 
the possible involvement of extrasynap-
tic NMDAR blockade in the fast-acting 
antidepressant responses.  Ambient 
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tonic NMDAR activation by extracellular 
glutamate has been detected under basal 
condition[13].  Ketamine can abolish both 
spontaneous synaptic and extrasynaptic 
NMDAR responses.  Recent evidence 
suggests that activation of extrasynap-
tic NMDAR induces neuronal death in 
pathological conditions, whereas synap-
tic NMDAR promotes neuronal survival 
in physiological conditions[14, 15].  Block-
ade of spontaneous activity of the extra-
synaptic NMDARs might be able to trig-
ger a distinct signaling pathway involv-
ing eEF2.  In addition, previous studies 
support the involvement of cortical 
mTOR signaling in ketamine-mediated 
antidepressant responses and the block-
ade of the responses by rapamycin[16].  
These findings are obviously inconsis-
tent with the results of this study.  More 
works are needed to resolve the discrep-
ancies.  Moreover, considering the fun-
damental roles of NMDAR in neuronal 
functions, possible side effects should be 
also mindful if the period of clinical ket-
amine treatment needs to be prolonged.  
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Introduction
Autophagy is a highly regulated process involving the bulk 
degradation of cytoplasmic macromolecules and organelles 
in mammalian cells via the lysosomal system.  In addition, 
autophagy is induced under starvation, differentiation, and 
normal growth control to maintain homeostasis and sur-
vival[1–3]; however, it is also involved in neurodegenerative 
disorders and can trigger a form of programmed cell death 
(Type II death) distinct from apoptosis in neurons[4–7].  Accu-
mulating evidence indicates that autophagy is activated and 
may be involved in the regulation of neuronal death in differ-
ent animal models of ischemic brain injury, including hypoxia-
ischemia (HI) and global and focal ischemia[7–17].  Recently, 
using a permanent focal cerebral ischemia model of stroke and 
an oxygen and glucose deprivation (OGD) model in primary 
cultured astrocytes, the authors show that autophagy is acti-
vated in ischemic astrocytes and contributes to astrocytic cell 
death[18].  Therefore, in this review, we systematically discuss 
the activation of autophagy during cerebral ischemia and/

or reperfusion not only in neurons but also in astrocytes, the 
role of autophagy in neuronal and astrocytic cell death and 
survival, and the mechanisms of autophagy activation and 
its regulation.  In addition, we review what is known about 
the crosstalk between autophagy and apoptosis, between 
autophagy and necrosis, and between autophagy and necrop-
tosis in determining the outcomes and final morphology of 
damaged neurons and astrocytes.  

Different types of neural cell death in the ischemic 
region 
There are three types of neural programmed cell death (PCD) 
induced by cerebral ischemic and/or hypoxic injury: (1) necro-
sis, (2) apoptosis, and (3) autophagy.

Neuronal cell death following cerebral ischemia has tradi-
tionally been termed necrosis.  Necrosis is the end result of a 
bioenergetic catastrophe that results from ATP depletion to 
a level incompatible with cell survival and is thought to be 
initiated mainly by cellular “accidents,” such as toxic insults 
or physical damage (Figure 1E).  In contrast to apoptosis, 
necrosis has traditionally been thought to be a passive form 
of cell death with more similarities to a train wreck than a 
suicide.  However, recent research has found that necrosis 

Death and survival of neuronal and astrocytic cells in 
ischemic brain injury: a role of autophagy

Min XU1, 2, Hui-ling ZHANG1, 2, *

1Department of Pharmacology and Laboratory of Cerebrovascular Pharmacology, College of Pharmaceutical Science, Soochow 
University, Suzhou 215123, China; 2Suzhou Institute of Chinese Materia Medica, Suzhou 215007, China 

Autophagy is a highly regulated cellular mechanism that leads to degradation of long-lived proteins and dysfunctional organelles. The 
process has been implicated in a variety of physiological and pathological conditions relevant to neurological diseases. Recent studies 
show the existence of autophagy in cerebral ischemia, but no consensus has yet been reached regarding the functions of autophagy 
in this condition. This article highlights the activation of autophagy during cerebral ischemia and/or reperfusion, especially in neurons 
and astrocytes, as well as the role of autophagy in neuronal or astrocytic cell death and survival. We propose that physiological levels 
of autophagy, presumably caused by mild to modest hypoxia or ischemia, appear to be protective. However, high levels of autophagy 
caused by severe hypoxia or ischemia and/or reperfusion may cause self-digestion and eventual neuronal and astrocytic cell death. 
We also discuss that oxidative and endoplasmic reticulum (ER) stresses in cerebral hypoxia or ischemia and/or reperfusion are 
potent stimuli of autophagy in neurons and astrocytes. In addition, we review the evidence suggesting a considerable overlap between 
autophagy on one hand, and apoptosis, necrosis and necroptosis on the other hand, in determining the outcomes and final morphol-
ogy of damaged neurons and astrocytes.

Keywords: autophagy; brain ischemia; hypoxia; neuron; astrocyte; apoptosis; necrosis
 
Acta Pharmacologica Sinica (2011) 32: 1089–1099; doi: 10.1038/aps.2011.50; published online 1 Aug 2011

* To whom correspondence should be addressed. 
E-mail huilingzhang07@hotmail.com
Received 2010-11-22    Accepted 2011-04-08  

Review 



1090

www.nature.com/aps
Xu M et al

Acta Pharmacologica Sinica

npg

is not merely an accident.  When caspases were originally 
identified as the mediators of apoptosis, it was hypothesized 
that many of their substrates were essential proteins whose 
destruction ensured the inevitability of cell death.  However, 
caspase-independent cell death is observed in many systems 
where cells still die even if the executioner is absent.  Fol-
lowing an apoptotic stimulus, such as the expression of Bax 
or treatment with tumor necrosis factor (TNF) or Fas ligand 
(FasL), the cells will die even in the presence of non-specific 
caspase inhibitors, such as zVAD-fmk (benzyloxycarbonyl-
Val-Ala-Asp(OMe)-fluoromethylketone), or antiapoptotic 
molecules, such as Bcl-xL, that prevent caspase activation[19, 20].  
Under these conditions, the cells that would normally die by 
apoptosis exhibit all the hallmarks of necrosis.  In some cases, 
caspase-independent necrotic cell death can be forestalled by 
treatment with antioxidants or by eliminating the activity of 
the protein kinase receptor-interacting protein (RIP).  These 
results lead to the idea that necrosis could be “programmed” 
cellular signaling events that initiate necrotic destruction and 
could be blocked by inhibiting discrete cellular processes.  In 
2005, Yuan et al at Harvard University termed “programmed 

necrosis” as necroptosis.  
Apoptosis is a process of cell suicide regulated by different 

cell signaling pathways, which consists of a series of biochemi-
cal events including cell shrinkage, chromatin condensation, 
and formation of cytoplasmic blebs and fragmentation of 
nuclear DNA into membrane-bound structure, called “apop-
totic bodies”, that contain the contents of the cell (Figure 1C).  
At the biochemical level, apoptosis of mammalian cells is char-
acterized by phosphatidylserine exposure and effector caspase 
activation, the main executors of apoptotic cell death.  Studies 
have proven that delayed cell death induced by cerebral isch-
emia is apoptotic.  

Autophagy is a dynamic and carefully regulated process 
for the intracellular maintenance of proteins, lipids, and 
aging organelles[21–23].  It is characterized by the formation of 
autophagic vesicles in the cytoplasm, which contain a great 
deal of cellular components (macromolecules and organelles, 
Figure 1D).  The degradation of the Golgi apparatus, polyri-
bosomes and endoplasmic reticulum (ER) occurs earlier than 
nuclear disintegration.  During this process, intact mitochon-
dria provide autophagy with the required energy.  Research 
shows that a well-preserved cytoskeleton structure is neces-
sary for autophagic degradation.  It has become increasing 
clear that necrosis predominates in the ischemic core (Figure 
1A), whereas apoptosis and autophagy are often observed in 
the penumbra (Figure 1A) after cerebral ischemia.

Although the roles of apoptosis and necrosis in ischemic 
and/or hypoxic brain injury have been studied intensively, 
the implication of autophagic cell death has only recently been 
considered.  

Autophagy is activated in ischemic and/or hypoxic 
damaged brain tissue 
In recent years, through the use of electron microscopy, immu-
nohistochemistry and Western blots, scholars have confirmed 
from morphological and biochemical evidence that autophagy 
is activated in the damaged brain tissue in animal models of 
ischemic and/or hypoxic cerebral injury, including the tran-
sient global cerebral ischemia model, hypoxia-ischemia (HI) 
model and focal cerebral ischemia model (Table 1).  The first 
hint of autophagy activation dates back to 1995, when using 
electron microscopic analysis in a transient global cerebral 
ischemia model in gerbils, researchers found that the volume 
density of cathepsin B-positive lysosomes markedly increased 
3 d after the ischemic insult, while that of autophagic vacuole-
like structures also increased at this stage, suggesting that the 
cathepsin B-immunopositive lysosomes that increase in the 
neurons after ischemic insult are mostly autolysosomes.  Fur-
ther studies have demonstrated that the delayed death of the 
CA1 pyramidal neurons after brief ischemia is not necrotic but 
apoptotic[8].  However, before 2005, there are relatively few 
examples of neuronal death that meet the necessary morpho-
logical criteria of autophagy.  One possible reason is that, until 
recently, sensitive markers for autophagy, similar to those 
existing for apoptosis, have not been available.  Currently, 
there is increasing interest in whether autophagic cell death 

Figure 1.  Necrosis, apoptosis and autophagy in focal cerebral ischemia.  
A: TTC staining showing the ischemic core region (white color) and 
the ischemic penumbra (periinfarct, A).  B, C, D, and E: Electron 
micrographs[82].  Necrosis is predominant in the ischemic core, whereas 
apoptosis and autophagy are often observed in the penumbra after 
focal cerebral ischemia.  The main morphological characteristics of 
necrosis are the vacuolation of the cytoplasm and the breakdown of the 
plasma membrane (E).  Morphologically, apoptosis is characterized by 
nuclear and cytoplasmic condensation and cellular fragmentation into 
apoptotic bodies (C).  Morphological characteristics of autophagy include 
vacuolization, degradation of cytoplasmic contents, and slight chromatin 
condensation (D).  B: Normal cell.
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might be involved in the regulation of neuronal or astrocytic 
cell death after ischemia, especially after ischemic-hypoxic and 
focal cerebral ischemic injury.

The activation of autophagy induced by HI has been inten-
sively investigated.  The extent of ischemic-hypoxic injury 
depends on the degree of maturation of the brain as well as 

Table 1.  Autophagy is activated after ischemic (hypoxic) brain injury. 

                
Model                                   Sites                               Autophagy activation marker                                 Lysosome activation marker

                 Refer-
                                                                                                                                                                                                                                                      ence

Transient global cerebral 
ischemia in gerbils

Ischemia-hypoxia in mice

Ischemia-hypoxia in mice

Ischemia-hypoxia in neo-
natal rats

Ischemia-hypoxia in neo-
natal rats

Ischemia-hypoxia in neo-
natal mice (Atg7 deficit)

Permanent middle cere-
bral artery occlusion in 
rats

Transient middle cere-
bral artery occlu sion in 
mice

Transient middle cerebral 
artery occlu sion in rats 
(ischemia/reperfusion)

Transient middle cere bral 
artery occlu sion in neo-
natal mice (ischemia/
reper fusion)

Permanent middle cere-
bral artery occlusion in 
rats

Oxygen-glucose depriva-
tion in primary cultured 
astrocytes

Damaged hippocam-
pus

Damaged brain tissue

Damaged brain tissue

Damaged cortex and 
hippo campus

Damaged brain tissue

Damaged brain tissue

Damaged brain tissue

Damaged brain tissue

Neurons in damaged
brain tissue and peri-
infarct

Damaged brain tissue 
and peri in farct

Astro cytes in damaged 
brain tissue

Primary cul tured brain
cortex astro cytes

Electron microscopy: autophagic vesicle-
like structure in the cytoplasm↑

Western blot: LC3-II↑

Electron miroscopy: autophagic vesicle↑
Immunofluorescence: punctate GFP-LC3
Western blot: LC3-I↓

Immunohistochemistry and Western blot: 
beclin1 in the neurons↑

Electron microscopy: autophagic vesicle↑
Immunohistochemistry and Western blot: 
LC3-II↑; or punctate GFP-LC3

Electron microscopy: autophagic vesicle↑
Immunohistochemistry and Western blot: 
LC3-II↑; or punctate GFP-LC3

Electron microscopy: autophagic vesicle↑; 
autolysosome↑
Western blot: LC3-II↑

Western blot: LC3-II↑

Western blot: Beclin1↑
Double-lable immunofluorescence: 
Beclin1↑; punctate LC3↑; Beclin1 and cas-
pase 3 co-expression

Electron microscopy: autophagic vesicle↑
Immunohistochemistry: punctate LC3↑

Electron microscopy: autophagic vesicle↑; 
autolysosome↑; lysosome↑

Electron microscopy: autophagic vesicle↑; 
autolysosome↑; lysosome↑
Western blot: LC3-II↑; Beclin1↑
Immunohistochemistry: punctate LC3↑
MDC-labeled fluorescent vacuoles↑

Electron microscopy: the volume density of 
cathepsin B-positive lysosomes↑

Immunohistochemistry and Western blot: 
LAMP1↑; cathepsin D↑; activity of acid phos-
phatase (AP) and β-N-acetylhexosaminidase 
(AcHex)↑
Double-label immunofluorescence: punctate 
LC3 and LAMP1 or cathepsin D co-expression

Electron microscopy: darkened lysosomes 
Western blot: cathepsin B↑

Immunohistochemistry: LAMP1↑; cathepsin D↑

Western blot: cathepsin B↑, LAMP2↑ 

[8]

[9]
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on the severity and duration of the insult[24–30].  Neurons in 
the immature brain can tolerate a longer period of oxygen 
deprivation and/or ischemia than the neurons in the adult 
brain[25, 27].  However, there are conflicting reports that show 
that the immature brain is less resistant to ischemic-hypoxic 
brain damage than its adult counterpart[28].  Furthermore, 
clinical data suggest that outcome and mortality after acute 
cerebral injury are age-dependent, with more severe injuries 
in infants than in adults[31, 32].  In 2005, Zhu et al have found 
that after unilateral HI, the autophagosome-related marker 
microtubule-associated protein 1 light chain 3-II (LC3-II) is 
three times more pronounced in adult brains, compared with 
immature brains, indicating for the first time that autophagy is 
involved in delayed cell death after cerebral ischemia[9].  Sex-
related differences in cerebral injury and outcome following 
cerebral stroke or trauma have been considered attributable 
to the differences in brain structure and function induced by 
estrogen[33].  In 2006, another report from Zhu et al showed 
that there are no sex differences in cerebral injury and LC3-II 
increases after a severe ischemic-hypoxic insult in neonatal 
mice, suggesting that there is no sex dependence in the induc-
tion of autophagy after neonatal HI[10].  Additionally, in 2006, 
using a modified Levine/Vannucci procedure in adult mice 
that consists of unilateral common carotid artery occlusion 
and hypoxia, Adhami et al demonstrated that at the tissue 
level, HI causes persistent cerebral perfusion deficits even 
after release of the carotid artery occlusion, which is associated 
with both platelet deposition and fibrin accumulation within 
the cerebral circulation[11].  At the cellular level, caspase-3 is 
not activated, and very few cells completed the apoptotic 
process.  Instead, many damaged neurons show features of 
autophagic/lysosomal cell death.  Together, these results sug-
gest that HI is a powerful stimulus for spontaneous coagula-
tion leading to reperfusion deficits and autophagic/lysosomal 
cell death in the brain.  In 2008, Carloni et al showed that the 
autophagy marker, Beclin1, is significantly increased a short 
time after HI, both in the hippocampus and in the cerebral 
cortex in the neonatal cerebral HI model[12].  More recently, 
Ginet et al provide strong evidence that severe HI increases 
not only autophagosomal abundance (increase in LC3-II) but 
also lysosomal activities (cathepsin D, acid phosphatase, and 
β-N-acetylhexosaminidase) in the cortex and hippocampus, 
demonstrating an increase in autophagic flux[13].  

Increasing evidence demonstrates that autophagy is also 
activated in damaged brain tissue after focal cerebral ischemia 
(Table 1).  The evidence comes from a 2005 study showing 
that the expression of autophagy marker LC3-II is increased 
in damaged brain tissue after transient middle cerebral artery 
occlusion (tMCAO) in mice[14].  In 2008, by morphological and 
biochemical analysis, we have confirmed that focal cerebral 
ischemia activates the autophagosome/lysosome pathway 
using a rat model of permanent middle cerebral artery occlu-
sion (pMCAO).  Electron microscopic analysis has revealed 
that autophagosomes and autolysosomes are significantly 
increased in neuronal cytoplasm in the ischemic cortex after 
pMCAO in rats.  Western blot analysis also has shown that the 

expression of LC3-II and cathepsin B (a main lysosomal pro-
tease of the brain parenchyma) are increased in the ischemic 
cortex[17].  These observations are also supported by Rami et 
al, who showed that a dramatic elevation in Beclin1 and LC3 
levels in the penumbra of rats challenged by tMCAO[15], and 
by Puyal et al, who indicated that lysosomal and autophagic 
activities are increased in the ischemic neurons after transient 
focal cerebral ischemia[16].

In which cells is autophagy activated in the ischemic 
region? 
Autophagy is activated in neurons in the ischemic region
Accumulating evidence detected by electron microscopic and 
immunohistochemical analysis shows that autophagy is acti-
vated in neurons in the ischemic cerebral tissue in different 
animal models of ischemic and/or hypoxic cerebral injury, 
including the transient global cerebral ischemia model, HI and 
the focal cerebral ischemia model (Table 1).  

Evidence from electron microscopy is as follows:
With electron microscopy, the intense vacuolization and 
numerous autophagosomes are observed in neurons in the 
ischemic region[8, 11, 13, 17].  More importantly, in an adult mouse 
HI model, the activation of autophagy in different degrees of 
neuronal injury has been examined in detail.  Cortical neurons 
on the challenged side show vacuole-associated damage rang-
ing from cells harboring multiple cytoplasmic vacuoles (Figure 
2C) to cells completely lacking cytoplasmic contents (Figure 
2F).  There is also diffuse myelin degeneration and loss of syn-
apses (Figure 2, compare B with G).  In less damaged neurons, 
judging from the morphology of healthy mitochondria, there 
are many vacuole-related structures containing electron-dense 
material (Figure 2D, avd) or whorls of membranous material 
(Figure 2D and 2E; avm).  More severely damaged neurons 
show condensed chromatin in the nucleus, cup-shaped endo-
plasmic reticulum fragments, swollen mitochondria, and 
vacuoles that contain little material (Figure 2G, asterisk) in 
the cytoplasm.  Moreover, many severely damaged neurons 
exhibit a shrunken nucleus with condensed chromatin sur-
rounded by an extensively lysed cytoplasm but retain an intact 
plasma membrane (Figure 2F).  These morphological features 
are not typical of apoptosis or necrosis.  Instead, they suggest 
an induction of the autophagosomal-lysosomal compartment 
of programmed cell death[11].  Furthermore, the time point 
changes of the activation of autophagy/lysosome in neurons 
after ischemia has been revealed by electron microscopy by 
finding autophagosomes and autolysosomes that appear in 
neurons as early as 1 h after pMCAO and continue to increase 
from 3 to 12 h.  Sometimes, autophagosomes with engulfed 
organelles are found.  At 6 h after ischemia, damaged neurons 
display fragmented ER membranes and condensed chromatin.  
At 24 h after ischemia, cell shrinkage, large chromatin clumps, 
nuclear condensation/fragmentation, swollen cytoplasm, 
damaged organelles and deteriorated membranes co-exist in 
the same neuron[17].  In addition, intense vacuolization and 
numerous autophagosomes appear at 6 h post-HI and are 
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more abundant at 24 h in the dying neurons[13].

Evidence from double immunolabeling was observed as follows:
An increase in punctate LC3 or Beclin1 is observable in the 
ischemic neurons by double immunolabeling[12, 13].  This 
increase in the expression of autophagy markers mainly occurs 
in the border of the lesion but also in some neurons inside of 
the lesion[13].  

Autophagy is activated in astrocytes in the ischemic region 
Whether autophagy is activated in astrocytes in ischemic 
brain injury and contributes to astrocytic cell death is largely 
unknown.  More recently, using a rat model of pMCAO in vivo 
and OGD in primary cultured astrocytes in vitro, the authors 
have dynamically observed that autophagosomes appear 
in the cytoplasm of astrocytes in both the ischemic cortex 
1 h after pMCAO and the primary astrocytes 1 h after OGD.  
The most abundant autophagosomes are observed 3 h after 
pMCAO and OGD.  The number of lysosomes is significantly 
increased 6 h after pMCAO and OGD.  Both apoptotic and 
necrotic morphological features are seen in the same astrocytes 
12–24 h after pMCAO and OGD.  Autophagic vacuole analy-
sis with MDC (monodansylcadaverine) staining shows that a 

large number of fluorescent particles appears in the astrocytes 
0.5 h after OGD[18] and reaches a peak at 3 h (Figure 3).  West-
ern blot analysis in primary cultured astrocytes after OGD 

Figure 3.  Increased autophagic vacuoles in primary astrocytes after OGD 
injury.  Astrocytes were cultured and labeled with MDC.  Representative 
MDC staining shows MDC-labeled vesicles in the cytoplasm, perinuclear 
regions and neurites 3 h after OGD, indicating the increased formation of 
autophagic vacuoles in astrocytes. 

Figure 2.  Ischemia-hypoxia induces vacuolization and lysis of cellular organelles.  A and B: Contralateral hemisphere illustrates normal structures 
of neuronal cell bodies and the neuropil.  Notice homogenous nuclear chromatin (n), myelinated axons (am), intact mitochondria (m), cisterns of 
endoplasmic reticulum (er), and numerous synapses (arrowheads).  C–G: Damaged neurons in the cerebral cortex at 6 h after ischemia-hypoxia show 
multiple vacuoles (v in C) in the cytoplasm and different degrees of cell destruction.  Electron micrographs of the cytoplasm in less damaged neurons (D 
and E; notice intact mitochondria, m) exhibit autophagy-like vacuoles containing electron-dense material (avd) and whorls of membranous material (avm).  
In more advanced cell destruction, many cells demonstrate the near-complete lysis of organelles (asterisks in C, F, and G), but the plasma membrane of 
such cells is preserved (arrows in G).  Moderately damaged cells (G) display fragmented endoplasmic reticulum membranes (erd), condensed chromatin 
(double arrows) in damaged nuclei (nd), and swollen mitochondria (md) containing an electron transparent matrix.  Condensation of chromatin (double 
arrows in F and G) in damaged nuclei might be the result of a proapoptotic reaction or represent aborted apoptosis.  B and G represent the enlarged 
framed areas in A and F, respectively.  Scale bars: 1 μm (A–C, F, G); 0.5 μm (D, E).  Used with permission from Adhami et al whose original article 
was published in the American Journal of Pathology, Volume 169, Issue 2, August 2006, Pages 566–583 (Copyright © 2006 American Society for 
Investigative Pathology Published by Elsevier Inc)[11].
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demonstrates that autophagy-related proteins LC3 and Beclin1 
as well as the lysosomal-related protein cathepsin B and the 
lysosome associated membrane protein 2 (LAMP2) increase in 
the injured astrocytes.  Taken together, the autophagy/lyso-
some pathway (ALP) is activated in the ischemic astrocytes in 
both in vivo and in vitro ischemic or hypoxic models[18].

Autophagy is activated in endothelial cells in the ischemic region
Autophagy activation has recently been implicated in 
endothelial cells in the ischemic region.  Many blood vessels 
in the peri-infarct region show a higher level of GFP (green 
fluorescent protein)-LC3 expression and punctate GFP-LC3 
dots in the endothelial cells at 18 h in the HI-induced GFP-LC3 
transgenic mice[11].

Mechanisms of autophagy activation in ischemic and/or 
hypoxic brain injury
Ischemic brain injury causes death in both neurons and 
astrocytes[34].  Calcium-overload, excitotoxicity, ER stress and 
oxidative injury, and caspase-mediated apoptosis have been 
implicated as major injury mechanisms[35, 36].

ER stress and oxidative stress
Previous reports have demonstrated that the ER is involved in 
ischemic neuronal cell death, protein synthesis inhibition[37, 38], 
phosphorylation of phospho-extracellular signal-regulated 
kinase (PERK)[39] and eukaryotic initiation factor 2 alpha 
(eIF2α)[40], depletion of the ER calcium pool[41], accumulation of 
unfolded proteins in the ER[42], and induction of the ER molec-
ular chaperone[43].  An increasing number of studies indicates 
that autophagy is induced by ER stress in organisms from 
yeast to mammals[44, 45].  Hypoxia activates the ER-resident 
translation initiation factor eIF2α and PERK, and eIF2α kinase 
regulates starvation- and virus-induced autophagy.  

Another common intracellular stress that effectively leads to 
the induction of autophagy is oxidative stress.  More recently, 
it has been demonstrated that oxidative stress activates 
autophagy in dopaminergic neuronal cell lines and cultured 
primary astrocytes[46–48].  Together, ER stress and oxidative 
stress may be important mechanisms of autophagy activation 
in ischemic brain injury.  However, there is still a lack of direct 
evidence.

Excitotoxicity
Glutamate excitotoxicity mediated by N-methyl-D-aspartic 
acid (NMDA) receptor activation plays a key role in many 
aspects of cerebral ischemic injury.  Excitotoxicity is the basis 
for necrotic cell death in the ischemic core and the initiator of 
programmed cell death in the ischemic penumbra.  NMDA 
agonists induce the activation of autophagy in damaged neu-
rons in the striatum[49].  Excitotoxicity-mediated activation of 
autophagy may be associated with the activation of the c-Jun 
N-terminal kinase (JNK) signaling pathway, which is one of 
the most important NMDA receptor-mediated signal path-
ways.  JNK are mitogen-activated protein kinases encoded by 
three genes: Jnk1, Jnk2, and Jnk3[50].  Each gene is alternatively 

spliced to produce one or two variants of 46 and 54 kDa, 
which generates a total of at least 10 JNK isoforms with poten-
tially different pro-survival and pro-death roles[51].  Among 
its pro-death roles, JNK has been shown to be important for 
neuronal death after excitotoxic stress because of its involve-
ment in necrosis and apoptosis[52–54].  In cerebral ischemia, JNK 
has become an accepted target for neuroprotection because 
small-molecule inhibitors[55] or cell-penetrating peptides[56, 57] 
such as D-JNKI1 (d-c-Jun N-terminal kinase 1 inhibitor), a 
cell-permeable peptide inhibitor of the JNK pathway, have 
been shown to be a powerful neuroprotective agent after focal 
cerebral ischemia in adult mice and young rats.  D-JNKI1 has 
also been found to have a potential neuroprotective effect in a 
clinically relevant model of neonatal cerebral HI and to reduce 
autophagosome formation in the thalamus, suggesting that the 
JNK signaling pathway involves HI-induced autophagic cell 
death[58].

Contributions of autophagy activation to neural cell 
survival and death in ischemic and/or hypoxic cerebral 
injury 
Mild or moderate activation of autophagy promotes neural cell 
survival
Autophagy plays a key role in neuronal survival.  Knockout 
mouse studies targeting Atg5 or Atg7 elegantly demon-
strate that neurons require at least basal levels of autophagy 
for the maintenance of health and function in vivo[59, 60].  
3-methyladenine (3-MA) and wortmannin, two inhibitors of 
autophagy, dramatically reduce Beclin1 expression and switch 
the mechanism of cell death modes from apoptosis to necro-
sis.  Conversely, rapamycin, an inducer of autophagy, aug-
ments Beclin1 expression, diminishes necrotic cell death, and 
decreases brain injury after neonatal HI.  A prophylactic treat-
ment with simvastatin or hypoxic preconditioning also up-
regulates Beclin1 expression.  Taken together, these data indi-
cate that autophagy is increased in neuronal cells after neona-
tal HI and suggest that the activation of autophagic pathways 
represents a potential protective mechanism in the early stages 
of brain injury[12].  Elevated amounts of caspase-3-positive- 
and Beclin1-positive cells have been found in the penumbra 
of rats challenged by cerebral ischemia at 6–24 h.  However, 
not all caspase-3-positive cells are also Beclin1-positive and 
not all Beclin1-expressing cells are caspase-3-positive.  Semi-
quantitative assessment shows that approximately 30% of cells 
in the penumbra present both the activation of caspase-3 and 
the up-regulation of Beclin1, indicating that Beclin1 may pos-
sess a repair function via autophagy[15].

Overactivation of autophagy promotes neural cell death
Theoretically, autophagic cell death is caused by lysosomal 
enzymes; thus, we and other scholars hypothesize that per-
sistent or severe cerebral ischemia overactivates autophagy, 
which causes cell self-digestion and induces neural cell death.  
Emerging evidence indicates that ALP activation induced 
by focal cerebral ischemia contributes to neuronal cell death.  
Cerebral ventricular microinjection of 3-MA, bafilomycin 
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A1 [Baf, a specific inhibitor of vacuolar-type H(+)-ATPases], 
which inhibits fusion between autophagosomes and lyso-
somes, or Z-FA-fmk (benzyloxycarbonyl-phenyl-alanyl-
fluoromethylketone, a cathepsin B and L inhibitor) reduces 
cerebral infarct volume, decreases brain edema and improves 
neurological deficits.  In addition, 3-MA can largely reduce 
infarct volume even administered 4 h after ischemia, indicat-
ing 3-MA has a wide therapeutic window.  Furthermore, 3-MA 
and Baf significantly reduce the death of astrocytes and play 
a protective role in astrocytic injury induced by cerebral isch-
emia in a rat model of pMCAO in vivo and in OGD-induced 
primary cultured astrocytes in vitro[18].  These neuroprotective 
effects are associated with the inhibition of the up-regulation 
of LC3-II and cathepsin B in the rat brain or primary cultured 
astrocytes challenged by cerebral ischemia or OGD.  These 
studies strongly suggest that ALP is activated not only in 
ischemic neurons, but also in ischemic astrocytes and partici-
pates in the demise of neurons and astrocytes.  Notably, 3-MA 
and Baf may have diverse effects on neural cells that extend 
beyond autophagy regulation to include the modulation of 
survival/death kinases by 3-MA.  Thus, the issue of whether 
autophagy observed in dying neural cells reflects a death 
mechanism, failed adaptation, or epiphenomenon requires 
additional approaches to establish causality.  The identifica-
tion of autophagy (Atg) genes involved in specific ubiquitin-
like conjugation reactions that are essential for the extension 
of autophagic membranes has revolutionized the field, allow-
ing for the development of specific markers for autophagic 
vacuole formation and maturation and providing molecular 
genetic tools for knocking out or knocking down essential Atg 
gene products.  Recently, evidence on the genetic level show-
ing that ribonucleic acid interference (RNAi)-mediated down-
regulation of Beclin1 decreases infarct volume and inhibits 
histological injury and neurological deficits induced by focal 
cerebral ischemia[61] supports the present conclusion.  

In addition, ALP activation induced by severe HI also con-
tributes to neuronal cell death.  The direct evidence comes 
from neuron Atg7-deficient neonatal mice showing strong 
neuroprotection 7 d after HI injury [62].  

The next issue we need to resolve is which modes of neural 
cell death ALP activation is involved in.

ALP activation is involved in cerebral ischemia-induced pure 
autophagic programmed cell death  
The morphological characteristics of autophagic programmed 
cell death can be observed by electron microscopy in the 
adult mouse HI model by Adhami et al[11] and in a rat model 
of pMCAO by Qin et al[18], suggesting that cerebral ischemia 
and/or hypoxia may induce pure autophagic programmed 
cell death (See Figure 2 for more details).

ALP activation participates in cerebral ischemia-induced apopto-
sis 
A defining biochemical feature of apoptosis is the requirement 
for caspases acting through one of two general pathways.  
An intrinsic pathway, commonly used by neurons, relies on 

mitochondria for the release of apoptotic factors (cytochrome 
c and Smac/Diablo) that activate the initiator caspase-9 and 
downstream effector caspases.  An extrinsic pathway, initiated 
by extracellular death ligands (eg, tumor necrosis factor and 
Fas), activates effector caspases via the initiator caspase-8 and 
caspase-10 and additionally via crosstalk with the mitochon-
drial pathway[63].  It has been demonstrated that the activation 
of downstream caspase-3 is a crucial event in neuronal death 
following global and focal ischemia and HI in the brain.  The 
number of caspase-3-positive and Beclin1-positive cells in 
the penumbra of rats challenged by focal cerebral ischemia 
is elevated at 6–24 h by immunohistochemical double stain-
ing.  Semi-quantitative assessment shows that approximately 
30% of cells in the penumbra present both the activation of 
caspase-3 and the up-regulation of Beclin1, indicating that 
autophagy and apoptosis interact with each other in the pen-
umbra following focal cerebral ischemia[15].  An increase in 
Beclin1 expression colocalized with the activation of caspase-3 
in neurons has also been found in neonatal cerebral HI[12].  In 
addition, there are dying neurons with numerous autophago-
somes in their cytosol beginning 6 h after HI.  However, these 
neurons never exhibit the morphology of pure autophagic 
cell death but show features of apoptosis, and cortical neu-
rons with strong lysosomal expression (LAMP1 labeling) also 
express cleaved caspase-3[13].  Furthermore, Atg7 deficiency 
largely prevents caspase-dependent death of pyramidal neu-
rons in the neonatal hippocampus after severe hypoxic-isch-
emic injury[62].  These results indicate that the simultaneous 
activation of autophagic and apoptotic mechanisms can occur 
in the same dying neuron.  Therefore, a new term of cell death 
“Apophagy” from apoptosis and autophagy, a kind of apop-
totic cell death with a concomitant up-regulation of Beclin1 
and activation of caspase-3, has been introduced[63].  Moreover, 
neurons presenting strong autophagic features in the border 
of the lesion 24 h after HI are TdT-mediated dUTP-biotin nick 
end labeling (TUNEL)-negative and display moderate chro-
matin condensation without being pyknotic, which suggests 
that autophagy precedes apoptosis and might even initiate 
apoptosis.  

Ischemia-induced APL activation may cause neuronal and 
astrocytic apoptotic cell death through the cathepsin-caspase 
signaling pathway.  Cathepsins are acidic endopeptidases, 
which belong to the papain superfamily of proteases[64].  
Under physiologic conditions, their activity is restricted to 
the lysosomal compartment, where they participate in protein 
turnover by degrading unneeded proteins into amino acids[65].  
It has been demonstrated that cerebral ischemia induces the 
release of cathepsins into the cytoplasm, where they exten-
sively perform their proteolytic function and can promote 
ischemia-induced apoptosis through alterations of mitochon-
drial homeostasis and the activation of proapoptotic members 
of the Bcl-2 family[7, 8, 66, 67].  Cathepsin B possesses a caspase-
processing activity, which mainly appears on caspase-11 and 
caspase-1.  Caspase-1 and caspase-11 play important roles in 
brain ischemia by promoting both apoptotic and inflamma-
tory processes.  In addition, cathepsin B proteolytic effects 
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also include the activation of Bax and Bak, two proapoptotic 
members of the Bcl-2 family, and the subsequent release of 
cytochrome c through permeabilization of the mitochondrial 
membrane.  Cytochrome c is a key activator of the apopto-
some, which regulates the mitochondrial caspase activation 
pathway mediated by caspase-9[66].  Cathepsin L can activate 
caspase-3, and cathepsin D can activate caspase-8.  The inhi-
bition of cathepsins leads to significant neuroprotection in 
a cathepsin-caspase dependent manner in the experimental 
model of stroke[66, 68–71].  Therefore, ischemia-induced ALP acti-
vation may be involved in neuronal and astrocytic apoptotic 
cell death via a cathepsin-caspase dependent manner in isch-
emic brain injury.

On the other hand, there is a crosstalk between autophagy 
and apoptosis in Bcl-2 levels after cerebral ischemia.  The Bcl-2 
protein family was initially characterized as apoptotic cell 
death regulators, but it has recently become clear that they also 
control autophagy because they can inhibit Beclin1-dependent 
autophagy[72–74].  The anti-apoptotic proteins of the Bcl-2 fam-
ily constitutively interact with Beclin1, which serve as inhibi-
tors of autophagy.  Bcl-2 can block caspase-independent cell 
death and mitochondrial degradation and the two processes 
involved in autophagy.  In growth factor-deprived neural 
progenitor cells and serum and potassium-deprived cerebellar 
granule cells, overexpression of Bcl-2 inhibits autophagy.  Our 
findings show that the cerebral ventricular microinjection of 
autophagy inhibitor 3-MA, Baf, or Z-FA-fmk, can block isch-
emia-induced Bcl-2 degradation in a rat model of pMCAO and 
suppress OGD-induced Bcl-2 degradation in primary cultured 
astrocytes.  Taken together, ischemia-induced APL activation 
may cause neuronal and astrocytic apoptotic cell death via 
regulating Bcl-2.  

Autophagy activation participates in cerebral ischemia-induced 
necrosis 
Some suggest that autophagy blockage may interrupt the acti-
vation of the apoptotic process and switch the mechanism of 
cell death from apoptosis to necrosis.  As mentioned above, 
3-MA and wortmannin, which inhibit autophagy, significantly 
reduce the expression of Beclin1 and augment the number 
of necrotic cells in the rat model of neonatal cerebral HI, 
indicating that when autophagy is blocked, neurons rapidly 
progress toward necrosis[75].  However, a growing body of 
evidence reveals that autophagy is required for necrotic cell 
death.  Recently, Samara et al have reported overlap between 
autophagic and necrotic cell death.  Utilizing an exceptionally 
well-characterized and genetically tractable model of necrotic 
neuronal cell death in C elegans, they found that excessive 
autophagosome formation is induced early during necrotic 
cell death in C elegans neurons and that autophagy is required 
for neuronal necrotic cell death.  Impairment of autophagy by 
genetic inactivation of autophagy genes or by pharmacological 
treatment suppresses necrosis.  Autophagy synergizes with 
lysosomal catabolic mechanisms to further facilitate neuronal 
necrotic cell death.  Further studies reveal that calpain pro-
tease activity is also required for necrosis in C elegans neurons 

and induces autophagy in neuronal necrotic cell death[76].  
Taken together, activation of autophagy may be associated 
with neuronal or astrocytic necrotic death following cerebral 
ischemia.  However, this still needs to be further confirmed in 
the many animal models of cerebral ischemia.  

Autophagy is a response to necroptotic cell death
Experiments using a specific necroptotic inhibitor, necro-
statin-1 (Nec-1), and one of its derivatives, 7-chloroindole-
necrostatin-1 (7-Cl-Nec-1), have confirmed that necroptosis is 
involved in the ischemic brain injury induced by focal cere-
bral ischemia and neonatal HI[14, 77].  The protection effect of 
7-Cl-Nec-1 is readily detectable, even when the compound is 
administered 6 h after the onset of cerebral ischemic injury[14], 
at which point the administration of zVAD-fmk no longer 
decreases infarct volume[78], indicating that necroptosis may 
participate in ischemia-induced delayed cell death.  LC3-II is 
clearly induced after ischemic cerebral injury, but it does not 
reach its maximal level until 8 h post-MCAO, and delayed 
injection of 7-Cl-Nec-1 at 4 h and 6 h postocclusion still effi-
ciently blocks the increase of LC3-II at the 8 h time point, con-
firming that the late induction of LC3-II in vivo indeed reflects 
the delayed activation of necroptosis.  

In in vitro experiments, autophagy vesicles are commonly 
observed in necroptotic cells, leading some to propose that 
autophagy is an execution mechanism for necroptosis.  In 
L929 cells, treatment with autophagy inhibitors 3-MA and 
wortmanin is able to partially inhibit zVAD-induced cell 
death.  Knockdown of autophagy-related genes, such as 
Beclin1 and Atg7, is shown to be able to inhibit necroptosis in 
L929 cells[79].  However, in other cell types, this finding has 
not been supported.  Jurkat cells, BALB/c mouse embryonic 
fibroblast cells (Balb c/3T3 cells), and mouse embryonic fibro-
blast cells (MEFs) have been extensively tested for the effect of 
autophagic inhibitors or the knockdown of Beclin1 and Atg5.  
None of these inhibitors of autophagy is able to reduce cell 
death[14].

Therefore, it remains to be determined if autophagy is actu-
ally a response to necroptotic cell death.  

It is possible that autophagy plays dual roles in determin-
ing cell fate, depending on specific cell types and stimuli.  It 
seems that physiological levels of autophagy caused by mild 
or moderate cerebral ischemia and/or hypoxia appear to be 
protective via the production of energy to prevent cell necrosis 
by catabolism and inhibit cell apoptosis by removing damaged 
mitochondria.  However, high levels of autophagy caused by 
severe cerebral ischemia and/or hypoxia (focal cerebral isch-
emia or severe HI) may lead to self-digestion and eventual cell 
death (Figure 4).

Outlook
Initial neuroprotective clinical stroke trials primarily used 

antiexcitotoxic drugs to limit acute calcium-mediated injury 

attributable to cerebral ischemia.  However, the excitotoxic 
phase mediated by the release of excitatory acids into the brain 
peaks within 1 to 2 h after ischemia, and treatments with anti-
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excitotoxic drugs are only effective when given within 1 to 2 h 
after focal ischemia in animal models[80].  Considering that the 
median hospital arrival time for stroke patients is 3 to 6 h[81] 

and all of the trials of antiexcitotoxic drugs have been used to 
treat patients up to at least 6 h after the onset of symptoms, the 

negative outcomes of the 35 completed trials of antiexcitotoxic 

agents are not surprising.  In the development of new thera-
pies, focus must be placed on targets producing long-lasting 
protection and efficacy even when treatments are given during 
or at the 4 to 6 h after symptom onset, which is when patients 
generally arrive at the hospital.  Therefore, a promising strat-
egy for the development of such therapeutics is to inhibit the 
mechanisms that destabilize mitochondria via targeting pro-
death signaling upstream of mitochondrial damage.  APL acti-
vation regulates neural cell death mainly through cathepsin-
mediated mitochondrial damage.  One of the mechanisms of 
the regulation of neural cell death by APL activation is the 
activation of the cathepsin-mediated mitochondrial apoptotic 
pathway, and 3-MA can reduce infarct volume even when 
administered 4 h after ischemia onset, indicating that 3-MA 
may have a wide therapeutic window.  Therefore, 3-MA might 
have the potential to exhibit long-lasting protection in the 
clinic, targeting APL to develop stroke therapeutics.  How-
ever, more work is required to determine the requirements 
under which the activation of autophagy reflects a protective 
or harmful response in cerebral ischemia.  A profound under-
standing of the biological effects and the mechanisms underly-
ing ischemia-induced autophagy in neurons and astrocytes 
might be helpful in seeking effective new treatment for isch-
emic brain injury.
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T33, a novel peroxisome proliferator-activated 
receptor γ/α agonist, exerts neuroprotective action 
via its anti-inflammatory activities 
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China

Aim: To examine the neuroprotective effects of T33, a peroxisome proliferator-activated receptor gamma/alpha (PPARγ/α) agonist, in 
acute ischemic models in vitro and in vivo.
Methods: Primary astrocytes subjected to oxygen-glucose deprivation/reperfusion (O/R) and BV-2 cells subjected to hypoxia were 
used as a model simulating the ischemic core and penumbra, respectively.  The mRNA levels of tumor necrosis factor-α (TNF-α) and 
interleukin-1β (IL-1β) were measured using qPCR.  The levels of TNF-α secreted by BV-2 cells were measured using ELISA.  Protein lev-
els of cyclooxygenase-2 (COX-2), p65, phosphorylated I-κBα/I-κBα, phosphorylated I-κB kinase (pIKK), phosphorylated eukaryote initia-
tion factor 2α (p-eIF-2α)/eIF-2α and p-p38/p38 were detected using Western blot.  PPARγ activity was measured using EMSA.  The 
neuroprotection in vivo was examined in rat middle cerebral artery occlusion (MCAO) model with neurological scoring and TTC staining.
Results: Addition of T33 (0.5 µmol/L) increased the level of I-κBα protein in primary astrocytes subjected to O/R, which was due to pro-
moting protein synthesis without affecting degradation.  In primary astrocytes subjected to O/R, addition of T33 amplified I-κBα gene 
transcription and mRNA translation, thus suppressing the nuclear factor-kappa B (NF-κB) pathway and reducing inflammatory media-
tors (TNF-α, IL-1β, and COX-2).  In BV-2 cells subjected to hypoxia, T33 (0.5 µmol/L) reduced TNF-α, COX-2, and p-P38 production, 
which was antagonized by pre-administration of the specific PPARγ antagonist GW9662 (30 µmol/L).  T33 (2 mg/kg, ip) attenuated 
MCAO-induced inflammatory responses and brain infarction, which was antagonized by pre-administered GW9662 (4 mg/kg, ip).  
Conclusion: T33 exerted anti-inflammatory effects in the ischemic core and penumbra via PPARγ activation, which contributed to its 
neuroprotective action.   

