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Inflammation is the responses of body 
to harmful stimuli in many pathologi-

cal conditions.  Prevention and treat-
ment of inflammation are the main indi-
cation of a variety of natural products.  
Recently, Niuchangchih (Antrodia campho-
rata), a medicinal mushroom in Taiwan, 
has received considerable attention from 
the public due to its potent bioactivities, 
such as anti-inflammation, anti-cancer, 
immuno-modulatory and anti-hepatitis 
activities[1].  Till now, researchers have 
identified a total of 26 compounds from 
Niuchangchih, including 11 succinic/
maleic acid derivatives, 8 triterpenoids, 
1 benzenoids, 1 benzoquinone deriva-
tive, 5 miscellaneous compounds and 
polysaccharides, that possess anti-
inflammatory effect[2, 3].  However, the 
mechanisms underlying their anti-
inflammatory actions remain elusive.  

A recent study by Chen et al eluci-
dated the molecular mechanisms of 
anti-inflammation of Niuchangchih.  The 
authors isolated and purified 5 major 
antcins (A, B, C, H, and K) from fruiting 
bodies of Niuchangchih.  They found that 
antcin A was most similar to glucocor-
ticoids among the 5 compounds in the 
chemical structure.  Furthermore, they 

demonstrated in human lung cancer cell 
A549 that antcin A was the active ingre-
dient responsible for the anti-inflamma-
tory effect of Niuchangchih, which might 
act via the same molecular mechanism 
triggered by glucocorticoids[4].  Finally, 
they showed the docking of antcin A to 
glucocorticoid receptor (GR) in a molec-
ular modeling study.  Thus, via mimick-
ing glucocorticoids, antcin A may dif-
fuse across the cell membrane and bind 
to the cytosolic GR that forms a dimmer 
after dissociated from the heat-shock 
protein (HSP) and then translocates into 
the nucleus to initiate the suppression 
of inflammation at the gene regula-
tion level.  Molecular docking showed 
that C-7 of antcin A was attached to 
the hydrophobic side of the steroidal 
backbone of GR, while C-7 of the other 
antcins was attached to the hydrophilic 
group, thus being expelled when dock-
ing to the binding cavity of GR.

Chen’s work is an important land-
mark in research of anti-inflammatory 
compounds in Niuchangchih.  Hsien et al 
recently showed that the anti-inflamma-
tory activity of antrocamphin A, another 
anti-inflammatory compound from 
Niuchangchih, resulted from suppressing 
pro-inflammatory molecule release via 
down-regulation of iNOS and COX-2 
expression through NF-κB pathway[5].  
Both the studies provide solid evidence 
for the potential of Niuchangchih to 

treat inflammation.  To elucidate the 
mechanisms of action of antcin A and 
antrocamphin A in vivo, more animal 
experiments and randomized controlled 
clinical trials should be carried out.  
Since more than 20 compounds in Niuch-
angchih have been shown to possess anti-
inflammatory activity[6–8], further studies 
are needed to elucidate their mecha-
nisms.  It is also of interest to figure out 
whether these compounds act syner-
gistically or independently.  Notably, 
most anti-inflammatory compounds in 
Niuchangchih have been derived from the 
fruiting bodies so far.  Further research 
is needed to uncover whether they can 
also be produced in fermented mycelia.  
Besides antcin A and antrocamphin A, 
many unknown ingredients respon-
sible for the anti-infammatory effects of 
Niuchangchih remain to be discovered.
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Introduction
According to the World Health Organization (WHO), cancer 
accounted for 7.9 million deaths in 2007 making it the lead-
ing cause of death in the world.  Deaths from cancer around 
the globe are expected to climb upwards with an estimated 
12 million deaths by cancer in 2030[1].  The frontiers of can-
cer research are therefore consistently challenged in order to 
advance the most effective means of cancer diagnosis, moni-
toring and treatment.  Findings gleaned from cancer research 
would inevitably benefit mankind and save countless lives.  

Current therapies employed for the treatment of cancer 
include surgery, chemotherapy and radiation therapy among 
others.  While these methods have been accepted and prac-
ticed for decades, they have their drawbacks and side effects.  
Surgical removal of tumors is restricted mainly to large, resec-
table and accessible tumors.  Chemotherapeutic drugs target 
rapidly dividing cells, and thus not only kill cancer cells, but 
also destroy normal cells like bone marrow cells and immune 
cells[2].  This gives rise to widespread “collateral damage” in 
the patient’s body.  Radiation therapy involves the use of high-
energy radiation like X-rays and gamma rays to destroy tumor 
cells, and inevitably causes deleterious effects to healthy tis-
sues along the radiation path[3].  

In light of the shortcomings of current treatment modalities 
for cancer, a critical thrust towards improving cancer therapy 
is to specifically target therapeutic agents to tumor cells while 
sparing healthy tissues from harm.  This is one of the emerging 
interests in nanotechnology research.  Nanotechnology refers 
to the manufacture of materials having nanoscale dimensions 
between 1 nm and 100 nm[4].  The small size of these nano-
materials confers their uniqueness with chemical and physical 
properties that are distinct from their bulk materials[5].  The 
rapid expansion in nanomaterial research increases the future 
prospect of novel diagnostic methods and treatment of dis-
eases that plague mankind.  This branch of nanotechnology in 
disease diagnosis, monitoring and treatment has been termed 
“nanomedicine” by the National Institutes of Health in the 
USA[4].  

Among the many nanomaterials being developed for nano-
medicine applications, this review will focus on gold nano-
particles (AuNPs) and their potential as tumor sensors, drug 
delivery agents and enhancers in plasmonic photothermal 
therapy for the eradication of cancers.  The use of AuNPs is 
gaining popularity in these areas of research for several rea-
sons.  Firstly, AuNPs are considered to be relatively biologi-
cally non-reactive and therefore suitable for in vivo applica-
tions compared to the very toxic cadmium and silver NPs[6] 
although various groups (as explained in the later sections) are 
challenging this view.  Other advantageous qualities include 
the strong optical properties of AuNPs due to localized sur-
face plasmon resonance (LSPR)[7], easily controllable surface 
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chemistry which enables versatility in adding surface func-
tional groups[8], and lastly, the ease in control over particle size 
and shape during synthesis[9].  AuNPs may be considered to 
be fully multifunctional, with the possibility of combining dif-
ferent desired functionalities in one molecular-sized package.  
All these factors contribute to the strong interest and prefer-
ence for the use of AuNPs over other NPs[10].  Examples of 
other nanomaterials for biomedical applications can be found 
in other published papers which expound on the utilization of 
quantum dots[11, 12], functionalized fullerene-based nanomateri-
als[13] and magnetic NPs[14, 15] for the diagnosis and treatment of 
human diseases.

AuNPs and cytotoxicity
As the utility of AuNPs largely depends on the degree of 
inherent toxicity, studies on the toxicological profile of these 
NPs are discussed proceeding to their usage in cancer man-
agement.  Since NPs exhibit properties which are markedly 
different from that of their much larger counterparts, their 
behaviour and effects cannot be extrapolated from informa-
tion derived from their bulk materials.  Bulk gold has gen-
erally been considered an inert metal valued for medicinal 
purposes[16] and AuNPs have been thought to be likewise.  In 
the literature, AuNPs have been reported to lack the ability to 
induce adverse and acute toxicity[17] and are thus deemed to be 
biocompatible entities for use in biomedical applications[17, 18].  
However, recent studies have shown that there could be more 
to AuNP toxicity than already surmised and that the extent 
of toxicity response is closely associated with the size of the 
AuNPs[19, 20].  Investigations have revealed that decreasing the 
size of NPs correlated with more widespread tissue distribu-
tion, heightened potential to deeper penetration within certain 
tissues, more effective internalization by cells, and increased 
toxic effects[21].  In terms of surface functionality, studies have 
shown that modification of the AuNP surface affect its uptake, 
interactions with cellular constituents and cytotoxicity[22, 23].

In vitro studies on cytotoxicity of AuNPs
Multiple studies have shown that AuNPs exert their cytotox-
icity through the induction of oxidative stress.  For example, 
when exposed to 1.4 nm AuNPs, HeLa cervical carcinoma cells 
exhibited increased reactive oxygen species (ROS) production 
and oxidative stress, leading to protein and lipid oxidation, 
severely impaired mitochondrial function, and eventually cell 
death[23].  The same investigators showed that Z-VAD-fmk, a 
caspase inhibitor was unable to rescue the cells from dying, 
leading to the conclusion that cells were killed by necrosis.  
Furthermore, genome-wide mRNA expression analysis veri-
fied that treatment with AuNPs caused up-regulation of 
stress-related and inflammation-related genes and a concomi-
tant decrease in the expression of cell cycle genes.  It appears 
that continual production of endogenous ROS within the cell 
exhausted the intracellular antioxidant pool and therefore 
induced irreversible damage that eventually lead to necrosis.

Oxidative stress was observed in MRC-5 fetal human lung 
fibroblast cells following exposure to 20 nm AuNPs[24] with 

concomitant down-regulation of cell cycle genes such as 
Cyclin B2 and B1 and DNA damage response genes.  In a 
follow-up study, the same investigators observed the presence 
of autophagy (validated by biochemical and morphological 
parameters) concurrent with oxidative stress in the lung fibro-
blasts following uptake of AuNPs[25].  It was also demonstrated 
in the same study that AuNP treatment led to the up-regula-
tion of antioxidants and expression of stress-response genes 
and proteins, lending support to the hypothesis that oxidative 
stress could be a manifestation of AuNP cytotoxicity.  

In vivo studies on cytotoxicity of AuNPs
In a recent study, blue mussel Mytilus edulis was observed 
to experience oxidative stress within 24 h of exposure to 
AuNPs[26], indicating the possible impact of AuNPs to the eco-
system and aquatic animals.  The same investigators also pro-
posed the use of M edulis as an ideal animal model for envi-
ronmental toxicology studies of NPs.  Another in vivo study 
utilized zebrafish embryos to assess the feasibility of AuNPs as 
probes for embryonic imaging[27].  In this study, the real-time 
effects of AuNPs on zebrafish embryos were investigated, and 
results showed that owing to the random diffusion of AuNPs 
to various parts of the embryo, toxic effects influencing the 
developmental outcome of the embryo were largely stochastic 
in nature.  Among the 76% of zebrafish embryos that survived, 
only a minority (2%) of zebrafish embryos exhibited defor-
mities while the remaining 74% developed normally.  The 
authors therefore proposed that given its relatively non-toxic 
nature, AuNPs could be exploited for in vivo imaging applica-
tions for embryonic studies.

For mammals, however, there is at present limited informa-
tion regarding the in vivo toxicity of AuNPs.  Studies have 
largely focused on the biodistribution of AuNPs in the body.  
A rat model study revealed the size-dependent organ distribu-
tion of AuNPs following intravenous (iv) administration.  For 
10 nm AuNPs, the distribution was found to be widespread, 
permeating the blood and organs of the cardio-respiratory 
system, immune system (such as spleen and thymus) and 
reproductive system, liver, kidney, and brain, whereas larger 
AuNPs (50, 100, and 250 nm) were localized only to the blood, 
liver and spleen[28].  A similar study conducted using 15, 50, 
100, and 200 nm AuNPs showed that while the AuNPs with 
the largest dimension could only accumulate minimally in 
organs following iv administration into mice, AuNPs with 
the smallest dimension were detected in all tissues including 
blood and other organs such as the liver, lung, spleen, kidney, 
brain, stomach, and heart[29].  The results imply that smaller 
size AuNPs are more accessible to various tissues in the body 
and therefore the propensity to cause widespread harm, if any.  

Another group of researchers assessed the in vivo toxicity 
of 13 nm AuNPs coated with poly (ethylene) glycol (PEG) in 
mice and showed that following iv injection of AuNPs, the 
NPs accumulated in mouse liver and spleen for up to a week, 
and induced acute inflammation and apoptosis in the liver[30].  
The same group of investigators also demonstrated that iv 
administration of 4 nm or 100 nm PEG-coated AuNPs in mice 
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induced up-regulation of common genes associated with 
apoptosis, cell cycle, inflammation, and metabolic process in 
liver tissues[31].

A major challenge in the field of investigating in vivo cyto-
toxicity of NPs is the plausibility of translating observed cel-
lular and immunological toxicity in animal models to humans, 
since there are distinct intra- and interspecies variations which 
need to be considered.  

Applications of AuNPs in cancer management 
AuNPs as sensors for probing and imaging tumor cells
AuNPs are good candidates for labelling applications because 
of their ability to interact strongly with visible light.  Upon 
exposure to light, free electrons in gold atoms are excited to a 
state of collective oscillation known as surface plasmon reso-
nance (SPR), conferring gold the ability to absorb and scatter 
visible light[32].  In labelling applications, AuNPs are targeted 
and accumulated at the site of interest and based on their 
optical scattering properties, they enable visualization of the 
region under study.  AuNPs may then be detected by any of 
the following ways: phase contrast optical microscopy, dark 
field microscopy, photothermal imaging, and photoacous-
tic imaging[33].  In addition, owing to its high atomic weight, 
AuNPs remain the preferred label for visualization and 
immuno-staining at the ultrastructural level using transmis-
sion electron microscopy[34].  

A crucial step in successful cancer therapy involves early 
diagnosis.  The strong optical scattering properties of AuNPs, 
coupled with their relative biocompatibility, make them 
suitable as probes for cancer imaging.  Through the conju-
gation of antibodies specific for antigens overexpressed on 
tumor cells, AuNPs can be directed to tumor cells, thus pin 
pointing their precise location in the body (Figure 1).  It has 
been demonstrated that antibody-conjugated hollow gold 
nanospheres can be used for the surface-enhanced Raman 

spectroscopy (SERS) imaging of tumor biomarkers which are 
overexpressed in MCF7 breast cancer cells[35].  Raman scatter-
ing is a phenomenon that results from the inelastic collision 
of photons with molecules where energy, which is either lost 
or gained, translates to a change in the frequency of the scat-
tered photons.  This unique shift of frequency depends on the 
characteristic energy of molecular vibrations constituting the 
signal, hence a Raman spectrum consisting of different signals 
from molecular vibrations forms a “vibrational fingerprint” 
of a molecule[36].  In SERS, these Raman signals are amplified 
several folds by nanostructures present in the vicinity of the 
molecules.  Gold and silver have been shown to cause signifi-
cant enhancement[37] and are thus the favoured nanostructures 
used as sensors[24].  By attaching a reporter to SERS sensors, 
targeted sensitive probing of molecules or structures within 
cells may be achieved[36].

Recent studies have demonstrated the potential use of 
AuNPs for in vivo targeted imaging of cancer using Raman 
spectroscopy.  Large optical enhancements can possibly be 
achieved in the detection of tumors in live animals owing 
to the 14–15 orders of magnitude signal amplification by 
AuNPs[38].  Following the conjugation of AuNPs with appro-
priate ligands, cancer markers such as epidermal growth factor 
receptors present on the surface of human cancer cells and in 
xenograft tumor models could be targeted for detection.  This 
shows the potential of using AuNPs for biomedical imaging 
in live subjects.  However, it is important to note that the suc-
cessful optical imaging performed in mice cannot be directly 
scaled up for in vivo imaging of human subjects because the 
optical signals possess limited tissue penetration ability[39].  At 
present, optical imaging only appears useful for tissues close 
to the skin surface or accessible by endoscopy.  Hence, addi-
tional technological improvements are needed before Raman 
scattering by AuNPs can be used in a clinical setting.  

The utility of AuNPs as novel biosensors for the detection of 
tumor cells can be demonstrated through the use of a screen-
printed carbon electrode (SPCE) coupled with a NP-based 
electrocatalytic method[40].  Using this technique, in situ tumor 
cell proliferation was detected and quantified via the reaction 
of cell surface proteins with specific antibodies conjugated to 
AuNPs.  Human tumor HMy2 cells (human leukocyte antigen 
(HLA-DR) class II positive B cells) and human tumor PC-3 
cells (HLA-DR class II negative prostrate carcinoma) were first 
grown on the surface of SPCEs, following which they were 
incubated with a commercial monoclonal antibody (mAb) spe-
cific to DR molecules conjugated to AuNPs (direct method) or 
unconjugated mAb followed by secondary antibodies conju-
gated to AuNPs (indirect method).  When hydrogen ions were 
catalytically reduced to hydrogen in the presence of AuNPs, 
the amount of AuNPs (and thus a corresponding indication of 
the quantity of attached tumor cells) could be quantified.  In 
both methods, the AuNP immunosensor was able to distin-
guish DR-positive tumor cells from DR-negative tumor cells, 
showing the efficiency of this novel biosensor in detecting spe-
cific tumor cells.  

Figure 1.  Schematic diagram showing the localization of antibody 
conjugated gold to receptors present on the plasma membrane of cells.
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AuNPs as drug delivery agents targeted to cancer cells
A prominent application of AuNPs is their use as vehicles for 
delivery of molecules into cells.  AuNPs have been described 
as “promising nanocarriers for therapeutics” owing to their 
ease of synthesis and functionalization, relative biocompatibil-
ity[41] as well as low toxicity in preliminary assays[9].  However, 
various factors need to be considered in designing an effective 
drug delivery system.  The properties of AuNPs such as their 
size, charge and surface chemistry have been shown to affect 
the uptake of AuNPs into cells as well as their subsequent 
intracellular fate.  In addition, effective drug delivery strate-
gies must take into account the nature of drug-AuNP interac-
tion (covalent/non-covalent binding) as well as the means 
of drug release following introduction of the drug-AuNP 
complexes to cells[42].  If AuNPs are used solely as carriers into 
cells, it is also critical to monitor any toxic effects of residual 
materials in the cell after delivery; a biodegradable NP vec-
tor whose lifespan is limited to the therapeutic window of the 
drug would be ideal[43].  If the NP vector is cleared from the 
system once its purpose is reached, it will reduce exposure 
and limit its toxic effects in the body.  

Another issue of concern is the penetration rate of AuNPs 
into tumors and the specificity of the target sites.  Particularly, 
the epithelial and endothelial barriers are considered to be the 
main hindrance for the NPs to overcome.  Penetration enhanc-
ers like metalloproteases against basement membranes and 
toxins against intracellular tight junctions, may be useful in 
aiding the uptake of drug-loaded AuNPs into the tumor[44].  
Another factor to be considered is the AuNP retention in 
blood circulation.  Some researchers have found that particle 
retention is also size-dependent and longer circulation time is 
correlated to higher rate of reaching tumor target[45].  In addi-
tion, most studies have only investigated on drug delivery to 
solid tumors, where it is site specific and easier for quantifica-
tion of results.  It remains to be seen if AuNPs will be effective 
against non-solid cancers like leukemia where strategies for 
targeting and treating such cancers can be different from that 
for solid tumors.

Drug attachment and release from NPs is another challeng-
ing area.  While the ease of surface modification is what makes 
AuNP attractive for drug delivery, the strength of drug attach-
ment and timing of the release needs to be suitably controlled 
to produce the highest therapeutic efficacy.  Foremost, the 
method of release at the tumor site is dependent on how the 
drug is attached to the AuNP, whether covalently or through 
non-covalent binding.  Generally, drugs in the active form 
are loaded non-covalently while the covalent-conjugation of 
the drug to AuNP is in the pro-drug form, thereby requiring 
a second reaction to release the drug from the attachment as 
well as to activate it.  Although there have been quite a num-
ber of strategies proposed for the triggering of drug release at 
the tumor site, they can generally be narrowed down to three 
methods: light or photothermal release[46, 47], glutatione-medi-
ated[48], and non-covalent encapsulation of the active drug 
with subsequent off-loading by diffusion through the mem-
brane[9].  The others are principally a modification of one or 

a combination of these methods.  Thus far, the in vitro works 
done by Kim et al[9] have yielded promising results.  However, 
more work is required as there is still the need to assess if 
these methods are practical for application in vivo.  

Similarly in the field of cancer therapy, AuNPs are cur-
rently being explored as potential drug delivery agents for the 
introduction of drugs into tumor cells[49].  Cells are known to 
take up colloidal AuNPs of various shapes and sizes[22] either 
by specific (via ligand-receptor interaction) or non-specific 
means.  An example of AuNPs being taken up by breast 
cancer cells in vitro is shown in Figure 2.  In order to ensure 
the specific killing of cancer cells while sparing healthy cells, 
AuNPs were conjugated with appropriate surface ligands 
which directed them only to tumor cells (Figure 3).  Huang et 
al (2008) have described two methods for tumor targeting: the 
first involved conjugation of AuNPs to PEG, and the second 
involved conjugation of AuNPs with specific antibodies which 

Figure 2.  Transmission electron microscopy (TEM) of AuNP treated MCF-7 
breast cancer cells.  The cells were treated with 1 nmol/L AuNP for 72 h.  
(A) A cluster of AuNPs (indicated by an arrow) is found in the cytoplasm 
of a cell.  Bar=0.2 µm.  (B) TEM specimens were subjected for elemental 
analysis with a CM120 BioTWIN electron microscope coupled with a 
Philips EDAX Microanalysis system.  The electron dense particles in AuNP 
treated cells showed the presence of two peaks corresponding to the gold 
M shell (2.2 KeV) and L shell (9.7 KeV).  The treatment sample, registered 
a P/B ratio (ratio of the intensity of the detected element against the 
background) of 230.27 (Au L shell).  For the element to be significantly 
present in the sample, the P/B ratio value needs to be 3.0 and above.  
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bind unique biomarkers expressed on tumor cells[50].  PEG 
prevented AuNP aggregation and lengthened their retention 
time in blood.  This facilitated the preferential accumulation 
of AuNPs in tumor cells over healthy cells because of the 
elevated permeability of poorly differentiated blood vessels 
around tumors following angiogenesis (Figure 4), as well as 
the decreased clearance rate caused by the deficit of functional 
lymphatic vessels in tumors[4].  Using PEG is considered a pas-
sive targeting approach, as opposed to the active targeting of 
tumor cells through the help of specific antibodies.  Following 
cellular uptake, AuNPs are stored in endosomal/lysosomal 
vesicles.  In order to liberate these AuNPs and introduce the 
drug which has been delivered into the cell cytoplasm, the 
NPs need to be modified by the conjugation of membrane-
translocating sequence-based peptides which enable them to 
traverse monolayers[51].  

Tumor necrosis factor-alpha (TNF-α) is a potent, multi-

functional cytokine which not only plays a critical role in 
inflammation and immunity, but also exhibits anticancer 
properties[52].  However, its systemic toxicity due to their indis-
criminate actions on both normal and malignant tissues is well 
established[16].  Indeed, it was shown in one study using the 
mouse model that increasing doses of native TNF correlated 
with the severity of toxicities observed[49].  In the same study, 
it was revealed that in contrast to native TNF, TNF conjugated 
to a colloidal gold platform interspersed with thiol-derivatized 
PEG was more efficacious in reducing tumor burden in a colon 
cancer xenograft model, without causing death of the animals.  

A Phase 1 clinical trial on the PEGylated colloidal gold–TNF 
construct (CYT-6091) conducted in patients with advanced 
stage solid cancers has shown potential[53].  The CYT-6091 
complex appears to be well-tolerated in this first clinical trial 
on human subjects although fever developed in two patients, 
which was not unexpected (as evidenced by preclinical data) 
and were easily controlled.  It is unclear if the fever was due 
to a reaction to the AuNPs or the recombinant TNF (rhTNF) 
construct.  It appears that the AuNP and rhTNF construct 
produces less adverse reaction than the rhTNF alone even at 
the highest drug-AuNP concentrations in the pre-clinical find-
ings.  Dose-limiting toxic reaction of hypotension was also not 
seen in any patient under the trial although there were some 
retrafficking of leukocytes.  AuNPs were found in the tumor 
as well as in the liver biopsies but no toxic adverse effects 
were observed.  In sum, the authors concluded that the clinical 
results correlated well with the preclinical data, which bodes 
well for future translational studies for AuNPs.  However, it 
must be borne in mind that data generated with one type of 
AuNP may not be extrapolated to other kinds of AuNPs with 
a different shape, size or surface modification.

In a separate study, the effect of incorporating PEG-coated 
AuNPs with TNF-α for the targeting killing of SCK mammary 
carcinomas grown in mice combined with heat treatment has 
also been investigated[54].  While AuNPs loaded with TNF-α 
alone and heat treatment alone showed tumor growth delay, 
the most drastic effect was observed when TNF-α loaded 
AuNPs were intravenously introduced, followed by local 
heating.  This combination treatment proved effective in 
decreasing the in vivo and in vitro tumor cell survival rates, 
demonstrating the prospect of using AuNPs as drug delivery 
carriers coupled with subsequent thermal treatment for effec-
tive eradication of tumor cells.  

The effects of AuNPs conjugated with methotrexate (MTX) 
in inducing cytoxicity in vitro and anti-tumorigenic effects in 
vivo have been reported[55].  It was observed that accumulation 
of Au-MTX in tumor cells occurred more rapidly and at higher 
concentrations than those treated with free MTX.  As a result, 
enhanced cytotoxic effects were also present in several tumor 
cell lines compared with an identical dosage of free MTX.  
These results warrant further investigation as they suggest 
that the conjugation of AuNPs with a chemotherapeutic drug 
such as MTX was more efficacious than the administration of 
free MTX alone, displaying the potential of AuNPs as drug 
carriers targeting only tumor cells.  

Figure 3.  Schematic diagram showing AuNP carriers conjugated with 
anticancer drugs and ligands which are recognized by receptors on the 
surface of tumor cells. 

Figure 4.  Schematic diagram showing accumulation of ligand-targeted 
gold nanoparticles conjugated with anticancer drugs in cancer cells 
mediated via extravasation of the gold nanocarriers through gaps in the 
endothelial cells (“leaky tumor vasculature”).
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However, given the vast array of AuNPs of different shapes 
and sizes, it is still unclear which type(s) of AuNPs would be 
the most suitable for drug delivery applications[39].  It is likely 
that this variety of AuNPs will be custom made to suit the 
needs for patient treatment.  The use of AuNPs in such a man-
ner is not without its disadvantages.  There are inherent prob-
lems and potential problems to the use of NPs in the delivery 
of drugs to the target site such as size of the NP and drug 
conjugate, intratumoral pressure and differential expression of 
receptors at the tumor site.  Optimism towards the utilization 
of AuNPs as drug delivery vectors into cells should be kept in 
check as many of the complications regarding targeted drug 
delivery as well as the toxicity of NPs to cells is a concern yet 
to be fully addressed.  Therefore, the use of AuNPs prior to 
appropriate assessment of their toxic effects may reap more 
harm than benefit.  

AuNPs in plasmonic photothermal therapy
Traditionally, heat has been used in the treatment of cancer 
via the induction of hyperthermia, a condition in which cells 
are subjected to high temperatures which kill them.  While the 
sources of heat varies from microwaves, radiowaves, ultra-
sound waves to laser light in the past, such approaches to 
cancer therapy have not been widely used because of the con-
sequential damage to normal tissues surrounding the targeted 
tumor.  With the advent of nanotechnology, diverse nano-
structures have been manufactured for the purpose of photo-
thermal therapeutics.  Noble metal NPs such as AuNPs (and 
including Au nanospheres, nanorods, and nanocages) attract 
particular interest because they possess enhanced absorption 
cross-sections[50, 56].  Their strong absorbance enables effective 
laser therapy with minimal “collateral damage” to the sur-
rounding healthy tissue.  The mechanism by which AuNPs 
exert their photothermal effect is through SPR.  This leads to 
the formation of a heated electron gas which then cools rap-
idly within about 1 ps through exchanging energy with the 
NP lattice.  The NP lattice in turn heats up the surrounding 
environment through the rapid transfer of energy spanning 
only about 100 ps[57].  The speed at which energy is converted 
and dissipated to the surrounding environment presents an 
efficient means of rapidly inducing hyperthermia in the vicin-
ity of AuNPs following irradiation with light.  Irreversible cell 
damage resulting from denaturation of proteins and disrup-
tion of cell membrane will occur in the areas subjected to high 
temperatures.  

The underlying concept of using antibody-conjugated 
AuNPs hinges on the necessity of tumor cells in express-
ing characteristic biomarkers, which are otherwise absent or 
expressed in significantly lower levels in normal cells.  The 
successful detection and eradication of breast carcinoma cells 
overexpressing human epidermal growth factor receptor 2 
(HER2) through the usage of anti-HER2 immunotargeted gold 
nanoshells with subsequent irradiation by near infra-red light 
to potentiate the gold nanoshells-induced photothermal effect 
has been reported[58].  The antibody-mediated targeting of 
AuNPs to tumor cells was considered to be the more specific 

and efficient of the two approaches to tumor targeting.  It is 
apparent from here that plasmonic AuNPs exhibit vast poten-
tial in the field of photothermal cancer therapy by providing a 
means to specifically target tumor cells.  

AuNPs in radiation therapy
Numerous studies have revealed that AuNPs may have 
important applications as radiosensitizers (which are drugs 
that potentiate the effect of radiation for cancer therapy).  A 
study on mice bearing subcutaneous EMT-6 mammary carci-
nomas showed that not only were AuNPs (1.9 nm in diameter) 
non-toxic in nature and cleared from the body via the kidneys, 
they possessed the ability to enhance the effect of X-ray ther-
apy leading to a remarkable survival rate of 86% as opposed 
to 20% with X-rays alone and 0% with AuNPs alone[59].  How-
ever, it is crucial to note that while 1.9 nm AuNPs seem to 
show potential as radiation enhancing agents, a recent study 
discovered evidence for acute cytotoxicity, DNA damage and 
apoptosis mediated by oxidative stress induced by cellular 
uptake of 1.9 nm AuNPs[60].  There is a need for further under-
standing of cellular responses to AuNPs when exploring their 
potential to be used in radiation therapy to cure cancer.

The effectiveness of AuNPs as radiosensitizers seems to be 
closely related to their surface functionality.  While the above 
studies utilized uncoated AuNPs, another study showed that 
5 nm AuNPs coated with the gadolinium chelating agent 
dithiolated diethylenetriaminepentaacetic gadolinium (Au@
DTDTPA:Gd) did not exhibit radiosensitizing effect in both 
tumor cells in vitro and in vivo models (MC7-L1 tumor-bearing 
mice)[61].  Instead, a chemotherapeutic effect was observed, 
which warrants further investigation.  The authors suggest 
that the radiosensitizing properties of AuNPs could possibly 
be strongly reliant on the nature of their coating.  However, 
the discrepancy over the radiosensitizing effects of AuNPs 
may also be attributed to the different dimensions of AuNPs 
used as well as the type of tumor cells under study.  

AuNPs as antiangiogenic agents
Interestingly, AuNPs have been reported to possess antiangio-
genic property[62].  The exact mechanism of action is still not 
clearly understood but it was observed that AuNPs bind pref-
erentially to vascular permeability factor/vascular endothelial 
growth factor (VPF/VEGF)-165 and basic fibroblast growth 
factor (bFGF) primarily through the heparin-binding domain.  
This has led researchers to suggest that AuNPs are able to 
inhibit angiogenesis by preventing the downstream signaling 
effects of these mitogens on angiogenesis in cancer cells[63].

Conclusion
The field of NP research presents exciting potential for bio-
medical applications.  Together with an expanding knowledge 
base on the properties and effects of AuNPs, they are currently 
explored as potential tools for cancer therapy.  Presently, 
exploiting AuNPs as sensitive probes in the detection and 
imaging of tumors for diagnostic purposes, delivery agents 
for the specific targeting of chemotherapeutic drugs to tumor 
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cells, and enhancers in plasmonic photothermal therapy and 
radiation therapy for the eradication of tumor cells appear to 
show promise.  In nanomedicine, the ultimate aim is to utilize 
NPs efficiently for the in vivo targeted killing of tumor cells 
with no or minimal side effects.  However, even the concept of 
attaching ligands to the NPs so as to allow them to hone to the 
tumor appears logical and simple but is in fact fraught with 
difficulties.  In this light, NP research is still at its infancy since 
many factors remain to be optimized before the application of 
NPs in cancer therapy becomes a clinical reality.
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Introduction
Although the pathogenesis of sporadic Alzheimer’s disease 
(AD) is not clearly understood, it is likely dependent on sev-
eral age-related factors[1].  Diabetes is one of the most impor-
tant risk factors for AD, and the multiple mechanisms connect-
ing the two diseases have been proposed[1].  The pathological 
complications of diabetes affect several organ systems includ-
ing the brain[2], which undergoes changes that could increase 
the risk of cognitive disorders including AD[3].  However, 
details of the association between diabetes and dementia have 
not yet been fully elucidated.  Hyperglycemia is accompanied 
by accelerated formation of advanced glycation end-products 
(AGEs), which have been associated with increased amyloid 
deposition and neurofibrillary tau tangle formation[4].  More-

over, AGEs have been demonstrated to cause oxidative stress 
and inflammatory responses as well as cytotoxicity in neu-
ronal cells[5–10].  An emerging body of evidence also suggests 
that AGEs decrease mitochondrial activity and lead to energy 
depletion[11, 12].

The central pathological event in AD is the progressive 
accumulation of amyloid-β (Aβ) in the brain.  Aβ derives 
from sequential cleavage of the β-amyloid precursor protein 
(APP) by β- and γ-secretase.  β-secretase (β-site APP-cleaving 
enzyme 1, BACE1) cleaves the ectodomain of APP, produc-
ing an APP C-terminal fragment.  This fragment is further 
cleaved within the transmembrane domain by γ-secretase, 
resulting in the release of a family of Aβ peptides with differ-
ent C-terminal variants, predominantly Aβ40 and Aβ42

[13].  In 
addition, the level of Aβ is determined by the balance between 
its generation and turnover[14].  Aβ is degraded by endopepti-
dases, among which insulin-degrading enzyme (IDE) is pre-
dominant.  IDE mediates much of the degradation of soluble 
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monomeric Aβ[13].
Peroxisome proliferator-activated receptors (PPARs) are 

a family of three related nuclear receptors (α, γ, and δ) that 
act as transcription factors in the regulation of genes respon-
sible for lipid and energy metabolism.  PPARγ is of particular 
importance for lipid and carbohydrate metabolism, and par-
ticipates in the regulation of serum glucose levels and insulin 
sensitivity[14].  Two thiazolidinedione agonists of PPARγ, 
pioglitazone and rosiglitazone (RGZ), are widely prescribed 
for the treatment of type 2 diabetes mellitus[14].  There is now 
an extensive body of evidence that has demonstrated the effi-
cacy of these agonists in reducing neuronal cell loss in in vitro 
models of neurotoxicity, in vivo models of cerebral ischemia-
reperfusion injury, Parkinson’s disease, and amyotrophic 
lateral sclerosis[15–23].  In particular, recent animal and clinical 
trials of RGZ have shown significant improvement in memory 
and cognition in animal models of AD, and AD patients, 
respectively[24].  Thus, PPARγ represents an important new 
therapeutic research target for the treatment of AD.  How-
ever, the mechanisms mediating this potential beneficial effect 
remain to be fully elucidated.

AGEs may contribute to the etiology of many disease 
processes, including AD[15], by accumulating on β-amyloid 
plaques and exerting chronic oxidative stress via receptor-
mediated mechanisms.  Accordingly, in this study AGEs were 
used to induce neuronal toxicity in SH-SY5Y neuroblastoma 
cells in vitro to investigate the protective effects of RGZ.  The 
antioxidative and anti-apoptotic properties of RGZ were 
also evaluated.  The investigation therefore provides further 
insights into the mechanisms whereby RGZ exerts a beneficial 
effect in AD.

Materials and methods
Chemicals
Fetal bovine serum (FBS), Dulbecco’s modified Eagle’s 
medium (DMEM), trypsin-ethylenediaminetetracetic acid 
(EDTA), and antibiotics for cell culture were from Gibco/BRL 
Life Technologies (Grand Island, NY, USA).  RGZ maleate 
tablets were purchased from SmithKline Beecham Pharmaceu-
ticals (West Sussex, UK).  GW9662, an inhibitor of PPARγ, was 
purchased from Cayman Chemical (Ann Arbor, MI, USA).  All 
other chemicals and reagents, unless otherwise noted, were 
obtained from Sigma Chemical (St Louis, MO, USA).

Preparation of AGE-BSA
AGE-bovine serum albumin (BSA) was prepared by incubat-
ing 20 g/L BSA with 0.5 mol/L glucose at 37 °C for 3 months 
under sterile conditions, as described previously[16–18].  Control 
non-glycated BSA was incubated under the same conditions 
except for the absence of glucose.  At the end of the incubation 
period, preparations were dialyzed against phosphate buff-
ered saline (PBS) for 48 h while stirring to remove unincorpo-
rated glucose.  The protein concentration was determined by 
Lowry assay.  AGEs protein-specific fluorescence determina-
tions were performed by measuring emission at 440 nm and 
excitation at 370 nm using a fluorescence spectrophotometer 

(F-3000, Hitachi, Japan).

Cell culture
The neuroblastoma cell line SH-SY5Y was grown in DMEM 
and Ham’s F12 nutrient mixture (DMEM/F12; 1:1) routinely 
supplemented with 10% FBS, 100 units/mL penicillin, and 
100 µg/mL streptomycin, and incubated at 37 °C in a humidi-
fied atmosphere of 5% CO2.  All experiments were carried out 
24–36 h after cells were seeded.  During AGEs studies, the 
growth medium was treated with 1000 µg/mL AGE-BSA or 
non-glycated BSA in the presence or absence of 10 µmol/L 
RGZ or 10 µmol/L of the PPARγ antagonist GW9662 for 24 h.

Cell viability assay
Methylthiazoletetrazolium (MTT) was dissolved in PBS at a 
concentration of 5 mg/mL.  After 48 h incubation, 25 µL of the 
MTT solution was added to each well of 96-well plates and 
incubated for 4 h at 37 °C in a humidified atmosphere of 5% 
CO2.  At the end of the incubation period, the medium were 
discarded using a suction pump.  The extraction buffer of 20% 
w/v sodium dodecyl sulfate (SDS) in 50% of N,N-dimethylfor-
mamide in demineralized water (50:50, v/v) was prepared at 
pH 4.7.  The absorbance was determined at 570 nm.  The A570 
was taken as an index of cell viability and the activity of mito-
chondria.  The net absorbance from the plates of cells cultured 
with the control medium (not treated) was considered as 100% 
cell viability and mitochondrial activity.  

Measurement of the activity of superoxide dismutase (SOD) and 
catalase (CAT)
The SH-SY5Y cells were washed twice with PBS and lysed 
in 200 µL of lysis buffer.  The supernatants were obtained by 
centrifugation at 14 000×g at 4 °C for 10 min, and antioxidant 
enzyme activity assays were performed on the resulting super-
natants.  The protein content was determined by Lowry’s 
method.  The superoxide dismutase (SOD) activity was deter-
mined by mixing the reaction mixture with the samples.  After 
adding one unit of SOD and 0.005 unit xanthine oxidase, the 
absorbance was read at 550 nm for 5 min.  The SOD activity 
was calculated as: 

Catalase activity was determined by adding 995 µL of 30 
mmol/L H2O2 to 5 µL of cell lysate.  The disappearance of 
H2O2 was monitored at 240 nm.  The catalase activity was cal-
culated as: 

Measurement of intracellular reactive oxygen species (ROS)
Intracellular reactive oxygen species (ROS) were monitored by 
using the fluorescent probe 2’,7’-dichlorodihydrofluorescein 

                             absorbance/min  –  absorbance/min 

Inhibition (%)=       uninhibited                 inhibited          ×100                              absorbance/min  –  absorbance/min
                                  uninhibited                   blank

Concentration= absorbance–control  ×path length (1 cm)                                    43.6 M-1 cm-1
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diacetate (DCFH-DA).  Intracellular H2O2, or low molecular 
weight peroxides, oxidize DCFH-DA to the highly fluorescent 
compound dichlorofluorescein (DCF).  SH-SY5Y cells were 
seeded in 96-well plates and were incubated with increas-
ing concentrations of AGEs and/or RGZ for 24 h.  Cells were 
incubated with 10 µmol/L DCFH-DA at 37 °C for 30 min, then 
washed twice with PBS, and finally the fluorescence intensity 
of DCF was measured in a microplate-reader at excitation 
wavelength 485 nm and emission wavelength 538 nm.

Apoptosis assay
Apoptosis was measured according to the manufacturer’s 
instructions (Bioscience Research Reagents, Temecula, CA, 
USA).  Briefly, SH-SY5Y cells were collected by trypsin-EDTA, 
washed with PBS, resuspended in 100 µL of binding buffer 
and stained with 3 µL of fluorescein isothiocyanate-labeled 
Annexin-V and 2 µL of propidium iodide (PI).  After 15 min 
of incubation, the cells were immediately analyzed by flow 
cytometry.  

Quantitative real time polymerase chain reaction (Q-PCR)
The total RNA was extracted from the cells and converted to 
cDNA, according to the manufacturer’s instructions.  The total 
RNA (3 µg) was converted to cDNA by reverse transcriptase 
using a SuperScriptTM II Reverse Transcriptase kit.  Q-PCR 
of the cDNA samples was performed with an iCycler iQTM 
Real-Time Detection System.  Primer Sequences for quantita-
tive PCR are indicated in Table 1.  Five microliters of cDNA 
template was amplified in a mixture of 12.5 µL of iQ SYBR 
Green Supermix, primer, and sterile water in a final volume of 
25 µL.  For all experiments, the negative controls used water 
instead of cDNA for the PCR reaction.  The data were normal-
ized by subtracting the difference of the threshold cycle values 
between the target gene of interest and the β-actin housekeep-
ing gene.

Western blot
After treatments, the cells were collected and homogenized in 
lysis buffer containing a mixture of protease inhibitors.  Cell 
extracts, prepared by centrifugation at 16 000×g, were resolved 
by SDS-PAGE.  Proteins were then transferred onto a nitrocel-
lulose membrane, and blotted with the appropriate primary 
antibodies: polyclonal rabbit anti-Bcl2 (Santa Cruz), polyclonal 
rabbit anti-cleaved Caspase3 (Cell Signaling, Beverly, MA, 
USA), polyclonal rabbit anti-Bax (Santa Cruz), monoclonal 
mouse anti-BACE1 (Chemicon), polyclonal rabbit anti-APP 
(Zymed, San Francisco, CA, USA), polyclonal goat anti-IDE 
(Santa Cruz), polyclonal mouse anti-β-actin (Santa Cruz).  
Anti-mouse and anti-rabbit as well as anti-goat secondary 
antibodies were coupled to horseradish peroxidase (Santa 
Cruz).  The detection was performed by using an ECL Plus kit 
(Amersham Biosciences, Milan, Italy).  Relative expressions 
of proteins were quantified by densitometric scanning of the 
X-ray films with a GS 700 Imaging Densitometer (Bio-Rad) 
and a computer program.  β-actin was used for standardiza-
tion of the samples.

Aβ detection
Aβ1-42 were detected using a human β-amyloid1–42 ELISA kit 
(BioSource) and conditioned medium.  The kit protocol was 
followed to prepare samples.  Briefly, the plate was washed 
four times with wash buffer.  The standard peptide was resus-
pended and serial dilutions were prepared.  Dilutions of the 
samples to be tested were also prepared.  Standards or sam-
ples (100 µL) were added to the appropriate wells of the pre-
coated microtiter plate and incubated for 2 h at room tempera-
ture.  They were washed four times with wash buffer.  The 
diluted detection antibody (rabbit polyclonal Aβ1–42, 100 µL) 
was placed into the wells and incubated for 2 h at room tem-
perature.  The samples were then washed four times with 
wash buffer.  One hundred microliters of the HRP-conjugated 

Table 1.  Primer sequences and PCR reaction condition used in this study.  

     
Gene name	        Gene Bank ID	                                    PCR primers (5′–3′)	                                                      Tm (ºC)

	                    Length of
                                                                                                                                                                                                                                         PCR product
 
	 APP	 NM_001136016   	 Forward: GAGACACCTGGGGATGAGAATG	 60	 122 bp
			   Reverse: GCTTGACGTTCTGCCTCTTCC		
	 BACE1	 NM_012104	 Forward: TACCAACCAGTCCTTCCGC	 60	 116 bp
			   Reverse: CCGTGGATGACTGTGAGATG		
	 Bax	 NM_004324	 Forward: AGTGTCTCAAGCGCATCGG	 60	 141 bp
			   Reverse: CCCAGTTGAAGTTGCCGTC		
	 Bcl2	 NM_000633	 Forward: ATGTGTGTGGAGAGCGTCAAC	 60	 135 bp
			   Reverse: CAGTTCCACAAAGGCATCCC		
	 Caspase3	 NM_032991	 Forward: AGAACTGGACTGTGGCATTG	 60	 164 bp
			   Reverse: CACAAAGCGACTGGATGAAC		
	 IDE	 NM_004969	 Forward: GCCGAAGCCTTGTCTCAACT	 60	   79 bp
			   Reverse: CAAATAGGCCATGTTACAGTGCAA		
	 β-actin         	 NM_001101	 Forward: CCCAGCACAATGAAGATCAAGATCAT	 60	 101 bp
			   Reverse: ATCTGCTGGAAGGTGGACAGCGA 
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anti-rabbit antibody was added to the wells and incubated for 
2 h at room temperature.  The wells were washed four times 
with wash buffer and then 100 µL of chromogen solution was 
added to each well.  The wells were incubated for 30 min at 
room temperature, protected from light, and then 100 µL of 
stop solution was added to each well.  Optical density was 
measured at 450 nm.  The results were calculated from a stan-
dard curve.  The data represent the means from experiments 
done in triplicate.

Statistical analysis
The statistical significance of the differences was determined 
using one-way ANOVA followed by the Scheffe F test.  Dif-
ferences in which the probability (P)-value<0.05 were con-
sidered statistically significant.  All graphs represent the 
mean±standard deviation (SD) for three separate experiments.

Results
RGZ ameliorates AGEs-induced neuronal insult
To determine the cytotoxic effects of AGEs at various concen-
trations for 24 h in SH-SY5Y cells, MTT assays were performed 
to assess cell viability.  As shown in Figure 1A, AGEs treatment 
at a range of 100–2000 µg/mL resulted in a reduction of cell 
viability from up to 14% to 25% in a concentration-dependent 
manner.  Therefore, AGEs at 1000 µg/mL was used to induce 

neuronal insults in the following experiments.  In order to 
investigate the protective effect of RGZ, SH-SY5Y cells were 
treated with 1000 µg/mL AGEs and RGZ with or without the 
PPAR-γ inhibitor GW9662, for 24 h.  As shown in Figure 1B, 
RGZ significantly attenuated the decrease in AGEs-induced 
neuronal viability in a concentration-dependent manner.  In 
contrast, GW9662 treatment reversed the protective effect of 
RGZ on AGEs-induced neuronal insult (Figure 1D), whereas 
GW9662 alone did not affect the cell viability (Figure 1C).  
These results suggest that RGZ protecting from AGEs-induced 
neurotoxicity in SH-SY5Y cells is associated with PPARγ.  

