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Nasopharyngeal  carcinoma (NPC)  
is a non-lymphomatous, squamous  

ce l l  mal ignancy ar is ing from the 
epithelial cells lining of the naso-
pharynx.  Histologically, NPC has been 
classified into 3 types: keratinizing 
squamous cell carcinoma (WHO type 
I) ,  differentiated non-keratinizing 
squamous cell carcinoma (WHO type II) 
and undifferentiated carcinomas (WHO 
type III).  Compared to other malignant 
tumours of the upper aero digestive 
tract, NPC is a special type of head and 
neck cancer in terms of epidemiology, 
pathology and clinical presentation.  The 
etiology of NPC involves multiple fac-
tors, including genetic susceptibility, 
exposure to chemical carcinogens and 
Epstein-Barr virus (EBV) infection[1].  
In some regions, notably the southern 
parts of China, and parts of Southeast 
Asia, this cancer occurs in an endemic 
form with an incidence 10- to 30-fold 
higher than in the other regions and, 
histologically, usually belongs to WHO 
type II and III.  In the west, however, 
NPC occurs sporadically and usually 
belongs to WHO type I.  There is also 
increased incidence in northern Africa 
and the Inuit of Alaska[2, 3].

MicroRNAs (miRNAs) are a class of 
small non-coding RNA molecules, 19–25 
nucleotides in length, that negatively 

regulate gene expression through bind-
ing the 3’-untranslated region (3’-UTR) 
of targeted transcripts, resulting in 
mRNA cleavage or translation repres-
sion[4].  About 30% of human genes are 
regulated by miRNAs.  MicroRNAs 
are frequently deregulated in many 
types of cancers, and play critical roles 
in tumorigenesis, which regulate the 
expression of oncogenes or tumour 
suppressor genes.  

In a recent issue of Lancet Oncol , 
Liu et al [5] reported that 41 miRNAs 
were differentially expressed between 
nasopharyngeal carcinoma and non-
cancer nasopharyngitis tissues (fold 
change≥2.5, false discovery rate 0).  
Previous reports showed that miRNAs 
were aberrantly expressed in naso-
pharyngeal carcinoma compared with 
normal epithelial tissue, and promoted 
an aggressive tumour phenotype by 
changing the expression of their mRNA 
targets[6–8].  For instance, Sengupta et 
al[6] investigated the expressions of 207 
miRNAs in 31 NPCs and 10 normal 
tissues with miRNA microarrays, and 
demonstrated the involvement of miR-
29c in NPC metastasis by regulating 
mRNAs encoding extracellular matrix 
proteins.  Chen et al [7] studied the 
expression of 270 human miRNAs in 
13 NPC samples in comparison with 9 
adjacent normal tissues using a stem-
loop real-time PCR assay, and found 
the expressions of 35 miRNAs were 
significantly altered in NPC, thus 
inferred that  some cancer-related 
pathways enriched with targets of 

down-regulated miRNAs.  We also 
demonstrated with microarray that 34 
miRNAs were differentially expressed 
between 8 NPC and 4 normal tissues[8].  
Furthermore, we identified 2 novel 
pathways, targeted by the altered 
miRNAs, were strongly associated with 
NPC development, and a c-Myc centred 
miRNA regulatory network was inferred 
in NPC.  These reports indicate that 
some important miRNAs can be used 
as markers for differential diagnosis of 
NPC from non-cancer nasopharyngitis 
patients.  Interestingly, in all the 4 
studies, miR-34c has been found under-
expression in NPC specimens, sug-
gesting that that this miRNA plays a 
crucial role in NPC development and 
progression.  However, the functions 
of miR-34c were still unclear in NPC.  
Additionally, 3 out of the 4 reports 
showed that 3 miRNAs (miR-34b, miR-
29c and miR-100) in NPC were down-
regulated.  Here, we pay attention to 
the miR-29 family because miR-29a and 
miR-29b were also under-expressed 
in NPC as shown in 2 of the 4 reports.  
We consider that the miR-29 family is 
important to judge the development and 
progression of NPC, at least in clinical 
NPC samples.  

Furthermore, Liu and his colleagues 
established a signature of 5 miRNAs 
(miR-142-3p, miR-29c, miR-26a, miR-30e 
and miR-93) from the 41 differentially 
expressed miRNAs as independent 
prognostic factors and risk scores in 
NPC patients.  Compared with patients 
with low-risk scores, patients with high-
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risk scores had shorter disease-free 
survival (DFS), distant metastasis-free 
survival (DMFS) and overall survival.  
This finding shows that the miRNAs 
have significant value for determing the 
survival prognosis, in addition to judge-
ment of NPC development and progres-
sion.  It reminds us that miRNAs may be 
used as makers in NPC classification and 
allowing clinicians to diagnose patients 
more early and accurately.  In addition, 
the authors found that patients of TNM 
stages III–IV with low risk scores had a 
favourable response to concurrent che-
motherapy, while patients of the same 
stages with high risk scores did not 
benefit from concurrent chemotherapy.  
This finding suggests that miRNA sig-
nature has more prognostic values in 
concurrent chemotherapy than TNM 
staging, although these two classifica-
tion systems have same predictive abil-
ity of patient survival.  The TNM staging 
system provides a useful benchmark for 
establishing the prognostic definition 
and treatment strategy.  Usually, early-
stage NPC patient should be treated 
with radiotherapy, whereas patient with 

advanced disease should receive chemo-
radiotherapy.  However, large variations 
in the clinical outcomes were found in 
patients with the same stage and similar 
treatment regimens[9].  It is suggested 
that the present staging system is inad-
equate for definition of prognosis.  Thus, 
a novel signature, independent of TNM 
staging, is needed for predictive of sur-
vival of patients with NPC and allowing 
clinicians to potentially identify candi-
dates for aggressive therapy to improve 
treatment outcomes.  Combination of the 
five-miRNA signature and TNM stage 
has a better prognostic value than did 
TNM stage alone in the NPC patients.

As the important roles of miRNAs 
in cancer are gradually revealed, their 
potential applications as predictive 
markers and treatment targets have gen-
erated great interest in cancer diagnosis, 
as well as classification, prognosis, risk 
factor evaluations and therapy strate-
gies.  The result of Liu et al provide a 
new insight into NPC development and 
progression, and have potential implica-
tion in NPC patients survival prognosis 
and personalised therapy.  

 
1 Wei WI, Sham JS.  Nasopharyngeal carcinoma.  

Lancet 2005; 365: 2041–54.
2 Yu MC, Yuan JM.  Epidemiology of nasopharyngeal 

carcinoma.  Semin Cancer Biol 2002; 12: 421–9.
3 Nielsen NH, Mikkelsen F, Hansen JP.  Naso-

pharyngeal cancer in Greenland.  The incidence in 
an Arctic Eskimo population.  Acta Pathol Microbiol 
Scand A 1977; 85: 850–8.

4 Bartel DP.  MicroRNAs: target recognition and 
regulatory functions.  Cell 2009; 136: 215–33.

5 Liu N, Chen NY, Cui RX, Li WF, Li Y, Wei RR, et 
al.  Prognostic value of a microRNA signature in 
nasopharyngeal carcinoma: a microRNA expression 
analysis.  Lancet Oncol 2012; 13: 633–41.

6 Sengupta S, den Boon JA, Chen IH, Newton MA, 
Stanhope SA, Cheng YJ, et al.  MicroRNA 29c is 
down-regulated in nasopharyngeal carcinomas, up-
regulating mRNAs encoding extracellular matrix 
proteins.  Proc Natl Acad Sci U S A 2008; 105: 
5874–8.

7 Chen HC, Chen GH, Chen YH, Liao WL, Liu CY, 
Chang KP, et al.  MicroRNA deregulation and path-
way alterations in nasopharyngeal carcinoma.  Br J 
Cancer 2009; 100: 1002–11.

8 Li T, Chen JX, Fu XP, Yang S, Zhang Z, Chen KhH, 
et al.  microRNA expression profiling of naso-
pharyngeal carcinoma.  Oncol Rep 2011; 25: 
1353–63.

9 Mao YP, Xie FY, Liu LZ, Sun Y, Li L, Tang LL, et al.  
Re-evaluation of 6th edition of AJCC staging system 
for nasopharyngeal carcinoma and proposed 
improve ment based on magnetic resonance 
imaging.  Int J Radiat Oncol Biol Phys 2009; 73: 
1326–34.



Acta Pharmacologica Sinica  (2012) 33: 983–990 
© 2012 CPS and SIMM    All rights reserved 1671-4083/12  $32.00
www.nature.com/aps

npg

Original Article

Sulfur dioxide attenuates LPS-induced acute lung 
injury via enhancing polymorphonuclear neutrophil 
apoptosis

Hui-jie MA1, Xin-li HUANG2, *, Yan LIU3, Ya-min FAN2

1Department of Physiology, Hebei Medical University, Shijiazhuang 050017, China; 2Department of Pathophysiology, Hebei Medical 
University, Shijiazhuang 050017, China; 3Department of Endocrinology, the Third Hospital of Hebei Medical University, Shijiazhuang 
050051, China

 
Aim: We speculated that the enhanced apoptosis of polymorphonuclear neutrophil (PMN) might be responsible for the inhibition of 
PMN infiltration in the lung.  This study was designed to investigate the effects of sulfur dioxide (SO2) on PMN apoptosis in vivo and in 
vitro, which may mediate the protective action of SO2 on pulmonary diseases.
Methods: Acute lung injury (ALI) was induced by intratracheally instillation of lipopolysaccharide (LPS, 100 μg/100 g, in 200 μL saline) 
in adult male SD rats.  SO2 solution (25 μmol/kg) was administered intraperitoneally 30 min before LPS treatment.  The rats were killed 
6 h after LPS treatment.  Lung tissues were collected for histopathologic study and SO2 concentration assay.  Bronchoalveolar lavage 
fluid (BALF) was collected for the measurement of PMN apoptosis.  For in vitro experiments, rat peripheral blood PMNs were cultured 
and treated with LPS (30 mg/L) and SO2 (10, 20 and 30 μmol/L) for 6 h, and apoptosis-related protein expression was detected by 
Western blotting, and apoptosis rate was measured with flow cytometry.
Results: LPS treatment significantly reduced the SO2 concentrations in the lung tissue and peripheral blood, as compared with the 
control group.  Pretreatment with SO2 prevented LPS-induced reduction of the SO2 concentration in the lung tissue and peripheral 
blood.  LPS treatment significantly reduced PMN apoptosis both in vivo and in vitro, which could be prevented by the pretreatment with 
SO2.  The protein levels of caspase-3 and Bax was significantly increased, but Bcl-2 was decreased by the pretreatment with SO2, as 
compared with LPS administration alone.
Conclusion: SO2 plays an important role as the modulator of PMN apoptosis during LPS-induced ALI, which might be one of the 
mechanisms underlying the protective action of SO2 on pulmonary diseases.
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Introduction
Acute lung injury (ALI) induced by sepsis and its severe form, 
acute respiratory distress syndrome (ARDS), are still major 
causes of morbidity and mortality in clinics[1].  It is generally 
accepted that ALI is an excessive, uncontrolled inflammatory 
response within the lung[2].  Inhibiting different stages of ALI 
with drugs or therapy, along with enhancing the body's own 
resistance, would delay or mitigate lung injury and minimize 
the mortality associated with ALI[1, 2].

Gas transmitters such as nitric oxide (NO), carbon monoxide 
(CO) and hydrogen sulfide (H2S) play important roles in both 

physiological and pathological conditions[3–7].  In recent years, 
interest has been directed towards another naturally occurring 
gas, sulfur dioxide (SO2).  SO2 was previously considered a 
toxic gas, but it has been subsequently shown to be produced 
endogenously during the metabolism of sulfur-containing 
amino acids[8].  SO2 was also previously considered a risk fac-
tor for respiratory and cardiovascular disease[9].  Recently, 
studies have shown that SO2 plays important pathophysiologic 
roles during many disease processes, including the attenuation 
of monocrotaline-induced pulmonary hypertension, the inhi-
bition of hypoxic pulmonary vascular structural remodeling, 
protection against isoproterenol-induced myocardial injury, 
and the increase of myocardial antioxidant capacity[10–12].  
However, the effects of SO2 on ALI and its mechanisms are 
poorly understood.
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Our previous study revealed that the administration of SO2 
derivatives alleviated the degree of LPS-induced ALI and 
reduced the number of polymorphonuclear granulocytes 
(PMN) in bronchoalveolar lavage fluid (BALF), whereas SO2 
administered alone did not result in functional and morpho-
logical changes in rat lungs[13].  PMNs are important inflam-
matory cells that are implicated in excessive inflammatory 
responses[2, 14].  Studies have shown that there exists an inhibi-
tion and delay in PMN apoptosis in lung tissue during ALI.  
The delay in apoptosis may lead to the prolonged release of 
PMN products and direct tissue injury, which then participate 
in the development of ALI[15].  Therefore, the inhibition of 
PMN apoptosis leads to inflammation and lung tissue dam-
age, whereas the enhancement of PMN apoptosis may reduce 
lung inflammation and damage[16].  We speculated that the 
enhancement of PMN apoptosis might be responsible for the 
inhibition of PMN infiltration in the lung, thereby mediat-
ing the protective effect of SO2.  The aim of this study was to 
investigate the role of PMN apoptosis in the protective effect 
of SO2 in LPS-induced ALI.

Materials and methods
Induction of ALI
All experiments were approved by the Animal ethics commit-
tee of Hebei Medical University and were carried out in accor-
dance with established guiding principles for animal research.
Adult male Sprague Dawley (SD) rats (250–300 g) provided 
by the Experimental Animal Center of Hebei Province (Shi-
jiazhuang, china) were randomly divided into four groups: 
control group, SO2 group, LPS group and LPS plus SO2 group.  
The rats were anesthetized via intraperitoneal injections of 
pentobarbital (50 mg/kg).  The control rats were instilled 
intratracheally with 200 µL normal saline.  LPS-treated ani-
mals received 200 µL LPS (Escherichia coli 055:B5; Sigma-
Aldrich Co, St Louis, MO, USA) by intratracheal instillation 
(100 µg/100 g of body weight, dissolved in 200 µL saline).  
For the LPS group, LPS was evenly sprayed into both lungs 
using a microsprayer and laryngoscope for rats (Penn-century 
Inc, Philadelphia, PA, USA).  For the SO2 group, 25 µmol/kg 
SO2 saline solution was administered intraperitoneally.  For 
the LPS plus SO2 group, 25 µmol/kg SO2 saline solution was 
administered intraperitoneally 30 min before LPS treatment.  

For SO2 solution preparation, pure SO2 gas (purity: 99.99%, 
Beijing He-Pu-Bei-Fen Gas Company, Ltd, Beijing, China) was 
used in this study.  The SO2 solution was freshly prepared 
before each experiment by bubbling saline with pure SO2 gas, 
and it was then diluted to achieve a solution containing the 
desired SO2 concentration according to the method described 
by Zhang et al[17].

Histopathologic analyses and ratio of lung wet weight to dry 
weight (Rw/d)
For histopathologic analyses, excised lung tissues were fixed 
and then embedded in paraffin and routinely stained with 
hematoxylin and eosin.  Inflammation and alveolar edema 
were graded as none, mild, moderate, or severe.  The level 

of lung injury was determined based on the degree of cel-
lular and protein exudation and tissue hemorrhage and was 
assigned a score between 0 (normal) and 3 (severely dam-
aged), as previously described by Kristof et al[18].  The severity 
of lung injury was scored by pulmonologists who were blind 
to the treatment.  Briefly, 10 fields were randomly selected 
from three lung tissue sections per rat and were examined 
under a microscope at 200× magnification.  The degree (or 
score) of cellular and protein exudation and tissue hemorrhage 
per rat were individually determined by adding the scores 
from 10 randomly selected fields.  The total lung injury score 
per rat was determined as the sum of three individual scores 
for alveolar cellularity, protein exudation and tissue hemor-
rhage.

A portion of lung tissue was weighed and placed into an 
80 °c oven to be dried completely, and the Rw/d was then cal-
culated.

Measurement of SO2 concentrations in lung tissue and blood
The right lung samples were homogenized and immediately 
subjected to sample preparation according to the method 
established by Sun et al and Mitsuhashi et al[11, 19].  Lung or 
blood samples (100 µL) were mixed with 70 µL of 0.212 mol/L 
sodium borohydride in 0.05 mol/L Tris-HCl (pH 8.5) and 
incubated at room temperature for 30 min.  The samples were 
then mixed with 10 µL of 70 mmol/L monobromobimane in 
acetonitrile.  After incubation for 10 min at 42 °c, 40 µL of 1.5 
mmol/L perchloric acid solution was added to the mixture, 
followed by vortex mixing.  The protein precipitates were 
removed by centrifugation at 12 400×g for 10 min at room 
temperature.  The supernatant was immediately neutralized 
by adding 10 µL of 2 mmol/L Tris (pH 3.0).  It was then gen-
tly mixed and centrifuged again at 12 400×g for 10 min.  Ten 
microliters of the neutralized supernatant was injected into an 
HPLC column (Hitachi 655-A11 system, Japan).  All sample 
preparation procedures were completed within 2 h after tis-
sue sample homogenization.  Serum sulfite was determined 
using reversed phase HPLC with fluorescence detection.  
The samples were resolved on a 4 mm×250 mm c8 reversed 
phase column (5 µm packing, GL Science, Tokyo, Japan).  The 
column was equilibrated with methanol/acetic acid/water 
(5.00:0.25:94.75, by volume, pH 3.4) and developed with a gra-
dient of methanol at a flow rate of 0.8 mL/min as follows: 0–5 
min, 30 mL/L; 5–13 min, 30–500 mL/L; 13–30 min, 350–620 
mL/L; 30–31 min, 620–1000 mL/L; 31–39 min, 1000 mL/L; 
39–40 min, 1000–30 mL/L; and 40–46 min, 30 mL/L.  Sulfite-
bimane was detected by excitation at 390 nm and emission at 
472 nm with the use of a cutoff filter and eluted at 45 mL/L of 
methanol concentration.

Isolation and purification of PMNs in BALF
The isolation and purification of BALF were performed after 
the rats were killed.  BALF was collected and centrifuged, and 
the sediment was collected and then resuspended in RPMI-
1640 medium containing 10% calf serum.  The cell suspension 
was cultured in the incubator (37 °c, 5% cO2) for 2 h.  The 
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attached cells in the culture dish were discarded and suspen-
sion cells were collected for further purification.  BALF neu-
trophils were isolated using a two-step Percoll gradient (1080 
g/mL followed by 1090 g/mL) centrifugation method.  The 
purity of the PMNs isolated by gradient centrifugation was 
greater than 98% (identified using Wright’s staining), and the 
cell survival rate was more than 95% (identified using try-
pan blue).  PMN apoptosis was further detected by acridine 
orange/ethidium bromide (AO/EB, Sigma-Aldrich Co, St 
Louis, MO, USA) staining and flow cytometry (FCM).

PMN apoptosis by AO/EB staining and FCM
A fluorescent assay with AO/EB double staining was used[20] 
to display the morphological alterations of apoptotic PMNs in 
BALF.  The BALF PMNs were suspended in PBS (pH 7.2) and 
aliquoted for the staining procedure.  One microliter of the 
dye mixture (100 mg/mL AO and 100 mg/mL EB in distilled 
water) was mixed with 9 mL of cell suspension on a clean 
microscope slide and examined immediately by fluorescence 
microscopy at 400× magnification.  A minimum of 500 cells 
was counted in every sample.  The percentage of apoptotic 
cells was defined as the average number of apoptotic cells per 
100 counted cells.  

FCM was performed as previously described [21].  The 
BALF PMNs were double-labeled with Annexin V-FITC/PI.  
Approximately 5000 cells from each sample were measured 
by flow cytometry with an excitation wavelength of 488 nm 
and emission wavelengths of 515 nm and 610 nm.  Annexin 
V-positive cells were considered viable apoptotic cells (early 
apoptotic cells), propidium iodine (PI)-positive cells were 
defined as necrotic cells, and Annexin V and PI double posi-
tive cells were defined as non-viable apoptotic cells (late apop-
totic cells).  Because PMNs were absent from the BALF of the 
control group, we replaced BALF with peripheral blood in the 
analysis of the control group according to Feng et al[16].

Preparation of rat lymphocyte separating medium
The separating medium was prepared according to the 
method described by Feng et al[16].  Solution A (9% Ficoll solu-
tion): 3.4 parts normal saline was added to 1 part 40% Ficoll 
and mixed thoroughly.  Solution B (34% diatrizoate meglu-
mine solution): 24.71 mL normal saline was added to 20 mL 
76% diatrizoate meglumine solution and mixed thoroughly.  
Ten parts of solution A and 5.5 parts of solution B were mixed 
thoroughly.  A Baumé hydrometer was used to measure the 
specific density of the mixture.  The specific density of the 
solution was adjusted to 1.084 by adding solution A or solu-
tion B.  A G6 fritted-glass filter was applied to filtrating ster-
ilization.  The lymphocyte separating medium was stored at 
4 °C in dark.  Ficoll and sodium diatrizoate hydrate were pur-
chased from Sigma-Aldrich Co (St Louis, MO, USA).

Isolation and purification of peripheral blood PMNs
Heparinized venous blood (4 mL per rat) was collected by jug-
ular vein catheterization.  Density gradient centrifugation was 
applied to isolate and purify the PMNs in peripheral blood 

using lymphocyte separating medium.  The cell suspension 
and the thin film layer (containing mononuclear cells) were 
discarded.  The sediment was collected, and erythrocyte lysis 
buffer was applied to remove the red blood cells.  After the 
sediment was washed with D-Hanks’ buffer three times and 
then centrifuged (2000 r/min×10 min each), the PMN sedi-
ment was resuspended at 5×106 cells/mL in RPMI-1640 (con-
taining 10% calf serum) in preparation for further treatment.  

Peripheral blood PMN cell culture and evaluation of PMN 
apoptosis by FCM
Peripheral blood PMNs were cultured in RPMI-1640 medium 
at 37 °c in 5% cO2 and treated with 30 mg/L LPS and different 
concentration of SO2 (10, 20, and 30 µmol/L SO2) in vitro for 
6 h for the detection of apoptosis-related protein expression 
using the Western blotting method.  To determine the rate of 
apoptosis, PMNs were cultured for 24 h and then submitted 
to FCM.  After culture, the cell suspension was centrifuged, 
washed and resuspended for western blotting analysis and 
FCM.  FCM for the peripheral blood PMNs was performed as 
described above for the BALF cells.

Western blotting analysis of apoptosis-related protein expression 
in peripheral blood PMNs
To measure the Caspase-3, Bax, and Bcl-2 protein expression 
levels by western blotting, cellular proteins were extracted 
from the peripheral blood PMNs of rats, as previously 
described[22].  The PMNs were pelleted and lysed in 1×Laem-
mli-buffer [2% (wt/vol) SDS, 6% (vol/vol) 2-mercaptoethanol, 
10% (vol/vol) glycerol, and a trace amount of bromophenol 
blue in 200 mmol/L Tris-HCl, pH 7.5].  The samples were 
immediately heated for 5 min at 100 °c.  The concentration of 
the proteins was determined using the BCA method.  Samples 
containing 50 µg of total protein were subjected to SDS-PAGe 
on gels containing 12% (wt/vol) acrylamide and then trans-
ferred to a polyvinylidene difluoride membrane.  Nonspecific 
binding sites were blocked with TBST (40 mmol/L Tris, pH 
7.6, 300 mmol/L Nacl, 0.1% Tween 20) containing 5% nonfat 
dry milk for 12 h at 4 °c.  The membranes were incubated in 
rabbit polyclonal anti-rat antibodies to Caspase-3, Bax, and 
Bcl-2 (1:500, Santa Cruz Biotechnology, Santa Cruz, CA, USA) 
and a mouse anti-rat antibody to β-actin (diluted 1:10 000 in 
0.01 mol/L PBS, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA).  After the membranes were washed three times in TBST, 
they were then incubated in a 1:5000 dilution of HRP-conju-
gated goat anti-rabbit IgG (Amersham-Pharmacia Biotech, 
UK).  After again washing with TBST, the membranes were 
incubated with horseradish peroxidase-conjugated streptavi-
din (diluted 1:4000 in 0.01 mol/L PBS, Zymed, USA) for 1 h 
at 37 °c.  The immunoreactions were visualized using an ecL 
detection kit (Pierce, Thermo Scientific, USA).  The X-ray film 
was scanned by an image documentation system (Labworks 
Inc, USA).  The integral optical density (IOD) of each band was 
measured using a gel image analysis system (Alpha Image 
2200, Alpha, USA).  The changes in the relative expression of 
Caspase-3, Bax, and Bcl-2 were represented by the ratio of the 
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band’s IOD of Caspase-3, Bax, and Bcl-2 compared to β-actin.  

Statistical analysis
All data were expressed as the mean±SD.  comparisons 
between groups were performed using analysis of variance 
(ANOVA) followed by the Student Newman-Keuls test using 
SPSS 13.0 statistical analysis software.  P values less than 0.05 
were considered statistically significant.

Results
Effects of SO2 on LPS-induced lung damage
In control rats and rats given SO2 alone rats, few infiltrating 
PMN cells were observed, and there was no evidence of hem-
orrhage or edema (Figure 1Aa and 1Ab).  In contrast to the 
control group, patching hemorrhage was observed at 6 h after 
LPS infusion.  Typical pathologic alterations induced by LPS 
were also observed, including the accumulation of inflamma-
tory cells in the alveolar space, interalveolar septum thicken-
ing, edema of the lung interstitium and alveoli, interstitial and 
intra-alveolar hemorrhage, and even some alveolus atelectasis 
and fusion (Figure 1Ac).  Meanwhile, compared with the con-
trol group, LPS treatment led to a significant increase in the 
total lung injury score and the Rw/d 6 h after LPS treatment 
(P<0.01, Figure 1B and 1C).  SO2 pretreatment may partially 
protect the lung tissue from damage induced by LPS (Figure 1 
Ad) and may prevent the increased total lung injury score and 
Rw/d (P<0.05, Figure 1B and 1C).  SO2 alone had no signifi-
cant effect on total lung injury score and lung weight (P>0.05, 
Figure 1B and 1C).

Changes in SO2 concentration in the different treatment groups
compared with the control group, the SO2 concentration in 
the lung tissue and peripheral blood decreased at 6 h after 
LPS treatment.  Pretreatment with SO2 significantly elevated 
the SO2 concentration compared with that of the LPS group 
(P<0.05, Figure 2).  Our results indicate that the reduction of 
endogenous SO2 production may participate in the develop-
ment of ALI and exogenously supplemented SO2 may amelio-
rate lung injury.  

PMN apoptosis observed by AO/EB staining and FCM
AO/EB staining indicated that alveolar macrophages were 
predominant, but PMNs were absent in the BALF of control 
rats (Figure 3Aa).  Apoptotic PMNs were found in the BALF of 
LPS-treated rats, but only a few early apoptotic PMNs, which 
were characterized by strong nuclear green fluorescence stain-
ing, were observed (Figure 3Ab).  Compared with the control 
group, LPS treatment also led to a significant reduction in 
PMN apoptosis in BALF, as determined by FCM (P<0.05, Fig-
ure 3B).  However, a large number of apoptotic PMNs were 
found in the lungs of SO2-treated rats, which were character-
ized by condensed and fragmented nuclear staining by orange 
EB (Figure 3Ac).  The percentage of apoptotic PMN cell deter-
mined by FCM was also significantly increased in the LPS plus 
SO2 group compared with the group treated only with LPS 
(P<0.05, Figure 3B).

In the peripheral blood, the changes of apoptotic PMNs 
were similar to those observed in BALF.  The percentage of 
apoptotic PMNs was reduced in the LPS treatment group, 
whereas the percentage increased in the SO2 plus LPS group 
relative to the group treated with LPS alone (P<0.05 or P<0.01, 
Figure 3C).  

Effect of SO2 on apoptosis-related protein expression
Compared with the control group, LPS treatment significantly 
decreased Caspase-3 (Figure 4) and Bax (Figure 5) protein 
expression in the peripheral blood PMNs of rats, whereas 

Figure 1.  Morphological and lung Rw/d changes in lungs at 6 h after 
the induction of ALI with or without SO2 pretreatment.  (A) Morphological 
changes in the lung by H&E staining.  a) Control group with normal lung 
morphology; b) SO2 administration alone with lung morphology similar 
to the control group; c) Six hours after induction of LPS-induced ALI we 
observed patching hemorrhage and inflammatory cell accumulation in 
the alveolar space (★), interalveolar septum thickening (●), edema of 
lung interstitium and alveoli, interstitial and intra-alveolar hemorrhage 
(▲), and even some alveolus atelectasis and fusion; d) SO2 pretreatment 
ameliorated the lung injury induced by LPS.  Scale bar, 50 μm.  (B) Effect 
of SO2 on the total lung injury score.  (C) Effect of SO2 on lung Rw/d 
6 h after intratracheal instillation of LPS.  Data are presented as the 
mean±SD (n=7 in each group).  cP<0.01 compared with the control group; 
eP<0.05 compared with the LPS group.  
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Bcl-2 (Figure 6) protein levels increased.  The effects of LPS 
were significantly reversed by the administration of SO2 in a 
concentration-dependent manner (P<0.05 or P<0.01, Figure 4, 
5 and 6).  

Discussion
In the present study, we found that SO2 enhanced PMN apop-
tosis in LPS-induced ALI.  We also found that the SO2 content 
decreased in ALI, and exogenously administered SO2 signifi-
cantly increased the SO2 levels in the lung tissue compared 
with the LPS group.  These results suggest that the down-
regulation of endogenous SO2 results in the inhibition and 
delay of PMN apoptosis during ALI might be involved in the 
pathogenesis of LPS-induced ALI, which may be reversed by 
SO2.  Moreover, our results showed that the SO2 levels in con-
trol plasma was 38.12±4.13 μmol/L, so the SO2 concentration 
selected in our study was within a physiological concentration 
range.

ALI is a life-threatening disease that often leads to acute 
hypoxemic respiratory failure with intensive pulmonary 
inflammation, accompanied by various cellular and molecular 
changes[23, 24].  The pathogenesis of endotoxin-induced ALI 
remains obscure and has not yet been fully elucidated.  How-
ever, it is generally accepted that PMNs have well character-
ized effects on the pathogenesis of LPS-induced lung injury, 
and PMN accumulation in the lung is the key pathological 
basis for the development of ALI[2, 14].  PMNs are vital to the 
body's defense against infections.  However, the uncontrolled 
release of their formidable array of toxic substances may inflict 
damage on the surrounding tissues and propagate inflam-
matory responses, leading to tissue scarring and destruction.  
Normally, PMNs are removed by apoptosis to limit their 
activation[25].  When PMNs die by apoptosis, they retain their 
granular contents but lose chemotactic and secretory respon-
siveness.  These PMNs are recognized and phagocytosed by 

macrophages.  Thus, by down-regulating the potentially harm-
ful PMN functions and triggering their clearance by phago-
cytes, apoptosis provides a mechanism for the safe removal of 
inflammatory cells[25].  Moreover, studies in recent years have 
shown that the inhibition and delay of PMN apoptosis occurs 
in the lung tissue during ALI, which leads to the prolonged 
release of PMN products and direct tissue injury[15].  Inhibiting 
the delay in apoptosis of PMN may ameliorate the lung injury.

SO2 and its derivatives were previously considered systemic 

Figure 3.  PMN apoptosis determined by AO/EB-staining and FCM at 6 h 
after induction of ALI with or without SO2 pretreatment.  (A) PMN apoptosis 
determined by AO/EB-staining in BALF.  a) No apoptotic PMNs, only 
alveolar macrophages (▲), were observed in the lungs of control rats; b) 
Only a few early apoptotic PMNs (★) were observed (strong nuclear green 
fluorescence staining) in the LPS group.  c) A large number of apoptotic 
PMNs (●) were found in the lungs of rats pretreated with SO2 before LPS 
administration (LPS+SO2) rat.  Condensed and fragmented nuclear were 
stained by orange EB and apoptotic PMNs in LPS+SO2 group.  Scale bar, 
10 μm.  (B) The percentage of apoptotic PMN cells in BALF, as determined 
by flow cytometry.  Control, control group; LPS, LPS administration group; 
LPS+SO2 refers to SO2 pretreatment before LPS administration.  (C) The 
percentage of apoptotic PMNs in the peripheral blood, as determined 
by flow cytometry.  SO2-1, pretreatment with 10 µmol/L SO2; SO2-2, 
pretreatment with 20 µmol/L SO2; SO2-3, pretreatment with 30 µmol/L 
SO2.  Because PMNs were absent in the BALF of the control group, we 
replaced BALF with peripheral blood for the control group.  Data are 
presented as the mean±SD (n=7 in each group).  bP<0.05 compared with 
the control group; eP<0.05, fP<0.01 compared with the LPS group.

Figure 2.  Changes in SO2 concentration in the lung tissue (A) and 
peripheral blood (B) 6 h after intratracheal instillation of LPS.  Data are 
presented as the mean±SD (n=6 in each group).  bP<0.05 compared with 
the control group; eP<0.05 compared with the LPS group.  
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toxic agents that can cause many types of toxic effects, such 
as chromosomal aberrations, micronuclei, sister-chromatid 
exchanges[19, 26–29], gene mutations[30], lipid peroxidative dam-

age[31], DNA damage[32, 33], and changes in some enzyme activi-
ties[34] in multiple organs in mice and rats.  Studies have also 
indicated that SO2 inhalation can also cause gene expression 
changes and alter cytokine levels in the rat lung[35].  However, 
increasing attention has recently been paid to understand-
ing its physiological roles in biological cells and its role in the 
pathology of various diseases.  endogenous SO2 was found 
to be generated during cysteine metabolism in many types 
of mammalian cells.  It was found that the SO2 derivatives as 
physiological condition are a neuron modulator in rat hip-
pocampal neurons[36] and dorsal root ganglion (DRG) neu-
rons[37–39] and can also function as cardiovascular modulators 
in cardiomyocytes[40–42] by affecting their ion channels.  Studies 
have also showed that SO2 and its derivatives can cause a sig-
nificant decrease in rat blood pressure in vivo and the vasore-
laxation of rat blood vessel rings in vitro[30, 43].  However, as a 
biological mediator, its role in ALI needs to be clarified.  

In our previous study, we demonstrated that SO2 deriva-
tives play an important role in the development LPS-induced 
ALI[4].  Our results showed that the administration of SO2 
derivatives to LPS-treated rats reduced the lung weight/body 
weight ratio, PMN number, IcAM-1 expression and IL-1, 
IL-6 and IL-10 levels, and alleviated the degree of ALI.  In the 
present study, we found that treatment with a physiological 
concentration of SO2 solution can attenuate the inflammatory 
response and reverse the increased lung Rw/d induced by 
LPS treatment.  However, there were no significant differ-
ences in the above parameters between the rats treated with 
SO2 alone and the control rats.  The results indicate that the 
concentration used in our experiment had no toxic effects on 

Figure 6.  Protein expression of Bcl-2 extracted from the peripheral blood 
PMNs of rats in the different groups.  The upper panels are Western blots, 
and the lower panels are summaries of the densitometric analysis of Bcl-2 
protein expression in the different groups.  Control, control group; LPS, 
LPS administration group; LPS+SO2-1, pretreatment with 10 µmol/L SO2 
before LPS administration; LPS+SO2-2, pretreatment with 20 µmol/L SO2 
before LPS administration; LPS+SO2-3, pretreatment with 30 µmol/L SO2 
before LPS administration.  Data are shown as the mean±SD (n=6 rats in 
each group).  bP<0.05 compared with the control group; eP<0.05, fP<0.01 
compared with the LPS group.