Keywords: stroke; middle cerebral artery occlusion; oxygen-glucose deprivation; astrocytes; BV-2 cells; inflammation; nuclear factor-
kappa B; T33; peroxisome proliferator-activated receptor γ 
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Introduction 
Acute brain ischemia leads to a damaged ischemic core 
and salvageable surrounding tissue (penumbra).  In addi-
tion to treatments targeting the ischemic core, interventions 
preventing the progression of the penumbra to infarction 
help to reduce the final infarct area[1, 2].  Although different 
mechanisms are involved in the pathogenesis of strokes, 
appreciable evidence supports the fact that massive inflam-
mation accounts for the progression of strokes, at least in the 
acute phase[3, 4].  Obstruction of blood flow to the brain elicits 
the activation of glial cells and infiltration of peripheral leu-
kocytes facilitated by pro-inflammatory factors.  Reperfusion 
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leads to the over-production of reactive oxygen species, fur-
ther stimulating ischemic glial cells to secrete inflammatory 
mediators, resulting in subsequent brain infarction.  Recent 
research found compounds able to curtail neuroinflammation 
were effective in alleviating stroke-induced brain injury[5, 6].  
Therefore, simultaneously interfering with the inflamma-
tory responses in both the ischemic core and the penumbra 
has become an important area of research in the treatment of 
ischemic stroke, whose therapeutic management is limited to 
thrombolysis[7, 8].  

Peroxisome proliferator-activated receptors (PPARs) are 
ligand-activated nuclear transcription factors regulating cell 
proliferation, differentiation, insulin sensitivity and inflam-
matory responses[9].  To date, three PPAR isoforms, desig-
nated α, β, and γ, have been identified.  The PPARγ isoform 
is involved in controlling immune reactions and reduces 
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inflammatory mediators upon activation[10, 11].  Most of the 
anti-inflammatory activities of PPARγ have been suggested 
to arise through the inhibition of NF-κB, a transcription fac-
tor controlling the expression of multiple inflammatory genes 
during ischemia[10].  Moreover, emerging evidence implies 
that PPARγ activation is protective against brain damage after 
stroke, and PPARγ deficiency promotes brain damage after 
stroke[12–14].  Synthesized PPARγ agonists, including the well-
known thiazolidinediones (TZDs), exhibit potent neuroprotec-
tive effects in stroke models mainly by blocking the produc-
tion of inflammatory mediators[15, 16].  PPARγ/α dual agonists, 
expected to prevent weight gain and exert cardioprotective 
effects due to PPARα activation, are currently being devel-
oped[17, 18].  Whereas some PPARγ/α agonists such as alegli-
tazar have entered clinical trials for the treatment of diabetes, 
little research concerning the potency of dual agonists toward 
brain ischemia-induced inflammation has been reported.  

T33, a benzopyran derivative, is a novel dual PPARγ/α 
agonist that has been demonstrated to alleviate diabetic 
injuries[19, 20].  The present study is the first to investigate the 
effects of T33 on inflammation and brain injury in the CNS, 
as well as the underlying mechanisms, by employing both in 
vitro and in vivo ischemic models.

Materials and methods
T33 preparation
T33 was provided by Prof Yu-she YANG of the Shanghai Insti-
tute of Materia Medica, Chinese Academy of Sciences.  For in 
vitro experiments, T33 was dissolved in DMSO and diluted 
with culture medium before it was added to cell cultures.  For 
in vivo administration, T33 was dissolved in DMSO and Cre-
maphor (Sigma-Aldrich) and diluted with saline.

Primary astrocytes 
Primary astrocyte cultures were prepared from cere-
bral hemispheres of neonatal Sprague-Dawley (SD) pups 
(12–24 h old) according to published procedures with minor 
modifications[21].  Briefly, brain cortices were digested in 0.25% 
trypsin before they were dissociated into single cell suspen-
sions in culture medium (DMEM/F12 containing 10% FBS).  
Cell suspensions were centrifuged at 1000 revolutions per 
minute for 10 min and pellets were re-suspended in culture 
medium.  Cells were then placed into culture flasks coated 
with poly-L-lysine.  Cultures were incubated at 37 °C in a 5% 
CO2 incubator.  The medium was changed the following day 
and then twice a week until the cells reached confluence.  

Ischemic surgery and drug administration
All surgical procedures used in this study followed the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals (NIH Publications No 8023, revised 1978), 
as well as the guidelines of the Animal Care and Use Com-
mittee of Shanghai Institute of Materia Medica.  SD rats were 
randomly divided into four groups: sham-operated, middle 
cerebral artery occlusion (MCAO), T33-treated MCAO and 
T33+GW9662-treated MCAO (GW9662 is a PPARγ antago-

nist).  
Rats (male, 200–250 g) were anesthetized with chloral 

hydrate (400 mg/kg, ip).  Focal cerebral ischemia was pro-
duced by MCAO as previously described[22].  Briefly, the 
right external carotid artery (ECA) and internal carotid artery 
(ICA) were dissected from the surrounding connective tis-
sue through a midline neck incision.  A 4–0 monofilament 
nylon suture with a flame-rounded leading end was advanced 
from the common carotid artery (CCA) to the ICA until resis-
tance was felt and a slight curving of the advancing suture 
was observed.  MCAO caused a sustained decrease in rat 
cerebral blood flow (rCBF) levels, which remained stable at 
approximately 20% of baseline, indicating that the filament 
was positioned properly to occlude blood flow to the middle 
cerebral artery (MCA).  After 1 h of occlusion, the suture was 
withdrawn to allow for cerebral reperfusion.  Core body tem-
perature was maintained at 37.0±0.5 °C with a heating carpet.  
T33 (2 mg/kg) was administered intraperitoneally once the 
filament reached the MCA.  GW9662 (4 mg/kg) was injected 
30 min before T33 administration.  The sham-operated and 
MCAO groups were administered solvent alone.

Evaluation of neurological deficits 
One day after MCAO, neurological deficits were evaluated 
before euthanization according to a previous report[23].  Four 
consecutive individual tests were carried out: (a) spontaneous 
activity (moving and exploring=0, moving without explor-
ing=1, staying still or moving only when pulled by the tail=2); 
(b) left drifting during displacement (none=0, drifting only 
when pushed or pulled by the tail=1, spontaneous drifting=2, 
circling without displacement or spinning=3); (c) parachute 
reflex (symmetrical=0, asymmetrical=1, contralateral forelimb 
retracted=2); (d) resistance to left forepaw stretching (resistant 
to stretching=0, reduced resistance=1, no resistance=2).  Neu-
rological scores ranging from 0–9 were calculated as the sum 
of the scores from the four individual tests described above.  
Higher scores indicated worse neurological performance.

Cerebral infarction measurement
After 24 h of reperfusion, rats were sacrificed.  Brains were sec-
tioned into six 2-mm coronal planes and stained with 2% 2, 3, 
5-triphenyl tetrazolium chloride (TTC, Sinopharm Chemical 
Reagent Co Ltd) at 37 °C for 15 min before they were fixed in 
10% formalin overnight.  Images of the slices were digitalized, 
and infarct areas outlined in white were measured using 
Image-Pro Plus software.  Infarct volumes were determined 
by multiplying the average slice thickness (2 mm) by the sum 
of the infarct areas in all six brain slices.  The percentage of the 
total infarct area was also calculated for each of the six brain 
slices.

Oxygen-glucose deprivation (OGD)
For OGD insult, the original medium was removed and pri-
mary astrocytes were washed with EBSS.  The cultures were 
then placed in glucose-free DMEM and kept in an incubator 
containing 95% (v/v) N2 and 5% (v/v) CO2 at 37 °C for 4 h.  
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T33 was added to the cultures at the beginning of OGD at a 
final concentration of 0.5 µmol/L.  At the end of the exposure 
period, cells were either collected immediately to be used in 
experiments (OGD), or glucose was added and the cells were 
returned to normal conditions for another 24 h before collec-
tion (OGD and reperfusion, O/R).

Hypoxia
To simulate hypoxia in the penumbra area, BV-2 cells were 
transferred to an incubator containing 2.5% O2 and 5% CO2, 
balanced in N2 at 37 °C.  Cells were kept in hypoxic conditions 
for 10 h before collection.  T33 and GW9662 were added to the 
cell cultures 1 h prior to hypoxia at a final concentration of 0.5 
µmol/L and 30 µmol/L, respectively.  

TNF-α level analysis
TNF-α secreted in the BV-2 culture medium was measured 
using a specific enzyme-linked immunosorbent assay (ELISA) 
kit (Biosource, Camarillo) according to the manufacturer’s 
protocol.  Briefly, samples were incubated with biotinylated 
anti-TNF-α antibody in microtiter wells for 90 min and subse-
quently with streptavidin-HRP working solution for 30 min.  
Stabilized chromogen was then added to each well and main-
tained in the dark for 15 min before termination.  Each plate 
was then read at 450 nm.

RNA extraction and real-time PCR analysis
Total RNA was extracted with TRIzol (Invitrogen) following 
the manufacturer’s protocol and then reverse transcribed into 
cDNA using the PrimeScriptTM RT reagent kit (Takara Biotech-
nology).  Real-time PCR was performed using the SYBR Pre-
mix Real-time PCR kit (Takara Biotechnology) according to the 
manufacturer’s instructions.  mRNA levels were normalized 
against β-actin and presented as 2-∆∆CT.  The primer sequences 
are listed in Table 1.

Protein extraction and Western blot analysis
For whole cell/tissue protein extraction, samples were lysed in 
RIPA buffer (50 mmol/L Tris-HCl, pH 7.5, 150 mmol/L NaCl, 
0.5% DOC, 1% NP40, 0.1% SDS, 1 mmol/L NaF, 1 mmol/L 
Na3VO4) before they were centrifuged at 10 000×g for 10 min 
at 4 °C (an additional sonication step before centrifugation was 
necessary for rat brain tissue).  The supernatants were col-
lected to determine protein concentrations.  Nuclear protein 
extraction was carried out using a kit produced by Beyotimes 
(China) with minor modifications.  Briefly, cells were vortexed 

vigorously in cytoplasmic protein extraction reagent A for 5 s 
and left on ice for 10–15 min.  Reagent B was then added and 
the cells were vortexed vigorously for 5 s before being placed 
in an ice bath for 1 min.  The samples were subsequently vor-
texed for 5 s and centrifuged at 12 000–16 000×g for 5 min at 
4 °C.  The supernatants containing the cytoplasmic protein 
were carefully removed.  The pellets containing the nuclear 
protein were resuspended with nuclear protein extraction 
reagent and sonicated at 25% amplitude (AML).  The lysates 
containing the nuclear protein were placed on ice for 1–2 min 
before being vortexed for 30 s.  After 30 min, the lysates were 
centrifuged at 12 000–16 000×g for 10 min at 4 °C.  Supernatants 
were collected in pre-chilled tubes for nuclear protein con-
centration determination.  Protein concentrations were deter-
mined using a BCA assay kit (Pierce) with bovine serum albu-
min as the standard.  Proteins were separated by 10% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to a nitrocellulose membrane.  Blots 
were blocked in skim milk before being incubated overnight 
with one of the following primary antibodies: goat anti-COX-2, 
mouse anti-α-tubulin (Santa Cruz), rabbit anti-IκB, rabbit anti-
phospho-IKKβ, rabbit anti-eIF-2α, rabbit anti-phospho-eIF-2α, 
rabbit anti-p38, rabbit anti-phospho-p38 (Cell signaling), rabbit 
anti-p65 (Millipore), or mouse anti-TBP (Abcam).  Blots were 
then incubated with secondary antibody (Kangcheng, China) 
conjugated with horseradish peroxidase for 1 h at room tem-
perature and then developed using the ECL plus (Amersham 
GE Healthcare) detection system.  Immunoreactive bands 
were visualized by autoradiography and the intensity of each 
band was quantified with Image J software.

Electrophoretic mobility shift assay (EMSA)
EMSA was carried out using the “Gel Shift” kit closely follow-
ing the manual (Panomics).

Statistical analysis
Data were expressed as mean±SEM.  Neurological deficits 
were analyzed by the non-parametric Mann-Whitney U test.  
Multiple comparisons were analyzed by one way ANOVA 
followed by the LSD test unless otherwise specified.  At least 
three independent experiments were carried out.  P<0.05 was 
considered to be statistically significant.

Results
T33 alleviates O/R-induced inflammatory responses in astrocytes 
Astrocyte activation constitutes one of the major events occur-

Table 1.  Primer sequences for real-time PCR analysis. 

          
Gene

                                                                                                            Primer sequence
                                                                          Upstream                                                                              Downstream
 
 β-actin 5′-GAAGATCAAGATCATTGCTCC-3′ 5′-GACTCATCGTACTCCTGCTTG-3′
 TNF-α 5′-GACCCTCACACTCAGATCATC-3′ 5′-GAACCTGGGAGTAGATAAGG-3′
 IL-1β  5′-CAGAAGAATCTAGTTGTCCGTG-3′ 5′-CATCAATGAAAGAACTCAGTGC-3′
 I-κBα 5′-GGAAGTGATTGGTCAGGTGAAG-3′ 5′-GAGTCAAGACTGCTACACTG-3′
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ring after focal cerebral ischemia, initiating inflammatory 
reactions by over-expressing pro-inflammatory factors, thus 
contributing largely to post-ischemic brain infarction[24–26].  
Astrocytes subjected to O/R, a model simulating inflamma-
tory responses in the ischemic core, showed a prominent 
increase in the mRNA levels of TNF-α and IL-1β and the pro-
tein levels of COX-2, which were attenuated by the addition of 
0.5 µmol/L T33 (Figure 1, P<0.05).

Since the expression of inflammatory mediators is regulated 
by NF-κB in the nucleus[27], the effect of T33 on the levels of 
nuclear p65, a subunit of NF-κB, was subsequently analyzed.  
Compared to the vehicle-treated group, the nuclear protein 
levels of p65 were reduced in T33-treated astrocytes subjected 
to O/R or OGD (Figure 2A and 2B, P<0.05).  Since the nuclear 
protein levels of p65 are modulated by the inhibitory protein 
I-κBα, further research was conducted on I-κBα in astrocytes 
subjected to O/R or OGD.  The protein levels of I-κBα declined 
in astrocytes subjected to O/R or OGD (P<0.01) and were 
recovered by treatment with T33 (Figure 2C and 2D, P<0.05).  

I-κBα, like other proteins, is regulated at multiple levels, 
including transcription, translation and degradation.  The 
mRNA levels of I-κBα dramatically declined after 4 h of OGD 
(Figure 3A, P<0.05) and self-restored after 24 h of reperfu-
sion to a level higher than that in control astrocytes (Figure 
3A, P<0.05).  T33 rescued I-κBα mRNA levels in astrocytes 
subjected to 4 h of OGD (Figure 3A, P<0.01), but there was no 

change after reperfusion.
Phospho-IKKβ catalyzes the dual phosphorylation of I-κBα 

on serines 32 and 36, leading to the degradation of I-κBα.  A 
distinct elevation of phospho-IKKβ levels was observed in 
astrocytes subjected to 4 h of OGD (Figure 3B, P<0.05), but 
there were no dramatic changes after 24 h of reperfusion (Fig-
ure 3B, P>0.05).  T33 did not influence the phosphorylation of 
IKKβ in astrocytes subjected to OGD or O/R.  

These results suggest that a severe transcriptional deficiency 
and accelerated degradation account for the reduced I-κBα 
protein levels in astrocytes subjected to OGD, but neither 
transcription nor degradation contributes to the drop in I-κBα 
protein levels in astrocytes subjected to O/R.  eIF-2α, a factor 
controlling mRNA translation in eukaryotes, was found to be 
over-phosphorylated in astrocytes subjected to O/R (Figure 
3C, P<0.01), indicating that mRNA translation was disrupted 
during reperfusion.  T33 alleviated phosphorylated eIF-2α 
levels, restoring mRNA translation during reperfusion (Figure 
3C, P<0.05).  

Given the role of PPARγ in regulating inflammatory reac-
tions, further detection of PPARγ activity was carried out.  As 
indicated by EMSA analysis, PPARγ activity was dramatically 
impaired after 4 h of OGD in astrocytes (Figure 3D, lane 4; 
Figure 3E, P<0.01), and T33 restored the majority of the activ-
ity (Figure 3D, lane 3; Figure 3E, P<0.01).  There were little 
changes in PPARγ activity in astrocytes subjected to O/R com-
pared to astrocytes cultured under normal conditions (Figure 
3D, lane 5–9).  

Figure 1.  Anti-inflammatory effects of T33 (0.5 µmol/L) on primary 
astrocytes subjected to O/R.  (A) T33 reduced the mRNA levels of TNF-α 
and IL-1β.  n=4.  (B) T33 reduced the protein level of COX-2 in astrocytes 
subjected to O/R.  n=6.  bP<0.05, cP<0.01 vs control group; eP<0.05 vs  
O/R group.

Figure 2.  Modulation of the I-κBα/NF-κB pathway by T33 (0.5 µmol/L) 
in astrocytes subjected to O/R (A, C) (n=5) or OGD alone (B, D) (n=4).  
cP<0.01 vs control group;  eP<0.05 vs correspondent OGD or O/R group.
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T33 alleviates hypoxia-induced inflammatory responses in BV-2 
cells subjected to hypoxia
Since inflammation cascades in the penumbra facilitate its pro-
gression into infarction, the anti-inflammatory effects of T33 in 
models simulating the inflammatory responses in the penum-
bra were evaluated.  We detected a marked increase in TNF-α 
levels (73.86 pg/mL) in the culture medium from BV-2 cells 
subjected to hypoxia compared to normoxia treated cells (6.87 
pg/mL).  Pre-treatment with T33 reduced the level of TNF-α 
to 25 pg/mL (Figure 4A, P<0.05), and GW9662 restored the 
content to 85.86 pg/mL (Figure 4A, P<0.05).  Similar results 
were observed for the protein levels of COX-2, which were ele-
vated in hypoxia-treated BV-2 cells compared to the normoxia 
treated group (Figure 4B and 4C, P<0.05) and were alleviated 
by treatment with T33 (Figure 4B and 4C, P<0.05).  P38 phos-
phorylation, which mediates inflammatory responses in BV-2 
cells subjected to hypoxia, was reduced by T33 pre-treatment 
(Figure 4B and 4D, P<0.01).  The ameliorating effects of T33 on 
COX-2 and p-p38 levels were antagonized by pre-administra-
tion with GW9662 (COX-2: Figure 4C, P<0.05; p-p38: Figure 
4D, P<0.01).

Anti-inflammatory and neuroprotective effects of T33 in rats 
subjected to MCAO
Given the strong anti-inflammatory activities of T33 in in vitro 
models, further in vivo evaluation of the compound in the 

MCAO model was necessary.  The infarct area in all six con-
secutive coronal sections was reduced by the administration 
of T33 (Figure 5A, 5C, and 5D, P<0.05).  Correspondingly, the 
neurological score was improved by T33 treatment (Figure 
5B, P<0.01).  In addition, inflammatory responses were inves-
tigated in ipsilateral (ischemic)/contralateral striatum and 
cortex.  The transcriptional levels of TNF-α and IL-1β and the 
protein level of COX-2 were reduced in the ischemic cortex 
and striatum of rats treated with T33 (P<0.05, P<0.01), whereas 
the expression of these inflammatory mediators remained the 
same in the contralateral side (Figure 6).  These neuroprotec-
tive and anti-inflammatory effects of T33 were reversed by 
pre-administration with GW9662 (P<0.05, P<0.01).

Discussion 
Inflammatory mediators synthesized in astrocytes contribute 
largely to inflammatory reactions in the ischemic core.  Con-
sistent with previous findings[5, 28], we found that O/R induced 
an overexpression of TNF-α, IL-1β, and COX-2 in primary 
astrocytes.  The ability of T33 to alleviate the increased expres-
sion of these inflammatory mediators could be ascribed at 
least in part to a reduction in the activation of NF-κB, a prin-
cipal mediator of post-ischemic inflammatory responses[27, 29].  
Inhibiting NF-κB activation by T33 was achieved by restoring 
the protein levels of I-κBα, which binds to NF-κB in the cytosol 
and masks the nuclear localization signal within the p65 sub-

Figure 3.  Effects of T33 (0.5 µmol/L) on the gene transcription (A), degradation (B), and translation (C) of I-κBα in primary atrocytes subjected to OGD 
or O/R (n=4).  (D) A representative picture shows the effect of T33 (0.5 µmol/L) on PPARγ binding activity in primary atrocytes subjected to OGD or O/R.  
[Lane 1) positive control+200-fold cold probe; 2) control sample; 3) OGD+T33 sample; 4) OGD sample; 5) positive control; 6) positive control+200-fold 
cold probe; 7) control sample; 8) O/R sample; 9) O/R+T33 sample].  (E) Statistical analysis of PPARγ binding activity is shown (n=3).  (F) A generalization 
of the multi-level regulation of I-κBα in ischemic core models and the T33 target is shown.  bP<0.05, cP<0.01 vs control group; eP<0.05, fP<0.01 vs 
correspondent OGD or O/R group.
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unit[30–32].  Both a transcriptional deficiency and an accelerated 
degradation contributed to the I-κBα protein content decline 
in astrocytes subjected to OGD, whereas after reperfusion, a 
decrease in mRNA translation resulted in a sharp reduction 
in I-κBα protein content.  In contrast to other compounds that 
block I-κBα degradation[33], T33 suppressed the I-κBα/NF-κB 
pathway by restoring I-κBα synthesis.  mRNA translation, 
found to be severely impaired in ischemic areas, was shown 
to be related to eIF-2α over-phosphorylation, which blocks the 
initiation of protein translation and leads to a depression of 
protein synthesis[34].  In areas vulnerable to ischemia, mRNA 
translation is persistently inhibited, even after reperfusion, 
which facilitates excessive toxic reactions and abrogates sur-
vival cascades, leading to the formation of the ischemic core[34].  
Inhibiting eIF-2α over-phosphorylation restored I-κBα transla-
tion after incubation with T33[35].  In addition to ameliorating 
inflammatory responses, promoting mRNA translation might 

also rescue pathways that help cells survive and function nor-
mally, such as by restoring the expression of growth factors 
and down-stream molecules.  These actions help to reduce the 
area of ischemic core.  Therefore, by rescuing protein transla-
tion in the ischemic core model, T33 is potent in protecting 
areas vulnerable to ischemic injuries.

I-κBα mRNA levels were dramatically reduced in astrocytes 
subjected to OGD and were restored after reperfusion.  Rescu-
ing I-κBα gene transcription enabled T33 to restore I-κBα pro-
tein synthesis in astrocytes subjected to OGD and alleviate the 
activation of the I-κBα/NF-κB pathway.  These results suggest 
that T33 regulates I-κBα protein levels via pleiotropic mecha-
nisms, which involve both the genomic restoration of I-κBα 
transcription and the non-genomic restoration of I-κBα mRNA 
translation (Figure 3F).  

Although an induction of PPARγ expression has been 
reported in transient cerebral ischemic models[36], the activ-

Figure 4.  Anti-inflammatory effects of T33 (0.5 
µmol/L) in BV-2 cells subjected to hypoxia.  (A) 
The effects of T33 on TNF-α levels in culture 
medium are shown.  (B, C, D) The effects of 
T33 on the protein levels of COX-2 and p38 
phosphorylation are shown (B: representative 
Western blots; C, D: statistical results).  n=4.  
Comparisons were made using a paired sample 
t -test.  bP<0.05, cP<0.01 vs control group; 
eP<0.05, fP<0.01 vs hypoxia group; hP<0.05, 
iP<0.01 vs hypoxia+T33 group.

Figure 5.  Neuroprotective effects of T33 (2 mg/kg) in rats subjected to MCAO.  (A) T33 reduces cerebral infarct size. Six consecutive TTC-stained 
coronal brain slices are arranged in cranial to caudal order.  (B) T33 alleviates the neurological deficits of rats subjected to MCAO.  (C) T33 reduces total 
infarct volume (statistical results).   (D) Infarct percentages are shown.  n=8.  bP<0.05, cP<0.01 vs MCAO group; eP<0.05, fP<0.01 vs MCAO+T33 group.
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ity of PPARγ was found to be severely defective upon isch-
emia[37].  The phenomenon that the severely depressed PPARγ 
activity levels in astrocytes subjected to OGD is restored to 
nearly normal levels after reperfusion might result from stress-
induced self-protection.  The activation of PPARγ by T33 at 
the beginning of OGD did not lead to a higher level of activ-
ity of PPARγ after reperfusion, which could be attributed to 
mitigated stress by the treatment of T33.  Moreover, previous 
studies have suggested that the activation of PPARγ promotes 
the repression of the exaggerated expression of inflamma-
tory mediators that occurs in response to transient cerebral 
ischemia[12, 38].  These actions of PPARγ could be mediated, at 
least in part, by inhibiting the I-κBα/NF-κB pathway, since 
I-κBα is a PPARγ target gene[39].  PPARγ activation has been 
shown to amplify I-κBα expression, negatively interfering 
with the NF-κB signaling cascade[40].  This notion was further 
confirmed by the present research, as the alterations in PPARγ 
activity during OGD and reperfusion paralleled in the changes 
in the mRNA levels of I-κBα.  However, an elevation of gene 
transcription failed to rescue the protein levels of I-κBα after 
reperfusion.  This phenomenon could be explained by the 
blunted I-κBα translation function mentioned previously and 
suggests that the self-recovery of PPARγ activity during rep-
erfusion might be too late to exert further anti-inflammatory 
effects.  Therefore, preserving PPARγ activity by T33 treat-
ment from the start of OGD is crucial in reducing inflamma-

tory responses during ischemia and could also contribute to 
the late curtailed inflammatory cascades during reperfusion in 
the current ischemic core model.  This result coincides with a 
recent in vivo study demonstrating that the administration of 
TZDs after reperfusion does not exert a neuroprotective effect 
toward ischemia[41].  However, we cannot rule out that non-
PPARγ dependent pathways may be involved in reserving 
I-κBα protein levels by T33, because it still remains unknown 
how PPARγ activation influences eIF-2α phosphorylation.  
Further studies are needed to clarify the precise mechanisms.  

According to existing studies, inflammatory mediators 
synthesized in microglia upon activation contribute largely 
to ischemic brain injury, promoting neuronal death in the 
penumbra and the progression of penumbra into ischemic 
infarction[42, 43].  The phosphorylation and activation of p38 
is of particular importance in regulating the production of 
inflammatory mediators induced by hypoxia[44, 45].  Treatment 
with specific inhibitors of p38 could blunt the inflammatory 
responses[46] and reduce brain injury induced by cerebral focal 
ischemia[47].  The potency of T33 in suppressing p38-mediated 
inflammatory reactions dependent on PPARγ provided addi-
tional evidence concerning the beneficial effects of this com-
pound in treating hypoxic-ischemic brain injury.  Although 
we focused on the activated inflammatory cascades, it is 
important to note that p38 over-phosphorylation is involved 
in other abnormal responses under pathological circumstances 

Figure 6.  Anti-inflammatory effects of T33 (2 mg/kg) in rats subjected to MCAO.  (A) T33 alleviates the mRNA levels of TNF-α in ischemic striatum and 
cortex, but not in contralateral striatum or cortex.  (B) T33 alleviates the mRNA levels of IL-1β in ischemic striatum and cortex, but not in contralateral 
striatum or cortex.  (C, D) T33 reduces the protein levels of COX-2 in ischemic striatum and cortex.  n=4.  bP<0.05, cP<0.01 vs control group; eP<0.05, 
fP<0.01 vs MCAO group; hP<0.05, iP<0.01 vs MCAO+T33 group.
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like ischemia.  Reactive oxygen species-induced injuries[48] and 
Aβ-induced neurotoxicity, for example, are also mediated by 
p38 over-phosphorylation.  Since oxidative reactions stimu-
lated soon after ischemia are toxic to neuronal cells, inhibiting 
p38 phosphorylation might alleviate brain injury by blocking 
oxidative reactions.  Given that post-stroke dementia is associ-
ated with the generation of Aβ[49], we predict that the adminis-
tration of T33 would not only alleviate acute ischemia-induced 
brain injury but also might reduce post-stroke dementia 
through the dual reduction of ischemia-induced inflammation 
and Aβ-induced neurotoxicity.

The above in vitro findings provide novel insight into the 
anti-inflammatory effects and mechanisms of T33 in ischemic 
core and penumbra models.  Because PPARγ agonists are 
capable of modulating inflammatory responses by reducing 
the activation of p38 and NF-κB in activated glial cells[50], we 
hypothesized that PPARγ agonizing might contribute to the 
anti-inflammatory activity of T33 in an in vivo MCAO ischemic 
model.  Since post-ischemic brain inflammation contributes 
largely to the formation of brain infarction, the neuroprotec-
tive effect of T33 was further evaluated.  A vigorous neuro-
protective effect was observed without affecting the CBF (data 
not shown).  The neuroprotective effect of T33 was shown to 
be dependent on PPARγ activation and was comparable to 
the effects of other PPARγ agonists in ischemia-induced brain 
injuries[51, 52].  In addition, the dose of 2 mg/kg was compara-
ble to that of TZDs in rat ischemic models, indicating that T33 
could be neuroprotective at a clinically relevant dosage.  The 
reason that a PPARα antagonist was not used in the present 
study was that the effects of T33 were completely blocked by a 
PPARγ antagonist.  It seems that the current dosage might not 
be sufficient for PPARα to exert anti-inflammatory actions in 
the MCAO model, especially if T33 is administered systemi-
cally.  These results suggest that T33 could be of therapeutic 
value for ischemic stroke.

Our study demonstrated for the first time that T33, a novel 
PPARγ/α agonist with potent neuroprotective activity in a 
rat transient ischemic model, exerts strong anti-inflammatory 
effects in ischemic core and penumbra models.  These effects 
occurred via genomic and non-genomic regulation of I-κBα 
expression and p38 activation.  The activation of PPARγ was 
required for most of the actions of T33, although it is possible 
that a non-PPARγ pathway might be partially involved.  The 
present study provides a good example of the beneficial effects 
of T33 and encourages further development of PPARγ/α ago-
nists for the treatment of ischemic stroke.
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Introduction
It is well known that blood pressure (BP) level is an impor-
tant determinant for the end-organ damage in hypertensive 
patients or hypertensive animals.  However, BP level is cer-
tainly not the unique determinant for end-organ damage.  
Recently, it has been proposed that blood pressure variability 
(BPV) and baroreflex sensitivity (BRS) may be two important 
factors determining organ damage in hypertension[1–6].  This 
implies that antihypertensive treatment should aim at not only 
reducing BP values but also reducing BPV and enhancing BRS.  

    The importance of a combination therapy has been well 
recognized in the treatment of hypertension[7, 8].  To better 
control BP is the main objective of the combination therapy.  
Generally speaking, a combination of two drugs belonging to 
different classes may possess a synergism on BP reduction.  
However, limited imformation is available about whether 
such a combination possesses a synergism on BPV reduction, 
BRS restoration and organ protection.  Irbesartan, an angio-
tensin II receptor blocker, and amlodipine, a dihydropyridine 
calcium antagonist, are two widely used drugs in the treat-
ment of hypertension.  They belong to two different classes 
of antihypertensives and the mechanisms of action are quite 
different for these two drugs.  Therefore, the present work was 
designed to investigate the possible synergism of irbesartan 
and amlodipine on BP and BPV reduction, BRS restoration and 
organ protection in spontaneously hypertensive rats (SHR).
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Materials and methods 
Animals and chemicals
Male SHRs with an age of 18 weeks were provided by the  
animal center of Second Military Medical University.  The 
rats were housed with controlled temperature (22–24 °C) and 
lighting (8:00–20:00 light, 20:00–8:00 dark) and with free access 
to food and tap water.  All the animals used in this work 
received humane care in compliance with institutional animal 
care guidelines.  Antihypertensive drugs used in this study are 
as follows: amlodipine (Nanjing Pharmaceutical Co Ltd, Nan-
jing, China) and irbesartan (Jiangsu Hengrui Pharmaceutical 
Co Ltd, Lianyungang, China).

Drug administration 
Studies were performed in four groups of SHR.  Irbesartan, 
amlodipine or combination of these two drugs were mixed 
in the rat chow.  The consumption of rat chow containing 
drugs was determined previously.  The content of drugs in 
the rat chow was calculated according to the chow consump-
tion, and the ingested doses of drugs were approximately 10 
mg·kg-1·d-1 for irbesartan, 1 mg·kg-1·d-1 for amlodipine and 
1+10 mg·kg-1·d-1 for the combination of these two drugs.  The 
control SHR group received the same diet without the drugs.  
We used relatively low doses of drugs to avoid a very remark-
able normalization of BP in the treatment, which would make 
it much difficult to distinguish the contribution of blood pres-
sure variability and baroreflex sensitivity to organ protection 
from that of blood pressure.  After 4 months of drug adminis-
tration, BP was recorded during 24 h, and then BPV was cal-
culated and BRS was determined in conscious freely moving 
rats.  Histopathological examinations were performed after BP 
recording and BRS studies.

BP measurement
Systolic BP (SBP), diastolic BP (DBP) and heart period (HP) of 
rats were continuously recorded using a previously described 
technique[9, 10].  Briefly, rats were anesthetized with a combi-
nation of ketamine (40 mg/kg) and diazepam (6 mg/kg).  A 
floating polyethylene catheter was inserted into the lower 
abdominal aorta via the left femoral artery for BP measure-
ment, and another catheter was placed into the left femoral 
vein for intravenous injection.  The catheters were exteriorized 
through the interscapular skin.  After a 3-d recovery period, 
the animals were placed for BP recording in individual cylin-
drical cages containing food and water.  The aortic catheter 
was connected to a BP transducer via a rotating swivel that 
allowed the animals to move freely in the cage.  The hemo-
dynamic recording system used in the present work is MPA-
HBBS blood pressure and heart rate analysis system (Model: 
MPA-HBBS.  Shanghai Alcott Biotech Co, LTD, Shanghai, 
China).  The transducer is ALC-AP12 blood pressure sensor 
(Model: ALC-AP12.  Shanghai Alcott Biotech Co, Ltd, Shang-
hai, China).  After about 14-h habituation, the BP signal was 
digitized by a microcomputer.  SBP, DBP and HP values from 
every heartbeat were determined on line.  The mean values 
and standard deviation of these parameters (including all 

beats) during a period of 24 h were calculated.  The standard 
deviation was defined as the quantitative parameter of BPV, ie 
systolic BPV (SBPV), diastolic BPV (DBPV), and HP variability 
(HPV).

BRS measurement 
To determine the function of arterial baroreflex in conscious 
rats, the methods widely used are derived from that of Smyth 
firstly applied for humans[11].  The principle of this method is 
to measure the prolongation of HP in response to an elevation 
of BP.  With some modifications, this method was used in con-
scious rats[12, 13].  A bolus injection of phenylephrine was used 
to induce an elevation of BP.  The dose of phenylephrine was 
adjusted to raise SBP between 20 and 40 mmHg.  HP was plot-
ted against SBP for linear regression analysis and the slope of 
SBP-HP was expressed as BRS (ms/mmHg).  

Morphological examination 
The animal was weighed and killed by decapitation.  The 
thoracic and peritoneal cavities were immediately opened.  
The right kidney, aorta and heart were excised and rinsed 
in cold physiological saline.  The right kidney was blotted, 
and weighed.  The left ventricle was isolated, blotted, and 
weighed.  At the same time, the aorta was cleaned of adher-
ing fat and connective tissue.  Just below the branch of the left 
subclavicular artery, a 30-mm-long segment of thoracic aorta 
was harvested, blotted, and weighed.  Ratios of left ventricular 
weight to body weight (LVW/BW), and aortic weight to the 
length of aorta (AW/length) were calculated[14].  Histopatho-
logical observation was also carried out with our conventional 
method[15].  Briefly, immediately after gross detection, all 
samples of left ventricles in 2- to 3-mm-thick slices, aortae and 
kidney were immersed in formalin solution for more than 1 
week, dehydrated in ethanol, cleared in dimethylbenzene and 
embedded in paraffin.  Then 5-µm-thick sections were pre-
pared and stained with hematoxylin and eosin for light micro-
scopic evaluation.

Glomerulosclerosis score 
For the semiquantitative evaluation of glomerular damage, 
the glomerulosclerosis score (GSS) was defined as previ-
ously described[16].  On the light microscopic specimens, 
approximately 50 glomeruli from the outer cortex and the 
same number of glomeruli from the inner cortex for each kid-
ney were graded according to the degree of sclerosis: 0, if no 
mesangial expansion; 1, if mild mesangial expansion (less than 
30% of a glomerular area); 2, if moderate mesangial expan-
sion (30%–60% of a glomerular area); 3, if marked mesangial 
expansion (more than 60% of a glomerular area); and 4, if the 
sclerosis was global.  This was performed by one observer in a 
blind fashion using coded slides.  A weighted composite scle-
rosis score was then calculated for each kidney according to 
the following formula: glomerulosclerosis score=[1×(number 
of grade 1 glomeruli)+2×(number of grade 2 glomeruli) 
+3×(number of grade 3 glomeruli)+4×(number of grade 4 
glomeruli)]×100/(number of glomeruli observed).
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Probability sum test
To determine whether the combination was synergistic, we 
tried to use the probability sum test.  This came from classic 
probability analysis and it was proposed for evaluating the 
synergism of the combination of 2 drugs (q test)[13, 17, 18].  In the 
present work, we used the following criteria.  Compared with 
the mean values of control rats, treated rats with a decrease 
in BP (SBP or DBP) ≥20 mmHg were defined as respond-
ers according to clinical experiences.  For other parameters, 
treated rats with a decrease or increase ≥20% of the mean val-
ues of the control group were defined as responders.  The for-
mula is as follows: q=PA+B/(PA+PB–PA×PB).  Here, A and B indi-
cate drug A and drug B; P (probability) is the percentage of 
responders in each group.  PA+B is real percentage of responder 
and (PA+PB–PA×PB) is expected response rate.  (PA+PB) indi-
cates the sum of the probabilities when drug A and drug B 
were used alone.  (PA×PB) is the probability of rats responding 
to both drugs when they were used alone, ie,  assuming the 
two drugs act independently.  When q<0.85, the combina-
tion is antagonistic; when q>1.15, it is synergistic; and when q 
between 0.85 and 1.15, it is additive.

Statistical analysis 
Data are expressed as mean±SEM.  Comparisons among 
groups were made by ANOVA followed by Duncan test.  The 
relationships between hemodynamic parameters and organ 
damage parameters were analyzed by classic univariate cor-
relation analysis.  Stepwise multiple-regression analysis was 
performed to study the independent effect of hemodynamic 
parameters on organ damage.  F to enter and F to remove were 
set to P<0.05 and P>0.10, respectively.  P<0.05 was considered 
statistically significant.  Statistical analysis was performed by 
using software SPSS 11.0.0.

Results 
Effects on BP, BPV, and BRS in SHR 
Both long-term amlodipine (1 mg·kg-1·d-1) and irbesartan (10 
mg·kg-1·d-1) had no obvious effect on BP level, whereas combi-
nation of these two drugs significantly decreased SBP and DBP 
values in SHR.  Amlodipine did not significantly affect the 
BPV and BRS values, but both irbesartan and the combination 
marketly decreased SBPV (-21%, P<0.01; -34%, P<0.01, respec-
tively), DBPV (-24%, P<0.05; and -36%, P<0.01, respectively) 
and obviously enhanced BRS (+77%, P<0.05; and +155%, 
P<0.05, respectively) in SHR.  The extents of BPV reduction 
and BRS amelioration in combination-treated rats were signifi-
cantly greater than those in irbesartan-treated rats.  No obvi-
ous change was found in HP and HPV in any treatment group 
(Table 1, Figure 1).

Effects on organ damages in SHR 
Among organ damage parameters studied, some representa-
tive parameters are shown in Figure 2.  They are LVW/BW 
(reflecting left ventricular hypertrophy), AW/length (reflect-
ing aortic hypertrophy) and GSS (reflecting renal damage).  It 

was found that long-term treatment with irbesartan, which 
had no effect on SBP and DBP levels, significantly decreased 
LVW/BW (-9.8%, P<0.05), AW/length (-13%, P<0.01) and GSS 
(-17%, P<0.01) in SHR.  No significant decrease in all the three 
organ damage parameters was found in amlodipine-treated 

Table 1.  Effects of long-term treatment with irbesartan, amlodipine alone 
and in combination on hemodynamics in spontaneously hypertensive rats.  
Values are mean±SEM.  bP<0.05, cP<0.01 vs SHR. 

                                       SHR                  Irb                   Aml             Irb+Aml
                                     (n=11)         (n=8)               (n=9)  (n=9)
 
SBP (mmHg)  188±2.9  185±1.2  182±4.3  175±3.6c

DBP (mmHg)  126±4.2  123±1.6  117±4.2  112±4.0b

HP (ms)  159±4.0  158±5.4  158±4.2  164±2.9
SBPV (mmHg) 15.9±0.7 12.5±0.2c 13.9±0.8 10.5±0.3c

DBPV (mmHg) 12.6±0.9   9.6±0.2b 11.4±0.8    8.1±0.1c

HPV (ms) 29.0±2.0 24.4±2.3 32.1±2.2 26.5±1.4
BRS (ms/mmHg) 0.28±0.05 0.48±0.05b 0.39±0.09 0.71±0.04c

SHR, spontaneously hypertensive rats; Irb, irbesartan-treated rats; Aml, 
amlodipine-treated rats; Irb+Aml, combination-treated rats; SBP, systolic 
blood pressure; DBP, diastolic blood pressure; HP, heart period; SBPV, 
systolic blood pressure variability; DBPV, diastolic blood pressure varia bi-
lity; HPV, heart period variability; BRS, baroreflex sensitivity.

Figure 1.  Representative tracings of systolic blood pressure in conscious 
spontaneously hypertensive rats. SBP, systolic blood pressure; A, spon-
taneously hypertensive rats; B, irbesartan-treated rats; C, amlodipine-
treated rats; D, combination-treated rats.
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rats.  Treatment with the combination significantly decreased 
all the three organ damage parameters, and the extents of 
decrease in AW/length (-24%, P<0.01) and GSS (-30%, P<0.01) 
were greater than those in irbesartan-treated rats.  

Synergism of irbesartan and amlodipine in SHR 
Table 2 showed the result of the probability sum test in data 
from SHR treated with irbesartan, amlodipine and the combi-
nation.  All q values were larger than 1.15.  It was found that 
the combination of irbesartan and amlodipine possesses a 
significant synergism on BP and BPV reduction, BRS amelio-
ration and organ protection in SHR.

Relationships between BP, BPV, BRS, and organ damages in SHR 
When all the SHRs employed in the present study were pooled 
as a whole (n=37) for linear regression analysis, relation-
ships between BP, BPV, BRS and organ damages are shown 
in Table 3.  It was found that LVW/BW, AW/length and GSS 
were all negatively related to BRS and positively related to 
SBP, SBPV and DBPV, but not to DBP.  Both HP and HPV 
were not correlated with all the three organ damage param-
eters (data not shown).  Some examples for important correla-
tions are shown in Figure 3.

As aforementioned, irbesartan produced organ protective 
action independent of its BP-lowering effect.  To elucidate 
the role of BPV and BRS in the protection, the relationships 
between BP, BPV, BRS and organ damages were also analyzed 
in irbesartan-treated and untreated rats (Table 4).  Consider-
ing the limited number (n=8) of irbesartan-treated rats would 
reduced the validity of linear regression analysis, irbesartan-

Table 2.  The result of probability sum test in spontaneously hypertensive 
rats treated with long-term irbesartan and amlodipine. 

 SBP Irb PIrb=0% 
  Aml PAml=22% q=1.50
  Irb+Aml PIrb+Aml=33% 
 
 SBPV Irb PIrb=50% 
  Aml PAml=33% q=1.50
  Irb+Aml PIrb+Aml=100% 
 
 DBP Irb PIrb=0% 
  Aml PAml=22% q=1.50
  Irb+Aml PIrb+Aml=33% 
 
 DBPV Irb PIrb=63% 
  Aml PAml=33% q=1.33
  Irb+Aml Irb+Aml=100% 
 
 BRS Irb PIrb=63% 
  Aml PAml=44% q=1.26
  Irb+Aml PIrb+Aml=100% 
 
 LVW/BW Irb PIrb=13% 
  Aml PAml=0% q=1.78
  Irb+Aml PIrb+Aml=22% 
 
 AW/Length Irb PIrb=13% 
  Aml PAml=33% q=1.87
  Irb+Aml PIrb+Aml=78% 
 
 GSS Irb PIrb=13% 
  Aml PAml=22% q=2.43
  Irb+Aml PIrb+Aml=8%

See Table 1 and Figure 2 for abbreviations. q>=1.15 means synergism.

Table 3.  Linear regression coefficient (r) between BP, BPV, BRS 
values, and organ damages in treated and untreated spontaneously 
hypertensive rats (n=37).  bP<0.05, cP<0.01.  See Table 1 and Figure 2 for 
abbreviations.

                                        LVW/BW AW/length                    GSS 
 
 SBP  0.475c  0.520c  0.534c

 DBP  0.126  0.275  0.318
 SBPV  0.665c  0.674c  0.706c

 DBPV  0.476c  0.490c  0.621c

 BRS -0.457c -0.656c -0.763c

Figure 2.  Effects of long-term treatment with irbesartan, amlodipine 
alone and in combination on pathological changes in ventricles, aortae, 
and kidneys in spontaneously hypertensive rats.  SHR, spontaneously 
hypertensive rats (n=11); Irb, irbesartan-treated rats (n=8); Aml, 
amlodipine-treated rats (n=9); Irb+Aml, combination-treated rats (n=9); 
LVW, left ventricular weight; BW, body weight; AW, aortic weight; GSS, 
glomerulosclerosis score.  bP<0.05, cP<0.01 vs SHR; eP<0.05, fP<0.01 vs 
Irb.
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treated rats and control SHRs were pooled as a whole.  It was 
found that both AW/length and GSS were markedly corre-
lated with BRS, and all the three pathological parameters were 
significantly related to SBPV, but not to SBP or DBP level.  

