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Increased asynchronous GABA release causes more 
inhibition in human epileptic brain?  
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When an action potential (AP) prop-
agates to the presynaptic termi-

nals, Ca2+ influx through voltage-gated 
Ca2+ channels triggers rapid synchronous 
transmitter release within milliseconds, 
which is then followed by a so-called 
asynchronous release with a prolonged 
time course of tens or hundreds of milli-
seconds at both excitatory and inhibitory 
synapses[1–3].  Fast synchronous release 
is well-known as the foundation of pre-
cise neuronal communication, whereas 
the characteristics and functions of 
asynchronous release in central nervous 
system, especially in human brain, are 
largely unexplored.  Jiang et al[4] now 
report that asynchronous release occurs 
in all GABAergic synapses of fast-spik-
ing (FS) interneurons, and the strength 
of asynchronous GABA release increases 
in human epileptic neocortex, which 
may contribute to the regulation of epi-
leptiform activities.

In central nervous system, individual 
neurons receive both excitatory and 
inhibitory synaptic transmission.  Proper 
and dynamic balance between the excit-
atory and inhibitory inputs are essential 
for precise information coding in com-
plex neuronal network[5], whereas dis-

ruption of this balance may cause severe 
neurological diseases, such as epilepsy[6].  
GABA is the predominant inhibitory 
neurotransmitter which is released from 
GABAergic axon terminals and con-
sequently activates postsynaptic and 
extrasynaptic GABA receptors.  Besides 
fast synchronous GABA release tightly 
coupled with AP, asynchronous GABA 
release has been recently demonstrated 
in the avian nucleus magnocellularis 
neurons and rat hippocampal interneu-
ron–principal neuron synapse, which 
generates long-lasting inhibition and 
may contribute to the control of post-
synaptic target neurons[2, 7].  Therefore, 
it will be interesting to study the func-
tional role of this asynchronous GABA 
release in both physiological and patho-
logical conditions.

In this report, Jiang et al performed 
simultaneous recordings from inhibitory 
FS neurons and excitatory pyramidal 
neurons (PC) in human epileptic or non-
epileptic cortical slices.  They demon-
strate for the first time that single AP- or 
AP train-evoked asynchronous GABA 
release from FS interneuron occur at 
all GABAergic synapses, including FS 
autapses (synapses formed by the axon 
of the FS interneuron on its own den-
drites), FS-FS and FS-PC synapses in 
human brain, among which FS autapses 
show the strongest  asynchronous 
release.  Moreover, the duration and 
total number of asynchronous release 
increase when enhancing the frequency 
or the number of presynaptic APs, dem-

onstrating the dependence of asynchro-
nous release strength on the intensity of 
presynaptic stimulation.  Most interest-
ingly, elevated asynchronous release 
from FS autapses was found in human 
epileptic cortical slices as compared with 
that in non-epileptic peri-tumor tissue.  
To confirm this phenomenon, authors 
examined the asynchronous release from 
FS autapses and FS-PC synapese in the 
rat pilocarpine model of status epilepsy, 
which mimics human temporal-lobe epi-
lepsy.  Consistent with what is observed 
in human brain, AP train induces asyn-
chronous release both at FS autapses 
and FS-PC synapses, with its strength 
depending on the intensity of presynap-
tic stimulation.  Meanwhile, FS autapses 
exhibited significantly stronger asyn-
chronous release than FS-PC synapse 
in both control and pilocarpine-treated 
rats, which showing that the strength 
of asynchronous release tightly depend 
on the type of synaptic connection.  
Notably, asynchronous GABA release 
at both FS autapses and FS-PC synapse 
in pilocarpine-treated rats were remark-
ably increased as compared with those 
in control rats.  The enhanced asynchro-
nous GABA release at FS neuron syn-
apses in both epileptic human brain and 
epileptic animal model provide scientific 
insight that the long-lasting inhibition 
mediated by increased asynchronous 
GABA release may contribute to the 
regulation of epileptiform activities.  

Decades ago, asynchronous release 
was found as a “delayed” phase char-
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acterized by a much smaller but long-
lasting elevation of quantal release 
rate following the rapid synchronous 
release[8, 9].  Similar to fast synchronous 
release, asynchronous release also 
depends on presynaptic Ca2+.  Different 
Ca2+ sensor and the distance between the 
Ca2+ source and the sensor of exocytosis 
have been considered as the mechanism 
underlying the distinct properties of 
these two types of transmitter release[10].  
According to this report, blocking 
background Ca2+ by EGTA-AM, a mem-
brane-permeable Ca2+ chelator, almost 
completely abolishes the asynchronous 
release at FS autapses, FS-FS and FS-PC 
synapses.  This result confirms the Ca2+ 
dependence of asynchronous GABA 
release from FS neurons in human brain.  
Does the enhanced asynchronous GABA 
release in epileptic human brain or 
pilocarpine-treated animal model relate 
to the presynaptic Ca2+? In pilocarpine-
treated rats, the authors found that the 
train stimulus-induced APs in presynap-
tic neuron exhibited larger peak ampli-
tude and integrated area than those in 
control rats.  Meanwhile, proper reduc-
tion of presynaptic AP amplitude by a 
low concentration of TTX (100 nmol/L) 
significantly decreased the strength of 
asynchronous release from FS neurons.  

Therefore, Jiang et al hypothesized that 
increased AP amplitude may cause more 
Ca2+ entry and consequently enhance 
asynchronous GABA release from FS 
synapses.  Although more evidence 
should be provided, it’s still worth to 
examine the related channels and Ca2+ 
sensors that may be involved in the 
underlying mechanism.  

This study by Jiang et al is important 
because it confirms the existence of 
asynchronous release in human brain, 
and reveals the enhanced asynchronous 
GABA release from FS interneuron in 
human epileptic brain and pilocarpine-
treated rats.  Consider the fact that asyn-
chronous GABA release in FS autapses 
is significantly stronger than that in 
FS-PC synapse, it is noticeable that asyn-
chronous GABA release in FS autapses 
can actually lead to self-inhibition and 
consequently excites its target neurons.  
Therefore, further works are needed to 
test whether or not the increased asyn-
chronous GABA release really causes 
more inhibition in the epileptic brain.  
Except asynchronous GABA release, the 
properties and functional role of excit-
atory asynchronous release in the epi-
leptic brain are also attractive.  At last, 
it’s would be anticipated, yet interesting, 
to uncover the regulation effect of asyn-

chronous release on the neurological 
diseases, such as epilepsy.  
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Atorvastatin enhances neurite outgrowth in cortical 
neurons in vitro via up-regulating the Akt/mTOR and 
Akt/GSK-3β signaling pathways
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Aim: To investigate whether atorvastatin can promote formation of neurites in cultured cortical neurons and the signaling mechanisms 
responsible for this effect.
Methods: Cultured rat cerebral cortical neurons were incubated with atorvastatin (0.05–10 μmol/L) for various lengths of time.  For 
pharmacological experiments, inhibitors were added 30 min prior to addition of atorvastatin.  Control cultures received a similar 
amount of DMSO.  Following the treatment period, phase-contrast digital images were taken.  Digital images of neurons were analyzed 
for total neurite branch length (TNBL), neurite number, terminal branch number, and soma area by SPOT Advanced Imaging soft-
ware.  After incubation with atorvastatin for 48 h, the levels of phosphorylated 3-phosphoinoside-dependent protein kinase-1 (PDK1), 
phospho-Akt, phosphorylated mammalian target of rapamycin (mTOR), phosphorylated 4E-binding protein 1 (4E-BP1), p70S6 kinase 
(p70S6K), and glycogen synthase kinase-3β (GSK-3β) in the cortical neurons were evaluated using Western blotting analyses.
Results: Atorvastatin (0.05–10 µmol/L) resulted in dose-dependent increase in neurite number and length in these neurons.  
Pretreatment of the cortical neurons with phosphatidylinositol 3-kinase (PI3K) inhibitors LY294002 (30 µmol/L) and wortmannin 
(5 µmol/L), Akt inhibitor tricribine (1 µmol/L) or mTOR inhibitor rapamycin (100 nmol/L) blocked the atorvastatin-induced increase 
in neurite outgrowth, suggesting that atorvastatin promoted neurite outgrowth via activating the PI3K/Akt/mTOR signaling pathway.  
Atorvastatin (10 µmol/L) significantly increased the levels of phosphorylated PDK1, Akt and mTOR in the cortical neurons, which were 
prevented by LY294002 (30 µmol/L).  Moreover, atorvastatin (10 µmol/L) stimulated the phosphorylation of 4E-BP1 and p70S6K, the 
substrates of mTOR, in the cortical neurons.  In addition, atorvastatin (10 µmol/L) significantly increased the phosphorylated GSK-3β 
level in the cortical neurons, which was prevented by both LY294002 and tricribine.
Conclusion: These results suggest that activation of both the PI3K/Akt/mTOR and Akt/GSK-3β signaling pathways is responsible for 
the atorvastatin-induced neurite outgrowth in cultured cortical neurons.
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Introduction
Neurons form functional networks by extending axons and 
dendrites (collectively termed neurites) that can connect via 
synapses to other neurons and cells.  Molecules that promote 
effective neurite growth may have therapeutic potential in the 
treatment of a wide variety of disorders of the human nervous 
system.  The statins are important cholesterol lowering agents 
for patients at risk of cardiovascular disease.  However, many 
studies show that statins may have additional neuroprotective 
properties independent of their effect on cholesterol synthe-
sis.  Statins can reduce the region of focal cerebral ischemia[1] 

and protect cortical neurons from excitotoxity[2].  Recent stud-
ies reported that statins can preventively and therapeutically 
attenuate traumatic brain injury and spinal cord injury.  These 
beneficial effects of statins include upregulation of brain-
derived neurotrophin factor (BDNF) and vascular endothelial 
growth factor (VEGF) and activation of the Akt-mediated 
signaling pathways[3–5].  Epidemiological studies have estab-
lished a link between the use of statins and a lowered risk of 
developing Alzheimer’s disease (AD)[6].  While it is unclear 
exactly how statin treatment leads to a reduction in risk, there 
is significant evidence to suggest that statins affect amyloid 
precursor protein (APP) processing and consequently reduce 
plaque formation[7–10].  In addition, the treatment of cells in cul-
ture with statins induces a number of striking morphological 
changes.  For example, statin treatment has been reported to 
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promote neurite outgrowth[11–14].  Furthermore, enhancement 
of neurite outgrowth by statins treatment is probably mediated 
by inhibition of Rho isoprenylation, a cholesterol-independent 
mechanism[12].  In addition to the Rho family of proteins, the 
serine/threonine kinase Akt, also known as protein kinase B, 
has also been revealed as a key mediator of several aspects of 
neurite outgrowth.  Akt is the major effector of the phosphati-
dylinositol 3-kinase (PI3K) signaling pathway.  Downstream 
of Akt, several substrates have been identified that are likely 
to play key roles in Akt-mediated neurite outgrowth, such as 
mammalian target of rapamycin (mTOR) and glycogen syn-
thase kinase 3β (GSK-3β)[15].  mTOR is a serine/threonine pro-
tein kinase that regulates multiple cellular functions including 
neurite outgrowth.  PI3K/Akt/mTOR signaling has been 
shown to promote growth and branching in hippocampal neu-
rons[16].  The serine/threonine protein kinase GSK-3β is a key 
substrate.  Activated Akt phosphorylates at GSK-3β at Ser-9 to 
inactivate its kinase activity[17].  It has been reported that sta-
tins can induce the phosphorylation of Akt[3, 18, 19].  These obser-
vations suggest the possibility that statins can affect neurite 
outgrowth by activation of the Akt signaling pathway.  In the 
present study, we examine the effects of the widely employed 
hydrophilic statin atorvastatin on neurite growth in primary 
cultured cortical neurons and investigate in more detail the 
major signaling pathways that mediate these effects.  Our data 
demonstrate that atorvastatin promotes neurite outgrowth.  
The mechanism mediating this effect involves the PI3K/Akt/
mTOR and PI3K/Akt/GSK-3β signaling pathways.  

Materials and methods
Atorvastatin was obtained from LKT Laboratories, Inc (St 
Paul, MN, USA).  LY294002 and wortmannin (PI3K inhibi-
tion), LY303511 (inactive analogue of LY294002), PD98059 and 
U0126 (MEK inhibition), and rapamycin (mTOR inhibition) 
were from Calbiochem (Darmstadt, Germany).  SB415286 
(GSK3β inhibition) and triciribine (TCBN; Akt inhibition) were 
from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, USA).

Primary cortical neuron cultures
Primary cultures were obtained from the cerebral cortex of 0- 
to 24-h-old Sprague-Dawley rats. After removal of the menin-
ges and white matter, the cerebral cortex was collected in 
Hanks’ solution without Ca2+ and Mg2+ (D-Hanks).  The cortex 
was then mechanically fragmented, transferred to D-Hanks’ 
solution containing 0.125% trypsin, and incubated for 15 min 
at 37 °C.  Following trypsinization, cells were washed twice 
with DMEM and re-suspended in DMEM/F12 medium con-
taining 10% heat-inactivated fetal bovine serum, 10% horse 
serum, glutamine (3 mg/mL), insulin (0.25 mg/mL), penicil-
lin (50 U/mL), and streptomycin (50 mg/mL).  The cells were 
then plated onto 35-mm cell culture dishes (~150 cells/mm2) 
or 6-well culture plates pre-coated with poly-L-lysine (0.1 g/L, 
Sigma, St Louis, MO, USA) and kept at 37 °C in a humidi-
fied atmosphere of 5% CO2/95% O2.  Forty-eight hours after 
plating, the media were removed and replaced with DMEM 
containing glutamine (3 mg/mL), B-27 (2%; Life Technolo-

gies, Gaithersburg, MD, USA) and cytosine arabinofuranoside 
(final concentration 5 µmol/L, Sigma) to inhibit the prolifera-
tion of non-neuronal cells.  After 4 d in culture, the cells were 
incubated for various lengths of time in media containing ator-
vastatin (0.05–10 µmol/L).  For pharmacological experiments, 
inhibitors were added 30 min prior to addition of atorvastatin.  
Control cultures received a similar amount of DMSO, which 
was the organic solvent for all inhibitors.  Microtubule-associ-
ated protein immunostaining indicated that about 90% of the 
cells were neurons after arabinofuranoside treatment for 3 d.

Immunofluorescence for MAP-2 
To examine the effect of treatment on neurite outgrowth, neu-
rons were incubated with media containing the appropriate 
test compound for an appropriate period of time.  Following 
the treatment period, neurons were fixed with 4% paraform-
aldehyde/PBS at room temperature for 30 min and permeabi-
lized in 0.2% Triton X-100/PBS for 5 min.  Following washes 
with PBS, the neurons were incubated for 1 h in blocking solu-
tion (TBS containing 5% BSA at room temperature).  Mouse 
monoclonal anti MAP-2 antibody (1:500, Abcam Inc, Cam-
bridge, MA, USA) diluted in the blocking buffer was applied 
and incubated overnight at 4 °C.  After extensive washes, Cy3-
conjugated anti-mouse secondary antibody (Life Technologies, 
Gaithersburg, MD, USA) was applied and incubated at 37 °C 
for 1 h .

Neuronal imaging and analysis 
Neuronal morphology was analyzed using an Olympus 
CKX41SF microscope, a Universal Imaging SPOT CCD camera 
and the SPOT Advanced Imaging software.  Briefly, images of 
neurons were analyzed for total neurite branch length (TNBL), 
neurite number, terminal branch number, and soma area.  
TNBL and soma area were calculated using image measuring 
software, whereas neurite number and terminal branch num-
ber were counted manually.  Five to six fields per well were 
chosen at random and only neurons distinguishable from 
neighboring neurons were evaluated to ensure the precision of 
the measurements; approximately 50–60 neurons were quanti-
fied per treatment group per experiment.  The experimental 
group was kept blind until all analysis was done, and then 
the data from the same group of experiments were pooled 
together.  Each experiment was performed in triplicate, unless 
otherwise noted.  

Western blot analyses 
Cells treated with atorvastatin or inhibitor described above 
were lysed in RIPA Lysis Buffer [Beyotime Institute of Bio-
technology; 50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 
1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 
mmol/L sodium orthovanadate, 10 mmol/L sodium fluo-
ride, 1 mmol/L phenylmethylsulphonyl fluoride, and 1×Halt 
protease inhibitor cocktail], after which detergent-insoluble 
materials were removed by centrifugation at 12 000×g for 10 
min.  Protein concentration in the soluble fraction was mea-
sured using an Enhanced BCA protein assay kit (Beyotime 
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Institute of Biotechnology, Haimen, China).  Equal amounts of 
protein were then separated by SDS-PAGE, transferred onto 
nitrocellulose membranes, and probed with primary antibod-
ies against the following proteins: rabbit anti-phospho-PDK1 
(Ser241), rabbit anti-PDK1, rabbit anti-phospho-Akt (Ser473), 
rabbit anti-Akt, rabbit anti-phospho-PTEN (Ser380) (phos-
phatase and tensin homolog deleted on chromosome 10), rab-
bit anti-PTEN, rabbit anti-phospho-mTOR (Ser2448), rabbit 
anti-mTOR, rabbit anti-phospho-p70S6K (Thr389), rabbit anti-
p70S6K, rabbit anti-phospho-4EBP1 (Thr37/46), anti-4EBP1, 
rabbit anti-phospho-GSK-3β (Ser9), and anti-GSK-3β (all from 
Cell Signaling Technology, Beverly, MA, USA and diluted 
1:1000).  Bound antibodies were detected with horseradish 
peroxidase-conjugated anti-rabbit immunoglobulin G (IgG) 
(Cell Signaling Technology) each diluted 1:2000 and Supersig-
nal West Pico chemiluminescense substrate (Pierce, Rockford, 
IL, USA).  Staining intensity was quantified from four blots 
derived from four independent experimental trials.  The den-
sity of each band was quantified with Image J software and 
normalized to total kinase or β-actin expression.  The protein 
levels reported in the figures were obtained as a ratio between 
the band intensity for the protein of interest and the band 
intensity of total kinases or β-actin (Sigma), used as loading 
control.  

Statistical analysis 
Statistical analyses were conducted using multifactor ANOVA 
including appropriate variables or t-test when suitable.  Val-
ues represent mean±SEM.  P values <0.05 were considered 
statistically significant.

Results 
Atorvastatin increases neurite outgrowth and soma size in 
cortical neurons 
To test the effects of atorvastatin on neurite outgrowth, we 
used dissociated postnatal cortical neuronal cultures as our 
model system.  The initial set of experiments was designed to 
investigate whether atorvastatin affects neurite outgrowth in 
cultured cortical neurons.  Atorvastatin (0.05–10 µmol/L) was 
added to cultures of cortical neurons at 4 DIV, at a stage in 
which neurites mature by elongating and branching.  TNBL, 
neurite number, terminal branch number, and soma area 
were measured after an additional 48 h.  As shown in Figure 
1, incubation of cortical neurons with atorvastatin (0.05–10 
µmol/L) for 48 h resulted in a dose-dependent increase in the 
soma size.  Both the neurite number and terminal branch num-
ber were significantly increased, resulting in a net increase of 
TNBL.  The maximum dose of atorvastatin was 10 µmol/L 
for neurite outgrowth.  Therefore, we chose this treatment 
protocol to identify the underlying mechanisms of this event 
in all subsequent experiments.  In our culture of cortical neu-
rons, cells were classified as pyramidal or nonpyramidal on 
the basis of morphological features.  However, there was no 
difference in the effect of atorvastatin on pyramidal and non-
pyramidal neurons.  In a time course analysis, increased TNBL 
and terminal branch number were detected as early as 12 h 

after atorvastatin treatment (Figure 2A and 2B).  A significant 
increase in neurite number was detected at 24 h after atorvas-
tatin treatment (Figure 2C).  A significant increase in soma 
area was detected at 48 h after atorvastatin treatment (Figure 
2D).

Atorvastatin promotes neurite outgrowth via the PI3K-Akt 
pathway in cortical neurons 
Having established that atorvastatin treatment stimulated 
neurite outgrowth, we next sought to determine the specific 
signaling pathways that contribute to these effects.  At first, we 
focused on the PI3K-Akt and MEK-MAPK signaling pathways 
which have recently been shown to be important for the con-
trol of neurite outgrowth.  In addition, statins are reported to 
activate the PI3K pathway, resulting in the phosphorylation of 
Akt[20] in endothelial cells.  Therefore, the requirement for PI3K 
activation was first examined.  Pretreatment of the cortical 
neurons with the specific PI3K inhibitor LY294002 (30 µmol/L) 
significantly blocked atorvastatin-induced neurite outgrowth 
as reflected by neurite number, terminal branch number and 
soma area (Figure 3).  Similar results were also observed with 
the use of another structurally unrelated PI3K inhibitor, wort-
mannin (5 µmol/L) (data not shown).  In contrast the inactive 
analogue of LY294002, LY303511 (20 µmol/L) did not affect 
the effect of atrovastatin (data not shown).  These results 
show that the activation of PI3K is required for atorvastatin-
induced increases in neurite outgrowth in cultured cortical 
neurons.  Pretreatment of the cortical neurons with the specific 
MEK inhibitor U0126 (10 µmol/L) also partly blocked the 
atorvastatin-induced increase in TNBL, terminal branch num-
ber, and neurite number.  PD98059 (30 µmol/L; MEK inhibi-
tor) showed similar results.  Remarkably, the atorvastatin-
induced increase in soma area was blocked by LY294002 but 
not by U0126 (Figure 3E).  Concurrent application of LY294002 
and U0126 to block both the PI3K and MAPK signaling path-
ways completely blocked atorvastatin-induced increases in 
neurite outgrowth.  Interestingly, neither LY294002 nor U0126 
changed any of the neurite parameters in control neurons (Fig-
ure 3).  Together, the data reported above indicate that ator-
vastatin promotes neurite outgrowth and branching through 
both the PI3K/Akt and MAPK pathways, whereas atorvasta-
tin increases soma area through only the PI3K/Akt pathway.  

Pretreatment of the cortical neurons with tricribine, which 
blocks all Akt isoforms (Akt1, Akt2, and Akt3) without inhib-
iting known upstream activators PDK1 and PI3K, completely 
eliminated the effects of atorvastatin on TNBL, terminal 
branch number, neurite number, and soma size.  Interestingly, 
tricribine alone also reduced soma size in control neurons 
(Figure 3).  

To further ascertain the requirement for the activation of 
the PI3K/Akt signaling pathway in the atorvastatin-induced 
increases in neurite outgrowth, we used phospho-specific anti-
bodies to measure the relative levels of phosphorylated, active 
forms of the protein kinases phosphoinositide-dependent 

kinase-1 (PDK1) and Akt after cultured neurons were treated 
with atorvastatin.  For PDK1, we used an antibody specific for 
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phosphorylated serine 241, which is on the activation loop of 
PDK1 and is essential for kinase activity.  For Akt, we used 
antibody specific for phosphorylated serine 473, which is nec-
essary for maximal activation of Akt[21].  As expected, incuba-
tion of cultured cortical neurons at 4 DIV with atorvastatin 
(0.1, 1, and 10 µmol/L) for 48 h caused marked increases in 
phospho-PDK1 and phospho-Akt (Ser473) in a concentration-
dependent manner without a concurrent increase in the total 
levels of PDK1 and Akt as measured on Western blots of 
lysates of neurons (Figure 4A).  Next, to further confirm that 
the observed effect of atorvastatin on neurite outgrowth is 
mediated by elevated level of PIP3, we tested whether atorvas-
tatin treatment can downregulate the PIP3 phosphatase PTEN, 
which is a negative regulator of the PI3K signaling pathway.  
The results showed that atorvastatin treatment did not affect 

the levels of phospho-PTEN (Ser380) expression (Figure 4A).  
In a time course analysis, increased phospho-PDK1 levels were 
detected as early as 6 h and leveled off between 48 to 96 h 
after atorvastatin treatment (Figure 4B).  It is well documented 
that PDK1 is downstream of PI3K, therefore, we determined 
whether LY294002 (30 µmol/L) or wortmannin (5 µmol/L) 
could block the atorvastatin-induced increases in the phos-
phorylation of PDK1 and Akt.  We found that LY294002 (30 
μmol/L) significantly blocked the increases in PDK1 and Akt 
phosphorylation induced by atorvastatin.  Similar results were 
also observed with the use of wortmannin (5 µmol/L) (data 
not shown).  LY303511 (20 µmol/L) did not affect this action 
of atrovastatin.  None of LY294002, wortmannin, or LY303511 
alone altered the basal levels of phosphorylated PDK1 and Akt 
(Figure 4C and 4D).  Neither PD98059 (10 µmol/L) nor U0126 

Figure 1.  Atorvastatin (Ator) promotes neurite growth in rat cortical neurons in a dose-dependent manner.  (A) Examples of neurons taken using phase-
contrast microscopy depicting cortical neurons either in the absence (left panel) or presence of 10 µmol/L atorvastatin (right panel).  (B) Dendritic 
structures are confirmed by immunostaining for the dendritic marker MAP-2.  Cultured cortical cells were treated at 4 DIV either with vehicle solution 
(Control, 0.1% DMSO) or with 10 µmol/L atorvastatin for 48 h.  Following the treatment period, phase-contrast digital images of the cells were taken 
using a phase-contrast microscope.  The graphs show mean±SEM for TNBL (C), neurite number (D), terminal branch number (E), and soma area (F).  
Data are from at least three independent experiments (n=50–60 cells).  bP<0.05, cP<0.01 demonstrates statistical significance by one-way ANOVA, 
followed by least significant difference (LSD)’s post-hoc test.  
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pretreatment blocked the action of atorvastatin on phosphory-
lated PDK1 and Akt (data not shown).  Pretreatment of corti-
cal neurons with tricribine (1 µmol/L) for 30 min completely 
blocked atorvastatin-induced increases in phospho-Akt levels.  
Tricribine (1 µmol/L) alone inhibited the basal levels of phos-
phorylated Akt (Figure 4D).  Together, these results indicate 
that PI3K mediates the action of atorvastatin on PDK1 and Akt 
levels.  

Atorvastatin-induced neurite outgrowth is mTOR-dependent 
mTOR is an important downstream node in the PI3K-Akt 
pathway.  We next asked whether the increase in neurite 

outgrowth by atorvastatin occurs through an mTOR-coupled 
mechanism.  We used rapamycin, a highly specific mTOR 
inhibitor, to further elucidate the downstream signaling 
mechanisms.  This treatment decreased the phosphorylation 
of p70S6K on Thr389, which depends on mTOR activity[22].  
As shown in Figure 5A–5E, pretreatment of cortical neurons 
with rapamycin (100 nmol/L) almost completely blocked 
atorvastatin-increased neurite outgrowth and soma size, indi-
cating that a rapamycin-sensitive pathway is involved.  We 
conclude therefore that atorvastatin stimulates neurite out-
growth in cultured cortical neurons in a rapamycin-sensitive 
manner.  

To further ascertain the requirement for mTOR pathway 
activation in atorvastatin-induced neurite outgrowth, we used 
phospho-specific mTOR antibody (Ser2448), which has been 
shown to be important in the control of mTOR activity[23–25], 
to measure the relative levels of phosphorylated, active forms 
of mTOR.  As expected, atorvastatin (10 µmol/L) induced 
a significant increase in phosphorylated mTOR without a 
concurrent increase in the total level of this kinase (Figure 
5F).  Next, we tested the dependence of atorvastatin-induced 
mTOR phosphorylation on PI3K/Akt pathway.  The results 
showed that LY294002 (30 µmol/L) and tricribine (1 µmol/L) 
completely blocked the atorvastatin-induced increase in phos-
phorylated mTOR (Figure 5F).  

Atorvastatin stimulates the phosphorylation of p70S6K and 4E-
BP1
mTOR stimulates translation by activating p70S6K, a kinase 
that increases synthesis of several components of the transla-
tion machinery[24].  The suppression of p70S6K impairs den-
drite branching similarly to inhibition of mTOR[16, 26].  We 
then asked if the atorvastatin-induced increases in neurite 
outgrowth are p70S6K-dependent by examining the phos-
phorylation state of p70S6K after atorvastatin treatment.  We 
used an antibody specific for phosphorylated threonines 389, 
a site whose phosphorylation is vital for p70S6K activation[27].  
When cultured cortical neurons were treated with atorvas-
tatin (10 μmol/L) for 48 h, the phosphorylation of p70S6K 
was significantly increased.  Furthermore, the atorvastatin-
induced increases in the phosphorylation of p70S6K were 
completely blocked by LY294002 (30 µmol/L) and rapamycin 
(100 nmol/L) pretreatment, respectively (Figure 6A).  

In addition, because activation of mTOR can also contribute 
to translational initiation by phosphorylation of 4E-binding 
protein 1 (4E-BP1), which binds to and represses the function 
of the cap-binding translation factor elF4E, we asked if this 
regulatory protein may have a role in atorvastatin-induced 
neurite outgrowth.  We used an antibody specific for phos-
phorylated threonines 37/46, a site those phosphorylation is 
required for the inactivation of 4E-BP1 and its dissociation 
from the elF4E complex[28].  Incubation of the cultured corti-
cal neurons with atorvastatin (10 μmol/L) for 48 h increased 
the phosphorylation of 4E-BP1.  Furthermore, atorvastatin-
induced increases in the phosphorylation of 4E-BP1 was 
completely blocked by LY294002 (30 µmol/L) and rapamycin 

Figure 2.  Atorvastatin (10 µmol/L) significantly enhanced neurite 
outgrowth after 12, 24, and 48 h of treatment.  The graphs show 
mean±SEM for TNBL (A), terminal branch number (B), neurite number (C), 
and soma area (D).  Data are from at least three independent experiments 
(n=50–60 cells).  bP<0.05, cP<0.01 demonstrates statistical significance 
by one-way ANOVA, followed by least significant difference (LSD)’s post-
hoc test.



866

www.nature.com/aps
Jin Y et al

Acta Pharmacologica Sinica

npg

(100 nmol/L) pretreatment, respectively (Figure 6B).  These 
results support the suggestion that activation of both p70S6K 

and 4E-BP1 are required for atorvastatin-induced neurite out-
growth.  

Figure 3.  Atorvastatin (Ator) increases neurite outgrowth and soma size through PI3K/Akt and MAPK pathways.  (A) Cultured neurons at 4 DIV were 
pretreated with vehicle, LY294002 (LY, 30 µmol/L), U0126 (10 µmol/L), or tricribine (TCBN, 1 µmol/L) for 30 min and then exposed to atorvastatin 
(10 µmol/L) for 48 h in the presence of vehicle or inhibitor.  Following the treatment period, phase-contrast digital images of the cells were taken 
using a phase-contrast microscope.  The graphs show mean±SEM for TNBL (B), terminal branch number (C), neurite number (D), and soma area (E).  
Quantifications were performed from at least three independent experiments (n=50–60 neurons).  bP<0.05, cP<0.01 compared with control group; 
eP<0.05, fP<0.01 compared with 10 µmol/L atorvastatin group.
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Atorvastatin increases neurite outgrowth through the Akt/GSK3β 
pathway 
Signaling via the Akt/GSK-3β pathway can regulate neu-
rite morphology by regulating phosphorylation of MAP2[17].  
Akt phosphorylates GSK-3β to inactivate it.  Inactivation of 
GSK-3β leads to decreased phosphorylation of MAP2 and 
its increased binding and stabilization of microtubules.  To 
test whether GSK-3β mediates the effects of atorvastatin on 
neurite outgrowth, we treated cultured cortical neurons with 
SB415286, a specific GSK-3β inhibitor.  GSK-3β inhibition by 

SB415286 (5 µmol/L) caused an increase in TNBL, terminal 
branch number, neurite number, and soma area.  Treatment 
of neurons with a combination of atorvastatin (10 μmol/L) 
and SB415286 (5 µmol/L) caused an additive effect on TNBL, 
neurite number, terminal branch number, and soma area (Fig-
ure 7A–7E).  To further test whether atorvastatin can promote 
neurite growth by regulating the Akt/GSK-3β pathway in 
cultured cortical neurons, we tested for phosphorylation of 
GSK-3β in cells treated with atorvastatin.  Phosphorylation of 
GSK-3β increased in response to treatment with atorvastatin 

Figure 4.  (A) Representative Western blot showing that atorvastatin induced increases in phosphorylation of PDK1 and Akt in a concentration-
dependent manner, whereas atorvastatin did not have significant effects on phospho-PTEN.  Group data showing the normalization of phospho-PDK1, 
phospho-Akt, and phospho-PTEN proteins to total PDK1, Akt, and proteins was determined in each group of four experiments.  (B) Representative 
Western blot showing the level of phospho-PDK1 taken at different times after adding atorvastatin (10 µmol/L).  Group data showing the normalization 
of phospho-PDK1 proteins to total PDK1 protein was determined in each group of four experiments.  (C) Representative Western blot showing that 
LY294002 inhibited atorvastatin-induced increases in phosphorylation of PDK1, whereas LY303511 did not have an effect.  Group data showing the 
normalization of phospho-PDK1 to total PDK1 protein was determined in each group of four experiments.  (D) Representative Western blot showing 
that both LY294002 and tricribine inhibited atorvastatin-induced increases in phosphorylation of Akt (Ser473).  Group data showing normalization of 
phosphorylated Akt to total kinase was determined in each group of four experiments.  Mean±SEM.  bP<0.05, cP<0.01 compared with control group.
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(10 μmol/L) (Figure 7F).  To confirm that GSK-3β mediates 
the effect of atorvastatin on neurite outgrowth, we treated cul-
tured cortical neurons with either LY294002 or tricribine.  Pre-
treatment with LY294002 (30 μmol/L) or tricribine (1 μmol/L) 
before adding atorvastatin completely blocked atorvastatin-
induced phosphorylation of GSK-3β (Figure 7F).  These treat-
ments did not affect GSK-3β protein levels.  Together, these 
results suggest that atorvastatin enhances neurite outgrowth 
through the Akt/GSK-3β pathway.  

Discussion 
This study demonstrates that atorvastatin promotes neurite 
outgrowth by activating the PI3K/Akt/mTOR and Akt/
GSK-3β signal pathways in cultured cortical neurons.  Our 
findings are consistent with previous reports that statins sig-
nificantly induce neurite outgrowth in cultured hippocampal 

neurons[12], explants of rat embryonic cortex and post-natal 
spinal cord[13] and PC12 cells[11].  In contrast, statins have also 
been reported to inhibit neurite outgrowth in cultured cortical 
neurons, either by reducing cholesterol levels[29] or by inhibi-
tion of isoprenylation[30].  However, these studies started statin 
treatment within 24 h of plating primary neuronal cells.  In the 
present study, we grew the neurons in culture for 4 d before 
starting treatment to better understand the effect that statin 
treatment might have more developmentally mature neurons.  
A possible explanation for this discrepancy is increased sen-
sitivity of immature neurons to toxicity induced by inhibition 
of mevalonate synthesis.  Comparison of these results also 
suggests that statins may either stimulate or inhibit neuronal 
growth, depending on the stage of neuronal development.  
How can enhancement of neurite outgrowth by atorvastatin 
be explained?  Our results are summarized in Figure 8, which 

Figure 5.  Atorvastatin enhances neurite outgrowth as well as soma size in an mTOR-dependent manner.  (A) Cultured neurons at 4 DIV were pretreated 
with vehicle, rapamycin (100 nmol/L) for 30 min and then exposed to atorvastatin (10 µmol/L) for 48 h in the presence of vehicle or inhibitor.  Following 
the treatment period, phase-contrast digital images of the cells were taken using a phase-contrast microscope.  The graphs show mean±SEM for TNBL 
(B), terminal branch number (C), neurite number (D), and soma area (E).  Quantifications were performed from at least three independent experiments 
(n=50–60 neurons in each experiment).  bP<0.05, cP<0.01 compared with control group; eP<0.05, fP<0.01 compared with 10 µmol/L atorvastatin 
group.  (F) Representative Western blot showing both LY294002 and tricribine inhibited atorvastatin-induced increases in phosphorylation of mTOR 
(Ser2448).  Group data showing normalization of phosphorylated mTOR to total kinase was determined in each group of four experiments.  Mean±SEM.  
bP<0.05, cP<0.01 compared with control group.
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will serve as a guide to the discussion.  A previous report has 
demonstrated that pravastatin’s stimulation of neurite out-

growth is mediated by reduction of RhoA signaling via inhibi-
tion of geranylgeranylation[12].  In addition to the Rho family 
proteins[31], Akt has been revealed as a key mediator of several 
aspects of neurite outgrowth, including elongation, branching 
and caliber[15].  Several in vitro and in vivo studies provided 
evidence that statins activate the PKB/Akt pathway[3, 32, 33].  
Though the mechanism of Akt activation by statins is not 
known, a study on mammalian endothelial cells demonstrated 
that simvastatin activates Akt in these cells, while treatment 
with wortmannin or LY294002 blocked this activation of Akt, 
suggesting that PI3-kinase signaling is involved[33].  Our study 
is the first demonstration to our knowledge that the PI3K/Akt 
pathway is involved in enhancement of neurite outgrowth by 
atorvastatin because this process was blocked by wortmannin 
or LY294002.  Furthermore, Western blotting reveals that ator-
vastatin increased PDK1 and Akt phosphorylation.  Therefore, 
activation of Akt by atorvastatin as demonstrated here is one 
explanation for the effect of the drug on neurite outgrowth in 
cortical neurons.  The question remains of how atorvastatin 
activates specific protein kinase such as Akt.  The involvement 
of Ras in the activation of PI3K has been reported[34].  It has 
been reported that lovastatin stimulates rapid activation of 
Ras, which associates with and activates PI3K in the plasma 
membrane, which in turn regulates Akt[35].  Based on these 
previous reports, we propose the hypothesis that atorvastatin 
activates Akt through activation of Ras and further facilitates 
neurite outgrowth in cortical neurons.  We need to further 
clarify the specific downstream signal of Akt that promotes 
neurite outgrowth in the presence of atorvastatin.  

Akt phosphorylates or interacts with a number of proteins 
that may positively influence the development of neuronal 
morphology.  The PI3K/Akt pathway is known to regulate 
the mTOR pathway, and mTOR has been shown to be a direct 
substrate of Akt.  PI3K/Akt/mTOR signaling has been shown 
to promote growth and branching in hippocampal neurons[16].  
In recent reports, mTOR promoted axonal regeneration in 
the adult central nervous system and increased the axonal 
growth of injured peripheral nerves[36, 37].  In our experi-
ment, atorvastatin increased the activation of mTOR and 
p70S6K while rapamycin, an inhibitor of mTOR, decreased 
the effect of atorvastatin on neurite outgrowth.  These results 
implicated mTOR as a signal of neurite outgrowth in neu-
rons stimulated by atorvastatin.  Akt is the main upstream 
regulator of mTOR in many cellular functions[38], and in our 
experiments the inhibition of PI3K-dependent Akt activation 
by LY294002 decreased the activation of mTOR.  In addition, 
both LY294002 and Akt inhibitor blocked neurite outgrowth 
facilitated by atorvastatin.  Based on these results, we believe 
that atorvastatin increases the phosphorylation of mTOR and 
neurite outgrowth through PI3K and Akt.  The PI3K path-
way to mTOR is mediated by Akt and results in inhibition 
of tuberin, a GAP (GTPase-activating protein) for Rheb (Ras 
homolog enriched in brain); elevated GTP-bound Rheb then 
stimulates mTOR[39–41].  In addition, atorvastatin may activate 
the mTORC2 complex, thereby stimulating phosphorylation 
of Akt at Ser473[42, 43].  mTOR activation stimulated transla-

Figure 6.  Atorvastatin-induced increases in the phosphorylation 
of p70S6K and 4E-BP1 are PI3K- and mTOR-dependent.  Cultured 
cortical neurons at 4 DIV were pretreated with vehicle, LY294002 (30 
µmol/L) or rapamycin (100 nmol/L) for 30 min and then exposed to 
atorvastatin (10 µmol/L) for 48 h in the presence of vehicle or inhibitor.  
(A) Representative Western blot showing both LY294002 and rapamycin 
inhibited atorvastatin-induced increases in phosphorylation of p70S6K 
(Thr389).  Group data showing normalization of phosphorylated p70S6K 
to total kinase was determined in each group of four experiments.  (B) 
Representative Western blot showing both LY294002 and rapamycin 
inhibited atorvastatin-induced increases in phosphorylation of 4E-
BP1 (Thr70).  Group data showing normalization of phosphorylated 4E-
BP1 to total kinase was determined in each group of four experiments.  
Mean±SEM.  cP<0.01 compared with control group.
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tional initiation involving both 4E-BP1 and p70S6K[22], which 
stimulate translation of 5’ capped and 5’TOP (5’-terminal oligo 
pyrimidine tract) mRNAs, respectively[24, 44].  mTOR and its 
substrates 4E-BP1 and p70S6Ks are present in dendrites[45].  
p70S6Ks requires hierarchical phosphorylation by mTOR and 
MAPK for optimal activation[46].  Similarly, 4E-BP1 is also 
phosphorylated by mTOR and MAPK at multiple sites[47].  
These might be partially accountable for the involvement of 
both PI3K and MAPK in neurite formation.  The phosphory-
lated 4E-BP1 is replaced by eIF4G, a scaffolding translation 
factor that assembles several critical components of the cap-
dependent translation initiation complex on the mRNA via its 
interaction with cap-bound eIF4E[48].  The activated p70S6K 
then phosphorylates ribosomal protein S6, which can result 
in enhanced translation of 5’-oligopyrimidine tract-containing 
mRNAs that encode numerous components of translation 

machinery[48].  In our study, atorvastatin treatment leads to 
increased phosphorylation of 4E-BP1 and p70S6K, both of 
which are inhibited by rapamycin.  Thus, activation of mTOR 
by atorvastatin may enhance both cap-dependent translation 
(eIF4E pathway) and initiation of 5’-oligopyrimidine tract-con-
taining mRNAs (p70S6K-ribosomal protein S6 pathway).  It 
has been shown that suppression of p70S6K or overexpression 
of 4E-BP1 impairs dendrite branching similarly to inhibition 
of mTOR[16].  Additional investigation into the potential role of 
p70S6K and 4E-BP1 in atorvastatin-induced neurite outgrowth 
would be of great interest.

Activated Akt phosphorylates GSK-3β at Ser9 to inactivate 
its kinase activity[17]; thus, GSK-3β activity is inversely cor-
related with PI3K/Akt signaling activity[49].  Some studies 
have observed GSK-3β phosphorylation following Akt acti-
vation and subsequently neurite outgrowth[50, 51].  Our study 

Figure 7.  Atorvastatin enhances neurite outgrowth through the PI3K/Akt/GSK-3β pathway.  (A) Cultured neurons at 4 DIV were pretreated with vehicle 
or SB415286 (5 µmol/L) for 30 min and then exposed to atorvastatin (10 µmol/L) for 48 h in the presence of vehicle or inhibitor.  Following the 
treatment period, phase-contrast digital images of the cells were taken using a phase-contrast microscope.  The graphs show mean±SEM for TNBL 
(B), terminal branch number (C), neurite number (D), and soma area (E).  Quantifications were performed from at least three independent experiments 
(n=50–60 neurons).  bP<0.05, cP<0.01 compared with control group; eP<0.05 compared with 10 µmol/L atorvastatin group.  hP<0.05, iP<0.01 
compared with atorvastatin+SB415286 group.  (F) Representative Western blot showing both LY294002 and tricribine inhibited atorvastatin-induced 
increases in phosphorylation of GSK-3β (Ser9).  Group data showing normalization of phosphorylated GSK-3β to total kinase was determined in each 
group of four experiments.  Mean±SEM.  bP<0.05, cP<0.01 compared with control group.
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demonstrates that treatment of cultured cortical neurons with 
atorvastatin increased phosphorylation of GSK-3β (Ser9).  
Inhibiting PI3K with LY294002 or directly inhibiting Akt with 
tricribine blocked the atorvastatin-induced increase in phos-
phorylated GSK-3β (Ser9).  Another study also demonstrates 
that simvastatin increases phosphorylation of GSK-3β (Ser9) 
in the hippocampus in rats after traumatic brain injury[3].  
GSK-3β, which is inactivated upon phosphorylation by Akt, 
is implicated in the regulation of microtubule dynamics by 
phosphorylating MAPs, including adenomatosis polyposis 
coli (APC), MAP1, and MAP2[52].  Phosphorylation of MAPs 
is a key step in the regulatation of neurite initiation, growth, 
and branching in hippocampal neurons[17].  Decreased activity 
of GSK-3β reduces phosphorylation of MAP2, a step that can 
enhance microtubule polymerization and dendritic growth[53].  

Taken together, we have shown for the first time that ator-
vastatin can regulate neurite outgrowth via the PI3K/Akt/
mTOR and PI3K/Akt/GSK-3β pathways in cultured corti-
cal neurons.  It will be important to investigate the effects of 
atorvastatin on neurite growth in vivo.  We believe that statins 
have great potential for treating several nervous disorders.  
Our results indicate a novel cholesterol-independent effect of 
statins and call for further studies to reveal the responsible 
mechanisms.  
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The mineralocorticoid receptor-p38MAPK-NFκB 
or ERK-Sp1 signal pathways mediate aldosterone-
stimulated inflammatory and profibrotic responses in 
rat vascular smooth muscle cells
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Aim: To explore the signalling pathways involved in aldosterone-induced inflammation and fibrosis in rat vascular smooth muscle cells 
(VSMCs).
Methods: Using Western blotting and real-time RT-PCR, we investigated the effects of aldosterone on the expression of 
cyclooxygenase-2 (Cox-2) and IL-6, two important proinflammatory factors, and TGFβ1, a critical profibrotic factor, in VSMCs.  
Results: Aldosterone treatment significantly increased the expression of Cox-2 and IL-6 and activation of p38MAPK and NF-κB.  The 
expression of both Cox-2 and IL-6 could be blocked by the mineralocorticoid receptor (MR) antagonist spironolactone and the p38MAPK 
inhibitor SB203580.  Also, the rapid phosphorylation of p38MAPK could be suppressed by SB203580 but not by spironolactone, 
implicating in nongenomic effects of aldosterone.  Similar to SB203580 and spironolactone, the NF-κB inhibitor α-p-tosyl-L-lysine 
chloromethyl ketone (TLCK) markedly attenuated expression of Cox-2, indicating that MR, p38MAPK and NF-κB are associated with 
aldosterone-induced inflammatory responses.  Furthermore, aldosterone enhanced expression of TGFβ1 in rat VSMCs.  This result 
may be related to activation of the MR/ERK-Sp1 signalling pathway because PD98059, an ERK1/2 inhibitor, significantly blocked the 
rapid phosphorylation of ERK1/2 and function of Sp1 and led to reduced expression of TGFβ1.  Spironolactone was also shown to 
significantly inhibit TGFβ1 and Sp1 expression but not ERK1/2 phosphorylation.  
Conclusion: These results suggest that aldosterone-induced inflammatory responses and fibrotic responses may be mediated by the 
MR/p38MAPK-NF-κB pathways and the MR/ERK-Sp1 pathways in VSMCs, respectively.
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Introduction
It has recently been recognized that aldosterone can exert 
direct effects on the vasculature, a non-epithelial tissue, and 
lead to vascular inflammation, fibrosis, remodelling, and 
finally cardiovascular diseases[1].  In hypertensive rats, there is 
evidence that aldosterone-salt treatment caused obvious coro-
nary inflammatory lesions that were characterized by mono-
cyte and macrophage infiltration and increased expression of 
cyclooxygenase-2 (Cox-2) and osteopontin.  The administra-
tion of eplerenone, a selective aldosterone blocker, attenuated 

vascular and myocardial injury and Cox-2 and osteopontin 
expression[2, 3].  Meanwhile, eplerenone significantly reduced 
the aortic expression of IL-β1, IL-6, and tumour necrosis factor 
alpha (TNF-α), and the mineralocorticoid receptor (MR) antag-
onist spironolactone prevented aortic collagen accumulation 
induced by aldosterone in spontaneously hypertensive rats[4, 5].  
A more recent study using aortic tissues from aldosterone-
treated hypertensive rats further revealed that aldosterone 
increased vascular inflammatory changes, angiotensin II con-
tent, and the expression of angiotensin-converting enzyme, 
vascular proinflammatory genes (osteopontin, MMP-2, 
ICAM-1, VCAM-1, PDGF-A, VEGF, and PAI-1) and oxida-
tive stress genes (4-hydroxy-2-neonenal, p47phox, p22phox, 
and gp91phox), the expression of which were all abolished by 
eplerenone[6].  These findings suggest that aldosterone plays 
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an important role in regulating inflammation and fibrosis in 
the vascular system.  But so far, the intracellular signalling 
mechanisms underlying the aldosterone-induced vascular 
injury have not been completely elucidated.

Several studies have examined the signalling pathways 
in vascular cells that regulate the inflammatory/profibrotic 
effects induced by aldosterone.  Jaffe et al reported that aldos-
terone activates the expression of endogenous genes (collagen 
types I and III, IL-16 and cytotoxic T-lymphocyte-associated 
protein 4) via functional MRs in human coronary VSMCs[7].  
Callera et al observed that aldosterone rapidly increases the 
phosphorylation of p38 MAP kinase (p38MAPK) and extracel-
lular signal-regulated kinase (ERK) and significantly increases 
NADPH oxidase activity and collagen synthesis in VSMCs 
from both Wistar-Kyoto rats and spontaneously hyperten-
sive rats, all of which are mediated through c-Src-dependent 
pathways[8, 9].  Also, Ishizawa et al reported that aldosterone 
stimulates rat VSMC proliferation via the activation of the 
big MAP kinase 1 and is not inhibited by cycloheximide[10].  
Recently, two studies demonstrated that in mouse VSMCs, 
aldosterone-induced activation of ERK1/2, c-Jun NH2-termi-
nal protein kinase (JNK) and nuclear factor (NF)-κB depends 
on the activity of angiotensin type 1a receptors[11], and that the 
proinflammatory phenotype promoted by aldosterone in aged 
rat VSMCs is mediated by ERK1/2 and epidermal growth fac-
tor receptor-dependent pathways[12].  These data suggest that 
intracellular signalling pathway(s) that regulate aldosterone-
stimulated vascular effects could involve receptors, protein 
kinases, nuclear factors, oxidant factors, and other unknown 
factors.  