Figure 5.  Protein expression of Bax extracted from the peripheral blood 
PMNs of rats in the different groups.  The upper panels are Western blots, 
and the lower panels are summaries of the densitometric analysis of Bax 
protein expression in the different groups. Control, control group; LPS, 
LPS administration group; LPS+SO2-1, pretreatment with 10 µmol/L SO2 
before LPS administration; LPS+SO2-2, pretreatment with 20 µmol/L SO2 
before LPS administration; LPS+SO2-3, pretreatment with 30 µmol/L SO2 
before LPS administration. Data are shown as the mean±SD (n=6 rats in 
each group). bP<0.05 compared with the control group; eP<0.05, fP<0.01 
compared with the LPS group. 

Figure 4.  Protein expression of Caspase-3 extracted from the peripheral 
blood PMNs of rats in the different groups.  The upper panels are Western 
blots, and the lower panels are summaries of the densitometric analysis 
of Caspase-3 protein expression in the different groups.  Control, control 
group; LPS, LPS administration group; LPS+SO2-1, pretreatment with 10 
µmol/L SO2 before LPS administration; LPS+SO2-2, pretreatment with 20 
µmol/L SO2 before LPS administration; LPS+SO2-3, pretreatment with 30 
µmol/L SO2 before LPS administration.  Data are shown as the mean±SD 
(n=6 rats in each group).  bP<0.05 compared with the control group; 
eP<0.05, fP<0.01 compared with the LPS group.  
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the lung.  More interestingly, it has been reported that SO2 can 
induce the apoptosis of hippocampal neurons[44] and enhance 
the apoptosis of smooth muscle cells in spontaneously hyper-
tensive rats (SHRs)[45].  As of yet, there are no reports indicat-
ing whether a low dose of SO2 can induce PMN apoptosis 
while ameliorating lung injury.  

The present study provides new evidence that there is a cer-
tain correlation between SO2 and PMN apoptosis, which was 
inhibited and delayed in LPS-induced acute lung injury.  LPS 
challenge overwhelmingly inhibited the apoptosis of PMNs in 
the BALF and peripheral blood in ALI rats, indicating that an 
inhibition and delay of PMN apoptosis during LPS-induced 
ALI.  FCM revealed that the changes in the percentage of 
apoptotic PMNs were similar in the peripheral blood and 
BALF.  These results showed that PMNs emigrate from blood 
vessels to the lung and remain highly active in releasing their 
noxious contents, thus triggering lung tissue damage.  The 
living PMNs adhere to endothelial cells and release inflam-
matory mediators and destructive toxic substances, damaging 
blood vessels and surrounding tissues[2, 15].  On the other hand, 
secondary necrotic PMNs release toxic products such as active 
oxygen, free radicals and lysosomal enzyme, causing tissue 
damage[14, 15, 46].  The accidents may result in systemic inflam-
matory response syndrome (SIRS) or even multiple organ dys-
function syndrome (MODS)[15].  SO2 treatment could enhance 
the apoptosis of PMNs in the BALF of rats, which could indi-
cate that SO2 can play an important role as a modulator in 
PMN apoptosis during LPS-induced acute lung injury.  

Because we discovered that a physiological concentration 
of SO2 can improve lung injury by promoting PMN apoptosis, 
we need to further explore the mechanism by which it pro-
motes apoptosis.  The mammalian Bcl-2 family of apoptosis-
associated proteins consists of members that inhibit apoptosis 
(Bcl-2, Bcl-xL, Mcl-1, A1, etc) and others that induce apoptosis 
(Bax, Bak, Bad, Bcl-xs, Bik, etc), and the balance between pro-
apoptotic and anti-apoptotic members determines the fate of 
the cells in many systems.  The Bcl-2 family regulates apop-
tosis by controlling the activity of caspases, the executioners 
of apoptosis, via the release of cytochrome c from mitochon-
dria[22].  caspases are a family of cysteine proteases that exist 
in normal cells as inactive enzymes.  They are activated by 
sequential proteolytic events that lead to the degradation or 
functional alteration of cellular proteins, which contributes 
to cell death, characterized by the typical apoptotic morphol-
ogy.  caspase-3 activation is one of the main requirements 
for the execution phase of apoptosis[25].  To further investigate 
the molecular mechanisms of PMN apoptosis, we assessed 
Caspase-3, Bax, and Bcl-2 protein expression in PMNs.  In 
LPS-induced ALI, PMNs emigrated from the blood vessels to 
the lung, and the reactions of PMNs in BALF and the periph-
eral blood were similar in our study.  Because alveolar mac-
rophages were predominant but PMNs were absent in normal 
rat BALF, we substituted BALF PMNs with peripheral blood 
PMNs for our apoptosis-related protein expression study in 
vitro.  After co-incubation with different doses of SO2 (10, 20, 
and 30 μmol/L), the expression of apoptosis-related genes 

changed.  The present study indicated that SO2 modulates the 
expression of apoptosis-related proteins and then enhances 
PMN apoptosis, thereby alleviating LPS-induced ALI.  Per-
forming the research in vitro obviated the influence of the com-
plex internal environment and directly reflected the impact of 
SO2 on PMN apoptosis.

In summary, our study demonstrates that physiological con-
centrations of SO2 play an important role as a modulator in the 
inhibition and delay of PMN apoptosis during LPS-induced 
ALI.  The modulation of SO2 may be one of the important 
mechanisms for LPS-induced ALI.  SO2-targeted treatment 
may bring new light to the prevention and treatment of LPS-
induced ALI.  This study may provide a basis for the develop-
ment of drugs about increasing endogenous SO2 in the body 
and provide new ideas for the clinical treatment of ALI.
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Aim: To test the hypothesis that the tissue plasminogen activator (tPA) may counteract the inhibitory effect of plasminogen activator 
inhibitors (PAI) and attenuate lung injury in a rat model of ventilator-induced lung injury (VILI).
Methods: Adult male Sprague-Dawley rats were ventilated with a HVZP (high-volume zero PeeP) protocol for 2 h at a tidal volume of 
30 mL/kg, a respiratory rate of 25 breaths/min, and an inspired oxygen fraction of 21%.  The rats were divided into 3 groups (n=7 for 
each): HVZP+tPA group receiving tPA (1.25 mg/kg, iv) 15 min before ventilation, HVZP group receiving HVZP+vehicle injection, and a 
control group receiving no ventilation.  After 2 h of ventilation, the rats were killed; blood and lungs were collected for biochemical and 
histological analyses.
Results: HVZP ventilation significantly increased total protein content and the concentration of macrophage inflammatory protein-2 
(MIP-2) in the bronchoalveolar lavage fluid (BALF) as well as the lung injury score.  Rats that received HVZP ventilation had significantly 
higher lung PAI-1 mRNA expression, plasma PAI-1 and plasma D-dimer levels than the control animals.  tPA treatment significantly 
reduced the BALF total protein and the lung injury score as compared to the HVZP group.  tPA treatment also significantly decreased 
the plasma D-dimer levels and the HVZP ventilation-induced lung vascular fibrin thrombi.  tPA treatment showed no effect on MIP-2 
level in BALF.
Conclusion: These results demonstrate that VILI increases lung PAI-1 mRNA expression, plasma levels of PAI-1 and D-dimers, lung 
injury score and vascular fibrin deposition.  tPA can attenuate VILI by decreasing capillary-alveolar protein leakage as well as local and 
systemic coagulation as shown by decreased lung vascular fibrin deposition and plasma D-dimers.

Keywords: tissue plasminogen activator (tPA); ventilator-induced lung injury (VILI); plasminogen activator inhibitor-1 (PAI-1); mac-
rophage inflammatory protein-2 (MIP-2); D-dimer; fibrin; bronchoalveolar lavage fluid (BALF)
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Introduction
Mechanical ventilation is a life-saving treatment that has 
become the mainstay of management for patients with acute 
respiratory failure over the last several decades.  However, 
there are several potential complications regardless of the 
life-saving potential of mechanical ventilation[1].  Ventilator-
induced lung injury (VILI) can be caused by mechani-
cal ventilation with a high tidal volume that damages the 
alveolar-capillary barrier and activates local and systemic 
inflammation[2].  The spectrum of VILI includes disruption of 

endothelial and epithelial cells, increases in endothelial and 
epithelial permeability, and alterations in pulmonary and sys-
temic inflammatory mediators[2–4].  

Pulmonary fibrin turnover, the deposition of fibrin in 
the alveolar space, and increased procoagulant activity of 
bronchoalveolar lavage fluid (BALF) are the pathognomonic 

features of VILI[5, 6].  Alveolar fibrin deposition may lead to 
surfactant dysfunction, poor gas exchange, decreased lung 
compliance, and increased ventilatory dependence[7].  Alveolar 
fibrin deposition is the net result of an imbalance of coagula-
tion and fibrinolysis.  Consequently, anticoagulant and fibrin-
olytic therapies in acute lung injury have recently been inves-
tigated with various compounds such as heparin and active 
site inactivated recombinant factor VIIa[8–10].  Anticoagulant 
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therapy might be a useful tool in the treatment of VILI.  The 
major mechanisms that contribute to increased alveolar fibrin 
turnover are increased local tissue factor-mediated thrombin 
generation and depressed urokinase plasminogen activator-
mediated fibrinolysis, which is caused by an increase in plas-
minogen activator inhibitors (PAIs)[11].  PAI-1, a fibrinolytic 
antiprotease, is the major plasminogen inactivator in the 
plasma and the primary inhibitor of tissue plasminogen acti-
vator (tPA); therefore, it is responsible for decreased plasmin 
activity and fibrinolytic potential[12, 13].  High pulmonary and 
systemic PAI-1 levels and increased alveolar fibrin deposition 
are features of animal models of VILI[14].  Increased plasma lev-
els of PAI-1 are associated with adverse clinical outcomes and 
increased mortality in adults with acute lung injury[15].  tPA is 
responsible for fibrin degradation via the activation of plas-
minogen and has been used for thrombolysis in patients with 
acute myocardial infarction[16].  Aerosolized tPA improves 
pulmonary function in burn/smoke-induced lung injury in 
sheep[17].  tPA has both fibrinolytic and anti-inflammatory 
activity[18].  The distinctive combination of fibrinolytic and 
anti-inflammatory properties of tPA has made it an important 
natural anticoagulant.  Theoretical considerations suggest that 
fibrinolytic therapy with tPA might benefit animals with VILI.  
We hypothesized that tPA may counteract the inhibitory effect 
of PAI-1, balance coagulation-fibrinolysis, and attenuate lung 
injury in an animal model of VILI.  The aims of this study 
were to investigate the effects of tPA on gas exchange, lung 
cytokine and alveolar protein leakage, and local and systemic 
coagulation-fibrinolytic activity in a rat model of VILI and to 
find a potential treatment modality against high tidal volume-
induced lung injury.

Materials and methods
Animals and protocol
This study was approved by the Animal Care and Use Com-
mittee of Taipei Medical University and was performed with 
adult male Sprague-Dawley rats weighing 250–300 g.  The rats 
were maintained on a 12-h light/dark cycle with free access to 
food and water.  The rats were intraperitoneally anesthetized 
with pentobarbital (50 mg/kg, Abbott, North Chicago, IL, 
USA).  Fifteen minutes before ventilation, the rats received tPA 
(1.25 mg/kg in 0.5 mL saline, Actilyse, Boehringer Ingelheim, 
Germany; n=7) or an equal volume of normal saline (vehicle; 
n=7) through a tail vein injection.  The dosage of tPA was 
based on recommendations by Choi et al[19].  A polyethylene 
catheter (PE-50, Becton Dickinson, Sparks, MD, USA) contain-
ing isotonic saline was placed in one femoral artery to sample 
blood for gas analysis.  A tracheostomy was performed, and 
a 14-gauge plastic cannula was inserted into the trachea.  The 
animals were then ventilated with a high-volume zero positive 
end-expiratory pressure (PEEP) (HVZP) protocol by a volume-
cycled ventilator (Small Animal Ventilator, Model SAR-830/
AP; CWE, Ardmore, PA, USA) for 2 h at a tidal volume of 30 
mL/kg, zero PEEP, a respiratory rate of 25 breaths/min, and 
an FiO2 of 0.21.  The rats were selected at random to receive 
this ventilation strategy.  Another group that received no 

ventilation served as the control (n=7).  All animals were kept 
supine for the duration of the experiment, and arterial blood 
gases were measured with a blood gas analyzer (Model 1620, 
Instrumentation Laboratories, Lexington, MA, USA) at the 
beginning and every hour after randomization.

After 2 h of ventilation, the rats were killed with an intrave-
nous injection of pentobarbital (100 mg/kg).  Blood was col-
lected from the femoral artery in citrated (0.109 mol/L) vacu-
tainer tubes, placed on ice, and spun at 4 °C, and the resulting 
plasma was stored at -70 °C until analyzed.  The chest was 
opened, and the lungs were removed intact from the animal 
with the tracheostomy tube in place.  The right lung was 
ligated, and the left lung was lavaged with 2 mL of 0.9% saline 
at 4 °C that was washed in and out of the lungs three times 
and then recovered.  This washing procedure was repeated 
two more times for each animal, with the three washes being 
pooled, and the total volume was recorded.  There were no 
differences in the total volume of saline infused or recovered 
after the lavage procedure between the three experimental 
groups.  The right superior lobe was fixed in 10% buffered 
formalin and embedded in paraffin.  An aliquot of the BALF 
from each animal was used to measure the total protein con-
tent with bovine serum albumin as the standard.  The value 
was expressed as mg/kg body weight.

Histology
Specimens were embedded in paraffin, stained with hema-
toxylin and eosin, and examined by a pathologist who was 
blinded to the protocol and experimental groups.  Lung injury 
was scored according to the following items: 1) alveolar con-
gestion, 2) hemorrhage, 3) infiltration of neutrophils into the 
airspace or the vessel wall, and 4) thickness of the alveolar 
wall[14].  Each item was graded according to a five-point scale: 
0, minimal (little) damage; 1, mild damage; 2, moderate dam-
age; 3, severe damage; and 4, maximal damage.

BALF macrophage inflammatory protein-2 (MIP-2) and plasma 
PAI-1 and D-dimer assays
BALF MIP-2 was tested by an enzyme-linked immunosorbent 
assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA), and 
the value was expressed as pg/mL lavage fluid.  Plasma PAI-1 
was assayed by a commercially available ELISA kit (Innova-
tive Research, Southfield, MI, USA).  Fibrinolytic activity was 
assessed by measuring plasma concentrations of D-dimers 
with an ELISA kit purchased from American Diagnostica 
(Stamford, CT, USA).

Lung PAI-1 mRNA expression by real-time polymerase chain 
reaction (PCR)
The right middle lobe was ground into a powder in liquid 
nitrogen, and PAI-1 mRNA expression was measured using 
real-time PCR.  Total RNA was extracted using TRIzol reagent 
(Invitrogen Life Technologies, Paisley, UK).  Reverse tran-
scription was performed on 1 µg of RNA with oligo-dT prim-
ers and the avian myeloblastosis virus reverse transcriptase 
(Roche, Indianapolis, IN, USA).  The primer sequences for 
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the SYBR green real-time PCR included the following: PAI-1 
sense (5’-ATGGCTCAGAACAACAAGTTCAAC-3’) and 
antisense (5’-CAGTTCCAGGATGTCGTACTCG-3’), and 
GAPDH mRNA sense (5’-ATGATTCTACCCACGGCAAG-3’) 
and antisense (5’-CTGGAAGATGGTGATGGGTT-3’).  Gene 
expression was quantitatively analyzed using the comparative 
CT (ΔCT) method, in which CT is the threshold cycle number 
(the minimum number of cycles needed before the product 
can be detected).  The arithmetic formula for the ΔCT method 
is the difference in the number of threshold cycles for a target 
(PAI-1) and an endogenous reference (the GAPDH housekeep-
ing gene).  The amount of target normalized to an endogenous 
reference and relative to a calibration normalized to an endo-
genous reference is given by 2ΔΔCT.  The values of the control 
group were normalized to a value of one, and the values of 
other groups were normalized to the control group values.  
Four samples were analyzed for each gene in each group.

Immunohistochemistry of PAI-1 and fibrin
Immunohistochemical staining for PAI-1 and fibrin were per-
formed on paraffin sections with immunoperoxidase visual-
ization.  After deparaffinization in xylene and rehydration in 
an alcohol series, the sections were first preincubated for 1 h 
at room temperature in 0.1 mol/L PBS containing 10% normal 
goat serum and 0.3% H2O2 to block endogenous peroxidase 
activity and nonspecific binding of the antibody before being 
incubated for 20 h at 4 °C with a rabbit polyclonal antibody 
against rat PAI-1 or a monoclonal antibody against human 
fibrin (1:50; American Diagnostica).  The sections were then 
treated for 1 h at room temperature with biotinylated goat 
anti-rabbit immunoglobulin G (IgG; 1:200, Vector Laborato-
ries, Burlingame, CA, USA).  This process was followed by 
reaction with the reagents from an ABC kit (Avidin-Biotin 
Complex, Vector) per the manufacturer’s recommendations, 
and the reaction products were visualized by 3,3’-diamin-
obenzidine and 0.003% H2O2 in 0.5 mol/L TRIS buffer (pH 
7.6) before the sections were mounted on gelatin-coated slides 
using Permount (Fisher Scientific, Pittsburgh, PA, USA).  The 
sections for PAI-1 were mounted in glycerin gelatin and coun-
terstained with hematoxylin.

Quantification of PAI-1 immunoreactivity and fibrin thrombi
A minimum of four random lung fields of immunohistochemi-
cally stained sections per animal were captured with a digital 
camera and imported into the computerized image analysis 
system, Image-Pro Plus 5.1 for Windows.  The automatic 
object counting and measuring process was used to quantify 
the immunoreactivity of the sections[14].  We used the “count/
size” command to perform cell number counting operations 
for PAI-1.  These operations generated a percentage of posi-
tively stained cells, and the value was expressed as a labeling 
index.  The denominator of the labeling index was the number 
of cells in the field.  The fixed lung was cut into 1-mm-thick 
horizontal slices, and two slices were systematically and 
uniformly sampled at random.  Slices were sampled with a 

periodicity of two (eg, 1, 3 or 2, 4).  Vascular fibrin thrombi per 
visual field were counted at a magnification of ×20.  

Statistical analysis
The lung injury score data are given as the medians (range); 
other data are presented as the mean±SD.  Statistically signifi-
cant differences were analyzed by one-way ANOVA with a 
post-hoc Bonferroni test.  The Mann-Whitney U test was used 
for the analysis of lung injury score.  Differences were consid-
ered significant at P<0.05.

Results
Effects on gas exchange
The arterial blood gas tensions were comparable among the 
three study groups before mechanical ventilation (Table 1).  
Rats that received HVZP ventilation showed a higher mean 
pH and lower mean carbon dioxide tension than control ani-
mals, and tPA treatment exhibited no further effects on gas 
exchange.

Total protein, MIP-2, and PAI-1 in the BALF
The total protein contents recovered from the BALF were sig-
nificantly higher in rats ventilated with the HVZP protocol 
than in the control group (Figure 1A).  Treatment with tPA 
significantly reduced the HVZP ventilation-induced increase 
in the BALF protein content.  The MIP-2 concentrations in the 
BALF increased after HVZP ventilation, and the values were 
approximately two-fold higher in the HVZP group compared 
to the control group (Figure 1B).  The addition of tPA did not 
decrease MIP-2 levels.  PAI-1 was undetectable in all BALF 
samples from control animals and barely detectable in HVZP 
and HVZP+tPA animals (data not shown).

Table 1.  Arterial blood Pao2, PaCo2, and pH at the baseline (0 h) and after 
1 and 2 h of ventilation. Rats were randomly divided into the control, 
the high-volume zero positive end-expiratory pressure (HVZP), and the 
HVZP+tissue plasminogen activator (tPA) group.  Arterial blood gases 
were measured at baseline (0 h), 1 h, and 2 h of mechanical ventilation.  
Values are expressed as mean±SD.   

 group n pH       Pao2 (mmHg)       PaCo2 (mmHg) 
 
Control 7
0 h  7.42±0.04   91±7 43±2
HVZP 7
0 h  7.43±0.02   85±14  42±9
1 h  7.65±0.07 107±9 22±3
2 h  7.61±0.02 109±9 21±2

HVZP+tPA 7
0 h  7.44±0.04   80±10 44±5
1 h  7.71±0.03 103±5 23±2
2 h  7.65±0.10   95±12 21±6
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Histology
After 2 h of ventilation, lung injury was characterized by 
alveolar congestion, hemorrhage, and inflammatory cell infil-
tration (Figure 2).  The HVZP group showed patchy areas of 
hemorrhage and thickened alveolar walls, and the HVZP+tPA 
group showed less hemorrhage and alveolar congestion.  No 
major histological abnormalities were present in the control 
animals.  The HVZP group had a significantly higher lung 
injury score than did the control group (Table 2).  Treatment 
with tPA significantly decreased the lung injury score com-
pared to the HVZP group.

Lung PAI-1 mRNA expression, plasma PAI-1 levels, and 
immunohistochemistry of PAI-1
Rats that received HVZP and HVZP+tPA ventilation had 
significantly higher levels of lung PAI-1 mRNA expression 

and plasma PAI-1 than that of the control group (Figure 3).  
PAI-1 immunoreactivities were mainly detected in airway 
epithelial and mesenchymal cells, and the immunoreactivity 
significantly increased in the rats that received HVZP when 
compared with the control group.  Treatment with tPA sig-
nificantly reduced the HVZP ventilation-induced increase in 
PAI-1 immunoreactivity (Figure 4).

Figure 1.  Total protein and MIP-2 in BALF in the control, HVZP, and 
HVZP+tPA groups.  All rats were randomly divided into three groups: the 
control group (n=7) did not receive ventilation; the HVZP group (n=7) 
received 2 h of ventilation at a tidal volume of 30 ml/kg, a respiratory rate 
of 25 breaths/min, and an FiO2 of 0.21; and the HVZP+tPA group (n=7) 
received an intravenous injection of tPA (1.25 mg/kg) 15 min before the 
HVZP ventilation.  (A) Rats that received HVZP and HVZP+tPA ventilation 
had significantly higher bronchoalveolar lavage fluid (BALF) total protein 
contents than that of the control group (cP<0.01 vs control group).  
Compared to the HVZP group, the HVZP+tPA group had significantly lower 
BALF protein content (eP<0.05 vs HVZP group).  (B) MIP-2 concentrations 
in BALF were significantly higher in rats of the HVZP and HVZP+tPA groups 
than in the control group (cP<0.01 vs control group).

Figure 2.  Representative lung tissue photomicrographs (×200).  (A) 
Control group showed no major histological abnormalities.  (B) HVZP group 
showed patchy areas of hemorrhage and thickened alveolar walls.  (C) 
HVZP+tPA group showed less hemorrhage and alveolar congestion than 
the HVZP group.

Table 2.  Lung injury score in the control, the high-volume zero positive end-expiratory pressure (HVZP), and the HVZP+tissue plasminogen activator (tPA) 
group. Values are expressed as median (range).  cP<0.01 vs control group; fP<0.01 vs HVZP group.

   Treatment             n
               Alveolar 

          Hemorrhage
              Alveolar             neutrophil              Lung injury

               congestion               thickness             infiltration                         score
 
 Control 7 0 (0–1) 1 (0–2) 0 (0–1) 1 (1–2)       2 (1–3)
 HVZP 7 3 (2–4) 3 (2–4) 2 (2–4) 2 (1–2)     10 (7–14)c

 HVZP+tPA 7 1 (1–2) 2 (1–2) 2 (1–2) 1 (1–2)       6 (5–7)cf

Figure 3.  Lung PAI-1 mRNA expression and plasma PAI-1 levels in the 
control, HVZP, and HVZP+tPA groups. (A) Rats that received HVZP and 
HVZP+tPA ventilation had significantly higher levels of lung PAI-1 mRNA 
expression than that of the control group (cP<0.01 vs control group).  (B) 
Compared to the control group, rats that received HVZP and HVZP+tPA 
ventilation had significantly higher plasma PAI-1 levels (cP<0.01 vs control 
group).
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Plasma D-dimers
Rats that received HVZP ventilation exhibited significantly 
higher levels of plasma D-dimers than did the control animals 
(Figure 5).  Treatment with tPA significantly reduced HVZP 
ventilation-induced increases in the plasma levels of D-dimers.

Discussion
The spectrum of VILI includes the disruption of endothelial 
and epithelial cells, as well as increases in endothelial and 
epithelial permeability and pulmonary inflammatory media-
tors[2–4].  The outcomes of our in vivo lung injury model are 
consistent with alterations known to occur in VILI.  The main 
findings of this study are that VILI is associated with increased 
lung PAI-1 mRNA expression, plasma levels of PAI-1 and 
D-dimer, lung injury score, PAI-1 immunoreactivity, and vas-
cular fibrin deposition.  Administration of tPA reduced plasma 
D-dimer levels, the lung injury score, PAI-1 immunoreactiv-
ity, and vascular fibrin deposition.  These data indicate that 
high tidal volume ventilation may enhance local and systemic 
coagulation and suppress systemic fibrinolysis.

Deposition of fibrin in the alveolar space and increased pro-
coagulant activity of the BALF are pathognomonic features 
of acute lung injury[8, 20].  Studies of animal models of VILI 
showed that high tidal volume ventilation increases alveo-
lar fibrin deposition and systemic PAI-1 activity while lung-
protective mechanical ventilation decreases BALF levels of 
PAI-1, attenuates coagulation, and enhances fibrinolysis[14, 21].  
Although aerosol administration offers the theoretical advan-
tage of the lungs receiving high concentrations of tPA, we 
chose intravenous administration because intra-alveolar and 
intravascular fibrin deposition and high systemic PAI-1 lev-
els are frequently found in the setting of acute lung injury or 
VILI[5, 15].  Intraperitoneal tPA lavage could also reduce intra-
abdominal PAI-1 concentrations in experimental peritonitis[20].  
The half-life of active tPA is very short, and the majority of the 

Figure 6.  Photomicrograph of fibrin thrombi in the (A) control, (B) HVZP, (C) 
HVZP+tPA groups (×200), and (D) the number of fibrin thrombi per lung 
field. Fibrin thrombi (arrow) were stained as brown.  The HVZP group had a 
significantly higher number of fibrin thrombi per field than did the control 
and HVZP+tPA groups (cP<0.01, fP<0.01 vs control and HVZP+tPA groups).

Figure 5.  Plasma D-dimers in the control, HVZP, and HVZP+tPA groups.  
Rats that received HVZP ventilation had a significantly higher plasma 
D-dimer concentration than that of the control and HVZP+tPA groups 
(bP<0.05 vs control and HVZP+tPA groups).

Figure 4.  Immunohistochemical staining for PAI-1 in the (A) control, 
(B) HVZP, (C) HVZP+tPA groups (×100), and (D) quantitative analysis 
of PAI-1 immunoreactivity. Positive staining is shown as brown.  PAI-1 
immunoreactivities were mainly detected in airway epithelial and some 
mesenchymal cells, and the immunoreactivity markedly increased in rats 
that received HVZP ventilation when compared with the control group 
(cP<0.01 vs control group).  Treatment with tPA significantly reduced the 
HVZP ventilation-induced increase in PAI-1 immunoreactivity (eP<0.05 vs 
HVZP group).

Lung vascular fibrin thrombi
After 2 h of ventilation, the HVZP+tPA group exhibited sig-
nificantly lower numbers of fibrin thrombi per field than did 
the HVZP group (Figure 6).  The HVZP group exhibited sig-
nificantly higher numbers of vascular fibrin thrombi per lung 
field than the control group did.  
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administered tPA forms complexes with PAI-1[22].  tPA inhibits 
PAI-1 by forming these stable complexes and attenuates the 
expression of PAI-1 in lung tissue but not the production of 
plasma PAI-1[23].  Plasma PAI-1 is synthesized from endothe-
lial cells of the vessel wall and is quickly induced by high tidal 
volume ventilation[14, 23].  We speculate that the reduction of 
plasma PAI levels by tPA administration is partially reversed 
by ongoing PAI production during VILI.  This reversal may 
explain why the decreased plasma levels of PAI-1 after tPA 
administration compared with HVZP are not significant.  In 
the animal model of VILI, we found tPA intervention reduced 
vascular fibrin deposition and decreased local PAI-1 expres-
sion.  These results support our hypothesis that tPA treatment 
balances coagulation-fibrinolysis in the VILI animal model.  

D-dimers are derived from the degradation of cross-linked 
fibrin polymers, which come from clots, not from free circulat-
ing fibrin or fibrinogen.  Elevated levels of D-dimers indicate 
increases in blood coagulation and turnover of cross-linked 
intravascular fibrin activation[24].  In this rat model of VILI, we 
found that high tidal volume ventilation caused a substantial 
increase in lung vascular fibrin formation and plasma levels of 
D-dimers, and the administration of tPA reduced intravascu-
lar fibrin formation and decreased plasma levels of D-dimers.  
The decreasing effects of tPA therapy on plasma D-dimer 
levels have been reported with profibrinolytic drugs in animal 
and human studies[25, 26].  Teke et al  found that recombinant 
human activated protein C therapy significantly reduced 
plasma D-dimer levels in intestinal reperfusion-induced acute 
lung injury.  Bernard et al also found significantly reduced 
plasma D-dimer levels in sepsis patients after administrating 
recombinant human activated protein C.  

tPA is an endogenous serine protease with anti-inflamma-
tory actions in addition to its fibrinolytic properties.  MIP-2 is 
associated with leukocyte migration and activation and has 
been found to be closely associated with animal models of 
pneumonia and VILI[27, 28].  In this study, although lung vas-
cular fibrin deposition was significantly decreased, the BALF 
levels of MIP-2 were not decreased in the HVZP+tPA group.  
These changes imply that the fibrinolytic effect of tPA is 
independent of its anti-inflammatory activity.  Although tPA 
influences neutrophil function in vitro, no data exists regard-
ing the effect of exogenous tPA on MIP-2 levels in vivo[27].  In 
this study, we found that tPA treatment decreased HVZP 
ventilation-induced increases in plasma D-dimers but did not 
decrease BALF levels of MIP-2.  These data on BALF MIP-2 
are consistent with those of Stringer et al  who demonstrated 
that tPA did not change interleukin-1-induced increases in 
lung myeloperoxidase activity and the dose of tPA required 
for anti-inflammatory activity was higher than that needed 
for fibrinolysis[20, 29].  These results suggest that tPA attenu-
ates high tidal volume-induced lung injury mostly through 
fibrinolytic effects rather than anti-inflammatory effects in this 
animal model.  

In conclusion, this study shows that high tidal volume 
ventilation increased lung capillary-alveolar permeability 
and induced lung and systemic coagulation-fibrinolysis 

ab-normalities.  Intravenous administration of tPA attenuates 
VILI by decreasing the protein leakage from plasma to alveoli 
and local and systemic coagulation, as indicated by decreas-
ing lung vascular fibrin deposition and plasma D-dimers.  tPA 
is not only a serine protease that converts plasminogen into 
biologically active plasmin but also a cytokine that activates 
intracellular signaling pathways and controls gene expression.  
Although tPA improves pulmonary function in burn/smoke-
induced lung injury and attenuates VILI in this study, both the 
protease activity and the cytokine functions of tPA have been 
reported to play potential roles in the pathogenesis of renal 
fibrosis[30].  Therefore, more studies are needed to develop spe-
cific therapeutic agents that discretely target the fibrinolytic 
activity and avoid the fibrotic function of tPA in the treatment 
of VILI.
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Association between fibroblast growth factor 7 and 
the risk of chronic obstructive pulmonary disease
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Aim: Fibroblast growth factor 7 (FGF7) is involved in a number of physiological and pathological processes, including lung disease.  
However, relatively little is known about the effect of FGF7 gene polymorphisms on chronic obstructive pulmonary disease (COPD) 
susceptibility.  This study aimed to investigate the association between FGF7 polymorphisms with COPD susceptibility in a Chinese Han 
population.  
Methods: We conducted a case-control study of 279 COPD patients and 367 age- and gender-distribution-matched control subjects.  
The tagging SNPs rs10519225 and rs7170426 in FGF7 were genotyped by SNaPshot.  The associations of each SNP genotype and 
haplotype constructed by these loci with COPD were analyzed.  
Results: A multivariate analysis showed that rs10519225 was significantly associated with an increased risk of COPD (P=0.011, 
OR=1.535, FDR q=0.022), whereas no association was found for rs7170426.  Linkage disequilibrium (LD) analysis showed that 
these loci were in weak LD, with an r2 of 0.033 and a D′ of 0.232 (95% CI: 0.150–0.520).  The haplotype constructed by allele G at 
rs10519225 and allele A at rs7170426 was associated with a decreased susceptibility to COPD (P=0.012, OR=0.751, FDR q=0.048).  
Conclusion: These findings suggest that FGF7 may be one susceptibility factor for COPD.
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Introduction
Chronic obstructive pulmonary disease (COPD) is currently 
the leading cause of decreases in disability-adjusted life years 
(DALY).  Globally, it is projected to be the third most impor-
tant cause of DALY by the year 2020[1], and it is estimated that 
COPD affects nearly 8.2% of the Chinese adult population[2].  
Cigarette smoking is the major environmental risk factor for 
COPD; however, only approximately 15% of smokers develop 
clinically relevant airflow obstruction[3]

.  The variation in the 
susceptibility to cigarette smoke, in combination with the 
familial inheritance pattern of COPD, suggests that there may 
be a genetic component to the development of COPD[4].  Mul-
tiple studies in diverse populations have demonstrated the 
genetic contribution to the variability in pulmonary function 
and the familial aggregation of COPD.  As expected, segrega-
tion analysis suggests that multiple genes may be involved 
in COPD susceptibility.  The associations between COPD 

and polymorphisms in genes with potential importance in 
COPD pathogenesis have been investigated[5]; however, only 
α1-antitrypsin has been unequivocally identified as relevant 
to the development of COPD.  Recently, polymorphisms in 
the CHRNA3-CHRNA5-IREB2, HHIP, and FAM13A loci have 
been found to be associated with COPD by genome-wide asso-
ciation studies (GWAS)[6–8].