Furthermore, when all the SHRs employed in the present 
study were pooled as a whole, the relative dependencies of 
organ damage on hemodynamic parameters were assessed 
by stepwise multiple-regression analysis.  LVW/BW was 
independently associated with higher SBPV (β=0.657, P<0.01; 
where β is the standardized partial regressive coefficient).  
AW/length was independently associated with higher SBPV 
(β=0.422, P<0.05) and lower BRS (β=-0.371, P<0.05).  Glomeru-
losclerosis score was independently associated with lower BRS 
(β=-0.525, P<0.01) and higher SBPV (β=0.354, P<0.05).  

Discussion
The present work clearly demonstrated the synergism of low-
dose irbesartan and amlodipine in reducing BP and BPV, 
restoring BRS and protecting end organs in SHRs.

It was found that both amlodipine (1 mg·kg-1·d-1) and irbesar-
tan (10 mg·kg-1·d-1) had no obvious effect on BP level, whereas 
combination of these two drugs significantly decreased SBP 
and DBP values in SHR.  A synergistic effect on SBP and DBP 
reduction was found in combination therapy (q=1.5 for both 
SBP and DBP).  This synergistic effect would reduce the dose 
of each drug required in the treatment of hypertension and 
then could minimize the clinical and metabolic side effects of 
each individual component in larger dosage when used alone.  
It has been proposed that dihydropyridines have a natriuretic 
effect, which is expected to render blood pressure maintenance 
more angiotensin II-dependent[19, 20].  This may account for the 
synergistic effect of amlodipine and irbesartan on BP reduc-
tion.  In addition, the response of the sympathetic nervous sys-
tem to the vasodilation induced by dihydropyridines is buff-
ered by concomitant blockade of the renin-angiotensin system, 
which may contribute to enhancement of the BP reduction as 
well as to prevention of the reflex increase in heart rate and 
the palpitations possibly occurring during calcium channel 
blockade [19, 21].  

Clinical observations suggested that BPV was related to 
organ damages in hypertensive patients [1, 22–24].  In animal stud-
ies, it has been reported that the organ damages induced by 
sinoaortic denervation were related to the high BPV but not to 
BP level[25, 26].  Accordingly, it seems very important to empha-
size the role of BPV in antihypertensive therapy[6].  However, 
little information is available about how to better control BPV 
in the treatment of hypertension.  In the present work, chronic 
treatment with combination of low-dose irbesartan and amlo-
dipine markedly decreased BPV in SHR and an obvious syn-
ergism on BPV reduction was found in combination therapy.  
These results suggested that combination therapy might be 
more effective in control of BPV than monotherapy.  

Arterial baroreflex dysfunction is another feature of hyper-
tension.  It has been well recognized that BRS is impaired in 
hypertensive humans and animals[4, 5, 27].  It should be noted 
that baroreflex sensitivity as measured in the present work 
provides rather limited insight into baroreflex vascular regu-
lation.  However, baroreflex sensitivity measured with this 
technique may mainly reflect the vagal component of barore-
flex and is important in the pathology of cardiovascular dis-
eases[28–30].  Our previous study proposed that BRS was one of 
the independent variables related to end-organ damage score 
in hypertension[31].  In the present work, long-term treatment 
with combination of low-dose irbesartan and amlodipine 
markedly enhanced BRS in SHR, and an obvious synergism on 
BRS restoration was found in combination therapy.  In hyper-
tension, the impairment of baroreflex is mainly the result of 
elevated BP level[32–34].  Therefore, BRS will be enhanced when 
BP level is lowered by an antihypertensive drug.  However, 
the present work showed that the enhancement of BRS was 

Table 4.  Linear regression coefficient (r) between BP, BPV, BRS values, 
and organ damages in irbesartan-treated and untreated spontaneously 
hypertensive rats (n=19).  bP<0.05, cP<0.01.  See Table 1 and Figure 2 for 
abbreviations.

                                       LVW/BW                  AW/length                   GSS 
 
 SBP  0.178  0.118  0.307
 DBP -0.032  0.153  0.134
 SBPV  0.459b  0.527b  0.541b

 DBPV  0.225  0.422  0.455
 BRS -0.227 -0.543b -0.755c

Figure 3.  Examples of correlation between hemodynamic parameters 
and organ-damage parameters in treated and untreated spontaneously 
hypertensive rats.  n=37.  See Table 1 and Figure 2 for abbreviations.
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not attributable to the normalization of BP level in irbesartan-
treated rats.  It has been reported that endogenous angiotensin 
II acted at AT1 receptors in the nucleus of the solitary tract 
(NTS) to attenuate the arterial baroreflex (ABR) function in 
SHRs and WKY rats, and that microinjection of CV-11974 (AT1 
receptors antagonist) in the NTS enhanced the ABR function 
in SHRs and WKY rats without altering the prevailing level of 
blood pressure at the same time[32].  Accordingly, irbesartan, 
an AT1 receptor antagonist, may act at AT1 receptors in the 
NTS level to enhance the ABR function in SHRs.  

The present work demonstrated that long-term treatment 
with the combination of irbesartan and amlodipine possessed 
the obvious effects on organ protection in SHR, and an obvi-
ous synergism on organ protection was found in combination 
therapy.  It was found that LVW/BW, AW/length, and GSS 
were all positively related to SBP, SBPV, and DBPV, and nega-
tively related to BRS in treated and untreated SHRs.  In multi-
ple-regression analysis, decrease in left ventricular hypertro-
phy was most closely associated with the decrease in SBPV, 
the decrease in aortic hypertrophy was most closely associated 
with the increase in BRS and the decrease in SBPV, and ame-
lioration in renal lesion was most closely associated with the 
increase in BRS and the decrease in SBPV.  These results sug-
gest that the decrease in BP and BPV and the enhancement of 
baroreflex function may co-contribute to the organ protective 
action of drugs in SHR.  But, it should be noted that, from a 
statistical point of view, the aforementioned results of multi-
ple-regression analysis did not necessarily prove that reducing 
BPV and improving BRS may lead to a higher organ protec-
tion.

In addition, the present work showed that irbesartan pro-
duced organ protective action independent of its BP-lowering 
effect.  It has been reported that candesartan (an AT1 bloker) 
was effective in protection against hypertensive organ dam-
age even at dose having no effect on BP, and the blockade of 
rennin-angiotensin system (RAS) was one of the major mecha-
nisms[35–37].  The present work showed that both AW/length 
and GSS were markedly correlated with BRS, and all the three 
pathological parameters were significantly related to SBPV, 
but not to SBP or DBP level in the irbesartan-treated and 
untreated rats.  Therefore, in addition to known mechanisms 
for RAS antagonists, the present work might show another 
two possible mechanisms for this BP-independent organ pro-
tection of irbesartan: reduction of BPV and enhancement of 
BRS.  

In conclusion, long-term treatment with a combination of 
amlodipine and irbesartan possessed an obvious synergism in 
BP and BPV reduction, BRS restoration and organ protection 
in SHR.  Besides BP reduction, the enhancement of BRS and 
reduction of BPV might importantly contribute to this organ 
protection.
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Proteome reference map and regulation network of 
neonatal rat cardiomyocyte
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Aim: To study and establish a proteome reference map and regulation network of neonatal rat cardiomyocyte.
Methods: Cultured cardiomyocytes of neonatal rats were used.  All proteins expressed in the cardiomyocytes were separated and iden-
tified by two-dimensional polyacrylamide gel electrophoresis (2-DE) and matrix-assisted laser desorption/ionization-time of flight mass 
spectrometry (MALDI-TOF MS).  Biological networks and pathways of the neonatal rat cardiomyocytes were analyzed using the Ingenuity 
Pathway Analysis (IPA) program (www.ingenuity.com).  A 2-DE database was made accessible on-line by Make2ddb package on a web 
server. 
Results: More than 1000 proteins were separated on 2D gels, and 148 proteins were identified.  The identified proteins were used 
for the construction of an extensible markup language-based database.  Biological networks and pathways were constructed to ana-
lyze the functions associate with cardiomyocyte proteins in the database.  The 2-DE database of rat cardiomyocyte proteins can be 
accessed at http://2d.bjmu.edu.cn.
Conclusion: A proteome reference map and regulation network of the neonatal rat cardiomyocytes have been established, which may 
serve as an international platform for storage, analysis and visualization of cardiomyocyte proteomic data.
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Introduction 
Proteomic technology allows for the global analysis of gene 
products in various cells, tissues and organisms.  In parallel 
with other burgeoning technologies and coupled with the rap-
idly growing needs of life scientists, proteomics has become 
one of the most utilized approaches in all of life science 
research.  As the Human Proteome Project is set in place[1], 
there will be an urgent need to store vast amounts of infor-
mation in proteomic databases; these databases will become 
a powerful tool to utilize in the research of human diseases.  
Heart disease is the leading cause of death in many countries 
including the United States, England and Canada.  Proteomics 
approaches have clearly grown in potential to provide global 
and holistic analysis of changes in protein expression during 
heart disease.  The earliest establishment of myocardial two-
dimensional gel electrophoresis (2-DE) protein databases, 
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beginning in the 1990s, focused on identifying proteins from 
human myocardium.  In the database from the Jungblut 
laboratory, N-terminal sequencing, internal sequencing and 
amino acid analysis were used to identify twelve proteins 
of the human myocardial 2-DE pattern[2].  During the same 
year, a database containing approximately fifty proteins from 
2-DE gels of human myocardial tissue was characterized by 
the Baker laboratory[3].  Subsequent studies have succeeded 
in establishing myocardial 2-DE protein databases in differ-
ent species, such as rat, mouse, and dog, and thereby enriched 
myocardial 2-DE protein databases[4–7].  These databases have 
allowed investigators to compare data and to establish refer-
ence standards.

Proteomic technology has been used extensively to study 
cardiovascular diseases and to identify candidate molecules 
for diagnosis and therapy in intact live animals.  Compared 
with intact hearts, cell culture models would be very useful 
to distinguish the differences between myocytes versus fibro-
blasts, to eliminate hemodynamic and hormonal influences 
and to study cell phenotypes and signaling in more homoge-
neous populations in a defined environment.  However, pro-
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teomic investigations of cardiomyocyte are scarce, and a 2-DE 
protein database for the rat cardiomyocyte has not been devel-
oped before.  In this work, we have launched a proteomic 
study of neonatal rat cardiomyocytes and compiled a profile 
of proteins expressed in these cells 2-DE and matrix-assisted 
laser desorption/ionization-time of flight mass spectrometry 
(MALDI-TOF MS).  Using immobilized pH gradient isoelectric 
focusing in a linear gradient from pH 3 to 10 in 12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), more than 1000 proteins were separated and displayed 
from cultured cardiomyocytes.  Among those, 148 proteins 
spots have so far been identified and used for the construction 
of an extensible markup language-based database.  In addition 
to the cardiomyocyte proteins stored in this database, we also 
characterized interaction-based biological networks of pro-
teins, which allow us to model how proteins work together to 
mediate biological processes.  Moreover, our network analysis 
has also revealed function maps and pathway maps poten-
tially involved in the neonatal rat cardiomyocyte proteins 
database.  

In summary, with the rapid development of modern pro-
teomics, it is essential that annotated databases are constructed 
to store all of the vast data generated by these techniques.  
More important is that these databases can be interrogated 
effectively both within the laboratory and by other scientists 
worldwide through the use of the World Wide Web.  The 
database presented in this work will serve as an international 
platform for the storage, analysis, and visualization of cardio-
myocyte proteomic data that can contribute to a more holistic 
view of heart tissue.  This database may contribute to under-
standing key cardiovascular functions and pathways and may 
offer the potential for new avenues of future therapeutic inter-
vention.

Materials and methods
Cardiomyocyte culture 
Neonatal rat cardiomyocytes were isolated and cultured as 
previously described[8].  Briefly, cardiomyocytes were dissoci-
ated from ventricles of 1- to 2-d old neonatal Sprague-Dawley 
rats using 0.1% trypsin (Hyclone) and 80 units/mL collage-
nase (Worthington Biochemical Corp) in a Hank’s balanced 
salt solution (calcium-free; Hyclone).  To purify the cardio-
myocytes from non-myocytes, isolated cells were pre-plated 
for 90 min.  The enriched cardiomyocyte fractions were seeded 
into 150-cm culture dishes and cultured in DMEM (Sigma, 
4500 mg/L D-glucose, and L-glutamine, sodium pyruvate) 
supplemented with 10% heat-inactivated fetal bovine serum 
for 24 h.  The DNA synthesis inhibitor, bromodeoxyuridine 
(100 µmol/L), was added during the first 48 h to prevent the 
proliferation of non-cardiomyocytes. The experiments were 
approved by the Institutional Animal Care and Use Commit-
tee of Peking University Health Science Center (LA2010-035) 
and were adhered to the American Physiological Society’s 
“Guiding Principles in the Care and Use of Vertebrate Ani-
mals in Research and Training.” All protocols were conducted 
in accordance with the Guidelines for Animal Experiments, 

Peking University Health Science Center.

Two-dimensional electrophoresis (2-DE)
Proteins were separated by two-dimensional electrophoresis.  
Samples containing 200 µg protein for analytical gels or up 
to 1.0 mg for micropreparative gels were diluted to 300 µL 
with rehydration solution (6 mol/L urea, 2 mol/L thiourea, 
2% CHAPS, 65 mmol/L DTT, 0.5% v/v pH 3-10 Bio-lyte, 
trace bromophenol blue) and applied to IPG strips (Bio-Rad) 
for 12–14 h in a passive mode.  The isoelectric focusing was 
performed at 20 oC over 24 h for a total of 70 000 V-h.  After 
equilibration of the IPG strips, the second-dimensional SDS 
electrophoresis was performed on 12% gels at a current setting 
of 7.5 mA/gel for the initial 2 h and 15 mA/gel until the track-
ing dye reached the cathode.  

Protein visualization and image analysis  
After two-dimensional gel electrophoresis, proteins were 
stained with silver or with G-250 for subsequent mass spec-
trometry.  In order to increase the sensitivity of Coomassie 
staining, we improved the prescription of Coomassie staining 
as follows: 20% methanol, 2% phosphoric acid, 10% ammo-
nium sulfate and 0.1% Coomassie Brilliant Blue G-250.  Gels 
were fixed in 12.5% TCA for 60 min and rinsed in Milli-Q 
water for 20 min.  The gels were then stained in the improved 
Coomassie staining solution for 24 h.  After the stained gels 
were scanned with a high-resolution scanner (Umax 1120), the 
gel images were analyzed using the PDQuest software (Ver-
sion 7.1.1; Bio-Rad) according to the protocols provided by the 
manufacturer.  

Identification of protein spots
Protein spots of interest visualized with colloidal Coomassie 
blue G-250 staining were excised and transferred to 1.5 mL 
siliconized Eppendorf tubes.  The gel spots were then washed 
and destained by 50% ACN, then dried in a vacuum centri-
fuge.  The dried gel-pieces were incubated in the digestion 
solution containing 50 mmol/L NH4HCO3 and 0.1 g/L TPCK-
trypsin for 12 h at 37 oC.  The resulting peptides were extracted 
three times by 50 µL aliquots of 5% trifluoroacetic acid in 60% 
acetonitrile.  Combined extracts were concentrated in a Speed 
Vac to 3–5 µL.  

The concentrated tryptic peptide mixture was mixed with 
a saturated CHCA matrix solution and vortexed gently.  A 
volume (1 µL) of the mixture containing CHCA matrix was 
loaded on a 96×2 well hydrophobic plastic surface sample 
plate (Applied Biosystems) and air-dried.  The samples were 
analyzed with a Voyager DE STR MALDI-TOF MS (Applied 
Biosystems) fitted with a 337-nm nitrogen laser.  Spectra were 
acquired using the instrument in reflectron mode and cali-
brated using a standard peptide mixture.  Database searching 
with the monoisotopic peptide masses was performed against 
the NCBInr database by using the peptide search engine Pro-
Found (http://prowl.rockefeller.edu/cgi-bin/ProFound) by 
using the following conditions: partial methionine oxidation, 
complete cysteine carbamidomethylation, mass tolerance of 
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0.2 Da, and one missing cleavage.

Biological networks and pathway analysis
The biological network data were generated through the use 
of Ingenuity Pathways Analysis (IPA) software (www.ingenu-
ity.com), a web-delivered application that evaluates biological 
networks.  A data set of proteins from cardiomyocytes was 
uploaded into IPA.  Each protein identifier was mapped to 
its corresponding protein object in the Ingenuity Pathways 
Knowledge Base (IPKB).  These proteins were then used as 
the starting point for generating biological networks based 
upon the identities of the focus proteins and interactions with 
genes/proteins that were reported in the literature.  IPA cal-
culated a significance score for each network.  The score was 
generated using a P-value calculation and was displayed as 
the negative log of that P-value, indicating the likelihood that 
the assembly of a set of focus proteins in a network could be 
explained by random chance alone.  A score of 2 indicates that 
there is a 1 in 100 chance that the focus proteins are together 
in a network due to random chance.  Therefore, networks 
with scores of 2 or higher have at least a 99% confidence of not 
being generated by random chance alone.  Biological functions 
or canonical pathways were then calculated and assigned to 
each network by using findings that had been extracted from 
scientific literature and stored in the IPKB.  The biological 
functions assigned to each network were ranked according to 
the significance of that biological function to the network.

Construction of an on-line database
One 2-DE gel of neonatal rat cardiomyocyte proteins was ana-
lyzed by PDQuest software (Version 7.1.1; Bio-Rad).  The iden-
tified protein spots were stored in a flat file database that was 
made accessible on-line by the Make2ddb package on a web 
server with search functions, such as by accession number, 
description, or author or by clicking on a protein spot.  The 
individual protein entries were hyperlinked to the relevant 
spots on an image map created from the reference gel.

Results 
Data management, analysis, and presentation
A schematic representation of our proteomic informatics 
approach for the research of neonatal rat cardiomyocytes is 
illustrated in Figure 1.  It mainly consists of three parts: data 
acquisition, data analysis, and web-accessible data presenta-
tion.  The laboratory information management system (LIMS) 
is applied in this study for the acquisition of proteomic data.  
Results of gel image analysis performed by PDQuest can also 
be transmitted into the LIMS.  A Java graphical user interface 
(Java-GUI) enables transfer of selected data from the LIMS into 
the database system consisting of 2D-PAGE, network/func-
tion analysis and protein information.  The database system 
is interconnected with public and other knowledge databases.  
Furthermore, continuative explorative data analysis for signifi-
cant networks and canonical pathways relevant to the dataset 
were calculated and analyzed using IPA.

2-DE pattern of cardiomyocytes 
Proteins from cardiomyocytes were resolved by 2-DE meth-
ods.  IEF was first conducted on a 17 cm, broad range pH 
3–10 linear immobilized pH gradient (IPG) strip.  However, 
the results showed that a high resolution 2-DE gel was not 
obtained due to an insufficient spatial resolution, difficult-
to-reveal low copy number proteins in the presence of more 
abundant proteins and the fact that most of the proteins were 
distributed in a pH range from 5 to 8.  Therefore, in subse-
quent investigations, we adopted multiple overlapping narrow 
ranges IPG strips of pH 3–6, pH 5–8, and pH 7–10 in the first 
dimension (zoom-in gel).  In this way, the resolution is greatly 
improved, and the detection of spots with low intensity can 
be easily performed (Figure 2A).  In addition, Coomassie blue 
staining was improved as described in Materials and methods.  
The result showed that the new method possessed the advan-
tages of both Coomassie blue and silver stains, and has sensi-
tivity almost equivalent to silver stain (Figure 2B).

2D-PAGE database
Proteins from cardiomyocytes were separated and stained 
with the above-mentioned methods.  The 2-DE gel was used 
to create a gel image in the database mentioned above as 
shown in Figure 3.  Protein spots were identified using the 
PMF method with MALDI-TOF MS.  Identified proteins 
were summarized in Table 1.  Furthermore, some selected 
proteins from the database were confirmed for validity in 
cardiomyocytes by Western blot (Figure 4).  This 2-DE data-
base is fully independent of the platform and can be grafted 
from one platform to another.  The identified protein spots 

Figure 1.  A schematic representation of our proteome informatics 
approach for the database research of neonatal rat cardiomyocytes.
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are hyperlinked to individual protein entries, and the all iden-
tification information of each protein entry can be obtained 
through clickable images.  These hyperlinks include protein 

names, database accession numbers, theoretical molecular 
mass and pI values.  Furthermore, the detailed information of 
certain protein spots can be obtained through several search-

Figure 2.  2-DE proteome map of the cardiomyocytes.  (A) Shown are the gel of pI 3–10 (upper) and narrow pI range gels, 3–6, 5–8, and 7–10 (lower).  
Staining was by colloidal Coomassie blue G-250.  (B) Representative 2-DE profiles of neonatal rat cardiomyocytes.  Proteins on 2-DE gels were visualized 
by colloidal Coomassie blue G-250 (left) or silver staining (right).

Figure 3.  A proteome reference map of neonatal rat cardiomyocytes.  Protein spot information (annotation) on prohibitin and generated mass spectrum 
data.
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ing tools provided by the database.  Besides these, detailed 
protocols in all the experiments were also provided to ensure 
the reproducibility of data in the database.  Some useful links 
to other proteomic tools and database can be found through-
out the database.  For further details of the identified proteins 
and correspondence of identified proteins to spots in the 2-DE 
gel image, please refer to our database at http://2d.bjmu.edu.
cn.

Data analysis and visualization 
In order to futher explore how the cardiomyocyte proteins 
in the database were related, we used the ingenuity pathway 
analysis (IPA) program and the Ingenuity Pathways Knowl-
edge Base (IPKB).  The IPA program analyzes a large genomic 
or proteomic data set to find the most significant networks 
and canonical pathways relevant to the data set based on a 
calculated probability score.  The specificity of connections 
for each protein was calculated, as defined by the percentage 
of its direct connections to other proteins showing significant 
changes.  Just as described in Materials and methods, networks 
with scores of 2 or higher have at least a 99% confidence of not 
being generated by random chance alone.  Therefore, based 
on the computed scores, four direct networks with scores of 
24, 20, 16, and 12 were found to be significant in the database 
(Figure 5).  In addition, high-level functions were calculated 
and assigned to each direct network if the significance of the 
association between the network and the biological function 
had a P<0.05 (Table 2).  The functions displayed in the table 
represent the top 4 high-level functions from the local analysis, 
which provides an overview of the biological functions asso-
ciated with a given network (A, network 1; B, network 2; C, 
network 3; and D, network 4).  In order to obtain a more com-
prehensive regulation-relationship map of the cardiomyocyte 
proteins in the database, a merge network, which included 
above-mentioned four networks, was created by IPA (Supple-

mentary Figure 1).  Not only does the IPA software analysis 
find novel interconnectivity but the “biological functions and 
canonical pathways” feature also enables us to further under-
stand biological functions and signaling cascades engaged by 
each network.  The functional analysis for the merge direct 
network revealed a function map (Supplementary Figure 2A).  
The top three functions in the network were related to cellular 
assembly and organization, cardiovascular disease and cell 
death.  Moreover, pathway analysis showed a canonical path-
ways map (Supplementary Figure 2B).  The top three canoni-
cal pathways in the network were citrate cycle, glyoxylate and 
dicarboxylate metabolism and valine, leucine and isoleucine 
degradation.  Beside these, four indirect networks and a merge 
indirect network with their functional analysis and pathway 
analysis were also found in the database (Supplementary Fig-
ure 3 and 4, and Supplementary Table 1).  More detailed infor-
mation can be found at http://2d.bjmu.edu.cn.

Discussion
Proteomic technology can provide new insights into cellular 
mechanisms involved in cardiac dysfunction[9–13].  The majority 
of proteomic investigations still use 2D gel electrophoresis (2-
DE) with immobilized pH gradients to separate the proteins 
in a sample and combine this with mass spectrometry (MS) 
technologies to identify proteins.  In spite of the development 
of novel gel-free technologies, 2-DE remains the only 
technique that can be routinely applied to parallel quantitative 
expression profiling of large sets of complex protein mix-
tures such as whole cell lysates.  Current limitations to 
this technology include the resolution of the 2-DE and the 
detection of low-abundance proteins.  In the present study, 
two approaches were explored to solve these drawbacks.  
The first was to apply multiple overlapping narrow range 
IPG strips (to increase the resolution of the 2-DE), and the 
second was to improve protein visualization (to achieve the 
highly sensitive detection of 2-DE separated proteins).  With 
complex samples such as cardiomyocytes, 2-DE on a single 
wide-range pH gradient reveals only a small percentage of 
the whole proteome because of insufficient spatial resolution 
and difficulty to reveal low-copy proteins in the presence of 
the most abundant proteins.  Our results showed that the 
resolution of 2-DE with multiple overlapping narrow range 
IPG strips (pH 3–6, pH 5–8, and pH 7–10) is about 2.5 times 
that of wide range (pH 3–10).  Using these gel systems, more 
than 1000 proteins were resolved from our model.  It was 
well-accepted that silver staining and Coomassie blue staining 
are currently the most popular methods of protein detection.  
Although silver staining, with a sensitivity approximately 10–
50 times that of Coomassie blue, is the most sensitive staining 
method so far reported, there are a number of drawbacks and 
limitations associated with this method.  A high background 
resulting from a number of variables may cause poor resolu-
tion of protein spots.  Quantifying protein abundance is also 
difficult with silver-stained gels due to the poor linearity to 
protein concentration.  In addition, silver stain does greatly 
interfere with subsequent protein identification by mass 

Figure 4.  The confirmation of partial proteins from the database in 
cardiomyocytes by Western blot.
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Figure 5.  The direct interaction functional networks map of cardiomyocyte proteins in the database.  The direct interaction network scores were 24 
(A, network 1), 20 (B, network 2), 16 (C, network 3), and 12 (D, network 4), accordingly.  Nodes represent proteins, with their shape indicating the 
functional class of the protein and multiple edges indicating the biological relationships between the nodes.  For the functional analyses of networks, 
see Table 2.

spectrometry.  Unlike silver staining, Coomassie blue stain-
ing has a good compatibility with subsequent analytical 
techniques and yields higher dynamic range in determining 
the changes of protein expression levels.  But the major issue 
of Coomassie staining is that its sensitivity is well below that 
of silver.  In this study, we improved colloidal Coomassie 
brilliant blue G-250 (Coomassie blue dye) and increased its 

sensi tivity to be almost equivalent to that of silver stain.  
As mentioned earlier, the protein database will be important 

to serve as a basis for further studies of human disease.  There 
are four 2-DE protein databases of cardiac proteins, estab-
lished by three independent groups, which can be accessed 
via the World Wide Web[7, 14–16].  These databases facilitate 
proteomic research into heart diseases containing information 
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Table 1.  Identified proteins of neonatal rat cardiomyocytes. 

                                                                                                                                                                                  Z score      Sequence            pI/   
     No       Accession No                                Protein information                                                                        estimated     coverage      Theoretical 
                                                                                                                                                                                            by profound         %              MW (kDa) 
 
 1 gi|2894106| Collagen alpha1  2.35 25 5.8/138.9
 2 gi|27688933| Similar to Collagen alpha1 2.43 16 5.8/138.9
 3 gi|27688933| Similar to Collagen alpha1 2.22 16 5.8/138.9
 4 gi|58865966| Tumor rejection antigen gp96 2.42 43 5.02/74.12
 5 gi|58865966| Tumor rejection antigen gp96 2.42 43 5.02/74.12
 6 gi|58865966| Tumor rejection antigen gp96 2.42 43 5.02/74.12
 7 gi|38303969| Heat shock 70 kDa protein 5 2.4 26 5.1/72.50
 8 gi|56385| Hsc70-ps1 2.24 24 5.4/71.14
 9 gi|2119726| DnaK-type molecular chaperone grp75 precursor-rat 2.35 31 5.9/74.01
 10 gi|19705459| poly(A) binding protein, cytoplasmic 1 1.75 15 9.6/70.91
 11 gi|227429| Non muscle caldesmon  2.43 18 6.4/61.76
 12 gi|2498205| Non-muscle caldesmon (CDM) (L-caldesmon) 2.43 20 6.3/60.68
 13 gi|227429| Non muscle caldesmon  2.43 24 6.4/61.76
 14 gi|10637996 Mitochondrial aconitase 1.83 12 7.87/85.42
 15 gi|40538860 Aconitase 2, mitochondrial 2.23 22 7.87/85.38
 16 gi|10637996 Mitochondrial aconitase 2.02 16 7.87/85.42
 17 gi|10637996 Mitochondrial aconitase 1.93 20 7.87/85.42
 18 gi|92654| Propionyl-CoA carboxylase (EC 6.4.1.3) alpha chain  2.43 12 6.3/78.22
 19 gi|129684| Propionyl-CoA carboxylase alpha chain, mitochondrial 2.08 17 6.3/78.32
 20 gi|47938978| Dars protein 1.72 10 6.0/57.56
 21 gi|1346413| LAMA_RAT  Lamin A  2.37 23 6.5/74.59
 22 gi|1346413| LAMA_RAT  Lamin A  2.43 26 6.5/74.59
 23 gi|1334284| Unnamed protein product 2.35 21 5.3/58.08
 24 gi|90207| Mitochondrial protein P1 precursor 2.25 32 5.3/58.08
 25 gi|51036657| Prolyl 4-hydroxylase alpha subunit 1.79 18 5.6/61.22
 26 gi|56090441 Ddx5 2.03 12 9.06/69.2
 27 gi|34874349| Similar to Dihydropyrimidinase related protein-2 (DRP-2)  2.28 25 6.3/82.08
 28 gi|453180| Lamin A 2.19 21 6.2/71.91
 29 gi|1794160| Lamin C 2.32 37 6.4/65.49
 30 gi|51702230| 60 kDa heat shock protein, mitochondrial precursor (Hsp60) 1.94 20 5.35/57.89
 31 gi|51702230| 60 kDa heat shock protein, mitochondrial precursor (Hsp60) 2.37 23 5.35/57.89
 32 gi|34875806| Hypothetical protein XP_212759  2.29 24 5.9/61.05
 33 gi|34875806| Hypothetical protein XP_212759  2.40 37 5.9/61.05
 34 gi|38197676| Desmin  2.26 41 5.2/53.46
 35 gi|38382858| Glucose regulated protein, 58 kDa 2.34 21 5.9/57.06
 36 gi|38382858| Glucose regulated protein, 58 kDa  2.43 43 5.9/57.06
 37 gi|38382858| Glucose regulated protein, 58 kDa 2.25 26 5.9/57.06
 38 gi|38382858| Glucose regulated protein, 58 kDa 2.36 20 5.9/57.06
 39 gi|38382858| Glucose regulated protein, 58 kDa  2.43 40 5.9/57.06
 40 gi|38303871| Dihydrolipoamide dehydrogenase 1.93 14 7.96/54
 41 gi|34862189| ATP synthase, H+ transporting, mitochondrial F1 complex  2.38 26 5.1/56.33
 42 gi|34862189| ATP synthase, H+ transporting, mitochondrial F1 complex  2.37 36 5.1/56.33
 43 gi|34862189| ATP synthase, H+ transporting, mitochondrial F1 complex 2.37 36 5.1/56.33
 44 gi|25990263 Mitochondrial aldehyde dehydrogenase 2.43 20 5.7/53.29
 45 gi|25742617 Epidermal growth factor receptor 1.84 28 6.66/134.8
 46 gi|37589940| Heterogeneous nuclear ribonucleoprotein H1  2.43 25 5.9/49.47
 47 gi|50926833| Eno1 protein 2.43 28 6.2/47.45
 48 gi|16073616| Aldehyde dehydrogenase  2.43 31 6.1/48.65
 49 gi|62644240 Dihydrolipoamide branched chain transacylase E2 2.12 24 7.64/33.89
 50 gi|6729934 Chain A, Rat Liver F1-Atpase 2.06 20.0 8.28/55.24
 51 gi|6729934 Chain A, Rat Liver F1-Atpase 1.83 20.0 8.28/55.24
 52 gi|40538742| ATP synthase, H+ transporting, mitochondrial F1 complex 1.98 24 9.22/58.79
 53 gi|34876531| Similar to hypothetical protein FLJ10849  2.09 21 6.5/59.16
 54 gi|114523 ATP synthase alpha chain, mitochondrial precursor 2.21 24 9.22/58.79 

 (to be continued)
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                                                                                                                                                                                   Z score       Sequence            pI/
    No      Accession No                                      Protein information                                                                   estimated     coverage      Theoretical  
                                                                                                                                                                                             by profound         %              MW (kDa) 
 
 55 gi|56200| Unnamed protein product 2.24 23 8.3/61.75
 56 gi|6978441| Actin beta 2.32 26 5.3/42.26 
 57 gi|71620| Actin beta 1.82 26 5.2/42.08
 58 gi|81890783| Suclg2_predicted protein (fragment) 1.76 13 7.57/46.75
 59 gi|6981112 Isovaleryl coenzyme a dehydrogenase 2.01 15 8.03/46.86
 60 gi|11968102 Ornithine aminotransferase 1.82 12 6.53/48.30
 61 gi|38181818| Ornithine aminotransferase 2.31 22 6.5/48.71
 62 gi|34859187| Similar to RIKEN cDNA 2300002G02  2.39 22 7.3/49.9
 63 gi|34859187| Similar to RIKEN cDNA 2300002G02  2.24 34 7.3/49.9
 64 gi|34859187| Similar to RIKEN cDNA 2300002G02  1.83 23 7.3/49.9
 65 gi|38303993| Cathepsin D [rattus norvegicus] 2.43 18 6.7/45.12
 66 gi|30171809| NADH dehydrogenase 1 alpha subcomplex 10-like protein 1.82 15 7.2/40.81
 67 gi|20150495| Chain B, crystal structure of rat short chain acyl-coa dehydrogenase complexed  1.87 22 6.4/42.44
   with Acetoacetyl-Coa 
 68 gi|20150495| Chain B, crystal structure of rat short chain acyl-coa dehydrogenase complexed   1.90 36 6.4/42.44
   with Acetoacetyl-Coa 
 69 gi|16758570| Cell division cycle 37 homolog; CDC37 (cell division cycle 37, S cerevisiae, homolog) 2.18 22 5.4/44.87
 70 gi|12964644| NAD+-specific isocitrate dehydrogenase a-subunit 1.90 31 6.5/40.05
 71 gi|38304046| NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 1.85 26 5.4/31.85
 72 gi|38541406| Acidic ribosomal protein P0  2.35 34 5.9/34.37
 73 gi|511131| Alpha-actin cardiac 1.9 26 5.2/42.34
 74 gi|145553966|  Voltage-dependent calcium channel alpha 1E 1.82 21 8.25/252.1
 75 gi|235879| Lipocortin I 2.43 13 7.0/39.14
 76 gi|15100179| Malate dehydrogenase 1; Malate dehydrogenase-like enzyme 2.43 15 6.2/36.64
 77 gi|38197394| Annexin 1 2.43 13 7.0/39.15
 78 gi|37590235| Malate dehydrogenase 1 2.29 15 5.9/36.64
 79 gi|37590785| Calpactin I  heavy chain 1.7 27 7.7/38.95
 80 gi|984553| G protein beta 1 subunit 2.16 14 5.5/38.17
 81 gi|3122930| 3-mercaptopyruvate sulfurtransferase (MST) 1.91 23 5.9/33.21
 82 gi|4699609| Chain C, dienoyl-coa Isomerase 1.81 18 7.1/30.70
 83 gi|49903126| Calcium modulating ligand 1.8 17 7.8/33.06
 84 gi|396418| Actin-capping protein beta chain, splice form 2 2.4 20 5.69/30.95
 85 gi|16758848| Endoplasmic reticulum protein 29  2.25 31 6.2/28.61
 86 gi|2119779| Multidrug resistance protein 3 2.23 17 6.5/27.74
 87 gi|13937353| Prohibitin  1.7 34 5.6/29.86
 88 gi|13937353| Prohibitin  2.37 41 5.6/29.86
 89 gi|37590233| Unknown (protein for MGC:72744) 1.75 25 6.2/31.22
 90 gi|37590233| Unknown (protein for MGC:72744) 1.75 25 6.2/31.22
 91 gi|20149810| Chain F, structure of enoyl-coa hydratase complexed with the substrate dac-coa 2.16 26 6.4/28.31
 92 gi|1170367| Heat-shock protein beta-1 (HspB1) (HSP 27) 2.23 32 6.1/22.93
 93 gi|1170367| Heat-shock protein beta-1 (HspB1) (HSP 27) 2.43 30 6.1/22.93
 94 gi|34877098| Similar to spindlin 1.73 15 6.4/29.72
 95 gi|34855918| Similar to thioether S-methyltransferase 2.22 11 5.9/34.79
 96 gi|1709429| Ornithine decarboxylase antizyme (ODC-Az) 2.19 33 6.7/25.67
 97 gi|6981240| Myosin light polypeptide 3 (myosin light chain 1) 2.00 60 5.03/22.26
 98 gi|6981240| Myosin light polypeptide 3 (myosin light chain 1) 2.12 38 5.03/22.01
 99 gi|206681 Rieske Fe-S protein precursor 1.8 19 8.9/27.67
 100 gi|136708| Ubiquinol-cytochrome c reductase iron-sulfur subunit, mitochondrial precursor  2.02 20 9.2/27.96
   (Rieske iron-sulfur protein) (RISP) 
 101 gi|38511598| Adenylate kinase 2  2.43 18 7.0/26.74
 102 gi|30387799| Alpha B-crystallin  2.43 43 6.8/20.07
 103 gi|30387799| Alpha B-crystallin 2.43 45 6.8/20.07
 104 gb|AAB37470.1| Myosin regulatory light chain 2 2.22 38 4.86/18.74
 105 gi|818029| Dismutase  2.43 32 5.9/15.73
 106 gi|30387800| Alpha B-crystallin 2.43 34 6.8/21.15

 (to be continued)  
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on several hundred cardiac proteins that have been identified 
by protein chemical methods.  In addition, 2-DE protein data-
bases and proteomic maps for other mammals are also under 
construction to support work on animal models of heart dis-
ease[17–20].

As we know, cultured cardiac myocytes are attractive mod-
els for detailed proteomic investigations of cardiovascular 
diseases.  Unlike the intact heart, cell culture models are very 
useful to distinguish effects on myocytes versus fibroblasts, to 
eliminate hemodynamic and hormonal influences and espe-
cially to analyze and integrate results of high throughput-

omic approaches.  However, there is not, so far as we know, a 
proteome database for cardiomyocytes.  In this study, a two-
dimensional electrophoresis database for rat cardiomyocyte 
proteins was constructed using our improved methods.  Our 
data show that the largest class of proteins in cardiomyocytes 
is energy and mass metabolism proteins (20%).  For instance, 
the glucose-regulated proteins play important roles in glucose 
metabolism.  Pyruvate decarboxylase, one of the key enzymes 
in gluconeogenesis, is closely involved in the process of carbo-
hydrate metabolism.  In addition, adenylate kinase also plays 
a crucial role in maintaining the energy balance in cells.  The 

                                                                                                                                                                                      Z score      Sequence           pI/   
  No       Accession No                                    Protein information                                                                        estimated     coverage     Theoretical 
                                                                                                                                                                                                by profound        %             MW (kDa) 
  
  107 gi|34876505| Similar to RIKEN cDNA 4921537P18 2.24 11 5.9/20.97
 108 gi|3790238| MHC class II RT1D beta1 chain antigen 2.00 31 6.9/14.83
 109 gi|34883131| Similar to RIKEN cDNA 1700081O22 2.43 22 7.8/19.17
 110 gi|57580| Alpha B-crystallin 1.81 22 6.9/19.94
 111 gi|8393823 Neurofilament 3, medium 1.92 23 9.57/110
 112 gi|818021| Cytochrome c oxidase subunit Via (85 AA)  1.82 35 6.3/9.25
 113 gi|12055450| Immunoglobulin heavy chain variable region 1.92 37 8.1/9.25
 114 gi|511131| Alpha-actin cardiac 2.10 28 5.2/42.34
 115 gi|1717770| Troponin T, cardiac muscle isoforms (TnTC) (cTnT) 2.33 24 5/38.81
 116 gi|34864883| Similar to chaperonin containing TCP-1 beta subunit 2.21 39 6/57.78
 117 gi|33943091| Serine/threonine kinase 25 2.05 23 6.3/48.37
 118 gi|51948476| Ubiquinol-cytochrome c reductase core protein I 2.42 31 5.6/53.52
 119 gi|51948476| Ubiquinol-cytochrome c reductase core protein I 2.25 31 5.6/53.52
 120 gi|16758274| Peroxiredoxin 4 2.43 25 6.2/31.22
 121 gi|34870174| Similar to RIKEN cDNA 0610040B21 1.83 33 6.1/27.37
 122 gi|55992| Cytochrome c oxidase subunit Via (AA 1–118) 2.12 41 6.5/12.96
 123 gi|38079128| RIKEN cDNA 4930473A06 2.43 25 5.2/42.69
 124 gi|27229195| RIKEN cDNA 2310032D16; hypothetical glycerophosphoryl diester phosphodiesterase 2.23 22 5.2/51.8
 125 gi|2253159| Peripherin 2.43 18 5.4/52.78
 126 gi|6981240| Myosin light polypeptide 3 (Myosin light chain 1) 2.42 60 5.03/22.26
 127 gi|34875200| Similar to expressed sequence AL022641 2.06 21 5.6/47.02
 128 gi|191618| Alpha cardiac myosin heavy chain 2.42 36 5.57/22.4
 129 gi|21707954| Cytochrome c oxidase, subunit Va 1.87 27 6.1/16.31
 130 gi|511131| Alpha-actin cardiac 2.10 28 5.2/42.34
 131 gi|5869934| Hypothetical protein 2.08 25 6.3/145.71
 132 gi|33859486| 4-hydroxyphenylpyruvic acid dioxygenase 1.90 21 6.6/45.26
 133 gi|1083311| Protein disulfide-isomerase (EC 5.3.4.1) ERp61 precursor 2.00 22 6.1/56.95
 134 gi|13506795| LASP-1 2.16 23 6.6/30.35
 135 gi|31542341| Caspase 1 2.00 20 4.3/45.8
 136 gi|34784670| Cd1d2 protein 2.11 21 6.4/34.07
 137 gi|33563276| SRY-box containing gene 8 2.43 19 6.6/50.03
 138 gi|29468270| Hemopoietic lineage switch protein 5 2.38 18 6.7/58.64
 139 gi|33859486| 4-hydroxyphenylpyruvic acid dioxygenase 2.43 28 6.6/45.26
 140 gi|109803| Phosphopyruvate hydratase (EC 4.2.1.11) alpha 2.43 24 6.4/47.45
 141 gi|1717770| Troponin T, cardiac muscle isoforms (TnTC) 2.33 24 5/38.81
 142 gi|1083311| Protein disulfide-isomerase (EC 5.3.4.1) ERp61 precursor 2.30 27 6.1/56.95
 143 gi|12832696| Unnamed protein product 2.15 43 7.8/13.68
 144 gi|6753530| Crystallin, alpha B; crystallin, alpha 2; alpha B-crystallin 2.42 43 6.8/20.05
 145 gi|6753530| Crystallin, alpha B; crystallin, alpha 2; alpha B-crystallin 2.09 28 6.8/20.05
 146 gi|27370092| RIKEN cDNA 2300002G02 2.43 40 7.3/49.89
 147 gi|38075421| Similar to taxilin 2.43 27 6.1/57.18
 148 gi|1346413| Lamin A  2.38 25 6.5/74.59
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other two main groups of proteins are cytoskeletal proteins 
and oxidative stress proteins/heat shock proteins.  The for-
mer, including actin, myosin, lamin, etc, play a central role 
in the creation and maintenance of cell shapes in cardiomyo-
cytes.  Meanwhile, cytoskeletal proteins also play important 
roles in both intracellular transport (the movement of vesicles 
and organelles) and cellular division.  In addition, well-known 
heat-shock proteins and oxidative-stress proteins play pivotal 
roles during cardiac ischemia, ischemia preconditioning and 
cardiac hypertrophy.  The functions of all those proteins are 
consistent with a heart that is a myogenic muscular organ.  

Based on those identified proteins, this paper describes the 
creation of an on-line accessible 2-DE reference database for 
the cardiomyocyte proteome and provides protein identifica-
tion data for a restricted number of reference spots.  Such a 
2-DE protein database reduces the need for routine protein 
identification, which is often difficult to achieve from an 
organism of which the genome is not sequenced.  This Java-
based database is fully independent on the platform and can 
be grafted from one platform to another.  The customers can 
view the information of any protein spots in 2D images simply 
by clicking them.  That is, 2-DE images can be provided on a 
World Wide Web server and, as a response to a mouse click on 
any identified spot on the image, the user can obtain the data-
base entry for the corresponding protein.  This method allows 
a user to easily identify proteins on a 2-DE image.  At the same 
time, the detailed information of certain protein spots can also 
be obtained through several searching tools provided by the 
database, such as searching by accession number, searching 
by theoretical molecular weight (kDa) and searching by theo-

retical pI.  In addition, the detailed protocols in all the experi-
ments were also provided to ensure the reproducibility of 
data in the database and enable other laboratory to repeat the 
results of those experiments.  The database is linked to other 
databases through active hypertext cross-references; that is to 
say, the user automatically gets connected to the correspond-
ing web site through a simple mouse click on a cross-reference.