In the present study, we provide new evidence that aldoster-
one induces the expression of inflammatory factors, Cox-2 and 
IL-6 through the MR-p38 and NF-κB pathways and induces 
expression of transforming growth factor-β1 (TGFβ1), a pro-
fibrotic factor, through the MR-ERK1/2 and Sp1 pathways in 
rat VSMCs.  

Materials and methods
Materials
Aldosterone, spironolactone, α-p-tosyl-L-lysine chlorom-
ethyl ketone (TLCK), and dimethylsulfoxide (DMSO) were 
purchased from Sigma-Aldrich Corporation (St Louis, MO, 
USA); SB203580 (SB) and PD98059 (PD) were from Calbio-
chem (Darmstadt, Germany).  A stock solution of each com-
pound was dissolved in DMSO, aliquoted and stored at -20 °C.  
Mouse anti-Cox-2, mouse anti-phospho-p38MAPK, mouse 
anti-p38MAPK, mouse anti-NF-κB p65, rabbit anti-phospho-
ERK1/2, rabbit anti-ERK1/2, rabbit anti-Sp1, rabbit anti-
actin, biotinylated secondary antibodies, and HRP-conjugated 
streptavidin, were all obtained from Santa Cruz ( Santa Cruz, 
CA, USA).

Cell culture
Rat VSMCs were maintained in 75-cm2 tissue culture flasks in 
DMEM containing 10% fetal bovine serum, 100 IU/mL peni-

cillin, and 100 IU/mL streptomycin at 37 °C with 95% air and 
5% carbon dioxide.  The cells were grown to 75% confluence 
and treated with vehicle or aldosterone at serial concentrations 
from 10-9 to 10-6 mol/L for the times indicated.  Twenty four 
hours before the treatment, the medium was replaced with 
medium containing 0.4% serum.  For the inhibitor studies, 
SB at 2×10-5 mol/L, PD at 5×10-5 mol/L, TLCK at 10-4 mol/L, 
or spironolactone at 5×10-5 mol/L was added to the culture 
medium 1 h prior to the addition of aldosterone.  

Western blot analyses of Cox-2, p38MAPK, and ERK1/2 proteins
At the end of the treatment, the cells were washed with ice-
cold PBS twice and lysed with 80–100 μL of the following 
buffer: Tris-HCl [50 mmol/L (pH 8.0)], NaCl (150 mmol/L), 
SDS (0.1%), PMSF (100 μg/mL), aprotinin (1 μg/mL), Non-
idet P-40 (1%).  The lysates were frozen with liquid nitrogen 
and then thawed in water at 37 °C three times, and centri-
fuged at 15 000×g for 10 min.  The protein concentration of 
the supernatant was determined by the Lowry method using 
bovine serum albumin as the standard.  The proteins (20–40 
μg) were separated by SDS-PAGE on an 8% separating gel 
and 5% stacking gel for Cox-2 or 10% separating gels for p38 
and ERK1/2, blotted onto PDVF membranes, incubated in a 
blocking buffer (5% non-fat, dried milk and 0.05% Tween-20 
in PBS), and then incubated with the primary antibodies (at 
a 1:1000 dilution), biotinylated secondary antibodies (1:2000 
dilution), and HRP-conjugated streptavidin (1:2000 dilution).  
The protein bands were visualized with enhanced chemilu-
minescence (ECL, Beijing Pulilai Company, Beijing, China) 
according to the manufacturer’s instructions.  

Western blot analysis of NF-κB and Sp1 proteins
Two steps were taken to extract the NF-κB and Sp1 proteins 
from the cytoplasm and nucleoplasm, respectively.  After 
being washed with ice-cold PBS, the cells were lysed with 
150 μL of buffer A, which consists of HEPES [10 mmol/L (pH 
7.9)], KCl (10 mmol/L), and EDTA (0.1 mmol/L).  Just before 
use, PMSF (0.5 mmol/L), DTT (1 mmol/L), and 1 μL of pro-
tease inhibitors (including leupeptin, aprotinin, and pepstatin) 
(10 μg/mL) were added, incubated for 10 min at room temper-
ature, then scraped and centrifuged at 15 000×g for 3 min.  The 
supernatant (cytoplasmic fraction) was collected, aliquoted 
and stored at -86 °C.  The pellet was resuspended with 150 μL 
of buffer B: HEPES [20 mmol/L, (pH 7.9)], NaCl (0.4 mol/L), 
EDTA (1 mmol/L), and glycerol (10%).  Before use, PMSF (0.5 
mmol/L), DTT (1 mmol/L), and 1 μL of each protease inhibi-
tor (leupeptin, aprotinin, and pepstatin, 10 μg/mL) was added 
to buffer B.  The resuspended solution was shaken vigorously 
at 4 °C for 2 h then centrifuged at 15 000×g for 5 min.  The 
supernatant (nucleoplasmic fraction) was collected, aliquoted 
and stored at -86 °C.  

The protein concentrations of the cytoplasmic and nucleo-
plasmic extracts were quantitated.  The proteins were electro-
phoresed on 10% separating gels and analysed by the same 
methods described above.
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Densitometric analysis
The density of the bands on the Western blots was quanti-
fied by scanning densitometry (LAS-3000 Fujifilm and Kodak 
Digital Science 1D software) and expressed as the normalized 
values to actin.

Real-time quantitative reverse-transcription polymerase chain 
reaction analyses of IL-6 and TGFβ1 mRNA levels
The total RNA from rat VSMCs was extracted according to 
the TRIzol reagent protocol (Invitrogen).  Two micrograms 
of total RNA was reverse transcribed in a MyCycler (BioRad) 
in a 25-μL reaction volume containing 1 μL Moloney murine 
leukemia virus reverse transcriptase (5 IU/mL), 0.5 μL RNA-
sin (40 IU/mL), 2.5 μL deoxynucleotide triphosphate (10 
mmol/L), 5 μL 5×PCR buffer, 2.5 μL Oligo dT (0.5 μg/μL), 
and diethylpyrocarbonate-water added to the final volume.  
The resulting cDNA was amplified and quantified by real-
time RT-PCR (PRISM-7000, ABI) in a 10-μL reaction volume 
containing 1 μL cDNA (RT product), 5 μL 2×mixture, 0.2 μL of 
the sense primer (20 pmol/L), 0.2 μL of the antisense primer 
(20 pmol/L), 0.2 μL 50× SYBR Green I (Invitrogen), and 3.4 μL 
double distilled water.  The primers and reaction conditions 
were as follows: IL-6, sense 5’-AGGAACGAAAGTCAACTC-
CATCTG-3’; antisense 5’-GGCAGTGGCTGTCAACAA-
CATC-3, product size 111 bp; β-actin, sense 5’-CAGCGGAAC-
CGCTCATTGCCAATGG-3’, antisense 5’-TCACCCACACT-
GTGCCATCTACG-3’, product size, 360 bp; TGFβ1, sense 
5’-GCTAATGGTGGACCGCAACAAC-3’, antisense 5’-CACT-
GCTTCCCGAATGTCTGAC-3’, product size, 122 bp; GAPDH, 
sense 5’-TGGAGTCTACTGGCGTCTTCAC-3’, antisense 
5’-ATGAGCCCTTCCACGATGC-3’, product size, 238 bp; reac-
tion conditions: activation of enzymes at 50 °C for 5 min, one 
cycle of denaturation at 95 °C for 5 min; 42 cycles of denatura-
tion at 95 °C for 15 s, primer annealing at 60 °C for 31 s, primer 
extension at 72 °C for 30 s; then dissociation curves at 95 °C for 
0 min, 65 °C for 15 s, and 4 °C for 1 min.  The IL-6 and TGFβ1 
mRNA levels were normalized to the β-actin and GAPDH 
mRNA amounts, respectively.  The results are expressed as 
the fold of control.  

Statistical analysis 
All values are expressed as the mean±SD.  The data were ana-
lysed using the Student’s t test.  A P<0.05 was accepted as sta-
tistically significant.  

Results
Aldosterone induces the expression of Cox-2 protein and IL-6 
mRNA in VSMCs
In rat VSMCs, aldosterone induced the expression of Cox-2 
protein in a concentration- and time-dependent manner, from 
1 to 1000 nmol/L and 30 min to 2 or 4 h, respectively (Figure 
1A).  Aldosterone treatment also significantly enhanced IL-6 
mRNA levels by 10-fold over the control group (Figure 2).  
These activities were blocked by the MR antagonist spironolac-
tone and the p38MAPK inhibitor SB203580, but not by the 
ERK1/2 inhibitor PD98059, although PD98059 did reduce 

the levels to a certain extent (Figure 1B and 2).  TLCK had no 
inhibitory effects on IL-6 mRNA expression.  These data sug-
gest that aldosterone potentially elicits vascular inflammatory 
responses through the MR and protein kinase system.  

Aldosterone increases the phosphorylation of p38MAPK 
SB203580 could significantly down-regulate the expression 
of Cox-2 and IL-6, implying that p38MAPK is involved in the 
inflammatory responses induced by aldosterone.  Incubation 
of cultured VSMCs with aldosterone for 15 or 30 min mark-
edly enhanced the phosphorylation of p38MAPK, which was 
obviously suppressed by SB203580 but not spironolactone 
(Figure 3A), suggesting that MAPKs are involved in the signal 
transduction of direct vascular effects (nongenomic effects) 
induced by aldosterone.

Aldosterone stimulates NF-κB p65 expression 
The role of the proinflammatory transcription factor NF-κB in 
the inflammatory responses induced by aldosterone was inves-
tigated.  After the administration of aldosterone to VSMCs for 

Figure 1.  The expression of cyclooxyenase 2 (Cox-2) in rat vascular 
smooth muscle cells (VSMCs) induced by aldosterone (Aldo).  (A) Upper 
panel, the concentration-dependent increase in Cox-2 expression induced 
by Aldo for 4 h.  Lower panel, the time-related increase in Cox-2 expression 
induced by Aldo (0.1 μmol/L) for the indicated times.  (B) The effects of 
different inhibitors on Cox-2 expression induced by Aldo.  The cells were 
pretreated with SB203580 (SB, 20 μmol/L), PD98059 (PD, 50 μmol/L), 
and spironolactone (Spir, 50 μmol/L) for 1 h, then stimulated by Aldo (0.1 
μmol/L) for 4 h.  The cell lysates were analysed by Western blotting with 
specific antibodies.  Mean±SD.  n=3.  bP<0.05 vs control. eP<0.05 vs Aldo.  



876

www.nature.com/aps
Zhu CJ et al

Acta Pharmacologica Sinica

npg

4 h, both the cytoplasmic and nucleoplasmic extracts were pre-
pared, and the amount of NF-κB p65 protein was determined 
by Western blot analysis.  As shown in Figure 4, the expres-
sion of p65 was almost undetectable in the cytoplasm but was 
expressed 6.7-fold over the control in the nucleoplasm, even 
after aldosterone stimulation, indicating that NF-κB mediates 
the inflammatory responses of aldosterone.

Inhibition of NF-κB and p38MAPK activities stimulated by 
aldosterone
Further studies revealed that pretreating cells with TLCK, a 

serine proteinase inhibitor of NF-κΒ, could significantly block 
Cox-2 protein expression induced by aldosterone in cultured 
VEMCs.  Similar results were obtained using the p38MAPK 
inhibitor SB203580 and the MR receptor blocker spironolac-
tone (Figure 5).  The results suggest that aldosterone-
induced inflammatory effects could be mediated through a 
MR-p38MAPK-NF-κΒ pathway.

Aldosterone induces the expression of TGFβ1 mRNA 
Aldosterone-stimulated inflammation probably results in 
fibrosis in vascular tissues.  Thus, the mRNA expression of the 
profibrotic molecule TGFβ1 in rat VSMCs was investigated 
using quantitative real-time RT-PCR.  As shown in Figure 6, 
aldosterone treatment increased the levels of TGFβ1 mRNA.  
This effect was significantly reduced by the ERK1/2 inhibi-
tor PD98059 and the MR receptor antagonist spironolactone, 

Figure 2.  The expression of IL-6 in VSMCs induced by aldosterone (Aldo).  
The cells were pretreated with SB203580 (SB, 20 μmol/L), spironolactone 
(Spir, 50 μmol/L) and TLCK (100 μmol/L) for 1 h, then stimulated with 
Aldo (0.1 μmol/L) for 7 h.  The cell lysates were analysed by real time RT-
PCR.  Mean±SD.  n=3.  bP<0.05 vs control.  eP<0.05 vs Aldo.

Figure 3.  Aldosterone (Aldo) stimulates the phosphorylation of p38MAPK 
(A) and ERK1/2 (B) in VSMCs.  The cells were pretreated with SB203580 
(SB, 20 μmol/L), PD98059 (PD, 50 μmol/L), and spironolactone (Spir, 50 
μmol/L) for 1 h, then stimulated with Aldo (0.1 μmol/L) for 30 min.  The 
cell lysates were analysed by Western blotting with specific antibodies.  

Figure 4.  The expression of NF-κB p65 in the cytoplasmic and nucleo-
plasmic extracts from rat VSMCs induced by aldosterone (Aldo).  The cells 
were stimulated by Aldo for 4 h.  The cytoplasmic and nucleoplasmic 
extracts were separated by SDS-PAGE and were analysed by Western blot-
ting with specific antibodies.  

Figure 5.  The inhibition of p38MAPK and NF-κB activities stimulated by al-
dosterone (Aldo) in rat VSMCs.  The cells were pretreated with SB203580 
(SB, 20 μmol/L), TLCK (100 μmol/L), and spironolactone (Spir, 50 μmol/L) 
for 1 h, then stimulated with Aldo (0.1 μmol/L) for 4 h.  The cell lysates 
were analysed by Western blotting with specific antibodies.  Mean±SD.  
n=3.  bP<0.05 vs control.  eP<0.05 vs Aldo.

Figure 6.  Aldosterone (Aldo) induces the expression of TGFβ1 mRNA in 
rat VSMCs.  The cells were pretreated with PD98059 (PD, 50 μmol/L) 
or spironolactone (Spir, 50 μmol/L) for 1 h, then stimulated with Aldo 
(0.1 μmol/L) for 7 h.  The cell lysates were analysed by real time RT-PCR.   
Mean±SD.  n=3.  bP<0.05 vs control.  eP<0.05 vs Aldo.
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suggesting that ERKs and MR have a role in the profibrotic 
effects of aldosterone.  

Aldosterone increases the phosphorylation of ERK1/2 
Incubation of cultured VSMCs with aldosterone for 15 or 
30 min markedly increased not only the phosphorylation of 
p38MAPK but also ERK1/2.  The phosphorylation of ERK1/2 
was strongly blocked by PD98059, while spironolactone had 
no effect (Figure 3B), implying it was rapid, nongenomic 
effects of aldosterone.  These data further demonstrate that 
MAPKs have a role in the proinflammatory and profibrotic 
effects of aldosterone.  

Aldosterone stimulates Sp1 expression in the nucleoplasm 
The role of Sp1, a nuclear transcription factor, in profibrotic 
responses induced by aldosterone was also studied.  As shown 
in Figure 7, aldosterone significantly increased Sp1 expression 
in the nucleoplasm, and this effect was blocked by PD98059 
and spironolactone, which is similar to their effect on inhibit-
ing TGFβ1 expression (Figure 6).  These results indicate that 
the profibrotic effects of aldosterone could be associated with 
the MR-ERKs-Sp1 pathway.  

Discussion
In this study, we showed that aldosterone stimulation caused 
inflammatory responses in rat VSMCs and resulted in the 
enhanced expression of the inflammatory factors Cox-2 
and IL-6.  This effect was attenuated by the MR antagonist 
spironolactone (Figures 1 and 2).  These results are consistent 
with previous reports demonstrating that aldosterone treat-
ment in uninephrectomized rats elevated the levels of Cox-2 
mRNA and coronary inflammatory lesions; these vascular 
inflammatory responses were reduced by the aldosterone 

blocker eplerenone[2, 3].  The results indicated that the MR was 
part of the signalling pathway involved in the inflammatory 
responses induced by aldosterone.  Further studies in our 
laboratory have demonstrated that aldosterone has two dif-
ferent effects: (1) phosphorylation of p38MAPK (rapid, non-
genomic effect), which was suppressed by SB203580 but not 
by spironolactone (Figure 3), implying that the MR does not 
mediate this effect; (2) activation and nuclear translocation of 
NF-κB p65 (delayed genomic effect; Figure 4).  In VSMCs, the 
activation of both p38MAPK and NF-κB might result in the 
production of chemokines and inflammatory cytokines[1, 13].  
Indeed, we observed a significant increase in the expression 
of Cox-2 and IL-6 (Figure 5).  Furthermore, in spontaneously 
hypertensive rats, aldosterone up-regulated NF-κB p50 expres-
sion and down-regulated IκB mRNA expression.  This effect 
was accompanied by the enhanced expression of cytokines 
(such as IL-1β, IL-6, and TNF-α)[4].  Similarly, in VSMCs from 
both Wistar-Kyoto rats and spontaneously hypertensive rats, 
aldosterone-induced phosphorylation of the protein tyrosine 
kinase c-Src, results in the amplification of NAD(P)H-medi-
ated generation of reactive oxygen species (ROS) and leads to 
the activation of ROS-sensitive transcription factors, such as 
NF-κB and activation protein-1 (AP-1), recruitment of inflam-
matory cells and elaboration of inducible NO synthase (iNOS), 
and, consequently, vascular damage[8–10].  Therefore, protein 
kinases (p38MAPK, Src) and transcription factors (NF-κB, 
AP-1) are two elements of the signalling pathway that medi-
ate the inflammatory responses of aldosterone.  Recent studies 
using siRNA in mouse VSMCs revealed that the activation of 
NF-κB requires not only the MR but also the AT1 receptor[11].  
The data from this study demonstrated that the aldosterone-
induced expression of inflammatory factors (Cox-2) could be 
significantly reduced by the MR blocker spironolactone, the 
p38 MAPK inhibitor SB203580, and the NF-κB inhibitor TLCK 
(Figure 5), indicating that the MR-p38MAPK-NF-κB signal-
ling pathway mediates the inflammatory responses induced 
by aldosterone.  In this signalling pathway, the activation of 
p38MAPK may not require the MR because spironolactone 
did not inhibit phosphorylation of p38 MAPK (Figure 3).  This 
result may be due to the direct, nongenomic effects of aldos-
terone, which may facilitate classical MR-mediated effects[1].  

It is known that aldosterone induces fibrosis in rat heart and 
blood vessels[14], and spironolactone prevents aortic collagen 
accumulation in spontaneously hypertensive rats[5, 15].  These 
data imply that the MR is involved in vascular fibrosis, but 
the underlying, detailed molecular mechanism has not been 
completely elucidated.  In the present study, we observed the 
effects of aldosterone on the profibrotic molecule TGFβ1 in rat 
VMSCs.  Our data show that the incubation of VSMCs with 
aldosterone significantly increased the expression of TGFβ1 
mRNA, which was then inhibited by spironolactone and 
PD98059 (Figure 5), implying that ERK1/2 is also involved in 
vascular fibrosis.  Similar results were reported by Kobayashi 
et al[14] in Dahl salt-sensitive hypertensive rats.  In that study, 
treating the animals with eplerenone significantly decreased 
the phosphorylation of protein kinase C (PKC)βII, c-Src, 

Figure 7.  Aldosterone (Aldo) stimulates Sp1 protein expression in rat 
VCMCs.  The cells were pretreated with PD98059 (PD, 50 μmol/L), and 
spironolactone (Spir, 50 μmol/L) for 1 h, then stimulated with Aldo (0.1 
μmol/L) for 30 min.  Nucleoplasmic extracts were separated by SDS-PAGE 
and analysed by Western blotting with specific antibodies.  Mean±SD. 
n=3.  bP<0.05 vs control.  eP<0.05 vs Aldo.
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ERK1/2, and p70S6 kinase (p70S6K), as well as the expres-
sion of TGFβ1 and type I collagen mRNA and protein, which 
suggests that aldosterone-induced profibrotic effects could 
be mediated through the PKCβII-c-Src (upstream regulator)-
ERK1/2-p70S6K (downstream effector) pathway.  Further-
more, studies by Callera et al[8, 9] in VSMCs from spontaneously 
hypertensive rats demonstrated that aldosterone stimulation 
could enhance the phosphorylation of c-Src and MAPKs, 
and the incorporation of [3H]-proline, a marker of collagen 
synthesis, and stimulatory effects of aldosterone on collagen 
synthesis was inhibited by PP2 (c-Src inhibitor) and SB212190 
(p38MAPK inhibitor), confirming that the vascular profibrotic 
actions of aldosterone could be mediated through the c-Src/
MAPK signalling pathways.  Additionally, it was reported 
that the epidermal growth factor receptor (EGFR) could be 
involved in mediating the profibrotic responses of aldosterone 
because the EGFR is involved in the development of fibrosis 
and vascular dysfunction[16, 17], and aldosterone-induced stim-
ulation of ERK1/2 in VSMCs is dependent on the EGFR[18].  In 
this study, our data also show that aldosterone could induce 
rapid phosphorylation of ERK1/2 in rat VSMCs, which was 
suppressed by PD98059 but not spironolactone, implying that 
aldosterone has nongenomic effects (Figure 3).  Moreover, 
spironolactone and PD98059 inhibited the enhanced expres-
sion of TGFβ1 mRNA and Sp1 protein, suggesting that the 
MR-ERKs-Sp1 pathway could mediate aldosterone-activated 
profibrotic responses in rat VSMCs.  

Taken together, our studies provide new evidence on 
the proinflammatory and profibrotic effects of aldosterone 
(including genomic and nongenomic effects) that are medi-
ated through the MR-MAPKs (ERK1/2, p38MAPK), transcrip-
tion factors (Sp1, NF-κB) signalling pathways.  Regulating the 
aldosterone-induced effects through these factors will poten-
tially reduce vascular remodelling and damage.  This effect 
could be beneficial and effective in the treatment of cardiovas-
cular diseases.
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Phosphorylation of endothelial NOS contributes to 
simvastatin protection against myocardial no-reflow 
and infarction in reperfused swine hearts: partially 
via the PKA signaling pathway
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Aim: The cholesterol-lowering drugs statins could enhance the activities of endothelial nitric oxide synthase (eNOS) and protect myo-
cardium during ischemia and reperfusion.  The aim of this study was to examine whether protein kinase A (PKA) was involved in statin-
mediated eNOS phosphorylation and cardioprotection. 
Methods: 6-Month-old Chinese minipigs (20–30 kg) underwent a 1.5-h occlusion and 3-h reperfusion of the left anterior descending 
coronary artery (LAD).  In the sham group, the LAD was encircled by a suture but not occluded.  Hemodynamic and cardiac function 
was monitored using a polygraph.  Plasma activity of creatine kinase and the tissue activities of PKA and NOS were measured spectro-
photometrically.  p-CREB, eNOS and p-eNOS levels were detected using Western blotting.  Sizes of the area at risk, the area of no-reflow 
and the area of necrosis were measured morphologically.
Results: Pretreatment of the animals with simvastatin (SIM, 2 mg/kg, po) before reperfusion significantly decreased the plasma activ-
ity of creatine kinase, an index of myocardial necrosis, and reduced the no-reflow size (from 50.4%±2.4% to 36.1%±2.1%, P<0.01) and 
the infarct size (from 79.0%±2.7% to 64.1%±4.5%, P<0.01).  SIM significantly increased the activities of PKA and constitutive NOS, and 
increased Ser133 p-CREB protein, Ser1179 p-eNOS, and Ser635 p-eNOS in ischemic myocardium.  Intravenous infusion of the PKA inhibitor 
H-89 (1 μg·kg-1·min-1) partially abrogated the SIM-induced cardioprotection and eNOS phosphorylation.  In contrast, intravenous infu-
sion of the eNOS inhibitor L-NNA (10 mg·kg-1) completely abrogated the SIM-induced cardioprotection and eNOS phosphorylation during 
ischemia and reperfusion, but did not affect the activity of PKA.  
Conclusion: Pretreatment with a single dose of SIM 2.5 h before reperfusion attenuates myocardial no-reflow and infarction through 
increasing eNOS phosphorylation at Ser1179 and Ser635 that was partially mediated via the PKA signaling pathway.

Keywords: heart; ischemia-reperfusion injury; no-reflow; infarction; simvastatin; H-89; L-NNA; protein kinase A; CREB; endothelial NOS  
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Introduction
Timely reopening of the occluded coronary artery after acute 
myocardial infarction rescues the ischemic myocardium and 
reduces mortality.  However, impaired regional perfusion and 
microvascular or endothelial dysfunction within the previ-
ously ischemic myocardium after revascularization therapy 
also produce the no-reflow phenomenon, which may lead 

to increased infarct size, contractile dysfunction, higher inci-
dence of complications, and poor clinical outcome[1–4].  Preven-
tion and treatment of the no-reflow phenomenon have been a 
worldwide challenge in this reperfusion times.

Statins are cholesterol-lowering drugs that inhibit 
3-hydroxy-3-methylglutaryl coenzyme A reductase, a key 
enzyme in the cholesterol synthesis pathway.  Previous studies 
have demonstrated that chronic and early pretreatment with 
statins can improve coronary circulation and reduce the sizes 
of no-reflow and infarct after ischemia-reperfusion injury by 
enhancing endothelial (e-)nitric oxide synthase (eNOS) activ-
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ity through the phosphatidylinositol 3-kinase (PI3K)/protein 
kinase B (Akt) signaling cascade[4–10].  

According to the European Society of Cardiology (ESC) 
guidelines, the optimal revascularization time is within 3 h 
after the onset of acute myocardial infarction[11].  In almost 
all of the existing studies, statins were delivered several days 
before myocardial reperfusion.  It is not clinically practical 
to pre-treat patients undergoing acute post-infarct percuta-
neous coronary intervention with high-dose statins several 
days before the procedure.  In addition, recent studies have 
reported that the cyclic adenosine monophosphate (cAMP)/
protein kinase A (PKA) pathway plays a role in cardioprotec-
tion during ischemic preconditioning and in the cardiopro-
tection provided by Tongxinluo, a traditional Chinese medi-
cine[12–14], but it is unclear whether PKA is associated with the 
cardioprotective effects of statins.  Therefore, in this study, 
we tested the hypothesis that acute pretreatment with single-
dose statins before reperfusion exerts a cardioprotective effect 
against myocardial no-reflow and infarction by enhancing 
eNOS activity in a PKA-dependent manner.  

Materials and methods
Animal experimental protocols 
The animal experimental protocols and procedures were 
approved by the Care of Experimental Animals Committee of 
Fu Wai Hospital, National Center for Cardiovascular Diseases, 
Chinese Academy of Medical Sciences and Peking Union 
Medical College, China.  All animals received humane care 
in compliance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health, USA.  

As described previously[4, 14], 6-month-old Chinese Minipigs 
weighing 20 to 30 kg were anesthetized with a mixture of 700 
mg ketamine hydrochloride and 30 mg diazepam adminis-
tered intramuscularly and were continuously infused with 
this mixture (2 mg/kg per hour) intravenously to maintain the 
anesthesia.  Minipigs were assigned to 1 of 7 groups (n=7–8 
in each group): control, simvastatin (SIM), SIM coadminis-
tered with H-89 (SIM+H-89), H-89, SIM coadministered with 
Nω-nitro-L-arginine (L-NNA; SIM+L-NNA), L-NNA, and sham 
group.  All pigs except for the sham group underwent a 1.5-h 
occlusion and 3-h reperfusion of the left anterior descending 
coronary artery (LAD).  The LAD of the sham animals was 
encircled by a suture but not occluded.  

The control pigs underwent no intervention either before 
or after reperfusion.  SIM (2 mg/kg, Merck & Co, USA) was 
gavaged 2.5 h before myocardial reperfusion; the SIM dos-
age was determined based on the loading dose (80 mg) before 
acute percutaneous coronary intervention and was converted 
to the pig dose according to body surface area[15].  H-89 (1.0 
µg·kg-1·min-1, Alexis, USA), a PKA inhibitor, was intrave-
nously and constantly infused throughout the procedure to 
inhibit PKA activity[13].  L-NNA (10 mg/kg, Aldrich, USA), an 
arginine derivative that can nonselectively and competitively 
inhibit NOS, was intravenously infused and maintained until 
the end of reperfusion to inhibit eNOS activity[16].  Although 
L-NNA inhibits both constitutive (cNOS) and inducible 

(iNOS), the effect of L-NNA inhibition on cNOS is 300 fold 
greater than that on iNOS, and this effect is rapidly reversible.  
Furthermore, the predominantly expressed isoform of cNOS 
in the myocardium is eNOS[17].  Therefore, we chose to use 
L-NNA as a selective inhibitor of eNOS in the present study.  

Hemodynamic and cardiac function studies
Heart rate (HR) was monitored by surface limb lead electro-
cardiograph.  A 6F pigtail catheter was inserted into the right 
femoral artery though an arterial sheath for real time measure-
ments of mean arterial pressure (MAP), left ventricular end-
diastolic pressure (LVEDP), and maximum and minimum 
rates of left ventricular pressure development (dp/dtmax and 
dp/dtmin, respectively).  Hemodynamic data were recorded on 
a polygraph (Biopac Systems, MP-150, USA) at baseline, after 
1.5 h of ischemia, and after 3 h of reperfusion and analyzed 
with Acqknowledge v3.8.1 software.

Analysis of myocardial area at risk (AAR), area of no-reflow (ANR), 
and area of necrosis (AN)
Myocardial AAR, ANR, and AN were measured according 
to previous methods[4, 14].  In brief, the area of impaired perfu-
sion was delineated by a bolus of 4% fluorescent thioflavin S 
(1 mL/kg, Sigma, USA) into the left atrium.  Approximately 
30 s later, the LAD was religated at the original site, and AAR 
was outlined by perfusion with a bolus of 2% Evans blue dye 
(1 mL/kg, Sigma, USA) into the left atrium.  The heart was 
then excised, and the blood was washed out.  In ice-cold saline 
solution, the extra-left ventricular tissue was removed, and the 
left ventricular tissue was transversely cut into six or seven 
slices made parallel to the atrioventricular groove.  The AAR, 
or the area unstained by Evans blue, was traced and pictured 
in visible light.  The ANR, or the area not perfused by thiofla-
vin S, was photographed under ultraviolet light (365 nm).  The 
area between the AAR and ANR was the area of reflow (AR).  
Then, tissue samples were collected from ANR, AR, and non-
ischemic area (NA) on the reverse side of the traced slices and 
immediately placed in liquid nitrogen for the next examina-
tion.  Finally, tissue slices were weighed and incubated in 1% 
triphenyltetrazolium chloride (TTC, pH 7.4) at 37 °C for 15 min 
to identify the AN.  AAR was expressed as a percentage of 
the left ventricular mass (AAR/LV), and ANR and AN were 
expressed as percentages of the AAR (ANR/AAR and AN/
AAR, respectively), with the mass of each area determined 
gravimetrically.

Determination of plasma creatine kinase (CK) activity 
Plasma CK activity, an index of myocardial necrosis, was 
measured spectrophotometrically at baseline, after 1.5 h of 
ischemia, and after 3 h of reperfusion according to the manu-
facturer’s instructions (Nanjing JianCheng Bioengineering 
Institute, China).  

Tissue PKA activity assay
PKA activity was measured according to the method 
described previously using a nonradioactive PKA assay kit 
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(Promega, USA)[14, 18].  Tissue samples from NA, AR, and ANR 
were homogenized on ice in PKA extraction buffer containing 
25 mmol/L Tris-HCl (pH 7.4), 0.5 mmol/L EDTA, 0.5 mmol/L 
EGTA, 10 mmol/L β-mercaptoethanol, 1 μg/mL leupeptin, 
and 1 μg/mL aprotinin.  The homogenate was centrifuged at 
20 000×g for 5 min at 4 °C, and the supernatant was assayed 
for PKA activity according to the manufacturer’s instructions.  
The reaction products were separated on a 0.8% agarose gel 
at 100 V for 15 min.  The phosphorylated species migrated 
toward the positive electrode, whereas the non-phosphory-
lated substrates migrated toward the negative electrode.  The 
fluorescence intensity of the phosphorylated peptides, which 
reflects the PKA activity, was quantified by spectrophotom-
etry at 570 nm.  One unit of kinase activity is defined as the 
number of nanomoles of phosphate transferred to a substrate 
per minute per milliliter.

Western blotting analysis 
The expression of Ser133 phosphorylated (pcAMP) response 
element-binding protein (CREB), eNOS, Ser1179 p-eNOS and 
Ser635 p-eNOS was detected by Western blotting, as described 
previously[19].  Rabbit polyclonal p-CREB (Ser133; 1:100 dilution, 
Santa Cruz, USA), rabbit polyclonal eNOS (1:250 dilution, 
Cell Signaling, USA), rabbit monoclonal p-eNOS (Ser1179; 1:250 
dilution, Invitrogen, USA), rabbit polyclonal p-eNOS (Ser635; 
1:200 dilution, Upstate, USA), or mouse monoclonal β-actin 
(1:10 000 dilution, Proteintech, USA) antibodies were applied.  
The immunoreactive bands were visualized using a chemilu-
minescence reagent.  The intensity ratio of the target band to 
the β-actin band corresponded to the relative amounts of the 
target protein.

Analysis of tissue NOS activity
Tissue samples from NA, AR, and ANR were homogenized 
and centrifuged at 3000 r/min for 10 min.  The activity of total 
(t-)NOS, iNOS, and cNOS (the predominantly expressed iso-
form of cNOS in myocardium is eNOS[17]) in the supernatant 
was measured spectrophotometrically at 530 nm according to 
the manufacturer’s instructions (Nanjing KeyGen, China).  The 
activities were expressed as units per milligram of myocardial 
protein (IU/mg prot).  

Statistical analysis 
All data are expressed as the mean±SEM.  Data from all stages 
were compared by repeated measures analysis of variance fol-
lowed by post-hoc analysis with the Student-Newman-Keuls 
multiple comparisons test.  Differences in a single variable 
data, such as the no-reflow and infarct areas, and the activities 
of PKA and NOS were compared among groups by ANOVA 
followed by the Duncan’s post hoc test.  P<0.05 was considered 
statistically significant.  

Results
Cardiac performance in SIM-treated and -untreated hearts 
Physiological examination revealed that there were no signifi-
cant differences in cardiac hemodynamics between any of the 

groups at baseline (P>0.05).  However, under the conditions of 
ischemia and reperfusion, HR and LVEDP were increased in 
the untreated, control hearts (P<0.05).  The effects of ischemia 
and reperfusion were partially diminished when the animals 
received SIM pretreatment, as HR and LVEDP were decreased 
in the SIM group (P<0.05).  The effects of SIM appeared to 
depend on the activation of PKA and eNOS because combined 
treatment with SIM and the PKA inhibitor H-89 or the eNOS 
inhibitor L-NNA did not have the same effect as treatment 
with SIM alone (Table 1).

Sizes of no-reflow and infarction after ischemia and reperfusion 
Pathological studies revealed that the area at risk (AAR) 
per left ventricle (LV) was comparable in the control, SIM, 
SIM+H-89, H-89, SIM+L-NNA, and L-NNA groups, averaging 
between 26.1% and 30.4% (P>0.05) (Figure 1A and 1B).  SIM 
pretreatment significantly attenuated the area of no-reflow 
(ANR/AAR, 36.1%±2.1%) and the area of necrosis (AN/AAR, 
64.1%±4.5%) compared to the control group (50.4%±2.4%; 
79.0%±2.7%) (P<0.01).  The PKA inhibitor H-89 alone reduced 
the no-reflow size (29.5%±4.2%) relative to the control group 
(P<0.01), but it partially abolished the SIM effect on no-reflow 
size and completely abolished the SIM effect on infarct size, 
indicated by the increased no-reflow (40.4%±6.1%) and infarct 
(77.4%±1.2%) sizes, respectively, in the SIM+H-89 group.  
However, the eNOS inhibitor L-NNA completely counter-
acted the effects of SIM on myocardial no-reflow and infarc-
tion; the no-reflow and infarction sizes in the SIM+L-NNA 
group reverted to the control levels (52.3%±2.8%; 83.9%±2.5%) 
(P<0.01).  These data indicate that the cardioprotective effects 
of SIM against no-reflow and infarction are completely eNOS-
dependent but partially PKA-dependent.  

After 1.5 h of ischemia and 3 h of reperfusion, plasma CK 
activity, a standard enzymatic marker of cardiac injury, was 
significantly increased in the control group (2.97±0.45 IU/
mL; 4.73±0.14 IU/mL) compared to the sham group (1.05±0.09 
IU/mL; 1.59±0.25 IU/mL) (P<0.01) but was lowered in the 
SIM group (1.66±0.13 IU/mL; 3.53±0.29 IU/mL) compared to 
the control group (P<0.01).  However, the addition of H-89 
inhibited the SIM effect after 3 h of reperfusion, and L-NNA 
inhibited the SIM effect after 1.5 h of ischemia and 3 h of rep-
erfusion (Figure  1C).  

Myocardial PKA activity in the reflow and no-reflow areas after 
ischemia and reperfusion 
Figure 2A shows that the PKA activity was dramatically 
induced in the reflow and no-reflow areas in the control group 
(9.57±0.56 IU/mL; 12.18±0.88 IU/mL) compared with that 
in the sham group (6.04±0.62 IU/mL) (P<0.01).  Myocardial 
PKA activity in the reflow and no-reflow areas were further 
activated in the SIM group (12.24±0.76 IU/mL; 14.47±0.44 IU/
mL) compared to that in the control group (P<0.05).  However, 
SIM-induced PKA activity was inhibited by H-89 but not by 
L-NNA.  

To evaluate the inhibition effect of H-89 on the PKA signal-
ing pathway, Western blotting analysis was performed to 
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detect the expression of Ser133 p-CREB, which acts downstream 
of PKA and is thus an indicator of PKA activity[13] (Figure 2B, 
2C, and 2D).  In the non-ischemic area (Figure 2B), the expres-
sion of Ser133 p-CREB was reduced in the SIM and H-89 groups 
compared to the control group (P<0.05).  In the reflow and 
no-reflow myocardium (Figure 2C and 2D), Ser133 p-CREB 
was up-regulated in the control group compared to the sham 
group (P<0.05) and was further activated in the SIM group 
compared to the control group (P<0.05).  The induction effect 
of SIM on Ser133 p-CREB expression was abolished by H-89 
but not by L-NNA (P<0.05).  These data suggest that the PKA 
pathway was activated during ischemia and reperfusion and 
was further stimulated by SIM pretreatment.  

Myocardial NOS activities in the reflow and no-reflow areas after 
ischemia and reperfusion
In the non-ischemic area (Figure 3A), cNOS activity was 
increased in the control group (0.68±0.15 IU/mg prot) rela-
tive to the sham group (0.26±0.08 IU/mg prot) (P<0.01).  In 
the reflow and no-reflow areas (Figure 3B and 3C), tNOS 
activity was decreased in the SIM+H-89 (0.63±0.09 IU/mg 
prot; 0.59±0.05 IU/mg prot) and SIM+L-NNA (0.73±0.06 

IU/mg prot; 0.73±0.05 IU/mg prot) groups relative to the 
SIM group (0.97±0.13 IU/mg prot; 0.94±0.06 IU/mg prot) 
(P<0.05); iNOS activity was decreased in the control group 
(0.37±0.08 IU/mg prot; 0.32±0.09 IU/mg prot) relative to the 
sham group (0.76±0.11 IU/mg prot) (P<0.01); and cNOS activ-
ity was increased in the SIM group (0.67±0.15 IU/mg prot; 
0.6±0.08 IU/mg prot) relative to the control group (0.4±0.11 
IU/mg prot; 0.41±0.08 IU/mg prot) (P<0.05) but decreased in 
the SIM+H-89 (0.3±0.08 IU/mg prot; 0.31±0.07 IU/mg prot) 
and SIM+L-NNA (0.28±0.07 IU/mg prot; 0.2±0.04 IU/mg prot) 
groups compared to the SIM group (P<0.01).  

To investigate the mechanism by which PKA mediates 
eNOS activity, the expression of eNOS and p-eNOS (Ser1179 
and Ser635) was detected by Western blotting analysis (Figure 
2B, 2C, and 2D).  In the non-ischemic area (Figure 2B), the 
expression of eNOS and Ser635 p-eNOS was increased in the 
control group compared to that in the sham group (P<0.05); 
the eNOS expression in the SIM and SIM+H-89 groups was 
decreased, and the Ser635 p-eNOS expression in the H-89 
group was increased, compared to that of the control group 
(P<0.05).  In the reflow area (Figure 2C), the expression of 
eNOS and Ser635 p-eNOS was increased in the control group 

Table 1.  Hemodynamic data at baseline, at the end of ischemia, and after reperfusion.  Mean±SEM.  n=7–8 animals/group.  bP<0.05 vs Sham.   
eP<0.05 vs Control.  hP<0.05 vs SIM at the same time point.

                                                         HR                           MAP                              RPP                             LVEDP                    dp/dtmax                         dp/dtmin

                                                   (beats/min)               (mmHg)                (mmHg·beats/min)              (mmHg)                  (mmHg/s)                     (mmHg/s)
 
	 Baseline						    
	 Sham group	   95.4±4.4	 87.8±7.5	 8411.8±900.6	   3.2±0.7	 1689.8±220.1	 -1309.7±225.5
	 Control group	 102.6±10.3	 84.6±10.2	 8308.7±1023.1	   4.6±1.1	 1966.2±168	  -1574.1±121.8
	 SIM group	 101.9±8.4	 93.5±7.6	 9135.5±458.9	   4.9±1.1	 1857.1±183.4	  -1581.8±242.0
	 SIM+H-89 group	 112.7±6.4	 89.6±4.5	 9973.1±475.9	   3.9±0.6	 2083.4±186.9 	  -1434.1±123.9
	 H-89 group	 112.9±6.9	 76.1±7.4	 8621.4±1028.7	   5.1±1.1	 1844.9±160.1	 -1309.4±192.7
	 SIM+L-NNA group	   95.4±8	 99.1±8.5	 9371.7±1081.9	      6±0.3	 1569.3±192.5	  -1512.2±205.4
	 L-NNA group	   93.5±5.5	 102.2±6.9	 9438.9±630.6	   5.4±0.5	 1928.8±157.2	 -1832.2±165.6

	 Ischemia 90 min						    
	 Sham group	    89.4±7.7	 74.7±5.2	 6619.0±726.2	   3.6±0.7	 1820.7±198.0	    -503.1±397.1
	 Control group	 126.0±6.2b	 66.1±7.9	 8544.7±1354.0	 11.3±3.5b	 1549.4±137.7	    -876.7±108.2
	 SIM group	    85.6±13.8e	 65.0±2.9	 6808.0±968.2	   6.7±1.5	 1737.8±129.0	  -1096.7±96.9
	 SIM+H-89 group	    90.3±11.6	 61.5±3.2	 4220.0±301.5h	   9.8±2.8	 1164.4±99.8h	    -713.9±107.1
	 H-89 group	    89.8±7.3e	 70.8±6.1	 6585.0±1003.5	   7.5±1.3	 1389.5±91.2	    -805.2±87.0
	 SIM+L-NNA group	 100.3±3.2	  97.1±5.4h	 9754.1±666.8h	   8.3±1.3	 1262.6±171.7h	    -880.4±193
	 L-NNA group	 103.6±4.4	 98.4±7.3e	 9208.9±777.8	    10±1.7	 1733.1±89.5	    -844.9±74.1

	 Reperfusion 180 min						    
	 Sham group	    69.4±4.9	 75.4±4.3	 5215.7±462	   4.0±1.0	 1650.3±231.7	    -846.7±105.5
	 Control group	    80.2±7.8	 67.0±9.0	 5354.3±966.4	 12.8±2.6b	 1236.2±139.6	    -691.9±70.5
	 SIM group	    80.3±7.1	 76.0±4.6	 6131.6±774.2	   6.8±1.4e	 1718.7±250.0	    -949.1±112.7
	 SIM+H-89 group	    95.8±11.9	 59.0±5.8h	 5661.8±859.8	    7.7±1.6	 1397.7±183.6	    -786.7±70.1
	 H-89 group	    84.3±3.4	 70.4±3.8	 5963.3±442.9	   6.9±1.3e	 1385.2±245.3	    -790.3±192.6
	 SIM+L-NNA group	    79.4±5.3	 79.3±6.4	 6338.2±660.8	   8.8±0.9	 1013.6±111.9h	    -684.2±57.2
	 L-NNA group	    85.8±5.7	 82.1±5.3	    6334±834.5	   6.2±1.2e	 1265.9±146.6	    -886.7±205.1

Abbreviations: SIM=simvastatin; L-NNA=Nω-nitro-L-arginine; HR=heart rate; MAP=mean arterial pressure; RPP=rate-pressure product; LVEDP=left 
ventricular end-diastolic pressure; dp/dtmax and dp/dtmin=maximum and minimum rates of left ventricular pressure development, respectively.
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compared with that in the sham group (P<0.05); the Ser1179 
p-eNOS and Ser635 p-eNOS phosphorylation was increased in 
the SIM group compared to that in the control group (P<0.05); 
H-89 suppressed the induction effect of SIM on Ser635 p-eNOS 
(P<0.05), and L-NNA suppressed the induction effect of SIM 
on both Ser1179 p-eNOS and Ser635 p-eNOS (P<0.05).  In the no-
reflow area (Figure 2D), Ser1179 p-eNOS phosphorylation was 
higher in the control group than in the sham group (P<0.05).  
The level of Ser635 p-eNOS was increased in the SIM and 
H-89 groups compared to that of the control group (P<0.05), 
whereas the levels of Ser1179 p-eNOS and Ser635 p-eNOS were 
decreased in the SIM+L-NNA group (P<0.05).  

Discussion
The main findings of our study include the following: first, a 

single-dose SIM pretreatment just 2.5 hours before reperfu-
sion reduced the sizes of the no-reflow and necrosis areas and 
activated the PKA pathway and the phosphorylation of eNOS 
at Ser635 and Ser1179 in the reflow and no-reflow myocardium.  
Second, the PKA inhibitor H-89 blocked the SIM-induced PKA 
activation and partially abolished the SIM-induced cardiopro-
tection and eNOS phosphorylation, whereas the eNOS inhibi-
tor L-NNA completely blocked the SIM-induced cardiopro-
tection and eNOS phosphorylation without any influence on 
PKA activity, indicating that the cardioprotection of SIM after 
ischemia and reperfusion is in part mediated by the PKA/
eNOS pathway.

Previous studies have reported that a 3-day pretreatment 
with atorvastatin or SIM at 10 mg/kg per day decreased the 
infarct size in rat hearts, but this effect was not observed at 

Figure 1.  Sizes of area at risk (AAR), area of no-reflow (ANR), and area of necrosis (AN).  (A) A representative series of images of the ischemia, no-
reflow, and infarction areas at the level of the left ventricle papillary muscle.  In the upper panels, the myocardium unstained by Evans blue dye 
represents AAR.  In the middle slices, thioflavin S fluorescent dye negatively stained myocardium indicates the no-reflow area.  In the bottom slices, the 
triphenyltetrazolium chloride (TTC)-unstained white myocardium was identified as the infarct zone.  Simvastatin (SIM) pretreatment (4 to 6) decreased 
the areas of no-reflow and necrosis compared with the control (1 to 3), SIM+H-89 (7 to 9), and SIM+L-NNA (13 to 15) groups.  (B) AAR expressed as 
a percentage of left ventricular mass; ANR and AN expressed as percentages of AAR.  SIM significantly reduced the sizes of ANR and AN compared 
with the control, but these effects disappeared when SIM was coadministered with H-89 or L-NNA.  (C) Plasma CK activity assays revealed that SIM 
eliminated the ischemia-reperfusion-induced elevation of the plasma CK activity after 1.5 h of ischemia and 3 h of reperfusion, while H-89 and L-NNA 
diminished the effect of SIM treatment.  Mean±SEM.  n=7–8 animals/group.  cP<0.01 vs Sham.  fP<0.01 vs Control.  hP<0.05, iP<0.01 vs SIM at the 
same time point.
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2 mg/kg[4, 6, 20, 21].  Similarly, acute pretreatment with high-
dose SIM (10 μmol/L) was shown to attenuate the ischemia-

reperfusion injury in isolated rat hearts, but chronic treatment 
of low-dose SIM did not[22].  These data suggest that chronic 

Figure 2.  Myocardial PKA activity and the expression of Ser133 p-CREB, eNOS and p-eNOS (Ser1179 and Ser635) after ischemia and reperfusion.  
(A) Myocardial PKA activities in the reflow and no-reflow areas were stimulated by ischemia and reperfusion and were further increased by SIM 
pretreatment.  However, the SIM-induced activation of PKA was silenced by H-89 but not by L-NNA.  (B) In the non-ischemic area, the expression of 
eNOS and Ser635 p-eNOS was increased in the control group, and the expression of Ser133 p-CREB and eNOS was decreased in the SIM and H-89 
groups.  (C) In the reflow area, the expression of Ser133 p-CREB, eNOS, and Ser635 p-eNOS was stimulated by ischemia and reperfusion.  SIM promoted 
the phosphorylation of Ser133 p-CREB, Ser1179 p-eNOS, and Ser635 p-eNOS.  However, H-89 counteracted the effects of SIM on Ser133 p-CREB and Ser635 
p-eNOS, and L-NNA canceled the effects of SIM on Ser1179 p-eNOS and Ser635 p-eNOS.  (D) In the no-reflow area, ischemia and reperfusion induced the 
phosphorylation of Ser133 p-CREB and Ser1179 p-eNOS.  SIM pretreatment increased the phosphorylation of Ser133 p-CREB and Ser635 p-eNOS.  H-89 
blocked the effect of SIM on Ser133 p-CREB, and L-NNA inhibited the SIM effects on Ser1179 p-eNOS and Ser635 p-eNOS.  Mean±SEM.  n=7–8 animals/
group.  bP<0.05 vs Sham.  eP<0.05 vs Control.  hP<0.05, iP<0.01 vs SIM at the same time point.
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or acute pretreatment with high-dose statins can attenuate 
infarct size after ischemic reperfusion.  The effect of SIM on 
infarct size in this study is consistent with that found in previ-
ous studies because 2 mg/kg of SIM in pigs is approximately 
equivalent to 10 mg/kg in rats, after correction for body sur-
face area[15].  The infarct-limitation effect of statins in ischemia-
reperfusion is mainly attributed to its pleiotropic effects via 
the PI3K/Akt/eNOS pathway because the effects of the statins 
can be abolished by inhibiting PI3K or eNOS[5–9].  In this study, 
we further found that acute pretreatment with single-dose 
SIM not only decreased the infarct size but also attenuated the 
no-reflow area, and we showed that the PKA pathway was 
another important mediator in the cardioprotection of SIM 

that acts by modulating the phosphorylation of eNOS at Ser1179 
and Ser635.  