Fibroblast growth factor 7 (FGF7), also known as keratino-
cyte growth factor (KGF), has a variety of effects in the lung.  
FGF7 stimulates epithelial cell proliferation in the airway and 
alveoli[9, 10] and affects the morphology of the developing lung.  
The disruption of FGF7 receptor function significantly reduces 
airway branching during development[11].  The over-expression 
of FGF7 in the airways of developing mice severely alters 
lung growth[12].  FGF7 also stimulates fluid and electrolyte 
secretion.  When applied to fetal lung explants, FGF7 stimu-
lates dramatic intra-luminal swelling and expansion[13].  FGF7 
may also play a role in airway repair following injury.  FGF7 
induces alveolar type II pneumocyte proliferation in vitro and 
in vivo[9].  FGF7 stimulates surfactant protein and phospholipid 
expression as well as the transepithelial transport of fluids and 
electrolytes, minimizes injury, enhances the repair of dam-
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aged epithelia, and may dampen the epithelial response to 
inflammatory mediators[14].  Exogenous FGF7 treatment has 
been used as a protective agent after oxidant or bleomycin-
induced lung injury[15, 16].  Endogenous FGF7 mRNA expres-
sion is induced in neonatal rabbits exposed to hyperoxia, 
and FGF7 protein expression is increased in adult respiratory 
distress syndrome[17], suggesting that FGF7 may play a role in 
lung repair.  Thus, this protein could help repair the damaged 
lungs of individuals who are smokers and who are at a risk of 
developing COPD.  

In addition, FGF7 has been identified to play roles in several 
clinical diseases or phenotypes, including nonsyndromic cleft 
lip and palate[18], thyroid volume and goiter risk[19].  Moreover, 
FGF7 was identified as a COPD susceptibility locus in a recent 
report[20].

With these considerations in mind, we hypothesized that 
polymorphisms in the FGF7 gene might modulate suscepti-
bility to COPD.  To test this hypothesis, we investigated the 
association between FGF7 gene polymorphisms and the risk of 
COPD in a Chinese Han population.  

Materials and methods
Subjects
As described previously[21], 279 patients with COPD and 367 
age-matched non-COPD control subjects were recruited for 
this study.  The subjects in both groups were unrelated eth-
nic Han Chinese individuals recruited from Chengdu city 
or surrounding regions in the Sichuan Province of western 
China.  Each subject was personally interviewed face-to-face 
by trained interviewers who collected the patient’s demo-
graphic data as well as information related to risk factors such 
as tobacco smoking.  The recruitment and the clinical analyses 
were conducted at the Department of Respiratory Medicine in 
West China Hospital of Sichuan University; clinical analyses 
were performed according to the Global Initiative for Chronic 
Obstructive Lung Disease (GOLD) criteria[22].  COPD patients 
were enrolled when they suffered from cough, sputum pro-
duction and dyspnea at least upon exertion and showed 
chronic irreversible airflow limitation defined by an FEV1 
(forced expiratory volume in 1 s) to FVC (forced vital capacity) 
ratio <70%, and FEV1 predicted <80% after the inhalation of a 
β2-agonist.  Patients were excluded from this study if they had 
other significant respiratory disease, such as bronchial asthma, 
bronchiectasis, lung cancer, or pulmonary tuberculosis.  The 
age-matched non-COPD control subjects were volunteers who 
came to the West China Hospital of Sichuan University for 
physical examination only.  The inclusion criteria for controls 
were as follows: (1) FEV1/FVC ratio >70%, FEV1% and FVC% 
predicted >80% and (2) without pulmonary disease.  Individu-
als were excluded if they had a history of chronic lung disease, 
atopy, an acute pulmonary infection in the 4 weeks before 
assessment for this study, or a family history of COPD.

This study was approved by the Ethics Committee of 
the West China Hospital, Sichuan University, and written 
informed consent was obtained from all subjects before their 
participation in the study.  The investigator explained the 

nature, purpose and risks of the study and provided the sub-
ject with a copy of the information sheet.  

SNP selection
Based on the linkage disequilibrium and haplotype block anal-
ysis of the HapMap project data (http://www.hapmap.org; 
Public Release #24/Phase II, Nov 2008), we excluded SNPs 
with low heterozygosity (below 0.1), with low minor allele 
frequency (below 0.05), or without genotype information.  
Finally, we chose two TagSNPs at the FGF7 locus, rs10519225 
and rs7170426, using the program Tagger with a cut-off of 0.8 
for r2 and a MAF (minor allele frequency) of >0.1.  rs10519225 
is located at bp 49720778 of chromosome 15 (build 37.3) and 
captures SNPs, including rs17479589, rs11855798, rs17478785, 
rs4389093, rs10519225, rs12916839, rs12595692, rs4480740, 
rs17478694, rs12148764, rs2899434, rs7174135, rs9920722, and 
rs10519224.  Meanwhile, rs7170426 is located at bp 49751853 
(build 37.3) and captures SNPs, including rs11630629, 
rs2899433, and rs7167041.  Overall, SNPs rs10519225 and 
rs7170426 provided 62% coverage of the genetic information at 
the FGF7 locus of the Han Chinese population based on MAF 
>10% and r2 >0.8.

SNP genotyping
Venous blood was collected from each subject in sterile tubes 
with EDTA-Na2 anticoagulants and stored at -20 °C.  Genomic 
DNA was extracted from the stored blood using a commercial 
extraction kit (Bioteke Corporation, Beijing, China) accord-
ing to the manufacturer’s instructions.  SNPs were geno-
typed using the ABI SNaPshot method (Applied Biosystems, 
CA, USA).  PCR was performed using the specific primers: 
rs10519225 forward 5’-GAAGAAGAGCATTGAGAAC-3’, 
rs10519225 reverse 5’-TCTGTCTTCCACATCTGTC-3’, 
rs7170426 forward 5’-GAACCTGCATTTCAGCATTG-3’, and 
rs7170426 reverse 5’-CTACAAGTCTCAAGCACAGC-3’.  The 
specific SNaPshot primers were used for a SNaPshot reaction 
using the purified PCR products as templates.  The follow-
ing primers were used for the SNaPshot reaction: rs10519225: 
5’-ATTCTGCACCTGACAGAAATAACACTGCTCTT-
TAAGCTGA-3’ and rs7170426: 5’-TTTATGTAAATTTATA-
GAGTTTGAGGAATAATTAAAACTAGTATTTCT-3’.  The 
SNaPshot reaction products were then analyzed on an ABI 
3130 Genetic Analyzer (Applied Biosystems, CA, USA).  To 
confirm the genotyping results, 10% of the samples were ran-
domly selected and re-genotyped by direct sequencing using 
a BigDye terminator (Applied Biosystems, CA, USA); no more 
than a 2% discrepancy was observed for any SNP between the 
two genotyping methods.

Statistical analysis
The demographic and clinical data between the COPD patients 
and the control subjects were compared using the chi-squared 
test and Student’s t-test.  Hardy-Weinberg equilibrium was 
tested with a goodness of fit chi-squared test (with one degree 
of freedom) to compare the observed and expected genotype 
frequencies.  The differences between the COPD patients and 
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the controls with respect to the genotype distributions were 
analyzed using one-way analysis of variance for univariate 
analysis and logistic regression for multivariate analysis.  Age 
and sex were used as covariates in the multivariable analy-
ses.  A two-sided significance level of q<0.05 was used for all 
significant tests.  Statistical analyses were performed in SPSS 
version 17.0 and Microsoft Excel.  To correct for testing for 
multiple dependent parameters, the false discovery rate (FDR) 
was calculated using the Benjamini-Hochberg procedure[23].  
The FDR significance level was set at q<0.05.  We used SVS7 
(SNP & Variation Suite 7, available at http://www.goldenhe-
lix.com/SNP_Variation/index.html) to calculate the linkage 
disequilibrium (LD) (r2) and performed the haplotype associa-
tion.  
 
Results
General characteristics
The baseline characteristics and the results of the pulmonary 

function tests for the 279 patients with COPD and 367 control 

subjects were presented in Table 1.  All patients had FEV1 
values <80% of predicted and thus were diagnosed with mod-
erate-to-severe COPD according to the Global Initiative for 
Chronic Obstructive Lung Disease (classification of severity: 

mild=FEV1 ≥80% of predicted; moderate=FEV1 ≥30% to <80% 
of predicted; and severe=FEV1 <30% of predicted).   The COPD 
cases and control subjects did not significantly differ in sex, 
age or smoking history.  The FEV1, FEV1/predicted and FEV1/
FVC were significantly lower in the COPD case subjects com-
pared with the controls (P<0.01).  

rs10519225 is associated with COPD 
All subjects were genotyped at both rs10519225 and rs7170426 
using the SNaPshot method.  The genotype distributions are 
indicated in Table 2.  The distributions of each genotype of 
rs10519225 and rs7170426 in COPD patients and controls were 
compatible with the Hardy-Weinberg equilibrium (χ2=1.752 

and 0.347 for COPD patients, respectively; χ2 =0.652 and 
0.347 for controls, respectively; all P values were higher than 
0.05).  For rs10519225, the frequencies of the GG, GA, and AA 
genotypes were 63.8%, 33.7%, and 2.5% in COPD patients 
and 70.8%, 26.2%, and 3.0% in controls, respectively.  For 
rs7170426, the observed frequencies of the AA, AG, and GG 
genotypes were 51.6%, 39.1%, and 9.3% in COPD patients and 
55.9%, 37.6%, and 6.5% in controls, respectively.  In the uni-
variate analysis, the genotypes of rs10519225 were distributed 
dramatically differently between COPD patients and healthy 
controls (P=0.022), whereas the distribution of rs7170426 was 
not different between two groups.  Genotypes containing the 
minor rs10519225 A allele were associated with COPD suscep-
tibility in an additive pattern (Table 2).  After adjustment for 
age and sex, the association of rs10519225 and COPD remained 
significant (P=0.011, FDR q=0.022).  Multivariate binary logis-
tic regression to estimate the magnitude of effect showed that 
the odds ratio (OR) for the presence of at least one minor allele 

Table 1.  Description of study population. 

            
Variable

                              Controls              Cases               
P                                                                 (n=367)  (n=279) 

 
Age, years     65±8     63±9 NS
Sex (Male/Female)   323/44   239/40 NS
Smoking history
    0–20 pack years        88         75 NS
    ≥20 pack years      279       204 NS
FEV1 1.87±0.60 0.97±0.32 <0.01
FEV1 percentage of predicted, % 93.7±3.4 46.0±0.4 <0.01
FEV1/FVC, % 78.0±4.6 49.2±8.3 <0.01

FEV1=Forced Expiratory Volume in 1 s,   FVC=Forced Vital Capacity.  
NS: not significant.  
Data are presented as mean±SEM.

Table 2.  Associations of genotypes in rs10519225 and rs7170426 with COPD. 

   Genotype                            Frequency 
                                         Univariate

                     Multivariate P value*                       
    OR (95% CI)§

                                               COPD                           Controls                                                                   (FDR q value†)  
 
 rs10519225 G/A
  GG 0.638 0.708 0.023 0.011 (0.022) 1.535 (1.104–2.134)
  GA 0.337 0.262   
  AA 0.025 0.030   

 rs7170426 A/G
  AA 0.516 0.559 0.135 0.079 (0.079) 1.324 (0.968–1.810)
  AG 0.391 0.376   
  GG 0.093 0.065   
 Age   0.931 0.933 (0.931) 0.998 (0.945–1.053)
 Sex   0.379 0.419 (0.762) 1.212 (0.760–1.932)

*Binary logistic regression. 
† FDR (false discovery rate) evaluated for association with SNP only.  q<0.05 is significant.
§ Both rs10519225 and rs7170426 entered using additive model.
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of rs10519225 (additive model) was 1.535 (95% CI: 1.104–2.134) 
(Table 2).

Association between haplotype of rs10519225 and rs7170426 
with COPD
LD analysis showed that rs10519225 and rs7170426 were in 
weak LD, with r2=0.033, D’=0.232, and D’ 95% CI (0.150–0.520).  
Multivariate logistic regression was used to incorporate 
age, sex, and different rs10519225 and rs7170426 haplotypes 
into the models.  As shown in Table 3, the G–A haplotype 
of rs10519225–rs7170426 was associated with a lower risk of 
COPD under the additive model (OR=0.751, 95% CI: 0.598-
0.944, P=0.012, FDR q=0.048), whereas none of the other haplo-
types were found to have significant effects.  

Discussion
Case-control association studies of a candidate gene can be a 
very powerful approach toward identifying the genetic causes 
of complex diseases such as COPD[24].  In this case-control 
study, we evaluated the possible association of FGF7 gene 
polymorphisms with susceptibility to COPD in a Chinese Han 
population for the first time.  Our results suggested that the 
rs10519225 polymorphism in the FGF7 gene correlated with 
modestly higher risks of COPD, with an OR of 1.54 (95% CI: 
1.104–2.134), whereas the rs7170426 polymorphism was not 
correlated with COPD risk.  Haplotype analysis, in which 
several SNPs within the same gene are evaluated simulta-
neously, can provide more information than a single SNP 
and thus elevates the statistical power of the analysis[25].  LD 
analysis showed that these loci were in weak LD.  Therefore, 
we assayed each of the haplotypes constructed by polymor-
phisms rs10519225 and rs7170426.  The G–A haplotype was 
associated with a lower risk of COPD in the additive genetic 
model (OR=0.751, 95% CI: 0.598–0.944, P=0.012, FDR q=0.048).  
This suggested that the G-A haplotype might serve as a pro-
tective genetic factor against COPD in Chinese Han popula-
tion.  Nonetheless, further studies are required to confirm 

this hypothesis.  These results indicated that certain polymor-
phisms in the FGF7 gene may be crucial in the pathogenesis 
of COPD.  Intriguingly, the human FGF7 gene is located on 
chromosome 15 at position q21.2, and a previous genome-
wide linkage study for generalized COPD identified chromo-
some 15q21 as meeting genome-wide criteria for suggestive 
linkage[26].  Moreover, another polymorphism within the FGF7 
gene, rs4480740, was recently reported to be associated with 
COPD in an additional population[20].  We assessed the extent 
of LD between rs10519225, rs7170426, and rs4480740 in the 
Han Chinese population using HapMap project data.  Both 
rs10519225 and rs7170426 were found to be in strong LD with 
rs4480740 (Figure 1).  Although we did not carry out this asso-
ciation study in an independent population, the strong LD 
between rs10519225 and rs4480740 suggested that the associa-
tion of rs10519255 with COPD observed in the current study 
was unlikely to have occurred by chance.  

It should be acknowledged that the SNPs associated with 
the statistical signal might simply play a role as a surro-
gate marker for the causal functional SNP or SNPs.  That is, 
rs10519225 in FGF7 gene could be in linkage disequilibrium 
with another polymorphism of the gene that impacts FGF7 
activity.  Moreover, rs10519225 is located within an intronic 
region of FGF7, which is usually removed during the gene-
splicing process.  Intronic SNPs may modify gene function by 
affecting the regulation of gene expression[27].  The dysfunc-
tion of FGF7 may pose a risk for the improper development 
of the airway and alveoli.  It has been proposed that persons 
with smaller initial lung volumes are more likely to develop 
overt manifestations of disease during the accelerated decline 
of lung function in COPD.  Alternatively, FGF7 may play a 
role in disease susceptibility through its role in the protection 
against the oxidative stress response specifically in the lung 

Table 3.  Associations of haplotypes between rs10519225 and rs7170426 
with COPD*. 

Haplo- 
type        CASE        Controls       OR  (95% CI)      P value†     FDR q§ 

 
rs10519225–rs7170426
G–A 0.594  0.660  0.751 (0.598–0.944) 0.012  0.048 
G–G 0.200  0.179  1.149 (0.868–1.521) 0.318  0.318 
A–A 0.111  0.094  1.193 (0.831–1.714) 0.304  0.405 
A–G 0.095  0.066  1.485 (0.990–2.227) 0.032  0.065 

*The association analyses were performed with sex, and age as 
covariates. 
† Significant P values are shown in boldface.
§ FDR, false discovery rate, q<0.05 is significant.

Figure 1.  Relative position of SNPs and linkage disequilibrium map for 
FGF7 in the Han Chinese population populations studied.  Polymorphisms 
are identified by their dbSNP rs numbers, and their relative positions are 
marked by vertical lines within the white horizontal bar.  The numbers 
within squares indicate the D' value, expressed as a percentile.
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epithelium.
The direction of association with disease is noteworthy; 

rs10519225 heterozygosity was associated with susceptibil-
ity to COPD in this study.  The finding of heterozygote sus-
ceptibility is unusual in genetic disease association studies, 
but is well described in the study of genetic susceptibility to 
human pulmonary or airway diseases, including COPD and 
asthma[28-30].  

We are aware that the significant results in this study could 
prove to be false positives because of the relatively small sam-
ple size, but even with a larger sample, the functional and bio-
logical impacts of the described polymorphisms would require 
further study.  Possible gene-gene and gene-environment 
interactions also pose a challenge for genetic analysis of COPD 
association studies.  Further studies using larger populations 
are needed, and other variants in the FGF7 gene should be 
investigated to clarify the association of FGF7 and individual 
susceptibility to the development of COPD.

In conclusion, we have investigated the link between FGF7 
gene polymorphisms and the risk of COPD in the Chinese 
Han population for the first time.  The rs10519225 genotype 
frequencies are significantly different in COPD patients and 
controls, suggesting that this SNP may be useful for predicting 
COPD susceptibility.  Similarly, the rs10519225G-rs7170426A 
haplotype may be protective against COPD in the Chinese 
Han population.  Further functional characterization of these 
SNPs is required to clarify the significance of FGF7 in the 
pathogenesis of COPD.  
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Aim: Osteopontin (OPN), a multifunctional protein, has been reported to be protoxicant in acetaminophen hepatotoxicity.  In this study, 
the mechanisms underlying the detrimental role of OPN in acetaminophen toxicity were explored.  
Methods: Male C57BL/6 (wild-type, WT) and OPN–/– mice were administered with acetaminophen (500 mg/kg, ip).  After the treatment, 
serum transaminase (ALT), as well as OPN expression, histology changes, oxidative stress and infl ammation response in liver tissue 
were studied.  Freshly isolated hepatocytes of WT and OPN–/– mice were prepared.
Results: Acetaminophen administration signifi cantly increased OPN protein level in livers of WT mice.  OPN expression was mainly local-
ized in hepatic macrophages 6 h after the administration.  In OPN–/– mice, acetaminophen-induced serum ALT release was reduced, 
but the centrilobular hepatic necrosis was increased.  In OPN–/– mice, the expression of CYP2E1 and CYP1A2 in livers was signifi cantly 
increased; GSH depletion and lipid peroxidation in livers were enhanced.  On the other hand, OPN–/– mice exhibited less macrophage 
and neutrophil infi ltration and reduced expression of proinfl ammatory cytokines TNF-α and IL-1α in livers.  An anti-OPN neutralizing 
antibody signifi cantly reduced acetaminophen-induced serum ALT level and infl ammatory infi ltration in livers of WT mice.  
Conclusion: OPN plays a dual role in acetaminophen toxicity: OPN in hepatocytes inhibits acetaminophen metabolism, while OPN in 
macrophages enhances acetaminophen toxicity via recruitment of infl ammatory cells and production of proinfl ammatory cytokines.
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Acta Pharmacologica Sinica (2012) 33: 1004–1012; doi: 10.1038/aps.2012.47; published online 25 Jun 2012

Introduction
Acetaminophen (APAP), an effective analgesic and antipyretic 
drug, is safe at therapeutic doses.  However, overdoses of 
APAP commonly cause drug-induced liver failure[1].  At 
therapeutic doses, about 90% of APAP is conjugated through 
sulfation or glucuronidation and then excreted into bile and 
urine, whereas 5%–10% of APAP is oxidized into N-acetyl-
pbenzoquinone imine (NAPQI) by cytochrome P450s (CYPs).  
NAPQI is inactivated by conjugation with reduced glutathi-
one (GSH) to form a 3-S-glutathionyl conjugate of APAP.  At 
toxic doses, sulfation and glucuronidation pathways become 
saturated; hence, more NAPQI are formed with rapid deple-
tion of hepatic GSH and then covalently bind to cellular pro-
teins.  APAP hepatotoxicity occurs after the depletion of GSH 

stores[2].  In mice and hamsters, phase I biotransformation is 
mostly limited to the P450 enzymes, CYP2E1 and CYP1A2[2].  
CYP2E1 is a major CYP contributing to the metabolism of 
acetaminophen to NAPQI.  CYP2E1 knockout mice was more 
resistant to APAP hepatotoxicity than WT mice[3, 4].  CYP2E1 
is the main CYP that bioactivates APAP at low doses[5].  At 
a higher dose, CYP1A2 was shown to contribute to the bio-
activation and toxicity of APAP[2].  Mice defi cient in CYP2E1 
and CYP1A2 exhibited high resistance to APAP hepatotoxic-
ity[6].  CYP3A11 was also implicated in APAP hepatotoxicity[7].  
Thus, genetic modulation of CYPs may infl uence the suscepti-
bility to APAP toxicity.

Osteopontin (OPN), a highly modified integrin-binding 
extracellular matrix glycophosphoprotein, has been impli-
cated in cell signaling that controls infl ammation, tumor pro-
gression, and metastasis[8].  Recently, OPN was shown to act 
as a key stress protein in mechanic, oxidative and physical 
stress[9–11].  OPN mediates diversely biological activities, such 
as cell survival, motility and proliferation, through interaction 
with certain integrins and CD44 variants with its arginine-
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glycine-aspartate (RGD) and non-RGD motifs.  The activi-
ties of OPN are closely involved in macrophage-mediated 
proinfl ammatory responses.  OPN induces interleukin (IL)-12 
in macrophages and suppresses anti-inflammatory cytokine 
IL-10 production, which results in the promotion of T helper 
cell type 1 differentiation[12].  OPN was shown to increase 
the expression of tumor necrosis factor (TNF)-α but not IL-6 
or IL-1β in mouse resident peritoneal macrophages[13].  OPN 
is expressed in activated Kupffer cells (KCs), hepatic mac-
rophages and stellar cells in response to CCl4 treatment[14].  
The activation of KCs directly or indirectly mediates hepatic 
toxicity and carcinogenesis through the release of multiple 
inflammatory cytokines, growth factors, and reactive oxy-
gen species[15].  OPN was reported to modulate the ability of 
reactive oxygen species (ROS) production and the synthesis 
of inflammatory cytokines in KCs following a Propionibacte-
rium acnes challenge[16].  APAP hepatotoxicity is frequently 
associated with infl ammatory infi ltration, and the nature and 
extent of the inflammation determine the progression and 
the severity of the injury[17].  Thus, the modulation of OPN on 
macrophage functions may infl uence APAP toxicology.  OPN 
has been reported to play a protoxicant role in APAP-induced 
liver injury[18].  As demonstrated by microarray data, higher 
OPN mRNA was identifi ed in APAP-sensitive strain C57BL/6 
mice as compared to the resistant SJL mice after APAP treat-
ment.  OPN knockout mice were more resistant to APAP-me-
diated liver injury[18].  Nevertheless, the cellular origin of OPN 
and the mechanisms underlying its role in APAP hepatotoxic-
ity remains unknown.

Accumulating evidence demonstrates that hepatic damage 
may be the event that triggers an immune response and then 
contributes to APAP toxicity.  Despite increasing oxidative 
stress, the hepatocytes did not die after GSH depletion.  Mas-
sive death of hepatocytes occurred 6 h after APAP adminis-
tration and 4 h after GSH depletion[19].  Macrophages were 
shown to aggravate hepatic injury through the production of 
proinfl ammatory mediators, such as TNF-α, IL-1α, and nitric 
oxide[20, 21].  The cytotoxic and infl ammatory mediators gener-
ated by activated infl ammatory cells may aggravate cell dam-
age and promote APAP toxicity[22].  In various liver inflam-
mation models, OPN is a chemotactic factor for macrophages 
and neutrophils[23].  OPN deficiency caused reduced mac-
rophage accumulation in many diseases, such as renal injury 
and colitis[24].  Moreover, OPN is a critical chemoattractant 
for neutrophils in liver infl ammation models[23].  Depletion of 
neutrophils before APAP treatment was reported to provide 
protection against APAP-induced liver injury[25].  In this study, 
we explore the role of OPN in APAP metabolism and infl am-
mation-mediated liver injury.

Materials and methods
Mice
C57BL/6 mice were purchased from the Shanghai Experimen-
tal Animal Center of Chinese Academic of Sciences (Shanghai, 
China).  OPN–/– mice (B6.Cg-Spp1tm1blh/J, Cat No 004936) 
were obtained from the Jackson Laboratory (Genetics research, 

Bar Harbor, Maine, USA).  All animals in this study were kept 
and bred in the Animal Unit of Shanghai Second Military 
Medical University in environmentally controlled and specifi c 
pathogen-free conditions.  

The animals received considerate human care.  All animal 
experimental procedures and protocols were approved by and 
conducted in accordance with the guidelines of the Animal 
Experiment Committee of the Shanghai Second Military Medi-
cal University of China.

Animal treatment
Eight-week-old male C57BL/6 and OPN–/– mice were intrap-
eritoneally administered APAP (500 mg/kg, dissolved in PBS) 
and sacrificed at the indicated time.  The mouse mAb 23C3 
against human OPN were generated in our laboratory.  The 
mouse mAb 23C3 showed cross-reactivity with mouse OPN[26].  
For anti-OPN antibody treatment, 200 μg of anti-OPN Ab or 
mouse IgG (Sigma, St Louis, MO, USA) was intraperitoneally 
injected 2 h before APAP administration.  Serum was collected 
for transaminase (ALT) assay and aspartate aminotransferase 
(AST) assay.  The livers were rapidly removed and snap fro-
zen in liquid nitrogen for RNA isolation, OPN quantifi cation, 
and biochemical analysis or fi xed in 10% neutral formalin buf-
fer for histological assay.  

Quantifi cation of OPN protein in liver tissues
The livers were removed and snap frozen in liquid nitrogen.  
The frozen livers were homogenized in ice-cold cell lysis buf-
fer (Cell Signaling, Danvers, MA, USA).  After centrifugation 
at 20 000×g for 30 min at 4 °C, supernatant was pooled for OPN 
qualifi cation using mouse OPN ELISA kit (R&D Systems, Min-
neapolis, MN, USA).  The total protein was quantifi ed using 
the BCA kit (Pierce, Rockford, IL, USA).  

RNA isolation and quantitative real-time PCR
Total liver RNA was isolated using the Nucleospin RNA 
(Macherey-Nagel, Germany).  The first strand synthesis was 
performed with random primers and reverse transcription 
with Quant Reverse Transcriptase (Tiangen Biotech, China).  
The quantitative real-time PCR was performed using a SYBR 
Green reagent in a Light Cycler (Roche, Germany).  The reac-
tions were performed twice in triplicate, and actin values were 
used to normalize gene expression.  The primer sequences are 
presented in the Supplementary Data (Table 1).

Biochemistry analysis
Serum ALT and AST levels were measured with a colorimetric 
endpoint method utilizing diagnostic reagent kits (Pointe Sci-
entifi c Inc, Canton, MI, USA) according to the manufacturer’s 
protocol using a Roche Cobas Mira Classic Chemistry Ana-
lyzer (Roche Diagnostic systems, Inc, Branchburg, NJ, USA).  
ALT and AST levels were expressed as units per liter of serum.  
For GSH and myeloperoxidase (MPO) assay, liver tissue 
was weighed and homogenized in cold phosphate buffer (20 
mmol/L, pH 7.2).  For GSH analysis, homogenized liver was 
centrifuged at 10 000×g  for 10 min at 4 °C.   Supernatant was 
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used for the quantification of GSH level using a commercial 
kit (Nanjing Jiancheng Biotech, China).  Total protein in the 
supernatant was quantifi ed using a BCA kit (Pierce).  GSH lev-
els were expressed as microgram per gram of protein.  MPO 
activity in liver homogenate was measured using commercial 
kits (Nanjing Jiancheng Biotech, China) and expressed as units 
per gram of liver.  For malondialdehyde (MDA) analysis, liver 
tissue was weighed and homogenized in Tris-HCl buffer (20 
mmol/L, pH 7.4).  MDA in homogenate was measured using 
commercial kits (Nanjing Jiancheng Biotech, China).  MDA 
content was expressed as micromole per gram of liver.

Histochemical analysis
Liver tissue was removed from mice with different treatment.  
Liver samples were fi xed in 10% neutral formalin buffer and 
embedded in paraffin wax, and the sections were stained 
with H&E.  The tissue sections were examined under a light 
microscope and photographed using a Nikon camera fi tted to 
the microscope.  Images were acquired as mentioned above, 
and the quantitative data were obtained using a computerized 
image analysis system (KS 300, Carl Zeiss Vision).  The analy-
sis was performed on an average of 25 fi elds per section using 
×10 objective.  The necrosis was expressed as a percentage of 
necrotic areas per fi eld area.  

The expression of OPN protein in mouse livers was detected 
by immunohistochemistry (IHC) with mouse anti-OPN mAb 
23C3 as the primary antibody and rabbit anti-mouse IgG as 
the secondary antibody.  The expression of F4/80 in mouse 
livers was detected by a rat anti-mouse F4/80 antibody (Cell 
Signaling, Danvers, MA, USA) and Cy3-labeled anti-rat IgG 
(Beyotime, China) as the primary and secondary antibody, 
respectively.  Nuclei were visualized by DAPI staining.  F4/80 
staining was observed by fluorescent microscopy and pho-
tographed.  The number of F4/80 positive cells per fi eld was 
determined in the centrilobular areas by morphometric analy-
sis using the SPOT advanced software package (Diagnostic 
Instruments, Inc, Sterling Heights, MI, USA).  The analysis 

was performed on an average of 10 fi elds per section using the 
×40 objective.  

Isolation of liver cells and cell culture
Hepatocytes were isolated using a standard collagenase 
procedure as described[27].  The hepatocyte viability, as deter-
mined by trypan blue exclusion, was generally >95%, and the 
cell purity was >95%.  Cells were plated in collagen I-coated 
12-well plates (6×105 cells per well) (BD BioCoat™, BD Bio-
sciences, San Jose, CA, USA) in HepatoZYME-SFM medium 
(Gibco, Grand Island, NY, USA) containing 100 U/mL penicil-
lin/streptomycin and cultured at 37 °C in 5% CO2.  After 3-h 
attachment, the cultures were washed with PBS and then plain 
culture medium (controls) or media containing 100 μmol/L 
H2O2 were added for 6 h or 12 h.  Cell viability was measured 
with MTS-based assay (Promega, Southampton, UK) accord-
ing to the manufacturer’s instructions.

Statistical analysis
Data are expressed as mean±SEM.  Differences were analyzed 
by Student’s t test, and P values <0.05 were considered signifi -
cant.

Results
OPN expression was increased after APAP administration
Wild-type (WT) mice were ip injected with a toxic dose of 
APAP and OPN protein in livers was assayed at different time 
points (Figure 1A).  OPN protein increased 2 h later and dou-
bled 6 h after APAP administration.  The OPN level in livers 
remained high 12 h after APAP treatment.  

We detected the distribution of OPN in liver using IHC 
staining.  The normal liver did not show OPN staining (Figure 
1B).  Six hours after APAP exposure, strong positive staining 

Figure 1.  OPN expression in livers of wild-type (WT) male mice after 
APAP administration.  (A) WT male mice were ip administered with 500 
mg/kg APAP and sacrificed at different time.  Livers were removed for 
the measurement of OPN protein level.  n=5 for each time point; (B) 
Immunohistochemical staining for OPN in the livers of WT mice 6 h after 
APAP administration.  Data are mean±SEM.  bP<0.05 vs 0 h.  

Table 1.   Primers for real-time PCR.  

     Gene               Primer                       Sequence 

 
 mACTIN Forward 5′-TGTTACCAACTGGGACGACA-3′
  Reverse 5′-CTGGGTCATCTTTTCACGGT-3′
 mCYP2E1 Forward 5′-CCTTTCCCAATTCCTTTCTTTG-3′  
  Reverse 5′-TCTTGTGGTTCAGTAGCACCTCC-3′ 
 mCYP1A2 Forward 5′-AGTACATCTCCTTAGCCCCAG-3′
  Reverse 5′-GGTCCGGGTGGATTCTTCAG-3′
 mCYP3A11 Forward 5′-ATGGAGATCACAGCCCAGTC-3′
  Reverse 5′-ATGCAGGGTGAAGGAAAGTG-3′
 mIL6 Forward 5′-GCTACCAAACTGGATATAATCAGGA-3′
  Reverse 5′-CCAGGTAGCTATGGTACTCCAGAA-3′
 mTNF-α Forward 5′-ACTCAAATGGGCTTTCCGAAT-3′
  Reverse 5′-CACAGGGAAGAATCTGGAAAGG-3′
 mIL-1a Forward 5′-TGCATGGCATTCTTAGGAGG-3′
  Reverse 5′-TCAACTGGCATTTTGAAGCC-3′
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was observed in hepatic macrophages adjacent to necrotic 
hepatocytes in Zone III (Figure 1B).  OPN expression was 
mainly localized in hepatic macrophages.  We also observed a 
slight increase of OPN expression in necrotic hepatocytes.  

These results indicate that OPN expression was increased 
after APAP administration and this increase is mainly local-
ized in hepatic macrophages.

OPN deficiency mice exhibited reduced serum ALT but more 
necrosis after APAP treatment
To determine the involvement of OPN in APAP hepatotoxic-
ity, WT and OPN–/– male mice were injected with APAP and 
serum ALT was assayed at different time points.  As previ-
ously reported[18], OPN knockout mice showed significantly 
lower ALT levels than WT mice (Figure 2A).  The maximum 
ALT appeared 6 h after APAP treatment in OPN–/– mice and 
rapidly recovered to the basal level.  In comparison, serum 
ALT in WT mice was twice that of the OPN–/– mice at 6 h and 
reached the maximum 24 h after APAP treatment.  Both ALT 
and AST levels in WT and OPN–/– mice exhibited similar trend 
(Figure 2B).

We further examined the histopathology of the livers of 
APAP-treated mice.  APAP causes severe hepatic damage with 
massive necrotic hepatocytes in the central lobular zones (Fig-
ure 2C).  The necrosis area of the livers from OPN–/– mice was 
signifi cantly greater than that of WT mice (Figure 2D), which 
was inconsistent with the results of serum ALT.  The discrep-
ancy between the ALT results and the histological grades was 
also observed in other studies[28].

The data indicated that OPN enhanced the release of serum 
ALT level despite the inhibition of necrosis.

OPN defi ciency enhanced APAP metabolism and oxidative stress
APAP-induced hepatic necrosis was closely related to the 
oxidative stress caused by APAP metabolism[19].  To examine 
whether OPN deficiency enhanced the formation of NAPQI, 
the key CYP enzymes involved in APAP metabolism were 
analyzed.  CYP2E1 is an important CYP in APAP toxicity[3].  
APAP treatment caused the reduction of CYP2E1 mRNA 
expression, whereas OPN–/– mice showed signifi cantly higher 
CYP2E1 expression than WT mice, 2 h and 6 h after treatment 
(Figure 3A).  At toxic doses, CYP1A2 and CYP3A may be the 
predominant CYPs in APAP oxidation.  When untreated, 
OPN–/– mice exhibited higher CYP1A2 expression than WT 
mice (Figure 3B).  APAP treatment remarkably increased 
the expression of CYP1A2.  The expression of CYP1A2 was 
significantly higher in APAP-exposed OPN–/– mice than WT 
mice.  The basal level of CYP3A11 expression in OPN–/– mice 
was lower than that of WT mice.  However, no signifi cant dif-
ference was observed in CYP3A11 expression between the 
groups after APAP treatment (Figure 3C).