Although it is important to identify the individual proteins 
expressed in cultured cardiac myocytes, there is an increasing 
need to move beyond this level of analysis.  Cluster and prin-
cipal component analyses describe overall changes in apparent 
protein expression but provide few insights into the biological 
processes and regulatory networks involving in cultured car-
diac myocytes.  In this study, we combine large-scale analysis 
of protein expression with knowledge-based functional net-
work analyses.  A complex network involved in this database 
was mapped, and the biological function and biologically 
meaningful pathways that yield novel, predictive insights 
were computed and analyzed by IPA.  IPA is a software/data-
base search tool for finding function and pathway for specific 
biological states.  It is a web-delivered application that makes 
use of the Ingenuity Pathways Knowledge Base, the curated 
database consisting of millions of individually modeled rela-
tionships between proteins, genes, complexes, cells, tissues, 
drugs, and diseases.  Sets of interaction data can be viewed 
as graphs or maps in which each protein is a node and each 
interaction is a line connecting two nodes.  The importance of 
this view has led to use of the term “interaction map” to refer 
generically to interaction datasets.  The map view provides 
not only an intuitive interface for biologists to explore the data 

Table 2.  The top functions table for direct interaction networks.

id                                                         Genes                                                                          Score
     Focus                          

Top functions                                                                                                                                                                                  genes    
 

ACADL, ACADS, ALDH1A1, AQP7, ARNT2, CASP1, CEBPB, COX5A, COX6A1, CRK, DUT 
(includes EG:1854), E2F1, EGFR, ESR1, FHIT, GRAP, HSP90B1, IDH3A, INMT, LASP1, 
LRRFIP1, MAP4K1, MYH6, MYL3, OAZ1, PPARA, PPARGC1A, RUNX2, SERPINB9, SNIP, 
SOX8, SRF (includes EG:6722), STK25, SULT2A1 (includes EG:6822), TNNT2

AK2, CAPZB, CRYAB, CSDE1, CYCS, DARS, DDX5, DDX17, EPRS, HNRPH1, HSP90AA1, 
HSP90AB1, HSPB1, HSPD1, IARS (includes EG:3376), JTV1, MAPKAPK2, MDH1, MYC, 
NR3C1, PABPC1, PCBP2, PCBP1 (includes EG:5093), PCK1, PHB, PPID, PRPH, PTGES3, 
SERPINB5, ST13, STIP1, TADA2L, TAT, TGFB1I1, UNC45A

AEBP1, ASS, BHLHB3, CAD, CDC37, CHGA, CREB1, CTSD, DES (includes EG:13346), 
DLAT, DLD, ERP29, GNAI2, GNB1, HSPA5, LOR, MAPK1, MARCKS, MYLPF, MYOD1, 
NDUFA10 (includes EG:4705), NEF3, NEFH, PCYT1A, PDHA2, PDHB, PDHX, PLA2G4A, 
RECK, SLC2A3, SMPD1, SOD1, SP1, TG, TRH

ACTA1, ACTA2, ACTB, ACTC, ACTG1, ACTG2, AKAP1, ANXA1, ANXA2, APC, ATP5A1, 
ATP5B, CDC25A, CDC25C, CLIC4, DYSF, ECHS1, EEF1A1, EIF2AK2, GAPDH, HNRPA1, 
HNRPK, LIMK1, LMNA, MARK2, NCL, NFYB, OAT, PABPC4, RPL19, RPLP2, RPLP0 
(includes EG:6175), STAU1, TUBB2A, YWHAZ
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but also a formal mathematical framework for computational 
biologists to explore the properties of interaction networks.  
These networks include both direct and indirect interactions.  
Direct interactions are characterized by a well-defined infor-
mation flow (eg, from a transcription factor to the gene it regu-
lates).  Indirect interactions do not have an assigned direction 
(eg, mutual binding relationships).  Furthermore, as we know, 
cardiovascular diseases are complicated diseases that are con-
trolled by complex regulation network.  In these regulation 
networks, most proteins function in collaboration with other 
proteins.  In this study, we established, for the first time, a pro-
teome reference map and regulation network of the neonatal 
rat cardiomyocyte.  This is especially useful in understanding 
dysfunction of complicated diseases.  Furthermore, integrated 
analysis such as that provided by IPA enables analysis of all 
interactions and may offer additional insights into how such 
an extensive map contributes to cardiovascular diseases.

In our cardiomyocyte protein database, protein regulatory 
networks and pathway analysis are created to show how 
protein–protein interaction may eventually participate in the 
physiological process of heart.  The functional analysis and 
pathways analysis show that the majority of proteins from 
ardiomyocytes are involved in cellular assembly and organi-
zation, cardiovascular system development, cell morphology, 
cardiovascular disease and plenty of metabolism pathway and 
oxidative-stress pathway (such as citrate cycle, glyoxylate and 
dicarboxylate metabolism, valine and leucine degradation, fat 
acid metabolism, oxidative phosphorylation and endoplasmic 
reticulum stress pathway).  These results from network analy-
sis also are consistent with the above-mentioned protein com-
ponents of cardiomyocytes.  More importantly, if a user finds 
certain interesting proteins in this database, the detail regula-
tory relationship about these proteins can be further found in 
the protein regulatory network, which will serve as a useful 
predictive tool for further research.  

In conclusion, we have presented an improved methodology 
for cultured cardiomyocyte proteomics.  The on-line database 
with reference gel and identified proteins serves as a stable 
framework that facilitates the study of the heart proteome and 
the exchange of heart proteome data.  In addition, biologi-
cal regulatory networks were for the first time constructed 
into 2-DE protein databases.  Our network analysis has also 
revealed function and pathway maps potentially involved in 
the neonatal rat cardiomyocyte protein database.  Together, 
this allowed us to better understand the mechanism, biologi-
cal processes and specific regulatory networks of the heart.  
Our study also provides the basis for the development of new 
therapeutic strategies.  Finally, the database we established 
can serve as an international platform for storage, exchange 
and analysis of proteomic data.  The informational manage-
ment for experimental data amd the standardization, sharing 
and integration of this database will certainly provide a basis 
for further cardiovascular study.
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Effects of the histamine H1 receptor antagonist 
hydroxy zine on hERG K+ channels and cardiac action 
potential duration
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Aim: To investigate the effects of hydroxyzine on human ether-a-go-go-related gene (hERG) channels to determine the electrolphysio-
logical basis for its proarrhythmic effects.
Methods: hERG channels were expressed in Xenopus oocytes and HEK293 cells, and the effects of hydroxyzine on the channels were 
examined using two-microelectrode voltage-clamp and patch-clamp techniques, respectively.  The effects of hydroxyzine on action 
potential duration were examined in guinea pig ventricular myocytes using current clamp.
Results: Hydroxyzine (0.2 and 2 μmol/L) significantly increased the action potential duration at 90% repolarization (APD90) in both con-
centration- and time-dependent manners.  Hydroxyzine (0.03–3 μmol/L) blocked both the steady-state and tail hERG currents.  The 
block was voltage-dependent, and the values of IC50 for blocking the steady-state and tail currents at +20 mV was 0.18±0.02 μmol/L 
and 0.16±0.01 μmol/L, respectively, in HEK293 cells.  Hydroxyzine (5 μmol/L) affected both the activated and the inactivated states of 
the channels, but not the closed state.  The S6 domain mutation Y652A attenuated the blocking of hERG current by ~6-fold.
Conclusion: The results suggest that hydroxyzine could block hERG channels and prolong APD.  The tyrosine at position 652 in the 
channel may be responsible for the proarrhythmic effects of hydroxyzine.

Keywords: histamine antagonists; hydroxyzine; cardiomyocytes; hERG channels; K+ channel; proarrhythmic effects 
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Introduction
The cardiac action potential is composed of five distinct 
phases that are designated phases 0–4[1].  The precise shape of 
the action potential is determined by the coordinated activ-
ity of many various ion channels.  The action potential is also 
responsible for the propagation of excitation information from 
cell to cell and allows the heart to function as a syncytium.  
The initial upstroke (phase 0) is due to inward Na+ current 
(INa) through fast-activating voltage-gated Na+ channels. The 
initial rapid repolarization phase (phase 1) results from rapid 
voltage-dependent inactivation of the fast inward INa and the 

activation of a transient outward current (Ito) and the ultra-
rapid components of the delayed rectifier K+ current (IKur).  
During phase 2, inward depolarizing currents through Na+ 
and L-type Ca2+ channels are balanced by the various com-
ponents of the delayed rectifier K+ current, such as IKur, the 
rapidly activating delayed rectifier K+ current (IKr), and the 
slowly activating delayed rectifier K+ current (IKs).  The termi-
nal phase 3 of repolarization is due to increasing conductance 
of the channels that carry IKr, IKs, and inwardly rectifying K+ 
currents (IKir)[2].  

Several ion currents such as inward Na+ and Ca2+ currents 
and outward K+ currents contribute to the duration of the car-
diac action potential.  However, the most common mechanism 
of delayed repolarization—which results in a prolonged QT 
interval—is by blocking one or more outward K+ currents[3].  
Among the various cardiac K+ currents, IKr is the most critical 
current for terminating the cardiac action potential, and this 
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current determines the shape of the repolarization phase[4].  
The pore-forming α subunit of the IKr channel is the human 
ether-a-go-go-related gene (hERG) protein.  In the heart, IKr con-
tributes prominently to terminal repolarization in humans[5].  

The mechanism that is often proposed for drug-induced QT 
interval prolongation is the direct block of hERG channels[6].  
Thus, the inhibition of K+ currents through hERG can result 
in a prolongation of the cardiac action potential duration, tor-
sades de pointes and sudden cardiac death.  Long QT syndrome 
is characterized by a prolongation of the QT interval on the 
electrocardiogram.  This lengthening of the QT interval usu-
ally indicates delayed repolarization of the action potential in 
ventricular myocytes[3].  In addition, QT interval prolongation 
is a risk factor for torsades de pointes, a potentially fatal form of 
ventricular arrhythmia.  

Hydroxyzine is a first generation sedating antihistamine 
commonly used for treating a variety of conditions.  It is one 
of the most potent histamine 1 (H1) receptor antagonists[7].  
Abnormal ventricular repolarization[8, 9] and sinus tachycar-
dia[9, 10] have been shown to underlie the cardiac toxicity that 
can occur with hydroxyzine use.  The second generation 
antihistamines terfenadine and astemizole produce cardiac 
toxicity primarily in the form of an increased risk for torsades 
de pointes[7].  Both terfenadine and astemizole are H1-receptor 
antagonists that also block hERG channels[11].  

The purpose of this study was to investigate the acute effects 
of hydroxyzine on both cardiac action potentials in guinea 
pig ventricular myocytes and recombinant hERG channels 
expressed in Xenopus laevis oocytes and HEK cells to determine 
the electrophysiological basis for hydroxyzine’s proarrhythmic 
effects.  In addition, we examined the molecular basis of this 
block using a mutant (Y652A) hERG channel.  Finally, a vir-
tual docking simulation was used to propose a hydroxyzine-
blocking mode of the hERG channel using the KvAP channel 
structure as a template.

Materials and methods
Ventricular myocyte isolation
Single ventricular myocytes were isolated from guinea pig 
hearts using a method that was described previously[12].  In 
brief, guinea pigs (300–500 g) were anesthetized with pento-
barbital (~50 mg/kg, ip) and the heart was quickly excised.  
The heart was retrogradely perfused sequentially at 37 oC 
with a 750 µmol/L Ca2+ solution, a Ca2+-free solution, and one 
containing 150 µmol/L Ca2+, collagenase type I and protease 
type XIV.  The heart was then flushed with a 150 µmol/L 
Ca2+ solution.  The ventricles were removed and chopped 
into small pieces, which were then shaken in a flask contain-
ing a 150 µmol/L Ca2+ solution.  The cells in suspension were 
then allowed to sediment, and the supernatant was replaced 
with a 500 µmol/L Ca2+ solution.  The cells were kept at room 
temperature.  These experiments were conducted with the 
approval of the Research Guidelines of Kangwon National 
University IACUC.  

Solutions and action potential recordings from myocytes
Myocytes in the experimental chamber were continuously 
superfused at room temperature (24–26 oC) with Tyrode’s 
solution containing 10 mmol/L glucose, 5 mmol/L HEPES, 
140 mmol/L NaCl, 4 mmol/L KCl, 1 mmol/L MgCl2, and 1.8 
mmol/L CaCl2, titrated to pH 7.4 with 4 mol/L NaOH.  The 
experimental chamber held a volume of 150 µL, and the flow 
rate of the Tyrode’s solution was 2 mL/min.  Miniature sole-
noid valves (LFAA1201618H; Lee Products, Bucks, UK) were 
used to control the solution entering the chamber, and the 
superfusate within the chamber could be changed within 5 s.  
The solution level in the chamber was controlled with a suc-
tion system.  The chamber and solenoid valves were mounted 
on the sliding stage of a microscope (Diaphot, Nikon, Japan) 
that sat on an antivibration table (Newport, USA).  

Protease type XIV, dimethyl sulfoxide (DMSO), tetraeth-
ylammonium chloride (TEA-Cl) (all from Sigma, St Louis, 
MO, USA), and collagenase type 1 (Worthington Biochemical, 
Freehold, NJ, USA) were used in the form of stock solutions or 
test solutions.  The H1 antihistamine hydroxyzine and all other 
reagents were purchased from Sigma (St Louis, MO, USA).  A 
stock solution of hydroxyzine was prepared in distilled water 
and added to the external solutions at suitable concentrations 
shortly before each experiment.

Membrane potential measurements were performed using 
conventional patch pipettes pulled from filamented thin wall 
glass tubing of 1.5-mm outer diameter and 1.2-mm inner diam-
eter (World Precision Instruments, USA); when filled with 300 
mmol/L KCl, the electrodes had a resistance of 25–40 MΩ.  
After patching onto a myocyte in the whole-cell configuration, 
the membrane potential was measured with an Axoclamp 
900A amplifier (Axon Instruments, USA).  Action potentials 
were elicited at 0.33 Hz by 2-ms depolarizing current pulses 
that were passed through the microelectrode.  We selected 
rod shaped myocytes with clear cross striations and rejected 
the records with noisy or drifting baselines.  Data acquisition 
was performed with a digital computer, analog data acquisi-
tion equipment (National Instruments, Austin, TX, USA), and 
the software WCP (written and supplied by John Dempster of 
Strathclyde University) on-line.

Expression of hERG channels in oocytes
hERG (accession No U04270) cRNA was synthesized by 
in vitro transcription of 1 µg of linearized cDNA using the 
mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX, USA) 
and stored in 10 mmol/L Tris-HCl (pH 7.4) at -80 °C.  Stage 
V–VI oocytes were surgically removed from female Xenopus 
laevis (Nasco, Modesto, CA, USA) that were anesthetized with 
0.17% tricane methanesulfonate (Sigma, St Louis, MO, USA).  
Using fine forceps, the theca and follicle layers were manually 
removed from the oocytes, and then each oocyte was injected 
with 40 nL of cRNA (0.1–0.5 µg/µL).  The injected oocytes 
were maintained in modified Barth’s solution containing (in 
mmol/L): 88 NaCl, 1 KCl, 0.4 CaCl2, 0.33 Ca(NO3)2, 1 MgSO4, 
2.4 NaHCO3, 10 HEPES (pH 7.4), and 50 µg/mL gentami-
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cin sulfate.  The currents were measured two to seven days 
after injection.  These experiments were conducted with the 
approval of the Research Guidelines of Kangwon National 
University IACUC.

Solutions and voltage clamp recordings from oocytes
Normal Ringer’s solution contained 96 mmol/L NaCl, 2 
mmol/L KCl, 1.8 mmol/L CaCl2, 1 mmol/L MgCl2, and 
10 mmol/L HEPES (pH adjusted to 7.4 with NaOH).  The 
antihistamine drug hydroxyzine and all reagents were pur-
chased from Sigma (St Louis, MO, USA).  A stock solution of 
hydroxyzine was prepared in distilled water and added to 
the external solutions at suitable concentrations shortly before 
each experiment.  The solutions were applied to the oocytes 
by continuous perfusion of the recording chamber.  Solution 
exchanges were completed within 3 min, and the hERG cur-
rents were recorded 5 min after the solution exchange.  The 
effects of several concentrations of hydroxyzine on the hERG 
current were measured, and the effects were fully revers-
ible by washing with normal Ringer’s Solution.  In general, 
each oocyte was treated with four to seven concentrations 
of hydroxyzine.  The currents were measured at room tem-
perature (20–23 °C) with a two-microelectrode voltage-clamp 
amplifier (Warner Instruments, Hamden, CT, USA).  The elec-
trodes were filled with 3 mol/L KCl and had a resistance of 
2–4 MΩ for the voltage-recording electrodes and 0.6–1 MΩ for 
the current-passing electrodes.  Stimulation and data acquisi-
tion were controlled with an AD-DA converter (Digidata 1200, 
Axon Instruments) and pCLAMP software (v 5.1, Axon Instru-
ments).

Pulse protocols and analysis
To obtain concentration-response curves in the presence of 
hydroxyzine, dose-dependent inhibition was fitted with the 
equation:

Itail=Itail·max/[1+(IC50/D)n],
where Itail indicates the peak tail current, Itail·max is the maxi-
mum peak tail current, D is the concentration of hydroxyzine.  
n is the Hill coefficient, and IC50 is the concentration at which 
the half–maximal peak tail currents were inhibited.  

HEK cell culture and transfection 
HEK293 cells stably expressing HERG channels, a kind gift 
from Dr C JANUARY, were used for electrophysiological 
recordings[13].  The method for establishing HERG channel 
expression in HEK293 cells is briefly described as follows.  
HERG cDNA was cloned into the plasmid expression vec-
tor pCDNA3 vector (Invitrogen Corporation, San Diego, CA, 
USA).  HEK293 cells were stably transfected with HERG 
cDNA using a calcium phosphate precipitate method (Invitro-
gen) or Lipofectamine (Invitrogen).  The transfected cells were 
cultured in minimum essential medium (MEM) supplemented 
with 10% fetal bovine serum, 1 mmol/L sodium pyruvate, 
0.1 mmol/L non-essential amino acid solution, 100 units/mL 
penicillin, and 100 μg/mL streptomycin sulfate.  The cultures 
were passaged every 4–5 d with a brief trypsin-EDTA treat-

ment followed by seeding onto 12-mm diameter glass cover-
slips (Fisher Scientific, Pittsburgh, PA, USA) in a Petri dish.  
After 12–24 h, the cell-attached coverslips were used for elec-
trophysiological recordings.

Electrophysiology of HEK cells 
HERG currents were recorded from HEK293 cells using 
the whole-cell patch-clamp technique at room temperature 
(22–23 °C)[14].  The patch pipettes were fabricated from glass 
capillary pipettes (PG10165-4; World Precision Instruments, 
Sarasota, FL, USA) with a double-stage vertical puller (PC-10; 
Narishige, Tokyo) and had a tip resistance of 2–3 MΩ when 
filled with the pipette solution.  Whole-cell currents were 
amplified with an Axopatch 1D amplifier (Molecular Devices, 
Sunnyvale, CA, USA), digitized with a Digidata 1200A (Molec-
ular Devices) at 5 kHz and low-pass filtered with a four-pole 
Bessel filter at 2 kHz.  Capacitive currents were canceled and 
series resistance was compensated by 80% with the amplifier, 
and leak subtraction was not applied.  The generation of volt-
age commands and the acquisition of data were controlled 
with pClamp 6.05 software (Molecular Devices) running on an 
IBM-compatible Pentium computer.  The recording chamber 
(RC-13, Warner Instruments Corporation, Hamden, CT, USA) 
was continuously perfused with bath solution (see below for 
composition) at a rate of 1 mL/min.

The external solution contained 137 mmol/L NaCl, 4 
mmol/L KCl, 1.8 mmol/L CaCl2, 1 mmol/L MgCl2, 10 
mmol/L glucose and 10 mmol/L HEPES (adjusted to pH 
7.4 with NaOH).  The intracellular solution contained 130 
mmol/L KCl, 1 mmol/L MgCl2, 5 mmol/L EGTA, 5 mmol/L 
MgATP and 10 mmol/L HEPES (adjusted to pH 7.4 with 
KOH).  Hydroxyzine (Sigma Chemical Co, St Louis, MO, USA) 
was dissolved in distilled water at 100 mmol/L and further 
diluted into the bath solution.  

Virtual docking
A homology model of the hERG potassium channel was built 
on the basis of the 1.7-Å crystal structure (PDB ID code: 1R3J) 
of the KvAP channel[15] using the homology modeling pro-
gram MODELLER v8.0[16].  A 25-residue stretch of amino acids 
(M579 to G603) in the third extracellular loop of the hERG 
channel was not included in the model because this region was 
not present in the template structure and does not appear to 
be involved in the drug-induced inhibition of the hERG chan-
nel.  The 3D energy-minimized conformation of hydroxyzine 
was generated using LigPrep version 2.0 (Schrödinger LLC, 
New York, NY).  In the LigPrep operation, the ionization state 
was calculated at pH 7.4 without additional generation of the 
tautomer forms.  The virtual docking of hydroxyzine was per-
formed using GLIDE version 4.0 (Schrödinger LLC, New York, 
NY)[17].  The extra-precision (XP) mode of GLIDE was used 
to achieve an accurate pose prediction.  The GLIDE XP mode 
utilizes an improved scoring function, including a water des-
olvation energy term and protein–ligand structural motifs that 
result in enhanced binding affinity[18].  For docking, the recep-
tor structures were preprocessed using protein refinement 
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components in the GLIDE docking package.  A restrained min-
imization using the OPLS-AA force field was performed for 
the refinement of the hERG channel structure.  This minimiza-
tion continued until the average RMS deviation of the non-
hydrogen atoms reached the specified limit of 0.3 Å.  To assign 
the candidate docking site, a grid center was defined as a cen-
troid of the Y652 and F656 residues in the four monomers that 
comprised the whole hERG homology model.  The grid box 
size was set to 15Å from the grid center.  The PoseView pro-
gram (BioSolveIT GmbH, Sankt Augustin, Germany) was used 
to investigate the interactions of the hydroxyzine molecule 
with the HERG channel.  All structural figures were prepared 
using PyMOL v1.2 (DeLano Scientific LLC, San Francisco, CA) 
and ChemDraw Ultra 11.0 (CambridgeSoft, Cambridge, MA).

Statistical analysis
All summary data are expressed as means±SEM.  Unpaired 
or paired Student’s t tests or ANOVA were used for statistical 
comparisons as appropriate, and differences were considered 
significant at P<0.05.

Results 
The effects of hydroxyzine on action potentials in guinea pig 
ventricular myocytes
In this study we examined the effects of hydroxyzine on action 
potentials in guinea pig ventricular myocytes.  The control 
action potential duration at 90% (APD90) of myocytes was 
576±45 ms (n=9).  Figure 1A shows superimposed traces of 
the action potentials recorded before and during exposure to 
hydroxyzine at varying concentrations and exposure times.  
At 0.2 µmol/L, the hydroxyzine-induced lengthening of APD90 
was positively correlated with application time, such that 
APD90 was longer after exposure for 10 min than after 5 min.  
This effect was more pronounced with 2 µmol/L hydroxyzine, 
which exerted its maximum effect on APD90 within 5 min.  
Therefore, hydroxyzine increases APD90 in both concentration- 
and time-dependent manners.

Concentration-dependence of WT hERG channel block by 
hydroxyzine in Xenopus oocytes
We next examined the effect of hydroxyzine on hERG currents 
using the Xenopus oocyte expression system.  Throughout 
these experiments, the holding potential was maintained at -70 
mV, and tail currents (Itail) were recorded at -60 mV following 
step depolarizing pulses from -50 through +40 mV.  Figure 2 
shows an example of a voltage-clamp recording of a Xenopus 
oocyte and the representative current traces both under con-
trol conditions and after exposure to 5 µmol/L hydroxyzine.  
The amplitude of the outward currents measured near the end 
of the pulse (IHERG) increased with increasingly positive voltage 
steps and reached maximum amplitude at -10 mV (Figure 3A).  
The IHERG amplitude was normalized to the maximum IHERG 
amplitude under control conditions and plotted against the 
membrane potential during the step depolarization (IHERG, nor, 
Figure 3B).  Increasing concentrations of hydroxyzine caused 
increasing inhibition of IHERG (Norm), which is consistent with a 

concentration-dependent effect.
After the depolarizing step, repolarization to -60 mV elic-

ited an outward Itail with an amplitude that was even larger 
than that of IHERG during depolarization, which is due to rapid 
recovery from inactivation coupled with a slow deactivation 
mechanism[13, 19].  When 5 µmol/L hydroxyzine was added 
to the perfusate, both IHERG and Itail were reduced (Figure 2).  

Figure 1.  The effect of hydroxyzine on action potentials in isolated guinea 
pig ventricular myocytes.  (A) Superimposed action potentials recorded 
before and after exposure to various concentrations of hydroxyzine.  (B) 
Concentration- and time-dependent prolongation of action potential 
duration at 90% (APD90).  At each experimental condition (after exposure 
to 0.2 µmol/L for 5 min, 0.2 µmol/L for 10 min, 2 µmol/L for 5 min, and 
2 µmol/L for 10 min), the APD90 values were normalized to control APD90 
(obtained in the absence of drug).  bP<0.05.  n=4−9.

Figure 2.  The effect of hydroxyzine on human ether-a-go-go-related gene 
(hERG) currents (IHERG) elicited by depolarizing voltage pulses in Xenopus 
oocytes.  Superimposed current traces elicited by depolarizing voltage 
pulses (4 s) in 10 mV increments from a holding potential of -70 mV (upper 
panel) in the absence of hydroxyzine (control, center panel) and presence 
of 5 µmol/L hydroxyzine (lower panel).  
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The amplitude of Itail was normalized to the peak amplitude 
obtained under control conditions at maximum depolariza-
tion and plotted against the membrane potential during the 
step depolarization (Figure 3B).  The data obtained under 
control conditions were well fitted by a Boltzmann equation 

with half-maximal activation (V1/2) at -19.2 mV.  The peak Itail 
amplitude decreased with increasing hydroxyzine concentra-
tions, indicating that the conductance of the hERG channels 
was decreased by hydroxyzine.  In addition, in the presence of 
hydroxyzine, Itail did not reach a steady-state level but contin-
ued to decrease at increasingly positive potentials, indicating 
that the blockade is more pronounced at more positive poten-
tials.  

The data presented in Figure 3B were normalized to 
their respective maximum values at each concentration of 
hydroxyzine to determine whether hydroxyzine shifts activa-
tion of hERG channels (Figure 3C).  The activation curve mea-
sured in control oocytes was similar to those of oocytes treated 
with 1−50 µmol/L hydroxyzine.  The V1/2 values are consis-
tent with this finding, yielding values of -25.0±0.42, -27.0±0.59, 
-22.9±0.61, -26.7±0.96, -22.7±0.97, -27.8±1.71 and -31.1±3.40 
mV in control and 1, 2, 5, 10, 20, and 50 µmol/L hydroxyzine-
treated groups, respectively (n=3–5, P>0.05, ANOVA).  
Therefore, the V1/2 values in the presence of 1–50 µmol/L 
hydroxyzine were similar, indicating that hydroxyzine does 
not alter the voltage dependence of activation for hERG 
channels in this concentration range.

Hydroxyzine blocks WT hERG currents in HEK cells
The IC50 values of many hERG channel blockers have been 
shown to differ depending on whether the hERG channels are 
expressed in Xenopus oocytes or mammalian cells, an effect 
that is probably due to the sequestration of blockers in the 
large ooplasm of the oocytes[12].  We therefore tested the effect 
of hydroxyzine on hERG channels expressed in HEK293 cells 
at 36 °C (Figure 4).  As shown in Figure 4A, whole-cell cur-
rents were elicited with 4-s depolarizing steps to +20 mV from 
a holding potential of -80 mV, and tail currents were recorded 
at -60 mV for 6 s.  Bath-applied hydroxyzine reduced IHERG in a 
concentration-dependent manner.  The dose-dependent inhibi-
tion of the steady-state current measured at the end of a pulse 
to +20 mV and the peak tail current were analyzed quanti-
tatively (Figure 4B).  A nonlinear least-squares fit of dose-
response plots with the Hill equation yielded an IC50 and Hill 
coefficient of 0.18±0.02 μmol/L and 1.05±0.11 (n=5), respec-
tively, for the steady-state current and 0.16±0.01 μmol/L and 
1.23±0.12 (n=5), respectively, for the peak tail current.  Thus, 
hydroxyzine is ~30-fold more effective at inhibiting hERG 
channels expressed in HEK293 cells than in Xenopus oocytes.

Voltage-dependent block of WT hERG channel by hydroxyzine
We examined the hydroxyzine-induced decrease in I tail 
at different potentials to determine whether the effect of 
hydroxyzine on hERG channels in oocytes was voltage depen-
dent (Figure 5A).  Dose–response relationships were mea-
sured at -20, +10, and +40 mV.  The percent inhibition of the 
hERG current by 5 µmol/L hydroxyzine at these voltages was 
44.0%±8.95%, 47.6%±4.73%, and 54.2%±4.04%, respectively 
(Figure 5B).  This suggests that hydroxyzine-induced block of 
hERG channels progressively increases with increasing depo-
larization.  

Figure 3.  The effect of hydroxyzine on hERG channels expressed in 
Xenopus oocytes.  (A) Plot of the normalized hERG current measured at 
the end of the depolarizing pulse (IHERG) against pulse potential in control 
and hydroxyzine conditions.  The maximal amplitude of the IHERG in control 
solution was normalized to 1.  (B) Plot of the normalized tail current 
measured at its peak following repolarization.  The peak amplitude of 
the tail current in control solution was normalized to 1.  The control data 
were fitted with the following Boltzmann equation, y=1/{1+exp[(-V+V1/2)/
dx]}, yielding a V1/2 of -19.2 mV.  (C) Activation curves with the values 
normalized to their respective maximum for each concentration of 
hydroxyzine.  n=3−5.
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Time-dependence of WT hERG channel block by hydroxyzine
Next we activated the current using a protocol that consisted 
of a single depolarizing step to 0 mV for 8 s to determine 
whether the channel is blocked in the closed or activated 
(ie, open and/or inactivated) state using the oocyte expres-
sion system (Figure 6A).  After recording control currents, 5 
µmol/L hydroxyzine was applied and currents were again 
recorded.  Figure 6B shows the relative current (ie, normal-
ized to the control current amplitude) of a representative cell.  
An analysis of the test pulse in the presence of hydroxyzine 
revealed a time-dependent block that reached 56% at 2 s (Fig-

Figure 4.  The concentration dependence of hydroxyzine-induced inhibition 
of hERG channels stably expressed in HEK293 cells.  (A) Superimposed 
IHERG traces were elicited with 4-s depolarizations to +20 mV from a holding 
potential of –80 mV, and the tail current was recorded at -60 mV for 6 s 
in the absence or presence of 0.03, 0.1, 0.3, and 1 μmol/L hydroxyzine, 
as indicated.  The voltage protocol was applied every 15 s.  The dotted 
line represents zero current.  (B) Concentration dependence curve of 
inhibition by hydroxyzine for steady-state currents measured at the end 
of the depolarizing pulse to +20 mV or peak tail currents.  The respective 
normalized currents were plotted against the various concentrations 
of hydroxyzine.  The solid lines are fits of the data points using the Hill 
equation (see Methods).

Figure 5.  Voltage dependence of hydroxyzine-induced blockade of hERG channels expressed in Xenopus oocytes.  (A) Current traces from a cell 
depolarized to -20 mV (left panel), +10 mV (middle panel), or +40 mV (right panel) before and after application of 5 µmol/L hydroxyzine, showing 
increased blockade of hERG current at more positive potentials.  The protocol consisted of 4 s depolarizing steps to -20 mV, +10 mV, or +40 mV from 
a holding potential of -70 mV, followed by repolarization to -60 mV.  (B) Hydroxyzine-induced hERG current inhibition at various voltages.  At each 
depolarizing voltage step (-20, +10, or +40 mV), the tail currents in the presence of 5 µmol/L hydroxyzine were normalized to the tail current obtained 
in the absence of drug.  n=4.

Figure 6.  Relative changes in sustained hERG currents in response to 
hydroxyzine in Xenopus oocytes.  (A) An example recording of currents 
under control conditions (control) and after application of 5 µmol/L 
hydroxyzine (for 7 min without any intervening test pulses).  (B) Relative 
current obtained by dividing the current in 5 µmol/L hydroxyzine by the 
control current shown in in panel A.  Current inhibition increased with 
depolarization time to 56% at 2 s in this representative cell, indicating 
that primarily open and/or inactivated channels were blocked.  
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ure 6B).  In contrast, at the beginning of the pulse, the normal-
ized currents were 95%±3% of control currents (n=4), which 
indicates that the hERG channels were only slightly blocked 
by hydroxyzine while at the holding potential (ie, while the 
channels were in the closed state).  In this series of experi-
ments, 5 µmol/L hydroxyzine reduced the hERG outward 
current at the end of the 0 mV pulse by 48.0%±7.2% (n=4).

In order to address the question of whether the hERG chan-
nels are also blocked by hydroxyzine in the inactivated state, 
a long (4 s) test pulse to +80 mV was applied to inactivate the 
channels, and this was followed by a second voltage step (to 
0 mV for 3.5 s) to re-open the hERG channels that were not 
inactivated by the first test pulse; these experiments were per-
formed in Xenopus oocytes (n=3).  Figure 7A shows typical cur-
rent traces under control conditions and in the presence of 5 
µmol/L hydroxyzine.  Figure 7B shows the percent inhibition 
[ie (1-hydroxyzine current/control current)×100 (in %)upon 
channel opening during the second voltage pulse (to 0 mV)], 
indicating that pronounced inhibition of the hERG channels 
had already occurred during the previous inactivating pulse 
to +80 mV.  No additional time-dependent block of the open 
channels was observed during the pulse to 0 mV.  The currents 
at the end of the second voltage step (to 0 mV) were decreased 
by 49.1%±12.3% (n=3).  Thus, the inhibition of hERG channels 
occurs primarily in the open and inactivated states but not in 
the closed state.

The Y652A mutation in the S6 domain attenuates hydroxyzine-
mediated block of hERG channels
Tyr-652 is located in the S6 domain and faces the pore cavity 
of the channel, both of which are important components of the 
binding site for a number of compounds[19, 20].  The potency 
of channel block by hydroxyzine for wild type and a mutant 
(Y652A) hERG channel was compared in Xenopus oocytes 
to determine whether this key residue is also important in 
hydroxyzine-induced block of hERG channels (Figure 8).  The 
degree of hERG current block by 50 µmol/L hydroxyzine 
was dramatically decreased by the Y652A mutation (Figure 
8A).  The IC50 values were 5.9±1.5 µmol/L (n=3) and 35.1±50.5 
µmol/L (n=4) in WT and Y652A mutant channels, respectively 
(Figure 8B).  This indicates that Tyr-652 is an important resi-
due for mediating hydroxyzine-induced block of hERG chan-
nels.

Virtual docking simulation
We next performed a virtual docking simulation to elucidate 

Figure 7.  Blocking of inactivated hERG channels by hydroxyzine in 
Xenopus oocytes.  (A) Inhibition of inactivated channels by 5 µmol/L 
hydroxyzine.  hERG channels were inactivated by an initial voltage-step 
to +80 mV, followed by channel opening at 0 mV.  (B) The corresponding 
relative block during the 0 mV step is shown.  Maximum inhibition was 
achieved in the inactivated state during the first step, and no additional 
time-dependent inhibition occurred upon channel opening during the 
second voltage step.

Figure 8.  Concentration-dependent inhibition of WT and Y652A mutant 
hERG channels expressed in Xenopus oocytes.  (A) Representative traces 
of WT and mutant hERG currents in the presence and absence of the 
indicated concentrations of hydroxyzine.  The effects of the drug on WT 
and Y652A tail currents were recorded at -140 mV (instead of -60 mV as 
above) following a 4 s activating pulse.  (B) The concentration-response 
curves were fitted with a logistic dose-response equation to yield IC50 
values of 5.9±1.5 µmol/L (n=3) and 35.1±50.5 µmol/L (n=4) for WT and 
Y652A hERG channels, respectively.  
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the blocking mode of the hERG channel by hydroxyzine.  
Because the crystal structure of the hERG channel is not yet 
known, we made a homology model of the hERG channel 
using the KvAP channel structure as the template.

The crystal structure of the KvAP channel was presumably 
obtained in the closed state[15].  The virtual docking was then 
performed by designating Tyr-652 and Phe-656 as active sites 
using the GLIDE program.  Hydroxyzine carries a net positive 
charge at pH 7.4 (Figure 9A).  The PoseView analysis of the 
highest score result showed that one of the protonated nitro-
gens forms a hydrogen bond with the carbonyl oxygen of 
Thr-623 in monomer I (Figure 9B, 9C).  The etheric oxygen of 
hydroxyzine also makes a hydrogen bond with the hydroxyl 
group of Ser-649 in monomer IV.  In addition to these hydro-
gen bonds, the aromatic group of hydroxyzine makes interac-
tions with the side chain of aromatic rings of hERG residues 
Tyr-652 in monomer III and the non-aromatic side chains of 
Thr-623 in monomer I, Met-645 in monomer IV, Leu-646 in 
monomer IV and Ser-649 in monomer IV.  

Discussion
Long QT syndrome can be acquired as a side effect of treat-
ment with commonly used medications[20].  Both cardiac and 
noncardiac agents cause acquired (drug induced) long QT 
syndrome[21] through their inhibition of hERG channel cur-
rents[22].  Antihistamines are widely used to treat a variety of 
conditions such as skin allergies, pruritus and urticaria[7, 23]; 
however, some antihistamines cause QT prolongation and 
ventricular tachyarrhythmias[23].  Long QT syndrome is the 
result of abnormal cardiac repolarization that can degenerate 
into ventricular fibrillation and cause sudden cardiac death[20].  
An antihistamine overdose can cause cardiac arrhythmia by 
directly inhibiting cardiac K+ currents.  Among the various 
cardiac K+ currents, IKr is important for the termination of the 
cardiac action potential[4].  The inhibition of hERG channels 
has been implicated in drug-induced prolongation of the QT 
interval and torsades de pointes[24].  
  Hydroxyzine, a first generation H1-receptor antagonist, has 
both cardiovascular and CNS adverse effects in humans.  
Hydroxyzine toxicity in the CNS can manifest as generalized 
seizures[9, 10].  This drug has also been implicated in cardiac 
adverse effects such as abnormal ventricular repolariza tion[8, 9], 
sinus tachycardia[9, 10] and an increased risk of dysrhyth-
mias and sudden death[8, 9].  In the isolated, perfused feline 
heart model, hydroxyzine acts directly on the heart to slow 
repolarization and prolong the QT interval[8].  In our study, 
hydroxyzine inhibits recombinant hERG K+ currents with an 
IC50 value of 0.16 µmol/L in HEK cells, which is similar to the 
value obtained after single dose oral (0.7 mg/kg)[25].  We also 
found that hydroxyzine at 0.2–2 µmol/L prolonged APD90 in 
mammalian myocytes and inhibited hERG channels in concen-
tration-, voltage-, time-, and state-dependent manners.  There-
fore, the hydroxyzine-induced cardiac adverse effects such 
as abnormal ventricular repolarization and increased risk of 
sudden death might be attributed to the drug’s direct block of 
hERG channels, possibly by hydrogen bonds and hydrophobic 

Figure 9.  Docking of hydroxyzine within the inner cavity of a HERG 
channel homology model.  (A) The major microspecies of hydroxyzine 
protonation at pH 7.4.  (B) Inner view of hydroxyzine docked to the ligand 
binding site in the HERG channel.  Hydroxyzine is shown in stick form 
and the dotted line indicates a hydrogen bond between the blocker and 
channel.  The HERG channel inhibitor hydroxyzine shows interactions with 
THR623 (subunit A) and TYR652 (subunit C).  (C) PoseView analysis of 
protein-ligand interactions.  Hydrogen bonding is depicted as a dotted line 
between the participating atoms.  The green lines with residue names and 
numbers indicate hydrophobic interactions between the drug and channel.  
Note the hydrogen bond between the hydrogen atom of the protonated 
nitrogen (in the hydroxyzine molecule) and the carbonyl oxygen atom of 
THR623(I).
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interactions between the drug and the channel (Figure 9).  
In the heart, the hERG gene encodes the pore-forming 

subunit of the rapidly activating delayed rectifier K+ channel 
(IKr)[26].  Mutations in hERG reduce IKr and cause the inherited 
form of type 2 long QT syndrome[27], and the acquired long 
QT syndrome can occur in patients who are treated with com-
monly used medications[20].  In one patient, the combination of 
a genetic mutation (A614V) and treatment with hydroxyzine 
appeared to cause severe cardiac pathophysiology that 
included syncope due to torsade de pointes[28].  hERG channels 
have several putative binding sites for blocking agents[20].  The 
mechanism that has been proposed for the most direct block of 
IKr involves the drug binding to specific amino acid residues in 
the pore-lining S6 region of the hERG channel[20].  In the pres-
ent study, the mutation Y652A in the S6 domain attenuated the 
hERG current block by about 6-fold; the IC50 of hydroxyzine-
dependent hERG block increased from 5.9 µmol/L to 35.1 
µmol/L with the Y652A mutation (Figure 8).  This result is 
consistent with our docking model, which shows that the aro-
matic group of hydroxyzine makes interactions with the side 
chain of aromatic rings of TYR652(III) in the hERG channel.  
In this context, the present study suggests that hydroxyzine is 
a direct and potent blocker of hERG channels and provide a 
molecular mechanism for the drug-induced arrhythmogenic 
adverse effects.

In our virtual docking simulation of the blocking mode 
of hERG channels by hydroxyzine, there was no interaction 
between the drug and F656, the amino acid that is involved in 
drug inhibition (Figure 9).  Nonetheless, our results are consis-
tent with our previous hERG channel blocking model in which 
i) a protonated nitrogen in the blocker forms a hydrogen bond 
with the carbonyl oxygen of residues THR623 or SER624, ii) an 
aromatic moiety in the blocker makes a π-π interaction with 
the aromatic ring of residue TYR652, and iii) a hydrophobic 
group in the blocker makes a hydrophobic interaction with the 
benzene ring of residue PHE656[29].  

In conclusion, we found that the histamine H1-receptor 
antagonist hydroxyzine directly inhibits hERG channels and 
the IKr currents carried by these channels, thereby resulting in 
a prolongation of the cardiac action potential. These results 
help explain the mechanisms that underlie drug-induced car-
diac arrhythmia.
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Introduction
Type 2 diabetes is a severe threat to worldwide public health.  
Its main features include relative insulin deficiency, insulin 
resistance and hyperglycemia[1].  Over the past few years, tre-
mendous progress has been made in elucidating the molecular 
mechanisms involved in the origin and development of insu-
lin resistance, although many gaps still remain to be filled.

The endoplasmic reticulum (ER) is an organelle where pro-
tein folding, post-translational modification and oligomeriza-
tion take place.  This reticulum system senses alterations of 
intracellular homeostasis provoked by stimuli, subsequently 
inducing an unfolded protein response (UPR)[2].  The UPR 
decreases protein translation, increases chaperone expression 

and accelerates the degradation of misfolded proteins via three 
main signal transducers to alleviate cellular stress and restore 
ER homeostasis.  These transducers include inositol-requiring 
enzyme-1α (IRE-1α), PKR-like ER kinase (PERK), and activat-
ing transcription factor 6 (ATF6).  When ER stress fails to be 
attenuated, apoptosis will be activated and cells are subjected 
to chronic stimulation[2].

Recently, there has been a special interest in ER stress 
because of its central role in the pathogenesis of type 2 diabe-
tes, and valuable results have been discovered[3–6].  For exam-
ple, it was found that molecular indicators of ER stress, such 
as PERK, eukaryotic initiation factor 2α (eIF2α) and glucose-
regulated protein 78 (GRP78), increased in liver and adipose 
tissues of dietary and genetic murine obesity models.  In 
addition, administration of tunicamycin, an ER stress inducer, 
results in suppression of insulin receptor signaling (insulin 
receptor substrate 1 (IRS-1) tyrosine and AKT serine phos-
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phorylation) in liver cells[3].  ER stress was also discovered to 
repress the insulin signaling pathway through activation of 
the IRE-1α and c-Jun N-terminal kinase (JNK) pathways[3, 7, 8].  
Over-expression of X-box binding protein 1 (XBP-1), another 
important ER stress signal transducer, down-regulates JNK 
activity, enhances insulin receptor signaling pathway activ-
ity and restores glucose homeostasis[3].  The attenuation of ER 
stress by chemical chaperone [eg, 4-phenyl butyric acid (PBA) 
and taurine-conjugated derivative (TUDCA)] treatment or 
oxygen-regulated protein 150 kDa (Orp150) over-expression 
has been confirmed effective in increasing insulin sensitivity 
and ameliorating diabetes in vivo[4–6].  Although targeting ER 
stress has been hinted at as a promising therapeutic strategy 
for anti-diabetic agent discovery, further investigations should 
remain in consideration of the complexity of the ER stress net-
work.

Activating transcription factor 6 (ATF6) is a 90-kDa ER-
anchoring protein with cytoplasmic and transmembrane 
domains.  The cytoplasmic domain contains a transcriptional 
activation domain (TAD) and a b-ZIP DNA binding motif[9, 10].  
Two isoforms of ATF6 have been determined to date, ATF6α 
and ATF6β.  Although the N-terminals of these two isoforms 
share conserved b-ZIP domains, ATF6α and ATF6β differ 
greatly in their transcriptional abilities.  This is because of their 
dissimilar transcriptional activation domains[11], which leads 
to different functions on target genes[12, 13].  When unfolded 
proteins accumulate in the ER by chemical stimulation or in 
physiopathological conditions[14, 15], ATF6 is released from the 
ER lumen by sequential cleavage of Site 1 (S1P) and Site 2 pro-
teases (S2P)[9].  This produces a 50-kDa fragment that moves 
to the nucleus to activate chaperone genes, such as GRP78, 
GRP94 and protein disulfide isomerase (PDI), thus ameliorat-
ing ER stress[16].