PKA seems to be activated by endogenous mechanisms 
because the PKA inhibitor H89 alone had almost the same 
effect as SIM on the no-reflow area in the presence of ischemia.  
The mechanism underlying the idiopathetic activation of PKA 
is considered to be that the decreased level of cyclic guanos-
ine monophosphate (cGMP) inhibits the activity of phospho-
diesterase III upon reperfusion, which in turn increases the 
cAMP concentration, subsequently leading to PKA activa-
tion[23].  The inhibition of PKA activity and Ser133 p-CREB by 
H-89 indicates that acute SIM treatment actually results in 
PKA activation.  Although it is presently unclear how statins 
activate PKA in ischemic myocardium, one probable explana-
tion is that statins may stimulate a cell surface receptor that 
activates small G proteins, which results in the sensitization 
of adenylate cyclase and the accumulation of myocardial 
cAMP[24] and eventually the activation of PKA in the ischemic 
myocardium.  It has been reported that 5'-nucleotidase and 
the adenosine A1, A2A, and A2B receptors are involved in 
atorvastatin-induced eNOS phosphorylation by stimulating 
phospholipase A2 and cyclooxygenase (COX) to generate pros-
tacyclin-2 (PGI2), leading to PKA activation and subsequent 
eNOS phosphorylation[5, 25].  

Enhancing Ser1177/1179 phosphorylation via the PI3K/Akt 
pathway is considered to be the main mechanism by which 
statins protect against ischemia-reperfusion injury[5–9].  How-
ever, several lines of evidence have shown that PKA also regu-
lates the phosphorylation of eNOS at Ser1179, Ser635, and Ser617 
in bovine eNOS (Ser1177, Ser633, and Ser615 in humans)[24, 26–29].  
Ser633/635 phosphorylation is critical in maintaining NO syn-
thesis after the initial sensitization by Ca2+ flux and Ser1177/1179 
phosphorylation[30], and it is stimulated via the PKA pathway 
in response to shear stress and acute statin treatment in aortic 
endothelial cells[24, 27], suggesting that PKA-mediated Ser633/635 
phosphorylation may be another mechanism by which statins 
protect against myocardial no-reflow and necrosis after isch-
emia and reperfusion.  Our study confirmed this hypothesis 
in reperfused swine hearts, demonstrating that the inhibition 
of PKA partially blocked the SIM-induced phosphorylation of 
eNOS at Ser1179 and Ser635 in the reflow and no-reflow myocar-
dium, as well as partially abrogated the effects of SIM against 
myocardial no-reflow and infarction.  Previous studies have 
reported that statin-induced eNOS activation involves the 
inhibition of the Rho GTPase and the modulation of Rho A 
membrane translocation[31, 32] and that the transient preisch-
emic activation of PKA by ischemic preconditioning reduces 
infarct size through Rho and Rho-kinase (ROCK) inhibition 
during sustained ischemia[13].  Therefore, it is plausible that 
PKA-Rho pathway is involved in the regulation of eNOS activ-
ity by statins, but the specific mechanism should be studied 
further.

Here, H-89 administered 30 min before ischemia attenu-
ated the no-reflow area, possibly by phosphorylating eNOS 
at Ser635, but partly inhibited the protective effects of SIM 
when infused 30 min after SIM administration.  This finding 

Figure 3.  Myocardial NOS activity in the injured and uninjured myo
cardium after ischemia and reperfusion.  (A) After ischemia and reperfu-
sion, myocardial constitutive (cNOS) activities were increased in the non-
ischemic area in the control group.  (B and C) In the reflow and no-reflow 
myocardium, inducible (iNOS) activity was suppressed in the control 
group.  SIM pretreatment significantly stimulated cNOS activity, but this 
effect was abolished by cotreatment with H-89 or L-NNA.  Abbreviation: 
tNOS=total nitric oxide synthase.  Mean±SEM. n=7–8 animals/group. 
bP<0.05 vs Sham.  eP<0.05, fP<0.01 vs Control.  hP<0.05, iP<0.01  vs SIM 
at the same time point.
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is somewhat contradictory to previous studies.  In isolated rat 
hearts, H-89 (2 μmol/L) improved postischemic function and 
decreased infarct size when injected 3 min before 30 min of 
global ischemia-reperfusion and further reduced the infarct 
size when administered 3 min prior to ischemic or forskolin (a 
cAMP-elevating agents) preconditioning[33].  However, when 
delivered at 1.35 μg/kg per minute in dogs or at 10 μmol/L in 
isolated rat hearts approximately 30 min before precondition-
ing, H-89 completely blunted the infarct-limitation effect of 
preconditioning[12, 34].  Therefore, the partial inhibition of H-89 
on SIM cardioprotection in our study most likely occurred 
because H-89 was delivered later than SIM, and the contradic-
tion between these studies might be explained by the differ-
ences in H-89 dosage, experimental protocols, and animal spe-
cies.  

Another mechanism underlying the bidirectional role 
of H-89 in ischemia and reperfusion may be the cross-talk 
between the PKA and PI3K/Akt pathways in the regulation of 
eNOS phosphorylation.  It has been reported that H-89 inhibits 
Akt, ROCK II, and 5’-AMP-activated protein kinase (AMPK)[35] 
and that the PKA pathway interacts with the PI3K/Akt path-
way in the regulation of gene expression[36].  Previous studies 
have shown that the forskolin-induced stimulation of PKA 
can inhibit Akt activity in human embryonic kidney cells[37], 
but epinephrine or forskolin-induced stimulation of PKA 
enhanced eNOS phosphorylation at Ser1177 by activating the 
Akt pathway in aortic or coronary endothelial cells[28, 38].  Inter-
estingly, in endothelial cells, PKA is mainly involved in eNOS 
phosphorylation during the early phase of preconditioning, 
whereas both PKA and Akt are required for late precondition-
ing-induced eNOS activation, and Akt is a substrate of PKA[39].  
Therefore, these reports indicate that PKA plays different roles 
in regulating eNOS phosphorylation in different cells and that 
cross-talk most likely exists between the PKA and PI3K/Akt 
pathways in the regulation of eNOS phosphorylation dur-
ing ischemia and reperfusion.  The inhibition of PKA may in 
turn cause the activation of the PI3K/Akt pathway and the 
subsequent phosphorylation of Ser635 p-eNOS.  This might 
be another explanation of why H-89 partially inhibited SIM-
induced cardioprotection in our study; the exact mechanism 
may be elucidated in the future when more selective PKA 
inhibitors are available.  

In summary, the present study suggests that acute pretreat-
ment with a single dose of SIM just 2.5 h before reperfusion 
can attenuate the size of the no-reflow and infarction areas 
by phosphorylating eNOS at Ser1179 and Ser635 in a partially 
PKA-dependent manner.  The observation that H-89 partially 
abolished the cardioprotective effects of SIM and decreased 
the no-reflow size when administered alone suggests a bidi-
rectional role for PKA in cardioprotection during ischemia and 
reperfusion.  Our results are helpful for understanding the 
mechanisms involved in statin-mediated protection against 
myocardial no-reflow and infarction, and may lead to the 
development of new criteria for treating patients undergoing 
acute post-infarct percutaneous coronary intervention.
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Vam3, a derivative of resveratrol, attenuates 
cigarette smoke-induced autophagy
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Aim: To appraise the efficacy of Vam3 (Amurensis H), a dimeric derivative of resveratrol, at inhibiting cigarette smoke-induced auto-
phagy.
Methods: Human bronchial epithelial cells were treated with cigarette smoke condensates, and a chronic obstructive pulmonary dis-
ease (COPD) model was established by exposing male BALB/c mice to cigarette smoke.  The protein levels of the autophagic marker 
microtubule-associated protein 1A/1B-light chain 3 (LC3), Sirtuin 1 (Sirt1), and foxhead box O 3a (FoxO3a) were examined using West-
ern blotting and Immunohistochemistry.  LC3 punctae were detected by immunofluorescence.  The levels of FoxO3a acetylation were 
examined by immunoprecipitation.  The level of intracellular oxidation was assessed by detecting ROS and GSH-Px.
Results: Vam3 attenuated cigarette smoke condensate-induced autophagy in human bronchial epithelial cells, and restored the expres-
sion levels of Sirt1 and FoxO3a that had been reduced by cigarette smoke condensates.  Similar protective effects of Vam3, reducing 
autophagy and restoring the levels of Sirt1 and FoxO3a, were observed in the COPD animal model.  Additionally, Vam3 also diminished 
the oxidative stress that was induced by the cigarette smoke condensates.
Conclusion: Vam3 decreases cigarette smoke-induced autophagy via up-regulating/restoring the levels of Sirt1 and FoxO3a and inhibit-
ing the induced oxidative stress.  

Keywords: COPD; autophagy; Sirt1; FoxO3a; resveratrol; Vam3  
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Introduction
Chronic obstructive pulmonary disease (COPD) has become 
a major global public health problem.  The World Health 
Organization has predicted that by 2020, COPD will be the 
fifth leading cause of morbidity, and the third leading cause of 
mortality.  Cigarette smoke (CS) contains numerous oxidants, 
free radical and chemicals, which can induce oxidative stress 
in lungs, resulting in cell death and senescence.  Although the 
mechanisms responsible for the pathogenesis of COPD remain 
unclear, there is no doubt that cigarette smoke is a major risk 
factor.  

In the lung, a low level of autophagy eliminates damaged 
organelles and long-term proteins through the lysosomal deg-
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radation pathway, to maintain cellular homeostasis.  However, 
dysregulation or excessive activation of autophagy would 
lead to cell death and an acceleration of age-related lung 
abnormalities.  Recently, studies have shown that enhanced 
autophagy occurs in the lungs of patients with COPD and of 
mice exposed to CS, and may be involved in the pathogenesis 
of COPD[1–3].  Thus, protecting cells from autophagic death 
may be beneficial for the treatment of COPD.

Sirtuin 1 (Sirt1) is an NAD+-dependent deacetylase that 
plays a role in a wide range of biological processes, such as 
cell differentiation, cell death, cell senescence/aging, metabo-
lism, inflammation, and stress resistance[4, 5].  The function of 
Sirt1 is mainly achieved by deacetylation of histones and sev-
eral important transcription factors such as forkhead box O3 
(FoxO3), p53, nuclear factor-κB (NF-κB), and Ku70[6–10].  The 
transcription factor FoxO3a belongs to the FoxO family, which 
regulates the expression of several genes that are involved in 
diverse biological processes, such as cell death, the cell cycle, 
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senescence and oxidative stress resistance[11–13].  An increas-
ing number of studies have shown that both Sirt1 and FoxO3a 
play important roles in autophagy[11, 14].  Recently, both in vitro 
and in vivo experimental studies have demonstrated that the 
expression levels of Sirt1 and FoxO3 are decreased in response 
to CS-induced oxidative stress in the lung[15–17], but the exact 
mechanisms have yet to be elucidated.  

Resveratrol (3,5,4’-trihydroxystilbene, RES) is a polypheno-
lic compound found in grapes and wine.  Mounting evidence 
strongly suggests that resveratrol has both anti-inflammatory 
and anti-oxidative functions that improve the outcomes of 
COPD[18, 19].  Recent studies have also shown that resveratrol 
can inhibit autophagy induced by cigarette smoke[20].  Vam3 
(amurensis H), a resveratrol dimer, was first isolated from eth-
anol extracts of Vitis amurensis Rupr (Figure 1).  Our previous 
in vivo and in vitro studies have found that Vam3 possesses 
clear anti-asthmatic[21–23] and anti-COPD (unpublished) effects, 
achieved through a reduction in the synthesis of pro-inflam-
matory cytokines and leukotrienes.  However, the molecular 
basis by which Vam3 protects against COPD is not clear.  In 
this report, we have examined the role of Vam3 in CS-induced 
autophagy in vitro and in vivo, in an effort to develop a novel 
anti-autophagy agent for prevention of COPD progression.  

Materials and methods
Preparation of cigarette smoke condensate
The cigarette smoke condensate (CSC) was prepared from 
Honghe (15 mg tar, 1.2 mg nicotine), a popular type of ciga-
rette in China, as described previously[24, 25].  Briefly, a “water-
pipe” smoking device was designed and operated to allow a 
stream of smoke to flow into a 2-L flask submerged in liquid 
nitrogen.  The amount of smoke obtained was determined by 
the weight increase of the flask.  CSC was prepared by dis-
solving the collected smoke particulates in dimethyl sulfoxide 
(DMSO) at a concentration of 500 mg/mL.  The condensate 
was then divided into small vials and stored at -80 °C.  On the 
day of the experiment, the CSC solution was diluted in M199 
medium containing serum (Gibco, Grand Island, NY, USA), to 
the desired concentration, and used for cell treatment.

Cell culture and treatment
Human bronchial epithelial cells (Beas-2B) were grown in 
M199 medium (Gibco, Grand Island, NY, USA) containing 
10% fetal bovine serum (FBS: HyClone, Logan, UT, USA).  The 
cells were incubated at 37 °C in a humidified atmosphere with 
5% CO2 and 95% air.  During the logarithmic phase of growth, 
cells were pretreated with resveratrol (1 μmol/L, 0.1 μmol/L) 
or Vam3 (1 μmol/L, 0.1 μmol/L) for 2 h before treatment with 
CSC (300 mg/L) for 12 h.  With a final concentration of 0.1 
μmol/L, bafilomycin A1 had to be incubated for 2 h before 
the cells were harvested.  All treatments were carried out in 
complete culture medium to avoid the induction of autophagy 
through the serum starvation pathway.  Bafilomycin A1 and 
resveratrol were purchased from Fisher Scientific (Pittsburgh, 
PA, USA) and Sigma-Aldrich (St Louis, MO, USA), respec-
tively, and Vam3 was produced by the Institute of Materia 
Medica of the Chinese Academy of Medical Sciences (Beijing, 
China).

Cytoplasmic and nuclear protein extraction
The cytoplasmic and nuclear fractions were prepared from 
Beas-2B cells (1×106–10×106) using NE-PER nuclear and cyto-
plasmic extraction reagents, according to the instructions of 
the manufacturer (Pierce Biotechnology Inc, Rockford, IL, 
USA).  The resulting soluble protein and nuclear protein frac-
tions were then stored at -80 °C until use.  

Immunofluorescence 
Cells were fixed in methanol at room temperature for 15 min, 
and then in cold-methanol at -20 °C for 15 min.  After 3 washes 
with phosphate-buffered saline (PBS), the cells were incubated 
with blocking buffer [5 μL Tween 20 and 0.3 g bovine serum 
albumin (BSA), dissolved in 10 mL PBS] at room temperature 
for 30 min.  The cells were then stained with an anti-LC3 anti-
body (Sigma-Aldrich, St Louis, MO, USA) at 4 °C overnight, 
and this was followed by 30 min incubation with fluorescein 
isothiocyanate (FITC)-labeled secondary antibody (Zhong 
Shan Golden Bridge Biotechnology Co, Ltd, Beijing, China).  
After washing, the cells were visualized with a fluorescence 
microscope (Olympus Optical, Tokyo, Japan), and images 
were captured with a digital camera (Kodak, NY, USA).

Western blotting and immunoprecipitation
For Western blot experiments, cells were lysed with a non-
denaturing lysis buffer (Applygen Technologies Inc, Beijing, 
China) supplemented with a protease inhibitor cocktail 
(Thermo Fisher Scientific, Rockford, IL, USA).  Cell extracts 
(60 μg/lane) were separated on a 10%–15% SDS polyacryl-
amide gel, and transferred onto PVDF membranes (Millipore, 
Bedford, MA, USA).  The membranes were then blocked 
for 1 h at room temperature with 5% BSA or non-fat milk.  
Subsequently, the membranes were probed with specific pri-
mary antibodies for LC3, β-actin (Sigma-Aldrich, St Louis, 
MO, USA), Sirt1, FoxO3a, p53, acetyl-p53 (lysine 382) (Cell 
Signaling, Beverly, MA, USA), p62, GAPDH, and LaminB 

Figure 1.  Chemical structure of Vam3.
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(Santa Cruz, CA, USA) at 4 °C overnight.  After 3 washes, the 
membranes were incubated with a goat antibody linked to 
horseradish peroxidase (Santa Cruz, CA, USA) for 1–2 h, and 
antibody-antigen reactivity was detected using Western Blot-
ting Substrate (Pierce Biotechnology Inc, Rockford, IL, USA).

For immunoprecipitation experiments, cell extracts were 
pre-cleared with protein A/G sepharose beads (Santa Cruz, 
CA, USA) and incubated with FoxO3a antibody for 6 h at 
4 °C.  Then, protein A/G sepharose beads were added, and 
the samples were incubated at 4 °C overnight to capture the 
immunocomplexes.  Western blotting was performed with 
anti-acetylated-lysine antibody (Cell Signaling, Beverly, MA, 
USA) and anti-FoxO3a antibody.

Small interfering RNA transfection assay
Pre-validated small interfering RNAs (siRNAs) were pur-
chased from Santa Cruz Biotechnology, and the cells were 
transfected using Lipofectamine RNAiMAX (Invitrogen, 
Carlsbad, CA, USA) according to the manufacturer’s instruc-
tions, with suitable scrambled siRNA controls.  After being 
transfected for about 24 h, the cells were treated as described 
before.

Measurement of intracellular ROS 
Intracellular ROS generation was determined with the fluores-
cent probe dihydroethidium (DHE) according to the manufac-
turer’s instruction (Vigorous, Beijing, China).  Briefly, Beas-2B 
cells with or without RES and Vam3, after stimulation with 
CSC for 12 h, were incubated with DHE probe (final concen-
tration 10 μmol/L) at 37 °C for 30 min in the dark.  Then the 
cells were washed three times with fresh medium followed 
by measurement at an emission wavelength of 500 nm and 
an excitation wavelength of 600 nm using the fluorescent 
microplate reader (BioTek, Winooski, VT, USA) .

Measurement of intracellular glutathione peroxidase (GSH-Px) 
vitality
Briefly, after stimulation with CSC for 12 h with or without 
RES and Vam3, cells lyses were measured with the Gluta-
thione Peroxidase Detection Kit (Beyotime Institute of Bio-
technology, Beijing, China) closely according to the user’s 
instructions in 96-well plate.  Then the plate was measured 
at 340 nm using the microplate reader (BioTek, Winooski, 
VT, USA).  Finally, the amount of GSH-Px vitality was cal-
culated by the formula U/mg=[A340/min (sample)-A340/min 
(blank)]/0.00622×dilution factor/protein concentration.

Animals and cigarette smoke exposure
The type of cigarette was described before.  Specific pathogen 
free (SPF) male Balb/c mice (Beijing HFK Bioscience Co, 
Ltd, Beijing, China) were exposed to cigarette smoke (CS) or 
filtered air under identical conditions, beginning at 18–20 g.  
The cigarette smoke exposure was performed in a 4 L home-
made plexiglass container which has a shelf in it according to 
equipment from Cao[26].  The container has a rent for each side 
above and there are many circular gaps in the shelf.  Eight 

mice were placed on the shelf each time, below which there 
were 12 cigarettes.  It would be taken for about 30 min until 
the smoke completely disappeared, and then repeated the pro-
cess again.  Mice were exposed for 30 min per exposure, three 
times a day for a period of 4 weeks.  One hour before CS expo-
sure, mice received either resveratrol (30 mg/kg) or Vam3 
(50 mg/kg) by intragastric administration.  About an hour 
after the last CS exposure and administration of resveratrol or 
Vam3, mice were sacrificed for harvesting of tissue.  The study 
was designed to consist of 4 groups, containing 8 mice each: a 
control group (air-exposed mice), a model group (CS-exposed 
mice), an RES group (CS-exposed mice with 30 mg/kg res-
veratrol treatment) and a Vam3 group (CS-exposed mice with 
50 mg/kg Vam3 treatment).  Procedures followed for care 
and use of the animals were in accordance with institutional 
guidelines at the Experimental Animal Center of the Institute 
of Materia Medica, Beijing, China.

Immunohistochemistry 
For hematoxylin and eosin (HE) staining, slices were deparaf-
finized in xylene and then rehydrated through graded alcohols 
to PBS, stained with hematoxylin and eosin, and then dehy-
drated again through graded alcohols.  Finally, the slices were 
mounted with neutral gum and observed using a microscope.  
For immunohistochemistry staining, mouse lung tissues were 
fixed in 10% formaldehyde and embedded in paraffin.  Lung 
slices were deparaffinized in xylene, rehydrated through 
graded alcohols to PBS, treated with 3% H2O2 for 10 min, and 
placed in an EDTA-antigen retrieval buffer in a microwave.  
The slices were blocked with sheep serum for 10 min, and 
then incubated with anti-LC3 (Abcam, Cambridge, MA, USA), 
anti-Sirt1 (Beijing Biosynthesis Biotechnology Co, Ltd, Beijing, 
China), and anti-FoxO3a (Cell Signaling, Beverly, MA, USA) 
antibodies; incubation with the primary antibodies was carried 
out at 4 °C overnight.  The PV-9000 kit (Zhong Shan Golden 
Bridge Biotechnology Co, Ltd, Beijing, China) was applied 
to each section, according to the manufacturer’s instructions.  
The stain was developed using ABC kit (Zhong Shan Golden 
Bridge Biotechnology Co, Ltd, Beijing, China), and this was 
followed by dehydration through graded alcohols.  Finally, 
the slices were mounted with neutral gum, and assessment of 
immunostaining intensity was performed semi-quantitatively, 
using Image J software[27].  

Statistical analysis
Results are presented as mean±SD, calculated from at least 3 
independent experiments.  Differences in measured variables 
between experimental and control groups were assessed using 
Student’s t-test for group comparisons.  Statistically significant 
differences were accepted at P<0.05.

Results
Cigarette smoke condensate (CSC) induces autophagy in a dose- 
and time-dependent manner
To investigate whether CSC affects the induction of 
autophagy, a time- and dose-effect analysis of this compound 
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was carried out in Beas-2B cells.  We found that CSC increased 
the accumulation of LC3-II and the conversion of LC3-I to 
LC3-II (Figures 2A–2D).  At a CSC concentration of 300 mg/L, 
there was an approximately 6-fold increase in the ratio of LC3-
II/LC3-I, compared to controls (Figure 2D).  In addition, CSC 
(300 mg/L) increased the LC3-II/LC3-I ratio at 6 h post treat-
ment, and a peak was reached at 12 h (Figure 2B).  The effects 
of CSC on the formation of LC3 punctae in Beas-2B cells also 
appeared to be dose-dependent (Figure 2E and 2F), consistent 
with the immunoblotting analysis.  These data clearly suggest 
that CSC induces autophagy in a dose- and time-dependent 
manner.  Since LC3-II is subject to autophagic protein degra-
dation, it also accumulates when the autophagosome-lyso-
some fusion is impaired[28].  In order to exclude this possibility, 
we observed LC3-II accumulation in the presence of a specific 
inhibitor of the vacuolar type H (+)-ATPase, bafilomycin A1.  
We observed that LC3-II accumulation increased in the pres-
ence of bafilomycin A1 and increased to an even greater extent 
when combined with cell exposure to CSC.  These data indi-
cate that the autophagic flux is intact in these cells.  Addition 
ally, we examined the expression level of p62, also a marker of 

autophagy[29], which was degraded when treatment with CSC 
(supplementary Figure A).  Thus, combining the data showing 
LC3-II accumulation and p62 degradation with the autophagic 
flux analysis, we confirm that CSC can induce autophagy in 
Beas-2B cells.

Vam3 attenuates CSC-induced autophagy and modulates the 
expression of Sirt1 and FoxO3a
To investigate the involvement of Vam3 in CSC-induced 
autophagy, Beas-2B cells were pretreated with RES (1 μmol/L 
or 0.1 μmol/L) or Vam3 (1 μmol/L or 0.1 μmol/L) for 2 h, and 
this was followed by treatment with CSC (300 mg/L).  The 
ratio of LC3-II/LC3-I was significantly increased in response 
to CSC alone, whereas pretreatment with RES or Vam3 pre-
vented the increase in the LC3-II/LC3-I ratio.  In addition, 
Vam3 seemed be much more effective than RES in attenuat-
ing this increase in the LC3-II/LC3-I ratio (Figure 3A and 3B).  
Pretreatment with RES and Vam3 also reduced the formation 
of LC3 punctae induced by CSC (Figure 3C and 3D).  Further-
more, we found that RES and Vam3 could reverse the CSC-
induced decrease of Sirt1 and FoxO3 expression (Figure 3A 

Figure 2.  CSC-induced autophagy of Beas-2B cells is dose-and time-dependent.  (A) Beas-2B cells were treated with CSC (300 mg/L), and cellular 
proteins were collected at the indicated time points and analyzed by western blot.  (C) Beas-2B cells were treated with CSC, at the indicated 
concentrations, for 12 h.  Western blot was performed using anti-LC3 antibody.  (B and D) The relative intensity of LC3-II/LC3-I was calculated by 
densitometry.  (E) Beas-2B cells were treated with CSC, at the indicated concentrations, for 12 h.  LC3 was detected by an immunofluorescence assay 
and examined using fluorescence microscopy, and representative cells were selected and photographed (×400).  (F) Number of LC3 punctae per cell, 
for a total of 25 cells in 5 fields of view.  Mean±SD.  n=3.  cP<0.01 vs control.
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and 3B).  Pretreatment with RES and Vam3 reduced acetyla-
tion of p53 on lysine 382, indicating that the deacetylase activ-
ity of Sirt1 had been restored (Figure 3A and 3B).  We also 
assessed the activation of FoxO3a by detecting its translocation 
and the level of acetylation of lysine (Figure 4).  FoxO3a, which 
translocated to the nucleus following treatment with CSC, 
could be retained in the cytoplasm by RES and Vam3 (Figure 
4C and 4D).  The level of acetylated FoxO3a was increased in 
response to CSC treatment, and was reduced to some degree 
by RES or Vam3 pretreatment (Figure 4A and 4B).  These data 
indicate that Vam3 may attenuate the autophagy induced by 
CSC, through modulating the Sirt1/FoxO3a pathway.

Sirt1 is required in Vam3 effect on autophagy
To observe whether the Sirt1 pathway is required for the 
effect of Vam3 on autophagy, we knocked down Sirt1 with 
siRNA and found that RES and Vam3 were not able to inhibit 
autophagy induced by CSC, which indicated that the inhibi-
tory effect of RES and Vam3 requires Sirt1 (Figure 3E).

Vam3 diminishes CSC-induced oxidative stress
Lots of free radicals and oxidants in CSC can induce oxidative 
stress in many types of cells and tissues[30–32], and oxidative 
stress plays an important role in COPD development.  Thus, 
whether Vam3 affecting oxidative and anti-oxidative balance 

Figure 3.  Vam3 attenuates CSC-induced autophagy in Beas-2B cells.  Beas-2B cells were treated with CSC (300 mg/L) for 12 h, with or without RES 
(1 μmol/L, 0.1 μmol/L) or Vam3 (1 μmol/L, 0.1 μmol/L) pretreatment for 2 h.  (A) Cell extracts were subjected to immunoblot analysis for detection 
of LC3, Sirt1, FoxO3a, p53, and acetylated p53 (lysine 382).  (B) The relative intensity of LC3-II/LC3-I, Sirt1, FoxO3a, p53, and ac-p53 was calculated 
by densitometry.  (C) LC3 was detected by an immunofluorescence assay and examined using fluorescence microscopy, and representative cells were 
selected and photographed (×400).  (D) Number of LC3 punctae per cell, for a total of 25 cells in 5 fields of view.  (E) After transfected with Sirt1 siRNA 
or scramble siRNA for 24 h, Beas-2B cells were treated with CSC (300 mg/L) for another 12 h, with or without RES (1 μmol/L, 0.1 μmol/L) or Vam3 
(1 μmol/L, 0.1 μmol/L) pretreatment for 2 h.  Then western blot assays were performed with anti-LC3 and anti-Sirt1 antibodies.  Mean±SD.  n=3.  
bP<0.05, cP<0.01 vs control; eP<0.05, fP<0.01 compared to that in the absence of RES or Vam3.  ac-p53, acetylated p53 (lysine 382).
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or not makes us to detect the oxidative level in Beas-2B cells 
which were treated by CSC.  We found that CSC up-regulated 
the generation of ROS (supplementary Figure B) and down-
regulated the vitality of GSH-Px (supplementary Figure C), an 
enzyme protecting cells from free radicals damage by remov-
ing peroxides, whereas RES and Vam3 could reverse the alter-
ation especially at 1 μmol/L.

Vam3 attenuates autophagy in mouse lungs exposed to CS
In order to examine the efficacy of Vam3 as an inhibitor of 
autophagy in vivo, wild-type (WT) mice were exposed to CS, 
with or without RES (30 mg/kg) or Vam3 (50 mg/kg) for 4 
weeks.  We found that both RES and Vam3 inhibited, to vary-
ing degrees, the progression of pathology in mouse lungs 
exposed to CS, with Vam3 being somewhat superior to RES 
in this regard (Figure 5A).  The levels and localizations of 
LC3, Sirt1, and FoxO3a were also examined.  As shown in the 
immunoblots in Figure 5B and 5C, the conversion of LC3-I 
to LC3-II was increased in CS-exposed mouse lungs, but was 
decreased in lungs of mice pretreated with RES or Vam3.  
RES and Vam3 were also able to restore the expression levels 
of Sirt1 and FoxO3a that were reduced by CS.  Immunohis-
tochemical staining, presented in Figure 5D and 5E, indicated 
that RES and Vam3 could also reduce CS-induced up-regula-
tion of LC3 and restore the CS-induced decrease in Sirt1 and 
FoxO3a.

Discussion
To date, there are no effective drugs that inhibit the progres-
sive development of COPD.  An increasing number of studies 
have shown that resveratrol may be superior to other drugs for 
COPD therapy[18, 19].  Recently, Hwang et al showed that res-
veratrol could also attenuate autophagy induced by cigarette 
smoke in a variety of lung cells[20].  Since excessive autophagy 
leads to cell death, targeting autophagy may therefore have a 
beneficial outcome in the treatment of COPD.  In this study, 
using in vitro cell culture techniques and in vivo animal mod-
els, we demonstrated that Vam3, like resveratrol, is able to 
attenuate CS-induced autophagy.  In fact, we found Vam3 
to be more effective than resveratrol at inhibiting autophagy 
induced by CS.

Recently, studies have shown that Sirt1, which acts in a pro-
tective role through the deacetylation of target genes, is highly 
inhibited in COPD patients[15, 16].  Hwang et al reported that 
resveratrol attenuated CS-induced autophagy through preven-
tion of Sirt1 reduction[20].  Hence, compounds that maintain 
or up-regulate Sirt1 levels and activities may be beneficial in 
attenuating CS-induced autophagy.  In this study, we showed 
that the inhibitory effect of Vam3 on CS-induced autophagy 
appears to correlate with its ability to maintain Sirt1 expres-
sion and deacetylase activity.

FoxO3a has been demonstrated to regulate the expression 
of several genes that are involved in inflammation, oxida-

Figure 4.  Vam3 inhibits the activation of FoxO3a, which is increased by CSC in Beas-2B cells.  Beas-2B cells were treated with CSC (300 mg/L) for 
12 h, with or without RES (1 μmol/L, 0.1 μmol/L) or Vam3 (1 μmol/L, 0.1 μmol/L) pretreatment for 2 h.  (A) Cell extracts were immunoprecipitated 
with an anti-FoxO3a antibody, and the immune complexes were subjected to immunoblotting analyses with anti-acetyl-lysine antibody.  IgG was used 
as the negative control.  (B) The amounts of acetylated FoxO3a were calculated by densitometry and normalized to corresponding FoxO3a levels.  (C) 
Equal amounts of cytoplasmic (cytoplasm) or nuclear (nucleus) protein extracts (60 μg/lane) were loaded and the membranes were probed with an 
anti-FoxO3a antibody.  GAPDH served as the cytoplasmic control and LaminB was used as the nuclear control.  (D) The relative intensity of nucleus/
cytoplasm was calculated by densitometry.  Mean±SD.  n=3.  cP<0.01 vs control; eP<0.05, fP<0.01 vs that in the absence of RES or Vam3.  
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tive stress resistance, and cellular senescence, and that are 
enhanced in the pathogenesis of COPD[17].  Therefore, FoxO3a 
may play an important role in the development of COPD.  
We found that the expression level of FoxO3a was decreased 
in CS-induced autophagy in vitro and in vivo, and that Vam3 
could reverse this process.  Brunet et al reported that FoxO3a is 
localized in the cytoplasm under normal conditions, and trans-

locates to the nucleus in response to oxidative stress[10].  In our 
studies, CSC promoted FoxO3a translocation to the nucleus 
in Beas-2B cells, and Vam3 inhibited this process.  Though 
the mechanism underlying CS-induced reduction and trans-
location of FoxO3a is unclear, it may be associated with post-
translational modifications of FoxO3a, such as acetylation and 
phosphorylation[33].  Since the phosphorylation level of FoxO3 

Figure 5.  Vam3 attenuates CS-induced autophagy in the lungs of mice.  Lung samples from each group (Control group: air-exposed mice; Model group: 
CS-exposed mice; RES group: CS-exposed mice with 30 mg/kg RES treatment; Vam3 group: CS-exposed mice with 50 mg/kg Vam3 treatment) were 
used for immunoblotting, HE staining and immunohistochemical analyses.  (A) The lung sections were stained with hematoxylin and eosin, and the 
representative areas were captured by microscopy.  (B) Expressions of LC3, FoxO3a, and Sirt1 in lung tissues from each group were determined by 
Western blotting.  (C) The amounts of LC3, Sirt1 and FoxO3a were calculated by densitometry and normalized to corresponding actin levels (n=8 per 
group).  (D) Expressions of LC3, FoxO3a, and Sirt1 in lung alveolar/airway epithelial cells from each group were determined using immunohistochemical 
staining (×400).  (E) The number of stained cells from different levels (Intense staining level, Moderate staining level, No staining level) were calculated 
by ImageJ and normalized to corresponding total cells (n=4 per group).  cP<0.01, compared to control; eP<0.05, fP<0.01, compared to the Model group.
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is mostly regulated by Akt activity[34] and CS can induce Akt 
protein degradation[35], we examined the Ser256 phosphory-
lation site in FoxO3a (data not shown).  As we expected, the 
phosphorylation level of FoxO3 is decreased by treatment with 
CSC and up-regulated or restored by RES and Vam3, indicat-
ing that the Akt pathway might be involved in the regulatory 
role of Vam3 in FoxO3a.  Furthermore, FoxO3a acetylation 
appears to be regulated via CREB-binding protein-mediated 
acetylation and Sirt1-mediated deacetylation[10, 36].  Hwang et 
al found that the acetylation of FoxO3a was increased in the 
lungs of smokers as well as in the lungs of mice exposed to 
CS[17].  Consistent with this, our results showed that Sirt1 was 
reduced in CS-induced stress and that this was accompanied 
by increased levels of FoxO3a acetylation.  Although many 
studies have shown that post-translational modifications of 
FoxO3a lead to the suppression of its transcriptional activity, 
some reports have indicated that FoxO3a acetylation increases 
target gene transcription[10, 37].  Since LC3 is a direct target gene 
regulated by FoxO3a[38], it is possible that CSC-induced acety-
lation of FoxO3a and its translocation to the nucleus enhanced 
the transcription of the LC3 gene to promote autophagy.  
Meanwhile, Vam3 can maintain Sirt1 level and activity, so it is 
likely that this would then reduce FoxO3a acetylation and LC3 
up-regulation.  But the exact mechanism should be further 
investigated and debated.

CSC contains numerous free radicals and oxidants and 
induces oxidative stress, resulting in autophagy, apoptosis 
and cell senescence, all of which are important in the develop-
ment of COPD[32].  Sirt1 and FoxO3a are also subjected to the 
effects of oxidative stress[39, 40].  So we proposed that Vam3, like 
resveratrol, might also have an anti-oxidative effect on CSC-
induced damage.  By detecting the ROS level and GSH-Px 
vitality, we proved our hypothesis.

Taken together, we demonstrated that Vam3 inhibited 
autophagy and restored the expression and activity levels of 
Sirt1, as well as preserved the expression level of FoxO3a in 
CSC-treated Beas-2B cells and in CS-exposed mouse lungs.  
We also showed that Vam3 had an anti-oxidative effect.  These 
findings indicate that Vam3 acts as an anti-autophagy agent by 
affecting Sirt1 and FoxO3a expression and activity, and possi-
bly also through its anti-oxidative effect.  Vam3 warrants fur-
ther studies to investigate potential clinical applications, and it 
would be interesting to determine the underlying mechanisms 
by which Vam3 acts on Sirt1 and FoxO3a to inhibit autophagy.
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siRNA against plasminogen activator inhibitor-1 
ameliorates bleomycin-induced lung fibrosis in rats
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Aim: Plasminogen activator inhibitor-1 (PAI-1) is involved in the progression of pulmonary fibrosis.  The present study was undertaken 
to examine the effects on pulmonary fibrosis of silencing PAI-1 expression with small interfering RNA (siRNA) and to assess the possi-
ble underlying mechanisms.
Methods: Male Wistar rats were subjected to intratracheal injection of bleomycin (BLM, 5 mg/kg, 0.2 mL) to induce pulmonary fibrosis.  
Histopathological changes of lung tissue were examined with HE or Masson’s trichrome staining.  The expression levels of α-smooth 
muscle actin (α-SMA), collagen type-I and type-III, caspase-3, as well as p-ERK1/2 and PI3K/Akt in the lung tissue were evaluated 
using immunohistochemistry and Western blot analysis.  The fibroblasts isolated from BLM-induced fibrotic lung tissue were cultured 
and transfected with pcDNA-PAI-1 or PAI-1 siRNA.  The expression level of PAI-1 in the fibroblasts was measured using real time RT-PCR 
and Western blot analysis.  The fibroblast proliferation was evaluated using MTT assay.
Results: Intratracheal injection of PAI-1 siRNA (7.5 nmoL/0.2 mL) significantly alleviated alveolitis and collagen deposition, reduced 
the expression of PAI-1, α-SMA, collagen type-I and collagen type-III, and increased the expression of caspase-3 in BLM-induced fibrotic 
lung tissue.  In consistence with the in vivo results, the proliferation of the cultured fibroblasts from BLM-induced fibrotic lung tissue 
was inhibited by transfection with PAI-1 siRNA, and accelerated by overexpression of PAI-1 by transfection with pcDNA-PAI-1.  The 
expression of caspase-3 was increased as a result of PAI-1 siRNA transfection, and decreased after transfection with pcDNA-PAI-1.  In 
addition, the levels of p-ERK1/2 and PI3K/Akt in the fibrogenic lung tissue were reduced after treatment with PAI-1 siRNA.
Conclusion: The data demonstrate that PAI-1 siRNA inhibits alveolitis and pulmonary fibrosis in BLM-treated rats via inhibiting the pro-
liferation and promoting the apoptosis of fibroblasts.  Suppression ERK and AKT signalling pathways might have at least partly contrib-
uted to this process.  Targeting PAI-1 is a promising therapeutic strategy for pulmonary fibrosis.

Keywords: idiopathic pulmonary fibrosis; pulmonary fibroblast; bleomycin; plasminogen activator inhibitor-1; RNA interference; 
α-smooth muscle actin; collagen; caspase-3; extracellular signal-regulated kinase; phosphatidylinositol 3-phosphate kinase 
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Introduction
Idiopathic pulmonary fibrosis (IPF) is characterised by the 
transformation of fibroblasts into myofibroblasts and by 
the accumulation of excessive extracellular matrix (ECM)[1].  
Decreasing the deposition of ECM and enhancing its degrada-
tion might be particularly valuable in the treatment of lung 
fibrosis[2].  However, specific knowledge-based approaches for 
the prevention and efficacious treatment of lung fibrosis are 
lacking.  Increasing evidence supports the pivotal role of the 
fibrinolysis system, including urokinase-type plasminogen 
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activator (uPA) and its receptor, inhibitor of uPA (PAI-1), and 
plasminogen in regulating the balance between ECM degrada-
tion and deposition[3].  Bueno et al observed that transfection 
with the uPA gene could induce cirrhosis regression and amel-
iorate hepatic dysfunction[4].  Hattori et al revealed that the 
plasminogen activation system reduces lung fibrosis through a 
hepatocyte growth factor-dependent mechanism[5].  

The fibrin deposits persist in patients with IPF because 
normal fibrinolytic activity is suppressed by an increased 
expression of PAI-1[6].  Recent evidence has shown that PAI-1 
regulates proliferation and apoptosis in different cell lines 
by activating the ERK, AKT, JAK-STAT, and NF-κB signal-
ling pathways.  Experimental studies have also revealed the 
important role of PAI-1 in the pathogenesis of fibrotic disease.  
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For example, Eitzman et al revealed that overexpression of 
PAI-1 could lead to more severe bleomycin-induced pulmo-
nary fibrosis[7], whereas mice with a targeted deletion of the 
PAI-1 gene (PAI-1–/– mice) developed less fibrosis and survive 
longer[8].  Interestingly, silencing PAI-1 expression allevi-
ated hepatic fibrosis induced by CCl4

[9].  However, it remains 
unclear whether silencing PAI-1 expression could ameliorate 
lung fibrosis.  In 2010, Senoo et al reported that PAI-1 siRNA 
prevented pulmonary fibrosis by inhibition of the epithelial-
to-mesenchymal transition (EMT)[10].  However, whether PAI-1 
siRNA inhibits the proliferation of fibroblasts directly and its 
effects on the related signalling pathways have not been deter-
mined.  

Therefore, the present study was undertaken to observe 
whether silencing PAI-1 expression with siRNA against PAI-1 
could inhibit lung fibrosis and whether the mechanisms of 
ameliorating fibrosis with siRNA against PAI-1 are related to 
the regulation of (myo)fibroblasts proliferation and apoptosis 
through the modulation of ERK and AKT signalling mol-
ecules, in a rat model of bleomycin (BLM)-induced pulmonary 
fibrosis.  

Materials and methods
Animals and grouping
In accordance with to a report by Hu et al[9], the siRNA 
against rat PAI-1 mRNA and non-specific siRNA (Ns-siRNA) 
(designed and synthesised by Guangzhou RiboBio Co, LTD) 
were selected for evaluating in BLM-induced pulmonary fibro-
sis in rats.  The siRNA sequences mentioned above are shown 
in Table 1.  

A total of 72 male Wistar rats weighing 130–140 g were pro-
vided by the Experimental Animal Center of Hebei Medical 
University, China.  All rats were housed in the pathogen-free 
mosue colony and all experiments were performed accord-
ing to the guidelines for the care and use of medical labora-
tory animals (Ministry of Health, China, 1998).  The rats were 
divided into 4 treatment groups: sham, BLM, Non-specific 
siRNA (Ns-siRNA) and siRNA.  The tracheas of the rats were 
exposed, and the rats in the BLM group were subjected to 
intratracheal injection of BLM (5 mg/kg, 0.2 mL) under chloral 
hydrate anaesthesia (10%, ip, 350 mg/kg), whereas the rats in 
the sham group received an equal volume of normal saline.  
The rats in the siRNA and Non-specific siRNA groups were 
first treated with BLM according to the protocol described 
above.  From the third day after the administration of BLM, 

the rats were treated with tracheal administration of PAI-
1-siRNA or non-specific siRNA (7.5 nmoL/0.2 mL per rat), 
respectively, once every three days.  For all groups, on d 7, 14, 
and 28 after the administration of BLM or normal saline, the 
rats (n=6 at each time point) were sacrificed and the lower lobe 
of the right lung was harvested for histological observation, 
immunostaining, real time RT-PCR and Western blot analysis.  
Bronchoalveolar lavage (BAL) was performed to determine 
the PAI-1 activity using a colorimetric assay (American Diag-
nostica Inc, USA) according to the manufacturer’s instructions.
 
Histological and immunohistochemical assays
Haematoxylin-Eosin (HE) or Masson’s trichrome staining 
were conducted to examine the histopathological changes of 
lung tissue.  Immunohistochemical examination was carried 
out to detect the expression of α-SMA, collagen type-I and 
type-III, and caspase-3 in the lung tissue using the following 
primary antibodies: rabbit anti-α-SMA (Epitomics, USA), goat 
anti-collagen type-I and type-III (Santa Cruz), and rabbit anti-
caspase-3 (Santa Cruz) antibodies.  

Cell isolation and culture 
The rat fibroblasts from BLM-induced fibrotic lung tissue 
were performed to evaluate the effect of expression of the 
siRNA and pcDNA-PAI-1 on proliferation and apoptosis in 
vitro.  Freshly harvested lung tissues were cut into 1×1×1 mm3 
strips and maintained in Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco, USA) supplemented with 100 U/mL peni-
cillin, 100 μg/mL streptomycin, and 15% heat-inactivated 
foetal calf serum (Gibco, USA).  After being cultured for 2–3 
passages, purified fibroblasts were obtained and identified 
by immunohistochemistry staining with antibodies against 
vimentin and α-SMA proteins.  Early-passage cells (2–4 pas-
sages) were used in the subsequent experiments.

Determination of fibroblast proliferation and apoptosis
The effects of transfection with pcDNA-PAI-1 (provided 
by Dr Fang WANG) on the expression levels of PAI-1 were 
evaluated by Western blot analysis at 48 h and 72 h, and the 
effects on fibroblast proliferation were evaluated using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay.  The cells were transfected with PAI-1 siRNA 
or pcDNA-PAI-1 using the Lipofectamine 2000 transfection 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions.  Briefly, the cells were trypsinised 
and diluted in fresh culture medium without antibiotics, 
plated at a density of 2×104 cells/well in triplicate wells on a 
96-well plate and cultured for 24 h.  The number of viable cells 
was determined at 570 nm at 24, 48, and 72 h after transfection 
with PAI-1 siRNA or pcDNA-PAI-1.  Apoptosis was evaluated 
by detection of caspase-3 expression in the fibroblasts by real 
time RT-PCR at 24 h after transfection with PAI-1 siRNA or 
pcDNA-PAI-1.  

Real time reverse transcription polymerase chain reaction
Total RNA was extracted from the lung tissues and cultured 

Table 1.  The sequences of small interfering RNA used for plasminogen 
activator inhibitor-1 (PAI-1) silencing.   

559 siRNA	 Sense	 5′-GGACUUCUCAGAGGUGGAATT-3′
	 Antisense	 5′-UUCCACCUCUGAGAAGUCCTT-3′
Non-specific siRNA	 Sense	 5′-UUCUCCGAACGUGUCACGUTT-3′
	 Antisense	 5′-ACGUGACACGUUCGGAGAATT-3′
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fibroblasts using Trizol reagent (TaKaRa, Japan) according to 
the manufacturer’s protocol.  The primer sequences are sum-
marised in Table 2.  Real time RT-PCR was performed with a 
SYBR Green PCR Kit (TaKaRa, Japan), and the reactions were 
conducted on a RotorGene 3000A PCR instrument (Corbett, 
Australia).  The housekeeping gene GAPDH was used as an 
internal control, and gene-specific mRNA expression was nor-
malised against GAPDH expression.

Western blot analysis
The samples were homogenised in six volumes of lysis buf-
fer containing 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L 
NaCl, 12 mmol/L C24H40O4·Na, 0.1% SDS, 1 mmol/L EDTA, 1 
mmol/L MgCl2, 1 mmol/L phenylmethylsulphonyl fluoride 
(PMSF) and 2 µg/mL leupeptin.  The protein concentration 
of the supernatant was determined using the Coomassie blue 
assay.  The samples were electrophoresed by SDS-PAGE on 
12% gels, transferred to polyvinylidene difluoride (PVDF) 
filters (Millipore, USA) and incubated with mouse anti-PAI-1 
(BD, USA), rabbit anti-α-SMA (Epitomics, USA), rabbit anti-
AKT and anti-ERK (Bioworld, USA), rabbit anti-p-AKT and 
anti-p-ERK (Cell signal, USA), or rabbit anti-β-actin (Santa 
Cruz) antibodies.  The primary antibodies were detected with 
horseradish peroxidase-conjugated second antibodies against 
mouse or rabbit IgG and an ECL luminescence system.  The 
integral optical density (IOD) of each band was measured 
using a gel-image analysis system (Alpha Image 2200, Alpha, 
USA).  The changes in the relative expression levels of PAI-1, 
α-SMA p-AKT, and p-ERK were represented by the ratio of 
each band’s IOD to that of β-actin.

Assay for the hydroxyproline content of lung tissue
Wet lung samples weighing 30–100 mg were subjected to 
hydrolysis to determine the content of hydroxyproline accord-
ing to the protocol of a Hydroxyproline Testing Kit (Jiancheng, 
Nanjing, China).

Statistical analysis
Statistical analysis of all reported values was performed with 
SAS8.0 software.  The data were presented as the mean±SD 
and tested using one-way ANOVA for 4 groups on d 7, 14, 

and 28.  P values <0.05 were considered significant.

Results
PAI-1 expression increased in BLM-induced rat lung fibrosis and 
PAI-1 siRNA inhibited PAI-1 expression efficiently 
First, we examined whether the PAI-1 expression was 
increased in BLM-induced rat lung fibrosis.  Real time RT-PCR 
and Western blot analysis (Figure 1A, 1B) showed that the 
PAI-1 mRNA and protein levels in the lung were significantly 
increased in the BLM group compared with the sham group, 
and PAI-1 activity was significantly increased on d 7, 14, and 
28 in the BAL fluid (Figure  1C).