Higher level of CYPs is related to increased formation of 
NAPQI, which results in the depletion of reduced GSH.  The 
hepatic GSH levels were measured at 0, 2, and 6 h after APAP 
treatment.  OPN defi ciency did not cause a signifi cant change 
on the basal GSH level (Figure 3D).  APAP treatment resulted 
in GSH depletion in both mice.  Interestingly, a signifi cantly 
higher GSH level was observed in WT mice at 2 h and 6 h after 
APAP treatment compared to OPN–/– mice.  At 6 h, the hepatic 
GSH level in OPN–/– mice was fully restored to the pre-
treatment level while the GSH level in WT mice was slightly 
upregulated by about 10% above the pretreatment level.  Oxi-
dative stress following GSH depletion was often accompanied 

Figure 2.  Serum ALT and AST level and histologic necrosis in APAP-treated WT and OPN–/– mice.  (A and B) WT male and OPN–/– mice were given APAP (500 
mg/kg), and ALT level (A) and AST (B) were measured at indicated time points.  (n=6 mice per time point).  (C and D) Representative hematoxylin/eosin 
staining of liver section (C) (200×magnifi cation) and average necrosis (D) 6  h after APAP treatment.  Data are mean±SEM.  bP<0.05 vs WT.
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by lipid peroxidation (LPO).  The LPO, measured by MDA 
level (Figure 3E), was not significantly increased in APAP-
treated WT mice, indicating relatively low lipid peroxidation.  
The MDA level of OPN–/– mice was signifi cantly higher than 
that of WT mice 6 h after APAP exposure.

We further examine whether OPN defi ciency enhances the 
susceptibility of hepatocytes to oxidative stress.  Using isolated 
hepatocytes, we found that OPN–/– hepatocytes did not exhibit 
signifi cantly higher necrosis than WT hepatocytes under H2O2 
treatment (Figure 3F).  Thus, OPN defi ciency did not enhance 
the sensitivity of hepatocytes to oxidative stress.

These results show that OPN defi ciency accelerated the for-
mation of reactive metabolites and enhanced oxidative stress, 
which partly resulted in enhanced hepatic necrosis.

OPN promotes APAP toxicity through the enhancement of infl am-
matory accumulation and the production of proinflam matory 
mediators 
Although the oxidative stress caused by APAP metabolism 
leads to direct hepatic cellular dysfunction and death, the 
release of a variety of inflammatory mediators may influ-
ence individual susceptibility.  OPN is chemotactic for mac-
rophages in liver infl ammation[23].  Using F4/80 IHC, greater 
macrophage accumulation was observed in WT mice than 
in OPN–/– mice 6 h after APAP administration (Figure 4).  
Hepatic macrophage was implicated in APAP toxicity as a 
result of the production of a variety of proinfl ammatory cytok-
ines[29].  We examined the expression of TNF-α, IL-1α, and 

IL-6 expression in APAP-treated mice.  Similar to previous 
reports[30], APAP administration greatly enhanced TNF-α and 
IL-1α expression.  OPN deficiency resulted in lower TNF-α 
and IL-1α expression in OPN–/– mice compared with WT mice 
after APAP treatment (Figure 5A).  This lower production 
of proinflammatory cytokines coincided with reduced mac-
rophage infiltration.  IL-6 expression did not change signifi-
cantly after APAP administration in both WT mice and OPN–/–  

mice (Figure 5C).  
OPN plays a role in the recruitment of neutrophils in liver 

inflammation[23].  We examined the neutrophil infiltration in 
the livers of the treated mice.  The neutrophil accumulation, 
evidenced by MPO level (Figure 5D), was increased in WT 
mice after APAP and correlated with OPN expression.  In 
comparison, the MPO level did not signifi cantly increase after 
APAP administration in OPN–/– mice.  This result shows that 
OPN is critical for APAP-induced neutrophil recruitment.

These results indicate that OPN promotes APAP hepato-
toxicity through the enhancement of infl ammatory infi ltration 
and proinfl ammatory cytokine expression.

Anti-OPN antibody reduced hepatic damage through the inhibi-
tion of infl ammatory infi ltration
To corroborate the role of OPN in APAP toxicity, we exam-
ined the therapeutic activity of anti-OPN antibody.  The anti-
OPN neutralizing antibody, 23C3, was shown to reduce 
hepatic damage through inhibition of NK and NKT cell infi l-
tration in mural ConA-induced hepatitis model[31].  WT mice 

Figure 3.  Effects of OPN defi ciency on the expression of CYPs genes and redox homeostasis after APAP administration.  WT or OPN–/– mice (n=4) were 
treated with APAP and their livers were removed at indicated time.  (A–C) The expression of CYP2E1 (A), CYP1A2 (B), and CYP3A11 (C) in livers after 
APAP administration were detected by real-time PCR.  Actin values were used to normalize gene expression.  (D and E) liver lysates were analyzed for 
GSH content (D) and MDA content (E).  n=4 for each time point.  (F) Viability of WT and OPN–/– hepatocytes after H2O2 treatment.  Freshly isolated WT 
and OPN–/– hepatocytes were inoculated with or without 100 μmol/L H2O2 and cell viability was measured with MTS assay at different time points.  Data 
are mean±SEM.  bP<0.05, Student’s t-test.  
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were pretreated with 23C3 and then challenged with toxic 
doses of APAP.  Pretreatment with 23C3 in WT mice signifi -
cantly reduced ALT level (Table 2).  Similarly, the accumula-
tion of F4/80 positive cells and the MPO level were markedly 
reduced as a result of 23C3 pretreatment (Table 2).  Moreover, 
23C3 also reduces APAP-induced hepatocellular necrosis, 
although not significantly.  The anti-OPN neutralizing anti-
body effectively prevented APAP-induced hepatotoxicity 
through the inhibition of infl ammatory infi ltration.  

Discussion
The pathogenesis of APAP-induced hepatotoxicity consists of 

direct cellular damage as well as the innate immune system.  
Our study demonstrates that OPN plays a dual role in APAP 
hepatotoxicity.  

The mechanism of APAP detoxifi cation and the sensitivity 
of hepatocytes may have a direct effect on hepatocyte death.  
The level of hepatic phase I oxidative enzymes is correlated 
with the sensitivity of APAP toxicity.  CYP2E1 and CYP1A2 
are the two major CYPs in APAP metabolism in mice[6].  OPN 
deficiency enhanced the expression of both CYP2E1 and 
CYP1A2, which may accelerate the production of the reactive 
metabolite.  Increased oxidative stress caused higher GSH 
depletion and lipid peroxidation.  Because the metabolism 

Figure 5.  Effects of OPN defi ciency on proinfl ammatory cytokines and neutrophil infi ltration.  WT or OPN–/– mice (n=4) were treated with APAP and their 
livers were removed 6 h later.  (A–C) The expression of TNF-α (A), IL-1α (B), and IL-6 (C) in livers were detected by real-time PCR.  Actin values were used 
to normalize gene expression.  (D) Liver lysates were analyzed for MPO level 6 h after APAP.  n=4 for each time point.  Data are mean±SEM.  bP<0.05,  
Student’s t-test.  

Figure 4.  F4/80 staining in livers of APAP-treated mice.  WT and OPN–/– mice were administered with APAP.  Six hours later, the expressions of F4/80 
in mouse livers were detected by rat anti-mouse F4/80 antibody and Cy3-labeled anti-rat IgG as primary and secondary antibody, respectively.  Nuclei 
were visualized by DAPI staining (×400).  
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of APAP occurs mainly in hepatocytes, OPN defi ciency may 
interfere with the bioactivation of APAP.  OPN can be synthe-
sized in hepatocytes in low levels[32] and can be upregulated 
under pathologic conditions[33].  Recent studies have revealed 
that an intracellular form of OPN (iOPN), except the secreted 
isoform of OPN (sOPN), regulates cell motility, cell division 
and cytokine expression[34].  Nevertheless, the mechanism by 
which hepatocyte-derived iOPN or sOPN modulates CYP 
gene expression requires further investigation.  Another pos-
sible reason for enhanced necrosis observed in OPN–/– mice is 
the prosurvival activity of OPN.  Necrosis is the main mode of 
hepatocyte death after APAP overdose[35].  OPN was reported 
to inhibit cardiac fi broblast necrosis in response to hydrogen 
peroxide (H2O2) in caspase-3-independent pathway.  Under 
H2O2 treatment, OPN–/– hepatocytes did not exhibit higher 
necrosis than WT hepatocytes (Figure 3F).  This inconsistency 
may be due to the relatively low expression of OPN in hepa-
tocytes.  Thus, increased hepatocyte necrosis in OPN–/– mice 
may be explained by the enhanced oxidative stress caused by 
APAP metabolism.

Serum ALT is routinely measured as part of the diagnostic 
evaluation of hepatocellular injury.  Although they may be 
identified as necrotic, not all necrotic hepatocytes die with 
the release of ALT.  Thus, it is not surprising to observe a 
discrepancy between the necrosis and the ALT results in 
reports[28, 36, 37].  On the basis of ALT results, we conclude that 
OPN-mediated inflammatory response plays an important 
role in the progression of APAP hepatotoxicity.  After GSH 
depletion, stressed hepatocytes release damage signals, such 
as HMGB1[30] and IL-1α[38], which activate KCs and recruit 
inflammatory cells.  KCs activate the expression of TNF-α, 
IL-6, and IL-1β as early as 1 h after APAP challenge[30].  The 
expression of OPN was reported to be upregulated in APAP 
toxicology, whereas the cells expressing OPN within the liver 
is unclear[18].  We found that activated KCs around necrotic 
hepatocytes were also the main source of OPN in livers after 
overdose APAP exposure.  As a critical chemotactic factor 
for macrophages, the upregulation of OPN at sites of injury 
enhances macrophage infiltration.  This macrophage accu-
mulation can be effectively blocked by the pretreatment with 
anti-OPN antibody.  Thus, OPN defi ciency markedly reduced 
APAP-induced macrophage infiltration.  The production of 
cytotoxic mediators by macrophages was one of the mecha-
nisms underlying immune-mediated liver injury[17].  OPN 
defi ciency in APAP-exposed mice resulted in the dysfunction 

of cytokine production.  In comparison to WT mice, OPN-
deficient mice exhibited markedly reduced production of 
proinfl ammatory cytokine TNF-α and IL-1α after APAP chal-
lenge.  TNF-α has been linked to increased oxidative stress, 
such as ROS and nitric oxide[39, 40], and it is known to recruit 
and activate other infl ammatory cells[41].  IL-1ra knockout mice 
exhibited a reduction in APAP toxicity with less liver injury 
and reduced leukocytes infiltration[42].  APAP hepatotoxicity 
was partially reduced by treatment with either anti-TNF-α or 
anti-IL-1α in acetaminophen-intoxicated mice[43].  Nonetheless, 
the role of OPN in the modulation of macrophage function 
requires further investigation.  Moreover, both TNF-α and IL-6 
also contributed to the restoration of liver function by promot-
ing liver regeneration[40, 44].  The enhanced liver repair does 
not contribute to the reduced hepatic damage in OPN–/– mice, 
which showed reduced expression of TNF-α and IL-6 when 
compared to WT mice.  Therefore, OPN may promote APAP 
toxicity through the enhancement of macrophage accumula-
tion and the production of proinfl ammatory cytokines.

The primary role of neutrophil influx in APAP toxicity is 
postulated to serve to remove damaged cells and cellular 
debris[45].  Although the detrimental role of neutrophils in 
APAP hepatotoxicity in animal models is still controversial, 
the recruited neutrophils may likely aggravate the injury by 
attacking and killing some of the stressed hepatocytes.  Dele-
tion of neutrophil using the anti-Gr-1 antibody was shown 
to significantly attenuate APAP toxicity in mice[25].  OPN is 
important for the migration of neutrophils in vitro and in 
vivo[46].  Thus, neutrophil infiltration was not increased by 
APAP administration in OPN–/– mice compared to WT mice.  
The infl ammation and cytotoxic cytokines caused by elevated 
OPN production further aggravated the death of stressed 
hepatocytes.  Consequently, serum ALT level in OPN–/– mice 
rapidly recovered to the basal level as a result of decreased 
inflammation, while increased inflammation in WT mice 
caused higher levels of serum ALT.  

The dual role of OPN may be explained by its role in differ-
ent liver cells during the process of APAP-induced liver injury.  
In the early stage, iOPN deficiency in hepatocytes caused 
increased CYP expression and enhanced APAP metabolism-
induced oxidative stress.  After hepatocyte damage, the eleva-
tion of sOPN in macrophages resulted in massive infl amma-
tory infi ltration and the release of proinfl ammatory cytokines.  
Pretreatment with anti-OPN antibody effectively inhibited 
APAP-induced inflammation infiltration with the reduction 

Table 2.  Pretreatment with anti-OPN antibody 23C3 reduced ALT, histological necrosis, macrophage and neutrophil infi ltration in WT mice 6 h after 
APAP administration.  n=6 for each group.  bP<0.05 compared to IgG-treated mice.  *ND, Not done.

                                 ALT (IU/L)                                  Necrosis %                      F4/80 positive cells per fi eld                  MPO (μmol/g tissue)
Treatment
                      IgG                       23C3           IgG                  23C3        IgG                   23C3           IgG                         23C3 

 
Untreated        6±1  5.4±1.2   ND    ND   ND*   ND 0.30±0.09 0.32±0.11
APAP 1440±80 870±120b 23±4 18±4 37±5 22±3b 0.75±0.18 0.35±0.15b
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of serum ALT level through neutralizing sOPN.  These results 
indicate that sOPN plays a protoxicant role in infl ammation-
induced liver injury, while iOPN in hepatocytes may play a 
hepatoprotective role.  Thus, anti-OPN treatment may rep-
resent a promising therapy for APAP-induced liver diseases 
through the inhibition of inflammation-induced liver injury.  
OPN is a heterogeneous protein found with different degrees 
of phosphorylation in different cell types[47].  The function 
of OPN can be affected by its cell-specific post-translational 
modification, enzyme cleavage or different isoforms[34, 48, 49].  
Hepatocyte-derived OPN may function differently from that 
produced by inflammatory cells.  Hence, mice lacking OPN 
only in hepatocytes or in macrophages should be developed to 
examine the exact mechanism of OPN in APAP toxicity.  

In conclusion, we fi nd that OPN plays a dual role in APAP 
toxicity.  At the APAP metabolism stage, iOPN in hepato-
cytes plays a protective role through the inhibition of APAP 
metabolism; however, at the infl ammation stage, subsequent 
to metabolism, sOPN promotes infl ammation-induced hepatic 
damage through the recruitment of macrophages and neutro-
phils.  The anti-OPN antibody therapy may provide an effec-
tive treatment for APAP-induced liver diseases through inhi-
bition of inflammation.  Our findings may facilitate a better 
understanding of the mechanism underlying APAP toxicity 
and provide new avenues for the prevention and treatment of 
drug-induced liver injury.
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Acute and chronic administration of SHR117887, a 
novel and specific dipeptidyl peptidase-4 inhibitor, 
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Aim: Dipeptidyl deptidase-4 (DPP-4) inhibitors are a new class of anti-diabetic agents.  The purpose of this study was to assess the 
acute and chronic effects of SHR117887, a novel DPP-4 inhibitor, on metabolic control and pancreatic β-cell function in normal or dia-
betic rodent models.  
Methods: In the acute experiments, ICR mice, diet-induced obese (DIO) rats and ob/ob mice were subjected to an oral glucose toler-
ance test (OGTT) following a single oral administration of SHR117887 (0.1, 0.3, 1, or 3 mg/kg).  Blood samples were collected to mea-
sure glucose, insulin, DPP-4 activity and active GLP-1 level.  In the chronic experiments, ob/ob mice was administered SHR117887 (3, 
10, or 30 mg/kg) twice daily for 33 d to assess the effects on metabolic control and pancreatic β-cell function.  Vildagliptin (LAF237) 
was used as a positive control in all the experiments.
Results: Acute oral administration of SHR117887 dose-dependently decreased the serum DPP-4 activity and improved glucose toler-
ance in ICR mice, DIO rats and ob/ob mice.  This was accompanied by significant increases in the serum active GLP-1 and insulin lev-
els.  Chronic administration of SHR117887 significantly decreased fasting blood glucose level and improved the lipid profiles in ob/ob 
mice by reducing the serum triglyceride and free fatty acid levels, and its efficacy was comparable with that of vildagliptin at the same 
molarity.  Moreover, chronic administration of SHR117887 increased the insulin staining of islet cells, which is suggestive of improved 
β-cell function.
Conclusion: SHR117887 is a potent DPP-4 inhibitor that improves metabolic control and β-cell function in diabetic rodent models, sug-
gesting that it could be a new therapeutic agent for the treatment of type 2 diabetes.

Keywords: SHR117887; vildagliptin (LAF237); dipeptidyl peptidase-4 (DPP-4); type 2 diabetes mellitus; glucagon-like peptide-1 (GLP-1); 
insulin; β-cells 
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Introduction
Type 2 diabetes mellitus (T2DM) is considered to be a chronic 
metabolic disease due to insulin resistance and pancreatic 
β-cell dysfunction.  It is characterized by impaired insulin 
responsiveness and anatomical abnormalities of the pancreatic 
islets during the course of the disease development[1, 2].  Due 
to the increasing prevalence of T2DM, the high burden of its 
complications, the limitation of adequate long-term glycemic 
control and the adverse effects often associated with current 
anti-diabetic treatment strategies, efforts to develop new phar-
macological agents with better efficacy and fewer side effects 
are warranted [3–6].  

* To whom correspondence should be addressed. 
E-mail yleng@mail.shcnc.ac.cn
Received 2012-04-18    Accepted 2012-05-22  

Recently, the role of the incretin hormones, glucagon-like 
peptide-1 (GLP-1), and their deficiency in patients with T2DM 
have been explored and targeted for new therapies with novel 
mechanisms of action.  GLP-1 is released from L cells in the 
intestine after meal intake and plays a key role in the regula-
tion of insulin secretion and glucose homeostasis.  It has mul-
tiple metabolic effects that would be desirable attributes of an 
anti-diabetic agent[7], such as glucose-dependent stimulation 
of insulin and suppression of glucagon release[8], slowing of 
gastric emptying and appetite suppression[9, 10], stimulation 
of non-insulin-mediated glucose uptake[11], and suppression 
of endogenous glucose production independent of pancreatic 
hormones[12].  Administration of GLP-1 or its mimic agents (eg, 
exendin-4 or liraglutide) is appealing due to their remarkable 
glucose-lowering efficacy and low frequency of hypoglycemia.  
The GLP-1-based therapeutics also appear to decrease beta-
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cell apoptosis and increase beta-cell proliferation[13, 14], which 
raises the theoretical possibility of slowing the progression of 
T2DM, a therapeutic strategy that goes beyond those offered 
by the traditional antidiabetic drugs[3,4,6].  

Native GLP-1 has a very short plasma half-life (approxi-
mately 2 min) because intact GLP-1 (GLP-1[7–36] amide) is 
rapidly degraded to an inactive form (GLP-1[9–36] amide) 
by DPP-4, which cleaves two residues from the NH2-terminal 
end of the peptide[15].  Moreover, due to their peptidic nature, 
GLP-1 and its analogs must be administered parenterally to 
exert their therapeutic actions.  In contrast, small molecule 
inhibitors of DPP-4 were discovered to leverage the antidi-
abetic effects of endogenous GLP-1 and could be administered 
orally.  Several orally available specific inhibitors of DPP-4 
have been described and have been reported to improve 
glucose metabolism in various animal models of type 2 dia-
betes[16–21] and more recently in diabetic patients[22–24].  As one 
of earliest reported DPP-4 inhibitors, vildagliptin (formerly 
known as LAF237) was shown to be a selective and orally 
effective DPP-4 inhibitor, which was able to augment insulin 
release and reduce glucose excursions during an oral glucose 
tolerance test (OGTT) in Zucker fatty (fa/fa) rats and fat-fed 
normal rats after single and multiple oral administrations [25, 26].  

SHR117887 is a novel DPP-4 inhibitor discovered by Jiangsu 
Hansoh Pharmaceutical Co, Ltd (Jiangsu, China) for the 
treatment of type 2 diabetes.  It is structurally different from 
other DPP-4 inhibitors that are currently available or in late-
stage clinical development.  As a competitive human DPP-4 
inhibitor, SHR117887 showed high inhibitory potency against 
DPP-4 with an IC50 of 17 nmol/L, and good selectivity against 
human DPP-8 or DPP-9 with an IC50 of 4.51 µmol/L and 0.63 
µmol/L, respectively (unpublished data supplied by Jiangsu 
Hansoh Pharmaceutical Co, Ltd).  In the present study, we 
have characterized the acute in vivo effects of SHR117887 on 
blood glucose value, serum DPP-4 activity, insulin and active 
GLP-1 profiles after oral glucose loading in normal mice, 
diet-induced obese (DIO) rats and ob/ob mice.  Moreover, the 
chronic administration of SHR117887 on metabolic control and 
pancreatic β-cell function in ob/ob mice was investigated and 
compared with LAF237, an approved anti-diabetic drug based 
on DPP-4 inhibition.

Materials and methods
Chemicals 
SHR117887 (5-[2-(2-Cyano-4-fluoro-pyrrolidin-1-yl)-2-oxo-

ethylamino]-5-methyl-hexahydrocyclopenta[c]pyrrole-2-car-
boxylic acid dimethylamide p-toluenesulfonate, Figure 1) and 
vildagliptin (LAF237) were synthesized by Jiangsu Hansoh 
Pharmaceutical Co, Ltd (Jiangsu, China).  

Animals 
Male ICR mice and Wistar rats were purchased from the 
Shanghai SLAC Laboratory Animal Co Ltd (Shanghai, China).  
B6.V-Lepob/Lepob (ob/ob) mice and their lean littermates+/+ (from 
Jackson Laboratory, Bar Harbor, ME, USA) were bred at the 
Shanghai Institute of Materia Medica (SIMM), Chinese Acad-
emy of Sciences.  The animals were maintained under a 12-h 
light-dark cycle with free access to water and food.  Animal 
experiments were approved by the Animal Care and Use 
Committee, Shanghai Institute of Materia Medica, Chinese 
Academy of Sciences.  

Acute effect of SHR117887 on normal mice
To examine the acute effect of SHR117887 on blood glucose 
and serum DPP-4 activity after an oral glucose challenge, 0.1, 
0.3, 1, or 3 mg/kg (0.186, 0.558, 1.86, and 5.58 µmol/kg) of 
SHR117887, 0.06, 0.19, 0.6, and 1.9 mg/kg of LAF237 (0.186, 
0.558, 1.86, and 5.58 µmol/kg) or vehicle (distilled water) 
was orally administered to 5 h-fasted ICR mice (n=10 in each 
group) 60 min prior to the oral glucose load (2.5 g/kg).  Blood 
samples were collected 60 min before the glucose load, and at 
0, 15, 30, 60, 120, and 240 min after the glucose load in order to 
measure serum glucose and DPP-4 activity.  To examine the 
acute effect of SHR117887 on the serum active GLP-1 level, 
blood samples were collected 15 min after the glucose load 
and placed in Eppendorf tubes containing the DPP-4 inhibi-
tor valine pyrrolidide (Linco Research, DPP4-010) with a final 
concentration of 1% blood samples and 25 mg/mL EDTA to 
measure serum active GLP-1[7–36 amide] levels.

Acute effect of SHR117887 on diet-induced obesity (DIO) rats
Four-weeks old male Wistar rats were fed with a high-fat diet 
(D12492; Research Diets with 60% kcal% fat, New Brunswick, 
NJ, USA) for approximately 6 weeks and then divided into 
7 groups based on serum glucose and body weight (n=10 in 
each group).  The normal diet-fed Wistar rats were used as the 
lean control.

The rats were cannulated for blood sampling.  An indwell-
ing catheter was inserted under anesthesia in the right jugular 
vein, and externalized at the nape of the neck.  Body weights 
were monitored, and studies were performed only after the 
rats regained their pre-surgery body weights.  The oral glu-
cose tolerance test (OGTT) was performed 3 d after surgery in 
overnight-fasted, awake, freely moving rats.  SHR117887 (1, 
3, and 10 mg/kg), LAF237 (0.6, 1.9, and 6.3 mg/kg) or vehicle 
(distilled water) was orally administered to rats 60 min prior 
to the oral glucose load (2.0 g/kg).  Blood samples were col-
lected from the jugular catheter 60 min before the glucose 
load, and 0, 5, 10, 15, 30, 60, and 120 min after the glucose load 
to measure serum DPP-4 activity, glucose and insulin levels.  
To analyze active GLP-1 levels, blood samples were collected Figure 1.  Chemical structure of SHR117887.
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at 0, 5, 10, 15, 30, and 60 min after the glucose load and placed 
in Eppendorf tubes containing the DPP-4 inhibitor valine pyr-
rolidide (Linco Research, DPP4-010) with a final concentration 
of 1% blood samples and 25 mg/mL EDTA.

Acute effect of SHR117887 on type 2 diabetic ob/ob mice
Seven-week old ob/ob mice were divided into 7 groups (n=10 
in each group) based on 6 h fasting blood glucose, serum insu-
lin level, and body weight.  Ten wild-type littermates were 
set up as the lean control group.  SHR117887 (3, 10, and 30 
mg/kg), LAF237 (1.9, 6.3, and 19 mg/kg) or vehicle (distilled 
water) was orally administered to 6 h-fasted ob/ob mice and 
lean mice 60 min prior to the oral glucose load (2.5 g/kg).  
Blood samples were collected 60 min before the glucose load 
and at 0, 15, 30, 60, and 120 min after the glucose load to mea-
sure serum glucose and insulin levels.  Serum DPP-4 activity 
was measured at 2, 4, 8, and 12 h post-dose.  

Chronic anti-diabetic effect of SHR117887 on type 2 diabetic 
ob/ob mice
Seven-week-old ob/ob mice were divided into 7 groups (n=11 
in each group) based on non-fasting and fasting blood glu-
cose, serum insulin levels and body weight.  Wild-type litter-
mates were used as the lean control.  SHR117887 (3, 10, and 30 
mg/kg), LAF237 (1.9, 6.3, and 19 mg/kg) or vehicle (distilled 
water) was orally administered twice daily (at 8:30 AM and 
8:30 PM) for 33 d.  Fasting blood glucose, body weight and 
food consumption values were determined at 4-d intervals.  
After 33 d of treatment, blood samples were collected after  
6 h of fasting after the last dose for blood glucose and serum 
lipid level measurement.  The pancreases of animals in the 
SHR117887 (30 mg/kg), LAF237 (19 mg/kg) and control 
groups were isolated and fixed for immunohistochemical 
analysis.  To determine whether SHR117887 exhibited tachy-
phylaxis, the serum DPP-4 activity of another ten ob/ob mice 
treated with 30 mg/kg SHR117887 was measured at 2, 4, 8, 
and 12 h after the morning dose on d 1, d 12, d 24, and d 32.  

Immunohistochemical analysis
The pancreatic samples were fixed in 10% buffered formalin 
for 1 d and subsequently embedded in paraffin.  Paraffin sec-
tions (3 μm) were cut, deparaffinized, rehydrated and placed 
in 3% hydrogen peroxide for 10 min at room temperature.  The 
sections were then heated twice for 15 min at 90 °C in a micro-
wave, rinsed with Tris-buffered saline with Tween 80 (TBS-T) 
twice for 5 min, and then blocked with 5% normal goat serum 
(Beijing Dingguo Reagent Co, Ltd, Beijing, China) for 45 min.  
The sections were then incubated with the primary antibody, 
which was a ready-to-use guinea pig polyclonal anti-insulin 
antibody (Cat#: 58916, Abcam, Cambridge, UK) overnight 
at 4 °C.  The sections were washed with TBS-T and blocked 
with 10% normal goat serum for 30 min.  Bound antibody was 
detected using a ready-to-use rabbit polyclonal to guinea pig 
IgG H&L (Cat#: 105460, Abcam, Cambridge, UK) for 30 min.  
The sections were rinsed with TBS-T and developed for 15 min 
using DAB (Beijing Dingguo Reagent Co, Ltd, Beijing, China).  

Finally, the slides were washed with TBS-T, counterstained 
with hematoxylin, dehydrated and mounted.

Sample handling and analysis 
Blood glucose was measured using a glucometer [ONE 
TOUCHTM BASICTM plus Glucose Monitor (Lifescan, Milpi-
tas, CA, USA].  Serum glucose was determined with a glucose 
oxidase method (Shanghai Shensuo Reagent Co, Ltd, Shang-
hai, China).  The serum insulin level was measured with a 
96-well ultra-sensitive mouse insulin ELISA kit (Cat#: 90080, 
Crystal Chem Inc, Downers Grove, IL).  Serum free fatty acid 
(NEFA) level was measured by enzymatic methods with a 
test kit (Cat#: 994-75409, Wako Chemicals GmbH, Neuss, 
Germany).  The serum total cholesterol (CHOL) level was 
measured with a test kit (Wenzhou Dongoujinma Reagent Co, 
Ltd, Wenzhou, China).  Serum triglyceride (TG) was measured 
with a test kit (Shanghai Rongsheng Reagent Co, Ltd, Shang-
hai, China).  Serum DPP-4 activity was measured using a 
fluorometric assay with the substrate Gly-Pro-AMC, which is 
cleaved by an enzyme to release a fluorescent label[25].  Briefly, 
5 μL of serum sample was added to 96-well plates, followed 
by the addition of 35 μL of 80 mmol/L MgCl2 in an assay 
buffer (25 mmol/L HEPES, 140 mmol/L NaCl, 1% BSA, pH 
7.8).  After 5 min of pre-incubation at room temperature, the 
enzymatic reaction was started with the addition of 10 μL of 
assay buffer containing 0.1 mmol/L substrate (Gly-Pro-AMC, 
Sigma).  Liberation of AMC was monitored continuously at 
excitation 380 nm and emission 460 nm every 3 min for up to 
18 min in a 96-well plate.  Fluorometric catalysis rates were 
determined from the linear portion of the curve of the increase 
in fluorescence and were calculated as the slope of the regres-
sion line determined from the line.  DPP-4 was expressed 
as the percentage of each animal’s baseline level (the value 
obtained immediately before compound administration).

Statistical analysis
All data are expressed as the mean±SEM.  The statistical analy-
sis between the two groups was performed using an unpaired 
Student’s t-test.  P<0.05 was considered to be statistically sig-
nificant.  

Results
Effect of acute administration of SHR117887 on serum DPP-4 
activity, active GLP-1 and glucose levels in normal mice
SHR117887 dose-dependently inhibited serum DPP-4 activity 
(Figure 2A).  Overall, 3.0 mg/kg (5.58 µmol/kg) of SHR117887 
achieved at least 70% DPP-4 inhibition throughout a 3 h 
period, which is similar to the inhibition achieved by the same 
molarity of LAF237.  The ED50 value of SHR117887 for inhibi-
tion of serum DPP-4 activity was 0.69 mg/kg (1.28 μmol/kg) 
at 1 h post-dose, while the ED50 value of LAF237 was 0.35 
mg/kg (1.03 μmol/kg).  SHR117887 enhanced glucose-induced 
increases of active GLP-1 level, with the minimum effective 
dose of 0.3 mg/kg (Figure 2B). SHR117887 3 mg/kg raised 
the active GLP-1 level 2.7-fold compared with the vehicle con-
trol, and this effect was similar to that of 1.9 mg/kg LAF237 
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(2.8-fold vs the vehicle control).  SHR117887 administration 
caused a significant decrease in glucose AUC0–120 min by 36.6%, 
44.5%, and 54.6% at the dose of 0.3, 1, and 3 mg/kg (P<0.01), 
respectively, while LAF237 showed a similar glucose-lowering 
effect with the reduction rate of 43.8%, 51.0% and 66.3% at the 
equimolar doses (Figures 2C and 2D), respectively.  Therefore, 
a single oral dose of SHR117887 inhibited serum DPP-4 activ-
ity, increased serum active GLP-1 levels and improved glucose 
tolerance in normal mice after a glucose challenge.  

Effect of acute administration of SHR117887 on serum DPP-4 
activity, active GLP-1, glucose, and insulin levels in DIO rats
To generate a metabolic rodent model mimicking human type 
2 diabetes with insulin resistance, Wistar rats were fed a high-
fat diet.  A single oral administration of SHR117887 inhibited 
the serum DPP-4 activities in a dose-dependent manner.  Then, 
10 mg/kg (18.6 µmol/kg) of SHR117887 produced 88.3% 
inhibition on serum DPP-4 activity at 3 h post-dose, whereas 
6.3 mg/kg (18.6 µmol/kg) of LAF237 showed a similar effect 
(Figure 3A).  The active GLP-1 level reached the peak value at 
10 min after the oral glucose load in DIO rats, and 10 mg/kg 
SHR117887 raised the peak serum GLP-1 level by 4.9-fold and 
GLP-1 AUC0–60 min by 5.6-fold compared with the vehicle con-
trol (P<0.01), while the same molarity of LAF237 raised the 
peak serum GLP-1 level and GLP-1 AUC0–60 min by 4.9- and 5.8-
fold (P<0.01), respectively (Figure 3B–3D).  As shown in Fig-
ures 3E to 3G, DIO rats showed impaired glucose tolerance in 
response to an oral glucose challenge, while administration of 

SHR117887 or LAF237 to DIO rats 1 h before the oral glucose 
load produced a significant decrease in glucose excursion.  
SHR117887 at the dose of 1, 3, and 10 mg/kg reduced glucose 
AUC0–120 min values by 25.9%, 21.4%, and 42.8% (P<0.01, 0.05, 
0.001), respectively, while LAF237 showed a comparable effect 
with decreases of 22.1%, 28.3%, and 44.2% (P<0.05, 0.01, 0.001), 
respectively.  As shown in Figures 3H to 3J, administration of 
SHR117887 to DIO rats produced significant increases in insu-
lin levels induced by the oral glucose challenge (P<0.01).  At 
the dose of 10 mg/kg, SHR117887 treatment raised the insulin 
peak value by 2.0-fold compared with the vehicle control, and 
this effect was similar to that of 6.3 mg/kg of LAF237 (2.1-
fold vs vehicle control).  At the dose of 10 mg/kg, SHR117887 
also raised the insulin AUC0–60 min by 1.7-fold compared to the 
vehicle control (P<0.05), with a comparable effect of LAF237 at 
the dose of 6.3 mg/kg (2.0-fold vs the vehicle control, P<0.01).  