Regarding the potent involvement of ER stress in the 
pathogenesis of type 2 diabetes[17–19] and the determined func-
tion of ATF6 in the management of cell homeostasis[15, 16], we 
attempted to clarify the potential role of ATF6 in the insulin 
signaling pathway.  We discovered that both ATF6α and 
ATF6β attenuate tunicamycin stimulated IR desensitization 
through an ERK-related pathway.  It is expected that members 
of the ATF6 family could be potential therapeutic targets for 
anti-obesity and type 2 diabetes drug discovery.

Materials and methods
Materials
Restriction enzymes were purchased from New England Bio-
labs, NJ, USA.  Cell culture plastic ware was from Corning Inc, 
MA, USA.  DMEM culture medium and fetal bovine serum 
were from Invitrogen, CA, USA.  Tunicamycin, insulin, epi-
dermal growth factor, U0126, MTT [3-(4,5-dimethyl-2-yl)-2,5-
diphenyl tetrazolium bromide] and SB203580 were obtained 
from Sigma, USA. RNAiso, RT reagent Kit and SYRB Premix 
Ex Taq were purchased from TaKaRa, Japan.  Anti-ATF6α (full 
and cleavage) antibody was from Imgenex Corp, San Diego, 
USA.  Anti-IR, anti-phospho-IGF-I receptor β (Tyr1135/1136)/
insulin receptor β (Tyr1150/1151), anti-AKT, anti-phospho-

AKT (Ser473), anti-p44/42 Erk1/2, anti-phospho-p44/42 
Erk1/2 (Thr202/Tyr204), anti-SAPK/JNK, anti-phospho-
SAPK/JNK (Thr183/Tyr185), anti-p38 MAPK, anti-phospho-
p38 MAPK (Thr180/Tyr182), anti-GRP78/Bip, anti-GAPDH, 
anti-eIF2α-pSer51 and anti-IRE1α-pSer74 antibodies were 
purchased from Cell Signaling Technology, MA, USA.  Plas-
mids pcDNA3.1-hATF6α and β were kindly provided by Prof 
Kazutoshi MORI (Department of Biophysics, Graduate School 
of Science, Kyoto University, Kyoto, Japan).

Plasmid constructs
ATF6α and ATF6β genes were amplified by Pfu poly-
merase (Tiangen) from the plasmids pcDNA3.1-hATF6α and 
pcDNA3.1-hATF6β.  The genes were then ligated into Xho I/
Hind III-digested and Xho I/EcoR I-digested pEYFP-C1 vec-
tors, respectively.

Stable transfection
HEK293 cells were plated into 3.5 cm plates and transfected 
with 3 µg pEYFP-C1/pEYFP-C1-hATF6α/pEYFP-C1-hATF6β 
by using 8 µL Lipofectamine™ 2000 (Invitrogen Inc, Califor-
nia, USA).  Medium was changed after 5 h.  On the next day, 
cells were harvested and plated into 10-cm plates in the ratio 
of 1:400 and incubated in 10% DMEM/FBS.  Medium was 
refreshed every 2 d.  After 2 weeks, resistant foci of clones 
were selected, verified and maintained for further study.

Western blot analysis
Supernatants of the whole cell extracts were fractionated by 
SDS-PAGE and transferred to Hybond-c nitrocellulose mem-
brane (Amersham Bioscience, Sweden).  The membranes were 
blocked for 1 h at room temperature and then incubated over-
night at 4 °C in TBST buffer (5% milk) containing antibody.  
On the next day, the membranes were incubated for an hour 
at room temperature in TBST buffer (5% milk) containing anti-
rabbit IgG or anti-mouse IgG (Jackson-ImmunoResearch, West 
Grove, PA, USA).  Blots were visualized by incubation with 
SuperSignal West Dura chemiluminescence kit (Pierce Biotech-
nology, Rockford, USA) and exposed to light-sensitive film.  
The experiments were performed in triplicate, and bands were 
quantified using Image-Pro Plus software and statistically ana-
lyzed.  Each band was calculated as “intensity×area” using the 
Image-Pro Plus software (MediaCybernetics, Micromecanique, 
France).  SD was calculated from the three replications of the 
experiment.

RNA preparation and quantitative real-time PCR
Total RNA was extracted from transiently transfected HEK293 
cells or stable cell lines (6-well) using RNAiso (TaKaRa, 
Japan) reagent according to the kit instruction.  Complemen-
tary DNA was synthesized using an RT reagent kit (TaKaRa, 
Japan).  Real-time PCR was performed using SYBR Premix Ex 
Taq (TaKaRa, Japan) on DNA Engene OpticonTM 2 System (MJ 
Research, Waltham, MA, USA).  The PCR cycle was 95 °C for 
10 s, 58 °C for 45 s, and 72 °C for 30 s.  The primers are listed 
in Table 1.
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MTT assay
Stable cell lines were plated in 96-well culture plates (10 000 
cells/well).  After overnight culture, the cells were treated 
with tunicamycin (0, 2, 5, and 10 μg/mL) for 12 h.  MTT stock 
solution was added at a final concentration of 0.5 mg/mL.  
Cells were then cultured for another 4 h.  The resulting forma-
zan crystals were dissolved in dimethylsulfoxide (DMSO, 200 
µL) for 10 min.  Absorbance was then recorded at 490 nm on 
a microplate spectrophotometer (Bio-Rad, USA).  The effect of 
tunicamycin on cell viability was assessed as percentage of cell 
viability compared to DMSO-treated control cells, which were 
arbitrarily assigned as 100% viable.

Statistical analysis
All data are shown as mean±standard deviation (SD).  Data 
were analyzed using either a one-way ANOVA with an 
appropriate post hoc test comparison of multiple groups or 
an unpaired student’s t test for comparison of two groups as 
described in the figure legends (Graphpad Prism software).

Results
Excessive ER stress desensitized insulin receptor signaling
As reported, the ER stress inducer tunicamycin significantly 
inhibited insulin signal transduction by suppression of insulin-
induced IRS-1 and AKT phosphorylation in Fao liver cells[3].  
Here we examined the potential effects of tunicamycin on the 
insulin receptor in the HEK293 cell line.  This cell line is often 
used as a model cell line in preliminary investigations related 
to ER stress, MAPK and insulin signaling path ways[20, 21].  
Compared with the DMSO-treated group, short-term (2–4 h) 
stimulation with tunicamycin increased insulin-induced IR 
(Tyr1150/1151) phosphorylation.  Prolonged tunicamycin 
treatment (8–12 h) attenuated such insulin-induced IR activi-
ties (Figure 1A).  In addition, we also observed that the total 
amount of IR decreased after long-term tunicamycin treat-
ment.  These results indicate that short-term stimulation with 
tunicamycin could activate IR signaling, whereas excessive ER 
stress will desensitize this signaling in HEK293 cells.
 

ATF6 protected the insulin pathway from ER stress-induced 
desensitization
ATF6 optimized long-term ER stress and protected cells from 
damage through regulating a number of genes responsible for 
protein folding and degradation[22–24].  Bearing that in mind, 
we thus investigated whether members of the ATF6 family 
could protect IR activity from excessive ER stress.  For this 
assay, after transiently transfected with pcDNA3.1-ATF6α/
ATF6β, HEK293 cells were treated with tunicamycin for 
4–12 h.  The over-expression efficiency is shown in panels B 
and D of Figure 1.  As shown in panels C and E of Figure 1, 
IR phosphorylation was highly responsive to insulin stimu-
lation from 8 h in ATF6α-transfected cells and from 12 h in 
ATF6β-transfected cells.  To further confirm that ATF6α/
ATF6β protection of IR phosphorylation in response to insulin 
induction only appeared under long-term ER stress stimula-
tion, IR phosphorylation in ATF6α/ATF6β overexpressing 
cells without tunicamycin treatment were examined at 4, 8, 
and 12 h.  As shown in Figure 1F, ATF6α/ATF6β overexpres-
sion failed to alter IR phosphorylation without tunicamycin 
treatment.  Moreover, tunicamycin markedly decreased the 
total IR, while over expression of ATF6α (or ATF6β) failed to 
prohibit IR degradation (Figure 1C and 1E).  To further verify 
this result, an ATF6α (or ATF6β) stable cell line with EYFP-C1 
as a control was constructed and phosphorylation of IR was 
examined.  The over-expression efficiency is shown in Figure 
1G and 1I.  As indicated in Figure 1H and 1J, obvious increase 
of IR phosphorylation induced by insulin was shown from 8-h 
tunicamycin stimulation in the ATF6α stable cell line and from 
4-h tunicamycin supplementation in the ATF6β stable cell line.  
Compared with the transiently transfected cells, the protection 
of IR phosphorylation from degradation appeared at an earlier 
time in the ATF6 stable cell lines.  This might be caused by a 
more efficient response to tunicamycin stimulation in stable 
cell lines with persistent ATF6 expression.

Therefore, all of our results suggest that the ATF6 family 
could protect IR activity from long-term ER stress stimulation, 
while such an effect may not be associated with the regulation 
of total IR protein level.

ATF6 protection against insulin resistance did not merely link 
with its function in ER stress
ATF6 is one of the three main transducers in UPR that up-
regulate a series of genes to relieve the overload of unfolded 
protein in the ER, thus ameliorating long-term ER stress dam-
age[24–27].  Here, expression of three ATF6 target genes (GRP78, 
GRP94 and PDI) was examined in tunicamycin stimulated 
HEK293 stable cell lines.  The results in Figure 2A–2D and 
Figure S1 indicate that the stable over-expressing ATF6α (or 
ATF6β) cells respond to tunicamycin stimulation potently as 
reflected by the increased expression levels of these genes as 
early as 4 h after stimulation.  Additionally, we also examined 
whether the PERK-eIF2α and IRE1α-XBP-1 pathways could be 
modulated by ATF6 over-expression.  As shown in Figure 2A 
and 2B, the PERK-phosphorylated eIF2α phosphorylation did 
not differ in the stable cells with ATF6α or ATF6β over-expres-

Table 1.  Primer sequences of selected genes for quantitative real-time 
PCR.   

       Gene                                         Primer sequence 
 
 ATF6α sense 5′-TCAACTCAGCACGTTCCTGAGG-3′
  antisense 5′-GCACATTCACCACATGGTTAGG-3′
 ATF6β sense 5′-ATCCAGCGAGGCTCTTGGGGTAGG-3′
  antisense 5′-TGGCATTGGGACAGTGGTTAGCAC-3′
 β-actin sense 5′-GATGAGATTGGCATGGCTTT-3′
  antisense 5′-GAGAAGTGGGGTGGCTT-3′
 GRP94 sense 5’-ATGTTTCCCGCGAGACTCTTC-3′
  antisense 5′-GAGTGGTCTTCAATCACACCAA-3′
 PDI sense 5′-GACGGAGTACCCTACGCTCAA-3′
  antisense 5′-AGAAGCCAATGACCACTAGGT-3′
 ERdj4 sense 5′-GGTGTGCCAAAATCGGCATC-3′
  antisense 5′-GCACTGTGTCCAAGTGTATCATA-3′
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Figure 1.  ATF6 protects the insulin pathway from ER-stress induced desensitization.  (A) Excessive ER stress-desensitized insulin receptor signaling.  
When confluence reached 80%, HEK293 cells were refreshed with serum-free DMEM supplemented with tunicamycin (2 µg/mL) for the time indicated 
before 5-min insulin (167 nmol/L) stimulation.  (B and D) The transient over-expression efficiency of ATF6α (B)/β (D).  HEK293 cells were transiently 
transfected with pcDNA3.1 or pcDNA3.1-hATF6α/β.  After 5 h, cells were refreshed with 10% DMEM/FBS and then harvested for real-time RT-PCR 
on the next day.  (C and E) ATF6α (C)/β (E) transient over-expression protected the insulin pathway from ER stress-induced desensitization.  HEK293 
cells were transiently transfected with pcDNA3.1 or pcDNA3.1-hATF6α/β for 5 h and then refreshed with serum-free DMEM supplemented with 
tunicamycin (2 µg/mL) for the indicated time before 5-min insulin (167 nmol/L) stimulation.  The cells were harvested to analyze the phosphorylated 
and total IR.  (F) ATF6α/β’s effect on the insulin pathway without tunicamycin treatment.  HEK293 cells were transiently transfected with pcDNA3.1 or 
pcDNA3.1-hATF6α/β.  After 5 h, cells were refreshed with serum-free DMEM for 4, 8, and 12 h before 5-min insulin (167 nmol/L) stimulation.  (G and I) 
The stable over-expression efficiency of ATF6α (G)/β (I).  ATF6 over-expression stable cell lines (HEK293-EYFP-C1-ATF6α and HEK293-EYFP-C1-ATF6β) 
and control cells (HEK293-EYFP-C1) were plated into 6-well culture plates (100 000 cells/well) and then harvested for real-time PCR on the third day.  
(H and J) ATF6α (H)/β (J) stable over-expression protects the insulin pathway against ER stress-induced desensitization.  HEK293 (EYFP-C1), HEK293 
(EYFP-C1-ATF6α) and HEK293 (EYFP-C1-ATF6β) were separately treated with tunicamycin (2 µg/mL) and then stimulated for 5 min with insulin (167 
nmol/L).  The phosphorylated and total IR were analyzed.  bP<0.05; cP<0.01.
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sion.  Phosphor-IRE1α and mRNA levels of ERdj4 (one of the 
IRE1α-XBP-1 downstream genes) were up-regulated (Figure 
2A, 2B, and 2E) at 12 h.  These results are consistent with pre-
viously reported results[28].  Therefore, we propose that ATF6 
function in the insulin pathway might be associated with resis-
tance to ER stress.  Considering that the cell death induced 
by ER stress could act as an assessment to evaluate sensitivity 
to ER stress[29], we applied an MTT assay in stable ATF6α (or 
ATF6β) over-expressing cells.  The results indicate that ATF6 
over-expressing cells failed to counteract tunicamycin-induced 
cell death in HEK293 cells within 12 h (Figure 2F).  Therefore, 
all of the above-mentioned results suggest that the regulation 

of the ATF6 family on IR activity might not solely depend on 
its modulation of UPR.

ATF6 failed to attenuate tunicamycin-induced JNK pathway 
activation
As reported, the JNK pathway plays a central role in connect-
ing ER stress with type 2 diabetes.  Upon activation by ER 
stress through IRE1α[30], JNK can directly phosphorylate IRS-1 
at Ser307 leading to the reduction of insulin-induced IRS-1 
tyrosine phosphorylation and a decrease in activity of the 
insulin pathway[31, 32].  Given that ATF6 might protect the insu-
lin pathway by attenuating JNK pathway activity, the related 

Figure 2.  ATF6 regulation on IR was not solely dependent on its protective role in ER stress.  (A and B) HEK293 (EYFP-C1), HEK293 (EYFP-C1-ATF6α), 
and HEK293 (EYFP-C1-ATF6β) were cultured with tunicamycin for the indicated time before harvest.  The ATF6α-50 kDa (cleavage form of ATF6α), 
GRP78, phosphorylated eIF2α and IRE1α were then analyzed.  (C–E) HEK293 (EYFP-C1), HEK293 (EYFP-C1-ATF6α), and HEK293 (EYFP-C1-ATF6β) were 
cultured in 6-well plates and stimulated with tunicamycin (2 µg/mL) for the indicated time before harvest.  Total RNA extraction and mRNA quantification 
of GRP94 (C), PDI (D), and ERdj4 (E) were performed as described in “Materials and methods”.  (F) MTT assays were applied to HEK293 (EYFP-C1), 
HEK293 (EYFP-C1-ATF6α), and HEK293 (EYFP-C1-ATF6β) as described in “Materials and methods”.  bP<0.05, cP<0.01.
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assays were performed.  The results in Figure 3A indicate that 
stimulation with tunicamycin for 4–8 h strongly elevated JNK 
phosphorylation, while ATF6α could not reverse such eleva-
tion.  These results suggest that ATF6α might not participate 
in the regulation of JNK signaling.  

ATF6 protection on IR phosphorylation from excessive tuni-
camycin stimulation is not connected with the p38 pathway
Besides the JNK pathway, the MKK3/6-p38 and MEK1/2-
ERK pathways are also associated with several key proteins 
within the insulin receptor signaling pathway (eg, IR, IRS, and 
AKT)[33–37].  We thereby hypothesized that the ERK or p38 path-
ways might be involved in ATF6’s protection on insulin sig-
naling from excessive ER stress stimulation.  To evaluate this 
hypothesis, basal and insulin-stimulated p38 phosphorylation 
were tested in control or ATF6α transfected HEK293 cells with 
4–12 h incubation with tunicamycin.  An obvious increase in 

p38 phosphorylation was observed in ATF6α-transfected cells 
treated with tunicamycin.  There were no apparent differences 
in p38 activity found between control and ATF6α transfected 
cells with insulin stimulation (Figures 3B and 3C).  In addition, 
SB203580 (specific p38 inhibitor) did not alter the phospho-
rylation of IR with long-term tunicamycin treatment -(Figure 
3D).  These results indicate that the p38 signaling pathway 
might not contribute to the protective effects of ATF6.    Similar 
results were also obtained by over-expressing ATF6β (data not 
shown).

ATF6 regulation against insulin receptor signaling is associated 
with the ERK pathway
To further explore the potential signaling pathway for ATF6 
regulation of the insulin receptor, basal and insulin-stimulated 
ERK phosphorylation were tested in control or ATF6α trans-
fected HEK293 cells incubated with tunicamycin for 0–24 h.  

Figure 3.  ATF6 protection was 
not involved in the JNK and 
p38 signaling pathways.  (A) 
HEK293 cells were transiently 
transfected with pcDNA3.1/
p c D N A 3 .1 - h AT F 6 α .  A f te r 
tunicamycin (2 µg/mL) treat-
ment for the indicated time, 
the to ta l /phosphor y la ted 
JNK was analyzed.  (B and C) 
HEK293 cells were transiently 
transfected with pcDNA3.1/
pcDNA3.1-hATF6α.  After tuni-
camycin (2 µg/mL) treatment 
with (C) or without (B) insulin 
(167 nmol/L) stimu lation for 5 
min, the phos phorylated and 
total p38 were analyzed.  (D) 
Af ter transfection, HEK293 
cells were treated with tuni-
camycin (2 µg/mL) together 
with SB203580 (5 µmol/L) for 
the indicated time and insulin 
(167 nmol/L) for 5 min.  Then, 
the phosphorylated IR was 
analyzed.  cP<0.01.
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The results indicate that insulin-stimulated ERK phosphory-
lation was significantly attenuated in cells exposed to tuni-
camycin at 12 h (Figure 4A), while its sensitivity in ATF6α-
overexpressing cells maintained stability except with 24 h 
tunicamycin incubation (Figure 4B).  Furthermore, the basal 
level of ERK phosphorylation was largely inhibited in ATF6α-
overexpressing cells as compared with control cells (Figure 
4C), whereas ATF6α was able to enhance the level of insulin-
induced ERK phosphorylation (Figure 4D) with tunicamycin 
treatment.  Therefore, our findings demonstrate that ATF6 
modulates ERK activity induced by tunicamycin stimulation.  
To further confirm the role of ERK in ATF6 effects on IR, the 
IR activity was then evaluated in control and ATF6α transient 
transfected cells with or without U0126 (specific ERK inhibi-
tor) treatment.  As shown in Figure 5A, IR phosphorylation 
was greatly dampened by long-term tunicamycin incubation 
in control but not in ATF6α transient transfected cells.  As 
expected, U0126 treatment almost completely inhibited ERK 
activity and restored the insulin-stimulated IR phosphoryla-
tion in control cells.  On the contrary, epidermal growth factor 
(EGF, ERK activator) treatment together with tunicamycin 
stimulation largely decreased the protective effects of ATF6α 
on IR (Figure 5B).  However, the results shown in Figure 5C 

are without tunicamycin treatment and suggest that the above 
ERK-associated hypothesis was tenable under the instance of 
tunicamycin stimulation.  Similar results were also obtained 
by over-expressing ATF6β (data not shown).  Accordingly, our 
results imply that ATF6 protects IR activity through attenua-
tion of basal ERK activity (at 4–12 h) that is subject to excessive 
ER stress stimulation.

Discussion
In recent years, accumulating evidence has demonstrated 
that the ER may serve as an “interpreter” by sensing a num-
ber of exogenous or endogenous stimuli such as inflamma-
tory cytokines[38, 39], abnormal energy fluxes[15] and oxidative 
stimuli[40].  The ER is a complicated and systemic network, and 
excessive ER stress may result in insulin resistance[3, 41, 42] and 
islet β-cell dysfunction[43].  Currently, increasing chaperones 
has been reported to help improve insulin resistance[6].  Here 
we focused on ATF6 for its potent service as a critical signal 
transducer in the ER stress system.  ATF6 is responsible for 
up-regulating main chaperone systems[27] and plays a pivotal 
role in XBP-1 generation[44], which is essential to normal insu-
lin signaling pathway functioning and glucose homeostasis[3].  
In addition, the genetic report has even identified ATF6 as a 

Figure 4.  ATF6 could modulate ERK activity induced by tunicamycin simulation.  (A and B) HEK293 cells were transiently transfected with pcDNA3.1 
(A)/pcDNA3.1-hATF6α (B).  After tunicamycin (2 µg/mL) treatment with or without insulin (167 nmol/L) stimulation for 5 min, phosphorylated and total 
ERK were analyzed.  (C and D) After transfection, tunicamycin (2 µg/mL) treated HEK293 cells were stimulated with (D) or without (C) insulin (167 
nmol/L).  Then, phosphorylated and total ERK were analyzed.  bP<0.05, cP<0.01 compared with control groups (0 h) with or without insulin stimulation, 
respectively.  
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susceptibility gene of type 2 diabetes in Pima Indians[45].
As previously published[43, 46], short-term (from 0 to 4 h) 

ER stress stimulation could increase AKT activity, while 
long-term (from 8 to 12 h) stimulation could suppress AKT 
activity.  This reflects the dual character of ER stress: the 
adaptive/moderate level stress (featured by increased chap-
erone proteins and decreased misfolded proteins) and the 
destructive/excessive level stress (featured by activating JNK, 
apoptosis signal-regulating kinase (ASK))[2, 3, 30, 47].  We found 
that tyrosine-phosphorylated IR was first elevated and then 
decreased when stimulated with tunicamycin, while total IR 
decreased after tunicamycin incubation (Figure 1A) based 
on the results of p-IR/GAPDH ratio quantification instead of 
the p-IR/t-IR ratio because t-IR was too weak to quantify in 
12 h.  IR is an important upstream regulator of AKT and its 
change may partly account for the variation of AKT activity.  
We discovered that the ATF6 family could protect IR activity 
from tunicamycin stimulation.  To further investigate whether 
ATF6 protection on IR could affect its downstream molecules, 
phosphorylation of AKT was examined.  As shown in Figure 
S2, ATF6 also protects AKT from phosphorylation degrada-
tion induced by tunicamycin.  

The contribution of ER stress transducer and related genes 
were evaluated in HEK293 cell lines to investigate the mecha-

nism of ATF6 protection on the insulin pathway.  Although 
the phosphorylation of IRE1α and cleavage of ATF6 could be 
modulated in ATF6 over-expressing cells, we failed to find 
any differences between ATF6 over-expression and control 
cells in the MTT assay.  These results suggest that ATF6 over-
expression does not improve cell sensitivity to ER stress and 
regulation of the ATF6 family on IR activity might not be 
dependent on its protective roles in ER stress.  Recently, more 
new target genes of the ATF6 family have been discovered, 
including ER-stress related genes (eg, GRP78, GRP94, PDI, 
XBP-1[21]) and others [eg, Sterol regulatory element binding 
protein 2 (SREBP2)[48]].  It is reported that 250 genes could be 
up-regulated by tunicamycin treatment and at least 45 were 
ATF6α-dependent, although most of these genes have not yet 
been fully investigated[23].  

The MAPK signaling pathways MKK4/7-SAPK/JNK, 
MKK3/6-p38, and MEK1/2-ERK have been reported to 
play key roles in insulin resistance induced by excessive ER 
stress[33–38].  Therefore, the phosphorylation of JNK, p38 and 
ERK were examined in ATF6 over-expressing cells.  Our 
results indicate that the MEK1/2-ERK pathway is associated 
with the ATF6 protection mechanism.  Before our investiga-
tion, several studies reported that MEK exerted negative 
effects on the insulin signaling pathway via down-regulation 

Figure 5.  ATF6 regulation of IR signaling pathway activity is associated with ERK pathway.  (A and B) After transfection, HEK293 cells were treated with 
tunicamycin (2 µg/mL) together with U0126 (10 µmol/L) (A) or EGF (200 ng/mL) (B) for the indicated time and insulin for 5 min (167 nmol/L).  Then, 
the phosphorylated IR was analyzed.  (C) HEK293 cells were transiently transfected with pcDNA3.1/pcDNA3.1-hATF6α.  After 5 h, cells were refreshed 
and incubated with U0126 (10 µmol/L) or EGF (200 ng/mL) in serum-free DMEM for 4, 8, and 12 h without tunicamycin stimulation before 5-min 
insulin (167 nmol/L) stimulation.  cP<0.01.



1146

www.nature.com/aps
Tang X et al

Acta Pharmacologica Sinica

npg

of the expression of IR/IRS, decreasing tyrosine phosphoryla-
tion of IR/IRS, increasing serine phosphorylation of IRS and 
inhibiting the subsequent activations of PI3K and AKT[33–35].  
Several diabetes-inducing agents have also been demonstrated 
as causing insulin resistance in a MEK-dependent manner[35, 20].  
ER stress was also reported to induce activation of ERK[46], and 
ATF6 was shown to counteract the effects of ER stress[23, 24].  
Based on this prior evidence and our results (Figures 4 and 5), 
it could be concluded that excessive ER stress could increase 
the basal, but decrease the insulin-induced, activity of ERK.  
We thus propose the potential effects of ATF6 to be as fol-
lows.  Long-time ER stress stimulation could induce a constant 
“basal” activation of the ERK pathway, which might have a 
negative feedback causing the desensitization of IR activity.  
ATF6 could counteract this negative process through down-
regulation of the basal ERK activity and up-regulation of insu-
lin-induced ERK activity until 12 h, leading to the restoration 
of insulin signaling pathway activity.  Although our results 
also showed that ATF6 could enhance p38 activity, it seems 
that p38 is not involved in ATF6 modulation of IR phosphory-
lation (Figure 3).  This is consistent with the finding that p38 
stimulates insulin-induced glucose uptake through GLUT4 
activation instead of IR/IRS/AKT-dependent transporter 
translocation[36, 37].

As reported, ATF6 family members exhibit different influ-
ences on GRP78 transcription with a hypothetical mechanism 
that ATF6α, as a strong but labile transcription factor, and 
ATF6β, as a weak but stable transcription factor, work collab-
oratively to address different ER stress signals[11, 12].  However, 
we found that ATF6α and ATF6β demonstrated almost the 
same effects on IR activity.  Thus, we hypothesized that no 
matter what characteristics they possess, these two isotypes 
might have similar influences on ER quality and cellular phys-
iology in the process of adaptation to long-time stress since 
chronic stimulation would fully induce their activities.

Contrary to the opinion that the ATF6 family contributes 
to alleviating cellular stress[9, 16, 24], the studies by Seo et al sug-
gest that ATF6 plays an important role in the development of 
β-cell dysfunction[49].  Although ATF6 was shown to suppress 
insulin gene expression in INS-1 cells, this process might be 
a feedback to prevent hyperinsulinmia in vivo.  In addition, 
this report also indicated that ATF6 expression was increased 
in the pancreatic islets of diabetic rats compared with non-
diabetic counterparts.  However, this study did not confirm 
that the increase in ATF6 expression might cause or aggregate 
diabetes.  Based on our current work, we suggest that ATF6 
family members could be up-regulated in response to cellular 
stress to counteract the diabetic stress.

Recently, more studies have suggested that the signaling 
pathway involved in ER stress could be used as a potential 
target for anti-type 2 diabetes drug design[4–6, 38, 39].  Here we 
discovered that ATF6 family members protect the insulin 
receptor pathway from long-term tunicamycin treatment (4–12 
h) that mimics the effects of chronic ER stress, implying that 
ATF6 could be a potential target for increasing insulin sensi-
tivity.  However, further investigations need to be carried out 

to clarify the underlying mechanism by which ATF6 regulates 
ERK activity and other diabetes-related pathways.
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Introduction
Cannabinoid CB1 receptors are widely expressed in both the 
central and peripheral nervous systems, and they display 
numerous physiological effects such as behavioral, neuro-
protective, immunosuppressive, and metabolic functions[1–3].  
In the past decade, the metabolic homeostasis regulated by 
the cannabinoid CB1 receptor has been the focus of intensive 
studies.  Striking advances were made in developing high 
affinity selective cannabinoid CB1 receptor antagonists and/
or inverse agonists as therapeutic agents for obesity, diabetes 

and metabolic syndrome.  Some selective antagonists of the 
cannabinoid CB1 receptor have been developed and reached 
various stages of clinical trials.  These new chemical entities 
also provided useful tools for understanding the sophisticated 
physiological mechanism of this receptor[4–6].  Among them, 
the most representative selective antagonist/inverse agonist 
of the cannabinoid CB1 receptor is rimonabant (SR141716A).  It 
was developed by Sanofi-Aventis and approved for treatment 
of obesity in Europe in June of 2006.  Unfortunately, psychiat-
ric side effects delayed its approval in the United States, which 
also led to subsequent market withdrawal of the drug in the 
European Union in late 2008.  Hence, to circumvent the prob-
lems that have beset the current agents, some strategies such 
as developing non-brain penetrating and peripheral restrictive 
CB1 receptor antagonists or focusing on allosteric modulation 
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Aim: To characterize the biological profiles of MJ08, a novel selective CB1 receptor antagonist.
Methods: Radioligand binding assays were performed using rat brain and spleen membrane preparations.  CB1 and CB2 receptor 
redistribution and intracellular Ca2+ ([Ca2+]i) assays were performed with IN CELL Analyzer.  Inverse agonism was studied using intracel-
lular cAMP assays, and in guinea-pig ileum and mouse vas deferens smooth muscle preparations.  In vivo pharmacologic profile was 
assessed in diet-induced obesity (DIO) mice.
Results: In radioligand binding assay, MJ08 selectively antagonized CB1 receptor (IC50=99.9 nmol/L).  In EGFP-CB1_U2OS cells, its IC50 
value against CB1 receptor activation was 30.23 nmol/L (SR141716A: 32.16 nmol/L).  WIN 55,212-2 (1 μmol/L) increased [Ca2+]i in 
the primary cultured hippocampal neuronal cells and decreased cAMP accumulation in CHO-hCB1 cells.  MJ08 (10 nmol/L–10 μmol/L) 
blocked both the WIN 55,212-2-induced effects.  Furthermore, MJ08 reversed the inhibition of electrically evoked twitches of mouse 
vas deferens by WIN 55,212-2 (pA2=10.29±1.05).  MJ08 and SR141716A both showed an inverse agonism activity by markedly pro-
moting the contraction force and frequency of guinea pig ileum muscle.  MJ08 significantly increased the cAMP level in CHO-hCB1 cells 
with an EC50 value of 78.6 nmol/L, which was lower than the EC50 value for SR141716A (159.2 nmol/L).  Besides the more potent 
pharmacological effects of cannabinoid CB1 receptor antagonism in DIO mice, such as reducing food intake, decreasing body weight, 
and ameliorating dyslipidemia, MJ08 (10 mg/kg) unexpectedly raised the fasted blood glucose in vivo.
Conclusion: MJ08 is a novel, potent and selective CB1 receptor antagonist/inverse agonist with potent bioactive responses in vitro and 
in vivo that may be useful for disclosure the versatile nature of CB1 receptors.  
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of CB1 receptors are being used at present[7, 8].
Previously reported cannabinoid CB1 receptor selective 

antagonists exhibited mainly two types of behavior[9, 10].  One 
type, expressed by SR141716A and Imidazole 24b, has effects 
in the opposite direction to those produced by the cannabinoid 
receptor agonists, ie, they are cannabinoid CB1 receptor inverse 
agonists[11, 12].  The other type is expressed by the cannabinoid 
CB1 receptor neutral antagonist, such as AM4113, with no 
intrinsic activity[13].  It was presumed that the inverse agonist 
and neutral antagonist may involve different signal transduc-
tion mechanisms.  However, aside from their structural dif-
ferences, the related pharmacological and toxicological effects 
produced by the different types of cannabinoid CB1 receptor 
antagonists are still not completely known.  

Novel drug candidates acting against cannabinoid CB1 
receptors, such as MJ08 and MJ15, were discovered in our lab-
oratory through a series of in-vitro, ex-vivo, and in-vivo biologi-
cal screenings and evaluations.  Both compounds behaved as 
highly potent selective cannabinoid CB1 receptor antagonists.  
Although they have similar molecular formulas, the substitu-
tion with piperidin-1-yl at the N atom of the pyrazol 3 site 
(N-pyridin-3-methyl for MJ15) characterizes MJ08 (patent No 
CN101062919A) with different receptor-binding characteristics 
and bioactivities[14].  MJ08 exhibits an inverse agonism activ-
ity even stronger than that of SR141716A in functional assays; 
however, it has a relatively lower affinity than SR141716A in 
radioligand competitive binding analysis.  In addition to its 
significant weight loss effect, MJ08 increases fasting blood 
glucose in diet-induced obesity (DIO) mice.  The in vitro and 
in vivo pharmacological profiles of MJ08 were described in this 
paper.  

Materials and methods
Drugs and Chemicals 
Forskolin, CP55, 940 (CB1/CB2 agonist), WIN 55,212-2 (CB1/
CB2 agonist), and Fluo-3 were purchased from Sigma.  [3H]-
SR141716A and [3H]-WIN 55,212-2 were purchased from 
Amersham.  SR141716A and MJ08 were synthesized and 
prepared by the New Drug Design Center of Beijing Insti-
tute of Pharmacology and Toxicology.  The purity and 
structure of these two compounds were confirmed by high-
performance liquid chromatography, mass spectrometry and 
1H-nuclear magnetic resonance (NMR).  The structure of MJ08 
{[5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-
pyrazol-3-yl](piperidin-1-yl)methanone} is shown in Figure 1.  

Membrane preparations and radioligand competitive binding 
analysis
The cannabinoid CB1 and CB2 receptor membranes were pre-
pared from rat brain and spleen, respectively, as reported in 
our previous paper, and stored at -80 °C until use[14].  Competi-
tive binding analysis was conducted by incubating 50 μg of 
membrane and competing ligand (2.4 nmol/L [3H]-SR141716A 
for CB1 and 6.4 nmol/L [3H]-WIN 55,212-2 for CB2) in Tris-HCl 
(50 mmol/L, pH 7.4) at 30 °C for 1 h.  Competitive binding 
inhibition curves were generated with different concentra-

tions of SR141716A or MJ08.  The radioactivity bound to the 
filters was counted with 1 mL of Biofluor liquid scintillant 
(New England Nuclear Corp, UK) in a LS6500 counter.  Non-
specific binding was determined in the presence of 25 μmol/L 
non-radioactive SR141716A for CB1 and CP55 940 for the CB2 

receptor.  The affinity of MJ08 to the CB1 or CB2 receptor was 
expressed as a Ki value or an inhibition of the specific binding 
of radioactive [3H]-SR141716A to the CB1 receptor or [3H]-WIN 
55,212-2 to the CB2 receptor.  Each competitive binding inhi-
bition curve was generated from the data pooled from three 
independent experiments conducted in duplicate.

Assay of cannabinoid receptor antagonism at the cellular level 
Thermo scientific CB1 and CB2 redistribution assays (Themo 
Fisher Bioimage ApS, Soeborg, Denmark) were used to ana-
lyze the antagonistic effects and the selectivity of MJ08 with 
SR141716A as the reference compound.  The assay was per-
formed as previously reported[14].  The cannabinoid CB1 and 
CB2 antagonist redistribution assay formats were specially 
designed cell models to screen agonists or antagonists of CB1 

and CB2 receptors, respectively.  The assay was validated with 
an average Z′=0.55±0.21 (CB1) and Z′=0.34±0.1 (CB2) and was 
suitable for both high content screening and profiling applica-
tions (Thermo scientific cannabinoid CB1 and CB2 redistribu-
tion assay specifications).

Before each experiment, the culture medium was changed 
to assay buffer [F12 culture medium containing 1 µmol/L 
Hoechst 33342 (Invitrogen, Oregon, USA)] and incubated at 
37 °C for 20 min before different concentrations (10 nmol/L, 
100 nmol/L, 1 µmol/L, and 10 µmol/L) of SR141716A or MJ08 
combined with 1 µmol/L WIN 55,212-2 [the maximally active 
concentration on the EGFP-CB_U2OS cells (EGFP, enhanced 
green fluorescent protein)] was added.  After further incuba-
tion at 37 °C for 2 h, the cells were imaged on the IN Cell Ana-
lyzer 1000 (20×objective), and the pictures were analyzed with 
the Granularity Analysis Module of IN Cell.  DMSO (0.1%) 
was used as the vehicle control.  The inhibition ratio of a test 
compound was expressed as percent inhibition of the internal-
ization induced by the reference agonist WIN 55,212-2.  The 
corresponding IC50 values were calculated from the inhibition 
ratios.  The results were obtained from three independent 
experiments performed in triplicate.

Figure 1.  Structure of MJ08 [5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazol-3-yl](piperidin-1-yl)methanone.
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Hippocampal neurons and Fluo-3/AM Ca2+ imaging
Intracellular Ca2+ assays were conducted in hippocampal neu-
rons as previously described[14].  After being washed with HBS 
solution (130 mmol/L NaCl, 5.4 mmol/L KCl, 1.8 mmol/L 
CaCl2, 1 mmol/L MgCl2, 10 mmol/L HEPEs, and 25 mmol/L 
D-glucose, pH 7.4), the cells were incubated for 60 min with 
10 μmol/L fluorescent Ca2+ indicator, fluoro-3 acetoxymethyl 
ester (Fluo-3/AM), and then pluronic acid F-127 (Cambridge 
Bioscience, Cambridge, UK) was added.  Subsequently, the 
cells were washed again three times with HBS and challenged 
with 0.1% DMSO (vehicle control), or SR141716A or MJ08 at 
different concentrations (10 nmol/L, 100 nmol/L, 1 µmol/L, 
or 10 µmol/L).  An application of 1 μmol/L WIN 55,212-2 was 
administered 1 min later.  Fluorescence was monitored and 
imaged with the IN Cell Analyzer 1000 (GE Healthcare, NJ, 
USA) at 3 s intervals, and then analyzed with the Object Inten-
sity Analysis Module of IN Cell.  Background levels of fluo-
rescence were subtracted at the beginning of the experiments.  
The time courses of [Ca2+]i change were plotted by recording 
the relative fluorescence intensity per cell vs  time.

Intracellular cAMP assays
Stable Chinese hamster ovary (CHO) cells expressing the 
human cannabinoid CB1 and CB2 (CHO-hCB1 and CHO-
hCB2, respectively) receptors were established in our previous 
work[14].  Functional antagonism of the cannabinoid CB1 recep-
tor agonist response was measured by incubating the recom-
binant cannabinoid CHO cells with various concentrations 
of test ligands and 200 μmol/L 3-isobutyl-1-methylxanthine 
(IBMX, phosphodiesterase inhibitor) in the assay buffer at 
room temperature for 30 min.  The intrinsic inverse agonism 
was tested in the presence of 1 μmol/L forskolin in CHO- 
hCB1 and CHO-hCB2 cells as above.  Intracellular cAMP was 
assayed with the LANCE cAMP 384 kit (AD0262, PerkinEl-
mer, CA, USA) according to the manufacturer’s specifica-
tions.  Briefly, cells were harvested with versene, washed with 
Hank’s Balanced Salt Solutions (HBSS) and re-suspended in 
stimulation buffer at a concentration of 1.7×106/mL.  Six μL 
of the cell suspension (containing the Alexa-labeled antibod-
ies) were added into one well of white OptiPlate-384, and then 
6 μL of different compound dilutions was added.  After incu-
bation for 30 min at room temperature, 12 μL of detection mix 
was added and further incubated for 60 min.  The fluorescence 
was read on EnVision Multilabel Plate Readers (PerkinElmer, 
CA, USA) with 475 nm excitation and 665 nm emission.  The 
amounts of cAMP produced in the stimulated cells were deter-
mined according to the cAMP standard curves.  In the inverse 
agonism assay, 10 μmol/L MJ08-enhanced, forskolin-stimu-
lated cAMP production was used to define 100% efficacy, and 
the correspondent IC50 values were calculated from the curve.

Tissue preparations and contraction studies
Male Kun-ming mice (25–30 g) and guinea-pigs (350–400 g) 
from Laboratory Animal Center of Pharmaceutical University 
of Shenyang, China, were humanely killed by decapitation fol-
lowing CO2 asphyxiation.  The vas deferens and ileum were 

excised according to the method in the literature[15–17] and 
placed in Krebs’ physiological salt solution [pH 7.4, composi-
tion (mmol/L): NaCl 119, KCl 4.69, KH2PO4 1.18, glucose 11, 
NaHCO3 25, CaCl2 2.5, EDTA 0.026], gassed with 95% O2/5% 
CO2 and maintained at 37 °C.  Each vas deferens or ileum was 
mounted in a 30-mL organ bath and connected to an isometric 
transducer (RM6240CD, Chengdu, China).  The vas deferens 
was subsequently equilibrated for 30 min and stimulated with 
trains of 10 pulses of 40 V for 0.5-ms duration at intervals of 50 
ms.  Contraction data were registered on a polygraph recorder 
before and after incubation with 10-7 mol/L SR14716A, 
10-7 mol/L MJ08 or the vehicle (0.1% DMSO) for 30 min.  The 
cannabinoid agonist WIN 55,212-2 was then added at 30-min 
intervals to construct an inhibitory cumulative concentration-
response curve.  The inhibition rate of the tested compounds 
was calculated with the following equation: (An–A0)/A0×100%, 
where A0 and An denote the twitch amplitude of the tested 
compounds before and after the administration of different 
concentrations of WIN 55,212-2, respectively.  The pA2 val-
ues were determined using the method of Arunlakshan and 
Schild, ie, pA2=log (E′/E–1)–logB, where E′ is the ED50 of the 
agonist under the presence of the antagonist, E is the ED50 of 
the agonist in the absence of the antagonist and B is the con-
centration of the antagonist.

Meanwhile, the specific effects of the test compounds on the 
contraction of the vas deferens smooth muscle and guinea-
pig ileum were also observed.  After equilibration for 30 min, 
the vas deferens was stimulated as described above, and a 
recording of the contraction amplitude was begun before 
administration of SR141716A or MJ08 for 30 min at ten-fold 
increments using 30-min intervals to construct a cumulative 
concentration-response curve.  For the ileum, contraction 
data were recorded for 2 min before and after treatments, and 
cumulative concentration-response curves were generated.

Animals and treatment 
Animals were obtained from Laboratory Animal Center of 
Beijing Institute of Pharmacology and Toxicology, unless oth-
erwise stated.  All animal experiments were performed strictly 
in accordance with the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health and were 
approved by the Institutional Animal Care and Use Commit-
tee of the Beijing Institute of Pharmacology and Toxicology.  
Male Wistar rats (220–240 g) and their neonates (1 d) were 
used for radioligand competitive binding studies and primary 
cultures of hippocampus cells, respectively.

Male C57BL/6J mice (6 weeks old), maintained under con-
trolled illumination (12/12-h light/dark cycle) and tempera-
ture (22±1 °C), were fed a high-fat diet (45% fat, 18% protein, 
37% carbohydrate) for 16 weeks to obtain a DIO mouse model.  
Age-matched lean mice were used as normal controls.  The 
DIO mice were randomly divided into three groups based on 
their initial body weights.  SR141716A (10 mg·kg-1·d-1), MJ08 
(10 mg·kg-1·d-1) or the vehicle (1% DMSO) were administered 
by gavage once daily for 40 d.  Individual body weight and 
cage food consumption were measured every day.  At the end 
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of the experimental period, the mice were fasted overnight, 
and blood samples were collected for the assessment of serum 
glucose, triglycerides (TG) and total cholesterol (TC) levels as 
previously described[18].  

Statistical analysis
All results are expressed as the mean±SD.  For multiple com-
parisons, the statistical analysis was performed using one-way 
ANOVA followed by Tukey’s multiple comparison tests with 
SPSS 11.5.  P<0.05 was considered to be statistically significant.  

Results
Selective interaction of MJ08 with the cannabinoid CB1 receptor 
at the molecular level 
Figure 2 showed that [3H]-SR141716A can specifically bind to 
the cannabinoid CB1 receptor of rat brain membranes, and such 
interaction can be replaced by unlabeled SR141716A or MJ08 
in a concentration-dependent manner.  However, it is noted 
that the competitive binding inhibition curves of SR141716A 
or MJ08 are different in slope and shape.  SR141716A exhibited 
a sharply competitive effect from 10-11 to 10-9 mol/L; neverthe-
less, MJ08 gradually inhibited [3H]-SR141716A binding from 

10-14 to 10-4 mol/L.  The concentration-response curves gave 
Ki and IC50 values of 25.4 and 99.9 nmol/L, respectively, for 
MJ08, and 22.9 and 99.3 pmol/L, respectively, for SR141716A.  
In contrast, both SR141716A and MJ08 showed very low affin-
ity to the CB2 receptor expressed in rat spleen preparations; 
even at a higher concentration (about 34% inhibition at 10 
μmol/L for both compounds, n=6), they could not compete 
with the binding of [3H]-WIN 55,212-2 to the CB2 receptor.  
However, the cannabinoid CB1/CB2 receptor agonist CP55,940 
could antagonize this effect under the same conditions, with 
more than 90% inhibition to the CB2 receptor at 100 nmol/L 
(data not shown).  These results indicate that MJ08 is a selec-
tive cannabinoid CB1 (not CB2) ligand but that it has relatively 
lower affinity than SR141716A at an in vitro molecular level.  