Second, the inhibition efficiency of PAI-1 expression was 
determined by intratracheal injection of PAI-1 siRNA into 
BLM-induced fibrotic lung tissue.  Figure 1A and 1B show that 
compared with the BLM group, the expression levels of PAI-1 
mRNA and protein were reduced significantly after intratra-
cheal injection of the PAI-1 siRNA on d 7, 14, and 28, whereas 
non-specific siRNA had no significant effect on PAI-1 mRNA 
and protein expression compared with the BLM group.  In 
addition, the inhibitory effect gradually increased after the 
administration of the siRNA, corresponding to reductions of 
29%±9%, 58%±9%, and 67%±7% in the PAI-1 mRNA level and 
46%±11%, 51.9%±5.3%, and 65.5%±4% in the PAI-1 protein 
level at days 7, 14, and 28, respectively, compared with the 
BLM group.  Figure 1C shows that administration of PAI-1 
siRNA significantly decreased the level of PAI-1 in the BAL 
fluid compared with the BLM group, while the non-specific 
siRNA had no effect.  The results indicated that the PAI-1 
siRNA administered by intratracheal injection was delivered 
to the fibrotic area and silenced the expression of PAI-1 in 
BLM-induced lung fibrosis.

PAI-1 siRNA ameliorated BLM-induced lung fibrosis in rats
Changes in lung histological structure and collagen deposition 
To determine the effect of PAI-1 siRNA on lung fibrosis, we 
observed the histopathological changes and investigated the 
expression of pro-fibrogenic molecules.  HE staining (Figure 
2A) showed that the structure of the alveoli was greatly dis-
torted in the BLM group.  There was clear alveolitis repre-
sented by the infiltration of the pulmonary mesenchyme by 
neutrophils, fibroblasts, and macrophages on d 7.  The infiltra-
tion of the cells gradually decreased on d 14 and 28.  Masson’s 
trichrome staining (Figure 2B and 2C) showed that there were 
small-sized collagen depositions on d 14, and large-scale of 
collagen accumulations were observed on d 28.  In contrast, 
administration of PAI-1 siRNA alleviated the alveolitis sig-
nificantly on d 7 and suppressed the collagen deposition on d 
14 and 28.  The administration of non-specific siRNA had no 
effect compared with the BLM group.

Changes in hydroxyproline content 
The content of hydroxyproline was measured to indicate 
collagen accumulation within the fibrotic lung tissues.  The 
hydroxyproline content in lungs from rats with BLM-induced 

Table 2.  Primer sequences for real time reverse transcriptase polymerase 
chain reaction.   

	PAI-1	 Forward	 5′-CCTTCCAGAGTCCCATACA-3′
		 Reverse	 5′-CTGG CTCTTTCCACCTCT-3′
	Collagen type-I	 Forward	 5′-GGTGGTTATGACTTCAGCTTCC-3′
		 Reverse	 5′-CATGTAGGCTACGCTGTTCTTG-3′
	Collagen type-III	 Forward	 5′-GTCTTATCAGCCCTGATGGTTC-3′
		 Reverse	 5′-GCTCCATTCACCAGTGTGTTTA-3′
	Caspase-3 	 Forward	 5′-AATTCAAGGGACGGGTCATG-3′
		 Reverse	 5′-GCTTGTGCGCGTACAGTTTC-3′
	GAPDH	 Forward	 5′-CCATGTTTGTGATGGGTGTGAACCA-3′
		 Reverse	 5′-ACCAGTGGATGCAGGATGATGTTC-3′
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lung fibrosis began to increase after 7 d and then increased 
rapidly thereafter.  In the PAI-1 siRNA group, the hydroxy-
proline content was significantly decreased compared with 
that in the BLM group on d 14 and 28, while the non-specific 
siRNA had no effect on the hydroxyproline content compared 
with the BLM group (Figure 2D).  

Changes in α-SMA expression 
Immunohistochemistry staining (Figure 3A) showed that 
pro-fibrogenic molecules in α-SMA-positive cells in the BLM 
model rats were mainly located in the endochylema and 
cytomembrane of myofibroblasts around the fibrotic areas, 
and their levels were significantly increased compared with 
the sham group.  After treatment with the PAI-1 siRNA, the 
levels were significantly decreased on d 7, 14, and 28.  West-
ern blot analysis (Figure 3B) showed that the protein level of 
α-SMA was significantly upregulated in the group with BLM-
induced lung fibrosis compared with the sham group and that 
the upregulation was significantly inhibited on d 7, 14, and 

28 after treatment with PAI-1-targeted siRNA.  Non-specific 
siRNA had no significant effect on the expression of α-SMA 
compared with the BLM group.

Changes in collagen type-I and type-III 
Immunohistochemistry staining revealed that levels of col-
lagen type-I (Figure 4A) and type-III (Figure 5A) were mainly 
located in the fibroblasts, myofibroblasts and mesenchyma of 
the fibrotic areas, and their expression levels increased sig-
nificantly in the BLM group.  After administration of siRNA, 
the levels significantly decreased.  Real time RT-PCR analysis 
showed that the expression of collagen type-I and type-III 
expression were significantly increased in the lungs of BLM-
treated rat, and the upregulation was significantly inhibited 
by the administration of PAI-1 siRNA on d 7 and 14 for col-
lagen type-I (Figure 4B) and on d 14 and 28 for collagen type-
III (Figure 5B) compared with the BLM groups.  Non-specific 
siRNA had no significant effects on the expression of collagen 
compared with the BLM group.

Figure 1.  The inhibitory effect of PAI-1 siRNA on PAI-1 levels in fibrotic 
lung tissue by real time RT-PCR (A), Western blot analysis (B) and broncho-
alveolar lavage fluid (BALF) (C) from intratracheally bleomycin (BLM)-treated 
rats.  Mean±SD.  n=6.  bP<0.05 vs sham group.  eP<0.05 vs BLM group.
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Figure 2.  The effect of PAI-1 siRNA on intratracheally BLM-induced lung fibrosis. HE staining (A) and Masson’ trichrome staining (B) shows the histologi-
cal changes after intratracheal administration of PAI-1 siRNA.  Scale bar in the upper-left microphotograph represents 100 µm, and this scale was used 
for all microphotographs. The bar graph in panel C is a quantitative representation of the changes in collagen based on the integral optical density (IOD). 
Mean±SD.  n=6.  bP<0.05 vs sham group.  eP<0.05 vs BLM group.  The line graph in panel D shows that the administration PAI-1 siRNA significantly 
inhibited the increase of hydroxyproline content in the fibrotic lung tissue induced by BLM treatment at the observed time points, whereas non-specific 
siRNA had no effect. 
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Promoting apoptosis and inhibiting proliferation of pulmonary 
fibroblasts through the ERK and AKT pathways contributed to the 
anti-fibrosis effect of PAI-1 siRNA
Changes in apoptosis and proliferation of fibroblasts 
To confirm the mechanism by which PAI-1 siRNA prevents 
lung fibrosis, we investigated whether down- or upregula-

tion PAI-1 expression could affect proliferation and apoptosis 
in cultured rat fibroblasts.  Figure 6A showed that the cells 
in which vimentin was positively expressed and α-SMA was 
negatively expressed were verified to be fibroblasts.  Figure 
6B showed that the plasmid pcDNA-PAI-1 upregulated PAI-1 
expression in fibroblasts by 277% and 204% at 48 h and 72 h, 

Figure 3.  The expression of alpha-smooth muscle actin (α-SMA) in fibrotic lung tissue from intratracheally bleomycin (BLM)-treated rats assayed by im-
munohistochemical staining (A) and Western blot analysis (B). The scale bar in the first microphotograph represents 100 µm and applies to microphoto-
graphs of 1–12. The scale bar in 13 represents 10 µm and applies to images 13-15, which are enlargements of the region shown in the black box in 
microphotographs 2, 6 and 10, respectively.  Mean±SD.  n=6.  bP<0.05 vs sham group.  eP<0.05 vs BLM group.  
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respectively.  Figure 6C showed that the proliferation of fibro-
blasts in the siRNA group was significantly inhibited, and the 
inhibitory effect peaked at 48 h and descended 72 h after the 
transfection of PAI-1 siRNA.  However, the proliferation of 
fibroblasts was significantly stimulated until 72 h after trans-
fection of pcDNA-PAI-1, according to the results of the MTT 
assay.

Apoptosis was evaluated by detecting the levels of cas-
pase-3.  Real time RT-PCR analysis (Figure 6D) shows that cas-
pase-3 expression was upregulated after transfection of PAI-1 
siRNA, whereas the expression was downregulated after 
transfection of pcDNA-PAI-1 into fibroblasts.  In vivo (Figure 
6E), immunohistochemistry staining showed that levels of cas-
pase-3 increased after intratracheal treatment of BLM-induced 
lung tissue with PAI-1 siRNA.  These results indicated that 
PAI-1 siRNA ameliorated lung fibrosis directly by inhibiting 
the proliferation and promoting the apoptosis of fibroblasts.

Changes in expression of p-ERK1/2 and p-AKT 
To investigate the role of the ERK and AKT signaling path-

ways in the amelioration of lung fibrosis by PAI-1 siRNA, we 
analysed the protein expression of phosphorylated-AKT and 
phosphorylated-ERK1/2 in fibrotic lung tissue because the 
level of phosphorylation represents the activation of these 
signalling pathways.  As shown in Figure 7, the expression of 
p-AKT and p-ERK significantly increased in BLM-treated rat 
lung tissues on d 7, 14, and 28, and the expression levels were 
downregulated at the observed time points after intratracheal 
treatment with PAI-1 siRNA compared with the BLM group.  
The ERK and AKT signaling pathways contributed to the anti-
pulmonary fibrosis effect of PAI-1 siRNA.

Discussion
Local delivery of siRNA to the lungs, for example, through 
inhalation or intranasal administration, offers a unique oppor-
tunity to treat respiratory diseases, including inflammation, 
cystic fibrosis, infectious diseases, and cancer[11].  The effec-
tiveness of in vivo gene knockdown has been a major question 
among many investigators[12].  In the present study, to improve 
the effectiveness of siRNA, repeat intratracheal injection twice 

Figure 4.  The expression of collagen type-I in the fibrotic lung tissue of the intratracheally bleomycin (BLM)-treated rats as assayed by immunohisto-
chemical staining (A) and real time RT-PCR (B). Scale bar in the upper-left microphotograph represents 100 µm and applies to all microphotographs.   
Mean±SD.  n=6.  bP<0.05 vs sham group.  eP<0.05 vs BLM group.
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a week beginning during the alveolitis phase and extending 
through the fibrotic phase was performed in a BLM-induced 
model of rat lung injury.  Intriguingly, the repeated adminis-
tration of PAI-1 siRNA markedly downregulated PAI-1 gene 
and protein expression as well as the PAI-1 level in the BAL 
fluid.  These findings indicate that repeated intratracheal 
injection is a highly effective approach for siRNA delivery to 
reduce PAI-1 levels.

Our study demonstrated that the expression of PAI-1 was 
increased in rats with BLM-induced lung fibrosis, and the 
PAI-1 activity in the BAL fluid increased gradually along with 
the exacerbation of lung fibrosis.  Intriguingly, several studies 
have confirmed that PAI-1 was an important factor during the 
transformation of fibroblasts to myofibroblasts, which ampli-
fied the inflammatory response and resulted in the progression 
of fibrosis[13–15].  Offersen et al observed that myofibroblasts 
were the predominant PAI-1-expressing cell in breast carci-
nomas based on immunohistochemistry double staining[16].  
Another study showed that the crucial step was the cleavage 
of the uPA receptor to D2D3 after binding of PAI-1 to uPA and 

the uPA receptor during fibroblast-to-myofibroblast differen-
tiation[17].  Hu et al observed that hepatic fibrosis in rats could 
be ameliorated by downregulating the expression of PAI-1[18].  
Furthermore, Senoo et al reported that intranasal administra-
tion of PAI-1 siRNA attenuated the progression of pulmonary 
fibrosis[10] and therefore suggested that PAI-1 might be an 
important factor capable of accelerating lung fibrosis.  The 
present study provided additional direct evidence to support 
this assumption by observing the expression of PAI-1 in the 
fibrotic pulmonary tissue of BLM-treated rats.  We found that 
intratracheal injection of PAI-1 siRNA significantly reduced 
the level of PAI-1 in the fibrotic pulmonary tissue of BLM-
treated rats, and this suppression was accompanied by the 
amelioration of alveolitis, the inhibition of the transformation 
of fibroblasts through downregulation of the expression of 
α-SMA, and a reduction in the synthesis of collagen in fibrotic 
lung.  These findings convincingly indicated that PAI-1 played 
an important role in the pathogenesis of BLM-induced lung 
fibrosis and that inhibition of PAI-1 expression with siRNA 
might be a potential therapeutic target for treatment of lung 

Figure 5.  The expression of collagen type-III in the fibrotic lung tissue of the intratracheally bleomycin (BLM)-treated rats as assayed by 
immunohistochemical staining (A) and real time RT-PCR (B).  Mean±SD.  n=6.  bP<0.05 vs sham group.  eP<0.05 vs BLM group.
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Figure 6.  The effects of regulating PAI-1 expression on the proliferation and apoptosis of rat fibroblasts.  Immunohistochemistry (A) shows that Vimen-
tin was positively expressed, confirming that these cells are fibroblasts. The scale bar represents 50 µm. Western blot analysis (B) shows the effect of 
plasmid pcDNA-PAI-1 on the expression of PAI-1 in fibroblasts. The line graph in panel (C) shows the effect on proliferation after down- or up-regulation 
of PAI-1 expression based on the MTT  assay. Real time RT-PCR analysis (D) shows the caspase-3 expression after transfection with PAI-1 siRNA and 
pcDNA-PAI-1. Immunohistochemistry (E) shows the caspase-3 expression after intratracheal introduction of PAI-1 siRNA into BLM-induced lung tissue. 
The scale bar represents 100 µm.  Mean±SD.  n=6.  bP<0.05 vs pcDNA3.1.  eP<0.05 vs Ns-siRNA. 
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fibrosis in a clinical setting.  
PAI-1 regulates a variety of cellular processes, including 

adhesion, migration, detachment, angiogenesis, proliferation 
and apoptosis, in vitro and in vivo[19, 20].  PAI-1 is a paradoxical 
protein that exerts different effects in various cell lines[21– 24].  
Previous studies have shown that PAI-1 could protect fibro-
sarcoma cells from etoposide-induced apoptosis[25] and aug-
ment the proliferation of vascular smooth muscle cells[26].  To 
explore the mechanisms by which PAI-1 siRNA prevents lung 
fibrosis, we observed the effects of transfection of PAI-1 siRNA 
and pcDNA-PAI-1 on the proliferation and apoptosis of lung 
fibroblasts.  In vitro, we found that downregulation of PAI-1 
expression by PAI-1 siRNA could inhibit proliferation and 
promote the expression of caspase-3 of fibroblasts, whereas 
upregulation of PAI-1 expression by pcDNA-PAI-1 could 
promote fibroblast proliferation and inhibit the expression of 
caspase-3.  These results revealed that PAI-1 siRNA inhibited 
lung fibrosis by promoting apoptosis by determining cas-
pase-3 and suppressing the proliferation of fibroblasts.  These 
findings represent new insights into the mechanisms underly-
ing the anti-fibrotic effects of PAI-1 siRNA in the lungs.  In 
a previous study, Senoo et al revealed that PAI-1 siRNA can 
inhibit lung fibrosis by inhibiting EMT induced by TGF-β in 
LA-4 cells[18].  Bauman et al observed that plasminogen activa-
tion promoted the release of hepatocyte growth factor to pro-
mote prostaglandin E2 (PGE2) synthesis and fibroblast apopto-
sis[27].  

It is generally accepted that PAI-1 binding to uPA and the 
uPA receptor induces internalisation of the complex, thereby 
facilitating extracellular proteolysis as well as activation of 
growth factors and anti-apoptosis proteins[28, 29].  Furthermore, 
these intermediates activate several signalling pathways.  For 
example, the uPA-uPAR-PAI-1 complex interacts with inte-
grins to induce focal adhesion kinase (FAK) and ERK activa-
tion[30] via low-density lipoprotein receptor-related protein 
(LRP-1).  This complex also regulates ras-related C3 botulinum 
toxin substrate 1 (Rac1) and ERK activation[31], the JAK-STAT 
signalling pathway, the ERK/MAPK and PI3K/AKT path-
ways[32], and it modulates the AKT pathway in wild-type and 
PAI-1-deficient endothelial cells[33].  Therefore, it is possible 
that the ERK and AKT signalling pathways play an important 
role in IPF.  Zhong et al demonstrated that selective inhibition 
of ERK1 by AdshERK1 could significantly attenuate the depo-
sition of the extracellular matrix in fibrotic liver models[34].  In 
the present study, we report that the expression of p-AKT 
and p-ERK was significantly increased in a BLM-induced 
model of lung fibrosis, whereas the expression of p-AKT and 
p-ERK was significantly decreased after downregulation of the 
expression of PAI-1 by siRNA.  These results suggested that 
inhibition of the p-AKT and p-ERK protein levels may partici-
pate in the inhibition of proliferation and the stimulation of 
apoptosis observed in fibroblasts treated with PAI-1 siRNA.  
These results also suggested that the PI3K/AKT signaling 
pathway and the ERK-signalling pathway were involved in 

Figure 7.  Western blot analysis shows the 
expression of phosphorylated-extracellular 
signal-regulated kinase 1/2 (p-ERK1/2) and 
phosphatidylinositol 3-phosphate kinase 
(PI3K)/Akt (p-AKT) in fibrotic lung tissue 
from bleomycin (BLM)-treated rats.  The 
left panels are representative bands from a 
Western blotting, and the right panels show 
quantitative representations of the integral 
optical density (IOD) of the bands.  The ratio 
between the IOD for the band of each target 
protein and that for β-actin is used for the 
statistical analysis.  bP<0.05 vs sham group, 
and eP<0.05 vs BLM group. 



907

www.chinaphar.com
Zhang YP et al

Acta Pharmacologica Sinica

npg

IPF progression.  This is another novel finding of the present 
study that has not been previously reported.  Further investi-
gation should be carried out regarding whether downregula-
tion of the expression of ERK and AKT proteins ameliorates 
lung fibrosis.

In summary, our results indicate the existence of a signifi-
cant functional role of PAI-1 in the development of lung fibro-
sis and suggest that PAI-1 is a potential target that is worth 
exploiting in the treatment of IPF by using PAI-1-targeted 
siRNA.  In addition, we provide the first strong evidence that 
suppression of the levels of p-AKT and p-ERK in fibrotic lung 
tissue by PAI-1-targeted siRNA is associated with the suppres-
sion of fibroblast proliferation.  
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Tissue cholesterol content alterations in 
streptozotocin-induced diabetic rats
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Aim: Diabetes is associated with elevated serum total cholesterol level and disrupted lipoprotein subfractions.  The aim of this study 
was to examine alterations in the tissue cholesterol contents closely related to diabetic complications.
Methods: Intraperitoneal injection of streptozotocin was used to induce type 1 diabetes in adult male Sprague-Dawley rats.  On d 35 
after the injection, liver, heart, intestine, kidney, pancreas, cerebral cortex and hippocampus were isolated from the rats.  The content 
of total and free cholesterol in the tissues was determined using HPLC.  The ATP-binding cassette protein A1 (ABCA1) protein and ApoE 
mRNA were measured using Western blot and QT-PCR analyses, respectively.
Results: In diabetic rats, the level of free cholesterol was significantly decreased in the peripheral tissues, but significantly elevated 
in hippocampus, as compared with those in the control rats.  Diabetic rats showed a trend of decreasing the total cholesterol level 
in the peripheral tissues, but significant change was only found in kidney and liver.  In diabetic rats, the level of the ABCA1 protein 
was significantly increased in the peripheral tissues and cerebral cortex; the expression of ApoE mRNA was slightly decreased in 
hippocampus and cerebral cortex, but the change had no statistical significance.
Conclusion: Type 1 diabetes decreases the free cholesterol content in the peripheral tissues and increases the free cholesterol content 
in hippocampus.  The decreased free cholesterol level in the peripheral tissues may be partly due to the increased expression of the 
ABCA1 protein.
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Introduction
The maintenance of cellular cholesterol homeostasis is impor-
tant for normal physiological processes.  Type 1 diabetes mel-
litus (T1DM) is associated with an imbalance of cholesterol 
homeostasis, which results in an increased risk of death in 
diabetic patients.  It has been estimated that 51% of patients 
with type 1 diabetes mellitus in the US and Europe showed 
hypercholesterolemia[1].  The accumulation of esterified cho-
lesterol in macrophages is an essential step in the progres-
sion of atherosclerotic lesions[2].  Animal experiments showed 
that an induction of hypercholesterolemia in mice triggered 
a rapid ingestion of lipid by resident intimal dendritic cells, 
which led to nascent foam cell lesion formation[3] and exag-
gerated atherosclerosis[4].  Disordered cholesterol homeostasis 
induced by diabetes also affects other physiological processes.  
A report showed that the red blood cell membranes from dia-
betic patients became rigid due to changes in the cholesterol-
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to-phospholipid ratio, which resulted in microangiopathic 
hemolytic anemia[5].  Accumulating epidemiological evidence 
shows that there is a clear link between cholesterol levels and 
neurodegenerative diseases including Alzheimer’s disease 
(AD) and Parkinson’s disease[6, 7].

Type 1 diabetes mellitus is a chronic metabolic syndrome 
characterized by complications including macrovascular and 
microvascular diseases.  Alterations of cholesterol levels in tis-
sues may be a factor contributing to the diabetic complications.  
However, previous cholesterol disorder studies focused on the 
serum or macrophages, and information on tissues under dia-
betic states has not been fully examined.  An important way to 
maintain cellular cholesterol homeostasis is reverse cholesterol 
transport (RCT) via cholesterol transporters[8].  ATP-binding 
cassette protein A1 (ABCA1) is an important rate-controlling 
protein in reverse cholesterol transport.  Several reports 
showed that the expression of the ABCA1 protein was altered 
under diabetic states[9, 10].

The aim of this study was to investigate the cholesterol con-
tent in tissues related to cholesterol metabolism and diabetic 
complications using streptozotocin (STZ)-induced diabetic 
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rats.  The expression of the ABCA1 protein, the liver X recep-
tor (LXR) and ApoE mRNA were measured using western 
blot and quantitative real-time PCR (QT-PCR) analyses, 
respectively.  

Materials and methods
Materials
Cholesterol was purchased from Aladdin Reagents (Shanghai 
Jingchun Chemical Co Ltd, Shanghai, China).  Streptozotocin 
was supplied by Sigma-Aldrich (St Louis, MO, USA).  The 
internal standard stigmasterol was supplied by Acros Organ-
ics (Geel, Belgium).  The 7α-hydroxycholesterol (7α-HC) was 
supplied by Toronto Research Chemicals (TRC; Ontario, Can-
ada).  Water was purified using a Milli-Q system (Millipore, 
Bedford, MA, USA).  All other chemicals were of HPLC grade 
and commercially available.

Animals
Male Sprague-Dawley (SD) rats, which weighed 160–170 g, 
were supplied by SLAC Laboratory Animals (Shanghai, 
China).  The rats were maintained in an air-conditioned ani-
mal facility at a temperature of 22±2 °C and a relative humidity 
of 50%±10% on a 12-h day/night cycle.  A standard commer-
cial rodent diet (Xietong BioTech, Nanjing, China) and water 
were provided ad libitum.  The animals were acclimatized to 
the facilities for 5 d and fasted with free access to water for 
8 h prior to experimentation.  All animal experiments were 
approved by the Animal Ethics Committee of China Pharma-
ceutical University.

Diabetic rats induced by STZ
Diabetes was induced in the rats by an intraperitoneal admin-
istration of 65 mg/kg of STZ dissolved in sodium citrate buf-
fer (pH 4.5).  The age-matched normal rats only received the 
vehicle (sodium citrate buffer, pH 4.5).  On d 7 post-STZ injec-
tion, the fasting blood glucose levels were measured using a 
commercially available glucose kit (Rongsheng BioTech Co 
Ltd, Shanghai, China) based on the glucose oxidase method.  
Rats with fasting blood glucose levels in excess of 11.1 
mmol/L were considered to be diabetic and were included in 
subsequent experiments.

Animal experiments
All the animal experiments were conducted on d 35 after the 
injection of STZ or vehicle.  Rats were euthanized under ether 
anesthesia after an 8-h fast.  Blood and the tissues closely 
related to diabetic symptoms and cholesterol metabolism, 
including the heart, liver, intestine, kidney, pancreas, cere-
bral cortex and hippocampus, were immediately collected.  
Serum samples were obtained for the analysis of biochemical 
parameters, including triglycerides, insulin, HDL cholesterol, 
glucose, total cholesterol (TC), free cholesterol (FC) and its 
metabolite 7α-HC.  Tissues were used for the determination 
of TC, FC and insulin levels using western blot and QT-PCR 
analyses.  The levels of serum triglycerides and HDL choles-
terol were measured using colorimetric kits (Beijing BHKT 

Clinical Reagent Co, Ltd, Beijing, China).  Serum glucose lev-
els were measured using a glucose oxidase method kit.  The 
levels of insulin in the serum and tissues were measured by an 
insulin radioimmunoassay (RIA) kit (Beijing North Institute of 
Biological Technology, Beijing, China) according to the manu-
facturer’s protocol.  Tissues were weighed and homogenized 
in equal volumes of 50 mmol/L NaH2PO4 and 50 mmol/L 
Na2HPO4 buffer containing 1% bovine serum albumin (pH 
7.4).  An aliquot of 100 µL of tissue homogenate or serum was 
used for the determination of insulin levels.

Determination of TC, FC and 7α-HC levels in serum and tissues
The levels of cholesterol in the serum and tissues were mea-
sured using the HPLC method[11].  The levels of cholesterol 
were represented as FC (prior to hydrolysis) and TC (after 
hydrolysis).  The tissues were weighed and homogenized 
in (1:10) cold saline (w/v) under an ice-bath condition.  The 
homogenates were diluted using saline when necessary.  For 
the measurement of TC, 50 µL of serum or tissue homoge-
nate was hydrolyzed in a 50 °C water bath for 2 h in 500 µL of 
alcoholic potassium hydroxide solution [33% KOH/ethanol 
(6/94, v/v)][12].  A 50-µL aliquot of the hydrolyzed mixture was 
extracted with 1 mL of n-hexane by vortexing for 5 min.  For 
the measurement of FC, unhydrolyzed serum or tissue homo-
genates were subjected to the same extraction method.  After 
centrifugation at 2000×g for 5 min, 400 µL of the upper organic 
layer was transferred to a tube containing 200 ng of stigmas-
terol (internal standard) and evaporated to dryness under 
nitrogen.  The residues were reconstituted in 400 µL of acetone 
and subjected to Jones oxidation[11].  Briefly, the samples were 
treated with a derivative agent (equal volumes of 2 mol/L 
chromic acid and 2 mol/L sulfuric acid) in acetone for 5 min in 
a 25 °C water bath.  At the end of the reaction, 550 µL of water 
was added.  The derivative of cholesterol was extracted with 
n-hexane, dried under nitrogen and reconstituted in 200 µL of 
methanol.  After centrifugation, 20 µL of the supernatant was 
injected into a Shimadzu LC-10Avp system (Shimadzu, Japan) 
consisting of an LC-10Avp liquid chromatographic pump, a 
Shimadzu VP-ODS column (5.0 µm; 150 mm×4.6 mm id) and 
an SPD-10Avp ultraviolet detector operating at a wavelength 
of 250 nm.  The mobile phase consisted of methanol/water 
(98/2, v/v).  The flow rate was maintained at 1.0 mL/min.  
The derivative of cholesterol was stable within the analyzing 
time ranges (24 h), and the recovery was larger than 80%.  The 
linearity of free cholesterol was between 3.9 µg/mL and 250 
µg/mL while that of total cholesterol was between 15.6 µg/mL 
and 1.0 mg/mL.

The levels of 7α-HC in serum were measured using the 
liquid chromatography mass spectrometry (LC-MS) method 
according to a previously described method[13] with minor 
modifications.  Briefly, 200 µL of serum was saponified in 0.5 
mL of 1 mol/L ethanolic NaOH for 1 h at 37 °C in a shaking 
water bath.  The mixture was extracted by adding 1 mL of 
n-hexane and isopropyl alcohol (9:1, v/v) and vortexing for 5 
min.  After centrifugation at 2000×g for 5 min, 0.8 mL of the 
upper organic layer was transferred to a tube containing 100 
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ng of stigmasterol as an internal standard and evaporated to 
dryness under nitrogen.  The residues were then reconstituted 
in 100 µL of methanol, which was followed by centrifugation 
at 37 000×g for 10 min.  An aliquot of 10 µL was injected into 
the LC-MS system.  

LC separation was achieved on a Shimadzu VP-ODS column 
(5.0 µm; 150 mm×4.6 mm id; Shimadzu, Japan) maintained 
at 40 °C.  The mobile phase consisted of methanol and water 
(98:2), and the flow rate was maintained at 1.0 mL/min.  The 
effluent from the HPLC column was directed into an atomic 
pressure chemical ionization (APCI) probe.  The mass spec-
trometer conditions were optimized to obtain maximal sen-
sitivity.  The optimized APCI conditions employed included 
a DL temperature of 250 °C and an interface temperature of 
350 °C, and the heating block temperature was maintained at 
250 °C.  The nebulizing and drying gas were maintained at 4 
L/min and 10 L/min, respectively.  The selected ion moni-
toring (SIM) including a series of ions with m/z 385.35, and 
395.4 [M+H-H2O]+ that corresponded to 7α-HC and internal 
standard (IS)  was used for the quantitative analysis.  The data 
were acquired, processed and analyzed by Lab Solutions chro-
matographic software (Shimadzu, Japan).  An assay valida-
tion was carried out.  No matrix effect was observed for either 
7α-HC or the IS.  The intra-day relative standard deviation of 
7α-HC was lower than 5%.  The linear range of 7α-HC in the 
serum was between 31.25 ng/mL and 250 ng/mL.  The lowest 
limit for the quantification of 7α-HC in the serum was 31.25 
ng/mL.  

Western blot analysis
Western blot analysis was used for quantification of the 
ABCA1 protein in the tissues.  Briefly, tissues were weighed 
and homogenized in RIPA (radioimmunoprecipitation) buffer 
(Applygen Technologies Inc, Beijing, China).  The protein con-
centration was determined by the Bio-Rad Protein Assay (Bio-
Rad Labs, Richmond, CA, USA).  Different amounts of protein 
(120, 80, 100, 100, 80, 80, and 160 µg for the intestine, liver, 
hippocampus, cerebral cortex, kidney, heart and pancreas, 
respectively) were separated by SDS-PAGE and transferred to 
polyvinylidene difluoride (PVDF) membranes.  ABCA1 was 
detected using a rabbit anti-rat monoclonal ABCA1 antibody 
(Abcam, USA) as the primary antibody and horseradish per-
oxidase (HRP)-conjugated goat anti-rabbit IgG (GeneScript, 
Nanjing, China) as the secondary antibody.  Anti-GAPDH 
(GeneScript, Nanjing, China) was used as an internal protein-
loading control.  Detection of the ABCA1 protein band was 
performed with an enhanced chemiluminescence (ECL) kit 
(Haigene, Harbin, China), and the densitometry of the sub-
sequent images were analyzed by ImageJ software (Bio-Rad, 
Hercules, USA).

QT-PCR analysis 
For a quantitative comparison of the LXR-α, LXR-β, and ApoE 
mRNA levels, QT-PCR was performed using SYBR Green fluo-
rescence.  Total RNA was extracted with TRIzol reagent (Sun-
ShineBio, Nanjing, China) from frozen tissues according to the 

manufacturer’s instructions.  The primers for the LXR-α, LXR-
β, and ApoE sequences are listed in Table 1.  The RNA concen-
tration was quantified by spectrophotometry at 260 nm.  Total 
RNA from each original sample was converted into cDNA, 
and QT-PCR was performed in a PTC-200 Thermo Cycler (MJ 
Research, Waltham, USA) according to the manufacturer’s 
protocols.  The amplification was performed in a 26.5-µL reac-
tion mixture that consisted of the following: 12.5 µL of qPCR 
Master Mix (Promega, Madison, WI, USA), 2.0 µL of 10× 
cDNA, 2.5 µL of 2 µmol/L forward and reverse primers and 
9.5 µL of nuclease-free water.  Each assay was performed in 
triplicate with β-actin mRNA as the endogenous control.  The 
QT-PCR thermal cycling parameters were an initial denatur-
ation for 2 min at 95 °C that was followed by 40 cycles at 95 °C 
for 5 s and 60 °C for 30 s.  Melting curves were performed to 
investigate the specificity of the PCR reaction.  Relative quanti-
fication (RQ) of each gene expression was calculated according 
to the comparative Ct method using the formula: RQ=2-ΔCt[14].

Statistical analysis
The data are presented as the mean±standard deviation (SD).  
Statistical comparisons were made using the 2-tailed Student’s 
t-test.  A P value less than 0.05 was considered significant.  

Results
Biochemical parameters in STZ-induced diabetic rats 
STZ-induced diabetes is a well-documented model of experi-
mental T1DM[15].  As expected, a single administration of STZ 
to rats produced diabetic symptoms, including polyphagia, 
polyuria, polydipsia and a loss of body weight.  Biochemical 
parameters in the serum of the STZ-induced rats and normal 
rats were obtained (Table 2).  It was found that diabetes dra-
matically increased the serum levels of glucose, FC, TC, and 
triglycerides, which was accompanied by a low level of insu-
lin.  Diabetes also significantly elevated the level of 7α-HC, 
which is a metabolite of cholesterol.  The levels of HDL cho-
lesterol in the serum of diabetic rats showed a tendency to 
decrease, but no significance was observed.

Cholesterol content in tissues of STZ-induced diabetic rats
The cholesterol content in the intestine, heart, kidney, liver, 

Table 1.  Primer sequences for QT-PCR.

  DNA amplified	  Primer sequence 5′→3′	   	 Size (bp)   
 
	 LXR-α	 Sense	 AGCAACAGTGTAACAGGCGCT	 63
		  Antisense	 GTGCAATGGGCCAAGGC	
	 LXR-β	 Sense	 CAACCACGAGACAGAGTGCATCA	 122
		  Antisense	 GCATAGCCCGAGAGAACTCAAAG	
	 Apo E	 Sense	 ACCGCTTCTGGGATTACCTGC	 129
		  Antisense	 ATGCCTTTACTTCCGTCATAGTGTC	
	 β-Actin	 Sense	 GGGAAATCGTGCGTGACATT	 76
		  Antisense	 GCGGCAGTGGCCATCTC	
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hippocampus, cerebral cortex and pancreas of STZ-induced 
diabetic rats was measured (Figure 1).  The levels of choles-
terol are presented as FC and TC.  The results showed that 
the cholesterol in tissues existed mainly as TC.  High levels 
of TC were observed in the hippocampus (16.2 mg/g tissue) 
and cerebral cortex (36.4 mg/g tissue).  Only a small portion 
of cholesterol existed as FC in most tissues.  For example, the 
free fractions of cholesterol in the hippocampus and cerebral 
cortex were less than 1%.  Interestingly, the pancreas and heart 
had lower contents of TC (1.5 mg/g in the heart and 3.9 mg/g 
in the pancreas) but showed high concentrations of FC (146.5 
mg/g in the heart and 310.9 mg/g in the pancreas), which 
resulted in fractions of FC in the two tissues of 9.8% and 7.9%, 

respectively.  
Diabetes significantly decreased the levels of FC in the 

peripheral tissues.  Diabetes also decreased the TC level in 
peripheral tissues, but significance was only found for the kid-
ney and liver.  The extent of decreased levels of FC was greater 
than that of TC in the corresponding tissues, which indicated 
that FC was more sensitive to diabetes.  In contrast, diabetes 
increased the levels of FC in both the hippocampus and cere-
bral cortex.  A significant increase (50.4%) was found in the 
hippocampi of diabetic rats, but the cerebral cortex (19.8%) 
only showed a tendency to increase.

Insulin levels in tissues of STZ-induced diabetic rats
Insulin levels in the tissues of diabetic rats were assayed 
using the RIA method (Table 3).  The results showed that the 
effects of diabetes on the insulin levels in tissues were tissue-
dependent.  Diabetes significantly reduced the insulin levels 
in the liver, pancreas and intestine, resulting in a 38.5%, 33.0%, 
and 63.0% decrease, respectively, compared with the levels in 
normal rats.  However, the insulin levels in the kidney, heart, 
hippocampus and cerebral cortex of STZ-induced diabetic rats 
remained unchanged or only slightly decreased.

Expression of ABCA1 protein in tissues of STZ-induced diabetic 
rats
ABCA1 is the rate-controlling transporter in reverse choles-
terol transport, which plays the most important role in the 
maintenance of cellular cholesterol homeostasis[16, 17].  To inves-
tigate whether the alteration in cholesterol in the tissues of dia-
betic rats came from a change in ABCA1 expression, the levels 
of the ABCA1 protein in the tissues were measured using 
western blot analysis.  The results showed that the heart and 
cerebral cortex exhibited the highest basal expression of the 
ABCA1 protein (Figure 2).  The pancreas showed only a weak 
basal expression of the ABCA1 protein.  The expression of the 
ABCA1 protein was induced by diabetes.  The strongest induc-
tion occurred in the pancreas of diabetic rats, which resulted 
in an 11.7-fold increase compared with normal rats.  Diabetes 
also increased the expression of ABCA1 in the liver, kidney 
and cerebral cortex to 105.6%, 314.5%, and 53.9%, respectively, 

Table 2.  Serum biochemical parameters of rats 5 weeks after injection of 
STZ.  Mean±SD.  n=6.  bP<0.05 vs control rats.

         Parameters	                                 Control	             Diabetes
 
Initial body weight (g) 	    162.8±2.5	   171.4±2.3b

Final body weight (g)	    361.0±25.8	   210.8±23.0b

Glucose (mmol/L) 	      6.10±0.52	   20.52±3.22b

Triglycerides (mmol/L) 	      2.50±0.60	     3.28±0.37b

HDL cholesterol (mg/mL) 	      0.40±0.06	     0.36±0.04
Insulin (mIU/mL)	      0.07±0.01	     0.04±0.002b

Free cholesterol (μg/mL)	    27.36±8.96	   65.83±27.65b

Total cholesterol (mg/mL)	      0.81±0.1	     1.51±0.51b

7α-hydroxycholesterol (ng/mL)	 106.20±43.81	 237.23±94.30b

Figure 1.  The levels of free cholesterol (A) and total cholesterol (B) in 
the intestine (INT), liver (LV), kidney (KD), heart (HT), pancreas (PC), 
hippocampus (HC) and cerebral cortex (CT) of control rats (white bars) and 
diabetic rats (black bars).  Cholesterol was determined by HPLC analysis.  
Values are expressed as the mean±SD (n=6).  bP<0.05 vs control rats.  

Table 3.  Tissue insulin levels in control and STZ-induced diabetic rats.  
Insulin was determined by RIA method.  Mean±SD.  n=6.  bP<0.05 vs 
control rats.

    Insulin (mIU/g)	                    Control	                            Diabetes
 
	 Liver 	      1.54±0.23	      0.94±0.07b

	 Intestine 	      4.12±0.92	      1.52±0.61b

	 Kidney	      1.28±0.27	      1.25±0.24
	 Heart	      0.84±0.24	      0.79±0.57
	 Hippocampus	      1.14±0.24	      1.25±0.15
	 Cortex	      1.02±0.09	      0.94±0.08
	 Pancreas 	 645.56±76.74	 432.27±104.24b
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of the expression in the normal rats.  The expression of the 
ABCA1 protein in the heart of diabetic rats also increased by 
105.7% compared with normal rats, although no significance 
was observed.  The increased expression of the ABCA1 protein 
in the peripheral tissues was in agreement with decreases in 
the concentration of cholesterol in the corresponding tissues.

Expression of LXR-α, LXR-β, and ApoE mRNA in tissues of STZ-
induced diabetic rats 
It is generally acknowledged that ABCA1 expression in tis-
sues is mainly modulated by the nuclear receptors LXR-α 
and LXR-β.  The mRNA levels of these genes were measured 
using QT-PCR.  The results showed that the expression of LXR 
mRNA in the tissues of rats was tissue-dependent and LXR 
subtype-dependent.  

For LXR-α mRNA, the highest expression was observed in 

the liver, and a modest expression was found in the pancreas, 
kidney, intestine and heart (Figure 3A).  The hippocampus 
and cerebral cortex showed only a weak expression of LXR-α 
mRNA.  The expression of LXR-a mRNA in the intestine, liver 
and pancreas tissues was 5–10-fold higher than that of LXR-β 
mRNA in the corresponding tissues.  Diabetes significantly 
induced the LXR-α mRNA levels in the liver, kidney and 
heart.  The strongest induction of LXR-α mRNA was found in 
the heart of diabetic rats, which showed a 2.64-fold increase 
compared with normal rats.  However, diabetes only margin-
ally increased or did not alter the expression of LXR-α mRNA 
in the intestine, pancreas, hippocampus and cerebral cortex.

For LXR-β mRNA, a lower expression of LXR-β mRNA was 
found in the intestine, liver, heart, kidney and pancreas tissues 
compared with LXR-α mRNA (Figure 3B).  Diabetes signifi-

Figure 3.  The levels of LXR-α (A), LXR-β (B), and ApoE (C) mRNA in the 
intestine (INT), liver (LV), kidney (KD), heart (HT), pancreas (PC), cerebral 
cortex (CT) and hippocampus (HC) of the control rats (white bars) and 
diabetic rats (black bars).  The levels of LXR-α, LXR-β, and ApoE mRNA 
were determined by QT-PCR analysis, and all values were normalized to 
the levels of β-actin mRNA.  The data are expressed as 2-ΔCt values of 
mean±SD (n=4).  bP<0.05, cP<0.01 versus control rats.

Figure 2.  The levels of ABCA1 expression in the intestine (INT), liver 
(LV), kidney (KD), heart (HT), pancreas (PC), cerebral cortex (CT) and 
hippocampus (HC) of control rats (white bars) and diabetic rats (black 
bars).  Western blots of ABCA1 (A) and the ratio of relative staining 
intensity for ABCA1 (B) in the control and STZ-induced diabetic rats are 
shown.  Mean±SD (n=4).  bP<0.05 vs control rats.  
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cantly elevated the expression of LXR-β mRNA in the heart 
and hippocampus and decreased the expression of LXR-β 
mRNA in the cerebral cortex.  However, diabetes did not affect 
the expression of the gene in other tissues.  Similar to LXR-α 
mRNA, the strongest induction of LXR-β mRNA occurred in 
the heart of diabetic rats, which showed a 1.18-fold increase 
compared with control rats.

It is generally accepted that ApoE, the main apolipoprotein 
in the brain, is crucial for brain cholesterol homeostasis[18–21].  
The levels of ApoE mRNA in the indicated tissues were mea-
sured, and the results showed a high expression of ApoE 
mRNA in the liver, hippocampus and cerebral cortex (Figure 
3C).  Other tissues showed only a low level of ApoE mRNA.  
Diabetes significantly increased the levels of ApoE mRNA in 
the kidney and heart and decreased the mRNA levels in the 
pancreas and intestine.  Diabetes also decreased the ApoE 
mRNA level in the hippocampus (16.3%) and cerebral cortex 
(29.9%), although no significance was observed.

Discussion
The main findings of this study were that the effects of diabe-
tes on the cholesterol content in the brain and peripheral tis-
sues were different.  Diabetes increased the FC levels in the hip-
pocampus and cerebral cortex without altering the TC content 
but decreased both the FC and TC levels in the liver, kidney, 
heart, intestine and pancreas.  It is noteworthy that the magni-
tude of tissue TC level changes under diabetic conditions was 
smaller than that of the serum FC and TC levels.  This may 
derive from the fact that the serum cholesterol existed almost 
exclusively in a rapidly exchangeable pool, while the tissue 
cholesterol consisted of both a slowly exchanging pool and a 
nonexchangeable pool[22, 23], which made the serum cholesterol 
more susceptible to diabetes than the tissue cholesterol.

Several reports have shown that diabetes increases the TC 
levels in the liver, kidney and heart of type 2 diabetic rats[24, 25], 
which is in contrast with the present findings.  The quantita-
tive method used in these studies may be an important reason 
for the differences.  The method[24, 25] used in these studies was 
that the reaction of cholesterol in the presence of an FeCl3-
H3PO4–H2SO4 mixture forms a colored complex, which was 
measured using spectrophotometer.  A previous study proved 
that other sterols might interfere with the quantification of 
cholesterol by this method, thus resulting in large errors[26].  
Another report also showed that the colorimetric method 
would generate a value roughly 50% higher than other meth-
ods[27].  All the results indicated that the selectivity and accu-
racy of the colorimetric method was inferior to the HPLC 
method that was used in the present study.  In addition, STZ-
induced type 1 diabetes is characterized by an insulin defi-
ciency, suggesting that the lack of insulin may also be one of 
the reasons for the discrepancies.

It has generally been accepted that ABCA1 is a key trans-
porter of cholesterol efflux.  The present study showed that 
diabetes increased the ABCA1 protein level in peripheral tis-
sues, which suggested that the decreased FC and TC content 
was partly due to increases in the expression of ABCA1.  How-

ever, other reports describing the expression of the ABCA1 
protein under diabetic states are often controversial.  A study 
using virus-induced diabetic mice and type 1 non-obese 
diabetic mice[10] showed that diabetes slightly increased the 
expression of ABCA1 in liver, decreased ABCA1 protein levels 
in peritoneal macrophages and kidney, and did not affect the 
ABCA1 protein level in the brain.  Another study[28] showed 
that the expression of ABCA1 mRNA was decreased in the 
liver and peritoneal macrophages of STZ-induced diabetic 
mice.  There was also a report showing that the expression of 
ABCA1 mRNA increased in the aorta of insulin-insufficient 
mice[9], which was consistent with our findings.  All these 
results infer that the differences in ABCA1 expression under 
diabetic conditions might derive from the methodology, ani-
mal models, type of diabetes and its duration.

Elevated expression of the ABCA1 protein was also found 
in the hippocampus and cerebral cortex of diabetic rats, but 
this did not explain the fact that the levels of FC increased.  It 
is not clear what mechanisms are responsible for increasing 
the FC levels in the hippocampus and cerebral cortex.  ApoE is 
considered to be a major apolipoprotein for cholesterol trans-
port and clearance in the brain[18–21].  The data from QT-PCR 
showed that apart from the liver, the peripheral tissues exhib-
ited a low level of ApoE mRNA, which was in accordance 
with the fact that the liver is the primary organ for ApoE 
secretion[29].  Contrary to the low expression of ApoE mRNA 
in all the studied peripheral tissues except the liver, high levels 
of ApoE mRNA were found in the hippocampus and cerebral 
cortex.  Further study showed that diabetes decreased ApoE 
mRNA in the hippocampus and cerebral cortex by 16.3% 
and 29.9%, respectively, although no significance was found.  
Similar phenomena were also observed in alloxan-induced 
diabetic rabbits[30].  This indicated that the suppression of 
ApoE mRNA might at least partly contribute to the increased 
FC content under diabetic states.  Other mechanisms may also 
be involved in the regulation of cholesterol homeostasis in the 
brain.  All cholesterol input into the central nervous system 
comes from de novo synthesis[31].  A small excess of choles-
terol is exported into the circulation to maintain cholesterol 
homeostasis in the brain.  Two mechanisms are involved in 
this process.  One is reverse cholesterol transport, which is 
mediated by ABC transporters, the class A scavenger receptor 
and ApoE.  The other important pathway is the conversion of 
cholesterol into oxysterols[32].  In contrast to cholesterol, oxys-
terols are able to traverse the blood–brain barrier.  These facts 
suggest that alterations in these factors may contribute to the 
increased levels of cholesterol in the brain of diabetic rats.  In 
addition, oxidative stress may also be involved in the elevated 
brain cholesterol levels under diabetic conditions[33].  Further 
studies are still needed to elucidate this issue.

This study showed that diabetes increased the expression 
of the ABCA1 protein in the indicated tissues, but the under-
lying mechanism is not clear.  A report showed that insulin 
could enhance the degradation of ABCA1 and downregulate 
its activity by promoting the phosphorylation of the protein[34], 
which suggested that an insulin deficiency may be one of the 
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causes for increased ABCA1 protein levels under diabetic 
states.  LXRs were considered to be the most important nuclear 
receptors responsible for the regulation of ABCA1.  Although 
LXR-β is indispensable for the expression of ABCA1[35], some 
studies indicated a more important role for LXR-α in the regu-
lation of ABCA1[36, 37].  The QT-PCR results showed that diabe-
tes induced LXR-α mRNA, which could be one of the reasons 
for the increased ABCA1 protein levels.  

In addition, other proteins, including sterol regulatory 
element-βinding protein-2 (SREBP-2) and 3-hydroxy-3-
methylglutaryl coenzyme A reductase (HMGCR), may also 
be involved in the regulation of cholesterol homeostasis[38, 39].  
A report showed that diabetes may decrease both SREBP-2 
and HMGCR mRNA in the liver of rats, and insulin partially 
reversed the alterations induced by diabetes[40].  Insulin is 
considered to be a potent inducer of HMGCR[41].  Insulin treat-
ment increased the HMGCR activity in hepatic microsomes 
of STZ-induced diabetic rats[42].  Data from Caco-2 cells dem-
onstrated that a high glucose level might also decrease the 
SREBP-2 protein level and HMGCR activity[43].  All these 
results indicate that SREBP-2 and HMGCR may play a role in 
imbalanced cholesterol levels, although there are contradictory 
reports[31, 44].  These discrepancies may be a result of animal 
model differences and disease duration.

Oxysterols are considered to be the endogenous ligands of 
LXRs, and we used 7α-HC, which is formed by cholesterol-
7-hydroxylase (CYP7A1), as a marker for oxysterols.  It was 
found that diabetes increased the serum 7α-HC level by 1.28-
fold compared with normal rats.  The increased oxysterol lev-
els could further enhance LXR activities, resulting in elevated 
ABCA1 protein expression in peripheral tissues.  In addition, 
CYP7A1 is the rate-limiting enzyme in the synthesis of bile 
acids[45].  Elevated 7α-HC levels also suggested that enhanced 
cholesterol metabolism may constitute one of the reasons for 
the reduced liver cholesterol levels.

