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Aim: To determine whether electrical stimulation of caudal medial prefrontal cortex (mPFC) as conditioned stimulus (CS) paired with 
airpuff unconditioned stimulus (US) was sufficient for establishing eyeblink conditioning in guinea pigs, and whether it was dependent 
on cerebellar interpositus nucleus.
Methods: Thirty adult guinea pigs were divided into 3 conditioned groups, and trained on the delay eyeblink conditioning, short-trace 
eyeblink conditioning, and long-trace eyeblink conditioning paradigms, respectively, in which electrical stimulation of the right caudal 
mPFC was used as CS and paired with corneal airpuff US.  A pseudo conditioned group of another 10 adult guinea pigs was given 
unpaired caudal mPFC electrical stimulation and the US.  Muscimol (1 µg in 1 µL saline) and saline (1 µL) were infused into the cer-
ebellar interpositus nucleus of the animals through the infusion cannula on d 11 and 12, respectively.
Results: The 3 eyeblink conditioning paradigms have been successfully established in guinea pigs.  The animals acquired the delay 
and short-trace conditioned responses more rapidly than long-trace conditioned responses.  Muscimol infusion into the cerebellar 
interpositus nucleus markedly impaired the expression of the 3 eyeblink conditioned responses.
Conclusion: Electrical stimulation of caudal mPFC is effective CS for establishing eyeblink conditioning in guinea pigs, and it is depen-
dent on the cerebellar interpositus nucleus.
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Introduction
Classical eyeblink conditioning is one of the most widely used 
model systems for studying the behavioral and neurobiologi-
cal mechanisms of associative learning and memory[1–3].  All 
variant of eyeblink conditioning involve paired presentations 
of a behaviorally neutral conditioned stimulus (CS; eg, a tone 
or light) and an unconditioned stimulus (US; eg, a corneal 
airpuff or periorbital shock).  Initially, the organisms could 
produce only a reflexive eyeblink unconditioned response 
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(UR) to the US.  After hundreds of paired presentations of 
the CS and the US, the organisms could learn to close the 
eyes in response to the CS before the onset of the US (called 
the conditioned response, CR).  According to the temporal 
relationship between the CS and the US, there are two com-
monly used procedures in eyeblink conditioning: trace and 
delay paradigms.  In the trace eyeblink conditioning (TEC), 
a temporal gap occurs between the offset of the CS and the 
onset of the US, which is in contrast to the delay eyeblink con-
ditioning (DEC), in which the CS overlaps the US and the two 
stimuli are terminated at the same time.  It is well established 
that the brainstem-cerebellar circuit is the essential circuitry 
for the DEC[1, 3–6].  In addition, components of the auditory CS 
pathway (eg, the inferior colliculus or auditory thalamus) have 
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recently been added to the DEC circuit[7–14].  In contrast, sev-
eral forebrain structures, such as the medial prefrontal cortex 
(mPFC)[15–21] and the hippocampus[22–26], are required for TEC 
in addition to a brainstem-cerebellar circuit[27–31].  

It has been reported that electrical stimulations of the several 
key components in the auditory or visual CS pathway, includ-
ing the cochlear nucleus[32], medial auditory thalamic[11], audi-
tory cortex[33], lateral geniculate, superior colliculus, visual cor-
tex[34,], pontine nuclei[6, 35–37], cerebellar mossy fiber[38, 39], parallel 
fibers[40, 41], interpositus nucleus[42, 43], etc, can serve as effective 
CSs for establishing eyeblink conditioning.  Moreover, eye-
blink conditioning has also been successfully achieved by 
using stimulation of other brain areas outside of CS pathway, 
like the primary somatosensory cortex, the coronal-precruciate 
cortex[44–46], etc.  However, less work has been done to examine 
whether stimulation of the highest level in the hierarchical 
organization of the mammalian cortex (ie, PFC) is a sufficient 
CS to support associative eyeblink conditioning.

Cumulative evidence has demonstrated that PFC is impli-
cated in many critical cognitive functions[47–49] and that mPFC 
is closely involved in associative learning[50] such as eyeblink 
conditioning[15–18, 51].  Electrical stimulation of the right rostal 
PFC of a cat was an effective CS for eyeblink conditioning[52].  
Given that the caudal mPFC input to the pontine nuclei is 
necessary for eyeblink conditioning[6], it can be hypothesized 
that electrical stimulation of the caudal mPFC as a CS paired 
with an airpuff US is sufficient for establishing eyeblink con-
ditioning, and that it is dependent on the cerebellar interposi-
tus nucleus.  The present study was designed to determine 
whether electrical stimulation of caudal mPFC is a sufficient 
CS for establishing eyeblink conditioning, and whether it is 
dependent on the cerebellar interpositus nucleus.  Further-
more, the caudal mPFC play an important role in long TEC 
(eg, TEC with a 500-ms trace interval, the interval between CS 
offset and US onset)[6, 17, 18, 53, 54], but not in short TEC (eg TEC 
with a 150-ms trace interval) or DEC[6, 17–19, 21, 55–59].  Thus, the 
current study was also designed to examine the differences in 
CRs among the three eyeblink conditioning paradigms when 
the caudal mPFC was selected as the site at which CS stimula-
tion was applied.

Materials and methods
Subjects
A total of 40 adult female albino Dunkin-Hartley guinea 
pigs were included in the study.  The guinea pigs weighed 
500–550 g and were approximately 4–5 months old at the time 
of surgery.  Before the experiments and between the condi-
tioning sessions, these animals were individually housed in 
standard plastic cages that operated on a 12:12 light/dark 
cycle.  The animals were granted free access to food and water 
ad libitum.  The room temperature was maintained at 25±1 °C.  
All experiments were performed between 8:00 AM and 6:00 
PM during the light portion of the cycle.  The experimental 
procedures were approved by the Animal Care Committee of 
the Third Military Medical University and were performed 
in accordance with the principles outlined in the NIH Guide 

for the Care and Use of Laboratory Animals.  All efforts were 
made to optimize comfort and to minimize the use of the ani-
mals.

Surgery
The animals were allowed to remain undisturbed in their 
cages for 1 week prior to surgery.  The guinea pigs were 
anesthetized with a mixture of ketamine (80 mg/kg, ip; Hen-
grui, Lianyungang, China) and xylazine (5 mg/kg, ip; Sigma-
Aldrich, St Louis, MO, USA).  The anesthetized animal’s head 
was secured to a stereotaxic apparatus (SR-6N, Narishige, 
Tokyo, Japan) with lambda positioned 1.0 mm ventral to 
bregma.  A longitudinal incision was subsequently made to 
reveal the skull onto which a Plexiglas headstage (1.0 cm× 
1.0 cm×0.5 cm), designed to secure the animal’s head, was 
cemented with dental cement using four stainless steel anchor-
ing screws.  One small hole (diameter: 1.0 mm) was drilled on 
the right side of the skull centered on the right caudal mPFC 
at the following stereotaxic coordinates: anteroposterior (AP)
﹢13.0 mm, mediolateral (ML) 1.0 mm relative to the frontal 
zero plane, and the midline sinus, respectively.  Then, a stain-
less steel stimulating electrode (No 792500, A-M Systems, 
Sequim, WA, USA; coated diameter: 33.20 µm, bare diameter: 
254.00 µm) was implanted into the right caudal mPFC through 
the hole according to an atlas of the guinea pig brain[60], and 
the electrode’s tip was directed to the following stereotaxic 
coordinates: AP﹢13.0 mm, ML 1.0 mm, dorsoventral (DV)﹣2.5 
mm to the skull surface (Figure 1A, 1B).  Moreover, another 
small hole (diameter: 1.0 mm) was drilled on the left side of 
the skull centered on the left cerebellar interpositus nucleus 
at the following stereotaxic coordinates: AP﹣3.0 mm, ML 2.5 
mm relative to the frontal zero plane, and the midline sinus, 
respectively.  Then, a stainless steel guiding cannula (No 
62001, RWD, Shenzhen, China; external diameter: 0.67 mm, 
internal diameter: 0.30 mm) was implanted into the left cer-
ebellar interpositus nucleus through the hole according to an 
atlas of the guinea pig brain[60], and its tip was directed to the 
following stereotaxic coordinates: (AP﹣3.0 mm, ML 2.5 mm, 
DV﹣5.5 mm) (Figure 1A, 1B).  The infusion cannula (No 62201, 
RWD, Shenzhen, China; external diameter: 0.20 mm, internal 
diameter: 0.10 mm) extended 0.5 mm beyond the tip of the 
guiding cannula to the final infusion position at the follow-
ing stereotaxic coordinates: (AP﹣3.0 mm, ML 2.5 mm, DV﹣6.0 
mm).  The reference electrode was a copper wire (0.5 mm in 
diameter) attached to the four stainless steel anchoring screws 
implanted into the skull.  This wire was not in direct contact 
with the skull or brain tissue.  To prevent occlusion, a remov-
able stainless steel stylet (No 62101, RWD, Shenzhen, China) 
was inserted into the guiding cannula.  The stylet provided up 
to 0.5 mm of extension beyond the tip of the guiding cannula.  
The stimulating electrode, reference electrode, and guiding 
cannula were fixed to the skull with dental cement.  Finally, a 
small nylon loop was sutured into but not through the edge of 
the upper left eyelid.  In the present study, this loop was uti-
lized to attach the upper left eyelid to a movement-measuring 
device.  After the surgery, the animals were allowed 1 week of 
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recovery.

Apparatus
Eyelid movements were measured by a high-resolution 
spring-return potentiometer (JZ101, XH, Beijing, China) that 
was attached via a thread lead hooked through the nylon loop 
sutured into the upper left eyelid.  A stimulator (YC-2, Cheng 
Yi, Chengdu, China) was used to deliver a stimulation CS, 
while a plastic pipe placed 1.0 cm from the animal’s left eye-

ball was used to deliver a corneal airpuff US (Figure 1A).  A 
custom computerized monitoring system controlled presenta-
tions of the CS and US.  Eyelid-movement mechanograms and 
applied-stimuli markers were digitized by a data-acquisition 
system (RM6280C, Cheng Yi, Chengdu, China) at a sample 
rate of 10 kHz and were acquired using the system’s built-in 
software (v 4.7).  A Windows PC was used to store and ana-
lyze the behavioral data.

Behavioral procedures
The 40 guinea pigs were divided into four groups: delay con-
ditioned (n=10), short-trace conditioned (n=10), long-trace con-
ditioned (n=10), and pseudo-conditioned (n=10).  Each group 
represented one training paradigm.  Following postoperative 
recovery, the animals were adapted to the experimental envi-
ronment for two sessions at 60 min per session.  These two ses-
sions were followed by 10 consecutive daily sessions of acqui-
sition training.  Immediately following acquisition training, 
the three conditioned groups underwent 2 consecutive daily 
sessions of drug infusion.  During the acquisition sessions and 
the drug infusion sessions, the animals were restrained in a 
Plexiglas container (25 cm×15 cm×15 cm) located in a sound- 
and light-attenuated chamber, and their heads were secured 
with blunt ear bars that pressed on the headstages.  The left 
eye of the animal was held open in a confirmable position, 
with the nylon loop sutured into the left upper eyelid, which 
was linked to the high-resolution spring-return potentiometer.  
The voltage level represented the eyeblink baseline position, 
which was manually calibrated to a constant value.  Moreover, 
the animal’s left lower eyelid was taped open.  These two mea-
sures ensured continual exposure of the left cornea.

During behavioral training, electrical stimulation of the 
caudal mPFC functioned as the CS, which was a 200-Hz, 250-
ms train of monophasic pulses (cathodal, square, current 
level of 50–200 µA, a pulse duration of 0.1 ms).  The electri-
cal stimulation parameters were chosen based on the recent 
studies[8, 11, 14, 58].  The stimulation intensity for each guinea 
pig was set carefully before training by increasing the test 
current until a behavioral response was observed to avoid 
biasing the experimental results through an electrical startle 
response and a spreading of the electrical stimulation current 
to remote brain areas, such as hippocampus, premotor cortex, 
and somatosensory cortex.  The current was then turned down 
in 5-µA increments until there was no observable behavioral 
response.  Typical behavioral responses observed from the test 
stimulation included movements of the eyelid, eye, ear and/
or head[8, 11, 14, 58].  In most of the cases (28/37) in the present 
experiment, the threshold stimulation was between 50–120 µA.  
An additional evoked field potentials recording test showed 
that the caudal mPFC stimulation with 200 μA or below did 
not evoke any field potential in the motor cortex, somatosen-
sory cortex, or the cerebellar cortex (date not shown).  The US 
was a 100-ms, 3.0-psi airpuff.  A daily acquisition training ses-
sion consisted of five 10-trial blocks.  However, a daily infu-
sion session (d 11 and d 12) consisted of three 10-trial blocks 
before the infusion and five 10-trial blocks after the infusion.  

Figure 1.  Experimental design.  (A) The upper left eyelid movements 
were measured by a high-resolution spring-return potentiometer that was 
attached via a thread lead that was hooked through a nylon loop, which 
was sutured into the left upper eyelid, and the left lower eyelid was taped 
open.  One electrode was implanted in the right caudal medial prefrontal 
cortex (mPFC) and one infusion guiding cannula was implanted in left 
cerebellar interpositus nucleus.  Electrical stimulation of right caudal 
mPFC was used as a conditioned stimulus (CS), and airpuff was presented 
to the left cornea as an unconditioned stimulus (US).  (B) Diagram of the 
sagittal section of guinea pig brain, showing the stimulating and infusion 
sites.  (C) Schematic diagram showing the delay, short-trace, and long-
trace eyeblink conditioned response (CR) paradigms used in the present 
study.  Note that the CS, US, and total trial lengths were equal in each 
conditioning.  Short and long-trace CR were different in trace interval (TI) 
length.
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Moreover, each block comprised nine CS-US paired trials and 
one CS alone trial.  The trials were separated by a variable 
intertrial interval of 20–40 s with a mean intertribal interval of 
30 s.  For the delay-conditioning paradigm, the US terminated 
simultaneously with the offset of the CS (the interstimulus 
interval was 150 ms).  For the short-trace and long-trace condi-
tioning paradigms, a stimulus-free trace interval of 150 ms or 
500 ms was interposed between the CS termination and the US 
onset, respectively (Figure 1C).  For the pseudo-conditioning 
paradigm, the US was presented at a random interval between 
1 and 10 s after the CS onset.  All experiments were performed 
during the light phase of the light/dark cycle.

Drug infusions
Two drug infusion sessions were conducted during d 11 and 
d 12.  Each infusion session began with three blocks of training 
to establish a baseline of response prior to each drug infusion.  
Drug infusions were performed 20 min before the subsequent 
beginning of conditioning training.  Muscimol (Sigma-Aldrich, 
St Louis, MO, USA), which produces inactivation only to the 
soma of neurons but not to the fibers of passage, was dis-
solved in saline (phosphate buffer, pH 7.4), which served 
as the vehicle prior to use.  During the first infusion session 
(d 11), 1.0 µg muscimol in 1.0 µL saline was infused into the 
guinea pigs’ left cerebellar interpositus nucleus.  Infusion pro-
cedures for each animal included removal of the internal stylet 
from the guiding cannula, insertion of a stainless steel infusion 
cannula that extended 0.5 mm below the tip of the guiding 
cannula, infusion of the drug at 0.5 µL/min via polyethylene 
tubing connected to a microsyringe, removal of the needle 5 
min after the cessation of infusion, and finally, reinsertion of 
the internal stylet.  During the second infusion session (d 12), 
1.0 µL saline was infused into the guinea pigs’ left cerebellar 
interpositus nucleus.  The drug infusion procedures used in 
the second infusion session were the same as those used in the 
first infusion session.  All of the animals were allowed 24 h to 
recover between the infusion sessions.  Several prior studies 
that used similar infusion procedures have reported that mus-
cimol spread maximally within the 10–20 min following infu-
sion, that the effective inactivation radius was 1.5–2.0 mm, and 
that the blocking effect persisted for a period of up to 2.0 h in 
both cortical and subcortical tissues[61–63].  However, in present 
study, the exact drug diffusion into each animal is unknown 
because the spread of the three drugs was not measured 
directly.

Histology
After the completion of behavioral experiments, all of the 
animals were given a lethal dose of pentobarbital sodium 
(150 mg/kg, ip; SCRC, Shanghai, China) and were perfused 
transcardially with physiological saline followed by 4% para-
formaldehyde, which was prepared in phosphate-bufferer 
(0.1 mol/L, pH 7.4).  The brains were removed from the skulls 
and stored in 4% paraformaldehyde for several days.  Four 
days prior to sectioning, the brains were transferred to a 30% 

sucrose/4% paraformaldehyde solution.  Frozen coronal sec-
tions measuring 30 µm in thickness were taken from the sites 
of the electrode and infusion cannula implantation.  The slices 
were stained with cresyl violet.  The locations of the electrode 
and infusion cannula tips within the brains were carefully 
determined using a light microscope (SMZ1500, Nikon, Tokyo, 
Japan) with a digital camera (DXM1200F, Nikon, Tokyo, 
Japan) and were drawn onto plates using a stereotaxic atlas of 
the guinea pig brain[60].

Behavioral data analysis
For each training trial, 2000-ms time periods were recorded 
during the conditioning trials and 12-s time periods were 
recorded during the pseudo-conditioning trials beginning 
800 ms before the onset of the CS.  Drug infusions were not 
recorded.  All data presented in this paper are measurements 
of the left upper eyelid movements.  The parameters of eye-
blink responses were analyzed using custom software.

Each CS-US paired trial presented during the conditioning 
training was subdivided into three discontinuous analysis 
periods: (1) a “baseline” period, which occurred at 0–800 ms 
before the CS onset; (2) a “CR” period, which occurred at 140 
ms before the US onset; and (3) a “UR” period, which occurred 
at 0–250 ms after the US onset.  The “baseline” period and “CR” 
period of each CS-alone trial were divided in the same manner 
as the baseline and CR periods from the CS-US paired trials 
for the same training paradigm.  A significant eyelid move-
ment was defined as an increase in mechanogram amplitude 
that was greater than the mean baseline amplitude and had 
four times the standard deviation of the baseline activity.  In 
addition, the significant eyelid movement required a minimal 
duration of 15 ms.  Any significant eyelid movement during 
the latter two periods defined above was counted as a CR or a 
UR, respectively.  The percentage of CR (CR%) was defined as 
the ratio of the number of trials containing the CR to the total 
number of valid trials.  The CR peak amplitude was defined as 
the maximum amplitude change from baseline during the CR 
period.  The trials containing CR were selected for analysis of 
CR peak amplitude.  The CR relative peak latency was defined 
as the time interval from the CR peak to the US onset.

Only the CR% was analyzed for the animals that received 
pseudo-conditioning training.  For each trial, a significant 
eyelid movement that occurred within the time period 140 
ms before the US onset was defined as a CR-like eyeblink 
response.

Statistical analysis
All data were expressed as means±SEM.  Statistical signifi-
cance was determined by a least significant difference (LSD) 
post-hoc test following a two-way repeated measures analyses 
of variance (ANOVA), a separate one-way repeated measures 
ANOVA, or a separate one-way ANOVA using the SPSS soft-
ware for Windows package (v 18.0).  A value of P<0.05 was 
considered statistically significant.
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Results
Electrode and infusion cannula tips placements
Placement of the electrode cannula and infusion tips was care-
fully checked before the behavioral analysis commenced.  An 
animal’s data were excluded from the analysis if the electrode 
tip was not in the right caudal mPFC or the infusion cannula 
tip was not in the left cerebellar interpositus nucleus.  Elec-
trode tip placements in the right caudal mPFC were verified by 
examining a series of coronal sections.  All electrode tips were 
placed in the right caudal mPFC (n=37).  The infusion cannula 
tip placements in the left cerebellar interpositus nucleus were 
also verified by examining a series of coronal sections (Figure 
2A).  Most of the infusion cannula tip placements were in or 
near the left cerebellar interpositus nucleus (n=35) with one 
exception each in the delay and short-trace conditioned group 
(Figure 2B).

Acquisition of eyeblink conditioning by the guinea pigs
The data from two animals in the delay-conditioned group, 
from one animal in the short-trace conditioned group and 
from two animals in long-trace conditioned group were 
removed from the analysis, because either the infusion cannula 
tips placements were not in or near the left cerebellar inter-
positus nucleus (n=2) or the animal had died before the end 
of the experiment (n=3).  The CR% increased as a function of 
sessions for the delay, short-trace and long-trace conditioned 

groups (Figure 3A).  This increase was confirmed by a two-
way repeated measures ANOVA, there was a significant inter-
action between groups and sessions [F(27,279)=7.289, P<0.001], 
and significant main effects of group [F(3,31)=39.295, P<0.001] 
and session [F(9,279)=38.940, P<0.001].  Furthermore, LSD post-
hoc tests revealed that the CR% of the delay, short-trace, and 
long-trace conditioned groups was significantly higher than 
the CR% of the pseudo-conditioned group (P<0.001, P<0.001, 
and P=0.026, respectively; Figure 3A).  The simple main effects 
of session for CR% during acquisition training were further 
analyzed using separate one-way repeated measures ANOVA.  

Figure 2.  Histological reconstructions of the electrode and infusion 
cannula tips.  Schematic illustration of the locations of all electrode tips 
(A) and all infusion cannula tips (B) for the delay (■; n=9), short-trace (●; 
n=10), long-trace (▲; n=8), and pseudo conditioned (▼; n=10) groups, 
respectively.  Note that one infusion cannula tip of the delay conditioned 
group and one infusion cannula tip of the short-trace conditioned group 
were not in or near the left cerebellar interpositus nucleus.  Numbers to 
the left represent distance (mm) from the frontal zero plane.  The coronal 
brain plates are adapted from the atlas of Rapisarda and Bacchelli (1977).

Figure 3.  Acquisition of the eyeblink conditioned responses (CR) for delay 
(n=8), short-trace (n=9), long-trace (n=8), and pseudo (n=10) conditioned 
groups given training with a right caudal mPFC conditioned stimulus (CS) 
across 10 acquisition training sessions.  (A) CR percentage, (B) CR peak 
amplitude, and (C) CR relative peak latency are given as mean±standard 
error (SEM).  Error bars represent the SEM.
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This analysis revealed that the simple main effects of session 
on CR% were significant for the delay [F(9,63)=14.517, P<0.001], 
short-trace [F(9,72)=2.332, P<0.001], and long-trace [F(9,63)=5.543, 
P<0.001] conditioned groups, but not for the pseudo-condi-
tioned group [F(9,81)=0.626, P=0.772; Figure 3A].

To investigate the effects of the different conditioning train-
ing paradigms on the CR pattern, CR peak amplitude and 
relative peak latency was analyzed for all of the animals.  LSD 
post-hoc tests confirmed that the CR peak amplitude in the 
long-trace conditioned group was significantly lower than that 
in the delay (P<0.001) and short-trace (P=0.002) conditioned 
groups.  The latter two groups did not differ significantly from 
each other (P=0.356; Figure 3B).  In addition, a separate one-
way repeated measures ANOVA revealed that the simple 
main effects of session on the CR peak amplitude were sig-
nificant for both the delay [F(9,63)=5.143, P<0.001] and short-
trace [F(9,72)=4.529, P<0.001] conditioned groups, but not for the 
long-trace conditioned group [F(9,81)=0.873, P=0.554; Figure 3B].

Furthermore, LSD post-hoc tests revealed that the CR relative 
peak latency in the delay conditioned group was significantly 
lower than that in either the short-trace (P<0.001) or the long-
trace (P<0.001) conditioned groups.  The latter two groups 
differed significantly from each other (P=0.019; Figure 3C).  
Moreover, the LSD post-hoc tests confirmed that the CR rela-
tive peak latency during session 1 was significantly higher 
than during session 10 for the delay (P=0.041) and short-trace 
(P=0.043) conditioned groups, but not for the long-trace condi-
tioned group (P=0.994; Figure 3C).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on DEC expression
Infusion of muscimol into the left cerebellar interposi-
tus nucleus significantly decreased the CR% (Figure 4A, 
right panel) and the CR peak amplitude for the group that 
received delay conditioning (Figure 4B, right panel).  A two-
way repeated measures ANOVA performed on CR% (Fig-
ure 4A, left panel) and CR peak amplitude (Figure 4B, left 
panel) revealed there was no significant effect of trial block 
[F(1,14)=0.299, P=0.593 and F(1,14)=0.028, P=0.870, respectively] 
during the pre-infusion block (trial blocks 1–3).  However, the 
two-way repeated measures ANOVA confirmed that the CR% 
(Figure 4A, right panel) and the CR peak amplitude (Figure 
4B, right panel) for the animals that received the muscimol 
infusion were significantly lower than those observed for the 
animals that received the saline infusion [F(1,14)=25.599, P<0.001 
and F(1,14)=36.147, P<0.001, respectively] during the post-infu-
sion block (trial blocks 4–8).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on short TEC expression
Infusion of muscimol into the left cerebellar interpositus 
nucleus significantly decreased the CR% (Figure 5A, right 
panel) and the CR peak amplitude for the group that received 
short-trace conditioning (Figure 5B, right panel).  A two-
way repeated measures ANOVA performed on CR% (Figure 
5A, left panel) and CR peak amplitude (Figure 5B, left panel) 

revealed that there was no significant effect of trial block 
[F(1,16)=0.250, P=0.624 and F(1,16)=0.516, P=0.483, respectively] 
during the pre-infusion block (trial blocks 1–3).  However, 
the two-way repeated measures ANOVA confirmed that the 
CR% (Figure 5A, right panel) and the CR peak amplitude 
(Figure 5B, right panel) for the animals that received the mus-
cimol infusion were significantly lower than for the animals 
that received the saline infusion [F(1,16)=72.147, P<0.001 and 
F(1,16)=33.558, P<0.001, respectively] during the post-infusion 

Figure 4.  Delay conditioned group data for the effects of muscimol (▲) 
and saline (●) infused into the left cerebellar interpositus nucleus.  (A) 
Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the delay 
CRs were seen, whereas infusion of saline had no significant effect 
on the delay CRs.  (B) Muscimol infusion significantly decreased the 
peak amplitude of the delay CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=8.  bP<0.05 vs control.
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block (trial blocks 4–8).

Effects of muscimol infusion into the left cerebellar interpositus 
nucleus on long TEC expression
Infusion of muscimol into the left cerebellar interpositus 
nucleus significantly decreased the CR% (Figure 6A, right 
panel) and the CR peak amplitude (Figure 6B, right panel) 
for the group that received long-trace conditioning.  A two-
way repeated measures ANOVA performed on CR% (Figure 

6A, left panel) and CR peak amplitude (Figure 6B, left panel) 
revealed that there was no significant effect of trial block 
[F(1,14)=0.007, P=0.933 and F(1,14)=0.089, P=0.770, respectively] 
during the pre-infusion block (trial blocks 1–3).  In contrast, 
the two-way repeated measures ANOVA confirmed that the 
CR% (Figure 6A, right panel) and the CR peak amplitude 
(Figure 6B, right panel) for the animals that received the mus-
cimol infusion were significantly lower than for the animals 
that received the saline infusion [F(1,14)=25.801, P<0.001 and 

Figure 5.  Short-trace conditioned group data for the effects of muscimol 
(▲), and saline (●) infused into the left cerebellar interpositus nucleus.  
(A) Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the short-
trace CRs are seen, whereas infusion of saline had no significant effect 
on the short-trace CRs.  (B) Muscimol infusion significantly decreased the 
peak amplitude of the short-trace CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=9.  bP<0.05 vs control.

Figure 6.  Long-trace conditioned group data for the effects of muscimol 
(▲) and saline (●) infused into the left cerebellar interpositus nucleus.  
(A) Infusion of muscimol abolished the responses almost completely as 
illustrated by its effects on the percentage of trials in which the long-
trace CRs are seen, whereas infusion of saline had no significant effect 
on the long-trace CRs.  (B) Muscimol infusion had significant effect on 
peak amplitude of the long-trace CRs.  (C) Eyelid position of an animal 
after muscimol and saline infusion in the sixth trial.  Upper panel: the 
conditioning paradigm illustrating the timing of the CS and the US.  Middle 
panel: eyelid position after muscimol infusion.  Lower panel: eyelid postion 
after saline infusion.  All data are from the same animals.  Mean±SEM. 
n=8.  bP<0.05 vs control.
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F(1,14)=8.313, P<0.001, respectively] during the post-infusion 
block (trial blocks 4–8).  

Discussion
In the initial portion of this study, it was demonstrated that 
electrical stimulation of the caudal mPFC as a CS paired with 
an airpuff US was sufficient for establishing eyeblink condi-
tioning in guinea pigs.  In contrast, unpaired presentations of 
the stimulation CS and airpuff US did not obtain CR across 
10 d of training, suggesting that CRs observed in the condi-
tioned groups were due to associative learning.  Against our 
expectations, the guinea pigs acquired long TEC slower than 
both DEC and short TEC, in agreement with the previous 
studies using peripheral CS (eg, a tone or a light CS) in eye-
blink conditioning[64, 65].  There is a possibility that the longer 
trace interval between the CS and the US makes it difficult for 
them to timely converge inside brain, and that additional brain 
regions such as the hippocampus, mPFC and amygdala are 
required for establishment of long TEC[6, 13, 17, 18, 22–24, 53, 54, 66–69].  
There were significant increases in CR amplitudes and 
decreases in CR relative peak latency in both delay and short-
trace, but not in long-trace conditioned groups, attributing to 
that long TEC had not been well learned during successive 
10 sessions.  Moreover, an additional evoked field potentials 
recording test showed that the caudal mPFC stimulation with 
200 μA or below did not evoke any field potential in the motor 
cortex, somatosensory cortex, or the cerebellar cortex.  Thus, 
the current results provide direct support for our hypothesis 
that electrical stimulation of mPFC as a CS paired with an air-
puff US is sufficient for establishing eyeblink conditioning.

In the second portion of this study, infusion of muscimol 
into the left interpositus nucleus impaired CRs expression in 
the three conditioned groups, suggesting that the interpositus 
nucleus is critical for expression of this special CR.  It is con-
sistent with the findings of the previous studies using periph-
eral CS in eyeblink conditioning that cerebellar interpositus 
nucleus plays an essential role in CR expression[4, 27, 29, 31, 66, 70, 71].  
Steinmetz[72] speculated that the cerebellum may only be 
involved in simple, discrete, aversive, and somatic associative 
learning that occurs with a relatively short interstimulus inter-
val.  The current results support his speculation, and show 
that the expression of this special CR, which is also a simple, 
discrete, somatic, aversive, and defensive behavior induced by 
stimulation of caudal mPFC as a CS, is still dependent on the 
cerebellum.  The results from the present study further imply 
that it is the features of the CR rather than the CS that decide 
whether the cerebellum is necessary for CR operation.

Given that mPFC is necessary for long TEC[6, 17, 18, 53, 54], but 
not for DEC and short TEC[6, 17–19, 21, 55–59], it is expected that long 
TEC would be acquired more rapidly than DEC and short TEC 
at least in some manner when stimulation of the caudal mPFC, 
part of the long TEC circuit, was used as a CS.  However, the 
present results show that the guinea pigs acquired DEC and 
short TEC more rapidly than long TEC.  The current findings 
combined with the results of previous studies may indicate 
that one brain area at which an effective and sufficient stimula-

tion CS for establishing CR was applied can not be interpreted 
as an essential area for classical eyeblink conditioning.  For 
instance, lesions of the visual cortex did not prevent acquisi-
tion of CRs with a light CS[73], suggesting that the visual cor-
tex is not involved in the process of CR acquisition, whereas 
stimulation of the visual cortex can be successfully used as a 
CS to establish CR[34].  Moreover, although lesions of the pre-
tectal nuclei[73] and hippocampus[22–24, 68] retarded acquisition 
of eyeblink conditioning, stimulation of the anterior pretectal 
nucleus[11] and of the CA1 layer of hippocampus[74] can not be 
served as effective CSs for establishing eyeblink condition-
ing.  Therefore, the present results only suggest that electrical 
stimulation of mPFC is a very effective and sufficient CS for 
establishing eyeblink conditioning, and that it is dependent on 
the cerebellar interpositus nucleus, but can not be interpreted 
as providing evidence that mPFC is critically involved in DEC, 
short TEC, or long TEC.

It is worth noting that long TEC with a tone CS acquisi-
tion requires mPFC that persists mossy fiber activity through 
the stimulus-free trace interval to overlap in time with the 
US[6, 75, 76].  In the present study, however, the guinea pigs 
could develop long TEC to mPFC stimulation CS even when 
it did not co-terminate with the US.  There is a possibility that 
the mPFC activity which begins during the stimulation CS and 
persists beyond the stimulation CS offset to overlap with the 
US may induce long TEC successful establishment.  Indeed, 
it is reported that the activity in the neurons of mPFC began 
during the tone CS and persisted to overlap with the US dur-
ing TEC[77].

Despite careful and detailed analysis of the CRs acquisition 
to electrical CSs by previous studies, it is difficult to establish 
a minimum range of current for the electrical CS which is 
required for obtaining CR.  The threshold stimulation of CS 
required to establish the CR in the present study was lower 
than that in most previously studies (50–200 mA in current 
study vs 180–250 µA for visual cortex stimulation[34]).  This 
difference may in part due to differences in current spread at 
different sites of stimulation, but may also relate to differences 
in the numbers of cells which must be excited for the CS to be 
effective[45].

One of our primary purposes here was to test the effects 
of stimulation of the caudal mPFC on CR establishment.  
Whether or not stimulation of other areas of PFC can obtain 
the CR is an important issue, and should be investigated in 
future studies.  While the distributed pattern of activation 
induced by electrical stimulation in awake animals is currently 
unknown[78], an additional evoked field potentials recording 
test showed that the caudal mPFC stimulation with 200 μA 
or below did not evoke any field potential in the motor cor-
tex, somatosensory cortex, or the cerebellar cortex.  Thus, the 
present experiment could rule out the possibility that stimula-
tion of the caudal mPFC significantly activates other areas of 
cortex.  In addition, the lesion and field potential data suggest 
that the lateral pontine nuclei conveys necessary CS signals to 
the cerebellum in eyeblink conditioning[79, 80].  Recent studies 
suggest that mossy fiber activity driven by input from mPFC 
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to lateral pontine nuclei which persists through the stimulus-
free trace interval to overlap in time with the US supports the 
auditory TEC [6, 75, 76].  Therefore, the lateral pontine nuclei may 
also convey the electrical CS signals to the cerebellum in the 
three types of eyeblink conditioning induced by the electrical 
stimulation of caudal mPFC.  However, this hypothesis needs 
further testing.

In conclusion, the results from this study show that electri-
cal stimulation of caudal mPFC was a very effective CS for 
establishing eyeblink conditioning, and that the CR is depen-
dent on the cerebellar interpositus nucleus.  Moreover, the 
guinea pigs acquired delay and short-trace CRs more rapidly 
than long-trace CR.  However, the current results should not 
be interpreted as providing evidence that mPFC is involved in 
DEC, short TEC, or long TEC.
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Comparison of the effects of DC031050, a class III 
antiarrhythmic agent, on hERG channel and three 
neuronal potassium channels

Ping LI1, Hai-feng SUN1, Ping-zheng ZHOU1, Chao-ying MA2, Guo-yuan HU1, Hua-liang JIANG1, Min LI1, Hong LIU1, *, Zhao-
bing GAO1, *

1State Key Laboratory of Drug Research, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, 
China; 2Life Science and Engineering College of Southwest Jiaotong University, Chengdu 610031, China

Aim: This study was conducted to test the selectivity of DC031050 on cardiac and neuronal potassium channels.
Methods: Human ether-à-go-go related gene (hERG), KCNQ and Kv1.2 channels were expressed in CHO cells. The delayed rectifier 
potassium current (IK) was recorded from dissociated hippocampal pyramidal neurons of neonatal rats. Whole-cell voltage patch clamp 
was used to record the voltage-activated potassium currents. Drug-containing solution was delivered using a RSC-100 Rapid Solution 
Changer.
Results: Both DC031050 and dofetilide potently inhibited hERG currents with IC50 values of 2.3±1.0 and 17.9±1.2 nmol/L, respectively. 
DC031050 inhibited the IK current with an IC50 value of 2.7±1.5 μmol/L, which was >1000 times the concentration required to inhibit 
hERG current. DC031050 at 3 μmol/L did not significantly affect the voltage-dependence of the steady activation, steady inactivation 
of IK, or the rate of IK from inactivation. Intracellular application of DC031050 (5 μmol/L) was insufficient to inhibit IK. DC031050 up to 
10 μmol/L had no effects on KCNQ2 and Kv1.2 channel currents.
Conclusion: DC031050 is a highly selective hERG potassium channel blocker with a substantial safety margin of activity over neuronal 
potassium channels, thus holds significant potential for therapeutic application as a class III antiarrhythmic agent.

Keywords: dofetilide; DC031050; class III antiarrhythmic agent; hERG; KCNQ; Kv1.2; delayed rectifier potassium current 
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Introduction 
Potassium channel blockers are categorised as class III 
antiarrhythmic agents due to their ability to prolong the dura-
tion of the cardiac action potential[1–4].  These drugs include 
ibutilide, somatilide, sotalol, azimilide, droneradone and 
amiodarone, which elicit their actions by blocking one or more 
cardiac potassium channels, such as IKr, IKs and IKur, among 
others.  The class III antiarrhythmic drugs have been subject 
to extensive clinical investigation as safer and more effective 
alternatives to class I drugs, which exhibit recognised risks in 
selected populations[5–7].  However, numerous noncardiac side 
effects, such as nausea, drizzles and headaches, also frequently 
occur with the use of class III antiarrhythmic drugs.  Some 
adverse effects outside of cardiac tissues are consistent with 
the observation that the class III agents have been found to act 

on noncardiac ion channels.  For example, tedisamil, a class 
III agent that is currently under evaluation in clinical trials, 
inhibits a calcium-dependent potassium (BK) channel of rat 
hippocampal CA1 neurons and guinea-pig portal vein smooth 
muscle cells.  The inhibition of neuronal BK channels was 
thought to be related to nervous system toxicity associated 
with tedisamil[8, 9].  E4031, a potent IKr blocker, exhibits inhibi-
tory effects on all transient, sustained and inwardly rectifying 
potassium currents of rat taste cells[10].  Therefore, the assess-
ment of the effects elicited by class III agents on noncardiac 
channels is important for evaluating the safety and clinical 
side effects of these drugs at an early stage of the drug discov-
ery process.

Dofetilide is a relatively new class III antiarrhythmic drug 
that has been approved for the conversion of atrial fibrillation 
and flutter and the maintenance of normal sinus rhythm.  It 
selectively blocks the rapid delayed rectifier potassium chan-
nel (IKr), but does not slow the delayed rectifier potassium 
channel (IKs) IK1, sodium channels or calcium channels[11, 12].  
To discover more effective class III antiarrhythmic agents, we 
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have designed and synthesised a series of new methylsul-
fonamido phenylethylamine analogues based on the struc-
ture and pharmacophore of dofetilide[13, 14].  Biological assays 
using guinea pig atria indicated that all of the analogues exert 
significant class III activities, including the prolongation of 
action potential duration and of effective refractory dura-
tion.  Of all of the analogues, DC031050 (N-Benzyl-N-[2-(p-
methanesulfonamindo phenoxy)ethyl]-p-methanesulfonamido 
Phenethylamine) was identified as one of the most effective 
compounds.  At the very low concentration of 16 nmol/L, 
DC031050 prolonged the effective refractory period for 10 
ms.  Furthermore, at a concentration of 10 µmol/L, DC031050 
improved the force of constriction significantly more (24%) 
than dofetilide (17%)[14].  A comparison of the chemical struc-
tures of DC031050 and dofetilide revealed that the substitu-
tion of the methyl group with a benzyl group in DC0310590 
improves its biological activity (Figure 1)[14], representing a 
modification strategy of dofetilide to obtain more effective 
class III agents.  Prior to further modification, we sought to 
further understand the durability of these dofetilide-like class 
III analogues by assessing whether they acted on noncardiac 
channels.  Thus, we evaluated DC031050 for its effects on three 
types of voltage-gated neuronal potassium channels: KCNQ2, 
Kv1.2 and a delayed rectifier in hippocampal neurons.  Our 
results showed that only the delayed rectifier channel was 
inhibited by DC031050, but at ~1 000 times the concentration 
needed to block hERG.  

Materials and methods
Compound synthesis
DC031050 was prepared according to previously reported pro-
cedures[13, 14].  The chemical structure of DC031050 is shown in 
Figure 1.

Preparation of dissociated hippocampal pyramidal neurons
Hippocampal neurons were dissociated from 5- to 9-day-old 
Sprague-Dawley rats as described previously.  Briefly, mini-
slices (500 μm) of the hippocampal CA1 region were cut in 
an ice-cold, oxygenated dissociation solution containing the 
following components (in mmol/L): Na2SO4 82, K2SO4 30, 
MgCl2 5, HEPES 10 and glucose 10 (pH 7.3).  The slices were 
incubated in a dissociation solution containing protease XXIII 

(3 mg/mL) at 32 °C for 8 min.  The solution was then replaced 
with dissociation solution containing trypsin inhibitor type 
II-S (1 mg/mL) and bovine serum albumin (1 mg/mL).  The 
slices were allowed to cool to room temperature in an oxy-
genated solution.  Before recording, the slices were triturated 
using a series of fire-polished Pasteur pipettes with progres-
sively decreasing tip diameters.  The dissociated neurons were 
placed into a recording dish and perfused with an external 
solution containing the following components (in mmol/L): 
NaCl 135, KCl 5, MgCl2 2, HEPES 10, glucose 10 and tetrodo-
toxin 0.001 (pH 7.3).

Cell culture and transfection
Chinese hamster ovary (CHO) cells were grown in 50/50 
DMEM/F12 (Cellgro, Manassas, VA) supplemented with 10% 
fetal bovine serum (FBS) and 2 mmol/L L-glutamine (Gibco, 
Carlsbad, CA, USA).  To overexpress the KCNQ and hERG 
channel proteins, the cells were split 24 h before transfection, 
plated into 60-mm dishes, and transfected with the appropri-
ate plasmids using the Lipofectamine 2000™ reagent (Invit-
rogen, Carlsbad, CA, USA), according to the manufacturer’s 
protocols.  Twenty-four hours after transfection, the cells were 
split and re-plated onto coverslips coated with poly-L-lysine 
(Sigma-Aldrich, St Louis, MO, USA).  A green fluorescent 
protein (GFP) expression plasmid (Amaxa, Gaithersburg, MD, 
USA) was cotransfected to allow for the identification of trans-
fected cells by fluorescence microscopy.

Whole-cell voltage-clamp recording of hippocampal neurons and 
cultured CHO cells
The recordings were made at 21–23 °C using an Axopatch 
200B amplifier (Molecular Devices, Sunnyvale, CA, USA).  
Electrodes with a tip resistance of 3–5 MΩ were pulled from 
borosilicate glass pipettes (World Precision Instruments, Sara-
sota, Fl) and filled with a pipette solution containing the fol-
lowing components (in mmol/L): KCl 140, MgCl2 1, CaCl2 1, 
HEPES 10 and EGTA 10 (pH 7.3).  Voltage protocols were pro-
vided by pClamp 9.2 software via a DigiData-1322A interface 
(Molecular Devices, Sunnyvale, CA, USA).  Series resistance 
was compensated by 75%–85%.  For hippocampal neurons, 
the bath solution contained the following components (in 
mmol/L): NaCl 135, KCl 5, MgCl2 2, HEPES 10, glucose 10 and 
tetrodotoxin 0.001 (pH 7.3).  The cells were maintained at -50 
mV.  The delayed rectifier current (IK) in hippocampal neurons 
was elicited by a series of 400-ms depolarising steps from -70 
mV to +70 mV in 10 mV incremental steps following a 600-ms 
hyperpolarising pre-pulse to -110 mV and a 50-ms interval at 
-50 mV immediately after the pre-pulse to inactivate the tran-
sient component of the current.  The resulting signals were 
sampled at frequencies of 10–40 kHz and filtered at 2–10 kHz.  
Linear leak and residual capacitance currents were subtracted 
on-line using a P/4 protocol.  Unless otherwise stated, all IK 
amplitudes were obtained at 300 ms after the initiation of the 
stimulating pulse.  The effect of DC031050 was assessed after 
the neurons were exposed to the drug for 40 s, and a minimum 
of 5-s interval was used between stimulations.

Figure 1.  The chemical structure of compound DC031050 and dofetilide.
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For cultured CHO cells, the pipette solution contained the 
following components (in mmol/L): KCl 145, MgCl2 1, EGTA 
5, HEPES 10, and Mg-ATP 5 (pH=7.3 with KOH).  The extra-
cellular solution contained the following components (in 
mmol/L): NaCl 140, KCl 3, CaCl2 2, MgCl2 1.5, HEPES 10, and 
glucose 10 (pH=7.4 with NaOH).  

Drug application 
DC031050 was dissolved in dimethylsulfoxide (DMSO) to 
prepare a 10 mmol/L stock solution, from which the appropri-
ate volumes were added to the external or pipette solutions to 
produce the desired concentrations.  DMSO (less than 0.1% in 
the final dilution) elicited no observable effect on the K+ cur-
rents.  For the electrophysiological recordings in neurons, the 
external solution containing DC031050 was delivered using a 
RSC-100 Rapid Solution Changer (BioLogic Co, France) that 
could change the external solution over the recorded neuron 
during a 10-ms period.  For recordings in cultured CHO cells, 
a constant perfusion of extracellular solution was maintained 
using a BPS perfusion system (ALA scientific Instruments, 
Westburg, NY, USA).  The DC031050 in the pipette solution 
was diffused into the neuron, and changes were recorded 
immediately after the rupture of the membrane patch.  Unless 
otherwise stated, all chemicals were purchased from Sigma-
Aldrich China Inc.  

Data analysis 
The concentration of DC031050 required to inhibit 50% of the 
K+ currents (IC50) was determined by fitting normalised data to 
the equation I/I0=1/{1+([C]/IC50)n}, where I0 and I are the cur-
rent amplitudes measured in the absence and presence of the 
drug, respectively.  [C] is the concentration of the drug in the 
external solution, and n is the Hill coefficient.  For analysing 
the voltage-dependence of the steady-state activation or inac-
tivation of the K+ currents, normalised conductance or current 
was plotted against the membrane potential and fitted to the 
Boltzmann equations as follows: Y=1/{1+exp[(V-V1/2)/k]}, 
where Y is the normalised conductance or current, V is the 
test potential, V1/2 is the voltage at half-maximal activation 
or inactivation, and k is the slope factor.  The time course of 
recovery of the K+ currents from inactivation was fitted with a 
mono-exponential function as follows: I/Imax=A*{1(exp[(Δt/τ]}, 
where Imax is the maximal current amplitude, I is the current 
after a recovery period of Δt, τ the time constant, and A is the 
amplitude coefficient.  Data are presented as mean±SEM.  Sta-
tistical significance was assessed using Student’s t-test, where 
P<0.05 was considered significant.  

Results
Inhibition of hERG channel by DC031050 
In our previous study, DC031050 exhibited typical class III 
agent activity in biological assays using guinea pig atria[14].  

Given its structural similarity with dofetilide, we hypothesised 
that the biological activity of DC031050 was elicited by its inhi-
bition of hERG channels.  To test our hypothesis, hERG chan-
nel proteins were transiently expressed in CHO cells, and the 

resulting currents elicited by depolarisation step pulses fol-
lowed by repolarisation to -50 mV were recorded.  As shown 
in Figure 2A & B, hERG currents were completely inhibited by 
10 μmol/L DC031050[15].  At 20 min after washout, the inhibi-
tory effects were not reversed.  Analysis of the concentration-
response relationships revealed an IC50 value of 2.3±1.0 
nmol/L.  In contrast, the IC50 of dofetilide on hERG channels 
is 17.9±1.2 nmol/L (Figure 2D).  The more potent inhibition of 
hERG channels by DC031050 compared to dofetilide is consist-
ent with the potent biological activity of DC031050 observed 
in vivo[13, 14].  

Lack of effect of DC031050 on neuronal KCNQ2 and Kv1.2 
channels expressed in CHO cells
KCNQ channels, also called Kv7 channels, include five mem-
bers.  KCNQ2 and KCNQ3 form heterotetramers in the neu-
rons and mediate the M current, a potassium current could be 
inhibited by activation of muscarinic receptor.  Inhibition of 
the M current by a mutation of KCNQ2 or KCNQ3 can result 
in various pathologies including benign familial neonatal con-
vulsion, a form of neuronal hyperexcitibility[16–18].  The impor-
tance of Kv1.2 channels in controlling neuronal excitability 
has been demonstrated by the observation that Kv1.x (Kv1.1 
and Kv1.2) channel-inhibiting venom toxins induce seizures 
in rodents[19].  To evaluate the effect of DC0310050 on the neu-
ronal potassium channels KCNQ2 and Kv1.2, two neuronal 
potassium channels that are important in the control of neuro-
nal excitability, were expressed in CHO cells, and the voltage-
dependent channel activation was measured in the presence 
and absence of this drug.  As shown in Figure 3, 10 μmol/L 
DC031050 did not significantly affect the current amplitude 
of either KCNQ2 or Kv1.2, suggesting that DC031050 might 
exhibit specificity for cardiac IKr channels.  

Concentration-dependent inhibition of IK by DC031050 in rat 
hippocampal neurons
The delayed rectifier outward potassium channel in neuronal 
tissues is a major potassium channel that is responsible for 
spike repolarisation, and it plays a similar role as IKr in the 
cardiac tissues[20].  The delayed rectifier potassium currents 
(IK) were elicited in dissociated rat hippocampal pyramidal 
neurons by applying a 400-ms depolarising step to +40 mV, 
following a 600-ms hyperpolarising pre-pulse to -110 mV 
and a 50-ms interval at -50 mV immediately after the pre-
pulse.  Figure 4A shows representative superimposed traces 
before and after the application of increasing concentrations 
of DC031050 from 0.1 µmol/L to 10 µmol/L.  DC031050 
exhibited clear inhibition of IK in a concentration-dependent 
manner, and the inhibition was more pronounced at the later 
or steady state phase of the current development.  Using 10 
µmol/L DC031050, the peak current was reduced by approxi-
mately 50%, whereas the steady-state current at 300 ms was 
almost completely blocked.  Unless stated otherwise, we used 
the amplitude of IK at the steady state (300 ms) for all subse-
quent analyses.  The concentration-response curve revealed an 
IC50 value of 2.7±1.5 µmol/L, and a Hill coefficient of 1.1±0.2 



731

www.chinaphar.com
Li P et al

Acta Pharmacologica Sinica

npg

for the DC031050-induced inhibition of IK (Figure 4B, n=6).  
The inhibitory effect was reversible, as the current returned to 
near-control levels upon washout for 40 s (Figure 4C).

In addition to inducing a concentration-dependent reduc-
tion of IK amplitude, DC031050 markedly accelerated the 
decay of the current, which appeared as a more pronounced 
inhibition of the steady-state current than of the peak cur-
rent (Figure 4A & 4C).  To quantify this effect, the decay time 
course of IK was fitted with a mono-exponential function.  As 
shown in Figure 4D, the acceleration of the current decay was 
also concentration-dependent.  The decay time constant (τ) 
decreased gradually (208.4, 163.3, 155.5, 112.7, 75.8, and 54.4 
ms) with increasing concentrations of DC031050 (0, 0.1, 0.3, 1, 
3, and 10 µmol/L, respectively).  Similar results were observed 
in 4 individual neurons.  Plotting the time constant against the 
concentration revealed an IC50 value of 1.2±0.7 µmol/L (n=4), 
which is essentially identical to the IC50 value obtained using 
steady-state current amplitude.  

Effect of DC031050 on the kinetic properties of neuronal IK

The inhibition of neuronal IK by DC031050 was voltage-inde-
pendent.  Figures 5A & 5B show the representative traces and 

current-voltage (I/V) relationships of IK in the absence and 
presence of 3 µmol/L DC031050.  The current was activated 
at 50 mV, and the control I/V relationship was almost linear 
at depolarising potentials.  After treatment with 3 µmol/L 
DC031050, the I/V curve of IK exhibited an apparent propor-
tional downward shift, where the I/I0 values (I0 represents 
the original current without the drug) were nearly constant at 
all depolarising step pulses (Figure 5B).  The I/I0 values at 0 
mV, 20 mV, 40 mV, and 60 mV were 50.8%±4.9%, 46.9%±4.4%, 
49.2%±4.2%, and 49.0%±2.4%, respectively (n=6, P>0.05).  

In addition, treatment with 3 µmol/L DC031050 did not 
significantly change the voltage-dependence of the activation 
of steady-state currents (Figure 5C), the voltage-dependence 
of inactivation (Figure 5D), or the rate of channel recovery 
from inactivation (Figure 5E).  In the presence of 3 µmol/L 
DC031050, the voltage for half-maximal activation was -8.4±1.6 
mV compared to -6.9±1.0 mV for the control (n=6, P>0.05); the 
voltage for half-maximal inactivation was -78.7±1.1 mV com-
pared to -81.9±1.3 mV for the control treatment (n=6, P>0.05); 
and the time constant of recovery from inactivation was 
261.4±39.1 ms compared to 223.7±16.4 ms for the control treat-
ment (n=6, P>0.05).

Figure 2.  Concentration-dependent inhibition on hERG channel by DC031050.  (A) Representative traces of hERG response to a series of depolarizing 
steps from -60 to +60 mV with 10 mV increment, delivered every 10 s, in the absence (control, left) and presence of 10 µmol/L DC031050 (right).  (B) 
Overlap of representative traces of hERG responses to a depolarization step to +50 mV in the absence and presence of 10 µmol/L DC031050 .  (C) The 
I–V plot of hERG (the tail after returning to -50 mV) in the absence (control, open circle) and presence of 10 µmol/L DC031050 (filled circle) (n=4).  (D) 
Dose dependence of hERG channel inhibition on DC031050 and dofetilide (n=6).
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DC031050 acts at the extracellular face of the neuronal IK 
channel
To determine the inhibitory mechanism of DC031050, we took 
two different approaches.  First, we assessed the effects of the 
intracellular application of the compound.  In control neurons 
dialysed with the normal pipette solution (see Methods), IK 
exhibited a slight decrease (less than 10%) within 10 min after 
membrane rupture.  We applied 5 μmol/L DC031050 for the 
intracellular application because the external application of the 
same concentration inhibited the K+ currents by approximately 
70%–90% (Figure 4A).  However, as shown in Figures 6A & 
6B, the time course of IK in neurons dialysed with the pipette 
solution containing 5 µmol/L DC031050 exhibited results 
that were almost identical to that of the control-treated group 
(n=5 for each), indicating that the intracellular application of 5 
µmol/L DC031050 was insufficient to inhibit IK.  

The above findings support the idea that the DC031050 
might act at extracellular site(s).  The binding site of TEA, a 
well-known potassium channel blocker, has been found to 
localise to the outer mouth of the KcsA channel[21, 22].  To deter-
mine if the action sites of DC031050 includes the outer mouth 
of the delayed rectifier K+ channel, the inhibitory effects 

of DC031050 were tested in the presence or absence of 15 
mmol/L TEA in the external solution.  Interestingly, co-treat-
ment with 15 mmol/L TEA significantly reduced the inhibi-
tory effect of DC031050.  For example, treatment with 3 µmol/
L DC031050 resulted in an I/I0 value of 75.2%±9.2% in the 
presence of 15 mmol/L TEA compared to 47.8%±8.4% induced 
by the control treatment (n=5, P<0.05).  In the presence of 15 
mmol/L TEA, the concentration response curve of DC031050 
was significantly right-shifted compared to the control treat-
ment, with the IC50 increasing to 7.4±1.2 µmol/L from 2.7±1.5 
µmol/L in the control (n=5, P<0.05).

Discussion
Class III antiarrhythmic agents and their inhibitory effects on 
noncardiac potassium channels
On the basis of their dominant electrophysiological activities, 
antiarrhythmic drugs are categorised into four broad classes: I, 
II, III, and IV.  Class I agents are sodium channels blockers that 
inhibit the impulse conduction and contractility in myocardial 
tissues; class II agents are beta-blockers; class III agents delay 
the repolarisation of cardiac myocytes; and class IV agents are 
calcium channel blockers[23].  Atrial fibrillation (AF) represents 

Figure 3.  Effects of DC031050 on KCNQ2 and Kv1.2 channels expressed in CHO cells.  (A) Representative KCNQ2 traces elicited by a series of 
depolarizing steps from -70 mV to +50 mV with 10 mV increment, delivered every 3 s, in the absence (left) and presence of 10 µmol/L DC031050 
(right).  (B) Summary data showing the relative activity of KCNQ2 in the presence of 10 µmol/L DC031050 normalized to that of control (n=7).  (C) 
Representative Kv1.2 traces elicited by a series of depolarizing steps from -90 mV to +50 mV with 10 mV increment, delivered every 3.5 s, in the 
absence (left) and presence of 10 µmol/L DC031050 (right).  (D) Summary of normalized data for 10 µmol/L DC031050 effect on Kv1.2 channel (n=4).
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a major type of arrhythmia for which antiarrhythmic drugs 
have a predominant clinical application.  Since the 1990s, class 
IA agents, such as quinidine, have not been the first choice for 
the treatment of atrial fibrillation because of increased mortal-
ity[24].  Such agents have since been displaced by an increasing 
interest in class III agents that primarily prolong cardiac action 
potential repolarisation[4, 25].  However, the application of class 
III agents for the conversion and prevention of atrial fibrilla-
tion in high-risk patients has not yielded the successful results 
expected.  For example, long-term treatment with the class III 
agent D-sotalol is associated with an increased risk of mortal-
ity compared with treatment with placebo[1, 26].  In addition to 
the severe risk to cardiac tissues, the tolerance of certain class 
III agents has yielded disappointing results.  For example, the 
class III agent amiodarone is associated with a 41% discon-
tinuation rate that is attributed to its side effects and toxicity in 
liver, thyroid and pulmonary tissues[27].  

Dofetilide (TikosynTM) is a relatively recent class III 
antiarrhythmic drug that has been approved for the conver-
sion of AF and the maintenance of normal sinus rhythm.  
Dofetilide has a higher safety profile than most other class III 
agents.  In 10 randomised trials for treatment of supraventricu-
lar arrhythmias, the hazard ratio for death of dofetilide was 1.1 
(95% confidence interval 0.3–4.3), indicating no evidence of a 
side effect for dofetilide on mortality rates[28, 29].  Two separate 

Danish Investigations of Arrhythmia and Mortality on Dofeti-
lide (DIAMOND) studies performed in high-risk patients also 
demonstrated the safety of dofetilide[29].  Why dofetilide exhib-
ited a low mortality ratio, whereas other class III agents (eg, 
D-sotalol) increased mortality, remains elusive.  Because of the 
high safety profile of dofetilide, we designed and synthesised 
a series of structural analogues with the goal of developing 
novel class III antiarrhythmic agents.  The biological activities 
of these analogues were assessed in biological assays using 
guinea pig atrial tissues.  DC031050 was identified as one of 
the most potent compounds that demonstrated typical class III 
antiarrhythmic agent activity[13, 14].  

However, similar to other class III antiarrhythmic agents, 
dofetilide exhibits general noncardiac side effects, including 
headache, dizziness, rash and some nervous system effects, 
such as paralysis, migraine and syncope[30, 31].  Although there 
is no direct evidence linking these side effects to the dysfunc-
tion of noncardiac ion channels, the functional disorders of 
noncardiac ion channels are known to cause these syndromes.  
For example, mutations of brain-specific P/Q type calcium 
channels were linked to familial hemiplegic migraines[32], 
whereas the functional down-regulation of Kir2.6, an inwardly 
rectifying potassium channel, was linked to thyrotoxic hypoka-
lemic periodic paralysis[33].  Consistent with its adverse effects 
in the nervous system, a low concentration (100 μmol/L) of 

Figure 4.  Concentration-dependent inhibition on IK by DC031050.  (A) Representative traces of delayed rectifier K+ currents (IK) in the presence of 
increasing concentrations of DC031050 (0, 0.1, 0.3, 1, 3, and 10 µmol/L) recorded from one hippocampal neuron.  Currents were elicited with steps 
to +40 mV and measured at 300 ms latency of the test pulses.  (B) Concentration-inhibition curve of DC031050 on IK.  Each symbol represents the 
mean±SEM.  n=6.  (C) The superimposed traces before, during and 40 s after washout of 3 µmol/L DC031050.  (D) DC031050 accelerated decay of 
IK.  The plot was the decay time constant of the current traces in control (A) and against the concentrations of DC031050.  Similar results were obtained 
from 4 neurons.
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dofetilide acted on ion channels in hippocampal neurons (eg, 
the voltage-independent block of a calcium-dependent potas-
sium channel (BK))[34].  Notably, the plasma concentration of 
dofetilide exceeds 100 nmol/L when administered at 1 mg 
twice daily continuously for 24 h[35].  

DC031050 is a dofetilide analogue that more potently blocks 
hERG channels, with an excellent safety margin on neuronal 
potassium channels
In the current study, we confirmed that DC031050 is a potent 
and complete blocker of hERG, with an IC50 value of 2.3 
nmol/L, which is significantly less than the IC50 of dofeti-
lide on hERG channels (17.9 nmol/L).  hERG channels are 
cardiac potassium channels that are known to significantly 
influence the duration of cardiac action potentials.  Thus, the 
electrophysiological data on heterologously expressed hERG 
channels is consistent with the results obtained from biologi-
cal assays using guinea pig atria[13, 14].  Surveying a number of 
noncardiac potassium channels revealed that DC031050 (at 10 
μmol/L concentration) elicited negligible effects on KCNQ2 
and Kv1.2 channels that were expressed in CHO cells, but was 
sufficient to block IK in rat hippocampal neurons.  The IC50 
of DC031050 on IK was 2.7 µmol/L, which is more than 1000-
fold higher than that on hERG.  Thus, DC031050 should pro-

vide a broad concentration range for the selective therapeutic 
blockade of hERG channels without affecting other noncardiac 
potassium channels.  The high selectivity of DC031050 on 
hERG channels strongly supports its potential for therapeutic 
application as a class III antiarrhythmic agent.  The inhibitory 
effects on neuronal IK at the micromolar concentrations argue 
for further early drug discovery stage evaluation of the effects 
of this compound on noncardiac channels to obtain safer class 
III antiarrythymia drugs.  This is particularly important given 
that, in addition to IK, KCNQ2 and Kv1.2, there are many other 
types of potassium channels that are expressed in neuronal 
tissues.  To fully discern the safety of DC031050, the effects of 
the drug on other noncardiac potassium channels should be 
further studied.  

Inhibition of neuronal delayed rectifier potassium channel by 
DC031050
The inhibition of DC031050 on the delayed rectified potas-
sium channels in rat hippocampal neurons is dose dependent 
and exhibits the following principal properties.  (1) DC031050 
markedly accelerated the decay of IK in a concentration-depen-
dent manner, which is consistent with more potent inhibition 
of the steady state current than of the peak current.  These 
data suggest that DC031050 might be an open-channel blocker, 

Figure 5.   Effects of DC031050 on kinetic properties of IK.  (A) Responses of a representative neuron to a series of depolarizing steps from -70 to +70 
mV with 10 mV increment, delivered every 10 s, in the absence and (control, left) and presence of 3 µmol/L DC031050 (right).  (B) Current-Voltage 
(I/V) curves of IK before and during application of 3 µmol/L DC031050.  (C, D, and E) show the voltage-dependence of activation (C), inactivation (D) 
and the time course of recovery from inactivation (E), in the absence and presence of 3 µmol/L DC031050.  Three different protocols were used.  The 
protocol to study voltage-dependent activation is shown in inset.  For studying the steady-state inactivation, neurons were held at 0 mV, and currents 
were elicited with a series of 600-ms prepulses at different hyperpolarizing potentials followed by a 400-ms step to +40 mV, then back to 0 mV, 
delivered every 10 s.  For studying the time course of recovery from inactivation, neurons were held at 0 mV, and currents were elicited on return from 
hyperpolarizing prepulse of varying durations at -110 mV to +40 mV, delivered every 10 s.  Current of peak were used for plotting.
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indicating that opening of the channel is a prerequisite to 
blocking.  Alternatively, DC031050 might accelerate the inacti-
vation of IK. (2) DC031050 does not alter the kinetic properties 
of IK. DC031050 elicited no significant effects on either the volt-
age-dependence of inactivation or the time course of recovery 
from inactivation, which precludes the notion that this drug 
might act through acceleration of channel inactivation.  