MJ08 antagonized the activation of the cannabinoid CB1 receptor 
at the cellular level
As a Gi/s-coupled G-protein-coupled receptor (GPCR), the 
cannabinoid receptor is rapidly internalized following ago-
nist binding and receptor activation[19].  Recombinant U2OS 
cells stably express human cannabinoid CB1 or CB2 receptors 
fused to the N-terminus of EGFP.  The cannabinoid CB1 or 
CB2 receptor internalization assay is available for the screen-
ing of agonists or antagonists of the cannabinoid CB1 and CB2 
receptors..  Figure 3A shows that 1 μmol/L CB1/CB2 receptor 
agonist WIN 55,212-2 markedly induced the internalization of 
the membrane-localized CB1-EGFP fusion protein to the endo-
somes; the agonistic potency was 2.59 times that of the vehicle 
control.  However, when co-administered with MJ08, it dose-
dependently antagonized the internalization of the CB1-EGFP 
fusion protein, and the IC50 calculated from the concentration-
response curve was 30.23±6.41 nmol/L, which was compa-
rable to the value of SR141716A (32.16±6.72 nmol/L) in the 
same experiment (Figure 3B).  However, both SR141716A and 
MJ08 exhibited weak antagonism towards the cannabinoid 
CB2 receptor activation and internalization induced by WIN 
55,212-2 in EGFP-CB2_U2OS cells, with only approximately 
25% to 35% inhibition by 10 μmol/L of MJ08 or SR141716A 
(data not shown).  Therefore, MJ08 is macroscopically dem-
onstrated to be equally potent and selective as a CB1 receptor 
antagonist as SR141716A in the cellular assay.

MJ08 antagonized the elevation and oscillation of [Ca2+]i induced 
by the cannabinoid CB1 receptor agonist
[Ca2+]i was measured in hippocampal neurons using the fluo-
rescent dye Fluo3/AM as an indicator.  It had been shown that 
cannabinoid CB1, rather than the CB2 receptor, is predomi-
nantly expressed in hippocampal tissue, and cannabinoid 
CB1 receptor activation increases [Ca2+]i

[20].  In cultured rat 
hippocampal cells, 1 μmol/L CB1/CB2 receptor agonist WIN 
55,212-2 significantly increased [Ca2+]i (Figure 4); the [Ca2+]i 
signal showed an initial rise, slow decay, and sustained ele-
vated phase with oscillations.  SR141716A and MJ08 both (10 
nmol/L to 10 μmol/L) blocked the activation of the cannabi-
noid CB1 receptor by WIN 55,212-2 and the following induced 
elevation and oscillations of intracellular Ca2+ (Figure 4B).  

Figure 2.  The competitive inhibition of [3H]-SR141716A binding to the 
CB1 receptor by MJ08 and SR141716A.  The specific binding rate of 2.4 
nmol/L [3H]-SR141716A was defined as 1; other values of [3H]-SR141716A 
binding under different concentrations of SR141716A or MJ08 were 
relative to that.  Values are the mean±SD.
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This result indicates that MJ08 may antagonize the second 
messenger molecules of cannabinoid CB1 receptor activation.

Antagonism on intracellular cAMP and inverse agonism of MJ08
The effect of MJ08 on the agonist-mediated decrease of cAMP 
level in CHO cells expressing human cannabinoid CB1 recep-
tor was examined.  Like SR141716A, MJ08 (0.1 and 1 μmol/L) 
also significantly and dose-dependently reversed the WIN 
55,212-2-induced inhibition of forskolin-stimulated cAMP 
accumulation, and intracellular cAMP contents at higher doses 
even exceeded that induced by forskolin alone; this suggests 
that MJ08 may also possess the inverse agonism property (Fig-
ure 5A).  Neutral antagonists and inverse agonists can be well 
differentiated by the intracellular cAMP assay when the ago-
nist is absent.  Therefore, to further verify its functional inverse 
agonism, MJ08 was tested by the cAMP assays in both CHO-
hCB1 and CHO-hCB2 cells.  Figure 5B showed that 1 nmol/L 
of MJ08 can further increase cAMP levels in CHO-hCB1 cells in 
the presence of 1 μmol/L forskolin, and the four-fold increase 
of the Emax (maximal effect) was obtained at 10 μmol/L with 
the EC50 of 78.6 nmol/L.  However, an antagonizing effect of 
SR141716A was observed at 1 nmol/L under the same con-
ditions.  Inverse agonism was displayed above 10 nmol/L, 
and the Emax value was significantly lower than that of MJ08 
(P<0.05), which corresponds to that of MJ08 at 1 μmol/L.  The 
EC50 in this assay was 159.2 nmol/L, about two-fold that of 
MJ08.  However, MJ08 and SR141716A did not influence intra-
cellular cAMP in CHO-hCB2 cells, even at 10 μmol/L.  These 
data indicate that MJ08 possesses more potent intrinsic inverse 

agonistic activity to CB1 receptors than SR141716A in the 
absence of the receptor agonist.  

The effects of MJ08 on the contraction of guinea pig ileum and 
mouse vas deferens smooth muscle 
At concentrations of 10-6 and 10-5 mol/L, SR141716A mark-
edly increased the contraction intensity of guinea pig ileum 
smooth muscle, but its potency tended to decrease in a time-
dependent manner (Figure 6A).  The contraction frequency 
was only significantly increased at 10-5 mol/L at 60 and 120 s 
after the administration (Figure 6C).  MJ08 demonstrated a 
similar promotion effect.  It remarkably increased the contrac-
tion force and frequency.  However, a more significant effect 
was observed on frequency, which was strikingly enhanced by 
MJ08 and without attenuation over time, even at 10-9 mol/L at 
60 s (Figure 6B, 6D).

The electrically-stimulated vas deferens bioassay was 
reported to be a preferable approach for the determination 
of the antagonist potency[17].  Without pretreatment with the 
antagonist, the cannabinoid CB1/CB2 receptor agonist WIN 
55,212-2 elicited a concentration-dependent inhibition of the 
twitches of mouse vas deferens (IC50=0.44 nmol/L), and a 
nearly completed inhibition appeared at 10-6 mol/L (Figure 7A 
and B).  At 10-7 mol/L, both SR141716A and MJ08 significantly 
antagonized the inhibitory effect of WIN 55,212-2 (P<0.01 for 
both) and induced dextral displacements of the agonist’s dose-
responsive curve with IC50 values of 0.206 and 3.31 μmol/L, 
respectively (Figure 7A).  The competitive interaction between 
the antagonist and agonist signified that SR141716A and 

Figure 3.  Representative images of EGFP-CB1_U2OS cells treated with the 
vehicle or different compounds (A) and the concentration-response curve 
of MJ08 and SR141716A (B).  Arrows indicate WIN 55,212-2-induced CB1 
receptor internalization detected by the IN Cell Analyzer.  The results were 
obtained from three independent experiments performed in triplicate: WIN, 
WIN 55,212-2 1 µmol/L; WIN+SR, WIN 55,212-2 1 µmol/L+SR141716A 
100 nmol/L; WIN+MJ, WIN 55,212-2 1 µmol/L+MJ08 100 nmol/L.
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Figure 5.  Effect of MJ08 on 1 μmol/L WIN 55,212-2 induced inhibition of cAMP accumulation stimulated by 0.1 μmol/L forskolin (A) and inverse 
agonism property of MJ08 in CHO-hCB1 cells (B).  The data were derived from a cell-based assay measuring the intracellular cAMP level with the LANCE 
cAMP kits.  Fos (F), forskolin; WIN (W), WIN 55,212-2; values are the mean±SD.  cP<0.01 versus vehicle; fP<0.01 versus forskolin; hP<0.05, iP<0.01 ver-
sus F+W.

Figure 4.  Intracellular free 
Ca2+ [Ca2+] i measured by 
Ca2+ indicators in hippo-
campal cells.  (A) Repre-
s e n  t a  t i v e m i c ro g r a p h s 
show ing intracellular [Ca2+]i 
in hippocampal cells.  (B) 
T h e d y n a m i c c o u r s e o f 
different concentrations of 
SR141716A (SR) or MJ08 
( M J ) a n t a g o n i z i n g W I N 
55,212-2-induced elevation 
and pulse oscillation of intra-
cellular [Ca2+]i.  



1154

www.nature.com/aps
Chen W et al

Acta Pharmacologica Sinica

npg

MJ08 were competitive antagonists of WIN 55,212-2.  The cal-
culated pA2 values for SR141716A and MJ08 were 9.47±0.73 
and 10.29±1.05, respectively, indicating that the antagonistic 
potency of MJ08 was comparable to that of SR141716A.  How-
ever, when the concentration of WIN 55,212-2 increased to 
3 µmol/L, SR141716A (0.1 µmol/L) nearly lost its antagonism, 
whereas MJ08 (0.1 µmol/L) still preserved the contract ability 

of the muscle (Figure 7B).  Furthermore, MJ08 and SR141716A 
both had trends towards promoting the electrically-evoked 
twitches of the mouse vas deferens even at a concentration of 
1 nmol/L in absence of the agonist, although without apparent 
dose-response relationships (data not shown).  These results 
indicate that MJ08 is not only a selective and competitive 
CB1 receptor antagonist but also a cannabinoid CB1 receptor 

Figure 6.  Effect of MJ08 and SR141716A on the contractions of the guinea pig ileum measured 2 min after compound administration.  (A) and (B) 
SR141716A and MJ08 promoted the contraction amplitude.  (C) and (D) SR141716A and MJ08 promoted the contraction frequency.  Values are the 
mean±SD (n=6).  bP<0.05, cP<0.01, versus vehicle.

Figure 7.  Effect of MJ08 and SR141716A on electrically-evoked twitches of the mouse vas deferens measured 30 min after drug administration.  (A) 
The antagonistic effect on inhibiting the contraction induced by WIN 55,212-2.  10-7 mol/L SR141716A or MJ08 were added to the bath solutions 30 
min before the agonist.  (B) Representative records of mouse vas deferens’ contraction.  Values are the mean±SD (n=5–6).
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inverse agonist with equal or more potency than SR141716A.  

Effect of MJ08 in DIO mice 
Adverse effects on animal behavior or obvious signs of tox-
icity were not observed at any point in the experiment for 
any treatment group.  The body weight of DIO mice was 
significantly higher than that of normal mice (32.02±0.83 g 
vs 24.3±0.29 g, P<0.01) at the beginning of the experiment.  
Sequential monitoring showed that both SR141716A and MJ08 
decreased the body weight of the DIO mice throughout the 
experiment.  On average, the body weight of MJ08-treated 
mice was relatively lower than that of SR141716A-treated mice 
during the first 25 d of treatment (Figure 8A).  The impact of 
food intake was similar between the two testing compounds, 
which was reduced only in the first 10 d of administration and 
then relapsed to the consumption amount of the model group 
(Figure 8B).  Meanwhile, both SR141716A and MJ08 dramati-
cally decreased the hypertriglyceridemia (P<0.05) and the 
intra-abdominal adipose tissue (P<0.05) in DIO mice (Table 
1).  However, different from SR141716A, MJ08 also markedly 
lowered serum TC levels (P<0.05).  Unexpectedly, the fasting 
blood glucose of the DIO mice was significantly increased by 
MJ08 after 35 d of treatment (P<0.01), yet it was decreased by 
SR141716A.  However, the increased fasting blood glucose 
soon recovered to normal once MJ08 was withdrawn (the FBG 
were 5.04±1.09 mmol/L and 4.57±0.91 mmol/L at 5 and 10 d 
after discontinuation, respectively).  

Discussion
As a new chemical entity targeting the cannabinoid CB1 recep-
tor, the pharmacological properties of MJ08 were evaluated in 
various in vitro and in vivo experimental systems in the pres-
ent study.  MJ08 exhibited selective and potent antagonism to 
the cannabinoid CB1 receptor.  Although in vitro competitive 
binding analysis revealed that its affinity was lower than that 
of SR141716A at the molecular level, the cellular cannabinoid 
receptor activation and transposition assay, [Ca2+]i and cAMP 
measurements in mammalian cells functionally demonstrated 
the equivalent efficiency of MJ08 in selectively antagonizing 
the cannabinoid CB1 receptor compared with SR141716A.  Fur-
thermore, more potent or equivalent cannabinoid CB1 recep-

Figure 8.  Effects of MJ08 on body weight, food intake and white adipose weight in DIO mice.  (A) Body weight change, which was calculated for 
individual mouse and then averaged.  (B) Food intake, which was calculated every day and then averaged.  (C) Epididymal fat weight and (D) Perirenal 
fat weight index.  SR, SR141716A.  Values are the mean±SD of 10–12 animals per group.  cP<0.01 versus normal; eP<0.05, fP<0.01 versus model.

Table 1.  Serum lipid and blood glucose analysis in DIO mice. 

                                 Normal     Model       SR141716A  MJ08  
 
TG (mmol/L) 1.25±0.12 1.81±0.22c 1.41±0.23e   0.77±0.07f

TC (mmol/L) 2.55±0.21 3.56±0.22b 3.34±0.12   2.26±0.56e

FBG (mmol/L) 4.58±0.72 5.77±0.66b 4.63±0.62e 13.28±2.12f

Compounds were given to the DIO mice by gavage for 40 d as described in 
the ‘Methods’ section.  TG, triglyceride; TC, total cholesterol; FBG, fasting 
blood glucose; Values are the mean±SD of 10–12 animals per group.  
bP<0.05, cP<0.01 versus normal, eP<0.05, fP<0.01 versus model. 
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tor inverse agonistic effects of MJ08 relative to SR141716A 
were revealed by directly increasing intracellular cAMP and 
promoting the contraction of guinea pig ileum and mouse vas 
deferens smooth muscles in isolated tissues at in vitro and ex 
vivo tests.  Additionally, the results from DIO mice further 
confirmed its oral bioactivity and in vivo potency.

Receptor competitive binding analysis is a classical method 
for the evaluation of binding characteristics of ligands.  Rat 
cerebellum and spleen (CB1 and CB2 receptor-rich tissues, 
respectively) membrane preparations were used here to ana-
lyze the receptor binding activity and characteristics of MJ08.  
The radioligand displacement curves showed that, similar to 
the well-known cannabinoid CB1 receptor selective antagonist 
SR141716A, MJ08 dose dependently displaced [3H]-SR141716A 
binding to rat cerebellum membranes, and its selectivity to the 
CB1 receptor against the CB2 receptor was more than 100-fold.  
However, the binding affinity of MJ08 to the CB1 receptor 
was about 500–1000 times less potent than that of SR141716A.  
It was noted that the slope of the displacement curve was 
steeper for SR141716A than MJ08, SR141716A exhibited a 
sharp competitive effect from 10-11 to 10-9 mol/L, but MJ08 
gradually inhibited [3H]-SR141716A’s binding from 10-14 to 10-4 
mol/L.  This result indicates that the binding mode of MJ08 
is somewhat different from that of SR141716A.  MJ08 showed 
more potent affinity to the CB1 receptor at a lower concentra-
tion in the molecular test.  

Recently, functional assays of receptor activation in living 
cells were widely used in screening and in the evaluation of 
novel ligands for receptors.  Compared with molecular-level 
assays, living cell assays reflect both receptor binding and 
the functional activity of a ligand.  In this study, the CB1/CB2 
redistribution assay (commercial EGFP-CB1/CB2_U2OS cell 
model, specially designed for screening of agonists or antago-
nists of cannabinoid CB1/CB2 receptor with High Content 
Assay) was used.  Both MJ08 and SR141716A antagonized 
the internalization of the membrane-located CB1-EGFP fusion 
protein induced by the agonist (WIN 55,212-2) without sig-
nificant impact to WIN 55,212-2-induced internalization of 
the membrane-located CB2-EGFP fusion protein; this signified 
that they selectively antagonized the cannabinoid CB1 receptor 
activation in the cellular model.  Moreover, in contrast to the 
receptor binding test at the molecular level, MJ08 displayed an 
equivalent antagonistic effect to SR141716A in the living cell 
assay suggesting that MJ08 may be more suitable for binding 
to CB1 receptor in living cells.

Intracellular Ca2+ and adenylyl cyclase are considered to 
be important signaling molecules of cannabinoid CB1 recep-
tors[20–22].  To confirm the functional antagonistic activities 
of MJ08 toward the cannabinoid CB1 receptor, the effects of 
MJ08 on cannabinoid CB1 receptor agonist-induced responses, 
including intracellular Ca2+ ([Ca2+]i) and cAMP content, were 
observed in hippocampal neurons (abundance of CB1 recep-
tor) and CHO-hCB1 cells, respectively.  It has been docu-
mented that the cannabinoid CB1/CB2 receptor agonist WIN 
55,212-2 increases intracellular Ca2+ via CB1 coupling to Gq/11

 

G proteins[20].  In our experiment, similar to SR141716A and 

other reported antagonists[23, 24], the increase of [Ca2+]i induced 
by WIN 55,212-2 was absent in hippocampal neurons after the 
incorporation of MJ08 (from 10-8 to 10-5 mol/L) with compara-
ble efficiency to SR141716A.  Additionally, as CB-coupled Gi/o 
proteins, cAMP is the key molecule in reflecting cannabinoid 
CB1 receptor activation or antagonism.  Our results revealed 
that MJ08 significantly reversed WIN 55,212-2-induced inhi-
bition of forskolin-stimulated cyclic AMP accumulation in a 
dose-dependent manner in CHO-hCB1 cells.  Taken together, 
the [Ca2+]i and cAMP assays demonstrated that MJ08 acts as a 
cannabinoid CB1 receptor antagonist of second messenger sig-
naling in mammalian cells with similar efficacy to SR141716A.  
Additionally, both SR141716A and MJ08 significantly antago-
nized the inhibition by WIN 55,212-2 of the contraction of 
mouse vas deferens smooth muscle with electrical stimulation.  
The relatively higher pA2 value of MJ08 than SR141716A in 
this assay indicates its stronger or comparable antagonism.  
Therefore, the above results suggest that MJ08 is a potent and 
highly selective cannabinoid CB1 receptor antagonist.  

On the other hand, MJ08 also displayed inverse agonist 
properties, ie, inhibiting CB1 receptor activity in the absence of 
an agonist, which includes directly increasing cAMP accumula-
tion in CHO-hCB1 cells and promoting contractions of isolated 
preparations of guinea pig ileum and mouse vas deferens.  In 
CHO-hCB1 cells, MJ08 not only enhanced cAMP accumulation 
in the presence of forskolin (its efficacy was about 5 to 10 times 
of SR141716A) but also markedly evoked the increase of intra-
cellular cAMP in the absence of forskolin at higher concentra-
tions.  The efficacy of 1 μmol/L of MJ08 also corresponds to 
the efficacy of 10 μmol/L of SR141716A (data not shown).  
This result indicates that MJ08 is a more potent inverse agonist 
of the cannabinoid CB1 receptor than SR141716A.  SR141716A 
has been shown to enhance the contraction force of guinea 
pig ileum smooth muscle in isolated guinea pig ileum tests, 
but we found that it displayed a time-dependent decreasing 
trend, with the maximum effect at 30 s.  The contraction fre-
quency was increased 1.16 times by 10-5 mol/L SR141716A at 
60 s, whereas MJ08 significantly enhanced both the contraction 
force and frequency under the same conditions without atten-
uation with time.  The contraction frequency was significantly 
increased by MJ08 even at 10-9 mol/L at 60 s and reached 
to 1.24 times with 10-5 mol/L MJ08.  In the isolated mouse 
vas deferens experiment, similar to known inverse agonists, 
SR141716A or and MJ08 also both promoted the electrically-
evoked contractions of the mouse vas deferens at concentra-
tions ranging from 10-10 to 10-6 mol/L, although the contraction 
amplitude was only slightly increased.  This phenomenon 
corresponded with the point that the inverse agonist exhibited 
greater potency in producing opposing effects induced by the 
cannabinoid CB1 receptor agonists[9].  As MJ08 did not interact 
directly with the muscarinic receptor or adrenergic receptor α 
(data not shown), the mechanisms by which MJ08 promotes 
muscle contraction and the electrically-evoked contractions of 
the mouse vas deferens are likely to be cannabinoid CB1 recep-
tor mediated rather than through non-specific interactions 
with other receptors.  Therefore, MJ08 is a selective antagonist 
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and inverse agonist of the cannabinoid CB1 receptor.
Previously, an increasing body of evidence has demon-

strated the roles of the endogenous cannabinoid system 
(ECs), including CB1 receptor, endocannabinoids, and related 
metabolic enzymes, in the regulation of food consumption 
and body weight in animals and humans[25, 26].  Hyperphagic 
effects are closely related to the hyperactivity of the ECs, 
and thus the endocannabinoid system had been a valuable 
therapeutic target for obesity[27, 28].  Correspondingly, the can-
nabinoid CB1 receptor antagonist had been shown to attenu-
ate food intake and increase body energy expenditure in DIO 
mice and genetic obese animals[26, 29, 30].  Thus, in the present 
study, high-fat diet-induced obese mice were used to evalu-
ate the in vivo pharmacodynamic effects of MJ08.  Compared 
with SR141716A, chronic treatment with MJ08 displayed a 
higher efficacy in inducing weight loss (although without 
statistical difference), correcting dyslipidemia, and in lower-
ing retroperitoneal adipose tissue in DIO mice.  This effect 
suggests that MJ08 is an orally active cannabinoid CB1 recep-
tor antagonist.  Additionally, a significant increase in FBG in 
DIO mice by MJ08 was surprisingly found after 40 d of treat-
ment; however, the FBG values returned to normal soon after 
compound withdrawal.  Similarly, during the preparation of 
our manuscript, another CB1 receptor inverse agonist AM251 
was also reported to increase the serum glucose level in 24-h 
fasted obese rats, but the author attributed it to heavy insulin 
resistance produced by hypercaloric diets[31].  However, this 
conclusion seems inappropriate because the serum insulin 
and glucose levels of the obese rats were both lower than that 
of the standard diet rats; the levels of the other two hormones 
(adiponectin and leptin) relating to glucose homeostasis were 
also comparable to the non-obese rats in their study[31].  Here, 
we considered two reasons may be responsible for this FBG 
increasing effect of a cannabinoid CB1 receptor antagonist/
inverse agonist MJ08: first, it may be related to the activa-
tion of the sympathoadrenal system and the release of nora-
drenaline, which had been recently demonstrated in the diet-
induced obese rats by Molhoj et al[32]; and secondly, MJ08 itself 
markedly increased intracellular cAMP, which may have 
promoted gluconeogenesis and/or glycogenolysis via increas-
ing phosphorylation of phosphoenolpyruvate carboxykinase 
(PEPCK) and glucose-6-phosphate (G6P), respectively.  There-
fore, the more potent inverse agonistic characteristic of MJ08 
may be partially related to this FBG increasing effect, although 
the detailed mechanisms still need further study.  However, if 
this is a category response of some CB1 receptor inverse ago-
nists can’t be completely excluded.  

Additionally, it was also observed that the bioactivities 
of MJ08 became more potent as the experimental system 
advanced from the in vitro molecular level to the cellular level 
and then to the in vivo experiments; a significant enhancement 
was particularly seen between the molecular and cellular sys-
tems.  First, we think that the incomplete, identical binding 
modes of MJ08 and SR141716A and the minute conformational 
change of the cannabinoid CB1 receptor in cell membrane 
preparations and living cells may be responsible for the phe-

nomenon.  When considering the cannabinoid CB1 receptor 
to be a well-defined but dynamic receptor protein, changes in 
the receptor steric conformation under different circumstances 
will likely affect its response to exogenous ligands.  Secondly, 
the complex pharmacological regulations depend on the 
particular profile of the used ligand; the minute difference in 
structure of MJ08 may be key because the compound’s confor-
mation or conformational freedom is crucial for the receptor’s 
affinity, selectivity, and efficacy[33].  Different small-molecule 
antagonists and inverse agonists bind in very different modes 
into the funnel of the main ligand-binding pocket GPCRs.  In 
fact, MJ08 has a different amide in the 3 site of the pyrazole 
compared with SR141716A; when calculated with ChemOffice 
2008, the LogP of MJ08 (7.04) is higher than that of SR141716A 
(6.28).  This indicates that SR141716A is more hydrophilic 
than MJ08 and may thus display higher affinity at the in vitro 
molecular level, which is also confirmed by their different 
behaviors in the thin-layer chromatography assay.  Certainly, 
the involved mechanisms need to be studied in further detail.  

In conclusion, MJ08 is a structurally novel, potent and selec-
tive cannabinoid CB1 receptor antagonist with many special-
ized pharmacologic effects on different experimental systems.  
It exhibits potent inverse agonism and in vivo bioactivity.  
MJ08 may be used as a novel pharmacological tool to charac-
terize the versatile nature and complexity of the cannabinoid 
signaling pathway.  
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Introduction
Hematopoiesis is a continuous process of blood produc-
tion that begins with the self-renewal and differentiation of 
hematopoietic stem cells (HSCs).  HSCs are mainly in a quies-
cent state; only small amounts of HSCs enter the cell cycle to 
proliferate and differentiate into mature blood cells.  During 
this process, many regulators control the balance between 
cycling and quiescence as well as between proliferation and 
differentiation.  When this balance is broken, hematological 
diseases result.  One example of this is leukemia, whereby 
leukemic cells become transformed, gaining the ability to pro-
liferate but losing the ability to effectively differentiate.  The 

molecular regulators of this balancing act are the subject of 
intense study in the field of hematopoiesis[1].

The cell cycle is controlled by cyclins, cyclin-dependent 
kinases (CDKs) and CDK inhibitors.  Cyclin D is the first cyclin 
expressed in the cell cycle after stimulation by mitogenic sig-
nals.  The complex of cyclin D and CDK 4/6 stimulates cells 
to enter the cell cycle and complete the G1/S phase transition.  
Once a cell passes this checkpoint, the cell can go through the 
whole cell cycle and division irrevocably[2, 3].  Cyclin E is the 
other cyclin involved in the G1/S phase transition.  However, 
constitutive expression of cyclin E2 cannot bypass arrest at the 
G1 phase induced by cyclin D1 degradation[4].  This indicates 
that cyclin D is the most important cyclin in the cell cycle.  
The dominant isoform, cyclin D3, is uniquely required for the 
proliferation of HSCs and is regulated mainly at the transcrip-
tional level in these cells[2, 5].  Transcription factors bind to the 
promoter of cyclin D3, regulating the expression of the cyclin 
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D3 gene.  Both positive and negative regulators could theoreti-
cally be involved in this regulation[6].  However, most studies 
have focused on the positive regulators, with characterization 
of negative regulators seldom reported in the literature.

The transcription factor c-Ets1 is a member of the Ets family 
of transcription factors, commonly involved in the regulation 
of development, differentiation and proliferation[7].  c-Ets1 is 
expressed in hematopoietic cells and contributes to their cel-
lular differentiation.  It plays an essential role in lymphoid 
cell differentiation and also promotes megakaryocytic and 
early erythroid differentiation[8–12].  In general, the prolifera-
tive ability of hematopoietic cells declines along with the cell’s 
differentiation to a more mature cell stage.  Because c-Ets1 
promotes differentiation, it may also limit the proliferation of 
hematopoietic cells.  We found a negative regulatory region 
in the promoter of cyclin D3 and a c-Ets1-binding motif in this 
region.  As previously discussed, c-Ets1 may play a negative 
role in the expression of cyclin D3.  

Umbilical cord HSCs possess common characteristics of 
human HSCs and have the advantages of being easily pro-
cured with a low risk to donors.  For these reasons, these cells 
have become an alternative source of HSCs for experimental 
and clinical studies[13].  In these experiments, umbilical cord 
HSCs were utilized to explore the underlying mechanism in 
the regulation of cyclin D3 by c-Ets1.

Materials and methods
Cell culture 
Human CD34+ cells were obtained from umbilical cord blood 
of healthy donors.  CD34+ cells were isolated using Midi-
MACS technology (Miltenyi Biotec, Germany) according to 
the manufacturer’s instructions.  Briefly, 50 mL of umbilical 
cord blood was treated with Ficoll-Paque™ PLUS to isolate 
mononuclear cells.  To prevent coagulation, 0.6% ACD-A 
was added.  CD34+ cells were purified twice with the Midi-
MACS.  The purified cells were seeded at 1×105 cells/mL in 
24-well plates and maintained in Iscove’s modified Dulbecco’s 
medium (IMDM) supplemented with 25% fetal bovine serum 
(FBS), penicillin (100 IU/mL), stem cell factor (SCF) (100 ng/
mL), FLt3-L (100 ng/mL), IL-3 (50 ng/mL), IL-6 (50 ng/mL) 
and thrombopoietin (TPO) (2 U/mL) in a humidified atmo-
sphere at 5% CO2 and 37 °C.  The medium was refreshed on 
the third day and cells were harvested on the sixth day.  The 
harvested cells were utilized for all subsequent experiments.  
After harvesting, cells were stained with mouse anti-CD34-
FITC antibodies, with mouse IgG1 (BD Biosciences, USA) used 
as a negative control.  Cells were incubated at 4°C in the dark 
for 30 min, washed with PBS, fixed with 1% paraformaldehyde 
and subsequently analyzed by flow cytometry (Becton Dick-
inson, USA) to measure the proportion of CD34+ cells present.  
The results were obtained from three independent samples.  

Plasmid constructs 
To generate the cyclin D3 promoter deletion constructs, the 
restriction endonuclease sites of the full-length sequence of 
human cyclin D3 promoter were predicted by Webcutter 2.0 

software.  Using human blood lymphocyte genomic DNA as 
a template, cyclin D3 promoter deletions of different lengths 
were amplified by polymerase chain reaction (PCR).  The 
primers utilized were as follows: sense primers (containing 
Kpn I sites) were:

PA1 (Kpn I -1042): 5’-CGG GGT ACC ggg agg tgg aag aaa 
tgc-3’,

PA2 (Kpn I -924): 5’-CGG GGT ACC ggg ctt gtc caa acc 
tag-3’,

PA3 (Kpn I -764): 5’-CGG GGT ACC gag agt ctg cat ttc taa 
cc-3’,

PA4 (Kpn I -686): 5’-CGG GGT ACC ggt gta gaa cac aga atc 
tg-3’,

PA5 (Kpn I -549): 5’-CGG GGT ACC gca gcg ttc act aag 
aac-3’,

PA6 (Kpn I -436): 5’-CGG GGT ACC att gtt tcc tgg gtg act 
ag-3’,

PA7 (Kpn I -380): 5’-CGG GGT ACC aag ttc tct gca ccc ggt 
gg-3’,

PA8 (Kpn I -262): 5’-CGG GGT ACC gct cag cca acc ctt tcc-3’ 
and

PA9 (Kpn I -195): 5’-CGG GGT ACC att cca cgg ttg cta cat 
c-3’;

and the antisense primer (containing Smal I sites) was
PB (~ + 2): 5’-TCC CCC GGG ata ctc ggg cag cga aca-3’.
PCR conditions (Table 1) varied according to expected prod-

uct lengths.  PCR fragments were inserted into pGEM-T Easy 
vectors (Promega, USA) between the Kpn I and Bam I sites.  
Subcloning of the amplified fragments into the luciferase 
expression vector pGL3-Basic (Promega, USA) was performed 
via Kpn I and Bgl II sites (Bam I and Bgl II sites are compatible).  
The constructs were designated as pD3-Δ, where Δ refers to 
the number of base pairs in the upstream 5’-flanking sequence 
with respect to the start codon of cyclin D3.  

Liposomal transient transfection and luciferase assay
The harvested cells (5×105 cells/mL) were transiently trans-
fected using Lipofectamine 2000 (Invitrogen, USA) according 
to the manufacturer’s instructions.  Briefly, cells were plated 
in 24-well plates in IMDM with 15% FBS and transfected using 

Table 1.  PCR conditions for application of various promoter deletion 
fragments.  

 Promoter  
Denaturation Anneal Extension Cycles

 
 sequence

 
pA1B, pA2B  94°C 1 min 55°C 72°C 2 min 30
     pA3B the first cycle 5 min 1 min the last cycle 8 min
pA4B, pA5B  94°C 1 min 56°C 72°C 2 min 30
     pA6B the first cycle 5 min 1 min the last cycle 8 min
pA7B, pA8B  94°C 1 min 56°C 72°C 1 min 30
     pA9B the first cycle 5 min 45 s the last cycle 8 min

pA1B is the full-length promoter. Kpn I and Smal I sites are respectively 
included in sense and anti-sense primers.
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0.8 μg of the luciferase reporter plasmid (pD3-Δ or pD3-Basic 
vector), with 0.1 ng of pRL-CMV as an internal control in each 
well.  The cells were harvested 36 h later, and lysates were 
assayed with the dual luciferase reporter system (Promega, 
USA) on a SIRIUS Luminometer V3.1 (Berthold, Germany) 
to determine the promoter activity.  The negative regulatory 
domain was identified based on the results from five indepen-
dent experiments.

Electrophoretic mobility shift assay (EMSA) 
c-Ets1 was selected as a candidate transcription factor that 
might bind the negative regulatory domain of cyclin D3 with 
the assistance of TFSEARCH 1.3v software[14].  Nuclear extracts 
were prepared to determine the expression of c-Ets1 in CD34+ 
cells using an EMSA kit (Panomics, USA) according to the 
manufacturer’s instructions.  The DNA sequence of the c-Ets1 
probe was 5’-GGA GGA GGG CTG CTT GAG GAA GTA 
TAA GAA T-3’.  Nuclear extracts (15 μg) were co-incubated 
with biotin-labeled specific DNA probes and c-Ets1 antibodies 
(Santa Cruz, CA), subjected to 6% SDS-PAGE and transferred 
to membranes.  Bands were visualized with ECL (Amersham, 
UK).  

Point mutant constructs
The core-binding motif of c-Ets1 is GAAG (CTTC on the anti-
sense chain).  To confirm that c-Ets1 could bind to the CTTC 
motif present in the cyclin D3 promoter, a point mutant con-
struct was generated by PCR with primers P1 (5’-GGG AAG 
CTT TTT GCA AAA GCC TAG GCC TCC-3’) and P2 (5’-TTT 
GGT ACC ATT GTT CTT CGG GTG ACT AGA GTC CGA 
GAA G-3’).  Hind III and Kpn I restriction sites are underlined 
and were designed in order to convert the sequence TCCT 
to CTTC (dotted).  Using human blood lymphocyte genomic 
DNA as a template, PCR was conducted as follows: 94°C for 5 
min (first cycle), followed by 30 cycles of 94°C for 1 min, 55°C 
for 1 min and 72°C for 1 min, followed by a final extension at 
72°C for 10 min.  PCR products were inserted into pUcm-T 
vectors for amplification and sub-cloned into the pGL3-Basic 
vector.  CD34+ cells were transfected either with a promoter 
construct or its corresponding mutant and incubated for 36 h 
before luciferase activity was determined.  

Western blot 
CD34+ cells were harvested 36 h after being transfected with 
either pSG5-Ets1 or pSG5 vectors.  The pSG5-Ets1 expres-
sion vector was kindly provided by Prof J CHEN of Tzu Chi 
University, Taiwan, China.  Total protein was extracted, sub-
jected to SDS-PAGE, transferred to the membrane and succes-
sively incubated with cyclin D3 and β-actin (internal control) 
antibodies followed by corresponding secondary antibodies.  
Cyclin D3 and β-actin bands were visualized with ECL.

RT-PCR 
CD34+ cells were harvested 36 h after transfection with either 
pSG5-Ets1 or pSG5 vectors.  Semi-quantitative RT-PCR was 

employed to examine mRNA expression.  The primers 5’-GAG 
GGG GAA TAG TCT AGA TG-3’ (sense) and 5’-TAC AGT 
AGG ATG ATG GT CCT-3’ (antisense) were utilized for the 
cyclin D3 gene (515 bp).  The PCR conditions were as follows: 
94°C for 5 min (first cycle), 28 cycles of 94°C for 1 min, 56°C 
for 1 min and 72°C for 1 min, followed by a final extension at 
72°C for 8 min.  For GAPDH (340 bp), the primers 5’-CCT TGC 
CTC TCA GAC AAT GC-3’ (sense) and 5’-CCA CGA CAT 
ACT CAG CAC-3’ (antisense) were used under the same PCR 
conditions.  An aliquot of each reaction mixture was analyzed 
by electrophoresis on 1% agarose gel, and the band density 
was determined.  

Methyl thiazolyl tetrazolium (MTT) assay 
CD34+ cells were separated into two groups and transfected 
with either pSG5-Ets1 or pSG5 vectors.  The proliferation of 
these cells was determined by MTT (Sigma, USA) assay.  The 
transfected cells were seeded into 96-well plates (5×103 cells/
well) and incubated for 36 h in triplicate.  Fifty microliters 
of MTT solution (1 mg/mL) was added to each well for 4 h 
at 37°C.  Subsequently, 100 μL of DMSO (Sigma, USA) was 
added to each well for 10 min at 37°C.  Optical density (OD) 
values of each well were measured in a microplate reader at 
490 nm (A490).  The experiment was repeated three times.

Statistical analysis 
Results are presented as the mean±standard deviation (SD).  
Student’s t-test for paired data was used to determine signifi-
cant differences between the two groups.  Differences were 
considered significant when the P value was less than 0.05.  

Results
Isolation and confirmation of CD34+ cells 
Purification of 85.06%±3.02% CD34+ cells was achieved from 
umbilical cord blood after two rounds of purification with 
Midi-MACS (Figure 1A).  Additionally, 60%±4.31% of cells 
were CD34+ after 6 d of culture and proliferation (Figure 1B).  

Construction of promoter deletion plasmids for cyclin D3
Nine cyclin D3 promoter deletion fragments were generated 
by PCR and inserted into the pGL3-Basic vector (pD3-Δ) that 
contained the luciferase reporter gene.  The results of restric-
tion enzyme digestion patterns and nucleic acid sequencing 
confirmed the contents of the constructs.

Promoter activity in CD34+ cells 
The CD34+ cells exhibited various levels of luciferase activity 
when transiently transfected with either pD3-Δ or pD3-Basic 
vectors.  The relative activity of the promoter was defined as 
the ratio of the luciferase activity value of promoter deletion 
constructs (pD3-Δ) to that of the complete promoter sequence 
(pD3-1044) (Figure 2).  According to our results, the promoter 
activity of pD3-362 was greatly enhanced compared with that 
of pD3-439 (P<0.01), which indicated that a negative regula-
tory sequence was located between -439 bp and -362 bp.
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c-Ets1 is a candidate to negatively regulate cyclin D3 transcri-
ption 
Based on the results above, we utilized TFSEARCH 1.3 to 
search for transcription factor binding sites over the regula-
tory region between -439 bp and -362 bp.  We found binding 
sites for USF, c-Ets, HNF-3b, N-Myc and Lyf-1.  Excluding 
putative transcriptional activators and those not involved in 
hematopoiesis, we speculated that c-Ets1, which was widely 
expressed in hematopoietic cells, was a good candidate 
involved in the negative regulation of cyclin D3[5–11].  To test 
this hypothesis, we performed EMSA and super shift assays to 
determine the nuclear expression of c-Ets1 in CD34+ cells.  As 
shown in Figure 3A, c-Ets1 was detected with specific oligo-
nucleotide probes and antibodies, confirming that c-Ets1 was 
expressed in the nuclei of CD34+ cells.

c-Ets1 binds to an AGGA core sequence in the regulatory domain 
of cyclin D3 
We generated the point mutant pD3-439m to further analyze 

the binding sites of c-Ets1 to the negative regulatory domain 
of the cyclin D3 promoter.  The dual luciferase assay indi-
cated that pD3-439m transfected cells had increased relative 
promoter activity (0.58±0.06) compared with those trans-
fected with wild-type pD3-439 (0.36±0.09), with a P value less 
than 0.05.  We speculate that c-Ets1 binds to the AGGA core 
sequence on the negative regulatory region.

c-Ets1 expression suppresses the activity of the cyclin D3 
promoter 
To further confirm the negative effects of c-Ets1 on cyclin D3 
expression, CD34+ cells were transfected with the c-Ets1 
expression plasmid pSG5-Ets1 or the empty vector pSG5.  
Western blot results confirmed that c-Ets1 was overexpressed 
in CD34+ cells after transfection (Figure 3B).  Furthermore, we 
co-transfected the CD34+ cells with pSG5-Est1 (or pSG5) and 
the promoter deletion constructs pD3-1044, pD3-926, pD3-439, 
pD3-362, pD3-263 or pGL3-Basic.  Luciferase assays indicated 
that c-Ets1 significantly inhibited the activity of pD3-1044, 
pD3-439 and pD3-362 transfected cells (Figure 3C) (P<0.05), 
which confirmed that c-Ets1 was negatively regulating the 
cyclin D3 promoter.

c-Ets1 suppresses cyclin D3 expression in CD34+ cells
Finally, we investigated the effects of c-Ets1 on the expression 
of cyclin D3 in CD34+ cells.  The expression of both cyclin D3 
mRNA (Figure 4A) and protein levels (Figure 4B) was down-
regulated by overexpressing c-Ets1.

c-Ets1 inhibits the proliferation of CD34+ cells 
Compared with the pSG5 vector group (1.623±0.086), the 
OD value of the pSG5-Ets1 group (1.336±0.107) was lower 
(P<0.05).  The inhibition rate was 17.76%±2.24%.  These data 
showed that c-Ets1 could inhibit the proliferation of CD34+ 
cells.

Figure 1.  Flow cytometry analysis of CD34+ cells. Cells were isolated from umbilical cord blood and stained mouse anti-CD34-FITC antibody, with mouse 
IgG1 as negative control and analyzed with flow cytometry.  (B) Proportion of CD34+ cells after a 6-d proliferation.

Figure 2.  The function analysis of cyclin D3 promoter. CD34+ cells 
transfected with pD3-Δ or pD3-Basic were harvested 36 h later and 
lysates were subjected to Dual Luciferase reporter system to determine 
the promoter activity. n=6. Mean±SD.  cP<0.01 vs pD3-1044.  eP<0.05, 
fP<0.01 vs pD3-362.  i P<0.01 vs pD3-263.



1163

www.chinaphar.com
Meng FK et al

Acta Pharmacologica Sinica

npg

Discussion
The initiation of cell cycle progression is crucial to the differ-
entiation and proliferation of HSCs.  Especially important is 
the G1 phase, as extracellular signals during this interval may 
signal cells to commit to progression to the next phase.  Cyclin 
D proteins, which are expressed before cyclin E at the initial 
stage of the cell cycle, are essential Gl-phase regulators.  With 
the stimulation of mitogenic signals (such as growth factors), 
HSCs synthesize cyclin D proteins, which form a complex 
with CDK4 and CDK6, leading to the phosphorylation of Rb 
protein and the successive activation of downstream genes.  In 
this way, cells pass the G1/S checkpoint and enter the S phase.  
Once this checkpoint is overridden, cells can progress through 
the whole cell cycle, even in the absence of growth factors[2, 12].

At present, three isoforms of cyclin D have been identified 
that display tissue-specific expression patterns.  Cyclin D3 
is a dominant regulator in HSCs and is regulated mainly at 
the transcriptional level[3, 5].  Transcription factors bind to the 

promoter region of cyclin D3 and regulate the activity of pro-
moters and, thus, the transcription of the target gene.  Both 
positive and negative regulatory elements are involved in the 
modulation of cyclin D3 transcription[6].  To date, most studies 
concerning cyclin D3 transcription have focused on the posi-
tive regulators, with few reports discussing negative regula-
tors.

To explore the mechanism underlying cyclin D3 transcrip-
tion regulation, we cloned promoter deletion sequences, 
transfecting them into CD34+ cells after short-term expansion.  
The CD34 antigen is a generally accepted marker of human 
HSCs and early progenitor cells.  The amount of CD34+ cells 
after short term expansion was more than 60%, indicating 
that more than half of the expanded cells retained their stem 
and progenitor cell characteristics.  Furthermore, most of the 
expanded cells were in the cell cycle and could be transfected 
easily.  As a result, we discovered a negative regulatory 
region between -439 bp and -361 bp in the promoter of cyclin 
D3.  Further analysis indicated that binding sites of many 
transcription factors such as USF, c-Ets1, HNF-3b, N-Myc 
and Lyf-1 were also present in this region.  USF is a positive 
transcription factor and can up-regulate the activity of various 
promoters[15].  Additionally, HNF-3b is expressed mainly in 
liver and is responsible for the modulation of genes involved 
in glucose and lipid metabolism during hepatocyte differentia-
tion[16].  Some laboratories have demonstrated that N-Myc is a 
positive transcriptional regulator and involved in carcinogen-
esis, especially in the nervous system[17].  Lyf-1 is expressed 
in lymphoid cells and involved in the transcription of some 
lymphoid-specific genes[18].  The transcription factor c-Ets1 is 
expressed in HSCs and the megakaryocytic, myeloid and lym-
phoid lineages, where it plays a crucial role in differentiation 
and proliferation[8–12].  Based on all this evidence, we specu-
lated that c-Ets1 was probably a negative transcription factor 

Figure 3.  The effects of c-Ets1 on activity 
of cycl in D3 promoter. EMSA and Super 
s h i f t a s s ay d e te c te d c - E t s 1 i n C D 3 4 + 

cells.  lane 1, free probe; lane 2, nuclear 
extract+labeled probe; lane 3, nuclear 
extract+labeled probe+antibody; lane 4, 
nuclear extract+labeled probe+cold probe.  (B) 
CD34+ cells transfected with pSG5–Ets1 (lane 
2) or vector alone (lane 1) were collected after 
36 h incubation.  Western blot was applied to 
detect the expression of c-Ets1 in CD34+ cells 
transfected with pSG5-Ets1 cells.  (C) CD34+ 

cells were co-transfected with the pSG5-Est1 
(or pSG5) and the promoter deletion constructs 
pD3-1044, pD3-926, pD3-439, pD3-362, 
pD3-263 or pGL3-Basic respectively.  Dual 
Luciferase assay system was used to determine 
the effects of c–Ets1 on the cyclin D3 promoter 
activity. n=6. Mean±SD. bP<0.05, cP<0.01 vs 
control.