Effect of acute administration of SHR117887 on serum glucose, 
insulin levels and DPP-4 activity in ob/ob mice
As shown in Figure 4, genetic type 2 diabetic ob/ob mice 
showed hyperglycemia, hyperinsulinemia and impaired glu-
cose tolerance in response to oral glucose challenges.  Single 
oral dose administration of SHR117887 reduced serum glucose 
levels and glucose AUC0–120 min in a dose-dependent man-
ner following an OGTT, and the efficacy was similar to that 
achieved by the same molarity of LAF237 (Figures 4A and 
4B).  At the oral dose of 3, 10, and 30 mg/kg (5.58, 18.6, and 
55.8 µmol/kg), SHR117887 reduced the glucose AUC0–120 min 

Figure 2.  Effect of acute administration of SHR117887 on serum DPP-4 activity (A), active GLP-1 (B) and glucose levels (C, D) in normal mice.  
SHR117887, LAF237 or vehicle was orally administered to 5 h-fasted normal ICR mice 60 min prior to oral glucose load (2.5 g/kg).  n=10.  Data are 
mean±SEM. bP<0.05, cP<0.01 vs control. 
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Figure 3.  Effect of acute administration of SHR117887 on serum DPP-4 activity (A), active GLP-1 (B, C, D), glucose (E, F, G), and insulin levels (H, I, J) 
in DIO rats.  SHR117887, LAF237 or vehicle was orally administered to overnight-fasted rats 60 min prior to oral glucose load (2 g/kg). n=10. Data are 
mean±SEM.  bP<0.05, cP<0.01 vs Control. 
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by 30.2%, 35.0%, and 40.6%, respectively, while the reduction 
caused by the same molarity of LAF237 was 37.1%, 40.1%, and 
48.4%, respectively (Figure 4B).  SHR117887 also enhanced 
glucose-induced increases in serum insulin levels and insulin 
AUC0–60 min in a dose-dependent manner (Figure 4C and 4D).  
At doses of 3, 10, and 30 mg/kg, SHR117887 increased insulin 
AUC0–60 min by 2.6-, 3.0-, and 3.3-fold compared with the vehicle 
ob/ob control, while LAF237 was equally potent with increases 

of 2.7-, 3.2-, and 3.4-fold, respectively (Figure 4D).  As shown 
in Figure 4E, the serum DPP-4 activity was time- and dose-
dependently reduced after SHR117887 or LAF237 administra-
tion, and the inhibitory effect on serum DPP-4 activity pro-
duced by 10 and 30 mg/kg SHR117887 at 8 h post-dose was 
72.4% and 75.8%, respectively, which was similar to those of 
6.3 and 19 mg/kg doses of LAF237 (73.6% and 83.5%, respec-
tively).

Figure 4.  Effect of acute administration of SHR117887 on serum glucose (A, B), insulin levels (C, D) and DPP-4 activity (E) in ob/ob mice. SHR117887, 
LAF237 or vehicle was orally administered to 6 h-fasted ob/ob mice and their lean control mice 60 min prior to oral glucose load (2.5 g/kg). n=10.  Data 
are mean±SEM. bP<0.05, cP<0.01 vs Control.    
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Chronic anti-diabetic effect of SHR117887 in type 2 diabetic 
ob/ob mice
To evaluate the effects of chronic administration of SHR117887 
on glucose metabolism and pancreatic β-cell function, 7-week 
old ob/ob mice were treated with SHR117887 (3, 10, and 30 
mg/kg), LAF237 (1.9, 6.3, and 19 mg/kg) or vehicle alone 
twice daily for 33 d.  As shown in Table 1, the fasting blood 
glucose values of ob/ob mice were significantly higher than 
those of lean mice during the entire treatment.  Administration 
of SHR117887 with the dose of 10 and 30 mg/kg caused signif-
icant reductions in fasting blood glucose levels, and the aver-
age reduction during the entire treatment period was 35.3% 
and 31.8%, respectively, which was comparable to those of 
6.3 and 19 mg/kg doses of LAF237 (31.5% and 35.6%, respec-
tively).  Chronic administration of SHR117887 also signifi-
cantly improved the lipid homeostasis by reducing the serum 
triglyceride (P<0.01) and free fatty acid levels (P<0.05) in ob/ob 
mice, but it had no significant effect on total cholesterol levels 
(Table 2).  SHR117887 caused a tendency of reduced food con-
sumption, but had no effect on body weight (Table 2).  

To determine whether SHR117887 exhibited tachyphylaxis, 
serum DPP-4 activity in ten ob/ob mice administered with 30 
mg/kg SHR117887 was measured at 2, 4, 8, and 12 h after the 
morning dose on d 1, 12, 24, and 32.  As shown in Figure 5, 
the profiles of serum DPP-4 activity on d 1, 12, 24, and 32 were 

virtually superimposable, suggesting that the chronic adminis-
tration of SHR117887 exhibited no tachyphylaxis on the inhibi-
tion of DPP-4 activity.  

At the end of study, the pancreases of the SHR117887 (30 
mg/kg), LAF237 (19 mg/kg), vehicle control and the lean con-
trol mice were isolated and analyzed by immunohistochem-
istry using an anti-insulin antibody.  As shown in Figure 6, 
weak insulin staining with irregular distribution in the β-cells 

Table 2.  Metabolic parameters in ob/ob mice following chronic treatment with SHR117887 or LAF237 for 33 days (Bid, po).  n=11.  Data are 
mean±SEM.  bP<0.05, cP<0.01 vs control.

                                                                                                                                 ob/ob mice                                                                             
Lean

 
        Parameter (unit)                                  Control       3 mg/kg            10 mg/kg         30 mg/kg     1.9 mg/kg      6.3 mg/kg    19 mg/kg          
                                                                                             SHR117887      SHR117887   SHR117887     LAF237           LAF237  LAF237             

mice

 
Serum NEFA (mmol/L)      1.4±0.1   1.2±0.1   1.1±0.1b     1.3±0.1   1.1±0.1c     1.2±0.1b   1.1±0.04c   0.9±0.1
Serum total cholesterol (mmol/L)      5.4±0.3   5.2±0.1   5.5±0.3     5.6±0.3   5.8±0.3     4.8±0.3   5.1±0.4   1.9±0.1
Serum triglyceride (mmol/L) 126.6±5.8 97.3±5.6c 83.6±3.9c 100.6±5.9c 89.5±5.5c 101.4±9.6c 93.4±4.9c 82.4±2.6
Food consumption (g/d)      7.5±0.2   6.6±0.2c    7.0±0.2      7.0±0.3   6.8±0.3     6.9±0.3   6.7±0.2b   3.1±0.0
Body weight (g)   56.2±0.8 54.2±0.9 55.6±0.8   56.3±1.2 55.4±1.0   56.0±1.0 55.5±1.0 23.4±1.1

Table 1.  Fasting blood glucose changes in ob/ob mice following chronic treatment with SHR117887 or LAF237 (Bid, po).  Data are mean±SEM.  n=11.  
bP<0.05, cP<0.01 vs control. 

                                                                                                                                                                                                                         Mean reduc-
 Group      Dose                                                                             Fast blood glucose (mmol/L)                                                                            tion rate of  
                     (mg/kg)                                                                                                                                                                                                             serum 
      Pre-dose             d 4                d 8                 d 12               d 16              d 20               d 24              d 28             d 33         glucose (%)
 
Lean mice   –   6.6±0.2   6.0±0.2   5.9±0.3   6.0±0.3   6.4±0.3   5.7±0.1   6.3±0.2   6.4±0.3   5.9±0.2         –
Control   – 15.1±1.1 20.1±2.2 21.3±1.8 20.5±1.7 19.8±2.3 21.6±2.2 20.1±2.0 20.7±2.3 20.4±1.7         –
SHR117887   3 15.2±1.3 14.9±2.4 15.6±2.2 17.8±2.6 15.6±2.2 17.6±2.8 15.2±2.0 15.8±2.3 14.6±2.7 22.8±1.8
 10 15.1±0.9 13.1±1.6b 16.4±1.3b 14.1±2.0b 13.9±2.0 13.9±2.5b 13.0±2.1b 11.6±1.8c 10.6±1.5c 35.3±2.8
 30 15.1±0.9 16.7±1.5 14.8±1.3c 12.0±1.4c 14.1±1.5b 15.3±1.3b 12.7±1.6c 12.4±1.8b 14.0±2.6b 31.8±2.7
LAF237   1.9 15.0±1.4 15.7±2.1 14.7±1.7b 13.3±1.7c 14.9±1.6 14.6±2.0b 12.8±1.8b 14.9±2.0 14.4±2.6 29.7±1.7
   6.3 15.1±1.2 14.3±1.6b 14.0±1.3c 17.2±2.1 17.3±2.4 12.3±1.5c 12.4±1.4c 12.7±1.6b 12.2±2.0c 31.5±4.0
 19 15.2±1.1 14.8±2.0 16.5±2.3 15.3±2.7 12.8±2.2b 12.6±2.5b 11.2±1.9c 11.1±2.0c 11.6±2.3c 35.6±3.4

Figure 5.  Serum DPP-4 activity profile in ob/ob mice treated with 30  
mg/kg SHR117887 twice daily by oral administration for 32 days.  n=10.  
Data are mean±SEM.  
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was observed in the vehicle-treated ob/ob mice compared 
with the vehicle-treated lean mice, which is indicative of 
impaired β-cell function in the ob/ob mice.  The 33-d treatment 
with SHR117887 significantly increased insulin staining and 
enhanced insulin antigen positivity with regular distribution 
in β-cells, indicating the improved β-cell function.  Chronic 
treatment with the dose of LAF237 with similar plasma expo-
sure showed a similar effect.  

Discussion
Inhibition of DPP-4 augments the level of active GLP-1 by 
inhibiting the degradation, and it returns glucose homeostasis 
toward physiological control levels[27].  Therefore, DPP-4 inhib-
itors are expected to become a new class of anti-hyperglycemic 
drugs.  SHR117887 is a novel potent DPP-4 inhibitor, which is 
currently in a phase I clinical study.  In the present research, 
we report the acute and chronic pharmacological effects of 
SHR117887 on DPP-4 inhibition and metabolic control in 
normal or diabetic rodent models.  Moreover, the efficacy of 
SHR117887 was compared with LAF237 at the same molar 
dose in each experiment.

In normal mice, acute administration of SHR117887 exhib-
ited good oral bioavailability and caused dose-dependent inhi-
bition of serum DPP-4 activity, accompanied with enhanced 
active GLP-1 levels and decreased serum glucose values.  The 
minimum effective dose of SHR117887 to augment active 
GLP-1 and reduce glucose excursions was 0.3 mg/kg, which 
caused a 27.8% increase of active GLP-1 level and a 36.6% 
reduction of glucose AUC0–120 min.  The DPP-4 activity was 
inhibited by 30% to 40% in the 2 h after a single oral dose of 
0.3 mg/kg (0.558 µmol/kg) of SHR117887, suggesting that 

approximately 40% inhibition of serum DPP-4 activity is suffi-
cient for effectiveness in oral glucose challenge in normal mice, 
which might be contributed by the normal whole body insulin 
sensitivity in ICR mice.  LAF237 showed comparable efficacy 
at the same equimolar doses, and the minimum effective dose 
of LAF237 to augment active GLP-1 and reduce glucose excur-
sions was 0.19 mg/kg (0.558 µmol/kg).  

T2DM is often characterized by insulin resistance and is 
associated with diet-induced obesity and impaired glucose 
tolerance.  We therefore further investigated the acute phar-
macological effect of SHR117887 in the DIO rat, a model with 
modest insulin resistance and glucose intolerance[28].  The 
minimum effective dose of SHR117887 to augment the peak 
value of active GLP-1 and GLP-1 AUC0–60 min was 3 mg/kg, 
which is also the minimum effective dose to increase the 
insulin peak value in 15 min after glucose loading.  The acute 
administration of 3 mg/kg of SHR117887 could inhibit serum 
DPP-4 activity by 70% in the 2 h after dosing, but caused only 
a mild reduction of blood glucose AUC0–120 min by 21.4%, which 
suggested that more powerful inhibition of DPP-4 activity was 
necessary to achieve effective glucose excursions reduction in 
insulin resistant animal models.  

The acute glucose-lowering effect of SHR117887 was further 
evaluated in ob/ob mice, a genetic type 2 diabetic rodent model 
that exhibits hyperglycemia, hyperinsulinemia, hypergluca-
gonemia, and severe whole body insulin resistance[29].  A single 
oral dose of 3, 10, and 30 mg/kg SHR117887 inhibited serum 
DPP-4 activity by 84%, 91%, and 93%, respectively, at 2 h post-
dose, reducing serum glucose AUC0–120 min by 30.2%, 35.0%, 
and 40.6%, respectively.  LAF237 showed a similar pharmaco-
logical effect to SHR117887, and these findings are consistent 
with the previous reports using other DPP-4 inhibitors in 
glucose-intolerant rodents, including high-fat-fed rats[26, 28], 
Zucker fatty rats[30, 31] and mice[32].  These results suggest that 
SHR117887 improves glucose tolerance through the elevation 
of serum insulin and active GLP-1 levels via the inhibition of 
DPP-4 activity in normal and diabetic animal models, but the 
achievable glucose lowering effect seems to be correlated with 
the degree of insulin resistance in different animal models.

Several studies have demonstrated the effectiveness of long-
term DPP-4 inhibition on amelioration of metabolic disorder 
in diabetic animal models[20, 33].  In the present study, the anti-
diabetic effects of chronic DPP-4 inhibition by SHR117887 
were investigated in ob/ob mice.  Because the acute study 
showed that a single oral dose of 3, 10, and 30 mg/kg of 
SHR117887 in ob/ob mice can only inhibit serum DPP-4 activ-
ity by 5.1%, 23.9%, and 52.8%, respectively, at 12 h post-dose, 
a twice-daily administration was chosen for the chronic study 
to maintain adequate inhibition of DPP-4 activity throughout 
the experiment.  The dose of 30 mg/kg SHR117887 caused 
88.9% and 46.6% inhibition of serum DPP-4 activity at 2 h 
and 12 h post dose, whereas administration of the same dose 
of SHR117887 on day 12, 24, and 32 of the chronic treatment 
exerted almost equivalent DPP-4 inhibition, which indicated 
that SHR117887 does not exhibit tachyphylaxis when given 
orally twice daily for 32 d.  In agreement with previous stud-

Figure 6.  Effects of chronic SHR117887 treatment on pancreatic insulin 
staining in ob/ob mice. Mice were treated with SHR117887 (30 mg/kg), 
LAF237 (19 mg/kg) or vehicle twice daily by oral administration for 33 
days.  Pancreata were isolated and pancreatic sections were stained with 
anti-insulin antibodies after 6 h fasting.  (A) Vehicle-treated lean mice. (B) 
Vehicle-treated ob/ob mice.  (C) 30 mg/kg SHR117887-treated ob/ob 
mice.  (D) 19 mg/kg LAF237-treated ob/ob mice.  ×100. 
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ies of the DPP-4 inhibitor[16, 20], SHR117887, significantly 
decreased fasting blood glucose values and the results were 
also observed at a comparable level with the same molar dose 
of LAF237.  Moreover, lipid homeostasis was also improved 
by chronic SHR117887 treatment  in ob/ob mice by reducing the 
serum triglyceride and NEFA levels, which is consistent with 
the results of previous studies conducted with alogliptin on 
ob/ob and db/db mice or with a sitagliptin analog (des-fluoro-
sitagliptin) in high-fat diet streptozotocin-induced diabetic 
mice[34–36], suggesting possible beneficial effects of SHR117887 
in type 2 diabetic patients associated with lipid dysregulation.  

GLP-1 and its analogs have been demonstrated to reduce 
food intake and decrease the body weight in diabetic animal 
models and clinical studies[37–39].  Inhibition of DPP-4 activity 
prevented degradation and enhanced the biological activ-
ity of active GLP-1[15].  However, chronic administration of 
SHR117887 showed only a minor tendency in the reduction of 
food consumption and had no effect on body weight.  These 
results are similar to the reports of several other studies of 
DPP-4 inhibitors[34, 35], and the possible reasons might be due 
to the less effect of the enhanced endogenous active GLP-1 
caused by DPP-4 inhibition rather than that of the injection of 
exogenous GLP-1 or its analogs.

A great challenge in the therapy of type 2 diabetes patients 
is the progressive loss of β-cell mass and deterioration of 
β-cell function[2, 3].  In the present study, chronic treatment 
with SHR117887 increased the insulin staining in islet cells, 
suggesting improved β-cell function.  Because GLP-1 has 
been reported to decrease β-cell apoptosis and increase β-cell 
proliferation[13, 14], the improved β-cell function caused by 
SHR117887 might be due to the enhanced and prolonged 
endogenous GLP-1 action after long-term inhibition of DPP-4 
activity.  Moreover, the improvement of glucose control and 
decreased triglyceride and NEFA levels probably also contrib-
uted to the beneficial effects of the chronic administration of 
SHR117887 on β-cell function in ob/ob mice.

In conclusion, this study has demonstrated that SHR117887 
is a potent DPP-4 inhibitor, which increases active GLP-1 and 
insulin levels and improves glucose homeostasis after acute 
dosing in normal, non-genetic and genetic-type 2 diabetes 
animal models.  Chronic treatment with SHR117887 improves 
glycemic control, decreases serum triglyceride and NEFA 
levels, and improves β-cell function in type 2 diabetes ob/ob 
mice.  These findings suggest the usefulness of SHR117887 for 
further development as a new therapeutic agent for impaired 
glucose tolerance and type 2 diabetes.  SHR117887 is currently 
in phase I clinical studies.
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Arecoline improves vascular endothelial function in 
high fructose-fed rats via increasing cystathionine-γ-
lyase expression and activating KATP channels
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Aim: To investigate the effect of arecoline, a major component of betel nut, on vascular endothelial function in high fructose-fed rats 
and the potential mechanisms underlying the effect.
Methods: Male Wistar rats were fed a high-fructose or control diet for 16 weeks.  At the beginning of week 13, the rats were injected ip 
with low (0.5 mg·kg-1·d-1), medium (1.0 mg·kg-1·d-1) or high (5.0 mg·kg-1·d-1) doses of arecoline for 4 weeks.  At the termination of the treat-
ments, blood was collected, fasting blood glucose (FBG) and serum insulin (FSI) levels were measured, and insulin sensitivity index (ISI) 
was calculated.  The thoracic aortas were isolated and aortic rings were prepared for studying ACh-induced endothelium-dependent 
vasorelaxation (EDVR).  The mRNA and protein expression of cystathionine-γ-lyase (CSE) in the thoracic aortas was analyzed using RT-
PCR and Western blot analysis, respectively.
Results: In high fructose-fed rats, the levels of FBG and FSI were remarkably increased, whereas the ISI and the mRNA and protein 
expression of CSE were significantly decreased.  ACh-induced EDVR in the aortic rings from high fructose-fed rats was remarkably 
reduced.  These changes were reversed by treatment with high dose arecoline.  Pretreatment of the aortic rings rings from high fruc-
tose-fed rats with the CSE inhibitor propargylglycine (10 mmol/L) or the ATP-sensitive potassium (KATP) channel blocker glibenclamide 
(10 mmol/L) abolished the restoration of ACh-induced EDVR by high dose arecoline.  On the contrary, treatment with high dose areco-
line significantly impaired ACh-induced EDVR in the aortic rings from control rats, and pretreatment with propargylglycine or glibencl-
amide did not cause further changes. 
Conclusion: Arecoline treatment improves ACh-induced EDVR in high fructose-fed rats, and the potential mechanism of action might be 
associated with increase of CSE expression and activation of KATP channels by arecoline.

Keywords: arecoline; betel-quid chewing; propargylglycine; glibenclamide; high fructose-fed rat; endothelium-dependent vasorelaxation; 
cystathionine-γ-lyase; KATP channel; diabetes mellitus; vascular endothelial dysfunction
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Introduction
Insulin resistance (IR), defined as the decreased ability of 
cells or tissues to respond to physiological levels of insulin, is 
thought to be a pathogenic hallmark of type 2 diabetes mel-
litus (T2DM).  Epidemiological evidence has demonstrated 
that IR is frequently associated with a number of other health 
disorders, including obesity, hypertension and cardiovascu-
lar disease (CVD)[1–3].  Recent research indicates that vascular 
endothelial dysfunction (VED) plays a key role in linking the 
pathogenesis of vascular complications and IR[4], and macro- 

# These authors contributed equally to this paper.
* To whom correspondence should be addressed. 
E-mail hubishengli@yahoo.com.cn  
Received 2011-11-21    Accepted 2012-05-07

and micro-vascular complications are still the main causes 
of morbidity and mortality in patients with diabetes mel-
litus (DM)[5].  Our laboratory has previously demonstrated 
that fructose-fed rats had attenuated endothelial relaxation 
in response to ACh compared with controls[6].  Therefore, 
improvement of VED may be useful for inhibiting the devel-
opment of vascular complications in IR or DM patients.  

Arecoline is a major component of the betel nut and has 
many important physiological activities.  Some studies have 
indicated that betel-quid chewing is associated with an 
increased risk of oral cancer and esophageal carcinoma[7, 8].  
Epidemiological studies have shown that betel-quid chewing 
is associated with the risk of T2DM and metabolic syndrome 
in men[9, 10].  Hsu and Hsieh et al reported that arecoline inhib-
ited preadipocyte differentiation and locked insulin signaling 
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in 3T3-L1 adipocytes[11, 12].  Our previous study found that 
arecoline improved glucose and lipid metabolism in type 2 
diabetic rats and prevented high fructose–induced pancreatic 
β-cell dysfunction[13, 14].  We also found that arecoline regulated 
the expression of cystathionine-γ-lyase (CSE), which is sug-
gested to be the only H2S-generating enzyme in the vascular 
system[15, 16], and reduced inflammatory factor expression 
induced by oxidized low-density lipoprotein in RAW264.7 
cells[17].  Zhao et al reported that H2S relaxed rat aortic tissues 
in vitro in a KATP channel-dependent manner[18].  Siebert et al 
showed that H2S mediated vasorelaxation of the hepatic artery 
by activation of KATP channels[19].  Goto et al reported that areca 
seed extract led to endothelium-dependent vasodilation in 
rat aortas[20].  The above studies suggest that arecoline might 
play an important role in vasorelaxation mediated by the CSE-
H2S-KATP pathway.  However, it is unclear whether arecoline 
can improve endothelium-dependent vasorelaxation (EDVR) 
in high fructose–fed rats.  Therefore, in the present study, we 
sought to investigate the effect of arecoline on high fructose–
induced EDVR and its mechanism of action.  

Materials and methods
Reagents
Arecoline, ACh, L-phenylephrine hydrochloride (L-PE), glib-
enclamide and propargylglycine (PAG) were obtained from 
Sigma Co (St Louis, MO, USA).  D-fructose was purchased 
from Sangon Biotech Co (Shanghai, China).  TRIzol and AMV 
reverse transcriptase were purchased from BBI, and affinity-
purified anti-CSE polyclonal antibodies were purchased from 
Santa Cruz (CA, USA).

Animals and groups
Male Wistar rats (200±20 g) were housed in standard animal 
laboratories with a 12 h light/dark cycle with free access to 
food and water.  The rats were randomly divided into two 
groups of twenty four animals each.  For 16 weeks, the control 
group (Con) received a normal chow diet and the high-fruc-
tose group (HF) received a high-fructose diet containing 75% 
fructose, 12% fat and 13% protein[21, 22].  At the beginning of 
week 13, the two groups of rats were treated with low (L-Are, 
0.5 mg·kg-1·d-1 ), medium (M-Are, 1.0 mg·kg-1·d-1 ) or high 
(H-Are 5.0 mg/kg/d) doses of arecoline by intraperitoneal 
injection or left untreated for 4 weeks.

Measurement of fasting blood glucose (FBG) and fasting serum 
insulin (FSI) 
At the termination of the study, all rats were fasted for 12 h 
and anesthetized with sodium pentobarbital (40 mg/kg body 
wt, ip).  Blood was collected by carotid puncture into non anti-
coagulated plastic centrifuge tubes, and the tubes were cen-
trifuged at 3000 r/min for 10 min at 4 °C.  FBG was measured 
with an HI-TACH717 automatic biochemical analyzer.  FSI 
was measured using a radioimmunoassay method, and the 
insulin sensitivity index (ISI) was calculated using Li’s formula 
[ISI=-ln(FBS×FSI)][23].  

Preparation of thoracic aortas and measurement of vascular 
reactivity
The thoracic aortas from the rats were isolated and immedi-
ately placed into a cold Krebs solution of the following com-
position (mmol/L): NaCl 118.3, KCl 4.7, CaCl2 2.5, MgSO4 1.2, 
KH2PO4 1.2, NaHCO3 25.0 and glucose 11.0.  Aortic segments 
were cleaned of perivascular fat and connective tissue, cut into 
2 to 3-mm segments, and mounted on two stainless steel hooks 
in a 10 mL organ bath containing Krebs solution at 37 °C, aer-
ated with 95% O2 and 5% CO2.  One hook was connected to an 
isometric force transducer to measure tension.  The rings were 
equilibrated for 90 min, during which time the bathing fluid 
was changed every 15 min.  The tissue was kept under a con-
stant tension of 2 g throughout the experiment.  Endothelium-
dependent vessel relaxation was assessed qualitatively in 1 
μmol/L phenylephrine-precontracted rings as the degree of 
relaxation caused by the cumulative addition of increasing 
concentrations of acetylcholine (ACh; 10-9–10-5 mol/L).  The 
effects of the CSE inhibitor propargylglycine (PAG) and the 
potassium channel blocker glibenclamide (Glib) were also 
evaluated.  In these experiments, the rings were incubated 
with PAG (10 mmol/L) or Glib (10 mmol/L) for 30 min and 
then the ACh-induced EDVR was determined.  

Determination of CSE mRNA expression by RT-PCR
Reverse transcription-polymerase chain reaction (RT-PCR) 
was performed as described previously[24].  Briefly, total RNA 
was extracted from thoracic aortas with TRIzol according 
to the manufacturer’s instructions.  The RNA concentration 
was determined spectrophotometrically, and cDNA was 
prepared by reverse transcription of RNA (1 μg) using oli-
gonucleotide primers.  Subsequently, the equivalent of 0.05 
μg was amplified by PCR using the following primers: CSE 
5’-GTATTGAGGCACCAACAGGT-3’ and 5’-GTTGGGTTT-
GTGGGTGTTTC-3’ (149 bp); and GAPDH 5’-TCAACGGCA-
CAGTCAAGG-3’ and 5’-GGCTAAGCAGTTGGTGGT-3’ (308 
bp).  The PCR conditions were 94 °C for 4 min, followed by 
32 cycles of 94 °C for 60 s, 58 °C for 30 s, and 72 °C for 60 s, fol-
lowed by a 72 °C extension for 10 min.

Thoracic aorta Western blot analysis 
For CSE analysis by Western blot, thoracic aortas were lysed in 
a buffer containing 10 mmol/L HEPES (pH 7.9), 1.5 mmol/L 
MgCl2, 10 mmol/L KCl and 0.5% NP-40, followed by centrifu-
gation at 13 000×g for 15 min at 4 °C.  Protein concentrations 
were determined with the BCA protein assay.  Briefly, 30 μg 
of each sample was separated on a 10% SDS-PAGE gel and 
then transferred to polyvinyl difluoride (PVDF) membranes.  
The membranes were blocked for 60 min in a buffer contain-
ing 0.1% Tween 20 and 5% milk.  Antibodies against CSE or 
GAPDH were used to identify the specific proteins and visual-
ized by the ECL method described previously[25].  The intensity 
of the protein band of interest was quantified by densitometry.

Statistical analysis
Data were presented as the mean±SD.  Statistical comparisons 
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between two groups were made with Student’s t-test, whereas 
ANOVA was used to test the differences between multiple 
groups.  P<0.05 was considered significant.

Results
Effects of arecoline on FBG, FSI, and the ISI
As shown in Table 1, FBG and FSI were significantly increased, 
whereas the ISI was remarkably decreased in the HF group, 
compared with the control group (P<0.05).  Treatment with 
arecoline reversed the above parameters in the HF group, and 
this change was significant in the group treated with the high-
est dose of arecoline (H-Are; 5.0 mg·kg-1·d-1).  Arecoline treat-
ment had no significant effect on the control group.  

Effects of arecoline on EDVR in high fructose-fed rats 
As shown in Figure 1A, ACh-induced EDVR was significantly 
impaired in aortic rings from the high fructose-fed rats com-
pared with the control group.  Treatment of high fructose–fed 
rats with arecoline restored the EDVR in a concentration-
dependent manner, and treatment with the highest dose of 
arecoline (H-Are; 5.0 mg·kg-1·d-1 ) significantly increased the 
potency (EC50) and the maximal response (Emax) of endothelial 
relaxation in response to ACh.  However, in the Con group, 
H-Are treatment significantly decreased the ACh-induced 
EDVR and significantly impaired maximal relaxation in 
response to ACh (Figure 1B, Table 2).  These results suggest 
that H-Are treatment improved EDVR and prevented vascular 
endothelial dysfunction (VED) in rats fed a high-fructose diet, 
whereas H-Are treatment impaired EDVR in rats fed a normal 
diet.

Figure 1.  Effects of arecoline on EDVR in high fructose-fed rats.  Normal 
control (Con) and high fructose-fed (HF) rats were treated with low 
(L-Are, 0.5 mg·kg-1·d-1), medium (M-Are, 1.0 mg·kg-1·d-1) or high (H-Are, 5.0 
mg·kg-1·d-1) doses of arecoline by intraperitoneal injection for 4 weeks 
or were left untreated.  Endothelium-dependent vasorelaxation (EDVR) 
of rings from the thoracic aorta in response to acetylcholine (ACh) was 
examined. in the high fructose-fed rats (A) and normal control rats (B). 
Maximal relaxation  response to acetylcholine (ACh) was calculated in the 
high fructose-fed rats (C) and normal control rats (D). Mean±SD (n=6).  
bP<0.05, cP<0.01 vs the Con group; eP<0.05, fP<0.01 vs the HF group.

Table 1.  Effect of arecoline on the FBG, FSI, and ISI in rats.   

  Groups               FBG (mmol/L)            FSI (mmol/L)                      ISI 
 
Con 5.67±0.10 22.57±0.46 -4.45±0.33
Con+L-Are 5.76±0.10 22.86±0.49 -4.88±0.03
Con+M-Are 5.50±0.10 23.35±0.65 -4.85±0.02
Con+H-Are 5.57±0.10 24.48±0.54 -4.91±0.04
HF 9.02±0.06b 39.46±0.40b -5.75±0.24b

HF+L-Are 8.50±0.07 38.06±0.92 -5.77±0.03
HF+M-Are 6.70±0.13 29.80±0.45 -5.29±0.09
HF+H-Are 6.00±0.12e 23.65±0.77e -4.97±0.05e

Normal control and high-fructose fed rats were treated with and without 
low, medium, and high dose of arecoline (L-Are, 0.5 mg·kg-1·d-1; M-Are, 
1.0 mg·kg-1·d-1 and H-Are 5.0 mg·kg-1·d-1, intraperitoneal injection) for 4 
weeks as the Con group, Con+L-Are group, Con+M-Are group, Con+H-Are 
group, HF group, HF+L-Are group, HF+M-Are group, and HF+H-Are group, 
respectively. The fasting blood glucose (FBG) and fasting serum insulin 
(FSI) were measured and insulin sensitivity index (ISI) was calculated.  [ISI= 
-ln (FBS×FSI)].  Results are expressed as mean±SD (n=6).  bP<0.05 vs the 
Con group.  eP<0.05 vs the HF group.
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Effect of the CSE inhibitor PAG or the potassium channel blocker 
glibenclamide on EDVR in high fructose-fed rats
To examine whether CSE or potassium channels were 
involved in EDVR, the CSE inhibitor PAG and the potassium 
channel blocker glibenclamide (Glib) were used.  As shown 
in Figure 2, pretreatment with 10 mmol/L PAG did not sig-
nificantly change ACh-induced EDVR in the Con group or 
the HF group.  However, endothelial relaxation in response 
to acetylcholine was partly abolished in aortic rings from rats 
in the HF group treated with H-Are and PAG compared with 
those that were not treated with PAG.  Similar EDVR results 
were obtained in high fructose-fed rats after pretreatment 
with glibenclamide (Figure 3, Table 2).  These results indicated 
that CSE or potassium channels was involved in the arecoline 
treatment-induced improvement in vessel function in high 
fructose-fed rats.

Effect of arecoline on CSE mRNA and protein expression in 
thoracic aorta
Our previous study found that arecoline treatment could reg-
ulate the expression of CSE in RAW264.7 cells[17].  To further 
investigate whether the changes in CSE expression contribute 
to the arecoline-mediated improvement of EDVR on a high-
fructose diet, mRNA and protein levels of CSE were deter-
mined.  As illustrated in Figure 4, CSE mRNA and protein 
were expressed and could be detected in rat thoracic aorta.  
Moreover, a high-fructose diet significantly decreased CSE 
mRNA and protein expression.  However, arecoline treatment 
resulted in a dose-dependent increase of CSE mRNA and pro-
tein expression, which was significant in the H-Are treated 

Figure 2.  Effect of the cystathionine-γ-lyase (CSE) inhibitor pro pargyl-
glycine (PAG) on EDVR in high fructose-fed rats.  Normal control and 
high fructose-fed rats were treated with or without high doses of 
arecoline (H-Are, 5.0 mg·kg-1·d-1) by intraperitoneal injection for 4 weeks.  
Effects of inhibition of cystathionine-β-synthase (CBS) by 10 mmol/L 
propargylglycine (PAG) on ACh-induced EDVR were examined. in the 
normal control rats (A) and  high fructose-fed rats(B). Maximal relaxation  
response to acetylcholine (ACh) was calculated in the normal control rats 
(C) and  high fructose-fed rats(D). Mean±SD(n=6).  bP<0.05, cP<0.01 vs 
the Con group; eP<0.05, fP<0.01 vs the HF group; hP<0.05, iP<0.01 vs the 
Con+PAG group; kP<0.05,  lP<0.01 vs the HF+Are group.

Table 2.  The potency (EC50; pD2=-log EC50) and maximum relaxation (Emax) 
values to acetylcholine in rat thoracic aortic rings from Con, Con+PAG, 
Con+Glib, Con+H-Are, Con+H-Are+PAG, Con+H-Are+Glib, HF, HF+PAG, 
HF+Glib, HF+H-Are, HF+H-Are+PAG, or HF+H-Are+Glib. Values are 
expressed as mean±SD, n=6.  cP<0.01 vs the Con group; iP<0.01 vs the 
Con+PAG group or the Con+Glib group; fP<0.01 vs the HF group; lP<0.01 
vs the HF+Are group.

      Groups          EC50                    pD2                   Emax

 
Con 2.44E-7 6.61±0.15 80.52%±3.2%
Con+PAG 4.36E-7 6.36±0.17 74.62%±3.5%
Con+Glib 5.24E-8 7.26±0.19 76.02%±4.5%
Con+H-Are 9.96E-6 5.00±0.14c 49.87%±6.9%c

Con+H-Are+PAG 2.98E-5 4.52±0.15i 46.18%±4.6%i

Con+H-Are+Glib 1.36E-6 5.87±0.12i 52.59%±4.4%i

HF 1.13E-4 3.95±0.11c 40.33%±3.8%c

HF+PAG 5.47E-4 3.26±0.10 37.65%±5.8%
HF+Glib 5.00E-4 3.30±0.11 36.16%±2.2%
HF+H-Are 2.89E-7 6.54±0.16f 72.50%±6.7%f

HF+H-Are+PAG 1.36E-6 5.87±0.17l 52.59%±5.6%l

HF+H-Are+Glib 2.83E-5 4.55±0.14l 44.67%±3.3%l
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group (mRNA expression 0.48±0.05 vs 0.78±0.04, P<0.05; pro-
tein expression 0.52±0.04 vs 0.73±0.08, P<0.05) (Figure 4).