Two experiments supported the notion that DC031050 
might act at the extracellular face of IK channels.  In contrast to 
the marked inhibition of IK elicited by the external perfusion of 
5 µmol/L DC031050, the intracellular application of the same 
concentration of this drug elicited a negligible effect.  Further-
more, the inhibition of DC031050 was diminished by co-treat-
ment with 15 mmol/L TEA, which is known to block potas-
sium channels from the extracellular face.  This indicates that 
when a TEA molecule occupies the external TEA binding site, 
a steric hindrance effect might prevent DC031050 from inter-
acting with the channel.  Combined with the observed accel-
eration of decay and the lack of effects on kinetics, DC031050 
appears to be an open channel blocker, which acts at an exter-
nal binding site(s) on the outer mouth of the neuronal delayed 
rectifier potassium channel.  

In summary, we have identified DC031050, an analogue 
of dofetilide, as a highly selective hERG potassium channel 
blocker with an excellent safety margin over neuronal potas-

sium channels.  DC031050 exhibits therapeutic potential as a 
class III antiarrhythmic agent.  Our study strongly supports 
the evaluation of effects elicited by class III agents on noncar-
diac channels at early stages of the drug discovery process.  
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β-Asarone protects PC12 cells against OGD/
R-induced injury via attenuating Beclin-1-dependent 
autophagy 

Zhen-tao MO, Yong-qi FANG*, Yu-ping HE, Sheng ZHANG

The First Affiliated Hospital of Guangzhou University of Chinese Medicine, Guangzhou 510405, China 

Aim:  To explore the effects of β-asarone from Acorus Tatarinowii Schott on autophagy in an ischemic stroke model of PC12 cells.  
Methods:  The ischemic stroke model of PC12 cells was made by OGD/R (2 h oxygen-glucose deprivation followed by 24 h reperfu-
sion).  Drug administration was started 1 h before OGD and last for 3 h.  Then the cells were incubated in the drug-free and full culture 
medium under normoxic conditions for 24 h.  After the treatments, Beclin-1, intracellular free calcium concentration ([Ca2+]i) and  
mitochondrial membrane potential (MMP) were analyzed using flow cytometry.  Cell viability was measured using MTT assay.  Cell 
morphology was studied under inverted phase contrast microscope, and autophagosomes were observed under transmission electron 
microscope. 
Results:  Pretreatment with β-asarone (20, 30, or 45 μg/mL) or the calcium channel antagonist nimodipine (10 μmol/L) significantly 
increased the cell viability and MMP, and decreased Beclin-1 expression and [Ca2+]i in OGD/R-treated PC12 cells.  Under inverted 
phase contrast microscope, pretreatment with β-asarone or nimodipine dramatically increase the number of cells and improved the 
cellular morphology.  Autophagosomes were found in OGD/R-treated PC12 cells as well as in drug plus OGD/R-treated PC12 cells.
Conclusion: β-Asarone protects PC12 cells against OGD/R-induced injury partly due to attenuating Beclin-1-dependent autophagy 
caused by decreasing [Ca2+]i and increasing MMP.
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Introduction 
Oxygen-glucose deprivation and reperfusion (OGD/R) leads 
to neuronal insult.  Autophagy, a process of self-eating, is 
usually induced by starvation, ischemia and hypoxia, growth 
factor deficiency, etc.  It helps to maintain cell homeostasis[1–3], 
but excessive autophagy may also leads to autophagic neuron 
death and apoptosis[4–6].  β-asarone, one of chief constituents 
from Acorus Tatarinowii Schott, can easily pass through the 
blood brain barrier[7], and shows various neuroprotective 
effects such as protecting neuron against apoptosis[8–11].  How-
ever, the effect of β-asarone on autophagy in a model of isch-
emic stroke in vitro is rarely reported.  PC12 cell line is derived 
from a pheochromocytoma of the rat adrenal medulla.  It can 
acquire neuron-like properties when exposed to nerve growth 
factor (NGF)[12].  Therefore, it is widely used as an in vitro 
model of cerebral ischemia/reperfusion[13, 14].  Intracellular free 
calcium concentration ([Ca2+]i) and mitochondrial membrane 

potential (MMP) are important indicators to reflect cell injury.  
It is reported that autophagy can be induced by increased 
[Ca2+]i and decreased MMP[15, 16].  Beclin-1, an autophagy 
related gene, is an essential indicator of autophagy.  Flow 
cytometry is adopted as an important quantitative analysis, 
but Beclin-1 analysis by flow cytometry was merely reported 
until we established a method of quantitative analysis of 
Beclin-1[17].  In this research, we studied the protective mecha-
nism of β-asarone in OGD/R treated PC12 cells by evaluation 
of Beclin-1, [Ca2+]i, MMP and cell viability and observation 
of autophagosomes and cellular morphology.  Control group 
treated with nimodipine (a calcium antagonist) was estab-
lished to explore whether β-asarone has effects on [Ca2+]i and 
MMP so as to reduce autophagy.  

Materials and methods
β-asarone preparation 
β-asarone (cis forms of 2,4,5-trimethoxy-1-propenylbenzene) 
is a fat-soluble substance with a small molecular weight.  It 
was extracted from Acorus Tatarinowii Schott according to the 
procedure that we have reported[18].  β-asarone, the purity of 
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which was up to 99.55%, was confirmed by gas chromatogra-
phy-mass (GC-MS), infrared spectrum (IR), and nuclear mag-
netic resonance (NMR) detection.

Cell cultures
PC12 cells (Culture Collection of Chinese Academy of Sci-
ence, Shanghai, China) were seeded in 25-cm2 polystyrene 
flasks (Corning Costar Corp, USA) with 4.5 g/mL glucose in 
Dulbecco’s modifed Eagle’s medium (DMEM) (Gibco, USA), 
containing 5% heat-inactivated foetal bovine serum(Gibco, 
USA) and 5% horse serum (Gibco, USA).  The cells were incu-
bated under an atmosphere of 95% air and 5% CO2.  Culture 
medium was replaced every 48 h.

Glucose deprivation and hypoxia/reperfusion
PC12 cells were washed with phosphate buffer solution (PBS) 
for one time and incubated in Earle’s balanced salt solution 
(116 mmol/L NaCl, 5.4 mmol/L KCl, 0.8 mmol/L MgSO4,  
l mmol/L NaH2PO4, 0.9 mmol/L CaCl2, and 10 mg/L phenol 
red).  And then the cells were incubated in a hypoxia chamber 
(Themo scientific, USA) with a compact gas oxygen control-
ler to maintain oxygen concentration at 1% by injecting a gas 
mixture of 94% N2 and 5% CO2 for 2 h.  After hypoxia, the cells 
were transferred back to full culture medium with oxygen for 
24 h.  Normal control cells were incubated in a regular cell cul-
ture incubator under normoxic conditions.

Drugs
PC12 cells were incubated with full culture medium con-
taining β-asarone (20, 30, or 45 μg/mL) or nimodipine (10 
μmol/L) under normoxic conditions for 1 h before hypoxia.  
The full culture medium containing drug was discarded.  The 
cells were rinsed once with PBS, and incubated with Earle’s 
balanced salt solution containing β-asarone (20, 30, or 45 
μg/mL) or nimodipine (10 μmol/L) for 2 h of hypoxia.  The 
Earle’s balanced salt solution was discarded, and then PC12 
cells were incubated with full culture medium free of drug 
under normoxic conditions for 24 h.

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) for cell viability
PC12 cells were seeded into 96-well plastic plates with 0.1 mL 
at the density of 3×104 cells/mL.  Then after growth for 48 h, 
the cells were treated with OGD/R as described above.  After 
24 h reperfusion, the MTT colorimetric assay was performed.  
It contained 10 samples in normal control group, OGD/R 
treated group and OGD/R+drug treated groups respectively.  
110 μL of MTT (10 mg/mL) dissolved in full culture medium 
was added to each well.  Plates were incubated at 37 °C in 
normoxia for 4 h.  150 μL of Dimethyl sulfoxide (DMSO) was 
added to each well for 10 min to dissolve the dark blue crys-
tals and the absorbance was read at 570 nm on a microplate 
reader (Themo scientific, USA).

Flow cytometric analysis of Beclin-1 expression
PC12 cells were seeded into 24-well plastic plates with 1 mL at 

the density of 1×105 cells/mL.  It contained 10 samples in nor-
mal control group, OGD/R treated group and OGD/R+drug 
treated groups, respectively.  PC12 cells were harvested 
by trypsinization [0.25% trypsin/2.6 mmol/L ethylenedi-
aminetetraacetic acid (EDTA), Gibico, USA] and incubated in 
2 mL 2% (v/v) bovine serum albumin (BSA)/PBS for 30 min.  
Permeabilization of the cells was done using fixation and per-
meabilization (Invitrogen, Beijing, China), according to the 
manufacturer instructions.  Then the cells were incubated with 
mouse anti-human Beclin-1 monoclonal antibody (100 μL,  
2: 100 dilution, Santa Cruz Biotechnology, catalog No sc-48381, 
USA) at room temperature for 30 min.  After washing with 2% 
BSA/PBS once, cells were incubated with PE-conjugated goat 
anti-mouse IgG1 antibody (0.005 μg/μL, Mutiscience, catalog 
No gam0041, China) in the darkness at room temperature for 
30 min.  The control cells were incubated with the second-
ary antibody alone.  After washing once with 2% BSA/PBS, 
the fluorescence of 10 000 cells was analyzed by flow cytom-
eter (Beckman Coulter, Florida, American, 488 nm) using the 
EXPO32 data analysis system (Beckman Coulter, Florida, USA).

Flow cytometric analysis of MMP and [Ca2+]i

PC12 cells were seeded in 24-well plastic plates with 1 mL 
at the density of 1×105 cells/mL.  Then after growth for 48 h, 
the cells were treated with OGD/R as described above.  Nor-
mal control group, OGD/R treated group and OGD/R+drug 
groups contained 10 samples, respectively.  After 24 h rep-
erfusion, cells were harvested, washed with 2 mL PBS once, 
centrifuged for 5 min at 1000 r/min (TDL-5-A Low Speed Cen-
trifuge, Shanghai, China) and pelleted.  The cells were resus-
pended in 0.5 mL PBS.  For MMP detection, cell suspensions 
were incubated with Rhodamine123 (Rho123) (final concentra-
tion 10 μg/mL, ALEXIS, USA, catalog No alx-610-018-m005) 
in the darkness at 37 °C for 30 min.  For [Ca2+]i detection, cell 
suspensions were incubated with Fura 3-acetoxymethyl ester 
(Fluo-3am) (final concentration 5 μmol/L, BIOTIUM, USA, 
catalog No 50013) in the darkness at 37 °C for 40 min.  Then 
cell suspensions were centrifuged at 1000 r/min for 5min.  
After washing once in 2 mL PBS, the cells were resuspended in 
0.5 mL PBS.  The fluorescence of 10 000 cells was analyzed by 
flow cytometry (488 nm).  The mean fluorescence intensity of 
Rho123 represented the state of depolarization of MMP.  The 
mean fluorescence intensity of Fluo-3 was used as the indica-
tion of [Ca2+]i quantity.  

Inverted phase contrast microscope for observation of cellular 
morphology 
After normoxic, hypoxic or hypoxic+drug treatment (OGD 
2 h+R 24 h), cellular morphology were observed under 
inverted phase contrast microscope (×200, Olympus, Japan).

Transmission electron microscope for observation of autophagy
After normoxic, hypoxic or hypoxic+drug treatment (OGD 
2 h+R 24 h), the cells were trypsinized and pelleted.  The 
cells were suspended and fixed with 2% glutaraldehyde in 
0.1 mol/L PBS (pH 7.4) at 4 °C for 2 h and postfixed with 1% 
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osmium tetroxide in 0.1 mol/L PBS (pH 7.4) at 4 °C for 2 h.  
After washing twice with PBS, cells were subsequently washed 
with 50% acetone for 10 min, with 70% acetone for 10 min, 
twice with 80% acetone for 10 min, twice with 90% acetone for 
10 min, twice with 100% acetone for 10 min and embedded in 
Epon 812 resin.  The blocks were cut into ultrathin sections by 
a ultramicrotome and stained with uranyl acetate and lead cit-
rate.  The ultrastructure of the cells was then observed under a 
transmission electron microscope (H-600, HITACHI, Japan).

Statistical analysis
Measurement data were expressed as mean±standard devia-
tion (Mean±SD).  Statistical significance was determined by 
independent-samples t-test.  A value of P<0.05 was considered 
significant.  All statistical analyses were performed with ver-
sion SPSS 13.0 statistical software.

Results
Effect of β-asarone on cell viability and MMP in OGD/R treated 
PC12 cells 
Cell viability [optical density value (OD value)] and MMP 
were 0.79±0.04, 542.5±26.6 in normal control cells.  They were 
significantly decreased in OGD/R treated cells (0.46±0.02 in 
OD value, 335.2±19.3 in MMP, P<0.001).  After treatment with 
β-asarone (20, 30, or 45 μg/mL,) or nimodipine (10 μmol/L), 
respectively, cell viability and MMP were dramatically 
increased.  Cell viability was restored to near normal levels 
(0.79±0.04 in OD value) at the dose of 30 μg/mL of β-asarone 
or 10 μmol/L of nimodipine (0.75±0.09, 0.74±0.04 in OD value, 
respectively, P>0.05) (Table 1, Figure 1).

Effect of β-asarone on Beclin-1 and [Ca2+]i in OGD/R treated 
PC12 cells
Beclin-1 expression and [Ca2+]i were 6.3%±0.8%, 124.7±14.9 in 

normal cultured cells respectively.  They were dramatically 
increased after OGD/R treatment (28.5%±2.3% in Beclin-1, 
294.9±42.7 in [Ca2+]i, respectively, P<0.001).  After incuba-
tion with β-asarone (20, 30, or 45 μg/mL) or nimodipine (10 
μmol/L) respectively, Beclin-1 expression and [Ca2+]i were 
both significantly reduced (P<0.001).  As for β-asarone (30 
μg/mL) group and nimodipine (10 μmol/L) group, Beclin-1 
expression was reduced to 17.6%±2.6% and 15.6%±2.5%, 
respectively, and [Ca2+]i was decreased to 132.4±25.5 and 
139.0±19.0, respectively.  For [Ca2+]i, there was no significant 
difference between β-asarone (30 μg/mL) group and normal 
control group or between nimodipine (10 μmol/L) group and 
normal control group (P>0.05) (Figure 2, 3). 

Observation of cellular morphology 
Cellular morphology was observed under inverted phase con-
trast microscope.  The number of neurons showed a signifi-
cant reduction.  The PC12 cells exhibited round, slender and 
degenerated morphology after OGD/R treatment.  However, 
the number of cells showed a dramatic increase.  The cells 
exhibited improved cellular morphology after treatment with 
β-asarone (20, 30, or 45 μg/mL) or nimodipine (10 μmol/L), 
respectively.  These observations were in accordance with the 
results of MTT assay (Figure 4).

Observation of ultrastructural morphology of autophagosome
Representative ultrastructural morphology of autophagy was 
observed under transmission electron microscopy.  Normal 
morphology was observed in cells cultured under normal 
conditions (Figure 5A), autophagic morphology could be 
observed in cells treated with OGD/R, OGD/R+nimodipine 

Table 1.  Effect of β-asarone on cell viability and MMP in OGD/R  
treated PC12 cells.   

           	                                                                                   Cell viability  
          

 Groups                                                 n 
                          (OD value)  

 
	 Normal control	 10	 0.79±0.04 
	 Model control	 10	 0.46±0.02c 
	 Nimodipine (10 μmol/L)	 10	 0.74±0.04f 
	 β-asarone (20 μg/mL)	 10	 0.64±0.07cf 
	 β-asarone (30 μg/mL)	 10	 0.75±0.09f 
	 β-asarone (45 μg/mL)	 10	 0.56±0.08cf

Normal control cells were grown in full culture medium under normoxic 
conditions. Model control cells were treated with OGD/R (2 h OGD+24 h 
R). Therapeutic cells were incubated with nimodipine (10 μmol/L) or beta-
asarone (20, 30, or 45 μg/mL) respectively for 3 h (1 h before OGD and 
2 h OGD). They were incubated with full and drug-free culture medium 
for 24 h. β-asarone (20, 30, or 45 μg/mL) and nimodipine (10 μmol/L) 
both significantly increased cell viability and MMP in OGD/R treated cells. 
Mean±SD for 10 samples.  cP<0.01 vs normal control.  fP<0.01 vs OGD/R 
treated group.

Figure 1.  Effect of β-asarone on MMP in OGD/R treated PC12 cells.  
Model control cells were treated with 2 h OGD followed by 24 h 
reperfusion.  The treated cells were incubated with nimodipine (10 μmol/L) 
or β-asarone (20, 30, or 45 μg/mL) 1 h before OGD and 2 h throughout 
OGD, followed by their transfer to full and drug-free culture medium 
under normoxic conditions for 24 h.  Normal control cells were incubated 
in a regular cell culture incubator under normoxic conditions.  After 
these treatments, MMP was analyzed using flow cytometry.  The mean 
fluorescence intensity of Rho123 represented the state of depolarization 
of MMP.  Mean±SD for 10 samples.  cP<0.01 vs normal control group.  
fP<0.01 vs model control group.
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(10 μmol/L) and OGD/R+β-asarone (20, 30, and 45 μg/mL) 
(Figure 5B–5F).  The results indicated that OGD/R can gener-
ate autophagy, and β-asarone can attenuate OGD/R-induced 
autophagy in PC12 cells.

Discussion
β-asarone (cis forms of 2,4,5-trimethoxy-1-propenylbenzene) 
is a fat-soluble substance with a small molecular weight.  It is 
extracted from Acorus Tatarinowii Schott.  The absorption and 
elimination of β-asarone are rapid in vivo.  β-asarone is easy to 
pass through blood brain barrier.  Brain is an important organ 
of distribution of β-asarone.  In the rat serum, elimination half-
life and peak time are 54 and 12 min, respectively[7].  The half 
lives of β-asarone in blood, hippocampus, cortex, brain stem, 
thalamus, and cerebellum of rabbits are 1.3801, 1.300, 1.937, 
7.142, 2.832, and 8.149 h, respectively[19].  β-asarone is excreted 
in urine, feces and bile, and the excretion efficiency is about 
62% in urine, 22% in feces, and 16% in bile of rabbits.  About 
22% β-asarone is converted into α-asarone.  Most β-asarone is 
excreted in 12 h[20].  

β-asarone has significant pharmacological effects on central 
nervous system.  It has effects on multi-target genes in mouse 
brain[8].  It can obviously increase the expression of c-fos in 
epilepsy rat brain[9], and attenuate neuronal apoptosis induced 
by β-amyloid in rat hippocampus and in PC12 cells[10, 11].  But 
it may also have side effects.  It is reported that β-asarone 
could cause acute respiratory disturbance by inhibition of 
neurotransmission in the medullary respiratory neuronal 
network[21].  In this study, we observed that β-asarone could 
aggravate OGD/R induced injury of the cells when they had 
been incubated with β-asarone for too long, such as 24 h.  

β-asarone can reduce neuronal apoptosis and protect neu-
rons.  However, its effect on autophagy in an ischemic stroke 
model of PC12 cells is rarely reported.  Since PC12 cells 
possess the neuron-like properties, the protective effect of 
β-asarone on OGD/R induced injury in PC12 cells can dem-
onstrate the possible protective mechanism of β-asarone on 
neurons following cerebral ischemia/reperfusion in a certain 
extent.  Therefore, PC12 cells were established to an in vitro 
model of ischemia/reperfusion in this study.  Autophagy is 
cellular process of degrading long-lived protein and organ-
elles through the lysosomal pathway.  It plays an important 
role in providing energy and turning over useless, superflu-
ous and damaged organelles to maintain intracellular homeo-
stasis.  Activity of autophagy increases when cell injury, 
nutritional deficiencies, growth factors deficit or high energy 
demand occurs.  However, excessive autophagy also leads to 
autophagic neuron death and apoptosis[4–6].  Beclin-1, a key 
regulatory gene of autophagy, is first discovered in mamma-
lian.  It regulates localization of other autophagy-related pro-
teins to autophagosome[22, 23].

It is widely accepted that mitochondria are factories 
for energy production.  And they are also the targets for 
autophagy.  MMP is a sensitive indicator for evaluation of 
mitochondrial function.  When mitochondrial membrane is 
damaged due to hypoxia, MMP decreases, which leads to 
ATP deficit and engulfment of damaged mitochondrial by the 
autophagosomes[16, 24].  ATP deficit during ischemia and rep-
erfusion leads to damage of energy-dependent ion pump on 
cellular membrane, concentration disorder of intracellular and 
extracellular ion, depolarization, and overload of intracellular 
Ca2+ which in turn leads to a decrease of MMP[25].  Ca2+ partici-

Figure 2.  Effect of β-asarone on Beclin-1 expression in OGD/R treated 
PC12 cells.  Model control cells were treated with 2 h OGD followed by 
24 h reperfusion.  The treated cells were incubated with nimodipine (10 
μmol/L) or β-asarone (20, 30, or 45 μg/mL) 1 h before OGD and 2 h 
throughout OGD, followed by their transfer to full and drug-free culture 
medium under normoxic conditions for 24 h.  Normal control cells were 
incubated in a regular cell culture incubator under normoxic conditions.  
After these treatments, Beclin-1 expression was analyzed using flow 
cytometry.  Beclin-1 was represented as a percentage of positive 
expression.  Mean±SD for 10 samples.  cP<0.01 vs normal control group.  
fP<0.01 vs model control group.

Figure 3.  Effect of β-asarone on [Ca2+]i in OGD/R treated PC12 cells.  
Model control cells were treated with 2 h OGD followed by 24 h reper
fusion.  The treated cells were incubated with nimodipine (10 μmol/L) 
or β-asarone (20, 30, or 45 μg/mL) 1 h before OGD and 2 h throughout 
OGD, followed by their transfer to full and drug-free culture medium 
under normoxic conditions for 24 h.  Normal control cells were incubated 
in a regular cell culture incubator under normoxic conditions.  After 
these treatments, [Ca2+]i was analyzed using flow cytometry.  The mean 
fluorescent intensity of Fluo-3 was used as the indication of [Ca2+]i 

quantity.  Mean±SD for 10 samples.  cP<0.01 vs normal control group.  
fP<0.01 vs model control group.
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pates in formation of autophagosome as an important regu-
latory factor.  It modulates localization of atg18 to autopha-
gosomal membranes[15].  Removal of intracellular calcium 
can inhibit autophagy.  For example, thapsigargin inhibits 
release of sarcoplasmic reticulum calcium, which also reduces 
autophagic flux by 50%[26].  Ca2+ leads to endoplasmic reticu-

lum misfolded proteins and mitochondria depolarization, 
which induces autophagy of general and specific organelles so 
as to reestablish cellular homeostasis[27].  Taken together, MMP 
and Ca2+ are both closely related with autophagy.

In this study, we showed that β-asarone and nimodipine 
both significantly increased cell viability and MMP, and 

Figure 5.  Representative ultrastructural morphology of autophagy.  Normal morphology of cytoplasm, cell organelles in normal control group (A, 
×20 000), characteristic ultrastructural morphology of autophagy in OGD/R treated group (B, ×17 000), β-asarone (20, 30, or 45 μg/mL, respectively) 
group (D, E, F, ×20 000), and nimodipine (10 μmol/L) group (C, ×20 000).  Arrows indicate autophagosomes.

Figure 4.  Cellular morphology was observed under inverted phase contrast microscope.  Normal neuronal morphology was seen in the bright field 
images (A, ×200).  The number of cells showed a significant reduction.  The cells exhibited round, slender and degenerated morphology after OGD/R (B, 
×200).  The number of cells showed a dramatic increase.  The cells exhibited improved cellular morphology after treatment with β-asarone (20, 30, or 
45 μg/mL) (D, E, F, ×200) or nimodipine (10 μmol/L) (C, ×200).
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improved cellular morphology in OGD/R treated PC12 cells 
but decreased Beclin-1 and [Ca2+]i.  These results suggested 
that increased [Ca2+]i and decreased MMP may induced 
Beclin-1 dependent autophagy, which is accordance with 
above listed studies.  β-asarone can protect PC12 cells against 
OGD/R induced injury.  It may attenuate Beclin-1 expression 
partly by decreasing [Ca2+]i and increasing MMP as nimo-
dipine does.  
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Aim: Huntingtin protein (Htt) was a neuropathological hallmark in human Huntington’s Disease. The study aimed to investigate whether 
the macroautophagy regulator, Beclin1, was involved in the degradation of Htt.  
Methods: PC12 cells and primary cultured brain neurons of rats were examined. pDC316 adenovirus shuttle plasmid was used to 
mediate the expression of wild-type Htt-18Q-552 or mutant Htt-100Q-552 in PC12 cells. The expression of the autophagy-related pro-
teins LC3 II and Beclin1, as well as the lysosome-associated enzymes Cathepsin B and L was evaluated using Western blotting. The 
locations of Beclin1 and Htt were observed with immunofluorescence and confocal microscope.
Results: Htt552 expression increased the expression of LC3 II, Beclin1, cathepsin B and L in autophagy/lysosomal degradation path-
way.  Treatment with the autophagy inhibitor 3-MA or the proteasome inhibitors lactacystin and MG-132 increased Htt552 levels in 
PC12 cells infected with Ad-Htt-18Q-552 or Ad-Htt-100Q-552.  The proteasome inhibitor caused a higher accumulation of Htt552-18Q 
than Htt552-100Q, and the autophagy inhibitor resulted in a higher accumulation of Htt552-100Q than Htt552-18Q.  Similar results 
were observed in primary cultured neurons infected with adenovirus. In Htt552-expressing cells, Beclin1 was redistributed from the 
nucleus to the cytoplasm. Htt siRNA prevented Beclin1 redistribution in starvation conditions. Blockade of Beclin1 nuclear export by 
leptomycin B or Beclin1 deficiency caused by RNA interference induced the formation of mHtt552 aggregates.
Conclusion: Beclin1 regulates the accumulation of Htt via macroautophagy.

Keywords: Huntingtin (Htt); Beclin1; protein degradation; autophagy; RNA interference; ubiquitin-proteasome system; autophagy/lyso-
some pathway
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Introduction
Huntington’s disease (HD) is a neurodegenerative disorder 
caused by the expansion of a trinucleotide (CAG) repeat 
encoding polyglutamine (polyQ) in the N-terminal region of 
the Huntingtin (Htt) protein.  A neuropathological hallmark 
in human HD and mouse models is the intracellular accumu-
lation of N-terminal Htt fragments[1], suggesting that aber-
rant Htt proteolysis and/or dysfunctional clearance of Htt 
fragments may underlie the neuropathology in HD.  Several 
proteases, including caspases, calpains and aspartyl endopep-
tidases, cleave Htt within the N-terminal region, and in vitro 
studies have demonstrated that N-terminal Htt fragments 
with expanded polyglutamine have enhanced cytotoxicity[2].  
Although some evidence shows that wild-type Htt has an 
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essential role in developmental and cellular processes[3–7], 
the physiological role of Htt still needs further investigation.  
DiFiglia’s lab was the first to find that cytoplasmic mHtt aggre-
gates had a distribution similar to that of autophagosomes-lys-
osomes in postmortem HD brains[8] and suggested a possible 
role for autophagy in HD.  Later, with in vitro and invertebrate 
model systems, other work also indicated that autophagy is 
an important component of the cellular response to mHtt[9–13].  
Recently, Heng et al employed a novel knock-in HD mouse 
model and reported an association of mHtt immunoreactive 
cytoplasmic aggregates with autophagosomes and the early 
and sustained induction of autophagy-associated proteins, 
suggesting that autophagy is indeed an important component 
of the neuronal response to mHtt expression in vivo[14].

Htt is the first neuronal protein shown to be a caspase 
substrate with defined sites for caspase-3 at amino acids 513 
and 552, for caspase-2 at amino acid 552, and for caspase-6 at 
amino acid 586.  Using an antibody that only detects caspase-
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cleaved Htt, Wellington et al demonstrated that Htt was 
cleaved in vivo specifically at the caspase consensus site at 
amino acid 552.  This form of Htt was also detected in control 
human brains and in HD brains with early phase neuropathol-
ogy, as well as in wild-type and HD transgenic mouse brains 
before the onset of neurodegeneration.  These data suggest 
that caspase cleavage of Htt would be a normal physiological 
event[15].  However, in HD, the N-terminal fragments resulting 
from the cleavage of mutant Htt have the potential to increase 
cytotoxicity and accumulation because of the presence of the 
expanded polyglutamine tract.  In previous research, various 
fragments (N-terminal 171 aa or 5’-3 kb) were used[13, 16], but 
all of these fragments do not exist in physiological conditions.  
In this study, the 552 aa fragment was used to produce results 
which would approach the HD pathophysiological conditions 
closely.

In HD, mHtt forms aggregates (Htt body) both in the 
nucleus and the cytoplasm, including in the neuronal 
synapse[17, 18].  Numerous studies verified that an expanded 
polyQ tract provoked a dominant gain-of-function neurotox-
icity.  Treatment with Congo Red or trehalose reduced the 
accumulation of overexpressed expanded polyQ-positive 
proteins, increased the rate of their degradation and alle-
viated neurological symptoms in HD transgenic mouse 
models[12, 19, 20].  Eukaryotic cells have two major protein degra-
dation pathways.  One is the ubiquitin-proteasome pathway 
that is responsible for the selective degradation of most short-
lived proteins[21, 22].  Neuronal N-terminal-Htt inclusions are 
highly ubiquitinated.  However, it was reported that mutant 
Htt impaired synaptic ubiquitin-proteasome system activity in 
cultured neurons and in HD mouse brains expressing either 
N-terminal or full-length mutant Htt[17].  The other protein deg-
radation pathway is the autophagy/lysosomal pathway that 
consists of the delivery of intracellular and endocytosed pro-
teins to the lysosomes.  Autophagosomes sequester the cyto-
plasmic portions, intracellular organelles fuse with lysosomes 
and the sequestered materials are then degraded by cathepsins 
found in the lysosomes[23, 24].  The addition of 3-methyladenine 
(3-MA), an inhibitor of class III phosphatidylinositol 3-kinase 
and autophagy, increased Htt aggregate formation in x57 cells, 
while rapamycin, an inducer of autophagy, reduced them[11].  
The transgenic mice with N-terminal fragment had improved 
performance in behavioral tests when the Htt aggregates 
were decreased.  These results support a potential role of both 
the proteasome and autophagy in regulating the turnover of 
expanded polyQ proteins.

Class III PI 3-kinase and its product, phosphatidylinositol 
3-phosphate (PI 3-P), are involved in the autophagy signaling 
pathway.  The PI 3-kinase inhibitors, wortmannin and 3-MA, 
can inhibit the formation of autophagosomes.  This indicates 
that PI 3-kinase activity is important in the early phase of 
autophagic vesicle formation[25].  Beclin1 is the ortholog of 
Atg6, a part of the PI 3-kinase complex, and it plays a role in 
autophagic vesicle formation in yeast.  The PI3-kinase com-
plex may also be functional in the mammalian system[26].  The 
expression of Beclin1 in MCF7 cells activated the formation 

of autophagic vesicles and the degradation of long-lived pro-
teins upon amino-acid starvation.  In addition, 3-MA is able to 
restrain autophagy induced by Beclin1 in MCF-7 cells[27].  The 
accumulated mutant Htt can recruit Beclin1 and impair the 
Beclin1-mediated long-lived protein turnover.  Thus, seques-
tration of Beclin1 in the vulnerable neuronal population of HD 
patients might reduce Beclin1 function and the autophagic 
degradation of mutant Htt in these neurons[28].

In this study, we verified that the autophagy/lysosome 
pathway is involved in the degradation of both wild-type and 
mutant Htt552 in PC12 cells and primary neurons.  Htt stimu-
lates the nuclear export of Beclin1, thereby facilitating the 
autophagic process.  Additionally, we found that Beclin1 was 
an important protein involved in Htt552 degradation, particu-
larly degradation of the mutant form of the protein.  

Materials and methods
Materials and drugs
The Htt expression plasmids, pcDNA3-Htt-18Q-969aa-552stop 
and pcDNA3-Htt-100Q-969aa-552stop, were provided by Dr  
Marian DiFIGLIA (Massachusetts General Hospital and Har-
vard Medical School, USA).  Both of the two constructs encode 
an N-terminal Htt fragment of 969 aa with a stop codon after 
552 aa.  The 18Q is a wild-type Htt with 18 repeats of CAG, 
while 100Q is a mutant Htt with 100 CAG repeats.  Rat PC12 
cells were purchased from the Shanghai Institute of Cell Biol-
ogy (Shanghai, China).  Leptomycin B was purchased from 
Merck Chemicals (Germany).  The 3-methyladenine (3-MA) 
was obtained from Sigma-Aldrich Co (St Louis, MO, USA).  
The MG-132 and lactacystin were from Enzo Life Sciences, 
Inc (Farmingdale, NY, USA).  Concentrations of 10 nmol/L 
leptomycin B, 10 mmol/L 3-MA, 10 nmol/L MG-132, and 200 
nmol/L lactacystin were used in experiments.
 
Cell culture
The PC12 cells were cultured in 60-mm dishes in DMEM 
supplemented with 10% FBS, 4.5% glucose, 100 mg/L strepto-
mycin, 100 units/L penicillin, and incubated in a humidified 
atmosphere of 5% CO2 at 37 °C.  

Pregnant rats at embryonic day 16 were used to create pri-
mary neuronal cultures.  This procedure included the anesthe-
tization of the rat, sterilization of the incision site and removal 
of the embryos into a dish containing pre-cooled sterile PBS.  
The brains of the pups were collected, and then the cortical 
hemispheres were dissected and placed in a new tube with 10 
mL PBS on ice.  The tissue was rinsed with pre-cooled PBS 2–3 
times, incubated with 10 mL of 2.5% trypsin: DMEM medium 
(1:1) at 37 °C for 15–20 min, centrifuged at 1200 r/min at 4 °C 
for 3 min and rinsed 2–3 times with DMEM/F12 medium 
containing 10% FBS.  The tissue pellets were resuspended 
and incubated in 0.125 mg DNase I in 10 mL of DMEM/F12 
containing 10% FBS at 37 °C for 5 min.  Samples were then 
centrifuged at 1400 r/min at 4°C for 3 min.  Cells were resus-
pended to the desired concentration with neurobasal medium 
(NBM) supplemented with B27, 1% pen/strep and 25 μmol/L 
glutamine.  Single cell suspensions were obtained by pass-
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ing the cell suspension through a 40-μm cell strainer.  Cells 
were plated on poly-D-lysine-coated dishes or plates with a 
density of 1×105 cells/cm2 and then incubated in a humidi-
fied atmosphere of 5% CO2 at 37 °C.  After 3–4 d, half of the 
medium was replaced with fresh DMEM with 10% FBS/Pen-
strep and 10 μmol/L AraC.  After another 24 h, the medium 
was replaced with NBM supplemented with B27, pen/strep, 
and 2 mmol/L L-glutamine.  Lastly, half of the medium was 
replaced every 3–4 d.  The neurons matured after 7 d in cul-
ture.

Adenovirus mediated Htt expression system
The N-terminus of wild-type (18Q) and mutant (100Q) Htt, 
with 3 kb cDNAs and a stop codon at 552 aa, were cloned 
into the pDC316 adenovirus shuttle plasmid.  Wild-type and 
mutant Htt cDNAs were excised from their parental vec-
tors using BamHI and XbaI and then ligated to BamHI/XbaI-
digested pUC18, an intermediate vector.  Next, these cDNAs 
were ligated to BglII/SalI-digested pDC316.  Two independent 
adenovirus shuttle plasmids, pDC316-Htt-18Q-552stop and 
pDC316-Htt-100Q-552stop, were obtained.

Three independent adenoviruses, including Ad-null, Ad-
Htt-18Q-552stop, and Ad-Htt-100Q-552stop, were obtained 
by co-transfection of 293 cells with the backbone plasmid 
pBHG10 and the shuttle plasmids, pDC316, pDC316-Htt-18-
Q-552stop, or pDC316-Htt-100Q-552stop.  Cytopathic effects 
happened at 7th day after transfection and both the cells and 
the supernatant were collected at 10th day. This was the first 
generation adenovirus.  The later proliferation of adenovirus 
was also manuplated in 293 cells.  The fourth generation aden-
ovirus was used in the later experiments.  

Protein preparation and Western blot analysis 
Cells were harvested and rinsed with ice-cold PBS twice.  Each 
volume of the cell pellet was lysed by five volumes of the 
Western blot lysing buffer.  After being centrifuged at 10 600×g 
at 4 °C for 10 min, the supernatant was preserved at -70 °C for 
later use.  The protein concentration was determined with a 
BCA kit (Pierce, USA).  The protein samples were denatured 
by boiling for 5 min in loading buffer, subjected to 10% SDS-
PAGE, and then electroblotted onto nitrocellulose membranes 
(Amersham Biosciences, Piscataway, USA).  The membranes 
were then blocked with 5% non-fat milk for 1 h and first 
probed with the mouse monoclonal Htt antibody (Chemicon, 
Temecula, CA) at a dilution of 1:2000 overnight at 4 °C.  Next, 
the membranes were incubated with a horseradish peroxidase-
conjugated secondary antibody for 1 h.  Lastly, they were visu-
alized by an enhanced chemiluminescence (ECL) kit (Pierce, 
Rockford, IL, USA).

Immunofluorescence
PC12 cells were plated in 24-well plates containing poly-D-
lysine-coated coverslips, and the transfection was performed 
when cells reached 80% confluence, approximately 24 h after 
plating.  According to the MOI 20, mixed adenovirus in 0.25 
mL medium with 5% FBS was transferred to planted cells.  

After a 2-h incubation, the medium was removed and the cells 
were cultured in 0.5 mL of fresh, antibiotic-free DMEM.  Every 
24 h, the medium was changed with fresh, antibiotic-free com-
plete medium.  After 24, 48, or 72 h, cells were washed with 
PBS and fixed in pre-cooled ethanol for 15 min at room tem-
perature.  After another wash with PBS, they were incubated 
in PBS with 0.1% Triton X-100 for 10 min.  The cells were then 
incubated for 1 h in a blocking solution of PBS supplemented 
with 2% non-fat milk (Guangming Milk, Shanghai, China) at 
room temperature.  Next, the cells were incubated overnight 
at 4 °C in a blocking solution containing the primary antibody.  
The cells were then incubated for 2 h at room temperature 
with secondary antibodies coupled with fluorophores.  The 
expression of Htt was detected with the mouse monoclonal 
Htt antibody at a dilution of 1:2000 as the first antibody and 
the FITC-conjugated donkey anti-mouse antibody with a dilu-
tion of 1:800 as the second antibody.  The expression of Beclin1 
was detected with the rabbit polyclonal BECN antibody (Santa 
Cruz Biotechnologies, Santa Cruz, CA, USA) with a dilution of 
1:400 as the first antibody and cy3-conjugated donkey anti-rab-
bit antibody with a dilution of 1:800 as the second antibody.  
Lastly, cells were incubated with 300 nmol/L 4’,6-diamidino-
2-phenylindole (DAPI) for 15 min.  The immunostained cells 
were examined with laser confocal microscopy (C1Sl, Nikon, 
Tokyo, Japan).  

Quantitative analysis of cells 
To quantify the location of Htt and Beclin1, PC12 cells were 
examined with a 60×objective.  Confocal images were obtained 
from ten fields each for the control and treatment conditions.  
Each field contained 15–20 cells for analysis.  Images were 
coded before evaluation.  Up to 100 cells per coverslip were 
selected at random for the analysis of the signal intensity 
using Sigma Scan Pro 5.  The boundaries of the cell membrane 
and the nucleus were outlined, and the average intensity was 
recorded.  The immunoreactivity of Htt and Beclin1 was deter-
mined with Sigma Scan Pro 5 using a calculation of the ratio 
of the stain intensity in the nucleus and in the whole cell.  At 
least 50 cells were used for the quantitative analysis.  All data 
are presented as the mean±SEM.  Statistical analysis was car-
ried out using Dunnett’s test, considering P<0.05 as significant.  

RNA interference
The double-stranded Beclin1 and Htt siRNA sequences were 
designed according to the cDNAs sequences of rat Beclin1 
and human Htt.  We chose the most effective pair among 
three pairs tested for their efficiency in the knockdown of tar-
get genes.  The sequences used for the experiments included 
5’-UGAGGAUGACAGUGAACAGTT-3’ and 5’-CUGUU-
CACUGUCAUCCUCATT-3’ for Beclin1 and 5’-GCUUCG-
GAGUGACAAGGAATT-3’ and 5’-UUCCUUGUCACUC-
CGAAGCTG-3’ for Htt.  The siRNA was synthesized by the 
Genepharma company in China.  

PC12 cells were plated in 24-well plates and incubated in 
complete medium without antibiotics for 24 h.  The knock-
down experiment was then performed.  First, 1 μL Lipo-
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fectamine 2000 was diluted with 50 μL Opti-MEMI reduced 
serum medium and then incubated at room temperature for 
5 min.  A volume of 2 μL siRNA was also diluted with 50 μL 
Opti-MEMI reduced serum medium.  The two solutions were 
gently mixed and incubated for another 20 min at room tem-
perature.  The mixture solution was added to cells containing 
approximately 400 μL normal medium.  The cells were then 
incubated in a humidified atmosphere of 5% CO2 at 37 °C.  
After the cells were transfected for 24 h, the efficiency of the 
siRNAs was determined by Western blot.

Results
The high efficiency expression of Htt552 in PC12 cells 
The expression of Htt552 was achieved by insertion of a stop 
codon after amino acid residue 552 in the 3-kb Htt cDNA.  As 
expected, the expressed wild-type Htt with 1–552 aa (Htt552-
18Q) migrated at 89 kDa, while mutant Htt (Htt552-100Q) 
migrated at 115 kDa (Figure 1A).  Our immunofluorescent 
results showed that the transfection efficiency was approxi-
mately 60%–70% at an MOI 30 (Figure 1B) and approximately 
90% at an MOI 100 (data not shown).  Both wild-type and 
mutant Htt552 were primarily distributed in the cytoplasm 
with little or no aggregation.

Htt552 expression increased autophagy activity
LC3 II is an important protein involved in the formation of 
autophagosomes.  Western blot analysis showed that the level 
of LC3 II was lower in both normal cells and adenovirus-
null infected cells, but it was significantly higher in the cells 
expressing wild-type or mutant Htt552.  Beclin1 is essential 
for the formation of autophagosomes and cytosol-to-vacuole 
vesicles[29].  Beclin1 was also prominently increased after 
Htt552 expression.  In addition, the levels of cathepsin B and L 
were increased in Htt-expressing cells.  Both the expression of 
autophagy-related proteins and the enzymes found in lyso-
somes increased, suggesting that autophagy was activated in 
Htt-expressing cells (Figure 2).  

Both autophagy and proteasome prevent the accumulation of 
Htt552
The ubiquitin-proteasome system and autophagy/lysosome 
pathway are two primary protein degradation pathways 
that can be activated by different substrates.  Treatment with 
the autophagy inhibitor 3-MA or the proteasome inhibitors 
lactacystin and MG-132 increased Htt552 levels in PC12 cells 
infected with Ad-Htt-18Q-552 or Ad-Htt-100Q-552 (Figure 
3A).  The proteasome inhibitor caused a higher accumulation 
of Htt552-18Q than Htt552-100Q, and the autophagy inhibitor 
resulted in a higher accumulation of Htt552-100Q than Htt552-
18Q.  This suggests that the proteasome plays a key role in 
the metabolism of Htt552-18Q, whereas autophagy plays a 
major role in the metabolism of Htt552-100Q.  Similar results 
were observed for our primary cultured neurons infected with 
adenovirus (Figure 3B). These results support that both the 
ubiquitin-proteasome system and autophage-lysosomal path-
way play a role in the clearance of Htt552.  

Beclin1 redistributed from the nucleus in Htt552-expressing cells
The export of Beclin1 from the nucleus is the first step in the 
process of autophagy[30].  Beclin1 deficiency leads to impaired 
autophagy function in mammalian cells[26, 31].  Our immuno-
fluorescence results showed that the basal level of Beclin1 
was low and distributed mainly in the nucleus of control 
cells.  After expression of Htt552, the levels of Beclin1 greatly 
increased in the cytosol.  Furthermore, the expression of 
Beclin1 in the cytosol increased as the expression of Htt552 
increased (Figure 4).  

Htt siRNA prevented the redistribution of Beclin1 in starvation 
conditions
It is known that starvation or amino acid deprivation stimu-
lates the nuclear export of Beclin1 and activates autophagy.  
Thus, we evaluated the role of Htt in the redistribution of 
Beclin1 during starvation conditions.  The knockdown of 
endogenous Htt was achieved with the transfection of PC12 
cells with Htt siRNA.  The Htt siRNA was selected from 
three siRNAs that were designed based on Htt cDNA.  The 
endogenous Htt in PC12 cells was difficult to detect by normal 
Western blot; therefore, PC12 cells were transfected with Htt 
siRNAs 6 h before they were infected with Ad-Htt-18Q-552.  

Figure 1.  The expression of Htt552 in PC12 cells.  PC12 cells were 
infected with Ad-Htt-18Q-552, Ad-Htt-100Q-552, or Ad-null at MOI 30 and 
harvested 24 h later for Western blot analysis.  Both wild-type and mutant 
Htt552 were expressed at the expected molecular mass (A).  PC12 cells 
were infected with Ad-Htt-18Q-552, Ad-Htt-100Q-552 at MOI 30 for 24 h 
and then processed for double immunofluorescence of Htt (red) and 
the nuclear marker DAPI (blue).  Cells were examined with fluorescent 
microscopy (400×, scale bar=10 μm).  Both wild-type and mutant Htt552 
had a high expression of Htt552, and the rate of transfection reached 
approximately 60%–70%.  
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After 24 h, Western blot analysis was used to detect the levels 
of Htt552.  siRNA3 was the most efficient in reducing Htt552 
expression and was used for the subsequent studies.  PC12 
cells were transfected with Htt siRNAs for 24 h in normal cul-
ture medium with 10% FBS and then in fresh medium without 
FBS for another 24 h.  The cells were harvested for immuno-
fluorescence procedure.  The results showed that the redis-
tribution of Beclin1 during starvation was inhibited by the 
knockdown of Htt552, suggesting that Htt may be involved in 
Beclin1 activation through the enhancement of Beclin1 export 
from the nucleus to the cytoplasm (Figure 5).  

Blockade of Beclin1 nuclear export or Beclin1 deficiency induced 
the formation of mHtt552 aggregates
The Rev-type NES forms a complex with the nuclear export 
receptor, CRM1, and Ran GTP.  Leptomycin B can bind to 
CRM1 and block the formation of this complex, thereby block-

ing the nuclear exportation of the Rev-type nuclear export sig-
nal (NES)-containing proteins.  Beclin1 contains a leptomycin 
B-sensitive leucine-rich nuclear export signal that is respon-
sible for its efficient nuclear export.  This export is required 
for autophagy and tumor suppressor function[30].  Therefore, 
10 nmol/L leptomycin B was added to PC12 cells after Htt552 
expression.  Leptomycin B was added 18 h after adenovirus 
infection to prevent its influence on the viral infection capacity.  
After 24 h of treatment with leptomycin B, the cells were fixed 
and immunofluorescence was performed.  The results showed 
that leptomycin B restrained Beclin1 in the nucleus, and mHtt 
formed aggregates in the cytosol in some Htt-expressing cells 
(Figure 6B).  In addition, Western blot analysis showed that 
the expression of Htt552 increased after the treatment with 
leptomycin B (Figure 6A).  

To verify the important role of Beclin1 in Htt degradation, 
two Beclin1 siRNAs were designed and tested for their effi-

Figure 2.  Autophagy was activated by Htt552 
expression.  PC12 cells were infected with Ad-
Htt-18Q-552, Ad-Htt-100Q-552, or Ad-null at MOI 
30 and harvested 24 h later for Western blot 
analysis.  The protein levels of LC3 I and LC3 II 
increased after Htt552 expression.  The data are 
expressed as a ratio of LC3 II/LC3 I.  Beclin1, 
cathepsin B and the processed form of cathepsin L 
(bottom panel) were also upregulated after Htt552 
expression.  The densities of protein bands were 
analyzed with an image analyzer (Sigma Scan Pro 
5) and normalized to the loading control (β-actin).  
The data are represented as the mean±SEM.  
Statistical comparisons were carried out with an 
ANOVA followed by a Dunnett’s test.  bP<0.05, 
cP<0.01 vs control.
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ciency in reducing Beclin1 levels.  siRNA1 was more efficient 
at reducing the levels of Beclin1 and was used in subsequent 
experiments.  The RNA interference of Beclin1 resulted in the 
formation of mutant Htt552 aggregates (Figure 7), suggesting 
that Beclin1 is involved in the clearance of Htt552.  

Discussion
The accumulation of misfolded proteins in the affected neu-
rons is a common characteristic of several neurological disor-
ders.  Macroautophagy (commonly referred to as autophagy) 
is a crucial cellular process for the bulk degradation of organ-
elles and long-lived proteins.  Cytoplasmic substrates are 
delivered via autophagosomes to lysosomes and degraded.  
Several studies have suggested an altered autophagy func-
tion in HD.  Our present results show that both proteasome 
and autophagy participate in the degradation of wild-type 
and mutant Htt552.  Previous data suggest that proteasome 
inhibition causes a greater accumulation of mutant Htt than 
inhibition of autophagy[32].  According to our experiments, we 
believe that the different model systems and different concen-
trations of lactacystin or 3-MA can produce conflicting results.  
To verify the roles of these pathways, additional work should 
be done to determine the concentration and the specificity 
of stimulators or inhibitors of autophagy or the proteasome 
and utilize the knockdown of specific proteins.  However, our 
results are consistent with previous work which shows that 
both the proteasome and autophagy affect the degradation of 
Htt.  Far less is known about the molecular events controlling 
Htt degradation by autophagy in mammalian cells.  

Beclin1 is a mammalian ortholog of Atg6/Vps30, a compo-
nent of the Class III phosphatidylinositol 3-kinase complex in 

Figure 3.  Both the UPS and ALP play a role in the clearance of Htt552.  PC12 cells were infected with Ad-Htt-18Q-552, Ad-Htt-100Q-552, or Ad-null at 
MOI 30, and primary neurons were infected at MOI 100.  After 24 h, cells were treated with the proteasome inhibitors, MG132 and lactacystin, or the 
autophagy inhibitor, 3-MA, for 18 h.  Cells were then lysed for Western blot analysis.  Treatment with MG-132, lactacystin (left panel in A) and 3-MA (right 
panel in A) increased the levels of Htt552.  Treatment with 3-MA also increased the levels of Htt552 in rat primary cultured neurons (B).  The densities 
of protein bands were analyzed with an image analyzer (Sigma Scan Pro 5) and normalized to the loading control (β-actin).  The data are represented as 
the mean±SEM.  Statistical comparisons were carried out with an ANOVA followed by a Dunnett’s test.  bP<0.05, cP<0.01 vs control.

Figure 4.  Beclin1 levels increased after Htt552 expression in PC12 
cells.  PC12 cells expressing Htt552 were fixed with pre-cooled EtOH and 
processed for double immunofluorescence of Htt552 (green) and Beclin1 
(red).  Cells were analyzed with a confocal microscope (600×).  After 
Htt552 expression, Beclin1 was upregulated in the cytoplasm but reduced 
in the nucleus, indicating the activation of Beclin1 and the presence 
of autophagy.  The thin arrow refers to Beclin1 in the nucleus, and the 
arrowhead refers to the export of Beclin1 to the cytoplasm.
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yeast[33].  The Class III PI 3-kinase and its product, PI 3-P, are 
involved in the autophagy signaling pathway.  It has been 
verified that Beclin1 contains a core of closely spaced leucine 
residues that conform to the consensus motif of the NES[27, 30].  
Subcellular redistribution and compartmental sequestration 
of proteins have emerged as important mechanisms in the 
regulation of cellular responses.  Beclin1 plays an important 
role in macroautophagy by stimulating the formation of 
autophagosomes.  In our study, the levels of Beclin1 increased 
in the cytoplasm.  We also observed that the high expression 
of mHtt552 resulted in a greater effect on reducing the nuclear 
level of Beclin1 when compared to lower levels of mHtt552.  
Moreover, the downregulation of Beclin1 by siRNA and the 
inhibition of Beclin1 nuclear export by leptomycin B led to the 
accumulation of Htt552 and the formation of mHtt552 oligom-
ers, even aggregates.  These results indicate that Beclin1 is a 

Figure 5.  The effect of Htt on the activation of Beclin1.  PC12 cells were 
transfected with Htt siRNAs for 6 h.  They were then infected with Ad-Htt-
18Q-552 at MOI 30 and harvested 24 h later for Western blot analysis.  
siRNA3 was the most efficient of the samples tested (A).  Next, PC12 cells 
were transfected with Htt siRNA in normal culture medium with 10% FBS 
for 24 h and then changed to fresh medium without FBS and cultured 
for another 24 h.  Lastly, cells were harvested for immunofluorescence.  
Knockdown of Htt retained Beclin1 in the nucleus during starvation 
conditions (B).  This result suggests that the activation of Beclin1 was 
inhibited.

Figure 6.  Leptomycin B induced the formation of Htt552 aggregates.  
PC12 cells were infected with Ad-Htt-18Q-552, Ad-Htt-100Q-552, or Ad-
null at MOI 30 and were then treated with leptomycin B for 18 h.  Western 
blot results showed that leptomycin B inhibited the increase of Beclin1 
after Htt552 expression (A).  The densities of protein bands were analyzed 
with an image analyzer (Sigma Scan Pro 5) and normalized to the loading 
control (β-actin).  The data are represented as the mean±SEM.  Statistical 
comparisons were carried out using an ANOVA followed by Dunnett’s test.  
bP<0.05 vs cells without leptomycin B treatment.  Immunofluorescence 
results showed that leptomycin B restrained Beclin1 (red) in the nucleus 
(B).  Protein aggregates of mutant Htt552 (green) were observed in some 
cells.  Cells were detected with a confocal microscope (×600).
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necessary protein in the autophagic degradation of Htt552.  
Our study suggests a possible role of Beclin1 in the 

autophagic degradation of mutant Htt552.  Thus, Beclin1 may 
be a useful target for the treatment of HD.  
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18β-Glycyrrhetinic acid preferentially blocks late Na 
current generated by ∆KPQ Nav1.5 channels 
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Aim: To compare the effects of two stereoisomeric forms of glycyrrhetinic acid on different components of Na+ current, HERG and 
Kv1.5 channel currents.
Methods: Wild-type (WT) and long QT syndrome type 3 (LQT-3) mutant ∆KPQ Nav1.5 channels, as well as HERG and Kv1.5 channels 
were expressed in Xenopus oocytes.  In addition, isolated human atrial myocytes were used.  Two-microelectrode voltage-clamp tech-
nique was used to record the voltage-activated currents.
Results: Superfusion of 18β-glycyrrhetinic acid (18β-GA, 1–100 μmol/L) blocked both the peak current (INa,P) and late current (INa,L) gen-
erated by WT and ΔKPQ Nav1.5 channels in a concentration-dependent manner, while 18α-glycyrrhetinic acid (18α-GA) at the same 
concentrations had no effects.  18β-GA preferentially blocked INa,L (IC50=37.2±14.4 μmol/L) to INa,P (IC50=100.4±11.2 μmol/L) generated 
by ∆KPQ Nav1.5 channels.  In human atrial myocytes, 18β-GA (30 μmol/L) inhibited 47% of INa,P and 87% of INa,L induced by Anemonia 
sulcata toxin (ATX-II, 30 nmol/L).  Superfusion of 18β-GA (100 μmol/L) had no effects on HERG and Kv1.5 channel currents.  
Conclusion: 18β-GA preferentially blocked the late Na current without affecting HERG and Kv1.5 channels. 

Keywords: anti-arrhythmia agent; 18β-glycyrrhetinic acid; Nav1.5 channel; HERG channel; Kv1.5 channel; human atrial myocyte; 
Anemonia sulcata toxin; long QT syndrome
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Introduction
Activation of the cardiac voltage-gated sodium channel 
(Nav1.5) generates two types of inward currents, a large peak 
transient current (<3 ms) (INa,P) and another current of weak 
intensity that spans the action potential (>300 ms).  The tran-
sient current initiates the rapid upstroke of the action poten-
tial, whereas the late persistent sodium current (INa,L) does not 
have a well-defined function, although it has been shown to 
affect the duration of the action potential.  Recently, the role of 
INa,L in controlling cardiac action potential repolarization and 
its importance in arrhythmogenesis has received increased 
attention[1].  

An abnormal increase in INa,L current, produced by the 
delayed opening of Na+ channels, prolongs action potential 
repolarization and can lead to failed repolarization (early 
after-depolarizations) and Na+-induced Ca2+ overloading that 
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triggers delayed after-depolarizations, calcium oscillations, 
and rapid tachyarrhythmia such as ventricular tachycardia 
(VT) or fibrillation[1].  The reduction of INa,L would therefore be 
expected to have therapeutic potential[2–4].  For example, rano-
lazine, a relatively selective inhibitor of INa,L, has been shown 
to be effective in reducing angina and the incidence of non-
sustained VT in patients with ischemic heart disease[5–7].  

Pronounced INa,L was also observed in the congenital long 
QT syndrome (LQTS) caused by the mutation of Nav1.5.  The 
most severe defect observed to date has been associated with 
the ΔKPQ mutation.  The loss of three amino acids in the 
intercellular linker between domains 3 and 4 has been associ-
ated with LQTS.  In the clinic, LQTS can most commonly be 
produced as an adverse effect to the drug due to blockade of 
the rapid component of the delayed rectifier potassium cur-
rent, IKr

[8].  HERG expresses a rapid delayed rectifier current 
(IKr), and the testing of potential drugs for their ability to block 
HERG is required for drug approval[8].  Kv1.5 conducts ultra-
rapid delayed rectifier current (IKur) in the human atria[9, 10], 
and the loss-of-function mutation might also result in LQTS 
and cardiac arrest[11].  
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Recently, we reported that glycyrrhetinic acid (GA), an 
active ingredient of licorice[12], blocks both INaP and INa,L

[13].  
However, GA exists in two different stereoisomeric forms, 
the trans form and the cis form.  The two forms have differ-
ent physical and chemical properties and pharmacological 
effects[14].  Therefore, the purpose of the present study was to 
determine the action of 18β-GA and 18α-GA on INa,P and INa,L 
using wild-type (WT) and mutant ΔKPQ Nav1.5 channels 
expressed in Xenopus oocytes.  Our results indicate that 18β-
GA blocked WT and ΔKPQ Nav1.5 channels; however, 18α-
GA had no significant effect on either channel.  We further 
characterized the inhibition of WT and ΔKPQ Nav1.5 chan-
nels by 18β-GA and have demonstrated that 18β-GA prefer-
entially blocks the INa,L produced by ΔKPQ Nav1.5 channels 
in a concentration-dependent tonic manner.  Moreover, we 
investigated the effects of 18β-GA on HERG and Kv1.5 chan-
nels and found that 18β-GA had no obvious effects on either 
channel.  Finally, we evaluated the blockage effects of 18β-GA 
on INa,P and INa,L induced by ATX-II in human atrial myocytes, 
to further determine the prospects of this drug for treatment in 
human cardiovascular disease.  

Materials and methods
Drugs 
18α-GA and 18β-GA were purchased from Sigma (USA) and 
prepared initially as a 100 mmol/L stock solution by dissolv-
ing in 100% DMSO.  Before use in an experiment, the stock 
solution was diluted with ND96 solution to reach the desired 
final concentration.  The percentage of DMSO in the final solu-
tion was ≤0.1%, which alone showed no detectable effect on 
the sodium current.  ATX-II was purchased from Sigma (USA) 
and dissolved in distilled water.  

In vitro transcription of cRNA and functional expression in 
Xenopus oocytes 
In vitro transcription of cRNAs and the isolation of oocytes 
were performed as previously described[13, 15, 16].  The plasmid 
pTracer-SV40 containing WT or ΔKPQ human Nav1.5 genes 
was a kind gift from Dr Thomas ZIMMER of Friedrich Schil-
ler University Jena.  HERG was subcloned into the pSP64 
plasmid, which was a kind gift from Prof Michael C SANGUI-
NETTI (University of Utah, USA).  The human Kv1.5 gene (a 
gift from Dr Maria L GARCIA, Merck & Co, Inc, USA) was 
subcloned into a pCI-neo vector.  Stage IV and V oocytes were 
injected with cRNA and then incubated in ND96 solution sup-
plemented with 100 U/mL penicillin, 100 U/mL streptomycin 
and 2.5 mmol/L sodium pyruvate at 18 °C for 3 to 7 d before 
use in voltage-clamp experiments.  ND96 solution contains (in 
mmol/L) 96 NaCl, 2 KCl, 1.8 CaCl2, 2 MgCl2, and 5 HEPES; 
the pH was adjusted to 7.5 with NaOH.  The amount of cRNA 
injected was varied according to the purpose of the experi-
ment.  For INa,P, the amount of cRNA was adjusted to yield 
peak currents in the range of 4–8 µA to minimize space clamp 
heterogeneities and series resistance errors; INa,L measurements 
required peak current amplitudes of greater than 10 µA to 

maximize the signal.  

Two-microelectrode voltage clamp 
Standard two-microelectrode voltage clamp techniques and a 
TEV-200A amplifier (Dagan Corporation) were used to record 
currents at room temperature (22–24 °C).  Glass microelec-
trodes were filled with 3 mol/L KCl, and their tips were bro-
ken to obtain resistances of 0.5 to 1.5 MΩ.  pCLAMP software 
(version 9.0; Molecular Devices, Union City, CA, USA) and a 
1322A analog/digital interface (Molecular Devices) were used 
to generate voltage commands.  

The voltage protocols used to obtain currents are described 
in the results.  The data for activation and steady-state 
inactivation were fitted with a simple Boltzmann function:  
I/Imax={1+exp[Vm–V1/2)/k]}, where I/Imax is the relative cur-
rent, V1/2 is the half-maximum voltage of activation or inacti-
vation, and k is the slope factor.  The recovery time course was 
fitted with the biexponential function: I/Imax=Ao+Af(1–exp[-t/
τf])+As(1–exp[-t/τs]), where τ and A are the time constants and 
the corresponding relative amplitude, respectively.  

The amplitudes of INa,P were measured as maximal ampli-
tudes during the first 5 ms of the depolarizing pulse and the 
INa,L as the mean current amplitude of the last 10 ms of the 
pulse.  The concentration required for a 50% block of current 
(IC50) was determined by fitting the data to a Hill equation 
using five concentrations of drug (6–27 oocytes/point).  

Human atrial myocyte isolation and whole-cell patch clamp 
Human atrial myocytes were enzymatically dissociated as 
described previously[17].  Right atrial appendage tissues were 
obtained during atriotomy in patients undergoing coronary 
artery bypass grafting.  All patients were free of supraven-
tricular tachyarrhythmia and symptomatic congestive heart 
failure, and all atrial tissues were grossly normal at the time of 
cardiac surgery.  Using a patch-clamp amplifier (Axon-200 B, 
Molecular Devices), the whole-cell patch clamp technique was 
used to record the INa.  The series resistance averaged 1.6±0.4 
MΩ after compensating for approximately 80% of the initial 
value.  The pipette solution contained (in mmol/L) 120 CsCl, 1 
CaCl2, 5 MgCl2, 5 Na2ATP, 10 TEACl, 11 EGTA and 10 HEPES 
(pH 7.3 with CsOH).  The bath solution for INa,P recording 
contained (in mmol/L) 25 NaCl, 105 CsCl, 1.8 CaCl2, 1 MgCl2, 
0.05 CdCl2, 10 HEPES and 10 glucose (pH 7.4 with CsOH).  
The bath solution used to measure the INa,L induced by ATX-
II recording contained (in mmol/L) 135 NaCl, 1.8 CaCl2, 1 
MgCl2, 0.05 CdCl2, 10 HEPES and 10 glucose (pH 7.4 with 
NaOH).  