Figure 4.  The effects of c-Ets1 on cyclin D3 expression. (A) CD34+ cells 
were transfected with pSG5-Est1 or pSG5 vector and cyclin D3 mRNA 
expression was determined using semi-quantitative RT-PCR.  Lane 1, 
marker; lane 2, pSG5 vector (control) group; lane 3, pSG5-Est1 group.  (B) 
After CD34+cells were transfected with pSG5–Est1 or pSG5 vector, cyclin 
D3 protein was determined by Western blot.  Lane 1, pSG5-Est1 group; 
lane 2, pSG5 vector (control) group.
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for cyclin D3 transcription.
Utilizing EMSA and super shift assays, we found that c-Ets1 

was expressed in the nucleus of CD34+ cells and that it bound 
to the negative regulatory domain of the cyclin D3 promoter.  
Transient expression of c-Ets1 in CD34+ cells suppressed 
promoter activity, decreased the mRNA and protein level of 
cyclin D3, and inhibited the proliferation of CD34+ cells.  Our 
results indicate that c-Ets1 can repress cyclin D3 promoter 
activity and is thus a negative regulator of cyclin D3.

The Ets protein family is one of the largest signal-dependent 
transcription factor families.  Ets1, present on human chro-
mosome 11q23 and encoding a 54 kDa protein, is a widely 
expressed transcription factor implicated in cell proliferation, 
differentiation and apoptosis, but its role varies depending 
on cell type and differentiation stage[7–12].  Our results demon-
strate that c-Ets1 is expressed in CD34+ cells and specifically 
binds to the cyclin D3 promoter.  Furthermore, c-Ets1 inhibits 
cyclin D3 activity, consequently decreasing its transcription 
and expression.  Because cyclin D3 plays a key role in modu-
lating the proliferation of CD34+ cells, c-Ets1 is a potential 
target for inhibiting the growth of CD34+ cells.  Our results 
help in clarifying the mechanism underlying hematopoietic 
diseases, providing possible targets for clinical treatments.
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Introduction 
The epithelial mesenchymal transition (EMT) is an essential 
component of tumor progression and also plays a normal role 
in embryonic development, tissue remodeling and wound 
repair[1].  The occurrence of the EMT during tumor progres-
sion allows benign tumor cells to acquire three major changes 
in cellular phenotype.  These include morphological changes 
from the cobblestone-like morphology of epithelial cells 
into spindle-shaped mesenchymal cells, changes in differ-
entiation markers, where cytokeratin intermediate filaments 
become vimentin filaments, fibronectin or certain integrins, 
and the conversion of stationary cells to motile cells capable 
of invading through the extracellular matrix (ECM)[2, 3].  The 
breakdown of epithelial cells that ultimately leads to aggres-
sive cancer progression is correlated with a loss of epithelial 
characteristics and the acquisition of a migratory phenotype[4].  

In addition to reorganization through translocation during 
metastasis, additional aspects of EMT biology, such as resis-
tance to anoikis, enhanced survival, genomic instability, and 
resistance to chemotherapies, have also been recently identi-
fied[5].

Protein L- isoaspartyl  O-methyltransferase (PIMT, 
EC2.1.1.77) is a widely distributed enzyme that catalyzes the 
transfer of an active methyl group from S-adenosyl-L-methi-
onine (SAM) to the α-carboxyl group of atypical L-isoaspartyl 
and D-aspartyl residues that are generated during the aging 
process.  This enzyme does not catalyze this transfer to normal 
L-aspartyl residues contained in peptides or proteins[6, 7].  The 
functional role of PIMT in cancer cell migration has not been 
clearly elucidated.  The reduced motility of cells on aged type-I 
collagen has been shown to be alleviated by PIMT-treated 
repaired collagen by up to 72%[8].  It is thus clear that the 
detachment and attachment of tumor cells can be regulated by 
PIMT expression.  Furthermore, functional activation of integ-
rins and integrin binding to fibronectin-I5 has been reported to 
regulate PIMT expression and to be relevant in the formation 
of isoaspartyl residues in the extracellular matrix[9].  

Cross-regulation between protein L-isoaspartyl 
O-methyltransferase and ERK in epithelial 
mesenchymal transition of MDA-MB-231 cells
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Because the role of PIMT in the EMT and metastatic 
processes remains unclear, in this study, we explored the 
involvement of PIMT in the regulation of the detachment and 
attachment of the anoikis-resistant cell line MDA-MB-231, 
an aggressive breast cancer cell line with a highly invasive, 
migrative, and metastatic characters[10], by culturing the cells 
in poly-HEMA (2-hydroxyethylmethacrylate)-coated dishes 
and introducing siRNA specific for PIMT.  

Materials and methods
Materials 
LiCl and poly-HEMA were purchased from Sigma-Aldrich 
(St Louis, MO, USA).  Dulbecco’s modified Eagle’s medium 
(DMEM), penicillin/streptomycin solution (10 000 unit/mL 
and 10 mg/mL, respectively), fetal bovine serum (FBS) and 
Dulbecco’s phosphate-buffered saline (DPBS) were purchased 
from Gibco BRL (Gaithersburg, MD, USA).  MDA-MB 231 
cells were obtained from American Type Culture Collec-
tion (Manassas, VA, USA).  Moloney murine leukemia virus 
(M-MLV) reverse transcriptase, polymerase chain reaction 
(PCR) premix, and Sapphire Super Taq were purchased from 
Rexgene Biotech Co, Ltd (Ochang, Korea).  All primers used 
for PCR were purchased from Bioneer (Taejeon, Korea).  A 
mixture of StealthTM/siRNA duplex oligoribonucleotides 
against PIMT and LipofectamineTM RNAiMAX was purchased 
from Invitrogen (Carlsbad, CA, USA).  Rabbit anti-PIMT anti-
serum was produced against recombinant PIMT proteins of 
porcine brain as previously described (Koh and Hong, unpub-
lished data).  Antibodies against MAPK, MMP-2, MMP-9, 
N-cadherin, integrin αv, phospho-GSK3 (Tyr279/216), phospho-
ERK1/2 (Thr202/Tyr204), phospho-MEK1 (Ser218/222)/MEK2 
(Ser222/226), phospho-Akt1/PkBα (Ser473) and phospho-p90RSK 
(Ser380) were obtained from Millipore (Bedford, MA, USA).  
β-actin antibody was obtained from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA).  The ERK kinase inhibitor PD98059 
was purchased from CalBiochem (La Jolla, CA, USA).

Cell culture 
MDA-MB 231 cells (poorly differentiated adenocarcinoma, 
grade III), a human breast cancer cell line, appearing pheno-
typically as spindle shaped cells exhibiting highly invasive 
phenotype[10, 11] and differentiation markers such as E-cadherin 
and keratin, β-catenin, and vimentin[12], were grown in DMEM 
with 10% fetal bovine serum and 1% penicillin/streptomycin 
at 37 °C in a humidified atmosphere under 5% CO2.  Cells were 
collected and passaged using a 0.05% trypsin-0.02% ethyl-
enediamine tetra-acetic acid (EDTA) solution, and cell counts 
were performed in triplicate using a hemocytometer.  

Quantitative analysis of EMT
Detached (d) MDA-MB-231 cells (106 cells/well ×6 wells) were 
maintained in suspension on poly-HEMA or were allowed to 
attach (a) to culture dishes in serum-free media for 24 h.  The 
cells were then treated with 0.025% trypsin/0.02 mmol/L 
EDTA and re-attached to the culture plates.  The images were 
taken by a digital camera at the indicated time after seeding.  

The numbers of round and total cells were counted in a hemo-
cytometer, as reported previously[13].  The percentage of cells 
morphologically changed was determined by the following 
equation: % of cells in aggregates=[(total cells−round cells)/
total cells]×100.  All values, expressed as mean±SEM, were 
obtained from 3 to 6 replicate cultures.

Reverse transcriptase-polymerase chain reaction analysis
Cells were plated at a density of 1×106 cells/well in 6-well 
tissue culture plates.  After treatment with each of the indi-
cated reagents, total RNA was obtained with an assay-
BLUETM total RNA extraction reagent (Intron Biotechnology, 
Sungnam, Korea).  After determination of the amounts of the 
total RNA in each sample followed by electrophoresis on a 
formaldehyde-agarose gel, cDNA synthesis was performed 
using M-MLV reverse transcriptase (Rexgene, Ochang, Korea) 
as reported previously[14].  Polymerase chain reaction (PCR) 
was then conducted using Premix (Rexgene, Ochang, Korea) 
in a 20 µL reaction that contained 2 µL of reaction buffer, 1 µL 
of 5 mmol/L dNTPs, 1 µL of forward and reverse primer and 
1 µL of cDNA as the template, as reported previously[15].  The 
primer sequences are shown in Table 1.

Immunoblotting 
Cells were lysed in PRO-PREP (Intron Biotechnology, Sung-
nam, Korea), after which the protein concentrations were 
quantified using a Bio-Rad protein assay (Bio-Rad, Hercules, 
CA, USA).  Next, the lysates were boiled for 5 min, after which 
20 µg of each total protein was subjected to SDS-polyacrylam-
ide gel electrophoresis (PAGE) on 12% slab gels.  The proteins 
were then transferred to polyvinylidene difluoride membranes 
(PVDF, Millipore, Bedford, MA, USA), which were subse-

Table 1.  The sequence of primers used.  

    Gene                                                  Sequences           
 

GAPDH F 5′-AAGGGTCATCATCTCTGCCC-3′
 R 5′-GTGATGGCATGGACTGTGGT-3′
PIMT  F 5′-TCAGGAAGGACGATCCAACA-3′
 R 5′-TCCTCCGGGCTTTAACTGAT-3′
Fibronectin  F 5′-ATTCCGGGTGGAATATGAGC-3′
 R 5′-CTGCTCCAGCGAACAACAAT-3′
TGF-β1 F 5′-GAGGGGAAATTGAGGGCTTT-3′
 R 5′-CGGTAGTGAACCCGTTGATC-3′
MMP-2 F 5′-AATGCCATCCCCGATAACC-3′
 R 5′-AAACTTCACGCTCTTCAGAC-3′
MMP-9 F 5′-TCTTCCAGTACCGAGAGAAA-3′
 R 5′-AGGATGTCATAGGTCATAGGT-3′
Snail F 5′-GGGCAGGTATGGAGAGGAAG-3′
 R 5′-TTCTTCTGCGCTACTGCTGC-3′
Slug F 5′-CCTGGTCAAGAAGCATTTCA-3′
 R 5′-GCCCCAAAGATGAGGAGTAT-3′
Integrin αv F 5′-GTTGGGAGATTAGACAGAGG-3′
 R 5′-CAAAACAGCCAGTAGCAACA-3′
E-cadherin F 5′-CAGCACGTACACAGCCCTAA-3′
 R 5′-GCTGGCTCAAGTCAAAGTCC-3′
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quently blocked for 2 h in TBS containing 0.5% Tween-20 and 
5% (w/v) dry skim milk powder and then incubated overnight 
with primary antibodies as reported previously[16, 17].  The 
membranes were then washed with TBS-T and incubated for 
2 h with HRP-linked anti-rabbit IgG (Millipore, Bedford, MA, 
USA) or HRP-linked anti-mouse IgG (Millipore, Bedford, MA, 
USA) secondary antibody.  For chemiluminescence detection, 
the probed blots were incubated for 5 min with Immobilon 
Western HRP substrate (Millipore, Bedford, MA, USA) as 
reported previously[18, 19].

siRNA transfection
To conduct PIMT siRNA transfection, 4×105 cells per well were 
seeded in 6-well plates and then incubated for 48 h at 37 °C in 
medium containing serum, which allowed the cells to become 
approximately 80% confluent.  A mixture of PIMT siRNA and 
LipofectamineTM RNAiMAX (Invitrogen, Carlsbad, CA, USA) 
was prepared prior to treatment as reported previously[20].  
Briefly, the LipofectamineTM RNAiMAX was incubated with 
siRNA in OPTI-MEM (Gibco, Gaithersburg, MD, USA) at 
room temperature for 30 min.  The cells were then incubated 
in this mixture for 48 h at 37 °C in a fresh culture medium con-
taining serum.

Gelatin zymography
Gelatin zymography was performed for semiquantitative 
analysis of the gelatinase activities of conditioned media 
secreted from detached human breast cancer cells as previ-
ously described by Gottschall and Yu[21], with slight modifi-
cations[22].  Briefly, samples of the culture media were mixed 
with non-reducing sample buffer [5% w/v SDS, 20% glycerol, 
0.5 mol/L Tris-HCl (pH 6.8) and 1% bromophenol blue] and 
then separated by electrophoresis for 1 h at 150 V on 7.5% to 
10% polyacrylamide gel containing 0.1% SDS and 1.5 mg/mL 
gelatin.  Next, the gels were washed twice with 2.5% Triton 
X-100 for 30 min to remove the SDS and then incubated for 
24 h at 37 °C with developing buffer (50 mmol/L Tris-HCl, 
5 mmol/L CaCl2, pH 7.6).  The gels were then stained with 
Coomassie Brilliant Blue R-250 (0.1% Coomassie Brilliant 
Blue, 40% (v/v) methanol, and 10% (v/v) acetic acid) for 30 to 
60 min, after which the gels were destained with 10% (v/v) 
acetic acid /20% (v/v) methanol.  The gelatinolytic activities 
were then visualized as a white band against to the uniformly 
stained background.  

Wound healing assay
The method for our wound closure assay was modified as 
reported previously[23, 24].  Briefly, cells were grown to con-
fluence in 24-well-plates.  A control group was cultured in 
DMEM supplemented with 10% FBS, and the experimental 
group was transfected with PIMT siRNA.  After the cells grew 
into full confluency, the medium was aspirated, and a wound 
was scraped on the cell monolayer using a 200 µL micropipette 
tip.  The wounded culture plates were then incubated for 24 h 
at 37 °C.  The migration of cells into the scraped area was eval-

uated using a bright field microscope and then photographed 
by digital photography (Canon, Japan).  

Statistical analysis
A student’s t-test and a one–way ANOVA were used to deter-
mine the statistical significance of differences between values 
for the various experimental and control groups.  Data are 
expressed as mean±standard errors (SEM) and the results are 
taken from at least three independent experiments performed 
in triplicate.  P values of 0.05 or less were considered to be sta-
tistically significant.

Results
Cell detachment leads to EMT-like changes of MDA-MB 231 cells
Cell detachment from the ECM suppresses anoikis, allowing 
these tumor cells to survive and proliferate in the body; how-
ever, these cells must eventually resettle in the substratum at 
a different site[25].  Indeed, detached cells (d) reattached to the 
culture dish at a much faster rate than attached cells (a) and 
exhibited a spindle-like morphology (Figure 1A).  Indeed, 
detached-reattached cells exhibited morphologically changed 
pattern at 1 h incubation up to 4-fold (Figure 1A, right panel).  
To determine if the change in the morphology of the detached 
cancer cells represents EMT, the mRNA and protein levels of 
several EMT-specific proteins were evaluated.  The expression 
levels of integrin αv, fibronectin, TGF-β1, and MMP-2 were 
all strikingly increased (Figure 1B and 1C).  Furthermore, the 
transcription factors Snail and Slug, known to repress E-cad-
herin, a suppressor of invasion during carcinoma progres-
sion[26], were highly upregulated in the detached cells up to 
3 to 10 folds (Figure 1B).  In agreement with expression level 
tests, MMP-2 activity (72 kDa) occurred prominently only in 
detached cells grown in conditioned media (CM).

ERK is a critical enzyme involved in the regulation of EMT 
proteins in MDA-MB 231 cells
To evaluate a regulatory pathway controlling EMT and EMT 
protein expression, the activated (phosphorylated) forms of 
several enzymes were investigated using detached cells.  Of 
tested proteins, the levels of phospho-ERK1/2 and phospho-
MEK1/2 were increased in a time-dependent manner, while 
phospho-AKT1 appeared at 1 h and was maintained at similar 
levels for up to 6 h.  Additionally, the levels of phospho-GSK3 
decreased in a time-dependent manner (Figure 2A, left panel).

To confirm this pattern, selective inhibitors of ERK kinase 
(PD98059, 25 µmol/L) and the activator of GSK3 (LiCl, 2 
µmol/L) were employed, and the mRNA levels of EMT 
proteins or EMT-regulatory proteins were then determined.  
As Figure 2B shows, LiCl enhanced phospho-GSK3 levels, and 
PD98059 blocked the phosphorylation of ERK1/2, indicating 
that the drugs were functioning.  As expected, PD98059 
suppressed the mRNA expression of the EMT proteins.  In 
contrast, the induction effect by LiCl was only observed in 
fibronectin expression assays.  PD98059 also suppressed the 
activity of MMP-2 (Figure 2D).
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PIMT is a critical enzyme involved in the regulation of EMT pro-
teins in MDA-MB 231 cells
To examine the importance of PIMT in the EMT, the expres-
sion of PIMT was measured.  As Figure 3A shows, the mRNA 
and protein levels of PIMT were markedly increased in cells 
cultured on poly-HEMA-coated dishes compared to cells 
adhered to uncoated plastic dishes.  Interestingly, levels of 
PIMT were clearly reduced by PD98059 treatment, whereas 
LiCl enhanced PIMT mRNA and protein levels (Figure 3B).  
These data suggest that ERK acts as a positive regulator, while 
GSK3 acts as a negative one, as reported previously[27].  

Knockdown of PIMT is linked to the suppression of EMT protein 
expression in MDA-MB 231 cells
To determine whether PIMT influences the expression of EMT 
proteins, siRNA targeting PIMT was introduced to detached 
MDA-MB-231 human breast cancer cells.  Intriguingly, knock-
down of PIMT led to blockade of the EMT-like transformation 
as well as suppression of the mRNA levels of PIMT, integrin 
αv, fibronectin, and TGF-β1 (Figure 4A).  Conversely, RT-
PCR revealed that E-cadherin expression occurred in PIMT-
knockdown MDA-MB-231 cells (Figure 4A).  Interestingly, 
PIMT depletion also induced the suppression of phospho- 

ERK levels and the phosphorylation of p90RSK, a downstream 
enzyme of ERK, indicating that there may be a cross-
regulation between the PIMT and ERK pathways that affects 
the expression of these proteins in EMT.  

Finally, to determine if PIMT is important for the conversion 
of stationary cells into motile cells capable of invasion through 
the ECM[2], a wound healing migration assay was employed.  
As Figure 4C shows, PIMT siRNA-treated cells displayed 
a clear reduction in cell migration, suggesting that PIMT is 
indeed linked to cancer cell migration and invasion.  

PIMT is up-regulated during the EMT of MDA-MB-231 cells 
triggered by cotreatment with TGF-β and TNF-α
During siRNA analysis, we found that PIMT expression was 
required for the EMT phenotype of MDA-MB-231 breast can-
cer cells in poly-HEMA-coated dishes.  As such, we sought 
to determine if PIMT expression is up-regulated during the 
induction of EMT by TGF-β and TNF-α.  Previously, treatment 
with a combination of TGF-β and TNF-α was shown to induce 
EMT in some cell types[28].  Indeed, when MDA-MB-231 breast 
cancer cells were treated with TGF-β/TNF-α, a morphologi-
cal change from an epithelial-like to a mesenchymal-like 
appearance was induced (Figure 5A).  Additionally, TGF-β/

Figure 1.  Cell detachment led to an EMT-like change and increased PIMT expression.  (A) Detached (d) MDA-MB-231 cells (106 cells/well×6 wells) 
were maintained in suspension on poly-HEMA or were allowed to attach (a) to culture dishes in serum-free media for 24 h.  The cells were then treated 
with 0.025% trypsin/0.02 mmol/L EDTA and re-attached to the culture plates.  The images were taken by a digital camera at the indicated time after 
seeding.  (B) Effect of detachment on the mRNA expression of the mesenchymal markers fibronectin, TGF-β1, Snail, Slug, MMP-2, MMP-9, and integrin 
αv in MDA-MB-231 cells were examined by RT-PCR.  (C) Effect of detachment on the activity of MMPs from human breast cancer cells.  Attached and 
detached cells were incubated for 24 h, and the conditioned media (CM) from each group was harvested after one day of incubation in serum-free 
media.  The relative intensity of individual bands was calculated by using Syngene gel image analysis software.  bP<0.05, cP<0.01 represent significant 
difference compared to each control group.
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TNF-α-treated MDA-MB-231 cells showed increased mRNA 
expression of EMT proteins such as integrin αv, fibronectin, 
Snail, Slug, MMP-2, and MMP-9 as well as PIMT, up to 2 to 
5 folds (Figure 5B).  The protein levels of PIMT, integrin αv, 
MMP-2, N-cadherin, phospho (p)-ERK, and p-GSK3 were also 
significantly upregulated by 2 to 5 folds during TGF-β/TNF-

α-induced EMT (Figure 5C).

Discussion
At the cellular level, one requirement of metastasis is that 
cells detach from their primary site and then migrate to the 
lymphatic and circulatory systems.  In the absence of ECM 
attachment, cells undergo a form of apoptosis known as anoi-
kis[29].  It is thought that anoikis-resistant cells contribute to 
the epithelial-mesenchymal transition (EMT), which is one 
of the metastatic components that lead to a more flexible and 
migratory phenotype[30].  In an attempt to gain further insight 
into the biochemical features underlying the EMT, we selected 
anoikis-resistant cells by culturing the breast cancer cell line 
MDA-MB-231 on poly-HEMA-coated tissue culture plates.  
We found that detached MDA-MB-231 cells exhibited spindles 
and a lengthened morphology compared to attached cells 
(Figure 1A).  This is phenotypically characteristic of the EMT.  
During this transition, mesenchymal cells acquire a morphol-
ogy that is appropriate for both migration in an extracellular 
environment and interactions between epithelial and mesen-
chymal cells[31].  Our results also showed that detached MDA-
MB-231 cells expressed increased levels of metastatic factors 
such as integrin αv and EMT proteins such as TGF-β1, Snail, 
Slug, and MMP-2 (Figure 1B and 1C).  All of these factors are 
important for tumor progression and metastasis, as they facili-
tate cell migration[32].  

It has been reported that ERK plays a critical role in the 

Figure 3.  ERK1/2 activation regulates PIMT expression.  (A) Detached 
(d) MDA-MB-231 cells (106 cells/well×6 wells) were maintained in a 
suspension on poly-HEMA or were allowed to attach (a) to culture dishes 
in serum free media for 24 h.  The mRNA and protein levels of PIMT were 
analyzed by RT-PCR and immunoblotting.  (B) The mRNA and protein 
levels of PIMT were determined by RT-PCR and immunoblotting analysis 
of detached MDA-MB-231 cells (106 cells/well x 6 wells) cultured on poly-
HEMA in the presence or absence of PD98059 (PD, 25 µmol/L) or LiCl (Li, 
2 µmol/L) for 24 h.

Figure 2.  The ERK inhibitor PD98059 alters the expression of PIMT and EMT proteins.  (A, B, and C) Detached (d) MDA-MB-231 cells (106 cells/well 
×6 wells) were maintained in suspension on poly-HEMA in serum-free media for indicated times in media containing PD98059 (PD, 25 µmol/L) or 
LiCl (Li, 2 µmol/L).  After preparing whole lysates, the phosphorylation levels of ERK, MEK, Akt1, and GSK3 were analyzed by immunoblotting.  (B) The 
phosphorylation levels of GSK3, ERK1/2, and p90RSK were determined by immunoblotting analysis of detached MDA-MB-231 cells (106 cells/well 
×6 wells) cultured on poly-HEMA in the presence or absence of PD98059 (25 µmol/L) or LiCl (2 µmol/L) for 24 h.  (C) The mRNA levels of fibronectin, 
TGF-β1, Slug, MMP-2, and MMP-9 were analyzed by RT-PCR using detached MDA-MB-231 cells (106 cells/well x 6 wells) cultured on poly-HEMA in the 
presence or absence of PD98059 (25 µmol/L) or LiCl (2 µmol/L) for 24 h.  (D) The activity of MMP-2 and MMP-9 was examined by gelatin zymography 
using detached MDA-MB-231 cells (106 cells/well x 6 wells) cultured on poly-HEMA in the presence or absence of PD98059 (25 µmol/L) or LiCl (2 µmol/L) 
for 24 h.
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process of EMT[33, 34].  During the course of our assays, phos-
phorylation of MEK1/2 and ERK was found to be increased in 
detached MDA-MB-231 cells (Figure 2A).  The critical role of 
ERK in EMT process has been illustrated by treating cells with 
PD98059, a specific ERK inhibitor (Figure 2B).  This compound 
strongly inhibited the expression of EMT proteins such as 
integrin αv, fibronectin, Snail, Slug, and MMP-2 (Figure 2C), 
suggesting that ERK is crucial for the EMT.  Although it is 
well known that ERK is functionally important for the survival 
of detached cells[35], our results and those of others suggest 
that this enzyme plays a critical role throughout the entire 
EMT, promoting morphological changes, migration, and 
adhesiveness.  In addition, ERK inhibition has been reported 
to strongly suppress the migration of various cancer cells and 
the homotypic cell-cell adhesion induced by integrins[13, 36, 37].  

Under our conditions, PIMT expression was also markedly 
increased in detached cells compared to attached MDA-
MB-231 cells (Figure 3A).  Similar findings have been reported 
in other nonattached HUVEC, Caki-1, and U-87 cells[9].  

Interestingly, the protein and mRNA levels of PIMT were 
reduced upon exposure to the ERK inhibitor PD98059 (Figure 
3B), indicating that ERK is biochemically important for PIMT 
synthesis.  Interestingly, siRNA targeting PIMT suppressed 
various EMT proteins in addition to ERK phosphorylation, 
suggesting that PIMT possesses a critical function in the 
biochemical regulation of EMT proteins.  Furthermore, PIMT 
siRNA treatment also resulted in diminished cell migration, as 
assessed by a wound healing assay (Figure 4C).  Up-regulation 
of PIMT was also observed in TGF-β/TNF-α-stimulated EMT 

Figure 4.  Depletion of PIMT results in the up-regulation of E-cadherin 
and the down-regulation of integrin αv and EMT proteins and inhibits cell 
migration.  (A) Detached cells (4×105 cells/well ×6 wells) were transfected 
with the indicated siRNA constructs for 48 h.  After preparing mRNA, the 
levels of PIMT, E-cadherin, integrin αv, fibronectin, TGF-β1, and GAPDH 
were determined by RT-PCR.  (B) The phospho- or total levels of integrin 
αv, ERK1/2, p90RSK, and β-actin were determined by immunoblotting 
analysis using PIMT siRNA-transfected cells after 48 h.  (C) After 
transient transfection of PIMT siRNA, wounds were introduced with 200 
µL micropipette tips.  After 24 h of incubation in 5% CO2 atmosphere 
at 37 °C in a humidified incubator, the amount of wound recovery was 
photographed using a light microscope with 400× magnification for each 
group.

Figure 5.  TGF-β/TNF-α treatment increases ERK1/2 phosphorylation 
and PIMT expression.  (A) Cells were treated with a combination of TGF-β 
(10 ng/mL) and TNF-α (10 ng/mL) for 48 h and then examined by phase-
contrast microscopy.  (B and C) MDA-MB-231 cells were incubated for 
48 h with TGF-β/TNF-α, and the mRNA and protein levels of PIMT, integrin 
αv, fibronectin, Snail, Slug, MMP-2, MMP-9, N-cadherin, p-ERK1/2, and 
p-p90RSK were determined by RT-PCR and immunoblotting analysis.  The 
relative intensity of individual bands was calculated by using Syngene 
gel image analysis software.  bP<0.05,cP<0.01 represent significant 
difference compared to each control group.
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conditions exhibiting enhanced levels of integrin αv, Snail, 
Slug, MMP-2, and MMP-9 (Figure 5), up to 2 to 5 folds, as 
reported previously[38].  Additionally, it has been reported that 
PIMT possesses a potential anti-apoptotic function in Bax-
overexpressing cells[39].  Considering these findings, enhanced 
levels of PIMT appear to be essential for the survival of 
detached cells.  This protein likely influences the early events 
of anoikis and migration, both of which are regulated by EMT 
proteins and ERK activity.  We cannot, however, rule out the 
possibility that PIMT is functioning as a repair enzyme[40], 
although the involvement or appearance of aged proteins 
or isoaspartyl residues in the signaling cascade required for 
EMT protein synthesis was not verified.  Surprisingly, it has 
been observed that valproic acid and lithium, used for the 
treatment of epileptic seizures and mania in bipolar disorder, 
have both been shown to simultaneously upregulate the ERK 
pathway and PIMT induction[27, 41].  These results suggest that 
the activation and expression of ERK pathway members and 
PIMT could be tightly associated.  As it remains unclear how 
ERK and PIMT co-regulate the EMT, our future experiments 
will focus on understanding this cross-regulation mechanism.  

Numerous lines of evidence indicate that EMT is able to 
impose cancer cells into self-renewal cancer stem-like cells to 
spawn macroscopic metastases[42, 43].  EMT-based tumor meta-
static events include cell migration requiring for embryonic 
development and wound healing managed by adult stem 
cells[44].  Therefore, it could be interesting to determine 
whether our EMT conditions are capable of transforming 
MDA-MB-231 cells into highly metastatic stem-like cells.  To 
do this, phenotype of these cells will be determined by mea-
suring the surface levels of CD44/CD24[45].

Taken together, the results presented here provide in vitro 
support for the idea that PIMT and ERK are tightly expressed 
and activated in EMT conditions generated during the detach-
ment of MDA-MB-231 cells from poly-HEMA coated dishes 
and by TGF-β/TNF-α stimulation, as summarized in Figure 
6.  These findings suggest that the development of specific 
inhibitors of PIMT may lead to a novel route of inhibition of 
the EMT and metastasis.
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Introduction
Infection with the hepatitis B virus (HBV) is a major cause 
of acute hepatitis, fulminant hepatitis, and chronic hepatitis.  
Chronic infection is closely associated with the development 
of liver cirrhosis and hepatocellular carcinoma (HCC)[1, 2].  
The HBV X protein (HBx) is involved in the pathogenesis of 
HBV-associated liver diseases by affecting gene expression, 
apoptosis, cell cycle and cell proliferation[3–5].  The expression 
of HBx induced the transformation of human liver cells and 
caused the development of hepatocellular carcinoma in certain 
strains of transgenic mice[6, 7].  In addition, HBx is involved 
in many cell signaling transduction pathways, such as the 
mitogen-activated protein kinase (MAPK), c-jun N-terminal 
kinase (JNK), phosphatidylinositol 3-kinase (PI 3-kinase), and 
JAK/STAT pathways[8–11].  Our laboratory has focused on the 
investigation of HBx-mediated hepatocarcinogenesis.  Our 

findings show that arachidonic acid metabolism, extracellular 
signal-related kinases (ERK1/2), sterol regulatory element 
binding protein 1c, 5-lipoxygenase and fatty acid synthase are 
involved in HBx-induced cell proliferation[5, 12, 13].  However, 
the underlying mechanisms that mediate the effects of HBx on 
cell proliferation require further investigation.

MAPK family members consist of at least four groups, 
including ERK1/2, JNK1/2/3, p38 proteins (p38a/b/c/
d), and ERK3/5/7[14].  In response to different external 
stimuli, these MAPKs are activated via a module that uses 
a MAPKKK-MAPKK-MAPK pathway.  Mitogen-activated 
protein kinase kinase kinase 2 (MEKK2), which is a member 
of the MAPK signaling pathway, activates JNK and ERK5[15, 

16].  MEKK2 knockout mouse studies have identified important 
functions for MEKK2 in the T-cell receptor, epidermal growth 
factor (EGF) and fibroblast growth factor 2 (FGF-2) signaling 
pathways[15, 17, 18].  MEKK2 is involved in osteoblast activity, 
bone homeostasis and rheumatoid arthritis[19, 20].  HBx acti-
vates AP-1 through ERK and JNK does so through MEKK1[21].  
Although MEKK2 and MEKK1 are from the same mitogen-ac-
tivated protein kinase kinase kinase (MAP3K) family, MEKK2, 
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and MEKK1 are involved in different signaling pathways.  
For example, growth factor-induced urokinase-type plasmi-
nogen activator (uPA) expression requires MEKK1 and not 
MEKK2[22].  Conversely, MEKK2, but not MEKK1, is required 
for mast cell tyrosine kinase receptor signaling[23].  Moreover, a 
recent study orthogonally confirmed the ability of MEKK2 to 
discriminate tumor cells from normal cells[24].  However, there 
are no data investigating the role of MEKK2 in HBx-mediated 
hepatocarcinogenesis.  Therefore, we are interested in the role 
of MEKK2 in HBx-induced growth of hepatoma cells.  

In the current study, we investigated the mechanism of 
increased cell proliferation, which is promoted by HBx.  Our 
results show that HBx enhances the growth of hepatoma 
cells through upregulation of MEKK2.  Our findings provide 
new insights into the mechanism that is employed by HBx to 
promote the proliferation of hepatoma cells.

Materials and methods
Cell culture
The cells  of  HepG2, H7402,  and HepG2.2.15,  which 
constitutively replicated HBV[12], were maintained in Dulbec-
co’s modified Eagle’s medium (Life Technologies, Inc, Gaith-
ersburg, MD, USA) supplemented with 10% fetal calf serum 
(Life Technologies).  Cultures were incubated at 37 °C in a 
humidified atmosphere with 5% CO2.  The engineered cells of 
HepG2-X/H7402-X (stably transfected with the pCMV-HBx 
plasmid), and HepG2-P/H7402-P (stably transfected with the 
empty pcDNA3.0 vector plasmid) were generated in HepG2 
and H7402 cells, respectively, using the Lipofectamine 2000 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s protocol, as previously described[12].

Cell proliferation assay 
HepG2 cells were seeded onto 96 well plates (1000 cells/well) 
for 24 h before transfection.  MTT assays were used to assess 
cell proliferation every day from the first day until the fifth 
day after transfection.  The MTT assay was performed as fol-
lows: 20 μL of MTT (5 mg/mL) was added to each well and 
the plates were incubated at 37 °C for 4 h.  The MTT medium 
mixture was then removed and 150 μL of dimethyl sulfoxide 
(DMSO) was added to each well.  The absorbance was mea-
sured at 570 nm using a multiwell spectrophotometer.  The 
5-ethynyl-2-deoxyuridine (EdU) incorporation assay was per-
formed using the Cell-Light EdU imaging detecting kit accord-
ing to the manufacturer’s instructions (RiboBio, Guangzhou, 
China).  EdU is a thymidine analog that is used in a similar 
manner as BrdU to label cells undergoing DNA replication[25].

RNA extraction, reverse transcription PCR and real time PCR 
analysis
Total cellular RNA was extracted using the Trizol reagent 
(Invitrogen) from cells 48 h after treatment.  cDNA was 
synthesized using the M-MLV RTase cDNA Synthesis Kit 
(TaKaRa Bio, Dalian, China) according to the manufacturer’s 
protocol.  To examine the expression of MEKK2 and HBx, we 
used specific primers for each gene as follows: MEKK2 gene 

(forward primer, 5′-TTTCCTCAAACGGATTT-3′ and reverse 
primer, 5′-TGTCTTCCCATCGTCA-3′) and HBx gene (forward 
primer, 5′-ATGGCTGCTAGGGTGTGCTG-3′ and reverse 
primer, 5′-CTAGGCAGAGGTGAAAAAGTTGC-3′).  As a con-
trol, GAPDH was amplified using specific primers (forward, 
5′-CATCACCATCTTCCAGGAGCG-3′ and reverse, 5′-TGAC-
CTTGCCCACAGCCTTG-3′).  Real-time PCR was performed 
using double-stranded DNA specific SYBR Green (TaKaRa 
Bio) and a Bio-Rad sequence detection system according to the 
manufacturer’s instructions.  Relative expression was deter-
mined by the comparative Ct method using 2-ΔΔ Ct [26].

Western blot analysis
Cells were washed in PBS, and cellular proteins were extracted 
in RIPA buffer (Biomed, Beijing, China) for 30 min at 4 °C.  
Lysates were cleared by centrifugation, and proteins were 
separated by gel electrophoresis.  For tissue protein extraction, 
frozen tissues were quickly ground into a fine powder using 
a mortar and pestle under liquid nitrogen and prepared for 
Western blot analysis as described above.  Membranes were 
blocked in PBS containing 0.1% Tween20 (PBS-T) and 5% 
(w/v) milk for 1 h at room temperature.  Membranes were 
then incubated with primary antibodies diluted in PBS-T 
for 2 h at room temperature.  Subsequently, membranes 
were washed with PBS-T and incubated with peroxidase-
conjugated secondary antibody that was diluted in PBS-T 
at room temperature for 1 h.  Membranes were washed in 
PBS-T and bound antibody was detected using the enhanced 
chemiluminescence system ECL-plus Reagents (Amersham 
Biosciences, Buckinghamshire, UK).  After 48 h of transfection, 
Western blot analysis was performed as described above.  
The primary antibodies were mouse anti-MEKK2 (Santa 
Cruz, CA, USA), anti-HBx (Abcam, Cambridge, UK), anti-
diphosphorylated JNK (Sigma, St Louis, MO, USA), anti-JNK 
(Sigma), anti-phosphorylated c-Jun (Cell signaling, Danvers, 
MA, USA) and mouse anti-β-actin (Sigma).

RNA interference
pSilencer-HBx (pSi-HBx) was used to produce small inter-
fering RNAs (siRNAs) to target HBx mRNA, and pSilencer-
control (pSi-con) was used as a negative control[27, 28].  siRNA 
duplexes targeting human MEKK2 were synthesized and puri-
fied by RiboBio (Guangzhou, China)[29].  siRNA duplexes con-
taining non-specific sequences were used as a negative control 
(NC).  Different siRNAs were transfected separately into cells 
using the Lipofectamine 2000 (Invitrogen) reagent, and the 
medium was replaced 6 h after transfection.

Construction of the human MEKK2 promoter
To generate a clone of the MEKK2 promoter in a pGL3 basic 
vector (Promega, Madison, WI, USA), a ~1800-bp region of the 
putative promoter (from +83 to -1814 nt) was amplified from 
HepG2 genomic DNA by PCR using specific primers (forward 
primer, 5′-CCGCTCGAGCTGTAGTCCCATCTACTCGG-3′ 
and reverse primer, 5′-CCCAAGCTTTTAGTTTGAACTCAC-
CCATT-3′ and was cloned into the pGL3-basic vector.
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Luciferase reporter gene assay
Transfected cells were harvested after 36 h.  Luciferase activ-
ity was determined using the Dual-Luciferase Reporter Assay 
System (Promega) according to the manufacturer’s instruc-
tions.  The firefly luciferase activity was normalized to Renilla 
luciferase expression for each sample.  All experiments were 
performed at least three times.  pAP1-Luc (Clontech, Plano 
Alto, CA, USA) is a firefly luciferase reporter gene vector that 
contains AP-1 binding sites.  

Patient samples
The 11 clinical HBV-positive HCC tissues and their corres-
ponding nearby noncancerous livers that were used in this 
study were obtained from patients who underwent radical 
resection at Tianjin First Center Hospital (Tianjin, China).  All 
of the tumor samples were immediately frozen after surgical 
resection and stored in liquid nitrogen until analysis.  Written 
consent, which approved the use of their tissues for research 
purposes after the operation, was obtained from the patients.  
The study was approved by the Institute Research Ethics 
Committee at the Nankai University.

Immunohistochemistry 
The hepatocellular carcinoma tissue microarrays were 
obtained from the Xi-an Aomei Biotechnology Co, Ltd (Xi-an, 
China).  These microarrays were composed of 95 hepatocel-
lular carcinoma (HCC) tissue samples (18 females, 77 males, 
average age 61 years), which included duplicate core biopsies 
(1 mm in diameter) from fixed, paraffin-embedded tumors.  
The immunohistochemical staining of samples was performed 
as previously reported[27].  The primary antibody of mouse 
anti-MEKK2 was used (1:50, Abcam).  Immunostained slides 
were evaluated under the microscope.  The percentage of cells 
showing positive nuclear and/or cytoplasmic staining for 
MEKK2 was calculated by reviewing the entire slide.  Based 
on the percentage of cells with positive nuclear and/or cyto-
plasmic staining, staining patterns were classified using a 
six-grade scale as follows: 0, the absence of cell nuclear and/
or cytoplasmic staining; 1+, <10% cells with positive nuclear 
and/or cytoplasmic staining; 2+, 10%–25% positive cells; 3+, 
26%–50% positive cells; 4+, 51%–75% positive cells; 5+, >75% 
positive cells.  For statistical analysis, HCC patients were sub-
grouped into MEKK2-negative staining (scale 0) and MEKK2 
positive-staining (scale 1–5) groups.  The categorization of 
immunostaining intensity was performed by three indepen-
dent observers.  The negative control, which lacked incubation 
with the primary antibody, was treated as described above.

Statistical analysis
All data were expressed as the mean±SD.  Statistical analysis 
was performed using student’s t test.  P<0.05 was indicated to 
be statistically significant.

Results
HBx enhances the proliferation of hepatoma cells
Previously, we established two engineered cell lines, namely 

HepG2-X, which was stably transfected with HBx, and 
HepG2-P, which was stably transfected with an empty pcD-
NA3.0 vector[13].  We examined the growth of HepG2-X cells 
using the EdU incorporation assay and MTT assay.  The 
results showed that HepG2-X cells grew faster than HepG2-P 
or HepG2 cells (Figures 1A and 1B).  In addition, RNA inter-
ference (RNAi) targeting HBx mRNA abolished HBx-induced 
growth of HepG2 cells.  Therefore, the results confirm that 
HBx enhances the proliferation of hepatoma cells.

HBx upregulates the expression of MEKK2
Previously, we showed using cDNA microarrays that a broad 
range of genes show aberrant expression in hepatoma cells 
that overexpress HBx, the results of which included MEKK2 

Figure 1.  HBx enhances the proliferation of HepG2-X cells.  (A, B) The 
proliferation ability of hepatoma cells was tested using the 5-ethynyl-
2-deoxyuridine (EdU) incorporation and MTT assays.  Results are 
representative of three independent experiments.  Values represent 
mean±SD.  bP<0.05, cP<0.01, student’s t test.
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upregulation[30].  To investigate whether MEKK2 is involved 
in the HBx-mediated growth of hepatoma cells, we further 
confirmed the effect of HBx on expression of MEKK2.  The 
results show that MEKK2 is significantly upregulated in 
HepG2-X (or H7402-X) cells at the levels of mRNA and protein, 
as assessed by RT-PCR and immunoblot analysis (Figure 2A).  
Meanwhile, we examined the changes of MEKK2 expression 
after RNA-mediated knockdown of the HBx expression.  As 
expected, the expression level of MEKK2 was decreased in a 
dose-dependent manner (Figure 2A).  Moreover, Western blot 
analysis showed that MEKK2 was upregulated in HepG2.2.15 
cells compared with HepG2 cells (Figure 2B).  To investigate 
the effect of HBx on the promoter activity of MEKK2, we 
generated a MEKK2 promoter luciferase reporter, which was 
termed pGL3-MEKK2 pro.  Additionally, transient transfec-
tion was performed in HepG2 and H7402 cells using the 
pGL3-MEKK2 promoter plasmid.  The promoter activity 
of MEKK2 was examined in HepG2/H7402 cell lines using 
luciferase reporter gene assays.  The data confirmed the suc-
cessful construction of the plasmid (Figure 2C).  The promoter 
activity of MEKK2 was remarkably enhanced in HepG2-X/
H7402-X cells relative to that in HepG2/H7402 cells (Figure 
2D).  Meanwhile, the luciferase reporter gene assay showed 
that HBx RNAi abolished the enhancement of MEKK2 pro-
moter activity in HepG2-X/H7402-X/HepG2.2.15 cells in a 
dose-dependent manner (Figure 2E).  

It has been reported that MEKK2 is involved in the 

activation of AP-1 and JNK[15, 16, 19].  To further confirm the HBx-
mediated regulation of MEKK2, we examined the downstream 
effectors of MEKK2, such as AP-1 and JNK, in HepG2.2.15 
cells.  The luciferase report gene assay showed that the activity 
of AP-1 was decreased in the cells that were treated with HBx 
RNAi (Figure 3A).  AP-1 activation is induced in part by the 
phosphorylation of c-Jun[31].  To further confirm the luciferase 
report gene assay result, the phosphorylation level of c-Jun 
was examined.  The Western blot analysis showed that the 
protein level of MEKK2 and the phosphorylation levels of 
JNK and c-Jun were decreased (Figure 3B).  We silenced the 
expression of MEKK2 in HepG2.2.15 cells.  The data revealed 
that the knockdown of MEKK2 reduced the activity of AP-1 
(Figure 3C).  Meanwhile, the phosphorylation levels of JNK 
and c-Jun were decreased (Figure 3D).  Therefore, we conclude 
that HBx upregulates MEKK2.