RGZ inhibits oxidative stress induced by AGEs in SH-SY5Y cells
To determine the effects of RGZ on oxidative stress induced by 
AGEs in SH-SY5Y cells, ROS production and the activities of 
antioxidant enzymes were measured.  As expected, RGZ sig-
nificantly attenuated AGEs-induced ROS production (Figure 
2A), and the reduction of the activities of SOD as well as cata-
lase (Figure 2B and 2C, respectively).  Similarly, the PPARγ 
antagonist GW9662 eliminated the upregulatory effects of 
RGZ on the activities of SOD and catalase in this process.  But 
reduction of ROS induced by RGZ was not blocked by PPARγ 
antagonist GW9662.  These results indicate that the cytotoxic 
effect of AGEs on SH-SY5Y cells may be mediated by oxidative 
stress, while RGZ ameliorated AGEs-induced downregulation 

Figure 1.  Effects of RGZ on the cell viability of SH-SY5Y cells treated with AGEs.  (A) Cytotoxicity of AGEs in SH-SY5Y cells.  SH-SY5Y cells grown to 
confluence were incubated with AGEs or a non-glycated control at concentration of 0, 100, 250, 500, 1000, and 2000 µg/mL.  After incubation for 24 h, 
cell viability was quantified by MTT assay.  Note that AGEs decreased cell viability in a concentration-dependent manner.  (B) RGZ ameliorated AGEs-
induced neuronal insult in SH-SY5Y cells.  SH-SY5Y cells were treated with 1000 µg/mL AGEs in the absence or presence of 0.1, 1.0, 10 µmol/L RGZ for 
24 h.  (C) GW9662 did not affect cell viability of SH-SY5Y cells.  SH-SY5Y cells were treated with 0, 5, 10, or 20 µmol/L GW9662 alone for 24 h.  (D) RGZ 
ameliorated AGEs-induced neuronal insult in SH-SY5Y cells was eliminated by GW9662, an antagonist for PPARγ.  SH-SY5Y cells were treated with 1000 
µg/mL AGEs and 10 µmol/L RGZ with or without GW9662 for 24 h.  Data are shown as mean±SD (n=3 independent experiments).  cP<0.01 compared 
with the control group.  fP<0.01 compared with AGEs-treated group.  iP<0.01 compared with AGEs+RGZ-treated group.



995

www.chinaphar.com
Wang L et al

Acta Pharmacologica Sinica

npg

of SOD and CAT activities in a PPARγ-dependent manner.

RGZ prevents cell apoptosis induced by AGEs in SH-SY5Y cells 
Cell apoptosis was evaluated by Annexin V and propidium 
iodide (PI) double-staining.  As shown in Figure 3, treatment 
with AGEs for 24 h (Figure 3B) resulted in a 10% increase in 
apoptosis of SH-SY5Y cells when compared to controls (Figure 
3A), 11.48% vs 1.36% apoptotic cells.  In contrast, RGZ treat-
ment (Figure 3C) attenuated cell apoptosis up to 4% when 
compared to AGEs treatment alone (Figure 3B).  The anti-
apoptotic effect of RGZ was blocked by GW9662 (Figure 3D), 
indicating the involvement of PPARγ in this process.  

Effects of RGZ on Bcl2 and Bax as well as Caspase3 expression 
in AGEs-treated SH-SY5Y cells
The apoptosis-relevant molecules Bcl2 and Bax, as well as Cas-

pase3, were determined by Q-PCR and Western blot, respec-
tively.  As shown in Figure 4, exposure to AGEs resulted in 
an upregulation of pro-apoptotic Bax (Figure 4B and 4E) and 
a downregulation of anti-apoptotic Bcl2 (Figure 4A and 4D) 
both in mRNA and protein levels as well as activation of Cas-
pase3 (Figure 4C and 4F).  RGZ treatment markedly reversed 
the effect of AGEs on these molecules.  Similarly, PPARγ 
antagonist GW9662 eliminated the anti-apoptotic effects of 
RGZ in AGEs-treated SH-SY5Y cells.  These observations sug-
gest that RGZ could suppress the AGEs-induced apoptosis via 
PPAR-γ activation.

Effects of RGZ on Aβ1–42 secretion and APP expression as well as 
BACE1 activity in AGEs-treated SH-SY5Y cells
To evaluate whether the effect of RGZ on AGEs-induced 
neuronal insults is related to APP processing, the mRNA 
and protein levels of APP and BACE1, as well as Aβ1–42, were 
determined.  It showed that exposure to AGEs significantly 
increased the mRNA and protein levels of APP (Figure 5A 
and 5C) and BACE1 (Figure 5B and 5D), as well as Aβ1–42 
(Figure 6A).  However, RGZ treatment only attenuated AGEs-
induced upregulation of APP proteins (Figure 5C), and not 
APP mRNA levels (Figure 5A).  There were no changes in 
mRNA and protein levels of BACE1 after treatment with RGZ 
when compared to AGEs treatment alone (Figure 5B and 5D).  
In addition, RGZ treatment resulted in a notable reduction of 
APP protein and Aβ1–42 in SH-SY5Y cells (Figure 5C and 6A).  
This effect was abrogated by the PPARγ antagonist GW9662 
(Figure 5C and 6A), suggesting a role for PPARγ in the ame-
lioration of AGEs-induced APP protein regulation and Aβ1–42 
secretion by RGZ.  

Effects of RGZ on IDE expression in AGEs-treated SH-SY5Y cells
To confirm the assumption that the attenuation of Aβ secre-
tion by the PPARγ agonist RGZ is mediated by IDE, the 
mRNA and protein levels of IDE were also determined in SH-
SY5Y cells following exposure to RGZ.  As shown in Figure 
6B and 6C, there were no significant changes in either mRNA 
or protein levels of IDE in SH-SY5Y cells treated with AGEs 
alone.  However, RGZ treatment resulted in an upregulation 
of IDE indicated by an increase in its mRNA and protein levels 
(Figure 6B and 6C).  In contrast, PPARγ antagonist GW9662 

Figure 2.  Effects of RGZ on the activities of SOD and catalase as well as the production of ROS in AGEs-treated SH-SY5Y cells.  SOD and CAT activity as 
well as ROS levels were determined in SH-SY5Y cells after incubation with AGEs (1000 µg/mL) for 24 h with or without 10 µmol/L RGZ and 10 µmol/L 
GW9662.  (A) ROS production.  (B) SOD activity.  (C) Catalase activity.  Data are shown as mean±SD (n=3 independent experiments).  cP<0.01 compared 
with the control group.  fP<0.01 compared with AGEs-treated group.  iP<0.01 compared with AGEs+RGZ-treated group.

Figure 3.  Effects of RGZ on AGEs-induced apoptosis in SH-SY5Y cells.  
SH-SY5Y cells were incubated with AGEs (1000 µg/mL) for 24 h with or 
without 10 µmol/L RGZ and 10 µmol/L GW9662.  (A) The non-glycated 
control for 24 h.  (B) The glyco-AGE (AGEs) 1000 µg/mL for 24 h.  (C) AGEs 
(1000 µg/mL) with RGZ (10 µmol/L) for 24 h.  (D) AGEs (1000 µg/mL) 
and RGZ (10 µmol/L) as well as GW9662 (10 µmol/L) for 24 h.  Annexin 
fluorescence intensity was determined by flow cytometric analysis (FACS).  
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significantly eliminated the effect of RGZ on the mRNA and 
protein levels of IDE (Figure 6B and 6C).  These results indi-
cate that PPARγ is involved in the regulation of IDE expres-
sion by RGZ in AGEs-induced SH-SY5Y cells.

Discussion
Accumulating evidence indicates that AGEs formation and 
oxidative stress are important pathways leading to neuronal 
cell death in AD[4, 19, 20].  The production of AGEs has not been 

established in vitro.  However, a recent study showed that 
extensively-modified, non-physiological AGEs formed under 
in vitro conditions may exert the same biological effects as 
AGEs-rich serum obtained from diabetic patients[21].  There-
fore, AGE-BSA was used in this study.  

PPARγ agonists have been proposed as an alternative for 
the treatment of AD because of their anti-inflammatory and 
anti-oxidative effect[24].  In this study, we investigated the 
protective effect of the PPARγ agonist RGZ on AGEs-induced 

Figure 4.  Effects of RGZ on Bcl2 and Bax as well as Caspase3 expression in AGEs-treated SH-SY5Y cells.  SH-SY5Y cells were treated with 1000 µg/mL 
AGEs for 24 h, with or without incubation of 10 µmol/L RGZ and 10 µmol/L GW9662.  (A) The mRNA of Bcl2.  (B) The mRNA of Bax.  (C) The mRNA of 
activated Caspase3.  (D) The protein expression of Bcl2.  (E) The protein expression of Bax.  (F) The protein expression of activated Caspase3.  Data 
are shown as mean±SD (n=3 independent experiments).  bP<0.05, cP<0.01 compared with the control group.  eP<0.05, fP<0.01 compared with AGEs-
treated group.  hP<0.05, iP<0.01 compared with AGEs+RGZ-treated group.

Figure 5.   Effects of RGZ on the expression of APP 
and BACE1 in AGEs-treated SH-SY5Y cells.  SH-SY5Y 
cells were treated with 1000 µg/mL AGEs for 24 h, 
with or without incubation of 10 µmol/L RGZ and 10 
µmol/L GW9662.  (A) The mRNA expression of APP.  
(B) The mRNA expression of BACE1.  (C) The protein 
expression of APP.  (D) The protein expression 
of BACE1.  Data are shown as mean±SD (n=3 
independent experiments).  bP<0.05 compared with 
the control group.  eP<0.05 compared with AGEs-
treated group.  hP<0.05 compared with AGEs+RGZ-
treated group.
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injury in human neuroblastoma SH-SY5Y cells.  SH-SY5Y 
cells were chosen for their expression of PPARγ, and thus are 
a valuable cell model to study PPARγ-mediated effects on 
neuronal cells[22].  A novel finding of this study is that RGZ at 
relatively low concentrations protects against AGEs-induced 
cytotoxicity in SH-SY5Y cells through anti-oxidation and anti-
apoptosis effects, as well as reducing Aβ production.  

The antioxidant activity of RGZ may contribute to its neuro-
protective action[23].  In the present study, RGZ protected 
neuronal cells from AGEs-induced injury via its antioxidant 
activity.  Treatment with RGZ at a concentration of 10 µmol/L 
was capable of reducing AGEs-induced oxidative stress by 
upregulating the antioxidant enzyme activities of SOD and 
catalase (Figure 2B and 2C).  SOD and CAT promoters contain 
the PPAR response element[25].  Thus the PPARγ agonist RGZ 
may potentially regulate the expression of SOD and CAT.  The 
increase in anti-oxidative capacity by RGZ may contribute to 
its protection of SH-SY5Y cells against ROS caused by AGEs.

There is now a body of evidence that has demonstrated the 
efficacy of PPARγ agonists in protecting neuronal cells from 
apoptosis[26, 27].  However, how RGZ protects against AGEs-
induced apoptosis in neuronal cells is poorly understood.  The 
present study demonstrated that AGEs caused a significant 
suppression of Bcl2 expression levels which were restored by 
treatment with RGZ (Figure 4A and 4D).  Restoration of Bcl2 
expression was abrogated by the PPARγ pharmacological 
specific inhibitor GW9662, indicating that the anti-apoptotic 
effect of RGZ is dependent on PPARγ.  In addition, the pres-
ent results indicate that RGZ prevents the increase of Bax and 
Caspase3 in AGEs-induced SH-SY5Y cells (Figure 4B, 4C, 4E, 
and 4F), which effects were also blocked by PPARγ antagonist 
GW9662.  Therefore, these findings, taken together, support 
the notion that RGZ-mediated cytoprotection is due to its 
inhibition of the oxidative stress and mitochondrial apoptotic 
pathway in a PPARγ-dependent manner.

PPARγ involvement in ameliorating AD-related pathology 
has been the focus of studies that have been directed at dis-
secting the mechanisms through which PPARγ regulates Aβ 
metabolism[28–30].  Sastre and colleagues[30] reported that PPARγ 
agonists modulate the processing of APP through regulation 

of β-secretase, whereas Camacho and co-workers[28] demon-
strated that PPARγ did not affect expression or activity of any 
of the secretases involved in the generation of Aβ, but instead 
induces a fast, cell-bound clearing mechanism responsible 
for the removal of the Aβ peptide from the medium.  In the 
present study, RGZ treatment resulted in a dramatic reduc-
tion of Aβ secretion, which was accompanied by a reduction 
of APP at a post-transcriptional level (Figure 5A, 5C, and 6A).  
Moreover, RGZ did not affect either mRNA or protein levels 
of BACE1 in this process (Figure 5B and 5D), indicating that 
RGZ decreases Aβ secretion by promoting its degradation.  
IDE is a protease that has been demonstrated to play a key 
role in Aβ degradation[31].  However, little is known about the 
cellular regulation of IDE in this process.  The present study 
demonstrates that the PPARγ agonist RGZ regulates the tran-
scription and translation of IDE in neuronal cells (Figure 6B 
and 6C).  Given that RGZ does not affect the expression of 
BACE1 involved in the generation of Aβ, this indicates that 
RGZ may regulate Aβ degradation rather than generation in 
neuronal cells.

In summary, RGZ protects SH-SY5Y cells against AGEs-
induced cytotoxicity.  Its anti-oxidative and anti-apoptotic as 
well as anti-inflammatory properties, such as reducing Aβ 
secretion and enhancing Aβ degradation, render this effec-
tive molecule potentially protective against AGEs-induced 
cytotoxicity.  This report may offer a useful strategy for the 
treatment of progressive neurodegenerative diseases such as 
AD.  
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Figure 6.  Effects of RGZ on the secretion of Aβ1–42 and mRNA as well as protein levels of IDE in AGEs-treated SH-SY5Y cells.  SH-SY5Y cells were treated 
with 1000 µg/mL AGEs for 24 h, with or without incubation of 10 µmol/L RGZ and 10 µmol/L GW9662.  (A) The level of Aβ1–42 was measured by ELISA.  (B) 
The mRNA expression of IDE.  (C) The protein expression of IDE.  Bars show the mean±SD (n=3 independent experiments).  bP<0.05, cP<0.01 compared 
with the control group.  eP<0.05, fP<0.01 compared with AGEs-treated group.  hP<0.05, iP<0.01 compared with AGEs- and RGZ-treated group.
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Introduction
Diabetes mellitus (DM) has emerged as a major threat to the 
health of humans throughout the world.  Long-term DM 
results in the development of diabetic cardiomyopathy, which 
is characterized histologically by myocardial fibrosis.  DM-
induced cardiac remodeling may participate in diastolic and 
systolic dysfunction, leading to congestive heart failure.  More-
over, it can occur during the early stages of DM[1, 2],  and is 
closely related to a high prevalence of mortality from cardio-
vascular events in DM.  However, specific drugs for the pre-
vention or treatment of diabetic cardiomyopathy are not avail-
able.  Treatment of heart failure is empirical because a class of 
agent that favorably affects outcomes has not been discovered.  
Thus, a more thorough understanding of the pathogenesis of 
diabetic cardiomyopathy and the development of new phar-

macologic treatments are needed.  
RhoA is a member of the Ras superfamily of GTP-binding 

proteins.  Its downstream effector, Rho-kinases (ROCK), regu-
lates various biological functions in cells, including the adher-
ence, migration, proliferation, apoptosis and gene expression 
of cells[3, 4].  Also, the RhoA/ROCK pathway plays an impor-
tant pathophysiological part in hypertension[5] and stroke[6].  
There is growing evidence that RhoA/ROCK signaling medi-
ates the glomerular matrix accumulation of proteins in dia-
betic nephropathy.  The ROCK inhibitor fasudil can suppress 
renal fibrosis and can reduce proteinuria[7, 8].  The inhibition 
of ROCK attenuates cardiac fibrosis in angiotensin II-induced 
cardiac hypertrophy in vivo[9, 10].  Mitogen-activated protein 
kinases (MAPKs) are important mediators of signal transduc-
tion from the cell surface to the nucleus.  c-Jun NH2-terminal 
kinase (JNK) is one of the major members of MAPKs, and JNK 
activation is also implicated in cardiac fibrosis[11, 12].  Recent 
studies show that there is signal crosstalk between RhoA/
ROCK and JNK pathways[13].  The pro-sclerotic growth factor, 
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transforming growth factor β (TGFβ), plays a major part in the 
fibrosis and dysfunction of organs[14, 15].  Hence, the blockade 
of its expression and action represents an important therapeu-
tic target.  

A high-fat diet with injection of low-dose streptozotocin 
(STZ) for the induction of type 2 DM in rats has been found 
to be a good model for DM research[16, 17].  This type of model 
replicates the natural history and metabolic characteristics of 
type 2 DM in humans.  

The purpose of the present study was to understand the 
roles of RhoA/ROCK, JNK, and TGFβ/Smad pathways in 
DM-induced cardiac remodeling.  We also wished to ascertain 
the effects of fasudil on myocardial fibrosis in rats with type 
2 DM, with the objective of providing a novel target for the 
treatment of diabetic cardiomyopathy.

Materials and methods
The experimental protocol was approved by the Ethics Review 
Committee for Animal Experimentation of Hebei Medical Uni-
versity (Shijiazhuang, China).  

Experimental animals 
Female Sprague–Dawley (SD) rats (initially weighing 180–200 
g) were procured from the Laboratory Animal Centre of Hebei 
Medical University.  Rats were housed in standard cages (4 
rats/cage) and maintained under a controlled room tem-
perature (22±2 °C) and humidity (55%±5%) with a 12-h:12-h 
light–dark cycle.  After acclimatization, rats were randomly 
assigned to receive a standardized diet (18% fat, 25% pro-
tein, and 57% carbohydrate) as the normal control group or 
a high-fat diet (HFD, 40% fat, 13% protein, and 47% carbo-
hydrate) for 6 weeks.  At the end of 6 weeks, as previously 
described[16, 17], control rats were injected (ip) with vehicle [0.1 
mol/L citric acid buffer (pH 4.5)] once and given a standard 
diet sequentially.  HFD rats were injected (ip) with low-dose 
(30 mg/kg) of STZ (Sigma-Aldrich, St Louis, MO, USA) and 
given a high-fat diet sequentially.  Blood glucose (BG) was 
measured in whole blood collected from the tail vein by a por-
table glucometer (Accu-Chek Active, Roche Diagnostics Lim-
ited, Mannheim, Germany).  Body weight (BW) and BG levels 
were recorded every week.  Rats with BG levels above 16.7 
mmol/L and that were stable for 4 weeks were considered to 
be diabetic.  At week 10, hyperinsulinemic-euglycemic clamp 
techniques were performed, and fasting insulin (FINS), fasting 
blood glucose (FBG), total cholesterol (TC) and triglyceride 
(TG) were measured.

Control rats remained on a standard diet and were treated 
with ip injection of sterile vehicle every day.  Diabetic rats 
were randomly divided into two groups: (i) treated diabetic 
rats maintained on a high-fat diet and received fasudil hydro-
chloride hydrate (hereafter termed “fasudil”; 10 mg·kg-1·d-1; 
ip) (Tianjin Hongri Company, Tianjin, China) every day for 14 
weeks; and (ii) untreated diabetic rats treated with injection 
(ip) of sterile vehicle every day for 14 weeks.  Systolic arterial 
blood pressure (SABP) was measured monthly by tail-cuff 
micro-photoelectric plethysmography.  At week 24, cardiac 

contractile function was evaluated.  Fasting plasma was col-
lected for further measurement of FINS, FBG, TG, TC, and 
glycosylated hemoglobin (HbA1c).  The homeostasis model 
assessment for insulin resistance (HOMA-IR) was calculated as 
FBG×FINS/22.5 and was used assessing insulin resistance[18].  

The rats were killed, the hearts were harvested and dried 
weights were recorded.  A piece of tissue from the left ven-
tricle was fixed in 4% paraformaldehyde and embedded in 
paraffin for histological examination.  The remaining tissues 
were snap-frozen in liquid nitrogen and stored at -80 °C until 
processing for extraction of mRNA and protein.  

Hyperinsulinemic-euglycemic clamp techniques 
As previously described[19], rats were fasted for 12–14 h over-
night before the clamp study began.  Rats were anesthetized 
by an injection of pentobarbital sodium (48 mg/kg; ip).  The 
right jugular vein was cannulated for the infusion of glucose 
(using separate catheters) and insulin; the left carotid artery 
was cannulated for blood sampling.  The glucose solution and 
insulin solution were stored respectively in two digital syringe 
pumps, and jointed by a “Y” connector to the jugular catheter.  
Insulin (Novolin R, Novo Nordisk Pharmaceuticals, Bags-
vaerd, Denmark) was infused at 11 mU·kg-1·min-1 (insulin con-
centration 100 mU/mL) through the jugular vein catheter and 
BG levels serially monitored using a glucometer.  The insulin 
infusion rate was permanent.  When BG levels were within 
euglycemic levels (5.0±0.5 mmol/L), infusion of 5% glucose 
was started.  The glucose infusion rate (GIR) was adjusted 
every 5–10 min (as needed) to maintain the BG level at a eug-
lycemic level.  Steady state was achieved by 60 min and main-
tained for 30 min.  The mean GIR was calculated based on GIR 
readings corresponding to the last six samplings.

Measurement of cardiac contractile function
The cardiac contractile function in vivo was measured at week 
24.  Rats were anesthetized with pentobarbital sodium (48 
mg/kg; ip).  A miniaturized combined catheter-micromanome-
ter was inserted in the right common carotid artery to measure 
the aortic blood pressure.  It was then advanced in the left ven-
tricle to measure left ventricular (LV) pressure-volume loops.  
Heart rate (HR), left ventricular systolic pressure (LVSP), left 
ventricular end-diastolic pressure (LVEDP) and maximum 
change velocity of left ventricular pressure in the isovolumic 
contraction or relaxation period (±dp/dtmax) were measured by 
a BL-420E Data Acquisition & Analysis System (TME Technol-
ogy Company Limited, Chengdu, China).

Studies using transmission electron microscopy (TEM) and 
immunohistochemistry 
Specimens were fixed in 4% paraformaldehyde containing 
0.25% glutaraldehyde and 4.5% sucrose.  Ultra-thin sections 
obtained from the embedded blocks were examined using a 
TEM (H-7500; Hitachi, Tokyo, Japan).  Masson staining for 
collagen and streptavidin-biotin-peroxidase complex (SABC) 
immunohistochemistry staining for type-I collagen and type-
III collagen (rabbit antibodies from Santa Cruz Biotechnol-
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ogy, Santa Cruz, CA, USA) were undertaken after 4-μm thick 
sections were obtained from the paraffin-embedded cardiac 
samples using previously described methods[20].  Results were 
expressed as the mean percentage area of 10 random fields for 
each section.  

Isolation of RNA and reverse transcription-polymerase chain 
reaction (RT-PCR)
Total mRNA from heart tissues was extracted using TRIzol 
reagent according to the manufacturer’s protocol.  The purity 
of isolated RNA was identified by ultraviolet spectrometry.  
Single-strand cDNA was synthesized by reverse transcrip-
tion using oligo (dT) primer and M-MLV reverse transcriptase 
(Promega, Fitchburg, WI, USA), which was used as a template 
in the subsequent PCR analysis.  Forward and reverse primers 
were synthesized and purified by Shanghai Sangon Biotech-
nology, Incorporated (Shanghai, China).  The primers were 
JNK: forward 5’-TCAGAATCCGAACGAGACAAAAT-3’ and 
reverse 5’-AAGCCAGAGTCCTTCACAGACAA-3’; 469 bp.  
TGFβ1: forward 5’-CCAAGGAGACGGAATACAGG-3’ and 
reverse 5’-GTGTTGGTTGTAGAGGGC AAG-3’; 411 bp.  For 
type-I procollagen: forward 5’-TTCACCTACAGCACGCTT-
GT-3’ and reverse 5’-TTGGGATGGAGGGAGTTTAC-3’; 196 
bp.  For type-III procollagen: forward 5’-TTGAATATCAAA-
CACGCAAGGC-3’ and reverse 5’-GGTCACTTTCACTGGTT-
GACGA-3’; 201 bp.  For GAPDH: forward 5’-GATGGGTGT-
GAACCACGAGAAA-3’ and reverse 5’-ACGGATACATTG-
GGGGTAGGAA-3’; 330 bp.  The JNK amplification condition 
was pre-denaturation at 94 °C for 5 min, denaturation at 94 
°C for 30 s, annealing at 61 °C for 30 s, and extension at 72 °C 
for 30 s, a total of 30 cycles.  The amplification condition for 
TGFβ1, type-I procollagen, type-III procollagen and GAPDH 
was pre-denaturation at 94 °C for 5 min, denaturation at 94 °C 
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 
30 s, a total of 28 cycles.  The PCR products underwent electro-
phoresis and were scanned with a gel image analysis system 
(UVP, Upland, CA, USA).  The intensity of TGFβ1, JNK, type-I 
and type-III procollagen was standardized to that of GAPDH 
mRNA.  

Western blot analyses
The heart tissues of rats were lysed.  Protein was extracted and 
measured using a bicinchoninic acid (BCA) Protein Assay Kit 
(Pierce, Rockford, IL, USA).  Approximately 50 μg of protein 
was separated by 10% sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene fluoride (PVDF) membranes.  The membranes were 
blocked with 5% fat-free milk in TBST buffer (20 mmol/L Tris-
HCl, pH 7.5, 150 mmol/L NaCl and 0.05% Tween 20), and 
subsequently incubated with the following primary antibod-
ies: anti-MYPT1, anti-JNK, and anti-TGFβ1 (Bioworld Tech-
nology, Minnesota, MN, USA); anti-phospho-MYPT1 (Thr853) 
and anti-phospho-JNK (T183/Y185) (Cell Signaling Technol-
ogy, Danvers, MA, USA); anti-phospho-Smad2/3 (Ser423/425), 
anti-c-Jun and anti-β-actin (Santa Cruz Biotechnology) at 4 °C 
overnight.  The mixture was washed and then incubated for 
1 h with horseradish peroxidase (HRP)-conjugated secondary 
antibodies (KPL, Incorporated, Gaithersburg, MA, USA).  The 
membranes were developed using ECL kit (Pierce).  Quan-
tification of bands was done by gel densitometry with a gel 
image analysis system (UVP).  The phosphorylation level was 
normalized by total protein-band densitometry individually.  

Statistical analysis
The SPSS 13.0 statistical software pack (SPSS, Chicago, IL, 
USA) was used for analysis.  Data are mean±SD.  All groups 
were tested for normal distribution and equal variance.  Dif-
ferences between two groups (at week 10) were assessed by 
the Student’s t-test.  Differences among three groups (at week 
24) were assessed using one-way analysis of variance followed 
by the Student-Newman-Keuls’ test if the F value was signifi-
cant.  P<0.05 was considered statistically significant.  

Results
Insulin sensitivity and biochemical parameters
Insulin sensitivity and biochemical parameters at week 10 are 
presented in Table 1.  Diabetic rats had higher values of FBG, 
FINS, TG and BW compared with those in control rats, but 
there was no significant difference with respect to TC level.  
The GIR of diabetic rats was lower than that of control rats.  
These results suggested decreased insulin sensitivity and the 
development of insulin resistance in diabetic rats.  That is, 
establishment of a model of type 2 DM in rats was successful.
    At week 24, compared with control rats, the levels of FBG, 
FINS, HbA1c, and HOMA-IR were significantly increased 
in untreated diabetic rats and fasudil-treated diabetic rats.  
There were no significant differences in these indices between 
untreated diabetic rats and treated diabetic rats, suggesting 
that 10 mg·kg-1·d-1 fasudil administered had no effects on 
glucose metabolism and insulin resistance (Table 2).  Com-

Table 1.  Effects of HFD+STZ on BW and biochemical parameters in rats at week 10.  Mean±SD.  cP<0.01 compared with control group.

    
Group	               n	                      BW (g)

	                        FBG	                         FINS	                           GIR	                         TG	                       TC
		                          	                    (mmol/L)	                       (mU/L)	                     (mg·kg-1·min-1)	   (mmol/L)	                 (mmol/L) 
 
	 Control	 6	 276.65±33.18	   5.76±0.60	   51.88±11.40	 11.40±1.24	 0.26±0.07	 1.62±0.22
	 Diabetes	 6	   328.2±21.72c	 20.10±3.52c	 107.19±14.61c	   5.89±1.05c	 1.12±0.22c	 1.71±0.30

Differences between two groups were assessed by the Student’s t-test.  n, number of rats; BW, body weight; FBG, fasting blood glucose; FINS, fasting 
insulin; GIR, glucose infusion rate; TG, triglyceride; TC, total cholesterol.



1002

www.nature.com/aps
Zhou H et al

Acta Pharmacologica Sinica

npg

pared with control rats, TC and TG levels were significantly 
increased whereas BW was reduced in untreated diabetic rats 
and fasudil-treated diabetic rats.  There were no significant 
differences in these indices between untreated diabetic rats 
and treated diabetic rats, suggesting that 10 mg·kg-1·d-1 fasudil 
administered did not affect lipid metabolism and body weight.  
Heart weight (HW) and the ratio of HW to BW (HW/BW) was 
significantly increased in untreated diabetic rats compared 
with control rats, there were no significant differences in HW 
and HW/BW between control rats and treated diabetic rats.  
There were no significant differences in SABP among the three 
groups (Table 3).  These results suggested that diabetic rats 
incurred cardiac hypertrophy, and that fasudil treatment sig-
nificantly suppressed the development of cardiac hypertrophy 
independent of blood pressure, blood lipid and glycemic con-
trol.  

Parameters of cardiac contractile function 
At week 24, compared with control rats, untreated diabetic 
hearts showed significantly reduced LVSP and ±dp/dtmax 
whereas LVEDP was significantly increased.  Treatment with 
fasudil significantly enhanced LVSP, ±dp/dtmax, and decreased 
LVEDP.  There were no significant differences in HR among 
the three groups.  The results indicated that fasudil effectively 
improved the contractile function of hearts from diabetic rats 
(Table 4).

Immunohistochemistry and TEM study
Representative patterns of Masson staining demonstrating 
cardiac fibrosis are shown in Figure 1A.  The deposition of col-
lagen in the myocardial interstitium from untreated diabetic 
hearts was significantly increased compared with that seen 
in control rats.  However, treatment with fasudil significantly 

Table 2.  Effects of fasudil on glucose metabolism parameters in rats at week 24.  Mean±SD.  cP<0.01 compared with control group. 

     Group	                             n	                           FBG (mmol/L)	                         FINS (mU/L)	                     HbA1c (%) 	             HOMA-IR
 
	 Control	 9	   5.44±0.33	 54.83±11.74	 11.85±0.75	 13.70±3.91
	 Diabetes	 8	 20.48±3.12c	 85.44±18.10c	 19.38±3.30c	 92.72±17.42c

	 DM+fas	 8	 23.10±5.28	 83.10±13.14	 20.96±1.46	 81.43±12.81

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas: diabetic rats treated with fasudil; n, number of rats; FBG, fasting blood glucose; FINS, fasting insulin; HbA1c, hemoglobin A1c; 
HOMA-IR, homeostasis model assessment for insulin resistance, is calculated as FBG (mmol/L)×FINS (mU/L)/22.5. 

Table 3.  Effects of fasudil on TG, TC, BW, HW, HW/BW, and SABP in rats at week 24.  Mean±SD.  bP<0.05, cP<0.01 compared with control group.  
fP<0.01 compared with diabetes group.

     Group	                    n	   TG (mmol/L)	   TC (mmol/L)	         BW (g)	           HW (g)	   HW/BW (×10-3)       SABP (mmHg)
 
	 Control	 9	 0.31±0.11	 1.69±0.35	 349.10±40.01	 0.91±0.06	 2.60±0.10	 119±4
	 Diabetes	 8	 2.07±0.28c	 3.06±0.27c	 297.06±35.1b	 1.03±0.09c	 3.48±0.17c	 123±7
	 DM+fas	 8	 2.02±0.56	 2.95±0.33	 301.77±37.39	 0.86±0.07f	 2.67±0.14f	 121±4

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas, diabetic rats treated with fasudil; n, number of rats; TG, triglyceride; TC, total cholesterol; BW, body weight; HW, heart weight; HW/
BW, ratio of heart weight/body weight; SABP, systolic arterial blood pressure. 

Table 4.  Effects of fasudil on hemodynamics in rats at week 24.  Mean±SD.  bP<0.05, cP<0.01 compared with control group.  eP<0.05, fP<0.01 compa-
red with diabetes group.

     Group	                         n	             HR (beat/min)              LVSP (mmHg)                LVEDP (mmHg)	  +dp/dtmax (mmHg/s)      -dp/dtmax (mmHg/s)
 
	 Control	 7	 327±37	 139±21	   3.51±0.72	 6909±597	 6811±625
	 Diabetes	 7	 341±44	 101±17b	 10.99±2.21c	 3746±402c	 3417±409c

	 DM+fas	 6	 337±42	 131±24e	   4.88±1.17f	 6517±601f	 5937±513f

Differences among three groups were assessed using one-way analysis of variance followed by the Student-Newman-Keuls’ test if the F value was 
significant.  DM+fas, diabetic rats treated with fasudil; n, number of rats; HR, heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular 
end-diastolic pressure; ±dp/dtmax, maximum change velocity of left ventricular pressure in the isovolumic contraction or relaxation period.
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reduced the deposition of collagen.  To identify collagen fea-
tures in the cardiac fibrotic areas, SABC immunohistochemis-
try staining for type-I and type-III collagen was undertaken.  
An increase in deposition of type-I and type-III collagen was 
shown in untreated diabetic rats compared with that seen in 
control rats (38.4%±8.2% and 15.9%±4.6% vs 11.2%±2.9% and 
4.3%±1.5%, respectively, P<0.01).  This increase was com-
pletely inhibited by treatment with fasudil (13.7%±4.1% and 
5.1%±2.3%, respectively, P<0.01 vs DM) (Figure 2A and 2B).  

The results of TEM observations showed the ultrastruc-
ture of the myocardium (Figure 1B).  Untreated diabetic rats 
showed dense packages of collagen fibrils between cardio-
myocytes, and large areas of cytoplasm had lost their regular 
myofibrillar organization.  Control rats showed fibrils with Z 
lines regularly organized in the cardiomyocytes.  The cardiac 
morphology of fasudil-treated diabetic rats was similar to that 
of control rats: regularly organized cytoplasm with numerous 

myofibrils arranged in parallel.

Figure 1.  (A) Cardiac matrix deposition in Masson-stained sections of diabetic group (DM), control group (NC), and diabetic rats treated with fasudil 
group (DF).  Heart tissues from the DM group show focal regions of fibrosis (blue) in the interstitium (collagen area 10.15%±0.79%, P<0.01 vs NC: 
2.42%±0.33% and DF: 2.20%±0.31%).  Magnification, ×400.  The number of rats in each group was six.  (B) Representative electron micrograph 
obtained from the DM, NC, and DF.  In diabetic rat hearts, “packages” of collagen fibrils (arrow) can also be seen between myocardiocytes (magnification, 
×6000).  The control heart shows regular myofibrillar organization with evident Z lines (magnification, ×5000).  The ultrastructural appearance of 
diabetic rats treated with fasudil is similar to that of control rats (magnification, ×6000).

Figure 2.  Immunostaining for type-I collagen (A) 
and type-III collagen (B) in the hearts of diabetic 
group (DM), control group (NC), and diabetic 
rats treated with fasudil group (DF).  A brown 
color denotes positive staining.  Diabetes is 
associated with increased immunostaining of 
type-I and type-III collagen in interstitial areas, 
whereas there is minimal immunostaining in 
control animals.  Treatment of diabetic rats 
with fasudil was associated with a reduction in 
immunostaining of type-I and type-III collagen. 
Magnification, ×400.  The number of rats in each 
group was six.  cP<0.01 vs NC; fP<0.01 vs DM.



1004

www.nature.com/aps
Zhou H et al

Acta Pharmacologica Sinica

npg

Gene expression in LV tissues
Compared with control rats, mRNA expression of type-I and 
type-III procollagen (Figure 3A and 3B) was significantly 
upregulated in hearts from untreated diabetic rats, but this 
expression was inhibited by treatment with fasudil.  mRNA 
expression of JNK and TGFβ1 (Figure 3C and 3D) was signifi-
cantly increased in the hearts of untreated diabetic rats; the 
upregulation of mRNA expression of JNK and TGFβ1 was 
blocked by treatment with fasudil.  These results suggested 
that fasudil had inhibitory effects on DM-induced gene upreg-
ulation of type-I and type-III procollagen, JNK and TGFβ1.

Protein expression in LV tissues
ROCK can inhibit myosin phosphatase by phosphorylating 
myosin phosphatase target subunit-1 (MYPT1)[21], so we mea-
sured MYPT1 phosphorylation as a maker of ROCK activity.  
The phosphorylation of MYPT1 was significantly increased 
in hearts from untreated diabetic rats, and this phosphoryla-
tion was inhibited by treatment with fasudil (Figure 4A).  The 
phosphorylation of JNK (Figure 4B) and Smad2/3 (Figure 
5A), as well as the protein levels of TGFβ1 (Figure 5B) and 
c-Jun (Figure 5C), were significantly enhanced in hearts from 
untreated diabetic rats, which were attenuated by treatment 
with fasudil.  These results suggested that fasudil inhibited 
activation of the JNK and TGFβ1/Smad2/3 pathways.

Discussion
Several studies have reported that rats fed a HFD develop 
insulin resistance[22, 23].  Low-dose STZ is known to induce a 
mild impairment of insulin secretion that is similar to a feature 
of late-stage type 2 DM[16, 24].  In the present study, at week 10, 
the rats fed a HFD combined with low-dose STZ exhibited 
hyperglycemia, hyperlipidemia and hyperinsulinemia.  The 
GIR of rats fed a HFD combined with low-dose STZ (as shown 

by the hyperinsulinemic-euglycemic clamp) was lower than 
that of control rats.  Results suggested development of insulin 
resistance in rats fed a HFD combined with low-dose STZ.  
Hence, we had successfully established type 2 DM in rats, and 
this model would closely mimic the natural history and meta-
bolic characteristics of type 2 DM in humans.

Long-term DM results in the development of diabetic car-
diomyopathy independently of hypertension and coronary 
heart disease.  Cardiac failure due to ventricular dysfunction 
is a characteristic of diabetic cardiomyopathy and occurs dur-
ing the early stages of DM[25].  The present study revealed that 
hearts from diabetic rats showed significantly reduced con-
tractility and prolonged diastole in vivo, which are hallmarks 
of diabetic cardiomyopathy.  These findings are in agreement 
with other studies[26–28].  Consistent with their impaired car-
diac function, diabetic rats developed myocardial fibrosis, the 
marked fibrotic regions (as observed by immunohistochemi-
cal staining), as well as deposition of collagen fibers in the 
interstitial spaces among cardiomyocytes (as observed by 
TEM), our observations are similar to those described in other 
reports[29, 30].  Increased myocardial fibrosis is a major factor 
responsible for myocardial stiffness and eventual systolic 

Figure 3.  The mRNA expression of type-I procollagen (A), type-III 
procollagen (B), JNK (C), and TGFβ1 (D) in diabetic rats (DM), control 
rats (NC) and diabetic rats treated with fasudil (DF) was evaluated by RT-
PCR.  Intensity of type-I and type-III procollagen, JNK, and TGFβ1 were 
standardized to that of GAPDH.  The number of rats in each group was six.  
The mRNA expression of type-I, type-III procollagen, JNK, and TGFβ1 were 
significantly increased in DM, P<0.01 vs NC.  The gene expression was 
decreased in DF, P<0.01 vs DM.

Figure 4.  The phosphorylation of MYPT1 (A) and JNK (B) in diabetic rats 
(DM), control rats (NC), and diabetic rats treated with fasudil (DF) was 
measured by Western blot analyses.  The activity of ROCK and JNK was 
expressed as p-MYPT1/MYPT1 and p-JNK/JNK, respectively.  The number 
of rats in each group was six.  cP<0.01 vs NC; fP<0.01 vs DM.
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dysfunction[31, 32].  Our most significant finding is that treat-
ment with fasudil attenuated interstitial myocardial fibrosis in 
diabetic rats and improved cardiac dysfunction.  These effects 
were independent of blood pressure, blood lipid and glycemic 
control.  The molecular mechanisms relating to the effects of 
fasudil on cardiac remodeling in diabetic hearts need to be 
elucidated.

RhoA/ROCK controls a wide variety of signal transduction 
pathways.  ROCK exists as two isoforms: ROCK1 and ROCK2.  

They share an overall homology of 92% in their kinase 
domains.  Two major families of ROCK inhibitors, fasudil and 
Y-27632, are extensively used.  They are non-isoform-selective 
ROCK inhibitors that target their ATP-dependent kinase 
domains and are therefore equipotent in terms of inhibiting 
both ROCK1 and ROCK2.  Furthermore, at higher concentra-
tions, these ROCK inhibitors could also inhibit other serine-
threonine kinases, such as PKA and PKC[33].  Nevertheless, 
compared with the other kinases, fasudil and its active metab-
olite, hydroxyfasudil, are relatively more selective for ROCKs, 
with hydroxyfasudil being slightly more selective than fasudil 
and Y-27632[33].  Fasudil is the only ROCK inhibitor practically 
available for long-term use in vivo.  ROCK regulates not only 
the actin cytoskeleton but also the expression of genes associ-
ated with tissue fibrosis[10, 34].  Data from some studies[35, 36] 
suggest diabetes impairs cardiac function through upregula-
tion of RhoA.  The increase in RhoA expression and activity 
in diabetic hearts resulted in increased phosphorylation of 
ROCK targets, LIM kinase and ezrin/radixin/moesin, leading 
to an increase in actin polymerization which might be associ-
ated with cardiac dysfunction.  The inhibition of the RhoA/
ROCK pathway improved the contractile function of the dia-
betic heart.  However, the precise mechanism is not fully clear 
behind upregulated RhoA/ROCK in diabetes.  It has been sug-
gested that RhoA activation regulates cardiac contractility and 
gene expression through the MAPK superfamily[28, 37].  Recent 
studies[12, 38, 39] demonstrated that JNK is an important mediator 
of the fibrotic process. As a downstream target of JNK, c-Jun 
acts as transcription factor for numerous genes, and over-
exression of these genes is often associated with organ fibrosis.  
The present study explored the roles of Rho/ROCK and JNK 
pathways in myocardial fibrosis of diabetic cardiomyopathy, 
and results showed that hyperglycemia not only activated 
ROCK, but also upregulated the expression/activity of JNK 
and subsequent c-Jun protein levels.  Fasudil not only inhib-
ited ROCK activity but also repressed JNK over-activation in 
diabetic hearts, leading to a reduction in collagen production 
in hearts and an improvement in cardiac function.  Moreover, 
the inhibitory effect of fasudil on collagen fibers was regulated 
at least as far upstream as the transcriptional level because 
treatment with fasudil suppressed the mRNA expression of 
type-I and type-III procollagen.  The study demonstrated that 
activation of RhoA/ROCK was essential for myocardial fibro-
sis in diabetic rats.  Fasudil could suppress myocardial fibrosis 
in diabetic rats, which might be associated with inhibition 
of JNK activation and subsequent expression of c-Jun.  It has 
been reported that ROCK can directly activate JNK to stimu-
late c-Jun expression, the activity of which is independent 
of the ability of ROCK to promote actin polymerization[40].  

Fasudil (10–30 mg·kg-1·d-1) can suppress renal interstitial fibro-
sis in insulin-resistant diabetic rats[7, 8].  ROCK inhibition also 
improves pressure overload-induced cardiac hypertrophy and 
dysfunction[41].  Our findings are in agreement with the results 
of those studies[7, 8, 40, 41].  

Collagen gene expression is also regulated by the Smad sig-
naling pathway, which is activated by TGFβ[14, 15].  ROCK plays 

Figure 5.  The phosphorylation of Smad2/3 (p-Smad2/3) (A), the protein 
levels of TGFβ1 (B) and c-jun (C) in diabetic rats (DM), control rats (NC) 
and diabetic rats treated with fasudil (DF) were evaluated by Western blot 
analyses.  p-Smad2/3, c-jun, and TGFβ1 protein levels were standardized 
respectively to that of β-actin as the internal control.  The number of rats 
in each group was six.  cP<0.01 vs NC; fP<0.01 vs DM.
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a part in mediating renal fibrosis through a TGFβ-dependent 
mechanism in vivo[9].  TGFβ activation in diabetic hearts led to 
increased production of collagen, indicating that the action of 
TGFβ also has an important role in cardiac fibrosis[15].  In the 
present study, in addition to examining TGFβ1 mRNA and 
protein expression, we also assessed its biological effects by 
evaluating one of its specific intracellular actions: phosphory-
lation of the TGFβ1 receptor-activated protein Smad2/3.  The 
phosphorylation of Smad2/3 was increased in diabetic rat 
hearts, in tandem with increased TGFβ1 mRNA and protein 
expression.  The results showed the increased production of 
TGFβ1 and activation of its signaling pathway in diabetic rats 
hearts.  Treatment with fasudil led to a decrease in the level of 
TGFβ1 expression and phosphorylated Smad2/3.  Our find-
ings are consistent with the results of renal injury studies[9, 42].  
The study indicated that fasudil attenuated the augmentation 
actions of TGFβ1 in diabetic rats.

Insulin signaling is essential for normal glucose homeosta-
sis.  ROCK1 have been demonstrated as a novel regulator of 
glucose homeostasis and insulin sensitivity in vivo[43].  How-
ever, studies of the effects of ROCK inhibitors on glucose 
metabolism in vivo have yielded conflicting results.  Kikuchi 
et al[7] found that a low-dose of fasudil (30 mg·kg-1·d-1) did not 
affect glucose and lipid metabolism, but high-dose fasudil (100 
mg·kg-1·d-1) could ameliorate the metabolic disorder.  Chronic 
treatment of obese db/db mice with fasudil (10 mg·kg-1·d-1) was 
reported to have no effect on blood glucose levels and blood 
pressure[8].  Differences that emerged among these studies may 
be correlated with the use of different inhibitors, doses, treat-
ment times and animal models.  In present study, a low-dose 
of fasudil (10 mg·kg-1·d-1) have no effects on BG, insulin resis-
tance and BW, as well as lipid metabolism and blood pressure 
in diabetic rats.  The cardiac protective effects of fasudil were 
independent of blood pressure and glycemic control.