Cholesterol is one of the major constituents of the plasma 
membrane.  Intact plasma membrane microdomains are criti-
cal for maintaining cell viability and function.  The reduction 
of cholesterol in peripheral tissues, especially in heart and 
kidney, may be associated with diabetic nephropathy and dia-
betic cardiomyopathy.  A report showed that both cholesterol 
esterase and cholesterol oxidase caused marked cytotoxicity 
by perturbing the plasma membrane cholesterol in normal 
mouse proximal tubular segments.  A further study demon-
strated that disturbing lipid raft microdomains with choles-
terol esterase dramatically increased the tubule susceptibility 
to Fe-mediated oxidative stress and Ca2+ overloading[46].  Cho-
lesterol depletion using cyclodextrins also resulted in reduced 
HEK293A cell viability and increased lactate dehydrogenase 
levels, which were accompanied by membrane damage, apop-
tosis and necrosis[47].  A recent study showed that cholesterol 
depletion using methyl-βeta-cyclodextrin (M-β-CD) modu-
lated the basal L-type Ca2+ current and abolished its adrener-
gic enhancement in ventricular myocytes[48].  Ca2+-activated Cl– 
currents were augmented by M-β-CD in murine portal vein 
myocytes[49].  Basolateral membrane cholesterol extraction with 

M-β-CD also reduced the Na+/K+ pump activity in A6 renal 
epithelia[50].  In addition, some reports showed that cholesterol 
depletion suppressed insulin secretion[51–53], and decreased 
cholesterol levels in the pancreas may contribute to the sever-
ity of diabetes.

In summary, type 1 diabetes decreased the levels of both 
free and total cholesterol in peripheral tissues but increased 
the FC levels in the hippocampus without altering the TC 
level.  The decreased free cholesterol levels in the peripheral 
tissues may be partly due to an increased expression of the 
ABCA1 protein.
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Excess genistein suppresses the synthesis of 
extracellular matrix in female rat mandibular 
condylar cartilage

Shi-bin YU#, Xiang-hui XING#, Guang-ying DONG, Xi-li WENG, Mei-qing WANG*
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Aim: To investigate the effect of excess genistein on the extracellular matrix in mandibular condylar cartilage of female rats in vivo.  
Methods: Female SD rats were administered through oral gavage with genistein (50 mg/kg) or placebo daily for 6 weeks. The morpho-
logical changes of temporomandibular joints were studied with HE staining. The expression of cartilage matrix compounds (aggrecan 
and collagen type II), estrogen-related molecules (aromatase, estradiol, ERα and ERβ) and proliferating cell nuclear antigen (PCNA) in 
mandibular condylar cartilage was detected using immunohistochemistry, ELISA and real-time PCR.
Results: The genistein treatment significantly reduced the thickness of the posterior and middle regions of mandibular condylar carti-
lage, and decreased the expression of collagen type II, aggrecan and PCNA. Compared with the control group, the estradiol content and 
expression levels of the key estradiol-synthesizing enzyme aromatase in the genistein-treatment group were significantly decreased. The 
genistein treatment significantly increased the expression of ERβ, but decreased the expression of ERα.
Conclusion: Excess genistein suppresses extracellular matrix synthesis and chondrocytes proliferation, resulting in thinner mandibular 
condylar cartilage. These effects may be detrimental to the ability of mandibular condylar cartilage to adapt to mechanical loads.  
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Introduction
Osteoarthritis (OA) is the most common arthropathy in elderly 
people, and its socio-economic impact has increased as life 
expectancy has risen.  OA is a degenerative disease character-
ized by the loss of collagens and proteoglycans as the main 
structural molecules of articular cartilage[1].  Epidemiological 
studies have shown that the prevalence and incidence of OA 
increase after menopause and that OA symptoms are more 
severe in postmenopausal women than in men[2–4], which sug-
gests a link between OA and estrogen.

Although estrogen replacement therapy (ERT) has been 
proven to reduce the risk of OA[5–7], its application is ham-
pered by an increased risk of breast cancer, myocardial 
infarction, and stroke[8, 9].  Therefore, using phytoestrogens, 
which lack the specific side-effects of estrogens, may provide 
an alternative therapy[10, 11].  Phytoestrogens are abundant in 
soybean products[12]; genistein, which structurally resembles 
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17β-estradiol, is particularly abundant.  It has been shown that 
genistein can bind to estrogen receptors (ERs) with an affinity 
100 to 1000-fold less than that of estradiol and that it competes 
with estradiol and displaces it from its binding sites[13].  A clini-
cal study has suggested that consuming 88 mg phytoestrogen 
per day may benefit OA patients[14].  Hooshmand et al have 
also reported that genistein reduced the in vitro production of 
lipopolysaccharide-induced cyclooxygenase (COX)-2 in chon-
drocytes, indicating that genistein may be an attractive and 
viable alternative therapy for treating or preventing OA[15].

The temporomandibular joint (TMJ) plays an important 
role in craniofacial growth and function and shows a high 
incidence of OA[16].  In the literature, estrogen has been shown 
to play an important role in the development of TMJ and 
temporomandibular diseases[17–19].  These findings have been 
supported by the existence of estrogen receptors (ERs) in man-
dibular condylar cartilage[20, 21].

As an estrogen-targeted tissue[20, 21], cartilage is usually a solid 
connective tissue that covers subchondral bone tissue and plays 
an important role in the development of OA.  To the best of our 
knowledge, however, few studies of the effect of genistein on 
cartilage have been reported, especially in vivo studies.  The 
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aim of the present study was to investigate the effect of excess 
genistein on in vivo mandibular condylar cartilage.

Materials and methods
Genistein treatment in vivo 
All the animal experimental procedures were approved by 
the Animal Research Committee of the Fourth Military Medi-
cal University.  Thirty 7-week-old female SD rats, weighing 
180–190 g, were provided by the animal center of the Fourth 
Military Medical University.  All animals were housed at 
22°C and 30%–60% relative humidity with a normal day-
night rhythm (a 12:12 h light-dark cycle).  The animals were 
randomly assigned to vehicle control and genistein-treatment 
groups (15 in each group).  They had free access to tap water 
and a phytoestrogen-free diet in which corn oil was replaced 
with soybean oil.  In the literature, the bone-protective effects 
of genistein (3–54 mg·kg-1·d-1) have been reported in OVX rats, 
mice and postmenopausal women[22].  There have been few 
studies focusing on the effect of genistein on normal or intact 
animals.  Based on a series of genistein safety studies, the no 
observed adverse effect level (NOAEL) for genistein in rats 
has been estimated to be 50 or 100 mg·kg-1·d-1 [13, 23].  Consistent 
with our previous study[22], 50 mg·kg-1·d-1 genistein was chosen 
as excess dose in the present study.  The animals were treated 
once daily with genistein (50 mg/kg body weight, 99.5% pure, 
Winherb Medical Science Co Ltd, China) or placebo by oral 
gavage.  The genistein was dissolved in a placebo solution 
(0.9% NaCl, 2% Tween 80, and 0.5% methyl cellulose in water).  
The application volume was 5 mL/kg body weight.  Changes 
in body weight during the experimental period were consid-
ered when calculating the genistein dosage.  All the animals 
were sacrificed 6 weeks after the initiation of treatment.

Tissue preparation
For the morphological and immunohistochemistry analyses 
10 rats (5 from each group) received deep anesthesia from an 
intraperitoneal injection of pentobarbital sodium (50 mg/kg 
body weight) and were perfused with 200 mL of normal saline 
and 400 mL of paraformaldehyde (4% in phosphate buffer 
saline, pH 7.4) through their ascending aortas.  The TMJs 
and the uterus were harvested without fatty tissue.  The wet 
weight of uterus was measured by electron precision balance.  
A uterine weight index was used to measure the changes in 
the uterus [uterine weight index=WW (mg)/BW (g), where 
WW=wet weight and BW=body weight][9].  The TMJs were 
post-fixed overnight at 4 °C with the same fixative and decalci-
fied for 1 week in Kristensen′s fluid (sodium formate 52.2 g, 
formic acid 174.2 mL, and 1000 mL distilled water).  The TMJ 
samples were then dehydrated in graded ethanol and embed-
ded in paraffin.  Serial 5-µm mid-sagittal sections were cut 
parallel to the lateral surface of the condyle.  To ensure a reli-
able comparison between the vehicle control and experimental 
groups, mid-sagittal sections from each joint were chosen for 
the morphological and immunohistochemistry analyses.  

The other six rats in each group were sacrificed for the real-
time PCR analysis.  To obtain enough total RNA, four sets of 

condylar cartilages from 2 randomly selected rats constituted 
one sample; hence, 12 sets of condylar cartilages from 6 rats in 
each group were randomly assigned to 3 samples.

Histological analysis
The hematoxylin and eosin (HE) stained sections were exam-
ined under a light microscope (Leica DM2500, Wetzlar, 
Germany).  A true-color computer-assisted image analyzing 
system with a digital camera (Leica DFC420, Leica, Wetzlar, 
Germany) and software (Qwin Plus, Leica Microsystem Imag-
ing Solutions Ltd, Cambridge, United Kingdom) were used for 
image capture and measurement.  The thickness of the condy-
lar cartilage was measured in each section.  The condylar carti-
lage was divided approximately into anterior, middle and pos-
terior regions.  In every region, the thickness was measured at 
three quartering points.  The means of the three measurements 
were used for the statistical analysis.  

Immunohistochemical staining and analysis
Five commercially available primary antibodies were used for 
the immunohistochemical staining: anti-human collagen type 
II goat polyclonal IgG (SC7763, Santa Cruz Biol Inc, USA); 
anti-rat proliferating cell nuclear antigen (PCNA) mouse 
monoclonal IgG (MS-106, Labvision Ltd, USA); anti-human 
aromatase rabbit polyclonal IgG (AB69653, Abcam, UK); anti-
human ERα rabbit polyclonal IgG (SC542, Santa Cruz Biol Inc, 
USA); and anti-human ERβ rabbit polyclonal IgG (SC8974, 
Santa Cruz Biol Inc, USA).  The immunohistochemical stain-
ing was conducted using a three-step avidin-biotin complex 
method that has been previously described[24].  The sections 
were incubated overnight at 4 °C with anti-human collagen 
type II goat polyclonal IgG (3 µg/mL), anti-rat PCNA mouse 
monoclonal IgG (3 µg/mL), anti-human aromatase rabbit 
polyclonal IgG (10 µg/mL), anti-human ERα rabbit polyclonal 
IgG (4 µg/mL), and anti-human ERβ rabbit polyclonal IgG (3 
µg/mL).  

The immunohistochemical staining for aromatase, ERα, ERβ, 
and PCNA was analyzed by the Qwin Plus software.  Briefly, 
the stained sections were observed under a Leica DM2500 light 
microscope with a ×10 objective.  The measurements were per-
formed in middle and posterior regions of the condylar carti-
lage, where they regularly appeared among the animals.  For 
the aromatase, ERα and ERβ analyses, the measurement area 
consisted of the complete mature and hypertrophic layers in 
which immunoreactive signals were obvious.  The positively 
stained region and the complete selected region covering the 
mature and hypertrophic layers, respectively, were measured.  
The percentage of the entire region that stained positive was 
calculated.  For the PCNA sections, 4 cubic regions (300 pix-
els×300 pixels) were selected from approximately the middle 
and posterior regions of the condylar cartilage.  The number 
of PCNA-positive chondrocytes was determined.  Finally, the 
percent of the region that stained positive and the sum of the 
PCNA-positive cells in all of the cartilage were used for the 
statistical analysis.
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RNA preparation, reverse transcription, and real-time PCR
The mandibular condylar cartilage samples were pulverized 
in liquid nitrogen.  The total RNA was isolated from frozen 
tissues using a standard TRIzol® protocol (Invitrogen, Carls-
bad, CA), followed by first-strand cDNA synthesis with the 
RevertAidTM First Strand cDNA Synthesis Kit (Fermentas Inc, 
Maryland, USA).  The real-time PCR was performed in an ABI 
7500 Fast thermal cycler.  The protocol consisted of 40 cycles 
of 94 °C for 5 s, 62 °C for 34 s, and 72 °C for 1 min each.  The 
specific primers were designed with the primer 3 software 
(Whitehead Institute for Biomedical Research, Cambridge, 
MA, USA) based on the cDNA sequences available at the 
Genebank database.  Table 1 shows the sequences of primers 
used in this study.  All the PCRs were run in triplicate for each 
sample, and the threshold cycles (CT) were measured.  A ∆CT 
value was calculated for each sample by subtracting the CT 
value of the reference gene (18S) from the CT value of the gene 
of interest.  18S has been used as internal standard in several 
studies.  All the samples were normalized to the ∆CT value of 
a control sample (∆∆CT).  The relative expression of the target 
gene was calculated using the expression 2-∆∆CT and is reported 
in arbitrary units[25].  

Enzyme-linked immunosorbent assay (ELISA) for determination 
of estradiol
For the ELISA analysis, the remaining 8 rats (4 from each 
group) were sacrificed under deep anesthesia.  Two man-
dibular condylar cartilage sections from the same rat were 
used a single sample, giving 4 samples from each group.  The 
cartilage samples were pulverized in liquid nitrogen and then 
placed RIPA Lysis Buffer (Beyotime Institute of Biotechnology, 

Haimen, China) for 2 h at 4 °C for extraction.  The insoluble 
material was removed by centrifugation at 10 000 r/min for 10 
min.  The protein in the supernatant was estimated by the BCA 
method according to the manufacturer′s instructions (Pierce 
Biotechnology Inc, Rockford, IL, USA).  Forty micrograms of 
total protein from each group was assayed by enzyme-linked 
immunosorbent assay.  The estradiol content was quantified 
by a goat anti-rat ELISA kit (QRCT-301330012133EIA\UTL, 
Adlitteram Diagnostic Laboratories, Inc, San Diego, CA, USA) 
according to the manufacturer’s instructions.  The minimum 
detectable estradiol concentration using this assay was less 
that 1.0 pg/mL.

Statistical analysis
The SPSS 13.0 software package (SPSS Inc, Chicago, IL, USA) 
was used to analyze and describe the data.  Student′s t test 
was used to compare values between the groups.  P-values 
were considered statistically significant when less than 0.05.

Results 
Excess genistein increased the uterus weight index 
The uterus weight index of the genistein-treatment group 
(2.2714±0.18875) increased significantly (P<0.01) compared to 
the control group (1.7884±0.11068).

Excess genistein suppressed the synthesis of extracellular matrix 
In the mandibular condylar cartilage of both the control and 
genistein-treatment groups, the fibrous, proliferating, mature 
and hypertrophic layers were regularly arranged and had 
good continuity within the layers (Figure 1A and 1B).  The 
thickness of the posterior and middle regions of the condylar 
cartilage in genistein-treated group decreased significantly 
(P<0.01) compared to the control group, however (Figure 
1C).  Consistent with the decreased cartilage thickness, the 

Table 1.  Primer sequences for aggrecan, collagen type II, aromatase, 
ERα, ERβ, and 18S.

  
Gene	                       Sequence

                            Fragment      Accession
                                                                                    length (bp)       number    
 
Aggrecan	 F: 5′-CCCTCACCCCAAGAATCAAGT-3′	 178 bp	 NM_022190
	 R: 5′- TCATTGGAGCGAAGGTTCTGG-3′		

Collagen II	 F: 5′-AGAACTGGTGGAGCAGCAAGA-3′	 124 bp	 NM_012929
	 R: 5′-ATCTGGACGTTAGCGGTGTTG-3′		
 
Aromatase	 F: 5′-TCATCAGCAAGTCCTCGAGCA-3′	 106 bp	 M33986
	 R: 5′-CCATTCTCGTGCATGCCAAT-3′		

ERα	 F: 5′-TGCGCAAGTGTTACGAAGTGG-3′	 108 bp	 NM_012689
	 R: 5′-TTCGGCCTTCCAAGTCATCTC-3′		

ERβ	 F: 5′-AAAAACTCACCGTCGAGCCTT-3′	 124 bp	 NM_012754
	 R: 5′-GCTGAATACTCATGGCGGTTG-3′		

18S	 F: 5′-CGGCTACCACATCCAAGGAA-3′	 187 bp	 M11188
	 R: 5′-GCTGGAATTACCGCGGCT-3′

Figure 1.  The histological analysis of the mandibular condylar cartilage.  (A) 
and (B) show the histological morphology in middle region of the condylar 
cartilage from the control and genistein treatment groups.  (C) Comparison 
of the cartilage thickness (mean±SD) between the genistein treatment and 
control groups (n=5).  cP<0.01 vs control.  F=fibrous layer, P=proliferating 
layer, M=mature layer, H=hypertrophic layer.  The scale bar is 200 µm.
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expression of collagen type II and aggrecan was lower in the 
genistein-treatment group than in the control group (P<0.01) 
(Figure 2).  

Excess genistein suppressed the proliferation of chondrocytes
As shown in Figure 3, the density of PCNA-positive chondro-
cytes was lower in the genistein-treatment group (90.4±12.7) 
than in the control group (217.6±28.1) (P<0.01).  

Excess genistein decreased the level of estradiol in condylar 
cartilage
The ELISA results showed that the estradiol content was 
lower in the genistein-treatment group (2.1310±0.20756 ng) 
than in the vehicle control group (3.4293±0.23953 ng) (P<0.01).  
Additionally, the expression of the key estradiol-synthesizing 
enzyme aromatase (as measured by both protein and mRNA 
levels) was lower in the genistein-treatment group (P<0.01) 
(Figure 4) than in the control group.  

Excess genistein decreased the expression of ERα, but increased 
that of ERβ
As for the ER expression, the ERα mRNA levels and immuno-
histochemical signals were lower in the genistein-treatment 
group than in the control group (P<0.01).  However, both the 
mRNA levels and immunohistochemical signals for ERβ were 
significantly higher in the genistein-treatment group than in 
the control group (P<0.01) (Figure 4, 5).

Discussion
To the best of our knowledge, our study is the first to investi-
gate the effects of genistein on mandibular condylar cartilage.  
Although the effect of phytoestrogens, especially genistein, on 
the extracellular cartilage matrix has been discussed in the liter-
ature, the data are not consistent.  An in vitro study found that 
articular chondrocyte glycosaminoglycans (GAG) synthesis 
was significantly diminished following incubation with high 
doses of genistein (10-5–10-4 mol/L) but that the level of sulfate 

Figure 2.  The expression of extracellular matrix in mandibular condylar 
cartilage.  Panels (A) and (B) show the collagen II expression in middle 
region of the condylar cartilage from the control and genistein treatment 
groups.  Panel (C) shows the comparison of the condylar cartilage collagen 
II and aggrecan mRNA levels between the control and genistein treatment 
groups (n=3).  cP<0.01 vs control.  

Figure 3.  The PCNA expression in mandibular condylar cartilage from (A) 
the control group and (B) the genistein treatment group.

Figure 4.  The expression of aromatase (A and B), ERα (C and D) and ERβ (E 
and F) in mandibular condylar cartilage.  (A, C, and E) are from the control 
group; (B, D, and F) are from the genistein-treatment group.  (G) shows 
the comparison of the percent of positive area between the control and 
genistein treatment groups (n=5).  cP<0.01.  The scale bar is 100 µm.
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incorporation was not affected[1].  Nevertheless, Hooshmand 
et al found that high doses of genistein (10-5–10-4 mol/L) could 
suppress the increased levels of YKL-40 (a marker of cartilage 
glycoprotein degradation) in chondrocyte supernatant that is 
induced by LPS treatment[15].  One preclinical study found that 
long-term soy phytoestrogen treatment (129 mg/day/person) 
did not have a statistically significant effect on the levels of 
collagen or proteoglycan in articular cartilage[26].  Our results 
showed that compared with the control group, both the expres-
sion of the main components of the extracellular matrix cartilage 
(collagen type II and aggrecan) and chondrocyte proliferation 
decreased significantly in genistein-treatment group, resulting 
in thinner mandibular condylar cartilage in the posterior and 
middle regions.  This result is consistent with a previous report 
that additional estradiol (10-8 mol/L) can decrease extracellular 
matrix synthesis, chondrocyte proliferation and the thick-
ness of mandibular condylar cartilage in vitro[19].  Maintaining 
articular cartilage throughout the life of an organism plays 
a crucial role in establishing the biological range of cartilage 
adaptability[19].  Modulating cartilage thickness and extracel-
lular matrix properties using excess genistein may create an 
environment more susceptible to degenerative changes.  

It has been shown that chondrocytes in mandibular carti-
lage can locally synthesize estradiol through the activity of 
aromatase[24].  In the present study, both the aromatase expres-
sion and estradiol content of mandibular condylar cartilage 
decreased significantly after the genistein treatment, while the 
uterus index increased.  It is possible that a particular dose of 
genistein can exert an estrogenic effect in cartilage by compet-
ing with local estrogen, although its effect is weak.  There-
fore, the need for autocrine estrogen in cartilage metabolism 
decreases when genistein exerts its estrogen-like activity[13].  

The literature has suggested that genistein may be completely 
agonistic to both ERα and ERβ, although it is more potent for 
ERβ than ERα[27, 28].  It has been shown that the binding affinity 
of genistein was seven times greater for ERβ than for ERα[29].  
A recent study found that the increased ERβ expression in the 
genioglossus muscle after genistein treatment was much higher 
than that of ERα[9].  Our previous study also demonstrated that 
the effect of genistein on mandibular subchondral bone was 
predominantly mediated through ERβ[22].  The present study 
showed that ERβ expression increased significantly follow-
ing treatment with excess genistein, while ERα expression 

decreased at both the protein and mRNA levels.  These results 
may indicate that genistein exerts its estrogenic activity in man-
dibular condylar cartilage mainly through ERβ, which is con-
sistent with another recent finding that the effects of genistein 
on skeletal muscle major histocompatibility complex (MHC) 
expression was predominantly mediated through ERβ[30].  

In summary, the present study demonstrated that excess 
genistein can suppress extracellular matrix synthesis and chon-
drocyte proliferation in rat mandibular condylar cartilage, 
resulting in thinner mandibular condylar cartilage.  This finding 
may imply decreased adaptivity to mechanical loads in man-
dibular condylar cartilage.  Given the fluctuating differences in 
estrogen levels between individuals, the proper genistein dose 
should be studied further if genistein is to be widely used to 
treat OA or osteoporosis.  
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Efficacy of zoledronic acid in treatment of teoarthritis 
is dependent on the disease progression stage in rat 
medial meniscal tear model
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Aim: To investigate whether the stage of osteoarthritis (OA) progression influenced the efficacy of the third-generation bisphosphonate 
zoledronic acid in a rat medial meniscal tear model. 
Methods: Medial meniscal tear (MMT) was surgically induced in adult male Sprague Dawley rats.  Zoledronic acid (ZOL, 100 μg/kg, sc, 
twice a week) was administered starting immediately, early (from 4 weeks) or late (from 8 weeks) after OA induction.  The degeneration 
of articular cartilage was evaluated with toluidine blue O staining.  Subchondral bone remodeling was evaluated with X-ray micro-CT 
scanning.  Joint pain was measured with respect to weight-bearing asymmetry.  Calcitonin gene-related peptide (CGRP) expression in 
dorsal root ganglia (DRGs) was examined using immunofluorescence analysis.  The afferent neurons in DRGs innervating the joint were 
identified by retrograde labeling with fluorogold.
Results: Progressive cartilage loss was observed during 12 weeks after OA induction.  Subchondral bone remodeling manifested as 
increased bone resorption at early stage (4 weeks), but as increased bone accretion at advanced stages (8 weeks).  Immediately and 
early ZOL administration significantly improved subchondral microstructural parameters, attenuated cartilage degeneration, reduced 
weight-bearing asymmetry and CGRP expression, whereas the late ZOL administration had no significant effects.
Conclusion: The stage of OA progression influences the efficacy of ZOL in treating joint degeneration and pain.  To obtain the maximum 
efficacy, bisphosphonate treatment should be initiated in rat with early stages of OA pathogenesis.

Keywords: osteoarthritis; zoledronic acid; bisphosphonate; pain; subchondral bone; rat medial meniscal tear model  
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Introduction
Osteoarthritis (OA), a leading cause of disability in the 
elderly[1], is characterized by a progressive loss of articular 
cartilage and abnormalities in subchondral bone and sur-
rounding soft tissue adaptations[2], with chronic pain being the 
main clinical symptom[3].  The search for effective agents that 
attenuate joint degeneration and relieve joint pain has been 
challenging.

For decades, articular cartilage has been the focus of major 
basic research and pharmaceutical therapies, although altera-
tions in the subchondral bone were generally considered to 

occur secondary to cartilage degeneration[4, 5].  However, it is 
increasingly accepted that subchondral bone plays an impor-
tant role in the pathogenesis of OA.  Accumulating evidence 
from clinical and animal studies has demonstrated that dur-
ing OA progression, subchondral bone turnover increases 
dramatically, with increased bone resorption occurring early, 
and increased bone accretion occurring later in the disease[6–8].  
Meanwhile, the biochemical composition and biomechanical 
properties of the subchondral bone are altered[9, 10].  Therefore, 
because of an intimate biological and mechanical relationship 
with articular cartilage, the presence of abnormal subchondral 
bone influences the integrity of the overlying cartilage[11–13].  In 
addition, abnormalities in subchondral bone, such as exposure 
of the subchondral bone plate, bone attrition, and bone mar-
row lesions, have been associated with knee pain[14–17].

Consequently, targeting subchondral bone with bone-mod-
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ifying agents would be expected to retard joint degeneration 
and alleviate pain.  Bisphosphonates, the most commonly used 
agents for osteoporosis treatment, are a promising therapy for 
OA because of their ability to inhibit osteoclastic bone absorp-
tion[18].  However, the ability of bisphosphonates to preserve 
the structural integrity of subchondral bone and attenuate 
cartilage degeneration that has been seen in animal stud-
ies has not been consistently confirmed by clinical data[19–22], 
which is in part attributed to deficiencies in evaluation crite-
ria or experimental design.  Subchondral bone properties are 
dynamic with disease progression.  Therefore, patients with 
different stages of subchondral bone alterations could have 
been included in the studies and may have contributed to the 
inconsistent clinical findings.  We hypothesized that the stage 
of disease progression, especially the stage of subchondral 
bone remodeling, could influence the efficacy of bisphospho-
nate therapy.

Many animal models have been developed to experimen-
tally reproduce OA.  The most commonly used rat medial 
meniscal tear (MMT) model demonstrates dynamic sub-
chondral bone changes.  Therefore, the cartilage- and bone-
preserving activities of therapeutic agents can be evaluated 
in this model[23].  Moreover, this model manifests changes in 
pain behavior, neuron phenotype and neuropeptide expres-
sion[24–26], which, taken together, represent a model of the joint 
pain associated with OA.  Therefore, in the present study, we 
used the established rat MMT model and initiated zoledronic 
acid (ZOL, a third-generation bisphosphonate) treatment at 
different stages after OA induction to evaluate the efficacy of 
ZOL treatment on joint degeneration and pain.  Pain behavior, 
cartilage histology, subchondral microarchitecture, and the 
expression of calcitonin gene-related peptide (CGRP), a pain-
related neuropeptide, in the dorsal root ganglia (DRG) were 
evaluated.

Materials and methods
Animals
Adult male Sprague Dawley rats (Sino-British Sippr/BK Lab 
Animal Ltd, Shanghai) weighing 296±12 g (mean±SD) were 
used for these experiments.  Animals were group-housed on 
a 12-h light/dark cycle with food and water ad libitum.  All 
experimental procedures were approved by the Animal Care 
and Experiment Committee of Shanghai Jiaotong University 
School of Medicine and were consistent with the National 
Institutes of Health Guide for the Care and Use of Laboratory 
Animals.  Every effort was made to minimize the number of 
animals used and their suffering.

Induction of OA
After acclimatization for 1 week, rats were anesthetized 
with 10% chloral hydrate in phosphate buffered saline (PBS, 
0.01 mol/L).  The MMT model was induced as previously 
described[27].  Briefly, the medial collateral ligament of the right 
knee was transected, and the medial meniscus was reflected 
proximally toward the femur and cut through at its narrowest 
point.  For the controls (Sham), the wounds were closed after 

exposing the medial collateral ligament.  

Experimental design 
A total of 154 animals were used for the present study. In the 
preliminary experiment, of the total number of animals used, 
64 animals were used to observe the changes in cartilage and 
subchondral bone during OA progression.  The animals were 
sacrificed at 2, 4, 8, and 12 weeks after OA induction (n=8 at 
each time point).  Another 40 animals were used to confirm 
the positive effects of ZOL in the MMT model and to choose 
a dose of ZOL that better preserved subchondral bone. ZOL 
(Aclasta®, Novartis Pharma Stein AG) was administered sub-
cutaneously twice a week at low dose 10 μg/kg body weight 
(MMT/ZolL) and high dose 100 μg/kg body weight (MMT/
ZolH).  The same volume of normal saline was given to the 
Sham animals (Sham/NS) and MMT control animals (MMT/
NS).  The animals (n=10 per group) were sacrificed at 4 weeks 
after OA induction.

Based on the above results, ZOL treatment was initiated at 
three stages following OA induction: immediately (ZOL0), 
early (4 weeks, ZOL4) and late (8 weeks, ZOL8). ZOL was 
administered subcutaneously twice a week at 100 μg/kg body 
weight.  The same volume of normal saline was given to the 
Sham animals (Sham/NS) and MMT control animals (MMT/
NS).  All five groups of animals (n=10 per group) were sacri-
ficed at 12 weeks following the induction of OA.  The experi-
mental design is shown as Scheme 1. 

Pain behavior testing 
Pain behavior was measured as weight-bearing asymmetry 
between the OA-induced (right) and contralateral (left) limb 
using an incapacitance meter (IITC Life Sciences, Woodland 
Hills, CA, USA) as previously described[24].  Briefly, rats were 
placed in an angulated Perspex container so that each hind 
paw rested on a separate transducer pad.  The force exerted 
by each hind limb was averaged over a 5-s period.  Each data 
point is the mean of three 5-s readings.  Changes in weight-
bearing asymmetry were evaluated one day before and once 
a week after OA induction.  The percentage of weight placed 
on the right hind limb was determined using the formula 
below[28].

Scheme 1.  ZOL treatment initiated at three stages following OA induction.



926

www.nature.com/aps
Yu DG et al

Acta Pharmacologica Sinica

npg

Retrograde neuronal labeling
Afferent neurons in DRGs innervating the joint were identified 
by retrograde labeling with fluorogold (FG).  To this end, 5 μL 
of 2% FG (Sigma, 39286) in 0.1 mol/L PBS was injected intra-
articularly into the right knee of an anesthetized rat using a 
33-gauge needle and a Hamilton microsyringe one week prior 
to the end of the experiment[25].

Tissue preparation
After anesthesia, rats were transcardially perfused with 250 
mL of heparinized saline (10 IU/mL) followed by 300 mL 
of ice-cold, fresh 4% paraformaldehyde (PFA) in 0.1 mol/L 
PBS.  Lumbar L3, L4, and L5 DRGs were harvested and fixed 
in 4% PFA for 3 h and then cryoprotected in 30% sucrose in 
0.1 mol/L PBS overnight at 4 °C.  DRGs were then sliced into 
12-μm sections with every sixth section collected on the same 
glass slide and stored at -80 °C.  The entire knee joint was also 
dissected for histological and micro-CT imaging.  

Micro-CT imaging and analysis
After fixation in 4% PFA for 48 h, the knee joints were scanned 
by X-ray microcomputed tomography (micro-CT) (μCT 80; 
SCANCO Medical AG) with an isotropic voxel resolution of 
10 μm.  A portion (2.0 mm ventrodorsal length) of the load-
bearing region at the medial tibial plateau was identified as a 
region of interest.  The following three-dimensional structural 
parameters were calculated: bone volume fraction (BV/TV), 
trabecular thickness (Tb.Th), trabecular spacing (Tb.Sp), trabe-
cular number (Tb.N), and connectivity density (CD).

Histological analysis
After being imaged by micro-CT, the knee joints were decalci-
fied in 10% EDTA for 3 weeks.  The joints were bisected along 
the collateral ligament in the frontal plane, and both sections 
were embedded in the same paraffin block.  The samples were 
cut into 5-μm sections.  On the basis of the OARSI recom-
mendations for the histological assessment of osteoarthritis in 
the rat[23], three sections from each knee at 200-mm steps were 
stained with toluidine blue O and subsequently evaluated for 
cartilage degeneration.  Three sections at 200-mm steps were 
chosen for H&E staining and for evaluation of the synovial 
reaction.  For toluidine blue O staining, the sections were 
stained with 0.04% w/v toluidine blue O (Sigma, T0394) in 0.1 
mol/L sodium acetate (pH 4.0) for 10 min, rinsed briefly, air-
dried and mounted.  

Immunofluorescence analysis
Slides containing every sixth section of L3, L4, and L5 DRGs 
were chosen for immunofluorescence analysis for CGRP and 
subsequent Nissl staining to quantify the total number of neu-
rons in each section.  The sections were first pre-incubated in 
0.1 mol/L PBS containing 1% Triton X-100 and 10% normal 

goat serum (NPBST) for 30 min at room temperature (RT) and 
then incubated with rabbit polyclonal CGRP (1:2000, Sigma, 
C8198) overnight at 4 °C in NPBST.  After washing three 
times with NPBST, the sections were incubated with anti-
rabbit-Alexa 488 (1:500, Molecular Probes, A11034) for 1 h at 
RT.  After rinsing 3 times with PBS, the sections were labeled 
with fluorescent Nissl stain (1:50, Molecular Probes, N-21482).  
Finally, the sections were mounted with Fluoromount-
GTM (SBA, 0100-01) and visualized.  All of the images were 
acquired using a fluorescence microscope (Leica DM 4000B) 
with BioQuant OSTEO II software (BioQuant Image Analysis 
Corporation, Nashville, TN).  An entire image of every DRG 
section was acquired at 200×magnification with automatic 
sequential imaging.  The immunofluorescent images were 
analyzed with Image-ProPlus 6.0 (Media Cybernetics).  The 
total numbers of FG-labeled neurons, the percentage of neu-
rons immunolabeled for CGRP, and the total number of Nissl-
labeled neurons were determined.  The results were averaged 
for each individual rat.

Statistical analysis
All behavioral testing, micro-CT statistical analysis, carti-
lage scoring and neuron counting was performed by blinded 
authors who were unaware of the treatments given.  The 
results are presented as the mean±standard deviation (SD).  
A comparison between groups was performed with one-way 
analysis of variance using the LSD post-hoc test.  P values less 
than 0.05 were considered statistically significant.

Results
Generally, cartilage changes occurred and worsened in a time-
dependent manner between 2 and 12 weeks post OA induction 
(Figure 1).  At 2 weeks, matrix and chondrocyte loss affected 
the superficial and upper middle zone, and at 4 weeks, these 
changes deepened into the deep zone and extended into more 
than 1/3 zone of the medial tibial plateau.  Severe changes 
occurred at 8 weeks with full thickness degeneration into the 
tidemark, which become more widespread at 12 weeks.  Sub-
chondral bone structure of the medial tibial plateau showed 
dynamic alterations following OA induction from increased 
bone resorption at early stages (2 and 4 weeks) to increased 
bone accretion at advanced stages (8 and 12 weeks) (Figure 2). 
Compared with the Sham groups, BV/TV was significantly 
decreased at 2 and 4 weeks and increased at 8 and 12 weeks 
post-operation.  These changes were accompanied by Tb.Th 
changing from thinner (2 and 4 weeks) to thicker (8 and 12 
weeks), Tb.Sp from broader (2 and 4 weeks) to more narrow (8 
and 12 weeks), and Tb.N and CD being reduced at all times.

Compared with MMT/NS animals, cartilage matrix and 
chondrocyte loss were partly reversed in animals with ZOL 
administration at both doses, and additional efficacy was 
observed in the MMT/ZOLH group (Figure 3).  Abnormal 
microarchitecture parameters, such as the noticeably reduced 
BV/TV, Tb.N, Tb.Th, CD, and increased Tb.Sp seen in the 
MMT/NS group, were well preserved by high-dose ZOL 
treatment and partly preserved with low-dose therapy.  In 

% of weight on right limb=             
                                  weight on right limb                     ×100                 weight on right limb+weight on left limb
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addition, marked osteosclerosis was observed at the tibial 
metaphysis in animals treated with ZOL, which was induced 
by ZOL inhibiting osteoclasts in the growth plate (Figure 4).

Pain behavior 
As shown in Figure 5, there was a marked reduction in hind 

limb weight-bearing 1 week post-OA induction, which was 
almost completely resolved by 2 weeks in all of the groups.  
Subsequently, Sham/NS animals returned to normal weight-
bearing, whereas MMT animals (MMT/NS, MMT/ZOL0, 
MMT/ZOL4, MMT/ZOL8) experienced weight-bearing 
asymmetry that gradually became worse in a time-dependent 
manner.  Compared with MMT/NS controls at any time 
point tested, rats that received early ZOL therapy showed 
less weight-bearing asymmetry (MMT/ZOL0 and MMT/
ZOL4) with an increased benefit observed in rats that received 
therapy immediately after OA induction.  However, delayed 
administration of ZOL (MMT/ZOL8) did not yield a statisti-
cally significant difference.  Specifically, 12 weeks post-OA 
induction, the MMT/ZOL0, MMT/ZOL4 and MMT/ZOL8 
animals placed 45.21%±1.07% (P<0.01), 43.66%±1.39% (P<0.05) 
and 42.15%±1.25% (P>0.05), respectively, of their hind limb 
weight on the right leg compared with 41.97%±0.93% in the 
MMT/NS animals.

Articular cartilage degeneration 
As indicated by toluidine blue O staining and cartilage degen-
eration scoring (Figure 6), widespread and profound cartilage 
matrix and chondrocyte loss were observed in MMT/NS ani-
mals at 12 weeks; however, this loss was significantly reduced 
by ZOL administration in MMT/ZOL0 animals and moder-
ately reduced in MMT/ZOL4 animals.  No statistically signifi-
cant improvement was observed in the MMT/ZOL8 animals.  
Specifically, the cartilage degeneration score was 7.25±1.28 
(P<0.01), 10.13±1.55(P<0.01), and 12.0±1.69 (P>0.05) for the 
MMT/ZOL0, MMT/ZOL4, and MMT/ZOL8 animals, respec-
tively, compared with 12.13±1.55 for the MMT/NS animals.

Synovial reaction
The synovial reaction was evaluated based on the OARSI-
recommended scoring system.  As shown in Figure 7S and 
8S, the synovial reaction was similar among all the groups.  
The synovial lining comprised only 1–2 layers of cells, and no 
inflammatory cell infiltration was observed.

Subchondral bone remodeling
Representative images of knee joints obtained from micro-CT 
scanning are shown in Figure 7B.  Generally, MMT resulted 
in increased bone accretion and cyst formation at 12 weeks, 
whereas ZOL treatment reversed these changes in a stage-
dependent manner.  The bone cysts observed in the MMT/NS 
animals were absent in the MMT/ZOL0 and MMT/ZOL4 ani-
mals and appeared to be smaller in the MMT/ZOL8 animals, 
although the size of the cysts was not quantified.  In addition, 
marked osteosclerosis was present at the tibial metaphysis 
in animals treated with ZOL, which occurred as a result of 
ZOL treatment inhibiting osteoclasts in active growth plates.  
The analysis of subchondral bone microstructure indexes is 
shown in Figure 7C.  Compared with the Sham/NS animals, 
the subchondral bone of the medial tibial plateau in MMT/
NS animals was significantly altered.  The alterations included 
increased BV/TV, thickened Tb.Th, narrowed Tb.Sp, and 

Figure 1.  Changes in articular cartilage during OA progression.  (A) 
Representative images with toluidine blue O staining.  Bar=400 μm.  (B) 
Cartilage degeneration score.  The comparison between groups was 
performed with an independent-samples t-test.  Mean±SD.  n=8.  cP<0.01 
vs Sham group.
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reduced Tb.N and CD, which were significantly preserved by 
immediate ZOL administration (MMT/ZOL0), moderately 
preserved by early administration (MMT/ZOL4), and not 
altered by late administration (MMT/ZOL8).  

CGRP expression in DRG neurons
As shown in Figure 8, the total neuron number, as determined 
by fluorescent Nissl staining, was similar among all five 
groups (P>0.05).  Retrograde labeling through intra-articular 
injection of FG allowed the tracing of afferent neurons that 
innervate the knee joint in L3, L4, and L5 DRGs.  The total 
number of FG-labeled neurons was not significantly different 
among the groups (P>0.05).  Among the FG-labeled neurons, 
the percentage of CGRP-positive neurons in MMT/NS rats 
(48.9%±3%) was increased compared with that observed in 
the Sham/NS rats (40.7%±3%, P<0.01).  This ratio was sig-
nificantly reduced by immediate (MMT/ZOL0, 42.8%±2.8%, 

P<0.01) and early (MMT/ZOL4, 44.6%±2.9%, P<0.01) ZOL 
administration but not by administration at advanced stages 
despite a decreasing trend (MMT/ZOL8, 47.5%±2.4%, P>0.05).

Discussion
The present study demonstrated that cartilage degeneration 
and subchondral bone remodeling in the rat MMT model 
occurred in a time-dependent manner.  With disease progres-
sion, subchondral bone remodeling shifted from increased 
bone resorption at an early stage to bone accretion at an 
advanced stage.  These results were consistent with those of 
earlier published studies[8, 19].  Similar to previous studies[19, 29], 
the current study showed that bisphosphonates demonstrated 
a protective effect on cartilage and bone changes related to 
OA in a dose-dependent manner.  To better elucidate the time-
dependent effects of the therapy, the higher dose was chosen.  
We found that immediate ZOL administration significantly, 

Figure 2.  Changes in subchondral bone during OA progression.  (A) Representative images of the knee obtained with micro-CT scanning, Bar=1000 
μm.  (B) Analysis of subchondral bone microstructure parameters.  The comparison between groups was performed with an independent-samples t-test.  
Mean±SD.  n=8.  cP<0.01 vs Sham group.
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and early to some degree, improved subchondral microstruc-
tural parameters, decreased the cartilage degeneration score, 
and reduced weight-bearing asymmetry and CGRP expres-
sion.  Late administration demonstrated no statistically signifi-
cant efficacy.

Because of the intimate biological and mechanical relation-

ship of articular cartilage and subchondral bone[10, 13, 22], the 
abnormal remodeling of subchondral bone would aggravate 
the degeneration of overlying articular cartilage; thus, retarded 
bone remodeling would slow the degeneration of overlying 
articular cartilage[9, 11, 12].  However, because subchondral bone 
properties are dynamic during disease progression, the abnor-
mal subchondral bone cannot always be modified.  Our data 
demonstrated that subchondral bone absorption is increased 
at an early stage of OA.  If ZOL treatment is initiated at this 
stage, abnormalities in subchondral bone can be reversed 
to a large extent and then cartilage degeneration would be 
retarded accordingly.  Conversely, at an advanced stage, sub-
chondral bone accretion was increased mainly due to exces-
sive mechanical stress[30–32].  If ZOL therapy is given at this 
stage, subchondral bone remodeling would not be reversible, 
and articular cartilage degeneration would continue.  

To better identify the effects of ZOL on joint pain, pain 
behavior was measured as weight-bearing asymmetry 
between operated and contralateral hind limbs, and the 
expression of CGRP in DRG neurons innervating the joint was 
measured.  CGRP is a marker of sensory neurons expressed 
by C and Aδ primary afferent fibers and is mainly involved 
in pain perception[33].  It has been shown that nociceptive Aδ 
and C fibers innervate the capsule, ligaments, periosteum 
and subchondral bone of the joint[3].  Osteoarthritic conditions 
activate the nociceptive system, and CGRP is elevated in the 
DRGs[25, 34].  A decrease in the number of CGRP-positive DRG 
neurons was also consistent with improved pain behavior[25, 35].  
In accordance with a previous study, our data show that the 
percentage of CGRP-positive neurons was markedly increased 
at advanced stages in the MMT model, whereas ZOL treat-
ment initiated at early stages reduced the expression of CGRP.  
These findings, combined with the results of pain behavior 
studies, indicate that ZOL treatment initiated at an early stage 
could relieve joint pain.

Currently, the origin of pain in osteoarthritis is poorly 
understood.  Synovitis has been found to be associated with 
knee pain severity[14, 17].  However, consistent with a previ-
ous study[24], histological analysis of the MMT joint in the 
present study did not reveal any synovial hyperplasia (Fig-
ures 7S and 8S).  Hence, the weight-bearing asymmetry and 
increased CGRP expression after MMT surgery indicate that 
OA structural changes, rather than synovitis, cause joint pain.  
ZOL treatment initiated early, but not late, retards cartilage 
degeneration and subchondral bone remodeling, leading us 
to believe that ZOL reduces joint pain by inhibiting OA struc-
tural changes.  Adult articular cartilage is normally an avas-
cular tissue[3]; therefore, abnormal subchondral bone may be 
the main source of algogenesis.  This hypothesis is supported 
by findings that knee pain is correlated with abnormalities in 
subchondral bone[14–17] and by the following findings.  Osteo-
chondral vascular density increased with increasing cartilage 
deterioration severity and clinical disease activity scores[36].  
Sensory nerves were present within vascular channels at 
the osteochondral junction in OA[37].  Therefore subchondral 
nerves may be exposed to painful stimuli in OA, which would 

Figure 3.  The effects of low dose 10 μg/kg body weight (MMT/ZolL) and 
high dose 100 μg/kg body weight (MMT/ZolH) on cartilage degeneration.  
(A) Representative images with toluidine blue O staining.  Bar=200 μm.  
(B) Cartilage degeneration score.  The comparison between groups was 
performed with one-way analysis of variance using the Tukey post-hoc 
test.  Mean±SD.  n=10.   cP<0.01, compared with the MMT/NS group.
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lead to weight-bearing pain, the most common symptom in 
OA patients[3].  Immediate pain relief is obtained by total or 
unicompartmental knee arthroplasty[38], in which most of the 
affected subchondral plate is excised.  Therefore, we hypoth-
esize that the potential mechanism by which bisphosphonates 
reduce joint pain mainly lies in improving cartilage and sub-
chondral bone integrity and accordingly inhibiting subchon-
dral neurovascular invasion.  However, other potential mecha-
nisms may be involved.  For example, the acidic environment 
created by osteoclasts could cause bone pain during subchon-
dral bone remodeling[19, 39].  Nevertheless, weight-bearing 
asymmetry and CGRP expression were similar in MMT/NS 
rats and MMT/ZOL8 rats.  However, subtle differences may 
be detected with a more sophisticated behavior apparatus, 
such as a computerized incapacitance meter system and gait 
analysis system, to measure neuron electrophysiology and 
detect additional neuropeptides in DRGs and the spinal cord.

In the present study, ZOL was phase-administered based 

Figure 5.  The effect of ZOL 100 μg/kg treatment initiated at different 
stages on pain behavior, as measured by the percentage of weight borne 
on the right hind limb.  n=10 per group.  bP<0.05, cP<0.01 vs MMT/NS 
group.

Figure 4.  The effects of low dose 10 μg/kg body weight (MMT/ZolL) and high dose 100 μg/kg body weight (MMT/ZolH) on subchondral bone 
remodeling.  (A) Representative images of the knee obtained using micro-CT scanning, Bar=1000 μm.  (B) Analysis of subchondral bone microstructure 
parameters. The comparison between groups was performed with one-way analysis of variance using the Tukey post-hoc test.  Mean±SD.  n=10.  
bP<0.05,  cP<0.01 vs MMT/NS group.



931

www.chinaphar.com
Yu DG et al

Acta Pharmacologica Sinica

npg

on changes in the subchondral bone microarchitecture indices 
from micro-CT scanning.  If combined with changes in bone 
formation and resorption biomarkers during OA progression, 
a better understanding of the relationship between the efficacy 
of ZOL treatment and the stage of disease progression, espe-
cially in the situation of subchondral bone remodeling, could 
be obtained.  

In conclusion, our study demonstrated, using an estab-
lished rat MMT OA model, that the stage of OA progression 
influences the efficacy of ZOL therapy on joint degeneration 
and pain.  ZOL treatment initiated immediately, and to some 
degree early, significantly inhibited subchondral bone remod-
eling, attenuated cartilage degeneration, and alleviated joint 
pain; no statistically significant efficacy was observed if ther-
apy was initiated at a later stage, when significant cartilage 
degeneration and subchondral bone accretion were already 
present.  Similarly, to obtain the maximum efficacy, bisphos-
phonate treatment should be initiated in rat at an early stage 
of OA, rather than in individuals with advanced stages of OA 
pathogenesis.
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Anisomycin induces glioma cell death via down-
regulation of PP2A catalytic subunit in vitro
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Wei-xing HU1, *

1Department of Neurosurgery, The First Affiliated Hospital of Nanjing Medical University, Nanjing 210029, China; 2Department of 
Oncology, Jinling Hospital, Nanjing University, Nanjing 210002, China 

Aim: To examine the effects of anisomycin on glioma cells and the related mechanisms in vitro.
Methods: The U251 and U87 human glioblastoma cell lines were tested.  The growth of the cells was analyzed using a CCK-8 cell viabil-
ity assay.  Apoptosis was detected using a flow cytometry assay.  The expression of proteins and phosphorylated kinases was detected 
using Western blotting.
Results: Treatment of U251 and U87 cells with anisomycin (0.01–8 μmol/L) inhibited the cell growth in time- and concentration-
dependent manners (the IC50 values at 48 h were 0.233±0.021 and 0.192±0.018 μmol/L, respectively).  Anisomycin (4 μmol/L) 
caused 21.5%±2.2% and 25.3%±3.1% of apoptosis proportion, respectively, in U251 and U87 cells.  In the two cell lines, anisomycin (4 
μmol/L) activated p38 MAPK and JNK, and inactivated ERK1/2.  However, neither the p38 MAPK inhibitor SB203580 (10 μmol/L) nor 
the JNK inhibitor SP600125 (10 μmol/L) prevented anisomycin-induced cell death.  On the other hand, anisomycin (4 μmol/L) reduced 
the level of PP2A/C subunit (catalytic subunit) in a time-dependent manner in the two cell lines.  Treatment of the two cell lines with 
the PP2A inhibitor okadaic acid (100 nmol/L) caused marked cell death.
Conclusion: Anisomycin induces glioma cell death via down-regulation of PP2A catalytic subunit.  The regulation of PP2A/C exression 
by anisomycin provides a clue to further study on its role in glioma therapy.  
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Introduction
Anisomycin is an antibiotic that blocks protein synthesis by 
inhibiting peptidyl transferase activity in ribosomes[1].  It was 
reported to induce apoptosis in a variety of cell types, includ-
ing colon adenocarcinoma cells, leukemia cells, Jurkat cells and 
ventricular myocytes[2–5].  Anisomycin was widely used as an 
agonist for p38 mitogen-activated protein kinase (p38 MAPK) 
and Jun-NH2 terminal kinase (JNK) in studies investigating 
the p38 and JNK signaling pathways.  Anisomycin typically 
induces apoptosis through activation of the p38 MAPK and/
or the JNK pathway.  A recent novel finding demonstrated 
that, independent of its ability to activate p38 MAPK and JNK, 
anisomycin can also decrease FLIP (c-Fas — associated death 
domain-like interleukin-1 (IL-1) — converting enzyme-like 
inhibitory protein) protein synthesis in prostate cancer cells.  