Discussion
In the present study, FBG was increased, serum insulin was 
elevated, and the ISI was decreased in high fructose–fed rats 
compared with controls, suggesting that a high-fructose diet 

Figure 4.  Effect of arecoline on CSE mRNA and protein expression in 
thoracic aortas.  High fructose-fed rats were treated with or without low 
(L-Are, 0.5 mg·kg-1·d-1), medium (M-Are, 1.0 mg·kg-1·d-1), and high (H-Are 
5.0 mg·kg-1·d-1) doses of arecoline by intraperitoneal injection for 4 weeks.  
Control rats were fed a normal diet.  CSE mRNA and protein expression in 
thoracic aortas was measured by RT-PCR and Western blot, respectively.  
The results are expressed as the mean±SD (n=6).  bP<0.05 vs the 
control group; eP<0.05 vs the HF group.  (A) CSE mRNA expression was 
measured by RT-PCR.  Relative mRNA levels were calculated as the ratio 
of CSE to GAPDH.  (B) CSE protein levels were measured by Western blot.  
Representative immunoblots (top) and densitometric analyses (bottom) of 
CSE protein levels normalized to β-actin levels were reported.  Values are 
expressed as the mean±SD (n=6).  cP<0.01 vs the Con group; fP<0.01 vs 
the HF group.Figure 3.  Effect of the potassium channel blocker glibenclamide (Glib) on 

EDVR in high fructose-fed rats.  Normal control and high fructose-fed rats 
were treated with or without high doses of arecoline (H-Are, 5.0 mg·kg-1·d-1) 
by intraperitoneal injection for 4 weeks.  Effects of inhibition of potassium 
channels by 10 mmol/L glibenclamide (Glib) on ACh-induced EDVR were 
examined. in the normal control rats (A) and  high fructose-fed rats(B). 
Maximal relaxation  response to acetylcholine (ACh) was calculated in the 
normal control rats (C) and  high fructose-fed rats (D). Mean±SD (n=6). 
bP<0.05, cP<0.01 vs the Con group; hP<0.05, iP<0.01 vs the Con+Glib 
group; eP<0.05, fP<0.01 vs the HF group; kP<0.05, lP<0.01 vs the HF+Are 
group.



1028

www.nature.com/aps
Ling HY et al

Acta Pharmacologica Sinica

npg

resulted in insulin resistance (IR), as reported previously[6, 26].  
Furthermore, the high-fructose diet impaired EDVR in rat tho-
racic aortas.  The mechanisms involved in the fructose-induced 
IR and VED are unclear, but some studies have demonstrated 
that IR and VED may contribute to the development of vari-
ous cardiovascular diseases[3, 4, 27, 28].  Hence, improvement of 
VED may reduce the incidence of vascular complications in IR 
or DM patients.

Arecoline is an alkaloid-type natural product found in betel 
nuts.  It has many important functions such as deworming[29], 
preventing Alzheimer’s disease[30] and inhibiting atherosclero-
sis[17, 31].  Some studies have reported that arecoline decreased 
vascular tone and improved EDVR[32, 33].  Our results indicated 
that high doses of arecoline (H-Are; 5.0 mg·kg-1·d-1 ) signifi-
cantly impaired EDVR in the Con group, suggesting that long-
term use or high doses of arecoline might induce VED or asso-
ciated diseases.  However, we also found that H-Are treatment 
improved IR and EDVR in the high fructose-fed rats.  These 
results seem to be contradictory because H-Are treatment had 
opposite effects on EDVR in the Con group and the HF group; 
we think that this conflicting result might be the result of a dif-
ference in conditions between the groups.  In the Con group, 
H-Are treatment might inhibit cell growth and proliferation 
of endothelial cells (ECs) and lead to VED, which is consistent 
with the reports from Kuo and Tseng et al[33, 34].  Because are-
colin treatment impaired vascular endothelium and inhibited 
KATP channel in the Con group[27], the improvement in EDVR 
might be a direct or an indirect effect on vascular smooth mus-
cle cells (VSMCs) in high fructose–fed rats.  The underlying 
mechanisms by which arecoline improved EDVR are still not 
clear.

Recent studies showed that arecoline treatment increased 
CSE expression and H2S production in macrophages[17].  
Increasing evidence suggests that H2S might be the third 
endogenous signaling gasotransmitter, which shares features 
with nitric oxide (NO) and carbon dioxide (CO2).  Unlike NO, 
which can be produced by both ECs and VSMCs, H2S-produc-
ing enzymes are not expressed in the vascular endothelium; 
therefore, H2S is only generated by VSMCs[18].  H2S is pro-
duced endogenously from cysteine by pyridoxal-5’-phosphate-
dependent enzymes, including cystathionine β-synthase (CBS) 
and/or cystathionine-γ-lyase (CSE)[26].  CSE, which is localized 
to smooth muscle, is thought to be the major H2S-producing 
enzyme in the thoracic aorta[16].  Some studies also showed 
that endogenous H2S functions to regulate smooth muscle tone 
in synergy with NO.  Furthermore, NO appears to be a physi-
ological modulator of endogenous H2S production by increas-
ing CSE expression and stimulating its activity[16].  Hence, we 
detected CSE mRNA and protein expression in the thoracic 
aorta using RT-PCR and Western blotting, respectively.  The 
data showed that high fructose significantly decreased CSE 
expression; however, H-Are treatment significantly increased 
CSE expression.  We found that pretreatment with the CSE-
specific inhibitor PAG further impaired ACh-mediated relax-
ation in the HF fed and H-Are treated groups, whereas PAG 
pretreatment had no significant effect on the Con group and 

HF fed groups.  Taken together, these data demonstrated that 
the improvement in ACh-induced EDVR after arecoline treat-
ment may be partially caused by increased CSE expression 
and H2S generation.  However, because of the experimental 
limitations, endogenous H2S levels in the thoracic aortas were 
not determined.

Some studies also showed that H2S is the only endog-
enous gaseous KATP channel opener and that H2S activated 
KATP channels at the whole-cell and single channel levels in 
VSMCs[16, 18, 19].  Opening of KATP channels leads to membrane 
hyperpolarization and relaxation of VSMCs.  To elucidate 
whether KATP channels promoted the effects of arecoline on 
EDVR in the thoracic aorta, a specific KATP channel blocker, 
Glibenclamide (Glib), was administered.  We found that pre-
treatment with Glib  impaired ACh-mediated EDVR  in the 
HF+H-Are group.  However, there were no significant differ-
ences after Glib treatment in the HF rats that were not treated 
with H-Are, which confirmed that the arecoline-mediated 
improvement in ACh-induced EDVR may be partly due  to 
H2S-induced KATP channel opening in VSMCs.  Our findings 
were consistent with the results of Zhao et al[18, 19].  This study 
demonstrated that H2S is different from NO and CO2 and that 
H2S-induced vascular relaxation was mediated mainly by KATP 
channel opening in VSMCs.

In summary, the present study showed that arecoline can 
improve EDVR in high fructose-fed rats, and might exert its 
function by increasing CSE expression and activation of KATP 
channels.
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Introduction
Hyperglycemia is a pathological hallmark of diabetic compli-
cations, such as diabetic retinopathy (DR), and hyperglycemia 
can also increase the intracellular free calcium concentration 
([Ca2+]i) in various cell types[1–4].  An increase in [Ca2+]i has 
been shown to play an important role in the pathogenesis of 
angiogenesis[5, 6], which is the most common cause of blindness 
in DR.  Vascular endothelial growth factor (VEGF) is one of 
the most potent angiogenic factors produced by retinal isch-
emia[7].  In addition, VEGF secretion is mediated by elevated 
[Ca2+]i in the retina[8–11].  Preventing cellular [Ca2+]i overload 
has also been demonstrated as a new pathogenic mechanism 
in the treatment of diabetic complications such as retinopa-
thy[12].  Thus, as a critical intracellular second messenger, Ca2+ 
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Aim: To investigate the effects of high glucose (HG) medium on expression of hypoxia-inducible factor-1α (HIF-1α) and vascular 
endothelial growth factor (VEGF) in cultured rat retinal Müller cells and to determine the signaling pathways mediating the effects.
Methods: Primary cultures of retinal Müller cells were prepared from Sprague-Dawley rats, and incubated in a medium containg HG (30 
mmol/L) in the presence of the membrane-permeable Ca2+ chelator BAPTA-AM (10 µmol/L) or the CaMKII inhibitor Kn93 (10 µmol/L).  
The levels of CaMKII, p-CaMKII, CREB, p-CREB, HIF-1α, and VEGF proteins were measured with Western blotting, while HIF-1á and 
VEGF mRNA levels were determined using real-time RT-PCR.  
Results: The stimulation of retinal Müller cell with HG for 24 h remarkably increased the expression levels of HIF-1α and VEGF.  These 
responses were significantly inhibited in the presence of BAPTA-AM or KN93.  Both BAPTA-AM and KN93 also significantly inhibited HG-
induced phos phorylation of CaMKII and CREB in the cultured retinal Müller cells.  Transfection of the cultured retinal Müller cells with 
antisense CREB oligonucleotide (300 nmol/L) was similarly effective in blocking the HG-induced increase of HIF-1α and VEGF.  
Conclusion: HG-induced HIF-1α and VEGF expression in cultured rat retinal Müller cells depends on intracellular free Ca2+ and activa-
tion of CaMKII-CREB pathway.  The activation of CaMKII-CREB pathway by hg may be a possible mechanism underlying the pathogen-
esis of diabetic retinopathy.
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may play an important role in high glucose (HG)-induced 
angiogenesis in DR, but the downstream signaling pathways 
through which Ca2+ signals are mediated remain unknown.

Ca2+/CaM-dependent protein kinase II (CaMKII), a mul-
tifunctional serine/threonine protein kinase that catalyzes 
the phosphorylation of myriad eukaryotic proteins, is highly 
sensitive to the frequency of Ca2+ oscillations and plays an 
important role in translating changes in [Ca2+]i into changes in 
cell function[13].  Activated CaMKII in turn initiates a signaling 
cascade leading to the phosphorylation of the cAMP response 
element binding protein (CREB) transcription factor on Ser-
133[14].  Phospho-activated CREB (p-CREB) induces target gene 
expression and regulates various neuronal functions[15].  A 
recent study also demonstrated that CREB is crucial for pro-
moting prostate cancer bone metastasis by inducing VEGF 
expression through HIF-1-dependent signaling[16], implicating 
a (high) glucose-[Ca2+]i-CaMKII-CREB-VEGF signaling cas-
cade in DR-associated angiogenesis.

In the retina, VEGF is mainly expressed in the Müller 
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cells[17].  The present study aimed to elucidate the effects of 
[Ca2+]i on HG-induced HIF-1α and VEGF expression in retinal 
Müller cells in vitro.  Prolonged HG increased CaMKII and 
CREB phospho-activation, further inducing HIF-1α and VEGF 
expression.  The blockade of HIF-1α and VEGF expression 
by calcium chelators and CaMKII inhibitors suggests that the 
[Ca2+]i-CaMKII-CREB signaling pathway may contribute to the 
pathogenesis of DR.

Materials and methods
This study conformed to the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes 
of Health (NIH Publication No 85–23, revised 1996) and was 
carried out with the approval of the local ethics committee/
institutional board.  All chemicals were of reagent grade and 
purchased from Sigma Chemicals (St Louis, MO, USA), unless 
otherwise stated.

Cell culture
Primary cultures of retinal Müller cells were prepared from 5 
to 7-d-old Sprague-Dawley rats (purchased from the Shanghai 
Laboratory Animal Center of the Chinese Academy of Sci-
ences) following a previously described protocol[18] , with some 
modifications.  Briefly, enucleated eyes were washed under 
sterile conditions, and the anterior portions were discarded.  
The retinas were isolated, chopped into 1×1 mm fragments, 
treated with 0.1% trypsin at 37 °C for 20 min, and then passed 
through mesh to remove any large retinal pieces.  The strained 
isolates were centrifuged at 800 r/min for 5 min, and the 
supernatant fluid was removed.  The precipitated cells were 
resuspended and seeded in the plastic culture flask containing 
Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 2 mmol/L glutamine, 0.1% penicillin/streptomycin and 
10% fetal calf serum (FBS).  The cultures were maintained in 
5% CO2 at 37 °C.  The medium was routinely replaced every 
3–4 d.  After 8–10 d, pure Müller cells became confluent and 
were used for experiments.

Immunocytochemistry
Cultured rat Müller cells were fixed with 4% paraformalde-
hyde and blocked with 2% BSA in PBS containing 0.3% Tri-
ton X-100.  Slides were incubated overnight in a humidified 
chamber at 4 °C with anti-glutamine synthetase (GS) and anti-
vimentin primary antibodies (1:1000 dilution).  After primary 
antibody incubation, cells were washed three times with PBS 
for 10 min each and incubated in the appropriate fluorescent 
conjugated secondary antibody (goat anti-mouse IgG, 1:200) 
for 1 h.  The cells were counterstained with DAPI.  Images 
were captured with a fluorescence microscope (Olympus, 
Tokyo, Japan).

Transfection of Müller cells with antisense CREB oligonucleotides 
The CREB antisense oligonucleotide synthesis and transfec-
tion were conducted as previously described[19].  The CREB 
antisense oligonucleotide sequence was 5’-TGGTCATCTAGT-

CACCGGTG-3’, and the corresponding sense oligonucleotide 
sequence was 5’-CACCGGTGACTAGATGACCA-3’.  After 
transfection with the antisense or sense oligonucleotide for 24 
h, the medium was removed from the cells, serum-free DMEM 
with NG was added, and the cells were allowed to recover for 
30 min.  The transfected Müller cells were washed once with 
serum-free DMEM and then growth-arrested for 24 h in the 
same medium supplemented with either NG (5.5 mmol/L) or 
HG (30 mmol/L).

 
Qualitative real-time RT-PCR analysis 
To measure HIF-1α and VEGF mRNA expression by qualita-
tive real-time RT-PCR, total cellular RNA was extracted from 
retinal Müller cells with Trizol Reagent (Invitrogen Life Tech-
nologies, Shanghai, China) and stored at -80 °C.  A quantitative 
polymerase chain reaction (qPCR) kit (DyNAmo Flash SYBR 
Green; Finnzymes Oy, Espoo, Finland) was used according to 
the manufacturer’s instructions.  The primer sequences (sense/
antisense) used were as follows: HIF-1α, 5’-GACAATAGCT-
TCGCAGAATGC-3’/5’-TCGTAACTGGTCAGCTGTGG-3’; 
and VEGF, 5’-AATGATGAAGCCCTGGAGTG -3’/5’-AAT-
GCTTTCTCCGCTCTGAA-3’.  The specificity of the ampli-
fication product was determined by melting curve analysis.  
Standard curves were generated for each gene by preparing 
serial dilutions of the respective cDNA templates.  The rela-
tive quantities of each gene were obtained by normalizing the 
signals to β-actin (5’-CGACAACGGCTCCGGCATGT-3’/5’-
GGGGCCACACGCAGCTCATT-3’), and each experiment was 
repeated independently at least three times.

Western blot analysis
Approximately 3×106 retinal Müller cells were harvested and 
lysed in lysis buffer containing 1% NP-40, 10 mmol/L Tris, 
200 mmol/L NaCl, 5 mmol/L EDTA, and 10% glycerol plus 
protease inhibitors (pH 7.0).  Lysates from treated cells were 
centrifuged at 12 000 r/min for 20 min at 4 °C, and the cleared 
supernatants were collected.  The protein concentration in the 
supernatant was measured using the Bio-Rad (Hercules, CA, 
USA) DC protein assay.  A 30-µg aliquot of protein from each 
sample was subjected to electrophoresis on 10% SDS-PAGE 
using a Bio-Rad miniature slab gel apparatus.  Separated pro-
teins were electrophoretically transferred onto nitrocellulose 
membranes.  The membranes were blocked with 5% nonfat 
dried milk solution and incubated overnight with partially 
purified rabbit anti-CaMKII and anti-phosphoThr-286-CaMKII 
polyclonal antibody (Abcam; 1:500), rabbit anti-CREB and 
mouse anti-phospho-CREB polyclonal antibody at Ser-133 
(Abcam; 1:500), rabbit anti-HIF-1α polyclonal antibody (Santa 
Cruz Biotechnology; 1:500), and rabbit anti-VEGF polyclonal 
antibody (Abcam; 1:500).  The expression of β-actin (monoclo-
nal anti-β-actin; Santa Cruz Biotechnology; 1:1000) was used 
as an internal control to confirm equivalent protein loading 
per gel lane.  The immunopositive bands were visualized by 
the ECL system (Amersham Biosciences, Buckinghamshire, 
England).  Each experiment was performed at least in tripli-
cate.
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Statistical analysis
Experimental data are expressed as the mean±SD.  Group 
means were compared by one-way ANOVA followed by the 
Dunnett post hoc test using GraphPad Prism 4.0 (San Diego, 
CA) and SPSS (Statistical Package for the Social Sciences) 13.0 
for Windows (SPSS, Chicago, IL).  A value of P<0.05 was con-
sidered significant in all cases.

Results
Immunocytochemical characterization of cultured retinal Müller 
cells
The identities of the cultured rat retinal Müller cells were con-
firmed by immunocytochemistry using antibodies against the 
Müller cell markers GS and vimentin.  Nuclei were stained 
with DAPI.  Almost all cells were positive for GS and vimentin 

(Figures 1A–1D), indicating that the primary cultures were 
Müller cells.

Calcium mediates HG-induced HIF-1α and VEGF expression
Intracellular Ca2+ signals alter gene expression patterns by 
activating several nuclear transcription factors[20].  To explore 
the effects of [Ca2+]i on HG-induced gene expression in Mül-
ler cells, we analyzed the expression of HIF-1α and VEGF.  In 
vitro hyperglycemia (30 mmol/L, HG) for 24 h upregulated 
the expression of HIF-1α and VEGF at both the mRNA and 
protein levels.  Furthermore, the upregulation of HIF-1α 
and VEGF was most likely caused by increased [Ca2+]i, at 
least in part, because the Ca2+ chelator BAPTA-AM blocked 
this enhanced expression, while the general Ca2+ ionophore 
A23187 upregulated HIF-1α and VEGF expression in Müller 
cells in NG (Figures 2A–2D).  Summary data for these experi-

Figure 1.  Immunocytochemical analysis of primary Müller cell cultures.  Blue: nuclear staining with DAPI (A).  Red: Müller cell marker GS (B).  Green: 
Müller cell marker vimentin (C).  Merged labeling of GS, vimentin and DAPI (D).

Figure 2.  hyperglycemia induced [Ca2+]i-dependent HIF-1α and VEGF Expession.  (A, B) HIF-1α and VEGF mRNA in retinal Müller cells cultured in serum-
free DMEM containing normal glucose (NG, 5.5 mmol/L), NG+D-mannitol (24.5 mmol/L), high glucose (hg, 30 mmol/L), or hg in the presence of 
BAPTA-AM (10 μmol/L) (HG+BAPTA-AM) or NG in the presence of A23187 (1 μmol/L) (NG+A23187) for 24 h was quantified by using real time RT-PCR.   
Results are expressed (relative to the NG values).  (C, D) Western blot analysis of HIF-1α and VEGF protein expression in retinal Müller cells incubated in 
the five groups for 24 h.  Equal protein loading was confirmed with the β-actin antibody.  Mean±SD from nine cells per group.  bP<0.05, cP<0.01 vs ng 
or ng+D-mannitol.  fP<0.01 vs hg.
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ments show that HG can enhance the expression of HIF-1α 
and VEGF and that this effect may be mediated by increased 
[Ca2+]i in vitro.

HG-induced [Ca2+]i-dependent Serine/Threonine phosphorylation 
of CaMKII and CREB
Activation of the transcription factor CREB is known to 
orchestrate a number of signaling and gene expression path-
ways involved in angiogenesis[21, 22].  The following experi-
ments were performed to examine the downstream signaling 
pathway(s) through which [Ca2+]i signals mediated cellular 
responses, particularly the upregulation of the angiogenic fac-
tors HIF-1α and VEGF.

 To determine whether HG can induce the threonine phos-
phorylation of CaMKII (p-CaMKII) and the serine phospho-
rylation of CREB (p-CREB), retinal Müller cells were incu-
bated for 24 h in serum-free DMEM containing NG, NG+D-
mannitol, NG+A23187, HG, or HG+BAPTA-AM.  As shown in 
Figure 3, there was no significant threonine phosphorylation 
of CaMKII or serine phosphorylation of CREB after incuba-

tion in NG or NG+D-mannitol, indicating that neither NG nor 
hyperosmolarity induced CaMKII or CREB phosphorylation 
(at the sites recognized by the antibodies).  In contrast, both 
HG and NG plus A23187 induced a significant increase in 
CaMKII threonine phosphorylation and CREB serine phos-
phorylation.  In addition, the HG-induced upregulation of 
p-CaMKII and p-CREB was blocked by the cell permeant Ca2+ 
chelator BAPTA-AM, suggesting that HG promotes the phos-
pho-activation of CaMKII and CREB, possibly by increasing 
[Ca2+]i.  

HG activated CREB through a CaMKII-dependent pathway
To investigate the possible role of CaMKII in CREB phospho-
rylation, these experiments were repeated in the presence 
of the CaMKII inhibitor KN93 (10 µmol/L) and the inactive 
analog KN92 (10 µmol/L).  As shown in Figure 4, the incuba-
tion of retinal Müller cells with KN93 (but not KN92) partially 
reversed the HG-induced increase in CREB phosphorylation.  
These results indicated that CaMKII was involved in the HG-
induced activation of CREB.

CREB antisense oligonucleotides inhibits CREB expression in 
retinal Müller cells in NG
As shown in Figure 5, CREB antisense oligonucleotides (CREB 
ASO) inhibited CREB expression in a dose-dependent manner 
in retinal Müller cells in NG.

Figure 4.  hyperglycemia induced CaMKll-dependent CREB phos-
phorylation (p-CREB).  Western blot analysis of p-CREB and CREB protein 
expression in retinal Müller cells incubated in serum-free medium 
containing NG, HG, HG+KN93 (10 μmol/L), HG+KN92 (10 μmol/L) for 24 h.  
Equal protein loading was confirmed with the β-actin antibody.  Mean±SD 
from nine cells per group.  cP<0.01 vs ng.  fP<0.01 vs hg.

Figure 3.  Determination of CaMKII, phosphorylation of CaMKII (p-CaMKII), 
CREB, and phosphorylation of CREB (p-CREB) levels.  Western blot 
analysis of p-CaMKII, CaMKII, p-CREB, and CREB protein expression in 
retinal Müller cells incubated in serum-free medium containing NG, NG+D-
mannitol (24.5 mmol/L), NG+A23187 (1 μmol/L), HG, HG+BAPTA-AM (10 
μmol/L) for 24 h.  Equal protein loading was confirmed with the β-actin 
antibody.  Mean±SD from nine cells per group. cP<0.01 vs NG or NG+D-
mannitol.  fP<0.01 vs hg.
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Suppression of CaMKII and CREB expression decreases HG-
induced HIF-1α and VEGF overexpression
To test whether CaMKII and CREB activation are required for 
the HG-induced upregulation of HIF-1α and VEGF expres-
sion, we examined the effects of a CaMKII specific inhibitor 
(KN93) and the effects of the CREB antisense oligonucleotide.  
We found that both treatments significantly inhibited HG-
induced HIF-1α and VEGF mRNA and protein synthesis in 
retinal Müller cells (Figures 6A, 6B), again suggesting that the 
activation of CaMKII/CREB signaling may be necessary for 
HG-induced HIF-1α and VEGF synthesis.

Discussion
DR is a major cause of blindness in working-age individu-
als in developed countries[23], and aberrant angiogenesis is 
a central pathogenic event in the growth and progression of 
this disease.  It has been reported that hyperglycemia-induced 
oxidative stress plays an important role in pathogenic retinal 
neovascularization and growth factor expression[24].  HIF-1 is a 
key oxygen sensor and mediator that regulates multiple target 
genes, such as VEGF, which is a key pro-angiogenic factor in 
DR[25, 26].  Over the past decade, almost all retinal cells have 
been shown to express HIF-1α and VEGF in DR.  In this con-
text, recent studies using conditional KO mice models have 
suggested that the Müller cell-derived HIF-1α and VEGF has a 
causative role in the major pathologic changes in DR[27, 28].  

Increasing evidence suggests that hyperglycemia induces 
changes in the retinal [Ca2+]i dynamics[2, 4], which have been 
associated with distinct pathological processes, such as DR.  
Here, using retinal Müller cells cultured in vitro, we have 

demonstrated that the increased [Ca2+]i is associated with aber-
rant HG-induced expression of HIF-1α and VEGF because 
increased [Ca2+]i is an ubiquitous signal controlling gene 
expression[9, 10, 29, 30].  We evaluated HG-induced HIF-1α and 
VEGF expression in the presence of pharmacologic inhibi-
tors of Ca2+ signaling.  The calcium chelators BAPTA-AM 
significantly reduced the production of HIF-1α and VEGF in 
response to HG, while the Ca2+ ionophore A23187 significantly 
increased HIF-1α and VEGF expression in the presence of 
normal glucose.  These results suggest that elevated [Ca2+]i in 
retinal Müller cells can enhance HIF-1α expression, possibly 
triggering VEGF production.

Figure 6.  Hyperglycemia induced HIF-1α and VEGF expession through 
CaMKll/CREB pathway activation.  (A) HIF-1α and VEGF mRNA in retinal 
Müller cells cultured in serum-free DMEM containing NG, HG, HG+KN93 
(10 μmol/L) or HG in the presence of CREB antisense oligonucleotides 
(300 nmol/L) for 24 h was quantified by using real time RT-PCR.  Results 
are expressed (relative to the NG values).  (B) Western blot analysis of HIF-
1α and VEGF protein expression in retinal Müller cells incubated in the 
four groups for 24 h.  Equal protein loading was confirmed with the β-actin 
antibody.  Mean±SD from nine cells per group.  cP<0.01 vs ng.  eP<0.05, 
fP<0.01 vs hg.

Figure 5.  Effect of CREB antisense oligonucleotides on CREB.  Western 
blot analysis of CREB protein expression in retinal Müller cells cultured 
in serum-free DMEM containing NG in the presence of CREB antisense 
oligonucleotides (0, 100, and 300 nmol/L) for 24 h.  Equal protein 
loading was confirmed with the β-actin antibody.  Mean±SD from nine 
cells per group. cP<0.01 compared to the value without CREB antisense 
oligonucleotides.
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Many of the cellular responses to Ca2+ are modulated by 
the CaMKs, among which CaMKII acts as a decoder of oscil-
lating Ca2+ signals[31].  Previous reports demonstrated that 
the autophosphorylation of CaMKII is highly expressed in 
neurons, regulating the cell cycle and transcription[32], and the 
effects of CaMKII were mediated by CREB phosphorylation 
and CREB-dependent transcription.  In the present work, we 
show that HG-induced phosphorylation of CREB is inhib-
ited in retinal Müller cells treated with the CaMKII inhibitor 
KN93 but not with its inactive analog KN92.  A recent report 
is consistent with our findings that the CREB protein is an 
intracellular serine kinase that can be directly activated by 
CaMKII in the retina through serine-133 phosphorylation[33].  
However, there are very few studies investigating the down-
stream effects of the CaMKII-CREB pathway in retinal Müller 
cells.  Therefore, we designed these experiments to examine 
the role of this pathway in the transduction of Ca2+ signals 
in Müller cells.  Both HG and A23187 activated the CaMKII-
CREB pathway and upregulated the expression of HIF-1a and 
VEGF in retinal Müller cells, while the chelation of calcium by 
BAPTA-AM partially blocked the upregulated expression of 
p-CaMKII/p-CREB.  In addition, real time RT-PCR and West-
ern blot experiments indicated that both the CaMKII inhibitor 
KN93 and a CREB antisense oligonucleotide blocked the HG-
induced expression of HIF-1α and VEGF, suggesting that acti-
vation of the CaMKII-CREB pathway might be necessary for 
the HG-induced upregulation of HIF-1α and VEGF.  Collec-
tively, these results strongly suggest that CaMKII-CREB may 
act as a key signaling pathway in the transduction of upstream 
Ca2+ signals into downstream gene expression after HG stimu-
lation.  Our results also support the hypothesis that CaMKII 
plays a role in the Ca2+-mediated transcriptional regulation of 
genes through the phosphorylation of CREB to mediate a sur-
vival response in retinal ganglion cells[34] because HIF-1α and 
VEGF could directly protect neurons from neuroexcitotoxicity.

In summary, our results demonstrate that calcium contrib-
utes to HG-induced expression of the major angiogenic factors 
HIF-1α and VEGF in retinal Müller cells and that this response 
is mediated by activation of the CaMKII-CREB pathway.  
Calcium increase may be responsible for the hyperglycemia-
induced increase in the activation of retinal Müller cells and 
enhanced angiogenesis in patients with diabetic retinopathy.  
Conversely, suppressing this pathway may be a useful strat-
egy for novel treatments to prevent visual impairment and 
blindness in patients with DR.
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8-(Tosylamino)quinoline inhibits macrophage-
mediated inflammation by suppressing NF-κB 
signaling 
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Aim: The macrophage-mediated inflammatory response may contribute to the development of cancer, diabetes, atherosclerosis and 
septic shock.  This study was to characterize several new compounds to suppress macrophage-mediated inflammation.  
Methods: Peritoneal macrophages from C57BL/6 male mice and RAW264.7 cells were examined.  Anti-inflammatory activity was evalu-
ated in the cells exposed to lipopolysaccharide (LPS).  The mechanisms of the anti-inflammatory activity were investigated via measur-
ing transcription factor activation in response to specific signals and via assaying the activities of the target kinases.
Results: Of 7 candidate compounds tested, 8-(tosylamino)quinoline (8-TQ, compound 7) exhibited the strongest activities in suppress-
ing the production of NO, TNF-α, and PGE2 in LPS-activated RAW264.7 cells and peritoneal macrophages (the IC50 values=1–5 μmol/L).  
This compound (1.25–20 μmol/L) dose-dependently suppressed the expression of the pro-inflammatory genes for iNOS, COX-2, TNF-α, 
and the cytokines IL-1β and IL-6 at the level of transcription in LPS-activated RAW264.7 cells.  8-TQ (20 μmol/L) significantly sup-
pressed the activation of NF-κB and its upstream signaling elements, including inhibitor of κB (IκBα), IκBα kinase (IKK) and Akt in LPS-
activated RAW264.7 cells.  In in vivo experiments, oral administration of 20 and 40 mg/kg 8-TQ for 3 d significantly alleviated the signs 
of LPS-induced hepatitis and HCl/EtOH-induced gastritis, respectively, in ICR mice.
Conclusion: 8-TQ (compound 7) exerts significant anti-inflammatory activity through the inhibition of the Akt/NF-κB pathway, thus may 
be developed as a novel anti-inflammatory drug.

Keywords: 8-(tosylamino)quinoline; anti-inflammatory effect; lipopolysaccharide; macrophage; RAW264.7 cell; hepatitis; gastritis; 
NF-κB; Akt
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Introduction
Macrophages, the terminally differentiated progeny of 
monocytes, are characterized by cell-surface markers of the 
inflammatory response, including toll-like receptors (TLRs), 
the Fc receptor, and the complement receptor.  Although 
macrophages function primarily as phagocytes and antigen-
presenting cells, they may also activate other immuno-regula-
tory cells, including neutrophils and T- and B-lympho cytes[1, 2], 
through the production of pro-inflammatory cytokines, 
such as interleukins (ILs) and tumor necrosis factor (TNF)-α; 

chemokines; and inflammatory mediators such as nitric oxide 
(NO) and prostaglandin E2 (PGE2).  The activation and chemot-
actic migration of inflammatory and immune cells into tissues 
play essential roles in the defense against viral, bacterial, and 
fungal infections.  Uncoupled from normal controls, however, 
components of the immune response may contribute to a vari-
ety of acute and chronic disorders, including cancer, diabetes, 
septic shock, autoimmune diseases, and atherosclerosis[3–5].  In 
these disorders, tissue-associated macrophages predominate 
among the cells that directly injure tissues.  These consider-
ations led us to seek to develop a drug that might suppress 
macrophage-mediated inflammation.  A variety of in vitro 
and in vivo models of inflammatory disease have been used in 
drug-screening studies.  Macrophages in these systems may 
be activated by treatment with ligands such as lipopolysaccha-
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ride (LPS), peptidoglycan, and poly(I:C)[6].  
Recent approaches to anti-inflammatory drug development 

have focused on key signaling proteins as targets and have 
tested compounds for activity against them.  Previously tar-
geted proteins include the transcription factors nuclear factor 
(NF)-κB and activator protein (AP)-1 and their upstream acti-
vating enzymes, including inhibitor of κB (IκBα), IκBα kinase 
(IKK), Akt, phosphoinositide-dependent kinase-1 (PDK1), 
phosphoinositide 3-kinase (PI3K), the tyrosine kinases Syk 
and Src, and enzymes in the mitogen-activated protein kinase 
(MAPK) cascade [extracellular signal-regulated kinase (ERK), 
c-Jun N-terminal kinase (JNK), and p38].  These proteins play 
critical roles in regulating pro-inflammatory gene expression.  

BAY11-7082 is a representative IKK inhibitor that actively 
suppresses various inflammatory cytokines[7], the induction 
of heme oxygenase-1[8] and ICAM-1 expression[9] and may 
potentiate neutrophil apoptosis[10].  This compound may prove 
beneficial in the treatment of inflammatory conditions such 
as arthritis[11].  Because we did not initially identify this com-
pound, however, we face restrictions in developing it further.  
We believe we can overcome such restrictions by using deriva-
tives of the original compound.  For this study, we selected 
seven commercially available compounds (1 through 7) based 
on structural similarity to BAY 11-7082.  We evaluated the 
anti-inflammatory activities of these seven analogs and inves-
tigated their molecular mechanisms.  