The present study provides evidence that RhoA/ROCK, 
JNK, and TGFβ/Smad pathways are involved in myocardial 
fibrosis in rats with type 2 diabetes.  JNK and Smad2/3 may 
be the downstream signaling molecule of the RhoA/ROCK 
pathway.  It is plausible that the RhoA/ROCK signaling path-
way is associated with nuclear signal transduction at least 
in part through the JNK and TGFβ/Smad pathways, which 
regulates the expression of genes and proteins that are perti-
nent to myocardial fibrosis.  Our current findings should shed 
some light on a better understanding of the role of RhoA/
ROCK pathway in the pathogenesis of diabetic cardiomyopa-
thy.  However, there were some experimental limitations in 
our study.  First, to better understand the mechanism of action 
involved, cell culture study is needed to verify the cause-
effect relationship with regards to the role of these signaling 
molecules in diabetic cardiac fibrosis.  Second, it is known 
that diabetic cardiomyopathy is associated with significant 
increased oxidative stress which could lead to JNK activation 
and increased TGFβ[29, 44], so the contents of oxidative stress 
in the heart should be described.  Third, there are only small 
number of rats in the study, this maybe limits statistical power 
and their results.

Treatments used to prevent the development/progression 
of diabetic cardiomyopathy are not fully effective.  Fasudil is 
the only ROCK inhibitor approved for human use.  Impor-
tantly, several studies have documented the beneficial effects 
of ROCK inhibitors in patients with cardiovascular diseases 
and cerebral vasospasm[6, 45–47].  The present study suggests 
that Rho/ROCK is substantially involved in remodeling of the 
myocardial matrix in diabetic rats, which may be associated 
with activation of the JNK pathway and TGFβ/Smad path-
way.  Fasudil suppresses myocardial fibrosis in diabetic rats at 
least in part by inhibiting activation of JNK and TGFβ/Smad, 
and these beneficial structural effects of fasudil are indepen-
dent of blood pressure and glycemic control.  Inhibition of the 
Rho/ROCK pathway may be a novel therapeutic target for 
prevention of diabetic cardiomyopathy.  
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Introduction
Hypertension is one of the most common cardiovascular dis-
eases, which is a major risk factor for endothelial dysfunction, 
metabolic syndrome, diabetes, renal dysfunction, congestive 
heart failure, coronary artery diseases and stroke[1].  Clinically, 
various antihypertensive drugs such as diuretics, centrally act-
ing adrenergic drugs, vasodilators, calcium channel blockers 
and angiotensin converting enzyme/receptor blockers have 
been used to treat hypertension.  However, the efficacy of 
these drugs is only 40%–60%, and usually two or more anti-
hypertensive drugs from different categories need to be com-
bined to achieve optimal results.  In addition, the side effects 

from these medications are an important concern[2].
To develop a safe and effective way for managing hyper-

tension has long been a challenge for medical researchers 
and doctors.  Many traditional Chinese medicinal herbs with 
vasorelaxant properties are conventionally used to treat 
hypertension[3].  Recently, interest in the use of medicinal 
herbs has risen exponentially, due to their low toxicity and 
wonderful therapeutical performance[4].  Therefore, we started 
a project to find a novel antihypertensive compound with vas-
orelaxant activity from traditional Chinese medicinal plants 
that are used as antihypertensive agents.

Phytoestrogens are plant substances found in many foods, 
which are structurally or functionally similar to estradiol.  
They have attracted much attention because of their poten-
tial beneficial role in prevention and treatment of cardiovas-
cular diseases, bone metabolism disorders, breast cancers, 
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Aim: To investigate the mechanisms underlying the vasorelaxant effect of formononetin, an O-methylated isoflavone, in isolated arter-
ies, and its antihypertensive activity in vivo. 
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and menopausal symptoms[5–9].  Isoflavones are a class of 
phytoestrogens naturally sourced from legumes such as soy 
beans and red clover[10].  Some isoflavones have been reported 
for treatment of hypertension, coronary heart diseases and car-
diac infarct[11–14] through dilating arteries and increasing blood 
flow[15, 16].  Formononetin, an O-methylated isoflavone, is con-
tained in the roots of Astragalus membranaceus[17, 18], liquorice[19], 
black cohosh[20, 21] and Trifolium pratense L[22].  Medicinal herbs 
containing formononetin have been used to treat cardiovas-
cular diseases including hypertension in Asia for centuries[23].  
Recently, Wu et al reported that formononetin has a vasorelax-
ant activity in isolated rat aorta rings[9].  However, the anti-
hypertensive activity of formononetin and its vasorelaxant 
effect on arteries in different regions have not yet been stud-
ied.  The aim of the present study was to determine whether 
formononetin is contributory to treating hypertension, and 
further to explore the potential mechanisms of its antihyper-
tensive activity.

Materials and methods 
Drugs and reagents
Formononetin was supplied by Department of Chemistry, 
Shaanxi Normal University, China.  Phenylephrine, 9,11-dide-
oxy-11 alpha, 9 alpha-epoxymethano-prostaglandin F2 alpha 
(U46619), 5-hydroxytryptamine (5-HT), noradrenaline, Triton 
X-100, propranolol, glibenclamide, tetraethylammonium, ace-
tylcholine chloride (ACh), indomethacin, Nω-nitro-L-arginine 
methyl ester (L-NAME), verapamil, lacidipine, sodium nitro-
prusside (SNP), caffeine, and dimethyl sulphoxide (DMSO) 
were purchased from Sigma Aldrich (St Louis, MO, USA).  
Fluo-3/AM was obtained from Biotium (Hayward, CA, USA).  
All other reagents were of analytical grade.  Formononetin 
was dissolved in DMSO for in vitro use and dissolved in 10% 
Tween 80 solution for in vivo use.  Fluo-3/AM and gliben-
clamide were dissolved in DMSO.  Indomethacin was dis-
solved in ethanol.  Other substances were dissolved in double 
distilled water.  The concentrations are expressed as the final 
molar concentrations in the tissue baths.  

Animals
Sprague-Dawley (SD) rats were obtained from Experimental 
Animal Center of Xi-an Jiaotong University College of Medi-
cine, China.  Male spontaneously hypertensive rats (SHRs) 
aged 20 weeks were obtained from Shanghai Slack Laboratory 
Animal Co Ltd, China.  The study was approved by Ethics 
Committee of Xi-an Jiaotong University College of Medicine 
according to the principles outlined in the Declaration of Hel-
sinki.

Arterial rings preparation
SD rats weighing 250–300 g were sacrificed by CO2.  The rat 
superior mesenteric arteries, renal arteries, cerebral basilar 
arteries, coronary arteries, and abdominal aortas were 
gently removed.  The arteries were immersed in cold oxy-
genated Krebs solution containing the following composi-
tion (mmol/L): NaCl 119, NaHCO3 15, KCl 4.6, MgCl2 1.2, 

NaH2PO4 1.2, CaCl2 1.5 and glucose 5.5.  The arteries were 
dissected free of adhering tissue under a microscope.  In the 
endothelium-denuded experiments, the endothelium was 
denuded by perfusion of the vessels for 10 s with 0.1% Triton 
X-100 followed by another 10 s with Krebs solution[24].  The 
vessels were then cut into 1 mm cylindrical segments.  

Myograph experiments
The artery segments were threaded on two 40-μm-diameter 
stainless steel wires and mounted in Mulvany-Halpern myo-
graphs (Danish Myo Technology A/S, Aarhus, Denmark).  
One wire was connected to a force displacement transducer 
and attached to an analog-to-digital converter unit (AD 
Instruments, Hastings, UK).  The other wire was attached to 
a movable displacement device, allowing fine adjustments of 
vascular tension by varying the distance between the wires.  
The data were recorded using Chart™ (AD Instruments, Hast-
ings, UK).  The mounted artery segments were immersed in 
temperature-controlled (37 °C) tissue baths containing 5 mL 
Krebs solution.  The solution was continuously gassed with 
5% CO2 in O2 resulting in a physiological pH at 7.4.  The artery 
segments were equilibrated for 1.5 h before the experiments, 
and the cerebral artery and coronary artery segments were 
given a resting tension of 1.5 mN, while other segments a 
3-mN tension.  The contractile capacity of each vessel segment 
was tested by exposing the segment to a K+-rich Krebs solu-
tion (with 60 mmol/L KCl) in which NaCl was exchanged for 
an equimolar concentration of KCl.  Two reproducible high-K+ 
contractions were obtained for standardization of the prepara-
tions.  

The completeness of endothelium denudation was tested 
with ACh (10 μmol/L) after cerebral basilar arteries and coro-
nary arteries were pre-contracted with 0.3 μmol/L 5-HT, and 
mesenteric arteries, renal arteries and abdominal aortas were 
pre-contracted with 10 μmol/L noradrenaline.  No relaxation 
in response to ACh in the denuded preparation was regarded 
as functional removal of the endothelium.  The endothelium 
was considered intact when such an ACh response caused 
more than 30% relaxation[25].  

To determine the relaxant effect, the segments were pre-
contracted, and once the sustained tension was obtained, for-
mononetin (1–300 μmol/L) was added cumulatively to induce 
a concentration-dependent response.  Some experiments were 
performed in both endothelium-intact and endothelium-free 
mesenteric arteries to determine whether the relaxant effect of 
formononetin was endothelium-dependent.  Phenylephrine 
and formononetin were added after some mesenteric artery 
rings were pre-treated with L-NAME and/or indomethacin 
for 20 min so as to determine the involvement of nitric oxide 
(NO), prostaglandins (PGs) and endothelium-derived hyper-
polarizing factor (EDHR) in the relaxant effect of formonon-
etin.  In order to evaluate the role of potassium (K+) channels 
and β-adrenoceptors in the vasorelaxant effect of formonon-
etin, some mesenteric artery rings were pre-treated with tetra-
ethylammonium, BaCl2, glibenclamide, or propranolol for 20 
min before the addition of vasoconstrictor and formononetin.  
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To determine the involvement of voltage-dependent Ca2+ 
channels (VDCC), α1-adrenoceptors and 5-HT receptors in the 
relaxant effect of formononetin, concentration-response curves 
of KCl, CaCl2 in Ca2+-free depolarized medium, phenylephrine 
and 5-HT in the presence of formononetin were constructed.  
Some mesenteric artery rings were incubated in a Ca2+-free 
Krebs solution to determine whether the relaxant effect of 
formononetin was due to its inhibition of intracellular Ca2+ 
release or extracellular Ca2+ influx[26, 27].  

The smooth muscle function was assessed at the end of 
each experiment.  The mesenteric arteries, renal arteries and 
abdominal aortas were pre-constricted with phenylephrine (10 
μmol/L), while the cerebral basilar arteries and coronary arter-
ies were pre-contracted with 0.3 μmol/L 5-HT.  Concentration-
dependent vasorelaxation to the endothelium-independent 
vasodilator (SNP: 0.1 nmol/L–10 μmol/L) was tested.  Only 
experiments on vessels with SNP-induced relaxation being 
more than 95% were accounted as valid[28].

Determination of tissue [Ca2+]i in the mesenteric artery
SD rats weighing 120–130 g were sacrificed by CO2, and the 
superior mesenteric arteries were gently removed.  The arter-
ies were immersed in cold HEPES-Krebs solution (pH 7.4) of 
the following composition (mmol/L): NaCl 135, KCl 5, MgSO4 
1.2, CaCl2 2.5, glucose 10 and HEPES 8.4.  Tissues adhering 
to the arteries were cleaned under a microscope.  Each mes-
enteric artery was cut into ring segments with a length of 
about 3 mm and mounted on a U-shaped stainless steel wire.  
The artery rings with the wire were placed in the bottom 
of the chamber close to cover glass, followed by immediate 
immersion in HEPES-Krebs solution containing 10 μmol/L 
Fluo-3/AM, which was then added with DMSO, formonon-
etin (10 μmol/L), formononetin (100 μmol/L) and verapamil 
(1 μmol/L), respectively.  After 30 min, the artery rings were 
washed three times with HEPES-Krebs solution (pH 7.4) 
containing DMSO, formononetin (10 and 100 μmol/L) and 
verapamil (1 μmol/L), respectively.  A real-time confocal 
microscope (FV1000, Olympus, Tokyo, Japan) was employed 
to obtain the fluorescent images.  The image frame was contin-
uously acquired every 1.107 s, and the images were stored in a 
high-speed hard disk.  The artery rings were observed imme-
diately after dye loading to acquire the fluorescent images 
of the resting state.  Following the acquisition of resting 
response, the specimens were exposed to 50 mmol/L KCl and 
the images were acquired continuously[29].  The fluorescence 
intensity was calculated from individual image utilizing FV10-
ASW (version 1.7, Olympus, Tokyo, Japan), and the changes of 
fluorescence intensity versus time were plotted.  The change 
rate (%) of fluorescence intensity induced by KCl was calcu-
lated based on the formula below:

[(fluorescence intensity after exposure to KCl – fluorescence 
intensity before exposure to KCl)/fluorescence intensity before 
exposure to KCl]×100.

The change rate of fluorescence intensity reflected the 
change of [Ca2+]i.  

Measurement of arterial pressure
SHRs weighing 250–300 g were divided into 5 groups (n=6–8 
per group).  Arterial pressure measurement was carried out 
via a non-invasive tail-cuff plethysmography method (CODA 
6, Kent Scientific, Torrington, CT, USA)[30] once every day for a 
succession of five days to get the rats adapted to the operation.  
Right before the drug administration, the arterial pressure 
was measured.  Then formononetin (5, 10, and 20 mg/kg), 
lacidipine (0.06 mg/kg) and saline containing 10% Tween 80 
were injected via tail vein, respectively.  The arterial pressure 
was assessed 0.5, 1, 2, 3, and 4 h after the administration.  
 
Statistical analysis
Data are expressed as mean±SEM, and the differences between 
means were evaluated using SPSS for Windows 13.0 (SPSS, 
Chicago, IL, USA)[31].  Relaxant responses in each segment 
are expressed as a percentage of relaxation from the precon-
traction.  Emax and Rmax represent the maximal contraction 
and the maximal relaxation induced by vasoconstrictors and 
formononetin, respectively.  Comparisons were made using 
2-way ANOVA followed by Fischer’s least significant differ-
ence post-hoc tests.  Statistical significance was set at P<0.05.  
The EC50 was calculated by nonlinear regression analysis using 
the computer program GraphPad Prism 5 (San Diego, CA, 
USA).

Results
Relaxing responses of arteries to formononetin
KCl (60 mmol/L) or U46619 (1 μmol/L) was added to the 
baths to induce precontraction of the segments of rat mesen-
teric arteries, renal arteries, cerebral arteries, coronary arteries 
and abdominal aortas, respectively.  The segments of rat mes-
enteric arteries, renal arteries and abdominal aortas were pre-
contracted by phenylephrine (10 μmol/L).  After sustained 
contraction was obtained, formononetin (1–300 μmol/L) was 
added cumulatively to the baths.  Formononetin elicited a 
concentration-dependent relaxation in the rat artery segments 
pre-contracted by KCl (Figure 1A, Table 1), U46619 (Figure 1B, 
Table 2) or phenylephrine (Figure 1C, Table 3).

Table 1.  Relaxation responses induced by formononetin in rat arterial 
segments pre-contracted by 60 mmol/L K+; supplemental data for Figure 
1A.  Data are expressed as mean±SEM.  n=6–8.  bP<0.05, cP<0.01 vs 
cerebral artery.  fP<0.01 vs coronary artery.  

                                                                                                                 

Formononetin
                Control 

       Artery                 60 mmol/L K+                                                     (DMSO)
                                         (mN)               Rmax (%)       EC50 (μmol/L)    Rmax (%)
 
Mesenteric artery	 7.19±0.42	 96.2±1.0b	 14.9±1.8cf	 7.3±2.2
Abdominal aorta	 9.01±0.71	 96.7±1.7b	 19.1±4.1cf	 7.2±4.1
Renal artery	 7.70±0.65	 93.4±2.0	 24.0±5.8	 5.6±2.8
Coronary artery	 5.31±0.56	 91.8±5.8	 36.3±3.5	 4.8±2.1
Cerebral artery	 5.30±0.52	 86.1±3.9	 37.9±4.9	 7.2±6.1

Rmax, maximum relaxation to formononetin or DMSO (control).
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Involvement of endothelium 
Formononetin (1–300 μmol/L) concentration-dependently 
relaxed rat mesenteric artery segments pre-contracted by 
phenylephrine (10 μmol/L) with or without endothelium 

(Figure 2).  Removal of endothelium suppressed the relaxing 
response to formononetin (Rmax=96.25%±1.72% in endothe-
lium-intact arteries, Rmax=56.84%±1.89% in endothelium-
denuded arteries, P<0.05), suggesting that the vasodilatation 
was partially endothelium-dependent.

Effects of NOS and cyclo-oxygenase (COX) inhibitors on the 
relaxing response to formononetin 
Before treatment with formononetin in phenylephrine (10 
μmol/L)-induced precontraction, rat mesenteric artery seg-
ments with endothelium were co-incubated with L-NAME 
(NOS inhibitor, 100 μmol/L ), indomethacin (COX inhibi-
tor, 10 μmol/L) or L-NAME (100 μmol/L)+indomethacin 
(10 μmol/L) for 20 min.  Figure 2 showed that L-NAME 
and L-NAME+indomethacin attenuated the concentration-
response curves of formononetin, while indomethacin lightly 
attenuated the concentration-relaxation curves of formonon-
etin.

Effects of β-adrenoceptor and K+ channels blockers on the 
relaxing response to formononetin 
Before the addition of formononetin and 60 mmol/L KCl to 
the baths, the endothelium-denuded mesenteric artery seg-
ments were treated with propranolol (1 μmol/L), glibencl-
amide (10 μmol/L), tetraethylammonium (300 μmol/L) or bar-

Table 2.  Relaxation responses induced by formononetin in rat arterial 
segments pre-contracted by 1 μmol/L U46619; supplemental data for 
Figure 1B.  Data are expressed as mean±SEM.  n=6–8.

                                                        1 μmol/L                                   

Formononetin
             Control 

      Artery                      U46619                                                          (DMSO)
                                         (mN)               Rmax (%)       EC50 (μmol/L)    Rmax (%)
 
Mesenteric artery	 12.47±0.74	 73.8±3.1	 41.8±6.9	 2.9±3.5
Abdominal aorta	 13.88±0.70	 75.8±4.3	 59.8±17.0	 6.0±2.2
Renal artery	 10.65±0.63	 65.0±3.3	 33.8±6.5	 2.9±2.0
Coronary artery	   5.55±0.66	 72.4±6.7	 68.6±21.3	 4.5±1.1
Cerebral artery	   5.83±0.49	 68.6±5.7	 40.9±5.9	 5.7±1.2

Rmax, maximum relaxation to formononetin or DMSO (control).

Table 3.  Relaxation responses induced by formononetin in rat arterial 
segments pre-contracted by 10 μmol/L phenylephrine (PE); supplemental 
data for Figure 1C.  Data are expressed as mean±SEM.  n=6–8.  bP<0.05, 
cP<0.01 vs renal artery.  eP<0.05, fP<0.01 vs abdominal aorta. 

                                                                                                                

Formononetin
                Control 

     Artery                        10 μmol/L PE                                                      (DMSO)
                                         (mN)               Rmax (%)      EC50 (μmol/L)    Rmax (%)
 
Mesenteric artery	 7.96±0.70	 94.0±1.5ce	   7.7±0.9cf	 8.1±2.1
Abdominal aorta	 7.18±0.67	 81.3±3.5b	 24.3±1.9c	 6.7±1.5
Renal artery	 8.72±1.50	 67.0±5.8e	 33.0±4.4e	 7.8±2.9 

Rmax, maximum relaxation to formononetin or DMSO (control).

Figure 1.  Cumulative concentration-response curves of formononetin.  
Rat isolated cerebral arteries, coronary arteries, renal arteries, abdominal 
aorta, and mesenteric arteries pre-contracted by 60 mmol/L K+ (A) and 
1 μmol/L U46619 (B), respectively; renal arteries, abdominal aorta,and 
mesenteric arteries pre-contracted by 10 μmol/L phenylephrine (C).  Data 
are shown as mean±SEM.  n=7–8 arteries.  
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ium chloride (10 μmol/L) for 20 min in order to test whether 
or not β-adrenoceptors, ATP sensitive K+ channels, calcium-
activated K+ channels and inwardly rectifying K+ channels 
were involved in the formononetin-induced relaxation.  As 
shown in Figure 3, these blockers, compared with control 
(in the absence of blockers), did not shift the concentration-
relaxation curves of formononetin significantly.  No matter the 
blockers were present or not, the Rmax and EC50 of formonon-
etin in the endothelium-denuded artery segments showed no 
significant difference (P>0.05).  

Effects of formononetin on K+-induced contraction 
Krebs solution was replaced with high KCl (10, 20, 40, and 
80 mmol/L)-Krebs solutions 20 min after the treatment with 
DMSO (control) or formononetin (10, 30, and 100 μmol/L).  
The concentration-contraction curves of the endothelium-
denuded rat mesenteric artery segments for KCl were con-
structed.  Compared with control, formononetin shifted the 
concentration-contraction curves of KCl towards the right in a 

non-parallel manner (P<0.05, Figure 4A).  The Emax of vasocon-
strictive response to KCl was decreased and the EC50 value of 
KCl was increased by formononetin (P<0.05, Table 4).  

Effects of formononetin on Ca2+-induced contractions in Ca2+-free 
depolarized Krebs solution
The endothelium-denuded rat mesenteric artery segments 
were exposed to Ca2+-free and K+-rich solution containing 
EDTA (100 μmol/L) and KCl (60 mmol/L) for 20 min.  Then, 
CaCl2 (0.01–10 mmol/L) was added cumulatively to the baths 
after treatment with DMSO (control) or formononetin (10, 30, 
and 100 μmol/L) for 15 min, and the concentration-response 
curves of CaCl2 were constructed.  Formononetin, compared 
with control, shifted the concentration-response curves of 
CaCl2 towards the right in a non-parallel manner (P<0.05, 
Figure 4B).  The Emax of vasoconstrictive response to CaCl2 
was decreased and the EC50 value of CaCl2 was increased by 
formononetin (P<0.05, Table 4).

Effects of formononetin on phenylephrine- and 5-HT-induced 
contraction 
The endothelium-denuded rat mesenteric artery segments 

Table 4.  EC50 values of different agonists contracting rat mesenteric arteries without endothelium after incubation with formononetin (For).  Data are 
expressed as mean±SEM.  n=6–8.  bP<0.05, cP<0.01 vs control (DMSO).

        Agonist		                                                                                                               EC50 value
		                                                               Control	             For 10 μmol/L                       For 30 μmol/L                  For 100 μmol/L
 
	 KCl	 mmol/L	 30.1±0.95	 31.7±0.6	 32.7±0.8b	 38.0±0.8c

	 CaCl2	 mmol/L	 0.44±0.04	 0.52±0.07	 0.59±0.05b	 0.80±0.04c

	 Phenylephrine	 μmol/L	 0.77±0.21	 0.95±0.25	 1.30±0.25	 1.42±0.19b

	 5-HT	 μmol/L	 0.77±0.14	 1.14±0.23	 1.23±0.18	 2.13±0.09c

Figure 2.  Effects of L-NAME (100 μmol/L), indomethacin (Indo, 10 μmol/L) 
and L-NAME+Indo (100 μmol/L+10 μmol/L) on the relaxing responses 
induced by formononetin in mesenteric arteries with intact endothelium, 
and effects of formononetin on mesenteric arteries with endothelium 
denuded and with endothelium intact (control).  Rat isolated mesenteric 
arteries were pre-contracted by phenylephrine.  Data are shown as 
mean±SEM.  n=7–8 arteries.  bP<0.05, cP<0.01 vs control.

Figure 3.  The vasorelaxant effect of formononetin in endothelium-free 
artery in the presence of propranolol (1 μmol/L), tetraethylammonium (300 
μmol/L), BaCl2 (10 μmol/L), or glibenclamide (10 μmol/L).  Relaxation is 
expressed as a percentage of decrease in the maximal tension induced by 
60 mmol/L K+.  Data are shown as mean±SEM.  n=7–8 arteries.  (control: 
in the absence of blockers) 
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were pre-treated with DMSO (control) or formononetin (10, 30, 
and 100 μmol/L) for 20 min.  Phenylephrine or 5-HT (0.001–30 
μmol/L) was cumulatively added to the baths.  Formononetin 
inhibited the phenylephrine- or 5-HT-induced vasoconstric-
tion and concentration-dependently shifted the concentration-
contraction curves towards the right in a non-parallel manner 
with a decreased Emax (Figure 4C, 4D).  The EC50 of phenyleph-
rine and 5-HT were increased by formononetin (P<0.05, 
Table 4).

Effects of formononetin on the contraction induced by phenyl
ephrine dependent upon intracellular and extracellular calcium
The endothelium-denuded rat mesenteric artery segments 
were exposed to Ca2+-free Krebs solution containing DMSO 

(control) or formononetin (10, 30, and 100 μmol/L) for 10 min 
in order to remove the extracellular Ca2+, followed by addi-
tion of 10 μmol/L phenylephrine inducing phasic contractions 
caused by the release of intracellular Ca2+.  When the maximal 
contraction was obtained, CaCl2 of 2 mmol/L was added to 
induce a tonic contraction evoked by the extracellular Ca2+ 
influx[32].  The results showed formononetin concentration-
dependently inhibited the contraction induced by phenyleph-
rine, but increased the CaCl2-induced contraction (Figure 4E).

Effects of formononetin on the contraction induced by caffeine 
in Ca2+-free solution
After the endothelium-denuded rat mesenteric artery seg-
ments were incubated with DMSO or formononetin (100 

Figure 4.  The effects of formononetin (10, 30, and 100 μmol/L) and 
DMSO (control) on the contractile responses to potassium (A), calcium in 
calcium-free depolarized Krebs solution (B), phenylephrine (C), and 5-HT 
(D) in rat mesenteric arteries without endothelium.  Bar graph (E) shows 
the effects of formononetin (10, 30, and 100 μmol/L) on the contractile 
responses to phenylephrine (PE, 10 μmol/L) and CaCl2 (2 mmol/L) in 
rat mesenteric arteries without endothelium in Ca2+-free Krebs solution.  
“PE+Ca2+” means sum of contractions to PE and Ca2+.  Contractile 
response is expressed as a percentage of the 60 mmol/L K+ induced 
contraction.  Data are shown as mean±SEM.  n=8 arteries.  bP<0.05, 
cP<0.01 vs control.
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μmol/L) for 20 min in Ca2+-free medium, artery contractions 
to caffeine (30 mmol/L) were obtained.  The contractions 
induced by caffeine in the presence or absence of formonon-
etin were 18.3%±1.8% and 18.0%±1.7% (contractile response 
is expressed as a percentage of the contraction induced by 60 
mmol/L K+), respectively.  These data showed that formonon-
etin did not affect the vasoconstriction induced by caffeine in 
Ca2+-free solution (n=8 arteries, P>0.05).

Effects of formononetin on Ca2+ fluorescence intensity in rat 
mesenteric artery
Figure 5 presented the time course of the change rate of fluo-
rescence intensity induced by 50 mmol/L KCl in rat mesen-
teric arteries.  It could be seen that formononetin (10 and 100 
μmol/L) concentration-dependently inhibited the change rate 
of fluorescence intensity.  

Effects of formononetin on the SHR arterial pressure 
The SHR arterial pressure was determined before drug admin-
istration.  Then formononetin (5, 10, and 20 mg/kg), lacidipine 
(0.06 mg/kg) and saline containing 10% Tween 80 (control) 
were injected via tail vein.  The arterial pressure was mea-
sured 0.5, 1, 2, 3, and 4 h after injection.  It was found that 
formononetin lowered the systolic, diastolic and mean arte-
rial pressures of the SHRs (Figure 6).  The decline of arterial 
pressure reached the peak at 2 to 3 h after the treatment with 
formononetin, while the peak of the pressure decline induced 
by lacidipine was at 30 min after treatment.  

Discussion
There have already been many reports about the antihyper-

Figure 5.  Effects of formononetin (10 and 100 μmol/L), verapamil 
(1 μmol/L), and DMSO (control) on Ca2+ fluorescence intensity in rat 
mesenteric arteries.  The change rate of fluorescence intensity reflexes the 
change of intracellular Ca2+ concentration ([Ca2+]i).  Each point represents 
the mean±SEM of five experiments.

Figure 6.  The effects of formononetin (5, 10, and 20 mg/kg), lacidipine 
(0.06 mg/kg), and saline containing 10% Tween 80  (control) on systolic 
arterial pressure (A), diastolic arterial pressure (B) and mean arterial 
pressure (C) of the SHRs.  Formononetin and lacidipine were intravenously 
administered.  Data are shown as mean±SEM.  n=8.  bP<0.05, cP<0.01 vs 
control. 



1016

www.nature.com/aps
Sun T et al

Acta Pharmacologica Sinica

npg

tensive effects of some isoflavones[11].  However, no phar-
macological or clinical study has been carried out to test the 
antihypertensive properties of formononetin.  Our study first 
investigated the antihypertensive potential of formononetin, 
and the results show that formononetin can lower the arterial 
pressure in SHRs.

One of the key mechanisms of antihypertensive drugs is to 
lower the vascular resistance by directly dilating the blood 
vessels.  Our experimental results show that formononetin can 
relax the arteries pre-contracted by vasoconstrictors, indicat-
ing that the antihypertensive activities of formononetin maybe 
stem from the vasorelaxant activity.  This is in concert with 
the previous findings that formononetin relaxes rat isolated 
aorta[9] and some isoflavones have vasorelaxant activities[15].  
We have found that mesenteric artery is more sensitive to for-
mononetin than abdominal aorta and renal artery in precon-
traction by phenylephrine, and meanwhile mesenteric artery 
is one of peripheral arteries which contribute more resistance 
than aorta in hypertension, and therefore we chose to study 
the vasorelaxant mechanism of formononetin on mesenteric 
artery.

The vasorelaxant activity of antihypertensive drugs is 
achieved by influencing both vascular endothelial and vascu-
lar smooth muscle cells.  Endothelium plays an important role 
in regulating the function of cardiovascular system.  It syn-
thesizes and releases several vasodilator substances, mainly 
including vasodilator PGs, NO, and EDHF[33].  The removal 
of endothelium markedly attenuates the relaxant response 
of arteries to formononetin, suggesting that the relaxation is 
endothelium-dependent.  NO causes vascular relaxation by 
stimulating the production of cGMP and/or causing mem-
brane hyperpolarization[34].  L-NAME, a NOS inhibitor, inhibits 
the relaxation of formononetin, indicating that the vasorelax-
ant activity of formononetin is related to NO release.  Similar 
findings are reported elsewhere[9].  The vasorelaxant effect of 
PGs is realized through increasing intracellular cAMP levels[35].  
We have found that indomethacin has little effect on the con-
centration-relaxation curves of formononetin, and therefore 
PG biosynthesis is little involved in the formononetin-induced 
relaxation.  EDHF dilates arteries by increasing the membrane 
permeability of vascular smooth muscle cells to K+[35].  The for-
mononetin-induced relaxation in the mesenteric arteries with-
out endothelium is not significantly different from that in the 
mesenteric arteries incubated with indomethacin+L-NAME, 
suggesting that other factors like EDHF are not involved in the 
endothelium-dependent relaxation.  The relaxing response to 
formononetin has remained after the denudation of endothelial 
cells, indicating the involvement of endothelium-independent 
mechanism.  Thus, it is conceivable that formononetin directly 
act on vascular smooth muscles as well as endothelial cells.

Vascular smooth muscle cells are also contributory 
to the vasorelaxant activity of antihypertensive drugs.  
β-adrenoceptors and K+ channels are important regulators of 
arterial tone.  β-adrenoceptor-induced relaxation is mediated 
by the increase of the intracellular cAMP concentration and/
or activation of K+ channels[36].  Opening of K+ channels leads 

to membrane potential hyperpolarization and closure of 
voltage-dependent channels, which decreases Ca2+ entry and 
causes vasodilation[37].  In our experiments, propranolol, glib-
enclamide, tetraethylammonium and BaCl2 did not affect the 
endothelium-independent relaxant response to formononetin 
in rat mesenteric arteries, suggesting that the K+ channels and 
β-adrenoceptors are not involved in the vascular relaxation 
processes, which is in accordance with the previous find-
ings that K+ channel inhibitors did not affect the relaxation of 
genistein and zearalanone, two phytoestrogens, in rabbit coro-
nary arteries[38].  By contrast, Wu et al proposed that formonon-
etin caused opening of iberiotoxin-sensitive Ca2+-activated K+ 
channels and glibenclamide-sensitive adenosine triphosphate 
(ATP)-dependent K+ channels in rat aorta[9].  This discordance 
may lie in the different responses of mesenteric artery and 
aorta to drugs[39].

There are two kinds of Ca2+ channels in smooth muscle 
cells: VDCC and receptor-operated Ca2+ channels (ROCC).  
KCl-induced contraction is due to membrane depolarization, 
leading to increased Ca2+ influx through VDCC.  Formonon-
etin inhibits the contraction induced by KCl in Krebs solution 
and CaCl2 in high-K+ depolarization medium, suggesting that 
formononetin may inhibit VDCC.  This is in accordance with 
some previous findings[38].  

Phenylephrine- or 5-HT-induced contraction in solution 
containing Ca2+ is due to activation of α1-adrenoceptors or 
5-HT receptors, which leads to an increase in intracellular 
calcium concentration via activation of the inositol phosphate 
cascade, releasing intracellular calcium and promoting the 
entry of extracellular calcium through ROCC[40, 41].  In the pres-
ent study, formononetin treatment results in a rightward shift 
of concentration-contraction curves of phenylephrine or 5-HT 
in a non-parallel manner in medium with Ca2+, suggesting that 
formononetin can inhibit ROCC or Ca2+ release from intracel-
lular stores.  Our further experiments show that formononetin 
inhibits the contraction induced by phenylephrine in Ca2+-free 
solution while the tonic contraction evoked by the extracel-
lular Ca2+ influx is increased, but the total contraction induced 
by CaCl2 and phenylephrine is decreased by formononetin.  
These results suggest that formononetin inhibits intracellu-
lar Ca2+ release from Ca2+ stores in vascular smooth muscle 
cells, but does not inhibit the extracellular Ca2+ influxing 
through ROCC.  This is partly consistent with some previous 
findings[42].  The increased contraction induced by CaCl2 may 
be a compensatory mechanism of suppressed Ca2+ release.  
Thus, it is likely that Ca2+ mobilization in smooth muscle cells 
is inhibited by formononetin.  

The release of intracellular Ca2+ is mainly regulated by 
ryanodine receptor system and inositol 1,4,5-trisphosphate 
(IP3) receptor system.  The former may function through a 
Ca2+-induced Ca2+ release mechanism when the receptors 
are activated by caffeine[43].  The latter induces Ca2+ release 
directly when the receptors are bound to IP3.  Furthermore, 
formononetin does not affect the caffeine-induced contraction 
in endothelium-denuded arteries, which rules out the possible 
involvement of ryanodine receptors.  Therefore, it is likely that 
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the IP3 receptor contributes to Ca2+ release.  
Laser scanning confocal microscope and fluorescent probe 

are widely employed to monitor dynamic changes of [Ca2+]i 
in various cells and tissues[29].  Our finding that formononetin 
inhibits the KCl-induced increase of [Ca2+]i in rat mesenteric 
artery further proves that formononetin decreases intracellular 
calcium. 

In summary, formononetin, with antihypertensive potential, 
has multiple targets and a moderate effect in lowering arte-
rial pressure, which is different from typical antihypertensive 
drugs.  Besides, being a natural compound, formononetin 
may have little toxic effect.  What’s more, formononetin pos-
sesses antioxidant property[44], and it increases the expression 
of eNOS[9] and lowers blood lipid[45], which will be beneficial 
in preventing and treating the complications of hypertension, 
such as cardiac and vascular remodeling, lipid abnormalities 
and atherosclerosis.  Therefore, formononetin may be of value 
in treating and preventing hypertension.
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Introduction 
Chronic infection with hepatitis B virus (HBV) is a common 
and serious liver disease that affects individuals worldwide.  
Current treatment of chronic hepatitis B is disappointingly 
limited.  It is reported that there are more than 2 billion HBV 
carriers at present globally, and among them, about 360 mil-
lion patients suffer from chronic hepatitis, cirrhosis or hepato-
cellular carcinoma (HCC)[1, 2].  

RCOR3 is a member of the REST (repressor element-1-
silencing transcription factor) corepressor (CoREST) family 
that functions as a corepressor for REST, which regulates neu-
ronal gene expression and determines the fate of neural stem 
cells.  The CoREST family consists of RCOR1, also known as 
CoREST, RCOR2, and RCOR3.  REST (also known as neuron-

restrictive silencer factor, NRSF) is an essential vertebrate zinc 
finger transcription factor[3], which can bind to the conserva-
tive sequence of neuron-restrictive silencer element DNA 
(NRSE DNA)[4].  The REST gene is highly expressed in non-
neuronal cells and neuronal precursor cells, but it is expressed 
much less in differentiated neurons[5].  

To date, it has been shown that REST does not work in-
dependently.  The dynamic and multiplex function of REST is 
achieved through the REST-dependent recruitment of distinct 
modular macromolecular complexes.  Thus, REST serves as 
a hub for recruiting multiple chromatin-modifying proteins, 
including multiple histone deacetylases (HDACs) and lysine 
specific demethylases (LSD; for example, LSD1)[6–8].  The 
N-terminal domain of NRSF can combine with mSin3A/B, 
and the C-terminal domain can bind to CoREST[9, 10].  The his-
tone modifiers are able to interact directly with either REST or 
its corepressors, such as CoREST[11] or mSin3[9, 12–14], and thus 
block the transcription of certain genes[15].  

Involvement of REST corepressor 3 in prognosis of 
human hepatitis B
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In a previous study, we obtained the gene expression pro-
file of livers from mice in a concanavalin A (ConA)-induced 
hepatitis model by GeneChip array[16, 17].  ConA-induced 
hepatic injury in mice has long been established as a model 
of immunologically induced hepatocyte injury because its 
histological features highly resemble those of viral or drug-
induced acute hepatitis in humans[18].  The hepatocyte injury is 
associated with massive hepatocellular degeneration and lym-
phoid infiltration of the liver[19].  The hepatic injury induced by 
ConA depends mainly upon T-cell activation[20], which raises 
the plasma levels of various cytokines such as tumor necro-
sis factor-alpha (TNF-α), interferon (IFN)-γ, interleukin (IL)-
6, etc[21].  Hence, we used the ConA-induced hepatitis model 
and selected microarray to explore the pathogenic mechanism 
of human fulminant hepatitis.  In this study, 26 differentially 
expressed genes associated with hepatitis B were selected.  
However, only the expression of RCOR3 attracted our inter-
est, for RCOR3 was suitable to be used as a biomarker.  Con-
sidering the clinical significance of RCOR3 remains largely 
unknown, we herein studied the serum RCOR3 levels of 
patients with hepatitis B to explore the potential correla-
tion between serum RCOR3 and the outcome of hepatitis B 
patients.

Materials and methods
ConA-induced hepatitis model in mice
Male Balb/c mice, weighing about 25 g, were housed under 
standard animal laboratory conditions in the Animal Center 
of Zhejiang Academy of Medical Sciences.  This study was 
approved by the local Ethical Committee of the Academy.  
The mice were subjected to a tail vein injection of ConA (type 
V, Sigma Chemical Co, USA) at 20 mg/kg body weight, and 
phosphate-buffered saline (PBS) was used as a control.  The 
mice were sacrificed at 1, 3, or 6 h separately.  All animals 
received humane care in accordance with the guidelines estab-
lished by the National Science Council of China.  Mouse liver 
samples were collected and fixed in 4% phosphate-buffered 
paraformaldehyde.  Paraffin tissue sections were prepared and 
subjected to hematoxylin-eosin (H&E) staining for standard 
histological examination.  The extent of liver injury was also 
evaluated by determining serum ALT, AST, STB, and LDH 
using the standard Reitman-Frankel method.  The results can 
be seen in our previous articles[16, 17].

Microarray analysis
Total RNA extracted from mouse liver samples was reverse 
transcribed and labeled with biotin.  The biotinylated cDNAs 
were then hybridized to 12 individual Affymetrix GeneChips 
Mouse 430 2.0 Arrays (Affymetrix, Inc, Santa Clara, CA, USA), 
which contain 45101 probes in total according to the manu-
facturer’s instructions.  Significant differentially expressed 
genes at each time point were filtered by analysis of vari-
ance (ANOVA) and corrected by the random variance model 
(RVM)[22].  To assess whether the significance of one particular 
sample occurred by random chance, the false discovery rate 
(FDR) was estimated to determine whether the differences of 

certain genes were truly significant by repeating the compari-
son test and the permutation test 1000 times.  A P-value<0.05 
and FDR<0.05 were considered the threshold for true signifi-
cance.

Real-time PCR 
The original amount of RCOR3 mRNA was measured by real-
time PCR with a SYBR Green PCR Kit (Applied Biosystems, 
Foster City, CA, USA) using the ABI Prism 7900 sequence 
detector (Applied Biosystems, Foster City, CA, USA).  A vol-
ume of 20 µL of amplification reactions contained 2×SYBR 
Green Realtime PCR Master Mix, 0.4 μmol/L primers, and 1 
μL of template cDNA.  The mRNA of the housekeeping gene 
β-actin was used as an endogenous control.  The sequences 
for the primers used are as follows: RCOR3 forward primer, 
5’-AGTATCCCAGATGCCAAAT-3’; RCOR3 reverse primer, 
5’-GGAAAGGGCGTGAAGTTA-3’; β-actin forward primer, 
5’-CGTTGACATCCGTAAAGACC-3’; and β-actin reverse 
primer, 5’-AACAGTCCGCCTAGAAGCAC-3’.  Thermal cycl
ing was carried out for 5 min at 95 °C, followed by 40 cycles 
of 30 s at 95 °C, 30 s at 57 °C, and 30 s at 72 °C.  We performed 
the PCR amplifications in duplicate for each sample and the 
expression of RCOR3 was normalized against β-actin.  Analy-
sis of variance (ANOVA) was used to compare the differences 
of gene expression levels between groups.  A P-value<0.05 
was considered statistically significant.  

Patients and samples 
One hundred and seventy-seven patients with hepatitis B were 
selected from the Infectious Department of the First Affiliated 
Hospital of College of Medicine, Zhejiang University, referring 
to the guideline of prevention and treatment for chronic hepa-
titis B (2010 version)[23].  Thirty-four healthy people who had 
undertaken a medical examination in 2009 at the First Affili-
ated Hospital of College of Medicine, Zhejiang University, 
were included as the control group.  The demographic charac-
teristics of all subjects are summarized in Table 1.  All patients 
provided informed consent prior to participating in the study; 
the experimental protocols used in this study were approved 
by the Ethics Committee of the First Affiliated Hospital of Col-
lege of Medicine, Zhejiang University.  

ELISA 
Commercially available ELISA kits (Groundwork Biotechnol-

Table 1.  Demographic of subjects.

             
Group                                    n

	     Gender	                   Age
	  	                                    Male    Female      (Mean±SD)
 
Health  control	 34	 11	 23         	26.74±5.71
Mild chronic hepatitis B	 25	 18	   7	 32.80±9.74
Moderate chronic hepatitis B	 38	 23 	 15	 36.34±9.55
Severe hepatitis B	 24	 21	   3	 40.88±10.76
Cirrhosis 	 60	 43	 17	 50.10±10.74
Liver cancer	 30	 29	   1	 56.13±11.84
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ogy Diagnosticate Ltd) were utilized to determine serum lev-
els of human RCOR3 following the manufacturer’s instruction.  
ELISA samples were read at the wavelength of 450 nm and a 
standard curve was constructed using the OD values.  Assays 
were performed in duplicate.

Statistical analysis 
All of the data were processed by SPSS 13.0 software and pre-
sented as means±SD.  An ANOVA and LSD test were used 
for comparisons among the groups and between paired data, 
respectively.  When the data were not normally distributed, 
the Mann-Whitney U test and the one-way non parametric 
ANOVA (Kruskal Wallis test) were used to compare quantita-
tive variables between two groups of observation and in more 
than two groups of data, respectively. Spearman rank correla-
tion test was used for correlation analysis.  

Results
Expression of RCOR3 in ConA-induced mouse hepatitis
A GeneChip array was performed to screen differentially 
expressed genes in a model of ConA-induced mouse hepatitis.  
The data were analyzed by ANOVA and corrected with the 
randomized variance model.  As a result, 1473 genes with sig-
nificant p-values and a false discovery rate (FDR) of less than 
0.05 were identified; among these genes, we selected 26 dif-
ferentially expressed genes that were associated with hepatitis 
B.  However, other genes, with the exception of RCOR3, were 
either validated to be meaningless or not secretory proteins 
and cannot be used as biomarkers.  The expression of RCOR3 
attracted our interest, and its differential expression was very 
notable.  Intriguingly, the expression of RCOR3 was decreased 
at 1 h and 3 h post ConA exposure, but increased at the 6 h 
time point (Figure 1).

Validation of RCOR3 expression by real-time PCR
Real-time PCR was performed to verify the expression of 
RCOR3 in a model of ConA-induced mouse hepatitis.  As 
shown in Figure 2, RCOR3 mRNA was significantly induced at 
the 6 h time point in comparison with the 0 h group (P<0.05).  

Meanwhile, there was a significant increase in the mRNA level 
of RCOR3 at the 3 h and 6 h time points compared with the 1 h 
group (P<0.05 and P<0.01, respectively), and these results (Fig-
ure 2) showed some differences in comparison with the results 
of the GeneChips Arrays, which showed that the expression 
of RCOR3 was decreased at 1 h and 3 h post ConA exposure, 
but increased at the 6 h time point.  However, the mRNA level 
of RCOR3 in real-time PCR array was significantly reduced 
at the 1 h time point, but was induced in the liver after ConA 
exposure at the 3 h and 6 h time points in comparison with the 
0 h group.  Despite the minor difference with the results of the 
GeneChips Arrays, the overall trend was that the mRNA level 
of RCOR3 was reduced early after ConA exposure and then 
induced after 6 h of exposure.