Data analysis 
pCLAMP 9.0 and Origin 7.5 (Microcal Software, Northamp-
ton, MA, USA) software were used for data acquisition and 
analysis.  Values are expressed as the mean±SD.  Analyses 
of variance (ANOVA) for repeated measures and the Holm-
Sidak multiple comparison post-test or Student’s t-test (InStat 
2.04; GraphPad Software) were employed to determine statis-
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tical significance (P<0.05).

Results
Effects of 18α-GA and 18β-GA on WT and ∆KPQ Nav1.5 channels
We first compared the effects of 18α-GA and 18β-GA on INa 
produced by WT (Figure 1) and ΔKPQ (Figure 2) Nav1.5 chan-
nels expressed in Xenopus oocytes.  Currents were elicited by 
a series of 500-ms depolarizing steps from a hold potential 
of -120 mV with an interpulse interval of 10 s.  Original INa,P 
traces of WT Nav1.5 channel-mediated current before and 
after superfusion with 100 µmol/L 18α-GA or 30 µmol/L 18β-
GA are shown in Figures 1A and 1C, respectively.  Figures 
2A and 2C show one typical current trace of ΔKPQ Nav1.5 
channel current elicited by a depolarizing pulse to -20 mV, 
which demonstrates the incomplete inactivation of INa,L and 
the effects of 100 µmol/L 18α-GA and 100 µmol/L 18β-GA, 
respectively.  Application of 18β-GA significantly inhibited the 
INa produced by both WT and ΔKPQ Nav1.5 channels (Figures 
1D and 2D), while 18α-GA had no obvious effects on WT and 
ΔKPQ Nav1.5 channels (Figures 1B and 2B).  

Concentration-dependent tonic block of WT and ∆KPQ Nav1.5 
channels by 18β-GA
We then examined the dose-dependent and tonic blockage 

effects of 18β-GA on WT and ΔKPQ Nav1.5 channels.  Oocytes 
were held at -120 mV, and currents were evoked by depolar-
ization to -20 mV every 10 s.  This infrequent pulsing protocol 
should minimize the effects of a frequency-dependent block, 
therefore providing a reasonable estimate of the extent to 
which 18β-GA induces a tonic block of INa.  The upper panel 
of Figure 3A shows the experimental recordings of INa,P from 
WT Nav1.5 channels before and after the successive applica-
tion of 1, 30, and 100 µmol/L 18β-GA.  The upper panels of 
Figures 3B and 3C show the superimposed INa,P and INa,L traces 
of ΔKPQ Nav1.5 channels and the blocking effects of 18β-GA 
at 1, 30 and 100 µmol/L, respectively.  

Because there was no detectable INa,L in WT Nav1.5 channels, 
only the suppression of INa,P was analyzed.  The lower panels 
of Figure 3 show the concentration-response curves for 18β-
GA after application to the WT and ΔKPQ Nav1.5 channels.  
The smooth lines represent the best fits of the data using the 
Hill equation, with the parameters of the fits shown in Figure 
3.  The Hill coefficients of 18β-GA binding to WT and ΔKPQ 
Nav1.5 channels were not significantly different from 1, sug-
gesting that only one drug molecule is necessary to block the 
channel.  The 18β-GA block of INa,P and INa,L in ΔKPQ Nav1.5 
channels exhibited IC50 values of 100.4±11.2 µmol/L and 
37.2±14.4 µmol/L, respectively.  These results demonstrated 

Figure 1.  Effects of 18α-GA and 18β-GA on INa,P mediated by the WT Nav1.5 channel.  (A) and (C) Representative current traces elicited by 500-ms test 
pulses from -70 mV to 30 mV with 10 mV increments at 0.1 Hz in typical oocytes perfused before and after in 100 µmol/L 18α-GA (A) or 30 µmol/L 
18β-GA (C).  The membrane potential was held at -120 mV.  (B) and (D) Averaged current-voltage relationships of INa,P before and after perfusion with 
100 µmol/L 18α-GA (B) or 30 µmol/L 18β-GA (D); n=6 per group;  bP<0.05.  
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that 18β-GA exhibited greater degrees of tonic inhibition of 
INa,L compared with INa,P when applied to ΔKPQ Nav1.5 chan-
nels.  

Rate-dependent block of WT andΔKPQ Nav1.5 channels by 18β-
GA
To study the rate-dependent block (phasic block), a series 
of 30 repetitive impulses to -20 mV from a holding potential 
of -120 mV were applied at 1, 2, and 4 Hz, according to the 
method proposed by Rajamani et al[18].  The amplitude of cur-
rents was normalized to the current during the first impulse 
and plotted as a function of the pulse number.  Lidocaine is a 
clinically used class I anti-arrhythmic agent, and its action on 
Nav1.5 channels has been studied extensively (reviewed by 
Sheets et al[19]).  In the presence of 18β-GA (30 µmol/L), INa,P of 
WT Nav1.5 channels did not change after 30 repetitive depo-
larizing events at 4 Hz (approximately 0.93 at the 30th pulse, 
n=6 in each group, Figure 4A).  On the contrary, lidocaine (100 
µmol/L) caused a significant rate-dependent reduction in the 
current conducted by the WT Nav1.5 channel (P<0.05 at 1 Hz 
and 2 Hz, P<0.01 at 4 Hz, n=5, Figure 4B), which is similar to 
other reports[20, 21].  The INa,P mediated by the WT Nav1.5 chan-
nel (Figure 4A) shows that the administration of 18β-GA at 
100 µmol/L caused an additional phasic block of INa,P and INa,L 

at ΔKPQ Nav1.5 channels (P<0.05, n=6, Figures 4C and 4D).  

Voltage dependence of the activation and inactivation of WT and 
∆KPQ Nav1.5 channels in the absence and presence of 18β-GA
Voltage-dependent activation and steady-state inactivation 
of WT and ΔKPQ Nav1.5 channels were measured and fit-
ted with Boltzmann equations.  The former was evaluated as 
normalized conductance-voltage relationships, and the latter 
was determined using a double-pulse as indicated in the pro-
tocol diagram in Figure 1S.  The parameters are summarized 
in Table 1.  Treatment with 18β-GA significantly shifted the 
V1/2 of activation curves in the positive direction and V1/2 of 
the steady-state inactivation curves in the negative direction; 
these shifts were completely recovered after washout.  These 
results confirmed and extended our previous study on GA[13] 
and suggested that 18β-GA alters the gating function of both 
WT and ΔKPQ Nav1.5 channels.  

The recovery time course of WT and ΔKPQ Nav1.5 chan-
nels from inactivation had fast (τf) and slow components (τs) 
(Figure 1S and Table 2).  The application of 18β-GA signifi-
cantly slowed the recovery of WT (30 µmol/L) and ΔKPQ 
(100 µmol/L) Nav1.5 channels.  Table 2 summarizes the above 
parameters of WT and ΔKPQ Nav1.5 channels.  These results 
suggest that 18β-GA could act on both fast and slow inactiva-

Figure 2.  Effects of 18α-GA and 18β-GA on ΔKPQ Nav1.5 channels.  (A) and (C) Original current recordings in the absence and presence of 100 
µmol/L 18α-GA (A) or 18β-GA (C).  Current was elicited by a depolarizing pulse from a holding potential of -120 mV to -30 mV for 500 ms.  Insets show 
magnified current traces for comparison of the late component.  (B) and (D) Averaged current-voltage relationships of INa,P before and after perfusion 
with 100 µmol/L 18α-GA (B) or 18β-GA (D); n=6 per group; bP<0.05.
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tion components of WT and ΔKPQ Nav1.5 channels.  Effects of 18β-GA on HERG and Kv1.5 channels
Our previous study demonstrated that GA had no significant 
effect on L-type calcium current (ICa,L) or hyperpolarization-
activated inward current (If) in rabbit sinoatrial node pace-
maker cells[13].  In this study, we extended our previous study 
to investigate the effects of 18β-GA on HERG and Kv1.5 
channels.  Figures 5A and 5B show the experimental current 
recordings obtained from HERG and Kv1.5 channels before 
and after the application of 100 µmol/L 18β-GA.  The volt-
age protocols are presented in the inset of Figure 5.  18β-GA 
at 100 µmol/L had no inhibitory effects on either HERG (n=6) 
or Kv1.5 channels (n=7).  No significant effect of 18α-GA (100 

Table 2.  Recovery inactivation parameters of WT (at 30 µmol/L) and 
ΔKPQ (at 100 µmol/L) INa,P in the absence (control) and presence of 18β-
GA.  Mean±SD.   n=6 per group.  bP<0.05 vs control.  

                 	                   Control	                                       18β-GA
	             τf	                     τs	              τf	                      τs 
 
WT	 11.8±2.4	 261.7±26.0	 22.1±7.4b	 342.7±36.1b

ΔKPQ	   5.8±1.1	 201.2±40.5	    7.3±2.0b	 272.0±34.0b

Table 1.  Comparative activation and inactivation parameters of WT (at 30 µmol/L) and ΔKPQ (at 100 µmol/L) INa,P in the absence (control) and 
presence of 18β-GA.  Mean±SD.  n=6 per group.  bP<0.05 vs control.  

                                                                                    WT	                                                                                                          ΔKPQ
	                                  Activation                                       Inactivation	                      Activation	                       Inactivation
	                         V1/2	                 K	         V1/2	                    K	             V1/2	       K	                 V1/2	         K   
 
	 Control	 -33.8±1.8	 6.7±1.6	 -81.8±0.4	 7.2±0.3	 -36.2±1.8	 7.0±1.5	 -75.1±0.4	 4.8±0.4
	 18β-GA	 -25.1±1.9b	 7.7±1.7	 -88.1±0.3b	 6.9±0.2b	 -28.6±1.6b	 7.8±1.3b	 -80.5±0.5b	 5.1±0.4
	 Washout	 -31.6±1.7	 7.6±1.5	 -83.0±0.4	 7.2±0.4	 -33.2±1.8	 7.0±1.5	 -75.4±0.4	 4.7±0.4

Figure 3.  Concentration-dependent block by 18β-GA of WT INa,P (A), ΔKPQ INa,P (B), and INa,L (C).  INa was elicited by a depolarizing pulse from a holding 
potential of -120 mV to -30 mV for 500 ms at 0.1 Hz.  Representative traces (upper panels) were superimposed before (control) and during perfusion of 
18β-GA (1–100 µmol/L).  (B, C) are traces from the same oocyte on an expanded scale.  Summarized dose-response data (lower panels) fitted with the 
Hill equation.  IC50 values and the Hill coefficient are provided in the figure.  n=6–27 oocytes/point.  
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µmol/L) on HERG was observed (data not shown).  

Inhibition of INa,P and INa,L induced by ATX-II in human atrial myo
cytes after exposure to 18β-GA
Figure 6A shows superimposed typical recordings of INa,P in 
the absence and presence of 30 µmol/L 18β-GA in freshly iso-
lated human atrial myocytes.  Figure 6B shows typical traces 
of INa,L induced by ATX-II (30 nmol/L) and the effect of 18β-
GA at 30 µmol/L.  Currents were obtained with a depolarizing 
step to -20 mV from a holding potential of -80 mV.  18β-GA 
at 30 µmol/L blocked the INa,P and INa,L induced by ATX-II by 
approximately 47% and 87%, respectively (P<0.05, Figure 6C).  
These results confirmed the preferential blockage effects of 
18β-GA on INa,L produced by ΔKPQ Nav1.5 channels expressed 
in Xenopus oocytes.  

Discussion
In the present study, we compared the electrophysiological 
effects of two stereoisomeric forms of glycyrretinic acid, 18α- 
and 18β-GA, on WT and ΔKPQ Nav1.5 channels expressed in 
Xenopus oocytes.  The key findings were that 18β-GA inhibited 
both channels, while 18α-GA had no significant effects on 

Figure 4.  Rate-dependent blockade of WT and ΔKPQ Nav1.5 channels.  INa was elicited by a series of 30 depolarizing pulses of -120 mV to -20 mV 
at different stimulation frequencies.  The relative current amplitude elicited by each pulse was normalized to the respective amplitudes the currents 
elicited by the first pulse and plotted against each pulse number: for WT INa,P, 30 µmol/L 18β-GA at 4 Hz (A) (n=6) and 100 µmol/L lidocaine at 1, 2, and 
4 Hz (B) (n=5); for ΔKPQ, 100 µmol/L 18β-GA of INa,P (C) and INa,L (D) at 4 Hz (n=6).  bP<0.05, cP<0.01. 

Figure 5.  Effects of 18β-GA on HERG (A) and Kv1.5 potassium channels 
expressed in Xenopus oocytes.  The voltage protocols are shown in the 
upper panels.  18β-GA at 100 µmol/L had no significant effects on HERG 
(n=6) or Kv1.5 channels (n=7).  
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either WT or ΔKPQ channels.  This is the first study to exam-
ine the effects of 18β-GA on WT and ΔKPQ Nav1.5 channels 
as well as HERG and Kv1.5 potassium channels.  Our results 
suggest that 18β-GA preferentially blocks the INa,L generated 
by ΔKPQ Nav1.5 channels in a concentration-dependent tonic 
manner without significant effects on either HERG or Kv1.5 
potassium channels.  The greater inhibition of 18β-GA on INa,L 
induced by ATX-II was also observed in human atrial myo-
cytes.  

In this study, we compared the pharmacological effects of 
two stereoisomeric forms of GA (18α- and 18β-) on WT and 
ΔKPQ Nav1.5 channels.  We observed that 18α-GA had no sig-
nificant effects on either WT or ΔKPQ Nav1.5 channels, even 
at a very high concentration (100 µmol/L).  18β-GA, however, 
significantly inhibited both WT and ΔKPQ Nav1.5 chan-
nels.  Our results demonstrated that 18β-GA but not 18α-GA 
blocked WT and ΔKPQ Nav1.5 channels.  One possible expla-
nation regarding the difference in blocking effects between the 
two stereoisomers is the stereochemical structure.  Conforma-
tional analysis showed that in 18α-GA, the hydrogen atom of 
C18 is not in the same plane with the carboxyl chain of C30.  

In contrast, in 18β-GA, the hydrogen atom and the carboxyl 
chain are in the same plane.  Consistent with our results, dif-
ferent potencies of 18α-GA and 18β-GA have been observed 
in other pharmacological contexts[22, 23].  For example, 18α-GA 
blocks voltage-gated potassium channels in vascular smooth 
muscle cells, while 18β-GA does not[24].  

Our previous study showed that GA blocked the INa,P medi-
ated by the WT Nav1.5 channel (approximately 33% at 90 
µmol/L) and the INa,L mediated by the ΔKPQ Nav1.5 channel 
(IC50=67±7.08 µmol/L)[13].  In this study, 18β-GA inhibited the 
INa,P mediated by the WT Nav1.5 channel with an IC50 of 40 
µmol/L and blocked INa,P and INa,L currents mediated by the 

ΔKPQ Nav1.5 channel at IC50 values of 100 µmol/L and 37 
µmol/L, respectively.  Therefore, 18β-GA was a more potent 
INa,P and INa,L blocker than GA; its potency to block INa,L was 
approximately three-fold greater than its potency in blocking 
the INa,P mediated by the ΔKPQ Nav1.5 channel.  

Following tonic block, 30 depolarizing pulses were delivered 
to determine the extent of phasic block, the rate-dependent 
block, at different frequencies (1, 2, and 4 Hz).  For the WT 
Nav1.5 channel, at 4 Hz, the INa,P remaining at the 30th pulse 
was 94% of the 1st pulse in the presence of 30 µmol/L 18β-
GA.  In contrast to 18β-GA, lidocaine caused a much greater 
reduction at the 30th pulse vs the 1st pulse (~21%).  This result 
implies that 18β-GA caused much less phasic block than lido-
caine.  Similar results were also found for the INa,P and INa,L cur-
rents of the ΔKPQ Nav1.5 channel.  Our results suggest that 
18β-GA caused a potent tonic block with little additional pha-
sic block at WT and ΔKPQ Nav1.5 channels, which was differ-
ent from the effect of lidocaine as well as the reported effects 
of mexiletine[25] and ranolazine[18].  

Phasic block is a characteristic of most class I anti-arrythmic 
drugs[19], but it also accounts for the unfavorable lethal pro-
arrythymias induced by these drugs[26].  18β-GA, which exhib-
its less potent phasic block, may prevent excessive blockage 
of INa in the treatment of tachyarrhythmia and may reduce 
the frequency of bradycardia.  We found that INa,L exhibited a 
significant rate-dependent reduction similar to the observation 
reported by Guo et al[27], who suggested that the INa,L medi-
ated by the ΔKPQ Nav1.5 channel was more pronounced at 
low heart rates.  This may explain the clinical findings that 
ventricular tachyarrythmias and sudden cardiac death in 
patients with LQT3 tend to occur during sleep or at rest, when 
the heart rate is slow[28].  Ranolazine has recently been used to 
treat LQT-3 patents expressing the ΔKPQ channel[29].  Ranola-
zine exhibits strong rate-dependent inhibition, as ranolazine 
produced less inhibition when INa,L was more pronounced 
at a slower heart rate[18].  Unlike ranolazine[18], 18β-GA pro-
duced a potent tonic block of INa,L, which resulted in stronger 
anti-arrythmic effects.  Recently, a more selective potent INa,L 
blocker, F15845, also characterized by tonic blockade, has been 
demonstrated to be effective in preventing ischemia-induced 
arrhythmia[30].  

HERG expresses IKr, and blockage of HERG is believed to 
cause LQT, which can induce EAD and a Torsades de-Pointes-
type of ventricular arrhythmia, as observed after treatment 

Figure 6.  Effects of 18β-GA on INa,P and INa,L induced by ATX-II in isolated 
human atrial myocytes.  (A) Original INa,P recoding in control oocytes and in 
the presence of 30 µmol/L 18β-GA.  Current was elicited by a depolarizing 
pulse from a holding potential of -80 mV to -30 mV for 100 ms.  (B) 
Representative INa,L induced by ATX-II (30 nmol/L) in the absence and in 
the presence of 30 µmol/L 18β-GA.  Current was elicited by a depolarizing 
pulse from a holding potential of -80 mV to -30 mV for 500 ms.  (C) The 
bar graph shows the percentage of inhibition of INa,P and INa,L induced by 
ATX-II mediated by 30 µmol/L 18β-GA.  The numbers of cells are indicated 
in parentheses.  bP<0.05.
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with class I or class III anti-arrhythmic drugs including rano-
lazine[9, 31, 32].  Kv1.5 conducts IKur in the human atria[9, 10].  This 
channel is also found in the ventricle, but its role remains 
unknown.  18β-GA at 100 µmol/L demonstrated no inhibition 
of HERG or Kv1.5 channels, which suggested that 18β-GA 
might not increase QT.  However, further study is required to 
investigate the effects of 18β-GA on QT because other potas-
sium currents, such as transient outward current (Ito), slow 
delayed rectifier current (IKs) and inward rectifier current (IK1), 
also determine QT duration.

Up-regulated INa,L has been demonstrated to be a major 
contributor to intracellular Na+ accumulation during many 
pathological conditions, such as ischemia or hypoxia, lead-
ing to elevated levels of intracellular Ca2+ that have entered 
the cell through the reverse-mode Na+–Ca2+ exchanger, which 
is followed by arrhythmogenesis and ultimately cell death.  
The inhibition of INa,L and prevention of Na+ overload may 
therefore be cardioprotective[3, 33–36].  18β-GA preferentially 
blocks the INa,L induced by ATX-II (mimicking INa,L activation 
evoked by ischemia[36]) in isolated human atrial myocytes.  
Experiments on isolated human atrial myocytes confirmed the 
potency of 18β-GA to reduce INa,L in a more physiological envi-
ronment.  Through blockade of INa,L, 18β-GA can alleviate INa,L-
associated arrhythmias[37] and cardiac injury after myocardial 
ischemia[38].

In conclusion, our results show that 18β-GA but not 18α-GA 
preferentially blocks INa,L..  18β-GA had no significant effects 
on HERG or Kv1.5 channels.  Our results suggest that 18β-
GA has significant potential for development as a novel anti-
arrhythmic agent, particularly in INa,L-associated arrhythmias 
and myocardial ischemia.  Care should be taken in applying 
the results from heterologous expression studies to the clini-
cal management of patients.  Temperature, lipid environment, 
subunit composition and additional post-translational modifi-
cations of Na+ channels in cardiomyocytes may also affect the 
degree of blockade by 18β-GA.  Nonetheless, further evalua-
tion of the therapeutic potential of 18β-GA is warranted.  
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Combined administration of anisodamine and 
neostigmine produces anti-shock effects: 
involvement of α7 nicotinic acetylcholine receptors
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Aim: To evaluate the anti-effects of anisodamine and neostigmine in animal models of endotoxic and hemorrhagic shock.
Methods: Kunming mice were injected with lipopolysaccharide (LPS 30 mg/kg, ip) to induce endotoxic shock.  Anisodamine (12.5, 25, 
and 50 mg/kg, ip) and neostigmine (12.5, 25, and 50 μg/kg, ip) were administered immediately after LPS injection.  Survival rate was 
monitored, and the serum levels of TNF-α and IL-1β were analyzed using ELISA assays.  The effects of anisodamine and neostigmine 
were also examined in α7 nicotinic acetylcholine receptor (α7 nAChR) knockout mice with endotoxic shock and in Beagle dogs with 
hemorrhagic shock.
Results: In mice with experimental endotoxemia, combined administration of anisodamine and neostigmine significantly increased the 
survival rate and decreased the serum levels of inflammatory cytokines, as compared to those produced by either drug alone.  The anti-
shock effect of combined anisodamine and neostigmine was abolished in α7 nAChR knockout mice.  On the other hand, intravenous 
injection of the combined anisodamine and neostigmine, or the selective α7 nAChR agonist PNU282987 exerted similar anti-shock 
effects in dogs with hemorrhagic shock.
Conclusion: The results demonstrate that combined administration of anisodamine and neostigmine produces significant anti-shock 
effects, which involves activation of α7 nAChRs.
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Introduction
Anisodamine (6-[s]hydroxyhyoscyamine) is a naturally occur-
ring tropane alkaloid found in some plants within the Solan-
aceae family[1].  It is an anticholinergic drug that does not cross 
into the central nervous system and is widely used clinically 
in China for various types of shock, especially septic shock[2, 3].  
The mechanisms of anisodamine’s beneficial effects on septic 
shock are mainly attributed to its amelioration of blood flow in 
the microcirculation.  However, the molecular mechanisms of 
these effects remain unclear[4, 5].  Recently, a study conducted 
in this laboratory demonstrated that the anti-shock effects of 
anisodamine occur mainly via activation of the α7 nicotinic 
acetylcholine receptor (α7nAChR)[6].  

The central nervous system regulates the production of 
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proinflammatory cytokines through the efferent vagus nerve, 
termed the “cholinergic anti-inflammatory pathway”[7, 8].  Ace-
tylcholine, the principal neurotransmitter of the vagus nerve, 
inhibits the production of proinflammatory cytokines from 
endotoxin-stimulated macrophages through the α7nAChR[9–11].  
Studies have shown that activation of the α7nAChR-depen
dent cholinergic anti-inflammatory pathway can control the 
production of proinflammatory cytokines in experimental 
models of endotoxic shock and hemorrhagic shock[12, 13].  Our 
previous studies have shown that anisodamine blocks musca-
rinic receptors and promotes increased endogenous acetylcho-
line binding to the α7nAChR[6].  

To produce therapeutic effects, a very large dose of aniso-
damine must be administered.  Neostigmine is a cholinest-
erase inhibitor that increases endogenous acetylcholine.  It is 
reasonable to speculate that combining anisodamine and neo-
stigmine could augment anti-shock efficacy through activation 
of the α7nAChR-dependent cholinergic anti-inflammatory 
pathway.  In addition, the side effects of neostigmine may be 
antagonized by blocking muscarinic receptors.  To test this 
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hypothesis, we carried out a series of experiments in a murine 
endotoxic shock model and a dog hemorrhagic shock model.  

Materials and methods
Animals and agents
Kunming mice (22–28 g) and Beagle dogs (8–10 kg) were 
purchased from Sino-British SIPPR/BK Laboratory Animal 
Ltd (Shanghai, China).  Mice deficient in the α7nAChR were 
purchased from Jackson Laboratory (B6.129S7-Chrna7tm1Bay, 
Stock Number: 003232, Bar Harbor, MA, USA).  All animals 
were maintained at 22 °C under a 12/12-h light/dark cycle and 
had free access to water and a standard diet.  All experimental 
procedures were approved by the local ethics committee.  

Anisodamine hydrochloride was obtained from Fu-Ma 
Chemical and Engineering Company (Hangzhou, China).  
Neostigmine methylsulphate was obtained from San-Wei 
Pharmaceutical Company (Shanghai, China).  LPS was pur-
chased from Sigma (Escherichia coli, 0111:B4, St Louis, MO, 
USA).

Hemorrhagic shock model 
Hemorrhagic shock was induced according to a protocol by 
Bruegger and colleagues[14].  Briefly, animals were anesthetized 
with sodium pentobarbital (30 mg/kg, iv), and an endotra-
cheal tube was inserted to maintain normocapnia.  A 16-gauge 
Teflon arterial catheter was inserted into the femoral artery 
for bloodletting to induce hemorrhagic shock and to measure 
mean arterial blood (MAP).  A polyethylene tube was placed 
into the femoral vein for drug delivery.  After completing 
the surgical preparation, a 30-min stabilization period began.  
Subsequently, hemorrhagic shock was initiated by stepwise 
withdrawal of blood from the femoral artery.  MAP was 
reduced to 45 mmHg within 15 min.  This blood pressure was 
maintained for 30 min by re-infusing heparinized blood with 
an automated device.  Sham hemorrhagic-shock dogs under-
went all surgical procedures without bleeding.

Effects of combining anisodamine/neostigmine on survival rate 
in LPS-induced shock mice 
Mice received 30 mg/kg LPS (ip), followed by saline, aniso
damine (12.5–50 mg/kg, ip, n=20 per group), neostigmine 
(12.5–50 μg/kg, ip, n=20 per group) or a combination of 
anisodamine and neostigmine (n=20 per group).  In another 
set of experiments, the mice were challenged with LPS (30 
mg/kg, ip), followed by saline or anisodamine/neostigmine 
combined (25 mg/kg and 25 μg/kg, ip, n=20 per group) at 
0, 3, and 6 h.  Survival rate was monitored for 72 h.  During 
the observation period, the animals were maintained at 22 °C 
on a 12-h light/dark cycle and had free access to water and a 
standard diet.

Effects of combining anisodamine/neostigmine on serum 
cytokines in LPS-induced shock mice 
Blood was collected 90 min after the LPS challenge for the 
TNF-α assay and at 4 h after LPS for the IL-1β assay.  Serum 

TNF-α/IL-1β levels were determined using standard ELISA 
assays (R&D Systems, Minneapolis, MN, USA).

Effects of combining anisodamine/neostigmine on survival rate 
in α7nAChR knockout mice challenged with LPS 
The genotypes of the animals were confirmed by polymerase 
chain reaction (PCR) according to a protocol by Jackson Labo-
ratory (Figure 1).  α7nAChR knockout mice or wild-type con-
trols (10 weeks of age) received LPS (20 mg/kg, ip), followed 
by saline or anisodamine/neostigmine combined (25 mg/kg 
and 25 μg/kg, ip, n=15).  Survival rate was monitored for 72 h.  

Effects of combining anisodamine/neostigmine on serum TNF-α 
in hemorrhagic shock dogs 
Beagle dogs were subjected to hemorrhagic shock and then 
received saline, anisodamine (2.63 mg/kg, iv) plus neostig-
mine (5.25 µg/kg, iv), or PNU282987 (a selective α7nAChR 
agonist, 3.37 mg/kg, iv) (n=6).  A separate group of dogs (n=6) 
receiving sham operations were also included for comparison.  
Blood was collected 20 min after the drug treatment for the 
TNF-α assay.  

Effects of combining anisodamine/neostigmine on hepatic injury 
in hemorrhagic shock dogs 
Liver tissue specimens were collected at the end of Experi-
ment 4, rinsed with saline, fixed in 4% paraformaldehyde for 
24 h, and embedded in paraffin.  Tissue sections (2 μm) were 
stained with hematoxylin and eosin (H&E) using a routine 
protocol, and examined under a light microscope[15].

Effects of combining anisodamine/neostigmine on hemo
dynamics and survival rate in hemorrhagic shock dogs 
Beagle dogs were subjected to hemorrhagic shock and then 
received saline, anisodamine (2.63 mg/kg, iv) plus neostig-
mine (5.25 µg/kg, iv), or PNU282987 (3.37 mg/kg, iv) (n=6).  A 
separate group of dogs (n=6) receiving sham operations were 
also included for comparison.  Blood pressure was monitored 
for 60 min following drug treatment in hemorrhagic dogs.  
Survival rate was monitored for 2 h.  MAP was only calculated 
over the first 60 min since death started to occur at 60 min.

Statistical analysis
Data involving two groups were analyzed with Student’s 
t-tests.  For experiments involving more than two groups, the 

     Molecular weight                                              Gel image  
 
+/+=440 bp

+/–=440 bp and 750 bp

–/–=750 bp

Figure 1.  PCR results of the α7nAChR knockout mice and wild-type mice.
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data were analyzed with a one-way ANOVA, followed by the 
Dunnett’s t-test for multiple comparisons.  Serial data of MAP 
were analyzed with a repeated measures ANOVA.  Survival 
rate was examined using the Kaplan-Meier analysis followed 
by a Cox regression test.  All of the data are expressed as the 
mean±SD.  Statistical significance was set at P<0.05.

Results
Effects of combining anisodamine/neostigmine on survival rate 
in LPS-induced shock mice 
In response to a lethal dose of LPS, all mice displayed 
decreased activity, piloerection, periocular discharge, and 
diarrhea.  The survival rate at 72 h was 23%.  Anisodamine 
(12.5, 25, and 50 mg/kg) increased the survival rate to 56%, 
64%, 56%, respectively.  Neostigmine (12.5, 25, and 50 μg/kg) 
increased the survival rate to 52%, 64%, and 72%, respectively.  
Combining anisodamine/neostigmine (12.5 mg/kg and 25 
μg/kg) increased the survival rate to 83%.  An increased dose 
of the combined treatment (25 mg/kg and 25 μg/kg) increased 
the survival rate to 92% (Table 1 and Figure 2).  When given 
3 and 6 h after LPS exposure, the combined treatment (25 
mg/kg and 25 μg/kg) increased the survival rate to 78% and 
82% (Figure 3).  When treatment was delayed for 12 h, no sig-
nificant reduction in mortality was achieved (data not shown).

Effects of combining anisodamine/neostigmine on serum 
cytokine in LPS-induced shock mice 
Both anisodamine and neostigmine significantly decreased 
serum TNF-α and IL-1β in LPS-induced shock mice (P<0.05 
vs saline control; Figure 4).  A combination of anisodamine 
and neostigmine (25 mg/kg and 25 µg/kg) further decreased 
serum TNF-α and IL-1β (P<0.05 vs anisodamine or neostig-
mine alone; Figure 4).

Effects of combining anisodamine/neostigmine on survival rate 
in α7nAChR knockout mice challenged with LPS 
In wild-type mice, anisodamine/neostigmine combination (25 

mg/kg and 25 µg/kg) significantly increased the survival rate 
(90% vs 42%, P<0.01, Figure 5A).  In α7nAChR knockout mice, 
the combined treatment (25 mg/kg and 25 µg/kg) did not 
improve survival rate (38.5% vs 15.4%, P>0.05, Figure 5B).  

Effects of combining anisodamine/neostigmine on serum TNF-α 
in hemorrhagic shock dogs 
Hemorrhagic shock induced a significant increase of serum 
TNF-α (P<0.01 vs sham control).  Anisodamine/neostigmine 
combination significantly decreased serum TNF-α in hemor-
rhagic shock dogs (P<0.01 vs saline control).  PNU282987, 
a selective α7nAChR agonist, also decreased serum TNF-α 
(Figure 6).  

Table 1.  Effects of anisodamine and neostigmine on survival rate in 
LPS-induced endotoxic shock mice.  Mice were injected with LPS (30 
mg/kg, ip), followed by saline, anisodamine (12.5, 25, and 50 mg/kg, 
ip), neostigmine (12.5, 25, and 50 μg/kg, ip), or a combination of 
anisodamine and neostigmine.  Survival rate was monitored for the 
ensuing 72 h.  n=20 per group. 

   
Neo (μg/kg)

	                                  Ani (mg/kg) 
                                        0	          12.5                 25	    50 
 
	   0	 23%	 56%	 64%	 56%
	 12.5	 52%	 56%	 76%	 52%
	 25	 64%	 83%	 92%	 56%
	 50	 72%	 67%	 72%	 68%

Figure 2.  Effects of combining anisodamine and neostigmine on survival 
rate in LPS-induced endotoxic shock mice.  Mice received LPS (30 
mg/kg, ip), followed by vehicle, anisodamine (25 mg/kg, ip), neostigmine 
(25 μg/kg, ip), or a combination of anisodamine (25 mg/kg, ip) and 
neostigmine (25 μg/kg, ip).  n=20 per group.  cP<0.01 vs LPS; eP<0.05 vs 
Ani or Neo.  

Figure 3.  Therapeutic window for combining anisodamine and neostig
mine in LPS-induced shock mice.  Mice were injected with LPS (30 mg/kg, 
ip), followed by saline or a combination of anisodamine (25 mg/kg, ip) and 
neostigmine (25 μg/kg, ip) at 0, 3, and 6 h after LPS.  Survival rate was 
monitored for the ensuing 72 h.  n=20 per group.  cP<0.01 vs LPS.
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Effects of combining anisodamine/neostigmine on hepatic injury 
in hemorrhagic shock dogs 
Hemorrhagic shock induced significant hepatic damage, eg, 
widened portal areas, thin fibrous septa, and inflammatory 
cell infiltration (Figure 7B vs Figure 7A in sham control).  It 
induced bridging or septal fibrosis, connecting portal areas 
and central veins in a portal-to-portal, portal-to-central, 
and/or central-to-central pattern.  Collagen fibers were clearly 
visible in the septa.  Anisodamine/neostigmine combined 
ameliorated the damage induced by hemorrhagic shock, 
decreasing infiltration by inflammatory cells, and putrescence 
of hepatic cells (Figure 7C).  PNU282987 also attenuated the 
hepatic injury induced by hemorrhagic shock (Figure 7D).

Effects of combining anisodamine/neostigmine on hemo
dynamics and survival rate in hemorrhagic shock dogs 
The combination of anisodamine and neostigmine signifi-
cantly increased MAP and prolonged survival rate induced 
by hemorrhagic shock.  PNU282987 also increased MAP and 
survival rate (Figure 8).

Discussion
The results from the current study demonstrate that the 
combined use of anisodamine and neostigmine is more effec-
tive than either drug alone on controlling inflammation and 
increased survival rate in LPS-induced shock mice.  Remark-
ably, such treatment was effective even when given 3–6 h after 
LPS exposure.  The combined treatment also alleviated hemor-
rhagic shock.

The cholinergic anti-inflammatory pathway has been 
increasingly implicated in inflammatory diseases, including 
endotoxic shock.  Activation of this anti-inflammatory path-
way can be achieved by the following: 1) direct stimulation of 
the vagus nerve[16, 17], 2) the use of nicotine or nicotinic agonists 

Figure 4.  Effects of combining anisodamine and neostigmine on 
inflammatory cytokines in serum in LPS-induced shock mice.  Mice 
received LPS (30 mg/kg, ip), followed by saline, anisodamine (25 mg/kg, 
ip), neostigmine (25 μg/kg, ip), or a combination of anisodamine (25 
mg/kg, ip) and neostigmine (25 μg/kg, ip).  Blood samples were obtained 
90 min later for the TNF-α assay, and 4 h later for the IL-1β assay.  n=8 
per group.  bP<0.05, cP<0.01 vs LPS; eP<0.05 vs Ani or Neo.

Figure 5.  Effects of combining anisodamine and neostigmine on survival 
rate in α7nAChR knockout mice challenged with LPS.  α7nAChR knockout 
mice (B) or wild-type mice (A) received LPS (20 mg/kg, ip), followed by 
saline or a combination of anisodamine (25 mg/kg, ip) and neostigmine (25 
μg/kg, ip).  Survival rate was monitored for the ensuing 72 h.  n=15 per 
group.  cP<0.01 vs LPS.

Figure 6.  Effects of combining anisodamine and neostigmine on serum 
TNF-α in hemorrhagic shock dogs.  Hemorrhagic shock was induced by 
gradient bloodletting until the mean arterial pressure was stabilized at 45 
mmHg, followed by saline or a combination of anisodamine (2.63 mg/kg, 
iv) and neostigmine (5.25 µg/kg, iv) or PNU282987 (3.37 mg/kg, iv).  
Blood samples were collected 20 min after treatment.  n=6 per group.  
cP<0.01 vs Sham; fP<0.01 vs Saline.
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(GTS-21, CAP55) to activate the α7nAChR[18–20], and 3) the use 
of cholinesterase inhibitors (physostigmine, galantamine)[21–23].  
Our previous studies demonstrated that anisodamine could 
produce anti-inflammatory actions through indirectly activat-
ing the α7nAChR.  Here, we examined the anti-shock effects 
of combining anisodamine/neostigmine and found that the 
combination of anisodamine and neostigmine could produce 
robust anti-shock effects even at small doses.  Combining ani-
sodamine/neostigmine significantly decreased serum TNF-α 
and IL-1β and improved the survival rate in LPS-induced 
shock mice.  In α7nAChR knockout mice, the combined treat-
ment did not improve the survival rate, suggesting that the 
beneficial effects of combining anisodamine/neostigmine on 
endotoxic shock is mediated primarily by the α7nAChR.  

The initial presentation of endotoxic shock is often nonspe-
cific, and its severity is concealed[24, 25].  Patients who arrive at 
the ICU with a seemingly benign infection can progress within 
hours to a devastating condition[26, 27].  A delay in the diagnosis 
and management of critically ill patients during the first six 
hours of ICU admission has been associated with higher mor-
tality rates and increased utilization of hospital resources[28, 29].  
Based on this finding, the concept of ‘golden hours’ is widely 
acknowledged[30, 31].  In the present study, we found that the 
combined treatment of anisodamine and neostigmine could 
significantly improve survival rate in animals, even 3–6 h after 
LPS exposure.  This finding extends the window of treatment 
following LPS administration and may have clinical relevance.  
Inflammatory cytokines plays an important role in acute hypo-
volemic hemorrhagic shock because anti-TNF-α monoclonal 
antibodies could increase survival, improve hypotension, and 
attenuate impairment in vascular reactivity[32].  Recent studies 
have demonstrated that electrical stimulation of efferent vagal 
fibers could rapidly reverse hypotension, counteract hepatic 
NF-κB activation, reduce TNF-α plasma levels and improve 
survival rate in experimental hemorrhagic shock rats[13, 33].  Sys-
temic administration of an acetylcholinesterase inhibitor also 
improves outcomes after hemorrhagic shock[22].  In our study, 
combining anisodamine and neostigmine markedly decreased 
serum TNF-α and prevented organ damage (as exemplified 
by the liver results presented here) induced by hemorrhagic 
shock.  The combined treatment also improved hypotension 
and prolonged the survival rate in hemorrhagic shock dogs.  
PNU282987, a selective α7nAChR agonist, had similar effects, 
suggesting the involvement of the α7nAChR.

Several methods can be used to activate the cholinergic 
anti-inflammatory pathway.  However, much work needs to 
be performed to successfully apply these methods in clinical 
practice.  Anisodamine and neostigmine are both used in clini-
cal practice.  We believe that, if titrated properly and carefully, 
an anisodamine/neostigmine cocktail may be clinically useful.  

In summary, this study demonstrated that combining aniso-
damine and neostigmine could increase the survival rate in a 
murine endotoxic shock model and a dog hemorrhagic shock 
model through activation of the cholinergic anti-inflammatory 
pathway.  Our findings may have important implications 
toward the development of new treatment strategies for endo-

Figure 7.  Effects of combining anisodamine and neostigmine on hepatic 
injury in hemorrhagic shock dogs.  (A) Sham control.  Light micrographs 
showing hepatic tissue appeared normal; (B) Hemorrhagic shock.  The 
hemorrhagic shock operation resulted in widened portal areas, thin 
fibrous septa throughout the hepatic parenchyma, and inflammatory 
cell infiltration; (C) Anisodamine (2.63 mg/kg, iv) and neostigmine (5.25 
µg/kg, iv) and (D) PNU282987 (3.37 mg/kg, iv).  Both anisodamine/
neostigmine combined and PNU282987 treatment produced less 
infiltration by inflammatory cells, and less putrescence of hepatic cells.  
n=6 per group.  Magnification: 200× .

Figure 8.  Effects of combined anisodamine and neostigmine on MAP and 
survival rate in hemorrhagic shock dogs.  Hemorrhagic shock was induced 
by gradient bloodletting until the mean arterial pressure was stabilized 
at 45 mmHg, followed by saline or a combination of anisodamine (2.63  
mg/kg, iv) and neostigmine (5.25 µg/kg, iv) or PNU282987 (3.37 mg/kg, 
iv). n=6 per group.  (A) MAP was calculated over the first 60 min.  cP<0.01 
vs Sham; eP<0.05, fP<0.01 vs Saline.  (B) Survival rate was monitored for 
the ensuing 2 h.  eP<0.05 vs Saline.
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toxic shock, hemorrhagic shock and other inflammatory dis-
eases.  
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Biphasic regulation of P-glycoprotein function and 
expression by NO donors in Caco-2 cells
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Aim: To investigate the effects of nitric oxide (NO) donors on the function and expression of P-glycoprotein (P-gp) in Caco-2 cells.
Methods: Caco-2 cells were exposed to NO donors for designated times.  P-gp function and expression were assessed using 
Rhodamine123 uptake assay and Western blotting, respectively.  Intracellular reactive oxygen species (iROS) and intracellular reactive 
nitrogen species (iRNS) levels were measured using ROS and RNS assay kits, respectively.
Results: Exposure of Caco-2 cells to 0.1 or 2 mmol/L of sodium nitroprusside (SNP) affected the function and expression of P-gp 
in concentration- and time-dependent manners.  A short-term (4 h) exposure reduced P-gp function and expression accompanied 
with significantly increased levels of iROS and iRNS.  In contrast, a long-term (24 h) exposure stimulated the P-gp function and 
expression.  The stimulatory effects of 2 mmol/L SNP was less profound as compared to those caused by 0.1 mmol/L SNP.  The 
other NO donors SIN-1 and SNAP showed similar effects.  Neither the NO scavenger PTIO (2 mmol/L) nor soluble guanylate cyclase 
inhibitor ODQ (50 µmol/L) reversed the SNP-induced alteration of P-gp function.  On the other hand, free radical scavengers ascorbate, 
glutathione and uric acid (2 mmol/L for each), PKC inhibitor chelerythrine (5 µmol/L), PI3K/Akt inhibitor wortmannin (1 µmol/L) and 
p38 MAPK inhibitor SB203580 (10 µmol/L) reversed the upregulation of P-gp function by the long-term exposure to SNP, but these 
agents had no effect on the impaired P-gp function following the short-term exposure to SNP.  
Conclusion: NO donors time-dependently regulate P-gp function and expression in Caco-2 cells: short-term exposure impairs 
P-gp function and expression, whereas long-term exposure stimulates P-gp function and expression.  The regulation occurs via a 
NO-independent mechanism.  

Keywords: Caco-2 cells; P-glycoprotein; Rhodamine123 uptake; NO donors; NO; PKC; PI3K/Akt; p38 MAPK
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Introduction
P-glycoprotein (P-gp), an ATP-binding cassette (ABC) drug 
efflux transporter, is widely expressed in various tissues 
including brain, lungs, liver, kidney, gastrointestinal tract,  
skin and muscle tissue[1].  P-gp has a wide range of substrates, 
including anticancer agents, calcium channel blockers, antibi-
otics, cardiac glycosides and immunosuppressants[2].  Clinical 
reports have underlined the effect of changes in the functional 
activity of P-gp on the bioavailability and disposition of thera-
peutic agents[3].  

Previous reports have indicated that the expression and func-
tion of P-gp are dysregulated under pathophysiological situ-
ations such as diabetes mellitus[4, 5], chronic renal failure[6] and 
inflammation[7].  It is becoming increasingly clear that nitric 

oxide and its related nitrogen species (NOx)[8] are crucial regu-
latory mediators of the function and expression of P-gp and 
other transporters under pathophysiological conditions[8-14].  
NO-mediated nitrosative stress was reported to stimulate 
the function and expression of P-gp in the blood-brain bar-
rier of streptozotocin-treated diabetic rats[8].  Activation of 
inductible nitric oxide synthase (iNOS) seemed to explain the 
increase in the expression and function of intestinal P-gp in 
interferon-γ-induced human intestinal cells, as evidenced by 
the fact that coadministration of the iNOS inhibitor L-N6-(1-
iminoethyl)-lysin abrogated the cytokine-mediated increase in 
P-gp expression and function[9].  LPS-induced upregulation of 
Abca1 and Abcb1/P-gp in the kidney occurred via alteration 
of NO production by iNOS; this induction may be attenuated 
by co-administration of the iNOS inhibitor aminoguanidine[14].  
However, contradictory results were also reported.  In HT29/
HT29-dx cell cultures, nitric oxide production reversed resis-
tance to the P-gp substrate doxorubicin, suggesting that NO 
decreased the activity of P-gp[10].  NG-monomethyl-l-arginine, 
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a NO synthase inhibitor, markedly blocked cyclosporin 
A-induced impairment of P-gp function in cocultures of MBEC 
and rat astrocytes[11].  NO was also reported to be involved in 
the decreased expression of intestinal P-gp in the early stages 
of intestinal ischemia and reperfusion[12].  Recently, Nawa et al 
reported that iNOS were involved in downregulation of intes-
tinal P-gp expression in streptozotocin-treated diabetic mice[13].  
Further studies, however, showed that iNOS regulated the 
activity of intestinal P-gp in a bidirectional way, inhibiting 
their effect at earlier stages of diabetes and intensifying their 
effect at later stages[15].  

The aim of this study was to further investigate the effects 
of NO on intestinal P-gp activity using the Caco-2 cell model; 
the Caco-2 cell monolayers have tight junctions, microvilli and 
various types of enzymes and transporters, thereby resembling 
the intestinal epithelium.  In addition, Caco-2 cells express 
high levels of P-gp and have been widely used for the study 
of P-gp function and intestinal absorption[16].  Three different 
types of NO donors, SNP, SIN-1, and SNAP[8, 17] were used as 
source of NO.  The function of P-gp was assessed using uptake 
of Rhodamine123 (Rho123) by Caco-2 cells.  P-gp protein lev-
els were measured using western blotting.  Our preliminary 
study showed that the effects of NO on the function of P-gp in 
Caco-2 cells were dependent on both the exposure time and 
the concentration of NO donors.

Materials and methods
Materials
Rhodamine123  (Rho123) ,  che lerythr ine ,  wortman-
nin, SB203580, SNAP (S-nitroso-N-acetylpenicillamine), 
3-morpholinosydnonimine (SIN-1), 2-phenyl-4,4,5,5-tetram-
ethyl-imidazoline-l-oxyl-3-oxide (PTIO), reduced glutathi-
one (GSH) and 1H-[1,2,4]oxadiazolol[4,3-a]quinoxalin-1-one 
(ODQ) were purchased from Sigma Chemical Co (St Louis, 
MO, USA).  Sodium nitroprusside (SNP), uric acid and ascor-
bate were purchased from Sinopharm Chemical Reagent Co 
Ltd (Shanghai, China); reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) assay kits were purchased 
from Beyotime Institute of Biotechnology (Nantong, China); 
anti-P-gp monoclonal antibody C219 was purchased from 
Calbiochem-Novabiochem (Seattle, WA, USA); Blueranger 
prestained protein molecular weight marker mix was pur-
chased from Pierce (Rockford, IL, USA); and goat anti-mouse 
secondary antibodies conjugated with the appropriate horse-
radish peroxidase and polyclonal anti-β-actin antibodies were 
purchased from Boshide Biotech Co (Wuhan, China).  All 
other reagents were commercially available and were of ana-
lytical grade.

Cell culture 
Caco-2 cells were obtained from American Type Culture Col-
lection (Manassas, VA, USA).  The cells were maintained at 
37 °C in a controlled atmosphere of 5% CO2 and 90% relative 
humidity, using DMEM (high glucose) supplemented with 2.5 
mmol/L L-glutamine, 100 U/L penicillin, 100 U/L streptomy-
cin, 3.7 g/L NaHCO3, 1% nonessential amino acids, and 10% 

fetal bovine serum (Gibco BRL Co Ltd, USA).  The medium 
was changed every other day.  When 80% confluent, the cul-
tured Caco-2 cells were passaged and seeded in 24-well plastic 
plates (Costar, Cambridge, MA, USA).  Cells were used when 
a significant fraction of the cell population exhibited a colonic 
phenotype.  Cells were co-incubated with the tested agents at 
designated time periods, and the Rho123 uptake experiment 
was performed to assess the function of P-gp.  The 3-(4,5-dim-
ethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) 
assay showed that none of the tested agents in the study dam-
aged the viability of the cells.  

Caco-2 cells treated with NO donors 
Krischel et al’s experiments using various doses of NO donors 
(from 0.01 to 5 mmol/L)[18] showed that the effect of low doses 
(lower than 0.1 mmol/L) was not obvious, whereas high doses 
(higher than 2 mmol/L) impaired cell viability.  Therefore, 0.1 
and 2 mmol/L were chosen as representative concentrations 
for the time-dependent research.  Generally, the NO donor 
SNP was freshly prepared before use.  The cultured Caco-2 
cells were washed three times with serum-free medium.  Then, 
the cells were incubated in the presence of 0.1 and 2 mmol/L 
SNP for 2, 4, 6, 8, 24, and 48 h.  P-gp function was assessed by 
measuring the uptake of Rho123 by the cells.  

Another experiment was also designed to further assess the 
changes of P-gp function in Caco-2 cells following 4-h and 
24-h incubation times in the presence of several doses of SNP, 
SNAP and SIN-1.  The concentration-dependent effects of SNP 
on P-gp function were further documented following a 24-h 
incubation.  

Caco-2 cells co-treated with SNP and pharmacological inhibitors 
The free radical scavengers ascorbate (antioxidant[8], 2 
mmol/L), PTIO (NO scavenger[17], 2 mmol/L), GSH (active 
against nitrosative stress[17], 2 mmol/L) and uric acid (per-
oxynitrite scavenger[19], 2 mmol/L) as well as several signal 
pathway inhibitors: chelerythrine (a PKC inhibitor, 5 µmol/L), 
wortmannin (a PI3K/Akt inhibitor, 1 µmol/L), SB203580 (a 
p38 MAPK inhibitor, 10 µmol/L) and ODQ (a specific guany-
late cyclase inhibitor, 50 µmol/L)[20, 21] were used to investigate 
whether these inhibitors reverse the alteration in P-gp function 
induced by SNP.  Caco-2 cells were pretreated with a pharma-
cological inhibitor for 1 h, then either SNP or normal medium 
was added and incubated for 4 and 24 h, respectively[22].  The 
P-gp function in the cells was measured and compared among 
relevant groups.  

Measurement of Rho123 uptake by Caco-2 cells
The P-gp function in cells was measured using the Rho123 
uptake experiment.  Uptake experiments were performed 
according to the method previously reported[23].  In brief, 
treated cells were washed and preincubated in pH 7.4 Hanks’ 
balanced salt solution (HBSS) at 37 °C for 30 min, then 1 mL 
HBSS containing 100 ng/mL Rho123 was added to initiate the 
uptake of Rho123.  After incubation for 2 h, the uptake was 
stopped by rinsing the cells three times with ice-cold HBSS, 
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and 0.5 mL of purified water was added to each incubated 
well.  Cells were lysed by three freeze-thaw cycles, and the 
protein concentrations were measured using the Bradford 
method (1976)[24].  The sensitivity of Rho123 uptake as an 
indicator of P-gp activity was verified using the P-gp inhibi-
tor cyclosporin A (0.625–2.5 μg/mL), which significantly 
increased the intracellular accumulation of Rho123.

The concentrations of Rho123 in cells were determined by 
HPLC[25].  The lowest limit of quantitation of Rho123 in cells 
was 0.002 ng/μg protein.  The yields were higher than 85%.  
The relative standard derivations of intra day and inter day 
data were lower than 10%.  The linear range of Rho123 in cells 
was 0.002–0.064 ng/μg protein.

Determination of the intracellular levels of ROS and RNS 
The levels of intracellular ROS (iROS) and intracellular RNS 
(iRNS) were measured according to the manufacturer’s 
instructions of the ROS and RNS assay kits.  Briefly, Caco-2 
cells were incubated with SNP for different times, then cells 
were rinsed three times with PBS buffer (including 1% BSA 
and 10 mmol/L HEPES) and treated with 2’,7’-dichloro-
fluorescin-diacetate (DCFH-DA, 10 µmol/L) and 4-amino-
5-methylamino-2’,7’-difluorofluorescein (DAF-FM DA, 10 
µmol/L) for 30 min, the intracellular DCFH was oxidized to 
DCF by ROS while the intracellular DAF-FM was nitrosated 
to DAF by RNS.  Cells were washed 5 times with cold PBS.  
DCF was used as an indicator of ROS; it was detected with a 
fluorescence detector at an excitation wavelength of 488 nm 
and an emission wavelength of 525 nm.  DAF was used as an 
indicator of RNS and was detected at an excitation wavelength 
of 495 nm and emission wavelength of 515 nm.

Western blotting analysis 
Protein expression of P-gp in Caco-2 cells was assessed 
using western blotting according to a previously described 
method[25, 26].  Briefly, following 4-h and 24-h exposures to 
SNP (0.1 and 2 mmol/L), the Caco-2 cells were lysed in ice-
cold lysis buffer containing 10 mmol/L Tris-HCl (pH 7.5), 1 
mmol/L EGTA, 1 mmol/L MgCl2, 1 mmol/L mercaptoetha-
nol, 1% glycerol, and a protease inhibitor cocktail containing 
1 mmol/L dithiothreitol, and 2 mmol/L phenylmethylsulfo-
nylfluoride (Sigma Chemical Co, Ltd, St Louis, MO, USA) for 
30 min.  The cells were then ultrasonicated five times for 10 s 
in an ice bath.  Samples were then centrifuged at 500×g for 10 
min at 4 °C.  The supernatant was transferred to a new tube 
and centrifuged at 15 000×g for 60 min at 4 °C.  The superna-
tant (cytosolic proteins such as β-actin) and the pellet (mem-
brane proteins such as P-gp) were both collected and stored at 
-80 °C until use.  Protein concentrations were measured by the 
Bradford method.  Samples were reconstituted in SDS-poly-
acrylamide gel electrophoresis sample loading buffer and were 
boiled for 5 min to denature the protein.  The protein samples 
were separated on an 8% SDS-polyacrylamide gel and were 
transferred onto a polyvinylidene difluoride membrane (Milli-
pore Corporation).  After blotting, the membrane was blocked 
with 10% bovine serum albumin in Tris-buffered saline-Tween 

20 (TBS-T) for 1 h at 37 °C.  Immunoblots were incubated with 
the primary monoclonal antibody to P-gp (1:200; C219) or 
β-actin (1:800; Bioworld Technology, St Louis Park, MN, USA) 
for 24 h at 4 °C.  The membrane was washed (10 min×4), incu-
bated with the secondary antibody, horseradish peroxidase-
conjugated goat anti-mouse IgG (1:800; Boster Biological 
Technology, Wuhan, China) for 1 h at 37 °C and then washed 
three times with TBS-T.  The signals were detected using an 
enhanced chemiluminescence kit (Pierce Chemical).  The P-gp 
protein band intensity was normalized to that of β-actin.

Statistical analysis 
Results were expressed as the mean±standard deviation (SD).  
The overall differences between groups were determined by 
one-way of analysis of variance (ANOVA).  If analysis indi-
cated significance, the differences between groups were esti-
mated using the Student-Newman-Keuls multiple comparison 
post-hoc test.  P values of less than 0.05 indicated a significant 
difference.

Results
Alteration in P-gp function and expression induced by NO donors 
Caco-2 cells were incubated with two concentrations (0.1 and 2 
mmol/L) of SNP for designated time periods (2, 4, 6, 8, 24, and 
48 h), and Rho123 uptake by the cells was measured (Figure 
1).  The results demonstrated that the effect of SNP on Rho123 
uptake was dependent on the SNP concentration and the incu-
bation time.  Short-term exposure to SNP increased cellular 
Rho123 uptake in a concentration-dependent manner.  Maxi-
mum induction (115% and 140% of Rho123 uptake in control 
cells) occurred after 4-h of incubation.  In contrast, long-term 
(24- and 48-h) exposure to SNP resulted in a decrease in cel-
lular Rho123 uptake.  The decrease of Rho123 by low concen-
trations (0.1 mmol/L) of SNP was more profound than that 
by high concentrations (2 mmol/L).  To investigate whether 
alteration in cellular Rho123 uptake was the result of expres-
sion of P-gp, the levels of P-gp were measured (Figure 2).  As 

Figure 1.  Effects of SNP on P-gp function following different incubation 
time periods.  Caco-2 cells were incubated with low (0.1 mmol/L) and 
high (2 mmol/L) concentrations of SNP for 2, 4, 6, 8, 24, and 48 h.  P-gp 
function was measured using cellular Rho123 uptake.  Cells incubated 
with drug-free medium served as a control.  Mean±SD (n=4).  bP<0.05, 
cP<0.01 vs control.
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expected, 4-h of exposure to SNP decreased P-gp expression in 
a concentration-dependent manner, whereas 24-h of exposure 
to SNP induced P-gp expression in a biphasic manner.  

To verify that the phenomenon induced by SNP came 
from NOx rather than other species derived from SNP, the 
effects of different types of NO donors on P-gp function were 
investigated following 4-h and 24-h incubations.  The three 
donors have different structures, which release NO at differ-
ent rates and by different mechanisms.  SIN-1, a NO donor 
that releases both NO and O2

–, is usually used as peroxynitrite 
donor[27].  SNAP is an S-nitrosothiol NO donor with a half-life 
of approximately 4 h[28].  Similar to the findings with SNP, 4-h 
of exposure to SIN-1 or SNAP decreased the efflux activity of 
P-gp in a concentration-dependent manner (Figure 3A), and 
24-h of exposure to SIN-1 or SNAP exerted biphasic regulation 

effects (Figure 3B).  Effects of a series of SNP concentrations on 
the efflux activity of P-gp were also measured following 24-h 
of incubation (Figure 3C).  The results showed that the effect 
of SNP on basal P-gp activity was normally distributed.  The 
maximal stimulation occurred at 0.1 mmol/L SNP; at higher 
SNP concentrations, the stimulatory effect gradually decreased 
(Figure 3C).  Concentrations over 2 mmol/L were not tested 
because of cell toxicity.

Temporal profile of intracellular ROS and RNS level after 
exposure to SNP
iROS and iRNS levels were measured following exposure to 
0.1 and 2 mmol/L of SNP for different times (Figure 4).  The 
results showed that ROS was produced concomitantly with 

Figure 2.  Effects of a 4-h exposure (A) and a 24-h exposure (B) to SNP on 
P-gp protein levels in Caco-2 cells.  Caco-2 cells were incubated with 0.1 
or 2 mmol/L SNP for 4 and 24 h, respectively, and the levels of P-gp in the 
cells were measured using Western blotting.  Cells incubated with drug-
free medium served as a control.  Mean±SD (n=3–4).  bP<0.05, cP<0.01 
vs control.

Figure 3.  Effects of a 4-h exposure (A), a 24-h exposure (B) to SNP, 
SIN-1 and SNAP or a 24-h exposure (C) to different levels of SNP on P-gp 
function in Caco-2 cells.  Caco-2 cells were incubated with the tested 
agents for designated times.  P-gp function was assessed by measuring 
cellular Rho123 uptake.  Cells incubated with drug-free medium served 
as a control.  Mean±SD (n=4).  bP<0.05, cP<0.01 vs control.  eP<0.05, 
fP<0.01 vs 0.1 mmol/L SNP.
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the nitric oxide released by SNP in Caco-2 cells.  Short-term 
exposure to SNP significantly increased iROS and iRNS, and 
iROS and iRNS were sustained at relatively high levels for 
the first 6 h.  Following 24 h of exposure to SNP, the iROS and 
iRNS levels were still higher than in the control cells.

Effect of free radical scavengers on P-gp function induced by 
SNP
Effects of several free radical scavengers on P-gp function 
induced by SNP were investigated.  The results showed 
that 2 mmol/L ascorbate, GSH and uric acid significantly 
reversed alteration in P-gp function by 24 h of exposure to 
SNP, whereas the nitric oxide scavenger PTIO had no effect 
(Figure 5B), indicating that the alteration in P-gp function did 
not result from a direct effect of NO itself but from the indi-
rect effects of NO-derived oxidative and nitrosative stress.  
However, neither VC, GSH, UA nor PTIO could attenuate the 
impairment of P-gp function after only 4 h of exposure to SNP 
(Figure 5A), treatment with GSH even showed a trend toward 
enhancing the impaired P-gp function.  Higher doses of these 
free radical scavengers caused cell toxicity.  None of the above 

radical scavengers alone had a significant influence on P-gp 
function (Figure 5C).

Effects of signal pathway inhibitors on the alteration of P-gp 
function by SNP 
The cGMP/PKG pathway is a typical pathway that is down-
stream of the NO modulation system.  The soluble guanylate 

Figure 4.  Effects of SNP on intracellular ROS (A) and RNS (B) following 
different incubation times.  Caco-2 cells were exposed to 0.1 or 2 mmol/L 
SNP for 0.5, 1, 4, 6, or 24 h, and iROS and iRNS levels were assessed 
according to the instructions of the respective assay kits.  Cells incubated 
with drug-free medium served as a control.  Mean±SD (n=4).  bP<0.05, 
cP<0.01 vs control.

Figure 5.  Effects of free radical scavengers on short-term inhibition and 
long-term stimulation of P-gp function induced by exposure to SNP in 
Caco-2 cells.  Caco-2 cells were co-incubated with SNP (0.1 and 2 mmol/L) 
in the presence of ascorbate (VC, 2 mmol/L), GSH (2 mmol/L), uric acid (UA, 
2 mmol/L), or PTIO (2 mmol/L) for 4 h (A) and 24 h (B).  (C) represents the 
4-h and 24-h effects of the free radical scavengers alone on P-gp function.  
Cells incubated with drug-free medium served as a control.  P-gp function 
was measured using cellular Rho123 uptake.  Cells incubated with drug-
free medium served as a control.  Mean±SD (n=4).  bP<0.05, cP<0.01 
vs control; eP<0.05, fP<0.01 vs 0.1 mmol/L SNP.  hP<0.05, iP<0.01 vs 2 
mmol/L SNP.
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cyclase inhibitor ODQ was used to determine the association 
between the cGMP/PKG pathway and the alteration in P-gp 
function by SNP.  ODQ did not reverse the alteration in P-gp 
function by 4-h or 24-h of exposure to 2 mmol/L SNP (Fig-
ure 6).  This result indicated that the changes in P-gp activity 
by SNP are independent of the cGMP/PKG pathway, which 
is consistent with a previous report[10].  However, the com-
pounds wortmannin (a PI3K/Akt inhibitor), chelerythrine (a 
PKC inhibitor) and SB203580 (a p38 MAPK inhibitor) signifi-

cantly reversed the alteration in P-gp function induced by 24-h 
of exposure to SNP (Figure 6B), implying that the alteration in 
the function of P-gp by a 24-h exposure to SNP involved the 
PI3K/Akt, PKC, and MAPK pathways.  In contrast, none of 
the three pharmacological inhibitors could reverse the inhibi-
tory effect of a 4-h exposure to SNP on P-gp function (Fig-
ure 6A); in fact, the PI3K/Akt inhibitor wortmannin further 
decreased P-gp activity.  None of the above pharmacological 
inhibitors alone had a significant influence on P-gp function 
(Figure 6C).  