Materials and methods
Materials 
Test compounds 1 through 7 were purchased from Sigma-
Aldrich Co (St Louis, MO, USA) at greater than 95% purity.  
Sodium carboxymethylcellulose (NaCMC), polyethylene gly-
col 400, (3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT), GM-CSF, and LPS (E coli 0111:B4) were also 
obtained from Sigma.  LY294002 (LY), BAY11-7082 (BAY), 
U0126, and wortmannin were from Calbiochem (La Jolla, CA, 
USA).  Luciferase constructs containing binding promoters 
for NF-κB and AP-1 were used as reported previously[12, 13].  
Enzyme immunoassay (EIA) kits and enzyme-linked immu-
nosorbent assay (ELISA) kits for PGE2 and TNF-α were pur-
chased from Amersham (Little Chalfont, Buckinghamshire, 
UK).  Fetal bovine serum and RPMI-1640 medium were 
obtained from GIBCO (Grand Island, NY, USA).  RAW264.7 
cells were purchased from ATCC (Rockville, MD, USA).  All 
other chemicals were of Sigma reagent grade.  Phospho-spe-
cific or total antibodies to transcription factors (p65, p50, c-Jun, 
STAT-1, and c-Fos), ERK (extracellular signal-related kinase), 
p38, JNK (c-Jun N-terminal kinase), IκBα, IKKβ, Akt, p85/
PI3K, γ-tubulin, β-actin, and non-receptor tyrosine kinases (Src 
and Syk) were obtained from Cell Signaling Technology Inc  
(Beverly, MA, USA).  

Animals
C57BL/6 male mice (6–8 weeks old, 17–21 g) were obtained 
from Dae Han Bio Link Co Ltd, Chungbuk, Korea, and main-
tained in plastic cages under conventional conditions.  Water 

and pellet diets (Samyang Corp, Daejeon, Korea) were avail-
able ad libitum.  Studies were performed in accordance with 
the guidelines established by the Kangwon University Institu-
tional Animal Care and Use Committee.

Preparation of peritoneal and bone marrow-derived macro-
phages
Peritoneal exudates were obtained from C57BL/6 male mice 
(7–8 weeks old, 17–21 g) by lavage 4 d after the intraperitoneal 
injection of 1 mL of sterile 4% thioglycolate broth (Difco Labo-
ratories, Detroit, MI, USA) as reported previously[14, 15].  After 
washing with RPMI-1640 medium containing 2% FBS, peri-
toneal macrophages (1×106 cells/mL) were plated in 100-mm 
tissue culture dishes for 4 h at 37 °C in a 5% CO2 humidified 
atmosphere.  To prepare bone marrow-derived macrophages, 
femurs and tibias were isolated from mice, and the muscle 
was removed.  Bones were cut with scissors at both ends and 
flushed with 5 mL of RPMI-1640 with a 25-gauge needle.  Cells 
were seeded at a density of 2×105 nucleated bone marrow 
cells/cm2 in RPMI-1640 containing 10% FBS, 100 U/mL peni-
cillin, 0.1 mg/mL streptomycin, 2 mmol/L L-glutamine, and 
50 ng/mL GM-CSF in 6-well CellBIND plates (Corning Life 
Sciences, Lowell, MA, USA) containing 3 mL per well.  After 
a 24-h incubation, the cells were rinsed three times with 3 mL 
of RPMI-1640 to remove non-adherent cells and cultured fur-
ther with 3 mL of RPMI-1640 containing 10% FBS, 100 U/mL 
penicillin, 0.1 mg/mL streptomycin, 2 mmol/L L-glutamine, 
and 50 ng/mL GM-CSF, hereafter referred to as “complete 
medium.”  The cell culture medium was replaced every 3 d 
with fresh complete medium.  After 3 weeks in culture, experi-
ments were performed in serum-free RPMI-1640 containing 50 
ng/mL GM-CSF and additions as indicated.  

Cell culture 
Peritoneal macrophages and cell lines (RAW264.7 and HEK293 
cells) were cultured with RPMI-1640 medium supplemented 
with 10% heat-inactivated fetal bovine serum (Gibco, Grand 
Island, NY, USA), glutamine, and antibiotics (penicillin and 
streptomycin) at 37 °C under 5% CO2.  For each experiment, 
cells were detached with a cell scraper.  At our experimental 
cell density (2×106 cells/mL), the proportion of dead cells was 
less than 1% according to trypan blue dye exclusion tests.  

NO, PGE2, and TNF-α production
After the preincubation of RAW264.7 cells or peritoneal mac-
rophages (1×106 cells/mL) for 18 h, the cells were pre-treated 
with test compounds 1 through 7 for 30 min and were then 
incubated with LPS (1 µg/mL) for 24 h.  The inhibitory effects 
of the test compounds on NO, PGE2, and TNF-α production 
were determined by analyzing the NO, PGE2, and TNF-α 
levels with the Griess reagent and enzyme-linked immunosor-
bent assay (ELISA) kits, as described previously[16–18].  

Cell viability test 
RAW264.7 cells (1×106 cells/mL) were preincubated for 18 h 
and were then incubated for 24 h following the addition of 
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test compounds 1 through 7 to the cells.  The cytotoxic effects 
were evaluated by the MTT assay[19].  At 3 h prior to culture 
termination, 10 µL of an MTT solution (10 mg/mL in phos-
phate buffered-saline, pH 7.4) was added, and the cells were 
returned to culture until the end of the experiment.  Incuba-
tion was halted by the addition of 15% sodium dodecyl sulfate 
to each well to solubilize the formazan[20].  The absorbance at 
570 nm (OD570–630 nm) was measured using a SpectraMax 250 
microplate reader.

mRNA analysis by semiquantitative reverse-transcription poly-
merase chain reaction (RT-PCR)
To determine the cytokine mRNA expression levels, total 
RNA was isolated from LPS-treated RAW264.7 cells with 
TRIzol reagent (Gibco BRL), according to the manufacturer’s 
instructions.  Total RNA was stored at -70 °C until use.  Analy-
sis of mRNA was also performed using semiquantitative RT-
PCR according to the manufacturer’s instructions (Bioneer, 
Daejeon, Korea) as reported previously[21].  The results were 
expressed as the ratio of the optical density at 280 nm to the 
GAPDH mRNA concentration.  The primers (Bioneer) used 
are listed in Table 1.

Luciferase reporter gene activity assay 
HEK293 cells (1×106 cells/ml) were transfected with 1 µg of 
NF-κB-Luc, CREB-Luc, or AP-1-Luc plasmid, in addition to 
β-galactosidase plasmid, in the presence or absence of an Akt 
construct using the polyethyleneimine method in a 12-well 
plate according to the manufacturer’s protocol[22].  The cells 
were used for experiments 48 h after transfection.  Luciferase 
assays were performed using the Luciferase Assay System 
(Promega) as previously described[23, 24].  

Preparation of total lysates and nuclear fractions, immuno blot-
ting, and immunoprecipitation
RAW264.7 cells (5×106 cells/mL) or livers were washed 3 

times in cold PBS with 1 mmol/L sodium orthovanadate and 
lysed in lysis buffer (20 mmol/L Tris-HCl, pH 7.4, 2 mmol/L 
EDTA, 2 mmol/L ethyleneglycotetraacetic acid, 50 mmol/L 
β-glycerophosphate, 1 mmol/L sodium orthovanadate, 1 
mmol/L dithiothreitol, 1% Triton X-100, 10% glycerol, 10 
µg/mL aprotinin, 10 µg/mL pepstatin, 1 mmol/L benzimide, 
and 2 mmol/L PMSF) for 30 min with rotation at 4 °C.  The 
lysates were clarified by centrifugation at 16 000×g for 10 min 
at 4 °C and stored at -20 °C until needed.  

Nuclear lysates were prepared in a three-step procedure[25].  
After treatment, cells were collected with a rubber policeman, 
washed with 1×PBS, and lysed in 500 μL of lysis buffer on ice 
for 4 min.  The cell lysates were then centrifuged at 19 326×g 
for 1 min in a microcentrifuge.  In the second step, the pellet 
(the nuclear fraction) was washed once in wash buffer, which 
was the same as the lysis buffer without Nonidet P-40.  In 
the final step, nuclei were treated with an extraction buffer 
containing 500 mmol/L KCl, 10% glycerol, and several other 
reagents as in the lysis buffer.  The nuclei/extraction buffer 
mixture was frozen at -80 °C, thawed on ice and centrifuged 
at 19 326×g for 5 min.  The supernatant was collected as the 
nuclear extract.  

For immunoprecipitation, cell lysates containing equal 
amounts of protein (500 µg) from RAW264.7 cells cultured at 
1×107 cells/mL and treated or not treated with LPS (1 µg/mL) 
for 2.5 min were pre-cleared with 10 µL of protein A-coupled 
Sepharose beads (50% v/v) (Amersham, UK) for 1 h at 4 °C.  
Pre-cleared samples were incubated with 5 µL of anti-Akt anti-
body overnight at 4 °C.  Immune complexes were mixed with 
10 µL of protein A-coupled Sepharose beads (50% vv) and 
stirred by rotation for 3 h at 4 °C.  

Soluble cell lysates or boiled immunoprecipitated beads 
were analyzed on Western blots, and the phosphorylated 
or total transcription factors (p65, c-Jun, and c-Fos), MAPK 
proteins (ERK, p38, and JNK), IκBα, IKKα/β, Akt, p85/PI3K, 
PDK1, γ-tubulin, β-actin, and non-receptor tyrosine kinases 
(Src and Syk) were visualized as previously reported[26].  

Akt and PI3K kinase assays 
To evaluate the Akt- and PI3K kinase-inhibitory activity in the 
extracts using purified enzymes, a kinase profiler service from 
Millipore (http://www.millipore.com/life_sciences/flx4/ld_
kinases) was used.  In a final reaction volume of 25 µL, Akt 
(1, 2, and 3) or PI3K (α, β, and γ; human; 1–5 mU) protein was 
incubated with the reaction buffer.  The reaction was initiated 
by the addition of MgATP.  After incubation for 40 min at 
room temperature, the reaction was stopped by adding 5 mL 
of a 3% phosphoric acid solution.  Ten microliters of the reac-
tion product was then spotted onto a GF/P30 filtermat (Perki-
nElmer, Inc), which was then washed three times for 5 min 
in 75 mmol/L phosphoric acid and once in methanol prior to 
drying and scintillation counting.  

EtOH/HCl-induced gastritis, LPS-induced hepatitis, and acute 
toxicity tests
Inflammation of the stomach was induced with EtOH/HCl 

Table 1.  Primers for genes investigated using RT-PCR analysis.   

Gene                                       Primer sequences    
 
TNF-α F 5′-TTGACCTCAGCGCTGAGTTG-3′
 R 5′-CCTGTAGCCCACGTCGTAGC-3′
IL-1β F 5′-CAGGATGAGGACATGAGCACC-3′ 
 R 5′-CTCTGCAGACTCAAACTCCAC-3'
IL-6 F 5′-GTACTCCAGAAGACCAGAGG-3′
 R 5′-TGCTGGTGACAACCACGGCC-3′
IL-12 p40 F 5′-CAGAAGCTAACCATCTCCTGGTTTG-3′ 
 R 5′-TCCGGAGTAATTTGGTGCTTCACAC-3′
iNOS F 5′-CCCTTCCGAAGTTTCTGGCAGCAGC-3′
 R 5′-GGCTGTCAGAGCCTCGTGGCTTTGG-3′
COX-2 F 5′-CACTACATCCTGACCCACTT-3′
 R 5′-ATGCTCCTGCTTGAGTATGT-3′
GAPDH F 5′-CACTCACGGCAAATTCAACGGCAC-3′
 R 5′-GACTCCACGACATACTCAGCAC-3′

F, forward; R, reverse.
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according to a published method[27].  Fasted ICR mice were 
orally treated with compound 7 (10 to 40 mg/kg) or ranitidine 
(40 mg/kg) suspended in 5% NaCMC.  Thirty minutes later, 
400 µL of 60% ethanol in 150 mmol/L HCl was administered 
orally.  Each animal was euthanized with an overdose of ure-
thane 1 h after the administration of the necrotizing agents.  
The stomach was excised and gently rinsed under running tap 
water.  After opening the stomach along the greater curvature 
and spreading it out on a board, the area (mm2) of the mucosal 
erosive lesions was measured using a pixel-counter.  Inflam-
mation of the liver was induced by the injection of LPS accord-
ing to a published method[28].  Fasted C57BL/6 mice were 
orally treated with compound 7 (20 mg/kg) once per day for 
6 d.  One hour after the final administration, LPS (10 mg/kg) 
was intraperitoneally administered.  Each animal was anesthe-
tized with an overdose of urethane 1 h after the administration 
of hepatitis inducers, and blood was drawn from the portal 
vein.  The livers were then excised and gently rinsed under 
running tap water.  Serum was obtained by centrifugation of 
the blood at 3000 r/min for 15 min.  The levels of serum ala-
nine aminotransferase (ALT) and aspartate aminotransferase 
(AST) were measured with a Roche Modular spectrophoto-
metric autoanalyser.  In the acute toxicity test, compound 7 
was dissolved in 20% PEG 400 diluted in 5% BSA in H2O or 
suspended in 5% NaCMC and administered orally or by intra-
peritoneal injection.  Lethality and body weight changes were 
determined after 7 d.

Statistical analysis
Data represent the mean±standard deviations (SD) from at 
least three independent experiments, each performed in tripli-
cate, or are representative of three different experiments with 
similar results.  For statistical comparisons, the results were 
analyzed using analysis of variance with Scheffe’s post-hoc 
test and the Kruskal-Wallis/Mann-Whitney U-test.  A P value 
<0.05 was considered to represent a significant difference.  All 
statistical tests were carried out using SPSS (Statistical Package 
for the Social Sciences, SPSS Inc, Chicago, IL, USA).  

Results and Discussion
In a search for novel anti-inflammatory drugs, we selected 
compounds (Figure 1A) similar in structure to BAY 11-7082, 
an IKK inhibitor, and tested them for inhibitory effects on the 
inflammatory mediators NO, TNF-α, and PGE2.  Compound 
7 [8-(tosylamino)quinoline] suppressed NO production in 
a dose-dependent manner without affecting cell viability 
(Figure 2), whereas the other compounds tested showed no 
inhibitory effect (Figure 1B).  Compound 7 suppressed the 
release of NO, PGE2, and TNF-α by RAW264.7 cells (Figure 
2A), peritoneal macrophages (Figure 2B), and bone-marrow 
derived macrophages (Figure 2C) during LPS exposure, with 
IC50 values of 1 to 5 µmol/L (Table 2).  The inhibitory activity 
of compound 7 was comparable to that of BAY11-7082 (Figure 
1C) when BAY11-7082 was tested as a treatment for arthritis[11].  
These findings support the further development of compound 
7 as an anti-inflammatory drug.

To explore the inhibitory mechanism of compound 7, we 
analyzed the effects of this compound on the transcription of 
genes encoding inflammatory mediators.  Compound 7 dose-
dependently reduced the levels of TNF-α, IL-1β, IL-6, IL-12, 
COX-2, and iNOS mRNAs, implying that this drug inhibits 
inflammatory mediator production at the level of transcrip-
tion (Figure 3).  To identify the transcription factors targeted 
by compound 7, we measured transcription factor levels in 
nuclear fractions in cells exposed to LPS as an inflammatory 
stimulus.  In this setting, compound 7 suppressed p65 upregu-
lation after 15 min and 2 h without exerting inhibitory effects 
on c-Jun and c-Fos (Figure 4A left panel).  We found a similar 
pattern of inhibition in LPS-treated peritoneal macrophages 
(Figure 4A, right panel).  In the reporter gene assay performed 
with constructs containing NF-κB, CREB or AP-1 binding 
promoters, similar inhibitory patterns for the activation of 
transcription factors were observed.  Thus, compound 7 sup-
pressed NF-κB-mediated luciferase activities that were stimu-
lated by PMA or cotransfection with other adaptor molecules 
such as TRIF and MyD88 (Figure 4B), but this compound 
did not suppress AP-1 or CREB activities (Figure 4C).  These 
results indicate that compound 7 modulates NF-κB signaling 
at an early stage.  

Because NF-κB activation is linked to a cascade of kinase 
activation, we sought to identify the exact target of compound 
7 by determining the levels of phosphorylated IκBα, IKK, Akt, 
PDK1, PI3K, and Src or Syk after LPS stimulation.  At 5 and 
60 min, compound 7 strongly suppressed IκBα phosphoryla-
tion (Figure 5A).  Because of the effect at 5 min, we turned 
our attention to early signaling events to investigate the target 
of compound 7.  Interestingly, IκBα and its upstream kinase 
IKKα/β were phosphorylated at 1 min, and Akt phosphoryla-
tion had not diminished at this time.  In agreement with this 
result, compound 7 did not suppress the phosphorylation of 
Syk or Src, tyrosine kinases that contribute to IκBα phosphory-
lation at 5 min[29].  These data imply that compound 7 targets 
molecules upstream of IKK, such as Akt kinase, either directly 
or indirectly.  To confirm these possibilities, a direct kinase 
assay was performed with purified PI3K and Akt.  Contrary 
to expectations, there was no inhibition of any type of PI3K 
and Akt (Figure 5C).  Nonetheless, the molecular association 
between Akt and IKK observed after LPS treatment was 
clearly reduced by treatment with compound 7 (Figure 5D), 
suggesting that this compound seems to target to the binding 
event between Akt and its substrate protein IKK.  Meanwhile, 

Table 2.  The half-maximal inhibitory concentration (IC50) of compound 7 
for the inhibition of the production of NO, TNF-α, and PGE2 in RAW264.7 
cells and peritoneal macrophages.  

        
Cells

                        IC50 value (μmol/L)                    
         NO      PGE2  TNF-α
 
RAW264.7 cells 4.3 3.2 6.1
Peritoneal macrophages 7.9 3.9 4.1
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to confirm that compound 7 does not inhibit AP-1, we evalu-
ated the levels of phosphorylated MAPK-related kinases (ERK, 
JNK, and p38).  As expected, compound 7 did not suppress the 
phosphorylation of these enzymes (Figure 5E).

The Akt pathway, considered to be one of the major targets 
of compound 7, was initially recognized as a significant cell 
survival signal and subsequently as a potential target for can-
cer therapy.  Based on recent evidence, however, attention 

has shifted to the role of Akt signaling in LPS-induced inflam-
matory responses[30].  It is noteworthy that anti-inflammatory 
herbal extracts from Eleutherococcus senticosus, Dichroa feb  
rifuga, and Cymbopogon citratus[31–33] and ethnopharmacological 
agents such as curcumin, resveratrol, and quercetin[34–36] may 
suppress the Akt pathway.  The Akt inhibitors LY294002 and 
wortmannin displayed anti-inflammatory activity, reflected by 
the suppression of NO and PGE2 (Figure 6A).  Furthermore, 

Figure 1.  Effects of compounds 1 through 7 and BAY11-7082 on NO production.  (A) Chemical structures of compounds 1 through 7.  (B and C left 
panel) The Griess assay was used to determine the NO levels in culture supernatants of RAW264.7 cells or peritoneal macrophages treated with the 
test compounds and LPS (1 µg/mL) for 12 or 24 h.  (C right panel) The viability of RAW264.7 cells was determined by the MTT assay.  Mean±SD.  n=4.   
bP<0.05,  cP<0.01 vs the control.
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the overexpression of Akt induced NF-κB activation up to 
2.5 fold as assessed by measuring NF-κB-mediated luciferase 

activity (Figure 6B).  These findings suggest that Akt pathway 
inhibition may be a determining event in compound 7-medi-
ated anti-inflammatory action.  We will investigate how this 
compound mediates Akt-IKK binding inhibition without 
affecting Akt kinase activity in future experiments in our lab.  
In these experiments, the mode of binding between Akt and 
IKK and the inhibition of this binding by compound 7 will be 
analyzed using mutant constructs of these proteins and immu-
noprecipitation.  

To determine whether compound 7 is active by the oral 
route, we tested its effect against EtOH/HCl-stimulated gas-
tritis, an in vivo model of inflammatory disease that is widely 
used in drug development.  At a single dose of 40 mg/kg, 
compound 7 significantly reduced gastric tissue injury follow-
ing EtOH/HCl administration, as did ranitidine (40 mg/kg), 
the positive control (Figure 7A).  In addition, this compound 
also suppressed LPS-induced hepatitis symptoms as assessed 
by measuring the serum levels of enzymes (ALT and AST) 
indicative of liver damage, implying that in vivo TLR4-
mediated inflammatory symptoms are also ameliorated by 
this compound.  The acute administration of compound 7 to 
mice at 500 mg/kg for 1 week by the oral or intraperitoneal 
route induced no perturbation in body weight or change in 
mortality (Figure 7C).  These results support the further test-
ing of compound 7 as an orally available, well-tolerated anti-
inflammatory drug[37].

In summary, we have shown that compound 7 may sup-
press the production of NO, TNF-α, and PGE2 in LPS-treated 
macrophages and may attenuate HCl/EtOH-induced gastritis.  
In exploring the anti-inflammatory mechanism of compound 
7, we found that this compound can block NF-κB activation by 
suppressing upstream signaling by IκBα, IKK, and Akt (Figure 
8).  We propose that compound 7 might be used as a novel 
anti-inflammatory drug.  To investigate this application, we 
will test compound 7 for efficacy in vivo using models of acute 
disorders (septic shock and carrageenan-induced arthritis) and 
chronic disorders (collagen- or adjuvant-induced arthritis) in a 
pre-clinical study.  

Figure 2. Effect of compound 7 on the production of inflammatory 
mediators.  (A, B and C) The levels of NO, PGE2, and TNF-α were 
determined by the Griess assay, EIA, and ELISA in culture supernatants 
of RAW264.7 cells, peritoneal macrophages or bone marrow-derived 
macrophages treated with compound 7 and LPS (1 µg/mL) for 6 or 
24 h.  The viability of RAW264.7 cells and peritoneal macrophages was 
determined using the MTT assay.  bP<0.05, cP<0.01 vs the control.

Figure 3.  Effect of compound 7 on the expression of pro-inflammatory 
genes.  The levels of iNOS, COX-2, TNF-α, IL-1β, IL-6, and IL-12 p40 mRNAs 
were determined by semiquantitative RT-PCR.
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Figure 4.  Effect of compound 7 on the activation of transcription factors (NF-κB and AP-1).  (A) The levels of NF-κB (p65), STAT-1, and AP-1 (c-Jun/c-Fos) 
in nuclear fractions from LPS-treated RAW264.7 cells and peritoneal macrophages were determined by immunoblotting analysis with antibodies against 
the total proteins.  (B and C) HEK293 cells cotransfected with plasmid constructs for NF-κB-Luc, CREB-Luc or AP-1-Luc; adaptor molecules (MyD88 
and TRIF) (each at 1 µg/mL); and β-gal (as a transfection control) were treated with compound 7, BAY (BAY11-7082) or U0 (U0126) in the presence or 
absence of PMA (100 nmol/L).  The luciferase activity was measured using a luminometer.  bP<0.05, cP<0.01 vs the control.
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Figure 5.  Effects of compound 7 on the activation of signaling enzymes upstream of NF-κB translocation.  (A, B, and E) The levels of phospho- and 
total proteins of IκBα, IKKα/β, Akt, ERK, p38, JNK, and β-actin in cell lysates were determined using phospho-specific and total-protein antibodies, 
respectively.  (C) The kinase activities of Akt and PI3K were determined by a direct kinase assay using purified enzymes.  The control activity of each 
enzyme (Akt or PI3K) was set to 100%.  (D) The effects of compound 7 on the formation of the signaling complex composed of Akt and phospho-
IKK in the total lysates from LPS-treated RAW264.7 cells (5×106 cells/mL) were determined by immunoprecipitation with an anti-Akt antibody and 
immunoblotting with antibodies to p-IKK.  

Figure 6.  Functional role of Akt in the induction of inflammatory responses.  (A) Culture supernatants prepared from LPS-treated RAW264.7 cells pre-
treated with standard PI3K/Akt inhibitors [LY294002 (LY) and wortmannin (Wort)] were assayed for NO, TNF-α, and PGE2.  (B) HEK293 cells were 
cotransfected with plasmid constructs for either NF-κB-Luc or Akt (1 µg/mL each) and β-gal (as a transfection control).  The luciferase activity was 
measured with a luminometer.  bP<0.05, cP<0.01 vs the control.  eP<0.05, fP<0.01 vs the normal.
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Aim: DNAs containing unmethylated CpG motifs can stimulate innate and adaptive immunity.  The aim of this study was to investigate 
the immunostimulatory and anti-neoplasm effects of a novel CpG oligodeoxynucleotide, ODN10, in tumor-bearing mice.
Methods: B16 melanoma-bearing C57BL/6 mice were administered ip or sc with ODN10 or conventional CpG ODN1826 on the indi-
cated days post inoculation.  The animal survival rate and the inhibitory effect on tumor growth were observed in vivo.  B and T lym-
phocyte proliferation, natural killing cell cytotoxicity and the phagocytic ability of peritoneal macrophages from the animals were deter-
mined using [3H]-thymidine incorporation assay, 4-h 51Cr release assay and neutral red chromometry method, respectively.  The serum 
levels of IL-12, IL-4, and IgE were quantified using ELISA assays.  Histological examination of tumor tissues was performed after HE 
staining, and the expression of PCNA, CD63, and CD80 in tumor tissues was analyzed with immunohistochemistry.  
Results: ODN10 (1, 5, and 25 mg/kg) significantly inhibited the growth and metastasis of the tumor, and significantly prolonged the 
survival of tumor-bearing mice, as compared with ODN1826.  The immune status was suppressed in tumor-bearing mice.  Both ODN10 
and ODN1826 significantly reversed the suppressed immunoactivities in tumor-bearing mice, which included promoting B and T lym-
phocyte proliferation, enhancing NK cell and peritoneal macrophage activities, inducing IL-12 secretion and inhibiting IL-4 and IgE 
secretion.  Further, CpG ODNs decreased PCNA and CD63 expression while induced expression of CD80.  ODN10 presented more 
potent activity, and displayed the most prominent immunostimulatory potential.  
Conclusion: ODN10 produces prominent immunomodulatory effects on cellular immunity in tumor-bearing mice, which might help 
reverse the established Th2-type responses to the Th1-type responses, thus may be used as a potent anti-tumor immunotherapy agent 
or adjuvant.
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Introduction
The immune system of vertebrates is comprised of two com-
plementary systems, the innate and the adaptive.  In the innate 
system, dendritic cells (DCs) are the major antigen presenting 
cells to Th0 T cells in lymph nodes that polarise into Th1 and Th2 
cells, which subsequently produce different cytokines.  Polar-
ised Th1 cells produce interleukin (IL)-2, IL-12, and interferon 
(IFN)-γ, while polarised Th2 cells produce IL-4, IL-5, IL-6, IL-10, 
and IL-13.  In healthy individuals, there is a Th1/Th2 cytokine 
balance, whereas in the tumor-bearing individual, Th2 cytokine 
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synthesis is increased.  As such, researchers have tried to up-
regulate the Th1 population and maintain the balance of Th1/Th2 
to reverse the abnormal immune status in tumor patients[1].

Bacterial and synthetic DNAs containing unmethylated 
CpG motifs were known to stimulate innate and adaptive 
immunity due to their interesting immunostimulatory proper-
ties in a number of vertebrates.  The recognition of CpG DNAs 
by immune cells was mediated by Toll-like receptor 9 (TLR9), 
a receptor mainly expressed by B cells and plasmacytoid DC 
cells in humans and macrophages in mice[2].  TLR9-stimulated 
immune cells showed increased expression of co-stimulatory 
molecules, resistance to apoptosis, and up-regulation of Th1-
promoting chemokines and cytokines such as IL-2, IL-12, 
and IFN-γ[3].  In vivo, CpG DNAs were strong Th1-inducing 
adjuvants[4–8].  
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Recently, CpG oligodeoxynucleotide (ODN)s have been 
explored for use as an anti-cancer therapy due to their immu-
nostimulatory properties, such as inducing the release of 
large amounts of type I IFN, inhibition of the synthesis of Th2 
cytokines, induction of Th1 cytokine synthesis, and the activa-
tion of NK cell cytotoxicity or cytotoxic T lymphocyte (CTL) 
precursors into anti-tumor CTL cells[9–13].  Further, CpG ODNs 
enhanced the anti-tumor efficacy of monoclonal antibodies or 
cancer vaccines when used as an adjuvant in animal tumor 
models[11, 14].  CpG ODNs alone were also capable of triggering 
potent anti-tumor immune responses against various experi-
mental tumors, for example, lymphoma, melanoma, colon 
tumor, glioma, and neuroblastoma[15–21].

We previously investigated the relationship between pri-
mary and secondary structures of CpG ODNs and their immu-
nostimulatory effects on murine spleen cells and found that 
specific structures of CpG ODNs could vary greatly in their 
ability to induce host immunity in mice[22].  We screened sev-
eral novel CpG ODN sequences to identify those with superior 
immunostimulatory activities relative to the conventional lin-
ear control CpG ODN1826, which is a strong immune activa-
tor that induces protective and curative Th1 responses against 
infections and tumors in vivo in mice[9, 20, 21, 23–25].  Among them, 
ODN10, which possessed a holistic, self-complementary palin-
drome structure and promised the strongest immunostimula-
tory potential, was chosen for use in the present study.  The 
immunostimulatory potential of ODN10 was evaluated by its 
activation of NK cells, T cells, B cells, macrophages, and the 
helper T cell related cytokine secretion profile in malignant 
melanoma-bearing mice.  To characterise the most important 
outcome of immunomodulatory therapy, the in vivo anti-tumor 
efficacy of ODN10 was investigated as well.  The results sug-
gested that ODN10, a novel CpG ODN with self-palindrome 
structure, displayed outstanding anti-tumor activity superior 
to that of other conventional CpG-containing immunostimula-
tory ODN sequences.  In addition, the anti-tumor activity of 
ODN10 may be attributed to its powerful immunoregulatory 
potential to reverse established Th2-type responses to a Th1-
type response.
 
Materials and methods
CpG ODNs 
Purified, single-stranded, phosphorothioated ODNs contain-
ing CpG motifs were synthesised by Sangon Biotech Company 
(Shanghai, China).  The CpG ODNs used in this study were 
as follows: ODN10, 5’-TCCATGACGTTTTAAAACGTCATG-
GA-3’, ODN1826, 5’-TCCATGACGTTCCTGACGTT-3’, non-
CpG ODN control, 5’-TGCTGCTTTTGTGCTTTTGTGCTT-3’.  
Schematic diagrams of the secondary structure of ODN1826 
and ODN10 are shown in Figure 1.  All ODNs were diluted 
in phosphate-buffered saline (PBS) (0.1 mol/mL, pH 7.3) and 
stored at 4 °C before use.

Cells and cell lines 
Spleen cells from 6- to 8-week-old C57BL/6 mice were cul-
tured in RPMI-1640 medium supplemented with 10% (v/v) 

fetal bovine serum (FBS; GIBCO, Detroit, MI, USA) and 
antibiotics (100 IU/mL of penicillin and 100 IU/mL of strep-
tomycin).  The B16.F1 melanoma cells, which are syngeneic 
to C57BL/6 mice, were maintained in vitro as previously 
described[26, 27].  Yeast artificial chromosome-1 (YAC-1) cells 
were kindly provided by Prof Wen-xia ZHOU (Institute of 
Pharmacology and Toxicology, Beijing, China).

Experimental animals
Female C57BL/6 mice (6–8 weeks of age, 20.0±2.0 g), were 
purchased from the Experimental Animal Raising Center of 
the Academy of Military Medical Sciences (Beijing, China).  
All animal experiments and protocols were performed strictly 
in accordance with the Guide for the Care and Use of Labora-
tory Animals of the National Institutes of Health.

Tumor models
Exponentially growing B16.F1 melanoma cells were harvested 
when their viability exceeded 95%, which was determined 
by trypan blue staining.  The cells were resuspended in 0.2 
mL PBS and were injected subcutaneously (sc) at the dosage 
of 2×106 cells/animal into the right axilla of C57BL/6 mouse.  
The cells resuspended in 0.2 mL PBS were injected intraperito-
neally (ip) into another group of individuals at a dose of 2×105 
cells/animal.

Dose determination
Tumor-bearing mice (sc inoculated) were randomly divided 
into various treatment groups (10 animals in each group) and 
then treated ip with PBS or ODN10 on 9, 12, and 15 d post 
inoculation at the indicated doses (1, 5, or 25 mg/kg).  Mice 
were checked daily for tumor growth.  Tumor volume was cal-
culated using the formula 1/2a×b2, where a and b are the long 
and short diameters (in mm), respectively.  

Survival assay
Tumor-bearing mice (ip inoculated) were divided randomly 
into various treatment groups (10 animals in each group).  On 
0, 3, and 7 d post inoculation and weekly thereafter, the mice 
received ip treatment of ODN10, ODN1826, or non-CpG ODN 
and PBS control, with all ODNs administered at the same dos-

Figure 1.  Schematic diagram of ODN1826 and ODN10.  ODN1826 (left) 
is a typical linear type ODN.  ODN10 (right) possesses a holistic, self-
complementary palindrome structure.
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age of 5 mg/kg.  The survival of mice was checked daily until 
all animals died.

In vivo inhibitory effect on tumor growth
Subcutaneously inoculated tumor-bearing mice were divided 
randomly into four treatment groups (10 animals in each 
group) and then treated ip with various ODNs (ODN10, 
ODN1826, or non-CpG ODN, all at the dose of 5 mg/kg) or 
PBS on d 9 (when the tumor size reached approximately 5 mm 

in diameter), 12, 16, and 19 post tumor inoculation.  Mice were 
checked daily for tumor growth, and the mice were sacrificed 
on d 20 post inoculation, when the tumor size from mice in 
the PBS control group reached approximately 25 mm on the 
long diameter.  The tumors and spleens were collected from 
individual animals and weighed.  The oxter lymph nodes 
and the ascites were collected for further study.  The serum 
was collected into 2 mL microtubes and stored at -70 °C until 
measurement.  The inhibitory effect of the ODNs on tumor 
growth in vivo was evaluated by the tumor growth inhibitory 
rate (TGI%), which was calculated by the formula (W0–W)/
W0×100%, where W represented the tumor weight of the ODN-
treated groups, and W0 was that of the PBS control group.  

B and T lymphocyte proliferation assay 
Proliferation of mouse B cells and T cells from tumor-bearing 
mice treated with different ODNs or the control, as well non-
tumor-bearing mice was determined by a [3H]-thymidine 
incorporation assay as described[28].  Briefly, splenocytes 
(2×105 cells) harvested from tumor-bearing mice or the normal 
mice were loaded in a 96-well culture plate with or without 5 
μg/mL ConA or LPS (Sigma, St Louis, MO, US) and cultured 
at 37 °C in a 5% CO2 atmosphere in RPMI-1640 for 72 h, with 1 
μCi of [3H]-thymidine ([3H]-TdR, Institute of Atomic Energy, 
Beijing, China) added for the last 18 h.  The cells were har-
vested, and the radioactivity was measured using a microBeta 
liquid scintillation counter (PerkinElmer, Waltham, MA, USA).

NK-mediated cytotoxicity assay 
The NK cytotoxicity of splenocytes was detected with a 4 h 
51Cr release assay as previously described[27].  Briefly, sple-
nocytes were harvested from tumor-bearing mice or non-
tumor-bearing mice to serve as effector cells.  One million 
YAC-1 cells/well (serving as target cells) were labelled with 
50 µCi of 51Cr for 1 h at 37 °C  in a 96-well microplate and 
were then washed 3 times and incubated for 4 h with effec-
tor cells (with an E:T ratio of 50:1).  Thereafter, superna-
tants were harvested, and the radioactivity was measured 
using a microBeta liquid scintillation counter (PerkinEl-
mer, Waltham, MA, USA).  The results are expressed as 
the mean percentage of specific lysis (triplicate wells)±SD, 
where percent specific lysis (%)=(experimental counts– 
target cell spontaneous release counts)/(maximal release 
counts–target cell spontaneous release counts)×100%.  Spon-
taneous lysis was measured in wells containing only target 
cells, whereas maximum lysis was measured from the wells 
containing target cells incubated with 10% SDS.