Comparison of hepatitis-associated markers among patients 
with hepatitis B 
As shown in Table 2, the serum ALT levels of mild chronic 
hepatitis B patients, moderate chronic hepatitis B patients,  
severe hepatitis B (SHB) patients, cirrhosis patients and 
HCC patients were significantly increased compared with 
the healthy control group.  Meanwhile, there was a signifi-
cant increase in serum ALT levels in patients with moderate 
chronic hepatitis B and SHB in comparison with patients with 
mild chronic hepatitis B.  Moreover, serum ALT levels in cir-
rhosis and liver cancer patients remarkably declined compared 
with moderate chronic hepatitis B patients and severe hepatitis 
patients.  Compared with the healthy control group, the serum 
AST levels of mild chronic hepatitis B patients, moderate 
chronic hepatitis B patients, SHB patients, cirrhosis patients 
and HCC patients were evidently increased.  Meanwhile, 
there was a significant increase in serum AST levels in patients 
with moderate chronic hepatitis B, SHB, cirrhosis and liver 
cancer in comparison with patients with mild chronic hepa-
titis B.  In addition, the serum TB levels in moderate chronic 
hepatitis B patients, SHB patients, cirrhosis patients and HCC 
patients were significantly higher than that of the healthy con-
trol group.  An increase of serum TB levels in patients with 
moderate chronic hepatitis B, SHB, cirrhosis and liver cancer 

Figure 1.  GeneChip array data on the expression of RCOR3 in a model of 
ConA-induced mouse hepatitis at the indicated time points.  The horizontal 
axis represents time, and the vertical axis shows the mRNA levels of 
RCOR3.  cP<0.01 compared with the 0 h group; fP<0.01 compared with 
the 1 h group; iP<0.01 compared with the 3 h group.  

Figure 2.  Real-time PCR validation of RCOR3 expression in a model 
of ConA-induced mouse hepatitis at the indicated time points.  The 
horizontal axis represents time, and the vertical axis shows the mRNA 
levels of RCOR3.  cP<0.01 compared with the 0 h group; eP<0.05,   
fP<0.01 compared with the 1 h group.  
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was observed in comparison with the mild chronic hepatitis B 
patients.  In comparison with the moderate chronic hepatitis B 
patients, the serum TB levels of SHB, cirrhosis and liver cancer 
patients were remarkably increased.  Moreover, the serum 
TB levels in cirrhosis and liver cancer patients  remarkably 
declined compared with severe hepatitis patients.

Serum RCOR3 levels in patients with hepatitis B
As shown in Table 3, there was no significant difference in 
serum RCOR3 levels between the mild chronic hepatitis B 
patients and the healthy control group.  However, compared 
with the healthy control group, the serum RCOR3 levels were 
significantly increased in patients with moderate chronic hep-
atitis B and significantly decreased in patients with SHB, cir-
rhosis and HCC.  Moreover, the serum RCOR3 levels in SHB, 
cirrhosis and liver cancer patients remarkably declined com-
pared with the moderate chronic hepatitis B patients and mild 
chronic hepatitis B patients.  Taken together, serum RCOR3 
levels were increased in patients with mild chronic hepatitis 
B and moderate chronic hepatitis B and were decreased in 
patients with SHB, cirrhosis and liver cancer.  

Correlation of serum RCOR3 and hepatitis B-associated serum 
markers
As shown in Table 4, rank correlation analysis demonstrated 
that there was a significant correlation between serum RCOR3 
and TB (r=-0.305, P<0.01), while there was no significant cor-

relation between ROCR3 and ALT (r=0.014, P>0.05) or AST 
(r=-0.079, P>0.05).  

Discussion  
REST, also known as NRSF or X box repressor (XBR), is the 
first identified system-wide transcription repressor implicated 
in vertebrate neuronal development[4, 24–27].  However, more 
and more studies have provided evidence that REST plays an 
essential role in non-neuronal tissues[28] by functioning as a 
transcription silencer or activator[29–34].  For example, REST was 
reported to be a critical regulator in medulloblastoma cells 
and may serve as a therapeutic target for medulloblastoma[35].  
The profound context-specificity of the functional repertoire 
of REST is further highlighted by its dual role as a tumor sup-
pressor and oncoprotein[36–38].

The results of the GeneChip Arrays and real-time PCR indi-
cated that the mRNA level of RCOR3 was initially reduced 
and then subsequently induced following ConA treatment.  
However, an RCOR3 ELISA on human serum showed that 
RCOR3 levels were initially induced and then reduced.  It is 
possible that different samples and distinct RCOR3 detection 
methods (mouse liver tissue for GeneChip Arrays and real-
time PCR; human plasma for ELISA) are responsible for the 
observed differences in RCOR3 levels.

RCOR3 is a member of the CoREST family and functions 
as a corepressor for REST, which mediates repression by 
REST.  The significant increase of serum RCOR3 levels in mild 
chronic hepatitis B or moderate chronic hepatitis B patients in 
comparison with normal cases indicates the enhanced func-
tion of RCOR3 at the very early stage of hepatitis B, which 

Table 3.  Serum RCOR3 levels in HBV patients (mean±SD).

              Group	                                       n	       RCOR3 (ng/mL)
 
	 Health control 	 34	 1.21±0.34
	 Mild chronic hepatitis B	 25	 1.68±1.13
	 Moderate chronic hepatitis B	 38         	 1.68±0.57c

	 Severe hepatitis B	 24	 0.92±0.43cfi

	 Cirrhosis	 60	 0.95±0.42cfi

	 Hepatocellular carcinoma	 30	 1.03±0.35cfi

cP<0.01 compared with health control; fP<0.01 compared with mild 
chronic; iP<0.01 compared with moderate chronic.  RCOR3, REST 
corepressor 3.

Table 4.  Correlation between serum RCOR3 and hepatitis B-associated 
markers in HBV patients.

     Characteristics	                        r value	                                  P value    
 
	 ALT	       0.014	      >0.05
	 AST	      -0.079	      >0.05
	 TB	      -0.305	      <0.01

ALT, alanine transaminase; AST, aspartate transaminase; TB, total 
bilirubin.

Table 2.  Levels of hepatitis-associated serum markers in ConA-induced mice hepatitis (mean±SD).

                Group	                                              n	                                   ALT	                                AST	                               TB    
 
	 Health control 	 34	   15.26±7.71	   20.04±4.82	    13.11±4.95
	 Mild chronic hepatitis B	 25	   88.33±94.98c	        58.5±39.68c	     13.19±4.97
	 Moderate chronic hepatitis B	 38	 280.84±428.22cf	 153.47±301.69cf	    25.41±23.06cf

	 Severe hepatitis B	 24	 211.12±245.81ce	 198.83±234.68cf	 305.04±123.80cfi

	 Cirrhosis 	 60	   73.92±76.19cil	   103.8±102.28cf	 101.37±126.82cfil

	 Liver cancer	 30	   94.22±119.36cil	 102.78±69.40cf	    78.78±126.42cfhl

cP<0.01 compared with health control; eP<0.05, fP<0.01 compared with mild chronic hepatitis B; hP<0.05, iP<0.01 compared with moderate chronic 
hepatitis B; lP<0.01 compared with severe hepatitis B.  ALT, alanine transaminase; AST, aspartate transaminase; TB, total bilirubin.
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may lead to the repression of certain genes and thus be helpful 
to inhibit the progression of the disease.  However, the sig-
nificant decline of serum RCOR3 levels in patients with SHB, 
cirrhosis and HCC with the development of disease indicates 
the impaired function of RCOR3, which may aggravate certain 
diseases.  

To summarize, our data showed that serum RCOR3 levels 
may reflect the degree of liver damage, and the assessment of 
serum RCOR3 in patients with hepatitis B could be helpful to 
the classification and intervention of the disease.  Compared 
with the most common serum markers of hepatitis, such as 
ALT, AST, or TB, RCOR3 might be a more ideal biomarker 
that reflects the process or outcome of HB because the varia-
tion in ALT, AST or TB levels is rather intensive among the HB 
patients.  This study also provides new insights into the poten-
tial role of the NRSE-NRSF system in non-neuronal tissues at 
both the physiological and pathological conditions.  Neverthe-
less, the role of RCOR3 (REST) in the development of hepati-
tis B remains obscure.  More systematic and comprehensive 
investigations are still needed to deepen our understanding on 
the biological significance of RCOR3.  In future research, we 
would like to explore the mechanisms of how RCOR3 (REST) 
participates in the development of hepatitis B.  Because REST 
regulates different groups of target genes in different cell 
types[39], we intend to identify the potential REST targets and 
test whether liver injury could be reversed by interfering with 
the expression of RCOR3.  
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Introduction
Aristolochic acid (AA), an active component of the Chinese 
herbal medicines derived from the Aristolochia species, has 
been implicated in AA nephropathy (AAN), which is a pro-
gressive tubulointerstitial nephropathy.  Studies indicated that 
blood vessel impairment was present in AAN[1, 2], and could 
be one of the causes for the progressive tubulointerstitial dam-
age.  In renal biopsy samples of AAN patients, the abnormal 
ultrastructure of endothelial cells within the microvasculature 
and marked injury of peritubular capillaries were accompa-
nied by low vascular endothelial growth factor (VEGF) levels[3] 
in tubular cells.  It was further indicated that endothelial injury 
was related to the deterioration of renal function in AAN[4].

It is well known that VEGF is an important endogenous 
proangiogenic molecule, which can induce angiogenesis by 
acting directly on the endothelium in vivo[5].  VEGF potently 
blocks the execution of apoptosis of endothelial cells[6–8].  With-
drawal of VEGF by targeted inactivation of the VEGF gene 
results in massive endothelial cell apoptosis[9, 10].  Apoptotic 

endothelial cell death may critically disturb the integrity of 
the endothelial monolayer and thereby contribute to vascular 
injury.

VEGF could activate the survival-promoting PI3K/Akt 
pathway[6, 11, 12].  Activation of the serine/threonine kinase Akt 
in turn stimulates the phosphorylation of pro-apoptotic pro-
teins such as Bad and consequently inhibits apoptosis execu-
tion[13].  Moreover, Akt activates the endothelial nitric oxide 
(NO) synthase, leading to enhanced synthesis of NO[14, 15], 
which promotes endothelial cell survival by inhibiting the 
cysteine protease activity of caspases via S-nitrosylation of the 
reactive cysteine residue[16].  In addition, recent studies have 
demonstrated that a PI3K/Akt-dependent enhancement in the 
expression of the anti-apoptotic protein survivin is important 
for the apoptosis protective effects of angiogenic factors[17–19].  
Finally, VEGF mediates the upregulation of the anti-apoptotic 
protein Bcl-2[20].  Thus, the impairment of the intracellular sur-
vival signals activated by VEGF has deleterious effects on ves-
sel development.

These data suggests possible inhibitory effect of AA on 
vessel development indirectly.  The objective of the current 
study was to investigate the direct effects of AA on vascu-
lar endothelial cells in vitro and to explore the underlying  
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mechanisms.

Materials and methods
Cell culture and drug treatment
Human umbilical vein endothelial cells (HUVECs) (American 
Type Culture Collection, Rockville, MD, USA) were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, USA) 
supplemented with 10% fetal bovine serum (Haoyang Biotech 
Co, China), 100 U/mL penicillin and 100 μg/mL streptomycin 
at 37 °C in a humidified incubator containing 5% CO2 and 95% 
air.  For drug treatment, HUVECs were incubated with 5, 10 
or 20 μg/mL AA (Sigma, USA) for 12, 24, or 48 h.  HUVECs 
were also pretreated with specific PI3K inhibitor, LY294002 at 
20 μmol/L or wortmannin at 50 nmol/L (Beyotime Institute 
of Biotechnology, China) for 30 min prior to treatment with 10 
μg/mL AA.

Cell viability assays 
Cell viability was assessed by the tetrazolium-based semi-
automated colorimetric 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction assay (Sigma, 
USA).  Cells were seeded at a density of 1×104 cells/well in 
96-well plates.  After 24 h incubation, cells were treated with 
AA at 5, 10, or 20 μg/mL for 12, 24, or 48 h.  MTT assays were 
performed as instructed by the manufacturer and absorbance 
was read at 490 nm using a microplate reader (Sunrise RC, 
Tecan, Switzerland).  Relative cell viability was expressed as 
the percentage of the control.

Hoechst 33258 staining assays
Morphological evaluation of apoptosis was performed using 
Hoechst 33258 (Beyotime Institute of Biotechnology) accord-
ing to the manufacturer’s instructions.  Cells were fixed with 
4% paraformaldehyde for 10 min at 4 °C and stained with 
hoechst 33258 for 10 min at room temperature in the dark.  
Nuclear morphology was then examined under a fluorescent 
microscope (Leica, Wetzlar, Germany).

Flow cytometric studies 
Flow cytometry using annexin V-FITC and propidium iodide 
(PI) double staining was performed using the annexin V-FITC 
apoptosis detection kit (Jinmei Biotech Co, China).  Cells were 
harvested, washed twice with cold PBS and resuspended at 
1×106 cells/ml in 100 μL binding buffer (10 mmol/L Hepes/
NaOH, pH 7.4, 140 mmol/L NaCl and 2.5 mmol/L CaCl2).  
Annexin V-FITC (5 μL) and 10 μL PI (20 μg/mL) were added 
to the cell suspension (100 μL) in the dark followed by incu-
bation at room temperature for 15 min in the dark and then 
mixed with 400 μL binding buffer, and flow cytometry (FAC-
Scalibur, Becton-Dickison, USA) was carried out within 1 h.  
Data analysis was performed using the Modifit Flow Cytom-
etry Software.  

Western blotting studies
HUVECs were lysed using RIPA lysis buffer containing 50 
mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% sodium 

deoxycholate, 1% NP-40, 1 mmol/L phenylmethylsulfonyl flu-
oride and 1 mmol/L EDTA.  Protein concentration was deter-
mined by Bradford assay (Bio-Rad, USA).  Samples containing 
10 μg total protein were resolved by 12% sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE) and then 
electrophoretically transferred to a polyvinylidene difluoride 
membrane.  The membranes were incubated with 5% non-fat 
dried milk in TBS-Tween 20 (10 mmol/L Tris-buffered saline 
with 0.1% Tween 20) at room temperature for 1 h, and then 
incubated with anti-phospho-S473 Akt polyclonal antibody, 
anti-Bcl-2 polyclonal antibody, or anti-Bax polyclonal anti-
body (ABZOOM, USA) overnight at 4 °C.  After incubation 
with goat anti-rabbit horseradish peroxidase-conjugated sec-
ondary antibody (Santa Cruz Biotechnology, USA) for 2 h at 
room temperature, the immune complexes were visualized by 
enhanced chemiluminescence methods.  Band intensity was 
analyzed by the Scion Image software and compared with the 
internal standard β-actin.

Caspase-3 activity assay
Caspase-3 activity was assessed via a colorimetric assay 
according to the manufacturer’s protocols (BD Biosciences, 
USA).  After treatment, the cells were collected by trypsiniza-
tion and washed twice with ice-cold PBS followed by centrifu-
gation.  The cellular pellet was resuspended in cell lysis buffer 
and incubated on ice for 10 min.  Lysates were centrifuged for 
1 min at 10 000 revolutions per minute, and the supernatants 
were assayed for caspase-3 activity in reaction buffer/DTT 
Mix.  After addition of caspase-3 substrate (Ac-DEVD-pNA), 
samples were incubated for 4 h at 37 °C and caspase-3 activity 
(pNA) was measured by a spectrofluorometer (Bio-Rad, USA) 
at 405 nm.  Caspase-3 activity was expressed as the fold of the 
control.

RT-PCR analysis
The cells were harvested after AA treatment and washed 
twice in cold PBS.  Total RNA was extracted using the TRIzol 
reagent (Invitrogen, USA) according to the manufacturer’s 
instructions and RNA was dissolved in RNase-free water.  The 
concentration and purity of RNA were determined using a 
UV300 spectrophotometer at 260 nm and 280 nm.  Comple-
mentary DNA (cDNA) was synthesized in a volume of 20 
μL with a cDNA synthesis kit (Takara Biotechnology, China) 
according to the manufacturer’s protocol.  The obtained 
cDNA was amplified by PCR.  The sequences of primers 
used were: 5’-TAATTGCCAAGCACCGCTTC-3’ (sense) and 
5’-CCAGGTATGCATCATGTGAG-3’ (antisense) for Bcl-2; 
5’-AGTAACATGGAGCTGCAGAG-3’ (sense) and 5’-ACAAA-
GATGGTCACGGTCTG-3’ (antisense) for Bax; 5’-TCTACAAT-
GAGCTGCGTGTG-3’ (sense) and 5’-GGATGTCCACGTCA-
CACTTC-3’ (antisense) for β-actin.  The PCR conditions were: 
95 °C for 2 min; 30 cycles of 95 °C for 45 s, 55 °C for 45 s, and 
72 °C for 1 min, followed by a final extension at 72 °C for 7 
min.  The amplified PCR products were separated by 1.5% 
agarose (Amersco, USA) gel electrophoresis and visualized by 
ethidium bromide staining.  Bcl-2 and Bax levels were normal-
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ized against β-actin.  

Statistical analysis
The data were expressed as mean±SD.  All data were analyzed 
using the SPSS13.0 program (SPSS Inc, Chicago, IL, USA), and 
statistical differences were determined by paired sample t-test 
or one way ANOVA-test (SNK post test).  P<0.05 was consid-
ered statistically significant.

Results
AA reduces viabilities 
Prior to the investigation of the toxic effect of AA on HUVECs, 
we sought to understand the effect of AA on cell viability by 
MTT assay.  The cells were exposed to 5, 10, or 20 μg/mL AA 
for 12, 24, and 48 h, respectively.  As shown in Figure 1, AA 
significantly inhibited cell viability compared to controls in a 
dose- and time-dependent manner.

AA induces apoptosis of HUVECs
To further examine morphological changes in response to AA, 
both control and AA-treated cells were stained with fluores-
cent dye Hoechst 33528 and visualized under a fluorescent 
microscope.  Figure 2A shows the results of Hoechst 33528 
staining for AA treated-cells at the concentrations of 5, 10, 
or 20 μg/mL for 24 h.  The untreated cells stained uniformly 
blue.  At 5 μg/mL AA, cells began to display apoptotic mor-
phology.  Fluorescence was detected in the nuclear region of 
HUVECs, indicating the presence of DNA fragmentation.  At 
10 and 20 μg/mL of AA, nuclear condensation and fragmenta-
tion became more apparent.  The chromatin was condensed 
into lumps, exhibiting punctuated morphology typical of 
apoptotic cells.  These observations provided evidence that 
AA induced apoptosis in HUVECs.

To gain further insight into the pro-apoptotic effect of AA 
on HUVECs quantitatively, we examined the percentage 
of apoptotic cells exposed to AA by flow cytometry using 
annexin V-FITC and PI staining.  The percentage of apoptotic 
cells was 6.64%±0.78% in the control.  After treatment with 5, 
10, or 20 μg/mL AA for 24 h, the percentage of apoptotic cells 

Figure 1.  Effect of AA on the viability of HUVECs measured by the MTT 
assay.  Mean±SD.  n=5.  bP<0.05, cP<0.01 for the AA group vs the control 
group.

Figure 2.  (A) The morphological changes of HUVECs detected by Hoechst 
33258 staining.  (a) Control; (b) 5 μg/mL AA; (c) 10 μg/mL AA; (d) 20 
μg/mL AA.  (B) The apoptotic percentage of HUVECs measured by flow 
cytometry.  (a) Control; (b) 5 μg/mL AA; (c) 10 μg/mL AA; (d) 20 μg/mL AA.  

Mean±SD.  n=5.  bP<0.05, cP<0.01 for the AA group vs the control group.  
X-axis represents annexin V-FITC staining and y-axis represents PI staining.  
Left lower quadrant means annexin V-FITC and PI negative.  Right lower 
quadrant means annexin-V FITC positive and PI negative.  Right superior 
quadrant means annexin V-FITC and PI positive.  Left superior quadrant 
means PI positive.  Viable cells were annexin V-FITC and PI negative, cells 
in early-stage apoptosis were annexin-V FITC positive and PI negative, cells 
in late-stage apoptosis were annexin V-FITC and PI positive, dead cells 
were PI positive.  The cells in early and late-stage apoptosis were defined 
as apoptotic.
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increased to 11.79%±1.29%, 27.79%±2.56%, and 32.33%±3.82%, 
respectively.  Significant difference was observed between AA 
treated cells and controls (P<0.05 or P<0.01) (Figure 2B).

AA suppresses the activation of Akt
To explore the possible mechanism for the pro-apoptotic 
effect of AA, we investigated the effect of AA on Akt activa-
tion.  Western blotting studies using anti-phospho-S473 Akt 
antibodies analysis showed that AA (10 μg/mL) inhibited the 
activation of Akt in HUVECs after 15, 30, 60, or 120 min of 
drug exposure, with the minimum activation at approximately 
30 min (Figure 3A).  In addition, as indicated in Figure 3B, AA 
also inhibited Akt activation at 30 min in a dose-dependent 
manner at doses ranging from 5 to 20 μg/mL.  We further 
tested the effect of PI3K specific inhibitors LY294002 or wort-
mannin on AA-induced Akt inactivation in HUVECs.  The 
results showed that pretreatment with LY294002 or wortman-
nin for 30 min prior to stimulation with AA (10 μg/mL) for 30 
min attenuated the inhibitory effect of AA on Akt activation, 
suggesting that the effect of AA on Akt inactivation was medi-
ated through the PI3K/Akt signaling pathway (Figure 3C).  

AA activates caspase-3 via the PI3K/Akt pathway
We further measured caspase-3 activity of HUVECs exposed 
to AA.  As shown in Figure 4, a marked increase in caspase-3 
activity was observed in cells incubated with 10 μg/mL AA 
for 24 h (1.645±0.076 vs 1.000±0.037 for the control, P<0.01), 
and the increase was attenuated when LY294002 (1.263±0.045 
vs 10 μg/mL AA, P<0.01) or wortmannin (1.205±0.047 vs 10 
μg/mL AA, P<0.01) was added before AA treatment, suggest-
ing that AA induced apoptosis of HUVECs through the PI3K/
Akt signaling pathway.

AA down-regulates the expression of Bcl-2
To further explore the possible mechanism of the pro-apop-
totic effect of AA, we investigated the effect of AA on the 
expression of anti-apoptotic gene Bcl-2 in HUVECs.  Exposure 
to 5, 10 or 20 μg/mL AA for 24 h decreased the level of Bcl-2 
protein expression in HUVECs to 0.57±0.032, 0.44±0.028 or 
0.35±0.031, respectively, which was significantly lower than 
that of controls (0.65±0.026) (P<0.05 or P<0.01) (Figure 5A).

We further detected the effect of AA on the expression of 
Bcl-2 mRNA.  Treatment with various concentrations of AA 
(5, 10, 20 μg/mL) for 24 h significantly reduced the expres-
sions of Bcl-2 mRNA (0.58±0.037, 0.42±0.03 and 0.36±0.024, 
respectively) compared with the controls (0.66±0.022) (P<0.05 
or P<0.01) (Figure 5B).  

AA up-regulates the expression of Bax 
The Bax/Bcl-2 family are important apoptotic regulating fac-
tors in the intrinsic apoptotic pathway and the ratio of Bax/
Bcl-2 is critical to cell survival.  We next determined the 
expression of Bax protein by Western blotting.  Following 
a 24-h treatment with 5, 10, or 20 μg/mL AA, we detected 
increased levels of the Bax protein (0.38±0.022, 0.56±0.032, 
and 0.45±0.028, respectively) compared with the control 

(0.32±0.027).  There was a significant difference in Bax expres-
sion levels between AA-induced cells and the control (P<0.05 
or P<0.01, Figure 6A).  

This study also detected the effect of AA on the expression 
of Bax mRNA.  The results showed that the expression of Bax 
mRNA stimulated by AA (5, 10, or 20 μg/mL) for 24 h was 
significantly increased (0.41±0.031, 0.55±0.038 and 0.48±0.023, 
respectively) compared with that of the control (0.35±0.024) 

Figure 3.  Phosphorylated Akt in HUVECs detected by Western blotting.   
(A) 10 μg/mL AA for 0, 15, 30, 60, or 120 min; (B) 5, 10 and 20 μg/mL 
AA for 30 min; (C) effects of LY294002 and wortmannin on phospho-Akt 
expression induced by AA in HUVECs. Mean±SD.  n=5.  bP<0.05, cP<0.01 
for the AA group vs the control group; fP<0.01 for the LY294002+AA group 
and wortmannin+AA group vs the AA group.
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(P<0.05 or P<0.01, Figure 6B).

Discussion
Many Chinese medicinal herbs contain AA, which has been 
extensively used to treat digestive and urogenital system dis-
eases.  AA reacts with cellular proteins and DNA, resulting in 
multiple forms of toxicity[21]

.  AAN is a progressive tubuloint-

erstitial renal disease caused by AA intake.  Progressive loss 
of peritubular capillaries was demonstrated in AAN model, 
which was associated with decreased expression of VEGF[22].  
Recently, VEGF has emerged as a crucial element in vascular 
homeostasis.  VEGF is an angiogenic factor and an endothelial 
cell survival factor[6].  Withdrawal of VEGF by targeted inac-
tivation of the VEGF gene results in massive endothelial cell 
apoptosis[9, 10].  Vascular endothelial cells form the inner lining 
of all blood vessels and play an important role in regulating 
vascular function.  Since the vascular endothelium is involved 
in various physiological processes, endothelial cell apoptosis 
(and dysfunction) may constitute an initial step in a variety of 
pathological situations such as atherosclerosis and hyperten-
sion.  The data document the inhibitory effect of AA on vessel 
development indirectly.  The direct effects of AA on vascular 
endothelial cells are unclear.  Our study showed that AA 
could induce endothelial cell apoptosis and increase activation 
of caspase-3.  Moreover, we determined the signaling path-
way involved in the pro-apoptotic effect of AA: we found that 
exposure of cells to AA or the PI3K inhibitor (wortmannin or 
LY294002) alone could likewise cause inactivation of Akt, and 
pretreatment with PI3K inhibitor (LY294002 or wortmannin) 
to block primarily the PI3K/Akt pathway before AA treatment 
could attenuate the effect of AA on the activation of Akt and 

Figure 5.  (A) The expression of Bcl-2 protein detected by Western blotting.  
(B) The expression of Bcl-2 mRNA detected with RT-PCR. Mean±SD.  n=5.  
bP<0.05, cP<0.01 for the AA group vs the control group.

Figure 6.  (A) The expressions of Bax protein detected by Western blotting.  
(B) The expression of Bax mRNA by RT-PCR.  Mean±SD.  n=5.  bP<0.05, 
cP<0.01 for the AA group vs the control group.

Figure 4.  Caspase-3 activity of HUVECs determined by the colorimetric 
method.  Mean±SD.  n=5.  cP<0.01 for the AA group vs control group; 
fP<0.01 for the LY294002+AA group and the wortmannin+AA group vs the 
AA group.
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caspase-3 activity, suggesting that AA-induced endothelial cell 
apoptosis may be, at least partly, through inhibiting the PI3K/
Akt signaling pathway.  Akt, also known as protein kinase 
B (PKB), was recognized as a major downstream target of 
PI3K[23].  The full activation of Akt requires phosphorylation at 
both Thr 308 and Ser 473.  VEGF inhibits endothelial cell apop-
tosis through activating the PI3K/Akt signal pathway[6, 11, 12].  
In endothelial cells, Akt activation has been reported to pro-
mote cell survival[15].  LY294002 and wortmannin are two 
broad-specific inhibitors of P13K.  They can completely inhibit 
PI3K activity, thereby blocking the activation of Akt.  Our 
study directly observed Akt (Ser 473) phosphorylation after 
treatment with AA.  The results of our study indicated that 
AA has a pro-apoptotic effect on endothelial cells, and, at least 
partly, via blocking PI3K/Akt pathway.

Moreover, there was evidence that VEGF prevents the apop-
tosis of endothelial cells via up-regulating the expression of 
anti-apoptotic gene Bcl-2[20].  The Bcl-2 family play a crucial 
role in the control of apoptosis.  The Bcl-2 family of proteins 
contain both inhibitors (Bcl-2, Bcl-xL) and inducers (Bcl-xS, 
Bax, Bid, Bad, Bak) of apoptosis.  The balance between anti-
apoptotic and pro-apoptotic Bcl-2 family members is critical 
to determining if a cell undergoes apoptosis.  In the present 
study, we observed that AA could reduce Bcl-2 expression and 
improve Bax expression.  The level of Bax protein expression 
was significantly decreased in cells incubated with 20 μg/mL 
AA; the explanation could be the massive necrosis.

Our study demonstrates that AA can cause the apoptosis of 
endothelial cells.  This apoptosis may be related to the inhibi-
tion of PI3K/Akt signaling pathway and modulating the ratio 
of Bcl-2 and Bax.

Acknowledgements
We wish to thank the Tumor Research Institute of China Med-
ical University for its valuable help.

Author contribution
Jiang-min FENG and Hong SHI designed the research; and 
Hong SHI performed the research, analyzed the data and 
wrote the manuscript.

References 
1	 Depierreux M, Van Damme B, Vanden Houte K, Vanherweghem JL.  

Pathologic aspects of a newly described nephropathy related to the 
prolonged use of Chinese herbs.  Am J Kidney Dis 1994; 24: 172–80.

2	 Yang L, Li XM, Wang SX, Wang HY.  Peritubular capillary injury in 
Chinese herb guan-mu-tong-induced acute tubular necrosis.  Zhong
hua Nei Ke Za Zhi 2005; 44: 525–9.

3	 Yang L, Li X, Wang H.  Possible mechanisms explaining the tendency 
towards interstitial fibrosis in aristolochic acid-induced acute tubular 
necrosis.  Nephrol Dial Transplant 2007; 22: 445–56.

4	 Sun D, Feng JM, Dai C, Sun L, Jin T, Wang ZQ, et al.  Influence of 
hypoxia caused by impairment of peritubular capillary on the progres
sion of chronic aristolochic acid nephropathy.  Zhonghua Yi Xue Za Zhi 
2006; 86: 1464–9.

5	 Ferrara N, Houck K, Jakeman L, Leung DW.  Molecular and biological 

properties of the vascular endothelial growth factor family of proteins.  
Endocr Rev 1992; 13: 18–32.

6	 Gerber HP, McMurtrey A, Kowalski J, Yan M, Keyt BA, Dixit V, et al.  
Vascular endothelial growth factor regulates endothelial cell survival 
through the phosphatidylinositol 3′-kinase/Akt signal transduction 
pathway.  Requirement for Flk-1/KDR activation.  J Biol Chem 1998; 
273: 30336–43.

7	 Fujio Y, Walsh K.  Akt mediates cytoprotection of endothelial cells 
by vascular endothelial growth factor in an anchorage-dependent 
manner.  J Biol Chem 1999; 274: 16349–54.

8	 Araki S, Simada Y, Kaji K, Hayashi H.  Role of protein kinase C in the 
inhibition by fibroblast growth factor of apoptosis in serum-depleted 
endothelial cells.  Biochem Biophys Res Commun 1990; 172: 1081–5.

9	 Carmeliet P, Ferreira V, Breier G, Pollefeyt S, Kieckens L, Gertsenstein 
M, et al.  Abnormal blood vessel development and lethality in embryos 
lacking a single VEGF allele.  Nature 1996; 380: 435–9.

10	 Ferrara N, Carver-Moore K, Chen H, Dowd M, Lu L, O’Shea KS, et al.  
Heterozygous embryonic lethality induced by targeted inactivation of 
the VEGF gene.  Nature 1996; 380: 439–42.

11	 Kim I, Kim HG, So JN, Kim JH, Kwak HJ, Koh GY.  Angiopoietin-1 
regulates endothelial cell survival through the phosphatidylinositol 
3′-Kinase/Akt signal transduction pathway.  Circ Res 2000; 86: 24–9.

12	 Dimmeler S, Zeiher AM.  Akt takes center stage in angiogenesis 
signaling.  Circ Res 2000; 86: 4–5.

13	 Khwaja A. Akt is more than just a Bad kinase.  Nature 1999; 401: 
33–4.

14	 Dimmeler S, Fleming I, Fisslthaler B, Hermann C, Busse R, Zeiher 
AM.  Activation of nitric oxide synthase in endothelial cells by Akt-
dependent phosphorylation.  Nature 1999; 399: 601–5.

15	 Fulton D, Gratton JP, McCabe TJ, Fontana J, Fujio Y, Walsh K, et al.  
Regulation of endothelium-derived nitric oxide production by the 
protein kinase Akt.  Nature 1999; 399: 597–601.

16	 Dimmeler S, Haendeler J, Nehls M, Zeiher AM.  Suppression of 
apoptosis by nitric oxide via inhibition of interleukin-1beta-converting 
enzyme (ICE)-like and cysteine protease protein (CPP)-32-like 
proteases.  J Exp Med 1997; 185: 601–8.

17	 Papapetropoulos A, Fulton D, Mahboubi K, Kalb RG, O’Connor DS, Li 
F, et al.  Angiopoietin-1 inhibits endothelial cell apoptosis via the Akt/
survivin pathway.  J Biol Chem 2000; 275: 9102–5.

18	 O’Connor DS, Schechner JS, Adida C, Mesri M, Rothermel AL, Li F, et 
al.  Control of apoptosis during angiogenesis by survivin expression in 
endothelial cells.  Am J Pathol 2000; 156: 393–8.

19	 Tran J, Rak J, Sheehan C, Saibil SD, LaCasse E, Korneluk RG, et al.  
Marked induction of the IAP family antiapoptotic proteins survivin 
and XIAP by VEGF in vascular endothelial cells.  Biochem Biophys Res 
Commun 1999; 264: 781–8.

20	 Gerber HP, Dixit V, Ferrara N.  Vascular endothelial growth factor 
induces expression of the antiapoptotic proteins Bcl-2 and A1 in 
vascular endothelial cells.  J Biol Chem 1998; 273: 13313–6.

21	 Chen T, Guo L, Zhang L, Shi L, Fang H, Sun Y, et al.  Gene expression 
profiles distinguish the carcinogenic effects of aristolochic acid 
in target (kidney) and non-target (liver) tissues in rats.  BMC Bio
informatics 2006; 7: S20.

22	 Sun D, Feng J, Dai C, Sun L, Jin T, Ma J, et al.  Role of peritubular 
capillary loss and hypoxia in progressive tubulointerstitial fibrosis in a 
rat model of aristolochic acid nephropathy.  Am J Nephrol 2006; 26: 
363–71.

23 Burgering BM, Coffer PJ.  Protein kinase B (c-Akt) in phosphati
dylinositol-3-OH kinase signal transduction.  Nature 1995; 376: 599–
602.



Acta Pharmacologica Sinica  (2011) 32: 1031–1037 
© 2011 CPS and SIMM    All rights reserved 1671-4083/11  $32.00
www.nature.com/aps

npg

Introduction
The beneficial effects of estrogen are well described and 
include reductions in low density lipoprotein cholesterol 
(LDL-C) and inflammatory cytokines, such as monocyte 
chemoattractant protein-1 (MCP-1), an increase in high den-
sity lipoprotein cholesterol (HDL-C), and enhanced vascular 
function, amongst others[1–3].  In animal models, estrogen has 
been reported to reduce atherosclerosis[4] and a clinical study 
also demonstrated a lower calcified plaque burden in the coro-
nary arteries of postmenopausal women aged 50 to 59 years 

old assigned to estrogen therapy than in those assigned to pla-
cebo[5].  However, estrogen therapy has also been reported to 
be linked with an increased risk of tissue-specific side effects, 
including uterine endometrial hyperplasia, which may result 
in uterine cancer, and proliferative effects on mammary tissue, 
which may result in an increased risk of breast cancer[6, 7].  The 
ideal hormone replacement therapy (HRT) should reproduce 
the beneficial effects of estrogen without producing these 
adverse responses.  This concept has led to the development 
of HRT with combined estrogen and progestin, with progestin 
serving to reverse the endometrial hyperplasia induced by 
estrogen.  However, findings from randomized placebo-con-
trolled trials in postmenopausal women do not support any 
cardiovascular benefits of estrogen plus progestin, and dem-
onstrate an increase in the risk of breast cancer[8, 9].  Although 
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the role of progestin remains poorly defined, preclinical and 
clinical studies have suggested that the co-administration of 
progestin may oppose the cardioprotective effects of estro-
gen[10–12].  Furthermore, progestin has no anti-estrogenic effect 
on mammary tissue and, as a result, women on combined 
estrogen-progestin treatment had an increase in the relative 
risk for breast cancer[8, 9].  

Continued efforts to provide efficacious HRT with improved 
safety and tolerability for postmenopausal women have gen-
erated interest in the development of selective estrogen recep-
tor (ER) modulators (SERMs).  Estrogen typically exhibits an 
ER agonist effect in all tissues, whereas SERMs demonstrate 
mixed functional activity (ER agonist/antagonist) depending 
on the target tissue[13].  To date, no SERM alone has been able 
to achieve an ideal balance of ER agonist and antagonist activ-
ity for an optimal postmenopausal therapy.  However, it may 
be possible to achieve optimal results based on the blended 
tissue-selective activities of a SERM and estrogen in a novel 
approach.  

The SERM chosen in this study to test our hypothesis was 
raloxifene, as it has been confirmed to have estrogen agonist 
effects on lipids and estrogen antagonist effects on the breast 
and uterus[14, 15].  It is also the only SERM being specifically 
studied for its effects on coronary heart disease events in a 
prospective randomized controlled trial, which demonstrated 
that the incidence of coronary events was significantly lower 
in postmenopausal women <60 years of age assigned to 
raloxifene compared with those assigned to the placebo[16].  
Although raloxifene has been reported to be associated with 
an increased incidence of vasomotor symptoms[17, 18], a previ-
ous study confirmed that combined use of 17β-estradiol with 
raloxifene was able to decrease the frequency of vasomotor 
symptoms in comparison with raloxifene treatment alone[19].  
Based on these observations, the pairing of raloxifene with 
estrogen may represent an attractive therapeutic option.

However, estrogen has been reported to increase the risk 
of venous thrombosis and arterial thrombotic events, such 
as stroke[20–22].  Aspirin, one of the most widely used blood-
thinning agents in the world, is used long-term in low doses 
to prevent heart attacks, strokes and blood clot formation in 
people at high risk for these events.  In animal tests, low-dose 
aspirin has been shown to have a preventive effect on throm-
bus formulation[23] and in a clinical trial, it has been shown to 
prevent deep venous thrombosis and pulmonary embolism in 
patients postoperatively[24].

Therefore, based on the available evidence, it may be postu-
lated that combined use of raloxifene and aspirin with estro-
gen might serve as a new treatment paradigm for HRT.  To 
determine whether this regimen would result in a physiologi-
cal profile that was distinct from that of estrogen alone, we 
evaluated breast, uterine, platelet aggregation, lipid, MCP-1 
and atherosclerotic lesion responses in a rabbit model of the 
menopause.

Materials and methods
Eighty healthy and sexually mature (age, 3 months; weight, 

2.25±0.20 kg) female New Zealand White rabbits (Agricul-
tural Sciences Institute Products; Ji-nan, China) were used 
in the present study.  The rabbits were housed individually 
in standard rabbit cages with a room temperature of 20±2 ºC 
and 12-h light cycle.  After 2 weeks of acclimation, bilateral 
ovariectomies were performed in 70 rabbits under general 
anesthesia (sodium pentobarbital 30 mg/kg, intravenously).  
All rabbits subsequently received a 1.5% cholesterol diet for 
12 weeks.  The rabbits were randomized into seven groups 
of 10 rabbits: (A) a placebo-control group receiving vehicle 
control (saline: 2% Tween 80, 0.5% methylcellulose; OVX+Veh 
group); (B) estradiol valerate (E2, Delpharm Lille SAS, Lys-
lez-Lannoy, France) 0.1 mg·kg-1·d-1 (OVX+E2 group); (C) ral-
oxifene hydrochloride (Lilly SA, Madrid, Spain) 10 mg·kg-1·d-1 
(OVX+Ral group); (D) aspirin (Huanghai Company, Shan-
dong, China) 5 mg·kg-1·d-1 (OVX+ASA group); (E) raloxifene 
paired with E2 (OVX+E2+Ral group); (F) aspirin paired with 
E2 (OVX+E2+ASA group); and (G) raloxifene and aspirin in 
combination with E2 (OVX+E2+Ral+ASA group).  Compounds 
were administered orally in a saline vehicle to the rabbits.  The 
dose of E2 (0.1 mg·kg-1·d-1) selected was the dose commonly 
used for research, which has been shown not to cause seri-
ous disorders in the major organs of cholesterol-fed rabbits[25].  
The dose of raloxifene (10 mg·kg-1·d-1) was chosen based on 
previous pharmacokinetic data that showed this dosage gen-
erates a plasma raloxifene concentration comparable with that 
observed in clinical settings and which reduces aortic accu-
mulation of cholesterol in rabbits[26].  Furthermore, it has been 
reported that, at a dose of 10 mg·kg-1·d-1, raloxifene is able to 
counteract the effects of 0.1 mg·kg-1·d-1 of E2 and maintain the 
uterine weight at levels that are indistinguishable from those 
of vehicle-treated controls in animal tests[27].  Aspirin was 
used at an antithrombotic dosage (5 mg·kg-1·d-1).  One group 
of 10 rabbits was sham-operated, and also received a 1.5% 
cholesterol diet but no hormone treatment (sham group).  The 
study protocol was approved by the Animal Care Committee 
of Shandong University, China and was performed according 
to the Guidelines for the Use of Experimental Animals by the 
Ministry of Health, China.  

At the end of study, the rabbits were sacrificed after 12 h 
of fasting.  Breast tissue specimens were fixed in 10% neutral 
buffered formalin, routinely processed, paraffin embedded, 
sectioned and stained with hematoxylin and eosin.  The per-
centage of the extent of gland branches and ducts in the mam-
mary gland was determined using a computer-based quantita-
tive color image analysis system Ipp6.0 (Media Cybernetics, 
Bethesda, MD, USA).  The acquisition of images and analysis 
of gland branches and ducts were performed in a blinded 
fashion.  Uteri were excised and weighed after removal of 
associated fat and luminal fluids.  

Platelet-rich plasma (PRP) was separated from acid citrate 
dextrose-anticoagulated blood.  Purity of PRP was validated 
by Coulter counter (Qilu Hospital Hematology Laboratory, 
Shandong, China), yielding <0.1% of leukocyte or red blood 
cell contamination.  The concentration of PRP was adjusted 
to 5×105/µL.  Platelet aggregation to adenosine diphosphate 
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(ADP, 10 µmol/L) was performed in PRP by a turbidimetric 
method using a whole-blood aggregometer in optical mode 
(Model No 560-CA, Chrono-log, Havertown, PA, USA).

Serum collected from the rabbits underwent E2 measure-
ment using enzyme-linked immunoassay (ELISA).  The ELISA 
kits were purchased from DRG International Inc (Mountain-
side, NJ, USA) and the experiments were performed follow-
ing manufacturer’s protocol.  The laboratory personnel that 
performed this assay were blinded with respect to any infor-
mation concerning the study groups.  All samples were run in 
duplicate and the mean values for each sample were used in 
the analysis.  For quality control purposes, positive controls 
containing known amounts of E2 were included in each batch.  
This also ensured that the assay values did not dramatically 
shift over time.  The sensitivity was 1.4 pg/mL, the intra-assay 
co-efficient of variation and inter-assay coefficient of variation 
for all assays were <5%.  

The biochemical evaluation of serum lipids was carried out 
in the same laboratory as the other tests in this study.  The 
laboratory adhered to the criteria of the World Health Organi-
zation Lipid Reference Laboratories.  All biochemical exami-
nations (serum total cholesterol, HDL-C and triglycerides) 
were carried out using a chromatographic enzymatic method 
in a Technicon automatic analyzer HITACHI-7180 (Hitachi 
High-Technologies Corporation, Tokyo, Japan).  Serum for the 
measurement of these lipids was harvested immediately after 
admission onto the study.  LDL-C was calculated using the 
Friedwald formula: LDL-C=total cholesterol–HDL-cholesterol 
–(1/5) triglycerides[28].  The estimation of all lipids was rigor-
ously quality-controlled by a consultant biochemist (KL), and 
frequently checked with the values of another reference labo-
ratory.  Inter-assay and intra-assay variabilities of estimations 
were kept at less than 5%.

For the measurement of serum MCP-1, a quantitative sand-
wich enzyme immunoassay from R&D systems (Abingdon, 
UK) was used, where a monoclonal antibody specific for 
MCP-1 had been pre-coated onto a microplate.  Briefly, assay 
diluent RD1A plus standard or sample was added to each 
well and left to incubate for 2 h at room temperature.  The 
plates were washed four times to eliminate any unbound sub-
stances.  Then, a conjugate (polyclonal antibody conjugated to 
horseradish peroxidase) was added to each well for detection 
of the cytokine.  After a 2-h incubation at room temperature, 
the plates were washed four times and substrate solution was 
added to each well.  A 20 min incubation at room temperature 
allowed color development in proportion to the amount of 
cytokine bound in the initial step.  Finally, a stop solution was 
added to each well and the intensity of the coloring measured.  
The sensitivity was 5.0 pg/mL, the intra- and interassay vari-
ability was 4.8% and 5.8%, respectively.

The aorta was flushed with 250 mL of cold (4 ºC) perfu-
sion fixation (4% paraformaldehyde in phosphate buffered 
saline) at 100 mmHg, then removed from the aortic valve to 
the iliac bifurcation and carefully cleaned of adhering fat and 
connective tissue.  The aorta was freed from the adventitia, 
opened longitudinally, pinned flat and fixed in 4% para-

formaldehyde for 24 h, then rinsed with water, stained with 
Oil Red O solution for 4 h and rinsed with 70% alcohol.  The 
percentage of aorta staining positively with Oil Red O was 
determined.  Quantification was performed by capturing 
images of the aortas with a digital camera and analyzed using 
the Ipp6.0computer-based quantitative color image analysis 
system.  A standard size of the aortic segment was used for 
all rabbits studied.  The acquisition of images and analysis of 
lesions were always performed in a blinded fashion.

Data were expressed as mean±SEM.  Inter-group treatment 
comparisons were performed with one-way ANOVA with the 
Dunnett test.  All analyses were performed using SPSS 13.0 
software (SPSS, Inc, Chicago, IL, USA).  A P-value of 0.05 or 
less was considered statistically significant (two-sided).

Results
In the OVX rabbit model, an estrogenic stimulatory response 
was found with E2 treatment in breast tissue.  In the OVX+E2 
group, the alveoli and ducts were dilated to a variable extent, 
and the percentage of the extent of gland branches and ducts 
in the mammary glands increased significantly compared to 
the OVX+Veh group (15.4%±2.17% vs 4.88%±1.15%, P<0.01).  
No estrogenic responses were found in the OVX+Ral group, 
when raloxifene was co-administered with E2 at a dose of 10 
mg·kg-1·d-1 (OVX+E2+Ral group), breast stimulation induced 
by E2 was reduced to vehicle control levels (5.53%±1.23% vs 
4.88%±1.15%, P>0.05).  No effect on breast tissue was found 
with aspirin compared to the OVX+Veh group (Figure 1).  