Discussion
Accumulating evidence clearly demonstrates a link between 
NOx (NO and its redox-reactive derivatives) and the activity 
of P-gp, although the published results are often contradic-
tory[8, 10, 12–14].  The present study was designed to investigate 
the effects of NO and its redox-reactive derivatives (NOx) 
on the expression and function of P-gp in Caco-2 cells using 
three different NOx donors.  P-gp function was quantitatively 
assessed by measuring the cellular uptake of the P-gp sub-
strate Rho123.  Alteration of the intracellular accumulation of 
this compound directly correlated with the altered activity of 
this efflux system, which is expressed in the apical membrane 
of Caco-2 cells.  The main finding was that the effects of the 
NO donor SNP on the function and expression of P-gp were 
dependent on incubation time.  Short-term exposure to SNP 
impaired expression and function of P-gp in a concentration-
dependent manner, whereas long-term exposure to SNP 
biphasically enhanced the expression and function of P-gp.  

The intracellular accumulation of Rho123 in Caco-2 cells 
was measured following incubation with two concentrations 
of SNP (0.1 and 2 mmol/L).  The results showed that cellular 
uptake of Rho123 increased with incubation time at early time-
points (2 and 4 h), peaked at 4 h, then declined gradually (Fig-
ure 1) with increased incubation time.  It was also observed 
that long-term exposure to SNP caused biphasic regulation of 
P-gp function.  The stimulatory effect of 0.1 mmol/L SNP was 
more profound than that of 2 mmol/L SNP.  Western blot data 
showed that the altered function of P-gp in Caco-2 cells was in 
agreement with the alteration in P-gp protein levels, indicating 
that the altered function of P-gp partly came from altered P-gp 
protein levels.  

To exclude a direct role of SNP in P-gp function and expres-
sion levels, two other donors, SIN-1 and SNAP, which possess 
different structures and NO release rates, were also used to 
investigate the roles of NO donors.  A similar pattern of altera-
tion in P-gp function was observed, suggesting that the altera-
tion in P-gp activity resulted from NO and its reactive deri-
vates.  Biphasic regulation of P-gp function by SNP in Caco-2 
cells was further verified using a 24-h exposure to different 
concentrations of SNP (Figure 3C).  

NO is a short-lived reactive molecule: when it is released, 
it rapidly reacts with its specific biological target or reacts 
with oxygen or superoxide to generate ROS and RNS, which 
subsequently react with biological targets[28].  The sGC/cGMP 
pathway is considered a typical downstream pathway of 

Figure 6.  Effects of several pharmacological inhibitors on short-term 
inhibition and long-term stimulation of P-gp function induced by exposure 
to SNP in Caco-2 cells.  Caco-2 cells were co-incubated with SNP in the 
presence of wortmannin (wort, 1 μmol/L), chelerythrine (chelery, 5 
μmol/L), SB203580 (SB, 10 μmol/L) or ODQ (50 μmol/L) for 4 h (A) and 
24 h (B).  (C) represents the 4-h and 24-h effects of inhibitors alone on 
P-gp function.  Cells incubated with drug-free medium served as a control.  
P-gp function was measured using cellular Rho123 uptake.  Mean±SD 
(n=4).  bP<0.05, cP<0.01 vs control.  eP<0.05, fP<0.01 vs 0.1 mmol/L 
SNP.  hP<0.05, iP<0.01 vs 2 mmol/L SNP.
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NO; NO activates sGC (soluble guanylate cyclase) to produce 
cGMP (cyclic GMP), which regulates a series of physiological 
responses[29, 30, 31].  Our results showed that the sGC inhibitor 
ODQ did not reverse the alteration of P-gp function induced 
by NO donors, suggesting that the regulation of P-gp function 
by NO donors is independent of the sGC/cGMP pathway.  
This finding was supported by previous studies that used 
doxorubicin accumulation in HT29/HT29-dx cells[10].  In addi-
tion, the specific NO scavenger PTIO did not reverse the SNP-
induced alteration of P-gp function, indicating that the effect 
of SNP on P-gp function occurred via an NO-independent 
mechanism[29].  This result agreed with previous studies per-
formed in isolated perfused rat livers[32].  Furthermore, a sig-
nificant increase in intracellular ROS (iROS) and RNS (iRNS) 
in Caco-2 cells was observed at early stages of SNP exposure, 
which indicated that iROS and iRNS were involved in the 
SNP-induced impairment of P-gp function.  Although, the 
decrease in folate transporter function induced by 10 µmol/L 
SNAP was reversible with sufficient (10 mmol/L) ascorbate, 
GSH, or NO scavengers[33], however these results showed that 
VC, GSH, UA and PTIO did not alleviate the impairment of 
P-gp function following a 4-h exposure to 0.1 and 2 mmol/
L SNP (Figure 5A); this lack of effect was most likely due 
to insufficient dosing of the reversal agents (2 mmol/L) at 
0.1 and 2 mmol/L NO donors.  Higher doses of the reversal 
agents were not used because simultaneous exposure to SNP 
and higher doses of reversal agents led to significant cell dam-
age.  However, these scavengers significantly reversed the 
SNP-induced stimulation of P-gp after a 24-h exposure to SNP, 
suggesting that the increase in both the activity and expression 
of P-gp by long-term exposure to NO donors resulted from 
the comprehensive effects of oxidative stress and nitrosative 
stress.  This conclusion was consistent with previous reports[8] 
in MBEC cells.

NOx activates diverse signaling pathways to regulate gene 
expression[20].  The MAPK signaling pathway, the PKC signal 
pathway and the PI3K/Akt pathways have been reported to 
be activated by NOx[20–23, 33, 34].  Whether or not NOx altered 
intestinal efflux activity by regulating these signal pathways 
was also studied using the corresponding pharmacological 
inhibitors wortmannin (a PI3K inhibitor), SB203580 (a p38 
MAPK inhibitor), and chelerythrine (a PKC inhibitor).  The 
results observed with these inhibitors were similar to the 
effects of free radical scavengers: although the three inhibitors 
did not alleviate the impairment of P-gp function induced by a 
4-h exposure to 2 mmol/L SNP, they reversed the P-gp stimu-
lation induced by long-term exposure to 0.1 mmol/L SNP.  
These results suggest that a 24-h exposure to NOx donors 
stimulated the expression and activity of P-gp via the PI3K/
Akt, PKC and p38 MAPK pathways.  

The pattern of changes in P-gp activity and protein expres-
sion in response to NO donors is certainly complex, as short-
term exposure to NO donor decreased P-gp function and 
expression, whereas long-term exposure to NO donors 
elevated P-gp function and expression.  Similar patterns have 
been found for MRP2 in renal proximal tubules exposed to 

certain tubular nephrotoxicants[35] and in P-gp in rat brain 
capillaries exposed to TNF (tumor necrosis factor)-α and ET 
(endothelin-1)[36].  These findings seem to partly explain the 
contradictory reports on the regulation of P-gp by NOx when 
different doses or incubation times were used[8, 10, 37].  

The present results indicate that the effects of NO donors 
on P-gp function and expression were dependent on exposure 
time.  Short-term exposure to NO donors led to a significant 
decrease in P-gp function and expression, whereas long-term 
exposure to NO donors stimulated P-gp function and expres-
sion.  The regulation of P-gp function and expression by NO 
donors occurred via a NO-independent mechanism.  
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Melatonin reduces acute lung inflammation, edema, 
and hemorrhage in heatstroke rats

Wen-shiann WU1, Ming-ting CHOU1, Chien-ming CHAO2, Chen-kuei CHANG3, Mao-tsun LIN3, 4, Ching-ping CHANG5, *
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Aim: To assess the therapeutic effect of melatonin on heat-induced acute lung inflammation and injury in rats.
Methods: Heatstroke was induced by exposing anesthetized rats to heat stress (36 °C, 100 min).  Rats were treated with vehicle or 
melatonin (0.2, 1, 5 mg/kg) by intravenous administration 100 min after the initiatioin of heatstroke and were allowed to recover at 
room temperature (26 °C).  The acute lung injury was quantified by morphological examination and by determination of the volume of 
pleural exudates, the number of polymorphonuclear (PMN) cells, and the myeloperoxidase (MPO) activity. The concentrations of tumor 
necrosis factor, interleukin (IL)-1β, IL-6, and IL-10 in bronchoalveolar fluid (BALF) were measured by ELISA. Nitric oxide (NO) level was 
determined by Griess method. The levels of glutamate and lactate-to-pyruvate ratio were analyzed by CMA600 microdialysis analyzer. 
The concentrations of hydroxyl radicals were measured by a procedure based on the hydroxylation of sodium salicylates leading to the 
production of 2,3-dihydroxybenzoic acid (DHBA).
Results: Melatonin (1 and 5 mg/kg ) significantly (i) prolonged the survival time of heartstroke rats (117 and 186 min vs 59 min); (ii) 
attenuated heatstroke-induced hyperthermia and hypotension; (iii) attenuated acute lung injury, including edema, neutrophil infiltra-
tion, and hemorrhage scores; (iv) down-regulated exudate volume, BALF PMN cell number, and MPO activity; (v) decreased the BALF 
levels of lung inflammation response cytokines like TNF-alpha, interleukin (IL)-1β, and IL-6 but further increased the level of an anti-
inflammatory cytokine IL-10; (vi) reduced BALF levels of glutamate, lactate-to-pyruvate ratio, NO, 2,3-DHBA, and lactate dehydrogenase.
Conclusion: Melatonin may improve the outcome of heatstroke in rats by attenuating acute lung inflammation and injury.

Keywords: free radicals; heat stroke; melatonin; acute lung injury; Wistar rats; tumor necrosis factor alpha; interleukins; nitric oxide
 
Acta Pharmacologica Sinica (2012) 33: 775–782; doi: 10.1038/aps.2012.29; published online 21 May 2012

Introduction
Heatstroke can be defined as a systemic condition of excessive 
hyperthermia (body core temperature above 40 °C) associated 
with a systemic inflammatory response that leads to multiple 
organ dysfunction, predominantly in the brain (eg, delirium, 
convulsion, and coma)[1, 2].  Heatstroke is the third most com-
mon cause of fatal brain injury in the world[3].  More than three 
quarters of studied heatstroke patients develop multiple organ 
dysfunction, the most common of which is acute respiratory 
distress syndrome clinically manifested as inflammatory lung 
injury of very rapid onset[4].  Indeed, acute lung inflammation 
and injury can be induced in a rat heatstroke model[5, 6].

* To whom correspondence should be addressed. 
E-mail jessica@mail.stut.edu.tw
Received 2012-01-02    Accepted 2012-03-12  

Melatonin, the main product of the pineal gland, is found 
in high concentrations in other body fluids and tissues[7, 8] and 
has anti-oxidant and anti-inflammatory actions[9–12].  We have 
evaluated the prophylactic effect of melatonin in heatstroke 
rats and showed that the systemic delivery of melatonin 
immediately before the start of heat stress significantly pro-
longs the survival time of heatstroke rats[13].  However, it is not 
known whether melatonin can be used as a therapeutic agent 
for heatstroke resuscitation.  

The present study had two purposes.  First, experiments 
were conducted to assess the effect of melatonin adminis-
tered immediately after the onset of heatstroke on the sur-
vival time of heatstroke rats.  Second, we attempted to assess 
the temporal profile of acute lung inflammation and injury 
in heatstroke rats treated with melatonin or vehicle.  In our 
previous study[13], prophylactic doses of melatonin (0.2–5.0  
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mg/kg, intravenously) were effective in preventing the occur-
rence of heatstroke.  The same dosage of melatonin was used 
in the present study to test its therapeutic action.

Materials and methods
Animals
Adult male Wistar rats (weighing 226–248 g) were obtained 
from the Animal Resource Center of the Republic of China 
National Science of Council (Taipei, Taiwan).  The animals 
were housed four to a cage at ambient temperature (Ta) of 
26±0.5 °C with a 12-h light/dark cycle.  Pelleted rat chow and 
tap water were available ad libitum.  The rats were allowed to 
become acclimated for at least 1 week.  The experimental pro-
tocol was approved by the Animal Ethic Committee of Chi Mei 
Medical Center (Tainan, Taiwan) under the Guidelines of the 
National Science Council of the Republic of China (Taipei, Tai-
wan).  Animal care and experiments were conducted accord-
ing to the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (publication 
No 85–23, revised 1996).  In all experiments, adequate anesthe-
sia — via a single intraperitoneal dose of urethane (1.4 g/kg 
of body weight) — was maintained for approximately 480 min 
to abolish the corneal reflex and pain reflexes induced by tail 
pinching.  At the end of the experiments, control rats and rats 
that had survived heatstroke were killed with an overdose of 
urethane.  

Surgery and monitoring of physiological parameters
The right femoral artery and vein of rats were cannulated 
with polyethylene tubing (PE50) under urethane anesthe-
sia for blood pressure monitoring and drug administration, 
respectively.  The body core temperature (Tco) was monitored 
continuously by a thermocouple, and mean arterial pressure 
(MAP) was monitored continuously with a pressure trans-
ducer.  

Induction of heatstroke
The Tco of the anesthetized animals was maintained at 
approximately 37 °C with an infrared light lamp, except in the 
heat stress experiments.  Heatstroke was induced by placing 
the animals in a folded heating pad at 36 °C controlled by cir-
culating hot water.  The time at which the MAP started to drop 
and the time at which MAP dropped to a value of approxi-
mately 50 mmHg were found to be 100 and 140 min, respec-
tively, after the start of heat stress[13].  At 100 min, the heating 
pad was removed, and the animals were allowed to recover at 
room temperature (26 °C)[13].  Survival time values (the interval 
between the 100-min time point and death) were determined.  
Our previous results showed that the vehicle-treated heated 
rats had both hyperthermia (~40 °C Tco) and hypotension (~50 
mmHg) at 140 min, suggesting the occurrence of heatstroke[13].  

Preparation of the melatonin solution
Melatonin (Sigma, St Louis, MO, USA) was dissolved in a min-
imum volume of ethanol (0.5 mL) and diluted to the desired 

concentration with normal saline.  In the vehicle-treated heat-
stroke group, an intravenous dose of vehicle solution (1 mL of 
ethanol-normal saline solution per kilogram of body weight) 
was administered 120 min after the onset of heat stress.  In the 
melatonin-treated heatstroke group, an intravenous dose of 
melatonin solution (0.2–5 mg of melatonin in 1 mL of ethanol-
normal saline solution per kilogram of body weight) was 
administered 120 min after the start of heat stress.

Experimental groups
Animals were assigned randomly to one of three groups.  The 
normothermic control group was treated with an intravenous 
dose of vehicle solution and exposed to a Ta of 26 °C.  The 
vehicle-treated heatstroke group was treated with the same 
dose of vehicle solution 120 min after the initiation of heat 
exposure (36 °C for 100 min).  The third group of rats was 
treated with an intravenous dose of melatonin (0.2, 1.0, or 5.0 
mg/kg) solution 120 min after the onset of heat stress.  The 
last two groups of rats were exposed to heat stress (36 °C) for 
exactly 100 min to induce heatstroke and were then allowed to 
recover at room temperature (26 °C).  In all groups, the physi-
ological parameters and survival time were observed for up to 
480 min (or to the end of the experiments).

Lung morphology
At the end of the experiments, the animals were killed, and the 
lungs not used for lavage were excised en bloc.  Lung tissues 
were fixed in 10% buffered formalin for 24 h and then embed-
ded in paraffin and cut into 3-μm thick sections.  Sections were 
stained with hematoxylin and eosin, and images were taken 
with an Olympus BX51 microscope with a 40×objective.  The 
lung injury scoring method of Su et al[14, 15] was modified and 
applied to quantify changes in lung architecture visible by 
light microscopy.  The degree of microscopic injury was scored 
on the basis of the following variables: alveolar and interstitial 
edema, neutrophil infiltration, and hemorrhage.  The severity 
of injury was graded for each variable: no injury=0; injury to 
25% of the field=1; injury to 55% of the field=2; injury to 75% 
of the field=3; and diffuse injury=4.  All samples were ana-
lyzed on a scaled grading system by a pathologist who was 
blinded to the experimental protocol and the region of sam-
pling.  A total of three slides prepared using each lung sample 
were randomly screened, and the mean was taken as the rep-
resentative value of the sample.  For presentation, we chose 
typical examples that were observed in all preparations of the 
same treatment.

Determination of the volume of pleural exudates and the number 
of polymorphonuclear (PMN) cells
The chest was carefully opened, and the plural cavity was 
washed with 2 mL of saline solution with heparin (5 U/mL) 
and indomethacin (10 μg/mL).  The exudates and the wash-
ing solution were removed by aspiration, and the total volume 
was measured.  The results were calculated by subtracting the 
volume injected (2 mL) from the total volume recovered.  Cells 
were counted with the aid of a hemocytometer, and the PMN 
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populations were found to contain at least 95% PMN cells as 
demonstrated by cytospin and differential stain analysis (vital 
Trypan Blue stain).

Measurements of the levels of cytokines, glutamate, lactate/
pyruvate ratio, lactate dehydrogenase (LDH), nitric oxide (NO) 
metabolites, and 2,3-dihydroxybenzoic acid (2,3-DHBA) in 
bronchoalveolar fluid (BALF)
In separate experiments, the lungs were lavaged by the instal-
lation of 5 mL saline solution at room temperature through 
a PE tube (2.0 mm in diameter) onto the trachea.  BALF was 
obtained 140 min after the start of heat stress or at the equiva-
lent time for normothermic controls.  The 5 mL of saline 
installed into the lung was withdrawn.  After centrifugation 
at 830×g for 10 min, the BALF supernatant was collected for 
measurement.  

The concentrations of tumor necrosis factor-alpha (TNF-α), 
interleukin-1β (IL-1β), IL-6, and IL-10 in the BALF were deter-
mined using the double antibody sandwich ELISA (R&D sys-
tems, Minneapolis, MN, USA) according to the manufacturer’s 
instructions.  Optical densities were read on a plate reader.  
The concentrations of these cytokines in the samples were 
calculated from the standard curve multiplied by the dilution 
factor and expressed as pg/mL.  

To determine the glutamate levels and lactate-to-pyruvate 
ratio, 5-μL aliquots of the samples were injected onto a 
CMA600 microdialysis analyzer (Carnegie Medicine, Stock-
holm, Sweden) for measurement[16].  It should be stressed 
that BALF samples were not re-used for the determination of 
markers of oxidative/nitrosative stress.

Nitric oxide (NO) is an unstable molecule that is easily 
degraded into nitrite and nitrate ions[17].  These stable NO 
metabolites have been reported to reflect the levels of regional 
NO production/release.  Nitrite and nitrate levels were mea-
sured using an HPLC-NO detector system (ENO-10; Eicom) as 
reported previously[18].  In brief, nitrite and nitrate were sepa-
rated on a reverse-phase column (NO-PAK, 4.6 mm×50 mm; 
Eicom), and nitrate was reduced to nitrite by passage through 
a reduction column (NO-RED; Eicom).  Nitrite was deter-
mined as the Azo Dye compound formed by the Griess reac-
tion using a spectrophotometer.  These oxidative NO products 
were also evaluated as NO.

The concentrations of hydroxyl radicals were measured by 
a modified procedure based on the hydroxylation of sodium 
salicylates by hydroxyl radicals leading to the production of 
2,3-DHBA and 2,5-DHBA[19].  A Ringer’s solution contain-
ing 0.5 mmol/L sodium salicylate was perfused through the 
microdialysis probe at a constant flow rate (1.2 μL/min).  An 
all-time reverse phase C18 column (150 mm×1 mm internal 
diameter, particle size 5 μm; BAS) was used to separate the 
DHBA moieties, and the mobile phase consisted of a mixture 
of 0.1 mol/L chloroacetic acid, 26.87 nmol/L disodium EDTA, 
688.16 nmol/L sodium octylsulfate and 10% acetonitrile (pH 
3.0).  The retention times of 2,3-DHBA and 2,5-DHBA were 8.1 
and 6.0 min, respectively.

Measurements of myeloperoxidase (MPO) activity in lung tissue
MPO activity, an index of PMN cell accumulation, was deter-
mined as previously described[20].  Lung tissues were homog-
enized in a solution containing 0.5% hexa-decyl-trimethyl-
ammonium bromide dissolved in 10 mmol/L potassium phos-
phate buffer (pH 7.0) and centrifuged for 30 min at 20 000×g 
at 4 °C.  An aliquot of the supernatant was then allowed to 
react with a solution of 1.6 mmol/L tetra-methyl-benzedrine 
and 0.1 mmol/L H2O2.  The rate of change in absorbance was 
measured by spectrophotometry at 650 nm.  MPO activity 
was defined as the quantity of enzyme needed to degrade 1 
μmol/mL of peroxide at 37 °C and was expressed in ng/mg 
protein of wet tissue.

Statistical analysis
All data are expressed as the mean±SD.  A one-way analysis of 
variance with Tukey’s multiple comparisons test was used for 
BALF or lung markers and physiological parameters.  Signifi-
cant differences were established if P<0.05.  For all statistical 
analyses, SPSS software version 10.0 (SPSS Inc, Chicago, IL, 
USA) was used.

Results
Melatonin therapy attenuates hyperthermia and hypotension and 
improves survival during heatstroke
Table 1 summarizes the survival time for vehicle- and mela-
tonin-treated rats during heatstroke.  The melatonin-treated 
heatstroke rats had significantly higher survival time values 
compared with the vehicle-treated rats (P<0.05): the survival 
times were 56–62 min (n=6) for vehicle-treated rats and 178–
194 min (n=6) for melatonin (5 mg/kg)-treated rats.

Figure 1 shows the effect of heat exposure (36 °C for 100 
min) on both Tco and MAP in rats treated with vehicle or 
melatonin (0.2–5 mg/kg).  As shown in Figure 1, 40 min after 
the termination of heat exposure in the vehicle-treated group, 

Table 1.  Effects of heat exposure (36 °C for 100 min) on survival time in 
rats treated with vehicle or melatonin immediately after the initiation of 
heat exposure.  Except for the normothermic controls, data are presented 
as the mean±SD.  n=6.  bP<0.05 compared with Group 1; eP<0.05 
compared with Group 2.  

                         Treatment group	                                                 Survival time
                                                                                                              (min)   
 
	 1. Normothermic controls	  >480 
	 2. Vehicle-treated heatstroke rats*	   59±3b

	 3. Melatonin (0.2 mg/kg)-treated heatstroke rats*	   65±3
	 4. Melatonin (1 mg/kg)-treated heatstroke rats*	 117±5e

	 5. Melatonin (5 mg/kg)-treated heatstroke rats*	 186±8e

Group 1 rats were sacrificed approximately 480 min after the initiation 
of the experiment (or at the end of the experiment) by an over-dose of 
anesthetic; otherwise, they should survive more than 480 min.  
* For the groups exposed to 36 °C, the heat stress was withdrawn at 100 
min, and the rats were allowed to recover at room temperature (26 °C).  
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the MAP values were significantly lower than those of the 
normothermic controls (P<0.05).  In contrast, the Tco values 
in the vehicle-treated heatstroke rats were significantly higher 
than those of the normothermic controls.  Heatstroke-induced 
hyperthermia and hypotension were significantly and dose-
dependently attenuated by melatonin therapy (1–5 mg/kg).

Melatonin therapy reduces acute lung injury during heatstroke
Figure 2 summarizes the effects of heat exposure on acute 
lung injury scores in rats treated with vehicle or with mela-
tonin (0.2–5 mg/kg).  A typical example of hematoxylin-eosin 
staining of the lung is depicted in Figure 2A. The images of the 
lungs that were not lavaged in the histology revealed that all 
the injury scores, including edema, neutrophil infiltration, and 
hemorrhage scores, were significantly increased in the vehicle-
treated heatstroke group compared with the normothermic 
controls (Figure 2B).  However, when compared with the vehi-
cle-treated group, the animals of the melatonin (1–5 mg/kg)-
treated heatstroke group had significantly lower injury scores 
(Figure 2B).    

Melatonin therapy down-regulates exudate volume, BALF PMN 
cell number, and lung MPO activity during heatstroke
Figure 3 summarizes the effects of heat exposure on exudate 

volume, the number of PMN cells in the BALF, and lung MPO 
activity of normothermic controls, vehicle-treated heatstroke 
rats, and melatonin (0.2–5 mg/kg)-treated heatstroke rats.  At 
140 min after the start of heat exposure, the exudate volume, 
number of PMN cells in the BALF, and the lung MPO activ-
ity were greater in vehicle-treated heatstroke rats than in the 
normothermic controls.  However, all these indicators of acute 
pleurisy were greatly attenuated by melatonin therapy.

Melatonin up-regulates BALF IL-10 levels but down-regulates 
BALF TNF-α, IL-1β, and IL-6 levels during heatstroke
Figure 4 summarizes the BALF IL-10, TNF-α, IL-1β, and IL-6 
levels among the three experimental groups.  Compared with 

Figure 1.  Core temperature (Tco, A) and mean arterial pressure (MAP, B) 
values for normothermic controls, vehicle-treated heatstroke rats, mela-
tonin (0.2 mg/kg)-treated heatstroke rats, melatonin (1 mg/kg)-treated 
heatstroke rats, and melatonin (5 mg/kg)-treated heatstroke rats. The val-
ues were obtained at 0, 100, or 140 min after the initiation of heat expo-
sure in heatstroke rats or the equivalent times in normothermic controls. 
All heatstroke groups had heat exposure (36 °C) withdrawn at exactly 
100 min and were then allowed to recover at room temperature (26 °C). 
Bars are the mean±SD of 6 rats for each group.  bP<0.05 compared with 
normothermic controls; eP<0.05 compared with vehicle-treated heatstroke 
rats. Figure 2.  Histological examination of lung tissue from normothermic 

controls (NC), vehicle-treated heatstroke rats (HS+Sal), melatonin (0.2 
mg/kg)-treated heatstroke rats (HS+Mel-0.2 mg/kg), melatonin (1  
mg/kg)-treated heatstroke rats (HS+Mel-1 mg/kg), and melatonin (5  
mg/kg)-treated heatstroke rats (HS+Mel-5 mg/kg).  (A) Representative 
lung microscopic image from an NC rat (a), an HS+Sal rat (b), and 
an HS+Mel-5 mg/kg rat (c).  The HS+Sal rats had interstitial edema, 
neutrophil accumulation and hemorrhage.  The lung pathological changes 
that occurred during heatstroke were significantly attenuated by melatonin 
(1–5 mg/kg) (P<0.05).  (B) The level of edema, neutrophils infiltration, and 
hemorrhage score. Data are expressed as the mean±SD. n=6.  bP<0.05 
compared with the NC group; eP<0.05 compared with the vehicle-treated 
heatstroke group (HS+Sal).
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the normothermic controls, vehicle-treated heatstroke rats had 
significantly higher levels of IL-10, TNF-α, IL-1β, and IL-6 at 
140 min after the onset of heat stress.  The increase in the BALF 
levels of TNF-α, IL-1β, and IL-6 during heatstroke was signifi-
cantly reduced by melatonin therapy (1–5 mg/kg).  However, 
compared with vehicle-treated rats, melatonin therapy (1–5 
mg/kg) further enhanced the BALF levels of heat-induced 
IL-10.  

Melatonin therapy down-regulates the BAL levels of glutamate, 
NO, lactate-to-pyruvate ratio, 2,3-DHBA, and LDH during 
heatstroke
Figure 5 shows the levels of glutamate, NO, lactate-to-pyru-
vate ratio, 2,3-DHBA, and LDH in the BALF among the three 
experimental groups.  Compared with normothermic controls, 
vehicle-treated heatstroke rats had significantly higher levels 
of all these markers 140 min after the start of heat stress.  These 
increases were significantly reduced by melatonin therapy 
(1–5 mg/kg).

Discussion
On the level of the whole organism, severe heat stress 
(42–43 °C for ~70 min) caused hyperthermia (i.e., body core 

temperature >40 °C), hypotension (mean arterial pressure <50 
mmHg), intracranial hypertension, splanchnic vasoconstric-
tion, and hypoxia, which might facilitate the leakage of endo-
toxin from the intestine to the systemic circulation and result 
in excessive activation of PMN cells and endothelial cells[1, 2, 21].  
In this study, mild heat stress (36 °C for 100 min) also caused 
hyperthermia, hypotension, and many aspects of heatstroke 
reactions, described below.  This indicates that the MAP value 
of ~50 mmHg and hyperthermia (>40 °C body core tempera-
ture) used in the present study are sufficient to represent heat 
shock.

Endotoxin causes multiple organ dysfunction, including 
acute lung injury[22].  During acute lung injury, acute lung 
inflammation is characterized by the local recruitment and 
activation of PMNs[23] and the release of proinflammatory 
mediators[24, 25], proteases, and reactive oxygen and nitrogen 
species[26, 27].  These reactions lead to alveolar-capillary dam-
age, with high permeability lung edema and alteration of lung 
mechanics, and result in severe gas exchange abnormalities[28].  
Endotoxin can stimulate the overproduction of a variety of 

Figure 3.  Exudate volume, number of PMN cells and MPO activity in lung 
tissues from NC, HS+Sal, HS+Mel (0.2 mg/kg), HS+Mel (1 mg/kg), and 
HS+Mel (5 mg/kg) rats.  Data are expressed as mean±SD.  n=6.  bP<0.05 
compared with the NC group; eP<0.05 compared with the HS+Sal group. Figure 4.  Interleukin-10, tumor necrosis factor-alpha, interleukin-1β, and 

interleukin-6 levels in BALF from the NC, HS+Sal, HS+Mel (0.2 mg/kg), 
HS+Mel (1 mg/kg), and HS+Mel (5 mg/kg) rat. Data are expressed as 
the mean±SD.  n=6.  bP<0.05 compared with the NC group; eP<0.05 
compared with the HS+Sal group.
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proinflammatory mediators, such as TNF-α, IL-1β, IL-6, and 
NO[29].  Concurrently, IL-10, an anti-inflammatory cytokine, 
is induced to limit the net inflammatory response in the 
lungs[30].  The pleiotropic transcription factor nuclear-kappa 
B (NF-κB) also plays a crucial role in regulating the expres-
sion of cytokines, chemokines, adhesion molecules, and other 
mediators[22, 31].  

Like endotoxin-induced septic shock, heatstroke rats 
showed (i) increased lung activity of MPO (an indicator for 

PMN cell infiltration); (ii) increased exudate volume and PMN 
cell numbers (indicators of acute pleurisy); (iii) increased 
BALF levels of proinflammatory cytokines, such as TNF-α and 
IL-1β, and the anti-inflammatory cytokine IL-10; (iv) increased 
BALF levels of glutamate and the lactate-to-pyruvate ratio 
(cellular ischemia markers), the toxic oxidizing radicals NO 
and 2,3-DHBA, and LDH (an indicator of toxic organ injury); 
and (v) increased acute lung edema, neutrophil infiltration, 
and hemorrhage scores.

This study provides the first data showing the beneficial 
effects of melatonin on acute lung inflammation and injury 
in heatstroke rats.  Our results clearly indicate that melatonin 
treatment significantly (i) reduced acute lung injury, includ-
ing edema, neutrophil infiltration, and hemorrhage scores; 
(ii) decreased acute pleurisy; (iii) decreased BALF levels of 
proinflammatory cytokines, a cellular ischemia marker, and 
ischemic and oxidative damage markers; and (iv) reduced 
lung MPO activity in rats during heatstroke.  In conclusion, 
heatstroke causes acute lung inflammation and injury, and 
melatonin has a beneficial effect against acute lung inflam-
mation and injury in heatstroke.  Therefore, melatonin has a 
therapeutic potential in the clinical treatment of lung inflam-
mation and injury.

Our results are partly consistent with previous findings 
obtained from different disease models.  For example, mela-
tonin reduces acute lung injury in endotoxemic rats[22] or in 
sleep-deprived mice[32] by attenuating pulmonary inflamma-
tion and inhibiting NF-κB activation[22].  Melatonin protects 
against acute lung injury caused by radiation therapy in a rat 
model[26].  Additionally, oral melatonin attenuates acute lung 
injury caused by the inhalation of aerosolized pancreatic fluids 
in rats by reducing lung inflammation and airway hyperactiv-
ity[10].  Leukocyte rolling and adhesion to the microcirculation 
in rats is inhibited by melatonin[27].  Melatonin attenuates para-
quet-induced acute lung toxicity in rats by inhibiting oxidative 
damage[28].  Melatonin is efficient in ameliorating ischemia/
reperfusion injury of the intestine and lung in rats by inhibit-
ing both oxidative and nitrosative stress in these organs[33].  
Together, these observations led us to conclude that melatonin 
might attenuate heatstroke-induced acute lung injury in rats 
by inhibiting pulmonary inflammation, NF-κB activation, and 
oxidative and nitrosative stress in the lung.  Of course, the 
hypothesis warrants further verification in future studies.

It has been shown that the BALF levels of pro-inflammatory 
cytokines, such as IL-1β, are elevated in patients with adult 
respiratory distress syndrome[34].  An overproduction of TNF-α 
is also noted in endotoxin-induced lung inflammation[35].  Both 
our previous[6] and present results confirm that the inflam-
matory process (eg, heat-induced acute pleurisy) leads to the 
overproduction of pro-inflammatory cytokines, such as TNF-
alpha, IL-1β, and IL-6, in the BALF.  Our results further show 
that the increased BALF levels of both IL-1β and TNF-α dur-
ing experimental heatstroke can be reduced by melatonin.  
In addition, BALF IL-10 levels in heatstroke are elevated 
by melatonin.  IL-10 can attenuate both IL-1β and TNF-α 
production[36].  Therefore, melatonin may attenuate acute lung 

Figure 5.  Glutamate, lactate-to-pyruvate ratio, lactate dehydrogenase 
(LDH), nitric oxide metabolites (NO), and 2,3-dihydroxybenzoic acid (2,3-
DHBA) levels in BALF from the NC, HS+Sal, HS+Mel (0.2 mg/kg), HS+Mel (1 
mg/kg), and HS+Mel (5 mg/kg) rats.  Data are expressed the mean±SD.  
n=6.  bP<0.05 compared with the NC group; eP<0.05 compared with the 
HS+Sal group.
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inflammation during heatstroke by stimulating IL-10 produc-
tion and inhibiting the production of proinflammatory cytok-
ines, including IL-1β and TNF-α, in the BALF.

The above-mentioned pro-inflammatory cytokines lead to 
the release of large amounts of the toxic oxidizing radicals, 
such as NO, superoxide anion (O2

–), and hydroxyl radicals, 
from neutrophils, macrophages, and monocytes, which causes 
multiple organ injury via the peroxidation of membrane lip-
ids, the oxidative damage of proteins and DNA[37], or the aug-
mentation of local tissue injury[38].  This systemic inflammatory 
response would result in the sequestration of polymorphonu-
clear cells in the lung and liver, which would lead to vascular 
dysfunction and multiple organ dysfunction[39].  In the present 
study, melatonin therapy may have caused the attenuation of 
acute lung injury in heatstroke by reducing the overproduc-
tion of pro-inflammatory cytokines, toxic oxidizing radicals, 
the sequestration of polymorphonuclear cells, and organ dam-
age markers in lung tissues.

Both glutamate and the lactate-to-pyruvate ratio are mark-
ers of cellular ischemia[40, 41].  Our data show that the excessive 
elevation of both glutamate levels and the lactate-to-pyruvate 
ratio in the BALF occurred during heatstroke, suggesting that 
heat stress causes lung ischemia.  We further demonstrate that 
heat-induced lung ischemia can be attenuated by melatonin.

It should be stressed that our previous results demonstrated 
that systemic administration of melatonin immediately before 
the onset of heatstroke significantly prolongs the survival 
time of rats[13].  In the present study, the delivery of melatonin 
immediately after the onset of heatstroke also significantly 
prolonged survival time.  The results indicate that melatonin 
can be used as both a prophylactic and a therapeutic agent for 
experimental heatstroke.  As shown by our previous and pres-
ent results, the time to death of heatstroke rats treated with 
melatonin was prolonged, but all the animals eventually died.  
In fact, these animals were under general urethane anesthesia.  
To verify that there was durable improvement in survival, 
unanesthetized, unrestrained animals with or without mela-
tonin treatment should be exposed to heat stress.

In summary, the present study provides the data showing 
that the occurrence of pulmonary edema, inflammation, and 
ischemic and oxidative damage caused by heatstroke in rats 
can be attenuated by melatonin therapy.

Key messages
Heatstroke rats display acute lung edema, inflammation, 
and injury. Melatonin therapy significantly attenuated heat-
induced acute lung edema, inflammation, and injury.
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Characterization of the immune responses elicited by 
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Aim: To compare the specific immune responses elicited by different baculovirus vectors in immunized mice.
Methods: We constructed and characterized two recombinant baculoviruses carrying the expression cassette for the H5N1 influenza 
virus hemagglutinin (HA) gene driven by either an insect cell promoter (vAc-HA) or a dual-promoter active both in insect and mammalian 
cells (vAc-HA-DUAL).  Virus without the HA gene (vAc-EGFP) was used as a control.  These viruses were used to immunize mice 
subcutaneously and intraperitoneally.  The production of total and specific antibodies was determined by ELISA and competitive ELISA.  
Cytokine production by the spleen cells of immunized mice was studied using the ELISPOT assay.
Results: Both the vAc-HA and vAc-HA-DUAL vectors expressed HA proteins in insect Sf9 cells, and HA antigen was present in progeny 
virions.  The vAc-HA-DUAL vector also mediated HA expression in virus-transduced mammalian cell lines (BHK and A547).  Both vAc-
HA and vAc-HA-DUAL exhibited higher transduction efficiencies than vAc-EGFP in mammalian cells, as shown by the expression of the 
reporter gene egfp.  Additionally, both vAc-HA and vAc-HA-DUAL induced high levels of HA-specific antibody production in immunized 
mice; vAc-HA-DUAL was more efficient in inducing IFN-γ and IL-2 upon stimulation with specific antigen, whereas vAc-HA was more 
efficient in inducing IL-4 and IL-6.
Conclusion: Baculovirus vectors elicited efficient, specific immune responses in immunized mice.  The vector displaying the HA antigen 
on the virion surface (vAc-HA) elicited a Th2-biased immune response, whereas the vector displaying HA and mediating HA expression 
in the cell (vAc-HA-DUAL) elicited a Th1-biased immune response.
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Introduction
The H5N1 avian influenza virus is a highly contagious virus 
that causes significant morbidity and mortality worldwide.  
It infects not only avian species but also humans.  Over 565 
human cases have been reported, of which 331 cases were 
fatal[1].  New prophylactic and therapeutic strategies are essen-
tial for pandemic influenza preparedness[2].

The baculovirus Autographa californica multiple nucleopoly-
hedrovirus (AcMNPV) has been widely used to overexpress 
recombinant proteins in insect cells.  Recently, it has also been 
found to enter mammalian cells efficiently and without viral 
replication.  Modified AcMNPV can express exogenous genes 
in mammalian cells when controlled by promoters active in 
mammalian cells.  The list of mammalian cells permissive to 
baculovirus transduction has expanded rapidly[3].  Because 
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of its excellent biosafety and high efficiency in gene delivery, 
baculovirus is believed to have great potential as a novel vec-
tor for gene therapy and vaccine development[3, 4].  

Two basic approaches have been explored to develop bacu-
lovirus as a vaccine vector.  One approach is to insert the 
expression cassette of the target antigen into the viral genome 
so that the recombinant virus can produce the antigen inside 
the host cells.  The second approach is to display the antigen 
on the virion surface.  Both approaches have been shown to 
elicit efficient immune responses against target antigens in 
vivo[5–8].  

In the current study, two recombinant baculoviruses were 
constructed, one displaying the influenza virus HA protein 
only on the virion surface, and the other both displaying HA 
and mediating HA expression in mammalian cells.  Although 
both viruses elicited efficient responses in immunized mice, 
they showed different biases with regard to Th1 and Th2 
balance.  Our results provide new insight into the immune 
responses elicited by baculovirus vectors and indicate that 
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baculoviruses can be used as efficient vectors for vaccine 
development[9, 10].  

Materials and methods
Construction of recombinant baculovirus vectors
The pFB-EGFP plasmid was constructed as follows.  The 
enhanced green fluorescence protein gene (egfp), driven by the 
tandemly arranged promoters of baculovirus p10 and CMV 
IE1, was digested from pFB-GR using Xba I and inserted into 
the Xba I site of pFastBac1 (Invitrogen, Carlsbad, CA, USA).  
The full-length HA gene from the H5N1 highly pathogenic 
avian influenza virus was constructed from the HA gene 
sequence of A/Vietnam/1203/2004 (GenBank accession No 
AY818135) by annealing synthetic oligonucleotides and ampli-
fying with PCR.  The full-length gene was verified by DNA 
sequencing; it was then inserted into pFB-EGFP between the 
BamH I and Sal I sites downstream of the baculovirus polyhe-
drin promoter to generate the plasmid pFB-HA.  

The pFB-HA-DUAL plasmid was constructed by insert-
ing the CMV IE1 promoter into the BamH I site between the 
polyhedrin promoter and the HA coding sequence in pFB-
HA.  The CMV IE1 promoter was generated by PCR using 
pFB-EGFP as the template and the primers 5’-GGCGGATC-
CCGTTACATAACTTACGGTAAATGGCCCGCCTGGC-3’ 
and 5’-GCCGGATCCCGGTGTCTTCTATGGAGGTCAAAA-
CAGCGTGG-3’.

Virus and cells
The recombinant baculoviruses, vAc-EGFP, vAc-HA, and 
vAc-HA-DUAL, were generated from the plasmids, pFB-
EGFP, pFB-HA, and pFB-HA-DUAL, respectively, using the 
Bac-to-Bac system (Invitrogen) according to the manufacturer’s 
instructions.  Viruses were grown in Spodoptera frugiperda (Sf9) 
cells at a Multiplicity of Infection (MOI) of 0.1 (plaque form-
ing units/cell) and harvested 4 d post-infection.  Virus titers 
were determined by end-point dilution assay in Sf9 cells[11].  
Viruses in the supernatant were concentrated by centrifuga-
tion at 40 000×g for 1 h; pellets were suspended in PBS and 
further purified by 25%–60% sucrose gradient ultracentrifuga-
tion at 100 000×g for 1 h.  To determine the distribution of HA 
proteins, purified virions were treated with an equal volume 
of 1% Triton X-100 for 15 min to disrupt the viral envelope, 
and the viral nucleocapsids were collected by centrifugation at 
50 000×g for 1 h.  

Sf9 cells were cultured at 27 °C in TNM-FH medium (Sigma-
Aldrich, St Louis, MO, USA) supplemented with 10% fetal 
bovine serum (FBS), 100 µg/mL streptomycin and 100 U/mL 
penicillin. Baby hamster kidney (BHK) and human lung 
(A549) cell lines were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM, Invitrogen) supplemented with 10% FBS, 
100 µg/mL streptomycin, and 100 U/mL penicillin at 37 °C 
and 5% CO2.  

Baculovirus transduction of mammalian cells
BHK or A549 cells were seeded in 24-well plates and cultured 
until the cells reached approximately 70%–80% confluence.  

Then, the culture medium was removed, and the cells were 
washed three times with PBS (pH 7.4).  The baculovirus inocu-
lum was added to the cells to an MOI of 200, and the cells 
were incubated for 2 h at 37 °C.  Virus was removed, fresh 
medium was added, and the cells were incubated at 37 °C for 
another 24 h before the expression of HA was examined[12–14].

Western blot analysis
Total protein from cell or virus samples was separated using 
10% sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) and transferred to polyvinylidene difluoride 
(PVDF) membranes.  Mouse antibody against HA (H5-specific, 
1:5000 dilution, USBiological, Swampscott, MA, USA) and 
alkaline phosphatase-conjugated goat anti-mouse IgG (1:30 000 
dilution, Sigma-Aldrich) were used as the primary and sec-
ondary antibodies, respectively.  Blots were developed with 
NBT and BCIP.

Flow cytometry
BHK or A549 cells were transduced with baculovirus at an 
MOI of 10 for BHK cells and an MOI of 100 for A549 cells 
as described above, then cultured for 24 h.  The cells were 
detached by trypsinization, washed twice with PBS and 
analyzed for green fluorescence by flow cytometry (Becton 
Dickinson FACS Calibur).  A minimum of 10 000 events were 
collected and analyzed for each sample.  Data were analyzed 
using the CELLQUEST software.  Representative results from 
at least three independent experiments are shown.

Immunization of mice
Six- to eight-week-old female BALB/c mice (Animal Center, 
Shanghai Institutes for Biological Science, Shanghai, China) 
were randomly divided into three groups with 8 mice per 
group (n=8).  The mice were immunized twice, separated by 
14 d, both subcutaneously and intraperitoneally, with 1×109 
pfu of recombinant baculovirus per inoculum.  Immunized 
mice were housed in the SPF animal facility at Fudan Univer-
sity (Shanghai, China) under constant conditions of 23±1 °C, 
40%±5% humidity and a 12 h:12 h light/dark cycle, with free 
access to pellet food and tap water.  All animal experiments 
were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals and were approved by the Eth-
ics Committee for Animal Care and Use of Fudan University.  
One week following the second immunization, serum samples 
were collected from the retro-orbital plexus for serological 
testing and antibody assay; the mice were sacrificed, and sple-
nocytes were harvested for ELISPOT assay.  

Enzyme-linked immunosorbent assay (ELISA) and competitive 
ELISA
The expressed amount of HA-specific antibody in immu-
nized mice was determined by competitive ELISA using an 
H5-subtype HA detection kit (AXIOM, Burstadt, Germany) 
and the negative and positive control samples provided by 
the kit.  The levels of total IgG and IgA in the mice were also 
determined using ELISA kits (ADI, San Antonio, TX, USA).  
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All steps were performed according to the manufacturer’s 
instructions.  The antibody concentrations in the samples were 
calculated from standard curves.

Splenocytes were harvested from the mice one week after 
the second immunization and cultured in 24-well plates 
(1×106/well) at 37 °C and 5% CO2 in the presence of one of the 
following: an HA-specific peptide (a 14-mer peptide from the 
middle region of HA, 5 µg/mL, Biodesign, catalog number 
R88640), a non-specific peptide (a 16-mer peptide from the 
middle region of neuraminidase, 5 µg/mL, Biodesign, catalog 
number R88440) or plant hemagglutinin (PHA, 2.5 µg/mL).  
A control of untreated splenocytes was also included.  After 
72 h of incubation, the culture supernatant was harvested, 
and the level of IFN-γ and IL-4 in the supernatant was deter-
mined using mouse IFN-γ and IL-4 immunoassay ELISA kits 
(Dakewei, Shenzhen, China) according to the manufacturer’s 
instructions.  The concentrations of IFN-γ and IL-4 in the sam-
ples were determined using standard curves.

ELISPOT assay
The number of splenocytes producing cytokines upon anti-
gen stimulation was determined using the ELISPOT assay 
(U-CyTech, Netherlands) according to the manufacturer’s 
instructions.  Briefly, 96-well plates were coated overnight 
at 4 °C with 100 µL per well of specific antibody against the 
cytokines of interest (IFN-γ, IL-2, IL-4, or IL-6).  The plates 
were washed three times with sterile and pyrogen-free PBS 
and blocked with blocking buffer for 1 h at 37 °C.  The spleno-
cytes from immunized mice were added to the wells (1×105/
well) in RPMI-1640 containing either the HA peptide, the NA 
peptide or PHA as described above.  Mock-stimulated and 
blank controls were included.  The cells were cultured for 24 h 
at 37 °C, 5% CO2 and 100% humidity.  Cultured cells were 
washed twice with PBS and 5 times with wash buffer (PBS 
with 0.05% Tween-20).  Then, 100 µL of properly diluted (1:10) 
biotinylated detection antibodies was added to each well, 
and the plate was incubated for 1 h at 37 °C.  After washing 
both sides of the PVDF membrane 5 times with wash buffer, 
100 µL of properly diluted (1:10) streptavidin-HRP solu-
tion was added to each well, and the plate was incubated for 
1 h at 37 °C.  The plate was washed as described above and 
developed for 25 min at room temperature in the dark with 
the peroxidase substrate AEC.  The reaction was stopped by 
thoroughly rinsing both sides of the PVDF membrane with 
deionized water.  The plates were air dried at room tempera-
ture, and the spots were counted using an immunospot image 
analyzer.  The blank control consistently demonstrated fewer 
than 10 SFC (spot forming cells) per 106 splenocytes.

Statistical analysis
Means from at least 3 replicates are shown along with error 
bars representing the standard deviations.  Animal experi-
ments were repeated at least twice for each treatment.  Stu-
dent’s t-test was used to compare humoral or cellular immune 
responses between different groups, and P-values less than 
0.05 were considered statistically significant .

Results
Construction of recombinant viruses
Recombinant baculoviruses for the expression of H5N1 influ-
enza virus HA protein in insect cells (vAc-HA), or in both 
insect cells and mammalian cells (vAc-HA-DUAL), were con-
structed.  Both viruses contained an egfp-gene expression cas-
sette for both insect and mammalian cells.  The control virus, 
vAc-EGFP, contained the egfp gene but not the HA gene.  The 
genomic structure of the three recombinant viruses is shown 
in Figure 1.  

Presence of HA on the viral envelope
Western blotting using anti-HA monoclonal antibod-
ies revealed a protein of approximately 72 kDa in Sf9 cells 
infected by vAc-HA and vAc-HA-DUAL (Figure 2A).  By 
contrast, no HA protein was observed in cells infected by vAc-
EGFP.  Mock-treated cells were uninfected.

Virions produced by the recombinant baculoviruses were 
purified from the medium of infected Sf9 cells and examined 
for the presence of HA protein using Western blotting.  As 
shown in Figure 2B, HA proteins were found in vAc-HA and 
vAc-HA-DUAL virions but not in vAc-EGFP virions.  When 
the virions were treated with Triton X-100 to dissolve the viral 
envelopes, HA proteins were no longer present (Figure 2B), 
indicating that the HA proteins were localized to the viral 
envelope.

Baculovirus-mediated HA expression in mammalian cells
The recombinant baculoviruses vAc-EGFP, vAc-HA, and vAc-
HA-DUAL were used to transduce BHK cells at an MOI of 
100.  Green fluorescence was observed in cells transduced by 
all three viruses 24 h post-transduction (pt) (data not shown).  
As expected, Western blot analysis using anti-HA antibodies 
demonstrated HA expression only in BHK cells transduced 
with vAc-HA-DUAL (Figure 2C).  The HA protein was par-
tially cleaved to HA1 (55 kDa) and HA2 in BHK cells.

Growth curves for recombinant baculoviruses
The growth kinetics of recombinant baculoviruses in Sf9 cells 
were assayed, and the results are shown in Figure 3.  Recom-
binant viruses expressing HA on their envelopes (vAc-HA 
and vAc-HA-DUAL) grew slower than the control virus (vAc-

Figure 1.  Schematic illustration of recombinant baculoviruses.  The EGFP 
and HA expression cassettes were inserted in the polyhedrin locus.
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EGFP), with a lag time of approximately 24 h.  However, the 
recombinants reached similar titers as vAc-EGFP late in the 
infection (96 h post-infection).  Extensive syncytium formation 

was also observed in Sf9 cells infected with vAc-HA and vAc-
HA-DUAL (data not shown).  

Transduction efficiency of the HA-displaying baculoviruses
BHK and A549 cells were transduced with recombinant bacu-
loviruses at an MOI of 10 and 100, respectively.  The cells were 
analyzed for green fluorescence using flow cytometry 36 h pt.  
As shown in Figure 4, the percentages of EGFP-positive cells 
in BHK cells transduced by vAc-HA and vAc-HA-DUAL were 
both twice as high as in cells transduced by vAc-EGFP.  Simi-
lar differences were observed between HA-displaying recom-
binant viruses and the control virus in A549 cells.  In both cell 
lines, similar percentages of EGFP-positive cells were observed 
with vAc-HA and vAc-HA-DUAL.  These results indicate that 
the HA protein on the surface of recombinant baculoviruses 
preserved its native activity and contributed to viral entry into 
mammalian cells.  

Antibody responses in mice immunized with recombinant 
baculoviruses 
Mice were vaccinated twice (d 1 and d 15) with recombinant 
baculoviruses and specific serum antibodies against HA were 
measured on d 21 using a competitive ELISA; higher ELISA 
readings indicate lower levels of anti-HA antibodies.  As 
shown in Figure 5, HA-specific antibodies were produced in 
mice immunized with vAc-HA and vAc-HA-DUAL.  No sig-
nificant difference in antibody levels was observed between 
the two viruses, and no significant levels of HA-specific anti-
bodies were observed in vAc-EGFP-immunized mice.  

The levels of total serum IgA and IgG in immunized mice 
were also determined (Figure 6).  vAc-HA and vAc-HA-DUAL 
induced 3–4 times more IgA and IgG than vAc-EGFP, and 
vAc-HA elicited 20% more IgA and IgG than vAc-HA-DUAL.  
The reason for these differences remains to be elucidated.  

Production of Th1 and Th2 cytokines by splenocytes from 
immunized mice
The splenocytes from immunized mice were examined for the 
production of Th1 (IFN-γ and IL-2) and Th2 cytokines (IL-4 

Figure 2.  Expression of HA protein cells and its presence in the virion.  
(A) HA protein expressed in Sf9 cell.  Total cellular extracts from Sf9 cells 
infected with vAc-HA-DUAL, vAc-HA, and vAc-EGFP were analyzed with 
SDS-PAGE and Western blot.  Uninfected Sf9 cells were used as a mock 
control.  (B) Localization of HA in the envelop of vAc-HA and vAc-HA-DUAL 
virus particles.  Purified virion and virion treated with Triton X-100 to 
remove the envelop were examined for HA protein with Western blot.  (C) 
Expression of the HA protein in baculovirus-transduced BHK cells.  Sf9 
cells infected with vAc-HA-DUAL and untransduced BHK cells were used 
as positive or negative controls, respectively.  The HA protein expressed in 
BHK cells was partially cleaved to HA1 and HA2.

Figure 3.  Virus growth curves in Sf9 cells.  Sf9 cells were infected with 
vAc-EGFP, vAc-HA, and vAc-HA-DUAL at MOI 1.  Each data point represents 
the mean value of 3 replicates.

Figure 4.  Transduction efficiency of HA-displaying baculoviruses.  BHK 
and A549 cells were transduced with baculoviruses at MOI of 10 and 100, 
respectively, collected at 24 h post transduction, and analyzed by flow 
cytometry for EGFP expression.
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and IL-6) using ELISPOT and ELISA.  As shown in Figures 7A 
and 7B, after stimulating with the specific antigen (a 14-mer 
HA peptide), the number of IFN-γ-secreting splenocytes was 
20- and 40-fold higher in mice immunized with vAc-HA and 
vAc-HA-DUAL than in vAc-EGFP-immunized mice, respec-
tively.  Similarly, the number of IL-4-secreting splenocytes 
was approximately 40- and 20-fold higher in vAc-HA and 
vAc-HA-DUAL mice than in vAc-EGFP mice, respectively.  
No differences were observed when the splenocytes were 
treated with an unrelated 16-mer peptide from influenza virus 
neuraminidase or with PHA.  The results again showed that 
the recombinant baculoviruses elicited strong HA-specific 
immune responses in mice.  

Furthermore, twofold more splenocytes produced IFN-γ in 
mice immunized with vAc-HA-DUAL compared with mice 
immunized with vAc-HA (Figure 7A) whereas twofold more 
cells produced IL-4 in the vAc-HA group than in the vAc-HA-
DUAL group (Figure 7B).  This difference was supported by 
results indicating that the level of IFN-γ was higher in sple-
nocyte cultures from mice immunized with vAc-HA-DUAL 
compared with mice immunized with vAc-HA, and the level 
of IL-4 was higher in the vAc-HA group than in the vAc-
HA-DUAL group (Figures 8A and 8B).  Similar results were 
observed in separate experiments measuring the number of 
splenocytes producing IL-2 and IL-6 after antigen stimulation.  
The number of cells producing IL-2 in the vAc-HA-DUAL 
group was approximately 3-fold higher than in the vAc-HA 
group (Figure 7C) whereas the number of cells producing IL-6 
was 2-fold higher in the vAc-HA group than in the vAc-HA-
DUAL group (Figure 7D).  These results demonstrated that 

Figure 5.  HA-specific antibody in serum of baculovirus-immunized mice.  
Sera of mice were immunized with vAc-HA-DUAL, vAc-HA, and vAc-EGFP 
were collected 21 d after the first immunization.  The titers of HA specific 
antibody were measured by ELISA.  According to the manufacturer’s 
instruction, higher OD means negative results.  Negative control and 
Positive control were provided by the kit.  cP<0.01.

Figure 6.  Total IgG and IgA antibody in immunized mice.  Mice were 
immunized with vAc-HA-DUAL, vAc-HA, vAc-EGFP, or PBS.  Sera of 
immunized mice from different groups were collected 21 d after the first 
immunization.  The titers of total IgG and IgA antibodies were determined 
by ELISA.

Figure 7.  Number of splenocytes from baculovirus-immunized mice that produced various cytokines upon antigen stimualtion.  The splenocytes of 
immunized mice were obtained after two immunizations and stimulated with antigen-specific peptide (HA, 14 mer), an unrelated peptide (NA, 16 mer) 
or plant hemaglutinin (PHA, positive control).  Cytokine-producing cells were assayed with ELISPOT.  Un-stimulated control (Blank) and no-cell control 
were also included.  (A) IFN-γ; (B) IL-4; (C) IL-2; (D) IL-6.  
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although both vAc-HA-DUAL and vAc-HA efficiently elicited 
specific immune responses, they had different biases in Th1 
and Th2 responses.  Specifically, vAc-HA-DUAL elicited a 
Th1-biased response whereas vAc-HA elicited a Th2-biased 
response.  

Discussion
In the present study, two different recombinant baculovirus 
vectors were constructed and compared for their potential 
to induce immune responses in animals.  These recombinant 
viruses contained the expression cassette for the H5N1 influ-
enza virus HA gene allowing protein production in either 
insect cells (vAc-HA) or in both insect and mammalian cells 
(vAc-HA-DUAL).  Both viruses mediated HA protein produc-
tion in infected insect Sf9 cells at similar levels.  HA is believed 
to have been transported to the surface of infected insect cells 
based on the observation that chicken red blood cells attached 
to the surface of the Sf9 cells infected by HA-expressing 
viruses, but not to mock-infected cells[15] or cells infected by 
control virus (data not shown).  This is consistent with results 
showing that HA proteins were present in the viral envelopes 
of vAc-HA and vAc-HA-DUAL and confirms previous results 
that HA-transportation signals were properly recognized by 
insect cells[16].

The expression and surface display of HA proteins appeared 
to slow down the rate of viral replication in insect cells as indi-
cated by the kinetics of budding virus production.  This reduc-
tion was most likely due to the presence of HA on the virion 
envelope and the surface of infected cells that diluted GP64, 
the baculovirus major envelope protein, and thus affected 

viral entry and/or assembly and budding[17, 18].  However, the 
effect seems to be limited, as the virus titer caught up at the 
late stage of virus infection.  

On the other hand, the presence of HA on the virion surface 
increased the transduction efficiency of baculoviruses in mam-
malian cells.  The percentage of cells expressing the reporter 
gene (egfp) was 2 times higher in A549 cells transduced by 
HA-displaying virus than A549 cells transduced by the control 
virus (vAc-EGFP).  As expected, HA proteins were efficiently 
expressed in mammalian cells transduced by vAc-HA-DUAL 
but not by vAc-HA[19–21].

In vAc-HA-DUAL, the expression of the egfp reporter and 
HA genes was driven by two hybrid promoters, composed 
either of the baculovirus p10 and mammalian CMV promot-
ers, or by the baculovirus polyhedrin and CMV promoters, 
respectively (Figure 1).  Although the transcription mediated 
by these hybrid promoters requires further detailed charac-
terization, they both appeared highly effective in insect and 
mammalian cells[22, 23].

The recombinant baculoviruses were tested for their poten-
tial as vector vaccines to elicit immune responses against HA 
in mice.  Because vAc-HA and vAc-HA-DUAL displayed HA 
proteins on the virion surface, they might act primarily as a 
particle vaccine.  However, vAc-HA-DUAL could also work as 
a DNA vaccine because it could mediate HA protein expres-
sion when it entered the cells.  Thus, the two virus vectors 
were expected to induce different immune responses.  

In mice injected with vAc-HA and vAc-HA-DUAL, signifi-
cant levels of HA-specific antibodies were produced.  These 
HA-specific antibody levels were similar for both viruses, most 
likely indicating the same efficiency of antigen presentation for 
the two viruses.  No HA-specific antibodies were detected in 
mice injected with the control virus vAc-EGFP.  However, the 
levels of total IgG and IgA were much higher in mice injected 
with vAc-HA compared with mice injected with vAc-HA-
DUAL.  Very low levels of total IgG and IgA were detected in 
the control group.  The reason for this result remains unclear.  

Moreover, splenocytes from the immunized mice were 
cultured in vitro to test their ability to produce IFN-γ, IL-2, 
IL-4, and IL-6 upon stimulation with antigens consisting of an 
HA-specific peptide.  The predominant cytokines that resulted 
were found to be different in mice immunized with the differ-
ent baculoviruses.  In mice immunized with vAc-HA, more 
splenocytes secreted IL-4 and IL-6 than IFN-γ and IL-2, and 
the level of IL-4 in the culture medium was higher than the 
level of IFN-γ.  These results suggest that vAc-HA induced 
a Th2-biased immune response in mice, which is consistent 
with the behavior of vAc-HA as a particle protein vaccine.  
Our results were also similar to those of previous studies 
using baculovirus as a vaccine vector and the surface-display 
approach[8].  

On the other hand, vAc-HA-DUAL not only presented 
the HA protein on the virion surface but also expressed HA 
protein in transduced cells.  Although the transduction effi-
ciency in vivo was difficult to evaluate, the pattern of immune 
responses elicited by the vAc-HA-DUAL vector, as compared 

Figure 8.  Cytokine production by splenocytes from baculovirus-immunized 
mice.   Splenocytes from mice immunized with vAc-EGFP, vAc-HA, or Ac-HA-
DUAL were isolated one week after second immunization and stimulated 
in vitro with peptides of HA or NA, or PHA for 72 h.  The level of IFN-γ (A) 
and IL-4 (B) in the supernatant was analyzed by ELISA.
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with that elicited by vAc-HA, indicated that the HA protein 
was likely to have been produced in vivo.  Unlike vAc-HA, 
more splenocytes from immunized mice produced IFN-γ 
and IL-2 than the Th2 cytokines IL-4 and IL-10, and the level 
of IFN-γ was higher than that of IL-4 in the culture medium, 
suggesting a Th1-biased immune response.  In addition, vAc-
HA-DUAL was also found to be more effective in inducing 
HA-specific CD4+ and CD8+ T-cell responses in vitro (data not 
shown).

In recent years, baculoviruses have been intensively studied 
as potential vaccine vectors.  In addition to its high biosafety, 
easy handling, efficient protein production in insect cells and 
other advantages, baculovirus vaccine vectors have low pre-
existing immunity in humans and animals and the ability to 
elicit innate immunity.  AcMNPV was found to have strong 
adjuvant properties.  It could also activate dendritic cell (DC)-
mediated innate immunity through MyD88/TLR9-dependent 
and MyD88/TLR9-independent pathways, which might help 
to improve the efficacy of baculovirus vector vaccines[24].  In 
fact, AcMNPV was shown to induce antiviral activity in mam-
malian cells and confer protection against lethal encephalo-
myocarditis virus and influenza virus infections in mice[25, 26].  