MEKK2 contributes to HBx-mediated growth of hepatoma cells 
The function of MEKK2 in hepatoma cells is unclear.  To 
elucidate the function of MEKK2, we silenced the expression of 
MEKK2 in HepG2-X cells using specific siRNAs.  The cell pro-
liferation was then measured using EdU incorporation assay 
and MTT assay.  Our results demonstrate that the growth of 
HepG2-X cell was inhibited by MEKK2 siRNAs (Figure 4A 
and 4B).  Similar effects were observed in HepG2.2.15 cells 
(Figure 4C and 4D).  These results suggest that MEKK2 is 
involved in HBx-mediated growth of hepatoma cells.

Figure 2.  HBx upregulates the expression of MEKK2.  (A) The levels of MEKK2 and HBx were detected using RT-PCR and immunoblot analysis.  GAPDH 
and β-actin were used as internal controls.  (B) The levels of MEKK2 and HBx were detected in HepG2.2.15 cells using immunoblot analysis.  (C) The 
plasmids of pGL3-MEKK2 pro and pGL3 basic vector were transfected into HepG2 and H7402 cells, respectively.  The relative luciferase activity was 
tested using the luciferase reporter gene assay.  (D) The promoter activities of MEKK2 were examined in HepG2-X/H7402-X cells.  (E) The promoter 
activities of MEKK2 were measured after treatment with RNAi that targeted HBx mRNA in HepG2-X/H7402-X/HepG2.2.15 cells in a dose-dependent 
manner.  Results are representative of three independent experiments.  Values represent mean±SD.  bP<0.05, cP<0.01, student’s t test.
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MEKK2 is overexpressed in clinical HCC tissues
We examined the expression level of MEKK2 in 11 cases of 
human liver cancer tissues with HBV infection at the mRNA 
and protein levels using real time PCR and Western blot 
analysis.  Real time PCR analysis revealed that all 11 clinical 
HCC tissues and their respective peritumor tissues were 
positive for HBx expression.  The expression level of HBx 
was higher in HCC tissues relative to that in their respective 
peritumor tissues (Figure 5A).  The expression level of 
MEKK2 was also higher in tumor tissues relative to their 
peritumor tissues (Figure 5B).  Consistent with the results 
from real time PCR, Western blot analysis revealed that HBx 
was upregulated in 8 of 11 cases of HCC tissues, whereas 
MEKK2 was upregulated in 7 of 11 cases (Figure 5C).  The 
clinical data strongly support the conclusion that MEKK2 
expression is positively correlated with HBx expression in 
carcinogenesis.  The expression of MEKK2 was assessed using 
immunohistochemical staining on a tissue microarray that 
contained 95 cases of HCC tissues.  The data showed that the 
percentage of MEKK2 positivity was 85.3% (81/95 cases) in 
HCC tissues (Figure 5D).  

Discussion
HBx is an essential viral protein that is involved in viral patho-
genesis and carcinogenesis.  HBx strongly enhances the growth 
of hepatoma cells in a system of stable transfection[5, 12, 13, 32].  In 
the current study, we further investigated the mechanism that 
HBx employs to enhance the proliferation of hepatoma cells.  
Previously, we examined the expression profiles in stably 
HBx-transfected hepatoma H7402 (H7402-X) cells using cDNA 
microarrays[30].  We determined that MEKK2 was one of the 
upregulated genes.  Therefore, we further investigated the role 
of MEKK2 in HBx-mediated hepatocarcinogenesis.  

Previous studies have shown that HBx exhibits either 
apoptotic or proliferative activities in a context-dependent 
manner[33, 34].  HBx promotes proliferation in stably transfected 
cells[5, 12, 13, 32].  Therefore, we investigated the HBx-mediated 

proliferation in a model of stably HBx-transfected hepatoma 
HepG2-X cells.  We confirmed our previous findings that HBx 
enhances the proliferation of hepatoma cells in our system 
(Figure 1).  We demonstrated that HBx upregulated MEKK2 
at the mRNA and protein level (Figure 2A and 2B).  The tran-
scriptional regulation that is mediated by the promoter is a key 
event in the regulation of gene expression.  We demonstrated 
that HBx activated the promoter activity of MEKK2 in hepa-
toma cells (Figure 2D).  HBx activates AP-1 via a pathway that 
is mediated by the activation of ERK and JNK[21, 35].  AP-1 and 
JNK are downstream effectors of MEKK2[15, 16, 19].  To further 
validate that HBx upregulated MEKK2, we examined the 
activation of AP-1 and JNK by silencing the expression of HBx 
or MEKK2 in HepG2.2.15 cells.  Our results demonstrate that 
activation of AP-1 and JNK was inhibited in the cells after 
siRNA treatment (Figure 3) and support the conclusion that 
HBx upregulates MEKK2.  

At present, few studies have investigated MEKK2 function, 
even though MEKK2 is involved in osteoblast activity, bone 
homeostasis and rheumatoid arthritis[19, 20].  In the current 
study, we demonstrated the function of MEKK2 in hepatoma 
cells.  Our results show that MEKK2 promotes the growth of 
hepatoma HepG2-X cells and HepG2.2.15 cells, which was 
characterized using the EdU incorporation and MTT assays 
(Figure 4).  These results suggest that MEKK2 is involved in 
HBx-mediated proliferation in hepatoma cells.  Previously, 
the clinical significance of MEKK2 in hepatoma tissues has not 
been elucidated.  Therefore, we examined the levels of MEKK2 
in 11 cases of clinical HBx-positive hepatoma tissues using real 
time PCR and Western blot analysis (Figure 5A).  Interestingly, 
we found that the levels of HBx and MEKK2 expression were 
higher in tumor tissues compared to that in peritumor tis-
sues (Figure 5B).  These results suggest that the expression of 
MEKK2 is positively correlated with HBx expression in car-
cinogenesis.  We are the first to report that the percentage of 
MEKK2-positive staining is very high (85.3%) in HCC tissues 
(Figure 5D).  This result suggests that MEKK2 is potentially 

Figure 3.  HBx upregulates the expression of MEKK2 to mediate AP-1 and JNK activation.  (A) The activity of AP-1 was determined in HepG2.2.15 cells 
using the luciferase reporter gene assay after HBx RNAi treatment.  (B) The phosphorylation levels of JNK and c-Jun were determined using immunoblot 
analysis.  (C) The activity of AP-1 was determined in HepG2.2.15 cells using the luciferase reporter gene assay after MEKK2 RNAi treatment.  (D) The 
phosphorylation levels of JNK and c-Jun were determined using immunoblot analysis.  The results are representative of three independent experiments.  
Values represent mean±SD.  cP<0.01, student’s t test.
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Figure 5.  MEKK2 is overexpressed in clinical HCC tissues.  (A, B) The relative mRNA expression levels of HBx and MEKK2 were examined in clinical 
HBx-positive HCC tissues using real time PCR.  Values represent mean±SD.  bP<0.05, cP<0.01, Student’s t test.  (C) The expression levels of HBx and 
MEKK2 were examined in HCC patients using Western blot analysis.  Protein bands were quantified using Quantity One software (Bio-Rad).  The value 
under each pair of samples (T/P), represents the ratio of HBx or MEKK2 expression in the HCC tissue to that in its corresponding peritumor tissue and 
indicates the fold change in the protein level in HCC.  P, peritumor tissue; T, HCC tissue.  (D) Immunohistochemical staining showed the expression 
levels of MEKK2 in HCC tissues using a tissue microarray.  (a) Negative control; (b) MEKK2-positive staining.  Imaged at 200× magnification.

Figure 4.  MEKK2 contributes to HBx-mediated growth of hepatoma cells.  (A, B) The proliferation ability of HepG2-X cells was tested using the EdU 
incorporation and MTT assays after MEKK2 siRNA treatment.  (C, D) The proliferation ability of HepG2.2.15 cells was tested using the EdU incorporation 
and MTT assays after MEKK2 siRNA treatment.  Results are representative of three independent experiments.  Values represent mean±SD.  bP<0.05, 
cP<0.01 vs NC, student’s t test.
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involved in hepatocarcinogenesis.  
In summary, we conclude that HBx upregulates the expres-

sion of MEKK2 and that MEKK2 is involved in the promotion 
of hepatoma cell proliferation, which is mediated by HBx.  
Our finding suggests that MEKK2 may play important roles in 
the hepatocarcinogenesis mediated by HBx.
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Introduction
Skin is constantly exposed to prooxidant environmental 
stresses from an array of sources, such as air pollutants, solar 
ultraviolet (UV) light, chemical oxidants, microorganisms, 
and ozone[1].  Reactive oxygen species (ROS) were implicated 
in the etiology of several skin disorders including skin can-
cer and photoaging.  Skin cancer constitutes about 30% of all 
newly diagnosed cancers in the world and solar UV radia-

tion, particularly the UVB component, is an established cause 
of about 90% of skin cancers[2].  In recent years, particular 
antioxidants have gained considerable attention as means of 
neutralizing ROS.  This group includes vitamins (C and E), 
phytochemicals (carotenoids and polyphenols), and minerals 
(zinc and selenium)[3].  There is much evidence to suggest that 
selenium has an important role in protecting skin from the 
harmful effects of UVB.  Selenium, an essential trace element, 
is found in many foods, including meat, fish, eggs, dairy prod-
ucts, and grains[4].  The UVB protection afforded by selenium 
compounds is attributed to their ability to increase activities of 
glutathione peroxidase and thioredoxin reductase which are 
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antioxidant selenoenzymes[5].  In humans, a low selenium sta-
tus is associated with up to a 4-fold increased risk of develop-
ing skin cancer[6].  Topical selenium compounds also increase 
the minimum dose of UV radiation required to cause skin red-
dening and protect against skin damage caused by UVB[7, 8].  
Seleno-L-methionine (Se-L-M), the major component of dietary 
selenium, represents an organic form of selenium which 
may provide enhanced protection of the skin[9].  Se-L-M also 
decreases the oxidative stress of neurodegenerative diseases, 
rheumatoid arthritis, and HIV/AIDS[10, 11].

Most ingested selenium, whether in organic or inorganic 
form, is converted by liver metabolism[3].  In addition, sele-
nium toxicity can produce gastrointestinal problems[12].  
Delivery of pharmacologically active compounds via the skin 
is an attractive alternative to oral dosing for numerous rea-
sons including stable plasma concentrations, bypass of first-
pass effects, and reduction of some side effects[13, 14].  Topical 
delivery via the skin may provide direct selenium targeting to 
attain sufficient activity for skin prevention/therapy.  Topical 
administration may also be a suitable route for selenium to 
achieve systemic bioavailability to maintain daily necessities 
and treat systemic disorders.

No evidence currently exists to support the notion that sig-
nificant amounts of Se-L-M can be delivered into and across 
the skin.  The number of specific metals that was investigated 
for skin permeation is also limited[15].  The aim of this work 
was to establish skin permeation profiles of Se-L-M from vari-
ous vehicles.  The permeation via the skin of other selenium 
species, such as seleno-DL-methionine (Se-DL-M), selenium 
sulfide (SeS2), and cadmium selenium (CdSe) quantum dots 
was also evaluated.  Both in vitro and in vivo skin absorption 
experiments were performed in this study.  To study the in 
vitro potential of these compounds, a permeation study was 
performed with Franz diffusion cells using excised porcine 
and nude mouse skin.  The optimal pH and type of vehicles 
for better absorption of Se-L-M were investigated.  Possible 
pathways of this antioxidant via the skin were elucidated 
using porcine skin treated by stripping, delipidation, oleic 
acid, and α-terpineol to indicate the specific routes of skin 
absorption.  Possible skin irritation of Se-L-M was studied by 
histopathology and in vivo bioengineering techniques using 
nude mice as the animal model.

Materials and methods
Materials
Se-L-M, Se-DL-M, selenium sulfide, LumidotTM CdSe quantum 
dots, LumidotTM CdSe/ZnS quantum dots, oleic acid, and 
α-terpineol were purchased from Sigma-Aldrich (St Louis, 
MO, USA).  Cellulose membranes with a molecular weight 
(Mw) cutoff of 3500 (Spectra PorTM 3) were supplied by Spec-
trum Laboratories (Rancho Dominguez, CA, USA).  All other 
chemicals and solvents were of analytical grade and were used 
as received.

Animals
Specific pathogen-free (SPF) pigs (1 week old) were supplied 

by the Animal Technology Institute Taiwan (Miaoli, Taiwan, 
China).  Female nude mice (8 weeks old) were obtained from 
the National Laboratory Animal Center (Taipei, Taiwan, 
China).  The animal experiment protocol was reviewed and 
approved by the Institutional Animal Care and Use Commit-
tee of Chang Gung University.  Animals were housed and 
handled according to institutional guidelines.

Preparation of skin membranes
Full-thickness skin was excised from the dorsal region of pigs 
and mice.  Subcutaneous fat, tissues, blood vessels, and epi-
dermal hairs were carefully removed before use.  The skin was 
stripped 20 times with adhesive tape in the study to obtain 
stratum corneum (SC)-stripped skin.  To obtain delipidized 
skin, the SC side was pretreated with chloroform-methanol 
(2:1) for 2 h.  Five percent oleic acid or α-terpineol in a 25% 
ethanol/water medium was used to pretreat the skin mounted 
on a Franz cell for 2 h before the in vitro skin permeation 
experiment.

In vitro skin permeation
Porcine or nude mouse skin with or without pretreatment was 
mounted on the receptor compartment of a Franz cell with 
the SC side facing upwards into the donor compartment.  The 
receptor was filled with 5.5 mL of pH 7.4 citrate-phosphate 
buffer, and maintained at 37 ºC under constant stirring.  The 
donor compartment was occluded by parafilm and filled with 
0.5 mL of vehicle containing Se-L-M or other selenium spe-
cies at determined concentrations.  The available diffusion 
area between the compartments was 0.79 cm2.  At appropriate 
intervals, 300-μL aliquots of the receptor medium were with-
drawn and immediately replaced with an equal volume of 
fresh medium.

At the end of the in vitro experiment (24 h), the skin was 
removed from the cell and the skin surface was cleaned with 
a cotton wool swab immersed in water and methanol three 
times each for removing any contaminent.  The skin was 
weighed, cut with scissors, positioned in a glass homogenizer 
containing 1 mL of 0.1 mol/L HCl, and homogenized for 10 
min at 300 revolutions per minute.  The resulting solution 
was centrifuged for 10 min at 10 000 revolutions per minute 
and then filtered through a polyvinylidene difluoride mem-
brane with a pore size of 0.45 μm.  All samples were analyzed 
by graphite furnace atomic absorption spectrophotometry 
(Z-5000, Hitachi, Tokyo, Japan).  The wavelength set for sele-
nium was 196 nm.  At the range 0–40 μg/L, the concentration 
of selenium was linearly proportional to its absorbance.  The 
limit of detection (LOD) of selenium was determined to be 3 
μg/L.  The intra- and inter-assay precision and accuracy val-
ues were evaluated at the concentration range 0–40 μg/L.  The 
overall precision, defined by the relative standard deviation 
(RSD), ranged from 0.4% to 3.1% on average.  Analytical accu-
racy, expressed as the percentage difference between the mean 
of measured value and the known concentration, varied from 
-3.3% to 2.1%.
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In vivo skin permeation
Nude mice were used as the animal model in the in vivo 
experiment.  All animals were starved overnight prior to the 
experiment.  A glass cylinder with an available area of 0.79 
cm2 was placed on the dorsal skin with glue (Instant Super 
GlueTM, Kokuyo, Tokyo, Japan).  An aliquot of 0.2 mL of pH 
8 citrate-phosphate buffer with Se-L-M at a concentration of 
0.2% (w/v) was added to the cylinder.  The application times of 
the vehicle were 4 and 8 h.  The procedures for washing and 
extraction of the compound from the skin were the same as for 
the in vitro experiment.

In vivo skin tolerance test
A 0.6-mL aliquot of pH 8 buffer with 0.2% or 0.3% Se-L-M was 
uniformly spread over a sheet of non-woven polyethylene 
cloth (1.5 cm×1.5 cm), which was then applied to the back area 
of a nude mouse.  The polyethylene cloth was fixed with Tega-
dermTM adhesive dressing (3M, St Paul, MN, USA) and Fixo-
mullTM stretch adhesive tape (Beiersdorf AG, Hamburg, Ger-
many).  After 24 h, the cloth was removed, and the treated skin 
area was swabbed clean with a cotton wool swab.  The vehicle 
was applied daily for 5 d.  After withdrawal of the vehicle, 
transepidermal water loss (TEWL), colorimetric parameters, 
and the pH of the applied skin were measured.  These mea-
surements were evaluated daily.  TEWL was recorded using 
a TewameterTM (TM300, Courage and Khazaka, Köln, Ger-
many).  Measurements taken at a stable level were performed 
30 s after application of the TEWL probe to the skin.  TEWL 
was automatically calculated and expressed in g·m-2·h-1.  The 
skin-surface pH was determined by a Skin-pH-MeterTM 
PH905 (Courage and Khazaka).  A spectrocolorimeter (CD100, 
Yokogawa Electrical, Tokyo, Japan) was used to measure the 
skin erythema (a*) according to recommendations of the Com-
mission Internationale de l’Eclarirage (CIE).  When recording 
color values, the measuring head was held perpendicular to 
the back skin.  The reading was obtained within a few seconds 
on the display.  The temperature and relative humidity in 
the laboratory were kept at 26 ºC and 55%, respectively.  The 
sample number for each experiment was six.

Histopathological examination
The dorsal skin of nude mouse was excised after topical 
administration of pH 8 buffer with 0.2% or 0.3% Se-L-M for 5 
d.  Each skin specimen was dehydrated using ethanol, embed-
ded in paraffin wax, and stained with hematoxylin and eosin.  
For each skin sample, three different sites were examined and 
evaluated under light microscopy (Eclipse 4000, Nikon, Tokyo, 
Japan).  Digital photomicrographs were then processed with 
Adobe PhotoDeluxe (Adobe Systems, San Jose, CA, USA).

Statistical analysis
Statistical analyses of differences between the various treat-
ments were performed using an unpaired Student’s t-test.  
A 0.05 level of probability (P<0.05) was taken as the level of 

significance.  An analysis of variance (ANOVA) test was also 
used if necessary.

Results
Optimization of vehicles for in vitro skin permeation of Se-L-M
Optimization of topical drug bioavailability is an essential 
objective for the effective treatment of skin disorders.  The pH 
and composition of vehicles, and the applied dose were shown 
to be major variables influencing the diffusivity of permeants.  
The effects of the pH 4–10.8 buffers on skin permeation of Se-
L-M were examined.  Se-L-M is an amino acid containing sele-
nium.  According to the dissociation constant (pKa) values of 
Se-L-M (2.19 and 9.05)[16], this compound is mainly in cationic, 
zwitterionic, and anionic forms at pH 4, 8, and 10.8, respec-
tively.  The solubility of Se-L-M in water is up to 1000 mg/mL, 
which can be associated with a risk of local toxicity if applied 
topically.  The finite dose technique was applied in this study, 
although the maximal thermodynamic activity could not be 
obtained.  All donor samples for testing the pH effect were 
prepared by dispersing 0.2% Se-L-M in buffer.  Figure 1 shows 
the permeation profiles of Se-L-M across porcine skin and 
nude mouse skin as the means and standard deviations plot-
ted against time.  The flux value (μg·cm-2·h-1) is equal to the 
slope of the linear permeation profile and was calculated from 
the experimental curves shown in Figure 1.  Table 1 summa-
rizes the Se-L-M flux from various buffer solutions.  A zero-
order equation was suitable for use with the curves of most 

Figure 1.  In vitro cumulative amount versus time profiles of the topical 
application of seleno-L-methionine permeating across porcine (A) 
and nude mouse skin (B) from pH 4, 8, and 10.8 buffers.  All data are 
presented as mean±SD.  n=4 experiments.
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formulations, except the results of pH 8 buffer via nude mouse 
skin.

The pH of the vehicle had a significant effect on the trans-
port of Se-L-M.  As shown in Figure 1A, the permeability 
across porcine skin increased in the order of pH 8>pH 
10.8>pH 4.  The same trends were detected for both porcine 
and nude mouse skin (Figure 1A vs 1B).  Based on the flux 
values shown in Table 1, the difference between pH 8 and 
10.8 was not significant (P>0.05) according to a t-test in the 
case of porcine skin.  For topical bioavailability purposes, the 
permeant retained in the strata of the skin should be included.  
Only considering the permeant flux reaching the receptor 
compartment may underestimate the true level of skin absorp-
tion.  The skin deposition of Se-L-M by in vitro topical applica-
tion is depicted in Table 1.  The skin with no treatment (blank 
control) showed no selenium content above the detection limit 
of atomic absorption.  A correlation was noted between por-
cine skin retention and the flux.  A t-test revealed that there 
was no statistically significant difference (P>0.05) in the skin 
accumulation between pH 8 and 10.8 buffers in porcine skin.  
Se-L-M accumulation within nude mouse skin was greatest 
with the pH 8 buffer and least from the pH 4 buffer.

Table 2 summarizes the permeation data of Se-L-M from 
pH 8 buffer with 30% organic solvents of glycerol, PG, and 
PEG400.  Porcine skin was used as the permeation barrier.  
The permeation of Se-L-M from the buffer containing the 
organic solvents was significantly lower (P<0.05) compared 
to the neat pH 8 buffer.  The flux and skin reservoir of Se-L-M 

from pH 8 buffer were greater than those from the buffer with 
organic solvents by 2.5–5-fold.  The general trend for the flux 
was PG>glycerol≥PEG400.  There was no significant difference 
(P>0.05) among the skin deposition levels of the compound 
from the three vehicles.

The Se-L-M flux and skin deposition from pH 8 buffer with 
different doses of 0.05%–0.3% are respectively shown in Fig-
ure 2A and 2B.  A linear correlation (r=0.9748) was apparent 
between the dose and flux across porcine skin.  No significant 
difference (P>0.05) in the flux was observed between the doses 
of 0.2% and 0.3%.  A linear relationship was not observed in 
nude mouse skin since a lower flux (P<0.05) was detected in 
the formulation with the 0.3% compound compared to that 
with 0.1% and 0.2%.  As depicted in Figure 2B, the porcine skin 
reservoir generally increased with an increase in the Se-L-M 
dose except at 0.3%.  A correlation of r=0.7858 was observed 
between the dose and porcine skin deposition.  The same as 
the permeant flux via nude mouse skin, the skin deposition 
from the donor with 0.3% was relatively lower compared to 
that with 0.2% (P<0.05).

In vitro skin permeation of Se-L-M via various skin types
In order to elucidate the mechanisms involved in the skin per-
meation of Se-L-M, in vitro permeation experiments to exam-
ine the cumulative amount in the receptor were performed 
using various skin membranes.  Although an examination of 
permeation across skin is less advantageous when targeting 
skin tissue, an understanding of the permeability is helpful 
in exploring the mechanisms or pathways of skin absorption.  
Figure 3 shows the cumulative amount–time profiles of Se-L-
M from pH 4, 8, and 10.8 buffers via different skin types.  Se-L-

Figure 2.  In vitro flux (A) and skin deposition (B) of seleno-L-methionine 
from pH 8 buffer with different doses of 0.05%–0.3% across porcine and 
nude mouse skin.  All data are presented as mean±SD.  n=4 experiments.  

Table 1.  In vitro flux and skin deposition of 0.2% seleno-L-methionine 
from buffers with various pH values via porcine skin and nude mouse 
skin.  Each data represents the mean±SD.  n=4. 

    Skin                     pH                Flux          Skin deposition
                                                               (μg·cm-2·h-1)                       (μg/g) 
 
Porcine   4   0.09±0.07     5.29±1.54
   8 11.41±1.86    47.27±8.98
 10.8   8.22±2.39    47.31±5.47
Nude mouse   4   0.08±0.01   12.36±1.53
   8   7.56±1.90 123.87±35.75
 10.8   6.56±0.66   91.30±16.96

Table 2.  In vitro flux and skin deposition of 0.2% seleno-L-methionine 
from pH 8 buffers with various cosolvents via porcine skin.  Each data 
represents the mean±SD.  n=4.

             Vehicle                                     Flux           Skin deposition
                                                                   (μg·cm-2·h-1)                     (μg/g) 
 
 30% Glycerol/pH 8 buffer 2.55±0.59 18.21±6.10
 30% PG/pH 8 buffera 4.45±1.04 12.26±2.36
 30% PEG400/pH 8 bufferb 2.18±0.38 14.52±3.61

aPG, propylene glycol.  bPEG400, polyethylene glycol 400.
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M diffusion across the cellulose membrane was determined to 
evaluate release rates from the buffers.  The results indicated 
that the release of the permeant was faster than permeation 
across porcine skin.  The release kinetics showed an initial 
burst (0–4 h), followed by a sustained burst (4–8 h), and a pla-
teau (8–24 h).  This trend and the level of release were similar 
for all buffers tested.  Among the permeation curves, Se-L-M 
permeation across SC-stripped skin mostly approximated the 
data across the cellulose membrane, followed by delipidized 
skin and intact skin.  According to the cumulative amount at 
24 h (the end of the experiment), Se-L-M permeation across 
stripped skin was 158-, 1.7-, and 2.0-fold greater (P<0.05) than 
that across intact skin from pH 4, 8, and 10.8 buffers, respec-

tively.
To further explore the permeation mechanisms, 3% oleic 

acid and α-terpineol in 25% ethanol/pH 7.4 buffer were used 
to pretreat porcine skin.  Ethanol at 25% was used as the pre-
treatment medium for solubility considerations of oleic acid 
and α-terpineol.  As shown in Figure 3B, pretreatment with 
25% ethanol significantly reduced (P<0.05) Se-L-M permeation 
by 2-fold compared to intact skin.  Treatment with oleic acid 
slightly but significantly increased (P<0.05) the cumulative 
amount over the 25% ethanol-treated group.  On the other 
hand, pretreatment of the skin with α-terpineol did not further 
increase (P>0.05) permeation.

In vitro skin permeation of different selenium species
The skin delivery of other selenium species was also studied in 
the present work.  These included Se-DL-M, selenium sulfide, 
and CdSe quantum dots.  The flux and skin deposition of the 
selenium compounds are given in Table 3.  The enantioselec-
tive transfer of selenomethionine via porcine skin was studied.  
Both the flux and skin deposition of Se-L-M increased more 
than those of Se-DL-M (P<0.05).  From this, it is clear that the 
L form can pass more easily through the skin barrier than the 
DL form.  This trend was especially significant with skin depo-
sition since the L form showed 2-fold higher skin uptake than 
the DL form.  Selenium sulfide could not pass across the skin 
into the receptor with a 24-h application.  An in vitro uptake 
of 0.36 μg/g of selenium sulfide was found within the skin.  
The skin absorption of two types of quantum dots, CdSe and 
CdSe/ZnS, was tested.  No selenium was detected in either 
the skin reservoir or receptor as shown in Table 3.

In vivo skin permeation of Se-L-M
Levels of Se-L-M in the skin were determined following a 
single application of pH 8 buffer to the dorsal surface of nude 
mice.  In vivo percutaneous absorption was evaluated using 
nude mice because they are easy to handle.  Table 4 shows the 
in vivo skin deposition of Se-L-M after topical delivery for 4 
and 8 h.  Skin uptake of the compound exhibited values of 7.8 
and 7.2 μg/g, respectively.  There was no significant difference 
(P>0.05) between the intradermal concentrations of Se-L-M at 
4 and 8 h.

Figure 3.  In vitro cumulative amount versus time profiles of the topical 
application of seleno-L-methionine permeating across various skin types 
from pH 4 (A), 8 (B), and 10.8 (C) buffers.  All data are presented as 
mean±SD.  n=4 experiments.

Table 3.  In vitro flux and skin deposition of 0.2% different selenium 
species from pH 8 buffer via porcine skin.  Each data represents the 
mean±SD.  n=4.

        Species                                    Flux           Skin deposition
                                                                 (μg·cm-2·h-1)                       (μg/g) 
 
 Seleno-L-methionine 11.41±1.86  47.27±8.98
 Seleno-DL-methionine   7.04±1.85 23.42±8.90
 Selenium sulfide           0   0.36±0.13
 CdSe quantum dots           0           0
 CdSe/ZnS quantum dots           0           0
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Bioengineering methods such as TEWL, pH, and colorim-
etry were conducted in vivo to evaluate the preliminary safety 
of Se-L-M on skin.  pH 8 buffer containing 0.2% and 0.3% 
Se-L-M was applied to the dorsal skin of nude mice for 24 h.  
The total duration of application was 5 d.  Values of TEWL, 
pH, and erythema (a*) were determined every day as shown 
in Figure 4.  Compared to the control group (pH 8 buffer with-
out Se-L-M), no enhancement of TEWL and pH values was 
observed after application of Se-L-M for 5 d (Figure 4A, 4B).  
The same result was detected for skin erythema after topical 
Se-L-M delivery (Figure 4C).  This suggests tolerable changes 
in the skin with topically applied Se-L-M.  No visible disrup-
tion of the skin was observed at any point during this study of 
nude mice receiving Se-L-M.

Possible skin irritation by Se-L-M after 5 d of exposure 
was histologically investigated as shown in Figure 5.  Light 
microscopy indicated no observable damage to intact skin 
in the untreated group (Figure 5A).  Histopathologic analy-
sis of skin samples isolated from the area treated with 0.2% 
Se-L-M revealed some chronic inflammatory cells such as 
macrophages and lymphocytes in the dermis (Figure 5B).  A 
partial loss of the SC was exhibited with this dose.  When the 
dose was increased from 0.2% to 0.3%, less significant inflam-
mation was seen in the dermis and subcutis (Figure 5C).  Some 
disarray and disarrangement of the SC were observed.  Histo-
logical changes to the skin due to treatment with Se-L-M were 
generally mild.

Discussion
Cumulative and prolonged exposure to UVB is now known to 
induce deleterious reactions in human skin, including cutane-
ous aging, immunosuppression, photo-carcinogenesis, and 
various inflammatory skin disorders[17].  Supplying topical 

exogenous antioxidants to the skin can prevent or minimize 
UVB-induced damage[18].  Despite various reports linking 
many of the beneficial properties of selenium to its use, no 
comprehensive study has been conducted to investigate the 
skin absorptive ability of related compounds.  Moreover, pen-
etration of the skin still needs to be separately determined for 
each metal species because of the large diversity permeation 
characteristics of various metal via the skin[15].  The present 

Figure 5.  Histological examination of nude mouse skin stained with hematoxylin and eosin with no treatment (control group) (A), treatment with seleno-
L-methionine from pH 8 buffer at a dose of 0.2% for 5 d (B), and treatment with seleno-L-methionine from pH 8 buffer at a dose of 0.3% for 5 d (C).

Table 4.  In vivo skin deposition (μg/g) of seleno-L-methionine from buffers 
with various pH values via nude mouse skin.  Each data represents the 
mean±SD.  n=6.

                Time (h)                                   Skin deposition (μg/g) 
 
 4 7.82±0.36
 8 7.24±0.18

Figure 4.  In vivo skin tolerance examination determined by transepidermal 
water loss (TEWL) (A), skin surface pH (B), and erythema (a*) (C) after an 
application of topically applied seleno-L-methionine from pH 8 buffer at 
a dose of 0.2% or 0.3% for 5 d.  All data are presented as the mean±SD.  
n=6 experiments.
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results showed that Se-L-M exhibited considerable absorption 
into the skin, especially with pH 8 buffer.  The preliminary 
safety of Se-L-M to the skin was also evaluated.  The results 
showed negligible irritation of the skin after in vivo topical 
administration, suggesting its feasibility for dermal use.

Porcine skin was initially used as the permeation barrier in 
this study because of its similarity to human skin.  The skin 
of rodents is most commonly used for in vitro and in vivo skin 
permeation studies.  There are a number of hairless species 
(eg, nude mice and hairless rats) in which the absence of a 
hairy coat mimics human skin better than hairy skin[19].  Hence 
nude mice were also utilized as an animal model in this study.  
The experimental results showed similar flux values between 
nude mouse skin and porcine skin in our case.  This suggests 
that nude mice can be a successful model for evaluating the 
skin permeation of selenium compounds.  Se-L-M in the buf-
fers with higher pH values was found to penetrate more easily 
into and through the skin.  The accumulation of a compound 
within the skin reflects the skin deposition after topical appli-
cation.  On the other hand, the concentration of a compound 
received in the Franz cell predicts the amount distributed to 
plasma or other organs in an in vivo status[20].  Both parameters 
were meaningful for Se-L-M.  This selenium compound can 
prevent or treat UVB-related disorders in skin.  The essential 
uptake for systemic levels of selenium in daily life was also 
achieved by a transdermal route.

Skin absorption of a permeant is determined by its physico-
chemical characteristics, in particular, its Mw and lipophilic-
ity, which play major roles in the skin permeation process.  
Finnin and Morgan[21] indicated that molecules with a Mw of 
<500 Da can penetrate across the skin because of their small 
molecular volumes.  Se-L-M fits this criterion (Mw 196.1 Da).  
Poor absorption is more likely when the octanol/water parti-
tion coefficient (logP) is >5 or <-1[17].  Se-L-M showed a logP of 
-3.01[22], which does not fulfill the criterion.  This can explain 
the extremely low permeation of Se-L-M from pH 4 buffer.  
However, Se-L-M still demonstrated a considerable penetra-
tion in pH 8 and 10.8 buffers.  Se-L-M is predominantly in a 
zwitterion form in pH 8 buffer, which is beneficial due to its 
lipophilicity.  The neutral form of a compound always shows 
higher skin partitioning compared to the ionic form because 
of the lipophilic characteristics of the SC[23, 24].  The present 
findings suggest that the corresponding anions at pH 10.8 
also showed high skin permeation.  Increased pH can ionize a 
greater part of the intercellular fatty acids, changing the phase 
behavior and packing of the barrier lipid mixture[25].  The SC 
may be much more permeable to molecules in an alkaline 
vehicle[15].  This effect was not observed below pH 9 since the 
evidence indicates buffers at pH<9 did not compromise the 
barrier function[26].

A direct correlation between the skin deposition and flux 
was achieved for all Se-L-M formulations tested.  The higher 
skin reservoir of the compound may result in high release 
into the receptor compartment because of the rapid diffusion 
due to the concentration gradient[24].  However, differences in 
skin deposition among formulations were smaller compared 

to those of flux values.  For example, pH 8 buffer exhibited a 
9-fold increase in skin deposition over pH 4 buffer, whereas a 
127-fold increase was detected for the flux.  The electrophilic 
nature of many metals determines their protein reactivity, 
which can result in depot formation in the SC[15, 27].  Se-L-M 
was found to replace methionine when incorporated into 
proteins[16], resulting in an abundance in the skin reservoir.  A 
previous study[28] suggested that protection from UVB-radia-
tion-induced human skin cell death can be obtained with con-
centrations of as low as 10 nmol/L with Se-L-M.  This value 
can be calculated as 0.002 ng/g, a level that simulates skin 
deposition.  Se-L-M showed skin deposition which was much 
greater than the minimum concentration for inducing protec-
tion efficiency.

The incorporation of an organic solvent such as glycerol, 
PG, or PEG400 in pH 8 buffer significantly reduced the perme-
ation of Se-L-M.  The addition of an organic solvent may have 
reduced the polarity of the aqueous vehicle as the solvent is 
relatively lipophilic.  The decreased polarity with organic sol-
vent incorporation in the vehicle hinders the partitioning of 
the permeant into the SC[29, 30].  Another explanation may be 
the higher viscosity of these solvents relative to the aqueous 
solution, making it difficult for the permeant to diffuse within 
the oil system.  The data clearly showed an increased flux with 
PG compared to glycerol and PEG400.  The permeation pro-
cess is generally referred to as the drag-effect and may explain 
the effect of PG[31, 32].  Such data may indicate a polar route of 
delivery for Se-L-M.

It can be seen that the permeation of Se-L-M was not com-
mensurate with the applied concentration.  A 0.3% dose did 
not further increase the flux or skin deposition via porcine skin 
compared to a lower dose (0.2%).  This can be interpreted as 
a saturation of the skin reservoir by the selenium compound.  
A dose of 0.3% Se-L-M even showed reduced permeation via 
nude mouse skin.  This phenomenon is commonly observed 
with the skin delivery of metals.  This is due to the buildup 
of a secondary diffusion barrier as a consequence of metals 
forming stable bonds with proteins of the skin[15].  In this way, 
a depot accumulates in the SC retarding further penetration in 
inverse proportion to the metal concentration.  This effect may 
have been more pronounced for nude mouse skin than por-
cine skin.

With respect to drug permeation via the skin from the vehi-
cle, a permeant should first diffuse out of the vehicle onto the 
skin surface.  The release rate of Se-L-M across the cellulose 
membrane was significantly higher than that across porcine 
skin.  This indicates that the skin exerted a significant barrier 
function against the transport of Se-L-M.  The release profiles 
from various buffer systems approximated each other.  Since 
a large discrepancy of skin penetration existed among the 
various buffers, the partitioning or permeation process via 
skin but not the release process was the rate-limiting step for 
Se-L-M.  Tape stripping is a simple standard technique for 
evaluating the function of the SC in percutaneous absorption 
studies[33].  Se-L-M in pH 4 buffer showed the highest enhance-
ment of skin permeation across SC-stripped skin compared 
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to the other buffer systems, suggesting that diffusion through 
the SC layer was important for permeation in a cationic form.  
Se-L-M permeation across stripped skin did not achieve the 
level of release across the cellulose membrane by the end of 
the experiment (24 h).  This suggests that permeation was 
hindered by the SC, and the viable epidermis/dermis beneath 
the SC may have contributed to the aqueous resistance to its 
diffusion.  The epidermal-dermal tight junction is an example 
of an important barrier for some materials[34].  This phenom-
enon was not observed for Se-L-M at pH 8 and 10.8 since the 
cumulative Se-L-M amount via stripped skin approximated 
the release amount at the end of the experiment.

Permeation through corneocytes (a transcellular pathway) 
and permeation through the lipid bilayers surrounding the 
corneocytes (an intercellular pathway) contribute to the 
routes of drug permeation across the SC.  Delipidation greatly 
increased the skin permeation of Se-L-M at pH 4 compared 
to intact skin.  This suggests that the intercellular lipid bilay-
ers were the main barrier blocking the transit of Se-L-M in an 
acidic environment.  The penetration rates of this compound 
via delipidized skin and intact skin were comparable in neu-
tral and alkaline environments (pH 8 and 10.8).  This indicates 
that the presence of lipid bilayers did not greatly influence the 
penetration of this selenium compound at these pH values.  
Intracellular or transappendageal routes may be pathways 
for Se-L-M delivery at pH 8 and 10.8.  This result is in accor-
dance with permeation from PG-containing vehicles.  The 
penetration pathways of Se-L-M in pH 8 buffer were further 
investigated using ethanol, oleic acid, and α-terpineol as pre-
treatment media for the skin.  Pretreatment with 25% ethanol 
resulted in a retardation of Se-L-M permeation.  Changes in 
the skin’s structure induced by ethanol reduced the delivery 
of some drugs[24, 35].  Protein denaturation in the SC may have 
been involved in this reduction.  This result verified that the 
hydrophilic pathways through corneocytes can play an impor-
tant role in the skin delivery of Se-L-M.

Oleic acid and α-terpineol were used as permeation enhanc-
ers for dermal/transdermal drug delivery.  Oleic acid acts 
on the lipidic tail portion of intercellular lipid bilayers, while 
α-terpineol is known to act on the lipid polar heads of cer-
amides[36].  Oleic acid produced enhancement of the skin 
permeation of Se-L-M compared to the 25% ethanol-treated 
group.  This suggests that the alkyl chain of the lipids could 
act as a barrier hindering permeation.  It also confirms that the 
intracellular route may be essential for Se-L-M, since oleic acid 
can disrupt corneocytes[37].  Pretreatment with α-terpineol did 
not enhance the activity of Se-L-M permeation.  This may indi-
cate that hydrogen bonds between ceramides are not impor-
tant for Se-L-M penetration across the SC.

Both inorganic and organic forms of selenium are commonly 
used for therapeutic and diagnostic purposes.  The experimen-
tal results indicated that molecular stereochemical complexity 
can predominate the skin delivery of compounds.  The in vitro 
skin permeation experiments demonstrated that the diffusion 
of the L and DL forms via porcine skin was stereoselective, 
with the L form showing higher permeation.  This indicates 

that the SC contributed to the barrier function against percuta-
neous absorption of the D form.  Since intracellular pathways 
were the predominant route for selenomethionine delivery, 
corneocytes may produce qualitative evidence of stereoselec-
tive interaction.  This chiral interaction can cause differences 
in diffusion rates via the skin.  Se-L-M may favor this interac-
tion compared to the D form.  According to previous studies 
involving the skin delivery of enantiomers[38-40], the L form (or 
S form) of ketorolac, ketoprofen, and selegiline also exhibited 
greater skin absorption than the D form (or R form).

Topical preparations containing selenium sulfide are fre-
quently used to manage tinea versicolor, seborrheic dermatitis, 
and dandruff[41, 42].  It is commonly incorporated into shampoo 
for treating dandruff.  Our results showed that the skin was 
virtually impermeable to selenium sulfide.  Only a very low 
amount of selenium sulfide was retained in the skin reservoir.  
This is accordance with a previous study which found that 
selenium sulfide in shampoo is not absorbed by the skin[43].

Quantum dot nanoparticles have received attention due to 
their fluorescent characteristics and potential use in medical 
applications[34, 44].  Because the skin is the main target tissue for 
nanoparticle exposure, assessment of the skin penetration of 
quantum dots has attracted a great deal of attention.  A recent 
development is utilization of selenium as a material for quan-
tum dot preparations.  The core of quantum dots consists of 
cadmium and selenium (CdSe), sometimes with a shell of ZnS 
to make them biologically compatible.  Whether the quantum 
dots can permeate the skin is controversial.  Recent investi-
gations reported that skin penetration by quantum dots did 
not occur in intact mouse skin[45], was minimal in a murine 
model[46], and was detected in the lower SC layer of a human 
skin equivalent[47].  In our case, neither CdSe nor CdSe/ZnS 
quantum dots were absorbed by porcine skin.  No or only 
negligible amounts in the receptor and skin reservoir were 
detected by analyzing selenium.  This suggests that the shell 
of quantum dots was not damaged, and the CdSe core did not 
leach out.  Penetration of quantum dots into the epidermal 
layers can result in a localized skin response, such as inflam-
mation or cytotoxicity[26].  Cadmium and selenium are two 
components of the core that are known to be toxic to cells[34].  
Our results indicated that quantum dots with a diameter of 
6 nm may be safe for topical administration to skin tissue.

The electrophilic nature of many metals determines their 
protein interactions, which can result in depot formation in the 
skin.  The in vivo skin uptake of Se-L-M was hence determined.  
The level of the in vivo skin reservoir was less than that in an in 
vitro condition.  This was due to the significant diffusion and 
distribution of permeants from the skin to the systemic circu-
lation or other tissues after in vivo topical administration, thus 
reducing the skin accumulation in an in vivo status.  No signifi-
cant difference in Se-L-M skin levels was observed between 4 
and 8 h of administration.  This can be explained by saturation 
of the skin reservoir.  Another reason for the lower uptake of 
in vivo permeation was the shorter exposure time during the in 
vivo experiment compared to the in vitro experiment (24 h).

In addition to the efficiency of diffusion into the skin, the 
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skin tolerance is another concern for topical delivery systems.  
Selenium should be used with caution as a topically applied 
reagent since it may increase the risk of nonmelanoma skin 
cancer in excessive doses[48].  TEWL was utilized to assess the 
degree of SC disruption, and a good correlation between the 
chemical damage to the skin barrier and TEWL increment was 
demonstrated[49].  By evaluating established endpoints of skin 
irritation, the present work found that the topical application 
of Se-L-M for up to 5 d did not cause TEWL enhancement.  
Although Se-L-M caused some abrasion or disarray of the 
SC according to a histopathological examination, the barrier 
function of the SC did not fail.  It was shown that the com-
plete removal of lipids from the SC led to a 100-fold increase 
in water permeability[50].  Healthy skin has a slightly acidic 
pH, and the acidity of the skin maintains antimicrobial activ-
ity[18].  Disturbing this naturally acidic mantle may cause skin 
diseases.  On the other hand, the a*-coordinate of colorimetry 
correlates well with inflammatory interactions of the skin, 
especially viable skin[24].  Se-L-M delivered by a topical route 
may be safe for both skin acidity and viable skin.  Although 
inflammation occurred by monitoring skin slices, this irritation 
was not significant.  An interesting result was that the inflam-
mation induced by the 0.3% dose was less than that with 0.2%.  
This may have been due to a secondary barrier of the skin 
formed by the metals as cited above.

Conclusions
As demonstrated in this study, Se-L-M was readily absorbed 
by the skin in both the in vitro and in vivo experiments.  
Se-L-M in a zwitterion form revealed higher permeation com-
pared to the other forms.  A linear correlation was observed 
between the flux and skin deposition. The DL form of 
selenomethionine showed less skin absorption than did the L 
form, indicating a stereoselective character of this compound.  
Other selenium compounds including selenium sulfide and 
CdSe quantum dot nanoparticles exhibited no or only negligi-
ble skin delivery.  Intracellular but not intercellular pathways 
were an important route for Se-L-M penetration via the SC.  
Summarizing the results of the present work, it was concluded 
that it may be suitable to develop dermal preparations of 
Se-L-M to protect against the harmful effects of UV.  A prelim-
inary safety examination of the skin indicated acceptable skin 
tolerance to Se-L-M.  The established profiles of Se-L-M skin 
absorption will be helpful in developing topical products of 
this compound.  More in vivo and clinical information on the 
efficacy and safety of the percutaneous absorption of Se-L-M is 
required to assess future practicability.
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