In the OVX rabbit model, 12-week treatment with E2 at 
0.1 mg·kg-1·d-1 (OVX+E2 group) demonstrated a significant 
increase in uterine weight, which is a surrogate measure for an 
estrogenic stimulatory response (P<0.01 vs OVX+Veh group).  
Associated morphological changes were also observed (data 
not shown).  Specifically, E2 resulted in an increase in luminal 
epithelial hypertrophy compared with vehicle control.  No 
significant increase in uterine weight was found in OVX+Ral 
group compared to the OVX+Veh group (2.12±0.4 g vs 
2.07±0.34 g, P>0.05), and when raloxifene was co-administered 
with E2 (OVX+E2+Ral group), the increase in uterine weight 
induced by E2 was reduced to the levels of the vehicle control 
group (2.16±0.35 g vs 2.07±0.34 g, P>0.05) (Figure 2).  

In the OVX rabbit model, 12-week treatment with E2 
(OVX+E2 group) demonstrated a significant increase in 
whole-blood platelet aggregation compared to the OVX+Veh 
group (83.8%±6.94% vs 63.1%±8.45%, P<0.05).  Aspirin (5 
mg·kg-1·d-1) decreased the whole-blood platelet aggregation 
significantly compared to the vehicle control (P<0.01).  When 
aspirin was co-administered with E2 in OVX+E2+ASA group, 
the stimulation in platelet aggregation induced by E2 was 
reduced to almost the same levels as in the OVX+Veh group 
(64.5%±7.25% vs 63.1%±8.45%, P>0.05) (Figure 3).

The serum estradiol level was much higher in the 
estrogen-treated groups including OVX+E2, OVX+E2+Ral, 
OVX+E2+ASA, and OVX+E2+Ral+ASA, than in the OVX+Veh 
group (P<0.01).  Dyslipidemia was improved in the estrogen 
and/or raloxifene-treated animals (OVX+E2, OVX+E2+Ral, 
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OVX+E2+ASA, OVX+E2+Ral+ASA, and OVX+Ral groups) 
compared to the vehicle-treated animals (OVX+Veh group).  
When raloxifene was co-administered with E2, an approximate 
15% greater reduction in total cholesterol and a 20% greater 
reduction in LDL-C relative to E2 alone were observed.  There 
were no significant differences in body weight gain before and 
after treatments (Table 1).  

It has been reported that ovariectomy could induce an 

Table 1.  Changes in serum estradiol, lipids, and weight gain.  Mean±SEM.  n=10.  cP<0.01 vs sham group.  eP<0.05, fP<0.01 vs OVX+Veh group.  
hP<0.05 vs OVX+E2 group.   

                                                 
Sham               OVX+Veh              OVX+E2             OVX+Ral            OVX+ASA        OVX+E2+Ral      OVX+E2+ASA

       OVX+E2+Ral
                                                                                                                                                                                                                                             +ASA 
 
	 E2 (pg/mL)    	 76.4±10.8 	 14.8±2.34c  	 225.4±51.9f 	 18.6±6.35    	 14.3±4.10    	 245.7±41.2f 	 223.1±45.2f   	 229.1±39.4f 
	 TC (mmol/L)  	 22.0±4.21 	 30.1±3.30c 	   23.5±3.90f 	 24.7±7.31f   	 31.3±4.46    	   19.3±2.13fh	   22.6±3.75f	   18.2±3.58fh 
	 TG (mmol/L)  	 0.86±0.40  	 0.92±0.32  	   0.85±0.44   	 0.89±0.40  	 0.90±0.34     	  0.84±0.48 	   0.87±0.34	   0.85±0.47
	 LDL-C (mmol/L)	  17.1±5.30 	 26.4±5.03c  	   16.7±6.23f   	 20.1±6.61e   	 25.4±7.81    	   13.4±3.76fh	   15.9±5.46f 	   12.7±2.75fh 
	 HDL-C (mmol/L)	 3.67±0.65 	 2.38±1.0c  	   3.24±0.90e  	 3.02±1.06e   	 2.22±0.41   	   3.54±0.70e	   3.16±0.85e 	   3.57±0.71e

	 Body weight gain (kg) 	 0.94±0.12  	 0.78±0.09   	   0.82±0.10   	 0.84±0.08    	 0.76±0.07   	   0.87±0.11	   0.75±0.07	   0.80±0.06

TC, total cholesterol; TG, triglyceride; LDL-C, low density lipoprotein cholesterol; HDL-C, high density lipoprotein cholesterol.

Figure 1.  Breast response of E2/raloxifene/aspirin in mature OVX 
rabbits.  After 12 weeks of treatment, breast tissue responses to E2 alone, 
raloxifene alone, aspirin alone, E2 plus raloxifene, aspirin and E2, aspirin 
paired with E2 and combined raloxifene were analyzed (n=10 animals 
per treatment group).  (A) In OVX rabbits, alveoli and ducts embedded in 
a loose fibrous stroma with varying amount of fat were variably dilated 
in the OVX+E2 group, a regression of the parenchymal lobuloalveolar 
structures and a replacement of the loose fibrous tissue by fat and dense 
fibrous tissue were found in the OVX+E2+Ral group.  HE stain, Bar=200 
μm.  (B) The percentage of the extent of gland branches and ducts in the 
mammary glands. Mean±SEM. n=10. cP<0.01 relative to sham group; 
fP<0.01 relative to vehicle control; iP<0.01 relative to OVX+E2 group.  Veh, 
vehicle; E2, estradiol valerate; Ral, raloxifene; ASA, aspirin.  

Figure 2.  Uterine response of E2/raloxifene/aspirin in mature OVX rabbits.  
After 12 weeks of treatment, uterine wet weights (g) in response to E2 

alone, raloxifene alone, aspirin alone, raloxifene paired with E2, aspirin 
and E2, aspirin paired with E2 and combined raloxifene were determined.  
Compared with sham-operated rabbits, ovariectomy induced significant 
decreases in uterine wet weights.  In OVX rabbits, a significant increase 
in uterine weight was observed in the OVX+E2 group, no estrogenic 
stimulatory effect was found in the OVX+Ral group, when paired with 
E2, raloxifene antagonized the E2-induced increase in uterine wet weight 
to a level similar as that of vehicle control. Mean±SEM. n=10 animals 
per treatment group. cP<0.01 relative to sham group; fP<0.01 relative 
to vehicle control; iP<0.01 relative to OVX+E2 group.  Veh, vehicle; E2, 
estradiol valerate; Ral, raloxifene; ASA, aspirin.  

Figure 3.  Platelet aggregation response of E2/raloxifene/aspirin in 
mature OVX rabbits.  After 12 weeks of treatment, whole-blood platelet 
aggregation (%) in response to E2 (0.1 mg·kg-1·d-1), raloxifene (10 
mg·kg-1·d-1), aspirin (5 mg·kg-1·d-1), raloxifene paired with E2, aspirin and 
E2, aspirin paired with E2 and combined raloxifene were determined. A 
significant increase in platelet aggregation was observed in the OVX+E2 
and OVX+E2+Ral groups, but not in the OVX+Ral group.  Aspirin decreased 
the platelet aggregation significantly as compared to the vehicle control.  
When co-administered with E2, the E2-induced increase in platelet 
aggregation was reduced to a level with no difference to vehicle control.  
Mean±SEM. n=10 animals per treatment group.  bP<0.05, cP<0.01 
relative to vehicle control; eP<0.05 relative to OVX+E2 group.  Veh, vehicle; 
E2, estradiol valerate; Ral, raloxifene; ASA, aspirin. 
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increase in MCP-1 level[29], and in this study, a significant 
increase in MCP-1 level was observed after ovariectomy.  In 
OVX rabbits, although reduction in MCP-1 level was not as 
profound as those associated with E2 (approximately a 40% 
reduction vs control, P<0.01), a significant decrease in MCP-1 
level was observed with raloxifene (approximately a 20% 
reduction vs control, P<0.05) compared with the OVX+Veh 
group.  When raloxifene was used in combination with E2 in 
the OVX+E2+Ral group, a 20% greater reduction in MCP-1 
level relative to E2 alone was observed (Figure 4).

Histopathological analysis demonstrated that the size of 
atherosclerotic lesions in the aorta increased significantly after 
ovariectomy.  In the OVX rabbit model, 12-week treatment 
with E2 decreased the size of atherosclerotic lesions signifi-
cantly (approximately a 40% reduction vs control, P<0.01).  
Similar results were observed with raloxifene (approximately 
a 20% reduction vs control, P<0.05).  A slight reduction was 
observed with aspirin although the difference was not statis-
tically significant compared with vehicle control (P=0.052).  
When raloxifene and aspirin were co-administered with E2, 
an approximate 20% greater reduction relative to E2 alone was 
seen (Figure 5).

Discussion
The purpose of this series of in vivo studies was to establish the 
proof-of-concept for a novel paradigm of HRT.  This concept 
was based on the hypothesis that the combination of ralox-
ifene and aspirin with estrogen would result in a physiological 

profile that was distinct from estrogen alone, and in particular, 
an improved pharmacological profile compared with estrogen 
alone.

The key physiological responses that require close monitor-
ing in the evaluation of estrogen use are breast and uterine 
tissue stimulation, as estrogen functions directly through 
the ERs, which are abundant in those tissues.  In previous 

Figure 4.  Effects of E2/raloxifene/aspirin on MCP-1 level in mature OVX 
rabbits.  After 12 weeks of treatment, serum MCP-1 levels (mmol/L) in 
response to E2 alone, raloxifene alone, aspirin alone, raloxifene paired with 
E2, aspirin paired with E2 and combined raloxifene, aspirin and E2 were 
determined.  A significant increase in MCP-1 level was observed after 
ovariectomy in the OVX+Veh group compared with the sham group, and 
both E2 (0.1 mg·kg-1·d-1) and raloxifene (10 mg·kg-1·d-1) decreased the MCP-
1 level significantly compared to the vehicle control. When raloxifene was 
paired with E2, MCP-1 level was reduced by approximately 20% relative 
to E2 alone. Mean±SEM. n=10 animals per treatment group. cP<0.01 
relative to sham group; eP<0.05, fP<0.01 relative to vehicle control; 
hP<0.05 relative to OVX+E2 group. Veh, vehicle; E2, estradiol valerate; Ral, 
raloxifene; ASA, aspirin.  

Figure 5.  Effects of E2/ raloxifene/aspirin on atherosclerotic lesion in mature OVX rabbits.  After 12 weeks of treatment, atherosclerotic lesions in the 
aorta (%) in response to E2, raloxifene, aspirin, raloxifene paired with E2, aspirin paired with E2 and combined raloxifene, aspirin and E2 were determined 
by Oil Red O staining (n=10 animals per treatment group).  (A) Oil Red O staining on photographs of aorta.  Oil Red O positive area corresponds to lipid 
deposition.  (B) Quantitative analysis of the percentage of Oil Red O positive area (% vessel wall staining positively±SEM).  A significant increase in the 
size of atherosclerotic lesions (Oil Red O staining) was observed after ovariectomy compared with sham-operated animals.  In OVX rabbits, although the 
reduction was not as profound as that associated with E2, a significant decrease was observed in the OVX+Ral group (P<0.05) compared with OVX+Veh 
group.  A mild reduction was observed with aspirin, although the difference was not significant.  Further reductions relative to E2 alone were observed 
with E2/raloxifene (approximately 10% vs E2 alone) and E2/raloxifene/aspirin (approximately 20% vs E2 alone).  cP<0.01 relative to sham group; eP<0.05, 
fP<0.01 relative to vehicle control; hP<0.05 relative to OVX+E2 group.  Veh, vehicle; E2, estradiol valerate; Ral, raloxifene; ASA, aspirin.



1036

www.nature.com/aps
 Yang FL et al

Acta Pharmacologica Sinica

npg

studies, ER-antagonistic activity in the breast and uterus has 
been found after raloxifene treatment[14, 15, 27].  In the present 
study, serum estradiol levels increased significantly in all the 
estrogen-treated animals, including animals treated with E2 
alone, E2 plus raloxifene, and E2 plus aspirin, as well as com-
bined E2, raloxifene and aspirin, compared to vehicle controls 
in the OVX rabbits.  However, maximal breast and uterine 
stimulations were observed with E2 alone and E2 plus aspirin.  
In contrast, raloxifene alone did not stimulate the uterus and 
mammary glands, and when raloxifene was co-administered 
with E2, the stimulation of the breast and uterus was reduced 
to vehicle control levels.

Platelets contribute to thrombosis in several ways.  They 
provide the membrane surface for the generation of thrombin, 
express membrane receptors that affect platelet-platelet and 
platelet-vessel wall interactions.  In low doses, aspirin has 
an antiplatelet effect by inhibiting the production of throm-
boxane.  Platelets contain both ERα and ERβ[30, 31], but the 
effect of estrogen on the platelet aggregation has been contro-
versial[32, 33].  In the current study, significant stimulation in 
platelet aggregation was observed with E2 alone and E2 plus 
raloxifene, but not with raloxifene alone in the OVX rabbits.  
As expected, aspirin reduced the platelet aggregation signifi-
cantly compared with vehicle control, and addition of aspirin 
to E2 decreased the platelet aggregation to the vehicle control 
levels.  

Due to the fact that raloxifene antagonized the stimulatory 
effect of E2 on the breast and uterus and aspirin reduced the 
stimulation of E2 in platelet aggregation, an obvious question 
that arose was whether the combinatory use of raloxifene and 
aspirin with E2 would unfavorably antagonize the positive 
effects of E2, such as lowering levels of LDL-C and MCP-1 and 
inhibiting atherosclerotic lesions[1–5].  

It has been well-documented that a high level of LDL-C and 
a low level of HDL-C are risk factors for atherosclerosis, and 
MCP-1, a potent chemoattractant for monocytes, has been sug-
gested to be an especially important mediator of atherogenic 
signals[34, 35].  Raloxifene has been confirmed to have estrogen-
agonist effects on lipid profiles[14, 15] , and an in vitro study has 
shown that raloxifene could downregulate the expression 
of MCP-1 in human coronary artery smooth muscle cells, 
although the degree of this inhibition was less than when 
induced by estrogen[36].  In the present study, ovariectomy 
induced a significant decrease in serum estradiol level and 
increased total cholesterol, LDL-C, and MCP-1 levels, as well 
as decreased HDL-C levels.  However, significant reductions 
in total cholesterol, LDL-C, and MCP-1 levels and an increase 
in HDL-C level were found with E2 treatment alone and ral-
oxifene alone compared with the vehicle control, and further 
effects were observed with their co-administration, which sug-
gested that raloxifene reinforced the positive effects of E2.  As 
well as its anticoagulant properties, aspirin has cardioprotec-
tive effects that include inhibiting the proliferation of vascular 
smooth muscle cells and improving endothelium-dependent 
vascular relaxation[37].  In the present study, reductions in the 
sizes of atherosclerotic lesions were found by Oil Red O stain-

ing assay with E2 alone, raloxifene alone, E2/raloxifene, E2/
aspirin, and E2/raloxifene/aspirin compared with vehicle con-
trols in the OVX rabbits.  The maximal reduction was observed 
with E2/raloxifene/aspirin, indicating an additive effect of the 
combination therapy.  

The mechanism by which a target cell simultaneously 
responds to a mixture of drugs is not entirely clear.  Hypo-
thetically, the different molecules would compete for the avail-
able pool of receptors in the target cell, and simple receptor 
kinetics would dictate the dominant effector molecule.  The 
final physiological response would be attributed to a blend of 
all of the activities of these molecules.  In the current study, 
raloxifene was shown to abrogate the stimulatory effects of 
E2 on the uterus and breast effectively, while aspirin reduced 
the stimulatory effect of E2 on platelet aggregation, and both 
E2 and raloxifene demonstrated positive agonistic effects on 
the lipid and MCP-1 profiles, and combined raloxifene, aspirin 
and E2 was the most efficacious treatment in reducing athero-
sclerotic lesions in the aorta.  

The ideal postmenopausal estrogen therapy is expected to 
reproduce the beneficial effects of estrogen without produc-
ing the adverse effects; however, no ideal postmenopausal 
estrogen therapy has been found to date.  The present study 
demonstrated for the first time that the combination of ralox-
ifene, aspirin and E2 might be an attractive novel paradigm of 
HRT.  This finding may prompt additional research with the 
aim of improving quality of life for peri- and postmenopausal 
women.
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Introduction
Staphylococcus aureus is a causative agent of pulmonary infec-
tions in immunocomponent normals as well as in immuno-
compromised individuals.  In particular, the prevalence of 
highly virulent methicillin-resistant strains is increasingly 
becoming a public health challenge in hospital or community 
environments[1].  One possible mechanism underlying this 
may be that staphylococci release chemotaxis inhibitory pro-
tein of staphylococci (CHIPS) encoded by chp that contributes 
to the evasion of these bacteria from the immune system of the 
host.  CHIPS has been shown to be necessary for inhibition of 
the early immune response by blocking the initial activation 

and recruitment of neutrophils and monocytes into the site of 
infection[2, 3].  

The cellular receptor for CHIPS is C5aR with a nanomolar 
binding affinity[4].  C5aR is a seven-transmembrane segment 
belonging to the family member of rhodopsin-like G-protein 
coupled receptors (GPCRs)[5].  A previous study with chimeras 
and point mutations indicated that CHIPS exclusively bound 
to the N-terminal C5aR, in which acidic aspartic acid at posi-
tions 10, 15 and 18 and glycine at position 12 were specifically 
important for binding, whereas tyrosine at positions 11 and 
14 did not involve CHIPS binding[6].  It should be pointed out 
that these authors used a FLAG tag fused into the N-terminus 
of the whole C5aR.  FLAG tag is not applicable for studies 
regarding tyrosine sulfation because it contains a sulfatable 
tyrosine (DYKDDDDK) which probably provides the addi-
tional binding energy[7].  A subsequent study of the association 
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between CHIPS and a sulfated peptide based on N-terminus 
of the human C5aR using nuclear magnetic resonance (NMR) 
demonstrated that sulfated tyrosine at positions 11 and 14 
of N-terminal C5aR significantly contributed to the tight 
binding[8].

Tyrosine sulfation is a post-translational modification 
occurring in a variety of secreted and integral membrane pro-
teins and, in many cases, enhances the interactions between 
these proteins and their corresponding ligands, or invading 
pathogens[9, 10].  This modification tends to occur in acidic 
regions of proteins, usually containing multiple tyrosines[9, 

11].  Several receptors for chemokines and hormones, including 
CCR5, CXCR3, C3XCR1, and thyroid-stimulating hormone 
receptor, have been shown to be sulfated on tyrosines in 
their amino terminal extracellular domains and some of this 
sulfation is critical for ligand binding[12–16].  Amino-terminal 
sulfation of tyrosines in the chemotactic receptor for C5a 
also contributes to formation of the docking site for the C5a 
anaphylatoxin[17].  We have previously demonstrated that 
sulfated tyrosine 174 in second extracellular loop of C3aR is 
essential for binding and signaling with native C3a[18].  Sulfo-
tyrosine in the amino terminal sequence of CCR5 is important 
for binding of the natural ligands [macrophage inflammatory 
protein (MIP)-1α, MIP-1β, and RANTES] and certain HIV-1 
gp120/CD4 complexes, and facilitates the entry of CCR5-using 
strains of HIV-1[13, 19].  Duffy binding protein of plasmodium 
vivax (P vivax) utilized sulfotyrosines of the Duffy antigen/
receptor for chemokines for erythrocyte invasion by P vivax[20].  
Thus, tyrosine sulfation represents a critical modification for 
conferring the natural function of a number of 7TMS receptors.

Here we report that C5aR, not C5L2 and C3aR, is an exclu-
sive receptor for CHIPS binding.  Furthermore, we show that 
two sulfotyrosines of the C5aR N-terminus are critical for 
CHIPS binding, and sulfated tyrosine at position 14 of N-ter-
minal C5aR has a greater role in an association between CHIPS 
and C5aR.  These data underscore that tyrosine sulfation plays 
an important role in the determining C5aR-CHIPS association 
and provides useful insights into how to block the binding of 
CHIPS to C5aR.

Materials and methods
Cells, plasmids, and constructs
HEK 293T cells were cultured in Dulbeco’s modified Eagle’s 
medium containing 10% fetal bovine serum, penicillin, and 
streptomycin.  An expression plasmid encoding the human 
C5aR fused with a myc tag at its amino terminus was gen-
erated by PCR amplification of human genomic DNA, and 
subcloned into the pcDNA 3.1 expression vector (Invitrogen).  
All the C5aR variants YFY, YYF, YFF in which one or two 
tyrosines were mutated to phenylalanine were made by the 
PCR-based QuickChange method (Stratagene) and confirmed 
by sequencing the entire reading frame.  The expression plas-
mids encoding the wild-type C5L2, C3aR, CXCR3, and platelet 
activating factor receptor (PAFR) were constructed as above 
described.

The plasmids encoding human tyrosyl protein sulfotrans-

ferases (TPST) 1 and 2, and small hairpin RNA (shRNA) tar-
geting nucleotides 259-276 of TPST1 and nucleotides 73−94 of 
TPST2 were provided by Dr  H  Choe[18, 19].

Purification of recombinant CHIPS protein
Expression and purification of recombinant CHIPS was as 
previously described with minor modification[3, 21, 22].  Briefly, 
chp, with the exclusion of its signal sequence, was ampli-
fied by PCR on genomic DNA extracted from methicillin-
resistant staphylococcus aureus (MRSA) ATCC 29213, cloned 
into pET32a (+) vector, then transformed into Escherichia coli 
BL21(DE3) plays (Invitrogen).  In order to measure the expres-
sion of CHIPS, a His tag was fused into N-terminus of CHIPS.  
Purified inclusion bodies obtained from bacteria were induced 
with 1 mmol/L of isopropyl-1-thio-β-D-galactopyranoside 
(Invitrogen) overnight at 20oC and solubilized in 6 mol/L 
guanidine HCl.  The protein was dialyzed against 10 mmol/L 
Tris-HCl, pH 8.0 and purified on HiTrap column (GE Health-
care Biosciences), using 10 mmol/L Tris-HCl, pH 8.0, 1 mol/L 
NaCl for elution.  Protein concentration was determined using 
the BCA Protein Assay Kit (Pierce).  The concentration of puri-
fied CHIPS was 96 mg/L.

Assay of chp in Clinical S aureus isolates in patients 
Thirteen clinical MRSA and 13 MSSA strains were iso
lated from sputum or bloodstream in patients diagnos
ed with pulmonary infection.  PCR was carried out on 
genomic DNA of using the forward primer 5’-ATGAAAAA
GAAATTAGCAACAACAG-3’ and the reverse primer 
5’-TTAGTATGCATATTCATTAGTTTTTCC-3’.  The size of 
PCR product was 450 bp.

The study protocol was reviewed and approved by the 
Peking Union Medical College Hospital Human Research Eth-
ics Committee and all subjects gave informed written consent 
to participate in the study.

Western blotting analysis 
The whole protein was prepared as previously described[23].  
After removing the culture medium, cells were extensively 
washed three times, harvested and lysed in solubilization 
buffer containing a protease inhibitor cocktail (Sigma).  Cell 
debris was removed by centrifugation at 12 000×g for 15 min 
at 4oC.  The supernatants were eluted by adding an equal vol-
ume of sample loading buffer, then run on 12% SDS-PAGE 
gels before transferring to PVDF membranes.  Memebranes 
were incubated in the presence of the indicated antibodies.  
Antibodies were as follows: anti-myc (Signal Chem), anti-His 
(Signal Chem).  Primary antibody application was followed by 
incubation with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (anti-mouse IgG) (Santa Cruz).  Blots were 
developed using an enhanced chemiluminescence detection 
system (ECL) (Amersham) as per the manufacturer’s instruc-
tions.  

Analysis for binding of CHIPS to C5aR
Binding experiments were performed with HEK 293T cells 
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transfected with wild type C5aR or its variants using calcium 
phosphate[14, 17, 18].  One day later, cells were washed with 
PBS, and split into two separate aliquots, one used for bind-
ing assay and one for receptor expression analyses.  CHIPS 3  
µg/mL was incubated with cells expressing wild-type C5aR or 
C5aR variants for 30 min on ice.  Western blotting was used to 
assay the binding efficiency and receptor expression.  

Sodium chlorate treatment 
Transfected cells were cultured in medium containing the 
various concentrations of sodium chlorate for at least 48 h at 
37 oC[14, 24].  

Results
Prevalence of clinical S aureus isolates
The gene encoding for CHIPS, chp, lies at a bacteriophage-
encoded immune cluster, seen in greater than 60% of S aureus 
isolates[3].  To examine the prevalence of chp in clinical S  
aureus isolates in our hospital, one of the major referral medi-
cal centers in China, we screened 13 methicillin-resistant 
strains and 13 methicillin-sensitive isolates (MSSA) from blood 
stream of infected individuals by PCR.  Our data showed that 
chp was present in more than 30% of S aureus strains.  Of note, 
more than 30% of MSSA was PCR-positive for chp.

Production and characteristics of recombinant CHIPS
A truncated version of CHIPS that did not contain a signal 
sequence at the N-terminus showed a similar C5aR blocking 
activity compared to the CHIPS[21].  Recombinant CHIPS was 
produced in E coli with a His tag fused into N-terminus of 
CHIPS to facilitate the recognition by anti-His antibody.  

To demonstrate a direct interaction between CHIPS and the 
receptors for anaphylatoxins and chemokines, we performed 
transfection studies.  

For this purpose, HEK cells were transfected with the 
expressing plasmids encoding C5aR, C5L2, C3aR, CXCR3, and 
PAFR.  Figure 1 demonstrates the binding of CHIPS to C5aR 
overexpressed in HEK 293T cells.  There was no binding of 
CHIPS to C5L2, C3aR, CXCR3, and PAFR observed even after 
longer exposure (Figure 1).  These results indicate a direct 
binding of CHIPS to the C5aR.  

The ATP sulfrylase inhibitor sodium chlorate decreases the 
binding affinity of CHIPS to C5aR but not C5aR expression
Sulfate can be added to proteins at sites of N- or O-linked 
glycosylation or on tyrosines via post-translational modifi
cations[25].  C5aR has been shown to be modified by N-linked 
glycosylation.  We treated C5aR-transfected-cells with various 
concentrations of sodium chlorate, a nontoxic inhibitor of ATP 
sulfrylase activity[14, 26], for at least 48 h in sulfate-free media.  
We identified a direct inhibition of the binding of CHIPS to 
wild-type C5aR by sodium chlorate in a concentration-depen-
dent manner.  Figure 2 shows that the binding of CHIPS to cel-
lular C5aR was completely abolished in presence of 50 nmol/L 
of sodium chlorate, providing an independent evidence for the 

requirement of sulfation for CHIPS binding.  

Figure 1.  CHIPS exclusively binds to C5aR, but not to C5L2.  HEK 293T 
cells were transfected with plasmids encoding the wild-type C5aR, C5L2, 
C3aR, CXCR3, and PAFR with N-terminal epitope tag.  After 24 h they 
were divided into two aliquots, one was retained for analysis of receptor 
expression, one was used for binding experiments. N-terminally His-tagged 
CHIPS 3 µg/mL was incubated with transfected cells for 30 min on ice.  
The samples were subjected to 12% SDS-PAGE gels, transferred to PVDF 
membranes, detected by the indicated primary antibodies, followed by 
horseradish peroxidase-conjugated anti-mouse IgG.  All samples were run 
under reducing condition.  Numbers at the left indicate the positions of 
molecular weight markers.

Figure 2. Effect of tyrosine sulfation of C5aR on CHIPS binding.  HEK 293T 
cells were transfected with plasmids encoding the wild-type C5a receptor 
with N-terminal myc tag.  After 24 h, cells were divided into two aliquots, 
one was retained for analysis of receptor expression, one was treated 
with the various concentrations of sodium chlorate for at least 48 h and 
then incubated with 3 µg/mL of N-terminally His-tagged CHIPS for 30 min 
on ice.  The binding efficiency of C5aR-CHIPS was checked by Western 
blotting.  Shown is representative of 3 independent experiments.  The 
data represent the mean±SD of three experiments.
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Sulfated tyrosines in the N-terminus of the C5aR contribute to 
CHIPS binding
Previous work has shown that sulfation of tyrosines on the 
extracellular amino terminal domain of the C5a anaphylatoxin 
receptor is a critically important post-translational modifica-
tion for ligand recognition[17].  Given the importance of the 
sulfotyrosines in ligand binding, we examined whether a 
similar post-translational modification might be important for 
CHIPS as well.  Tyrosines at positions 11 and 14 in N termi-
nus were individually and doubly mutated to phenylalanine.  
Constructs were transfected into HEK 293T cells and tested for 
expression and binding.

In order to facilitate the determination of relative levels of 
cell surface expression by Western blotting, expression plas-
mids encoded for the wild-type C5aR or its mutants were 
fused in frame with an amino-terminal myc-tag, recognized 
by the antibody, 9E10.  Simultaneously, cells from the same 
transfection were incubated with 3 µg/mL of CHIPS for 30 
min on ice.  Cells were extensively washed three times, lysed, 
and then transferred to PVDF membrane.  Finally the PVDF 
membrane containing CHIPS-C5aRs complexes were incu-
bated with the anti-His antibody, which is specific for the His-
tag fused to the N-terminus of CHIPS.  Western blot analysis 
of the binding of CHIPS to the wild-type C5aR or its mutants 
expressed in HEK 293 T cells was accomplished using the anti-
His antibody. 

As shown in Figure 3, when two tyrosines at positions 
11 and 14 were changed to phenylalanine, the ability that 
C5aR YFF variant bound CHIPS was completely lost.  We 
then investigated the specific contribution of each of the two 

tyrosines of the C5aR to CHIPS binding by assaying receptor 
variants (YFY and YYF) in which tyrosines 11 and 14 had been 
altered individually to phenylalanine.  Figure 3 shows that 
cells transfected with either the YFY variant efficiently associ-
ated with CHIPS compared with cells expressing wild-type 
C5aR.  By contrast, YYF variant bound CHIPS less efficiently 
than wild-type C5aR and the YFY variant, suggesting a greater 
role of sulfotyrosine 14 in binding CHIPS.  Cell surface expres-
sion of this mutant receptor was essentially same as the wild 
type receptor as indicated by their fluorescence intensity of 
anti-His-tagged antibody staining assessed by FACS analysis 
(data not shown).  Taken together, these data show that both 
tyrosine sulfate moieties of the C5aR N terminus contribute to 
the formation of CHIPS binding site.

Effect of enzymatic modulation of sulfation on the binding ability 
of C5aR to CHIPS
One possible explanation for blockade of CHIPS binding to 
C5aR variant YFY is due to the absence of sulfate moiety on 
tyrosine 14.  We cannot exclude the possibility that the expres-
sion of phenylalanine at this site changed receptor conforma-
tion due to the increase in hydrophobicity caused by the lack 
of the hydroxyl group[14, 26].  We assessed these possibilities 
by using tyrosine protein sulfotransferases 1 and 2 (TPSTs), 
which have been shown to increase the extent of tyrosine sul-
fation of GPCRs for ligand binding[14, 18, 19].  We co-transfected 
the plasmid encoding C5aR variant YFY with constructs for 
TPST1 and 2.  Cells transfected with C5aR YFY alone showed 
the same receptor expression level compared to cells co-
transfected with the plasmids encoding C5aR YFY variant and 
TPSTs as indicated by their fluorescence intensity of anti-His-
tagged antibody staining assessed by FACS analysis (data not 
shown).  The cells co-transfected with C5aR variant YFY and 
TPSTs displayed the significant increase in binding efficiency 
with CHIPS (Figure 4).  Thus, sulfation of tyrosine 14 on the 
C5aR N-terminus is a critical determinant for recognition by 
CHIPS.

The activity of TPSTS can be modified by transfection with 
constructs encoding shRNAs targeting the TPSTs to decrease 
them.  In the case of C3aR and CXCR3, tyrosine sulfation was 
reduced by shRNAs against TPSTs, and maximal binding was 
significantly decreased accordingly[14, 18].  However, blockade 
of the activity of TPSTs by shRNAs partially inhibited the 
binding of CHIPS to C5aR variant YFY (Figure 4).  

Discussion
The molecular cloning of the C5a receptor places this molecule 
in the superfamily of G-protein coupled 7TMS receptors[27, 28].  
C5a, a key component of complement system, is particularly 
important for recruitment of leukocytes and effective clear-
ance of invading pathogens.  C5a exerts its effect via the bind-
ing and activation of C5aR[5, 29].  More recently, we, and others 
have demonstrated the existence of sulfated tyrosines in amino 
terminal sequences of several chemoattractant receptors that 
play a critical role in receptor function[13, 14].  The C5a anaphy-
latoxin receptor has been shown to contain sulfotyrosines in 

Figure 3.  Tyrosine sulfation significantly contributes to the binding 
of CHIPS to C5aR.  (A) HEK 293T cells were transfected with plamids 
encoding wild-type C5aR or the C5aR variants YFY, YYF or YFF.  Cells were 
incubated with 3 µg/mL of N-terminally tagged-His CHIPS as described in 
Materials and Methods.  Cells were extensively washed, and CHIPS bound 
by C5aR was determined by Western blotting using anti-His antibody.  
Aliquots of the same transfections were analyzed for C5aR expression 
levels by Western blotting using the anti-myc-tag antibody 9E10.  Shown is 
representative of three independent experiments.  The data represent the 
mean±SD of three experiments.
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its amino terminus that are involved in formation of the dock-
ing site[17].  Our data showed that more than 30% of MSSA was 
PCR-positive for the gene encoding for CHIPS, chp.  The pres-
ent study shows that C5aR, but not its second receptor C5L2 
and other G-protein coupled receptor, is a unique receptor for 
CHIPS.  Furthermore, our data validate and extend the results 
from the previous studies on association between C5aR and 
CHIPS by demonstrating that inhibition of sulfation effectively 
interferes with the ability of CHIPS to bind cells overexpress-
ing C5aR, and thus tyrosine sulfation appears to contribute to 
the proper binding of CHIPS to this receptor.  Even though 
there are two sulfatable tyrosines in N-terminus of C5aR, 
sulfated tyrosine 14 is significantly involved in CHIPS bind-
ing.  Our data are consistent with the previously published 
results showing the inability of CHIPS to bind to the second 
C5a receptor, C5L2, although C5L2 was also sulfated on N-ter-
minal tyrosine residues in a very similar pattern to C5aR[30, 31].  
Taken together, these data suggest the very high specificity of 
CHIPS binding.

A study with mutation and chimeras reported that the 
C5aR lacking residues 1-18 of N-terminus showed a signifi-
cant decrease in binding to CHIPS compared to wild-type 
C5aR[6].  Nikiforovich et al further demonstrated that CHIPS 
only bound to the first binding site of C5a to C5aR 10-18 frag-
ment containing two sulfrotyrosines[32].  Similarly, alteration 
of aspartic acids 10, 15, and 18 and the glycine at position 12 
had a profound effect on CHIPS binding.  By contrast, the 
NMR study demonstrated that a tyrosine-sulfated peptide at 
positions 11 and 14 based on C5aR N-terminus has (about 400 
times) stronger affinity in binding CHIPS than the non-sulfated 
peptide[8].  The presence of the two sulfate moieties on C5aR 

that contribute to its association with CHIPS may be helpful in 
explaining these conflicting data.  Sulfate is a charged, highly 
polarizable moiety that may provide significant energy to the 
binding[10].  This tyrosine sulfation may contribute to the asso-
ciation of the negatively charged receptor N-terminus of C5aR 
with the positively charged CHIPS.  Consistently, we demon-
strate the critical role of tyrosine sulfation of C5aR N-terminus 
in CHIPS binding.  Our data raise the possibility that the C5aR 
N-terminal aspartic acids are perturbed by CHIPS binding 
probably due to interfering with acidic domain necessary for 
tyrosine sulfation, like C5a-C5aR interaction[17].  

Tyrosines at 11 and 14 of N-terminal C5aR, which are 
flanked by acidic amino acids indicative of sulfation, have 
been demonstrated to be sulfated.  Sulfated tyrosine 11 had 
a greater role in the C5a binding[17], whereas sulfotyrosine 14 
was shown to be important for CHIPS binding in this cur-
rent study.  These data are in agreement with the predicted 
substrate requirement for TPSTs[11].  To ensure that loss of 
CHIPS binding commensurate with mutation of tyrosine 14 
to phenylalanine reflected the loss of sulfate and not indirect 
structural alterations of the receptor, we attempted to first co-
express the C5aR variant YFY with TPST1 and 2.  We showed 
a greater increase in binding efficiency of CHIPS to the cells 
co-transfected with C5aR variant YFY and TPST than the cells 
transfected with the YFY variant alone, which supports the 
importance of the sulfate moiety for enhancement of CHIPS 
binding.  However, when the co-transfect ions were performed 
using shRNA constructs targeting TPST1 and 2, binding effi-
ciency was partially inhibited with essentially no change in 
receptor expression (as assessed by FACS analysis, data not 
shown).  The observation might be reflective of the enzymatic 
activity of TPSTs synthesized prior to shRNA transfection[33, 34].  
In addition, the partial inhibition of CHIPS to the wild-type 
C5aR or its mutants caused by shRNAs might suggest that 
optimal binding requires the participation of other component 
of the receptor in CHIPS binding, such as posttranslational 
tyrosine phosphorylation[35].  Our data are in agreement with 
a very recent observation using a phosphorylated analog of 
C5aR N-terminus that the phosphate group at tyrosine 14 was 
involved in stronger binding of CHIPS to C5aR[35].  

Tyrosine sulfation may be important for the initial capture of 
C5aR-expressing cells by CHIPS and less important for other 
potential downstream functions.  A recent study showed that 
a tyrosine-sulfated peptides based on the N-terminus of C5aR 
interacted with CHIPS and could inhibit C5a-induced calcium 
influx[8].  Thus, the present study might suggest that CHIPS 
competitively associates with the primary binding site of C5a 
located at the N-terminus of the C5aR, thereby preventing the 
C-terminal tail of C5a from contacting the activation domain 
of the C5aR and blocking downstream signaling.  Tyrosine 
sulfation may represent a general mechanism utilized by the 
virulence proteins secreted by invading pathogens that medi-
ate the rapid capture of circulating leukocytes.

In summary, the current study has not only defined the 
structural requirement for the CHIPS binding, but also dem-
onstrated that tyrosine sulfation has a wider biological sig-

Figure 4. Effect of enzymatic modulation of tyrosine sulfation on the 
association between CHIPS and C5aR YFY.  HEK 293T cells were co-
transfected with the plasmid encoding C5aR YFY or with plasmids 
encoding TPSTs or with shRNAs targeting TPSTs as indicated.  The 
binding efficiency of CHIPS to C5aR YFY was determined by Western 
blotting identical to Figure 2.  Results are expressed as means±SD.  n=3 
independent experiments.



1043

www.chinaphar.com
Liu ZJ et al

Acta Pharmacologica Sinica

npg

nificance.  Since S aureus continually poses a threat to human 
health, a precise knowledge of the structural basis for the 
binding of CHIPS to C5aR as we have shown should have 
great significance in developing potent drugs to reduce the 
pathogeneticity of this infection.

Abbreviations
CHIPS, Chemotaxis inhibitory protein; C3aR, C3a receptor; 
C5aR, C5a receptor; CCR5, CC chemokine receptor 5; CXCR3, 
CXC receptor 3; PAFR, platelet activating factor receptor; 
7TMS, 7 transmembrane segment; GPCR, G-protein coupled 
receptor.  PBS, phosphate-buffered saline.  WB: Western 
Blotting.
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Introduction
Chronic obstructive pulmonary disease (COPD), which is 
defined as airflow obstruction that is not fully reversible, was 
ranked fifth among causes of death globally in 2002; however, 
it is expected to be the third most common cause of death in 
2020.  The main pathological changes associated with COPD 
include chronic bronchitis, emphysema and small-airway 
disease[1].  The symptoms of emphysema partially overlap 
with COPD, and it is one manifestation of a group of chronic, 
obstructive, and frequently progressive destructive lung dis-
eases[2].  Emphysema is characterized by destruction of the 
alveolar walls and permanent enlargement of the air spaces 

distal to the terminal bronchioles, which contribute to a reduc-
tion in the forced expiratory volume in 1 second (FEV1)[3].  
Inflammation, cellular apoptosis, oxidative stress, and pro-
tease/antiprotease imbalance are involved in the pathogenesis 
of emphysema[4, 5].  Chemokines and other chemoattractants, 
such as interleukin-8 (IL-8), monocyte chemotactic protein-1 
(MCP-1), and LTB4, promote the accumulation of inflam-
matory cells, including macrophages and neutrophils, in the 
lungs.  Lymph follicles containing dendritic cells (DCs) and 
Th1 cells are present in the parenchyma, which suggests a 
potential role of the immune response in emphysematous 
destruction.  Also, macrophages and neutrophils can be acti-
vated by various insults, such as cigarette smoke, and can 
subsequently produce reactive oxygen species (ROS) and 
many inflammatory cytokines, such as tumor necrosis factor 
(TNF)-α, IL-1β, and IL-6.  In return, inflammation-activated 
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macrophages and neutrophils release proteinases, including 
elastases and matrix metalloproteinase-9.  These proteinases 
contribute to the degradation of extracellular matrix com-
ponents and eventually to the development of emphysema.  
However, anti-inflammatory agents or antioxidants only 
reduce the symptoms, and they do not affect the decline in 
FEV1[6].  Thus, further investigation is needed to understand 
the mechanisms underlying the pathogenesis of emphysema.

There have been many studies that have indicated that Toll-
like receptors (TLRs) and TLR-mediated autoimmunity play 
critical roles in the development and resolution of emphy-
sema[7, 8].  TLRs, as a critical family of pattern recognition 
receptors, can initiate and orchestrate innate and adaptive 
immune responses; in addition, they function as sensors of 
damage-associated molecular pattern and are involved in 
multiple noninfectious inflammatory diseases, such as acute 
respiratory distress syndrome, asthma, and COPD.  TLR4 
and TLR2 play a prominent role in gene-environment interac-
tions that are relevant to COPD-related phenotypes because 
the interaction between the microbial load and the immune 
system is a critical determinant of both immune function and 
asthma/emphysema susceptibility[9].  TLR ligands can acti-
vate DCs and subsequently determine the direction of T cell 
polarization[10].  TLR4 mutation results in pulmonary emphy-
sema through upregulation of NADPH oxidase (Nox) 3 in the 
lungs and endothelial cells, which enhance oxidant generation 
and elastolytic activity[7].  Importantly, reduction/oxidation 
(redox) is a novel factor that has been shown to regulate T cell 
polarization[11].  Furthermore, the accumulation of ROS is criti-
cal for the differentiation of naïve Th cells into Th1 or Th17 
cells[12].  A recent study has indicated that IL-17 promotes the 
growth of airway epithelial cells and that Th17 cells play an 
important role in inflammation and autoimmune diseases, 
including emphysema[13].  

Therefore, we wondered whether T cell polarization, and 
in particular differentiation into the Th17 phenotype, was 
involved in the pathogenesis of TLR4mut-induced spontane-
ous pulmonary emphysema.  We found that TLR4 mut-induced 
spontaneous pulmonary emphysema is associated with reduc-
tions in the amount of Th17 cell infiltration into the lungs and 
in the production of Th17-associated cytokines.  Administra-
tion of recombinant mouse IL-17A reversed TLR4mut-induced 
pulmonary emphysema by enhancing the phosphorylation of 
p38 MAP kinase and the expression of AP-1, suggesting that 
Th17 cells and IL-17A associated signaling pathways play a 
crucial role in the pathogenesis of pulmonary emphysema.  
Furthermore, our results indicate that the IL-17A signaling 
pathway is a potential target for the development of therapeu-
tics against pulmonary emphysema.

Materials and methods
Materials
In situ cell death detection kits were purchased from Roche 
Diagnostics Ltd (East Sussex, UK).  Malondialdehyde (MDA) 
assay kits were purchased from the Nanjing Jiancheng Bioen-

gineering Institute (Nanjing, China).  Anti-cleaved caspase 3 
was from Cell Signaling (Danvers, MA, USA).  ELISA kits for 
IL-17A, IL-23, IL-6, and TGF-β1 were purchased from eBiosci-
ence (San Diego, CA, USA).  FITC/PE-conjugated anti-CD4, 
FITC-conjugated anti-IFN-γ, PE-conjugated anti-IL-13, FITC-
conjugated anti-CD4, PE-conjugated anti-CD25, PE-conjugated 
anti-IL-17A antibodies were purchased from eBioscience.  
Recombinant mouse IL-17A was purchased from R&D Sys-
tems (Minneapolis, MN, USA).

Animals
TLR4mut (C3H/HeJ) mice and corresponding wild-type (WT) 
mice were obtained from Jackson Laboratories (Bar Harbor, 
ME, USA).  Mice were maintained under specific pathogen 
free conditions at the Experimental Animal Center of the Insti-
tute of Materia Medica.  For therapeutic treatment, TLR4mut 
mice were randomized into 2 groups and administered recom-
binant mouse IL-17A (1 μg/kg body weight, ip) or an identical 
volume of vehicle once every day from 3 weeks of age to the 
end of the experiment.  Mice were sacrificed by injection of 
excess pentobarbital sodium at 3 months of age.  The study 
protocol was approved by the Institutional Committee for the 
Ethics of Animal Care and Treatment.

Bronchoalveolar lavage fluid (BALF)
Mice were anesthetized and the lungs were lavaged with 0.6 
mL of ice-cold phosphate balance solution (PBS).  BALF was 
centrifuged at 100×g for 15 min at 4 ºC.  The supernatant was 
decanted and stored at ­­–80 ºC for further analysis.

Measurement of lung histology and morphometry
Animals were anesthetized and the lungs were perfused with 
4% neutral buffered formalin for 20 min (n=6 in each group) 
via the tracheal cannula at an airway pressure of 25 cm H2O[14].  

The fixed lungs were embedded in paraffin, sectioned, and 
stained with hematoxylin and eosin (HE) for histological 
analyses.  The average distance between alveolar walls and 
the mean linear intercept (Lm) were calculated according to 
established methods[15].  Briefly, Lm was calculated as the total 
length of each line of the grid using a 100 μm×100 μm grid 
passing randomly through the lung and divided by the num-
ber of alveolar intercepts.  For each pair of lungs, 6 histologi-
cal fields were evaluated.  Lung sections were processed for 
terminal deoxynucleotidyl transferase dUTP nick end labeling 
(TUNEL) assay using an in situ cell death detection kit.  

Assay of lipid peroxides
MDA was measured using an MDA assay kit from Nanjing 
Jiancheng Bioengineering Institute according to the manufac-
turer’s instructions[16].