Several recent studies have shown that baculovirus trans-
duction vectors tend to elicit a Th1-biased immune reac-
tion against the target antigen when the antigen was only 
expressed in the transduced cells and was not presented on 
the virions.  Evidence has shown that a baculovirus vector 
with a mammalian expression cassette producing proteins 
from a SARS-like coronavirus could elicit a Th1-dominant 
immune response in mice[6, 13–16].  A similar approach has been 
used to develop vaccines against pseudorabies virus.  High 
proportions of Ig2a IgG and high levels of IFN-γ were found, 
indicating a Th1-type immune response.  Studies using bacu-
lovirus capable of displaying circumsporozoite proteins from 
plasmodium on the virion surface and expressing the same 
protein in transduced mammalian cells demonstrated that the 
baculovirus induced a mixed Th1/Th2 response, resulting in 
strong protection against infection[27, 28].  By comparing a bacu-
lovirus vector that could only display HA with a vector that 
could both display and express HA, we showed that different 
biases in Th1 and Th2 immune responses were induced.  The 
balance between Th1 and Th2 responses mounted against an 
infectious agent can influence both the control of the patho-
gen and immunopathology.  Humoral immune responses are 
essential for immunity against viral infections, but they may 
not be sufficient to clear the virus[6].  T cell responses, espe-
cially Th1-mediated cellular immunity, may also play a crucial 
role in long-term protection in some cases.  Thus, the informa-
tion provided here might be helpful for the design of effective 
baculovirus-based vaccines in the future.
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Protective effects of tiopronin against high fat diet-
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Aim: To study the protective effects of tiopronin against high fat diet-induced non-alcoholic steatohepatitis in rats.
Methods: Male Sprague-Dawley rats were given a high-fat diet for 10 weeks.  The rats were administered tiopronin (20 mg/kg) or a 
positive control drug ursodeoxycholic acid (UDCA, 15 mg/kg) via gavage daily from week 5 to week 10.  After the rats were sacrificed, 
serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), triglyceride (TG), free fatty 
acids (FFA), high-density lipoprotein (HDL-C) and low-density lipoprotein (LDL-C), and liver homogenate FFA, superoxide dismutase 
(SOD), glutathione peroxidase (GSH-Px) and malondialdehyde (MDA) were measured using commercial analysis kits.  The expression 
levels of CYP2E1 mRNA and protein were determined using RT-PCR and immunoblot assays, respectively.
Results: Tiopronin significantly lowered both the serum ALT and AST levels, while only the serum ALT level was lowered by UDCA.  
Tiopronin significantly decreased the serum and liver levels of TG, TC and FFA as well as the serum LDL-C level, and increased the 
serum HDL-C level, while UDCA decreased the serum and liver TC levels as well as the serum LDL-C level, but did not change the serum 
levels of TG, FFA and HDL-C.  Tiopronin apparently ameliorated the hepatocyte degeneration and the infiltration of inflammatory cells 
in the livers, but UDCA did not affect the pathological features of the livers.  Both tiopronin and UDCA ameliorated the mitochondrial 
abnormality in the livers.  The benefits of tiopronin were associated with increased SOD and GSH-Px activities, and with decreased MDA 
activity and CYP2E1 expression in the livers.
Conclusion: Tiopronin exerts protective effects against non-alcoholic steatohepatitis in rats, which may be associated with its 
antioxidant properties and regulation of lipid metabolism.

Keywords: tiopronin; ursodeoxycholic acid; non-alcoholic steatohepatitis; antioxidant; lipid metabolism; mitochondria; CYP2E1 
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Introduction 
Non-alcoholic fatty liver disease (NAFLD) is emerging as a 
common medical problem and is recognized as a cause of 
potentially progressive liver damage.  Within the spectrum of 
NAFLD, non-alcoholic steatohepatitis (NASH) is considered 
the critical turning point at which point NAFLD progresses to 
more advanced stages such as hepatic fibrosis, cirrhosis and 
even hepatocellular carcinoma.

The pathogenesis of NAFLD is complex, multifactorial and 
poorly understood.  Currently, the popular theory on NASH 
pathogenesis is the “two-hit” hypothesis[1] in which the first 
hit leads to hepatic steatosis, which makes the liver vulnerable 
to the second hit.  In this stage, steatosis is mediated by an 
increase in dietary fat intake, the liberation of free fatty acids 

from adipose tissue, insufficient hepatic lipid secretion and 
the development of insulin resistance[2].  The second hit, which 
leads to steatohepatitis, is mediated by increased oxidative 
stress subsequent to lipid peroxidation as well as the induction 
of pro-inflammatory cytokine expression.  

Gradual weight loss is the only therapeutic strategy estab-
lished to be effective in treating NASH.  It has been proven 
that lifestyle modification and regular physiological exercise 
will regulate the individual’s body weight and improve NASH 
and the associated metabolic syndrome[3–5].  However, if there 
is no change in the course of disease after adequate lifestyle 
changes, pharmacological interventions should be considered, 
especially for those patients at a high risk of progression.  
There is generally consistent evidence from clinical trials indi-
cating that certain pharmacological agents may be effective in 
the treatment of NASH.  

Tiopronin [N-(2-mercaptopropionyl)-glycine], a chemical 
compound with a free thiol group, is an oxygen free radi-
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cal that has been used clinically in the treatment of several 
disorders linked to abnormal free radical production[6–8].  Tio-
pronin is readily absorbed after oral administration and is gen-
erally reported to be a well-tolerated drug[8].  The oral admin-
istration of 600 mg of tiopronin daily was associated with 
improvement in liver function in patients with viral chronic 
hepatitis[9, 10].  It has also been reported that tiopronin is able to 
reduce fat levels in the liver after acute or prolonged ethanol 
administration[11].  The histologic characteristics of NAFLD 
resemble those of alcoholic fatty liver disease (AFLD), which 
suggests that both diseases may have a similar pathogenesis 
and benefit from similar therapies.  Tiopronin was used in 
the treatment of hepatic steatosis in certain clinical trials[12, 13].  
Most of these studies have been uncontrolled and open label 
with a duration of 1 year or less.  Only a few have evaluated 
the effect of treatment on liver histology.  Therefore, this study 
was designed to evaluate the protective effects of tiopronin 
on high-fat-diet-induced NASH in rats and its mechanism of 
action.

Ursodeoxycholic acid (UDCA) is a hydrophilic biliary acid 
known to possess antioxidant properties and cytoprotective, 
anti-apoptotic, membrane stabilizing and immunomodulative 
effects[14–16].  It is suggested that UDCA treatment may improve 
aminotransferase and adiponectin levels as well as the grade 
of steatosis in NASH patients[17–20].  UDCA was also reported 
to enhance the therapeutic effects of a low-caloric diet in a rat 
model of NASH[21].  Thus, it served as a positive control drug 
in this study.

Materials and methods 
Experimental model and drug treatment
Male Sprague-Dawley rats weighing 180–200 g were obtained 
from the Experimental Animal Center of Anhui Medical 
University.  The study protocol was approved by the ethics 
committee of Anhui Medical University.  Rats were housed 
in plastic cages with room temperature of 22±1 °C under a 
12-h light:dark cycle and were provided with standard rodent 
chow and water ad libitum.  Rats were given a normal diet for 
1 week to adapt to vivarium conditions and then randomly 
divided into four groups (n=10 per group): a normal control 
group, a high-fat diet group, a high-fat diet with tiopronin (20 
mg/kg) treatment group and a high-fat diet with UDCA (15 
mg/kg) treatment group.  The NASH model was induced by 
high-fat emulsion as previously reported[22].  Briefly, rats were 
orally treated with the high-fat emulsion (10 mL/kg) at 8:00 
AM.  each day for 10 weeks, with the exception of the nor-
mal control group, which received an equal volume of saline 
alone.  In the treatment groups, 20 mg/kg of tiopronin (Henan 
Xinyi Pharmaceutical Co, Ltd) or 15 mg/kg of UDCA (Sigma-
Aldrich, St Louis, MO, USA) was given via gavage daily at 
6:00 PM  from the 5th week in rats fed a high-fat diet.  UDCA 
and tiopronin were suspended in 0.5% CMC-Na solution.  The 
normal control and high-fat diet groups were given an equal 
volume of 0.5% CMC-Na solution.  Rats were sacrificed after 
10 weeks.  Blood samples were collected from the aorta ven-
tralis.  The livers were immediately removed and weighed.  

Specimens of isolated rat livers were fixed in 10% formalin or 
frozen in liquid nitrogen until use.

Analytical procedures
The serum levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), total cholesterol (TC), triglyceride 
(TG), free fatty acids (FFA), high-density lipoprotein (HDL-C), 
low-density lipoprotein (LDL-C), liver homogenate FFA, 
superoxide dismutase (SOD), glutathione peroxidase (GSH-
Px) and malondialdehyde (MDA) were determined using 
commercial analysis kits obtained from the Jiancheng Institute 
of Biotechnology (Nanjing, China) and the Furui Institute of 
Biotechnology (Beijing, China).  Hepatic concentrations of TC 
and TG were also measured after chloroform–methanol extrac-
tion[23].  

Semi-quantitative reverse transcription-polymerase chain 
reaction (RT-PCR)
Total RNA was extracted from rat liver tissues using TRIzol 
reagent (Invitrogen).  The first-strand cDNA was synthesized 
from total RNA using the Thermoscript RT-PCR synthesis 
kit (Fermentas) according to the manufacturer’s instructions.  
RT-PCR was carried out under the standard protocol using 
the following primers: β-actin (forward: 5′-TGGAATCCTGTG-
GCATCCATGAAAC-3′; reverse: 5′-ACGCAGCTCAGTAA-
CAGTCCG-3′); CYP2E1 (forward: 5′-CCTAGCGCACATG-
GCGGTTCT-3′; reverse: 5′-GCCTCCCTTTGGATGCGGGC-3′).  
PCR was performed, using the ABI9700, at 94 °C for 2 min, 
followed by 30–33 cycles of amplification at 94 °C for 36 s, 
52 °C for 36 s and 72 °C for 1 min.  The band intensities were 
measured by a densitometer, and the results were normalized 
with β-actin.  The results were repeated in at least three inde-
pendent experiments under each condition, while each cDNA 
template was extracted from at least six samples per group.  

Immunoblot analysis
Liver tissue was homogenized in RIPA lysis buffer.  Samples 
were then centrifuged at 15 000×g for 15 min.  Supernatants 
from each sample were added to a gel-loading buffer and 
boiled for 5 min.  Proteins in loading buffer were subjected 
to electrophoresis in a 10% SDS-polyacrylamide gel for 3 h.  
Proteins in the gel were transferred electrophoretically onto a 
polyvinylidene fluoride membrane (Immobilon-P; Millipore 
Corp, Bedford, MA, USA) and blocked in 5% nonfat pow-
dered milk in PBS overnight at 4 °C.  The membranes were 
then incubated for 2 h with rabbit polyclonal antibody against 
mouse CYP2E1 (Millipore Corp, Bedford, MA, USA) (1:2500 
dilutions) or β-actin (Beijing Biosynthesis Biotechnology Inc, 
Beijing, China) (1:2000 dilutions) at room temperature.  After 
four washes in PBS containing 0.05% Tween-20, the mem-
branes were incubated with goat anti-rabbit IgG antibody for 
1 h.  The membranes were then washed four times in PBS con-
taining 0.05% Tween-20.  The signal was visualized using an 
enhanced chemiluminescence (ECL) detection kit from Pierce 
(Pierce Biotechnology, Inc, Rockford, IL, USA).  Each band of 
immunoblotting was scanned, and its intensity was analyzed 
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by Image J software.

Morphological evaluation
For histopathological analysis, liver specimens fixed in 10% 
neutral-buffered formalin were embedded in paraffin, sliced 
at 5-µm thickness, and stained with hematoxylin and eosin 
(HE) to detect the degree of hepatic steatosis and inflamma-
tion and necrosis.  The pathological changes were assessed 
and photographed under an Olympus BX-51 microscope.  
Fatty change was graded according to the percentage of hepa-
tocytes containing macrovesicular fat (grade 1: 0%–25%; grade 
2: 26%–50%; grade 3: 51%–75%; grade 4, 76%–100%)[24].  The 
degree of inflammation and necrosis was expressed as the 
mean of 10 different fields within each slide.  Each slide was 
then classified on a scale of 0–3 (0: normal; 1: mild; 2: moder-
ate; 3: severe)[25].  

For ultrastructural analysis, 1-mm3 samples were fixed in 
glutaraldehyde (2.5%), post-fixed in osmium tetraoxide (2%) 
and embedded in Spurr’s resin.  Sections were stained with 
uranyl acetate (2%, w/v) and lead citrate prior to analysis with 
electron microscopy (Zeiss EM 109; Oberkochen, Germany).  
Morphometric measurement of the mitochondrial surface area 
was performed on the five largest mitochondria per photo-
graph using an image analysis and measuring system (Image 
Pro Plus V 5.2)[24].

Statistical analysis
Data are expressed as the mean±SD, and the statistical analy-
sis was performed using Student’s t-test.  The Mann-Whitney 
rank-sum test was used to analyze the degree of histopatho-
logical liver steatosis and inflammation.  P<0.05 was consid-
ered to be significant.  
 
Results 
Serum aminotransferase activities
The rats with NASH induced by a high-fat diet developed 
hepatic damage as evidenced by the increased serum levels of 
AST and ALT.  The administration of tiopronin significantly 
reduced the AST and ALT activities compared with the model 
group, while UDCA only decreased serum ALT levels (Table 
1).

Serum and liver lipid metabolism
To investigate the possible role of tiopronin in lipid metabo-
lism, which is the key factor in fatty liver formation, the levels 

of TG, TC, FFA, HDL-C, and LDL-C were analyzed.  As shown 
in Tables 2 and 3, the increased serum and liver levels of TG, 
TC, and FFA as well as serum LDL-C levels were significantly 
suppressed, whereas the decreased serum HDL-C level was 
obviously elevated by tiopronin treatment in rats fed a high-
fat diet.  Compared with model group rats, UDCA lowered 
serum and liver TC levels as well as serum levels of LDL-C but 
did not change serum levels of TG, FFA, and HDL-C (Tables 2 
and 3).

Table 1.  Effects of tiopronin on liver function in rat fed with high fat diet.  
n=10.  Mean±SD.  cP<0.01 vs normal diet.  eP<0.05, fP<0.01 vs high fat.

   Groups	                   Dose (mg/kg)          ALT (U/L)                   AST (U/L) 
 
Normal diet	  –	 33.59±4.15	 44.88±5.36
High fat	  –	 65.40±7.03c	 85.58±7.84c

High fat+tiopronin	 20	 51.60±7.11f 	 56.00±4.05f

High fat+UDCA	 15	 58.70±5.66e	 78.20±8.82

Table 2.  Effects of tiopronin on serum lipid metabolism parameters in rat fed with high fat diet.  n=10.  Mean±SD.  cP<0.01 vs normal diet.  eP<0.05, 
fP<0.01 vs high fat.  TG, triglyceride; TC, total cholesterol; FFA, free fatty acids; HDL-C, high-density lipoprotein; LDL-C, low-density lipoprotein.

       
Groups

	                Dose                                                                                                    Serum
                                                 (mg/kg)	      TG (mmol/L)	           TC (mmol/L)	            FFA (mmol/L)	             HDL-C (mmol/L)          LDL-C (mmol/L)
 
	 Normal diet	  –	 1.61±0.10	 1.94±0.30	 0.40±0.07	 1.41±0.11	 0.28±0.08
	 High fat	  –	 2.80±0.29c	 3.92±0.42c	 1.30±0.11c	 1.17±0.16c	 1.13±0.13c

	 High fat+tiopronin	 20	 1.90±0.22f	 3.05±0.40f	 1.00±0.08f	 1.34±0.16e	 0.90±0.09f

	 High fat+UDCA	 15	 2.44±0.46	 3.55±0.34e	 1.21±0.10 	 1.30±0.17 	 1.04±0.15

Table 3.  Effects of tiopronin on liver lipid content in rat fed with high fat 
diet.  n=10.  Mean±SD.  cP<0.01 vs normal diet.  eP<0.05, fP<0.01 vs high 
fat.  TG, triglyceride; TC, total cholesterol; FFA, free fatty acids.

   	                   
Dose

                                       Liver
  Groups                                     TG (mmol/g       TC (mmol/g     FFA (mmol/g
	                

 (mg/kg) 
   liver weight)      liver weight)      liver weight)

 
Normal diet	  –	 1.49±0.09	 0.24±0.03	 0.50±0.05
High fat	  –	 2.29±0.16c	 1.16±0.18c	 1.47±0.10c

High fat+tiopronin	 20	 1.64±0.16e	 0.95±0.14e	 1.05±0.87f

High fat+UDCA	 15	 2.06±0.32	 0.93±0.19e	 1.37±0.11e

Lipid peroxidation and antioxidative enzyme levels 
Oxidative stress has been focused upon as a common patho-
genic mechanism in various liver diseases and is considered 
to play a major role in the pathogenesis of NASH as well[1].  In 
Table 4, the antioxidant activities of tiopronin were estimated 
by measuring the hepatic MDA content and levels of SOD 
and GSH-Px activity.  The high-fat diet increased liver MDA 
levels but decreased liver levels of SOD and GSH-Px activity 
compared with those observed in the normal control group.  
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Tiopronin treatment significantly reversed these values.  These 
results suggest that the imbalance between oxidative stress 
generation and antioxidant formation could occur after rats 
were fed a high-fat diet.  Tiopronin may prevent this patho-
logical process, indicating its therapeutic and preventive effect 
on NASH induced by the ingestion of a high-fat diet (Table 4).

Histological analysis 
Rats fed high-fat diet for 10 weeks not only developed a high 
degree of hepatic steatosis with severe cytoplasmic vacuoles 
and swelling of the hepatocytes but also exhibited more prom-
inent inflammation, which was corroborated by morphologi-
cal evidence of an abundance of inflammatory cells (Figure 
1B), whereas no histological abnormalities were observed in 
normal control rats (Figure 1A).  Hepatocyte degeneration and 
the infiltration of inflammatory cells were all apparently ame-
liorated in the rats treated with tiopronin (Figure 1C).  UDCA 
treatment did not affect the histological features of the liver 
(Table 5 and Figure 1D).  

Ultrastructural analysis of morphological changes in the 
mitochondria
Accumulating evidence indicates that mitochondrial dysfunc-
tion plays a key role in the physiopathology of NASH[26].  In 
this study, mitochondria in the livers of rats fed a high-fat diet 
exhibited degenerative changes such as mitochondrial swell-
ing, matrix rarefication and cristae loss.  These changes were 
ameliorated by tiopronin and UDCA treatment (Table 5 and 
Figure 2).  

Hepatic CYP2E1 expression 
Previous studies showed that alterations of CYP2E1 con-
tributed to NASH[27].  Therefore, we analyzed the effect of 
tiopronin on the expression of CYP2E1 in the rat liver with 

NASH.  During the 10 weeks of dietary treatment, mRNA 
and protein levels of CYP2E1 in the rat liver were signifi-
cantly increased.  In contrast, tiopronin treatment reduced the 
expression of CYP2E1 in rats fed a high-fat diet (Figures 3 and 
4).  
 
Discussion 
This study reveals that tiopronin, which contains an SH-
group and is generally considered an antioxidant, protects 
against the accumulation of lipid in the rat liver induced by 
a high-fat diet.  The protective effect of tiopronin is mediated 
through the downregulation of TG, TC, FFA, and LDL-C and 
the elevation of HDL-C.  Histological examination showed 
that the histological changes associated with liver injury were 
also remarkably ameliorated after tiopronin treatment.  These 
results demonstrate that tiopronin has protective effects 
against steatohepatitis induced by a high-fat diet in rats.

Although steatosis represents a form of lipotoxicity, its 
pathogenesis remains poorly understood.  Free fatty acids 

Table 5.  Average histological grades of steatosis, inflammation and mitochondrial surface area in rat fed with high fat diet.  n=10.  Mean±SD.  cP<0.01 
vs normal diet.  eP<0.05, fP<0.01 vs high fat.

               Parameter	                                                  Normal diet	                           High fat	             High fat+tiopronin	      High fat+UDCA
 
	 Steatosis	 1.00±0.00 	 3.77±0.43c	 1.96±0.28f 	 3.24±0.45
	 Inflammation	 0 	 1.80±0.29c	 0.57±0.27f	 1.55±0.25
	 Mitochondrial area (μm2)	 0.31±0.02	 0.91±0.04c	 0.54±0.04f	 0.73±0.04f

Figure 1.  Histological images of liver tissues from rats in which 
steatohepatitis was induced by a high-fat emulsion reveal the anti-
steatohepatitis ef fects of tiopronin.  There were no histological 
abnormalities observed in rats fed a normal diet (A).  Rats fed high-fat diet 
for 10 weeks developed a high degree of steatosis and inflammation (B).  
Hepatocyte degeneration and the infiltration of inflammatory cells were all 
apparently ameliorated by tiopronin treatment in rats fed high-fat diet (C).  
UDCA treatment did not affect the histological features of the liver in the 
rats fed high-fat diet (D).  The magnification is ×400.

Table 4.  Effects of tiopronin on hepatic lipid peroxidation and antioxidative 
enzyme activities in rat fed with high fat diet.  n=10.  Mean±SD.  cP<0.01 
vs normal diet.  eP<0.05, fP<0.01 vs high fat.

    Groups	                Dose             MDA                   SOD                  GSH-Px
                                (mg/kg)     (nmol/mg)	         (U/mg)               (U/mg)
 
Normal diet	  –	   4.81±0.74	 23.72±2.90	 25.02±4.08
High fat	  –	 12.10±1.42c	   7.82±1.43c	  16.77±2.05c

High fat+tiopronin	 20	   7.99±0.83f	 18.75±3.55f	 20.58±3.06f

High fat+UDCA	 15	 10.21±1.86e	   9.30±1.96	 19.49±2.30e
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(FFAs) appear to be important mediators of lipotoxicity, 
both as potential cellular toxins and by inducing lipid over-
accumulation[28].  Furthermore, FFAs not only promote hepatic 
lipotoxicity via a lysosomal pathway[29] but are also the most 
important source of reactive oxygen species (ROS)[30, 31].  Some 

studies suggest that the excessive accumulation of saturated 
FFAs in liver cells directly induces mitochondrial dysfunction 
and oxidative stress[32].  Mitochondrial abnormality plays a 
role in the onset and progression of NASH in correlation with 
oxidative stress[33].  In this study, FFA levels in both the serum 
and liver were reduced by tiopronin treatment, and mitochon-
drial morphological changes were also reproduced in rats 
fed a high-fat diet.  These results indicate that tiopronin may 
be a potential candidate to protect against the steatohepatitis 
induced by a high-fat diet.  

Oxidative stress and alterations in the pro-oxidant-anti-
oxidant balance are commonly implicated as the ‘second 
hit’ in the steatotic liver, which promotes the progression 
from steatosis to steatohepatitis[1].  The proinflammatory, 
pro-fibrogenic effects of the aldehyde end-products of lipid 
peroxidation (MDA and 4-hydroxynonenol) potentially 
account for all of the typical histological features observed in 
NAFLD[34].  It has been shown that MDA, an index of lipid 
peroxidation and oxidative stress, damages cells and tissues.  
SOD is responsible for neutralizing the most common free rad-
ical, which is known as superoxide.  It also aids the body’s uti-
lization of copper, zinc and manganese.  GSH-Px, along with 
SOD, is one of the body’s endogenous antioxidants and is well 
known to protect liver cells against oxidative damage through 
chemical or enzymatic reactions.  It has also been reported that 
tiopronin, like glutathione, is able to protect against ethanol-
induced fatty liver by preventing fat accumulation and mito-
chondrial injury.  This increases the proportion of reactive SH 
groups in the mitochondrial membrane[9, 11, 13].  In this study, 
the markers of oxidative stress included increased hepatic 
MDA content and decreased levels of SOD and GSH-Px.  
Tiopronin successfully reversed these changes.  These data 
suggest that the therapeutic effects of tiopronin against steato-

Figure 2.  Electron microscopy of hepatic mitochondria.  Mitochondria in 
the rats fed the high-fat emulsion diet showed degenerative changes with 
mitochondrial swelling, rarefied matrices and cristae loss (B) (arrows).  
These changes were prominent in most of the mitochondria in the rats fed 
the high-fat emulsion diet but were rare in the mitochondria in the normal 
diet-fed rats (A).  These changes were also ameliorated by tiopronin (C) 
and UDCA (D) treatment in the rats fed a high-fat diet.  The magnification 
is ×15 000.

Figure 3.  The effect of tiopronin on hepatic CYP2E1 mRNA expression 
in rats fed a high-fat diet.  The mRNA levels were normalized to those of 
β-actin.  RT-PCR analysis reveals that the mRNA expression of CYP2E1 
was significantly increased in rats fed a high-fat diet.  In contrast, tiopronin 
treatment reduced the expression of CYP2E1 in rats fed a high-fat diet.  
Data are expressed as the mean±SD (n=6).  cP<0.01 vs normal diet.  
fP<0.01 vs high fat. 1, normal diet; 2, high fat; 3, high fat+tiopronin.

Figure 4.  Effect of tiopronin on hepatic CYP2E1 protein expression in rats 
fed a high-fat diet.  The protein was corrected by β-actin.  Immunoblot 
analysis showed that the protein expression of CYP2E1 was significantly 
increased in rats fed a high-fat diet.  In contrast, tiopronin treatment 
reduced the expression of CYP2E1 in rats fed a high-fat diet.  Data are 
expressed as the mean±SD (n=6).  cP<0.01 vs normal diet.  fP<0.01 vs 
high fat.
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hepatitis in rats may be associated with preventing the devel-
opment of oxidative stress and mitochondrial abnormalities.  

Although different studies point to the damaged respiratory 
chain as a main source of mitochondrial ROS in NASH, some 
data suggest that the ectopic expression of cytochrome P450 
2E1 (CYP2E1) in mitochondria could also play a role in ROS 
overproduction.  Previous studies have shown that CYP2E1 
is the major catalyst for the formation of lipid peroxides in 
mice[35].  CYP2E1 has been shown to play a key role in the 
pathogenesis of alcoholic liver injury, including alcoholic ste-
atohepatitis[36].  Its pathogenic role in NASH has also been rec-
ognized in both animal experiments and human studies[27, 37].  
A recent study has also shown that tiopronin exerts its hepato-
protective activity against isoniazid-induced hepatotoxicity 
by reducing free radical generation in addition to its role as 
a scavenger via the inhibition of hepatic CYP2E1[38].  In this 
study, the protein expression of CYP2E1 was also significantly 
decreased by tiopronin treatment in rats fed a high-fat diet.  
To summarize, tiopronin exerts its protective activity against 
steatohepatitis by preventing oxidative stress through the inhi-
bition of hepatic CYP2E1.

In conclusion, our current investigation for the first time 
shows that the protective effects of tiopronin on NASH are 
associated with the regulation of lipid metabolism and the 
amelioration of mitochondrial abnormalities through the pre-
vention of oxidative stress as well as the inhibition of hepatic 
CYP2E1 expression.  These results have shed some light on the 
clinical therapeutic potential of tiopronin in treating NASH.
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Roles of vimentin and 14-3-3 zeta/delta in 
the inhibitory effects of heparin on PC-3M cell 
proliferation and B16-F10-luc-G5 cells metastasis

Yan PAN1, Li-jun ZHONG2, Hong ZHOU1, Xin WANG1, Kui CHEN1, Hao-peng YANG1, Yilixiati XIAOKAITI1, Aikebaier MAIMAITI1, 
Ling JIANG1, Xue-jun LI1, *

1State Key Laboratory of Natural and Biomimetic Drugs, Department of Pharmacology, School of Basic Medical Sciences, Peking Uni-
versity and Institute of System Biomedicine, Peking University, Beijing 100191, China; 2Center of Medical Analysis, Peking University, 
Beijing 100191, China 

Aim: To investigate the inhibitory effects of heparin on PC-3M cells proliferation in vitro and B16-F10-luc-G5 cells metastasis in Balb/c 
nude mice and identify the protein expression patterns to elucidate the action mechanism of heparin.   
Methods: Human prostate cancer PC-3M cells were incubated with heparin 0.5 to 125 μg/mL for 24 h.   The proliferation of PC-3M 
cells was assessed by MTS assay.  BrdU incoporation and Ki67 expression were detected using a high content screening (HCS) assay.  
The cell cycle and apoptosis of PC-3M cells were tested by flow cytometry.  B16-F10-luc-G5 cardinoma cells were injected into the 
lateral tail vein of  6-week old male Balb/c nude mice and heparin 30 mg/kg was administered iv 30 min before and 24 h after injec-
tion.   The metasis of B16-F10-luc-G5 cells was detected by bioluminescence assay.  Activated partial thromboplastin time (APTT) and 
hemorheological parameters were measured on d 14 after injection of B16-F10-luc-G5 carcinoma cells in Balb/c mice.  The global pro-
tein changes in PC-3M cells and frozen lung tissues from mice burdened with B16-F10-luc-G5 cells were determined by 2-dimensional 
gel electrophoresis and image analysis.  The protein expression of vimentin and 14-3-3 zeta/delta was measured by Western blot.  The 
mRNA transcription of vimentin, transforming growth factor (TGF)-β, E-cadherin, and αv-integrin was measured by RT-PCR.
Results: Heparin 25 and 125 μg/mL significantly inhibited the proliferation, arrested the cells in G1 phase, and suppressed BrdU incor-
poration and Ki67 expression in PC-3M cells compared with the model group.  But it had no significant effect on apoptosis of PC-3M 
cells.  Heparin 30 mg/kg markedly inhibits the metastasis of B16-F10-luc-G5 cells on day 8.   Additionally, heparin administration main-
tained relatively normal red blood hematocrit but had no influence on APTT in nude mice burdened with B16-F10-luc-G5 cells.  Thirty 
of down-regulated protein spots were identified after heparin treatment, many of which are related to tumor development, extracellular 
signaling, energy metabolism, and cellular proliferation.  Vimentin and 14-3-3 zeta/delta were identified in common in PC-3M cells and 
the lungs of mice bearing B16-F10-luc-G5 carcinoma cells.   Heparin 25 and 125 μg/mL decreased the protein expression of vimen-
tin and 14-3-3 zeta/delta and the mRNA expression of  αv-integrin.  Heparin 125 μg/mL decreased vimentin and E-cadherin mRNA 
transcription while increased TGF-β mRNA transcription in the PC-3M cells, but the differences were not significant.  Transfection of 
vimentin-targeted siRNA for 48 h significantly decreased the BrdU incoporation and Ki67 expression in PC-3M cells.  
Conclusion: Heparin inhibited PC-3M cell proliferation in vitro and B16-F10-luc-G5 cells metastasis in nude mice by inhibition of vimen-
tin, 14-3-3 zeta/delta, and αv-integrin expression.

Keywords: heparin; cell growth; proteome; vimentin; 14-3-3 zeta/delta; αv-integrin
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Introduction
Despite the progress made over decades of research, can-
cer remains a major threat to human health with significant 
morbidity and mortality.  In the development of new anti-
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tumor treatments, multi-targeting drugs continue to emerge as 
investigators search for candidates among currently available 
agents.  Drugs with a long history of safe clinical use are espe-
cially attractive for testing their efficacy against cancer, which 
may be outside of the scope of their original application.  In 
addition to its anti-coagulant activity, heparin is known to 
have suppressive effects on multiple biologic functions, such 
as hypertension[1], inflammation[2], and cellular proliferation[3].  
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Heparin is a polysulfated glycosaminoglycan with a highly 
negative charge.  Two trials (FAMOUS and MALT) previously 
studied the effect of unfractionated heparin (UFH)[4] or low 
molecular weight heparin (LMWH)[5] in patients with small 
cell lung cancer.  In both of these studies, a statistically signifi-
cant survival advantage was observed in patients randomized 
to chemotherapy plus UFH or LMWH relative to patients who 
received chemotherapy alone.  While several clinical studies 
strongly support an anti-cancer activity of heparin, especially 
LMWH, many questions remain unresolved[6].  For example, it 
is still unknown whether and how heparin modulates survival 
of carcinoma cells, although a number of biological properties 
have been postulated to explain the effects of heparin on the 
malignant process.

In this investigation, we addressed the potential inhibitory 
effects of heparin on growth of human prostate cancer cells 
(PC-3M) and metastasis of B16-F10-luc-G5 carcinoma cells in 
Balb/c nude mice with single dose and twice injection way 
and monitoring with living imaging technology.  For the 
spontaneous hemorrhage is the main side effects of heparin, 
we also evaluated the systemic bleeding parameters of acti-
vated partial thromboplastin time (APTT) and hemorheologi-
cal parameters of whole blood viscosity, elongation index 
(EI), orientation index (OI) and hematocrit of red blood cells, 
which are related greatly with tumor metastasis. By using a 
proteomic approach, we also identified proteins significantly 
associated with the anti-tumor and anti-metastatic effects of 
heparin to explore its new molecular mechanisms.

Materials and methods
Materials 
DMEM medium, fetal bovine serum (FBS), penicillin and 
streptomycin were purchased from GIBCO (Grand Island, NY, 
USA).  BrdU and Ki67 Cell Proliferation Kit for high content 
screening (HCS) was from Cellomics, Inc (Pittsburgh, PA, 
USA).  B16-F10-Luc-G5 was from Caliper Life Sciences (Hop-
kinton, MA, USA).  The vimentin specific antibody was from 
Beijing Biosynthesis Biotechnology (Beijing, China).  Heparin 
sodium salt from porcine intestinal mucosa was purchased 
from Sigma-Aldrich, Inc (Saint Louis, MO, USA).

Cell culture
PC-3M cells were cultured in DMEM medium contain-
ing 10% heat-inactivated FBS, 100  U/mL penicillin and 
100 µg/mL streptomycin in a humidified incubator with 
5% CO2 in air at 37 °C.  B16-F10-Luc-G5 cells were cul-
tured in DMEM medium containing 10% heat-inactivated 
FBS, 100  U/mL penicillin and 100  µg/mL streptomycin 
in a humidified incubator with 5% CO2 in air at 37 °C. 

Cell proliferation
PC-3M cells were cultured in 96-well plates.  When the cells 
reached approximately 70% confluency, different doses of 
heparin (0, 0.5, 1, 5, 25, and 125 μg/mL) were added to the cul-
ture and incubated for 24 h.  Every group has six wells.  Each 
independent experiment was performed three times.  MTS 

assays were then conducted using the CellTiter96 Aqueous 
Non-Radioactive Cell Proliferation Assay kit (Promega Corp, 
Madison, WI, USA), according to the manufacturer’s instruc-
tions.  Absorbance was measured at a wavelength of 490 nm, 
and the absorbance values of treated cells were calculated as a 
percentage of the absorbance of untreated cells.  

Cell cycle and apoptosis analysis
For flow cytometric analysis of DNA content, heparin was 
added to PC-3M cells in the mid-logarithmic phase.  After 
24 h, cells were collected, pelleted, washed with phosphate-
buffered saline (PBS) and resuspended in PBS containing 20  
mg/L propidium iodide (PI, Sigma, St Louis, MO, USA) and  
1 g/L ribonuclease A (RNAase A).  Fixed cells for each experi-
mental condition were examined by flow cytometry.

For analysis of apoptosis after incubation with heparin for 
24 h, PC-3M cells (1×106 cells per treatment condition) were 
fixed and stained with 5 mL Annexin V-FITC (BD PharMin-
gen, San Diego, CA) and 5 mL PI.  Flow cytometric analysis 
was performed on 1×104 cells per sample and analyzed using 
a FACS Calibur (Becton Dickinson, Franklin Lakes, NJ) with a 
single laser emitting excitation light at 488 nm.  

Multiparametric proliferation assay with a HCS analyzer
The 5-bromo-2’-deoxyuridine (BrdU) and Ki67 Cell Prolifera-
tion Kit for HCS reagent kit was used for simultaneous quan-
tification of DNA replication and Ki67 proliferation marker in 
the same cell.  It allows direct measurements of BrdU incor-
poration and Ki67 expression using a fixed end-point assay 
based on immunofluorescence detection in cells grown on 
standard high-density microplates.  The primary antibodies 
were directed toward BrdU and Ki67 (mouse monoclonal and 
rabbit polyclonal antibodies, respectively) and secondary anti-
bodies were conjugated with DyLight Fluor 488 (green) and 
DyLight Fluor 549 (orange).  Cells were stained and fixed, and 
total cells per well of the microplates were analyzed using an 
ArrayScan HCS system (Cellomics Inc., Pittsburgh, PA, USA).  

In vivo metastasis
B16-F10-luc-G5 cells that had been engineered to stably 
express firefly luciferase (Xenogen Corporation, Alameda, 
CA, USA) were injected into the lateral tail vein (5×106 cells/ 
100 μL/mouse) of 6-week-old BALB/c nude mice. Mice were 
anesthetized and given 150 mg/g of D-luciferin in PBS by 
intraperitoneal injection. Bioluminescence was imaged with a 
charge-coupled device camera (IVIS; Xenogen) at 10 min after 
injection.  Mice were anesthetized using 1%–3% isoflurane 
(Abbott Laboratories, Chicago, IL, USA).  Bioluminescence 
from relative optical intensity was defined manually, and data 
were expressed as photon flux normalized to background 
photon flux, which was defined from relative optical intensity 
obtained from a control mouse not injected with luciferin.  
Animal handling and procedures were approved by the 
Peking University Health Science Center Institutional Animal 
Care and Use Committee.  All animal studies conformed to the 
principles outlined in the Declaration of Helsinki.
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Activated partial thromboplastin time (APTT) and hemorheo­
logical measurements 
On day 14, blood specimens of BALB/c nude mice injected 
with B16-F10-luc-G5 cells were collected by retro-orbital 
bleeding after anesthesia with ether.  Anesthesia was achieved 
by placing the mouse in a container containing cotton wool 
soaked in ether.  The anesthetic plane was assessed by pinch-
ing the toe, tail or ear of the animal.  The respiration rate 
was even and the color of the mucus membranes was bright 
pink.  As the blood was collected, there was no evidence of 
pain observed in the animals.  Whole blood with sodium 
citrate anticoagulant (9:1), centrifuged at 3000 r/min for 10 
min, and upper plasma was used to detect APTT.  APTT was 
measured in 50 μL plasma using C2000-4 Type Coagulom-
eter (Beijing Precil  Instrument Co, Ltd).  Whole blood with 
sodium citrate anticoagulant was used for hemorheological 
measurements.  Whole blood viscosity was detected in 800 μL 
of blood by using a viscosity meter (LBY-N6C, Precil Group, 
Beijing, China).  Red blood cell deformability was determined 
by measuring the elongation index (EI) and orientation index 
(OI) using an ektacytometer (LBY-BX2 Precil Group, Beijing, 
China).  Blood samples diluted with polyvinyl pyrolidone 
(PVP) were added to the base plate of the instrument.  The 
EI and OI values were measured under stress rates of 100/s 
and 1000/s.  Hematocrit of red blood cells was measured by 
aspirating blood into a capillary tube, sealing off the end of the 
tube and then centrifuging it at 10 000 r/min for 5 min.  The 
height of the red blood cells deposited at the bottom end of the 
tube was recorded.

Two-dimensional gel electrophoresis (2-DE) and image analysis
Monolayers of PC-3M cells were treated with or without hepa-
rin (125 μg/mL) for 24 h.  Cells were harvested using home-
made scrapers.  The resulting pellets were resuspended in 
100 mL of solubilization buffer containing 40 mmol/L Tris, 8  
mol/L urea, 4% w/v CHAPS, 60 mmol/L DTT and 1 mmol/L 
PMSF.  After three freeze-thaw cycles, samples were centri-
fuged at 17 000×g for 15 min, and the supernatants were col-
lected.  Another pair of samples tested were the frozen mice 
lung tissues, which were thawed at room temperature before 
total proteins were extracted as mentioned above and the pro-
tein concentration measured by the Bradford method.  First 
dimension isoelectric focusing (IEF) was performed using  
linear immobilized pH gradient readystrips (24 cm, pH 3–10, 
Bio-Rad Laboratories, Inc, Hercules, CA, USA).  Protein sam-
ples (500 μg) from each group were solubilized in rehydration 
buffer [8 mol/L urea, 4% CHAPS, 65 mmol/L DTT, 0.2% Bio-
Lyte (Bio-Rad) and 0.001% bromothymol blue] to a volume 
of 125 mL and allowed to incubate at room temperature for 
30 min.  After positive rehydration for 12 h at 50 V, IEF was 
run at 20 °C in the following steps: 250 V linear for 30 min, 500 
V rapid for 30 min, 4000 V linear for 3 h, 4000 V rapid until 
20 000 V.  The IEF strips were then equilibrated by serial incu-
bation (15 min) in equilibration buffer (6 mol/L urea, 2% SDS, 
0.375 mol/L Tris-HCl at pH 8.8, 20% glycerol and 20 mg/mL 
DTT) and in equilibration buffer containing 2.5% iodoacet-

amide instead of DTT.  Subsequently, the samples were sepa-
rated in the second dimension on 12% polyacrylamide gels at 
80 V for 10 min and then at 110 V for 50–60 min.  Gels were 
stained with Coomassie Blue.  The differentially expressed 
protein spots were excised manually from the sodium dodecyl 
sulphate-polyacrylamide gel (SDS-PAGE) and subjected to in-
gel tryptic digestion.

Mass spectrometry identification of proteins
Proteins of interest were analyzed by nanoelectrospray with a 
hybrid quadrupole time-of-flight (Q-TOF) mass spectrometer 
(Waters, Milford, MA, USA).  The peptide mixture was car-
ried out on a Waters Capillary liquid chromatography system 
including three pumps, A, B, and C (Waters).  Fused silica tub-
ing were packed with Symmetry 300TM C18, 3.5 mm spherical 
particles with a pore diameter of 1008 (Waters).  The flow rate 
was set at 2.5 mL/min.  Samples were injected at a flow rate of 
20 mL/min.

Western blot analysis
Equal amounts of protein were analyzed by SDS–PAGE on a 
10% polyacrylamide gel for vimentin and 14-3-3 zeta/delta 
and transferred to a polyvinylidene difluoride membrane 
(Millipore Corp, Bedford, MA, USA).  The membrane with 
blotted proteins was blocked for 1 h with blocking buffer 
containing 5% non-fat dry milk and 0.05% Tween 20 in Tris-
buffered saline (TBS-T), followed by incubation with vimentin 
antibody diluted (1:100) in blocking buffer overnight at 4 °C.  
The membrane was then washed three times with TBS-T for 30 
min and incubated at room temperature for 1 h with diluted 
(1:2000) secondary AP-labeled IgG (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA).  Blots were extensively washed in TBST 
buffer and detection was done using the NBT/BCIP reaction 
(Amersco, NJ, USA) [7]. 

Ribonucleic acid isolation and reverse transcription–polymerase 
chain reaction (RT-PCR)
Total RNA was isolated using Trizol reagent (Invitrogen, 
Groningen, the Netherlands).  First-strand cDNAs were gen-
erated from RNA samples by reverse transcription using 
oligo (dT).  The following primers were used to amplify frag-
ments of β-actin: 5’-ATCATGTTTGAGACCTTCAACA-3’ 
(sense) and 5’-CATCTCTTGCTCGAAGTCCA-3’ (anti-
sense); transforming growth factor (TGF)-β: 5’-CAAGT-
GGACATCAAC GGTGAGG-3’ (sense) and 5’-TGGC-
CATGAGAAGCAGGAAAGG-3’ (antisense); vimentin : 
5’-GACAATGCGTCTCTGGCACGTCTT-3’ (sense) and 5’- 
TCCTCCGCCTCCTGCAGGTTCTT-3’ (antisense); αv-integrin: 
5’-GACTGTGTGGAAGACAATGTCTGTAAACCC-3’ (sense) 
and 5’-CCAGCTAAGAGTTGAGTTCCAGCC-3’ (antisense); 
E-cadherin: 5’-TGGAGGAATTCTTGCTTTGC-3’ (sense) and 
5’-CGTACATGTCAGCCAGCTTC-3’ (antisense).  

Short interfering ribonucleic acid (siRNA) transfection
siRNA duplexes used in this study were bought from Santa 
Cruz, to interfere with vimentin expression.  Non-silencing 
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siRNA (5′-UUAAGUAGCUUGGCCUUGATdT-3′  and 
5′-UCAAGGCCAAGCUACUUAATdT-3′) was used as the 
negative controls.  siRNA duplexes were transfected into 
HUVECs with siRNA transfection reagent (Polyplus-trans-
fection Inc, San Marcos, CA, USA), according to the manu-
facturer’s instructions.  After transfection for 48 h, cells were 
subjected to multiparametric proliferation assay with a HCS 
analyzer.

Statistical analysis
Data were expressed as means±standard error of mean (SEM).  
Statistical significance of differences between means was 
determined by one-way analysis of variance (ANOVA) fol-
lowed by Dunnett’s test (Graphpad Prism 5 software).  P< 0.05 
was considered to be statistically significant.  

Results
Effect of heparin on PC-3M cell viability and cell cycle
As estimated by the MTS assay, cell viability decreased dose 
dependently after 24 h of exposure to heparin at different 
concentrations (0.5, 1, 5, 25, and 125 μg/mL) (Figure 1A). 
Heparin 5, 25, and 125 μg/mL arrested cells in the G1 phase 
and influence DNA synthesis, with a significant effect at 125  
μg/mL (P<0.05, Figure 1B).  Correspondingly, cells in the S 
phase decreased with increasing doses of heparin. 

Effect of heparin on apoptosis of PC-3M cells
Annexin V+ and PI− staining represented early apoptotic cells, 
and Annexin V+ and PI+ staining represented late apoptotic 
and necrotic cells.  Although the apoptotic cells were slightly 
elevated in the 125 μg/mL heparin treated group compared 
with the vehicle treated group, the difference was not signifi-
cant (control: 1.55%±0.19% vs 5 μg/mL heparin: 1.44%±0.06%, 
25 μg/mL heparin: 2.21%±0.08%, 125 μg/mL heparin: 
5.91%±0.15%) (Figure 1C).

Effect of heparin on BrdU incorporation and Ki67 expression in 
PC-3M cells
BrdU incorporation and Ki67 activation in PC-3M cells were 
measured simultaneously in the same cells as described in 
Methods.  As an alternative to [3H]thymidine, BrdU, a thymi-
dine analog, enables detection of DNA replication in actively 
proliferating cells using a monoclonal antibody directed 
against BrdU and fluorophore-conjugated secondary antibody.  
In addition, Ki67 antigen-positive cells can provide a specific 
and accurate indication of proliferating cells.  As determined 

by HCS, we found that heparin suppressed BrdU incorpora-
tion and Ki67 expression in PC-3M cells compared to the con-
trol group, with statistically significant differences seen at the 
dosage of 125 μg/mL (Figure 1D).

Heparin inhibits B16-F10-luc-G5 cell lung metastasis in Balb/c 
nude mice
Balb/c nude mice were implanted with B16-F10-luc-G5 car-
cinoma cells by tail vein injection and systemically treated 
with vehicle (model), 30 mg/kg heparin intravenously 30 
min before B16-F10-luc-G5 carcinoma cell injection and 24 h 
after B16-F10-luc-G5 carcinoma cell injection.  From day 2, 
the growth of B16-F10-luc-G5 tumor burden over time in 
representative Balb/c nude mice was measured by in vivo 
imaging.  By this analysis, progression of tumors in the whole 
body of mice and lung tissue was delayed and reduced in the 
30 mg/kg heparin treatment group, and the growth of the 
primary tumor was reduced significantly from day 8 onward 
when detected from the ventral (A, B, C) and dorsal (D, E, F) 
views (P<0.01, Figure 2).  

Heparin influences APTT and hemorheological parameters of 
Balb/c nude mice burdened with B16-F10-luc-G5 cells
At the 100/s and 1000/s shear rate, heparin could obviously 
decrease the whole blood viscosity, and there were significant 
differences when the tumor burdened (model) group was 
compared with the normal group or the heparin treated group 
(P<0.01, Table 1).  Factors influencing whole blood viscosity 
were measured including red blood hematocrit, EI and OI.  
We also found that in the model group, red blood hematocrit, 
EI and OI were decreased significantly compared with the nor-
mal group (P<0.01) at the 100/s shear rate.  At the shear rate 
of 1000/s in the model group, OI was decreased significantly 
compared with the normal group (P<0.01), but no significant 
difference was detected for EI.  Additionally, heparin main-
tained relatively normal red blood hematocrit, with EI and OI 
at the 100/s shear rate and OI at the 1000/s shear rate being 
significantly different with the model group (P<0.01, Table 
1).  We had not found the difference in APTT between normal 
Balb/c nude mice with those burdened with B16-F10-luc-G5 
cells; and heparin had also no influence on APTT of Balb/c 
nude mice burdened with B16-F10-luc-G5 cells. 
 
Comparative proteomic analysis of PC-3M cells with or without 
heparin treatment
To explore the molecular mechanisms by which heparin exerts 

Table 1.  Effect of heparin on activated partial thromboplastin time (APTT) and hemorheological parameters in Balb/c nude mice burdened with B16-
F10-luc-G5 cells.  Mean±SEM.  n=5.  cP<0.01 vs model. 

 
Drug	     Hematocrit (%)

	          Elongation Index                              Orientation Index                     Whole blood viscocity (mPa/s)               
APTT (s)

 
                                                         100/s                  1000/s	          100/s                 1000/s	                  100/s                 1000/s 
 
Normal	 39±3.99c	 36.61±5.58c	 66.9±4.16	   8.2±0.74c	 10.1±1.15c	    7.77±0.64c	 3.54±0.47c	   28.6±4.35
Model	 21±4.60	   28.2±2.69	 64.2±3.58	 4.94±0.69	 5.03±0.24	 12.19±2.28	 4.58±0.02	  27.11±3.13
Heparin	 44±4.55c	   37.6±4.60c	 65.6±4.80	 8.54±0.83c	 9.34±0.91c	   8.06±0.13c	 3.88±0.11c	 29.02±4.08
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Figure 1.  Heparin inhibits PC-3M cell growth.  (A) MTS assays demonstrated a heparin-induced, dose-dependent decrease in PC-3M cell growth.  (B) 
Flow cytometry showed that heparin treatment (5, 25, and 125 μg/mL, 24 h) resulted in marked cell cycle changes.  (C) Flow cytometric analysis by 
Annexin V and PI double staining showed that heparin treatment (5, 25, and 125 μg/mL, 24 h) induced mild cell apoptosis.  (D) HCS analysis showed 
that heparin suppressed BrdU incorporation and Ki67 expression in PC-3M cells.  A total of 3000 cells were plated per well and incubated for 24 h 
before treatment with 5, 25, and 125 μg/mL heparin for 24 h.  Control wells were treated with PBS per well.  BrdU incorporation and Ki67 expression 
were measured simultaneously.  Mean±SEM.  n=6.  bP<0.05, cP<0.01 compared with control.  Each independent experiment was performed three 
times.  
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anti-tumor and anti-proliferative effects in PC-3M cells, we 
compared the protein expression patterns in heparin treated 
(125 μg/mL) and untreated cells.  2-DE analysis showed 
generally similar protein expression patterns in the heparin 
treated and untreated PC-3M cells (Figure 3A, B).  The protein 

spots were analyzed by PDQuest software, and 83 protein 
spots were significantly decreased in heparin treated versus 
untreated PC-3M cells (P<0.05, Supporting information).  
Thirty of these obviously decreased spots after heparin treat-
ment were identified by Q-TOF analysis (Table 2).  

Figure 2.  In vivo imaging of B16-F10-luc-G5 cell-derived tumors in mice.  The cells (5×106) were injected intravenously through the tail vein of male 
BALB/c nude mice.  Mice were imaged in vivo from the ventral (A) and dorsal (D) views between 2 to 14 days after the injection.  Shown are images of 
one representative control (saline) animal and one representative heparin-treated mouse.  Images were set on a pseudocolor scale to show relative 
bioluminescent changes over time.  Metastatic signals reappeared on the day following administration of control mice with vehicle and multiple signals 
developed on day 6.  In vivo imaging confirmed metastases in lungs (highest signal), ileum, jaws and skin (lower signal).  Mice administered heparin 
(30 mg/kg, 30 min before and 24 h after tumor cell injection via the tail vein) showed significant reduction of pulmonary metastatic nodules.  B, C, E, 
F show the statistical analysis of the total photon counts of whole body (B, E) or lung tissue (C, F) of BALB/c nude mice burdened with B16-F10-luc-G5 
cells from the ventral (B, C) and dorsal (E, F) views.  Mean±SEM.  n=3.  bP<0.05, cP<0.01 compared with the vehicle-treated control group.
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Table 2.  Thirty of the significantly decreased spots after heparin treatment in PC-3M cells identified by Q-TOF analysis and search of the Mascot 
database. 

 Protein 	                                          
Protein name	                                                                    Mass            Score          Matches      Sequences     emPAI  spot 

 
	 1	 Anterior gradient protein 2 (AGR2)	 20 024	 497	 27 (17)	   8 (6)	 3.06
	 2	 Adenylate kinase isoenzyme 1 (KAD1)	 21 735	 190	   9 (5)	   6 (5)	 1
	 3	 GTP-binding nuclear protein Ran (RAN)	 24 579	 694	 29 (24)	 12 (10)	 3.63
	 4	 14-3-3 protein zeta/delta 1433Z_HUMAN	 27 899	 89	   1 (1)	   1 (1)	 0.12
	 5	 Heterogeneous nuclear ribonucleoprotein D0 (HNRPD_HUMAN)	 38 581	 65 	   2 (2)	   1 (1) 	 0.09
	 6	 Heterogeneous nuclear ribonucleoprotein A3 (ROA3_HUMAN)	 39 799	 170 	   6 (5) 	   4 (3)	 0.14
	 7	 ATP synthase subunit alpha, mitochondrial (ATPA_HUMAN)	 59 828 	 240	 24 (13)	 13 (8)	 0.53
	 8	 ATP synthase subunit alpha, mitochondrial ATPA_HUMAN	 59 828 	 29 	   2 (1) 	   2 (1)	 0.98
	 9	 Annexin A11ANX11_HUMAN	 54 697 	 724 	 19 (16)	   8 (7)	 0.57
	 10	 Vimentin	 55 123 	 1 124	 51 (29)	 21 (14)	 1.84
	 11	 Dihydrolipoyl dehydrogenase, mitochondrial DLDH_HUMAN	 54 713	 283 	 12 (10)	  6 (4)	 1.23
	 12	 Prelamin-A/C LMNA_HUMAN	 74 380	 1 332	 45 (38)	 27 (22)	 1.11
	 13	 Dihydrolipoyllysine-residue succinyltransferase component of  	 49 067	 225	   6 (4)	   4 (2)	 0.91
		    2-ox oglutarate dehydrogenase complex, mitochondrial ODO2_HUMAN		
	 14	 Stress-70 protein, mitochondrial GRP75_HUMAN	 73 920	 163	   5 (4)	   5 (4)	 0.08
	 15	 Stress-70 protein, mitochondrial GRP75_HUMAN	 73 920	 149	   3 (3)	   2 (2)	 0.09
	 16	 L-lactate dehydrogenase B chain LDHB_HUMAN	 36 900	 193	   6 (5)	   5 (4)	 0.46
	 17	 T-complex protein 1 subunit zeta TCPZ_HUMAN	 58 444	 343 	 12 (9)	   5 (4)	 0.39
	 18	 Heat shock protein beta-1 HSPB1_HUMAN	 22 826	 1 172	 36 (27)	 12 (10)	 4.91
	 19	 T-complex protein 1 subunit gamma TCPG_HUMAN	 61 066	 103	   4 (3)	   3 (2)	 1.55
	 20	 Pyruvate kinase isozymes M1/M2 KPYM_HUMAN 	 58 470	 88	   3 (2)	   3 (2)	 1.21
	 21	 RuvB-like 2 RUVB2_HUMAN	 51 296	 262	   9 (7)	   6 (5)	 0.45
	 22	 Phosphoglycerate mutase 1 PGAM1_HUMAN	 28 900	 420	 17 (11)	   7 (7)	 1.67
	 23	 Elongation factor Tu, mitochondrial EFTU_HUMAN	 49 852	 1 519	 42 (31) 	 15 (11)	 1.79
	 24	 Heat shock protein HSP 90-alpha HS90A_HUMAN	 85 006	 1 345	 41 (31)	 26 (20)	 1.48
	 25	 Heat shock protein 75 kDa, mitochondrial TRAP1_HUMAN	 80 345	 285	   4 (4)	   1 (1)	 0.04
	 26	 Heat shock protein HSP 90-beta HS90B_HUMAN	 83 554	 352	   7 (5)	   3 (2)	 0.12
	 27	 Endoplasmin ENPL_HUMAN	 92 696	 139	   3 (2)	   3 (2)	 0.11
	 28	 Peptidyl-prolyl cis-trans isomerase F, mitochondrial PPIF_HUMAN	 22 368	 288	   9 (5)	   7 (4)	 0.67
	 29	 Beta-enolase ENOA_HUMAN	 47 481	 3 394	 86 (64)	 29 (21)	 6.49
	 30	 Voltage-dependent anion-selective channel protein 1 VDAC1_HUMAN	 30 868	 1 502	 40 (33)	 13 (11)	 2.78

Figure 3.  2-DE analysis of protein expression in PC-3M cells and lungs of mice burdened with B16-F10-luc-G5 cells with or without heparin treatment.  
Representative 2-DE maps of proteins in PC-3M cell lysis without (A) or with heparin treatment (B).  Representative 2-DE maps of proteins in lysed lung 
tissues of mice bearing B16-F10-luc-G5 cells without (C) or with (D) heparin administration.  Approximately 500 μg of total protein were focused on 
linear immobilized pH gradient strips (pH 3–10, 24 cm) before separating on a 12% sodium dodecyl sulphate–polyacrylamide gel and staining with 
Coomassie blue for detecting protein spots.  The experiment was performed three times.  
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Comparative proteomic analysis of lungs of mice bearing B16-
F10-luc-G5 cells with or without heparin administration 
To further elucidate the possible novel molecular mechanisms 
by which heparin might exert its anti-tumor and anti-metas-
tasic effects in Balb/c nude mice burdened with B16-F10-
luc-G5 cells, we compared protein expression patterns in the 
lungs of heparin-treated and untreated (control) mice.  2-DE 
analysis showed generally similar protein expression patterns 
in the heparin-treated and untreated groups (Figure 3C and 
3D).  Among them, 30 obviously different spots (indicated by 
arrows) were identified by using Q-TOF analysis (Table 3).  

Effect of heparin on expression levels of 14-3-3 zeta/delta, 
vimentin, E-cadherin, TGF-β, and αv-integrin in PC-3M cells
After comparing the 2-DE results from PC-3M cells and lungs 
of mice burdened with B16-F10-luc-G5 cells, we found 14-3-3  
zeta/delta and vimentin protein spots were identified in com-
mon.  Then, our Western blot analysis confirmed that heparin 
could dose-dependently decrease the protein expression of 
14-3-3 zeta/delta and vimentin, and there were significant 
differences at 25 and 125 μg/mL (Figure 4A).  Cytoskeleton 

protein vimentin is involved in tumor mobility, adhesion, and 
epithelial to mesenchymal transition (EMT).  Vimentin also 
co-localizes with αvβ3-integrin (focal contacts) when tumor 
cell moved and thought as an important marker of tumor cell 
EMT, along with E-cadherin, TGF-β.  To determine whether 
E-cadherin, TGF-β and αv-integrin are transcriptionally 
regulated by heparin, RT–PCR analysis was performed on 
heparin treated PC-3M cells.  Vimentin and E-cadherin mRNA 
decreased at the high dosage of heparin, while TGF-β mRNA 
increased with heparin treatment in the PC-3M cells (Figure 
4B), although the differences were not significant.  Expression 
of αv-integrin mRNA in PC-3M cells decreased with heparin 25 
and 125 μg/mL treatment (Figure 4C). 

The effect of vimentin-targetted siRNA on PC-3M cell proliferation
When PC-3M cells were transfected with siRNA against the 
vimentin gene for 48 h, the expression of vimentin in cells 
was partially reduced by 35% in comparison to the controls 
(P<0.05; Figure 5A) and the BrdU incorporation and Ki67 
activation in PC-3M cells was reduced significantly compared 
with the control (P<0.05; Figure 5B).

Table 3.  Thirty of the significantly decreased spots after heparin administration in lung tissue of Balb/c nude mice burdened with B16-F10-luc-G5 cells 
identified by Q-TOF analysis and search of the Mascot database.

 Protein 	                                    Protein name	                                                                    Mass            Score          Matches      Sequences     emPAI
  spot 
 
	 1	 Carbonyl reductase [NADPH] 	 26 056	 335	 15 (9)	   7 (5)	 1.32
	 2	 14-3-3 protein zeta/delta	 27 925 	 370 	 15 (11)	 10 (7)	 2.08
	 3	 Hemoglobin subunit beta-1 	 15 944    	 79	   1 (1)	   1 (1)	 0.21
	 4	 Selenium-binding protein 1	 53 051    	 72	   4 (3)	   3 (2) 	 0.13
	 5	 Elongation factor 1-beta 	 24 849	 344	   5 (4)	   3 (3)	 0.46
	 6	 Phosphoglycerate mutase 2	 28 980    	 350    	 29 (21)	 10 (8)	 2.31
	 7	 Carbonyl reductase [NADPH] 2 	 26 056	 662    	 34 (23)	 12 (7)	 1.96
	 8	 Troponin I, fast skeletal muscle 	 21 515 	 268 	 26 (15)	   9 (5)	 2.68
	 9	 Hemoglobin subunit alpha 	 15 133	 165 	   6 (6) 	   3 (3)	 0.84
	 10	 Carbonic anhydrase 3 	 29 633 	 144	 31 (11)	   8 (5)	 1.34
	 11	 Triosephosphate isomerase 	 32 684 	 65	 25 (7)	 10 (4)	 0.47
	 12	 Transcription factor BTF3 	 22 017	 34 	   9 (1)	   4 (1)	 0.33
	 13	 HIV Tat-specific factor 1 homolog 	 86 644 	 27     	   1 (0)	   1 (0)	 0.04
	 14	 Transgelin	 22 618    	 19 	   4 (0)	   3 (0)	 0.15
	 15	 Filamin A-interacting protein 1-like 	 130 263   	 15	   2 (0) 	   1 (0)	 0.03
	 16	 Monoglyceride lipase 	 33 708 	 64	 13 (3) 	   7 (2)	 0.46
	 17	 Fructose-bisphosphate aldolase A 	 39 787 	 45	   3 (1)	   3 (1)	 0.17
	 18	 Creatine kinase M-type 	 43 246	 36	 25 (2) 	 10 (1)	 0.16
	 19	 Advanced glycosylation end product-specific receptor 	 42 984    	 19	   2 (0)	   1 (0)	 0.08
	 20	 Beta-enolase 	 47 337 	 31	   9 (1)	   8 (1) 	 0.07
	 21	 Fatty acid-binding protein, epidermal 	 15 470	 19 	   1 (1)	   1 (1)	 0.22
	 22	 40S ribosomal protein SA 	 32 931	 28 	   3 (1)	   3 (1)	 0.1
	 23	 Myosin light chain 3	 22 521	 635	 41 (30) 	 14 (11)	 3.6
	 24	 Serum albumin 	 70 700	 302	 25 (17)	 12 (7)	 0.44
	 25	 Vimentin	 53 712	 24	   1 (0)	   1 (0)	 0.06
	 26	 Phosphoglycerate mutase 1 	 28 928	 217	 19 (11)	   7 (4)	 0.92
	 27	 Adenylate kinase isoenzyme 1	 21 640	 49	 21 (3)	   8 (3)	 0.78
	 28	 Pyruvate dehydrogenase protein X component, mitochondrial 	 54 250	 39	   3 (2)	   3 (2)	 0.13
	 29	 Myosin regulatory light chain 2, skeletal muscle isoform 	 19 057	 44	 18 (2)	   4 (2)	 0.38
	 30	 Dynein heavy chain 12, axonemal 	 3 587 387	 31	   1 (1)	   1 (1)	 0.01
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Discussion
In the experimental metastasis model, B16F10-luc-G5 tumor 
cells stably expressing firefly luciferase injected intravenously 
in the tail vein develop into pulmonary metastasis and are eas-
ily detected in vivo over time.  We obtained results similar to 
that of others[8–10]  in that a single administration of heparin 30 
min before injection of tumor cells into the tail vein could sig-
nificantly inhibit this lung metastasis.  In our study, with a sec-
ond administration of heparin at 24 h after tumor cell injection, 
the lung metastasis could be significantly inhibited through-
out the 14-day experimental period.  APTT data showed that 
this injection of heparin was safe.  As blood disorders (ie, low 
hematocrit) have been reported in cancer patients, we also 
analyzed hemorheological paremeters in Balb/c nude mice 

burdened with B16-F10-luc-G5 cells.  Erythrocyte deform-
ability and hematocrit were decreased, while the whole blood 
viscosity was increased in the model group compared to those 
of normal subjects[11, 12]. The observation that heparin could 
maintain the normal levels of these blood parameters and also 
inhibit metastasis as mentioned above indicated that the influ-
ence of heparin on circulating cells was related to its inhibition 
of tumor development. 