This decrease in FLIP expression sensitizes cells to anoikis, 
which is the initiation of apoptosis that is triggered by a loss of 
contact with the extracellular matrix[6].  

In this study, we found that anisomycin induces U251 and 
U87 human glioblastoma cell death independent of its ability 
to activate p38 MAPK and JNK and their downstream kinases 
and transcription factors.  Our data demonstrate that anisomy-
cin suppressed U251 and U87 cell growth in a concentration 
dependent manner, and at 8 μmol/L, the cell viability was 
reduced to 18.4%±2.1% for U251 and 14.6%±1.3% for U87.  
However, neither p38 MAPK nor JNK inhibitors prevented 
anisomycin-induced U251 cell death.  We also found that ani-
somycin induced U251 cell death independent of its role as an 
anoikis sensitizer.  Interestingly, our study revealed that ani-
somycin down-regulates PP2A C subunit protein expression 
and almost totally inhibits PP2A/C expression after 48 h treat-
ment.  C subunit is the catalytic site of PP2A, and its down-
regulation can greatly decrease PP2A activity.  Our results 
showed treatment of PP2A inhibitor okadaic acid (OA) causes 
significant cell death in U251 and U87 cells, indicating that 
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anisomycin-induced glioma cell death may caused by down-
regulation of PP2A catalytic subunit.  These findings may open 
new avenues for studying the mechanisms underlying p38 
MAPK and JNK pathway-independent anisomycin-induced 
cell death and further research into the use of anisomycin as a 
glioma therapeutic agent.  

Materials and methods  
Agents and antibodies
Anisomycin, SB203580 and SP600125 were purchased from 
Sigma-Aldrich (St Louis, MO, USA).  PP2A inhibitor OA 
was purchased from Beyotime Institute of Biotechnology 
(Shanghai, China).  For cell treatment, agents were dissolved 
in dimethyl sulfoxide (DMSO) and then diluted in serum-
supplemented media immediately before use.  The final con-
centrations of SB203580 and SP600125 were 10 μmol/L, OA 
was 100 nmol/L.  Anisomycin was used at the following con-
centrations: 0.01, 0.04, 0.1, 0.4, 1, 2, 4, or 8 μmol/L.

Antibodies against GAPDH, p38, phospho-p38 (Thr180/
Tyr182), JNK, phospho-JNK (Thr183/Tyr185), ERK1/2, phos-
pho-ERK1/2 (Thr202/Tyr204), phospho-ATF-2 (Thr71), phos-
pho-Hsp27 (Ser15), phospho-c-JUN (Ser63 and Ser73), PP2A C 
subunit, caspase-8 and FLIP were purchased from Cell Signal-
ing Technology (Beverly, MA, USA).

Cell culture
The U251 and U87 human glioblastoma cell lines were gifts 
from Professor Kun Yao (Department of Microbiology, 
Nanjing Medical University, Nanjing, China).  The cells were 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) 
containing 10% fetal bovine serum, glutamine, nonessen-
tial amino acids, and 1% penicillin/streptomycin (complete 
medium).  The cells were grown at 37 °C in a humidified atmo-
sphere of 95% air and 5% CO2.

Cell viability assay
A cell viability assay was performed using the cell count-
ing kit-8 (CCK-8) according to the manufacturer’s instruc-
tions (Dojindo Laboratories, Kumamoto, Japan).  The cells 
were plated in 96-well plates in 200 µL of culture media with 
various concentrations of anisomycin.  The cells were then 
cultured at 37 °C in a humidified incubator containing 95% 
air and 5% CO2.  After 48 h, the CCK-8 solution was added 
to each well and incubated for 1 h in the incubator.  The 
absorbance measurement was performed at 450 nm using an 
enzyme-linked immunosorbent assay plate reader (Bio-Rad 
Laboratories, Inc., Berkeley, CA, USA).

Apoptosis assay by flow cytometry
Cells were plated in 10-cm culture dishes, allowed to adhere 
for 8 h and then exposed to anisomycin for 48 h at 37 °C.  After 
48 h, the cells were collected by trypsinization, centrifuged 
(3500 r/min for 5 min), and washed twice with PBS.  The cells 
were fixed in 1 mL of 70% ethanol, pelleted by centrifuga-
tion (3500 r/min for 5 min), rinsed twice with PBS, Then, cells 
were incubated for 15 min at room temperature with annexin 

V-FITC and propidium iodide before analysis with a FAC-
SAria III flow cytometer (BD Biosciences, San Jose, CA, USA).

Western blotting
The cells were lysed in an appropriate volume of lysis buffer 
(Cell Signaling Technology, Beverly, MA, USA).  Cell lysates 
were heat denatured for 8 min and separated by SDS-PAGE.  
After gel electrophoresis, the proteins were transferred to an 
Immobilon-P Transfer membrane (Millipore Corporation, 
Bedford, MA, USA).  Membranes were blocked for 1.5 h at 
room temperature in TBST (0.1% Tween-20+TBS) containing 
5% (w/v) non-fat dry milk.  After blocking, the membranes 
were probed overnight at 4 °C with the primary antibodies, 
followed by a 1-h incubation with the secondary antibodies 
at room temperature.  Antibody detection was performed 
using the Super Signal West Pico chemiluminescent substrate 
(Pierce, Chicago, IL, USA) and the ChemiDoc MP Imaging 
System (Bio-Rad, Hercules, CA, USA).

Statistical analysis
All data were analyzed by the Student-Newman-Keuls test 
and expressed as the mean±standard deviations (SD).  The 
results at P<0.05 were considered to be statistical significant.

Results
Anisomycin inhibits U251 and U87 cell growth and induces 
apoptosis
To study the effect of anisomycin on U251 and U87 cell 
growth, cells were treated with anisomycin at the following 
concentrations: 0.004, 0.01, 0.04, 0.1, 0.4, 1, 2, 4, or 8 μmol/L 
for 48 h.  Cell viability was analyzed using a CCK-8 kit.  The 
data demonstrated that U251 cell growth was suppressed by 
anisomycin at as low a concentration as 0.01 μmol/L (with cell 
viability at 75.3%±6.1% for U251 and 74.4%±4.3% for U87).  At 
the high concentration of anisomycin (8 μmol/L), cell viability 
was reduced to 18.4%±2.1% for U251 and 15.6%±1.3% for U87 
(Figure 1A).  The IC50 at 48 h was measured as 0.233±0.021 
μmol/L for U251 and 0.192±0.018 μmol/L for U87.

We also detected the presence of apoptosis by flow cytom-
etry.  The cells were treated with 0 or 4 μmol/L anisomycin 
for 72 h, and double stained with annexin V-FITC conjugates 
and propidium iodide, which was followed by analysis with 
a flow cytometer.  In this assay, the sub-G1 fraction represents 
apoptotic cells (indicated by black arrows in Figure 1B).  We 
found that the Q2 plus Q4 proportions indicated apoptosis 
cells, 4 μmol/L anisomycin caused 21.5%±2.2% of apoptosis 
proportion in U251 cells and 25.3%±3.1% in U87 cells.

Anisomycin activates p38 MAPK and JNK but inactivates ERK1/2 
in U251 and U87 cells
The phosphorylation of p38 MAPK, JNK, and ERK1/2 was 
detected in U251 and U87 cells either untreated or treated with 
4 μmol/L anisomycin for 30 min.  As shown in Figure 2, ani-
somycin-induced phosphorylation of p38 MAPK at Thr180/
Tyr182 and JNK at Thr183/Tyr185.  To investigate the effect of 
anisomycin on the downstream substrates of p38 and JNK, we 
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detected the phosphorylation of Hsp27, c-JUN, and ATF-2 by 
western blotting.  We found that anisomycin activated both 
Hsp27 (Ser15), which is phosphorylated by MAPKAP kinase 
2 as a result of the activation of the p38 MAPK pathway, and 
ATF-2 (Thr71), which can be phosphorylated by both JNK and 
p38 MAPK.  However, c-JUN (Ser63 or Ser73), the substrate 
of JNK, was not activated in anisomycin treated U251 or U87 
cells, compared with control treated cells.

ERK1/2 is another well-studied member of the MAPKs, 
but its function is usually distinct from the other two mem-

bers, p38, and JNK.  Our results demonstrated that activated 
ERK1/2 expression was high in untreated U251 or U87 cells 
but very low in anisomycin treated cells (Figure 2).

Neither p38 MAPK nor JNK inhibitors prevented anisomycin-
induced U251 cell death
To investigate whether the p38 MAPK or the JNK pathway 
was mediating anisomycin-induced U251 cell death, the p38 
MAPK inhibitor SB203580 and the JNK inhibitor SP600125 
were used to pre-treat U251 or U87 cells.  First of all, the 
inhibitory effects of SB203580 and SP600125 on anisomycin 
treated cells were analyzed (Figure 2).  Our results showed 
SB203580 significantly inhibits activation of Hsp27 which is 
the downstream substrate of p38MAPK but does not inhibit 
the phosphorylation of p38MAPK, indicating that SB203580 
inhibit p38MAPK activity but not its activation.  For SP600125, 
we demonstrated it significantly inhibits the phosphoryla-
tion of JNK (Figure 2).  Cells were divided into four groups 
and pre-treated with either DMSO vehicle control, 10 μmol/L 
SB203580, 10 μmol/L SP600125 or the combination of 10 
μmol/L SB203580 and 10 μmol/L SP600125.  After 1 h, the pre-
treated cells were treated with with 0 or 4 μmol/L anisomycin 
for 48 h.  A CCK-8 kit was used to detect the quantity of viable 
cells and determine cell viability.  As the results show in Fig-

Figure 1.  Anisomycin inhibits U251 and U87 cell growth and induces 
cell apoptosis.  (A) U251 and U87 cells were separately treated with 
anisomycin at concentrations of 0, 0.004, 0.01, 0.04, 0.1, 0.4, 1, 2, 4, or 
8 μmol/L for 48 h.  Cell viability was analyzed using CCK-8 kit.  Anisomycin 
started to suppress U251 and U87 cell growth at concentration of 0.01 
μmol/L (cell viability is 75.3%±6.1% for U251 and 74.4%±4.3% for 
U87).  At 8 μmol/L, the cell viability is only 18.4%±2.1% for U251 and 
15.6%±1.3% for U87.  Anisomycin inhibits U251 and U87 cell growth in 
a concentration-dependent manner.  (B) U251 or U87 cells were treated 
with 0 or 4 μmol/L anisomycin for 72 h, and double stained with annexin 
V-FITC conjugates and propidium iodide followed by analysing in a flow 
cytometer.  The Q2 plus Q4 proportions indicated apoptosis cells, 4 
μmol/L anisomycin caused 21.5%±2.2% of apoptosis proportion in U251 
cells and 25.3%±3.1% in U87 cells.

Figure 2.  Anisomycin activates p38MAPK and JNK but inactivates 
ERK1/2 in U251 and U87 cells.  Cells were non-treated (–) or treated 
with 4 μmo/L anisomycin for 30 min, or pre-treated with SB203580 or 
SP600125 for 1 h and then treated with 4 μmol/L anisomycin for 30 min.  
The phosphorylated and unphosphorylated p38MAPK, JNK, and ERK1/2 
were detected by western blotting using corresponding antibodies.  The 
activations (phosphorylations) of the downstream substrates of p38 and 
JNK, Hsp27, and c-JUN were also detected.  The unphosphorylated MAPKs 
served as loading control.  A: Anisomycin; SB: SB203580; SP: SP600125.
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ure 3, neither SB203580 nor SP600125 prevented anisomycin-
induced U251 or U87 cell death (P>0.05).

Anisomycin induces U251 and U87 cell death independent of its 
ability to sensitize cells to anoikis 
Caspase-8 and the caspase-8 inhibitor FLIP have been reported 
to participate in anisomycin-induced apoptosis[6].  Anisomycin 
can induce apoptosis by decreasing levels of FLIP, resulting 
in a sensitization of cells to anoikis.  We detected the levels 
of full-length caspase-8, cleaved caspase-8 and FLIP by West-
ern blotting lysates from U251 and U87 cells that were either 
untreated or treated with anisomycin.  We found that full-
length caspase-8 and FLIP were both undetectable in untreated 
U251 and U87 cells.  In the cells treated with anisomycin, no 
activated cleaved caspase-8 was detected (data not shown).  
Our results suggest that anisomycin-induced U251 and U87 
cell death is independent of its role as an anoikis sensitizer.

Anisomycin down-regulates PP2A C subunit expression in U251 
and U87 cells
Depletion of the PP2A C subunit has been shown to be lethal 
in cells.  We detected the effect of anisomycin on the expres-
sion of the PP2A C subunit in U251 and U87 cells by Western 
blotting.  We found that anisomycin (4 μmol/L) down-regu-
lates PP2A C subunit protein expression in a time-dependent 
manner and almost completely inhibits its expression after 
48 h of treatment (Figure 4).  C subunit is the catalytic part 
of PP2A, and its downregulation can greatly decrease PP2A 
activity.  To investigate whether inhibition of PP2A activity 
could cause U251 or U87 cell death, we used PP2A inhibi-
tor OA 100 nmol/L to treat U251 and U87 cells for 48 h and 
detected the cell viability by CCK-8.  In OA treated cells, the 

cell viability was 15.3%±4.2% for U251 and 12.8%±3.5% for 
U87.  We demonstrated that PP2A inhibition in glioblastoma 
cells causes significant cell death (Figure 4B).  These results 
indicate that anisomycin may induce U251 and U87 cell death 
by downregulation of PP2A catalytic subunit.

Discussion
Anisomycin is an agonist of p38 and JNK and is widely used 
as a research tool to study these two pathways in various cel-
lular processes.  Anisomycin is also well known as a protein 
synthesis inhibitor that is involved in apoptosis[7–9].  In this 
study, we investigated the effects of anisomycin on U251 and 
U87 human glioblastoma cells.  We first detected the effects of 
anisomycin on U251 and U87 cell growth and found that ani-
somycin efficiently induced cell death (at 8 μmol/L, cell viabil-
ity was reduced to 18.4%±2.1%).  Previous studies suggest 
that MAPK plays a major role in anisomycin-induced apopto-
sis[10–12].  Stress stimuli, including UV irradiation, anoxia and 
translation inhibitors like anisomycin, can activate p38 and 
JNK pathways and induce apoptosis[13].  ERK1/2 is typically 
activated by growth factors and phorbol esters and contributes 
to cell proliferation, differentiation, and survival.  These three 
MAPK pathways interact with each other by cross-talking to 
influence the cellular outcome[14, 15].  Thus, we investigated 
the effects of anisomycin on the phosphorylation of the three 
major MAPKs: p38, JNK, and ERK1/2.  Our results demon-
strated that p38 and JNK, as well as their downstream effec-
tors Hsp27 and ATF-2, were activated by anisomycin, whereas 
ERK1/2 was dephosphorylated after anisomycin treatment.  

Figure 3.  Neither SB203580 nor SP600125 prevents anisomycin-induced 
U251 or U87 cell death.  U251 or U87 cells were divided into four groups 
and separately pre-treated with DMSO vehicle, 10 μmol/L SB203580, 10 
μmol/L SP600125, or 10 μmol/L SB203580 plus 10 μmol/L SP600125.  
After 1 h, the pre-treated cells were treated with 0 or 4 μmol/L anisomycin 
for 48 h.  Then, cell viability was detected using CCK-8 kit.  In groups that 
pre-treated with 10 μmol/L SB203580, 10 μmol/L SP600125, or 10 
μmol/L SB203580 plus 10 μmol/L SP600125, anisomycin-induced cell 
death was not prevented (P>0.05).

Figure 4.  Anisomycin down-regulates PP2A C subunit level in U251 and 
U87 cells.  (A) U251 and U87 cells were non-treated (–) or treated with 
4 μmol/L anisomycin for 6, 12, 24, or 48 h.  PP2A C subunit level was 
detected by western blotting.  GAPDH served as loading control.  (B) U251 
and U87 cells were treated with 0 or 100 nmol/L okadaic acid (OA) for 48 h, 
then the cell viability were detected by using CCK-8 kit.  In OA treated 
cells, the cell viability was 15.3%±4.2% for U251 and 12.8%±3.5% for 
U87.
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To confirm whether the p38 and JNK pathways played a 
role in anisomycin-induced cell death, we introduced their 
inhibitors, SB203580 and SP600125, into this study.  We found 
that neither of the two inhibitors could prevent anisomycin-
induced cell death, even when used in combination.  These 
data indicate that anisomycin induces U251 and U87 cell death 
independent of its ability to activate p38 MAPK and JNK.  
These data led to the following important question: through 
which pathway does anisomycin induce U251 cell death?

A recent study addressed a similar question[6].  Using a 
chemical screen, the authors identified a novel mechanism by 
which anisomycin induces apoptosis.  They demonstrated that, 
independent of the ability to activate p38 MAPK and JNK, ani-
somycin can also induce apoptosis by decreasing expression 
of the caspase-8 inhibitor FLIP, resulting in cells being sensi-
tized to anoikis.  The term “anoikis” refers to a self-initiated 
process, during which nonmalignant cells undergo apoptosis 
upon detachment from the extracellular matrix (ECM)[16, 17].  
More recently, it was found that not only endothelial cells and 
nonmalignant epithelial cells but also malignant epithelial 
cells could undergo anoikis through self-initiated activation of 
the death receptor signaling pathway[17–20].  The results from 
these studies suggested that anisomycin initiates anoikis in a 
caspase-8-dependent manner, due to its inhibition of FLIP pro-
tein synthesis, and independent of its ability to activate JNK 
and p38[6].  To investigate whether anisomycin initiates anoi-
kis in U251 and U87 cells, we detected the expression of full-
length caspase-8, cleaved caspase-8 and FLIP protein by west-
ern blotting.  The results showed that full-length caspase-8 
and FLIP protein were both undetectable in untreated U251 
and U87 cells, and in anisomycin treated cells, active cleaved 
caspase-8 was also negative.  Ashley et al[21] reported similar 
results in 2005.  They demonstrated that caspase-8 is absent 
or low in many gliomas, and almost no gliomas express sig-
nificant amounts of cellular FLIP.  Taken together, these data 
suggest that initiation of anoikis cannot be the mechanism by 
which anisomycin induces U251 or U87 cell death.

In our study, we present a novel finding that may provide a 
new perspective for investigating anisomycin-induced apopto-
sis.  We detected the protein expression of the PP2A C subunit 
in anisomycin treated U251 and U87 cells.  The results showed 
that anisomycin down-regulates PP2A/C expression in a time-
dependent manner.  After 48 h of treatment with anisomycin, 
almost no PP2A/C protein could be detected.  PP2A/C is the 
catalytic subunit, and its downregulation can greatly decrease 
PP2A activity.  We hypothesize that in anisomycin-induced 
U251 and U87 cell death, PP2A/C may be a target that initi-
ates apoptosis.  To investigate whether inhibition of PP2A 
activity could cause U251 or U87 cell death, we introduced a 
PP2A inhibitor Okadaic acid (OA).  U251 and U87 cells were 
treated with 100 nmol/L OA and then the cell viability were 
evaluated by using CCK-8.  Our results demonstrated that 
PP2A inhibition in U251 and U87 cells causes significant cell 
death.  This indicated that anisomycin-induced U251 and U87 
cell death may directly caused by downregulation of PP2A 
catalytic subunit.  Lots of previous studies have proven the 

direct effects of PP2A/C on apoptosis, although none of these 
studies investigated anisomycin-induced apoptosis.  Deletion 
of the PP2A/Cα subunit in homozygous null mutant mice is 
embryonically lethal[22].  Silencing of the PP2A/C gene was 
found to greatly decrease PP2A activity and lead to local-
ized death in plant stems and cells[23].  Knockdown of the 
PP2A/C led to concurrent loss of nontargeted PP2A subunits, 
and caused cell death with the morphological and biochemi-
cal changes characteristic of apoptosis in cultured S2 cells[24].  
Wong et al found that the introduction of siPP2A/Cα to cells 
caused a noticeably accelerated cell death in both the BT474 
and the SKBR3 cell lines[25].  In future studies, PP2A/C would 
be the focus of our research, not only because of its potential 
role in mediating anisomycin-induced U251 cell death but also 
because of its potential role as a target for glioma therapy.
  In conclusion, our findings demonstrate that anisomycin can 
induce U251 cell death independent of its ability to activate 
p38 MAPK and JNK or its ability to sensitize cells to anoikis.  
The novel finding that anisomycin sharply down-regulates 
PP2A/C protein expression may provide new perspectives for 
anisomycin-induced apoptosis and further studies with ani-
somycin in glioma therapy.
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Arctigenin alleviates ER stress via activating AMPK
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Aim: To investigate the protective effects of arctigenin (ATG), a phenylpropanoid dibenzylbutyrolactone lignan from Arctium lappa L 
(Compositae), against ER stress in vitro and the underlying mechanisms.
Methods: A cell-based screening assay for ER stress regulators was established.  Cell viability was measured using MTT assay.  PCR 
and Western blotting were used to analyze gene and protein expression.  Silencing of the CaMKKβ, LKB1, and AMPKα1 genes was 
achieved by RNA interference (RNAi).  An ATP bioluminescent assay kit was employed to measure the intracellular ATP levels.  
Results: ATG (2.5, 5, and 10 µmol/L) inhibited cell death and unfolded protein response (UPR) in a concentration-dependent manner in 
cells treated with the ER stress inducer brefeldin A (100 nmol/L).  ATG (1, 5, and 10 µmol/L) significantly attenuated protein synthesis 
in cells through inhibiting mTOR-p70S6K signaling and eEF2 activity, which were partially reversed by silencing AMPKα1 with RNAi. ATG 
(1–50 µmol/L) reduced intracellular ATP level and activated AMPK through inhibiting complex I-mediated respiration.  Pretreatment of 
cells with the AMPK inhibitor compound C (25 µmol/L) rescued the inhibitory effects of ATG on ER stress.  Furthermore, ATG (2.5 and 5 
µmol/L) efficiently activated AMPK and reduced the ER stress and cell death induced by palmitate (2 mmol/L) in INS-1 β cells.
Conclusion: ATG is an effective ER stress alleviator, which protects cells against ER stress through activating AMPK, thus attenuating 
protein translation and reducing ER load. 

Keywords: arctigenin; ER stress; human hepatocellular liver carcinoma cell; β-cell death; mTOR-p70S6K; eukaryotic translation elonga-
tion factor 2 (eEF2); mitochondrial respiration; AMPK
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Introduction
The endoplasmic reticulum (ER) is a highly dynamic organelle 
in which proteins and lipids are synthesized, modified, and 
transported.  Under conditions such as glucose starvation, 
hypoxia, aberrant Ca2+ regulation, and virus infection, collec-
tively known as ER stress, proteins fail to be correctly folded 
and eventually accumulate and aggregate in the ER lumen.  In 
response to the abnormalities in the ER, the ER stress response 
or the unfolded protein response (UPR) is triggered by three 
ER-localized transmembrane proteins: PKR-like ER kinase 
(PERK), activation transcription factor (ATF6), and inositol-
requiring kinase (IRE1).  During the ER stress response, PERK 
phosphorylates and inhibits eukaryotic initiation factor 2α 
(eIF2α), leading to translation attenuation[1]; ATF6 translo-
cates to the Golgi, where it is sequentially cleaved by the S1P 

and S2P proteases to form an active 50 kDa transcription fac-
tor[2]; and IRE1 cleaves the mRNA transcript of X box protein 
1 (XBP1) by an unconventional splicing mechanism[3].  The 
activation of these pathways restricts protein load on the ER 
through transient attenuation of general protein synthesis, 
promotes degradation of misfolded proteins and increases 
protein folding capacity in the ER[4].  However, severe or pro-
longed accumulation of unfolded proteins triggers apoptosis 
of target cells.  

Accumulating evidence suggest that ER stress is implicated 
in a wide range of diseases, including diabetes, neurodegen-
eration, stroke, cardiac disease, muscle degeneration and 
others[5].  Particularly, ER stress has been reported to play a 
central role in pancreatic β-cell demise in type 2 diabetes and 
perhaps also in type 1 diabetes[6].  Elevated ER stress markers 
have been detected in islet tissues of diet-induced and genetic 
db/db diabetic mice[7], as well as of type 2 diabetes patients[8].  
Thus, we hypothesize that alleviation of ER stress may rep-
resent an attractive therapeutic strategy for the treatment of 
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β-cell death in type 2 diabetes.  
Arctigenin (ATG) is a phenylpropanoid dibenzylbutyro-

lactone lignan from Arctium lappa L (Compositae)[9].  Arctium 
lappa L, commonly known as burdock, has been widely used 
in traditional Chinese medicine (TCM) for treating inflamma-
tion[10].  It has also been used therapeutically in Europe and 
North America for hundreds of years[11].  The root of Arctium 
lappa L, a popular edible vegetable in China and Japan, is used 
to make a general health tonic.  Previous studies have shown 
that ATG exerted protective effects against oxidation[12], viral 
infection[13], and cancer[14].  Most recently, two research groups 
have reported that ATG could block the UPR and preferen-
tially inhibit tumor cell viability under glucose-deprived con-
ditions[15, 16].  The molecular targets and mechanisms of ATG 
however remain unclear.  

In the present study, we established a cell-based screening 
assay for ER stress regulators and identified ATG as a protec-
tive agent against ER stress, which efficiently protected HepG2 
cells from the ER stress inducer brefeldin A (BFA)-induced 
cell death, and investigated its action mechanism.  We then 
explored its therapeutic potential in treating diabetes by exam-
ining its effects on palmitate-induced β-cell death. 

Materials and methods
Reagents and antibodies
Arctigenin (purity >99%), isolated from dried seeds of A.  lappa 
as previously described[17], was provided by Dr Li-hong HU.  
Penicillin, streptomycin, Brefeldin A, compound C, 5-amin-
oimidazole-4-carboxamide ribonucleoside (AICAR), D-glu-
cose, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) and propidium iodide (PI) were purchased 
from Sigma (St Louis, Mo, USA).  Palmitate was purchased 
from Takeda Chemical Industries (TCI, Tokyo, Japan).  Fatty 
acid-free bovine serum albumin (BSA) was purchased from 
Equitech-Bio (Kerrville, TX, USA).  α-MEM medium, RPMI-
1640 medium and fetal bovine serum (FBS) were purchased 
from Invitrogen (Carlsbad, CA, USA).  All other chemicals 
(molecular biology grade) were obtained from standard com-
mercial sources.  Anti-PARP antibody, anti-phosphorylated 
AMPKα (Thr172), anti-phosphorylated acetyl-CoA carboxy-
lase (ACC, Ser79), anti-phosphorylated eIF2α (Ser51), anti-
eIF2α, anti-phosphorylated mTOR (Ser2448), anti-mTOR, anti-
phosphorylated p70S6K (Thr389), anti-p70S6K, anti-phospho-
rylated eEF2 (Thr56), anti-eEF2, and anti-GAPDH antibodies 
were purchased from Cell Signaling Technology (Beverly, MA, 
USA).  Anti-AMPKα antibody was purchased from Epitomics 
(Burlingame, CA, USA).  

Cell culture
HepG2 cells, a human hepatocellular liver carcinoma cell 
line, were grown in α-MEM containing 10% (v/v) FBS, 100 
U/mL penicillin and 100 μg/mL streptomycin.  INS-1 β-cells, 
a rat insulinoma cell line, were grown in RPMI-1640 medium 
supplemented with 10% FBS, 1 mmol/L sodium pyruvate, 
2 mmol/L L-glutamine, 10 mmol/L HEPES, 0.05 mmol/L 
2-mercaptoethanol, 100 units/mL penicillin and 100 mg/mL 

streptomycin.  All cell lines were cultured at 37 °C in a humidi-
fied atmosphere of 95% air and 5% CO2.

MTT assay and PI staining
Cell growth rate was measured by the MTT assay.  Briefly, 
after treatment, 20 μL MTT (5 mg/mL) was added to the cul-
ture medium.  After incubating for 3 h at 37 °C, the cells were 
solubilized in dimethyl sulfoxide (DMSO), and the absorbance 
of each well was measured at 570 nm with a spectrophotom-
eter (Molecular Devices, Silicon Valley, CA, USA).  Cell death 
was examined by PI staining.  After treatment, cells were 
stained with 15 μg/mL PI for 10 min, and then washed with 
PBS and photographed using a UV microscope.  

Western blot analysis
Cells were lysed with 1×Laemmli buffer (Sigma, St Louis, 
MO, USA) containing 2 mmol/L NaF and 2 mmol/L Na3VO4, 
which are used to prevent the dephosphorylation of serine/
threonine and tyrosine residues, respectively.  Proteins were 
separated by sodium dodecyl sulphate (SDS) polyacrylamide 
gel electrophoresis and transferred to a nitrocellulose mem-
brane (Millipore, Bedford, MA, USA).  Membrane was blocked 
in 5% nonfat milk for 1 h at room temperature and then sub-
jected to immunostaining with primary antibodies at 4 °C 
overnight and peroxidase-conjugated secondary antibodies 
at room temperature for 1 h.  Immunoreactivity was revealed 
with the Supersignal chemiluminescence dection kit (Pierce, 
Rockford, IL, USA).  Immunoblots were scanned and quanti-
fied using the software ImageJ (NIH).  

Isolation of total RNA, semiquantitative and quantitative reverse 
transcription PCR
Total RNA was extracted from cells using TRIzol reagent 
(Invitrogen, Paisley, UK) following the manufacturer’s instruc-
tions.  4 μg total RNA and ReverTra Ace reverse transcriptase 
(Toyobo, Osaka, Japan) were used in the reverse transcription 
reaction.  

Taq DNA polymerase (Takara, Tokyo, Japan) was used 
for the subsequent polymerase chain reaction (PCR).  The 
specific primers for semiquantitative PCR were as follows: 
5’-CCTTGTAGTTGAGAACCA-3’ (forward) and 5’-GGGCT-
TGGTATATATGTGGG-3’ (reverse) for both unspliced 
and spliced XBP-1 (human); 5’-ACCACAGTCCATGCCA-
TCAC-3’ (forward) and 5’-TCCACCACCCTGTTGCTG-3’ 
(reverse) for GAPDH (human); 5’-TTACGAGAGAAAACT-
CATGGGC-3’ (forward) and 5’-GGGTCCAACTTGTCCA-
GAATGC-3’ (reverse) for both unspliced and spliced XBP-1 
(rat); 5’-CCCCAATGTATCCGTTGTGGA-3’ (forward) and 
5’-GCCTGCTTCACCACCTTCTT-3’ (reverse) for GAPDH 
(rat).  RT–PCR for XBP-1 was performed for 30 cycles and 
GAPDH for 20 cycles.  PCR products were separated on 8% 
polyacrylamide gel and visualized by ethidium bromide stain-
ing.

Quantitative PCR was performed and analyzed in ABI-
PRISM 7700 Sequence Detection System (Applied Bio-
systems) with SYBR green real-time PCR kit (Takara).  
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The specific primer sequences were as follows: 5’-GGC-
CAGTTTGGTGTCGGTTT-3’ (forward) and 5’-CGTTC-
CCCGTCCTAGAGTGTT-3’ (reverse) for Grp94 (human); 
5 ’ -TGGACTGCAGGTGCTGATAG-3’  ( forward)  and 
5’-GGATTCTTGGTTGCCTGGTA-3’ (reverse) for EDEM 
(human); 5’-TCAAACCTCATGGGTTCTCC-3’ (forward) 
and 5’-GTGTCATCCAACGTGGTCAG-3’ (reverse) for ATF4 
(human); 5’-TGTGACCTCTGCTGGTTCTG-3’ (forward) and 
5’-TGGAAGCCTGGTATGAGGAC-3’ (reverse) for CHOP 
(human); 5’- CACGTCCAACCCGGAGAA-3’ (forward) and 
5’-ATTCCAAGTGCGTCCGATG-3’ (reverse) for Grp78 (Rat); 
5’-TACTATGCCAGTCAGAAGAAAACG-3’ (forward) and 
5’-CATCCTTTCTATCCTGTCTCCATA-3’ (reverse) for Grp94 
(Rat); 5’-GACATGCCGCCTGGAGAAAC-3’ (forward) and 
5’-AGCCCAGGATGCCCTTTAGT-3’ (reverse) for GAPDH 
(Rat).

RNA interference and transfection
Small interfering RNAs (siRNAs) against Ca2+/calmodulin-
dependent protein kinase kinase β (CaMKKβ), liver kinase 
B1 (LKB1) and AMPKα1 as well as a nonsilencing con-
trol siRNA were purchased from GenePhama (Shanghai, 
China).  The siRNA sequences applied to target CaMKKβ 
were: 5’-CGAUCGUCAUCUCUGGUUAdTdT-3’ (sense) and 
5’-UAACCAGAGAUGACGAUCGdTdT-3’ (antisense); for 
LKB1, 5’-GGCUCUUACGGCAAGGUGAdTdT-3’ (sense) and 
5’-UCACCUUGCCGUAAGAGCCdTdT-3’ (antisense) and, for 
AMPKα1, 5’-UGCCUACCAUCUCAUAAUAdTdT-3’ (sense) 
and 5’-UAUUAUGAGAUGGUAGGCAdTdT-3’ (antisense) 
were used.  The siRNA sequences employed as a negative con-
trol were 5’-UUCUCCGAACGUGUCACGUTT-3’ (sense) and 
5’-ACGUGACACGUUCGGAGAATT-3’ (antisense).

Transfections of HepG2 cells with siRNA or a plasmid 
encoding green fluorescent protein were performed using 
Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s protocol.

Determination of intracellular ATP content
The luciferin-luciferase assay was used to measure intracellu-
lar ATP levels.  Briefly, after rinsing three times with PBS, cells 
were solubilized in 200 μL (for 24-well plate) of somatic cell 
ATP-releasing agent (Sigma, St Louis, MO, USA).  Samples 
were centrifuged for 5 min in a microcentrifuge.  Determina-
tion of ATP levels was accomplished by combining equal vol-
umes of supernatant with an ATP assay mix (Sigma, St Louis, 
MO, USA) and measuring the level of chemiluminescence.  
Measurements are expressed as a percent of the initial value 
after subtraction of background countings.  

Mitochondrial respiration measurements
Mitochondria were isolated from the muscles of male Wistar 
rats following standard procedures[18].  To measure respira-
tion rate, mitochondria were incubated at 37 °C in a Clark 
type oxygen electrode (Strathkelvin Instruments, Motherwell, 
Scotland) in a buffer (pH 7.0) composed of 225 mmol/L man-
nitol, 75 mmol/L sucrose, 10 mmol/L Tris-HCl, 10 mmol/L 

KH2PO4, 10 mmol/L KCl, 0.8 mmol/L MgCl2, 0.1 mmol/L 
EDTA, 0.3% fatty acid free BSA.  The respiratory control ratio, 
the ratio of state III to state IV respiration, was approximately 
5, indicating that the isolated mitochondria were well coupled.  
Effects of ATG on mitochondrial respiration were determined 
in the presence of excess ADP (2.4 mmol/L), using substrate 
combinations targeting either complex I (5 mmol/L pyruvate 
plus 2 mmol/L malate) or complex II (10 mmol/L succinate 
plus 4 μmol/L rotenone) of the respiratory chain.  

Palmitate-BSA solution preparation
Palmitate was dissolved in ethanol: H2O (1: 1, v/v) at 50 °C at a 
concentration of 400 mmol/L.  The palmitate solution 150 μL 
was then mixed with 3 mL fatty acid-free BSA (20% solution in 
H2O) by stirring at 37 °C for 1 h.  The final molar ratio of palm-
itate to BSA was 6.7: 1 and the final concentration of palmitate-
BSA is 20 mmol/L.  All control conditions included a solution 
of vehicle (ethanol: H2O) mixed with fatty acid-free BSA at the 
same concentration as the palmitate-BSA solution.

Statistical analysis
Triplicates were used in each experiment and data were 
shown only if three independent experiments showed consis-
tent results.  All results are expressed as the mean±SEM.  Sta-
tistical differences between groups were determined by using 
the unpaired Student’s t-test.  P<0.05 was considered statisti-
cally significant.  P<0.05, P<0.01 vs control.

Results
ATG protects HepG2 cells from BFA-induced apoptosis
We identified ATG as a protective agent against ER stress 
through a cell-based assay, in which ER stress was induced by 
treating HepG2 cells with BFA, an ER-to-Golgi vesicle trans-
port inhibitor.  The MTT assay demonstrated that only 27% 
of the cells had survived at 72 h after BFA treatment.  How-
ever, ATG inhibited the BFA-induced cell death in a dose-
dependent manner (Figure 1A).  Meanwhile, a higher concen-
tration of ATG (> 10 µmol/L) on its own caused a statistically 
significant decrease in cell number (Figure 1A), so we chose 5 
μmol/L for further studies of its effects on reducing ER stress.

To determine whether ATG specifically affects the ER stress-
induced cell death, we investigated the effects of ATG on cell 
death induced by non-ER stress stimuli, including protein syn-
thesis inhibitor cycloheximide (CHX), DNA topoisomerase II 
inhibitor adriamycin (ADM), and the mitochondrial complex 
I inhibitor berberine (BBR)[18].  Our data showed that ATG had 
no protective effect against CHX-, ADM-, or BBR-induced cell 
death, which indicates that ATG may specifically inhibit ER 
stress-induced cell death (Figure 1B).

The protective effect of ATG against BFA-induced cell death 
was further confirmed by PI (propidium iodide) staining and 
PARP cleavage assay.  As shown in Figure 1C, BFA increased 
the number of round and PI-stained cells, which were obvi-
ously inhibited by ATG.  As reported, BFA induced apoptosis 
as indicated by poly (ADP-ribose) polymerase (PARP) cleav-
age.  Co-treatment with ATG significantly prevented the BFA-
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induced PARP cleavage (Figure 1D).  Meanwhile, ATG per 
se did not increase the number of PI-stained cells or induce 
PARP cleavage (Figure 1C and 1D).  These data demonstrate 
that ATG can effectively protect HepG2 cells from the ER 
stress inducer (BFA)-induced apoptosis.

ATG down-regulates UPR signaling pathways induced by ER 
stress
To confirm that ATG protects cells from apoptosis by allevi-
ating ER stress, we investigated the effects of ATG on UPR 
signaling pathways.  Our data showed that BFA increased the 

Figure 1.  ATG specifically inhibits BFA-induced apoptosis.  (A) HepG2 cells were cultured for 72 h with increasing concentrations of ATG alone, or in 
combination with 100 nmol/L BFA.  Viable cell number was measured by MTT assay, and results were reported as a percentage relative to untreated 
cells.  (B) HepG2 cells were cultured for 72 h with the indicated concentrations of ATG in the presence of CHX (50 μmol/L), ADM (500 nmol/L) or BBR 
(10 μmol/L).  Cell growth rate was measured by MTT assay and results were reported as a percentage relative to untreated cells.  (C) HepG2 cells 
were cultured for 48 h in the presence or absence of ATG (5 μmol/L) and/or BFA (100 nmol/L) followed by staining with PI (15 μg/mL) for 15 min.  
Representative images of cellular morphology (top panel) and PI staining (bottom panel) were shown at 200×magnification.  (D) Cells were treated in 
the same way as in C.  PARP cleavage was examined by Western blot analysis.  Relative band intensity was normalized for GAPDH and expressed as a 
percentage compared with the value of untreated control.  n=3 experiments. Mean±SEM. bP<0.05, cP<0.01 vs control.
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splicing form of XBP-1 mRNA (Figure 2A) as well as phospho-
rylation of eIF2α on serine (Ser) 51 (Figure 2B), which are two 
key events in the UPR.  And ATG significantly inhibited the 
BFA-induced splicing of XBP-1 pre-mRNA and phosphoryla-
tion of eIF2α (Figure 2A and 2B).  

We further used quantitative PCR to evaluate the effects 
of ATG on the expression of the downstream genes involved 
in the UPR, which include the activating transcription fac-
tor 4 (ATF4), the C/EBP homologous protein (CHOP), the 
glucose-regulated protein 94 (Grp94), and the ER degradation-
enhancing alpha-mannosidase-like protein 1 (EDEM).  Our 
data showed that ATG significantly inhibited BFA-induced 
expression of all four genes (Figure 2C).  In addition, we also 
investigated the effect of ATG on the UPR induced by tuni-
camycin (TM), another ER stress inducer that inhibits N-linked 

glycosylation in the ER.  As shown in supplymentary Figure 1, 
ATG significantly inhibited tunicamycin-induced splicing of 
XBP-1 pre-mRNA and mRNA expression of four downstream 
genes involved in the UPR.  These results demonstrate that 
ATG protects cells from BFA-induced apoptosis via alleviating 
ER stress, and suggest that ATG may act upstream of the UPR, 
since all downstream signaling pathways were affected.

ATG attenuates protein translation
In mammalian cells, global translation attenuation is the first 
response to ER stress and is thought to be an important adap-
tive response that helps cells survive ER stress.  Previous 
studies also reported that protein synthesis inhibitors such 
as cycloheximide[19] and salubrinal[20] displayed potential ER 
stress-relieving effects.  Therefore, inhibition of protein syn-

Figure 2.  ATG significantly inhibits ER stress-induced UPR.  (A) HepG2 cells were cultured for 6 h with or without ATG (5 μmol/L), in the presence or 
absence of BFA (100 nmol/L), and then lysed for RNA purification.  Spliced (S) and unspliced forms of XBP1 mRNA (U) were detected using semi-
quantitative RT-PCR.  (B) HepG2 cells were cultured with the indicated concentrations of ATG for 3 h in the presence or absence of BFA (100 nmol/L) 
followed by cell lysis.  The phosphorylation level of eIF2α at Ser51 was examined by Western blot analysis.  Total eIF2α served as a loading control.  The 
quantification of Western blot images of the ratio between P-eIF2α and eIF2α was shown in the lower panel.  (C) HepG2 cells were treated with 0, 2.5, 
or 5 μmol/L ATG for 6 h, in the presence or absence of BFA (100 nmol/L).  The expression levels of UPR downstream genes (Grp94, EDEM, ATF4 and 
CHOP) were examined by quantitative RT-PCR. n=3 experiments. Mean±SEM. cP<0.01 vs control.
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thesis which reduces the load of substrates presented to the 
folding machinery in the ER lumen represents an important 
mechanism to alleviate ER stress[21].  To explore whether ATG 
affects protein synthesis, we transfected HepG2 cells with a 
plasmid encoding green fluorescent protein (GFP), and evalu-
ated the effect of ATG on GFP expression by dividing the IOD 
(integral optical density) value of green fluorescence by the 
number of cells that was measured by Hoechst staining.  As 
shown in Figure 3A, 24 h after treatment with ATG, the level 
of GFP protein was decreased in a dose-dependent manner.  
Cycloheximide (CHX) served as a positive control.  However, 
neither artigenin nor CHX had effects on the mRNA level of 
GFP (Figure 3B).  These data indicate that ATG can inhibit 
protein synthesis, which in turn reduces the load on the ER 
and thereby relieves ER stress.  

To investigate how ATG regulates protein translation, we 
analyzed the effects of ATG on signaling proteins that are 
responsible for translational control, which include eIF2α, 
mTOR (the mammalian target of rapamycin) and p70S6K (p70 
ribosomal protein S6 kinase), two components in mTOR sig-
naling, and eEF2 (the eukaryotic translation elongation factor 
2).  Our data showed that ATG had no effects on the phos-
phorylation of eIF2α.  However, it significantly inhibited the 
phosphorylation of mTOR and p70S6K in a dose dependent 
manner, and increased the phosphorylation/inactivation of 
eEF2 at threonine (Thr) 56 (Figure 3C).  

We also examined the effects of ATG on these proteins in 
BFA-treated cells.  BFA induced an increase in eIF2α phospho-
rylation, which was inhibited by ATG (Figure 3D), although 
ATG alone had no effect on the basal level phosphorylation 
of eIF2α.  BFA had no effects on the phophorylation of either 
p70S6K or eEF2 (Figure 3D), suggesting that the inhibitory 
effect of ATG on protein translation was unaffected by BFA.

These data suggest that ATG attenuates protein synthesis 
likely through inhibiting mTOR-p70S6K signaling and eEF2 
activity.

ATG reduces the unfolded protein response by activating AMPK
It has been reported that AMPK acts upstream of mTOR sig-
naling and eEF2 in controlling translation.  AMPK modulates 
the activity of mTOR either by direct phosphorylation and 
inhibition of mTOR[22], or by phosphorylation and activation 
of the tuberous sclerosis complex (TSC), an upstream regula-
tor and inhibitor of mTOR activity[23].  The most characterized 
downstream effectors of mTOR are p70S6K and the eukaryotic 
translation initiation factor 4E (eIF4E)-binding protein 1 (4E-
BP1), through which mTOR stimulates the initiation step of 
translation[24].  AMPK can also activate eEF2 kinase (eEF2K) 
either by direct phosphorylation of eEF2K at Ser398[25], or by 
inhibition of p70S6K.  which phosphorylates and inactivates 
eEF2K at Ser366[26].  Activated eEF2K in turn phosphorylates 
and inactivates eEF2 at Thr56[27].  We therefore investigated 
the effect of ATG on AMPK phosphorylation/activation.  As 
shown in Figure 4, ATG significantly stimulated the phospho-
rylation of AMPK at Thr172 of α catalytic subunit in a time- 
and dose-dependent manner (Figure 4A and 4B).  ATG also 

increased the phosphorylation of ACC (acetyl-CoA carboxy-
lase) at Ser79, a direct substrate of AMPK[28], indicating an 
increase in AMPK activity was induced (Figure 4B).

To determine whether the attenuation of protein translation 
by ATG is mediated by AMPK activation, we employed RNA 
interference to knock down AMPKα1.  As shown in Figure 4C, 
siRNA-mediated AMPKα1 down-regulation partially reversed 
the effect of ATG on the phosphorylation of p70S6K and eEF2.  
These data suggest that AMPK activation at least partially 
mediates the inhibitory effect of ATG on protein translation.

To further verify that the alleviation of ER stress by ATG is 
mediated by AMPK activation, we used a selective inhibitor of 
AMPK, compound C (CC), to block AMPK activity.  As shown 
in Figure 4D and 4E, compound CC significantly reduced the 
effects of ATG on the BFA-induced XBP-1 splicing and mRNA 
expression of Grp94, suggesting that the activation of AMPK 
is necessary for ATG’s inhibitory effect on the BFA-induced 
UPR.  Meanwhile, CC itself had no effects on the splicing of 
XBP-1 pre-mRNA (Figure 4D).  The involvement of AMPK 
in the ATG inhibition of ER stress was further confirmed by 
using a known AMPK activator AICAR.  Similar to artigenin, 
AICAR significantly prevented BFA-induced cell death in a 
dose-dependent manner (Figure 4F).

Taken together, our observations demonstrate that ATG 
alleviates ER stress probably through activating AMPK, which 
attenuates protein translation and reduces ER load.  

ATG inhibits mitochondrial respiration, leading to AMPK 
activation
There are two main protein kinases involved in phosphorylat-
ing AMPK in vivo, LKB1 (liver kinase B1) and Ca2+/calmodu-
lin-denpendent protein kinase kinase, especially the β isoform 
(CaMKKβ)[29].  To determine whether the two kinases are criti-
cally involved in the ATG-induced AMPK phosphorylation, 
we used RNA interference to down-regulate the expression 
of LKB1 and CaMKKβ.  As shown in Figure 5, knockdown of 
either LKB1 or CaMKKβ significantly reduced the phosphory-
lation of AMPK induced by ATG, suggesting that both kinases 
are involved in mediating the ATG-induced AMPK activation 
(Figure 5A).  

Phosphorylation of AMPK by the two kinases is regulated 
by adenosine monophosphate (AMP), which allosterically 
activates AMPK and makes it a better substrate for the two 
upstream kinases and a poorer substrate for protein phos-
phatases[30].  The intracellular AMP level, however, is regu-
lated by adenosine triphosphate (ATP) content.  ATP depletion 
has been shown to increase AMP production as a consequence 
of the reaction catalyzed by adenylate kinase[30].  To investigate 
whether ATG affects ATP production, we evaluated intracel-
lular ATP levels by a luciferase assay.  As shown in Figure 
5, intracellular ATP levels were reduced by ATG in a time-
dependent and dose-dependent manner (Figure 5B and 5C).