ELISAs for cytokines in BALF
The concentrations of IL-17A, IL-23, IL-6, and TGF-β1 in BALF 
were detected using ELISA kits in accordance with the manu-
facturer’s instructions.
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Preparation of single-cell lung suspensions
Single-cell suspensions were prepared from the right lung, 
as previously described[17].  Briefly, the lung vasculature of 
anesthetized mice was perfused with PBS until free of blood.  
The lung was minced; digested with 1 mL digestion medium 
consisting of RPMI-1640, 1 mg/mL collagenase type 2 (Roche 
Diagnostics; Indianapolis, IN, USA) and 0.02 mg/mL DNase I 
(grade II from bovine pancreas) for 60 min at 37 ºC; subjected 
to red blood cell lysis (eBioscience); passed through a 100 μm 
cell strainer; and kept on ice until labeling.

Flow cytometry
The Th1/Th2 mouse T cell subpopulations in single-cell lung 
suspensions were labeled with FITC-conjugated anti-CD4, PE-
conjugated anti-IFN-γ, and Alexa 647-conjugated anti-IL-13 
antibodies.  Th1 and Th2 cells were defined as CD4+ IFN-γ+ 
cells and CD4+ IL-13+ cells, respectively.  Similarly, regulatory 
T cells (Tregs) were labeled with FITC-conjugated anti-CD4 
and PE-conjugated anti-CD25 antibodies and were defined as 
CD4+ CD25+ cells; Th17 cells were labeled with FITC-conju-
gated anti-CD4 and PE-conjugated anti-IL17 antibodies and 
were defined as CD4+ IL-17+ cells.

Surface molecule expression of single-cell lung suspensions 
was analyzed using multicolor flow cytometry, as previously 
described[18].  Briefly, single-cell lung suspensions were sus-
pended in cold PBS containing 3% FBS and 0.02% NaN3.  The 
cells were then incubated with a mixture of rat and mouse IgG 
(1:1) to reduce nonspecific binding, followed by serial incuba-
tions with saturating concentrations of FITC-conjugated mAb 
and/or PE-conjugated mAb for 1 h at 4 °C.  Isotype-matched 
mAbs were used in control samples.  After incubation, 20,000 
stained cells were analyzed using CellQuest software (BD Bio-
sciences, Sparks, MD, USA).  In addition, the levels of various 
cytokines, such as IFN-γ, IL-13, and IL-17, were determined by 
an intracellular staining method, as previously described[19].  
The cells were fixed (2% paraformaldehyde), permeabilized 
(0.5% saponin or methanol), and stained with PE-, Alexa 647-, 
or PE-conjugated mAbs specific for IFN-γ, IL-13, and IL-17, 
respectively, or isotype-matched mAb.  The fluorescence data 
were collected and analyzed as described above.  

Western blot analysis
Cytoplasmic and nuclear proteins were extracted from 
mouse lungs, and Western blots were performed as previ-
ously described[20].  Briefly, protein extracts were resolved on 
10% SDS-PAGE.  Immunoblot analysis was performed with 
enhanced chemiluminescence reagents (Amersham Pharmacia 
Biotech, Chicago, IL, USA).  

Statistical analyses
Data were expressed as means±SD.  Statistical analyses were 
performed with SPSS 13.0 using paired-samples t-tests or non-
parametric tests.  For the therapeutic study, one-way ANOVA 
analysis was performed to assess data differences among vari-
ous groups.  Differences were considered significant at a level 

of P<0.05.

Results
TLR4 mutation enhances apoptosis and oxidative stress in the 
lungs
Different strains of TLR4-mutant mice (C3H/HeJ, C57BL/ 
10ScNJ, and C57BL/6J backgrounds) all have been shown 
to exhibit increased lung volumes at 3 months of age, which 
indicates that the observed phenotypes were independent of 
strain[7].  In this study, C3H/HeJ TLR4mut mice were used to 
investigate the mechanisms underlying the development of 
TLR4mut-induced spontaneous emphysema.  The lungs of TLR-
4mut mice showed destruction of the alveolar architecture and 
enlargement of the air spaces at 3 months of age but not at 0.5 
or 1 month of age (Figure 1A).  Also, the morphometric quan-
titation of airspace enlargement revealed that Lm was larger in 
TLR4mut mice than in WT mice at 3 months of age (66.12±2.61 
μm νs 55.81±3.93 μm, P<0.05), but there were no differences 
between the lungs of WT and those of TLR4mut mice at either 
0.5 or 1 month of age (Figure 1B).  In addition, compared with 
WT mice, TLR4 mutation increased the number of TUNEL+ 
(blue-green) cells and the levels of MDA in the lungs at 3 
months of age (5.09%±1.11% νs 1.92%±1.01%, P<0.01, and 
0.74±0.11 nmol·mg-1 protein νs 0.47±0.15 nmol·mg-1 protein, 
P<0.01, respectively) (Figures 1C and 1E).  Also, the expression 
of cleaved caspase 3, which contributes to cellular apoptosis, 
was enhanced in the lungs of TLR4mut mice (Figure 1D).  These 
results indicate that TLR4 mutation causes pulmonary emphy-
sema in mice at 3 months of age, which is consistent with the 
report from Zhang et al[7].  Therefore, three-month-old TLR4mut 
mice were used as our model of spontaneous emphysema for 
further studies.

Th2, Th17, and Th17-associated cytokines are attenuated in the 
lungs of TLR4mut mice
TLR activation regulates the maturity of DCs, which prime 
naïve T cells to determine their polarization into Th1, Th2, 
Treg or Th17 cells[21].  Th1 cells primarily secrete IL-1, IL-2, 
IL-12, IL-15, IL-18, IFN-γ, and TNF-α; Th2 cells mainly secrete 
IL-4, IL-5, IL-6, IL-13; Treg cells principally secrete IL-10 and 
TGF-β; and Th17 cells predominantly secrete IL-17, IL-6, TNF-
α, and IL-22[10].  TLR4 mutation has been shown to reduce the 
activity of antioxidants and enhance the activity of Nox3 and 
the production of ROS[7], which contribute to T cell polariza-
tion by changing the redox status[11]; our results indicate that 
the numbers of CD4+IL-17+ Th17 cells and CD4+IL-13+ Th2 
cells were decreased in the lungs of 3-month-old TLR4mut 
mice (2.49%±1.13% νs 5.26%±1.39%, P<0.01, and 6.25%±4.62% 
νs 13.1%±4.07%, P<0.05, respectively; Figures 2A and 2C).  
However, TLR4 mutation did not change the number of 
CD4+CD25+ Treg cells or CD4+IFN-γ+ Th1 cells (Figures 2B, 
2D).

The development and differentiation of Th17 cells are regu-
lated by many cytokines, such as IL-6, transforming growth 
factor (TGF)-β1, IL-23, IL-21, and IL-1.  In particular, syner-
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gistic activation of TGF-β1 and IL-6 can effectively induce the 
differentiation of naïve CD4+ T cells into highly pathogenic 
Th17 cells, while IL-23 is considered to play a vital role in 
the generation of Th17 cells, which can mediate the immune 
response[22].  Compared with WT mice, TLR4mut mice contained 
lower levels of IL-17A (Figure 2E), IL-23 (Figure 2F), and 
IL-6 (Figure 2H) in the BALF at 3 months of age (3.66±0.99 
pg/μg νs 10.67±1.65 pg/μg, 12.43±1.28 pg/μg νs 28.71±2.57 
pg/μg, and 51.82±5.45 pg/μg νs 92.73±10.91 pg/μg, respec-
tively, P<0.01), while they displayed higher levels of TGF-β1 
(168.18±9.09 pg/μg νs 102.27±6.82 pg/μg, P<0.05; Figure 2G).  
These results indicate that the infiltration of Th17 cells and the 
production of Th17-associated cytokines were attenuated in 
TLR4mut mice at 3 months of age.

TLR4 mutation reduces phosphorylation of p38 MAPK and the 
expression of AP-1
TLR4mut mice have been shown to be characterized by reduced 
antioxidant activity and enhanced Nox3 expression and ROS 
production[7].  Oxidative stress plays a fundamental role in 
the induction of inflammation through the upregulation of 

redox-sensitive protein kinases and transcription factors, such 
as MAPK, AP-1, and NF-κB, which are also the downstream 
signaling molecules of IL-17A[23].  Thus, we examined the 
changes in the levels of these signaling molecules in the lungs 
of 3-month-old TLR4mut mice.  Compared with WT mice, TLR4 
mutation inhibited the phosphorylation of p38 MAPK in the 
lungs (0.27±0.09 fold of WT levels, P<0.01; Figure 3A) but did 
not affect the phosphorylation of ERK and JNK kinases in 
the lungs (Figures 3B and 3C).  In addition, TLR4 mutation 
decreased the expression of AP-1 in the lungs (0.51±0.08 fold 
of WT levels, P<0.05; Figure 3E) but did not affect the phos-
phorylation of IκB and NF-κB in the lungs (Figures 3D and 
3F).  These results indicate that TLR4 mutation results in a 
reduction in p38 MAPK phosphorylation and AP-1 expression.

IL-17A administration ameliorates TLR4mut-induced pulmonary 
emphysema
To restore the effects caused by Th17 cells, TLR4mut mice were 
administered mouse IL-17A.  As expected, IL-17A reduced 
the TLR4mut-induced destruction of the normal alveolar 
architecture and enlargement of the air spaces distal to the 

Figure 1.  TLR4 mutation caused 
spontaneous pulmonary emphy
sema in mouse.  (A) Representa
tive histological images of lung 
sections from the indicated ages 
of WT or TLR4mut mice (HE stain
ing) (n=6).  Original magnification, 
×100.  Scale bar, 100 μm.  (B) 
TLR4 mutat ion enhanced the 
mean l inear intercept (Lm) of 
mice.  Lm was the total length of 
each line of the grid which was 
divided by the number of alveolar 
intercepts.  (C) TLR4 mutation 
increased the TUNEL+ apoptotic 
cells in lung tissues.  The left panel 
showed the representative merged 
images of lung sections stained 
with TUNEL (green) and DAPI (blue).  
Arrows indicate representative 
TUNEL+ (blue-green) cells.  Original 
magnification, ×400.  The right 
panel showed the summary of 
TUNEL+ apoptotic cells (n=6).  (D) 
TLR4 mutat ion resulted in an 
enhanced expression of cleaved 
caspase-3 detected by Western 
blot.  Data are representative 
immunoblots of three independent 
experiments (n=4/group/experi
ment).  (E) TLR4 mutation enhanc
ed the levels of MDA in the lungs of 
3-month-old  mice (n=6).  Data are 
means±SD.  bP<0.05, cP<0.01 νs 
WT mice.
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terminal bronchioles, and it also decreased Lm (Figures 4A, 
4C), TUNEL+ apoptotic cells (Figures 4B, 4D) and the levels 
of MDA (Figure 4E) in the lungs.  To evaluate the effective-
ness of IL-17A treatment, we examined the infiltration of Th2 
cells and Th17 cells into the lungs and the levels of IL-17A, 
IL-23, IL-6, and TGF-β1 in the BALF of TLR4mut mice.  IL-17A 

administration enhanced the production of IL-17A (Figure 
5A), IL-23 (Figure 5B), and IL-6 (Figure 5C) (14.58±1.31 pg/μg 
νs 3.56±1.50 pg/μg, P<0.001; 25.30±8.22 pg/μg νs 16.33±5.58 
pg/μg, P<0.05; and 129.6±10.87 pg/μg νs 57.6±3.66 pg/μg, 
P<0.01, respectively) but did not enhance the levels of TGF-
β1 (Figure 5D).  Additionally, IL-17A treatment increased 

Figure 2.  TLR4 mutation regulated the polarization of T cells and the production of cytokines in the lung.  Lung single-cell suspensions were prepared 
with lung tissues from the 3-month-old WT or TLR4mut mice and analyzed with flow cytometry.  (A–D) TLR4 mutation reduced the counts of Th17 cells 
(CD4+IL-17+) (A) and Th2 cells (CD4+IL-13+) (C) but did not change the counts of Th1 cells (CD4+IFN-γ+) (B) and Treg cells (CD4+CD25+) (D).  Data are 
means±SD (n=6).  (E–H) TLR4 mutation reduced the levels of IL-17A (E), IL-23 (F), and IL-6 (H) but enhanced the levels of TGF-β1 (G) in the BALF.  Data 
are means±SD of 3 independent experiments.  bP<0.05, cP<0.01 νs WT mice.
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Th17 cell infiltration (5.77%±2.91% νs 2.49%±1.13%, P<0.05;  
Figure 5E), but it did not significantly enhance Th2 cell infil-
tration (Figure 5F).  Furthermore, IL-17A treatment reversed 
TLR4mut-reduced phosphorylation of p38 MAPK (Figure 5G) 
and expression of AP-1 (Figure 5H) in the lungs of 3-month-
old TLR4mut mice (1.06±0.08 fold higher than WT νs 0.27±0.09 
fold of WT levels, P<0.01 and 2.34±0.24 fold higher than WT 
νs 0.51±0.08 fold of WT levels.  P<0.01, respectively).  These 
results indicate that treatment of TLR4mut mice with IL-17A 
ameliorates pulmonary emphysema though restoration of 
Th17 cell infiltration and enhancement of IL-17-associated sig-
naling.

Discussion
In this study, we observed that TLR4 mutation results in age-
dependent development of spontaneous pulmonary emphy-
sema in 3-month-old mice, which is consistent with the report 
by Zhang et al[7].  The progression of emphysema in TLR4-
mutant mice is akin to the progression of emphysema that 
develops in humans.  Therefore, spontaneous emphysema in 
TLR4-mutant mice is an excellent model for investigating the 
pathogenesis of emphysema.  Emphysema is considered an 
autoimmune disease[8], while IL-17 has been demonstrated 
to play vital roles in autoimmune diseases as a major pro-
inflammatory mediator that promotes the production of 
many chemokines, cytokines, and growth factors[24].  Thus, it 
is important to provide evidence to establish whether there 
is a relationship between Th17 cells or IL-17 cytokines and  
TLR4mut-induced emphysema.  Our studies demonstrate that 

infiltration of Th17 cells and expression of IL-17 are attenuated 
in the lungs of 3-month-old TLR4mut mice with emphysema, 
and the p38 MAPK and AP-1 pathways are inhibited in the 
lung tissue of TLR4mut mice with emphysema.  Moreover, 
administration of recombinant mouse IL-17A resulted in res-
toration of Th17 cell infiltration and enhanced IL-17A, IL-23, 
and IL-6 expression, which reversed the attenuated phos-
phorylation of p38 MAPK and expression of AP-1, decreased 
the levels of MDA, inhibited cellular apoptosis, and reversed 
TLR4mut-induced pulmonary emphysema.  However, although 
the infiltration of Th2 cells was attenuated in the lungs of 
3-month-old TLR4mut mice with emphysema, administration of 
recombinant mouse IL-17A did not raise the levels of infiltrat-
ing Th2 cells into the lungs.  Our findings indicate that Th17 
cells, and in particular the cytokine IL-17A secreted from these 
cells, play a crucial role in lung epithelia integration during 
animal development, suggesting that Th17 cells and IL-17A-
associated signaling pathways are potential targets for novel 
pulmonary emphysema therapies.

The mechanism governing the enhanced expression of 
IL-17A and Th17-associated cytokines after administration of 
IL-17A is associated with an increase in lung-infiltrating Th17 
cells.  TGF-β1 and IL-6 have been shown to be required for the 
differentiation of naïve T cells into Th17 cells in mice[22], while 
IL-23 has been shown to stabilize and expand the population 
of Th17 cells[25].  In TLR4mut mice, the expression levels of IL-17, 
IL-6 and IL-23 in the lungs are all depressed, which results 
in an attenuation of the lung-infiltrating Th17 cells.  A previ-
ous study indicated that IL-17 is an important inducer of IL-6 

Figure 3.  TLR4 mutation regulated the phosphorylation of p38 MAPK and the expression of AP-1.  The lung extracts were prepared with the lung tissues 
obtained from the 3-month-old WT or TLR4mut mice.  The expression and phosphorylation of the MAPKs-NF-κB signaling molecules were detected by 
Western blotting with specific antibodies as indicated.  Bands were quantified and presented as fold-difference compared with that of WT mice.  (A) The 
expression and phosphorylation of p38 MAPK were reduced in the lungs from 3-month-old TLR4mut mice.  (B–D) The phosphorylation of ERK kinases (B), 
JNK kinases (C) and IκB (D) in the lungs from 3-month-old TLR4mut mice had no significant change compared with WT mice.  (E) TLR4 mutation reduced 
the expression of AP-1 in the lungs from 3-month-old mice.  (F) TLR4 mutation did not change the phosphorylation of NF-κB p65 in the lungs.  Data are 
representatives of three independent experiments with identical results.  bP<0.05, cP<0.01 νs WT mice.
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expression[26]; our recent work showed that IL-17A directly 
induces the expression of TGF-β1 (Mi et al, unpublished obser-
vations).  In our current study, we found that administration 
of IL-17A recovers the expression of IL-6 and IL-23 in the 
lungs of TLR4mut mice.  Indeed, Mudter et al found that over-
expression of IRF4 using retroviral infection induces IL-17 
production and that IL-17 together with IL-6 induces RORγt 
expression, thereby controlling Th17-dependent colitis[27].

Our findings have been supported by other studies as well.  
Inoue et al have reported that IL-17A can stimulate keratino-
cytes to produce vascular endothelial growth factor (VEGF), 
granulocyte-macrophage colony-stimulating factor (GM-CSF), 
TNF-α, IL-8, and CXCL10 and subsequently promote the 
growth and repair of airway epithelial cells[13].  Additionally, 

up-regulation of IL-17A has been demonstrated to induce the 
process of tissue fibrosis, which is opposite to the process of 
emphysema, in chronic periodontitis sites, heart, skin and 
lungs[28, 29].  However, there have also been some reports that 
are opposed to the above-mentioned results regarding the 
association between IL-17A and emphysema.  Others have 
indicated that airway infiltration of CD4+CCR6+ Th17 cells 
are associated with chronic cigarette smoke induced airspace 
enlargement[30, 31].  Four-month exposure to smoke, a major 
stimulator of emphysema, can induce significant increases 
in IL-17 levels in the pulmonary airway[32].  These studies 
indicate that the physiological concentration of IL-17A is a 
critical factor for lung epithelial development and for tissue 
repair or regeneration after tissue injury.  However, excessive 

Figure 4.  Treatment of TLR4mut mice with IL-17A ameliorated spontaneous pulmonary emphysema.  (A) IL-17A ameliorated alveolar enlargement and 
Lm of lung tissue in TLR4mut mice.  Left panel, the alveolar enlargement was detected with histological analysis lung sections by HE staining (n=6).  
Original magnification, ×100.  Scale bar, 100 μm.  (B) Treatment with IL-17A decreased the TUNEL+ apoptotic cells in the lungs.  The panel showed the 
representative merged images of lung sections stained with TUNEL (green) and DAPI staining (blue).  Arrows indicate representative TUNEL+ (blue-green) 
cells.  Original magnification, ×200.  (C) The summary of Lm.  (D) The summary for the number of TUNEL+ cells in lungs.  (E) IL-17A treatment reduced 
the levels of MDA in the lungs from 3-month-old TLR4mut mice (n=6).  Data are means±SD (n=6).  bP<0.05, cP<0.01 νs WT mice; eP<0.05, fP<0.01 νs 
TLR4mut mice.
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expression levels of IL-17A (plus other inflammatory factors, 
such as TGF-β1) can result in tissue fibrosis and even organ  
dysfunction.  

The attenuation of Th17 cells and IL-17A-associated factors 
is mainly due to a mutation in TLR4 signaling.  Indeed, there 

are a number of studies that have indicated a regulatory role 
for TLR4 activation in the development of Th17 cells and the 
production of Th17-associated cytokines.  Under physiological 
conditions, basal activity of TLR4 induced by damage-asso-
ciated molecular pattern molecules, such as myeloid-related 

Figure 5.  Administration with IL-17A reversed TLR4mut-reduced IL-17A, Th17, and the phosphorylation of p38 MAPK and expression of AP-1 in the lungs.  
The TLR4mut mice were administered with mouse IL-17A as described in the Methods section.  (A–D) Treatment with IL-17A enhanced the levels of IL-17A 
(A), IL-23 (B), and IL-6 (C), but did not enhance the levels of TGF-β1 (D) in the BALF of TLR4mut mice (n=6).  (E–F) Treatment of mice with IL-17A increased 
the infiltration of Th17 cells into the lungs from TLR4mut mice.  Flow cytometry was used to analyze the levels of Th17 cells (CD4+IL-17+, E) and Th2 
cells (CD4+IL-13+, F) in the lung single-cell suspensions prepared from the lung tissues of 3-month-old WT or TLR4mut mice (n=6).  (G–H) Administration 
of IL-17A reversed the TLR4mut-reduced phosphorylation of p38 MAPK and expression of AP-1 in the lungs.  Mouse IL-17A treatment enhanced the 
phosphorylation of p38 MAPK (G) and the expression of AP-1 (H) in the lungs from the 3-month-old TLR4mut mice.  The tissue extracts were prepared 
with the lung tissues obtained from the 3-month-old WT or TLR4mut mice.  The phosphorylation of p38 MAPK and expression of AP-1 were detected by 
Western blotting with indicated antibodies.  Bands were quantified and presented as fold-difference of that of WT mice (n=3).  Data are means±SD.  
bP<0.05, cP<0.01 νs WT mice; eP<0.05, fP<0.01 νs TLR4mut mice.
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protein-8 (Mrp8) and Mrp14, is required for Th17-induced 
protective immunity that contributes to the defense against 
infection and the repair of slight tissue injury[33, 34].  Under 
infectious conditions, pathogens induce a higher level of Th17-
associated factors, such as IL-17, IL-1β, pSTAT3, and RORγt, 
through activation of TLR4[35].  Indeed, TLR4 activity has been 
shown to be required for gram-negative bacterial pneumonia-
induced IL-17 production[36] and for the mycobacterium tuber-
culosis-induced IL-17A response[37].  TLR4-mutant mice dis-
play lower expression levels of IL-1β, TNF-α, IFN-γ, IL-17, and 
IL-23 in the lungs after vaccination with pertussis vaccines[38].  
Interestingly, TLR2-promoted Th2/Th17 responses are caused 
by activation of TLR4 and TLR7/8 and subsequent abroga-
tion of the type I IFN amplification loop[39].  However, further 
investigations are needed to fully understand the mechanisms 
concerning how TLR4 activity regulates the development of 
Th17 cells and the production of Th17-associated factors.

In summary, our current study indicates that Th17 cells 
and IL-17A-associated signaling molecules play a crucial role 
in TLR4mut-induced spontaneous pulmonary emphysema.  
Importantly, treatment of TLR4-mutant mice with exogenous 
IL-17A enhanced the phosphorylation of p38 MAP kinase and 
the expression of AP-1 and subsequently decreased apoptosis 
levels and reversed TLR4mut-induced pulmonary emphysema.  
Our study highlights the fact that Th17 cells and IL-17A-
associated signaling molecules are potential targets for the 
development of therapeutic strategies against pulmonary 
emphysema.  
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Introduction
Hepatocellular carcinoma (HCC) is the third most common 
cause of cancer-related death worldwide[1, 2].  The increasing 
incidence and poor prognosis of hepatocellular carcinoma[3] 
emphasize a need to develop effective chemoprevention for 
this disease.  In recent years, many biological factors with 
potential prognostic significance for HCC have been associ-
ated with the invasiveness, metastasis, recurrence, and sur-
vival of HCC[4].

Autotaxin (ATX), discovered in human melanoma cells, 
was identified as a gene with enhanced mRNA expression in 
human hepatitis associated HCC[5].  ATX was initially char-
acterized as an autocrine motility factor found in conditioned 
medium from A2058 melanoma cells[6].  Since then, it has been 
shown that ATX is an important mediator of tumorigenesis 
that stimulates angiogenesis, survival, growth, migration, and 
invasion of tumor cells[7–9].  The impact of ATX on cancer biol-

ogy is mostly due to its intrinsic lysophospholipase activity, 
through which it hydrolyzes lysophosphatidylcholine (LPC) 
into lysophosphatidic acid (LPA).  ATX plays an important 
role in inflammation related liver tumorigenesis, and aberrant 
ATX expression may lead to altered LPC/LPA balance and 
thus changes in their receptor-mediated functions, resulting in 
enhanced tumor progression[10].

LPA acts through the G-protein coupled EDG (endothelial 
differentiation gene) receptors to modulate cell motility.  EDG 
receptor signal transduction is associated with a number of 
physiologic and pathophysiological effects.  In the context 
of cancer, the pathophysiological effects of LPA include 
stress fiber formation, membrane ruffling, and lamellipodia 
formation[9], which have been linked to the malignant pheno-
type.  

Cholera toxin (CT) is the major virulent factor of Vibrio chol-
erae and is the most recognizable enterotoxin causing diarrhea, 
second only to cardiovascular disease as a cause of death[11].  It 
is known to bind with high affinity to monosialoganglioside 
(GM) on the cell surface and stimulate ADP-ribosylation of 
the stimulating G protein of adenylate cyclase, G stimulatory, 
resulting in accumulation of cellular cAMP[12, 13].  CT has been 
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assay.  ATX expression was determined using Western blot.  ATX/lyso-PLD activity in the conditioned medium was measured using FS-3, 
a fluorescent lysophosphatidylcholine (LPC) analogue, as substrate.
Results: Exposure to CT (7.5 and 10 ng/mL) significantly inhibited the cell growth, decreased secretion of proinflammatory cytokine 
TNF-α and promoted secretion of anti-inflammatory cytokines IL-4 and IL-10.  CT at 10 ng/mL markedly suppressed ATX expression in 
Hep3B and Huh7 cells.  Furthermore, ATX and lysophosphatidic acid (LPA) were found to be crucial for growth of the cancer cells.  CT 
could inhibit TNF-α-induced expression and secretion of ATX that led to decreased activity of lysophospholipase D, thus decreasing the 
conversion of LPC to LPA.
Conclusion: CT inhibits hepatocellular carcinoma cell growth in vitro via regulating the ATX-LPA pathway.    
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reported to modulate cellular function, including modifica-
tion of cell growth.  For example, CT stimulates the growth 
of cultured human mammary epithelial cells[14] and epithelial 
cells from normal human bronchus[15] in the presence of serum 
or growth factors.  In contrast, it has also been shown that CT 
influences the proliferation of hormone-dependent rat mam-
mary cancer cells[16] and human small-cell lung cancer cells[17].  
Although the mechanism behind CT-induced cellular events is 
not definitively known at present, it is believed that increased 
intracellular cAMP is a participating element.  However, Vial-
let et al have reported that elevation of cellular cAMP alone 
could not account for CT-induced growth inhibition of human 
small-cell lung cancer[17].  Moreover, the effect of CT on hepa-
tocellular carcinoma remains unclear.

In this study, we examined the direct anti-proliferative 
effects of CT on the human hepatocellular carcinoma cell lines, 
Hep3B and Huh7, and the indirect effects of CT on cell growth, 
through regulation of proinflammatory cytokine secretion and 
the ATX/LPA axis in HCC cells.  

Materials and methods
Reagents
CT was purchased from Sigma Chemical Co (St Louis, MO, 
USA).  The polyclonal antibody against ATX was generated 
in rabbits as previously described[18].  ATX activity assay 
reagents were from Echelon Biosciences, Inc (Salt lake City, 
UT, USA).  Fatty acid-free bovine serum albumin (BSA) was 
from Calbiochem-Novabiochem Co (San Diego, CA, USA).  
LPC (1-oleoyl) was obtained from Avanti Polar Lipids, Inc 
(Alabaster, AL, USA).  Ki16425 was from Cayman Chemical 
(Ann Arbor, MI, USA).

Cell lines and cell culture
The human hepatocarcinoma cell line Hep3B was purchased 
from ATCC (HB-8064TM).  The human hepatoma Huh-7 cell 
line was purchased from Japanese Collection of Research 
Bioresources (Tokyo, Japan; JCRB0403).  All cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-
Aldrich, St Louis, Mo, USA) supplemented with 10% (v/v) 
fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS, USA).  
All cultured cells were incubated at 37 °C in a humidified 
atmosphere containing 5% CO2.  Cells were serum-starved 
overnight and then treated with CT.  Total RNA was extracted 
or cell lysate was prepared after stimulation for the indicated 
time.

Proliferation assay
Cell proliferation was evaluated by 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.  Cells 
were seeded at a density of 5×103 cells per well in 96-well 
plates, and the cells were treated with reagents at different 
concentrations for 72 h.  Four hours prior to reading the plates, 
MTT was added under sterile conditions, and the cells were 
returned to the incubator.  After incubation, the plates were 
read in an enzyme-linked immunosorbent assay (ELISA) plate 
reader at absorbance measurements of 570 nm.  Each experi-

ment was performed in six replicate wells and independently 
repeated four times.

[3H]-TdR incorporation in Hep3B or Huh7 cells was per-
formed in 96-well microtiter plates.  After 48 h in culture, 1 
pCi of [6-3H]thymidine (Amersham, Buckinghamshire, UK) 
was added for 6 h.  At the end of the incubation period, cells 
were procured on filters, and the incorporated radioactivity 
was counted.

siRNA transfection 
The human hepatocarcinoma cell lines Hep3B or Huh7 were 
plated on 6-cm dishes.  Sixteen hours later, siRNAs (final 
concentration of 3 nmol/L) were added to the cells using an 
RNAiMAX reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s instructions, and the cells were 
further cultured for 24 h.  The ATX messenger RNA (mRNA) 
level was measured using real-time TaqMan technology.  A 
cell proliferation assay was performed after 24 h of serum 
starvation, as described previously.  The siRNAs for ATX 
(siATX, L-019059), LPA1 (siLPA1, L-003656), LPA2 (siLPA2, 
L-004602), LPA3 (siLPA3, L-004895), and non-silencing RNA 
(NS, D-001810-10) were obtained from Dharmacon (Lafayette, 
CO, USA).  

Quantitative real time RT-PCR (qRT-PCR)
Total RNA was isolated from cells using the RNeasy kit, fol-
lowing the manufacturer’s instructions (QIAGEN, Valencia, 
CA, USA).  Total RNA (2 µg) was reverse-transcribed in a 
total reaction volume of 20 µL using the high capacity cDNA 
reverse transcriptase kit (Applied Biosystems, Foster City, 
CA, USA) as described by the manufacturer.  Single stranded 
cDNA products were then analyzed by real-time PCR using 
standard commercially available TaqMan probes for ATX 
(Hs00196470_m1).  The amount of target gene was normal-
ized to the internal standard 18S rRNA (Hs99999901_s1) and 
reported as a relative value.  

Cytokine concentration assay 
Cytokine concentrations were determined using commercially 
available enzyme-linked immunosorbent assay (ELISA) kits.  
TNF-α, IL-4, and IL-10 secretion from Hep3B and Huh7 cells 
was determined by studies to measure their biological activity 
and by an ELISA assay.  To measure the biological activity of 
these cytokines, Hep3B and Huh7 cells were plated at a con-
centration of 5×103 cells/well in 96-well plates, and the cells 
were treated with CT at different concentrations.  After 12 h of 
incubation, TNF-α, IL-4, and IL-10 levels were determined by 
Quantikine high-sensitivity ELISA kits (R&D Systems; Minne-
apolis, MN, USA), which were used according to the manufac-
turer's instructions.  

Preparation of conditioned media and cell lysates and immuno
blot analysis
Conditioned media were prepared by incubating 80% conflu-
ent cells in dishes for 24 h in serum-free DMEM containing 
0.1% fatty acid-free BSA.  Media were harvested, clarified 
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by centrifugation, and filtered through a 0.22-µm filter.  The 
media were concentrated by Amicon Ultra-15 Centrifugal 
Filter Units before being used for immunoblot analysis.  At 
the same time, total cell lysates were prepared from cell mono-
layers incubated in RIPA buffer [50 mmol/L Tris-HCl, pH 
7.4; 150 mmol/L NaCl; 2 mmol/L EDTA, 1 mmol/L sodium 
orthovanadate, 1% Nonidet P40; 1% sodium deoxycholate; 
0.1% sodium dodecylsulfate (SDS), 2 mmol/L phenylmethyl-
sulfonyl fluoride (PMSF), and protease inhibitor cocktail].  Fif-
teen micrograms of total cellular protein was resolved by SDS-
PAGE.  Blots were probed with appropriate antibodies.  Anti-
β-actin was used as a loading control.

ATX/lyso-PLD activity assay
The conditioned serum-free medium from Hep3B and Huh7 
cells stimulated with reagents was concentrated (40-fold) 
using Amicon Ultra 50000 (Millipore).  DMEM without cells 
was used as a control.  ATX/lyso-PLD activity in concentrated 
conditioned medium was analyzed using the fluorogenic sub-
strate FS-3 according to the manufacturer’s protocol.  Briefly, 
10 µL concentrated medium was mixed with 5 µmol/L FS-3 
and assayed in a 96-well plate.  Changes in fluorescent inten-
sity were measured with a SpectraMax Gemini EM Fluores-
cence Microplate Reader (Molecular Devices, Sunnyvale, CA, 
USA) with excitation and emission wavelengths of 485 and 
525 nm, respectively.

Lipid extraction and analysis
Lipids were extracted from conditioned media and analyzed 
using LC-MS (API-4000, Applied Biosystems)[18, 19].  Briefly, 
conditioned media were incubated with 15 µmol/L LPC 
for 3 h at 37 °C.  Samples (1.3 mL) were mixed with 3 mL of 
MeOH/chloroform (2:1) following the addition of 10 µL of 
LPA (1 µmol/L) as an internal standard and 10 µL of HCl (6 
mol/L).  The samples were vortexed for 1 min and incubated 
on ice for 10 min.  Chloroform (1 mL) and PBS (1×) (0.5 mL) 
were added to separate the phases, and samples were vor-
texed for 1 min prior to centrifugation (1750×g for 10 min, at 
10 °C).  The lower phase was transferred to a new glass tube.  
The upper phase was re-extracted using 2 mL chloroform and 
combined with the lower phase.  After the solvent was evapo-
rated under nitrogen at room temperature, the dried lipids 
were re-extracted using 2 mL chloroform and combined with 
the lower phase.  After evaporating the solvent under nitrogen 
at room temperature, the dried lipids were re-suspended in 
100 µL of MeOH and 10 µL of sample, respectively, and sub-
sequently used for mass spectrometry (MS) analyses.  Typical 
operating parameters for MS were as follows: nebulizing gas 
(NEB) 15, curtain gas (CUR) 8, collision-activated dissociation 
(CAD) gas 35, electro-spray voltage 5000 with positive-ion 
MRM mode, and a heater temperature of 500 °C.  Precursor 
mode 153 was set as the daughter ions of LPA.  The dwell 
time in the MRM mode was 75 ms.  A TARGA C18 5 µmol/L, 
2.1 mm id×10 mm TR-0121-C185 (Higgins Analytical, South-
borough, MA, USA) HPLC column was used for the separa-

tion of different phospholipids and for the detection of LPAs.  
The mobile phase A was MeOH/water/NH4OH (90:10:0.1, 
v/v/v).  The HPLC separations were performed at 12 min/
sample using the following scheme: 1) 100% A for 3 min with 
a flow rate of 0.2 mL/min; 2) the mobile phase was changed 
from 100% A to 100% B for 2 min with a flow rate from 0.2 to 
0.8 mL/min; 3) a constant flow rate of 0.8 mL/min for 5 min; 
4) the mobile phase was changed from 100% B to 100% A for 1 
min with a flow rate from 0.8 to 0.2 mL/min; and 5) a constant 
flow rate of 0.2 mL/min for 1 min.

Statistical analysis
All data are presented as mean±SD.  Statistical significance 
between two groups was determined by Student’s t test.  P 
values of <0.05 were considered statistically significant.  

Results
Inhibition of Hep3B and Huh7 cell proliferation by CT
To examine the effect of CT on proliferation of Hep3B and 
Huh7 cells, three doses of CT were tested.  As shown in Fig-
ure 1, CT dose-dependently inhibited cell growth in both cell 
lines significantly.  The inhibitory effect of CT was most pro-
nounced in Hep3B cells (approximately 80% growth inhibition 
at the highest CT dose tested) but was also strong in Huh7 
cells (approximately 70% growth inhibition at the highest CT 
dose tested).

Figure 1.  Effect of CT on cell proliferation of Hep3B and Huh7 cells.  
Hep3B or Huh7 cells were treated with the indicated doses of CT.  Cells 
were grown for 72 h, and cell growth was measured with (A) MTT staining 
and (B) [3H]-TdR incorporation.  Data are expressed as mean±SD of four 
independent experiments.  cP<0.01 compared with untreated cells (control) 
(paired Student’s t test).
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CT decreases production of the pro-inflammatory cytokine TNF-α 
and increases production of the anti-inflammatory cytokines IL-4 
and IL-10 in Hep3B and Huh7 cells
To evaluate the effect of CT on the production of inflammatory 
cytokines, we measured TNF-α production as a pro-inflamma-
tory marker and IL-4 and IL-10 protein production as anti-in-
flammatory markers by ELISA in Hep3B and Huh7 cells.  The 
addition of CT significantly inhibited TNF-α production in 
both Hep3B and Huh7 cells in a dose-dependent manner, with 
approximately 50% inhibition compared with the control at 
the highest CT dose tested (Figure 2A).  In contrast, CT signifi-
cantly increased IL-4 protein production (approximately 2.5-
fold compared with the control at the highest CT dose tested) 
and IL-10 protein production (approximately 3-fold compared 
with the control at the highest CT dose tested) in both Hep3B 
and Huh7 cells (Figure 2B and 2C). 

CT decreased ATX expression and secretion in Hep3B and Huh7 
cells
The expression of ATX is regulated by growth factors and 
cytokines.  For example, fibroblast growth factor (FGF) and 
epidermal growth factor (EGF) have been shown to induce 
ATX expression, whereas certain cytokines, such as inter-
leukin-4 (IL-4) and interferon-gamma (IFN-γ), decrease the 
expression of ATX mRNA in cultured fibroblast-like synovio-
cytes (SFC)[20], while TNF-α increases the expression of ATX 
mRNA in HCC cells[10].  Also, inflammatory cytokines are 
known to be associated with the inflammation related to liver 
diseases[21].  Here, we examined the effect of CT on the expres-
sion of ATX in human liver cell lines.  As assessed by qRT-
PCR assays, CT treatment decreased ATX mRNA levels more 
than 70% and 80%, at the highest CT dose tested, in Hep3B 
and Huh7 cells, respectively (Figure 3D).  The inhibitory effect 

Figure 3.  CT inhibits ATX expression and secretion in the hepatoma cell lines Hep3B 
and Huh7.  (A) Starved Hep3B or Huh7 cells were treated with CT (10 ng/mL) for 
24 h.  Cell culture medium and cell lysates were collected.  Cell lysates (15 μg) were 
used for immunoblot analysis.  (B) Quantification of ATX expression in cell lysates 
measured by immunoblot analysis.  (C) Quantification of ATX expression in culture 
medium measured by immunoblot analysis.  (D) Effect of CT on the expression 
of ATX mRNA.  Serum starved Hep3B or Huh7 cells were treated with or without 
the indicated dose of CT for 12 h.  Results are the mean±SD from three qRT-PCR 
experiments.  bP<0.05, cP<0.01 compared with untreated cells (control) (paired 
Student’s t test).

Figure 2.  Effects of CT on cytokine secretion.  CT reduced secretion of the pro-inflammatory cytokine TNF-α (A) and increased secretion of the anti-
inflammatory cytokines IL-4 (B) and IL-10 (C).  Levels of TNF-α/IL-4/IL-10 in cell culture medium were measured by ELISA kits after cells were treated 
with CT at doses of 0, 5, 7.5, and 10 ng/mL for 12 h.  Data are expressed as mean±SD of four independent experiments.  bP<0.05, cP<0.01 compared 
with untreated cells (control) (paired Student’s t test).
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of CT on cellular and secreted ATX protein expression was 
further demonstrated by immunoblot analyses (Figure 3A-3C).

ATX is crucial for Hep3B and Huh7 cells proliferation
To determine the relationship between the observed in vitro 
decrease in ATX levels and inhibition of cell proliferation by 
CT, we investigated the role of ATX in tumorigenic growth 
of the human hepatocellular carcinoma cell lines Hep3B and 
Huh7.  As shown in Figure 4, CT significantly inhibited IL-4 
induced cell proliferation and also decreased ATX expression 
in cell lysate.  Moreover, knockdown of ATX in Hep3B and 
Huh7 cells had an anti-proliferative effect, as measured by 
MTT.

Down-regulation of ATX induced by CT is associated with 
decreased lyso-PLD activity and conversion of LPC into LPA 
Being an enzyme with lyso-PLD activity, ATX plays a criti-
cal role in LPA production[22].  To explore whether changes 
in ATX expression induced by CT led to a corresponding 
decrease in ATX/lyso-PLD activity, we collected condi-
tioned medium at different time points from Hep3B and 
Huh7 cells that were treated with TNF-α, CT, both TNF-α 
and CT, or control (0.1% BSA/PBS).  ATX/lyso-PLD activity 
in conditioned medium was measured using the fluorescent 

LPC analogue FS-3 as substrate[23].  After TNF-α stimulation, 
Hep3B and Huh7 cells exhibited about a 1.5-fold and 0.5-fold 
increase in secreted lyso-PLD activity, respectively (Figure 
5A and 5B), indicating that TNF-α was able to increase lyso-
PLD activity in culture medium by inducing ATX expression.  
Conversely, both cell lines treated with CT exhibited about a 
5-fold decrease in secreted lyso-PLD activity compared with 
control and about a 2-fold and 3-fold decrease in secreted lyso-
PLD activity induced by TNF-α, indicating that CT was able 

Figure 4.  ATX is crucial for Hep3B and Huh7 cells proliferation.  (A) Hep3B 
or Huh7 cells were treated with IL-4 (10 ng/mL), CT (10 ng/mL), IL-4 
(10 ng/mL) plus CT (10 ng/mL), ATX siRNA, or ATX siRNA plus IL-4 (10 
ng/mL).  Cells were grown for 48 h, and cell survival was measured with 
MTT staining.  (B) ATX was knocked down by treatment of siRNA against 
ATX.  Expression of ATX was assessed by Western blot. (C) Quantification 
of ATX expression in Hep3B cells treated with siRNA against ATX.  Data 
are expressed as mean±SD of four independent experiments.  cP<0.01 
compared with untreated cells (control) (paired Student’s t test). 

Figure 5.  Down-regulation of ATX induced by CT is associated with 
decreased lysophospholipase D (lyso-PLD) activity, as indicated by 
conversion of LPC into LPA, in Hep3B and Huh7 cells.  Serum starved 
Hep3B or Huh7 cells were treated with TNF-α (10 ng/mL), vehicle (0.1% 
BSA/PBS), CT (10 ng/mL) or CT (10 ng/mL) plus TNF-α (10 ng/mL) for 
24 h.  Hep3B (A) or Huh7 (B) cell medium from different time points 
were concentrated (40-fold) and assayed for ATX activity using the FS-3 
compound.  Results are shown as the average relative fluorescence 
activity±SD from three experiments.  (C) Cell medium was incubated 
with 15 µmol/L LPC for 3 h at 37 °C.  Lipids were analyzed by liquid 
chromatography-mass spectrometry (LC-MS).  Results show the level 
of LPA from three experiments and are presented as mean±SD of four 
independent experiments.  cP<0.01 compared with untreated cells (control) 
(paired Student’s t test).
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to decrease lyso-PLD activity in culture medium by inhibit-
ing ATX expression.  We next examined LPA production by 
incubating the conditioned medium from Hep3B or Huh7 cells 
with 15 µmol/L LPC, a lyso-PLD substrate, followed by liquid 
chromatography/mass spectrometry (LC-MS) analysis.  After 
supplying the cells with ATX substrate (LPC), LPA levels in 
the conditioned medium of Hep3B cells treated with vehicle, 
TNF-α or CT were detected.  TNF-α treatment further elevated 
LPA levels by more than 10-fold, while CT treatment totally 
inhibited LPA levels in the medium.  Also, CT significantly 
inhibited TNF-α mediated induction of LPA levels.  A similar 
effect was observed in Huh7 cells, where TNF-α treatment 
induced an approximately 10-fold increase of LPA genera-
tion (Figure 5C).  Thus, our results demonstrated that secreted 
ATX from Hep3B or Huh7 cells has lyso-PLD activity and 
that TNF-α induces ATX expression, secretion, and lyso-PLD 
activity, resulting in increased extracellular production of LPA 
from LPC.  However, CT treatment had the opposite effect.  

LPA is crucial for Hep3B and Huh7 cells proliferation via LPA 
receptor 1
Finally, we examined the role of LPA receptors in proliferation 
of Hep3B and Huh7 cells.  For this purpose, we treated cells 
with Ki16425, an LPA1 and LPA3 antagonist, or siLPA1, siLPA2, 
or siLPA3, cell viability was assessed by MTT assay.  As shown 
in Figure 6, Ki16425 inhibited cell growth in both cell lines 
in the presence of LPC (1 µmol/L).  Furthermore, expression 
levels of the LPA receptors were altered when cells were 
transfected with siLPA1, targeting LPA1; siLPA2, targeting 
LPA2; or siLPA3, targeting LPA3, in the presence of LPC (1 
µmol/L).  Expression of LPA receptors in Hep3B cells was 
shown in Figure 6A.  Results from MTT assays showed that 
knockdown of LPA1 in Hep3B and Huh7 cells played a role 
in the anti-proliferative effects of LPA (Figure 6).  Therefore, 
LPA1 plays a critical role in HCC cell proliferation.  

Discussion
The experiments presented here demonstrate that CT is an 
inhibitor of cell growth in two human hepatocarcinoma cell 
lines, Hep3B and Huh7.  A low dose of CT (7.5 ng/mL) was 
effective in Hep3B and Huh7, while CT inhibits the growth of 
small-cell lung cancers with an IC50 of 27–242 ng/mL[17].  The 
difference in sensitivity to CT between the cell types may be 
explained by differences in expression of cellular binding sites 
for CT or different levels of ATX, which plays an important 
role in liver tumorigenesis.

Cytokines play a major role in promoting the growth and 
metastatic spread of cancer cells.  To evaluate the effect of CT 
on production of pro-inflammatory and anti-inflammatory 
cytokines, we measured the protein levels of tumor necrosis 
factor (TNF)-α, interleukin-4 (IL-4) and interleukin-10 (IL-10) 
in Hep3B and Huh7 cells.  TNF-α secretion was suppressed by 
the addition of CT, but, on the contrary, secretion of the anti-
inflammatory cytokines IL-4 and IL-10 was increased upon 
treatment with CT.  