The effect of heparin on tumors includes interference with 
cancer-induced hypercoagulation, cancer cell proliferation, 
degradation of the extra-cellular matrix (involving the heparan 
sulfate chains of cell surface and extracellular matrix proteo-
glycans), angiogenesis, selectin-mediated binding of platelets 
and cancer cells, growth factors and their receptors, hepara-

Figure 4.  Effects of heparin on protein expression of vimentin and 14-3-3 zeta/delta (A) and mRNA expression of vimentin, TGF-β, E-cadherin, and αv-
integrin (B, C) in PC-3M cells. Mean±SEM. n=3. bP<0.05 vs the vehicle-treated control group.  Each independent experiment was performed three times.
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nase, tumor progression, and metastasis[13,14].  Heparin was 
proposed to have a role in maintaining the effects of chemo-
therapeutic drugs, as both UFH and LMWH have been shown 
to act as chemotherapy sensitizers[4, 5].  In our evaluation of 
the influence of heparin on tumor cell proliferation, cell cycle 
and apoptosis, we found that it could inhibit proliferation of 
PC-3M tumor cells and arrest them in the G0/G1 phase.  Hepa-
rin has been reported to induce apoptosis in tumor cells medi-
ated by caspase-3, caspase-8, Fas, and Bcl-2[15].  In this study, 
we did not find a significant influence of heparin on tumor cell 
apoptosis, although there was a slight increase in number of 
apoptotic PC-3M cells treated with heparin (125 μg/mL).  

To gain a global overview of protein changes in response to 
heparin treatment, we utilized the 2-DE method to evaluate 
PC-3M cells and lungs of mice bearing B16-F10-luc-G5 cells.  
Our 2-DE analysis identified 60 different down-regulated pro-
teins in PC-3M tumor cells and lungs after heparin treatment.  
The functions of those differentially expressed proteins are 
related to cell structure and movement (eg, fascin, transgelin, 
filamin, myosin, vimentin, dynein), cell growth and apopto-
sis (eg, anterior gradient protein 2, pyruvate kinase isozymes 

M1/M2, enolase, 14-3-3 zeta/delta), energy metabolism (eg, 
adenylate kinase isoenzyme 1, ATP synthase subunit alpha, 
dihydrolipoyllysine-residue succinyltransferase component 
of 2-ox oglutarate dehydrogenase complex), nuclear activity 
regulation (eg, GTP-binding nuclear protein Ran) and several 
chaperones in the control of cell proliferation (eg, stress-70 
protein, T-complex protein 1, heat shock protein HSP 90, heat 
shock protein 75 and endoplasmin).  

After comparing the 2-DE results from PC-3M cells and 
lungs of mice burdened with B16-F10-luc-G5 cells, we found 
five protein spots which were identified in common: adenylate 
kinase isoenzyme 1, 14-3-3 protein zeta/delta, vimentin, phos-
phoglycerate mutase 1 and β-enolase.  

Previously, based on the hypothesis that heparin regulates 
vimentin in the tumor-endothelium interaction and the find-
ing of endothelial 2-DE experiment that vimentin expression 
altered greatly by low molecular weight heparin, we demon-
strated that vimentin partly plays a role in the anti-metastatic 
effects of low molecular weight heparin[16].  In the present 
study, we further analyzed and confirmed the down-regulated 
expression of vimentin, which was also one of the proteins 
influenced by heparin and identified in both the PC-3M cells 
and lungs of mice burdened with B16-F10-luc-G5 cells, along 
with 14-3-3 zeta/delta.  The 14-3-3 zeta/delta belongs to a 
family of highly conserved proteins that play important roles 
in a wide range of cellular processes including apoptosis, cell 
cycle progression, and signal transduction.  14-3-3 proteins 
regulate the cell cycle and prevent apoptosis by controlling the 
nuclear and cytoplasmic distribution of signaling molecules 
with which they interact.  In our pharmacodynamics studies 
about heparin on PC-3M tumor cells, we found that heparin 
have obviously inhibitory effects on tumor growth, prolifera-
tion and cell cycle.  Additionally, the 14-3-3 dimer can bind to 
vimentin polypeptides and regulate Raf activation by EGF[17], 

14-3-3 protein plays an organizing role in the intermediate 
filament network[18], and its overexpression has been found in 
multiple cancers.  14-3-3 zeta and delta both have been identi-
fied as biomarkers for poor prognosis, therapy and chemore-
sistance in multiple tumor types[19, 20].  Thus, vimentin and 
14-3-3 are of interest as their protein expression levels were 
found to be significantly decreased by heparin in PC-3M cells.  
Our results of vimentin-targetted siRNA showed that partial 
knockdown of vimentin in PC-3M could reduce the ability of 
PC-3M cells proliferation.  The inhibitory effects of heparin 
on structural organization of vimentin play an important role 
in its anti-tumor and anti-metastasis function.  Meaningfully, 
activation of an Akt-14-3-3 zeta signaling pathway in promot-
ing a multidrug-resistant phenotype has been associated with 
vimentin-dependent invasive behavior in diffuse large B-cell 
lymphoma cells[21].  These proteins may account for the effect 
of heparin as a chemotherapy sensitizer, but further research 
on the role of 14-3-3 and vimentin in multi-drug resistance to 
anti-tumor agents should be undertaken.

In recent years, the cytoskeleton protein vimentin has 
gained attention for its roles in cell migration, adhesion, EMT, 
and signal transduction.  In cancer-related studies, vimentin 

Figure 5.  siRNA interferes with vimentin expression in PC-3M cells.  Non-
silencing siRNA (ns-siRNA) was used as a negative control.  Vimentin-
targeted siRNA (siVimentin) was transfected into PC-3M for 48 h; the total 
protein was extracted with protein lysis buffer and protein concentrations 
were measured using the Bradford protein assay.  Cell lysates were ana-
lyzed by Western blotting (A).  The effect of this vimentin knockdown on 
BrdU incorporation and Ki67 expression (B) in PC-3M cells.  A total of 
3000 cells were plated per well and incubated for 24 h.  Mean±SEM.  
n=6.  cP<0.01 compared with control.  Each independent experiment was 
performed three times.
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has been found to be mainly involved in tumor mobility[22, 23].  
Vimentin has been shown to co-localize with αvβ3-integrin 
(focal contacts)[24].  Moreover, through integrin-linked kinase, 
integrin can regulate expression and function of vimentin.  
The levels of vimentin and integrin play a key role in tissue 
homeostasis as well, and their hyperexpression leads to tum-
origenesis[25, 26].  We detected and observed that the mRNA 
expression levels of αv-integrin and vimentin could be medi-
ated by heparin treatment.

In conclusion, our study has demonstrated multiple effects 
of heparin on tumors, consistent with previous studies that 
have identified heparin as an anti-cancer drug with diverse 
targets.  These effects of heparin involve the inhibition of 
14-3-3 zeta/delta, vimentin and αv-integrin expression.  
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Anti-CHMP5 single chain variable fragment antibody 
retrovirus infection induces programmed cell death 
of AML leukemic cells in vitro
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Aim: Over-expressed CHMP5 was found to act as oncogene that probably participated in leukemogenesis.  In this study, we constructed 
the CHMP5 single chain variable fragment antibody (CHMP5-scFv) retrovirus and studied the changes of programmed cell death (PCD) 
of AML leukemic cells after infection by the retrovirus.  
Methods: The anti-CHMP5 KC14 hybridoma cell line was constructed to generate monoclonal antibody of CHMP5.  The protein 
expression of CHMP5 was studied using immunofluorescence analysis.  pMIG-CHMP5 scFv antibody expressible retroviral vector was 
constructed to prepare CHMP5-scFv retrovirus.  AML leukemic U937 cells were infected with the retrovirus, and programmed cell death 
was studied using confocal microscope, FCM and Western blot.
Results: We obtained a monoclonal antibody of CHMP5, and found the expression of CHMP5 was up-regulated in the leukemic cells.  
After U937 cells were infected with CHMP5-scFv retrovirus, CHMP5 protein was neutralized.  Moreover, the infection resulted in a 
significant increase in apoptosis and necrosis of U937 cells.  In U937 cells infected with CHMP5-scFv retrovirus, apoptosis-inducing 
factor (AIF)-mediated caspase-independent necrotic PCD was activated, but autophagic programmed cell death was not observed.  
Neither the intrinsic nor extrinsic apoptotic PCD pathway was activated.  The granzyme B/perforin-mediated caspase-dependent 
apoptotic PCD pathway was not activated.
Conclusion: CHMP5-scFv retrovirus can neutralize the abnormally high levels of the CHMP5 protein in the cytosol of AML leukemic 
U937 cells, thereby inducing the programmed cell death of the leukemic cells via AIF-mediated caspase-independent necrosis and 
apoptosis.

Keywords: leukemia; CHMP5; monoclonal antibody; single chain variable fragment antibody (scFv); retrovirus; programmed cell death; 
apoptosis; necrosis; autophagy; apoptosis-inducing factor (AIF)
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Introduction
In adults, acute myeloid leukemia (AML) is by far the most 
common type of acute leukemia.  It is a cancer of the bone 
marrow and is characterized by a mutation in a hematopoietic 
stem or progenitor cell, which develops into the accumulation 
of highly proliferative dysfunctional and immature myeloid 
cells.  These abnormal cells eventually dominate hematopoi-
etic niches, such as the bone marrow, and result in abnormal 
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peripheral blood counts due to high number of myeloblasts.  
Over the past several decades, improvements in chemothera-
peutic regimens and supportive care have resulted in signifi-
cant but modest progress in treating AML, but AML remains 
a fatal disease for most patients[1].  A better molecular defini-
tion and the elucidation of the physiopathology of AML com-
bined with the development of new and targeted therapies 
may result in a better prognosis for patients with AML in the 
future.

The human charged multivesicular body protein 5 (CHMP5) 
is a member of the CHMP family of coiled-coil proteins[2].  The 
multivesicular body (MVB) is a particular type of late endo-
somes, which are crucial intermediates in the internalization 
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of nutrients, ligands and receptors through the endolyso-
somal system.  It plays a crucial role in sorting membrane 
proteins that are destined for degradation or routing to the 
lysosome[3, 4].  These proteins, such as activated growth-factor, 
hormone and cytokine receptors, are internalized into vesicles 
forming an MVB, the contents of the MVB are then transferred 
to lysosomes for degradation[2, 5, 6].  CHMP5 is responsible for 
the final conversion of late endosomal MVB to lysosomes and 
plays a critical role in the downregulation of signaling path-
ways through receptor degradation[2, 7].

Functional analyses of CHMP5 are performed using an 
RNAi and protein overexpression strategy in our lab.  We 
found CHMP5 is an anti-apoptotic gene[8], which is con-
sistent with previous findings by Shahmoradgoli et al[9].  
Moreover, our data confirmed previous findings showing 
that CHMP5 is significantly increased in de novo or relapsed 
acute myeloid leukemia, indicating that it may participate in 
leukemogenesis[8, 9].  Immunofluorescence experiments using a 
monoclonal antibody produced by our lab suggested that the 
CHMP5 protein was expressed at low levels in the cytosol of 
293T cells and normal blood mononuclear cells from healthy 
volunteers.  Interestingly, the CHMP5 protein was highly 
expressed in the cytosol of AML leukemic cells (unpublished 
data).  These findings indicate that highly expressed CHMP5 
protein may participate in leukemogenesis, and the abnormal 
expression of the CHMP5 protein may be a target for gene 
therapy.  

Recently, recombinant antibodies targeting tumor-associated 
antigens (TAAs) or tumor-specific antigens (TSAs), gene ther-
apy and immunomodulators have transformed the traditional 
chemotherapy based only on anticancer drugs.  TAAs or TSAs 
are proteins or other molecular species that are expressed in 
a specific tumor type that can be targeted for diagnostic and 
immunotherapy purposes[10].  Tumor-specific recombinant 
antibodies have been employed in diagnosis and therapy, such 
as the anti-CD20 monoclonal antibody (McAb), either as single 
agents or in combination with chemotherapy.  These agents 
have resulted in large improvements in non-Hodgkin's lym-
phoma survival rates.  The main pitfalls of utilizing antibodies 
to tumor-specific antigens in cancer diagnosis and therapy 
are the immune response to non-human antibodies and the 
large size of antibodies, which hinders their access to the large 
tumors or into cells[10].  

The first single chain variable fragment antibody (scFv) 
was developed in 1988.  An scFv is an antibody composed of 
heavy- and light-chain variable regions that are joined by an 
interchain polypeptide linker.  The scFv is one of the smallest 
fragments to be produced that shows equivalent binding affin-
ity to the parent Fab (fragment antigen-binding) fragment[11, 12].  
ScFv can be conjugated to different types of molecules, such 
as radioisotopes and toxins, or expressed as an intracellular 
antibody (intrabody) in a specific intracellular compartment, 
where it can interfere with the function of the targeted anti-
gen at the level of a specific domain[13].  Human single chain 
antibody fragments offer the advantage of being expressed as 
a single polypeptide, and their small size means that they can 

serve as a highly safe, selective and effective diagnostic and 
therapeutical tool[10, 14–20].  The scFv on target molecules within 
cells or intrabodies provides a useful tool for research as well 
as for control of diseases such as human immunodeficiency 
virus type 1 infection and other diseases[13, 15, 16, 21].  

As we mentioned previously, the expression of the anti-
apoptotic protein CHMP5 was dramatically up-regulated in 
the cytosol of AML leukemic cells, which was distinct from 
the expression in normal mononuclear cells.  Infecting AML 
leukemic cells with an anti-CHMP5 scFv retrovirus may 
induce programmed cell death by neutralizing the excess anti-
apoptotic CHMP5 protein.  

Materials and methods 
Cell culture and transfection
Human HEK293T (human embryonic kidney) cells and U937 
cells were obtained from the Shanghai Institute of Hematology 
(Shanghai, China).  The anti-CHMP5 KC14 hybridoma cell line 
was constructed by our lab.  The cells were cultured in RPMI-
1640 supplemented with 10% (v/v) fetal bovine serum (FBS), 
100 U/mL penicillin and 100 μg/mL streptomycin at 37 °C 
and 5% (v/v) CO2.  The media for culturing the hybridoma cell 
line KC14 contained 1×HAT (Hypoxathine, Aminopterin and 
Thymidine).  

Generation of the anti-CHMP5 hybridoma cell line and prepara
tion of the anti-CHMP5 monoclonal antibody 
Antheprot 4.3 was used to select three antigenic epitopes of the 
CHMP5 protein.  These antigenic epitopes were synthesized 
and used to generate the CHMP5 polyclonal antibody.  West-
ern blot analysis revealed that the polyclonal antibody derived 
from the KC14 antigenic epitope performed best.  The amino 
acid sequence of KC14 was N’-KAK PKA PPP SLT DC-C’.  The 
hybridoma was constructed according to Ball et al[22].  Briefly, 
we conjugated the KC14 peptide to bovine serum albumin 
(BSA).  BALB/c mice were immunized against the synthetic 
peptide of the CHMP5 protein.  The spleen cells of the mice 
were fused with Sp2/0 mouse myeloma cells.  The titers of the 
monoclonal antibody (McAb) were tested by ELISA.

Cloning of the VH and VL regions from the KC14 hybridoma
Total RNA extracted from the KC14 hybridoma was converted 
into cDNA using reverse transcriptase.  PCR was performed 
with mouse primers for VL and VH.  The primers were 
designed according to references[23, 24].  The VL sense primer 
was: 5’-CCT CTA GAG ACA TTG TG-3’; the VL antisense 
primer was: 5’-GCC CTT GGC TCG AGT TTT-3’; the VH sense 
primer was: 5’-ATG AGT CCT GAA CTA ACC TTG AAT C-3’; 
and the VH antisense primer was: 5’-TCA TTC TAG CCC TTT 
CCC TGT AGC C-3’.  PCR products were purified, TOPO-TA 
was cloned into the T-vector, and the recombinant vector was 
sequenced to obtain DNA sequence of VL and VH.  

pBabe-CHMP5 scFv antibody retroviral expression vector con
struction
The pBabe-puro retroviral vector was obtained from the 
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Shanghai Institute of Hematology (Shanghai, China).  We first 
inserted the VL sequences into pBabe to generate the pBabe-
VL recombinant vector.  The VL sense primer included restric-
tion sites for the endonuclease BamH I, and the antisense 
primer included restriction sites for the endonuclease EcoR I.  
PCR was performed using cDNA of the KC14 hybridoma cells 
to obtain VL sequences.  The purified PCR products and the 
pBabe-Puro retroviral vector were digested with restriction 
enzymes BamH I and EcoR I, respectively.  The DNA Ligation 
Kit Ver 2.0 (Takara, Tokyo, Japan) was used to ligate the VL 
sequences with pBabe to produce the pBabe-VL recombinant 
vector.  Subsequently, we chemically synthesized a linker oli-
gonucleotide.  The sense sequence of linker was 5’-AAT TCG 
GTG GTG GTG GAT CCG GTG GTG GTG GTT CTG GCG 
GCG GCG GCT CCG-3’ and the antisense sequence of linker 
was 5’-TCG ACG GAG CCG CCG CCG CCA GAA CCA CCA 
CCA CCG GAT CCA CCA CCA CCG-3’.  The underlined 
portion shows the EcoR I site.  After annealing with its coun-
terpart oligonucleotide, the EcoR I sticky end may form at the 
5’ terminal end of the linker dsDNA.  The Sal I site is shown in 
italics.  After annealing with its counterpart oligonucleotide, 
the Sal I sticky end may form at the 3’ terminal end of the 
linker dsDNA.  After the pBabe-VL recombinant vector was 
cut with the EcoR I and Sal I restriction enzymes, the linker 
dsDNA was introduced to form the pBabe-VL-linker recom-
binant vector.  Subsequently, both VH sense and antisense 
primers were added with restriction sites for the endonuclease 
Sal I and VH was introduced into pBabe-VL-linker to form the 
pBabe-CHMP5 scFv antibody retroviral expression vector.  

pMIG-CHMP5 scFv antibody retroviral expression vector con
struction
The pMIG-GFP retroviral vector, gag/pol and VSV-G were 
obtained from the Shanghai Institute of Hematology (Shang-
hai, China).  Because the pBabe-CHMP5 scFv antibody retro-
viral expression vector did not contain the GFP (green fluores-
cence protein) sequence, it was difficult for us to evaluate the 
infection efficiency after transient transfection.  Therefore, we 
utilized the pMIG-GFP retroviral vector to construct pMIG-
CHMP5 scFv antibody retroviral expression vector.  The 
primer pairs 5’-tac gtt aga tct ATG ACC CAG TCT CCT GCT-
3’ and 5’-tag att gtt aac GCA TTC TAG CCC TTT CCC-3’ were 
used, and the pBabe-CHMP5 scFv antibody retroviral expres-
sion vector served as the DNA template for PCR to obtain the 
CHMP5 scFv sequence.  The purified PCR products and the 
pMIG-GFP retroviral vector were digested with the Bgl I and 
Hpa I restriction enzymes, respectively.  The DNA Ligation 
Kit Ver 2.0 was used to ligate the CHMP5 scFv sequence with 
pMIG to generate the pMIG-CHMP5 scFv antibody retroviral 
expression vector.

pMIG-CHMP5 scFv retrovirus preparation and infection
To prepare the virus, 293T cells were cotransfected with the 
empty pMIG vector or the pMIG-CHMP5 scFv antibody ret-
roviral expression plasmid and gag/pol and VSV-G using the 
FuGENE 6 transfection reagent (Roche, USA)[25, 26].  One day 

after transfection, the medium was changed, and collection of 
the virus-containing medium began on d 2.  The medium was 
filtered through a 0.22-μm filter.  U937 cells were then infected 
with the retroviral supernatants.  The clones expressing the 
desired genes were sorted by a flowcytometer (FCM), and the 
GFP-positive cells were selected[26].  

Immunofluorescence analysis 
Our CHMP5 McAb was used to detect the CHMP5 protein in 
U937 cells by immunofluorescence after infected by the scFv 
retrovirus.  The cells were incubated with primary antibodies 
and the anti-mouse secondary antibody was CY3-conjugated.  
The images were captured by confocal laser scanning micro-
scope (Carl Zeiss, ObErkochen, Germany).  To avoid experi-
mental error, non-infected U937 cells served as the control and 
the parameters of the microscope were fixed in each experi-
ment.  The typical field of the microscope was selected by the 
operator of the confocal laser scanning microscope.

Programmed cell death (PCD) analysis
The cells were stained with annexin-allophycocyanin (APC)/7-
amino-actinomycin (7-AAD) (BD PharMingen, San Jose, CA, 
USA) and evaluated using FCM.  APC was optimized for FL-4 
fluorescence on a flowcytometer, and 7-AAD fluorescence was 
detected in the far red range of the spectrum (650 nm long-
pass filter)[8].  The results were represented as the percentage of 
both annexin V-APC+/7-AAD– and annexin V-APC+/7-AAD+ 
cells.  For confocal microscopy, the excitation wavelength of 
annexin V-APC was 633 nm and the emission wavelength was 
700–780 nm[8].  The excitation wavelength of 7-AAD was 543 
nm and the emission wavelength was 560–615 nm.  A total of 
200 cells were counted, and the results were calculated based 
on the percentages of both annexin V-APC+/7-AAD– and 
annexin V-APC+/7-AAD+ cells.

Western blot was performed using PCD-associated 
antibodies.  The Granzyme B, microtubule-associated protein 1 
light chain 3 (LC-3) and Caspase 9 antibodies were purchased 
from Cell Signal Technology (MA, USA); AIF and Caspase 3 
antibodies were purchased from Epitmics (CA, USA); antibod-
ies against PARP were purchased from Santa Cruz Biotech-
nology (CA, USA); anti-Caspase 8 was purchased from BD 
Pharmingen (CA, USA).  

Changes in CHMP5 gene and protein expression after scFv 
retrovirus infection 
The changes in gene and protein expression of CHMP5 
in U937 cells after scFv retrovirus infection were studied.  
Reverse transcription polymerase chain reaction (RT-PCR) 
was performed, and the CHMP5 primers were: 5’-TGC TCA 
AGA TGA ACC GAC TCT-3’ and 5’-GTG GGA ACA CCT 
TCT GGA AT-3’.  The β-actin primers were: 5’-TCG ACA ACG 
GCT CCG GCA T-3’ and 5’-AAG GTG TGG TGC CAG ATT 
TTC-3’.  The polyclonal antibody against CHMP5 that was 
used for western blot analysis was purchased from Abcam 
(Cambridge, UK).  



812

www.nature.com/aps
Wang HR et al

Acta Pharmacologica Sinica

npg

Statistical analysis
All statistics were performed using SAS 6.12 software.  Data 
were expressed as mean±SD from three independent experi-
ments.  The statistical significance was determined using  t-test 
to compare groups of data.  P values <0.05 were considered to 
be statistically significant.
 
Results
Identification of anti-CHMP5 monoclonal antibody
Because a monoclonal antibody of CHMP5 was not com-
mercially available and we needed to obtain the VL and VH 
sequence of anti-CHMP5 hybridoma cells, we constructed 
hybridoma cells and produced our own CHMP5 monoclo-
nal antibody.  After we obtained the monoclonal antibody of 
CHMP5, both western blot analysis and immunofluorescence 
studies verified that McAb functioned as expected (Figure 1).  
The U937 group consisted of U937 cells that were not trans-
fected with plasmids.  The sh Con group consisted of U937 
cells that were transfected with short-hairpin RNA (shRNA) 
control plasmids.  The sh-CHMP5 group was composed of 
cells with RNA interference-mediated CHMP5 inhibition[8].  
We found that our monoclonal antibody could detect an 
approximately 28 kDa band in the U937 and sh Con groups 
by Western blot analysis; however, this band was very weak 
in the sh-CHMP5 group.  The reduction in the density of the 
band was consistent with the changes in CHMP5 expres-
sion, indicating that this McAb could be utilized to detect 
CHMP5 protein by Western blot (Figure 1A).  The McAb 
immunofluorescence (IF) results also confirmed that we had 
successfully prepared the McAb.  Figure 1B–1D show the 
immunofluorescence results of the U937, sh Con and sh-
CHMP5 groups, respectively.  The figure shows the merged by 
red and blue fluorescence images.  The red fluorescence (CY3) 
represents CHMP5 protein, and the blue fluorescence repre-
sents the DAPI (diamidino-phenyl-indole) signal, which labe-
les the nucleus.  We found that the red fluorescence signal of 
the CHMP5 protein was highly expressed throughout cytosol 
(Figure 1A and 1B), but the red fluorescence signal decreased 
after CHMP5 was inhibited by RNA interference (Figure 
1C).  The change in red fluorescence was consistent with the 

changes in CHMP5 expression, indicating that this McAb may 
be utilized for immunofluorescence.  

VL and VH cloning
The detailed DNA sequencing results of the cloned VL and 
VH of the scFv were supplied in the supplemental data.

IgBLAST and Nucleotide blast (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) were employed, and we confirmed that the 
sequences of VL and VH we obtained represented the variable 
region.  VL shares 98% identity (281/288) to the Mus musculus 
strain C57BL/6J chromosome 6 genomic contig (NT 039353.7).  
At this site, the Mus musculus light chain gene Igk-V21-12 is 
represented (GeneID: 667914).  The VH was on the Mus muscu-
lus strain 129/SvJ chromosome 12 unlocalized genomic contig 
(NT 114985.2), and this site included the Mus musculus heavy 
chain gene Igh-VX24 (GeneID: 195176).  The VH appeared to 
be the composite of two fragments, and each fragment showed 
high similarity (98% and 100%, respectively) to Igh-VX24.  

Changes in CHMP5 protein expression after scFv retrovirus 
infection
The non-infected U937 group showed CHMP5 protein expres-
sion (red fluorescence) distributed throughout the cytosol.  The 
GFP protein could not be detected because it was not infected 
(Figure 2).  The scFv-Con group (U937 cells were infected 
by empty pMIG-GFP) displayed GFP expression, indicating 
that the retrovirus had successfully infected U937 cells, and 
we could note that the expression of the CHMP5 protein was 
similar to the level observed in the U937 cells (Figure 2).  The 
scFv-virus group (U937 cells infected with the pMIG-CHMP5 
scFv retrovirus) showed GFP expression, indicating that the 
virus had successfully infected U937 cells.  We found that the 
red fluorescence decreased dramatically, and the remaining 
red fluorescence appeared to exist as particulates in cytosol 
(Figure 2).

Changes in programmed cell death after scFv retrovirus infection
By FCM, we found that the apoptosis rate was 1.60%±0.24% 
in U937 group, and 1.81%±0.11% and 10.19%±0.46% in the 
scFv-Con and scFv-CHMP5 groups, respectively.  There were 

Figure 1.  The efficiency of CHMP5 monoclonal antibody.  (A) The CHMP5 McAb was able to detect the CHMP5 protein by Western blot.  When CHMP5 
was inhibited by sh-CHMP5, the band was nearly undetectable; the McAb could detect the CHMP5 band in the control groups, in which CHMP5 was not 
inhibited.  (B) In untranfected U937 cells, the red fluorescence signal of the CHMP5 protein was relatively highly expressed throughout cytosol.  (C) In 
the sh Con group, the red fluorescence signal of the CHMP5 protein was similar to untranfected U937 cells.  (D) The red fluorescence signal of CHMP5 
protein decreased dramatically in the sh-CHMP5 group.
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no statistically significant differences between the U937 and 
scFv-Con groups (P=0.1217).  There was a statistically sig-
nificant difference between the scFv-Con and scFv-CHMP5 
groups (P=0.0015) (Figure 3A).  The apoptosis rate increased 
approximately 5 times following the scFv retrovirus infection.  
We used confocal microscopy to further demonstrate that the 
apoptosis rate was 3.27% in the U937 group, 3.54% in the scFv-
Con group and 12.36% in the scFv-CHMP5 group, in agree-
ment with the FCM results (Figure 3B–3D).  We also found 
that the percentage of 7-AAD single-stained cells increased, 
which was likely necrosis[27, 28] (Figure 3D).  

After we showed that the scFv retrovirus infection could 
induce U937 leukemic cells to undergo apoptosis, western 
blot analysis was applied to study the changes in the apop-
totic pathway.  The autophagic and necrotic programmed cell 
death pathways were also examined.  We found that after 
U937 cells were infected by the scFv retrovirus, the expression 
of AIF and cleaved Caspase 3 increased (Figure 4).  PARP was 
the substrate of the activated Caspase 3, and we found that 
PARP decreased and its cleavage increased after scFv retro-
virus infection.  Granzyme B (Gran B), proCaspase 8, cleaved 
Caspase 8 and cleaved Caspase 9 showed no obvious changes.  

Figure 2.  Immunofluorescence after scFv retrovirus infection.  The U937 group consisted of cells not infected by the retrovirus, the scFv-Con group 
consisted of U937 cells infected by control retrovirus, and the scFv-CHMP5 group consisted of U937 cells infected by scFv retrovirus.  CHMP5 was 
represented by the CY3 red fluorescence signal, the green fluorescence signal represented GFP, and DAPI was depicted by the blue fluorescence signal.  
The merged images represent the fusion of the red, green and blue fluorescence images.  The expression of CHMP5 was similar in the U937 group and 
scFv-Con group; however, the signal of CHMP5 decreased dramatically in the scFv-CHMP5 group.  

Figure 3.  Apoptosis assessment after scFv retrovirus infection.  (A) The apoptosis rate increased after infected by the scFv retrovirus and showed 
a statistically significant difference between the scFv-Con and scFv-CHMP5 groups, P<0.05 (n=3).  (B) A typical confocal microscope field of the 
U937 group.  (C) A typical confocal microscope field of the scFv-Con group.  (D) A typical confocal microscope field of the scFv-CHMP5 group.  (a) A 
typical annexin V-APC+/7-AAD– apoptotic cell at an early stage.  (b) A typical annexin V-APC+/7-AAD+ apoptotic cell at a later stage; we could view the 
karyorrhexis and apoptotic body.  (c) Karyopyknosis, which is indicative of necrosis.
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Neither the conversion of LC3-I to LC3-II nor the increase of 
LC3-II was observed after scFv retrovirus infection (Figure 4).

CHMP5 gene and protein changes after scFv retrovirus infection
To detect whether scFv retrovirus infection could affect the 
gene expression in U937 cells, reverse transcript PCR was 
used.  We found the gene expression was not altered after scFv 
retrovirus infection.  The change in CHMP5 protein expression 
after scFv retrovirus infection was also studied by western 
blot using a polyclonal antibody purchased from Abcam.  We 
found that the protein expression was also not changed after 
scFv retrovirus infection (Figure 5).  

CHMP5 protein was highly expressed in the cytosol of AML 
leukemic cells (unpublished data).  Moreover, our studies are 
consistent with previous studies which show that CHMP5 
is an anti-apoptotic gene[8, 9].  Furthermore, in agreement 
with these previous studies, we found that the CHMP5 gene 
expression is significantly increased in de novo or relapsed 
AML, indicating that it may participate in leukemogenesis[8, 9].  
As shown in Figure 1, after CHMP5 is inhibited by RNA inter-
ference in the AML leukemic cell line, U937, the expression of 
the CHMP5 protein is significantly decreased, and the leuke-
mic cells are induced to undergo apoptosis[8].  These findings 
indicate that highly expressed CHMP5 protein in the cytosol 
may participate in leukemogenesis, and it may be a target for 
gene therapy.  

The scFv to target molecules within cells provide a useful 
tool for research as well as for the control of diseases[13, 15, 16, 21].  
To produce a scFv-CHMP5, the hybridoma cells should be cre-
ated, and subsequently the VL and VH variable region from 
the RNA of hybridoma cells must be obtained[29].  Immuno-
fluorescence revealed that when the U937 cells were infected 
by the scFv-CHMP5 retrovirus, the red fluorescence of the 
CHMP5 protein decreased dramatically.  Because the VL and 
VH variable regions of the CHMP5 scFv are generated from 
the RNA of hybridoma cells, which are also used to produce 
the McAb of CHMP5, the antigenic site of CHMP5 is shared 
and recognized by scFv and McAb.  Immunofluoresence with 
this monoclonal antibody shows a decrease of red fluores-
cence (CHMP5 protein) after scFv retrovirus infection.  This 
reduction may be explained by two potential scenarios; after 
the CHMP5 protein is neutralized by the scFv, the amount 
of CHMP5 protein in cytosol is not altered or CHMP5 is 
degraded.  Both the gene and protein expression level of 
CHMP5 are studied, and the results indicate its gene expres-
sion level and the amount of CHMP5 protein in cytosol are 
not altered after being neutralized by scFv (Figure 5).  Nota-
bly, we find little red fluorescence remains in the cytosol after 
scFv-virus infection, and this red fluorescence appears to be 
in the particulates in the cytosol.  Ward et al has reported that 
the CHMP5 protein is likely to be found in vesicles, which 
are thought to be lysosome and MVB[7].  Consistent with this 
observation, we suggest that the CHMP5 protein, which has 
been neutralized by scFv, is in cytosol, whereas the remaining 
CHMP5 protein is localized to the lysosome and MVB.  

Recently, apoptosis was classified as type I programmed 
cell death[30].  Our previous study had found that both the 
Granzyme B/Perforin-mediated apoptotic and AIF-mediated 
necrotic programmed cell death pathways are activated dur-
ing CHMP5 deficiencies, whereas the autophagic programmed 
cell death is not activated (unpublished data).  Therefore, these 
PCD pathways were studied in U937 cells after scFv retrovirus 
infection.  In general, activation of Caspase 9 results in the ini-
tiation of the intrinsic pathway, whereas activation of Caspase 
8 results in the initiation of the extrinsic pathway[31].  Activa-
tion of either pathway leads to activation of the downstream 
Caspase 3 and Caspase 7.  We find that Caspase 3 is activated 
after U937 cells are infected by scFv retrovirus, indicating the 

Figure 4.  Expression of PCD-related factors detected by Western blot.  
After U937 cells were infected by scFv retrovirus, we found that the 
amount of AIF protein and cleaved Caspase 3 increased, and PARP, which 
was the substrate of activated Caspase 3, was cleaved.  However, the 
levels of Granzyme B (Gran B), proCaspase 8, cleaved Caspase 8 and 
cleaved Caspase 9 were not changed.  Neither the conversion of LC3-I to 
LC3-II nor an increase of LC3-II was observed.  ∆ indicated the cleaved 
protein.

Figure 5.  Changes in CHMP5 gene and protein expression after scFv 
retrovirus infection.  (A) We did not observe gene expression changes.  
(B) We found that the protein expression was not changed after scFv 
retrovirus infection.

Discussion
As we have mentioned previously, immunofluorescence 
experiments using a monoclonal antibody produced by our 
lab suggested that the CHMP5 protein was expressed at rela-
tively low levels in the cytosol of 293T cells and normal blood 
mononuclear cells from healthy volunteers.  Conversely, the 
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apoptotic PCD pathway is activated.  Neither Caspase 8 nor 
Caspase 9 is activated, indicating that neither intrinsic and 
extrinsic apoptotic PCD pathways are activated.  To our sur-
prise, the granzyme B/perforin-mediated Caspase-dependent 
apoptotic PCD pathway is also not activated.  Although the 
apoptosis-inducing protein, AIF, increased after scFv retrovi-
rus infection, AIF is thought to activiate Caspase-independent 
necrotic PCD pathways.  That is, it is considered to be unable 
to active Caspase 3[32, 33].  It appears that an additional uncom-
mon Caspase-dependent apoptotic PCD pathway is activated, 
or this may indicate that AIF can active Caspase 3.

AIF-induced apoptosis now is reported to be Caspase-
independent necroptosis[32], and necrosis is thought to be 
type III programmed cell death[30].  Increasing evidence 
shows that necrosis is a highly orchestrated type of PCD[32, 33].  
Upon activation of PCD, AIF is released from the mito-
chondria and translocated into the nucleus to induce phos-
phatidylserine exposure, chromatin condensation and DNA 
fragmentation[27, 28].  We find that AIF increases after scFV ret-
rovirus infection in U937 cells.  Phosphatidylserine exposure 
can be detected by annexin V, and we find that both phos-
phatidylserine exposure and chromatin condensation can be 
found in U937 cells after scFV retrovirus infection (Figure 3D), 
indicating that AIF-mediated caspase-independent necrosis is 
activated.

Recently, autophagy has also been shown to be a genetically 
programmed and regulated process by which cells undergo 
self-elimination.  It is classified as type II programmed cell 
death[30].  In mammals, the conversion of the microtubule-
associated protein 1 light chain 3 (LC3) from LC3-I (free form) 
to LC3-II (phosphatidylethanolamine-conjugated form) or 
the increase of LC3-II is a key step in autophagy[34].  We find 
that neither the conversion of protein LC3-I to LC3-II nor the 
amount of LC3-II is increased.  These findings indicate that 
autophagic programmed cell death is not observed in U937 
cells after scFV virus infection.

In conclusion, we find that the scFv-CHMP5 virus can neu-
tralize the abnormally high levels of the CHMP5 protein in the 
cytosol of AML leukemic U937 cells, thereby inducing leuke-
mic cells to undergo programmed cell death via AIF-mediated 
caspase-independent necrosis and apoptosis.  Althought this is 
a pilot report, our findings provide a potential method to treat 
AML.

Abbreviations
AML, acute myeloid leukemia; CHMP5, charged multivesicu-
lar body protein 5; MVB, multivesicular body; ESCRT, endo-
somal sorting complex required for transport; scFv, single 
chain variable fragments antibody; PCD, programmed cell 
death; AIF, apoptosis inducing factor.  
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E-cadherin promotes proliferation of human ovarian 
cancer cells in vitro via activating MEK/ERK pathway
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Aim: E-cadherin is unusually highly expressed in most ovarian cancers.  This study was designed to investigate the roles of E-cadherin 
in the carcinogenesis and progression of ovarian cancers.
Methods: Human ovarian adenocarcinoma cell line SKOV-3 was examined.  E-cadherin gene CDH1 in SKOV-3 cells was knocked 
down via RNA interference (RNAi), and the resultant variation of biological behavior was observed using CCK-8 and colony formation 
experiment.  E-cadherin-mediated Ca2+-dependent cell-cell adhesion was used to study the mechanisms underlying the effects of 
E-cadherin on the proliferation and survival of SKOV-3 cells.  The expression levels of E-cadherin, extracellular signal-related kinase 
(ERK), phosphorylated ERK (P-ERK) were measured using Western blot assays.
Results: Transfection with CDH1-siRNA for 24–96 h significantly suppressed the growth and proliferation of SKOV-3 cells.  E-cadherin-
mediated calcium-dependent cell-cell adhesion of SKOV-3 cells resulted in a rapid increase of P-ERK, but did not modify the expression 
of ERK protein.  The phosphorylation of ERK in the cells was blocked by pretreatment with the MEK1 specific inhibitor PD98059 (50 
μmol/L), but not by the PI3K inhibitor wortmannin (1 μmol/L) or PKA inhibitor H89 (10 μmol/L).  
Conclusion: E-cadherin may function as a tumor proliferation enhancer via activating the MEK/ERK pathway in development of ovarian 
epithelial cancers.

Keywords: ovarian cancer; E-cadherin; proliferation; mitogen-activated protein kinase kinase (MEK); extracellular signal-related kinase 
(ERK); RNA interference
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Introduction
Cadherins are a family of cell surface glycoproteins that 
mediate calcium-dependent intercellular adhesion, and 
are involved in cell differentiation and morphogenesis[1, 2].  
E-cadherin is a 120 kDa transmembrane protein, encoded 
by the CDH1 gene at 16q22.1.  E-cadherin can not only help 
establish calcium-dependent cell-cell contact through its extra-
cellular domain, but also link the extracellular environment 
to the contractile cytoskeleton inside cells by the interaction 
of its short intracellular tail with catenins, which in turn bind 
to actin filaments and play an important role in certain nuclear 
responses[3–5].

E-cadherin has been generally regarded as a tumor suppres-
sor in various malignancies, such as lung, gastric, laryngeal, 
pancreatic, and bladder cancers.  This is based on the fact that 
E-cadherin can prevent tumorigenesis, invasion, and metasta-

sis via promoting cell-cell adhesions and inhibiting epithelial-
mesenchymal transition (EMT)[6–11].  However, a growing body 
of studies has recently emerged to challenge this view.  For 
instance, E-cadherin is reported to be necessary for anchorage-
independent growth and suppression of apoptosis in oral 
squamous cancer cells[12].  Expression of the E-cadherin-
catenin cell adhesion complex is shown to be vital for disease 
progression in primary squamous cell carcinomas of the head 
and neck and their nodal metastases[13].  Most importantly, 
E-cadherin appears to function differently in the development 
of ovarian cancers.  E-cadherin is not expressed by the normal 
human ovarian surface epithelium (OSE), whereas it can be 
detected in the OSE located in the deep clefts, inclusion cysts, 
and invaginations[14], where over 90% of the ovarian cancers 
arise[15].  E-cadherin expression has been found in malignant 
ovarian tumors of all stages and its level is significantly higher 
in ovarian cancer tissues than in normal ovarian tissues[14, 16, 17].  
Furthermore, when introduced into OSE, E-cadherin stimu-
lates the secretion of the ovarian cancer-associated marker 
CA125 and the anchorage-independent growth in vitro and 
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induces the growth, invasion, and metastasis of adenocarci-
noma[18, 19].

The above results suggest that the up-regulation of 
E-cadherin may be an early event in the initial development 
of ovarian epithelial cancers, which is opposite to its hypoth-
esized role as a tumor suppressor.  However, the mechanism 
that how E-cadherin plays its role during the development of 
ovarian cancer still remains unclear.  Moreover, contradictory 
data have suggested that E-cadherin could inhibit tumor cell 
growth by suppressing phosphatidylinositol 3-kinase (PI3K)/
Akt signaling in ovarian cancer cells[20].  In the present study, 
to determine the possible functions of E-cadherin in ovarian 
cancer cells, we knocked down the CDH1 gene expression via 
RNA interference (RNAi) in the SKOV-3 ovarian cancer cells.  
We also established an E-cadherin-mediated calcium-depen-
dent cell-cell adhesion model by a method described before[21], 
to detect its role and related signaling mechanism in the regu-
lation of ovarian cancer cell growth and proliferation.

Materials and methods
Cell culture and reagents
The human ovarian adenocarcinoma cell line, SKOV-3, was 
kept in our laboratory and maintained in RPMI-1640 (Gibco, 
Paisley, UK) supplemented with 10% fetal calf serum (Gibco) 
at 37 °C in a 5% CO2 humidified atmosphere.  To establish the 
calcium-dependent cell-cell adhesion model, SKOV-3 cells 
were serum starved overnight, and then were suspended in 
serum-free medium containing 4 mmol/L EGTA for 30 min 
to disrupt the calcium-dependent and E-cadherin-mediated 
cell-cell contacts.  Thereafter, intercellular interactions were 
allowed to reestablish while the cells were re-suspended in 
fresh CaCl2 solution (final concentration of CaCl2, 1.8 mmol/L) 
for different periods ranging from five to thirty minutes.  To 
block the function of certain kinases in signaling transduc-
tion experiments, cells were pretreated with kinase inhibitors 
before EGTA treatment.  The SKOV-3 cells transfected by plas-
mids including siRNA targeting E-cadherin were treated in 
the same way as above 48 h after transfection.

The MEK1 inhibitor, PD98059, was purchased from Cell 
Signaling Technologies (Danvers, MA, USA).  The PKA inhibi-
tor, H89, was from Upstate Biotechnology (Boston, MA, USA).  
The PI3K inhibitor, wortmannin, was from Santa Cruz Bio-
technology (Santa Cruz, CA, USA). The mouse anti-human 
E-cadherin monoclonal antibody and mouse monoclonal 
antibody to β-actin were purchased from BD Transduction 
Laboratories (SanJose, CA, USA).  Neutralizing antibody to 
E-cadherin, SHE 78-7, was from Takara (Shiga, Japan).  Rab-
bit polyclonal antibodies to p44/42 ERK, and phosphorylated 
p44/42 ERK (Thr202/Tyr204), were obtained from Cell Sig-
naling Technologies (Beverly, MA, USA).  Rabbit anti-mouse 
IGG-FITC secondary antibodies were from Zymed Laborato-
ries, Inc (South San Francisco, CA, USA).  Lipofectamine 2000 
for transfection of small interfering RNA (siRNA) oligonucle-
otides was obtained from Invitrogen (Carlsbad, CA, USA).

RNA interference (RNAi)
SKOV-3 cells were seeded in 24-well plates 24 h before trans-
fection at a density of 3×104 cells/well.  Plasmids (1 μg per 
well) including siRNA targeting E-cadherin were mixed 
with Lipofectamin 2000 for transfection according to the 
manufacturer’s instructions.  The sequence of the double-
stranded E-cadherin-specific siRNA was 5’-GGCCTCTACG-
GTTTCATAA-3’.  The E-cadherin siRNA expressing plasmid 
and the negative control plasmid HK were purchased from 
Wuhan Gensil Biotechnology (Wuhan, China) and used 
directly for transfection.  

Immunofluorescence staining
SKOV-3 cells cultured on glass coverslips were washed with 
PBS, fixed in 4% paraformaldehyde for 20 min at room tem-
perature, and permeabilized with 0.5% Triton X-100 for 10 min 
at room temperature.  The cells were then washed with PBS, 
sequentially stained with mouse anti-E-cadherin monoclonal 
antibody (1:100) for 1 h followed by fluorescent isothiocya-
nate (FITC)-labeled anti-mouse IgG antibody (1:50) (Zymed 
Laboratories, San Francisco, CA, USA) for 30 min at 37 oC, and 
mounted for visualization under a Zeiss Axiophot microscope 
(Carl Zeiss, Thornwood, NY, USA).

Western blot
To test the possible role of E-cadherin, MEK, PI3K and PKA, 
cells were pretreated with corresponding protein kinase 
inhibitors such as E-cadherin-specific neutralizing antibody 
SHE 78-7 (20 μg/mL), MEK1 specific inhibitor PD98059 (50 
μmol/L), PI3K inhibitor wortmannin (1 μmol/L) or PKA 
inhibitor H89 (10 μmol/L) respectively for 30 min before 
being restored with fresh calcium for 10 min.  At different 
time points after calcium restoration, certain cells were har-
vested and lysed in TNES buffer: 50 mmol/L Tris-HCl (pH 
7.5), 2 mmol/L EDTA, 100 mmol/L NaCl, 1.0 mmol/L sodium 
orthovanadate, and 1% NP40 containing protease inhibitors 
(20 µg/mL aprotinin, 20 µg/mL leupeptin, and 1.0 mmol/L 
phenylmethylsulfonyl fluoride).  The amount of protein was 
quantified by a colorimetric assay (Bio-Rad, Hercules, CA, 
USA).  Fifty micrograms of total proteins from cell lysates 
were separated by SDS-PAGE and transferred onto a nitrocel-
lulose membrane (Promega).  The membrane was blotted in 
5% bovine serum albumin (BSA)-Tris TBS containing 0.1% 
Tween 20 and probed with antibodies against E-cadherin, 
ERK, phosphorylated ERK (P-ERK) or β-actin (Santa Cruz).  
The signals were developed by using an enhanced chemilumi-
nescence system (Pierce, Rockford, IL, USA).

Cell proliferation analysis 
SKOV-3 cells transfected with CDH1 siRNA or HK, untrans-
fected cells incubated with or without SHE 78–7 (20 μg/mL) 
were prepared separately for proliferation assay.  The Cell 
Counting Kit-8 (CCK-8, Dojindo Molecular Technologies, 
Shanghai, China) was used to measure cell proliferation with 
an enzyme-labeled minireader (Bio-Rad, Japan) at 450 nm at 
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24, 48, 72 and 96 h.  For the colony-formation assay, approxi-
mately 0.5×102 cells which had been transfected by plasmids, 
including the siRNA or HK, were seeded into each well of six-
well plates and cultured for two weeks.  Certain control cells 
were incubated simultaneously with SHE 78–7 (20 μg/mL) 
or PD98059 (50 μmol/L), respectively.  Colonies were stained 
with gentian violet and counted under a microscope.  All the 
experiments were done three times in triplicate wells.

Statistical analysis
All experiments were repeated at least three times.  For West-
ern blot, a representative blot from three independent experi-
ments is shown.  For numbers of cells and colonies, data were 
expressed as mean value±standard deviation (SD) and sta-
tistically analyzed with student’s t-test, and a difference was 
considered significant at P<0.05.  Data were analyzed using 
Graphpad Prism 4.

Results
E-cadherin expression was down-regulated markedly after the 
RNAi targeting CDH1 gene
We performed RNAi targeting the CDH1 gene in SKOV-3 
cells that had been reported to highly express E-cadherin[22].  
We found that the level of E-cadherin was markedly down-
regulated in SKOV-3 cells (Figure 1A).  As shown in Figure 
1B, E-cadherin staining was intense and restricted to cell-cell 
contacts in HK, the negative group, as the anti-E-cadherin 
antibody used for immunofluorescence recognized the intrac-
ellular tail of E-cadherin.  Meanwhile, the fluorescence signal 
was much weaker after CDH1 gene was knocked-down via 
RNA interference (Figure 1B).

Growth and proliferation of SKOV-3 cells was efficiently 
suppressed after knocking-down of E-cadherin expression 
We then studied whether down-regulation of E-cadherin 
may affect the behavior of SKOV-3 cells, using both CCK8 
and colony formation assay.  As shown in Figure 2, growth of 
SKOV-3 cells transfected with CDH1 siRNA was suppressed at 
all time points (24, 48, 72, and 96 h) compared to the negative 
control SKOV-3-HK cells (P<0.05 for all).  Also as shown in 
Figure 2, there was marked suppression of cell growth in the 
positive control cells incubated with SHE 78-7, an E-cadherin 
neutral antibody, at all time points compared to the SKOV-
3-HK cells (P<0.05 for all).

Marked inhibition of colony formation ability was also 
detected.  As shown in Figure 3A, colony numbers decreased 
significantly in the CDH1-RNAi group, SHE 78-7 group and 
PD98059 (a MEK1 specific inhibitor) group in contrast to the 
HK group respectively (P<0.01 for all).  The colony numbers in 
RNAi group were less than both the SHE 78-7 group (P>0.05) 
and PD98059 group (P<0.05), but only the latter had a statisti-
cal difference (Figure 3B).  The size difference of cancer cell 
colony formed between the two groups (CDH1-RNAi vs HK) 
was also noticeable, because the colonies shrank and included 
much fewer cells after E-cadherin was knocked-down by 
RNAi (Figure 3C).  

E-cadherin promotes ovarian cancer cell proliferation through 
MEK/ERK signaling pathway
To investigate the underlying mechanism that how E-cad-
herin functioned to affect the proliferation and survival 
of ovarian cancer cells, we used a calcium-dependent 

Figure 2.  Shutdown of E-cadherin inhibits the proliferation of SKOV-3 
cells.  After transfection of the CDH1-siRNA and the control plasmids, the 
proliferation ability of SKOV-3 was monitored by CCK8 assay, at 0, 24, 48, 
72 and 96 h, respectively.  SKOV-3 cells incubated in the presence of SHE 
78-7, a neutral antibody of E-cadherin, were treated in the same way.  As-
say for every time points was repeated 3 times and the mean±SD of the 
OD reading value was shown in the figure.  The difference of OD values 
between the control group and CDH1-siRNA group or SHE 78-7 group at 
every time point was analyzed by student’s t-test.  bP<0.05 compared with 
the HK group.  eP<0.05 compared with the CDH1-siRNA group. 

Figure 1.  RNA interference of CDH1 gene inhibits E-cadherin expression 
in SKOV-3 cells.  (A) Western blot assay shows that E-cadherin protein 
level in SKOV-3 cells was markedly reduced 48 h after the transfection of 
CDH1-siRNA plasmids compared with control plasmid HK.  (B) Immuno-
fluorescence staining assay using anti-E-cadherin antibody demonstrates 
the decrease of E-cadherin protein staining on the cell membrane after 
RNA interference of CDH1 (magnification of ×40).  The scale bar stands 
for 20 μm.
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E-cadherin-mediated cell-cell adhesion model[21].  In SKOV-3 
cells, E-cadherin-mediated Ca2+-dependent cell-cell adhesion 
can be disrupted by a calcium chelator EGTA, and then the 
cell-cell adhesion can be restored by addition of physiologi-
cal concentration (1.8 mmol/L) of fresh calcium solution.  As 
shown in Figure 4A, the level of phosphorylated ERK was 
low in SKOV-3 cells after calcium depletion (Figure 4A, lanes 
1 and 2).  The restoration of calcium-dependent cell-cell adhe-
sion, however, resulted in a rapid increase on the level of 
phosphorylated ERK, which lasted for nearly 20 min, and 

then gradually decreased to the basal level at 30 min after 
restoration (Figure 4A, lanes 3–6).  However, when cells were 
pretreated with an E-cadherin-specific neutralizing antibody 
SHE 78-7 (20 μg/mL) for 30 min and then restored with fresh 
calcium for 10 min, the phosphorylation of ERK could hardly 
be detected (Figure 4B, lane 7).  This result indicated a role 
of E-cadherin to activate the ERK signaling pathway.  Mean-
while, no change was detected in the levels of total ERK pro-
tein regardless of any treatments in our experiment (Figure 4A 
and 4B).  These data demonstrates that E-cadherin-mediated 
calcium-dependent cell-cell adhesions activate ERK signaling 
by the phosphorylation of ERK, but they do not modify the 
expression of ERK protein in ovarian cancer cells.

To examine how E-cadherin mediates the activation of ERK, 
cells were pretreated with several kinase inhibitors separately 
before restoration of calcium-containing media.  As shown 
in Figure 4B, the phosphorylation of ERK was blocked by 
the pretreatment of the cells with the MEK1 specific inhibitor 
PD98059 (Figure 4B, lane 6), while it was not affected by the 
PI3K inhibitor wortmannin (Figure 4B, lane 4) or PKA inhibi-
tor H89 (Figure 4B, lane 5).  To further determine whether 
MEK activation is also mediated by E-cadherin, we examined 
the possible alteration of MEK phosphorylation after CDH1 
was knocked-down.  The results showed that, the same as the 
activation of its downstream protein ERK, MEK phosphory-
lation was both calcium dependent (Figure 4D, lane 3) and 
E-cadherin dependent, for MEK failed to be activated in the 
CDH1-knocked-down SKOV-3 cells even after calcium restora-
tion (Figure 4D, lane 4).  As shown in Figure 4C, no activation 
of ERK was observed during the disruption and restoration 
course of cell-cell adhesion after the expression of E-cadherin 
was suppressed by RNAi.  Hence, we suggest that E-cadherin-
mediated MEK/ERK activation may act as a major mechanism 
for ovarian caner cell survival and proliferation.  

Discussion
To elucidate the functional implications of the distinct expres-
sion pattern of E-cadherin in ovarian cancer cells, we first 

Figure 3.  Inhibition of E-cadherin or MEK suppresses the colony formation 
ability of SKOV-3 cells.  (A, B) Representative result and the quantitative 
analysis of colony formation assay in SKOV-3 cells showed the obviously 
decreased colony numbers in not only CDH1-siRNA group but also the SHE 
78-7 group and PD98059 group, in contrast to the HK group.  Mean±SD 
of three independent experiments was shown.  PD98059, a MEK1 
inhibitor.  bP<0.05 compared with the HK group, eP<0.05 compared with 
the CDH1-siRNA group.  (C) Colony of SKOV3 cells 48 h after transfection 
with CHD1-siRNA plasmid displayed the smaller sizes and contained much 
less cells compared with HK group, the negative control (magnification of 
×10).  The scale bar stands for 200 μm.

Figure 4.  Cell-adhesion-mediated MEK/ERK activation is 
E-cadherin dependent in SKOV-3 cells.  (A) E-cadherin-me-
diated cell adhesion activates ERK during the time course 
of calcium restoration in SKOV-3 cells.  P-ERK, phospho-
rylated ERK.  T-ERK, total ERK.  (B) E-cadherin is required 
for cell-cell adhesion mediated MEK-ERK activation. Wort, 
wortmannin (1 μmol/L). H89, PKA inhibitor, 10 μmol/L in 
concentration.  PD, PD98059, MEK1 inhibitor, 50 μmol/L 
in concentration.  SHE 78-7, E-cadherin-specific antibody, 
20 μg/mL in concentration.  (C, D) After E-cadherin 
expression was inhibited by siRNA, MEK/ERK failed to 
be activated after calcium restoration in SKOV-3 cells, for 
neither ERK (C) nor MEK (D, lane 4) was observed to be 
phosphorylated.  P-MEK, phosphorylated MEK.  T-MEK, 
total MEK.
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established a calcium-dependent cell-cell adhesion model in 
E-cadherin expressing ovarian cancer cell lines such as SKOV-3 
and CAOV-3 (data not shown) by a published method[21].  
Then we knocked down E-cadherin expression by RNAi to 
provide a platform to investigate the role of E-cadherin in 
activating intracellular proliferation and survival-related sig-
nals in ovarian cancer cells.  We found that down-regulation 
of E-cadherin expression resulted in marked suppression of 
survival and of colony formation abilities in ovarian cancer 
cells.  As excessive proliferation and growth are characteristics 
of malignant cells, we suggest that E-cadherin may play an 
important role in the growth and proliferation of ovarian car-
cinoma.  It has been previously determined in ovarian cancer 
that E-cadherin-mediated cellular adhesions and the succes-
sive activation of proliferation-related signaling may enhance 
the transformation of a single layer of normal epithelial cells to 
neoplastic cells, as well as the stimulation of tumor growth[14].  
Therefore, our results suggest that E-cadherin may function as 
a tumor proliferation enhancer in the development of ovarian 
epithelial cancers.  

Consistently, the up-regulation of E-cadherin expression 
has been considered as a new epithelial feature for OSE at the 
early stages of neoplastic transformation[23].  The E-cadherin 
expression is diminished at later stages of tumor progression 
as cells de-differentiate and acquire mesenchymal properties 
associated with a more aggressive phenotype[23–25].  Further-
more, a growing volume of data indicate that cell-cell adhe-
sion mediated by E-cadherin is involved in the suppression of 
anoikis and maintenance of cellular survival in both epithelial 
cells, such as normal enterocytes[26], oral squamous carcinoma 
cells[12] and nonepithelia such as Ewing tumor cells[27].  Instead 
of distant hematogenous metastasis like most other tumors, 
regional growth and superficial invasion restricted in the peri-
toneal cavity are the prominent characteristics of ovarian epi-
thelial cancer.  It may result from the formation of E-cadherin-
dependent multicellular spheroids, which could manifest a 
cell-cell adhesion mediated survival and transit to a second 
anchoring site even in the absence of ascites after detaching 
from the extracellular matrix (ECM)[28].

Meanwhile, our results convincingly indicate that in 
SKOV-3 cells the activation of MEK/ERK triggered by cell-cell 
adhesion is E-cadherin-dependent, evidenced by the fact that 
both siRNA targeting E-cadherin and its specific neutralizing 
antibody are able to markedly prevent the phosphorylation 
of MEK or ERK.  We suggest that the activation of prolifera-
tion and survival-related signal pathways of E-cadherin may 
be a ubiquitous phenomenon in ovarian cancer cells.  Previ-
ously E-cadherin has been reported to activate MEK/ERK in 
squamous cell carcinoma via physically interacting with and 
activating EGFR[29].  E-cadherin may also contribute to PI3K-
AKT activation by directly engaging the PI3K-p85 regulatory 
subunit to the adherens junctions of ovarian carcinoma cells[22].  
Although in the current study we have no evidence to demon-
strate that E-cadherin can directly interact with EGFR or MEK 
in ovarian cancer cells, our results strongly demonstrated that 
E-cadherin mediated activation of MEK/ERK exists in many 

E-cadherin expressing ovarian carcinoma cells such as SKOV-3 
and OVCAR-3[17].  Upon activation, MEK/ERK is known to 
sustain cell survival and proliferation via phosphorylating 
a series of downstream molecules.  The activation of EGFR/
MEK/ERK signaling has been demonstrated to support sur-
vival in squamous cell carcinoma cells by inducing the anti-
apoptotic protein Bcl-2[29].  In addition, MEK/ERK singling 
has been reported to help cells escape anoikis and maintain 
anchorage-independent growth in several ovarian cancer cell 
lines which are deprived of ECM in an in vitro environment 
that intimates the conditions of metastatic cells detached from 
ovaries and able to survive in the ascites of ovarian cancer 
patients[30].  These reports may partially explain the underly-
ing mechanism of how E-cadherin promotes ovarian cancer 
cell survival and proliferation, which may help to clarify the 
unique role of E-cadherin in ovarian cancer progression.  We 
suggest that E-cadherin plays a pro-oncogenic role during the 
development and progression of ovary cancer via a cell-cell 
adhesion activated MEK/ERK signaling pathway, which may 
serve as a potential therapeutic target to be exploited for ovar-
ian cancer treatment in future.  

Although research findings have been accumulating to 
reveal the ubiquitous expression of E-cadherin and its exact 
role in ovarian cancers, there are still many opposite opin-
ions[20] as well as lots of unsolved questions.  For instance, 
Sawada reported that loss of E-cadherin promotes ovar-
ian cancer cells metastasis via alpha 5-integrin[31].  Undoubt-
edly E-cadherin acts as an inhibitor in tumor metastasis, 
mainly for which it has been traditionally regarded as a tumor 
suppressor.  But the relationship between its proliferation 
enhancer and metastasis inhibitor roles, in other words, the 
final counterbalance outcome of its two contrary functions, 
is still not well-understood.  In our colony formation assay, 
CDH1 knocked-down SKOV-3 cells had suppressed colony 
formation ability, even though they ‘should’ tend to migrate 
after escaping from the E-cadherin-mediated adhesion of 
neighbor cells.  Similarly in HT29 cells as reported, colony 
formation ability diminished remarkably after E-cadherin 
was blocked by SHE 78-7[32].  Consistently, it is reported that 
Ewing tumor cells transfected by a dominant negative form 
of E-cadherin plasmid formed fewer and significantly smaller 
colonies compared with non-transduced cells[27].  Therefore, 
further research needs to be performed to try to elucidate the 
exact function of E-cadherin in ovarian cancer development 
and progression, especially the relationship between its con-
trary roles in regulating cell mobility and cell viability.
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Enhancement of cellular uptake and cytotoxicity of 
curcumin-loaded PLGA nanoparticles by conjugation 
with anti-P-glycoprotein in drug resistance cancer 
cells
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Aim: To compare the anti-cancer activity and cellular uptake of curcumin (Cur) delivered by targeted and non-targeted drug delivery 
systems in multidrug-resistant cervical cancer cells.
Methods: Cur was entrapped into poly (DL-lactide-co-glycolide) (PLGA) nanoparticles (Cur-NPs) in the presence of modified-pluronic 
F127 stabilizer using nano-precipitation technique.  On the surface of Cur-NPs, the carboxy-terminal of modified pluronic F127 was 
conjugated to the amino-terminal of anti-P-glycoprotein (P-gp) (Cur-NPs-APgp).  The physical properties of the Cur-NPs, including particle 
size, zeta potential, particle morphology and Cur release kinetics, were investigated.  Cellular uptake and specificity of the Cur-NPs and 
Cur-NPs-APgp were detected in cervical cancer cell lines KB-V1 (higher expression of P-gp) and KB-3-1 (lower expression of P-gp) using 
fluorescence microscope and flow cytometry, respectively.  Cytotoxicity of the Cur-NPs and Cur-NPs-APgp was determined using MTT 
assay.
Results: The particle size of Cur-NPs and Cur-NPs-APgp was 127 and 132 nm, respectively.  The entrapment efficiency and actual 
loading of Cur-NPs-APgp (60% and 5 µg Cur/mg NP) were lower than those of Cur-NPs (99% and 7 µg Cur/mg NP).  The specific binding 
of Cur-NPs-APgp to KB-V1 cells was significantly higher than that to KB-3-1 cells.  Cellular uptake of Cur-NPs-APgp into KB-V1 cells was 
higher, as compared to KB-3-1 cells.  However, the cellular uptake of Cur-NPs and Cur-NPs-IgG did not differ between the two types of 
cells.  Besides, the cytotoxicity of Cur-NPs-APgp in KB-V1 cells was higher than those of Cur and Cur-NPs.
Conclusion: The results demonstrate that Cur-NPs-APgp targeted to P-gp on the cell surface membrane of KB-V1 cells, thus enhancing 
the cellular uptake and cytotoxicity of Cur.
	