Given the fact that mitochondria are the major ATP produc-
tion organelles in eukaryotes, we investigated the effects of 
ATG on mitochondrial respiration in mitochondria isolated 
from rat muscle.  Our data showed that ATG inhibited oxygen 
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Figure 3.  ATG moderately inhibits protein translation.  (A) HepG2 cells were transfected with a GFP-expressing plasmid for 16 h, and then treated for 
another 24 h with DMSO, CHX (5 μmol/L), or the indicated concentrations of ATG followed by staining with Hoechst 33342 (2 μg/mL) for 5 min.  At 
least six photographs per well in different areas of cell cultures were taken by fluorescence microscopy, and GFP expression was evaluated by dividing 
the IOD of green fluorescence by cell number.  The value of GFP expression treated with DMSO was considered as 100%.  (B) The expression levels 
of GFP mRNA were examined by quantitative RT-PCR.   (C) HepG2 cells were treated for the indicated times with different concentrations of ATG.  The 
phosphorylation levels of eIF2α, mTOR, p70S6K, and eEF2 were examined by Western blot analysis.  Relative band intensity was expressed as a 
percentage compared with the value of control at 0.25 h.  (D) HepG2 cells were cultured for 3 h in the presence or absence of ATG (5 μmol/L) and/
or BFA (100 nmol/L) followed by cell lysis.  The phosphorylation levels of eIF2α at Ser51, p70S6K at Thr389, and eEF2 at Thr56 were examined 
by Western blot analysis.  Relative band intensity was expressed as a percentage compared with the value of untreated control.  n=4 experiments. 
Mean±SEM. bP<0.05, cP<0.01 vs control.
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Figure 4.  ATG activates AMPK and may lead to ER stress alleviation.  (A and B) HepG2 cells were incubated with 5 μmol/L ATG for the indicated time 
(A) or with ATG at the indicated concentrations for 1 h (B).  Phospho-AMPKα (Thr172), AMPKα1, and phospho-ACC (Ser79) were analyzed by Western 
blotting.  GAPDH served as a control.  Relative band intensity of each protein was expressed as a percentage compared with the value of untreated 
control.  (C) HepG2 cells were transfected with a negative control siRNA (NC) or a siRNA targeting AMPKα1.  At 48 h after transfection, cells were treated 
with or without ATG (5 μmol/L) for 1 h.  Phospho-AMPKα (Thr172), AMPKα1, phospho-p70S6K (Thr389, indicated by an arrowhead), p70S6K (indicated 
by an arrowhead), phospho-eEF2 (Thr56), eEF2, and GAPDH were examined by Western blot analysis.  The relative intensity of corresponding protein 
expression was shown in the right figures.  (D and E) Pretreated with DMSO or CC (25 μmol/L) for 1 h, HepG2 cells were exposed to ATG (5 μmol/L) 
and/or BFA (100 nmol/L) for 6 h.  Splicing of XBP1 mRNA was detected by semi-quantitative RT-PCR (D).  mRNA expression of Grp94 was detected 
by quantitative RT-PCR (E).  (F) HepG2 cells were treated with increasing concentrations of AICAR and 100 nmol/L BFA for 72 h.  Cell growth rate was 
evaluated by MTT assay.  n=4 experiments. Mean±SEM.  bP<0.01, cP<0.01 vs control.
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consumption in a dose-dependent manner in the presence of 
substrates for complex I (pyruvate plus malate).  In contrast, 
no effect of ATG on mitochondrial respiration was observed in 
the presence of substrate for complex II (succinate) and rote-
none (Figure 5D).

Taken together, our data demonstrate that ATG selectively 
inhibits mitochondrial respiration supported by substrates 
for complex I and decreases ATP production likely leading to 
AMPK phosphorylation/activation.

ATG protects INS-1 β-cells from palmitate-induced cell death
It has been reported that exposure to high concentrations of 
free (nonesterified) fatty acid (FFA) induces ER stress and 
causes β-cell apoptosis[8, 31], which has been considered as one 
of the major causes of insufficient insulin production in type 2 
diabetes[32, 33].  We therefore investigated the effects of ATG on 
palmitate-induced β-cell death.  Palmitate severely decreased 
cell viability of INS-1 β-cells, while treatment with ATG sig-
nificantly prevented cell death in a dose-dependent manner 
(Figure 6A).  We then investigated whether ATG could acti-
vate AMPK in INS-1 cells.  Our data showed that ATG signifi-
cantly increased the phosphorylation of AMPK in the absence 
or presence of palmitate (Figure 6B).  Furthermore, we exam-
ined the effects of ATG on palmitate-induced UPR in INS-1 
cells.  As shown in Figure 6C, 6D, and 6E, palmitate promoted 

the splicing of XBP-1 pre-mRNA and the mRNA expression 
of Grp78 and Grp94, which were significantly inhibited by 
ATG.  These data suggest that ATG protects INS-1 cells from 
palmitate-induced cell death probably through alleviating ER 
stress and the protective effects of ATG against ER stress are 
not specific in HepG2 cells.

Discussion
There has been growing interest in therapeutic strategies to 
alleviate ER stress, since prolonged ER stress has been associ-
ated with a wide range of pathological conditions[5].  ER stress 
has been thought to play a central role in the pathogenesis of 
type 2 diabetes not only because of its role in the induction of 
insulin resistance but also because of its involvement in β-cell 
death, a common feature of type 2 diabetes[34].  Therefore, com-
pounds that alleviate ER stress may act as therapeutic agents 
for the treatment of β-cell loss in type 2 diabetes.  In this study, 
we have identified ATG, a natural product from Arctium lappa 
L, as a candidate for alleviating ER stress.  

Firstly, we presented two lines of evidences to demonstrate 
that ATG was an ER stress alleviator (Figure 1, 2, and supple-
mentary Figure 1).  First, ATG protected HepG2 cells from ER 
stress inducer BFA-induced apoptosis, but showed no protec-
tive effect against non-ER stress stimuli.  Our data showed that 
the lowest effective dose of ATG is 2.5 µmol/L and ATG at 

Figure 5.  ATG inhibits mitochondrial respiration.  (A) HepG2 cells were transfected with a negative control siRNA (NC) or siRNA targeting LKB1 or 
CaMKKβ.  After 48 h of transfection, cells were treated with or without ATG (5 μmol/L) for 1 h.  Phospho-AMPKα (Thr172) and AMPKα1 were examined 
by Western blot analysis.  Relative band intensity was expressed as a percentage compared with the value of untreated control.  (B and C) Intracellular 
ATP levels were measured by the luciferin-luciferase method.  HepG2 cells were incubated with various concentrations of ATG for 1 h (B) or with 5 
μmol/L ATG for the indicated periods of time (C).  (D) Oxygen consumption rates were measured in mitochondria at 37°C using substrates combinations 
targeting respiratory complex I (5 mmol/L pyruvate plus 2 mmol/L malate) or complex II (10 mmol/L succinate plus 4 μmol/L rotenone). n=4 
experiments. Mean±SEM.  bP<0.05, cP<0.01 vs control. 
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higher dose (>10 µmol/L) displayed cytotoxicity, which might 
suggest a narrow therapeutic window.  However, our data 
also showed that the protective effect of ATG at 10 µmol/L 
was quite marked.  We therefore assume that ATG may have 
a wider therapeutic range in clinical settings.  Second, ATG 
inhibited BFA- and tunicamycin-induced UPR, ie, the splicing 
of XBP-1 pre-mRNA, the phosphorylation of eIF2α and the 
expression of downstream UPR target genes, including Grp94, 
EDEM, ATF4, and CHOP.  The UPR is involved in both sur-
vival and the apoptotic response[35].  Whether a cell survives or 
dies upon ER stress will depend on the balance of these oppos-
ing signals.  In this case, BFA-induced ER stress caused cell 
apoptosis, which means that the pro-death signal overrides the 
pro-survival signal.  Inhibition of the UPR by ATG promoted 
cell survival, although ATG inhibited both pro-survival and 
pro-death signaling downstream of the UPR.  

To investigate whether ATG alleviates ER stress through 
attenuating protein synthesis, we analyzed the effects of ATG 
on the protein expression level of a transfected GFP gene.  Our 
data demonstrated that ATG decreased the level of GFP pro-
tein without influencing its transcription (Figure 3A and 3B).  
We also examined the effects of ATG on protein degradation 
and autophagy.  Our data showed that ATG had no effects on 
either protein degradation or autophagy (unpublished data).  
We therefore conclude that ATG reduced protein expression 
level by inhibiting protein translation but not transcription or 
degradation, by which ATG may relieve ER stress.

Unlike some of the ER stress alleviators, such as salubrinal 
which reduces ER load by inducing the phosphorylation of 
eIF2α[20], therefore inhibiting the initiation of protein transla-
tion, ATG did not seem to affect the initiation factor eIF2α, 
but significantly inhibited phosphorylation of mTOR-p70S6K 
signaling and induced phosphorylation/inactivation of the 
protein translation elongation factor eEF2 (Figure 3C and 3D), 
suggesting that ATG attenuates protein synthesis by inhibiting 
both translation initiation and elongation.  

Therefore, inhibition of protein synthesis represents an effec-
tive strategy to reduce ER stress.  Once the protein synthesis is 
reduced, inhibition of downstream protein modification and/
or folding, as caused by BFA and/or TM, will no longer elicit 
an UPR.  Consistent with this notion, the BFA-induced phos-
phorylation of eIF2α is inhibited by ATG, although ATG itself 
does not directly affect eIF2α phosphorylation (Figure 3D).

Both mTOR-p70S6K signaling and eEF2 have been reported 
to be regulated by AMPK[36].  We therefore investigated 
whether ATG activated AMPK, and if so, whether AMPK 
activation mediated ATG action.  Our data showed that ATG 
obviously increased the phosphorylation/activation of AMPK.  
Encouragingly, knockdown of AMPKα1 by RNA interference 
partially reversed the effect of ATG on the phosphorylation 
of p70S6K and eEF2.  Furthermore, an AMPK inhibitor, com-
pound C, could block the inhibitory effect of ATG on BFA-
induced XBP-1 splicing, whereas an AMPK activator, AICAR, 
could mimic ATG to reduce the ER stress-induced cell death.  

Figure 6.  ATG prevents palmitate-induced cell death and ER stress in INS-1 β-cells.  (A) INS-1 β-cells were incubated with the indicated concentrations 
of ATG in the presence of palmitate (2 mmol/L) for 24 h.  Cell growth rate was evaluated by MTT assay.  (B) INS-1 cells were treated with the indicated 
concentrations of ATG in the presence and absence of palmitate for 3 h.  Phospho-AMPKα (Thr172) and GAPDH were analyzed by Western blotting.  The 
quantification of Western blot images of the ratio between P-AMPKα and GAPDH was shown in the right panel.  (C, D, and E) INS-1 cells were incubated 
with the indicated concentrations of ATG and palmitate for 6 h, followed by RNA purification and reverse transcription.  Splicing of XBP1 mRNA in 
INS-1 β-cell was detected by semi-quantitative RT-PCR (C).  mRNA expressions of Grp78 (D) and Grp94 (E) were detected by quantitative RT-PCR.  n=4. 
Mean±SEM. bP<0.05, cP<0.01 vs control.
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These data strongly suggest that AMPK plays a central role in 
mediating all of the ATG effects in alleviating ER stress.  Our 
results, together with an earlier report[37], also indicate that 
activating AMPK could be an effective strategy for ER stress 
reduction.  

AMPK is widely recognized as a key regulator of fatty acid 
and glucose homeostasis[30], and the activation of AMPK has 
been considered an attractive strategy for the treatment of 
type 2 diabetes.  The most representative compounds are met-
formin and berberine, which exert anti-diabetic effects through 
activating AMPK[18, 38].  Meanwhile, they are also reported to 
possess protective effect against ER stress[39–41].  Given the cru-
cial role of ER stress in the development of pancreatic β-cell 
loss and insulin resistance in type 2 diabetes[6], the alleviation 
of ER stress by AMPK may play an important role in treating 
type 2 diabetes.  Consistent with this notion, our data demon-
strated that ATG also protected INS-1 β-cells against palmi-
tate-induced ER stress and cell death (Figure 6).  In addition, 
activating AMPK may also represent a potential therapeutic 
strategy to relieve ER stress in other ER stress-related diseases, 
since ER stress is associated with a number of diseases.

AMPK has been reported to be activated by its two main 
upstream kinases, LKB1 and CaMKKβ in response to 
decreased intracellular levels of ATP[29].  Our data showed that 
AMPK phosphorylation induced by ATG was significantly 
inhibited by either LKB1 or CaMKKβ siRNAs, implying that 
both kinases are involved in ATG-induced AMPK phosphory-
lation (Figure 5A).  This is consistent with a recent study that 
reported ATG phosphorylated AMPK in H9C2 and C2C12 
cells via LKB1 and CaMKK-denpendent pathways[42].  Further-
more, we found the intracellular ATP level was significantly 
reduced by ATG (Figure 5B and 5C), which might also lead 
to AMPK activation.  Interestingly, ATG at 0.5 μmol/L and 1 
μmol/L significantly increased AMPK phosphorylation but 
slightly reduced the intracellular ATP levels, which implies 
that ATG may also activate AMPK via an ATP depletion-
independent manner.  Taken together, our data suggest that 
ATG activates AMPK probably through activating LKB1 and 
CaMKKβ and/or decreasing the ATP level.

Since oxidative phosphorylation and glycolysis are the two 
main sources of ATP in eukaryotic cells, we then investigated 
the effects of ATG on mitochondrial respiratory function.  Our 
data demonstrated that ATG inhibited oxygen consumption 
supported by substrates for complex I but not that supported 
by complex II substrates (Figure 5D), indicating that the inhi-
bition of mitochondrial respiration by ATG was occurring 
either at the level of NADH production or at complex I.  These 
results suggest that ATG decreases the intracellular level of 
ATP and increases the phosphorylation/activity of AMPK 
through inhibiting mitochondrial respiration.

In conclusion, our findings reveal the molecular mechanism 
by which ATG alleviates ER stress: the inhibition of mitochon-
drial respiration by ATG results in reduced ATP production in 
mitochondria.  Under conditions of energy depletion, AMPK 
is probably activated by LKB1 and CaMKKβ, which in turn 
inhibits mTOR-p70S6K signaling and increases eEF2 phos-

phorylation/inactivation, leading to the attenuation of protein 
synthesis.  As a result, the burden of ER stress is relieved, and 
cell death is prevented (Figure 7).  We also show the protective 
effect of ATG against palmitate-induced INS-1 β-cell death.  
These data suggest that ATG may represent a potential thera-
peutic intervention for treating ER stress-related diseases, such 
as β-cell loss in type 2 diabetes.  
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Introduction
Oxidative stress, a common challenge to cellular homeostasis, 
is caused predominantly through the excessive production 
of reactive oxygen species (ROS).  Many extracellular insults, 
such as irradiation, drugs and various disturbances in tem-
perature, pH, osmotic pressure, oxygen tension and sugar 
concentration, may all increase the production of ROS[1–5].  The 
extent of the increase in ROS production usually determines 
the consequences of cellular adaptive responses to oxidative 
stress.  Mild oxidative stress promotes cell survival or prolifer-
ation, while severe oxidative stress causes proliferation arrest, 
senescence or cell death, during which global alterations of 

gene expression and protein post-translational modifications 
are differentially regulated according to the differences in ROS 
levels[1, 2, 6–8].

Hypoxia-inducible factor-1 (HIF-1) is a well-known tran-
scription factor that controls gene expression in response to 
hypoxia.  Interestingly, HIF-1 can also be activated under nor-
moxic conditions.  For instance, HIF-1 activation occurs dur-
ing inflammation[9–11], growth factor activation[12, 13] and insulin 
administration[14–17].  Notably, ROS generation accompanies 
these events and is required for normoxic HIF-1 activation.  
Moreover, it has been demonstrated that ROS production is 
paradoxically increased during hypoxia and is even required 
for hypoxic HIF-1 activation[18, 19].  A correlation of increased 
ROS and over-expressed/activated HIF-1 has also been sug-
gested in cancer cells[20–22].  

While an increasing body of work has reported that ROS 
can stabilize HIF-1α and enhance HIF-1 transactivation[23–25], 
we have previously shown that HIF-1 can be suppressed in 
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the HIF-1 transcriptional activity shift by oxidative 
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Aim: To investigate the mechanisms underlying the biphasic redox regulation of hypoxia-inducible factor-1 (HIF-1) transcriptional activ-
ity under different levels of oxidative stress caused by reactive oxidative species (ROS). 
Methods: HeLa cells were exposed to different concentrations of H2O2 as a simple model for mild and severe oxidative stress. 
Luciferase reporter assay and/or quantitative real-time PCR were used to investigate the transcriptional activity. Immunoblot was used 
to detect protein expression. Chromatin immunoprecipitation assay was used to detect HIF-1/DNA binding. The interaction of p300 
with HIF-1α or with SENP3, and the SUMO2/3 conjugation states of p300 were examined by coimmunoprecipitation.  
Results:  HIF-1 transcriptional activity in HeLa cells was enhanced by low doses (0.05–0.5 mmol/L) of H2O2, but suppressed by high 
doses (0.75–8.0 mmol/L) of H2O2. The amount of co-activator p300 bound to HIF-1α in HeLa cells was increased under mild oxida-
tive stress, but decreased under severe oxidative stress. The ROS levels differentially modified cysteines 243 and 532 in the cysteine 
protease SENP3, regulating the interaction of SENP3 with p300 to cause different SUMOylation of p300, thus shifting HIF-1 transcrip-
tional activity. 
Conclusion: The shift of HIF-1 transactivation by ROS is correlated with and dependent on the biphasic redox sensing of SENP3 that 
leads to the differential SENP3/p300 interaction and the consequent fluctuation in the p300 SUMOylation status.
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the prostate cancer cell line Du145 by the overwhelming pro-
duction of ROS induced by a combined administration of the 
ROS producer emodin and the conventional chemotherapeutic 
agent cisplatin[21].  The capacity of HIF-1 to be activated by 
mild oxidative stress but inhibited by severe oxidative stress, 
ie, the mechanism for the biphasic regulation of HIF-1 trans-
activation, has thus become an intriguing question.

We have recently found that the SUMO2/3-specific protease 
SENP3 and its de-SUMOylating catalytic activity are required 
for the ROS-induced enhancement of HIF-1 transactivation, 
based on ROS-induced HIF-1α stabilization[26].  The SENP3-
mediated deconjugation of SUMO2/3 from p300, the co-acti-
vator for HIF-1, is beneficial for HIF-1 transcriptional activity 
under both hypoxic and normoxic conditions.  Being different 
with the other SENPs family members, SENP3 is specifically 
and sensitively responsive to low oxidative stress[26, 27].  SENP3 
is stabilized upon exposure to hydrogen peroxide (H2O2) at 
very low doses, for instance, 0.05 mmol/L, and redistributes 
from the nucleolus to the nucleoplasm, which allows it to 
modulate various nuclear events, including the enhancement 
of HIF-1 transactivation.  However, SENP3, along with all 
SENP family members, is a cysteine protease[28–30], meaning 
that its enzymatic activity relies on cysteine residues in the 
catalytic site.  It has been demonstrated that highly oxidizing 
conditions (10 mmol/L H2O2) inhibit the deconjugation activ-
ity of SENP1 and SENP2[28, 31].  We therefore hypothesize that 
the oxidation of the catalytic cysteine in SENP3 under severe 
oxidative stress might inhibit its de-SUMOylating activity 
that is required for the physiological functions of various sub-
strates, including p300, and HIF-1 transactivation might be 
thus suppressed.  

To test this hypothesis, we used HeLa cells exposed to a 
series of concentrations of H2O2 as a simple model of mild and 
severe oxidative stress, examined the steps of HIF-1 activation, 
and analyzed SENP3 activity and the SUMOylation status of 
p300.  Our findings in the present study suggest that the shift 
of HIF-1 transactivation by ROS is correlated with and depen-
dent on the differential SENP3/p300 interaction and conse-
quent fluctuation in the SUMOylation status of p300.  SENP3 
protein is induced by mild oxidative stress but its catalytic 
activity is inactivated by severe oxidative stress, thus leading 
to opposite SUMOylation status of its substrate p300.  This 
biphasic ROS effect on SENP3 is achieved through a sequential 
oxidative modification at two cysteine residues.

Materials and methods
Cell culture and treatments
HeLa cells were used for all experiments.  Cells were cultured 
in Dulbecco’s modified Eagle’s medium (GibcoBRL, Gaith-
ersburg, MD, USA).  All media were supplemented with 100 
U/mL penicillin, 100 mg/L streptomycin and 10% newborn 
calf serum (Biochrom AG, Germany).  Cells were maintained 
at 37 °C in a humidified atmosphere with 5% CO2.  

To set a cell model of oxidative stress, cells were treated 
with hydrogen peroxide (H2O2, Sigma-Aldrich, St Louis, MO, 
USA) at increasing doses.  When needed, anti-oxidant N-ace-

tylcysteine (NAC, Sigma-Aldrich, St Louis, MO, USA) was 
pre-incubated with cells for 4 h and protein reducing agent 
dithiothreitol (DTT, Sigma-Aldrich, St Louis, MO, USA) was 
pre-incubated for 2 h.  

Cell viability assay
Cells were seeded at 1.5×104/mL cells per well in 96-microcul-
ture-well plates.  After exposed to the various concentration of 
H2O2 as indicated for 24 h, cell viability was assayed using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide 
(MTT) (Sigma-Aldrich, St Louis, MO, USA)[32].

ROS detection
2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA; Sigma-
Aldrich, St Louis, MO, USA) was used as ROS capturing 
reagent with the method described previously[33, 34].

Luciferase reporter assay
The constructs of the luciferase reporter specific for hypoxia 
response element (HRE) and the renilla control were trans-
fected and the reporter assay were performed as described 
previously[26].  Briefly, cells were transfected with the double 
reporters, and 40 h post transfection, cells were exposed to 
H2O2 at varied doses once for 6 h before relative luciferase 
activity was assayed.  

Quantitative real-time PCR
Quantitative real-time PCR was carried out on the ABI Prism 
7300 system (Applied Biosystems, Foster City, CA, USA) using 
SYBR Green following the manufacturer’s instructions.  The 
primers for the vascular endothelial growth factor (VEGF) 
gene were 5’-CGGTATAAGTCCTGGAGCGTGT-3’ and 
5’-TCACCGCCTCGGCTTGTCA-3’.  The primers for carbonic 
anhydrase 9 (CA9) were 5’-CTGTCACTGCTGCTTCTGAT-3’ 
and 5’-TCCTCTCCAGGTAGATCCTC-3’.  For real-time PCR, 
up to 1 µL of cDNA were used as template.  Thermal cycling 
conditions were 95 °C for 60 s, followed by 45 cycles of 95 °C 
for 30 s, 56 °C for 30 s and 72 °C for 35 s.  Primer efficiency of 
>90% was confirmed with a standard curve spanning four 
orders of magnitude.  Following the reactions, the raw data 
were exported using the 7300 System Software v1.3.0 (Applied 
Biosystems, Foster City, CA, USA) and analyzed.

Immunoblotting (IB) 
Cells were lysed in sample solution.  Proteins were separated 
on 6%, 8%, or 10% SDS-PAGE gels, transferred to nitrocel-
lulose membranes, and bands were detected using various 
antibodies as indicated.  The membranes were incubated with 
the primary antibodies at 4 °C overnight and horseradish per-
oxidase-conjugated secondary antibodies (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) for 2 h at the room temperature 
(RT) before detection using an enhanced chemiluminescence 
(ECL) system (Pierce Biotechnology, Rockford, IL, USA).

Immunofluorescence
Cell monolayers were fixed with 4% paraformaldehyde, per-
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meabilized with 0.2% Triton X-100, and were blocked with 
5% BSA before incubation with the mouse monoclonal anti-
HIF-1α at 4 °C overnight.  Subsequently, the cells were incu-
bated with fluorescent isothiocyanate (FITC)-conjugated anti-
mouse antibody (SouthenBiotech, Birmingham, AL, USA) 
for 1.5 h at RT.  Nuclei were stained with 4’,6-diamidino-2-
phenylindole (DAPI).  Cells were then examined under an 
Axioplan 2 fluorescent microscope (Zeiss, Germany).

Chromatin immunoprecipitation (ChIP) assay
Cells were incubated with 150 µmol/L CoCl2 for 20 h to ensure 
the stabilization of HIF-1α, and then exposed to various con-
centration of H2O2 for 6 h.  Protein-DNA were cross-linked in 
1% formaldehyde for 10 min at 37 °C before the reaction was 
quenched by glycine (0.125 mol/L) for 5 min at RT.  Cells were 
then harvested and the ChIP assay was performed using a kit 
(Upstate Biotechnology Inc, Lake Placid, NY, USA) accord-
ing to the manufacturer’s instructions and as in our previous 
work[26].  The sonicated chromatin samples were precipitated 
with anti-HIF-1α antibody.  The primer sequences for HRE 
were 5’-CCTTTGGGTTTTGCCAGA-3’ and 5’-CCAAGTTTGT-
GGAGCTGA-3’.  The input fractions were used as the internal 
control.  

Co-immunoprecipitation (co-IP) 
Cells were washed once with cold PBS and lysed with cold 
1×IP buffer (1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L 
Tris, pH 7.4, 1 mmol/L EDTA, 1 mmol/L EGTA, pH 8.0, 0.2 
mmol/L sodium ortho-vanadate, 1 mmol/L PMSF, 0.5% pro-
tease inhibitor cocktail, 0.5% IGEPAL CA-630) at 4 °C for 30 
min.  N-Ethylmaleimide (NEM 20 mmol/L) was included in 
the above buffer when SUMOylation of proteins needed to 
be examined.  Cells were transiently co-transfected with vari-
ous tagged constructs.  At 48 h post-transfection, cells were 
exposed to various reagents as indicated before harvesting 
using the IP buffer.  Cell lysates were passed several times 
through a 26-gauge needle and centrifuged at 14 000×g for 
30 min at 4 °C.  The supernatants were incubated with vari-
ous antibodies overnight at 4 °C, followed by incubation with 
Protein A/ Protein G-coated agarose beads (Santa Cruz Bio-
technology Inc, Santa Cruz, CA, USA) for another 4 h at 4 °C.  
After samples were washed four times with ice-cold IP buffer 
and supernatants were removed by centrifugation at 2000×g 
for 1 min, proteins were co-precipitated.  The proteins were 
then separated from the beads using IB loading buffer for 15 
min at 95 °C.  The supernatants were collected and subjected 
to SDS-PAGE analysis and detected using various antibodies 
as indicated.

Intermolecular cross-linkage assay
HeLa cells were transfected with RGS-SENP3.  At 48 h post-
transfection, cells were treated with H2O2 for 1 h with or with-
out DTT pretreatment for 2 h.  Cells were lysed in SDS loading 
buffers and proteins were separated on 10% SDS-PAGE.  IB 
was performed with anti-RGS antibody to detect the intermo-
lecular SENP3 cross-linkage via disulfide formation[28].  

Antibodies 
The mouse monoclonal antibodies against HIF-1α for IB and 
immunofluorescence (BD Pharmingen, San Diego, CA, USA), 
HIF-1α for IP (ABR Affinity Bioreagents, Golden, CO, USA), 
RGS (Qiagen, Germany), HA, β-actin (Sigma-Aldrich), p300 
for IB, p300 for IP (BD Bioscience, Franklin Lakes, NJ, USA) 
were purchased.  The goat polyclonal anti-SUMO2/3 antibody 
and mouse monoclonal anti-SENP3 antibody were from Santa 
Cruz Biotechnology Inc (Santa Cruz, CA, USA).

Constructs and the site-mutagenesis
RGS tagged SENP3, HA tagged SUMO3, SENP3 mutants 
C243S and C532A were previously used in our work[35].  The 
mutant C532S was generated by QuikChange lighting Site-
Directed Mutagenesis Kit (Agilent Technology, Santa Clara, 
CA, USA) with previously used method[35].

siRNA 
siRNA specific for SENP3, SENP3 (3’UTR) and non-specific 
control (NC) siRNA were synthesized (RIBOBIO, China), 
and transfected using Lipofectamine 2000.  The sequences 
of siRNA oligonucleotides for endogenous human SENP3 
were:  5’-CAAUAAGGAGCUACUGCUAdTdT-3’  and 
5’-GUUAUUCCUCGAUGACGAUdTdT-3’.  While those 
for 3’-UTR of SENP3 were: 5’-GATCCTTTGTTGATACGTA 
dTdT-3’.

Transfection, co-transfection and rescue
The constructs were transiently transfected or co-transfected 
into cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, 
USA) according to the manufacturer’s instructions.

HeLa cells were first transfected with non-specific siRNA 
control or siRNA for endogenous SENP3.  After 24 h, cells 
were again transfected with RGS-SENP3 WT, the mutant 
C243S or the mutant C532S for another 48 h to rescue SENP3 
functions.  

Statistical analysis
Results were derived from at least three independent 
experiments and expressed as Mean±SD. The difference 
between groups were compared using Student’s t test.

Results
HIF-1 transcriptional activity is enhanced by low doses of H2O2 
but suppressed by high doses of H2O2 
Varied doses of H2O2 were administered to cultured HeLa 
cells and incubated for 24 h before the cell viability was 
assayed.  The results showed that the cell viability was pro-
moted at doses ranging from 0.05 mmol/L to 0.5 mmol/L with 
a peak at approximately 0.5 mmol/L, and was suppressed at 
doses higher than 0.75 mmol/L (Figure 1A).  After screening 
the doses of H2O2 that resulted in opposite cellular effects, 0.5 
mmol/L and 2 mmol/L were used as the doses to create the 
low and high oxidative stress conditions respectively.  Truly, 
ROS increased to modest or dramatic levels following treat-
ments with these doses of H2O2 (Figure 1B).  
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The transcriptional activity of HIF-1 was assessed using 
luciferase reporters after cells were exposed to H2O2 for 6 h.  
The results showed that the transcriptional activity of HIF-1 
was enhanced by 0.5 mmol/L of H2O2 but suppressed by 2 
mmol/L of H2O2 (Figure 1C).  The antioxidant NAC and the 
reducing agent DTT could reverse the alteration of HIF-1 
transactivation caused by ROS regardless of whether transacti-
vation was enhanced or suppressed, indicating that this effect 
was under redox control.

As 2 mmol/L of H2O2 led to the repression of viability or 
mitotic senescence at later time points, it was necessary to 
distinguish a specific inhibition toward HIF-1 transactivation 
from a general transcriptional suppression.  The luciferase 
reporter activity for the control (renilla) at this level of oxida-
tive stress was compared with the activity at the lower level, 
and the result excluded a general transcriptional suppression 
(data not shown).  A reporter assay for p53 showed that the 
transcriptional activity of p53 was induced while the one for 
HIF-1 was suppressed by 2 mmol/L of H2O2 (Supplementary 
Figure 1), implying that the inhibition of HIF-1 transactivation 
by oxidative stress was not a non-specific phenomenon.

The transcriptional activity of HIF-1 was also assessed using 
real-time PCR for the mRNA levels of the HIF-1 target genes 
VEGF and CA-9 after the cells were exposed to H2O2 for 6 
h.  The results showed that the transcriptional levels of the 
HIF-1 target genes were enhanced by 0.5 mmol/L of H2O2 and 
suppressed by 2 mmol/L of H2O2 (Figure 1D).  The reducing 

agent DTT could reverse the alterations in the mRNA levels of 
HIF-1 target genes caused by ROS, regardless of whether they 
were enhanced or suppressed (Figure 1D).

Differential HIF-1 transcriptional activity under mild or severe 
oxidative stress results from altered HIF-1α/p300 binding
Because HIF-1 activation is a multistep process involving the 
stabilization of the HIF-1α protein, the dimerization of the 
HIF-α and -β subunits, translocation to the nucleus, bind-
ing to HIF-1 responsive elements HRE, and the formation 
of active transcriptional complexes with the co-activators 
p300/CBP[36-40], we examined these processes during mild and 
severe oxidative stress.  The result of the immunoblot showed 
that, although HIF-1α was stabilized by treatment with a very 
low dose of H2O2, it remained unchanged under increasing 
doses of H2O2 (Figure 2A).  In addition, the nuclear accumula-
tion of HIF-1α remained stable in the presence of increasing 
doses of H2O2, as shown by immunofluorescence (Figure 2B).  
However, a ChIP assay showed that the amount of HIF-1α 
bound to HRE was remarkably increased by 0.5 mmol/L H2O2 
but was decreased by 2 mmol/L H2O2 (Figure 2C).  Likewise, a 
co-IP assay showed that the amount of p300 bound to HIF-1α 
increased at low doses of H2O2 but decreased at high doses 
(Figure 2D).  These data clearly demonstrated that the biphasic 
regulation of HIF-1 transactivation by different levels of ROS 
was not attributable to the altered expression or nuclear accu-
mulation of HIF-1α but rather to an alteration in HIF-1/p300 

Figure 1.  HIF-1 transcriptional activity is enhanced by low doses of H2O2, but suppressed by high doses of H2O2. (A) HeLa cells were treated once with 
the indicated concentrations of H2O2 for 24 h and then cell viabilities were evaluated by MTT.  (B) ROS levels were detected by flow cytometry after HeLa 
cells were exposed to the indicated concentrations of H2O2 for 1 h and incubated with DCFH-DA for 10 min.  (C) HeLa cells were co-transfected with the 
constructs of luciferase reporter for HRE and Renilla.  Fourty hours posttransfection, HeLa cells were exposed to H2O2 as indicated for 6 h.  When used, 
5 mmol/L NAC was pretreated for 4 h or 10 mmol/L DTT pretreated for 2 h before H2O2 exposure. Cells were then lysed, and the relative luciferase 
activity (RLA) for HIF-1 was assayed as described in “Materials and methods”.  (D) HeLa cells were treated with the indicated concentrations of H2O2 for 
6 h. HIF-1 target gene VEGF and CA-9 mRNA levels were evaluated by quantitative real-time PCR and shown as folds of control.  The results were shown 
as the Mean±SD of three independent experiments, and samples were duplicated in each experiment.  Data were represented as Mean±SD.  bP<0.05 
vs H2O2 0 mmol/L.  eP<0.05 vs H2O2 0.5 mmol/L.  hP<0.05 vs H2O2 2 mmol/L.
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binding and a concomitant alteration in HIF/DNA binding.

The ROS level regulates the SENP3-p300 interaction to cause 
differential SUMOylation of p300
As we had previously found that the SUMO protease SENP3 
accumulated in response to a mild increase in ROS and could 
specifically deconjugate SUMO2/3 from p300 thus promoting 
p300 binding with HIF-1[26], the SUMOylation status of p300 
at different ROS levels was examined.  The results of the co-IP 
showed that, as predicted, the endogenous SUMO2/3 modi-
fication of endogenous p300 obviously decreased after the 
cells were exposed to a low dose of H2O2, while the SUMO2/3 
modification of p300 in the cells treated with a high dose of 

H2O2 remained similar to that in untreated cells.  However, the 
level of the SENP3 protein remained stable in cells undergoing 
low or high stress (Figure 3A).

We hypothesized that the unchanged SUMOylation status 
of p300 under high stress might be caused by the inactivation 
of the enzymatic activity of SENP3, given that the SENP3 pro-
tein level was unchanged.  To clarify this, RGS-tagged SENP3 
was ectopically expressed in cells, and co-IP for RGS-SENP3 
was then used to detect the interaction of SENP3 with p300.  
The results showed that the SENP3 interaction with p300 was 
enhanced under low stress condition.  However, this interac-
tion was markedly blocked under high stress and was even 
weaker than that under non-stress condition (Figure 3B).  This 
result indicated that the inactivation of SENP3 catalytic capa-
bility might occur under severe oxidative stress, and this inac-
tivation could be manifested as the loss of its ability to bind to 
its substrates.  

SENP3 is a cysteine protease, and its enzymatic activ-
ity relies on a specific cysteine, C532[29].  As the mutant that 
substitutes C532 with alanine, C532A, is typically used as a 
dominant-negative SENP3[29], we used this mutant to examine 
SENP3-p300 binding under low and high stress conditions.  
The results showed that this mutant could not bind the sub-
strate under any conditions, clearly confirming that C532, 
which is responsible for enzymatic activity, is required for 
substrate binding (Figure 3C).  Hence, SENP3-p300 binding 
capacity could be used as a readout for the enzymatic activity 
of SENP3 in the following experiments.

The ROS level regulates the SENP3-p300 interaction by affecting 
different cysteines
Our previous studies[26, 27] have shown that the decrease in 
the SUMO2/3 modification of p300 during mild stress is 
due to an accumulation of SENP3.  We also found that this 
accumulation following a blockage of ubiquitination can 
be attributed to the oxidation of cysteines 243 or 274 within 
the redox sensing domain of SENP3; the mutants (C243S or 
C274S) in which these cysteines were replaced by serine, an 
amino acid residue non-responsive to ROS, failed to accumu-
late under stress[35].  Given that the SENP3 protein level was 
unchanged upon high stress as compared with low stress and 
that the enzymatic activity of SENP3, as represented by its 
substrate binding capacity, was lost only under high stress, 
we hypothesized that, whereas mild stress oxidizes cysteines 
243 or 274 to induce SENP3 stabilization, severe stress might 
oxidize another cysteine and inactivate the enzymatic activity 
of SENP3, ie, its capacity to bind with its substrates.  We then 
generated another mutant in which C532 was replaced with 
serine.  The SENP3-p300 binding was then analyzed by co-IP 
in cells transfected with the wild-type SENP3 or the mutants 
C243S or C532S.  

The results showed that the C243S mutant could not be 
stabilized in response to either high or low oxidative stress 
conditions (Figure 4B, compare the blot of the input RGS of 
C243S with the wild-type).  However, this mutant failed to 
bind to p300 when exposed to high stress conditions, show-

Figure 2.  Differential HIF-1 transcriptional activity under mild or severe 
oxidative stress results from altered HIF-1α/p300 binding  (A) HIF-
1α protein levels were evaluated by IB after HeLa cells were incubated 
with cobalt chloride for 20 h and then treated with the indicated H2O2 
for additional 1 h.  β-Actin was shown as a loading control.  (B) HIF-
1α translocation to nuclei was shown by immunofluorescence.  Cells 
were treated with the indicated H2O2 for 1 h.  Immunofluorescence was 
performed with anti-HIF-1α antibody and the FITC-second antibody.  DAPI 
was used for counterstaining the nuclei.  (C) Ability of HIF-1 binding with 
HRE was tested by ChIP assay.  HeLa cells were incubated with cobalt 
chloride for 20 h and then treated with the indicated H2O2 for additional 1 
h followed by ChIP assay.  (D) Interaction of HIF-1 with p300 was detected 
by co-IP.  HeLa cells were incubated with cobalt chloride for 20 h and then 
treated with the indicated H2O2 for additional 1 h.  Cells were lysed and 
endogenous HIF-1α was pulled down using antibody against HIF-1α.  The 
pulled-down HIF-1α and whole cell lysates as input were analyzed by IB as 
indicated.
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ing a similar response as the wild-type SENP3.  Interestingly, 
the C532S mutant was sensitively responsive to ROS-induced 
accumulation, regardless the degree of stress (Figure 4B, 
compare the blot of the input RGS of C532S with the wild-
type).  Furthermore, the co-IP results showed that it retained 
the capacity to bind with p300 under both low and high stress, 
being not responsive to ROS-induced inactivation (Figure 
4B).  These data indicate that the oxidation of C243 is respon-
sible for SENP3 accumulation under both low and high stress 
conditions, while the oxidation of C532 is responsible for the 
blockage of the SENP3-substrate interaction under high stress 
condition.  

Oxidative modification of the individual cysteines in SENP3 
regulates p300 SUMOylation and HIF-1 transactivation
To elucidate the biochemical consequences of SENP3 regula-
tion by ROS in a biphasic manner, we investigated whether 
C243S and C532S truly affected p300 SUMOylation.  Endog-
enous SENP3 was knocked down by siRNA that did not target 
exogenous SENP3, and the SENP3 functions were then res-
cued by transfection with the wild-type or the C243S or C532S 
mutants before the co-IP experiments were conducted.  The 
results showed that siRNA effectively abolished basal and the 
ROS-enhanced SENP3 accumulation and that the conjugation 
of p300 with SUMO2/3 was unchanged upon stress condi-
tions.  The wild-type SENP3 could rescue the ROS-enhanced 
SENP3 accumulation and p300 de-SUMOylation under low 
stress, but SENP3 accumulation could not mediate p300 de-
SUMOylation under high stress.  The mutant C243S could not 
rescue SENP3 accumulation or p300 de-SUMOylation under 

Figure 3.  The ROS level regulates the SENP3-p300 interaction to cause differential SUMOylation of p300.  (A) The SUMOylation of endogenous p300 
was detected by co-IP.  HeLa cells were treated with different concentrations of H2O2 for 1 h as indicated.  Co-IP was carried out with p300 antibody and 
IB was carried out using the antibodies as indicated.  The binding of SENP3 with its substrate p300 was detected by co-IP.  HeLa cells were transfected 
with RGS-SENP3 for 48 h, then were incubated with different concentrations of H2O2 for 1 h.  (B) Co-IP was carried out with the antibody against RGS 
tag and IB was carried out using the antibodies against RGS and endogenous p300.  The accumulation of SENP3 (RGS) was shown in the input.  β-actin 
was used as a loading control.  (C) The binding of the SENP3 mutant with its substrate p300 was detected by co-IP.  HeLa cells were transfected with 
RGS-SENP3-C532A for 40 h.  Co-IP and IB procedures were the same to above in B.  The accumulation of SENP3 (RGS) was shown in the input.  β-Actin 
was used as a loading control.

Figure 4.  The ROS level regulates the SENP3-p300 interaction by 
affecting different cysteines.  The identified domains and important 
cysteine residues of SENP3. (A) The plasmid RGS-SENP3 was constructed 
and the site mutagenesis was conducted with serines to replace cysteines 
at 243 and 532 sites. (B) The accumulation of the SENP3 wild-type (WT) 
or mutants in response to stress conditions and the binding with its 
substrate p300 was detected by co-IP.  HeLa cells were transfected with 
RGS-SENP3 WT, C243S, or C532S for 40 h before treated with H2O2 for 1 h.  
The proteins were co-immunoprecipitated using anti-p300 and detected 
by IB using the indicated antibodies.  The accumulation of SENP3 (RGS) 
was shown in the input.  β-Actin was used as a loading control.
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both stress conditions.  Remarkably, the mutant C532S could 
de-SUMOylate p300 under both mild and severe stress condi-
tions, because SENP3 could accumulate under both stress con-
ditions, and the enzyme remained catalytically active under 
severe stress (Figure 5A).

Taken together, these data suggested that the two redox-
sensing cysteines have different functions.  C243 is responsible 
for sensing the increase in ROS production and in turn block-
ing ubiquitination.  After SENP3 becomes stabilized upon 
mild stress, C532 is responsible for the interaction of SENP3 
with its substrates, but this site is inactivated during a further 
increased ROS generation.  The sequential oxidation of these 
two cysteines leads to changes in SENP3 protein abundance 
and its catalytic activity during the increase in ROS level, 

which eventually results in a fluctuation in the SUMOylation 
status of p300.

We then examined the HIF-1 transcriptional activity by 
measuring the mRNA level of the HIF-1 specific target gene 
VEGF in cells with SENP3 knockdown and recue.  The results 
showed that the HIF-1 target gene expression was also differ-
ently affected by the two SENP3 mutants, which was consis-
tent with the SUMOylation statuses of p300 (Figure 5B).

To exclude the possibility that 2 mmol/L H2O2 might cause 
oxidative damage to SENP3, we finally performed an inter-
molecular cross-linkage assay.  This experiment showed that 
SENP3 cross-linking only occurred after treatment with 10 
mmol/L of H2O2 (supplementary Figure 2).  This result sug-
gested that SENP3 underwent a selective oxidative modifica-

Figure 5.  Oxidative modification of the individual cysteines in SENP3 regulates p300 SUMOylation and HIF-1 transactivation. (A) The SUMOylation of 
p300 was detected by co-IP.  HeLa cells were transfected with non-specific siRNA control or siRNA for endogenous SENP3 for 24 h, and then transfected 
with RGS-SENP3 WT or the mutants C243S or C532S to rescue for another 48 h.  HA-SUMO3 was simultaneously co-tranfected.  Cells were treated 
with H2O2 for 1 h.  The proteins were co-immunoprecipitated using anti-p300 and detected by IB using the antibodies against p300 and HA.  β-Actin 
as a control.  (B) HeLa cells were transfected with non-specific siRNA control or SENP3 siRNA for 24 h, and then transfected with RGS-SENP3 WT, the 
mutants C243S or C532S to rescue for another 48 h.  Cells were treated with H2O2 for 6 h.  The VEGF mRNA levels were evaluated by real-time PCR 
and shown as folds of control.  The results were shown as the Mean±SD of three independent experiments, and samples were duplicated in each 
experiment.  Data were represented as Mean±SD.  bP<0.05 vs siRNA SENP3 rescue WT H2O2 0 mmol/L. eP<0.05 vs siRNA SENP3 rescue WT H2O2 0.5 
mmol/L.  hP<0.05 vs siRNA SENP3 rescue C532S H2O2 0 mmol/L.
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tion upon treatment with 2 mmol/L H2O2.

Discussion
The dual or biphasic regulatory effects of ROS have been 
reported for many years[2, 6, 41–43].  For instance, ROS can medi-
ate phenotypes ranging from survival and growth to apoptosis 
in vascular endothelial and smooth muscle cells, which may 
be considered both physiological and pathophysiological[41].  It 
has been concluded that the specific response elicited by ROS 
is determined by their specific intracellular target(s), which, in 
turn, depends on the species of oxidant(s), the source and sub-
cellular localization of the oxidant(s), the kinetics of produc-
tion, and the quantities produced[41].  For example, in some cell 
types, low levels of ROS (usually submicromolar concentra-
tions) induce growth, but higher concentrations (usually >10 
micromolar) induce apoptosis or necrosis[44].  These studies, 
although using the words dual or biphasic, actually intended 
to highlight the fact that ROS may cause opposing effects at 
different doses.  

It has been observed that cellular signaling pathways are 
generally subjected to dual redox regulation in which ROS 
have opposing effects on upstream signaling systems and 
downstream transcription factors[21, 26, 32, 45, 46].  Our previous 
research has shown that, when increased by chemical com-
pounds or genetic manipulation, ROS may enhance the tran-
scriptional activities of NF-κB, AP-1 and HIF-1 at lower doses 
but suppress them at higher doses[21, 26, 32, 45, 47, 48].  For instance, 
when ROS increase modestly, they activate NF-κB by trigger-
ing the degradation of IκBα and other events in the cytoplasm, 
which usually lead to prosurvival signaling events.  However, 
as the ROS levels become further excessive, the nuclear envi-
ronment is shifted from reductive to oxidative, which inhibits 
the activation of NF-κB and other transcription factors by pre-
venting them from binding to DNA.  As a consequence, the 
prosurvival transcriptional activity is abolished.  This finding 
shows how ROS can shift the activation/inactivation control 
of the NF-κB pathway[45].  

Based on findings in the literature and our own observa-
tions, we propose that the opposing effects caused by low vs  
high levels of ROS may be mediated by the biphasic redox 
sensing of proteins, ie, the ability of proteins to sense redox 
changes through the oxidation of their cysteine residues by 
different levels of ROS.  Oxidative modification of protein 
thiols is now considered as an emerging role in cell signaling.  
It has been well recognized that the thiol oxidation state of 
reactive cysteine residues in proteins controls the function of 
the proteins and the pathways that they are part of[49–54].  We 
hypothesize that, during the biphasic redox sensing, the differ-
ent cysteines of a given protein molecule might be sequentially 
oxidized by different levels of ROS, thus leading to different 
conformational characteristics and functional statuses of the 
protein.

HIF-1 is one of the most well known redox-sensitive tran-
scription factors.  An increasing body of evidence shows that 
ROS induce the stabilization of HIF-1α under hypoxic or nor-
moxic conditions[14, 26, 55, 56].  Our previous study proposed an 

additional mechanism in which mild oxidative stress induced 
by low doses of H2O2 can rapidly stabilize SENP3, in turn pro-
moting the transcriptional activity of HIF-1 through the decon-
jugation of SUMO2/3 from the co-activator p300.  This activat-
ing mechanism functions independently of HIF-1α stabiliza-
tion, and is required for ROS-mediated HIF-1 transcriptional 
activity under both hypoxia and normoxia[13].  To establish 
why the transcriptional activity of HIF-1 can be suppressed 
by a further dramatic increase of ROS, we hypothesized that 
SENP3 is a biphasic redox sensor that mediates the bipha-
sic redox regulation of HIF-1.  We used a variety of SENP3 
mutants to study the responsiveness of SENP3 to increasing 
levels of ROS.  The results of the present study demonstrated 
that the oxidation of C243 is required for ROS-induced SENP3 
accumulation and consequent HIF-1 transactivation, while in 
contrast, the oxidation of C532 is responsible for ROS-induced 
SENP3 inactivation and the consequent suppression of the 
transcriptional activity of HIF-1.  Therefore, we suggest that 
the biphasic redox sensing of SENP3 mediates, at least in part, 
the bidirectional ROS regulation of HIF-1.  To our knowledge, 
the present study has demonstrated for the first time that the 
different cysteines in a redox-sensitive protein can sense dif-
ferent ROS levels, and thus mediate a shift in protein function 
and the related signaling activity.

The cell model of the biphasic redox effects in this study is 
produced by treating HeLa cells with 0.5 and 2 mmol/L of 
H2O2.  This dose range of H2O2 used in cancerous or trans-
formed cells is considered to be appropriate in mimicking 
oxidative stress conditions[28, 31, 57–59].  Bossis et al reported that 
ROS at low concentrations, 1 mmol/L, result in the rapid 
disappearance of most SUMO conjugates, which is due to 
direct and reversible inhibition of SUMO conjugating enzymes 
through the formation of (a) disulfide bond(s) involving the 
catalytic cysteines of the SUMO E1 subunit Uba2 and the 
E2-conjugating enzyme Ubc9.  And they also observed the 
same phenomenon in a physiological scenario of endogenous 
ROS production, the respiratory burst in macrophages[31].  Xu 
et al showed a reversible oxidative modification of SUMO pro-
tease SENP1 by 10 mmol/L of H2O2 that serves as a protective 
mechanism for the enzyme[28].  Thus, the cell model of low vs 
high stress in this study may represent ROS fluctuation that is 
correlated with protein oxidation.

The findings in the present study will shed light on biphasic 
redox effects in cells and increase our understanding of how 
the generation of ROS may be relevant to both cancer therapy 
and to cancer genesis and progression.  A typical example 
of this rationale is arsenic, which is classically recognized as 
a ROS-dependent environmental carcinogen but becomes 
an anticancer agent by inducing the apoptosis of leukemic 
cells[60, 61].

In summary, SENP3 is a biphasic redox sensor.  The increase 
in intracellular ROS generation could induce SENP3 stabiliza-
tion through the oxidation of the cysteines 243 or 274 that in 
turn blocks its ubiquitin-mediated degradation.  But, when 
an overwhelming ROS are generated, the cysteine 532 that 
is required for the substrate interaction undergoes oxidation 
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and consequent inactivation.  This biphasic redox sensing of 
SENP3 leads to a fluctuation in the SUMOylation status of its 
substrate p300, a co-activator of HIF-1, thus making a shift of 
HIF-1 transcriptional activity from activation to inactivation 
(Figure 6).  