ATX is overexpressed in various cancers and promotes 
tumor progression by stimulating angiogenesis, tumor cell 
survival, growth, migration, and invasion[24–26].  TNF-α has 

Figure 6.  LPA1 is crucial for HCC cell proliferation.  (A) Knockdown of LPA 
using siLPA1, siLPA2, siLPA3.  Knockdown efficiency was shown by Western 
blot analysis.  (B) Quantification of Western blot results.  (C) Hep3B or 
Huh7 cells were treated with Ki16425 as described in “Materials and 
methods”.  Cell survival was evaluated by MTT assay.  (D) Hep3B or 
Huh7 cells were treated with siRNA against LPA1 receptor (siLPA1), LPA2 

receptor (siLPA2) or LPA3 receptor (siLPA3) as described in “Materials and 
methods”.  Non-silencing RNA (Vehicle) was transfected as vehicle.  Cell 
survival was evaluated by MTT assay.  Data are expressed as mean±SD 
of four independent experiments.  cP<0.01 compared with untreated cells 
(control) (paired Student’s t test). 
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been reported to promote ATX secretion in both Hep3B and 
Huh7 cell lines, and chronic inflammation has been associ-
ated with the development of liver cancer, which is consistent 
with evidence that ATX expression levels are well correlated 
with the derivative origins of HCC cell lines related to inflam-
mation[10].  In our study, we showed that treatment of Hep3B 
and Huh7 cells with CT inhibits ATX expression at both the 
RNA and the protein level.  Furthermore, knockdown of ATX 
resulted in complete loss of the effect of CT on proliferation, 
suggesting ATX is crucial for the proliferation of liver cancer 
cells.  Meanwhile, CT significantly inhibited TNF-α production 
in both Hep3B and Huh7 cells in a dose-dependent manner, 
suggesting CT might repress ATX expression by reduction of 
TNF-α production.  This reduction in TNF-α secretion indi-
cates that CT treatment leads to less chronic inflammation in 
HCC, suggesting that CT inhibits HCC proliferation by reliev-
ing chronic inflammation.

Moreover, as ATX is an enzyme with lyso-PLD activity, 
the aberrant expression of ATX has the potential to alter the 
delicate balance between LPA and LPC signaling.  Therefore, 
we examined PLD activity and production of LPA from LPC 
in Hep3B and Huh7 cells treated with CT and TNF-α.  TNF-α, 
a pro-inflammatory cytokine, promoted ATX secretion and 
LPA production in both cell lines.  In contrast, CT significantly 
inhibited ATX secretion and LPA production.  Moreover, 
secretion of enzymatically active ATX promoted Hep3B and 
Huh7 cell proliferation, which is dependent on extracellular 
LPC concentration and can be demonstrated to be a direct 
effect of increased LPA levels.  Therefore, the expression of 
LPA is also crucial for the proliferation of HCC cells.  Using 
an LPA1 and LPA3 specific antagonist[27] (Ki16425), LPA1-
specific small interfering RNA (siLPA1), LPA2-specific small 
interfering RNA (siLPA2), and LPA3-specific small interfering 
RNA (siLPA3) in proliferation assays, we conclude that the 
LPA1 receptor plays the main role in the proliferation of HCC 
cells.  Recently, Park et al also determined the involvement of 
LPA1 receptor activation by LPA produced by ATX activity 
in HCC invasion and metastasis, which suggests these could 
be novel biomarkers and potential therapeutic targets for 
HCC[28].  Despite data demonstrating the association of ATX 
and LPA with invasion and metastasis of HCC, whether CT 
inhibits HCC proliferation by interfering with LPA production 
is unknown.  Accumulating evidence showing that the LPA/
ATX axis regulates cancer cell proliferation, survival, and 
invasion suggests that LPA and its analogs, LPA receptors and 
ATX, are potential therapeutic targets for cancer treatment.  
Our results show that CT inhibits HCC progression by reduc-
ing LPA1 production and ATX secretion.  This suggests HCC 
proliferation could be inhibited by treatment with CT and that 
CT is a promising biological molecular for the treatment of 
liver cancer in patients.  

Taken together, this is the first characterization of the mech-
anism by which CT, through regulation of ATX, influences 
HCC cells.  CT inhibited proliferation of two human hepa-
tocarcinoma cell lines, Hep3B and Huh7, by suppressing the 
ATX/LPA axis.
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Introduction 
Toxoplasma gondii (TG) infection during pregnancy causes 
severe congenital infection, and may result in in-utero abor-
tion, fetal death, systemic disease or neuro-ophthalmological 
disorders[1–3].  

Despite great progress in clinical and basic scientific 
research, there are many unresolved issues in congenital toxo-
plasmosis (CT) that need to be addressed, such as the type and 
timing of prenatal screening options given the variability in 
maternal serological response, and their cost-effectiveness[4–6].  

Recent European prospective cohort studies point out that 
notwithstanding early maternal and post-natal standard anti-
parasitic treatment, the most effective approach to preventing 
Toxoplasma gondii-related injuries remains controversial.  Other 
medical strategies, especially long-term follow-up programs, 
are recommended to monitor ocular and neurological progno-
sis[7–10].  

Moreover, in the post-natal period it is crucial to be able to 
confirm or rule out infection as soon as possible.  According 
to case definition criteria for CT, pediatricians should treat 
all infants born to mothers with a positive serological diag-
nosis of primary TG infection until T gondii IgG antibodies 
disappear[11].  

In addition to conventional laboratory methodologies, West-

Investigation and management of Toxoplasma  
gondii infection in pregnancy and infancy: 
a prospective study 

Paola DI CARLO1, Amelia ROMANO2, Alessandra CASUCCIO3, *, Salvatore CILLINO3, Maria Gabriella SCHIMMENTI2,  
Giorgio MANCUSO4, Stella LA CHIUSA4, Vincenzo NOVARA2, Daniela INGRASSIA1, Valentina LI VECCHI1,  
Marcello TRIZZINO1, Lucina TITONE1 

1Department of Sciences for Health Promotion, University of Palermo, Palermo, Italy; 2Pediatric Infectious Diseases, Children’s Hos-
pital “G Di Cristina”, ARNAS Civico, Palermo, Italy; 3Department of Experimental Biomedicine and Clinical Neuroscience, University of 
Palermo, Palermo, Italy; 4Clinical Pathology Department, Buccheri-La Ferla Hospital, Palermo, Italy

Aim: Toxoplasma gondii infection during pregnancy poses a serious risk to the fetus, therefore timely and accurate diagnosis is essen-
tial.  The aim of this study was to estimate the frequency of congenital infection via evaluating mother’s immunological status and the 
possibility to improving the diagnostic and therapeutic approaches.
Methods: Eighty five mothers with Toxoplasma seroconversion and their offspring were enrolled (among them, 2 spontaneous abor-
tions were documented in the first trimester).  Prenatal PCR diagnosis was carried out on 50 patients (60%), with 7 positive cases 
(14%).  Morphological ultrasound scanning revealed anomalies in one fetus. Long-term follow-up included general physical examina-
tions, serological status tested using Western blot, neuro-radiological, ophthalmologic and neurologic examinations, psychological and 
developmental tests, visual evoked potential tests and audiology tests, as well as anti-Toxoplasma treatment regimes. 
Results: Fourteen (17%) of the infants were infected at one-year serological follow-up.  Chi-square for linear trend of vertical transmis-
sion from the first to the third trimester was significant (P=0.009).  Western blot analysis showed IgM and IgA in half of the infected 
infants.  In 69 uninfected infants, anti-Toxoplasma IgG immunoblot analysis excluded infection within the 3 months in 18 infants (26%) 
and in the others within 6 months of life. The most relevant instrumental findings are described.
Conclusion: Western blot analysis may help to evaluate infection within the 6 months of life.  The accuracy of ultrasound imaging to 
determine the brain damage in the fetus and newborns is doubtful, and should be combined with MR imaging.  Multistep approaches 
can improve the timing of postnatal follow-up.

Keywords: Toxoplasma gondii; congenital infection; prenatal screening; serological response; ocular prognosis; neurological prognosis; 
Western blot analysis 

Acta Pharmacologica Sinica (2011) 32: 1063–1070; doi: 10.1038/aps.2011.55; published online 11 Jul 2011

Original Article

* To whom correspondence should be addressed. 
E-mail casuccio@unipa.it  
Received 2011-01-24    Accepted 2011-04-13  



1064

www.nature.com/aps
Di Carlo P et al

Acta Pharmacologica Sinica

npg

ern blot assay has been developed to differentiate between 
maternal specific antibodies and those synthesized by the 
newborn infant within the first six months of life[12, 13].  

The aim of the present study was to estimate frequency of 
congenital infection based on the mother’s immunological sta-
tus in terms of infection and time of acquisition during preg-
nancy, and to assess the possibility of modulating the diagnos-
tic and therapeutic approach according to the risk determined 
for each individual newborn.  We report the results of a pro-
spective serological and clinical follow-up program to monitor 
congenital Toxoplasma gondii infection, conducted at a Sicilian 
(Italy) paediatric tertiary referral centre after the introduction 
of Western blot analysis.

Materials and methods
Study design: 85 mothers with toxoplasmosis seroconversion 
and their offspring were enrolled in the study from January 
2003 to December 2008.

Patients (mothers): Eighty-five HIV negative women who 
showed seroconversion (change from negative to positive 
specific IgG antibodies) to Toxoplasma gondii infection during 
pregnancy were included in the study.  

Acute Toxoplasma infection was detected during monthly 
prenatal screening for toxoplasmosis at the ARNAS Hospital 
and Buccheri-La Ferla Hospital in Palermo, Italy.  

Maternal and pediatric serological and molecular investiga-
tions were conducted at the Department of Pathology, Buc-
cheri La Ferla Hospital, Palermo, Italy.

The study protocol was approved by the Ethics Committee 
of the University of Palermo (Italy) and informed consent was 
sought in accordance with the principles of the Declaration of 
Helsinki.  Patients were thoroughly informed about the proce-
dures and written informed consent was obtained from each 
of them.  

Prenatal diagnosis: The women had a foetal ultrasound scan 
every two months during their pregnancy.  Once informed 
consent was granted, amniotic fluid was drawn 4 to 5 weeks 
after the estimated date of seroconversion and always after 
16–18 weeks of amenorrhea.  PCR was performed on amniotic 
fluid to test for Toxoplasma.

Nested PCR was performed from 2003 to 2005 using the 
B1 gene (GenBank accession number AF179871), following 
the manufacturer’s recommendations (SORIN BIOMEDICA- 
Saluggia, Vercelli, Italy)[13].  In January 2006, quantitative real 
time PCR using RE sequence was introduced (GenBank acces-
sion number AF146527) (BioQuant T gondii-529, BIORAD iCy-
cler iQ, USA, Biodiversity-Brescia, Italy)[14].  

Prenatal treatment: All the women received a standard 
course of spiramycin (SP) therapy (9×106 units/d) until their 
amniocentesis results were available.  

If amniocentesis confirmed fetal infection, maternal infection 
was acquired after 23 weeks or infection was highly suspected 
(eg because of fetal abnormalities consistent with congenital 
toxoplasmosis detected by ultrasound examination), treatment 
consisted of pyrimethamine (PYR 50 mg/d) and sulphadiazine 
(SDX 3 g/d) until delivery.  

Patients (infants): Congenital infection was defined by the 
persistence of specific IgG antibodies beyond 12 months of 
age, with or without clinical signs.  From birth, long term  
follow-up of the infants included general physical examina-
tions, serological status, neuro-radiological findings, oph-
thalmologic and neurologic examinations, psychological and 
developmental tests, visual evoked potential tests (VEPs) and 
audiology testing (using BAEPs and impedance audiometry).  

All eye examinations were carried out by an experienced 
ophthalmologist, who recorded findings on a standardized 
form.  Visual acuity and abnormalities relating to the anterior 
and posterior segments of both eyes after pupillary dilata-
tion were considered, using direct ophthalmoscopy, Schepens 
binocular indirect ophthalmoscopy and/or no-contact wide-
field lenses (90 diopter) for slit lamp, depending on the child’s 
age and compliance.  Under 3 years of age, visual acuity was 
assessed using Parinaud charts and was considered as normal 
when >2.  Snellen charts were used for older children, and 
visual acuity was considered as normal when >20/25.  The 
children were monitored for VEPs and BAEPs until 3 years of 
age.

Infants underwent brain ultrasound (US) examinations via 
the bregmatic fontanelle until six months of age (Aloke SSD-
650 equipped with a 5–8 MHz sector transducer).  When 
necessary, also a CT scan (scanning at 3-mm collimation with 
5-mm interval and at 10-mm collimation) or MRI (1.6 to 4 
mm slice thickness, sequence T1-W conventional spin-echo or 
T2-W fast spin-echo) of the head was performed.  

Serological investigation: Serological analysis was carried 
out with well-established conventional serological methods.  
Congenital toxoplasmosis was diagnosed by determining the 
presence of Toxoplasma-specific IgM, IgA and IgG antibodies 
at birth, within the first month of life and at 3 months, and of 
Toxoplasma-specific IgG also at 6, 9, and 12 months of age [ETI 
TOXOK-M reverse, ETI TOXOK-G PLUS (DiaSorin, Saluggia, 

Italy), Toxo-IgM ISAGA, Toxo-IgG VIDAS, Toxo-IgG avidity 
VIDAS (BioMerieux, Marcy-l’Etoile, France)].  Consistent with 
NCCLS recommendations, the kits showed sensitivity and 
specificity of >95 and >98%–99% respectively.  All patients 
were double-tested, with an intra-assay coefficient of variation 
(CV) of <2%.  

Comparative immunological profile analysis of maternal 
serum samples, cord blood, neonatal sera and the infants’ 
follow-up sera was performed with Toxoplasma IgG, IgM and 
IgA Western blot (WB), as well as conventional immunoenzy-
matic serological tests[13].  WB analysis used Toxoplasma gondii 
RH strain tachyzoite protein lysates and allowed us to identify 
antigens of 16, 27, 30 (p30), 35, 40, 60, 67, 70, 88, 94, and 110-
kDa bands.  The test was performed following the manufac-
turer’s instructions (GenID GmbH, Strassberg, Germany), 
using the AID SCAN System.

Western blot was considered positive when at least two 
specific immunoglobulin (IgG) bands were clearly present in 
the infant sample but not in the mother’s serum.  IgM WB was 
performed on sera collected at birth or within 14 d after birth, 
and at 2 and 3 months of life, whereas IgG WB was continued 
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to 6 months of life.
Post-natal treatment: Different anti-Toxoplasma treatment 

regimes were initiated according to prenatal diagnosis, as fol-
lows:

Neonates born to mothers whose amniocentesis result was 
positive for Toxoplasma were treated with a combination of 
PYR (3 mg/kg every 3 d) and sulfadiazine (SDX) (25 mg/kg 
every 8 h), with 100 mg/kg of folinic acid daily for 4 weeks, 
followed by SP (0.375×106 U/kg daily) for 4 weeks.  Their 
hematologic and renal status was monitored weekly until one 
year of age.  

Neonates born to mothers with negative amniocentesis were 
given spiramycin until specific antibodies disappeared or WB 
analysis was negative.   

Neonates born to mothers who did not have an amniocente-
sis were given a combination of PYR-SDX and SP as reported 
in paragraph 1, and hematologic and renal function was moni-
tored weekly until serological follow-up showed that specific 
IgG had disappeared or IgG WB analysis was negative.  

Compliance with treatment was assessed in interviews with 
parents; periodic blood tests (chemical evaluation) were done 
to identify possible side effects.

Statistical analysis
Demographic and clinical data were collected and analyzed 
using SPSS Software, version 14.0 (SPSS, Inc, Chicago, Ill, US).  
Statistical analysis of quantitative data, including descriptive 
statistics, was performed for all the items.  The chi square test 
for linear trend was performed to evaluate vertical transmis-
sion of infection through the pregnancy trimesters.  All P val-
ues were two-sided and P values less than 0.05 were consid-
ered to indicate statistical significance.

Results 
At the final examination, the children were aged between 2 
and 6 years (median age was 4.8 years), and had been followed 
up for at least 2 years (median 4.6 years; range 2–6 years).  

Two pregnancies terminated in the first trimester, with fetal 
loss before amniocentesis.  A total of 83 infants born to 85 
mothers were included in the study and none of the mothers 

or the children were immunocompromised.  Time of serocon-
version was dated in the first trimester for 38 of the 85 preg-
nant women (45%), in the second trimester for 24 (28%) and in 
the third trimester for the remaining 23 (27%) .   

Prenatal diagnosis by PCR testing on amniotic fluid was 
attempted for 50 of the 83 women who went on to give birth 
(60%), with positive results in seven cases (14%); the other 
women either did not consent to having the test (10, 12%) or 
seroconverted late in the third trimester (23, 28%).  All the 
mothers with positive PCR results chose to continue their 
pregnancy, and prenatal ultrasound screening, performed 
every trimester on all of the patients, detected ventriculom-
egaly in one woman with a fetus at 31-weeks’ gestation.  

Fourteen of the 83 infants in the study (17%) were congeni-
tally infected with Toxoplasma gondii and 69 (83%) proved to be 
uninfected.  Chi-square test for linear trend of vertical trans-
mission from the first to the third trimester [2/38 in the 1st tri-
mester (OR=1.00); 5/24 in the second (OR=4.74); and 7/23 in 
the third trimester (OR=7.87)] was significant (P=0.009).  

Six of the 14 infected children (43%) were asymptomatic 
at birth, and clinical and instrumental follow-up was nega-
tive, whereas the other 8 (57%) showed features of TG infec-
tion (Table 1).  This group included all fetuses with positive 
prenatal PCR results; four of them showed symptoms of TG 
infection at birth and 6 were small for gestational age (SGA).  
Four children (28.6%) had cerebral lesions and ocular fundus 
pathologies [3 cases with foci of peripheral chorioretinitis and 
one with peripheral chorioretinitis in the left eye (LE) and 
macular chorioretinitis in the right eye (RE)].  Visual outcome 
was good in all cases, with normal visual acuity and VEPs 
within the normal range.

Seven of the TG-infected infants had received a positive pre-
natal diagnosis, whereas the mothers of the remaining infants 
either did not consent (1 pt) or seroconverted late in the third 
trimester (6 pts).   

In accordance with guidelines for anti-parasitic treatment, 
all the infected newborns were treated with a combination of 
PYR-SDX and SP.  Compliance to therapy was assessed by 
interviews with parents, and was good in all cases.  

The serological investigation using WB showed IgM and 

Table 1.  Clinical and investigation findings during the pre- and post-natal era in eight symptomatic newborns with congenital T gondii infection.  

 Patient’s 	      Date of  	 Amniotic 	     IgM-IgA WB	 Gestational 	 SGA	 Retino	 Neuroimaging features
     case	 seroconversion  	    PCR	 Positive at birth 	  age weeks	  	 chorioiditis	 Periventricular	 intraparen-	 ventriculomegaly,
	      week of	   				     calcification	 chymatous 	 hydrocephaly
	  amenorrhea						      lesions 
 

1	 25th 		  +	 39			   Yes		
2	 23rd	 +	 +	 36	 Yes		  Yes		
3	 26th 	 +	 +	 37			   Yes		
4	 20th 	 +		  39	 Yes		  Yes		  Yes
5	 10th	 +		  36.5	 Yes	 Both eyes  		  Yes	 Yes
6	 26th 	 +	 +	 39	 Yes	 Both eyes		  Yes	 Yes
7	 22nd 	 +	 +	 37	 Yes	 One eye 	 Yes		  Yes
8	 12th 	 +		  35	 Yes	 Both eyes		  Yes	 Yes
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IgA in 7 (50%) of the 14 infected patients, whereas IgM ISAGA 
combined with IgA reacted positive in 4 of them (28.6%) 
(Table 2).  Most of these neonates had been infected after 21 
weeks of gestation (Table 1).  In the absence of IgM, compara-
tive anti Toxoplasma IgG immunoblot analysis revealed dif-
ferent mother-child IgG profiles in the first trimester of life 
in 3 infected infants, whereas in the others the interpretation 
became clear within six months of life.  

In infants uninfected at birth (69), comparative anti Toxo-
plasma IgG immunoblot analysis permitted us to exclude infec-
tion within the first three months of life in 18 children (26%) 
and in the others within six months of life, whereas the con-
ventional immunoenzymatic serological test showed specific 
IgG persistence at six months of life in about one third of the 
infants, and in 3 cases at nine months of life.  

The instrumental follow-up showed typical periventricular 
calcification in three cases, whereas relevant involvement of 
the brain was observed in five infants.  In the following section 
we report these significant radiological findings.  

In case 4, clinical neurological examination was normal and 
ultrasound follow-up of the brain showed intracranial calcifi-
cation in the lateral ventricles and in the frontal and parietal 
lobes (Figure 1A).  A magnetic resonance (MR) performed at 9 

months of age showed intra-parenchymal brain lesions (Figure 
1B).  At present, the patient is in his fourth year of follow-up 
and his psychomotor development is normal.  

In case 5, an ultrasound scan performed at 1 month of age 
showed a hypoechogenic area in the paraventricular white 
matter (Figure 2A), and at 2 months of age, MRI imaging 
showed encephalitic foci and cortical brain atrophy and ven-
tricular dilation (Figure 2B).  An ophthalmoscopic examina-
tion revealed peripheral bilateral inactive chorioretinitis foci 
with no vitreous inflammation.  Tone and motor abnormalities 
resolved by 1 year of age, and after five years of follow-up, the 

Table 2.  Complementary detection of 83 enrolled infants’ Toxoplasma-
specific antibodies by different techniques during one year of follow-up.  

 Patients	 Methods
	   Detection at following times after birth

	                             0–30 d     3 month    6 month    9 month   1 year
 
Infected	 IgM-ISAGA+IgA	      4
   (14)	      Positive				  
	 IgM-IgA WB	      7
	      Positive					   
	 IgG-Western blot	      7	   3	 14		
	      Positive
Uninfected	 IgG-ELISA	     69	 55	 26	     3	   0
   (69)	      Positive	
	 IgG-Western blot	       1	 17	 69
	      Negative	

Figure 1.  (A) Coronal US image using a vector scan showing brain calcifi-
cation in lateral ventricle (arrows).  (B) Patient 1.  (a) MRI images showing 
focal lesions on the right side and (b) another smaller lesion in the sub-
cortical posterior parietal area (arrows).

Figure 2.  (A) Cranial ultrasound parasagittal views showing 
hypoechogenic area in the left paraventricular white matter 
(arrow).  (B) T2 MR image showing encephalitic foci and cor-
tical brain atrophy in the parietal area, white matter atrophy 
(white arrows), ventricular dilation, irregular angulated ventri-
cles (yellow arrow).
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child’s psychomotor development is within normal limits.
In case 6, ventriculomegaly was detected during prenatal 

US follow-up.  After birth, the features were confirmed by 
brain US and MR imaging, which showed lateral ventricular 
enlargement and obstructive hydrocephalus with aqueductal 
stenosis (Figure 3A, B).  A ventriculotomy was necessary to 
treat the hydrocephalus, and a subsequent MR examination 
performed 6 months later revealed complete resolution (Figure 
3C).  An eye examination showed peripheral chorioretinitis 
without any surrounding activity.  Seizures and motor abnor-
malities were resolved during therapy.  The patient has been 
regularly attending our Day Hospital Service for three years 
and his psychomotor development is normal.  

In case 7, ophthalmoscopy at birth revealed a peripheral 
inactive chorioretinitis scar.  Ultrasound evaluation performed 
after delivery showed severe tetraventricular hydrocephalus 
and calcifications scattered around lateral ventricles (Figure 4).  
An MRI scan performed at 6 months of age revealed a reduc-
tion of hydrocephalus.  

In case 8, pregnancy had been uneventful, although a 
detailed morphological ultrasound scan at 18 weeks had 
revealed biparietal measurement (30 mm) and head circumfer-
ence (110 mm) below the 5th percentile, corresponding to 16 
weeks gestation; this finding disappeared in all subsequent 
examinations.  At birth, a visual evaluation showed microph-
thalmia, LE peripheral and RE macular chorioretinitis.  Ultra-
sonography showed enlarged lateral ventricles and findings 
suggestive of aqueductal stenosis (Figure 5A).  A compara-
tive MRI investigation confirmed ventricular abnormalities 

detected by US and moreover showed brain-damage (Figure 
5B).  Motor abnormalities accompanied by behaviour distur-
bances and seizures persisted after one year of follow-up.

Discussion
The prevalence of congenital toxoplasmosis differs from one 
country to another.  Various European works have focused on 
the cost-benefit ratio of wide-scale screening to prevent infec-

Figure 5. (A) Cranial ultrasound shows enlarged lateral ventricles.  
(B) Axial images show triventricular hydrocephalus, cyst-like inclu-
sions (yellow arrow), cortical dysplasia, occipital polymicrogyria, 
white matter hyperintensity (transependymal transudation localized 
in the posterior horn of lateral ventricles) (white arrows).

Figure 3.  (A, B) Axial MR image showing 
evident hydrocephalic enlargement of lat-
eral ventricles, area of hypointensity in the 
periventricular white matter to be attributed 
to ependymal transudation (arrows).  (C) 
MR image showing a resolution of previous 
features (arrows).

Figure 4. Axial US image using a vector transducer, showing severe 
tetraventricular hydrocephalus (white arrows), calcifications scattered 
around lateral ventricles (yellow arrow).
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tion, despite the fact that the consequences of the disease can 
be very disabling in childhood and adolescence and, above all, 
require considerations of an ethical nature regarding the preg-
nant woman and the well-being of the unborn child [8, 15].

 Among the poorest populations living in any region like 
Southern Italy, parasitic diseases such as leshmaniasis and 
toxoplasmosis remain prevalent[16], and although our small 
sample size does not permit us to make any consistent conclu-
sions about anti-parasitic treatment, the high risk for pregnant 
women of transmitting infection to their fetus encourages us 
to make a number of suggestions.     

Our study collected data on a large group of children 
(36 cases) who were infected in utero by T gondii during the 
first trimester of pregnancy and whose ultrasound findings 
remained normal.  As reported by Berrebi, our follow-up con-
firms that their outcome does not differ significantly from that 
of children infected during the second and third trimester[17].  

As regards the prenatal phase, we observed a lower mother-
to-child transmission rate than in other reports, and concur 
with a recent meta analysis by the SYROCOT group which 
found weak evidence that treatment initiated within 3 weeks 
of seroconversion could reduce the risk of transmission[18].  

On the other hand, precocious maternal treatment did not 
prevent severe neurological and ocular disease, especially in 
children in whom parasitic infection was confirmed by amni-
otic PCR results[19].  When available, molecular investigations 
to detect Toxoplasma gondii in amniotic fluid provide useful 
information for patients and caregivers that can guide decision 
making and surveillance[14, 20].  The authors emphasize that all 
the infants with neuro-ophthalmological specific disease had 
received a positive prenatal diagnosis, whereas only in one 
late case of infection did monthly foetal ultrasound investiga-
tions give us any information on signs of congenital infec-
tion.  However, the authors agree on the need for repeated 
ultrasound examinations, especially in delayed mother-to-
child transmission of the disease when amniocentesis is rarely 
offered[21, 22].    

Although ultrasound investigation via the bregmatic fon-
tanelle is one of the techniques most frequently used by our 
staff in the postnatal follow-up, we prefer MRI in congenital 
toxoplasmosis as it offers more accurate pictures for the diag-
nosis and follow-up of white matter lesions in the infants, and 
provides excellent anatomic information on abnormalities in 
brain parenchyma.  Fast magnetic resonance imaging (MRI) is 
being increasingly used to assess pregnancy management in 
the event of fetal central nervous system (CNS) anomalies[23].  

In the neonatal phase of the study, all the infected infants 
were put on early treatment with PYR-SDX to one year of age 
and, for five of them with severe damage, until 18 months of 
life.  Furthermore, we chose to also treat infants born to moth-
ers who did not undergo amniocentesis with PYS-SDX.  

Although the authors acknowledge that evidence is lacking 
on the effectiveness of early postnatal treatment in reducing 
the risk of subsequent specific lesions, our post-natal follow-
up revealed an improvement in cerebral and ocular lesions.  
Moreover, some cohort studies have shown that treating an 

infected neonate early and effectively may lead to an improve-
ment in ocular lesions and reduce the risk of developing ocu-
lar disease in the years after birth[24, 25].  Certainly a multidisci-
plinary early intervention strategy in the post-natal period can 
positively influence the cognitive functions of children with 
visual impairment.  

In this case, it is vital that the clinician informs the parents 
accordingly and motivates their adherence to a long-term 
follow-up.  

Western blot analysis has improved the timing of toxoplas-
mosis diagnosis in post natal follow-up to about six months 
of life.  In some cases the situation is clear before then, but our 
own experience suggests that it is advisable not to anticipate 
diagnosis as the presence of maternal antibodies strongly 
inhibits the neonate’s immunological response[26, 27].  

It is generally accepted that maternal antibodies can block 
the offspring’s immune response, making it particularly diffi-
cult to identify neonatal immunoglobulin soon after birth[1, 2, 20].  
Moreover, immunological markers can vary depending on 
the trimester of infection, and also maternal and neonatal 
therapeutic treatment received during pregnancy can block or 
retard the neonate’s immune response[26, 27].  Therefore, even if 
comparison of maternal and neonatal IgG by immunoblot does 
not show neonatal immune response to any Toxoplasma gondii 
antigens in the first trimester of life, this does not unequivo-
cally exclude congenital infection.  

In fact, recent studies which have evaluated B-cell subsets 
and their functional development have shown that memory 
B-cells are very low at birth and increase significantly at 6 
months of life[28].   

WB analysis is useful in managing children whose mother 
did not have amniocentesis, and in knowing with greater cer-
tainty when to stop therapy in children whose mother had a 
negative amniocentesis result.  In about one third of cases, this 
reduces the costs associated with treatment and follow-up.  It 
is true that in most cases the clinical picture is already clear by 
nine months of age, even with conventional methods, and that 
WB can anticipate the time of diagnosis by about two to three 
months.  

A previous overview of investigation strategies has pro-
vided vital information to determine what is the most suitable 
multi-step laboratory investigation strategy for appropriate 
and timely clinical management of the infection[29, 30].  

WB analysis should be incorporated in these TG infection 
investigation programs and performed in reference centers for 
the diagnosis of Toxoplasmosis in pregnancy and children.  In 
particular, the authors suggest that WB analysis is useful both 
in pregnancy, as part of a panel of tests to determine if the 
mother has an acute Toxoplasma gondii infection, in which case 
she then has to undergo specific treatment and amniocentesis, 
and also after birth, when WB results may help pediatricians 
to clarify any pitfalls that may be encountered during the 
interpretative process of investigations, especially in the first 
few months of life.

Toxoplasma gondii is a parasite within the protozoan phylum 
Apicomplexa that contains pathogens of considerable medical 
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and veterinary importance, such as Plasmodium, Toxoplasma, 
Cryptosporidium, Eimeria, Neospora and Theileria species[31].  The 
apicomplexan parasites Cryptosporidium spp and Neospora spp 
are epidemiologically relevant for humans; in particular, it is 
well-known that C parvum is responsible for clinical manifesta-
tions in immunodeficient patients.  N caninum does not infect 
humans, although there is some evidence that it might occur 
as antibodies to N caninum have also been detected in human 
samples[32, 33].  Because there are some similarities in molecular 
composition between both of these parasites and Toxoplasma 
gondii, the use of whole tachyzoites or tachyzoite-derived anti-
gens in standard serological investigations may result in false 
positives due to a cross-reaction[34].  Although variations in 
the protein expression profiles of tachyzoites and bradyzoites 
of N caninum may be identified by Western blotting[35], a 
cross-reactivity cannot be excluded, and combined molecu-
lar diagnostic assays must be applied to confirm Toxoplasma 
gondii etiology[36, 37].  Thus, it is important to identify a readily-
available serological test that is highly sensitive and specific in 
detecting the infection as early as possible.

In conclusion, clinical recognition and effective management 
of congenital toxoplasmosis is challenging and the strategy to 
reduce damages needs a multistep approach in the pre- rather 
than post-natal era to reduce the high costs of multidiscipli-
nary follow-up.  
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Introduction
Brain arteriovenous malformations (BAVMs) are a common 
cause of intracerebral hemorrhage (ICH), especially in young 
adults[1].  An accurate estimate of ICH risk in patients harbor-
ing BAVMs is needed to help guide clinical management.  
Although features of BAVM associated with ICH have been 
identified, additional robust and reproducible indices are still 
needed.  Genetic variation may influence the pathogenesis and 
the clinical course of BAVMs.  The identification of genetic 
polymorphisms associated with clinical manifestations would 
facilitate risk stratification as well as illuminate the underlying 

biology[2].
Vascular endothelial growth factor A (VEGFA) plays an 

important role in the migration, proliferation and survival of 
endothelial cells[3, 4].  It has been hypothesized to be involved 
in the pathogenesis of cancer metastasis, retinopathy, age-
related macular degeneration, rheumatoid arthritis and pso-
riasis[5–7].  Molecular characterization of BAVM tissue has 
provided evidence for the involvement of angiogenesis, and 
Hashimoto et al[8] have shown that a prominent feature of the 
BAVM tissue is relative overexpression of VEGFA at both the 
mRNA and protein levels.  Furthermore, VEGFA may contrib-
ute to the hemorrhagic tendency of BAVMs, as extrapolated 
from animal models[9].

The VEGFA gene is located on chromosome 6p21.3 and 
comprises a 14 kb coding region with eight exons.  Over thirty 
single nucleotide polymorphisms (SNPs) have been described 
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in the region of the VEGFA.  To date, several case-control 
studies have confirmed the association of VEGFA SNPs with 
a risk of developing several types of tumors[10–13] and other 
diseases[14, 15]; however, to our knowledge, there is little data 
on the role of VEGFA SNPs in relation to ICH risk in patients 
with BAVMs, in spite of the importance of VEGFA gene in the 
hemorrhagic tendency of BAVMs.  Because of the dearth of 
knowledge in this area, we evaluated both potential functional 
SNPs and tag SNPs spanning the VEGFA for effects on the risk 
of presentation with ICH.

Materials and methods
BAVM sample population
Using the same recruitment method as described previously[16], 
we recruited 311 patients diagnosed with incident BAVM (as 
demonstrated by pathology or angiography), all of whom 
were genetically unrelated ethnic Han Chinese.  These patients 
were recruited between January 2004 and December 2007 
at Huashan Hospital, Fudan University (Shanghai, China).  
Patients with a family history or diagnosis of hereditary 
hemorrhagic telangiectasia (HHT) were excluded.  Patients 
with signs of new intracranial hemorrhage on computed 
tomography (CT) or magnetic resonance imaging (MRI) were 
defined as ICH.  Patients (symptomatic or not), who had non-
hemorrhagic intracranial lesions initially detected by CT scan 
or MRI and were proven to harbor BAVMs by angiography 
were coded as unruptured cases.  The BAVM size and venous 
drainage pattern were determined by angiography and were 
classified using standard guidelines[17].  Each participant pro-
vided informed consent, and the studies were approved by 
the Human Subjects Review Committee of Huashan Hospital, 
Fudan University.

Polymorphism selection and genotyping
We selected tagging SNPs (tSNPs) in the VEGFA gene (6p21.3, 
NT_007592.14) with genotype data of Han Chinese from the 
International HapMap Project (HAPMAP), Public Release#20/
Phase II on April 7th, 2007 (http://www.hapmap.org).  tSNPs 
were selected to cover the whole VEGFA gene.  tSNPs with a 
minor allele frequency (MAF) greater than 0.05 (based on pair-
wise LD analysis) were selected to capture unmeasured SNPs 
with a minimum r2>0.8.  In addition, four potentially func-
tional SNPs (rs1547651, rs2010963, rs1413711, and rs3025039) 
in VEGFA that were identified in previous reports were also 
included in this study.  As a result, nine SNPs of the VEGFA 
were investigated.  

We used white blood cell fractions from whole blood 
samples for the extraction of genomic DNA using the Qiagen 
Blood Kit (Qiagen, Chatsworth, CA, USA).  Genotyping was 
performed with the MassARRAY iPLEX platform (Sequenom, 
San Diego, CA, USA) using an allele-specific MALDI-TOF 
mass spectrometry assay[18].  Primers for amplification and 
extension reactions were designed using the MassARRAY 
Assay Design Version 3.1 software (Sequenom), and SNP 
genotypes were obtained according to the iPLEX protocol 
provided by the manufacturer.  We examined the quality of 

the genotyping with a detailed QC procedure that ensured a 
>95% successful call rate with duplicate calling of genotypes, 
internal positive control samples and Hardy-Weinberg Equi-
librium (HWE) testing.  The consistency rate observed in these 
duplicated samples was 100%.

Statistical analyses
Genotype frequencies in ICH and unruptured cases were 
compared using a χ2-test.  Estimate odds ratios (ORs) and 95% 
confidence intervals (CIs) were calculated by unconditional 
logistic regression with adjustments for age and gender.  Akai-
ke’s information criterion (AIC) was employed to determine 
the best fitting model for each SNP[19].  The issue of multiple 
tests was controlled with 10 000 time permutation tests.  Pair-
wise linkage disequilibrium (LD) among the markers was 
examined using Lewontin’s standardized coefficient D’ and 
LD coefficient r2 [20].  Haplotype blocks were defined by Hap-
loview V4.1, as detailed by Gabriel et al[21].  PHASE 2.0 was 
used to infer the haplotype frequencies based on the observed 
genotypes[22].  All the statistical analyses were performed using 
SPSS17.0 software with two-sided tests and a significance level 
set at 0.05, unless otherwise indicated.

Results
Characteristics of study participants
Demographic and clinical characteristics of the patients with 
BAVMs are shown in Table 1.  Of the 311 patients genotyped, 
58.2% presented with hemorrhage, and 41.8% presented with 
unruptured BAVMs.  The ages (mean±SD) of the patients were 
33±14 years in unruptured cases and 30±15 years in ICH cases, 
with males accounting for 61.5% of unruptured cases and 
55.8% of ICH cases.  ICH presentation was not significantly 
associated with gender (χ2, P=0.312) or age at diagnosis (t test, 
P=0.063), but it was associated with deep venous drainage (χ2, 
P<0.001) and small BAVM size (χ2, P<0.001).

Table 1.  Demographics and BAVM characteristics.  

                             Unruptured     %         ICH          %        Total	     P
 
Demographics						    
Total BAVM cases	 130	 41.8%	 181	 58.2%	 311	

Age at diagnosis						    
 Mean age±SD,  year	33±14		  30±15		  31±15	 0.063
 n	 130		  181		  311	
 Gender						    
 Female	   50	 38.5%	   80	 44.2%	 130	 0.312
 Male	   80	 61.5%	 101	 55.8%	 181	

BAVM characteristics						   
BAVM size	   19	 18.6%	   83	 81.4%	 102	 7.2×10-9

	 111	 53.1%	   98	 46.9%	 209	
Venous drainage						    
 Exclusively deep	   25	 19.2%	 108	 59.7%	 133	 8.78×10-24

 Any superficial 	 105	 80.8%	   73	 40.3%	 178
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Analysis of single SNPs association with ICH risk in patients with 
BAVMs
In the single locus analysis, the genotype frequency of the 
rs1547651 and rs3025030 SNPs was significantly differ-
ent between unruptured cases and ICH cases (χ2, uncor-
rected P=0.049 and P=0.047, respectively); the association of 

rs1547651 still remained after the logistic regression analysis 
was adjusted for age and gender (adjusted OR=2.11; 95% 
CI=1.01 to 4.42 compared with the AA genotype).  The remain-
ing 7 SNPs did not reach the statistically significant level 
(Table 2).

Table 2.  Frequency of the distribution of VEGFA SNP genotypes and their association with risk of hemorrhagic presentation.  

                                                                                                                BAVM presentation                                                                     Logistic regression
  Genetic model	    Location in           Genotype	          Unruptured                  ICH No (%)	           P value                 Adjusted OR                   P value
                                      gene region	                                No (%)	                                                χ2 test	       (95% CI)a	
 
	 Genotype:							     
	 rs1547651	 Promoter				    0.049 		
	 –		  A/A	 115 (91.3%)	 149 (83.2%)		  1.00 (reference)	
			   A/T	   11 (8.7%)	   30 (16.8%)		  2.11 (1.01–4.42)	 0.047
	 rs2010963	 5' UTR				    0.260 		
    		  CC	   40 (32.0%)	   52 (30.1%)		  1.00 (reference)	
	 Codominant		  CG	   66 (52.8%)	   82 (47.4%)		  0.95 (0.56–1.61)	 0.845
			   GG	   19 (15.2%)	   39 (22.5%)		  1.54 (0.77–3.07)	 0.221
	 Dominant		  CG/CC	 106 (84.8%)	 134 (77.5%)		  0.63 (0.34–1.16)	 0.535
	 rs1413711	 Intron_1				    0.282 		
    		  GG	   78 (61.4%)	   98 (54.4%)		  1.00 (reference)	
	 Codominant		  GA	   43 (33.9%)	   73 (40.6%)		  1.35 (0.83–2.2)	 0.221
			   AA	     6 (4.7%)	     9 (5.0%)		  1.22 (0.41–3.63)	 0.715
	 Dominant		  GA/AA	   49 (38.6%)	   82 (45.6%)		  0.75 (0.47–1.19)	 0.22
	 rs833069	 Intron_2			    	 0.117
    		  AA	   36 (29.8%)	   44 (25.6%)	  	 1.00 (reference)	
	 Codominant		  AG	   67 (55.4%)	   88 (51.2%)		  1.05 (0.61–1.82)	 0.856
			   GG	   18 (14.8%)	   40 (23.2%)		  1.78 (0.87–3.63)	 0.116
	 Recessive		  AA/AG	 103 (85.1%)	 132 (76.7%)		  1.00 (reference)	
			   G/G	   18 (14.9%)	   40 (23.3%)		  0.58 (0.31–1.08)	 0.081
	 rs3024994	 Intron_2				    0.203 		
    		  CC	 116 (91.3%)	 153 (86.9%)		  1.00 (reference)	
	 Codominant		  CT	   11 (8.7%)	   22 (12.5%)		  1.51 (0.70–3.26)	 0.298
			   TT	     0 (0%)	     1 (0.6%)		  1.25E9 (0.0–)	 1
	 Log-additive		  –	     –	       –		  0.62 (0.30–1.30)	 0.2
	 rs3025010	 Intron_5				    0.999 		
     		  TT	   67 (52.8%)	   97 (53.9%)		  1.00 (reference)	
	 Codominant		  TC	   54 (42.5%)	   72 (40.02%)		  0.92 (0.57–1.47)	 0.715
			   CC	     6 (4.7%)	   11 (6.1%)		  1.31 (0.46–3.74)	 0.616
	 Recessive		  TT/TC	 121 (95.3%)	 169 (93.9%)		  1.00 (reference)	
			   CC	     6 (4.7%)	   11 (6.1%)		  0.74 (0.26–2.06)	 0.55
	 rs3025030	 Intron_7				    0.047 		
    		  GG	   81 (64.3%)	 131 (74.0%)		  1.00 (reference)	
	 Codominant		  GC	   39 (30.9%)	   42 (23.7%)		  0.70 (0.41–1.18)	 0.181
			   CC	     6 (4.8%)	     4 (2.3%)		  0.42 (0.11–1.55)	 0.194
	 Log-additive		  –	     –	 –		  1.47 (0.96–2.26)	 0.077
	 rs3025035	 Intron_7				    0.211 		
    		  CC	   95 (75.4%)	 122 (70.1)		  1.00 (reference)	
	 Codominant		  TC	   30 (23.8)	   47 (27.0%)		  1.19 (0.70–2.03)	 0.523
			   TT	     1 (0.8%)	     5 (2.9%)		  3.84 (0.44–33.96)	 0.226
	 Recessive		  CC/CT	 125 (99.2%)	 169 (97.1%)		  1       (reference)	
			   TT	     1 (0.8%)	     5 (2.9%)		  0.27 (0.03–2.40)	 0.19
	 rs3025039	 Exon_8				    0.188 		
  			  CC	   83 (67.4%)	 129 (73.7%)		  1.00 (reference)	
	 Codominant		  CT	   35 (28.5%)	   42 (24.0%)		  0.81 (0.48–1.39)	 0.449
			   TT	     5 (4.1%)	     4 (2.3%)		  0.53 (0.14–2.06)	 0.36
	 Log-additive		  –	     –	     –	  	 1.28 (0.82–1.99)	 0.27



1074

www.nature.com/aps
Gong ZP et al

Acta Pharmacologica Sinica

npg

Analysis of haplotype association with ICH risk in patients with 
BAVMs 
The reconstructed LD plot of the nine SNPs in the 333 con-
trols was described in our previous report[16].  Three blocks 
were defined by the nine SNPs in VEGFA.  Block 1 covered 
the region of VEGFA from the 5’ UTR to the first intron with 
a length of 2 kb (SNPs 2–3).  Block 2 extended 4 kb (SNPs 4–6) 
and encompassed the middle part of the gene from intron 2 to 
intron 5.  Block 3 contained the terminal section of the gene, 
ranging mainly from intron 7 to the 3’ UTR (SNPs 7–9, size=1 
kb).  The overall distribution of haplotypes in block 2 was sig-
nificantly different between unruptured cases and ICH cases 
(Table 3).  Haplotype-specific analysis revealed the haplotype 
‘GC’ in block 1 (Psim=0.033) and the haplotype ‘ACC’ in block 
2 (Psim=0.005) correlated with a significant protective effect 
against ICH risk in patients with BAVMs (adjusted OR=0.70; 
95% CI=0.49–1.02 and adjusted OR=0.62, 95% CI=0.4–0.93, 
respectively) compared to the most common haplotype.

Association analysis with stratification
We further evaluated whether the rs1547651 variant and 
haplotype ‘ACC’ in block 2 were associated with ICH risk in 
patients with BAVMs, as stratified by age, sex, BAVM size 
and venous drainage status.  As shown in Table 4, compared 
with the common wild-type homozygous genotype, the 
increased risk associated with genotype AT of rs1547651 was 
more pronounced in female subjects (adjusted OR=3.21, 95% 
CI=0.99–10.36).  Moreover, the protective effect of haplotype 
‘ACC’ in block 2 was more evident in males and subjects with 
BAVMs of a size ≥3 cm (adjusted OR=0.57, 95% CI=0.34–0.97 
and adjusted OR=0.57, 95% CI=0.31–0.86, respectively).