Keywords: anticancer drug; curcumin; targeting drug delivery; nanoparticle; P-glycoprotein; multidrug resistance; cervical cancer  
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Introduction
Multidrug resistance (MDR) in cancer cells reduces the cyto-
toxic effects of various anticancer drugs and enhances the abil-
ity of cancer cells to actively efflux drugs, leading to a decrease 
in cellular drug accumulation below toxicity[1].  Although 
several mechanisms are proposed for drug resistance, the best-
studied mechanism of MDR is related to the overexpression of 
P-glycoprotein (P-gp), a 170 kDa ATP dependent membrane 
transporter that acts as a drug efflux pump[2].  Overexpression 
of P-gp in various cancer cells leads to a decrease in the cyto-
toxicity in a broad spectrum of anticancer drugs including 
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Received 2011-11-10   Accepted 2012-02-14 

doxorubicin, vincristine, etopoxide and paclitaxel[3].  There 
have been many studies investigating the ability of P-gp inhib-
itors to overcome MDR by inhibiting MDR transporters or by 
suppressing MDR mechanisms.  The compounds that would 
reverse resistance against anticancer drugs are called MDR 
inhibitors, MDR modulators or chemosensitizers[4].  Many 
pharmacologic agents from diverse structure classes have been 
identified as MDR modulators.  It has been reported that many 
agents from natural products and dietary plants also modulate 
MDR phenotype of cancer cells including the extraction from 
Rosmarinus officinalis, Momordica charantia[4, 5], Stemona aphylla[6], 
and including Curcuma longa[7, 8].  

Curcumin (Cur), a phenolic compound purified from the 
rhizome of Curcuma longa, has a long history of being used as 
a spice and in traditional medicine.  Several studies demon-
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strated that Cur has been shown to display antioxidant, anti-
inflammation, anti-diabetes, anti-carcinogenic, anti-tumor 
invasion and anti-angiogenesis activities[9].  Moreover, our 
previous findings indicated that Cur down-regulated both 
MDR1 gene expression and P-gp function[10, 11].  The most com-
pelling and key rationale for the therapeutic use of Cur is its 
extremely superior safe profile.  Cur has been associated with 
the regression of premalignant lesions of various organs and 
shows no toxicity to healthy organs at high doses[12].  However, 
low oral bioavailability, poor pharmacokinetics, insolubility 
in water[12] and degradability at natural to basic pH conditions 
are the limited efficiency factors of Cur in vivo.  The develop-
ment of novel delivery systems could be one strategy to over-
come these problems.  One possible way to improve the water 
solubility and stability of Cur is to entrap it into nanoparticles 
(NPs)[12].  

NPs can target tumors by either the passive or active pro-
cess.  Passive targeting implies that the enhanced perme-
ability and retention effect (EPR effect), which characterizes 
malignant tissues, allows the passive accumulation of encap-
sulated drugs to tumor sites[13, 14] .  Active targeting involves 
tagging the drug vehicle with a ligand and allows it to specifi-
cally sequester in the targeted tumor[15, 16].  Among the vari-
ous ligands, such as peptides, carbohydrates, and polymers, 
monoclonal antibodies are most widely investigated for 
selectively targeting nanoparticulate drug delivery systems to 
tumors[17–19].  The P-gp is one such cell-surface target.  P-gp-
positivity is associated with more aggressive tumor behav-
ior[20] and is a biomarker which overexpresses on the plasma 
membrane of MDR phenotypes of a variety of cancer cell 
lines[21], where Cur could be a promising candidate for cancer 
targeted therapy.  

Polymeric nanoparticle-based drugs have been increas-
ingly developed as preferred drug nanocarriers against many 
diseases.  Special focus on the use of particles prepared from 
poly(DL-lactide-co-glycolic acid) (PLGA)[22], is warranted due 
to their biocompatibility, biodegradability and high stability 
in biological fluids[23].  These NPs have proven to be effective 
carriers for hydrophobic and hydrophilic drugs[24].  Bisht et 
al showed that Cur-loaded NPs could suppress constitutive 
NF-ĸB in pancreatic cancer cells[25].  The next previous study 
again found that Cur-loaded NPs were more active than Cur 
in suppressing NF-ĸB activation induced by TNF[26].  These 
differences could have been due to differential cur uptake.  

Several studies have been reported the evaluations of Cur-
loaded PLGA NPs such as the effect in improving oral bio-
availability of Cur may be associated with improved water 
solubility, higher release rate in the intestinal juice, enhanced 
absorption by improved permeability, inhibition of P-gp-
mediated efflux, and increased residence time in the intestinal 
cavity[12, 17–19, 23].  Thus, encapsulating hydrophobic drugs or 
medicinal compounds in PLGA polymer is a promising candi-
date method for sustained and controlled drug delivery with 
improved bioavailability of Biopharmaceutics Classification 
System (BCS) class IV, such as Cur[27].  In this study we con-
jugated anti-P-gp antibody to the surface of biodegradable 

PLGA-NPs to target P-gp on the surface of MDR cancer cells 
and Cur was encapsulated to PLGA nanospheres by nano-
precipitation technique.  The Cur loaded NPs were then char-
acterized for their actual loading, encapsulation efficiency, 
particle size, morphology, and then evaluated for their in vitro 
release profiles.  Moreover, we compared the cellular uptake 
and cytotoxicity of targeted and nontargeted Cur-loaded NPs 
in drug resistant (KB-V1) and drug sensitive (KB-3-1) cervical 
carcinoma cell lines.

Materials and methods
Materials 
Poly(DL-lactide-co-glycolide) (PLGA; lactide to glycolide ratio 
50:50), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 
hydrochloride (EDC), N-hydroxy succinimide (NHS) and 
Pluronic® F127 (Poloxamer 407) were purchased from Sigma 
Aldrich (St Louis, MO, USA). 4-Dimethylaminopyridine 
(DMAP) and succinic anhydride were purchased from Fluka 
Chemie GmbH (Buchs, Switzerland).  Dulbecco’s modified 
Eagle’s medium (DMEM), penicillin-streptomycin, fetal bovine 
serum (FBS) and 0.05% trypsin-EDTA were provided by Gibco 
(Grand Island, NY, USA). Triethylamine and D-TubeTM Dia-
lyzer Midi, MWCO 6–8 kDa, Amicon® Uitra-4 centrifugal Fil-
ter Devices (30 K) were supplied by Merck KGaA (Darmstadt, 
Germany).  Acetone, tetrahydrofuran (THF), chloroform, 
dimethyl sulfoxide (DMSO) and diethyl ether were purchased 
from Lab Scan (Bangkok, Thailand).  PTFE membrane syringe 
filter (Puradisc13, PTFE; 0.45 µm) was purchased from What-
man (UK).  Mouse monoclonal antibody (F4) to P-glycoprotein 
(P-gp) was purchased from Abcam (Cambridge, UK).  Normal 
mouse IgG1 isotype control was perchased from Santa Cruz 
(CA, USA).

Cell culture
The multidrug resistant (KB-V1) and drug sensitive (KB-3-
1) cervical carcinoma cell lines[8, 10] were generous gifts from 
Dr Michael M Gottesman (National Cancer Institute, 
Bethesda, MD, USA).  Both cell lines were cultured in DMEM 
with 10% FBS, 2 mmol/L L-glutamine, 50 U/mL penicillin 
and 50 µg/mL streptomycin and 1 µg/mL of vinblastine was 
added only to the KB-V1 culture medium.  These two-cell lines 
were maintained in a humidified incubator with an atmo-
sphere comprising 5% CO2 at 37 ºC.  The expression of P-gp in 
KB-V1 and KB-3-1 cells was confirmed by western blot analy-
sis as described in our previous reports[4, 10]. 

Preparation of poloxamer-carboxylic (Poloxamer-COOH)
Terminal hydroxyl groups on pluronics were first converted 
to carboxyl groups with a slight modification of the previous 
procedure described by Guerrouache et al[28] and Chittasu-
pho et al[29]. Twelve grams of poloxamer (Pluronic® F127) was 
dissolved in 55 mL tetrahydrofuran (THF), then 122.5 mg of 
4-dimethylaminopyridine (DMAP), 135 µL of triethylamine 
and 1 g of succinic anhydride were added and the mixture 
was stirred for 48 h at room temperature.  The solution was 
dried by a rotary evaporator, and was then dissolved in 75 mL 
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of chloroform.  The excess succinic anhydride was removed by 
filtration with a 0.45 µm PTFE membrane syringe filter.  The 
poloxamer-COOH was purified by precipitation for 48 h with 
ice-cold diethyl ether.  The precipitate was dissolved in etha-
nol, filtered and dried.  The product was identified by fourier 
transform infrared spectrophotometer (Nicolet 470 FT-IR spec-
trometers, USA).

Preparation of curcumin-encapsulated PLGA nanoparticles (Cur-
NPs)
PLGA NPs with encapsulated Cur were formulated by the 
nanoprecipitation technique[30].  Fifty milligrams of PLGA was 
dissolved in 7.5 mL acetone containing 500 µg of Cur.  One 
hundred milligrams of poloxamer-COOH was dissolved in 10 
mL Deionized (DI) water.  Then the PLGA solution was drop-
wise-added into the poloxamer solution under stirring (400 
rounds per minute) overnight.  The NPs were then washed 
twice with DI water, by centrifugation using Amicon filtra-
tion device with 30 kDa molecular weight cut off membrane 
at 4400 rounds per minute for 50 min at 4 ºC to obtain Cur-
NPs.  The resulting NPs were resuspended in 1 mL of sterile 
DI water.

Preparation of anti-P-gp antibody-conjugated Cur-NPs (Cur-NPs-
APgp)	
Cur-NPs were conjugated to anti-P-gp antibody through the 
carbodiimide reaction.  Briefly, the NPs were adjusted to pH 
5.8, and then incubated with the appropriate amount of NHS 
(50 mmol/L) and EDC (100 mmol/L) for 30 min.  The result-
ing NHS-activated particles were then centrifuged at 12 000 
rounds per minute for 15 min at 4 ºC and the supernatant was 
removed.  The NPs were resuspended in 800 µL DI water and 
100 µL PBS (pH 7.4), and then 10 µL of anti-P-gp antibody was 
added under gentle stirring and the solution was then incu-
bated overnight.  Cur-NPs-APgp were collected by centrifuga-
tion (12 000 rounds per minute for 15 min at 4 ºC) and washed 
2 times with DI water.  

Characterization of NPs
The NPs were characterized for size, zeta potential, and par-
ticle distribution by photon correlation spectroscopy (PCS) 
(Zetasizer, Malvern Instrument, UK).  

Fifteen microliters of nanoparticles was dissolved in 25 µL 
of DI water (2 µg of nanoparticle/mL) and stained with 25 µL 
of 2% (w/v) phosphotungstic acid solution.  Five microliters 
of stained-nanoparticles were dropped on a copper grid and 
dried by air flow.  The morphology of NPs was determined by 
TEM.  

Determination of Cur loading and encapsulation efficiency
The encapsulation efficiency of Cur-NPs was determined by 
analyzing the supernatant of the final suspension.  The NPs 
and supernatant were separated from each other by centrifu-
gation using an Amicon filtration device with 30 kDa molecu-
lar weight cut off membrane at 4400 rounds per minute for 50 
min.  The remaining Cur in the supernatant was measured by 

UV-visible spectrophotometer at 425 nm.  The concentration of 
Cur was calculated using the standard curve of Cur in metha-
nol (1–10 µg/mL).  The Cur loading content and encapsulation 
efficiency were calculated as follows: 

In vitro Cur release 
The release of Cur from the NPs was carried out by the dialy-
sis method as previously described[30] with slight modifica-
tions.  Briefly, 100 µg/mL of Cur-NPs were added in a dialysis 
tube with a molecular cut off of 6–8 kDa and suspended in 10 
mL of release medium (50% v/v of ethanol) at 37 °C in shak-
ing incubator at 70 rounds per minute.  One milliliter from 
the release medium was withdrawn at predetermined time 
interval and replaced with 1 mL of the fresh medium.  Finally, 
Cur in the samples was quantified with a spectrophotometer.  
The percentage of Cur released from the NPs at various time 
points was calculated as follows:

Cellular uptake of Cur-NPs-APgp into KB-V1 and KB-3-1 cells
KB-V1 and KB-3-1 (20 000 cells) were seeded on cover slips in 
12-well tissue culture plates and incubated at 37 °C, 5% CO2 in 
DMEM supplement with 10% FBS, overnight.  The cells were 
then exposed to 10 µg/mL concentrations of Cur-NPs-APgp, 
Cur-NPs, or Cur-NPs-IgG for 30 and 60 min.  Free NPs were 
removed by being washed 3 times with PBS.  The cells were 
fixed with 4% paraformaldehyde.  Cellular uptake of Cur-NPs 
was determined using a fluorescence microscope.  
	
Specific binding of Cur-NPs-APgp to KB-V1 and KB-3-1 cells
The specific binding of Cur-NPs-APgp was studied by using 
flow cytometry.  KB-V1 and KB-3-1 cells (2×105 cells/well) 
were treated with 5 μmol/L of Cur-NPs-APgp for 5, 30, and 
60 min in DMEM without phenol red and incubated at 37 ºC.  
After incubation, the cells were centrifuged at 4400 rounds 
per minute for 5 min at 4 ºC and the cells were washed 2 times 
with ice cold PBS.  The cells were centrifuged at 4400 rounds 
per minute for 5 min at 4 ºC.  Then the supernatant was 
removed and the cell pellet was resuspended with 0.5 mL PBS.  
The fluorescence intensity was measured by flow cytometer.

Cytotoxicity assay
Cytotoxicity of NPs, NPs-APgp, free Cur, Cur-NPs, and Cur-
NPs-APgp against KB-V1 and KB-3-1 cells was evaluated 
using a colorimetric MTT assay as was described before[31].  
Briefly, cells (1×103 cells/well) were seeded in a 96-well plates 
and incubated at 37 °C, 5% CO2 overnight in DMEM contain-
ing 10% FBS.  The cells were treated with various concentra-
tions (0–27 µmol/L) of NPs, NPs-APgp, free Cur, Cur-NPs, 

Loading content = Amount of Cur in nanoparticle          (1)                                      1 mg of nanoparticles

Entrapment efficiency= [Cur]total–[Cur]filtrate   ×100             (2)                                                       [Cur]total 

Cumulative release (%) =           Released Cur          ×100                                              Total encapsulated Cur
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and Cur-NPs-APgp for 6 h.  Then cell culture supernatant was 
removed and fresh DMEM containing 10% FBS was added 
and the cell culture was further incubated for 42 h.  For the 
time interval treatment, the cells were treated with 27 µmol/L 
of free Cur, Cur-NPs, and Cur-NPs-APgp for 1, 6, or 24 h, after 
that cultured in the drug free medium for another 23, 18, and 
0 h, respectively.  At the end of time point, MTT dye (15 µL, 5 
mg/mL) was added and incubated for an additional 4 h.  The 
MTT-formazan was dissolved in DMSO and absorbance was 
measured using a microplate reader at 540 nm with a refer-
ence wavelength of 630 nm.

Statistical analysis 
All data are presented as mean±SD values.  Statistical analy-
ses were conducted with Prism version 5.0 using one-way 
ANOVA, Dunnett’s test or Tukey’s test.  Statistical significance 
was concluded with: b, c: P<0.05 or 0.01, respectively when 
compared with control and e, f: P<0.05 or 0.01, respectively 
when compared with free Cur.

Results 
Expression of P-gp in KB-V1 and KB-3-1 cells
Western blot analysis for the level of P-gp in KB-V1 and 
KB-3-1 cells showed that the KB-V1 cells expressed large 
amount of P-gp while the expression of P-gp in KB-3-1 cells 
could not be detected (Figure 1).

Preparation of carboxylated poloxamer (Poloxamer-COOH)
To conjugate anti-P-gp antibody to NPs, the hydroxyl groups 
of the surfactant and poloxamer were converted to carboxyl 
groups.  The COOH formation was determined by FTIR spec-
troscopy.  The FTIR spectrum showed a strong C=O stretch-
ing absorption at 1720 cm-1 and a very broad and strong 

absorption at 3500 cm-1, which indicated the appearance of 
the hydroxyl of carboxylic acid (Figure 2).  These results con-
firmed the formation of the carboxylated poloxamer.  These 
results were in line with our previous report[32] confirming the 
partial formation of carboxylated Poloxamer.

Size, particle distribution, zeta potential, entrapment efficiency, 
and actual loading of NPs, Cur-NPs and Cur-NPs-APgp
PLGA NPs were prepared using a nanoprecipitation method.  
NPs were formed from PLGA, which served as a hydropho-
bic core to encapsulate the poorly water-soluble Cur.  The 
size, polydispersity (PDI), zeta potential, and actual loading 
for Cur-NPs and Cur-NPs-APgp are shown in Table 1.  The 
mean diameters of Cur-NPs and Cur-NPs-APgp were 127 and 
132 nm, respectively, which were bigger than NPs (111 nm).  
Moreover, low polydispersity was observed in both Cur-NPs 

Table 1.  Mean size, zeta potential, polydispersity index (PDI), percent entrapment efficiency (%EE) and actual loading for NPs, Cur-NPs, and Cur-NPs-
APgp.   

    
 Formation	           Size (nm)	           Polydispersity

	        Zeta potential	             EE                       Actual loading
                                                                                                                                                               (mV)                                   (%)                     (μg Cur/mg NP)
  
	 NPs	    111±5.0	 0.245	 -23.0	 ND	 ND
	 Cur-NPs	 127.4±2.2	 0.105±2.2	 -23.1±1.7	 99	 7
	 Cur-NPs-APgp	 132.4±1.5	 0.091±1.5	 -40.3±6.1	 60	 5

ND=Not determined

Figure 1.  P-gp expression in KB-V1 and KB-3-1 cells determined by 
Western blot analysis.

Figure 2.  FTIR spectrogram of carboxylated Pluronic F127.  Figure A 
exhibits the carboxylated poloxamer.  The FTIR spectrum showed a strong 
C=O stretching absorption at 1720 cm-1 which indicated the appearance 
of carboxylic acid.  Figure B exhibits native Pluronic F127, a very broad 
and strong absorption at 3500 cm-1, which indicated the appearance of 
the hydroxyl group.
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and Cur-NP-APgp suggesting a narrow size distribution.  The 
zeta potential of the Cur-NPs and Cur-NPs-APgp were -23.1 
and -40.3 mV, respectively.  The entrapment efficiency and 
actual loading of Cur in nanoparticles were determined using 
equations 1 and 2, as described in the method section.  The 
entrapment efficiency and actual loading of Cur-NPs-APgp 
(60%, 5 µg Cur/mg NP) were lower than that of Cur-NPs 
(99%, 7 µg Cur/mg NP).

In addition, with this formulation procedure, the Cur sam-
ples encapsulated in NPs were completely dissolved in aque-
ous solution with no aggregation, unlike those observed in 
free Cur, which exhibited poor aqueous solubility (Figure 3A).  

In vitro release kinetic profile
Cumulative percentage of Cur released from Cur-NPs is 
shown in Figure 3B.  On the first day, only 40% of Cur was 

released from the nanoparticles and increased up to 80% on 
the third days and reached 90% in 5 d, which was a maximum.  
After that, the sustained-Cur was released at about 80% up to 
10 d.

Surface morphology of NPs
The surface morphology of the nanosphere encapsulated Cur 
was determined by TEM.  Figure 3C illustrates a TEM scan-
ning and shows the formation of spherical and smooth par-
ticles.  The average size of Cur-NPs and Cur-NPs-APgp were 
125 nm and 130 nm, respectively, which correlated to that 
which was observed using photon correlation spectroscopy 
(Zeta Sizer).  

Specific binding of Cur-NPs-APgp to KB-V1 and KB-3-1cells
To determine the specific binding of anti-P-gp antibody con-
jugated NPs on KB-V1 cells (high expression of P-gp), KB-V1 
and KB-3-1 cells were incubated with Cur-NPs-APgp for 
various time points and then fluorescence intensity was deter-
mined by flow cytometry.  Figure 4 shows that the interaction 
of Cur-NPs-APgp to KB-V1 cells was substantially greater 
than to KB-3-1 cells.  The fluorescence intensity in KB-V1 cells 
was higher than that in the KB-3-1 cells when the cells were 

Figure 4.  Specific binding of Cur-NPs-APgp to KB-V1 cells determined by 
FACS.  Gray and blank histograms represent Cur-NPs-APgp targeting to KB-
V1 and KB-3-1 cells, respectively (A) and show the fluorescence intensity 
in bar graph (B).  All assays have been demonstrated in duplicate and the 
mean±standard deviations are shown. bP<0.05 vs KB-3-1 cells.

Figure 3.  Nano-encapsulation renders Cur completely dispersible in 
aqueous media.  The figure shows solubility of Cur compared with Cur-
NPs and Cur-NPs-APgp in aqueous solution (A).  In vitro Cur release kinetic 
profile from Cur-NPs in 50% v/v of ethanol at 37 °C in shaking incubator 
at 70 rounds per minute over a period of 10 d (B).  Transmission electron 
microscope image of NPs, Cur-NPs, and Cur-NPs-Apgp, respectively.  TEM 
scanning shows the formation of spherical and smooth particles (C).
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treated with Cur-NPs-APgp for 5, 30 and 60 min.

Cellular uptake of NPs by KB-V1 and KB-3-1 cells
In order to investigate the cellular uptake of Cur encapsulation 
in NPs, KB-V1 and KB-3-1 were treated with Cur-NPs, Cur-
NPs-APgp, and Cur-NPs-IgG for 30 and 60 min.  As shown in 
Figure 5, the fluorescence intensity of Cur in Cur-NPs-APgp-
treated KB-V1 cells was higher than Cur-NPs-APgp-treated 
KB-3-1 cells at 60 min.  In contrast to Cur-NPs-APgp-treated 
cells, there was no difference in the fluorescence intensity 
between Cur-NPs and Cur-NPs-IgG treated-KB-V1 and KB-3-1 
cells at 60 min (Figure 5B).  

Cytotoxicity of nanoparticle to KB-V1 and KB-3-1 cells
To determine the cytotoxicity of NPs, NPs-APgp, free Cur, 
Cur-NPs and Cur-NPs-APgp, KB-V1 and KB-3-1 cells were 
treated with NPs, NPs-APgp, free Cur, Cur-NPs, or Cur-NPs-
APgp for 6 h and cell viability was then determined by MTT 
assay.  In KB-V1 cells (Figure 6A), Cur-NPs-APgp was found 
to be the most effective in inducing cancer cell death among 
three different Cur formations.  Free Cur, Cur-NPs, and Cur-
NPs-APgp reduced KB-3-1 cell viability in a dose-dependent 
manner, but the difference did not differ between treatment 
groups (Figure 6B) and IC50 of free Cur, Cur-NPs, and Cur-

NPs-APgp in KB-3-1 and KB-V1 was more than 27 µmol/L, 
while NPs and NPs-APgp did not reduce cell viability when 
compared with the control (data not shown).  For time inter-
val treatment, the cells were treated with 27 µmol/L of free 
Cur, Cur-NPs, and Cur-NPs-APgp for 1, 6, or 24 h, after that 
cultured in the drug free medium for another 23, 18 and 0 h, 
respectively.  The result showed that Cur-NPs-APgp had the 
most potential to induce cancer cell death among the three 
different Cur formations.  Cur-NPs-APgp at 1 and 6 h showed 
a significant ability to induce cancer cell death when com-
pared with free Cur and control in KB-V1 cell, while Cur-NPs 
showed significant ability to induce cancer cell death when 
compared only with the control, whereas at 24 h both the Cur-
NPs and Cur-NPs-APgp showed significant ability to induce 
cancer cell death when compared with free Cur and the con-
trol (Figure 7).  

Discussion
Curcumin (Cur), a naturally occurring product, has exhibited 
potent anti-cancer activities in various models which can be 
used in cancer therapy[33].  Although Cur showed multiple 
medicinal benefits, but revealed a low oral bioavailability of 
Cur[34], which continues to be highlighted as a major challenge 
in developing its formation for clinical efficacy.  Cur encapsu-
lated to nanoparticles is one of the possible ways to increase 
its solubility and bioavailability[30].  In this direction, various 
nanocurcumin including liposome, micelles, and biodegrad-

Figure 6.  Cytotoxicity of Cur, Cur-NPs, and Cur-NPs-APgp in KB-V1 (A) and 
KB-3-1 (B) cells.  The cells were incubated with the compounds for 6 h, 
and the cytotoxicity was then determined by MTT assay.  All assays have 
been demonstrated in triplicate and the mean±standard deviations are 
shown.

Figure 5.  The cellular uptake of Cur-NPs-APgp and Cur-NPs and Cur-NPs-
IgG in KB-V1 and KB-3-1 cells.  Cells were incubated with 10 µg/mL Cur-
NPs-APgp or Cur-NPs and Cur-NPs-IgG for 30 (A) and 60 min (B), and the 
fluorescence levels were determined by a fluorescence microscope.
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able polymer NPs have been developed and most of them 
involve passive targeting[35, 36].  However, actively targeting 
nanocurcumin has not yet been demonstrated.  Targeted drug 
delivery represents a potential approach to further enhance 
anti-tumor efficacy.  P-gp is minimally expressed on normal 
tissue, but significantly upregulated on MDR cancer cells[37].  
Targeted drug delivery to MDR cancer cells is considered a 
strategy for the increased drug sensitivity of the cancer cells 
via enhancement of drug accumulation and cellular uptake.  

In the current report, we prepared Cur-encapsulated PLGA 
NPs based on the nanoprecipitation technique.  Pluronic is 
a widely known stabilizer for PLGA-NPs and many other 
pharmaceutical formations.  To conjugate the antibody to the 
surface of NPs, we converted the hydroxyl groups of pluronic 
to carboxyl groups and conjugated the anti-P-gp antibody to 
the surface of NPs using the EDC-NHS carbodiimide reaction.  
Particles in the 100 to 200 nm range avoid premature clearance 
by the reticuloendothelial system[16].  We have prepared Cur-
NPs and Cur-NPs-APgp with a mean diameter of less than 
200 nm and the polydispersity index (PDI) of both was near 
0.1.  When the PDI value is less than 0.3, this indicated that 
the distribution of the sample particle size was narrow.  These 
finding demonstrated that the small mean particle size and the 
uniform particle distribution were observed in Cur-NPs and 
Cur-NPs-APgp.  Our NPs preparation (Cur-NPs) provided 
smaller size (127 nm) and higher entrapment efficiency (99%) 
compared to previous study[30] which used emulsion evapora-
tion method.  The mean size of the Cur-NPs and Cur-NPs-
APgp was confirmed by TEM.  The diameter of the particles, 
observed in TEM (125 and 130 nm, respectively), was smaller 
than those that were detected by the PCS method.  This is due 
to the fact that the TEM observation of the NPs was done in 
their dry form (air dried particles).  The zeta potential values 
of Cur-NPs and Cur-NPs-APgp was negative, which is typical 
of the presence of PLGA terminal carboxylic residues.  How-
ever, the value of this negative charge is much lower than that 

of the classical PLGA-NPs, which has been attributed to the 
presence of the carboxylic group of the pluronic on the surface 
of the NPs.  The entrapment efficiency was lower in Cur-NP-
APgp compared to that in Cur-NPs, probably because of the 
washing of NPs suspension during the antibody conjugation 
process, which was consistent with the literature that targeted 
NPs via carbodiimide reaction[38] and the percent conjugation 
of anti-P-gp antibody on NPs surface was 22% as described in 
our previous study[32].  Unlike free Cur, Cur-NPs formulations 
have shown improved solubility in aqueous solution.  The pre-
pared particles were further evaluated for in vitro Cur releas-
ing.  In the present case, considering the solubility of Cur in 
ethanol, a 50% v/v of ethanol was used as the release medium.  
The release of Cur from Cur-NPs displayed a rapid release in 
the early phase, and reached a maximum at 5 d of up to 90%, 
and then gradually slowed down.  The sustained Cur release 
was about 80%, until 10 d.

 In order to obtain the antibody conjugated NPs, which are 
able to target desired cells, the conjugation procedure must 
preserve the biological activity of targeting ligand.  We per-
formed flow cytometry to evaluate the recognition properties 
of Cur-NPs-APgp to P-gp antigen, and found that the anti-
P-gp immunoparticles bound specifically to KB-V1 cells, but 
exhibited less binding to KB-3-1 negative control cells.  

It has been demonstrated that the therapeutic effect of drug-
loaded NPs is depended on the internalization and sustained 
retention of the NPs.  By combining the tumor targeting prop-
erties of the antibody with NPs, immunoparticles offer the 
promise of selective drug delivery to tumor cells, increased 
internalization and an intracellular drug release within tar-
geted cells.  Herein, we used Cur as a fluorescence probe to 
follow the NPs in the cellular uptake experiment.  The inten-
sity of Cur-NPs-APgp in KB-V1 was higher than in KB-3-1 
cells, while the fluorescence intensity of Cur-NPs and Cur-
NPs-IgG between both the cells did not differ.  The higher 
intensity of fluorescence demonstrated the higher amount of 
Cur-NPs bound or taken up by the cells.  To confirm the speci-
ficity of NPs conjugated with anti-P-gp antibody, another con-
trol using random IgG modified NPs in study of the cellular 
uptake (Figure 5) showed that IgG-modified nanoparticles did 
not demonstrate any differences of cellular uptake of Cur in 
KB-V1 cells compared to KB-3-1 cells.  This finding suggested 
that Cur-NPs-APgp specifically bound to P-gp on KB-V1 cell 
surface, and enhanced the cellular uptake of Cur-NPs into 
MDR cancer cells (P-gp overexpressing cancer cells).  

We observed significantly higher cytotoxicity of Cur-NPs-
APgp treatment in KB-V1 cells when compared to free-Cur, 
while all three forms of Cur did not show significant cytotox-
icity in KB-3-1 cells.  When KB-V1 cells were treated with Cur-
NPs-APgp at 1 and 6 h, cell death was induced at a greater 
rate than free Cur and Cur-NPs.  These results were consistent 
with cellular uptake results.  The superior cytoxicity of Cur-
NPs-APgp in MDR-cancer cells was apparently due to anti-
P-gp on the surface of NPs, and could help Cur-NPs-APgp 
to target KB-V1 cells while rapidly providing an increase of 
cell internalization efficiency and cytotoxicity in KB-V1 cells.  

Figure 7.  Cytotoxicity of 27 µmol/L Cur, Cur-NPs, and Cur-NPs-APgp in 
KB-V1 cells.  The cells were incubated with the compounds for 1, 6, or 
24 h, after that cultured in the drug free medium for another 23, 18, and 
0 h, respectively.  The cytotoxicity was determined by MTT assay at the 
end of time point.  All assays have been demonstrated in triplicate and 
the mean±standard deviations are shown. cP<0.01 vs control; eP<0.05, 
fP<0.01 vs Cur.
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However, the cytotoxicity of Cur-NPs-APgp and Cur-NPs was 
not markedly different that might be because of the multiple-
NH2 groups in an antibody and the conjugation of anti-P-gp 
antibody is not specific to amino-terminus thus has no control 
on orientation of antibody after the antibody was linked to 
the NPs.  Therefore the accessibility of anti-P-gp antibody on 
NPs to P-gp probably was reduced.  Nevertheless, our study 
revealed the specificity of Cur-NPs-APgp to KB-V1, P-gp-
overexpressed multidrug resistance cell line, and the conjuga-
tion of anti-P-gp antibody to Cur-NPs did not decrease their 
cellular uptake and also cytotoxicity.

The development of the P-gp targeted drug delivery system, 
Cur-NPs-APgp has shown efficacy in specific binding and 
internalization to the multidrug resistant cell line (KB-V1), 
and therefore provide the way to deliver Cur or anti-cancer 
drugs to targeted cells.  Moreover, the formation of Cur-NPs 
could improve the solubility of Cur, sustain and prolong the 
release from Cur-NPs in vitro.  An effective drug delivery sys-
tem renders Cur induced target cell death, even when used at 
low doses.  For further study, the combination of anti-cancer 
drugs and nanocurcumin against cancer cells has to be investi-
gated.  Additionally, in vivo studies are required to determine 
whether Cur-NPs-APgp are suitable as drug delivery agents, 
and could be a promising alternative to administered drug 
delivery systems for cancer therapy.
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Pirarubicin inhibits multidrug-resistant osteosarcoma 
cell proliferation through induction of G2/M phase 
cell cycle arrest
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Aim: Pirarubicin (THP) is recently found to be effective in treating patients with advanced, relapsed or recurrent high-grade 
osteosarcoma.  In this study, the effects of THP on the multidrug-resistant (MDR) osteosarcoma cells were assessed, and the under-
lying mechanisms for the disruption of cell cycle kinetics by THP were explored.
Methods: Human osteosarcoma cell line MG63 and human MDR osteosarcoma cell line MG63/DOX were tested.  The cytotoxicity of 
drugs was examined using a cell proliferation assay with the Cell Counting Kit-8 (CCK-8).  The distribution of cells across the cell cycle 
was determined with flow cytometry.  The expression of cell cycle-regulated genes cyclin B1 and Cdc2 (CDK1), and the phosphorylated 
Cdc2 and Cdc25C was examined using Western blot analyses.
Results: MG63/DOX cells were highly resistant to doxorubicin (ADM) and gemcitabine (GEM), but were sensitive or lowly resistant to 
THP, methotrexate (MTX) and cisplatin (DDP).  Treatment of MG63/DOX cells with THP (200–1000 ng/mL) inhibited the cell prolifera-
tion in time- and concentration-dependent manners.  THP (50–500 ng/mL) induced MG63/DOX cell cycle arrest at the G2/M phase in 
time- and concentration-dependent manners.  Furthermore, the treatment of MG63/DOX cells with THP (200–1000 ng/mL) downregu-
lated cyclin B1 expression, and decreased the phosphorylated Cdc2 at Thr161.  Conversely, the treatment increased the phosphorylated 
Cdc2 at Thr14/Tyr15 and Cdc25C at Ser216, which led to a decrease in Cdc2-cyclin B1 activity.
Conclusion: The cytotoxicity of THP to MG63/DOX cells may be in part due to its ability to arrest cell cycle progression at the G2/M 
phase, which supports the use of THP for managing patients with MDR osteosarcoma.  

Keywords: osteosarcoma; multidrug-resistant; pirarubicin; doxorubicin; gemcitabine; methotrexate; cisplatin; cell cycle; G2/M arrest; 
cyclin B1; Cdc2; Cdc25C
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Introduction 
Osteosarcoma is the most common malignant primary bone 
tumor in children, adolescents and young adults.  Multiagent 
chemotherapy, commonly including doxorubicin (ADM), 
cisplatin (DDP) and high-dose methotrexate (MTX), has 
improved patient survival from 11% with surgical resection 
alone to 70% for localized disease.  Unfortunately, the long-
term survival for the remaining patients with recurrent disease 
is less than 20%[1–3].  Studies designed to identify novel active 
agents and implement strategies to overcome chemoresistance 
will likely be important for improving survival[1].

Recently, pirarubicin (THP), a novel anthracycline deriva-
tive of ADM, has been used clinically to treat tumors such as 
osteosarcoma, breast cancer, lymphoma and acute myeloid 
leukemia[4–7].  Moreover, THP has shown a greater antitu-
mor activity[8–10] and lower cardiotoxicity[11] than ADM.  This 
may be explained by the higher uptake of THP by tumor 
cells than ADM and its rapid distribution into the nucleus 
and subsequent incorporation into deoxyribonucleic acid 
(DNA)[12–14].  More recently, we found that through retrospec-
tive analysis, THP-based chemotherapy regimens were effec-
tive and safe as a salvage chemotherapy option for patients 
with lung metastases, refractory or recurrent high-grade oste-
osarcoma who previously received adjuvant chemotherapy 
with high dose-MTX–DDP–ADM–ifosfamide[15, 16].  However, 
the exact mechanisms by which THP exerts its antitumor 
effects are not understood.  Although previous studies on THP 
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have revealed that induction of cell cycle arrest at the G2 phase 
may contribute to its action in RPMI-8402 cells[17], the molecu-
lar basis of the cell cycle arrest induced by THP remains 
unclear.  

Considering this previous research, we speculated that THP 
might be a potential chemotherapeutic agent that can circum-
vent drug resistance in patients with osteosarcoma.  However, 
few studies clearly define the effects of THP on cytotoxicity 
and multidrug-resistant (MDR) osteosarcoma cells.  In this 
study, we investigated the in vitro cytotoxic response of the 
MDR osteosarcoma cell line MG63/DOX treated with THP 
and explored the underlying mechanisms THP utilizes to dis-
rupt cell cycle kinetics.  

Materials and methods
Reagents
THP was obtained from Wan Le Pharma (Shenzhen, China); 
ADM and MTX, from Pfizer Pharma (New York, NY, USA); 
gemcitabine (GEM), from Lilly Pharma (Saint-Cloud, France); 
and DDP, from Hao Shen Pharma (Nanjing, China).  Pro-
pidium iodide (PI) was purchased from Sigma Chemicals (St  
Louis, MO, USA).  Cell Counting Kit-8 (CCK-8) was purchased 
from Dojindo Laboratories (Kumamoto, Japan).  

Cell lines and cell culture
The human osteosarcoma parental cell line, MG63, was 
obtained from the Institute of Biochemistry and Cell Biology, 
Chinese Academy of Sciences (Shanghai, China).  The human 
MDR osteosarcoma cell line MG63/DOX, which overexpresses 
P-glycoprotein (P-gp) and was selected in a step-wise man-
ner by exposing drug-sensitive MG63 cells to increasing doses 
of ADM, was kindly provided by Dr Yoshio Oda (Graduate 
School of Medical Sciences, Kyushu University, Fukuoka, 
Japan)[18].  The cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM; Hyclone, Logan, UT, USA) supple-
mented with 10% heat-inactivated fetal calf serum (FCS; Si 
Ji Qing, Hangzhou, China), 100 units/mL penicillin and 100 
mg/mL streptomycin (Gibco, Grand Island, NY, USA) in a 
humidified atmosphere at 37 °C consisting of 5% CO2.  Drugs 
were initially dissolved in phosphate-buffered saline (PBS) 
and then serially diluted in culture medium to the desired 
drug treatment concentrations.

Drug sensitivity and cytotoxicity assays
The effects of THP, ADM, MTX, DDP, and GEM on the prolif-
eration of MG63/DOX and MG63 cells were measured using 
the CCK-8 colorimetric assay.  Briefly, the cells were seeded in 
a 96-well microtiter plate at 5×103 cells/well (100 μL).  After 
24 h of incubation with fresh medium, 10 μL of the various 
chemical dilutions at the indicated concentrations of each 
drug was added to the plates, and the cells were incubated for 
an additional 24, 48, and 72 h.  At the end of drug treatment, 
10 μL of CCK-8 was added to each well, and the cells were 
incubated for 4 h at 37 °C.  Absorbance (A) was analyzed on 
a 96-well Opsys MR Microplate Reader (Thermo Labsystems, 
Beverly, MA, USA) at 450 nm.  All experiments were tested in 

triplicate and repeated at least three times.  The resistance fac-
tor (R factor) of multidrug-resistant cell line MG63/DOX for 
a particular drug is defined as the ratio of IC50 of MG63/DOX 
cell to IC50 of MG63 cell at 72 h (R<5×: low or no-resistance; R 
5–15×: moderate-resistance; R>20×: high-resistance)[19].  

Cell cycle analysis 
MG63/DOX cells were treated with THP for 24, 48, and 72 h at 
concentrations of 50, 200, and 500 ng/mL.  Control cells were 
treated with solvent alone for the durations indicated above.  
Cell cycle was analyzed as previously described[20].  The cells 
were trypsinized, washed twice with ice cold PBS, fixed in 70% 
ethanol and stained with propidium iodide (PI; 5 μg/mL PI in 
PBS containing 0.1% Triton X-100 and 0.2 mg/mL RNase A) in 
the dark for 30 min at 4 °C.  Finally, the cells were analyzed for 
cell cycle perturbation using a FACSCalibur flow cytometer 
(Becton-Dickinson, San Diego, CA, USA).  Cell fluorescence 
was measured in duplicate at each time point, and all experi-
ments were performed in triplicate.  

Western blot analysis
Cells treated with THP at the indicated concentrations were 
harvested following 72 h of incubation.  Western blotting 
was performed as described previously[21].  Briefly, 30 μg of 
protein from whole-cell lysates was separated on a sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) apparatus and electrotransferred onto polyvinylidene 
fluoride (PVDF) membranes (Millipore, Bedford, MA, USA).  
After blocking with 5% (w/v), non-fat dry milk in Tris-
buffered saline for 1 h at room temperature, membranes were 
incubated overnight at 4 °C with the previously described 
pretreated antibody diluent according to the one-step west-
ern kit manufacturer’s instructions.  Primary antibodies were 
incubated with a horseradish peroxidase antibody for 5 min 
at room temperature and then diluted (1:1000).  The protein 
bands were visualized using a chemiluminescence imaging 
system (Bio-Rad, Hercules, CA, USA).  All blots are represen-
tative of three independent experiments.  Primary antibodies 
assayed were Cyclin B1, Cdc2, p-Cdc2 (Thr14), p-Cdc2 (Tyr15), 
and p-Cdc2 (Thr161) antibodies (Cell Signaling Technology, 
Boston, MA, USA); Cdc25C and p-Cdc25C (Ser216) antibodies 
(Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA); and 
β-actin antibody (CoWin Biotech Co, Beijing, China).  

Statistical analysis
Data are presented as the mean±SD.  The Student’s t-test was 
used to analyze the difference between the mean values of the 
treatment and the control groups.  Differences with a P value 
of less than 0.05 were considered statistically significant.

Results
Drug sensitivity
We investigated the effects of THP and chemotherapeutic 
agents commonly used for osteosarcoma treatment, including 
ADM, MTX, DDP, and GEM, on the proliferation of MG63/
DOX MDR human osteosarcoma cells and their parental 
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MG63 cells using the CCK-8 colorimetric assay.  As shown in 
Table 1, MG63/DOX cells exhibited high levels of resistance 
to ADM (R factor: 121.6) and GEM (R factor: 108.3) but little to 
no resistance to THP (R factor: 3.73), MTX (R factor: 4.16) and 
DDP (R factor: 0.91).  These results indicate that MG63/DOX 
cells reveal have a classic MDR phenotype, which has been 
previously described[18].  Surprisingly, THP had similar inhibi-
tory effects on cell proliferation in both resistant and parental 
osteosarcoma cells, indicating that MDR osteosarcoma cells 
are still sensitive to THP.  

THP inhibited proliferation of MG63/DOX cells
The cytotoxic effects of THP on MG63/DOX cells were further 
measured with the CCK-8 colorimetric assay after the cells 
were exposed to various concentrations of THP for multiple 
durations.  Cell growth was inhibited in a concentration- and 
time-dependent manner (Figure 1 and Table 2).  

THP induced MG63/DOX cells cycle arrest at the G2/M phase
To examine the mechanism of inhibition of cell growth by 
THP, cell cycle perturbation was evaluated by flow cytometry 
after the MG63/DOX cells were exposed to THP at various 
concentrations for 24, 48, or 72 h.  As shown in Figure 2 and 
Table 3, the fraction of cells in the G2/M phase increased with 
the concentration of THP and the duration of treatment.  A 

concurrent reduction in the proportion of cells in G0/G1 and 
S phase was observed.  These results demonstrate that THP 
induced a cycle arrest in MG63/DOX cells at G2/M phase in a 
time- and concentration-dependent manner.

THP reduced cyclin B1 expression and Cdc2 and Cdc25C activity
To elucidate the molecular basis for THP-induced cell cycle 
arrest at the G2/M phase, Cyclin B1, and Cdc2 protein expres
sion was assayed by western blotting.  As shown in Figure 3, 
the results indicate that protein levels of cyclin B1 decreased 
after THP treatment in a time- and concentration-dependent 
manner but that the total protein levels of Cdc2 did not 

Table 1.  Drug sensitivity of MG63 and MG63/DOX to the commonly used 
chemotherapeutic agents for osteosarcoma treatment.  Mean±SD.  n=3. 
aP>0.05, bP<0.05, cP<0.01 compared with MG63 cell group.   

  
Drug

	                                   IC50 (μg/mL)            	                    
R factor	                  MG63	                   MG63/DOX         

 
	 THP	 0.11±0.05	   0.41±0.024b	     3.73
	 ADM	 0.15±0.09	 18.24±7.72c	 121.6
	 MTX	 1.22±0.75	   3.86±0.81b	     4.16
	 DDP	 3.83±0.52	   3.48±0.24a	     0.91
	 GEM	 2.28±0.87	  247.0±8.2c	 108.3

The resistance factor (R factor) of multidrug-resistant cell line MG63/DOX 
for a particular drug is defined as the ratio of IC50 of MG63/DOX cell to 
IC50 of MG63 cell at 72 h. R factor<5: low or no-resistance; R factor 5–15: 
moderate-resistance; R factor >20: high-resistance[19]. 

Table 2.  Effect of THP on cell growth of MG63/DOX cells.  aP>0.05, 
cP<0.01 compared with control. 

  THP    	                                              Time (h)
(ng/mL)             0	                  24	          48	                    72
 
	 0	  0.128±0.031	 0.203±0.024	 0.329±0.027	 0.633±0.056
	 200	 0.100±0.010	 0.195±0.013a	 0.269±0.028c	 0.412±0.013c

	 500	 0.123±0.023	 0.186±0.007a	 0.218±0.012c	 0.247±0.019c

	1000	 0.090±0.011	 0.148±0.014c	 0.139±0.010c	 0.096±0.021c

Table 3.  The effect of THP on cell cycle distribution of MG63/DOX cells. 
Mean±SD.  n=3.  bP<0.05, cP<0.01 compared with control.  

Action            THP             G0/G1 phase             S phase 	    G2/M phase
 time  	    (ng/mL)	      (%)	         (%)                         (%)
 
24 h 
	 0	   16.5±3.54	   30.8±0.28	   52.7±3.25
	 50	   17.4±2.56	   29.5±0.85	   53.1±1.69
	 200	   5.61±4.51	 32.25±3.46	   62.1±1.13b

	 500	 12.78±11.01	      9.6±13.58	 77.65±2.47c

48 h
  	 0	   15.8±2.76	   29.7±1.33	   52.1±2.14
	 50	   20.9±1.015	 23.47±2.8	 55.63±1.79
	 200	      11±0.78	 15.23±3.65	 73.77±3.56c

	 500	   6.68±1.98	   6.45±1.52	 86.88±2.27c

 72 h
 	 0	   18.2±1.84	   28.3±2.28	   53.6±3.76
	 50	   20.6±4.01	 15.66±1.52	 63.74±3.35b

	 200	 13.03±2.00	   6.53±2.86	 80.43±2.6c

	 500	   2.72±0.77	   3.07±2.7	   94.2±3.41c

Figure 1.  Effect of THP on cell proliferation of MG63/DOX cells.  MG63/
DOX cells were treated with THP at the indicated concentrations (200, 
500, and 1000 ng/mL) for 24–72 h.  Cell proliferation was assessed by 
CCK-8 assay, and cell proliferation values were expressed relative to those 
of the untreated cells (100% control value).  THP inhibited the proliferation 
of MG63/DOX cells in a time and concentration-dependent manner 
(reference Table 2).  Mean±SD.  n=3. 
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change.  The Cdc2-cyclin B1 complex was retained in an 
inactive state by the negative phosphorylation of the residues 
Thr14 and Tyr15 on Cdc2 phosphorylated by kinase Wee1 and 
Myt1, and Cdc2-cyclin B1 activity is increased by the phos-
phorylation of Cdc2 at Thr161.  Therefore, we examined Cdc2 
phosphorylation by western blotting and found that while 
the protein expression level of Cdc2 was not altered, the phos-
phorylation of Cdc2 at Thr14/Tyr15 [p-Cdc2 (Thr14/Tyr15)] was 
increased and the phosphorylation of Cdc2 at Thr-161 [p-Cdc2 
(Thr161)] was decreased after THP treatment in a time- and 
concentration-dependent manner.  These data suggest that 
reduced Cdc2-cyclinB1 activity by THP may account for the 
G2/M arrest in our model.  

Cdc25C activates Cdc2 by removing inhibitory phosphate 
groups on Thr14 and Tyr15.  Because Cdc2 phosphorylation at 
Thr14/Tyr15 was enhanced by THP, we further investigated 
the effect of THP on Cdc25C expression and phosphorylation 
at Ser216 by Western blotting.  We found that the total protein 
expression levels of Cdc25C were not altered but that the 
phosphorylation of Cdc25C at Ser216 [p-Cdc25C (Ser216)] was 
increased after THP treatment in a time- and concentration-
dependent manner (Figure 3).  These results suggest that 
decreased dephosphorylation by Cdc25C is partly responsible 
for Cdc2 inactivation.

Discussion
Currently, one of the greatest obstacles to improving the 
survival of patients with osteosarcoma is acquired clinical 
resistance to chemotherapeutic agents, primarily to the three 
most widely used agents in the treatment of osteosarcoma — 
ADM, MTX, and DDP[1, 22, 23].  Cancer cells can utilize a number 
of different mechanisms to become resistant to one or more 
chemotherapeutic drugs.  Depending on the drug and cellular 
context, factors such as drug inactivation, drug target muta-
tion, drug target upregulation and downregulation, decreased 
drug uptake, increased drug elimination and DNA damage 
repair have all been shown to contribute to both intrinsic and 
acquired resistant to chemotherapy[1].  ADM is one of the most 
effective agents for osteosarcoma treatment[1, 22, 23].  Although 
resistance to ADM in osteosarcoma is likely to be multifacto-
rial, P-gp is thought to be the main resistance mechanism 
against this agent[1, 24].  Additionally, some retrospective stud-
ies[25, 26] have revealed that the overexpression of P-gp may 
be associated with poor prognosis.  THP, a semisynthetic 
anthracycline glycoside, is a newer generation anthracycline 
anticancer agent that is reported to have a lower cardiotoxicity 
than ADM[11].  Changes in structure allow THP to be taken up 
by tumor cells approximately 170 times faster than ADM and 
increase the rates at which it distributes into the nucleus and 

Figure 2.  Effect of THP on cell cycle distribution of MG63/DOX cells.  MG63/DOX cells were treated with the indicated concentrations (50, 200, and 
500 ng/mL) of THP and harvested at 24, 48, or 72 h.  DNA content was analyzed by flow cytometry using PI staining.  THP induced MG63/DOX cells 
cycle arrest at the G2/M phase time and dose-dependently (reference table 3).  A representative profile is shown for each treatment.
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intercalates into DNA[12–14].
On the basis of these considerations, we tested THP for cyto-

toxicity against MDR osteosarcoma MG63/DOX cells in vitro.  
We found that THP has a marked inhibitory effect on cell 
proliferation in both resistant and sensitive osteosarcoma cells.  
These results suggest that THP partially overcomes the resis-
tance caused by overexpression of P-gp and that THP may 
play an important role in treatment of patients with refrac-
tory or recurrent high-grade osteosarcoma.  In fact, THP has 
also shown favorable activity in various types of cancer cells, 
including P-gp overexpressing breast cancer[27], ADM-resistant 
lymphoblastoma[28], MG-63 cells[29] and bladder cancers[30] 
in vitro, and has substantial clinical activity against various 
tumors without severe side effects[4–7,15,16].  Despite the ability 
of THP to overcome MDR in clinical studies[6, 16, 17], very little 
is known about THP-induced cytotoxicity and the underlying 
mechanisms of pirarubicin on MDR osteosarcoma cells.  To 
our knowledge, this is the first study to evaluate the cytotoxic-
ity of THP against human drug-resistant osteosarcoma cells.  

In addition, we demonstrated that the effect of THP in resis-
tant MG63/DOX cells is associated with cell cycle arrest at 
the G2/M phase in a time- and concentration-dependent man-
ner.  Similarly, Takamoto et al[17] reported that THP exerted its 

growth-inhibitory effect by blocking RPMI-8402 cells irrevers-
ibly at G2 and that the G2 phase accumulation was a cytocidal 
effect of THP.  The eukaryotic cell cycle is strictly regulated by 
a class of cyclins and cyclindependent kinases (CDKs)[31].  The 
progression from G2 to mitosis is controlled by the mitosis-
promoting factor, which comprises a complex of Cdc2 (CDK1) 
and cyclin B[32–35].  During G2/M transition, CDK1 activation 
requires an association with cyclin B1 and phosphorylation at 
Thr161 by CDK-activating kinase (CAK), whereas the CDK1/
cyclin B complex is kept inactive by phosphorylation on Thr14 
or Tyr15 of CDK1 by kinase Wee1 and Myt1[36].  We found that 
THP significantly downregulated cyclin B1, p-Cdc2 (Thr161) 
and upregulated p-Cdc2 (Thr14/Tyr15).  Decreased cyclin B1 
levels and Cdc2 phosphorylation at Thr161 and increased Cdc2 
phosphorylation at Thr14/Tyr15 may contribute to the THP-
induced arrest of MG63/DOX cells at the G2/M phase and 
the subsequent blocking of cell cycle progression.  Finally, we 
demonstrated that THP enhanced Cdc25C phosphorylation 
at the Ser-216 residue in our cell cultured model.  The activity 
of Cdc25C, which is essential for progression into mitosis, is 
regulated by changes in protein levels, subcellular localization 
and the phosphorylation state[37].  It is proposed that the check-
point kinase, Chk1, regulates the interactions between human 
Cdc25C and 14-3-3 proteins by phosphorylating Cdc25C on 
serine 216.  14-3-3 proteins, in turn, function to keep Cdc25C 
out of the nucleus[38].  Therefore, the effect of THP on G2/M 
phase arrest in MG63/DOX cells may be partly mediated by 
Chk1 activation.  However, future studies are required to 
determine whether and how THP affects Chk1 in our model 
system.

In conclusion, we have demonstrated an encouraging effi-
cacy of THP against human MDR osteosarcoma cells in vitro.  
We also have found, for the first time, that THP could arrest 
the cell cycle at the G2/M phase, which was partially associ-
ated with the downregulation of cyclin B1, p-Cdc2 (Thr161), 
and the upregulation of p-Cdc2 (Thr14), p-Cdc2 (Tyr15), and 
p-Cdc25C (Ser216).  The alterations of cell cycle kinetics might 
contribute to a better understanding of the cytotoxicity 
induced by THP.  These findings also provide a theoretical 
basis for its potential use in the management of patients with 
MDR osteosarcoma and suggest that further in vivo and pro-
spective clinical studies are warranted.
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Yuan-ting ZHENG1, Jian-hua ZHU2, Guo MA1, Qing ZHU3, Ping YANG4, Bo TAN4, Jin-lian ZHANG1, Hai-xing SHEN2, Jia-lin XU1, 
Yi-zhun ZHU3, Wei-min CAI1, *

1Department of Clinical Pharmacy, School of Pharmacy, Fudan University, Shanghai 201203, China; 2Department of Radiopharmacy, 
School of Pharmacy, Fudan University, Shanghai 201203, China; 3Department of Pharmacology, School of Pharmacy and Institute 
of Biomedical Sciences, Fudan University, Shanghai 201203, China; 4Analytical and Testing Center, School of Pharmacy, Fudan 
University, Shanghai 201203, China 

Aim: To study the distribution, metabolism and excretion of S-propargyl-cysteine (SPRC), a novel hydrogen sulfide (H2S) donor, after oral 
administration in rats.   
Methods: Adult Sprague-Dawley rats were used.  The tissue distribution of [35S] SPRC-derived radioactivity was measured using a liquid 
scintillation counter.  The plasma protein binding of SPRC was examined using 96-well equilibrium dialysis.  The excretion of SPRC in 
urine, bile and feces was analyzed using the LC-MS/MS method.  The major metabolites in rat biomatrices were identified using MRM 
information-dependent, acquisition-enhanced product ion (MRM-IDA-EPI) scans on API 4000QTrap system.
Results: After oral administration of [35S] SPRC at a dose of 75 mg/kg, [35S] SPRC-derived radioactivity displayed broad biological 
distribution in various tissues of rats, including its target organs (heart and brain) with the highest in kidney.  On the other hand, the 
binding of SPRC to human, rat and dog plasma protein was low.  Only 2.18%±0.61% and 0.77%±0.61% of the total SPRC administered 
was excreted unchanged in the bile and urine.  However, neither intact SPRC nor its metabolites were detected in rat feces.  The major 
metabolic pathway in vivo (rat bile, urine, and plasma) was N-acetylation.  
Conclusion: The preliminary results suggest that SPRC possesses acceptable pharmacokinetic properties in rats.
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Introduction
The physiological importance of hydrogen sulfide (H2S) was 
first discovered in the mid-1990s.  H2S is now considered to 
be the third novel gasotransmitter, discovered after nitric 
oxide and carbon monoxide.  Like other gasotransmitters, H2S 
is a gaseous small molecule that is freely permeable across 
membranes.  Moreover, the endogenous gas is important in 
the regulation of vascular tone, myocardial contractility, neu-
rotransmission, insulin secretion, inflammation, longevity, and 
nociception[1-4].  The garlic-derived organosulfur compounds, 
known as H2S donors, have generated interest in the biomedi-
cal field.  S-allylcysteine (SAC), one of the major compounds 
in aged garlic extract, has been demonstrated to have multiple 
biological activities, including antibacterial, antifungal, anti-

cancer, antihepatopathic, cardioprotective, and neurotrophic 
properties[5–8].  

S-propargyl-cysteine (SPRC, Figure 1) is an analog of SAC 
and a novel H2S donor.  Recently, the pharmacological activi-
ties of SPRC have been extensively studied.  Wang et al dem-
onstrated the cardioprotective effects of SPRC using an in 
vivo acute myocardial infarction model in rats and an in vitro 
hypoxic cardiomyocyte model[9].  Further studies revealed 
that the cardioprotective effect during a myocardial infarc-
tion resulted from the modulation of the endogenous levels 
of H2S.  The release of H2S might activate signaling cascades 
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Received 2011-12-05    Accepted 2012-01-27  Figure 1.  The chemical structure of SPRC.
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associated with the prevention of oxidative stress[10].  SPRC 
also attenuated LPS-induced H9c2 cell activation, which 
would be beneficial for either the prevention or the treatment 
of cardiovascular inflammatory disease[11].  Furthermore, the 
protective effects of SPRC in neuroinflammation in vitro and 
in vivo indicate therapeutic potential for neurodegenerative 
diseases, including Alzheimer’s disease, Parkinson’s disease, 
ischemic stroke, multiple sclerosis, and amyotrophic lateral 
sclerosis[12, 13].  Ma et al reported that SPRC exhibited antican-
cer activities in SGC7901 gastric cancer cells and confirmed 
the in vivo antineoplastic effect of SPRC in a nude mice xeno-
graft model[14].  These studies show that SPRC is emerging as 
a promising H2S-based therapeutic agent and candidate for 
future pharmaceutical development.

Preclinical pharmacokinetic characterization of a new drug 
candidate is an integral part of the drug discovery and devel-
opment process.  Such studies may also provide an in-depth 
understanding of the drug’s mechanism of action.  Unfavor-
able pharmacokinetic properties may lead to drug toxicity, 
potentially resulting in termination of the program or re-opti-
mization of the chemical structure.  Previous studies showed 
that SPRC was rapidly absorbed and bioavailable in rats[15].  
Further studies characterizing the disposition of SPRC in vivo 
are needed to clarify its pharmacokinetic properties.  The aim 
of this study is to investigate the distribution, metabolism, and 
excretion of SPRC in rats.  

Materials and methods
Chemicals and reagents
SPRC was synthesized by reacting L-cysteine with propargyl 
bromide.  The product was purified by recrystallization from 
an ethanol-water solution.  The final product was verified by 
1H nuclear magnetic resonance spectroscopy.  The purity was 
99.7%, as measured by high-performance liquid chromatogra-
phy.

[35S] cysteine (>99% radiochemical purity), Ultima-Gold 
scintillation fluid, and a Soluene-350 tissue solubilizer were 
all purchased from Perkin-Elmer Life and Analytical Sciences 
(Boston, MA).  [35S] SPRC (>99% purity) was synthesized by 
reacting [35S] cysteine with propargyl bromide as described 
above.

Blank Sprague-Dawley rat plasma was obtained from 
healthy, drug-free rats.  Blank dog plasma was purchased 
from the Shanghai ChemPartner Co LTD (Shanghai, China).  
Blank human plasma was kindly provided by the Ruijin Hos-
pital (Shanghai, China).  Dialysis membranes used for the 
experiments had a 12 to 14 kDa molecular mass cutoff and 
were purchased from HTDialysis, LLC (Gales Ferry, CT, USA).  
HPLC-grade acetonitrile and methanol were purchased from 
Fisher Scientific (Pittsburgh, PA, USA).  Other reagents used 
in this study had the highest purity commercially available.  

Animal experiments
The experiments were performed in accordance with the 
Guidelines for Animal Experimentation of Fudan University 
(Shanghai, China).  The protocols used in this study were 

approved by the Animal Ethics Committee of Fudan Univer-
sity (Shanghai, China).  Adult Sprague-Dawley rats (body 
weight of 200±20 g, half males and half females) were pur-
chased from Sino-British Sipper/BK Lab Animal Ltd (Shang-
hai, China; animal certificate number: SCXK hu (Shanghai) 
2008-0016).  The animals were maintained on a 12-h light/
dark cycle under controlled conditions (temperature: 20±2 °C, 
relative humidity: 50%±20%).  The rats had free access to food 
and water throughout the study unless specifically indicated.
   In the biliary excretion study, rats were implanted with a 
cannula that was inserted into the bile duct under anesthesia 
with diethyl ether, and then allowed to recover before drug 
administration.  Blank bile was collected before administra-
tion.  Cumulative bile samples were collected during specific 
time intervals from 0–1, 1–2, 2–3, 3–4, 4–5, 5–6, 6–8, 8–12, and 
12–24 h after drug administration.  

Animals were housed in metabolic cages to collect urine and 
feces.  Urine and feces were collected separately before dos-
ing and from 0–6, 6–12, 12–24, 24–36, 36–48, and 48–72 h.  The 
feces samples were homogenized with water.  These samples 
were stored at -70°C until they were analyzed.  

Analytical method for SPRC
The feces homogenate, bile, or urine samples (20 µL) was 
precipitated with acetonitrile containing 0.44 μg/mL internal 
standard.  After centrifugation at 12 000×g for 5 min, 5 μL of 
the supernatant was used for LC-MS/MS analysis.  

SPRC concentrations were quantitated using the LC-MS/MS 
method.  The analytical method has been previously validated 
and reported for determining the concentration of SPRC in rat 
plasma[15].  

Tissue distribution study of [35S] SPRC-derived radioactivity in 
rats
The tissue distribution of [35S] SPRC-derived radioactivity was 
evaluated in Sprague-Dawley rats after an oral administration 
of 75 mg/kg [35S] SPRC solution (25 μCi/mL, 10 g/L).  Ani-
mals were euthanized at 0.5 h, 1.5 h, and 6 h after drug admin-
istration.  Following euthanasia, the rats were exsanguinated, 
and then plasma and tissues (heart, liver, spleen, lung, kidney, 
brain, stomach, intestine, and muscle) were collected and 
homogenized (0.25 g/mL).