Abbreviation
ROS, reactive oxygen species; SUMO, small ubiquitin-like 
modifier; NAC, N-acetylcysteine; DTT, dithiothreitol; RT-PCR, 
real-time polymerase chain reaction; DCFH-DA, 2, 7-dichloro-
dihydrofluorescein diacetate; HRE, hypoxia response element; 
IB, immunoblotting; co-IP, co-immunoprecipitation; ChIP, 
chromatin immunoprecipitation; siRNA, small interfering 
RNA; RT, room temperature.
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Pharmacophore-based virtual screening and density 
functional theory approach to identifying novel 
butyrylcholinesterase inhibitors
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Aim: To identify the critical chemical features, with reliable geometric constraints, that contributes to the inhibition of butyrylcholinest-
erase (BChE) function. 
Methods: Ligand-based pharmacophore modeling was used to identify the critical chemical features of BChE inhibitors.  The generated 
pharmacophore model was validated using various techniques, such as Fischer’s randomization method, test set, and decoy set.  The 
best pharmacophore model was used as a query in virtual screening to identify novel scaffolds that inhibit BChE.  Compounds selected 
by the best hypothesis in the virtual screening were tested for drug-like properties, and molecular docking study was applied to deter-
mine the optimal orientation of the hit compounds in the BChE active site.  To find the reactivity of the hit compounds, frontier orbital 
analysis was carried out using density functional theory.
Results: Based on its correlation coefficient (0.96), root mean square (RMS) deviation (1.01), and total cost (105.72), the quantitative 
hypothesis Hypo1 consisting of 2 HBA, 1 Hy-Ali, and 1 Hy-Ar was selected as the best hypothesis.  Thus, Hypo1 was used as a 3D query 
in virtual screening of the Maybridge and Chembridge databases.  The hit compounds were filtered using ADMET, Lipinski’s Rule of 
Five, and molecular docking to reduce the number of false positive results.  Finally, 33 compounds were selected based on their criti-
cal interactions with the significant amino acids in BChE’s active site.  To confirm the inhibitors’ potencies, the orbital energies, such as 
HOMO and LUMO, of the hit compounds and 7 training set compounds were calculated.  Among the 33 hit compounds, 10 compounds 
with the highest HOMO values were selected, and this set was further culled to 5 compounds based on their energy gaps important for 
stability and energy transfer.  From the overall results, 5 hit compounds were confirmed to be potential BChE inhibitors that satisfied all 
the pharmacophoric features in Hypo1. 
Conclusion: This study pinpoints important chemical features with geometric constraints that contribute to the inhibition of BChE activ-
ity.  Five compounds are selected as the best hit BchE-inhibitory compounds.  

Keywords: cholinesterase; butyrylcholinesterase; Alzheimer’s disease; virtual screening; density functional theory; molecular docking; 
ligand-based pharmacophore modeling theory   
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Original Article

Introduction
Cholinesterases (ChEs) are involved in the degradation of cho-
line and show similarity in protein sequence but differences 
in their kinetic properties.  On the basis of their substrate and 
inhibitor specificities, cholinesterases are divided into two 
subfamilies: acetylcholinesterases (AChEs; EC 3.1.1.7) and 
butyrylcholinesterases (BChEs; EC 3.1.1.8).  AChE is predomi-
nantly present in the central and peripheral nervous system, 
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as well as in muscles.  In muscles, AChE terminates impulse 
transmission by the rapid hydrolysis of acetylcholine to acetic 
acid and choline[1].  BChE is primarily synthesized in the liver 
and secreted into plasma, and it is responsible for the hydro-
lysis of a variety of choline (hydrophilic and hydrophobic) 
and non-choline esters[2].  BChE plays a key role in cholinergic 
synapses by terminating acetylcholine action, although the 
complete physiological function of BChE remains unclear[3].  
Both cholinesterase enzymes belong to the super family of 
α/β-hydrolase fold proteins[4].  Both AChE and BChE exist as 
multimers of catalytic subunits in globular forms such as G1, 
G2, and G4 that contain one, two, or four subunits, respec-
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tively.  The hydrolysis of substrates by both enzymes proceeds 
through a transacylation step involving nucleophilic and gen-
eral acid-base elements[5].  BChE acts as a scavenger protein 
that protects the cholinergic system against anticholinesterase 
poisons.  BChE is the sole carboxylesterase[6, 7] with recognized 
toxicological and pharmacological importance in scavenging 
and detoxification of numerous ester-containing drugs, pro-
drugs[8, 9], and poisonous carbamyl- and phosphoryl-esters, 
including nerve agents[10, 11].  

Currently, BChE is emerging as an important pharmacologi-
cal target in Alzheimer’s disease (AD) therapy[12].  A 40%–90% 
increase in BChE expression and activity have been found in 
AD brain neuronal plaques[13].  BChE is capable of compen-
sating for reduced AChE catalytic functions in the synaptic 
cleft[14, 15] and shows significantly increased activity (30%–60%) 
during the time course of AD[16, 17].  Hence, in recent years, 
many scientists and researchers have shown keen interest in 
designing small molecules that can inhibit BChE activity[18–23].  
However, there is also increasing evidence of BChE’s involve-
ment in non-cholinergic functions such as cell differentia-
tion[24], neurogenesis, and the formation of amyloid plaques in 
AD[25–27].  

In this work, we used computer-aided drug design 
approaches to identify novel and potent inhibitors of BChE.  
Pharmacophore studies are more cost-effective than experi-
mental chemical screening of large databases.  A 3D pharma-
cophore model was generated for BChE based on a series of 
well-known inhibitors.  The best quantitative model was used 
as a 3D query for virtual screening of chemical databases to 
discover novel hit compounds.  The virtual screening results 
revealed a small subset of database compounds that were 
promising potential hit compounds for BChE inhibition.  The 
hits were subsequently filtered by Lipinski’s Rule of Five, 
ADME (absorption, distribution, metabolism, and excretion) 
properties, and molecular docking.  Finally, density functional 
theory (DFT) was used to calculate the orbital energy value 
and energy gap for the molecules screened by docking.  

Computational methods
Pharmacophore modeling is one of the most frequently used 
and valuable methods to discover novel scaffolds for various 
targets.  

Selection of compounds
To construct the BChE data set, 71 compounds were collected 
with their corresponding reported inhibitory activity values 
(IC50) which were tested using the same bioassay technique 
from various publications[28–32].  The BChE data set was divided 
into two sets: training and test sets that contained 26 and 
45 compounds, respectively.  The training set was prepared 
based on the following criteria: (i) a minimum of 16 diverse 
compounds were selected to avoid any chance correlation; (ii) 
the activity data should have a range of 4–5 orders of magni-
tude; (iii) the compounds should be selected to provide clear, 
concise information to avoid redundancy or bias in terms of 

both structural features and activity range; (iv) the most active 
compounds should be included so that they provide informa-
tion on the most critical features required for a reliable/ratio-
nal pharmacophore model; and (v) the inclusion of any com-
pound known to be inactive due to steric hindrance must be 
avoided.  The training set was used to build the quantitative 
hypothesis based on principles of structural diversity and IC50 
values that spanned a wide activity range, from 3.6 nmol/L 
to 11 000 nmol/L (Figure 1).  The test set was used to evalu-
ate the predictive ability of the generated pharmacophore 
model.  Both the training and test set compounds were classi-
fied into three categories based on their activity values.  The 
compounds with IC50 values less than or equal to 100 nmol/L 
were considered to be highly active (+++), compounds with an 
activity range between 100 nmol/L and 10 000 nmol/L were 
considered to be moderately active (++), and compounds with 
IC50 values greater than or equal to 10 000 nmol/L were set as 
low activity compounds (+).  The 2D structures of the train-
ing and test set molecules were drawn using ChemSketch[24], 
and the structures were converted into their corresponding 3D 
form using DS.  

Pharmacophore modeling
Quantitative hypotheses were generated, and the best hypoth-
esis was selected based on the models’ ability to predict the 
biological activity of novel compounds from various chemical 
databases using Discovery Studio v2.5.5 (DS, www.accelrys.
com, San Diego, CA, USA).  There are generally two methods 
to generate molecular conformation: FAST and BEST.  The 
FAST algorithm only considers existing conformers and inter-
rupts a search as soon as a pharmacophore matching confor-
mation is found, whereas the BEST algorithm additionally 
“tweaks” bond distances, angles, and dihedral angles of pre-
generated conformers on the fly to achieve the best matches.  
Herein, we used the BEST conformation method to generate 
multiple acceptable conformations for each compound pres-
ent in the training and test sets with 20 kcal/mol as the energy 
cutoff[33].  All default parameters were used to generate the 
pharmacophore, except the uncertainty default value (3.0) was 
changed to 2.0[34].  The uncertainty is the ratio of the reported 
activity value relative to the minimum, and the maximum 
values must be greater than 1.0.  The uncertainty value affects 
the categorization of ligands in the data set as either active 
or inactive compounds and is used during the constructive 
and subtractive phases.  Here, an uncertainty value of 2.0 was 
more suitable for our data set because the compound activities 
spanned the requisite 4 orders of magnitude; this choice has 
been confirmed by evidence in the literature[35, 36].  The feature 
mapping/DS protocol was used to identify common features 
present in the active inhibitors of BChE.  This protocol com-
putes a maximum of 1000 possible pharmacophore features 
mappings for the selected ligands.  The selected features from 
the feature mapping were used as one of the key inputs for 
the 3D-QSAR pharmacophore generation module using a Hypo-
Gen algorithm.  The HypoGen algorithm further estimates the 
activity of each training set compound by computing regres-
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sion analysis using parameters such as the relationship of 
geometric fit value versus the negative logarithm of the activ-
ity.  While generating the quantitative model, a minimum of 
0 to a maximum of 5 features were selected to build a series 
of hypotheses.  Ten quantitative pharmacophore models were 
generated with corresponding statistical parameters such 
as cost values, root mean square (RMS), and fit values.  The 
best quality hypothesis was selected based on cost values as 
defined by Debnath’s methods[34].  

Hypothesis validation
In general, pharmacophore models should be statistically 
significant, accurately predict the activity of molecules, and 
retrieve active compounds from databases.  The best pharma-
cophore model was validated using various potent approaches 
such as Fischer’s randomization, test set, and decoy set[33].  
The main purpose of validating a quantitative pharma-
cophore model is to determine its capacity to identify active 
compounds, as well as its predictive ability for correspond-
ing molecules.  Fischer’s randomization test was performed 

simultaneously during the original hypotheses generation 
and produced a number of random spreadsheets depending 
on the selected significance level (90%, 95%, 98%, and 99%) 
by shuffling the activity values present in the training set.  
Here, a 95% significance level was selected.  Nineteen random 
spreadsheets were produced by randomly shuffling the activ-
ity value of the training set compounds, and the test generated 
hypotheses using the same chemical features and parameters 
used to develop the original hypothesis.  Test and decoy sets 
were used to check whether the best hypothesis was able to 
select molecules with orders of magnitude of activity similar 
to that of the active training set and to determine how well the 
model hypothesis could differentiate potential BChE inhibitors 
from other compounds, respectively.  The test set consisted of 
structurally diverse chemical compounds from the training set 
to ascertain the broadness of pharmacophore predictability.  
The decoy set was prepared by calculating the 1D property 
of 25 active inhibitors of BChE and 2075 inactive or unknown 
molecules.  EF and GF were calculated using the following 
equations: 

Figure 1.  Set of 26 chemically diverse compounds used as the training set in 3D-QSAR discovery studio/pharmacophore generation.  IC50 values, in 
nmol/L, are indicated in parentheses for each compound.
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	 EF=(Ha/Ht)/(A/D) 
GF=(Ha/4HtA)(3A+Ht)*{1–[(Ht–Ha)/(D–A)]}

where Ha is the total number of active compounds in the hit 
list, Ht is the number of hits retrieved from the database, A is 
the total number of active compounds in the database, and D 
is the total number of molecules in the database.  

Virtual screening 
Pharmacophore-based database searching was used to find 
potential hit compounds that could repress or trigger BChE 
activity.  The generated, well-validated hypothesis was used 
as a 3D structural query in the virtual screening of databases 
such as Maybridge and Chembridge to retrieve novel scaffolds 
for BChE inhibition.  The Fast Flexible search method from 
Ligand Pharmacophore Mapping/DS was applied to retrieve hits 
that satisfy the chemical moiety requirements and spatially 
map with corresponding features in the pharmacophoric 
query[37].  

Drug likeness filtration
Poor pharmacokinetic properties are one of the main causes 
for the termination of a compound’s entry or progression 
along the drug development pipeline.  The medicinal chem-
ist needs compounds with good pharmacokinetic properties; 
thus, all of the hit compounds obtained from database search-
ing were filtered by applying ADME and the Rule of Five 
developed by Lipinski[38].  To obtain compounds with good 
pharmacokinetic properties, ADMET descriptors were calcu-
lated.  ADMET was applied to check whether the compounds 
are able to cross the blood-brain barrier (BBB) and have good 
solubility, human intestinal absorption (HIA), and low toxic-
ity.  Here, we mainly focused on oral bioavailability, low or no 
hepatotoxicity, and the capacity to penetrate the BBB, which is 
a key decision filter for central nervous system drug discovery.  
The compounds that satisfied the abovementioned properties 
were selected for molecular docking studies.  Lipinski’s rule 
of 5 states that clogP≤5, molecular weight≤500, and number of 
hydrogen bond acceptors≤10 and donors≤5.  Compounds vio-
lating more than one of these rules may have problems with 
bioavailability, therefore these parameters were calculated 
by DS to eliminate compounds that did not pass the above 
criterias.  

Molecular docking
Molecular docking generates a score for each compound based 
on the binding affinities of protein-ligand complexes.  Molecu-
lar docking was used to identify the small molecules that were 
able to fit well into the binding site of BChE proteins.  Ligand-
Fit[39] was used to execute the molecular docking studies and to 
determine the accurate orientation of ligands in protein active 
sites.  The LigandFit module was classified into three stages: (i) 
docking, when an attempt was made to dock a ligand into a 
user defined binding site; (ii) in situ ligand minimization; and 
(iii) scoring, when various scoring functions were calculated 
for each pose of the ligands.  The 3D crystal structure of BChE 
(PDB code: 1P0I) was downloaded from Protein Data Bank 

(PDB, www.rcsb.org) with good resolution (2 Å).  The protein 
was prepared by adding the hydrogen atoms by applying 
CHARMm force field[40] using the Molecular simulation module.  
After protein preparation, the active site of the protein must be 
identified before docking the small molecules.  The active site 
of the protein can be represented as a binding site, essentially 
as a set of points on a grid that lie in a cavity.  Two methods 
were applied to define the binding site for the protein: (i) 
based on the receptor shape using “eraser” algorithm and (ii) 
volume occupied by the known ligand position already in an 
active site.  For this study, we preferred the second method to 
find the active cavity of BChE.  Initially, the docking parame-
ters were validated by docking the co-crystal molecule into the 
active site of BChE.  The hit molecules from the virtual screen-
ing process and 5 active inhibitors were docked in the active 
site of BChE to find the most suitable orientation and com-
pound binding ability.  During the docking process, the top 
10 conformations were generated for each ligand based on the 
docking score after energy minimization using the smart mini-
mizer method, which begins with the steepest descent method 
followed by the conjugate gradient method.  The docked poses 
were validated by the hydrogen bond interactions between the 
candidate molecules and active site residues.  

Density functional theory
The main aim of the orbital energies calculation was to pro-
vide valuable information about the electrostatic properties 
of the BChE inhibitors.  DFT is a successful and promising 
approach adopted by quantum chemists in the quantum 
mechanical simulation of periodic systems[41].  There is sub-
stantial evidence that DFT provides an accurate description 
of the electronic and structural properties of small molecules 
by computing the electronic structure of matter.  The selected 
docked poses of the hit compounds from the molecular dock-
ing studies were used as input for the DFT instead of the com-
pounds’ bioactive conformations.  Because the docking results 
showed the suitable binding orientation of hit compounds, 
it was suitable for calculating the orbital energies such as 
HOMO and LUMO using DS.  Calculating the orbital energy 
using B3LYP provided information regarding the capacity of 
the molecules to transfer their energies from a HOMO, which 
can act as an electron donor, to a LUMO, which can act as an 
electron acceptor.  These electrostatic property calculations 
could provide useful information for designing novel BChE 
inhibitors.  

Results and discussion
A ligand-based pharmacophore method was used to elucidate 
the spatial arrangement of chemical features that were crucial 
for the interaction of structurally diverse and potent BChE 
inhibitors with their target protein.  Ligand-based approaches 
reveal the important and common chemical features of diverse 
ligands, and these features can then be used as 3D query in 
virtual screenings of large chemical databases to identify novel 
hit compounds.
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Pharmacophore model
The HypoGen algorithm was used to construct quantitative 
hypotheses that correlated the experimental and the predicted 
activity values of the inhibitors.  At the end of each run, the 
top ten hypotheses were generated based on a set of 26 chemi-
cally diverse inhibitors of BChE (Figure 1), and the statistical 
parameters values such as cost, correlation (r), and RMS for 
each hypothesis are shown in Table 1.  

Among the ten hypotheses, nine hypotheses contained 1 
hydrogen bond acceptor (HBA) and 1 hydrophobic aliphatic 
(Hy-Ali) group, which indicates that these chemical features 
are necessary for BChE inhibition.  Out of the 10 hypotheses, 
only 3 hypotheses were selected for further processing based 
on the maximum fit value (greater than 9).  Debnath’s analy-
sis[42], used to select the best hypothesis, states that the best 
pharmacophore model should have the highest cost differ-
ence, good correlation coefficient, least RMS, and lowest total 
cost values.  Cost differences represent the difference between 
the null and total cost of hypothesis.  A 40–60 bit difference 
leads to a predictive correlation probability of 75%–90%, 
and if the difference is greater than 60 bits, the hypothesis 
is assumed to have a correlation probability of greater than 
90%[31].  Hypo1 showed the highest cost difference of 120.12 
bits, compared with Hypo4 and Hypo5, indicating its signifi-
cance.  The correlation coefficient is based on linear regression 
derived from the geometric fit index; Hypo1 showed the high-
est correlation coefficient (0.96), demonstrating its high predic-
tive ability.  The RMS factor represents the deviation of the 
predicted activity value from the experimental value, and the 
RMS values were 1.02, 1.23, and 1.24 for Hypo1, Hypo4, and 
Hypo5, respectively.  This result also supports the conclusion 
that Hypo1 was significant when compared with the two other 
hypotheses.  The reliability of a pharmacophore model also 
depends on whether the total cost value is distant from the 
null cost and close to the fixed cost.  The fixed cost represents 
a simple model that fits all data perfectly, while the null cost 
presumes that there is no relationship in the data and that the 

experimental activities are normally distributed around their 
average value.  The fixed and total cost values of Hypo1 were 
94.82 and 108.57, respectively.  Thus, Hypo1, which consisted 
of 2 HBA, 1 Hy-Ali, and 1 hydrophobic aromatic (Hy-Ar), was 
selected as the best hypothesis and was employed for further 
analyses.  The chemical features and 3D spatial arrangement 
of Hypo1 are depicted in Figure 2.  

Hypo1 was used to estimate the inhibitory activities of 26 
training set compounds to elucidate its predictive accuracy.  
Hypo1 was able to predict the inhibitory activity value of the 
26 training set compounds in the same order of magnitude 
(Table 2).  One moderately active and two inactive compounds 

Figure 2.  The Hypo1 pharmacophore model and its geometric 
parameters, where HBA: hydrogen bond acceptor; Hy-Ali: hydrophobic 
aliphatic; and Hy-Ar: hydrophobic aromatic.

Table 1.  Information of statistical significance and predictive power presented in cost values measured in bits for the top 10 hypotheses as a result of 
automated 3D QSAR pharmacophore generation.

  Hypo No	                        Total cost	   Cost differencea	          RMSb	 Correlation	            Featuresb	                        Max fit 
 
	 Hypo1	 105.72	 120.12	 1.01	 0.96	 2 HBA, 1 Hy-Ali, 1 Hy-Ar	 8.58
	 Hypo2	 103.93	 116.91	 1.10	 0.95	 2 HBA, 1 Hy-Ali, 1 RA	 9.54
	 Hypo3	 109.97	 115.87	 1.15	 0.94	 2 HBA, 1 Hy-Ali, 1 Hy-Ar	 8.85
	 Hypo4	 112.57	 113.27	 1.23	 0.93	 2 HBA, 1 Hy-Ali, 1 RA	 9.18
	 Hypo5	 112.98	 112.86	 1.24	 0.93	 2 HBA, 1 Hy-Ali, 1 RA	 9.48
	 Hypo6	 116.06	 109.78	 1.34	 0.92	 2 HBA, 1 Hy-Ali, 1 RA	 7.25
	 Hypo7	 117.41	 108.43	 1.38	 0.91	 2 HBA, 1 Hy-Ali, 1 RA	 7.28
	 Hypo8	 117.43	 108.41	 1.39	 0.91	 2 HBA, 1 Hy-Ali, 1 Hy-Ar	 7.86
	 Hypo9	 118.78	 107.06	 1.42	 0.91	 2 HBA, 1 Hy-Ali, 1 RA	 7.50
	 Hypo10	 118.82	 107.02	 1.43	 0.91	 2 HBA, 2 Hy-Ar	 7.86

a Cost difference between the null and the total cost. The null cost, the fixed cost and the configuration cost are 225.84, 92.399 and 15.79, respectively. 
b Abbreviation used for features: RMS, root mean square deviation; HBA, hydrogen bond acceptor; Hy-Ali, hydrophobic aliphatic, Hy-Ar, hydrophobic 
aromatic and RA, ring aromatic.
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were underestimated and overestimated as inactive and 
moderately active, respectively.  All of the active compounds 
were predicted in their own activity ranges, indicating the 
predictive ability of Hypo1.  Hypo1 aligned with the most 
active compound 1 (IC50: 3.6 nmol/L) and least active com-
pound 26 (IC50: 11 400 nmol/L) in the training set (Figure 3).  
From this analysis, we suggest that Hypo1 was able to esti-
mate the activity of compounds to a high degree of accuracy 
relative to their experimental IC50 values (Table 2).  The error 
value was defined as the ratio between experimental and pre-
dicted activity value, and Hypo1 demonstrated remarkable 
consistency.  The best pharmacophore model, Hypo1, was 
validated by various methods such as Fisher’s randomization, 
a test set, and a decoy set to demonstrate its robustness and 

statistical significance.  

Validation of the pharmacophore model
Fischer’s randomization test
Fischer’s test was applied to evaluate the significance of 
Hypo1 based on statistical validation.  A confidence level of 
95% was chosen, and a total of 19 random spreadsheets were 
generated to produce the hypothesis.  The significance of the 
hypothesis was calculated using the formula S=[1–(1+X)/
Y]×100, where X is the total number of hypotheses having a 
total cost lower than the original hypothesis, and Y is the total 
number of HypoGen runs (initial+random runs).  Here, X=0 
and Y=(1+19), hence 95%={1–[(1+0)/(19+1)]}×100.  The total 
cost of 19 random pharmacophore models compared with 
Hypo1 showed that the original hypothesis was far superior to 
the 19 other hypotheses, which indicated that the Hypo1 was 
not generated by chance (Figure 4).  This result provided confi-
dence that the Hypo1 could be a best hypothesis that contains 
all the necessary chemical features to inhibit BChE activity.  

Test set validation
The test set contains 45 structurally distinct compounds from 
training set molecules.  The test set was used to examine the 
ability of Hypo1 to predict the activity of external compounds 
in the same activity range.  Except for one active compound 
that was underestimated as moderately active, all of the 
remaining compounds are predicted on their own activity 
range by Hypo1 (Table 3).  Hypo1 shows the strong correla-
tion coefficient of 0.94 between experimental and predicted 
BChE inhibitory activity values for the test set (Figure 5).  This 
result also showed that Hypo1 fit not only for the training set 
compounds but also for the external compounds; this result 

Figure 3.  The best pharmacophore model Hypo1 aligned to training set 
compounds: A) active compound 1 (IC50 3.6 nmol/L) and B) low activity 
compound 26 (IC50 11 400 nmol/L).  The pharmacophore features are 
color coded (HBA, hydrogen bond acceptor: green; Hy-Ali, hydrophobic 
aliphatic: light cyan; Hy-Ar, hydrophobic aromatic: cyan).

Table 2.  Actual and estimated activity of the training set molecules based 
on the pharmacophore model Hypo1.

Compound       Fit              Exp IC50           Pred IC50        Errorb         Exp        Pred 
      No	      valuea	        nmol/L        nmol/L                         scalec     scalec

 
	 1	 6.89	 3.6	 5.5	 +1.5	 +++	 +++
	 2	 6.38	 7.8	 18	 +2.3	 +++	 +++
	 3	 6.28	 10	 22	 +2.2	 +++	 +++
	 4	 6.36	 21	 19	 -1.1	 +++	 +++
	 5	 6.22	 22	 26	 +1.2	 +++	 +++
	 6	 6.08	 23	 36	 +1.6	 +++	 +++
	 7	 6.11	 25	 33	 +1.3	 +++	 +++
	 8	 6.31	 26	 21	 -1.2	 +++	 +++
	 9	 6.39	 29	 18	 -1.7	 +++	 +++
	 10	 6.12	 34	 33	 -1.0	 +++	 +++
	 11	 6.16	 56	 30	 -1.9	 +++	 +++
	 12	 6.3	 76	 21	 -3.5	 +++	 +++
	 13	 4.85	 250	 600	 +2.4	 ++	 ++
	 14	 4.75	 490	 760	 +1.5	 ++	 ++
	 15	 4.25	 610	 2 400	 +3.9	 ++	 +
	 16	 4.85	 650	 600	 -1.1	 ++	 ++
	 17	 4.62	 800	 1 000	 +1.3	 ++	 ++
	 18	 4.9	 900	 540	 -1.7	 ++	 ++
	 19	 4.55	 1 200	 1 200	 +1.0	 +	 +
	 20	 4.01	 1 600	 4 200	 +2.6	 +	 +
	 21	 4.72	 1 800	 810	 -2.2	 +	 ++
	 22	 3.94	 1 800	 810	 -2.2	 +	 ++
	 22	 3.94	 3 000	 5 000	 +1.7	 +	 +
	 23	 4.29	 3 900	 2 200	 -1.8	 +	 +
	 24	 4.01	 5 700	 4 200	 -1.3	 +	 +
	 25	 4.09	 7 100	 3 500	 -2.1	 +	 +
	 26	 4.28	 11 000	 2 200	 -5.1	 +	 +

a Fit value indicates how well the features in the pharmacophore overlap 
the chemical features in the molecule. 
b Division of higher value of experimental or predicted IC50 by lower 
predicted  or experimental IC50 value. ‘+’ indicates that the predicted IC50 
is higher than the experimental IC50; ‘–’ indicates that the predicted IC50 is 
lower than the experimental IC50; a value of 1 indicates that the predicted 
IC50 is equal to the experimental IC50.
c Activity scale: IC50<100 nmol/L=+++ (highly active); 100 nmol/L≤ 
IC50<1000 nmol/L=++ (moderately active); IC50≥10 000 nmol/L=+ (low 
active).
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also demonstrated the predictive ability of Hypo1 to differen-
tiate the active and inactive BChE inhibitors.

Decoy set validation
As a final validation, decoy set screening was performed 
using the Best Flexible searching module/DS.  To determine 
the robustness of Hypo1, four parameters were calculated: 
false positives, false negatives, enrichment factor (EF), and 
goodness of fit score (GF).  EF and GF were calculated using 
the following set of parameters: hit lists (Ht), number of active 
percent yields (%Y), percent ratio of actives in the hit lists 
(%A), false negatives, and false positives (Table 4).  Hypo1 
succeeded in the retrieval of 76% of the active compounds 
from the decoy set.  It predicted 6 active compounds to be 
inactive compounds (false negatives).  Hypo1 showed a GH 
score of 0.86, indicating that Hypo1 had a greater tendency to 
show true positives.  On the basis of the overall validations, 
we were strongly assured that the Hypo1 demonstrated excel-
lent prediction of BChE inhibitor activities.

Virtual screening
The validated hypothesis, Hypo1, was used as a 3D structural 
query for retrieving novel candidate molecules from the May-
bridge (60 000) and Chembridge (50 000) chemical databases.  
A total of 45 496 hit compounds were obtained from the first 
screening; among these, 1619 compounds were selected for 
further analysis by applying maximum fit value of greater 
than 8.  Subsequently, these molecules were tested for ADMET 
and Lipinski’s Rule of Five.  ADMET properties calculated 
the values of blood-brain barrier (BBB) penetration, solubil-
ity, cytochrome P450 (CYP450) 2D6 inhibition, hepatotoxic-
ity, HIA, plasma protein binding (PPB), and assessed a broad 
range of ligand toxicity.  The drug should not cross the BBB, 
hence the level ‘3’ was selected to represent low penetration 
of BBB.  The value of 0 in CYP26 and hepatotoxicity indicates 
that the molecules are of low toxicity.  The cutoff values of 
solubility and HIA were 3 and 0, respectively.  Out of the 1619 
molecules, 202 molecules passed the BBB level, absorption, 
solubility, and toxicity criteria.  These hit compounds were 
subjected to further filtering by applying Lipinski’s Rule of 
Five, which states that LogP should be less than 5, the molecu-
lar weight less than 500, the number of hydrogen bond donors 
less than 5, the number of hydrogen bond acceptors less than 
10, and the number of rotatable bonds less than 10.  The flex-
ibility of the molecules and the total number of hydrogen 
bond acceptors and hydrogen bond donors are important pre-
dictors that a compound will have good oral bioavailability.  
Ultimately, 84 molecules were selected as hits based on drug-
like properties.  The hit compounds from the virtual screening 
process were subjected to molecular docking to reduce the 
false positive rate.  

Molecular docking
A BChE complex with butanoic acid from PDB was chosen 
as the target protein for molecular docking.  The establish-
ment and reorganization of specific covalent or non-covalent 

Figure 4.  The difference in cost between 19 scrambled runs.  The 95% confidence level was selected.

Figure 5.  Plot of the correlation between the experimental activity and 
the activity predicted by Hypo1 for the test set molecules (in brown) and 
training set molecules (in blue).
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Table 3.  Experimental and predicted IC50 values of 45 test set molecules against Hypo1.   

Compound                                                     Structure	                                                      Fit value        Exp IC50        Pred IC50         Errora          Exp          Pred 
      No                                                                                                                                                          (nmol/L)       (nmol/L)                            Scaleb         Scaleb 
 
	 1	 6.90	 3.0	 5.34	 +1.78	 +++	 +++

	 2	 6.36	 3.3	 8.51	 +2.58	 +++	 +++

	 3	 6.36	 3.9	 8.51	 +2.18	 +++	 +++

	 4 	 6.07	 4.9	 6.85	 +1.40	 +++	 +++

	 5	 6.07	 5.0	 6.85	 +1.37	 +++	 +++

	 6	 5.93	 13.9	 15.31	 +1.10	 +++	 +++

	 7	 5.35	 22.1	 19.34	 -1.14	 +++	 +++

	 8	 6.05	 24.0	 38.57	 +1.61	 +++	 +++

	 9	 5.73	 24.5	 29.42	 1.20	 +++	 +++

	 10	 5.77	 24.8	 72.32	 +2.92	 +++	 +++

	 11	 6.69	 25.2	 28.84	 +1.14	 +++	 +++

	 12	 6.69	 28.0	 28.84	 +1.03	 +++	 +++

	 13	 5.17	 31.0	 29.62	 -1.05	 +++	 +++

	 14	 5.17	 31.6	 28.62	 -1.10	 +++	 +++

	 15	 7.08	 34.1	 35.36	 +1.04	 +++	 +++
	                

(to be continued)
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Compound                                                     Structure	                                                      Fit value        Exp IC50        Pred IC50         Errora          Exp          Pred 
      No                                                                                                                                                          (nmol/L)       (nmol/L)                            Scaleb         Scaleb 
 

 	 16	 5.33	 40.0	 22.05	 -1.81	 +++	 +++

	 17	 5.71	 42.6	 82.64	 +1.94	 +++	 +++

	 18	 5.71	  44.3	 82.64	 +1.87	 +++	 +++

	 19	 5.96	 48.3	 47.38	 -1.02	 +++	 +++

	 20	 5.92	 50.0	 51.57	 +1.03	 +++	 +++

	 21	 5.80	 54.0	 67.56	 +1.25	 +++	 +++

	 22	 5.96	 54.6	 47.38	 -1.15	 +++	 +++

	 23	 6.19	 57.9	 27.49	 -2.11	 +++	 +++

	 24	 5.75	 65.0	 76.99	 -1.18	 +++	 +++

	 25	 5.79	 70.3	 68.81	 -1.02	 +++	 +++

	 26 	 5.28	 74.8	 25.39	 -2.95	 +++	 +++

	 27	 5.91	 84.4	 52.36	 -1.61	 +++	 +++

(to be continued)
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Compound                                                     Structure	                                                      Fit value        Exp IC50        Pred IC50         Errora          Exp          Pred 
      No                                                                                                                                                          (nmol/L)       (nmol/L)                            Scaleb         Scaleb 
 

	 28	 5.75	 90	 75.87	 -1.19	 +++	 +++

	 29	 5.30	 98	 115.96	 +1.18	 +++	 ++

	 30	 5.22	 120	 257.32	 +2.14	 ++	 ++

	 31	 4.93	 130	 198.69	 +1.53	 ++	 ++

	 32	 5.10	 136	 142.40	 +1.05	 ++	 ++

	 33	 5.58	 153	 113.40	 -1.35	 ++	 ++

	 34	 5.74	 155	 178.64	 +1.15	 ++	 ++

	 35	 5.62	 200	 103.15	 -1.94	 ++	 ++

	 36	 5.70	 205	 284.84	 +1.39	 ++	 ++

	 37	 5.16	 220	 299.54	 +1.36	 ++	 ++ 

	 38	 5.70	 237	 244.84	 +1.03	 ++	 ++

	 39	 5.11	 660	 330.68	 -2	 ++	 ++

(to be continued)
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interactions between substrates or inhibitors play a crucial role 
in biological function.  Three distinct domains in the active 
site confer selectivity of BChE inhibitors.  The first domain is 
an acyl binding pocket that contains two residues (L286 and 
V288) responsible for the binding of larger substrates with 

acyl groups[43].  A second domain is found near the lip of the 
active site cavity, and a third domain is defined as the choline 
binding site (or cation-pi site).  The catalytic domain of BChE 
is composed of nucleophilic serine, histidine, and glutamate 
residues.  The substrate was stabilized between the oxyanion 
hole and acyl binding pocket of the “catalytic triad” composed 
of S198, E197, and H438 of the active esteratic site.  The mecha-
nism of catalysis depends on the charge relay system, in which 
the imidazole ring of H438 relays electrons from E197 to S198 
and causes the hydroxyl oxygen of S198 to become a nucleo-
phile[44].  A nucleophilic attack of this hydroxyl oxygen on the 
ester bond of the substrate leads to an acyl-enzyme intermedi-
ate and a free choline moiety.  Then, the acyl group is hydro-
lyzed from S198 by the nucleophilic attack of a water molecule 
that is activated by taking a proton from H438 to form a cata-
lytic triad.

Initially the co-crystal was docked in the active site of BChE 
to check whether the selected parameters are able to produce 
the most suitable binding orientation.  The RMSD value of 
0.79 Å was obtained when the best docked pose overlapped 
with the co-crystal, which revealed that the default parameters 

Table 4.  Statistical parameter from screening test set molecules.

 No	                             Parameter	                                        Values 
 
	 1	 Total number of molecules in database (D)	 2100
	 2	 Total number of actives in database (A)	     25
	 3	 Total number of hit molecules from the database (Ht)	     21
	 4	 Total number of active molecules in hit list (Ha)	     19
	 5	 % Yield of active [(Ha/Ht) X 100]	     90.47
	 6	 % Ratio of actives [(Ha/A) X 100]	     76
	 7	 Enrichment Factor (EF)	     76
	 8	 False negatives (A-Ha)	       6
	 9	 False Positives (Ht–Ha)	       2
	10	 Goodness of fit score (GF)	       0.87

Compound                                                     Structure	                                                      Fit value        Exp IC50        Pred IC50         Errora          Exp          Pred 
      No                                                                                                                                                          (nmol/L)       (nmol/L)                            Scaleb         Scaleb 
 

	 40	 4.95	 711	 841	 +1.18	 ++	 ++

	 41	 4.35	 761	 194.74	 -3.91	 ++	 ++

	 42	 5.07	 1010	 1362.10	 +1.35	 +	 +

	 43	 4.74	 4650	 4776.95	 +1.03	 +	 +

	 44	 3.62	 5100	 1298.10	 -3.93	 +	 +

	 45	 3.59	 11400	 10400	 -1.09	 +	 +

a ‘+’ indicates that the predicted IC50 is higher than the experimental IC50;  ‘–’ indicates that the predicted IC50 is lower than the experimental IC50; a 
value of 1 indicates that the predicted IC50 is equal to the experimental IC50.
b Activity scale : IC50<100 nmol/L=+++ (highly active); 100 nmol/L ≤ IC50 <1000 nmol/L=++ (moderately active); IC50 ≥ 1000 nmol/L=+ (low active).
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are valid to find the best orientation of BChE in the active site.  
The same parameters were therefore employed to dock the 
candidate compounds.  The selected candidate molecules from 
the virtual screening were docked in the BChE active site.  The 
top-ranked 84 compounds based on the docking score were 
selected as the best potential inhibitors and were manually 
validated for critical interaction with vital amino acids in the 
active site of BChE.  Intermolecular hydrogen bonding was 
observed between active residues S198, E197, and H438 in the 
active site of BChE (Figure 6).  From the 84 compounds, 33 
candidate molecules showed hydrogen bond interactions with 
S198 and H438, as well as reliable hydrophobic interactions 
with Y323 and F329.  

Density functional theory
The orbital energies such as HOMO (highest occupied molecu-
lar orbital) and LUMO (lowest unoccupied molecular orbital) 
were calculated for 7 (5 active, one moderate and one inactive 
inhibitor) training set compounds and for the 33 hits from 
molecular docking.  HOMO and LUMO are responsible for the 
charge transfer in a chemical reaction[45].  The calculated orbital 
energies of the 33 hits and known inhibitors were compared 
to analyze the energy transfer and stability of small molecules 
in protein active site.  Comparing the HOMO energy with the 
activity value of known BChE inhibitors shows an inverse 
correlation, indicating that the HOMO energy of the inhibitor 
may transfer its electrons to some critical residues in the active 
site of BChE.  The highest energy value of the HOMO in the 
hit compounds implied the greatest likelihood of strong inhi-
bition of BChE.  Hence, correlation of the HOMO values of hits 
and the training set molecules showed that 10 hit compounds 
possessed greater values than the reported inhibitors (train-
ing set) of BChE (Table 5).  A smaller energy gap (between the 
LUMO and HOMO) of the hit molecules illustrates that the 
molecule are more reactive[46].  The wide energy gap in the hit 

molecules is unfavorable for the electron to be excited from 
the HOMO to the LUMO, which consequently leads to a weak 
affinity of the inhibitor for BChE.  Among the 10 compounds, 5 
hit compounds (Figure 7) were selected based on their lowest 
energy gaps that suggested the molecules would be reactive.  
Table 5 clearly showed that the moderate and inactive com-
pounds had high energy gaps that were not suitable for the 
reactivity of the molecules.  The atomic orbital composition of 
the frontier molecular orbital for compound 30080 is shown in 
Figure 8.  On the basis of the results above, we suggest that the 
hit compounds may possess equivalent or greater electronic 
properties compared with most active compounds and could 

Table 5.  	 Orbital energy value of hit leads and training set compounds.

                 Name	                     HOMO	    LUMO	      ΔE	       IC50 
                                                                                              (eV)          (nmol/L)
 
SPB_07954	 -8.31	 -0.99	 7.31	
Compound_Number_30238	 -8.32	 -0.23	 8.08	
RJC_03502	 -8.55	 -0.44	 8.11	
Compound_Number_14811	 -8.62	 -0.46	 8.16	
BTB_07807	 -8.65	 -0.96	 7.69	
Compound_Number_30080	 -8.65	 -1.19	 7.46	
KM_03101	 -8.69	 -0.67	 8.01	
KM_02281	 -8.70	 -0.94	 7.76	
Compound_Number_15687	 -8.76	 -0.33	 8.43	
Compound_Number_23227	 -8.76	 -0.97	 7.79	
Training 1	 -8.77	 -0.89	 7.89	          3.6
Training 4	 -8.80	 -0.70	 8.09	        21
Training 5	 -8.80	 -0.10	 8.70	        22
Training 7	 -8.92	 -0.22	 8.69	        24.8
Training 8	 -8.98	 -0.78	 8.21	        26
Training 17	 -9.18	 -0.34	 8.84	      800
Training 26	 -9.12	 -0.28	 8.83	 11 400

Figure 6.  (A) Chembridge (compound 30080), (B) Maybridge (KM_02281), and (C) Maybridge (SPB_07954).  The candidate compounds are 
represented as green sticks.  Hydrogen bonds are shown in black. For the clarity of the docked view the Y323 was not shown.
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be used to design novel classes of BChE inhibitors.

Conclusions
In this study, pharmacophore models were generated based on 
a series of known BChE inhibitors.  The main purpose of quan-
titative pharmacophore generation is to predict or differentiate 
the active inhibitors from inactive compounds.  The best phar-
macophore model, Hypo1, consisting of 2 HBA, 1 Hy-Ali, and 
1 Hy-Ar, was validated by Fischer’s randomization method, 
a test set, and decoy set.  Fischer’s method confirmed the 95% 
statistical confidence of Hypo1; the test set showed a fairly 
high correlation between experimental and predicted IC50 
values (correlation coefficient of 0.96), indicating satisfactory 
predictive ability; additionally, good EF (0.76) and GF (0.87) 
values for Hypo1 were calculated from the decoy set.  The 
three validation methods confirmed that Hypo1 was the best 
hypothesis to differentiate the active inhibitors from inactive 
inhibitors of BChE.  Thus, Hypo1 was used as a 3D query to 
screen molecular structural libraries, including the Maybridge 
and Chembridge databases.  The hit compounds were filtered 
using ADMET, Lipinski’s Rule of Five, and molecular docking 
to reduce the number of false positive results.  Finally, 33 com-
pounds were selected based on their critical interactions with 
the significant amino acids in BChE’s active site.  To confirm 

the inhibitors’ potencies, we calculated the orbital energies, 
such as HOMO and LUMO, for hit compounds and 7 training 
set compounds.  From among the 33 hit compounds, 10 com-
pounds with the highest HOMO values were selected, and this 
set was further culled to 5 compounds based on their energy 
gaps, which is important for stability and energy transfer.  
From the overall results, we confirmed that 5 hit compounds 
satisfied all the pharmacophoric features in Hypo1 and are 
potential BChE inhibitors.  
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Dear Editor,
Chronic myeloid leukemia (CML) is a malignant hematopoi-
etic stem cell proliferative disease driven by BCR-ABL tyrosine 
kinase, the product of the Philadelphia chromosome[1].  
Tyrosine kinase inhibitors (TKIs) have revolutionized the 
treatment of CML.  Such molecule directed against BCR-ABL 
firsrt introduced into clinical practice was imatinib mesylate 
(IM, Gleevec/Glivec, formerly STI571), which showed excel-
lent efficacy in terms of prolonged major molecular response 
(MMR) and progression-free survival[2].  Replacing hematopoi-
etic stem cell transplantation, IM is currently recommended as 
the first-line therapy for CML by the National Comprehensive 
Cancer Network (NCCN) and European Leukemia Net (ELN).  

At the pre-TKI stage, IFN-α was the major choice for 
CML patients who were not candidates for allogeneic stem 
cell transplantation, and its observed complete cytogenetic 
response (CCyR) rates were approximately 20%.  Moreover, 
IFN-α extends the leukemia-free survival (LFS) of patients[3, 4].  
In China, many patients begin with  IFN-α treatment instead 
of IM at diagnosis for economic reasons.  Previous studies 
have shown that the therapeutic efficacy of IM treatment is not 
affected by prior IFN-α treatment[5, 6].  The results of our retro-
spective analysis of 137 CML cases suggest that IFN-α treat-
ment before IM therapy is a risk factor associated with loss of 
MMR.

In this study, 137 CML outpatients (from June 2008 to May 
2010) were retrospectively analyzed.  CML diagnosis was con-
firmed by cytology, immunophenotyping, chromosome (Ph+) 
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and BCR-ABL genetic analysis.  Among these patients, 122 had 
CML in the chronic phase (CP), whereas 15 were in accelerated 
phase or blast phase (AP/BP).  A total of 69 CP patients and 
8 AP/BP patients received IFN-α treatment before IM, and 
the other patients began IM treatment at diagnosis or shortly 
thereafter.  The median period of disease before IM treatment 
was 3 years for both CP (1–6.6 years) and AP/BP (1–5 years) 
patients.  IM treatment was continued for 3.5±1.5 years for CP 
and 3.33±1.33 years for AP/BP patients.  The median follow-
up time was 36 (6–57) months up to May 2010.  

The IM dose (administered orally) was initially 400 mg/d 
for CP patients and 600 mg/d for AP/BP patients and was 
adjusted according to tolerance.  Complete molecular remis-
sion (CMR) was determined by the absence of BCR-ABL detec-
tion.  In patients with MMR, the ratio of BCR-ABL and ABL1 
was reduced by more than 3 logs after treatment.  BCR-ABL 
transcript levels in patients receiving IM were analyzed every 
3 months within the first 12 months of treatment.  If MMR was 
observed, monitoring occurred every 6 months.  Quantitative 
RT-PCR analysis of the kinase domain of the ABL gene from 
peripheral blood mononuclear cells was performed when the 
patients lost MMR or did not acquire CMR within 18 months.  

The overall 36-month MMR rates for IFN-α-treated and 
untreated CP and AP/BP patients are shown in Table 1.  The 
MMR rate of IFN-α-treated CP patients (78.3%) was signifi-
cantly lower than IFN-α-untreated CP patients (97.3%).  In 
AP/BP patients, the MMR rates of IFN-α-treated and untreated 
patients (50% and 60.0%, respectively) did not differ signifi-
cantly.  Furthermore, the MMR rates of patients were analyzed 
for the association of IFN-α treatment with prolonged disease 
progression.  A chi-square analysis showed that the MMR rate 
did not differ significantly in CP patients within the first two 
years of the disease but was significantly lower in CP patients 
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who had the disease for more than 2 years (P=0.0001), suggest-
ing relatively reduced IM efficacy in patients with prolonged 
disease progression.  A Cox regression showed that prolonged 
disease progression was an independent risk factor for IM effi-
cacy [P=0.006, Exp (B)=0.625, SE=0.170].  However, IFN-α was 
used for all of the patients with disease durations of more than 
two years, making it impossible to distinguish the effects of 
disease course and IFN-α treatment on the MMR rate.

In this study, 38 patients (29 CP and 9 AP/BP) were resistant 
to IM, of which 20 CP and 8 AP/BP patients (disease course, 
3.56±2.38 years; average IFN-α treatment duration, 1.2±0.79 
years) did not acquire CMR within 18 months (primary resis-
tance to IM).  A total of 10 patients (9 CP and 1 AP/BP; disease 
course, 2.09±1.33 years; average IFN-α treatment duration, 
0.67±0.43 years) lost MMR during the treatment (acquired 
resistance to IM).  The disease course of patients with drug 
resistance (3.56±2.49 years) was significantly longer than those 
with persistent MMR (P=0.0001).  The IFN-α treatment dura-
tion in patients with primary drug resistance (3.56±2.49 years) 
was significantly longer than in patients with persistent MMR 
(1 year) (P=0.0002).  In patients with acquired drug resistance, 
the length of the disease course did not significantly correlate 
with MMR (P=0.36) or IFN-α treatment duration (P=0.24).

Point mutations in the BCR-ABL gene are the most frequent 
mechanisms of IM resistance in CML patients and were identi-
fied in 38 cases without MMR in our results.  These mutations 
were identified in the kinase region of the ABL fusion gene 
in 55.3% (21/38) of the patients.  Imatinib-resistant BCR-ABL 
mutants comprising 8 different amino acid locations were 
identified: P-loop (11 cases, including Y253F/H, E255K/V, 
G250E, Q252H, and M244V), H396P/R (2 cases), T315I (6 
cases) and F359V (2 cases).  These mutations were predomi-
nantly T315I, Y253H, and E255K/V mutations, in accordance 
with previous reports[7].  The median IFN-α treatment dura-
tion for patients with mutations (1.45±0.61 years) was signifi-
cantly longer than for patients without mutations (0.72±0.61) 
(P<0.05) (Figure 1A).  The median pre-IM disease course of the 
21 cases with point mutations (1.5 years) was similar to persis-
tent MMR (P=0.07) (Figure 1B).  The pre-IM disease course, IM 
treatment and IFN-α treatment duration did not differ signifi-
cantly between AP/BP and CP patients.  These results suggest 
that the duration of pre-TKI IFN-α treatment but not the pre-
TKI disease course is associated with ABL point mutations 
and drug resistance.

In summary, IM therapeutic efficacy correlates with the 

disease course and duration of IFN-α treatment.  The duration 
of pre-IM IFN-α administration in CP patients significantly 
impacts drug resistance, which is inconsistent with the results 
of previous studies.  This study reveals that IFN-α affects IM 
resistance in CML patients via increasing the frequency of 
point mutations.  Therefore, it is speculated that early diagno-
sis and IM administration combined with reduced durations 
of IFN-α treatment will effectively reduce the drug resistance 
rate, increase the MMR rate and prolong the leukemia-free 
survival time.
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Table 1.  Effect of IFN-α treatment on MMR rate.
 
IFN-α                             CML-CP	                                          CML-AP/BP 
treat-               n            Overall              %                  n           Overall          %
ment                              MMR                                                    MMR  
 
	No	 37	 36	 97.3	 5	 3	 60
	Yes	 69	 54	 78.3	 8	 4	 50

Figure 1.  Duration of IFN-α treatment (A) and disease course (B) in pa-
tients with or without point mutations.  bP<0.05.
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