Discussion
VEGFA has the ability to increase vascular permeability and 
cause vasodilatation, and it has been shown to be associ-
ated with various hemorrhagic disorders.  Overexpression of 
VEGFA was reported recently in patients with brain tumor-
associated ICH[23].  In this study, we reported the association 
between multiple common VEGFA polymorphisms and the 
hemorrhagic risk of BAVMs in a Han Chinese population.  We 
found that one SNP out of nine selected SNPs showed a sig-
nificant association with ICH risk.  Moreover, haplotype anal-
yses revealed that the haplotype ‘GC’ in block 1 (Psim=0.033), 
and the haplotype ‘ACC’ in block 2 (Psim=0.005) showed a 
decreased ICH risk in patients with BAVMs compared with 
those of the common haplotype.  Our findings suggested that 
VEGFA gene variants might contribute to an increased ICH 
risk in patients with BAVMs.

Genetic variants within the conventional regulatory region, 
such as the 5’ UTR and the 3’ UTR, were analyzed as a prior-
ity in several previous studies.  rs1547651, which is located in 
the promoter region, was reported to be significantly associ-
ated with bladder cancer; moreover, the TT genotype was 
linked to a three-fold increased risk for bladder cancer[24]. In 
our study, the heterozygous genotype was significantly asso-
ciated with increased ICH risk (adjusted OR=2.11, 95% CI 
=1.01–4.42) compared with the AA genotype.  Moreover, our 
stratified analyses revealed that the AT genotype had a three-
fold increased risk of ICH compared with the AA genotype 
in females (adjusted OR=3.21, 95% CI=0.99–10.36).  Despite 
the fact that the single SNP association of rs1547651 was not 
significant after using the stringent Bonferroni correction, the 
association might still be noteworthy.  Using the TFSEARCH 

Table 3.  Frequency of the distribution of haplotypes in the VEGFA gene and their association with risk of hemorrhagic presentation. 

  Block               Haplotypea	    Total	       ICH	        (%)	     Unruptured    (%)	            P value            Psim valueb	           Adjusted OR             P valuec

								                                          		               (95% CI)c

 
	Block 1	 CC	 277	 168	 46.4	 109	 41.9	 0.277	 0.283	 1.00 (reference)	
		  GC	 199	 103	 28.5	   96	 36.9	 0.030	 0.033	 0.70 (0.49–1.02)	 0.063
		  GA	 146	   91	 25.1	   55	 21.2	 0.288	 0.324	 1.09 (0.72–1.65)	 0.692
		  Global-stat=4.79			   df=2		  P=0.091          	 Psim

b=0.089
	Block 2	 GCT	 285	 174	 48.1	 111	 42.7	 0.115	 0.114	 1.00 (reference)	
		  ACT	 160	   94	 26	   66	 25.4	 0.993	 0.985	 0.92 (0.62–1.37)	 0.672
		  ACC	 141	   69	 19.1	   72	 27.7	 0.007	 0.005	 0.62 (0.41–0.93)	 0.020
		  Othersd 	   36	   25	   6.9	   11	   4.2	 0.243	 0.231	 1.43 (0.68–3.07)	 0.341
		  Global-stat=9.32			   df=4		  P=0.054		  Psim

b=0.043
	Block 3	 GCC	 428	 252	 69.8	 176	 67.7	 0.662	 0.665	 1.00 (reference)	
		  CCT	 100	   51	 14.1	   49	 18.8	 0.105	 0.117	 0.75 (0.48–1.17)	 0.202
		  GTC	   89	   57	 15.7	   32	 12.3	 0.165	 0.169	 1.23 (0.76–1.99)	 0.393
		  Othersd	     5	     2	   0.6	     3	   1.2	 0.328	 0.288	 0.48 (0.08–2.95)	 0.428
		  Global-stat=5.01			   df=4  		  P=0.286		  Psim

b=0.296

a Polymorphic bases were in 5′–3′ order, as listed in Table 2.  Loci chosen for block 1: SNPs 2–3, Loci chosen for block 2: SNPs 4–6, Loci chosen for block 3: 
SNPs 7–9.
b Generated by permutation test with 10 000 times simulation.
c Adjusted for age and gender.
d Haplotypes with a frequency of less than 0.1 were pooled into one mixed group.
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program (http://mbs.cbrc.jp/research/db/TFSEARCH.html), 
we found that two possible transcriptional factors, GATA-1 
and GATA-3, could bind to the A allele of rs1547651.  We 
hypothesized that this polymorphism variation may affect the 
expression of VEGFA by changing the binding affinity of fac-
tors to the mRNA.  

Increasing evidence indicates the importance of intronic 
VEGFA polymorphisms as markers of disease susceptibil-
ity[24–26].  One Canadian study suggested that rs3025030 was 
associated with a higher risk of retinopathy.  In our study, the 
genotype distribution of rs3025030 was significantly different 
between cases and controls (P=0.047).  Furthermore, no asso-
ciation was found via logistic regression analyses after adjust-
ment for age and sex.  Although the variants of rs3025030 were 
predicted to cause changes in the binding sites of transcription 
factors, which may result in the dysfunction of VEGFA expres-
sion using FASTSNP[27], the effects of this variant needed to be 
validated in further studies.

Because we were confident that haplotype-based analysis 
is more powerful than single-marker analysis[28, 29], we per-
formed this type of analysis to elucidate which haplotype 
was associated with an increased or a diminished risk of ICH.  
Although a few studies have been conducted regarding the 
involvement of VEGFA haplotypes in certain diseases[30-32], 

the haplotypes analyzed in those studies are not comparable 
with ours because they genotyped different SNPs.  In our 
study, we found that the ‘GC’ haplotype in block 1 and the 
‘ACC’ haplotype in block 2 were significantly associated with 
ICH risk (adjusted OR=0.70, 95% CI=0.49–1.02, Psim=0.033 and 
adjusted OR=0.62, 95% CI=0.41–0.93, Psim=0.005, respectively); 
moreover, we observed a protective effect of the haplotype 
‘ACC’ derived from rs833069, rs3024994, and rs3025010 in 
females and those with BAVMs of a size ≥3 cm. We did not, 
however, see an independent association with the individual 
SNP present in the haplotype associated with ICH risk.  Our 
hypothesis is that a combined haplotype, rather than a single 
SNP, is important for ICH.

Despite the fact that our study has several strengths, includ-
ing a haplotype-based design and a homogeneous popula-
tion of the same ethnicity, some inherent limitations must 
be noted.  Some selection bias due to hospital-based controls 
cannot be ruled out.  To limit the potential selection bias, we 
recruited patients by matching the controls to the individuals 
with BAVMs on the categories of age, sex and residential area.  
Only nine out of the exhaustive list of SNPs in VEGFA were 
genotyped in this study, and therefore, it is possible that we 
did not fully capture or represent the genetic variability of the 
gene; however, SNPs with high priority were selected for this 

Table 4.  Stratified analyses of the associations between the VEGFA rs1547651 genotypes and haplotypes in block 2 with risk of hemorrhagic 
presentation by selected variables. 

 	                                                             rs1547651	  	                                                                       Block2
    Variables
	                     Unruptured/ICH	  	         OR (95% CI)a	  	             Unruptured/ICH                            OR (95% CI)a

 
	  AA No (%)	  AT No (%)	                 AA	                 AT	           GCT No (%)     ACC No (%)	            GCT	             ACC
Age at diagnosis	  
  >30	 63 (87.5)/	   7 (9.7)/	 1.00 (reference)	 1.96 (0.74–5.15)	   61 (42.4)/	 42 (29.2)/	 1.00 (reference)	 0.59 (0.33–1.05)
	 68 (81.9)	 15 (18.1)			     77 (46.4)	 32 (19.3)
  <=30	 52 (89.7)/	   4 (6.9)/	 1.00 (reference)	 2.42 (0.76–7.73)	   50 (43.1)/	 30 (25.9)/	 1.00 (reference)	 0.66 (0.37–1.20)
	 81 (82.7)	 15 (15.3)			     97 (49.5)	 37 (18.7)

Gender
  Female	 44 (88.0)/	   4 (8.0)/	 1.00 (reference)	 3.21 (0.99–10.36)	   43 (43.0)/	 27 (27.0)/	 1.00 (reference)	 0.68 (0.35–1.29)
	 63 (78.8)	 17 (21.3)			     75 (46.0)	 30 (18.8)
  Male	 71 (88.8)/	   7 (8.8)/	 1.00 (reference)	 1.53 (0.58–4.04)	   68 (42.5)/	 45 (28.1)/	 1.00 (reference)	 0.57 (0.34–0.97)
	 86 (85.1)	 13 (12.9)			     99 (49.0)	 39 (19.3)

BAVM size
  <3 cm	 17 (89.5)/	   2 (10.5)/	 1.00 (reference)	 2.11 (0.43–10.35)	   16 (42.1)/	   9 (23.7)/	 1.00 (reference)	 0.90 (0.36–2.28)
	 66 (79.5)	 15 (18.1)			     79 (47.6)	 36 (21.7)
  ≥3 cm	 98 (88.3)/	   9 (8.1)/	 1.00 (reference)	 1.95 (0.80–4.72)	   95 (42.8)/	 63 (28.4)/	 1.00 (reference)	 0.52 (0.31–0.86) 
	 83 (84.7)	 15 (15.3)			     95 (48.5)	 33 (16.8)

Venous drainage
  Exclusively deep 	 23 (92.0)/	   2 (8.0)/	 1.00 (reference)	 2.88 (0.62–13.4.2)	   22 (44.0)/	 13 (26.0)/	 1.00 (reference)	 0.63 (0.29–1.40)
 	 86 (79.6)	 20 (18.5)			   104 (48.1)	 40 (18.5)
  Any superficial 	 92 (87.6)/	   9 (8.6)/	 1.00 (reference)	 1.52 (0.58–4.01)	   89 (42.4)/	 59 (28.1)/	  1.00 (reference)	 0.62 (0.36–1.06)
	 63 (86.3)	 10 (13.7)			     70 (47.9)	 29 (19.9)

a Adjusted for age and gender. 
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study based on a careful review of previous functional analy-
ses and association studies of VEGFA variation.

In conclusion, the results from our case-control study in a 
Chinese population suggest that the genetic variants of the 
VEGFA gene may modulate ICH risk in patients with BAVMs.  
In particular, we found two haplotypes with a significantly 
protective effect with respect to ICH risk in patients with 
BAVMs.  Large-scale studies with ethnically diverse popula-
tions and functional evaluation of these studies are warranted 
to confirm our findings.

Acknowledgements
This study was supported by the National Natural Science 
Foundation of China (No 30500524, 30973103, 81070936, 
30800622, and 81001114), and the Scientific Research Founda-
tion for the Returned Overseas Chinese Scholars.

Author contribution
Dr Hong-yan CHEN and Dr Yao ZHAO designed the research 
and revised the paper;  Zhi-ping GONG conducted the experi-
ments and wrote the paper; Ni-dan QIAO, Yu-xiang GU, 
Jian-ping SONG, Pei-liang LI, and Hui-jia QIU performed 
the experiments;  Wei-wei FAN analyzed the data;  and Ying 
MAO designed the research.

References
1	 Arteriovenous Malformation Study Group.  Arteriovenous malforma

tions of the brain in adults.  N Engl J Med 1999; 340: 1812–8.  
2	 Pawlikowska L, Tran MN, Achrol AS, McCulloch CE, Ha C, Lind DL, et 

al.  UCSF BAVM Study Project: Polymorphisms in genes involved in 
inflammatory and angiogenic pathways and the risk of hemorrhagic 
presentation of brain arteriovenous malformations.  Stroke 2004; 35: 
2294–300.  

3	 Connolly DT, Heuvelman DM, Nelson R, Olander JV, Eppley BL, Delfino 
JJ, et al.  Tumor vascular permeability factor stimulates endothelial 
cell growth and angiogenesis.  J Clin Invest 1989; 84: 1470–8.  

4	 Ferrara N, Davis-Smyth T.  The biology of vascular endothelial growth 
factor.  Endocr Rev 1997; 18: 4–25.  

5	 Ferrara N.  Role of vascular endothelial growth factor in regulation 
of physiological angiogenesis.  Am J Physiol Cell Physiol 2001; 280: 
C1358–66.

6	 Bates DO, Harper SJ.  Regulation of vascular permeability by vascular 
endothelial growth factors.  Vascul Pharmacol 2002; 39: 225–37.  

7	 Ferrara N.  Vascular endothelial growth factor as a target for anti
cancer therapy.  Oncologist 2004; 9: 2–10.

8	 Hashimoto T, Lawton MT, Wen G, Yang GY, Chaly T Jr, Stewart CL, et 
al.  Gene microarray analysis of human brain arteriovenous malforma
tions.  Neurosurgery 2004; 54: 410–23.

9	 Lee CZ, Xue Z, Zhu Y, Yang GY, Young WL.  Matrix metalloproteinase-9 
inhibition attenuates vascular endothelial growth factor-induced 
intracranial hemorrhage.  Stroke 2007; 38: 2563–8.

10	 Sfar S, Hassen E, Saad H, Mosbah F, Chouchane L.  Association of 
VEGF genetic polymorphisms with prostate carcinoma risk and clinical 
outcome.  Cytokine 2006; 35: 21–8.

11	 Howell WM, Bateman AC, Turner SJ, Collins A, Theaker JM.  Influence 
of vascular endothelial growth factor single nucleotide polymorphisms 
on tumour development in cutaneous malignant melanoma.  Genes 
Immun 2002; 3: 229–32.

12	 Kataoka N, Cai Q, Wen W, Shu XO, Jin F, Gao YT, et al.  Population-
based case-control study of VEGF gene polymorphisms and breast 
cancer risk among Chinese women.  Cancer Epidemiol Biomarkers 
Prev 2006; 15: 1148–52.

13	 Lee SJ, Lee SY, Jeon HS, Park SH, Jang JS, Lee GY, et al.  Vascular 
endothelial growth factor gene polymorphisms and risk of primary 
lung cancer.  Cancer Epidemiol Biomarkers Prev 2005; 14: 571–5.

14	 Awata T, Inoue K, Kurihara S, Ohkubo T, Watanabe M, Inukai K, et 
al.  A common polymorphism in the 5′-untranslated region of the 
VEGF gene is associated with diabetic retinopathy in type 2 diabetes.  
Diabetes 2002; 51: 1635–9.

15	 Vannay A, Dunai G, Bányász I, Szabó M, Vámos R, Treszl A, et al.  
Association of genetic polymorphisms of vascular endothelial growth 
factor and risk for proliferative retinopathy of prematurity.  Paediatr 
Res 2005; 57: 396–8.

16	 Chen HY, Gu YX, Wu WT, Chen D, Li PL, Fan WW, et al.  Vascular 
endothelial growth factor A gene polymorphisms and susceptibility to 
sporadic brain arteriovenous malformations in a Chinese population.  
J Clin Neurosci 2011; 18: 549–53.

17	 Joint Writing Group of the Technology Assessment Committee 
American Society of Interventional and Therapeutic Neuroradiology; 
Joint Section on Cerebrovascular Neurosurgery a Section of the 
American Association of Neurological Surgeons and Congress of 
Neurological Surgeons; Section of Stroke and the Section of Inter
ventional Neurology of the American Academy of Neurology, Atkinson 
RP, Awad IA, Batjer HH, Dowd CF, Furlan A, Giannotta SL, et al.  
Reporting terminology for brain arteriovenous malformation clinical 
and radiographic features for use in clinical trials.  Stroke 2001; 32: 
1430–42.

18	 Jurinke C, van den Boom D, Cantor CR, Koster H.  Automated 
genotyping using the DNA MassArray technology.  Methods Mol Biol 
2002; 187: 179–92.

19	 Akaike H.  A new look at the statistical model identification.  IEEE 
Trans Automat Contr 1974; 19: 716–23.

20	 Lewontin RC.  On measures of gametic disequilibrium.  Genetics 
1988; 120: 849–52.

21	 Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel 
B, et al.  The structure of haplotype blocks in the human genome.  
Science 2002; 296: 2225–9.

22	 Stephens M, Donnelly P.  A comparison of Bayesian methods for 
haplotype reconstruction from population genotype data.  Am J Hum 
Genet 2003; 73: 1162–9.

23	 Jung S, Moon KS, Jung TY, Kim IY, Lee YH, Rhu HH, et al.  Possible 
pathophysiological role of vascular endothelial growth factor (VEGF) 
and matrix metalloproteinases (MMPs) in metastatic brain tumor-
associated intracerebral hemorrhage.  J Neurooncol 2006; 76: 257–
63.

24	 García-Closas M, Malats N, Real FX, Yeager M, Welch R, Silverman 
D, et al.  Large-scale evaluation of candidate genes identifies 
associations between VEGF polymorphisms and bladder cancer risk.  
PLoS Genet 2007; 3: e29.

25	 Churchill AJ, Carter JG, Lovell HC, Ramsden C, Turner SJ, Yeung A, et 
al.  VEGF polymorphisms are associated with neovascular age-related 
macular degeneration.  Hum Mol Genet 2006; 15: 2955–61.  

26	 Al-Kateb H, Mirea L, Xie X, Sun L, Liu M, Chen H, et al.  Multiple 
variants in vascular endothelial growth factor (VEGFA) are risk factors 
for time to severe retinopathy in type 1 diabetes: the DCCT/EDIC 
genetics study.  Diabetes 2007; 56: 2161–8.

27	 Yuan HY, Chiou JJ, Tseng WH, Liu CH, Liu CK, Lin YJ, et al.  FASTSNP: 
an always up-to-date and extendable service for SNP function analysis 
and prioritization.  Nucleic Acids Res 2006; 34: W635–41.



1077

www.chinaphar.com
Gong ZP et al

Acta Pharmacologica Sinica

npg

28	 Clark AG.  The role of haplotypes in candidate gene studies.  Genet 
Epidemiol 2004; 27: 321–33.  

29	 Han SW, Kim GW, Seo JS, Kim SJ, Sa KH, Park JY, et al.  VEGF gene 
polymorphisms and susceptibility to rheumatoid arthritis.  Rheumato
logy (Oxford) 2004; 43: 1173–7.

30	 Churchill AJ, Carter JG, Lovell HC, Ramsden C, Turner SJ, Yeung A, et 
al.  VEGF polymorphisms are associated with neovascular age-related 
macular degeneration.  Hum Mol Genet 2006; 15: 2955–61.

31	 Churchill AJ, Carter JG, Ramsden C, Turner SJ, Yeung A, Brenchley PE, 
et al.  VEGF polymorphisms are associated with severity of diabetic 
retinopathy.  Invest Ophthalmol Vis Sci 2008; 49: 3611–6.

32	 Tsai SJ, Hong CJ, Liou YJ, Chen TJ, Chen ML, Hou SJ, et al.  Haplotype 
analysis of single nucleotide polymorphisms in the vascular endo
thelial growth factor (VEGFA) gene and antidepressant treatment 
response in major depressive disorder.  Psychiatry Res 2009; 169: 
113–7.  



Acta Pharmacologica Sinica  (2011) 32: 1078–1084 
© 2011 CPS and SIMM    All rights reserved 1671-4083/11  $32.00

www.nature.com/aps

npg

Introduction
Essential hypertension is the leading cause of cardiovascu-
lar morbidity and mortality worldwide, affecting about 20% 
of the adult population and only 23%–41% of hypertensive 
patients receiving antihypertensive drugs achieve adequate 
blood pressure control[1, 2].  Many drugs are effective in treating 
hypertension, although individuals can respond differently 
to the same drug.  Interindividual variation in the efficacy 
of medications may be influenced by genetic variations[2–4].  
Hypertension pharmacogenetics seeks to find genetic predic-
tors of response to drugs that lower blood pressure.  More and 
more studies have investigated associations between genetic 
polymorphisms and response to antihypertensive drugs[5–7].  

Iptakalim is a novel KATP opener with antihypertensive 
properties targeting small arteries of hypertensive status in 
different models of hypertension in rats and dogs.  It can pro-
duce long-lasting hypotensive effects without tolerance.  At 
the same time it exertes a protective effect against hyperten-
sive damage to target organs[8–15].  Iptakalim is an effective and 
well tolerated antihypertensive drug.  Individual variations 
for its antihypertensive effects have been observed[16].  Genetic 
variations that alter the structure, configuration, activity, or 
quantity of the drug target receptors or target-related regula-
tion factors may contribute to individual variations in drug 
response[17].  Among the 3 different subtypes of KATP channels 
heterologously expressed in human embryonic kidney cells 
and Xenopus oocytes, iptakalim exhibits significant selec-
tivity for SUR2B/Kir6.1 channels, mild effects on SUR2A/
Kir6.2 channels, and fails to open SUR1/Kir6.2 channels.  The 
KCNJ11 gene, which encodes the Kir6.2 subunit of the KATP 
channel, is among the candidate target genes for antihyperten-
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sive drug iptakalim[8].  
In this study, we aimed to investigate the polymorphisms 

of KCNJ11 in 162 Chinese patients with essential hyperten-
sion and their possible association with the antihypertensive 
response of iptakalim.

Materials and methods
Subjects
The material studied comes from all subjects who finished the 
trials in 5 centers of the phase-three clinical trials of iptakalim 
which is a randomized and double-blind trial performed in 
14 centers in 11 cities in China.  We studied 162 non-related 
Chinese Han patients with essential hypertension (81 men, 
81 women; mean age±SD: 55±9 years; range: 26–74 years).  
Patients met World Health Organization-International Soci-
ety of Hypertension criteria for hypertension (systolic BP 
[SBP]≥140 mmHg or diastolic BP [DBP]≥90 mmHg).  Trained 
investigators assessed patents’ BP on at least three differ-
ent occasions.  All patients underwent a complete physical 
examination.  Secondary causes of hypertension and heart, 
liver, and kidney diseases were excluded by history and by 
physical and laboratory examinations.  The diabetic patients 
(the fasting plasma glucose concentration>11 mmol/L) were 
excluded in this study.  After a 2-weeks single-blind placebo 
run-in period, all patients were treated orally with iptakalim 
(Thadweik Academy of Medicine, Beijing, China) at a single 
daily fixed dosage of 5 mg (one tablet per day) for 4 con-
secutive weeks.  After that, patients whose BP was less than 
140/90 mmHg continued the same dose regimen for another 
4 weeks.  In patients whose BP was not adequately controlled 
(BP≥140/90 mmHg), the dose was doubled for the following 4 
weeks.  Patients were required to take their iptakalim around 
9 am and carefully record the time they took the tablet.  Blood 
pressure was measured before taking medicine on the first 
day and 24 h after 8 weeks of treatment.  Three consecutive 
measurements were taken on the right arm of quietly seated 
participants with 1 min interval between replicates.  If the dif-
ference between the measurements was more than 4 mmHg, 
the patient was asked to rest for 5 min, and then repeated the 
measurements.  In all of our analysis, the average of three con-
secutive blood pressure readings was used.  Written informed 
consent was obtained from all patients enrolled in the study in 
accordance with principles of the Declaration of Helsinki.  The 
protocol of the study was approved by the institutional Ethics 
Committee.

Genotyping analysis
Genomic DNA was isolated from peripheral leukocytes.  
KCNJ11 gene was amplified by PCR and sequenced.  The 
multiple sequence alignment program ClustalW2 (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) and Chromas pro-
gram were used for genotyping.  The primers of KCNJ11 were 
designed using Primer3 (http://frodo.wi.mit.edu/primer3/).  
For specific amplification of DNA samples, two rounds of PCR 
amplification were carried out for KCNJ11.  The primers and 
the amplification conditions for the first PCR were as follows: 

forward F1, 5’-ACTGGGATTACAGGCGTGAG-3’ and reverse 
R1, 5’-CCTGACCACAGGCACTTCTT-3’, initial denaturation 
at 95 °C for 5 min followed by 35 cycles of denaturation at 
95 °C for 30 s, annealing at 58 °C for 30 s, and extension at 
72 °C for 2 min, and final extension at 72 °C for 5 min.  The 
PCR product is a 1824-bp fragment which was diluted (1:50) 
with water and used as templates to the second PCR.  Ampli-
fication conditions for the second PCR were the same as that 
given above but the primers used were different (forward F2, 
5’-GACTCTGCAGTGAGGCCCTA-3’ and reverse R2, 5’-CCT-
GCTGAGGCCAGAAATAG-3’).  The product of the second 
PCR was a 1421-bp fragment which was sequenced (ABI 
3730XL sequencer, PE Applied Biosystem, USA).  cDNA and 
protein sequences were numbered according to NCBI ORF 
finder (http://www.ncbi.nlm.nih.gov/gorf/orfig.cgi; Gen-
Bank NM_000525.3) with nucleotide numbering beginning 
with the first Met.

Statistical analysis
Values are expressed as the mean±SD.  The means for continu-
ous variables in the 2 groups were compared using t-test and 
the differences among three groups were analyzed by one-way 
analysis of variance (ANOVA).  The prevalence of categorical 
variables was compared using χ2-test.  The blood pressure (BP) 
response was defined as the blood pressure before treatment 
minus the blood pressure at the end of 8 weeks of treatment.  
Multiple linear regression and logistic regression analyses 
were used to assess the influence of KCNJ11 polymorphisms 
on baseline BP and antihypertensive efficacy, with adjustment 
for potential confounding factors, including baseline BP, age, 
sex, and BMI.  The SPSS 13.0 statistical package (SPSS, Chi-
cago, IL, USA) was used for analysis.  All tests were two-tailed 
and P<0.05 was considered statistically significant.  Linkage 
disequilibrium and haplotypes analysis were done with a 
SHEsis software[18, 19].

Results
Clinical characteristics
For the 162 patients in this study, there were no significant 
differences in age, sex, BMI, smoking status, alcohol con-
sumption, baseline BP, heart rate and biochemical parameters 
among the three genotypes of the four polymorphisms before 
iptakalim treatment.  Significant decreases in SBP and DBP 
occurred after treatment in all genotype groups (P<0.01).  The 
posttreatment DBP was not different among the three groups, 
while the posttreatment SBP was both lower in patients with 
TT genotype of the A190A polymorphism and AA genotype 
of the I337V polymorphism (Table 1).

Allele and genotype frequencies
Five polymorphisms were identified in 162 Chinese hyperten-
sive patients.  Four known polymorphisms were E23K, A190A, 
I337V and 3’UTR +62 G/A (Figure 1).  Complete information 
on genotypes and phenotypes was available for 162 patients.  
For A190A polymorphism, the frequencies of the C and T 
alleles were 55.6% and 44.4%, respectively, and the frequencies 
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of the CC, CT, and TT genotypes were 58/162 (35.8%), 64/162 
(39.5%), and 40/162 (24.7%), respectively.  E23K, I337V, and 
3’UTR +62 G/A were found to be in complete LD (D’=1, Fig-
ure 2).  We will use I337V polymorphism as a representative 
polymorphism for the next analysis.  The frequencies of the 
G and A alleles were 43.2% and 56.8%, respectively, and the 
frequencies of the GG, GA, and AA genotypes were 35/162 
(21.6%), 70/162 (43.2%), and 57/162 (35.2%), respectively.  
Patients with TT genotype of the A190A polymorphism are all 
AA genotype of the I337V polymorphism.  The study popula-
tion showed no deviation in genotype frequencies from those 
predicted by the Hardy-Weinberg equilibrium.  In addition, 
we identified two synonymous mutations (C480T, N160N; 
C579T, H193H) and one missense mutation (C1105T, R369C) 

in three patients, and they are all heterozygous.  Blood pres-
sure of the patient with the novel R369C missense mutation 
which is yet unknown functional consequences can be well 
controlled by iptakalim.  The fifth polymorphism found in this 
population is I284I, and the frequencies of genotypes were 157 
CC, 3 CA, 1 AA, and 1 CT.  Haplotype frequencies were calcu-

Figure 1.  The most common polymorphisms in KCNJ11 were E23K, 
A190A, I337V, 3′ UTR +62 G/A.

Figure 2.  Linkage disequilibrium plot of computed pairwise LD statistics 
for four polymorphisms. 

Table 1.  Clinical characteristics and biochemical parameters by KCNJ11 gene polymorphisms.   

          
Variable

                                                                          KCNJ11 A190A genotype		                                 KCNJ11 I337V genotype
        	                                                   CC (n=58)           CT (n=64)          TT (n=40)	         P#           GG (n=35)         GA (n=70)          AA (n=57)           P#

 
Dose (no increase/increase)	      24/34	      39/25	       24/16	 0.063	      17/18	      35/35	      35/22	 0.352
Sex (male/female)	      30/28	      34/30	       17/23	 0.544	      18/17	      35/35	      28/29	 0.977
Age (years)	   55.6 (8.5)	   55.3 (9.0)	   55.5 (9.7)	 0.981	   54.7 (8.6)	   55.1 (8.2)	   56.4 (10.0)	 0.631
Smoking status (never/current)	      43/15	      46/18	       33/7	 0.463	      27/8	      48/22	      47/10	 0.191
Alcohol consumption (never/current)	      43/15	      49/15	       32/8	 0.800	      24/11	      55/15	      45/12	 0.458
BMI (kg/m2)	   25.2 (2.4)	   25.3 (2.7)	   25.5 (2.9)	 0.845	   25.1 (2.4)	   25.0 (2.7)	   25.8 (2.7)	 0.197
Sodium (mmol/L) 	 141.5 (3.2)	 141.9 (3.0)	 141.4 (2.6)	 0.558	 141.1 (3.1)	 141.9 (2.9)	 141.7 (3.1)	 0.459
Potassium (mmol/L)	      4.1 (0.3)	     4.1 (0.4)	     4.2 (0.4)	 0.058	     4.1 (0.3)	     4.1 (0.4)	     4.2 (0.4)	 0.235
Chloride (mmol/L)	 104.0 (3.1)	 103.4 (2.9)	 103.6 (3.0)	 0.568	 103.8 (3.0)	 103.7 (3.1)	 103.5 (2.8)	 0.833
Glucose (mmol/L)	      5.7 (1.4)	     5.5 (1.3)	     5.3 (1.3)	 0.338	     5.7 (1.5)	     5.6 (1.5)	     5.4 (1.1)	 0.512
Uric acid (μmol/L)	  307.4 (79.3)	 314.8 (96.8)	 324.2 (75.9)	 0.638	 308.8 (74.7)	 313.4 (98.3)	 319.3 (75.7)	 0.841
Total cholesterol (mmol/L)	      5.3 (1.1)	     5.1 (0.9)	     5.2 (0.8)	 0.446	     5.3 (1.3)	     5.2 (0.9)	     5.1 (0.8)	 0.441
Triglyceride (mmol/L)	      2.3 (1.8)	     2.0 (1.3)	     1.8 (1.0)	 0.271	     2.2 (1.8)	     2.2 (1.6)	     1.8 (1.0)	 0.264
HDL cholesterol (mmol/L)	      1.3 (0.3)	     1.4 (0.4)	     1.4 (0.5)	 0.365	     1.4 (0.3)	     1.3 (0.4)	     1.4 (0.4)	 0.548
GPT (U/L)	   25.9 (13.3)	   24.7 (13.9)	   25.6 (13.0)	 0.875	   28.1 (15.1)	   24.1 (12.8)	   25.2 (12.9)	 0.353
Pretreatment SBP (mmHg) 	 153.6 (14.0)	 152.6 (12.1)	 151.4 (11.6)	 0.710	 151.1 (12.1)	 153.8 (13.3)	 152.2 (12.2)	 0.564
Posttreatment SBP (mmHg)	 145.0 (14.3)c	 141.3 (12.0)c	 137.3 (11.4)c	 0.015	 142.8 (13.9)c	 144.1 (13.3)c	 137.8 (11.4)c	 0.019
Pretreatment DBP (mmHg)	 100.4 (4.3)	   99.7 (3.8)	   99.8 (4.1)	 0.622	   99.7 (3.9)	 100.2 (4.3)	   99.8 (3.8)	 0.791
Posttreatment DBP (mmHg)	   90.4 (10.9)c	   88.2 (7.1)c	   87.5 (8.0)c	 0.208	   89.0 (10.2)c	   90.0 (8.9)c	   87.3 (8.0)c	 0.247
Pretreatment HR (beats/min)	   72.0 (10.2)	   70.1 (9.3)	   71.0 (11.1)	 0.582	   72.0 (9.4)	   70.1 (9.3)	   71.4 (11.3)	 0.628
Posttreatment HR (beats/min)	   70.1 (8.5)	   70.1 (8.4)	   71.0 (9.6)	 0.523	   70.7 (7.8)	   69.8 (8.5)	   67.5 (9.4)	 0.186
Change in HR at 8 weeks (beats/min)	      1.9 (8.4)	     0.9 (10.2)	     3.0 (9.4)	 0.544	     1.3 (8.4)	     0.3 (9.2)	     3.8 (9.8)	 0.103

Data are presented as the mean (SD).  #ANOVA and Pearson’s χ2 tests were applied to continuous and categorical variables, respectively.  The E23K, 
I337V and 3′UTR +62 G/A polymorphisms are in complete linkage disequilibrium (LD).  cP<0.01 between pretreatment and posttreatment BP.  Change 
in HR at 8 weeks is pretreatment HR minus posttreatment HR.
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lated with the SHEsis program.  There are 16 possible haplo-
types of these four loci (E23K, A190A, L267L, and I337V), but 
only three haplotypes were observed due to complete linkage 
disequilibrium among E23K, L267L, and I337V.  They are H1 
(A-C-G-G, 43%), H2 (G-C-A-A, 13%), and H3 (G-T-A-A, 44%).  
Two kinds of Kir6.2 pore-forming proteins may be seen in this 
population: one is 23K/337V, and the other is 23E/337I.  The 
patients with H1H1 genotype (A-C-G-G/A-C-G-G, n=35) may 
have 23K/337V pore-forming proteins.  Those with H1H2 or 
H1H3 genotypes (A-C-G-G/G-C-A-A or A-C-G-G/G-T-A-A, 
n=70) may have 23K/337V and 23E/337I pore-forming pro-
teins.  Those with H2H2, H2H3 or H3H3 genotypes (G-C-A-
A/G-C-A-A, G-C-A-A/G-T-A-A, or G-T-A-A/G-T-A-A, n=57) 
may have 23E/337I pore-forming proteins.  Due to complete 
LD among E23K, I337V, and 3’UTR +62 G/A, these genotypes 
can be represented by the GG (H1H1, n=35), GA (H1H2 or 
H1H3, n=70) and AA (H2H2, H2H3, or H3H3, n=57) geno-
types of the I337V polymorphism, respectively.  Therefore 
I337V can be used as a representative polymorphism for the 
next analysis.  

Association of antihypertensive response with the four poly­
morphisms
The reduction in SBP and DBP was both largest in the TT (AA) 
group and smallest in the CC (GG) group.  Reductions in SBP 
were statistically significant between the TT (AA) group and 
CC (GG) group for the A190A and I337V polymorphisms 
(-14.8 [10.3] and -9.0 [14.7] mmHg, respectively for the A190A 
polymorphism, P=0.042; -14.4 [10.7] and -8.3 [12.8] mmHg, 
respectively for the I337V polymorphism, P=0.037).  The rela-
tionship between antihypertensive response and the A190A 
and I337V polymorphisms was further examined by multiple 
linear regression analysis, with adjustment for age, sex, BMI 
and baseline BP (Table 2).  Significant association was found 
between SBP response and the A190A and I337V polymor-
phisms (SBP response-crude β±SE: 2.8 [1.4], P=0.042; adjusted 
β±SE: 3.5 [1.2], P=0.003 for the A190A polymorphism; crude 
β±SE: 3.2 [1.4], P=0.026; adjusted β±SE: 3.1 [1.2], P=0.012 for 

the I337V polymorphism).
These findings were confirmed in the logistic regression 

analysis, in which the continuous BP values were transformed 
to dichotomous variables based on clinical antihypertensive 
efficacy (Table 3).  Antihypertensive efficacy was based on 
achievement of the normal clinical standard, defined as a 
SBP<140 mmHg (SBP analysis), a DBP<90 mmHg (DBP analy-
sis), and a SBP<140 mmHg and a DBP<90 mmHg (SBP and 
DBP analysis); failure to achieve this standard constituted 
lack of antihypertensive efficacy.  After adjustment for age, 
sex, BMI and baseline BP, the proportion of patients achiev-
ing antihypertensive efficacy was significantly larger in those 
with the TT genotype than those with the CC genotype for 
the A190A polymorphism (SBP analysis – 60.0% vs 34.5%; 
adjusted odds ratio [OR]: 3.33; 95% CI: 1.30–8.55; P=0.012; DBP 
analysis – 67.5% vs 44.8%; adjusted odds ratio [OR]: 2.47; 95% 
CI: 0.97–6.3; P=0.057; SBP and DBP analysis – 50.0% vs 25.9%; 
adjusted odds ratio [OR]: 3.65; 95% CI: 1.36–9.83; P=0.010).  
Though the proportion of patients achieving antihypertensive 
efficacy in those with the AA genotype was all highest for the 
I337V polymorphism, it was only significantly larger com-
pared with those with the GG genotype in DBP analysis (DBP 
analysis – 68.4% vs 48.6%; adjusted odds ratio [OR]: 2.66; 95% 
CI: 0.96–6.0; P=0.049).

Discussion
Kir6.2 is one of the pore-forming subunits of the KATP channels 
which provide a unique link between cellular energetics and 
electrical excitability[20].  The KCNJ11 gene encoding human 
KATP subunit Kir6.2 is located on chromosome 11p15.1 with 
only one 1173-bp exon.  This work investigated the polymor-
phisms of KCNJ11 gene in 162 Chinese hypertensive popula-
tion treated by iptakalim.  Our data revealed that five poly-
morphisms were found in this population.  Four known poly-
morphisms were E23K, A190A, I337V, and 3’UTR +62 G/A.  
E23K/I337V/3’UTR +62 G/A were found to be in complete 
LD in this population.  The fifth polymorphism found in this 
population is I284I, and the frequencies of genotypes were 157 

Table 2.  Multiple linear regression analysis of the association between blood pressure (BP) response and the KCNJ11 A190A and I337V 
polymorphisms. 

                                                                                                                                                                                        Difference in BP response
	                                                   Fall in BP mean (SD), mmHg	                          Alone                                                 Adjust
	                                CC (GG)	           CT (GA) 	          TT (AA) 	        β (SE)	                      P	             β (SE)	       P
 
	 KCNJ11 A190A
	     Systolic	   8.6 (14.5)	 11.2 (14.4)	 14.3 (10.4)	 2.8 (1.4)	 0.042 	 3.5 (1.2)	 0.003
  	    Diastolic	 10.0 (9.5)	 11.6 (7.1)	 12.3 (6.9)	 1.2 (0.8)	 0.144	 1.2 (0.8)	 0.114

	 KCNJ11 I337V
	     Systolic	   8.3 (12.8)    	   9.8 (15.7)	 14.4 (10.7)	 3.2 (1.4)	 0.026 	 3.1 (1.2)	 0.012
	     Diastolic	 10.7 (8.8)	 10.3 (8.2)	 12.5 (7.2)	 1.0 (0.8)	 0.221	 1.0 (0.8)	 0.210

Each polymorphism was first considered by itself (ie, alone) as a predictor of BP response, then after adjustment for the concomitant variables(ie, after 
covariates) which included pretreatment (baseline) BP, gender, age, and body mass index.  β (SE) is the regression coefficient (standard error). Genotype 
in the bracket is for the I337V polymorphism.
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CC, 3 CA, 1 AA, and 1 CT.  In addition, we identified two syn-
onymous mutations (C480T, N160N; C579T, H193H) and one 
nonsynonymous mutation (C1105T, R369C) in three patients, 
respectively.  The other polymorphisms reported in Germans 
were not found in this population[21].  This might somewhat 
reflect the racial difference.

The association of the four common polymorphisms of 
KCNJ11 gene and the BP response to iptakalim were further 
investigated.  The four polymorphisms were significantly 
associated with SBP response to iptakalim (adjusted regres-
sion coefficient: 3.5 [1.2] mmHg; P=0.003 for the A190A poly-
morphism; adjusted regression coefficient: 3.1 [1.2] mmHg; 
P=0.012 for the I337V polymorphism).  Patients with the TT 
(for the A190A polymorphism) and AA genotype (for the 
I337V polymorphism) exhibited greater systolic BP reduction 

and higher clinical efficacy than those with the CC (for the 
A190A polymorphism) and GG genotype (for the I337V poly-
morphism), respectively.  Therefore the four polymorphisms 
may be used as genetic markers to predict SBP response and 
antihypertensive efficacy to iptakalim.  To our knowledge, this 
study appears to be the first study to investigate the polymor-
phisms of KCNJ11 gene and the association of these polymor-
phisms with BP and BP response to antihypertensive drugs in 
Chinese Han hypertensive patients.

E23K and I337V are missense mutations which have 
functional consequences, however, A190A is synonymous 
mutation which has not very likely important functional 
consequences.  The reason for A190A as a better marker for 
predicting SBP response of iptakalim may be explained by its 
linkage disequilibrium with other putative effective polymor-

Table 3.  Logistic regression analysis of the association between antihypertensive efficacy and KCNJ11 A190A and I337V polymorphisms. 

                                                                                                              KCNJ11 A190A polymorphism		    	
                                      Clinical efficacya                                                Crude	                                                                              Adjustedb

                                              No (%)	       OR	                     95% CI	                        P	               OR	        95% CI	        P
 
	 SBP
	   CC (GG)	 20 (34.5)	 1.00	           –	     –	 1.00	           --	     –
	   CT (GA)	 27 (42.2)	 1.386	 0.665–2.889	 0.383	 1.403	 0.609–3.232	 0.426
	   TT(AA)	 24 (60.0)	 2.850	 1.239–6.553	 0.014	 3.332	 1.298–8.551	 0.012

	 DBP
	   CC (GG)	 26 (44.8)	 1.00	           –	     –	 1.00	           –	     –
	   CT (GA)	 40 (62.5)	 2.051	 0.995–4.230	 0.052	 2.218	 0.987–4.986	 0.054
	   TT (AA)	 27 (67.5)	 2.556	 1.103–5.920	 0.029	 2.474	 0.972–6.297	 0.057

	 SBP and DBP
	   CC (GG)	 15 (25.9)	 1.00	           –	    –	 1.00	           –	     –
	   CT (GA)	 25 (39.1)	 1.838	 0.848–3.981	 0.123	 2.058	 0.849–4.987	 0.110
	   TT (AA)	 20 (50.0)	 2.867	 1.220–6.735	 0.016	 3.651	 1.356–9.830	 0.010

                                                                                                             KCNJ11 I337V polymorphism
                                      Clinical efficacya                                                Crude	                                                                              Adjustedb

                                              No (%)	       OR	                     95% CI	                        P	               OR	        95% CI	        P
 
	 SBP
	   CC (GG)	 15 (42.9)	 1.00	           –	     –	 1.00	           –	     –
	   CT (GA)	 25 (35.7)	 0.741	 0.323–1.697	 0.478	 0.806	 0.316–2.055	 0.651
	   TT(AA)	 31 (54.4)	 1.590	 0.681–3.714	 0.284	 2.186	 0.826–5.785	 0.115

	 DBP
	   CC (GG)	 17 (48.6)	 1.00	           –	     –	 1.00	            –	     –
	   CT (GA)	 37 (52.9)	 1.187	 0.527–2.674	 0.679	 1.376	 0.497–2.735	 0.494
	   TT (AA)	 39 (68.4)	 2.294	 0.964–5.457	 0.061	 2.658	 0.957–5.983	 0.049

	 SBP and DBP
	   CC (GG)	 11 (31.4)	 1.00	           –	     –	 1.00	           –	     –
	   CT (GA)	 23 (32.9)	 1.068	 0.447–2.550	 0.883	 1.220	 0.453–3.289	 0.694
	   TT (AA)	 26 (45.6)	 1.830	 0.756–4.428	 0.180	 2.715	 0.971–7.594	 0.057

BP, blood pressure; SBP, systolic BP; DBP, diastolic BP. Genotype in the bracket is for the I337V polymorphism.  aClinical efficacy was defined as a 
SBP<140 mmHg (SBP analysis), a DBP<90 mmHg (DBP analysis), and a SBP<140 mmHg and DBP<0 mmHg (SBP and DBP analysis).  bThe generalized 
estimating equation model was adjusted for age, sex, body mass index, and baseline BP.
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phisms/mutations or the transcription level of the different 
genotypes.  Only three haplotypes were observed due to com-
plete LD among E23K, I337V, and 3’UTR +62 G/A.  They are 
H1 (A-C-G-G, 43%), H2 (G-C-A-A, 13%), and H3 (G-T-A-A, 
44%).  Therefore there are two kinds of Kir6.2 pore-forming 
proteins in this population, one is 23K/337V, and the other 
is 23E/337I.  The SBP response to iptakalim in the patients 
with the 23E/337I homozygotes (GG genotype for E23K poly-
morphism; AA genotype for I337V polymorphism) is greater 
than those with the 23K/337V homozygotes (AA genotype for 
E23K polymorphism; GG genotype for I337V polymorphism).  
The difference of Kir6.2 subunit may affect the function of KATP 
channels.  Kir6.2 (23K/337V) polymorphic KATP channel has 
been reported that it decreases ATP sensitivity of KATP chan-
nels at physiological ATP concentrations and it has increased 
acyl CoA sensitivity which resides primarily in the Kir6.2 sub-
unit[22].  The E23K polymorphism in KCNJ11 gene appeared to 
be related to high susceptibility to coronary heart disease[23].  
This polymorphism is also associated with left ventricular size 
in hypertensive individuals[24].  The results of Kir6.2-knockout 
mice experiment indicate that the Kir6.2 subunit mediates the 
depression of cardiac excitability and contractility induced 
by KCOs and it plays no discernible role in the arterial tree[25].  
KCNJ11 E23K polymorphisms may also affect therapeutic 
efficacy of repaglinide[26, 27].  Iptakalim exhibits mild effects on 
SUR2A/Kir6.2 channels[8].  It is possible that the different com-
position of Kir6.2 pore-forming proteins might in part account 
for the different SBP response to iptakalim in Chinese Han 
hypertensive patients.  

The limitation of this study is the lack of normal control 
group.  This study shows that the four KCNJ11 polymor-
phisms were not related to baseline BP in the hypertensive 
patients.  KCNJ11 polymorphisms were reported to be associ-
ated with blood pressure variation and hypertension in the 
Japanese and Korean population[28–30].  Further large scale asso-
ciation studies compared with control subjects are needed to 
clarify whether these polymorphisms are associated with the 
pathogenesis of hypertension in Chinese Han population.  

In conclusion, we found five polymorphisms in KCNJ11 and 
demonstrated that polymorphisms of KCNJ11 are associated 
with the antihypertensive response of iptakalim in Chinese 
Han hypertensive patients.  Patients with the TT genotype (for 
the A190A polymorphism) exhibited a more pronounced SBP 
reduction and higher clinical efficacy in response to iptakalim 
compared to patients with the CC genotype.  It may be used as 
marker for predicting SBP response to iptakalim.  This implies 
the advantage of genotyping for selecting the optimal antihy-
pertensive treatment for individual patient.
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