Aliquots (400 µL) of the tissue samples were digested in 1 
mL of Soluene-350 tissue solubilizer for 3 h at 60 °C.  Ultima 
Gold scintillation fluid (10 mL) was then added to each 
sample.  For plasma samples, 100 µL of plasma was directly 
mixed with 10 mL of scintillation fluid.  All the sample prepa-
rations were stored in the dark for 24 h before analysis.  All 
of the radioactivity measurements were made using a Tricarb 
2910TR liquid scintillation analyzer (Perkin-Elmer, Wellesley, 
MA, USA).  The tissue radioactivity levels were expressed as a 
percent injected dose per gram of tissue (%ID/g).

Measurement of the plasma protein binding of SPRC using 96-
well equilibrium dialysis
Protein binding of SPRC to human, rat, and dog plasma was 
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measured using a 96-well microequilibrium Teflon dialysis 
device (HTDialysis, LLC, Gales Ferry, CT).  Dialysis mem-
branes were soaked in distilled water for 20 min and then 
soaked in 30% (v/v) ethanol for 15 min.  Just prior to use, the 
membrane was rinsed three times in deionized water and then 
rinsed once with isotonic sodium phosphate buffer.  After 
assembling the dialysis plates, 110 µL of blank buffer and 
spiked plasma samples (2, 10, and 50 µg/mL) were added to 
the receiver and donor side of the equilibrium dialysis block, 
respectively.  The dialysis block was covered with a plastic 
lid and placed in a shaker (37 °C, 100 r/min) for 6 h.  Warfarin 
was used as a positive control.

SPRC samples from both sides of the chamber were mea-
sured using the LC-MS/MS method.  Percent binding was 
calculated using the following equation:

Bound %=100×([Donor]–[Receiver])/[Donor]

Metabolite identification using LightSight software
Preliminary metabolites in rat biomatrices were identified 
using MRM information-dependent, acquisition-enhanced 
product ion (MRM-IDA-EPI) scans on the API 4000QTrap sys-
tem.  Pooled rat plasma (0–24 h), bile (0–24 h), urine (0–72 h), 
and feces (0–72 h) samples were precipitated with acetonitrile.  
The mobile phase consisted of a methanol/ammonium acetate 
buffer [(10 mmol/L, pH=4.0): 15/85 (v/v)].  Other analytical 
conditions were the same as those applied to the quantifica-
tion of SPRC, described above.  

Mass spectrometer conditions were optimized by infusing 5 
µg/mL SPRC solution in distilled water via a syringe pump at 
a 10 µL/min flow rate.  The EPI analyte spectra were collected 
to identify the major fragments of SPRC ([M+H]+=160.1).  The 
three most abundant fragments were m/z 143.0, 114.0, and 
97.0.  Therefore, three MRM survey channels at 160.1→143.0, 
160.1→114.0, and 160.1→97.0 were used to identify the metab-
olites of SPRC.  Metabolite identification was accomplished 
using LightSight software, by matching the product ions and 
neutral losses of the EPI spectra of detected metabolites to the 
parent compound.  

The IDA threshold was set to 500 cps, above which the EPI 
scan was triggered to collect the fragment ion spectra.  The 
EPI scan rate was 4000 amu/s, and the scan range was 80 to 
400 amu.  The CEs were set at 30 eV, with a CE spread of 15 
eV.  Other parameters were set as follows: ion source voltage, 
+4500 V; temperature, 400 °C; curtain gas, 15 psi; ion source 
gas 1, 20 psi; ion source gas 2, 20 psi.

Other types of mass spectrometric analyses, including 
enhanced mass spectrometry (EMS), precursor ion (PI), and 
neutral loss (NL) scans, were performed to ensure that unex-
pected metabolites were not missed.

Data analysis
The amount of SPRC excreted into bile and urine during each 
time interval was calculated by multiplying the SPRC concen-
tration by the volume of sample.  The cumulative amount of 
SPRC (X) over a certain time period was calculated by adding 
all excreted amounts within the period.  The same data were 

also expressed (in the form of % of dose) by dividing X with 
the total dose administered.  

A one-way ANOVA, followed by S-N-K multiple compari-
sons, was used to evaluate the statistical significance of inter-
species differences in plasma protein binding.  The differences 
were considered significant when P<0.05.

Results
Tissue distribution of [35S] SPRC-derived radioactivity
The distribution of [35S] SPRC-derived radioactivity in vari-
ous organs at three time points was determined after an oral 
administration of a 75 mg/kg [35S] SPRC solution.  SPRC-
derived radioactivity was broadly distributed in all of the tis-
sues examined (Table 1).  At 0.5 h (the Tmax in the plasma kinet-
ics), the concentrations observed were in the following order: 
kidney>plasma>stomach>liver>lung>intestine>spleen> 
heart>muscle>brain.  When compared with the corresponding 
plasma concentrations, the kidney tissues showed the highest 
exposure.  The mean concentrations in the kidney tissue were 
1.1, 1.5, and 1.8 times that present in the plasma at 0.5 h, 1.5 h, 
and 6 h, respectively.  SPRC-related radioactivity in all the 
other tissues was the same as or lower than the corresponding 
plasma concentration.

Table 1.  Tissue distribution of [35S]-SPRC derived radioactivity after oral 
administration (25 μCi/mg, 75 mg/kg) of SPRC in rats.  Data represent 
Mean±SD (n=5).   

                                                            Distribution amount of 
Tissue	                              [35S]-SPRC derived radioactivity (%ID/g)
                                        0.5 h	                     1.5 h	                   6 h
 
Plasma	 0.40±0.04	 0.31±0.08	 0.18±0.07
Brain	 0.07±0.01	 0.08±0.02	 0.05±0.01
Muscle	 0.11±0.02	 0.12±0.03	 0.05±0.02
Heart	 0.15±0.06	 0.10±0.02	 0.05±0.02
Spleen	 0.15±0.05	 0.13±0.04	 0.07±0.02
Kidney	 0.44±0.19	 0.47±0.14	 0.32±0.12
Stomach	 0.29±0.22	 0.12±0.03	 0.08±0.02
Liver	 0.23±0.04	 0.21±0.02 	 0.15±0.07
Lung	 0.19±0.09	 0.17±0.07	 0.12±0.06
Intestine	 0.17±0.06	 0.09±0.01	 0.10±0.06

Plasma protein binding
The extent of SPRC bound to human, rat, and dog plasma 
was studied at three concentration levels using a rapid equi-
librium dialysis method.  The protein binding to the positive 
control compound (warfarin) was within the normal range 
(98.4%±1.1%), indicating the reliability of the equilibrium dial-
ysis study.  The fraction bound ranged from -0.8% to -14.5% 
for human, 3.7% to 10.9% for rat, and -5.2% to 0.6% for dog.  
The total SPRC recovery after dialysis was >98%.  No statisti-
cal differences were found at the three concentration levels 
tested.  The statistical analysis revealed no significant differ-
ence in the plasma protein binding fractions of SPRC among 
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the three species.  

Excretion of SPRC in rats
The excretion of unchanged SPRC after oral administration 
has been studied in rats using the LC-MS/MS method.  No 
unchanged SPRC was found in rat feces up to 72 h post-dose 
using a relatively sensitive analytical method (the low limit 
of quantification was 50 ng/mL).  After oral administration 
in rats, only 2.18%±0.61% and 0.77%±0.61% of the dose was 
excreted in the bile and urine as the parent drug up to 24 and 
72 h, respectively (Figure 2).  Less than 3% of the oral SPRC 
dose was recovered unchanged.  

Identification of the major metabolites of SPRC in urine, bile, 
feces and plasma
The representative total ion current (TIC) chromatograms of 
the drug-treated rat biological samples were compared with 
the corresponding blank samples.  Only one metabolite (M1, 
RT=10.2 min) of SPRC was found in rat urine, bile, and plasma 
(Figure 3).  However, neither the parent drug nor the N-acetyl 
metabolite was observed in rat feces (data not shown).  

The extracted ion chromatograms (EICs) and representative 
EPI spectra of M1 were also compared with the parent SPRC 
(Figure 4).  M1 was proposed to be an acetylated metabolite 
because the precursor ion (m/z 202.1) was 42 m/z larger than 
the corresponding precursor ion (m/z 160.1) of SPRC.  In addi-
tion, the fragmentation pattern of M1 is similar to that of 
SPRC, indicating that the same ions (m/z 143, m/z 114, and m/z 
97) were found in the EPI spectra.

To ensure that no unexpected metabolites were missed 
using the MRM survey scan, different types of survey scan 
triggering EPI method, were used to detect any other metabo-
lites of SPRC.  These methods included EMS-EPI, PI-EPI, and 
NL-EPI.  However, no other metabolites were found using 
these methods (data not shown).

Discussion
SPRC, a novel sulfur-containing amino acid derivative, has 
been proven to be a potent H2S donor.  It was selected for 
development, in part because of its potent in vitro and in vivo 
biological activities.  However, the lack of comprehensive 
knowledge about the pharmacokinetic properties of SPRC 

hampers its further development as a new drug candidate.  In 
the present study, we analyzed the pharmacokinetic proper-
ties of SPRC, including the tissue distribution, identification of 
major metabolites, and route of excretion.  

SPRC shares pharmacokinetic properties with other cysteine 
derivatives, such as SAC[16, 17].  These cysteine derivatives were 
all bioavailable and were absorbed rapidly and easily in the 
gastrointestinal tract[15].  After oral administration, [35S] SPRC-
derived radioactivity was extensively distributed in various 
tissues.  An accumulation of [35S] SPRC-derived radioactiv-
ity exceeding plasma concentrations was mainly observed in 
the kidney at three different time points.  The radioactivity in 
other tissues was approximate to or lower than the observed 
plasma concentration.  Previous studies showed that SAC 
was retained at a fairly high concentration in the kidney, and 
it was speculated that SAC was reabsorbed in the kidney[16].  
Therefore, the kidney may play a major role in the elimination 
of cysteine derivatives in rats and deserves further study.  

In the rat excretion study, less than 3% of the oral dose of 
unchanged SPRC was recovered in the urine and bile.  This 
result indicates that the drug is almost completely metabolized 
before elimination from the body.  The major metabolic path-
way of SPRC was N-acetylation, which forms the conjugate 
compound found in urine, bile, and plasma.  The N-acetylated 
SAC was also the major metabolite of SAC[16].  Neither the 
parent drug nor the N-acetyl metabolite was found in rat 
feces.  Previous studies demonstrated that S-allyl-L-cysteine 
sulfoxide and N-allyl-L-cysteine sulfoxide were the expected 
metabolites of SAC in rat urine[18].  However, these sulfoxide 
metabolites of SPRC were not observed in our experiment.

In summary, this study examined in detail the pharmacoki-
netic properties of SPRC in Sprague-Dawley rats.  Our study 
examined the tissue distribution, plasma protein binding, 
excretion, and metabolites of SPRC.  The tissue distribution of 
[35S] SPRC-derived radioactivity in rats was rapid and exten-
sive.  SPRC was distributed mainly in the kidney.  The levels 
of human, rat, and dog plasma SPRC protein binding were 
low.  Only approximately 0.77% and 2.18% of the parent SPRC 
could be recovered after oral administration in rat urine and 
bile, respectively.  The major metabolite of SPRC in rat urine, 
bile, and plasma was the N-acetylated metabolite.  No par-
ent drug or metabolite was found in rat feces.  In addition to 

Figure 2.  The cumulative excretion of unchanged SPRC in rat bile (A) and urine (B) after oral administration.  SPRC concentrations were determined by 
the LC-MS/MS method.  All values are expressed as the mean±SD.  (n=6).
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increasing the knowledge of SPRC biological activities, this 
pharmacokinetic study contributes to the further development 
of this new drug candidate.  
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Aim: To establish a population pharmacokinetics (PPK) model of levetiracetam in Chinese children with epilepsy.
Methods: A total of 418 samples from 361 epileptic children in Peking University First Hospital were analyzed.  These patients were 
divided into two groups: the PPK model group (n=311) and the PPK validation group (n=50).  Levetiracetam concentrations were deter-
mined by HPLC.  The PPK model of levetiracetam was established using NONMEM, according to a one-compartment model with first-
order absorption and elimination.  To validate the model, the mean prediction error (MPE), mean squared prediction error (MSPE), root 
mean-squared prediction error (RMSPE), weight residues (WRES), and the 95% confidence intervals (95% CI) were calculated.
Results: A regression equation of the basic model of levetiracetam was obtained, with clearance (CL/F)=0.988 L/h, volume of distribu-
tion (V/F)=12.3 L, and Ka=1.95 h-1.  The final model was as follows: Ka=1.56 h–1, V/F=12.1 (L), CL/F=1.04×(WEIG/25)0.563 (L/h).  For 
the basic model, the MPE, MSPE, RMSPE, WRES, and the 95%CI were 9.834 (-0.587–197.720), 50.919 (0.012–1286.429), 1.680 
(0.021–34.184), and 0.0621 (-1.100–1.980).  For the final model, the MPE, MSPE, RMSPE, WRES, and the 95% CI were 0.199 
(-0.369–0.563), 0.002082 (0.00001–0.01054), 0.0293 (0.001−0.110), and 0.153 (-0.030–1.950).
Conclusion: A one-compartment model with first-order absorption adequately described the levetiracetam concentrations.  Body weight 
was identified as a significant covariate for levetiracetam clearance in this study.  This model will be valuable to facilitate individualized 
dosage regimens.  
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Introduction
Levetiracetam (LEV; (S)-ethyl-2-oxo-pyrrolidine acetamide 
(Keppra®), UCB Pharma, Braine-l’Alleud, Belgium) is a new 
antiepileptic drug.  It is mainly used for the adjunctive treat-
ment of partial-onset seizures in adults and children, as well 
as myoclonic and primary generalized tonic-clonic seizures in 
patients with idiopathic generalized epilepsy[1–3].  The primary 
mechanism of action of LEV relates to its binding to synaptic 
vesicle proteins[4].  The results of clinical trials in a Chinese 
population have demonstrated that LEV is effective and well 
tolerated in adults with inadequately controlled partial-onset 
seizures[5].

LEV shows linear pharmacokinetics, and its major route of 
elimination is through the kidneys, with approximately 66% 
of a dose eliminated unchanged and 27% as inactive metabo-
lites[6–9].  Renal function determines the rate of elimination 
of LEV.  The half-life is 6–8 h in healthy adults, and 5–7 h in 
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children aged 6–12 years.  However, the apparent clearance is 
30%–40% higher in children than in adults[10].  The initial daily 
dose is 20 mg-1·kg-1·d-1 (10 mg/kg twice daily) and can go up to 
60 mg-1·kg-1·d-1.  Even higher doses (>60 mg-1·kg-1·d-1) have also 
been reported[11].  

Measuring the serum concentration (SC) of LEV can be 
useful in assessing compliance and managing patients in situ-
ations associated with pharmacokinetic (PK) alterations in 
pathological states such as renal impairment, as well as in spe-
cific age groups such as children and the elderly[12, 13].  Numer-
ous chromatographic methods for the quantification of LEV in 
serum have been described.  These include high performance 
liquid chromatography (HPLC) with ultraviolet (UV) detec-
tion and gas chromatography (GC) with various detection sys-
tems[14–16].  

Levetiracetam has been used in the treatment of children 
with epilepsy in China since 2007; however, the PK parameters 
in Chinese children are not known.  Therefore, the aims of the 
present study were to develop a  population pharmacokinetics 
(PPK) model of levetiracetam in Chinese children with 
epilepsy.  
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Materials and methods
Patients 
Children with epilepsy aged 0.5–14 years were recruited 
by pediatricians at outpatient clinics in Peking University 
First Hospital.  They were treated with LEV monotherapy or 
adjunctive therapy for 1 week at least on a stable LEV dose 
treatment.  They presented with various types of epilepsy 
syndromes, including partial, generalized and undetermined.  
For each patient, the time between dosing and sampling, gen-
der, age, weight, serum concentration, and co-administered 
medications were recorded.  LEV tablets were administered in 
daily doses of 20–60 mg/kg.  The LEV dose regimen could be 
adjusted in cases of inadequate seizure control or side effects.  

Sample collection 
The sampling times to last LEV intake were generally between 
1 h and 13 h (Figure 1).  Blood samples were kept at room 
temperature for 30 min before they were centrifuged, and the 
separated serum was preserved at -20 °C in our laboratory for 
less than a week before analysis.

Analytical method 
This method has already been successfully established in 
China[17].  Briefly, the HPLC system consists of a Waters 1525 
(Waters company), including a manual sampler, a degasser, a 
quaternary pump, a thermostatted column compartment and 
a variable wavelength detector.  The chromatographic separa-
tion of the analyte is done on an Alltima C18 (Grace Davison 
Discovery Sciences Company, Deerfield, IL, USA, 150 mm×4.6 
mm, 5 mm particle size) analytical column protected with a 

pre-filter.  Data were collected and analyzed using a Breeze 
software package, version 3.03.  LEV and an internal standard 
UCB17025 were provided by UCB Pharma (Brain-l’Alleud, 
Belgium).  By spiking drug-free human serum with a working 
solution, calibration samples between 160 and 1.25 mg/L were 
obtained.  A linear regression was performed from chromato-
graphic data that allowed us to extrapolate the LEV concen-
tration in each patient sample.  Quality control samples were 
prepared at three concentration levels, with target values of 2, 
16, and 80 mg/mL.  An internal standard (100 μL of a 40 μg/
mL solution) and 1 mL dichloromethane were added to 100 μL 
serum sample.  After vortexing for 1 min, ultrasonication for 
10 min and centrifuging at 4000×g for 10 min, the upper layer 
was removed and evaporated to dryness under a nitrogen 
stream at room temperature.  The residue was reconstituted 
in 100 μL methanol, of which 20 μL was injected into the chro-
matographic system.  The flow rate was 1 mL/min and the 
column temperature was 37 °C.  The wavelength detection was 
set at 210 nm.  The retention time of LEV and UCB17025 was 
5.45±0.10 and 7.50±0.20 min under the described conditions, 
respectively.

PPK modeling 
After parameterization according to previous studies[11, 18], the 
LEV concentrations were suited to using a one-compartment 
model and a first-order absorption process.  The PPK model-
ing included the base model and final model.

PPK model of LEV 
The PK data were analyzed with the use of nonlinear mixed 
effects modeling (NONMEM, version 7, level 1.2).  To describe 
the PK of LEV, the PK disposition model was tested using a 
standard one-compartment model with subroutine ADVAN2 
TRANS2.  The first order conditional estimation (FOCE) was 
used to develop the model.  Firstly, the basic model with inter-
individual variability was set up.  The model was parameter-
ized for apparent clearance (CL/F), the apparent volumes of 
distribution of the central compartment (V/F), and the absorp-
tion rate constant (Ka).  CL/F=θCL/F·exp(ηCL/F); V/F=θV/F·exp(ηV/

F); Ka=θKa·exp(ηKa).  Secondly, the covariate variability was 
added step by step and the full PPK model was set as follows:

Pi=θi×(COV/mCOV)θj×eηi

where Pi is the individual predicted parameter value, θi is 
the typical population estimate of Pi, ηi is the proportional 
difference, COV and mCOV are the individual and median 
covariate values, and θj is the power factor for the effect of the 
covariate on Pi.  The effects of categorical covariates on the 
structural parameters were modeled as follows: 

Pj=[θ1j×N1j+θ2j×N2j+…]×eηj

where Pj is the individual predicted parameter value, θ1j is the 
typical population value of Pj for category 1 of the covariate, 
and N1j is an indicator variable that has a value of 1 when the 
covariate is present and 0 when the covariate is absent.  The 
covariates of this study included: age (year), weight (WEIG), 
dose [the dosage of whole day (mg) before sampling] and co-
administered medications (CO)].  

Figure 1.  Scattergram of concentrations and intervals between the last 
dosage time and the sampling time of patients.  (A) the PPK model group.  
(B) the PPK validation group.  
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Data analysis 
When the important covariates were selected, a stepwise 
forward and backward approach was used and each covari-
ate was added or deleted individually.  Sex and CO were 
the categorical covariates.  These categorical covariates were 
modeled by the use of indicator variables.  The influences of 
continuous covariates, such as age, weight, dosage, were also 
explored.  The likelihood ratio test was used to determine 
the appropriateness of a selected covariate.  A decrease in the 
objective function values (OFV) (-2 log-likelihood) of 7.88 units 
was considered significant (χ2 P<0.005, df=1).  Throughout the 
process of model development, graphic methods were also 
used to judge the general goodness of fit.  

Statistical model 
When an influence of the fixed effect was not considered, indi-
vidual PK parameters were typical population values plus the 
random deviation.  According to the experiential formulations, 
inter-individual and intra-individual deviations (residual 
deviation) were presented as follows:

Pj=PTV×eηp

Eij
0=Eij+εij,

where Pj is the jth patient PK parameter; PTV is the typical 
value of P for the population, ηp is inter-individual deviation 
(a mean of 0 and variance ωP), Eij

0 is the observation value, 
Eij is the prediction value of Eij

0, and εij is the intra-individual 
deviation(its mean is 0 and variance is σE

2).  

Model validation 
To validate the basic and the final model, concentrations 
from 50 patients in the valid group were predicted by the two 
models.  These patients were enrolled at random.  To assess 
the accuracy and precision of the concentration prediction, 
the mean prediction error (MPE), mean squared prediction 
error (MSPE), root mean-squared prediction error (RMSPE), 
weight residues (WRES), and the 95% confidence intervals 
(95% CI) were calculated.  Then, the values of the two models 
were compared[19].  The shrinkage for each of the parameters 
in the model was evaluated using the method described by 

Karlsson[20].

Results
Patient demographics 
A total of 418 samples obtained from 361 patients aged from 
0.5–14 years were available for PK modeling.  The characteris-
tics of the studied population are summarized in Table 1.  The 
intervals between the last dosage time and sampling time were 
distributed over 1–13 h (Figure 1).  The distributions of the 
intervals between the last dosage time and sampling time in 
the model group are shown in the Figure 2.  All of the patients 
had normal renal and hepatic function.  In this population, 
40% and 60% used one or two concomitant anti-epileptic 
drugs (AEDs), respectively.  The most frequently used con-
comitant AEDs were valproic acid (VPA), lamotrigine (LTG), 
carbamazepine (CBZ), oxcarbazepine (OXC), and topiramate 
(TPM).

PPK modeling 
A classical one-compartment model with first-order absorp-
tion, and linear elimination (ADVAN2 and TRANS2) best 
described the data.  The distributions of concentration data 
and sampling times in the PPK model and PPK valid groups 
are shown in Figure 1.  In the basic model, Ka=1.95 (h-1), 

Table 1.  Baseline characteristics of patients included in this study.  

                        Characteristics	                                                                       PPK model group	                                             PPK validation group
 
	 Patient data		
 	   No patients	 311	 50
 	   Gender (male: female)	 160:151	 27:23
 	   Mean age (years) (range)	 6.34 (0.5–14)	 5.78 (1.5–13)
	   Mean weight (kg) (range)	 25.17 (5–70)	 21.77 (11–35)
 	   Mean dosage (mg/d) (range)	 655.17 (250–2000)	 529.17 (250–1000)

	 Sample data		
 	   Mean sampling time (h) (range)	 7.35 (0.1–13)	 11.01 (10–12)
 	   Total no. concentration-time points	 368	 50
 	   Mean dose (mg·kg-1·d-1) (range)	 35.7 (5.1–62.5)	 31.4 (10–50.7)
 	   Mean LEV concentration (μg/mL) (range) 	 27.99 (4.85–116.11)	 25.11 (11.27–60.88)	

Figure 2.  Frequency of intervals between the last dose and sampling time 
in the model group.
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V/F=12.3 (L), and CL/F=0.988 (L/h).  In the full regressive 
model, the results of all the covariates were validated by a 
hypothesis test (Table 2).  The parameters of the final model 
are shown in Table 3, and the final model was as follows: 
Ka=1.56 (h-1), V/F=12.1 (L), CL/F=1.04×(WEIG/25)0.563 (L/h).  
No significant interaction with the concomitant AEDs was 
found.  The estimated levetiracetam CL/F was 1.04 L/h and 
the corresponding half-life estimate in these subpopulations 
was 8.13 h.

Model validation 
Comparison between scattergrams of basic and final model
Diagnostic plots are shown in Figure 3, including Dependent 
Variable (DV) versus Prediction (PRED), DV versus Individual 
Prediction (IPRED), weighted residual error (CWRES) versus 
PRED, and CWRES versus TIME.  

Comparison of prediction errors between the final model and 
basic model
MPE, MSPE, RMSPE, WRES and 95% CI in the basic model 
and final model are defined in Table 3.  The indicators in the 
final model, such as MPE, MSPE, and RMSPE, decreased and 
showed more accurate predictions.  The shrinkage for each of 
the parameters in the model is shown in Table 4.

Discussion 
In this study, a one-compartment model with first-order 
absorption and elimination best characterized the data.  The 
model describes the data adequately.  The mean CL/F, V/F, 
and Ka were 1.04 L/h (0.69 mL·min-1·kg-1), 12.1 L and 1.56 h-1, 
respectively.  No drug-drug interaction was observed in this 
study.  In this model, the median WEIG in our population was 
25 kg.  Weight was identified as the most important covariate 
that explained the inter-individual variability of the apparent 
serum clearance of LEV.

Patient data 
There are very sparse PK samples for modeling.  There were 
not enough points in the absorption phase (Figures 1 & 2); 
therefore, the ωKa was fixed at 0.  There was insufficient infor-
mation about the absorption and distribution phases, which 

Table 2.  Results of the hypothesis validation for the full regression model.

Parameter              Covariate	                  ∆OFV	                  P-value
 
	 CL/F	 Age	 -6.714	 P>0.005
		  Weight	 -128.412	 P<0.005
		  CO	 -0.431	 P>0.005
		  Dose	 -3.242	 P>0.005
		  Gender	 -1.105	 P>0.005
	 V/F	 Age	 -0.154	 P>0.005
		  Weight	 -0.528	 P>0.005
		  CO	 -3.644	 P>0.005
		  Dose	 -2.145	 P>0.005
		  Gender	 -2.233	 P>0.005
	 Ka	 Age	 -2.550	 P>0.005
		  Weight	 -1.476	 P>0.005
		  CO	 -1.560	 P>0.005
		  Dose	 -2.279	 P>0.005
		  Gender	 -2.410	 P>0.005

Figure 3.  Diagnostic plots of the final PK model.  (A) Plot of the observed 
concentrations versus population predicted levetiracetam concentrations 
(PRED).  B) Plot of the observed concentrations versus individual 
population predicted levetiracetam concentrations (IPRED).  (C) Plot of 
population predicted levetiracetam concentrations (PRED) versus CWRES.  
(D) Plot of CWRES versus TIME.  DV: Dependent Variable.
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may have resulted in potential bias and imprecision regarding 
the parameter estimates.  More attention should be paid to the 
distribution of the blood sampling time.

Comparison with similar domestic research 
Zhao et al[21] studied healthy Chinese male subjects following 
a single-dose of either 500 mg and 1500 mg of levetiracetam, 
the median tmax was 0.5 h; t1/2 was 7.3±0.8 and 7.3±0.7 h.  The 
pharmacokinetic data obtained in these Chinese subjects were 
similar to the historical data from a matched group of white 
subjects.  There are no related studies of PPK of LEV in Chi-
nese adults with epilepsy.

Comparison with similar overseas studies 
Pigeole et al[22] found the following parameters in Japanese 
and Western adults: Ka(h-1)=2.44 (fed intake) or 4.80 (fasted 
intake), L/F(L/h)=4.02*(WT/70)0.268*(CLCR/110)0.122*S*M, 
F(L)=52.7*(WT/70)0.952*P*VA, where WT is the bodyweight in 
kg; CLCR is creatinine clearance in mL/min; S=1 for males and 
0.896 for females; M=1.09 for enzyme-inducing AEDs, 0.812 
for valproic acid and 1 for other AEDs; P=1 for epileptic sub-
jects and 0.861 for healthy subjects, and VA=0.776 for valproic 
acid and 1 for other AEDs.  Glauser et al[23] found that CL/F 
was 1.46±0.42 mL·min-1·kg-1 in patients aged from 2.3 to 46.2 
months.  Toublanc et al[17] found in children aged between 3 
months and 18 years, CL/F (L/h)=2.18*K*(WEIG/30)0.753, K=1 
for children not receiving enzyme-inducing AEDs and K=1.22 
in the presence of enzyme-inducing AEDs.  K corresponds to 

the typical fold increase in LEV clearance by enzyme induc-
ers.  V/F (L/h)=21.4*(WEIG/30)0.898, Ka (h-1)=1.48*(Age/10)0.277.  
Chhun et al[18] found that, from 4 to 16 years, CL/F (L/h)= 
2.47*(BW/33)0.89, V/F (L)=21.9*(BW/33)0.93, and Ka (h-1)=3.83.  
The CL/F of this study was lower than in the children in the 
studies by Toublanc and Chhun[17, 18].  In Merhar’s study of 
neonates[24], clearance was 1.21 mL·min-1·kg-1.  In Pellock’s 
study[12] of 6–12 years old, CL/F was 1.43 mL·min-1·kg-1, which 
was higher than that in adults (0.96 mL·min-1·kg-1) and than the 
0.69 mL·min-1·kg-1 observed in the current study.  It appears 
that the CL/F of Chinese children is lower than that of white 
Caucasian children.  The trough serum concentration was also 
higher than in the white children (Table 5).

It appears that the CL/F in Chinese children was approxi-
mately 50% lower than in Western children based on the pub-
lished data (eg, 0.69 mL·min-1·kg-1 vs 1.21–1.46 mL·min-1·kg-1).  
LEV was mainly eliminated by the kidneys, and significant 
ethnic differences were not expected in previous studies; how-
ever, racial differences are likely to be at least partly respon-
sible for the difference in CL/F that we observed, and these 
differences will be the subject of future studies.  Our study has 
a good representation of Chinese children with epilepsy with 
ages that ranged from 0.5 to 14 years.  

Validation of the PPK model 
The final model contained covariates, such as age, weight, 
concomitant medication, and different formulations, and it 
was more accurate in predicting the patients’ blood concen-
trations than the basic model that had no covariates.  For the 
basic model, the MPE, MSPE, RMSPE, WRES, and their 95% 
CIs were 9.834 (-0.587–197.720), 50.919 (0.012–1286.429), 1.680 
(0.021–34.184), and 0.0621 (-1.100–1.980), respectively.  For 
the final model, the MPE, MSPE, RMSPE, WRES, and their 
95% CIs were 0.199 (-0.369–0.563), 0.002082 (0.00001–0.01054), 
0.0293 (0.001–0.110), and 0.153 (-0.030–1.950).  Furthermore, 
the RMSPE (95% CI) of 0.0293 (0.001–0.110) in the final model 
outweighed the basic model’s value of 1.680 (0.021–34.184).  
Therefore, the final model had a better accuracy and precision 
than the basic model.  The shrinkage values of ωCL/F, ωV/F 
and ε were 20%, 44.9%, and 31%, respectively.  The shrink-
age of ωV/F (44.9%) was caused by insufficient information 
regarding the distribution phase (Figure 2).  Based on this final 
PPK model, individual PK parameters will be estimated by 
the Bayesian approach in the near future, which will facilitate 
individualized dosage regimens.  

Table 4.  Population parameter values for the final model.  

Parameter            Estimate          RSE (%)                95% CI             Shrinkage
 
CL/F (L/h)	   1.04	 1.4	   1.011–1.069	
V/F (L)	 12.1	 5.6	 10.767–13.433	
Ka (h-1)	   1.56	 14.3	   1.230–1.997	
Weight (kg)	   0.567	 6.7	   0.489–0.637	
ωCL/F	   0.195	 7.0	   0.106–0.141	 20%
ωV/F	   0.163	 45.5	   0.127–0.175	 44.9%
ε		   0.028	 18.6	   0.018–0.035	 31%

RSE (%), percentage of relative standard error (100%×SE/EST); ωCL/F, 
ωV/F, variance of the CL/F, V/F, parameters, respectively; ε, variance of 
intra-individual deviation of fitted concentration. The ωKa was fixed at 0, 
as there were not enough points in the absorption phase.

Table 3.  Comparison of the prediction accuracy between the basic and the final models. 

                 Error	                                                                      Basic model	                                                                  Final model       
 
	 MPE (95% CI)	   9.834 (-0.587–197. 720)	 0.199 (-0.369–0.563)
	 MSPE (95% CI)	 50.919 (0.012–1286.429)	 0.002082 (0.00001–0.01054)
	 RMSPE (95% CI)	   1.680 (0.021–34.184)	 0.0293 (0.001–0.110)
	 WRES (95% CI)	   0.0621 (-1.100–1.980)	 0.153 (-0.030–1.950)
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Conclusion
The population analysis has been successful in describing the 
pharmacokinetics of LEV in children aged 0.5–14 years.  A one-
compartment model with first-order absorption adequately 
described the LEV concentrations.  The findings indicate that 
weight was the most influential factor for the CL/F of LEV in 
children with normal renal function.  This will be invaluable 
for the development of individualized dosage regimens.
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Aim: To evaluate the single- and multiple-dose pharmacokinetics of vincristine sulfate liposomes (VSLI) in patients with advanced solid 
tumors.   
Methods: In single-dose pharmacokinetic study, 16 patients were administered VSLI (1.5, 2.0, or 2.3 mg·m-2) through intravenous infu-
sion.  Another 6 patients receiving vincristine sulfate (VCR, 2.0 mg) were taken as the control.  In multiple-dose pharmacokinetic study, 
12 patients were administered VSLI (1.5 or 1.8 mg·m-2) through intravenous infusion weekly for 4 consecutive weeks.  The plasma con-
centration of VSLI was determined using the liquid chromatography-tandem mass spectrometry (LC-MS/MS) method.
Results: After intravenous infusion of the single dose of VSLI, the plasma concentrations were characterized by bi-exponential decline 
curves.  No statistically significant differences were observed between the main pharmacokinetic parameters in the 3 dose groups.  
Compared with the patients receiving VCR, the patients treated with VSLI displayed an increase in the area under the plasma concen-
tration vs time curve (AUC), and a decrease in plasma clearance rates.  On the 4th cycle in the multiple-dose study, the plasma concen-
tration of VCR in all subjects prior to the weekly administration was below the lower limit of quantification (LLOQ).  The calculated phar-
macokinetic parameters from the subjects in the multiple- and single-dose (1.5 mg·m-2) groups had no significant differences.  Although 
the administration of liposomal VCR may significantly elevate the plasma concentration of VCR, VSLI-associated adverse events were 
similar to those associated with conventional VCR.
Conclusion: VSLI exhibits a lower clearance and a higher AUC compared with conventional VCR.  No accumulation was observed in 
patients exposed to VSLI for 4 consecutive weeks.  VSLI was generally tolerated in the subjects.  The phase II dose of VSLI may be rec-
ommended as 4 doses of 1.5 mg·m-2 for treatment of patients with advanced solid tumors.

Keywords:  advanced solid tumors; vincristine sulfate; liposome, pharmacokinetics, liquid chromatography-mass spectrometry
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Introduction
Vinca alkaloids vincristine (VCR) is a widely used chemo-
therapeutic agent since the 1960s[1] and its cytotoxic activity 
is based on its capability to alter the tubulin polymerization 
equilibrium and arrest cell growth during metaphase[2, 3].  VCR 
has a broad antitumor activity and is an important component 
of combination chemotherapy regimens for the treatment of 
childhood and adult acute lymphocytic leukemia, Hodgkin’s 
and non-Hodgkin’s lymphoma, rhabdomyosarcoma, neuro-
blastoma and Wilms’ tumor[4, 5].  However, the rapid elimina-
tion of VCR from the blood after IV administration due to a 
short plasma half-life as well as dose-limiting peripheral neu-
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rotoxicity limits its anticancer activity[6].  
VCR is a cell cycle-specific anticancer agent, so its therapeu-

tic efficacy may be enhanced by prolonging the retention time 
of free VCR in the blood, resulting in the exposure of more 
tumor cells to the drug during the sensitive stage of their cell 
cycles[7].  Previous studies have demonstrated that the lipo-
somal encapsulation of VCR increased its antitumor efficacy 
without increasing toxicity[8–11].  Marqibo® (Vincristine sulfate 
liposomes injection, Hana Biosciences, Inc) has been exten-
sively studied for its capability to prolong the pharmacokinet-
ics and subsequent exposure of VCR to cancer cells[5, 6, 12], thus 
increasing its antitumor activity[5, 13, 14].  However, Marqibo® 
was developed as a 3-vial kit containing 100 mg/mL of inject-
able sphingomyelin/cholesterol liposomes, 14.2 mg/mL of 
injectable sodium phosphate and Oncovin (injectable vincris-
tine sulfate).  Moreover, the preparation of vincristine sulfate 
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liposomes (VSLI) requires an encapsulation procedure.  
The liposomal formulation of VCR (VSLI) was rediscovered 
in the People’s Republic of China the past ten years and a 
wide range of preclinical studies have been completed.  VSLI 
(Luyesike Pharmaceutical Co, Ltd) was supplied as a two-
vial kit containing 1 mg of VSLI freeze-dried powder and 5.68 
mg/mL of injectable sodium phosphate.  Thus, this formula-
tion could be more convenient for pharmacists because an 
encapsulation procedure would not be necessary at the time of 
administration.  

Pharmacokinetic (PK) studies of VSLI in Chinese subjects 
have not been reported to date.  Therefore, this study was per-
formed to characterize the PK profiles of VSLI in Chinese sub-
jects with advanced solid tumors and to observe the toxicities 
after IV administration of this new agent.  The PK profile of 
VSLI was also compared with conventional, unencapsulated 
VCR.  

Materials and methods
Patient selection
This study received approval from the Ethics Committee of the 
Tianjin Medical University Cancer Institute and Hospital.  All 
patients were informed about the study and were requested 
to sign informed consent forms prior to participating.  Eligible 
patients had histologically confirmed malignant tumors that 
were either refractory to conventional forms of cancer therapy 
or for which no effective conventional therapy existed.  It was 
required that patients had not undergone surgery, chemo-
therapy, biotherapy, endocrine therapy, or radiotherapy for at 
least 4 weeks prior to the start of the study.  Other inclusion 
criteria were as follows: age of between 18 and 75 years; life 
expectancy of at least 12 weeks; Eastern Cooperative Oncology 
Group performance status of 0 to 2; adequate bone marrow 
function, as defined by a leukocyte count exceeding 4.0×109/L, 
an absolute granulocyte count of more than 1.5×109/L, a plate-
let count exceeding 100.0 g/L and a hemoglobin count beyond 
9.0 g/L; adequate hepatic function, as defined by alanine 
aminotransferase (ALT), aspartate aminotransferase (AST) 
and total bilirubin concentration of less than 1.5 times normal; 
adequate renal function, as defined by a serum creatinine 
concentration of less than 1.5 times normal; and no evidence 
of preexisting neurologic dysfunction.  The exclusion criteria 
were sensitivity to VSLI or vinca alkaloids, neurological dis-
ease, severe complications that may have a negative effect on 
compliance, and pregnancy or lactation.  

Dosage and administration
The VSLI for injection was obtained from Luyesike Pharma-
ceutical Co, Ltd (Jiangsu, China).  VSLI is manufactured as 
freeze-dried powder.  Each vial contains 1 mg of VSLI pow-
der.  To prepare VSLI, 10 mL of disodium hydrogen phos-
phate solution was added to the VSLI powder and mixed.  The 
solution was heated in a 50 °C water bath and mixed for 5 min 
in order for the internal and external aqueous phases of the 
liposomes to reach acid-base balance and to ensure that 90% of 
the VCR was encapsulated.  The control drug, injectable VCR, 

was obtained from Shenzhen Main Luck Pharmaceuticals Inc.  
(Guangdong, China).  A total of 16 patients in the single-dose 
PK study received 1.5, 2.0, or 2.3 mg·m-2 VSLI as a 60 min IV 
infusion.  Six patients in the control group received 2.0 mg of 

VCR.  Patients in the multiple-dose PK study received 1.5 or 
1.8 mg·m-2 of VSLI weekly (one cycle) for 4 consecutive weeks.

PK sample collection
Single-dose PK 3 mL blood samples were taken at the follow-
ing time points: before treatment, after infusion for 30 min, 
at the end of the 60 min infusion, at 5, 15, 30, and 45 min, and 
subsequently 1, 2, 4, 8, 12, 24, 36, and 48 h after the end of 
infusion.  On the second and third weeks of the multiple-dose 
PK study, 3 mL blood samples were collected before and after 
the infusion.  On the 4th cycle, blood samples were collected 
before treatment, after infusion for 30 min, at the end of the 
60 min infusion, at 5, 20, and 40 min, and subsequently 1, 2, 4, 
8, 12, and 24 h after the end of infusion.  Blood samples were 
collected in heparinized tubes.  Plasma was prepared by cen-
trifugation (10 min at 600×g) and was subsequently stored at 
-80 °C until analysis.

Reagents and instruments
VCR was obtained from Luyesike Pharmaceutical Co, Ltd  
(Jiangsu, China).  Vinblastine sulfate (VBL, internal standard) 
was purchased from Yifang Science and Technology Co, Ltd  
(Tianjin, China).  High-performance liquid chromatography 
(HPLC) grade acetonitrile, methanol and isopropanol were 
purchased from Honeywell Burdick & Jackson (Muskegon, 
MI).  Analytical grade n-hexane and dichloromethane were 
purchased from Fuchen Chemical Reagent Factory (Tianjin, 
China).

The chromatographic system consisted of an Agilent 1100 
HPLC system (Agilent Technologies, Palo Alto, CA, USA) 
coupled to an API 4000 triple quadrupole mass spectrometer 
(Applied Biosystems, Concord, Ontario, Canada) and an Agi-
lent Eclipse XDB C18 column (50 mm×4.6 mm, 5 µm, Agilent 
Technologies, Palo Alto, CA, USA).  Data were processed 
using Analyst 1.4.1 software (Applied Biosystems/MDS 
SCIEX, Concord, Ontario, Canada).

Bioanalytical methods
The solvents used for gradient elution were A) methanol and 
B) water; each was adjusted to pH 3 by the addition of 10 
mmol/L ammonium acetate and 2.9 mL/L formic acid.  The 
conditions for the gradient elution were as follows: 0 to 0.5 
min, 55% to 95% solvent A; 0.5 to 2.0 min, isocratic 95% sol-
vent A; 2.0 to 2.1 min, 55% to 95% solvent A; and 2.1 to 5.5 
min, isocratic 55% solvent A.  The flow rate was 0.45 mL/min, 
and the column temperature was set to 40 °C.  During the 
analysis, 10 μL of sample was injected using the autosampler, 
and the sample was then carried into the column.  A mass 
spectrometer with a TurboIonSpray (ESI) source was operated 
in positive ion mode.  The source temperature was maintained 
at 500 °C, and the spray voltage was set to 5500 V.  The nebu-
lizer (Gas 1), heater (Gas 2), curtain, and collision activated 
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dissociation (CAD) gases were set to 50, 55, 15, and 8 psi, 
respectively.  The declustering potential values were 119.2 and 
105 V, and the collision energy values were 50.5 and 59.7 V for 
VCR and VBL, respectively.  Quantification was performed 
using multiple reaction monitoring of the transitions m/z 
825.8→807.5 for VCR and m/z 811.7→224.0 for VBL (Figure 1).  

Serial calibration standards at concentrations of 0.5, 2, 10, 
40, 100, 400, and 800 ng/mL were prepared by adding 100 μL 
of the appropriate working solutions to 100 μL of the blank 
plasma.  The calibration curves were established by determin-
ing the peak area ratio [VCR/internal standard (Y) versus 
VCR concentration (X)].  QC samples were prepared in the 
same way to obtain concentrations of 1 (low), 80 (medium) 
and 600 (high) ng/mL.  All frozen plasma samples were 
thawed at room temperature.  For sample extraction, 100 µL 
plasma sample was added to a 10 mL centrifuge tube, along 
with 100 µL solvent A-solvent B (7:3, v/v, pH=3), 100 µL 150 
ng/mL VBL solution, 100 µL acetonitrile and 200 µL water.  
The mixture was vortexed for 2 min, and 3 mL n-hexane-
dichloromethane-isopropanol (2:1:0.1, v/v/v) was then added.  
After vortexing for 7 min, the mixture was centrifuged at 3600 
r/min for 10 min.  The upper organic phase was placed into 
another centrifuge tube and evaporated to dryness under a 
nitrogen stream.  The residue was reconstituted in 100 µL of 
the solvent A-solvent B (7:3, v/v) solution, and 10 µL of that 

solution was injected into the LC-MS/MS system.

PK data analysis and statistical analysis
The plasma concentration-time data were analyzed using 
non compartmental methods.  The PK analysis system DAS 
2.1 (Anhui, China) was used to assess the PK parameters.  
The peak plasma concentration (Cmax) and the time to peak 
plasma concentration (Tmax) were obtained via experimental 
observations.  The elimination half-life (t1/2) was calculated 
as 0.693/Zeta (Zeta is the slope of terminal phase).  The area 
under plasma concentration vs time curve (AUC) from zero 
to infinity (AUC0–∞) was equivalent to the sum of the areas 
from time zero to the time of the last measured concentration 
and was calculated using the linear trapezoidal method (until 
Cmax), the log-trapezoidal method (until the last measurable 
concentration), and the extrapolated area.  The extrapolated 
area was determined by dividing the final measured concen-
tration by the slope of the terminal log-linear phase.  Trough 
values on cycle 2 and cycle 3 were averaged for each dose 
level.  All statistical tests were two-tailed, and a P value of 0.05 
was considered significant.  Differences in the mean values 
of the physical examinations and in PK parameters among 
the 3 groups were compared with analysis of variance or the 
Kruskal-Wallis test using SPSS (Statistical Package for the 
Social Sciences) software, version 16.0.  The t-test or Wilcox-
on’s test was used to investigate the differences between the 
two groups.

Results
Representative chromatogram and validation of the analytical 
method
The retention times of VCR and the internal standard were 2.7 
and 2.8 min, respectively.  VCR and the internal standard in 
plasma were completely separated without significant interfer-
ences.  The calibration curve was linear over the concentration 
range of 0.5 ng/mL to 800 ng/mL.  The equation for the cali-
bration curve was Y=0.00157X+0.00273 (r=0.9982, n=5).  The 
LLOQ was 0.5 ng/mL.  The intra-day precision for the low, 
medium and high concentration QC samples was 9.1%, 4.1%, 
and 4.8%; the inter-day precision was 3.2%, 5.2%, and 6.6%; 
and the accuracy was 99.5%, 102.8%, and 100.4%.  The relative 
standard deviation (RSD) was less than 10.0%.  The extrac-
tion recoveries for the three gradient concentration of VCR 
were 77.5%, 76.7%, and 78.7% and the extraction recovery for 
the internal standard was 86.8%.  The matrix suppression for 
the QC samples and the internal standard was -3.0%, 31.1%, 
44.6%, and 26.5%.  The concentration of VCR was stable in the 
working solution at room temperature for 10 h or at -4 °C for 
one month and was stable in human plasma for 3 freeze-thaw 
cycles, at room temperature for 12 h, or at -80 °C for 4 months 
prior to extraction.  The differences between stored and freshly 
prepared solutions were within 15%.

Patient characteristics
A total of 34 eligible and consenting patients with advanced 
carcinoma were recruited for this study.  There were 22 

Figure 1.  Production of mass spectra of (A) VCR and (B) VBL.
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patients enrolled in the single-dose and 12 patients enrolled in 
the multiple-dose PK studies.  No statistically significant dif-
ferences were found in age, height, weight, body surface area, 
or body mass index (BMI) among the patient groups.  The 
characteristics of the patients are shown in Table 1.  All of the 
subjects had received prior chemotherapy and 13 of the sub-
jects had received prior radiation therapy.  

Single-dose PK study
The total VCR plasma concentration versus time profiles of 
the patients who received 1.5 to 2.3 mg·m-2 of VSLI or 2 mg 
of VCR were shown in Figure 2.  The plasma concentration 
profiles for all patients were characterized by a biexponential 
decline after infusion.  The VCR concentrations fell below or 
were marginally above LLOQ within 48 h after infusion.  

PK parameters were determined for the 22 subjects.  The 
primary PK parameters are summarized in Table 2.  The mean 

peak concentration (Cmax) for the patients in the 3 VSLI groups 
was 141.3, 127.0, and 218.7 ng/mL.  The mean AUC from time 
zero to infinity (AUC0–inf) was 229.3, 242.9, and 316.1 ng·h·mL-1 
for the 3 groups. The mean values of Cmax, AUC0-inf, t1/2 and 
clearance (CLz) were not different among the 3 doses (P>0.05); 
however, significant differences in the mean volume of distri-
bution (Vz) values were observed (P<0.05).  No correlation was 
found between the observed PK profile (AUC) and patient 
characteristics (age, height, weight, body mass index, or body 
surface area).  When compared with patients who received the 
conventional 2-mg dose of VCR, patients who received 1.5 to 
2.3 mg·m-2 VSLI had an increased AUC0–t and AUC0–inf, as well 
as decreased CL (P<0.05).  

Multiple-dose PK study
A total of 12 patients in the multiple-dose study received 1.5 
or 1.8 mg·m-2 VSLI weekly for 4 consecutive weeks.  The mean 

Table 1.  Summary of patient characteristics.  Data are expressed as mean (Range).

                                                                                          Single-dose pharmacokinetics                                                       Multiple-dose pharmacokinetics

	                               1.5 mg·m-2 VSLI         2.0 mg·m-2 VSLI            2.3 mg·m-2 VSLI              2 mg VCR              1.5 mg·m-2 VSLI           1.8 mg·m-2 VSLI
                                                        (n=5)                          (n=6)                            (n=5)                           (n=6)                          (n=6)                          (n=6) 
 
Sex   
  Male 	 1	 2	 2	 2	 2	 3
  Female	 4	 4	 3	 4	 4	 3

Age (years) 							     
  Median, Range	 64 (56–73)	 53 (37–63)	 45 (18–59)	 54 (22–65)	 41 (19–62)	 41 (28–54)

Height (cm)
  Median, Range	 168 (153–182)	 162 (154–178)	 168 (155–175)	 164 (160–168)	 166 (157–178)	 167 (156–175)

Weight (kg)
  Median, Range	 72 (60–82)	 61 (55–69)	 70 (61–85)	 64 (50–75)	 70 (55–85)	 64 (42.5–90)

Body surface area (m2)
  Median, Range	 1.83 (1.62–1.98)	 1.65 (1.54–1.86)	 1.77 (1.61–2.01)	 1.69 (1.54–1.82)	 1.77 (1.54–2)	 1.69 (1.38–2.01)

BMI (kg·m-2)
  Median, Range	 25.7 (22.6–27.8)	 23.1 (21.8–24.6)	 24.7 (21.1–28.1)	 23.6 (18.1–27.5)	 25.6 (22–32.4)	 22.7 (17.5–29.4)

ECOG status at entry 
  0–1	 5	 6	 5	 6	 5	 6
  2	 0	 0	 0	 0	 1	 0

Tumor types
  Lymphoma	 4	 4	 2	 6	 4	 5
  Breast cancer	 1	 0	 1	 0	 0	 0
  Lung cancer	 0	 1	 1	 0	 0	 1
  Others (Ewing’s sarcoma, 	 0	 1	 1	 0	 2	 0
  Ovarian cancer, Renal 
  carcinoma, laryngocarcinoma)

Prior therapy                         							     
  Chemotherapy	 5	 6	 5	 6	 6	 6
  Radiotherapy	 3	 3	 2	 0	 1	 4
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PK parameters for the 4th cycle are summarized in Table 2.  As 
shown in Figure 3, the mean concentration-time curves of the 
subjects after multiple doses of VSLI were comparable to the 
corresponding mean values from subjects after a single dose of 
VSLI.  These findings demonstrate that the administration of 
4 doses of VSLI does not markedly alter the clearance of total 
vincristine from the plasma.  Total VCR plasma concentrations 
from all subjects before the weekly treatments were below the 

LLOQ.  A comparison of the calculated PK parameters among 
the subjects in the multiple- and single-dose 1.5 mg·m-2 groups 
did not show significant differences, indicating that that no 
detectable accumulation was observed in total VCR with 
repeated doses of VSLI for 4 consecutive weeks.

Safety
The National Cancer Institute’s Common Terminology Crite-
ria for Adverse Events (AEs) (version 3.0) were used to grade 
AEs.  Table 3 presents a summary of the toxicities that were 
associated with VSLI administration.  All of the VSLI doses 
had similar toxicity profiles.  The most common toxicities irre-
spective of grade, causality, or VSLI dose included peripheral 
neuropathy (75%), neuropathic pain (61%), constipation (46%) 
and abdominal distention (36%).  Nausea, vomiting, anorexia 
and hypocalcemia were also common.  Non-hematologic tox-
icity was more common than hematologic toxicity.  Grade 3/4 
toxicities were neuropathic pain, insomnia, alterations in num-
bers of neutrophils or other leukocytes, hypermagnesemia and 
hyponatremia.  Other reported AEs were mild.

Discussion
A 3-vial kit of Marqibo® consists of empty liposomes, VCR 
and buffer solution, and requires an encapsulation procedure.  
However, the VSLI in this study was developed as freeze-
dried powder containing encapsulated VCR.  Such a freeze-
dried formulation of VCR liposomes could be more convenient 
for pharmacists.  In addition, this formulation could increase 
the stability of VCR and prevent the settlement and aggrega-
tion of empty liposomes during storage.  The encapsulation 
efficiency of VSLI exceeds 85%, and its diameter is stable in the 
range of 100 to 200 nm.  Previous stability data showed that 
the diameter and VCR content of VSLI remained stable within 
7 h when administered intravenously.  The animal VSLI PK 
study showed that the Vz and CL of total VCR in VSLI-treated 
rats was significantly reduced as compared with the Vz and 
CL in rats that had been treated with the free drug, resulting 

Table 2.  Main PK parameters of total VCR after IV administration of VSLI or VCR.  Values are expressed as mean (SD).  aP>0.05 vs 2.0 mg VCR group.  
bP<0.05 vs 2.0 mg VCR group.  dP>0.05 vs 1.5 mg·m-2 single-dose VSLI group.  eP<0.05 vs 1.5 mg·m-2 single-dose VSLI group.  gP>0.05 vs 2.0 mg·m-2 
single-dose VSLI group.

   	                                                                Single-dose pharmacokinetic study		                                Multiple-dose pharmacokinetic study

  Parameters                  1.5 mg·m-2 VSLI             2.0 mg·m-2 VSLI              2.3 mg·m-2 VSLI                2.0 mg VCR              1.5 mg·m-2 VSLI         1.8 mg·m-2 VSLI
                                                (n=5)	               (n=6)	                   (n=5)	                      (n=6)		       (n=6)	                       (n=6)  
 
Cmax/ng·mL-1	 141.3 (40.8)b	 127.0 (80.4)ad	 218.7 (127.4)adg	 83.4 (39.5)	 134.8 (138.6)d	 85.2 (28.3)d

AUC0–t/ng·h·mL-1 	 205.1 (57.4)b	 201.2 (51.4)bd	 281.8 (95.0)bdg	 121.3 (15.6) 	 169.8 (88.3)d	 130.3 (15.7)d

AUC0–inf/ng·h·mL-1	 229.3 (66.3)b	 242.9 (60.8)bd	 316.1 (106.5)bdg	 140.3 (25.0) 	 216.7 (77.6)d	 155.5 (25.2)d

MRT0–t/h	 8.9 (1.7)a	   11.8 (1.6)be	 10.6 (2.7)adg	 8.4 (2.8) 	 5.9 (1.2)e	 5.8 (0.6)d

MRT0–inf/h	 15.1 (3.9)a	 24.9 (9.4)ad	 17.8 (4.5)adg	 15.9 (8.2)	 17.6 (8.2)d	 12.3 (4.7)d

t1/2z /h	 17.5 (6.7)a	 24.9 (8.3)ad	 19.2 (2.5)adg	 16.0 (7.9)	 17.4 (6.2)d	 13.0 (6.0)d

Tmax/h	 1.05 (0.04)a	 0.85(0.27)ad	 0.8 (0.27)adg	 0.89 (0.31)	 0.93 (0.21)d	 0.83 (0.26)d

CLz /L·h-1
	 7.0 (1.9)b	 8.7 (2.3)bd	 8.0 (2.7)bdg	 14.6 (2.7)	 7.6 (2.4)d	 11.8 (1.9)e

Vz/L	 166.3 (42.2)b	 309.0 (119.8)ae	 217.5 (70.8)adg	 321.9 (123.4)	 202.1 (112.2)d	 212.7(82.0)d

Figure 2.  Mean logarithmic concentration versus time plot after 
administration of 1.5 mg·m-2 (♦, n=5), 2.0 mg·m-2 (■, n=6), 2.3 mg·m-2 (△, 
n=5) of VSLI and 2 mg of VCR (○, n=6).

Figure 3.  Mean logarithmic concentration versus time plot after multiple 
doses of VSLI on the 4th cycle (♦, n=5; ■, n=6).
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in a significantly increased AUC (unpublished data).  Previous 
studies have demonstrated that following the administration 
of VSLI, levels of free VCR in plasma were below the lower 
limits of quantitation [12].  Therefore, the VCR levels measured 
in plasma following the administration of VSLI reflected lipo-
somally encapsulated drug[5].  

In this study, the PK of VSLI in patients with advanced solid 

tumors was evaluated and compared with the corresponding 
PK data for conventional VCR.  The total VCR plasma concen-
tration values for patients treated with VSLI were measured 
using the LC-MS method.  The LLOQ for VCR was 0.5 ng/mL.  
The method was specific, sensitive and convenient for the 
assessment of total VCR in biological samples.  The plasma 
concentration of total VCR in all of the patients followed a 
biexponential decline after a single IV administration of VSLI.  
Bedikian et al[6] reported that the total VCR of some metastatic 
melanoma patients with adequate liver function followed a 
biexponential decline, but that of others followed a monoex-
ponential decline.  Interpatient variability in the rate of decline 
resulted in the monoexponential or biexponential profiles.  
However, differences in elimination at each dose level were 
not observed in the current study.  In addition, the pharma-
cokinetic parameters in this study were not consistent with 
previous international studies.  One previous study[12] of Mar-
qibo® indicated that the mean±SD AUC0–inf and Cmax at a dose 
of 2.0 mg·m-2 were 15.6±11.9 μg·h·mL-1 and 11.0±0.3 μg/mL, 
respectively, which were higher than the results obtained in 
this study.  The differences in pharmaceutical formulations of 
VSLI or in characteristics of the patients (ie, race) in the previ-
ous study versus the current study may have contributed to 
these inconsistencies.  It is also possible that methodological 
differences applied in different laboratories may be respon-
sible for these inconsistencies.  No significant differences were 
observed in the main PK parameters among the 3 dose groups 
(P>0.05), indicating that the effect of the dose on single-dose 
pharmacokinetics of VSLI was insignificant.  Moreover, the 
results of this study indicate that the liposomal encapsulation 
of VCR significantly increases plasma AUC and decreases 
plasma clearance rates compared with conventional VCR.  
Therefore, total plasma VCR exposure following the adminis-
tration of VSLI appears to be greater than that of conventional 
VCR because of the difference in elimination.  The liposomal 
encapsulation of VCR protects the drug from the early phase 
of rapid elimination that is observed with nonliposomal 
VCR[15].  Previous studies have demonstrated that increasing 
VCR retention in liposomal systems improves the therapeu-
tic index by increasing the duration of drug exposure to the 
tumor tissue[8, 10, 16–18].  These PK properties of VSLI may poten-
tially increase VCR accumulation in tumors and obtain greater 
efficacy over conventional VCR.  

The mean AUC, t1/2, Cmax, Tmax, and Vz from the subjects in 
the multiple-dose 1.5 mg·m-2 group were similar to those from 
the subjects in the single-dose 1.5 mg·m-2 group.  No signifi-
cant differences were observed in the main PK parameters 
between the two groups, indicating that that no accumulation 
was observed with repeated administration of VSLI for 4 con-
secutive weeks.  These data indicate that the pharmacokinetics 
of VSLI had no apparent change after repeated administration, 
which is consistent with previous data[6].

In this study, PK parameters from patients who tolerated 
VSLI administration well were calculated.  A previous toler-
ability study reported that 4 subjects who received 1.8 mg·m-2 
of VSLI weekly for 4 consecutive weeks withdrew from the 

Table 3.  Summary of VSLI-associated AEs.

   	                                                 No with grade 1–4 toxicity
                                                                    VSLI dose level (mg·m-2)
       Toxicity (CTC)                                                                                                                           Multiple-dose
	                                       

Single-dose group
	                 group

	                                 1.5           2.0            2.3          1.5         1.8
                                                (n=5)        (n=6)         (n=5)      (n=6)     (n=6) 
 
Neurology 
  Peripheral neuropathy 	 2	 5	 3	 5	 6
  Neuropathic pain	 –	 2	 5	 4	 6

Gastrointestinal 
  Constipation 	 2	 3	 3	 1	 4
  Nausea	 2	 2	 2	 1	 2
  Emesis	 2	 1	 2	 1	 1
  Diarrhea 	 1	 –	 –	 1	 1
  Abdominal pain	 1	 –	 1	 1	 3
  Abdominal distention	 1	 1	 1	 3	 4
  Anorexia	 –	 –	 –	 4	 5
  Oral cavity mucositis	 –	 –	 –	 1	 –
 
Blood 
  Leukocytes	 2	 2	 1	 1	 3
  Anemia	 –	 1	 2	 2	 3
  Lymphopenia	 1	 –	 –	 –	 1 
  Neutrophils	 –	 1	 –	 2	 3
 
Constitutional 
  Fever	 –	 –	 2	 3	 3
  Fatigue	 –	 1	 –	 1	 3
  Insomnia	 –	 –	 1	 –	 1
  Weight Loss	 –	 –	 –	 –	 1

Skin
  Alopecia	 –	 –	 2	 –	 –

Cardiovascular
  Supraventricular arrhythmia	 –	 1	 –	 1	 –

Metabolic 
  Hypokalemia	 –	 –	 –	 1	 – 
  Hypomagnesemia	 1	 1	 –	 –	 –
  Hypermagnesemia	 –	 1	 –	 –	 –
  Hyponatremia	 –	 –	 –	 2	 –
  Hypocalcemia	 –	 –	 2	 4	 2
  Hypercholesteremia	 –	 –	 –	 –	 1
  Hypertriglyceridemia	 –	 –	 –	 1	 2
  ALT	 –	 –	 –	 3	 2
  AST	 –	 1	 –	 1	 2
  Bilirubin	 –	 –	 –	 1	 –
  Alkaline phosphatase	 –	 –	 –	 1	 –
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study because of treatment-associated peripheral neurotoxic-
ity[19].  In the current study, most VSLI-associated AEs varied 
from mild to moderate.  Grade 3/Grade 4 toxicities were neu-
ropathic pain, insomnia, alterations in numbers of neutrophils 
or other leukocytes, hypermagnesemia and hyponatremia.  
The most frequently observed AEs included peripheral neu-
ropathy, neuropathic pain and gastrointestinal disorders.  
Based on the differences in body surface areas, the total dos-
age of VSLI for 4 cycles ranged from 9.24 to 14.47 mg, which 
was significantly higher than the routine dosage of VCR.  The 
results of this study show that VSLI-associated AEs were 
similar to those associated with conventional VCR, although 
the administration of liposomal VCR may greatly increase the 
dosage.  Correlation analyses were conducted to determine 
if a relationship could be established between the observed 
PK profile and toxicities; no correlation was found, possibly 
because of the small sample size.  Out of the 12 patients with 4 
consecutive weeks of VSLI treatment, 8 were assessed to have 
stable disease as measured by an increase in tumor size of less 
than 25%.  

In conclusion, VSLI exhibited a longer circulation half-life 
and higher AUC compared with conventional VCR, which 
provides VSLI with an advantage over conventional VCR.  
After repeated administration of VSLI, the accumulation of 
total vincristine was not observed in the plasma.  Furthermore, 
the pharmacokinetics of VSLI were not altered significantly 
after 4 doses of 1.5 or 1.8 mg·m-2.  The prolonged plasma 
retention of VSLI compared with conventional VCR may 
potentially improve antitumor efficacy.  VSLI was generally 
tolerated in the subjects.  Considering previously published 
data on VSLI tolerability[19, 20], the phase II dose of VSLI may 
be recommended as 4 doses of 1.5 mg·m-2 for the treatment of 
patients with advanced solid tumors.
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