Macrophage phagocytosis assay
The phagocytic ability of peritoneal macrophages was exam-
ined with a neutral red chromometry method strictly as 
described[29].  The data shown are representative of two repli-
cate experiments.

Cytokines and chemokines ELISAs 
Serum IL-12, IL-4, and IgE levels were measured twice by 
ELISA according to the manufacturer’s instructions (IL-12 P40 
and IL-4 kits were purchased from R&D Systems (Minneapo-
lis, MN, USA), and the IgE kit was purchased from BETHYL 
(Montgomery, TX, USA).  The plate reader was calibrated to 
the manufacturer’s specifications, and the absorbance (450 nm) 
of the contents of each well was determined.  

Histopathology and immunohistochemistry 
After dissection, specimens of tumor, spleen, and oxter lymph 
nodes were fixed for 1 week in 4% buffered paraformalde-
hyde, embedded in paraffin, and stained with hematoxylin 
and eosin (H&E staining).  PCNA, CD63, and CD80 expres-
sion levels in the tumor tissues were analysed by immuno-
histochemistry.  Briefly, the paraffin-embedded sections were 
dewaxed and rehydrated.  Antigen retrieval was performed in 
citrate buffer (pH 6.0) using the microwave technique.  Endog-
enous peroxidase activity was quenched by 30% hydrogen 
peroxide in distilled water for 5–10 min and then washed in 
PBS.  Primary antibodies (mouse anti-mouse monoclonal anti-
bodies against PCNA, rabbit anti-mouse monoclonal antibod-
ies against CD63 and CD80), the Mouse/Rabbit IgG SABC kit, 
and 3,3’-diaminobenzidine (DAB) solution were purchased 
from Wuhan Boster Biotechnology (Wuhan, China).  Sections 
were sequentially incubated with primary antibody, the bioti-
nylated anti-mouse/rabbit antibody, and the streptavidin per-
oxidase reagent.  Peroxidase activity was detected with DAB 
solution.  The same process performed without the primary 
antibody was used as a control.  Sections were weakly coun-
terstained with hematoxylin.  

Statistical analysis
The data are shown as the mean±SD, and statistical signifi-
cance was determined with the SPSS (v 10.0) software with 
Student’s t test or analysis of variance (one-way ANOVA).  
Survival data were analysed by the Mantel-Cox logrank test.  
P<0.05 was considered to be statistically significant.  

Results
Inhibitory effect on tumor growth in vivo
Inoculated B16 melanoma cells (2×106 cells/mouse) led to 
invasive tumors in 100% of the C57BL/6 mice.  At d 8, when 
all mice presented a single mass (tumor size of ca 4 mm in 
diameter) in the right oxter, CpG ODNs were administered ip 
at the indicated doses (1, 5, and 25 mg/kg) on d 9, 12, and 14 
after tumor inoculation.  Mice were checked daily for tumor 
growth.  The results showed that ODN10 inhibited the growth 
of the tumor in vivo in a dose-dependent manner (Figure 2A).  
Compared with the PBS control group, TGI rates of various 
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dosage groups (1, 5, and 25 mg/kg) were 13.4% (P<0.05), 
35.5% (P<0.01), and 48.3% (P<0.01) on d 15, respectively.  Fig-
ure 2B showed that the CpG ODN, at the same dosage level 
of 5 mg/kg, could inhibit the tumor proliferation significantly 
(P<0.05) from d 14, and more significantly (P<0.01) from d 
17.  On d 20, the TGI rate of the ODN10 treatment group was 
51.1%, which is remarkably superior to that of ODN1826 
(33.2%, P<0.01).  The non-CpG ODN hardly showed any 
anti-tumor activity (Figure 2C).  Compared with the positive 
ODN1826, ODN10 showed higher antitumor activity.

Prolonged survival assay 
C57BL/6 mice received 2×105 cells/mouse B16 melanoma cells 

ip on d 0.  The CpG or non-CpG ODN was administered ip on 
d 0, 3, 7, and weekly thereafter.  As shown in Figure 3, on d 22, 
the survival rates of non-CpG ODN, ODN1826, and ODN10 
groups were 0%, 20%, and 70%, respectively, compared with 
the PBS control group.  CpG ODN can significantly prolong 
the survival of mice with B16 melanoma.  ODN10 showed 
more effectiveness than ODN1826 and its potent antitumor 
activity in vivo was illustrated again.

In vivo immunostimulatory activities of ODN10
We investigated the difference between the immune states of 
the tumor-bearing mice and normal mice, with the measure-
ment indicators included in the study being the proliferation 
potential of B and T lymphocytes, NK cytotoxicity of spleno-
cytes, and the phagocytic ability of peritoneal macrophages.  
The results showed that all of the above-mentioned immune 
activities were suppressed in tumor-bearing mice compared to 
their normal counterparts (P<0.05).  However, the CpG immu-
nostimulatory sequences significantly reversed the immuno-
suppression status in tumor-bearing mice.  Among them, the 
ODN10 displayed the most prominent immunostimulatory 
potential (Figure 4).

As to the influences on chemokine or cytokine secretion, 
CpG ODN treatment is known to reverse established Th2 
responses to Th1-type responses[30, 31].  In the present study, 
IL-12 and the IL-4 were selected as the indicator cytokines, 
where the former is a Th1-type cytokine, while the latter is 
a Th2-type cytokine.  As a result of induction of IL-4, B cells 
switch to IgE synthesis and inhibit IgG antibody synthesis; 
therefore, IgE levels in mice were also monitored as a marker 
of Th1-Th2 response type conversion.  The results showed that 
in the absence of CpG ODN treatment, serum from tumor-
bearing mice contained markedly higher IL-4 and IgE levels 
and lower IL-12 levels than normal mice, suggesting a pre-
dominantly Th2 polarisation, while the CpG ODN treatment 

Figure 2.  Effect of CpG ODNs on the growth of B16 melanoma in mice.  
C57BL/6 mice were inoculated sc with 2×106 B16 melanoma cells on d 
0.  Mice were treated with ODN1826 (positive control) and ODN10 at the 
indicated times and doses.  (A) Dose-dependent effect of ODN10 (on d 9, 
12, 14; at doses of 1, 5, and 25 mg/kg).  (B) Tumor growth curve on d 20 
post tumor inoculation at doses of 5 mg/kg at the indicated times (on d 9, 
12, 16, and 19).  bP<0.05, cP<0.01 vs PBS-treated mice; (C) Tumor growth 
inhibitory rate (TGI%) on d 20.  cP<0.01 vs ODN1826-treated mice.  There 
were 10 mice in each group.  The data shown represent two replicate ex-
periments.

Figure 3.  ODN10 prolonged the survival of mice implanted with B16 
melanoma (2×105 cells/mouse).  On d 0, 3, 7, and weekly thereafter, the 
mice received 5 mg/kg ip of the indicated ODN and were observed for sur-
vival.  There were 10 mice in each group.  The data shown represent two 
replicate experiments.
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markedly reversed the established Th2 responses to Th1-type 
responses in tumor-bearing mice, characterised by the signifi-
cant up-regulation of IL-12 and down-regulation of IL-4 and 

IgE.  Again, ODN10 had more significantly robust immunos-
timulatory effects compared with ODN1826 (Figure 5).
Pathobiology and immunohistochemistry analysis
Figure 6 shows the H&E staining of tissue sections from 
formalin-fixed tumors obtained 20 d after tumor injection.  
PBS-treated tumors exhibited a solid growth pattern without 
necrosis.  ODN10 treatment could make the tumor cell exhibit 
extensive cellular polymorphisms, including cavitate nuclei, 
swollen nuclei, and apoptosis.  Figure 7 shows the H&E stain-
ing of tissue sections from spleen or oxter lymph nodes.  The 
PBS group presented with large-scale necrosis and vasal 
infarct by metastatic melanoma masses in the spleen and met-
astatic melanoma in the vessels of oxter lymph nodes.  Both 
the spleen and oxter lymph nodes were normal in the CpG 
ODN10 treatment group.  

PCNA was expressed exclusively in tumor tissues of the 
melanoma mice, and ODN10 treatment decreased PCNA 
expression (Figure 8A–C).  Expression of CD63 (Figure 8D–F), 
a melanoma metastasis-associated antigen, was similar to 
PCNA.  On the contrary, ODN10 could induce expression of 

Figure 4.  Immunostimulatory activity of CpG ODNs in tumor-bearing mice.  
Splenocytes were from the ODN-treated tumor-bearing mice (ODN1826 
or ODN10), age-matched PBS-treated tumor-bearing mice (PBS), or age-
matched normal mice (Blank).  The peritoneal macrophages were also 
from the above groups. (A) Proliferation of the LPS-activated B cells.  (B) 
Proliferation of the ConA-activated T cells.  (C) NK cytotoxicity of spleno-
cytes.  (D) Phagocytic ability of peritoneal macrophage.  bP<0.05, cP<0.01, 
PBS-treated tumor-bearing mice vs normal mice; eP<0.05, fP<0.01, ODN-
treated tumor-bearing mice vs PBS-treated tumor-bearing mice; hP<0.05, 
ODN10-treated tumor-bearing mice vs ODN1826-treated tumor-bearing 
mice.  There were 10 mice in each group.  The data shown represent two 
replicate experiments.

Figure 5.  Induction of IL-12 P40 (A), IgE (B), or IL-4 (C) production by 
CpG ODN in mice.  Sera were from the ODN-treated tumor-bearing mice 
(ODN1826 or ODN10), age-matched PBS-treated tumor-bearing mice 
(PBS), or age-matched normal mice (Blank).  bP<0.05, cP<0.01, PBS-
treated tumor-bearing mice vs normal mice; eP<0.05, fP<0.01, ODN-
treated tumor-bearing mice vs PBS-treated tumor-bearing mice; hP<0.05, 
ODN10-treated tumor-bearing mice vs ODN1826-treated tumor-bearing 
mice.  There were 10 mice in each group.  The data shown represent two 
replicate experiments.
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CD80, a cell-surface co-stimulatory molecule, in tumor tissues 
of melanoma-bearing mice (Figure 8G–I).  The results from 
pathobiology and immunohistochemistry analysis indicated 
that CpG ODNs could activate the host anti-tumor immune 
response to inhibit the growth and metastasis of melanoma 
tumors in mice, and the novel ODN10 presented more potent 
activity.

Discussion
Bacterial and synthetic CpG DNAs promote B cell prolif-
eration, immunoglobulin production and the secretion of a 
number of cytokines, including IL-6, IL-12, IFN-α, and IFN-γ, 
from B cells, monocytes/macrophages, DC cells and NK cells.  
ODN1826 is known as a strong immune activator that induces 
protective and curative Th1 responses against infections and 
tumorigenesis in vivo for mice[10, 23–25].  

Our previous studies showed that ODN10, a novel CpG 
ODN containing a holistic self-complementary palindrome 
structure (5’-TCCATGACGTTTTAAAACGTCATGGA-3’), pos-
sesses more potent immunostimulatory effects than a conven-
tional CpG ODN (ODN1826), characterised by inducing a high 
level of IL-12 and IFN-α secretion and potentiating NK cell 
lytic activity[22].  We presume that their immunostimulatory 
properties may play roles in the CpG ODN-induced inhibition 
of B16 melanoma growth.  

In our study, we found that the proliferation of B cells and 
T cells, NK cytotoxicity of splenocytes, and the phagocytic 
ability of peritoneal macrophages in tumor-bearing mice were 
lower than those in normal mice.  Additionally, we also found 

that serum from tumor-bearing mice contained markedly 
higher IL-4 and IgE levels and lower IL-12 levels than normal 
mice, suggesting a predominantly Th2 polarisation.  These phe-
nomena indicated that the burden of the tumor might impair 
the function of an individual’s innate and adaptive immune 
system.  In tumor-bearing individuals, when IL-4, a type of 
Th2 cytokine, is produced at a higher level than normal, it can 
induce the IL-4 response genes in T cells and also shut off IgG 
synthesis by B cells and induce IgE synthesis.  Under these 
conditions, the high Th2 cytokine level is dominant in the indi-
vidual, an allergy-like inflammatory condition develops, the 
adaptive immune response is inhibited, and tumor develop-
ment and progression continue.  The increased IgE levels in 
cancer patients reflect impaired cellular immunity[1].  

Our results also showed that the activities of the above-men-
tioned immune cells increased remarkably from the CpG ODN 
treatment, especially from ODN10 treatment.  Meanwhile, we 
found that the antitumor activity of CpG ODNs was increased 
along with their immunomodulatory activity, for example, 
prolonged survival of mice with B16 melanoma, and inhibition 
of the tumor growth.  Pathobiology and immunohistochemis-
try analysis also indicated that ODN10 could activate the host 
anti-tumor immune response to inhibit the in vivo growth and 
metastasis of melanoma tumors in mice.  

Our study showed that ODN10 had potent antitumor activ-
ity, which was positively correlated with its superior immuno-
modulatory effects, including promoting B and T lymphocyte 
proliferation, enhancing NK cell and peritoneal macrophage 
activity, inducing IL-12 secretion, and inhibiting IL-4 and 

Figure 6.  Tumor tissues were fixed in 4% buffered paraformaldehyde, embedded in paraffin and analysed histologically by H&E staining (×132).  PBS-
treated tumors showed a solid growth pattern without necrosis (A).  Tumors treated with ODN1826 (B) or ODN10 (C) exhibited extensive cellular poly-
morphism, including cavitate nuclei (arrow①), swollen nuclei (arrow②), and apoptosis (arrow③).

Figure 7.  Histological analysis of spleen and oxter lymph nodes (HE staining, ×40).  The PBS-treated group presented with large-scale necrosis (arrow①) 
and vasal infarct (arrow②) by a metastatic melanoma mass (arrow③) in the spleen (A), whereas the ODN10 treatment group was normal (B).  The PBS-
treated group showed a metastatic melanoma mass in the vessel of oxter lymph nodes (arrow③) (C), whereas the ODN10 treatment group was normal (D). 



1053

www.chinaphar.com
Du HY et al

Acta Pharmacologica Sinica

npg

IgE secretions.  We presume that ODN10 can induce pDC-
mediated cellular adaptive immunity to release large amounts 
of type I IFN; the latter stimulates Th1 cells to secret IL-2 and 
IL-12, which induce the CTL precursors to differentiate into 
antitumor CTL cells and also induce B cells to synthesise anti-
tumor IgG antibodies.  Meanwhile, ODN10 can stimulate NK 
cells responsible for spontaneous cytotoxicity of a variety of 
tumor cells and can activate macrophages, scavengers of dead 
cell debris.  In addition, our study also demonstrated that the 
novel ODN10 can reverse established Th2 responses to Th1-type 
responses and change an individual’s tumor microenviron-
ment, which contributes to identifying and killing tumor cells.  

In summary, our experimental results demonstrated that 
the novel ODN10 has more potent immunomodulatory and 
antitumor activity towards melanoma than other ODNs, and 
as such, displays a promising application in cancer immuno-
therapy in mice.  Our study suggests that the palindrome may 
be essential to the immunostimulatory potency of a CpG ODN 
and contributes to its antitumor activity.
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Introduction
NO, which was identified as an endothelial-derived relaxing 
factor (EDRF) in 1987[1], is a ubiquitous cellular messenger 
molecule in the cardiovascular, nervous and immune systems, 
where it has been shown to participate in activities involving 
cardiovascular function, neurodegenerative diseases and can-
cer[2–4].

Oridonin (Figure 1A), an active diterpenoid that was iso-
lated from Rabdosia rubescens, has various pharmacological 
and physiological functions, particularly for the treatment of 
cancers[5].  

Apoptosis, also known as type I programmed cell death, 
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Aim: To investigate the role of nitric oxide (NO) in oridonin-induced apoptosis and autophagy in murine fibrosarcoma L929 cells and the 
underlying molecular mechanisms.
Methods: Cell viability was measured using MTT assay.  Intracellular NO level, SubG1 cell ratio and autophagy cell ratios were analyzed 
with flow cytometry after diaminofluorescein-2 diacetate (DAF-2DA), propidium iodide (PI) and monodansylcadaverine (MDC) staining, 
respec tively.  Protein expression was examined using Western blot analysis.  
Results: Exposure of L929 cells to oridonin (50 µmol/L) for 24 h led to intracellular NO production.  Pretreatment with NOS inhibitor 
1400w or L-NAME inhibited oridonin-induced apoptosis and autophagy in L929 cells.  The pretreatment decreased the apoptosis-
related protein Bax translocation and cytochrome c release, increased Bcl-2 level, reversed the autophagy-associated protein Beclin 1 
increase and conversion of LC3 I to LC3 II.  Furthermore, pretreatment with NO scavenger DTT completely inhibited oridonin-induced 
apoptosis and autophagy in L929 cells.  In addi tion, oridonin (50 µmol/L) activated ERK and p53 in L929 cells, and the interruption of 
ERK and p53 activation by PD 98059, pifithrin-α, or ERK siRNA decreased oridonin-induced apoptosis and autophagy.  The inhibition 
of NO production reduced oridonin-induced ERK and p53 activa tion, and NO production was down-regulated by blocking ERK and p53 
activation. 
Conclusion: NO played a pivotal role in oridonin-induced apoptosis and autophagy in L929 cells.  Taken together with our previous find-
ing that ERK contributes to p53 activation, it appears that NO, ERK, and p53 form a positive feedback loop.  Consequently, we suggest 
that oridonin-induced apoptosis and autophagy are modulated by the NO-ERK-p53 molecular signaling mechanism in L929 cells.
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is characterized by an ensemble of morphological features, 
including cellular shrinkage, plasma membrane blebbing, 
chromatin condensation, nuclear fragmentation and apoptotic 
body formation[6].  Apoptosis can be triggered by intrinsic 
and extrinsic pathways that involve either mitochondria or 
death receptors[7].  Macroautophagy (hereafter referred to as 
autophagy) is the most active form of autophagy and affects 
various physiological and pathological processes, includ-
ing immunity, cancer and neurodegenerative diseases[8, 9].  
Autophagy is the process by which organelles and cytoso-
lic macromolecules are sequestered into double-membrane 
structures known as autophagosomes that are subsequently 
delivered to the lysosome for degradation[10].  Autophagy is 
regulated by several autophagy-related ATG genes, many of 
which have mammalian orthologs.  Two well-known ATG 
genes in mammals are Beclin 1 and microtubule-associated 
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protein light chain 3 (LC3).  Beclin 1, which is the mammalian 
homolog of Atg6 and functions in either the autophagic path-
way or the early formation of autophagosomes, plays a cen-
tral role in the regulation of autophagy[11].  LC3, which is the 
mammalian homolog of Atg8, is associated with the autopha-
gosomal membranes after autophagocytic processing.  LC3 I 
normally exists in the cytosol; when autophagy is induced, 
LC3 I conjugates with phosphatidylethanolamine to form the 
autophagosome-associated LC3 II.  The accumulation of LC3 
II is correlated with the number of autophagosomes present[12].

The L929 murine fibrosarcoma cell line was derived in 
March 1948.  Strain L was one of the first cell strains to be 
established in continuous culture, and clone 929 was the first 
cloned strain developed.  The parent L strain was derived 
from normal subcutaneous areolar and adipose tissues of a 
100-d-old male C3H/An mouse.  Clone 929 was established 
(by the capillary technique for signal cell isolation) from the 
95th subculture generation of the parent strain.  It is widely 
believed that L929 is sensitive to tumor necrosis factor alpha 
(TNFα) and that TNFα-induced cell death is caspase-indepen-
dent[13].  Our previous study demonstrated that oridonin could 
induce L929 cell caspase-independent apoptosis by the activa-
tion of the ERK-p53 signaling pathway[14, 15].  Interestingly, NO 
is known to activate both ERK and p53 via phosphorylation[16], 
and it appears to be involved in the regulation of apoptosis[17].  
In this study, oridonin induced NO production, which medi-
ated L929 cell apoptosis and autophagy and led to the activa-
tion of ERK and p53.

Materials and methods
Reagents 
Oridonin was obtained from the Kunming Institute of Botany, 
Chinese Academy of Sciences (Kunming, China), and its 
purity was determined to be 99.4% by HPLC measurements.  
Fetal bovine serum was purchased from TBD Biotechnology 
Development (Tianjin, China); 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT), propidium iodide 
(PI), monodansylcadaverine (MDC), RNase A, diaminofluo-
rescein-2 diacetate (DAF-2DA), 1400w, L-NAME, sodium 
nitroprusside (SNP), DTT, PD98059 (PD), and pifithrin-α (PFT-
α) were purchased from Sigma Chemical (St Louis, MO, USA).  
ERK small interfering RNA (siRNA), control siRNA and Lipo-
fectamine 2000 were from Invitrogen (Invitrogen, Carlsbad, 
CA, USA).  Rabbit polyclonal antibodies against Bax, Beclin 1, 
LC3, ERK, p-ERK, p53, and p-p53, mouse polyclonal antibod-
ies against Bcl-2, cytochrome c, and β-actin and horseradish 
peroxidase-conjugated secondary antibodies were purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Cell culture
L929 cells were cultured in RPMI-1640 medium (Gibco, NY, 
USA) supplemented with 10% fetal bovine serum (FBS) (Bei-
jing Yuanheng Shenyang Research Institution of Biotechnol-
ogy, Beijing, China), 100 μg/mL streptomycin, 100 U/mL pen-
icillin, and 0.03% L-glutamine and maintained at 37 °C with 
5% CO2 in a humidified atmosphere.  All of the experiments 

were performed on logarithmically growing cells.

Cell viability assay
Cells were seeded in 96-well plates at a concentration of 5×104 

cells/mL.  After 48 h of incubation, they were treated with ori-
donin in the presence or absence of the indicated inhibitors for 
24 h.  Cell viabilities were measured by MTT staining. 

Flow cytometric analysis of NO levels
The intracellular NO was detected using the NO fluorescent 
probe diaminofluorescein-2 diacetate (DAF-2DA).  Once diac-
etate groups of the DAF-2DA reagent are hydrolyzed by cyto-
solic esterases, DAF-2 is released and sequesters the reagent 
inside of the cell.  NO production converts the non-fluorescent 
dye, DAF-2, to its fluorescent triazole derivative, DAF-2 triaz-
ole (DAF-2T)[18].  The L929 cells were treated with oridonin for 
the indicated periods or co-incubated with the given inhibitors 
for 24 h.  They were then incubated with 10 μmol/L DAF-2DA 
at 37 °C for 30 min to measure NO production.  Next, the cells 
were harvested, and the pellets were suspended in 0.5 mL 
PBS.  Finally, the samples were analyzed by flow cytometry 
(Becton Dickinson, Franklin Lakes, NJ, USA).

 
Measurement of SubG1 cells
The L929 cells were treated with oridonin for the indicated 
periods or co-incubated with the given inhibitors for 24 h.  The 
collected cells were fixed in 70% ethanol, stained for DNA con-
tent with PI at 4 °C in the dark for 30 min, and measured by 
flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

Measurement of autophagy
After incubation with oridonin for the indicated periods, the 
cells were cultured with 0.05 mmol/L MDC at 37 °C for 1 h 
and then analyzed by flow cytometry.  

siRNA transfection
The cells were transfected with siRNA by using Lipofectamine 
2000 according to the manufacturer’s instructions.  The trans-
fected cells were used for subsequent experiments 24 h later.

Western blot analysis
The L929 cells were treated with oridonin for the indicated  
periods or co-incubated with the given inhibitors for 24 h.  
Equivalent amounts (30 μg) of total protein were separated 
by SDS–PAGE and transferred to a nitrocellulose membrane.  
Immunoblot analysis was performed as described previ-
ously[19].

Preparation of mitochondrial and cytosolic extracts
Cells were collected by centrifugation at 200×g at 4 °C for 5 
min and washed twice with ice-cold PBS.  The cell pellets were 
resuspended in ice-cold homogenizing buffer (250 mmol/L 
sucrose, 20 mmol/L HEPES, 10 mmol/L KCl, 1 mmol/L 

Cell viability (%)=100 –  A492, control – A492, experimental  ×100                                            A492, control – A492, blank
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EDTA, 1.5 mmol/L MgCl2, 1 mmol/L DTT, 1 mmol/L PMSF, 
1 μg/mL aprotinin, and 1 μg/mL leupeptin).  The cells were 
homogenized with 20 strokes of a Dounce homogenizer at 
4 °C.  Nuclei and intact cells were removed by centrifugation 
at 500×g at 4 °C for 12 min.  The supernatants were subjected 
to centrifugation for 30 min (12 000×g, 4 °C) to precipitate the 
mitochondria.  The resultant supernatants were used as the 
cytosolic fraction, and the pellets were lysed in lysis buffer (50 
mmol/L HEPES, pH 7.4, 1% Triton X-100, 2 mmol/L sodium 
orthovanadate, 100 mmol/L sodium fluoride, 1 mmol/L 
EDTA, 1 mmol/L EGTA, and 1 mmol/L PMSF) on ice for 1 h.  
The lysates were subjected to centrifugation at 12 000×g, 4 °C 
for 30 min, and the supernatants were used as the mitochon-
drial fractions.

Statistical analysis
All of the presented data and results were confirmed in at least 
three independent experiments.  The data are expressed as the 
mean±standard error (SEM).  The data were analyzed with a 
one-way ANOVA using the Statistics Package for Social Sci-
ence (SPSS) software (version 13.0; SPSS, Chicago, IL, USA), 
and the statistical comparisons were performed using least 
significant difference (LSD) post-hoc tests.  P<0.05 was consid-
ered to be statistically significant.

Results
Oridonin induces NO production
The production of NO was evaluated by a flow cytomet-
ric analysis with the NO fluorescent probe DAF-2DA.  In 
oridonin-treated L929 cells, the DAF-2T-positive cell ratio 
increased over time (Figure 1B).  These data suggest that ori-
donin induces NO production.

NO mediates apoptosis and promotes cytoprotective autophagy 
in oridonin-treated L929 cells
Cellular NO is primarily synthesized from L-arginine by a 
family of NOSs[20].  Thus, we introduced the NOS inhibitors 
1400w[21] and L-NAME[22] to investigate the role of NO in 
oridonin-induced cell growth inhibition.  As shown in Figure 
2A, the increase in NO was suppressed by 1400w or L-NAME.  
Additionally, the 1400w or L-NAME pretreatment reversed 
the oridonin-induced cell growth inhibition (Figure 2B).  These 
results suggested that oridonin-induced NO production 
caused cell death in L929 cells.

Our previous study demonstrated that oridonin induced 
apoptotic cell death and protective autophagy[23].  To investi-
gate the role of NO in oridonin-induced L929 cell apoptosis 
and autophagy, the cells were pretreated with 1400w and 
L-NAME.  Pretreatment with 1400w or L-NAME decreased 
the number of SubG1 cells compared to the oridonin alone 
treatment group (Figure 2C).  These findings indicated that 
NO induced apoptosis in the oridonin-treated L929 cells.  Our 
previous study also showed that oridonin induced apoptosis 
mainly through the mitochondrial pathway[15].  Hence, the 
expression of the mitochondria-related proteins Bax, cyto-
chrome c, and Bcl-2 were examined using Western blot analy-

ses (Figure 1S).  Pretreatment with 1400w or L-NAME seques-
tered the mitochondrial Bax and cytosolic cytochrome c and 
increased Bcl-2 levels (Figure 2E).  The inhibition of NO by 
1400w or L-NAME also attenuated the induction of autophagy 
(Figure 2D).  Furthermore, we obtained similar western blot 
results from the assessment of Beclin 1 levels and the conver-
sion of LC3 I to LC3 II (Figure 2E).  Collectively, these results 
indicated that NO was involved in oridonin-induced apopto-
sis and autophagy in L929 cells.  To further confirm the role of 
NO in oridonin-induced apoptosis and autophagy, we intro-
duced DTT to eliminate NO production[18] (Figure 2F).  DTT 
pretreatment reversed oridonin-induced apoptosis (Figure 
2G) and autophagy (Figure 2H).  Further studies verified 
that pretreatment with DTT decreased Bax translocation and 
cytochrome c release and increased Bcl-2 levels, whereas this 
pretreatment reversed the Beclin 1 increase and conversion of 
LC3 I to LC3 II (Figure 2I).  On the basis of the above results, 
we suggest that the oridonin-induced production of NO is 

Figure 1. Oridonin induced the generation of nitric oxide.  (A) Chemical 
structure of oridonin.  (B) Cells were incubated with 50 μmol/L oridonin 
for 0, 6, 12, and 24 h followed by flow cytometric analyses of NO level 
changes after DAF-2DA staining.  Mean±SEM.  n=3. 
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bifunctional in oridonin-induced cell death; it induces mito-
chondrial malfunction to promote the mitochondrial apoptotic 
pathway and simultaneously induces autophagy to protect the 
cells from dying.  

ERK-p53 is involved in oridonin-induced apoptosis and autophagy
Extracellular signal-regulated kinase (ERK), which is a mem-
ber of the mitogen-activated protein kinase family, and tumor 
suppressor protein p53 have been reported to be invovled in 
apoptosis and autophagy[24–26].  It is not known whether ERK 
and p53 participate in oridonin-induced cell apoptosis and 
autophagy.  To address this question, the cells were pretreated 
with 5 μmol/L MEK inhibitor PD98059 (PD) and 5 μmol/L 
p53 inhibitor pifithrin-α (PFT-α) to inhibit ERK and p53 activa-
tion, respectively.  As shown in Figure 3A, compared with the 

oridonin alone group, the PD pretreated group and the PFT-α 
pretreated group had significantly increased cell viabilities.  
The Western blot analyses demonstrated that p-ERK and p-p53 
levels rose over time after oridonin administration, despite 
the lack of obvious changes in ERK and p53 levels (Figure 3B).  
Furthermore, the inhibition of ERK or p53 activation decreased 
apoptotic cell death (Figure 3C) and MDC positive ratios 
(Figure 3D).  The Western blot analyses also showed that PD 
or PFT-α pretreatment reversed the oridonin-induced Bax 
translocation, cytochrome c release and declining Bcl-2 levels 
along with Beclin 1 activation and the conversion of LC3 I to 
LC3 II (Figure 3E).  These results indicate that ERK and p53 
are involved in oridonin-induced apoptosis and autophagy.  
In our previous work[15] oridonin-induced ERK contributed 
to p53 activation; thus, we introduced ERK-directed siRNA 

Figure 2.  Effect of nitric oxide on oridonin-induced apoptosis and autophagy.  (A) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence 
or absence of 1400w (10 μmoL/L) or L-NAME (20 μmoL/L) for 3 h and then analyzed by flow cytometry for NO level changes after DAF-2DA staining.  (B) 
Cell viability was measured by MTT assay.  (C–E) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence or absence of 1400w (10 μmoL/L) 
or L-NAME (20 μmoL/L) for 3 h.  (C) Flow cytometric analyses of apoptotic cell ratios after PI staining (SubG1 cells).  (D) Flow cytometric analyses of 
autophagic cell ratios after MDC staining.  (E) Western blot analyses for the detection of mitochondrial Bax, Bcl-2, cytosolic cytochrome c, Beclin 1, 
and LC3 levels.  β-Actin was used as an equal loading control.  (F–H) Cells were pretreated with 0.5 mmoL/L DTT and then cultured with 50 μmoL/L 
oridonin for 24 h.  (F) Flow cytometric analyses of NO level changes after DAF-2DA staining.  (G) Apoptotic cell ratios after PI staining (SubG1 cells).  (H) 
Autophagic cell ratios after MDC staining.  (I) Cells were incubated with 50 μmoL/L oridonin for 24 h in the presence or absence of 0.5 mmoL/L DTT and 
then analyzed by Western blotting to detect mitochondrial Bax, Bcl-2, cytosolic cytochrome c, Beclin 1, and LC3 levels.  β-Actin was used as a loading 
control.  Mean±SEM.  n=3.  bP<0.05, cP<0.01 vs oridonin-only treatment group. 
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to confirm the above results (Figure 3F).  As shown in Figure 
3G and H, the oridonin-induced apoptotic and autophagic 
ratios decreased after transfection with ERK-directed siRNA.  
Collectively, these results provided strong evidence that the 
ERK-p53 pathway is involved in the apoptotic and autophagic 
pathways simultaneously.

NO contributes to ERK-p53 activation, which provokes NO pro-
duc tion in oridonin-treated L929 cells
It should be noted that both NO, ERK and p53 participate in 

oridonin-induced apoptosis and autophagy.  Hence, explor-
ing the correlation between NO and ERK-p53 was the logical 
next step.  Compared with the oridonin alone group, 1400w 
or L-NAME pretreated cells showed decreased ERK and p53 
activities as shown by p-ERK and p-p53 protein levels, sug-
gesting that NO contributes to ERK and p53 activation (Figure 
4A).  Next, to investigate whether ERK and p53 affected NO 
production, the cells were pretreated with PD, PFT-α or ERK-
directed siRNA.  As shown in Figure 4B and 4C, compared 
with the oridonin alone group, the PD, PFT-α, and ERK-

Figure 3.  Effects of ERK and p53 on oridonin-induced apoptosis and autophagy.  Cells were incubated with 50 μmol/L oridonin for 24 h in the presence 
or absence of PD 98059 (PD) (5 μmol/L) or pifithrin-α (PFT-α) (5 μmol/L) for 3 h.  (A) Cell viabilities were measured by MTT assay.  (B) Western blot 
analyses for the detection of ERK, p-ERK, p53, and p-p53 levels after oridonin treatment for the indicated time periods.  β-Actin was used as a loading 
control.  (C) Flow cytometric analyses of apoptotic cell ratios after PI staining (SubG1 cells).  (D) Autophagic cell ratios after MDC staining.  (E) Western 
blot analyses for the detection of mitochondrial Bax, cytosolic cytochrome c, Beclin 1 and LC3 levels.  β-actin was used as a loading control.  (F) The 
cells were transfected with control or ERK-directed siRNA for 24 h, and then ERK levels were examined by Western blot analyses.  β-Actin was used 
as a loading control.  (G–H) After transfection, flow cytometric analyses of apoptotic (G) and autophagic (H) cell ratios were conducted after oridonin 
treatment.  Mean±SEM.  n=3.  bP<0.05, cP<0.01 vs oridonin-only treatment group.  

Figure 4.  Relationship between nitric oxide and ERK-p53.  (A) Cells were incubated with 50 μmol/L oridonin for 24 h in the presence or absence of 
1400w (10 μmol/L) or L-NAME (20 μmol/L) for 3 h and then analyzed by Western blotting to assess the p-ERK and p-p53 levels.  β-Actin was used as a 
loading control.  (B) Cells were incubated with 50 μmol/L oridonin for 24 h in the presence or absence of PD98059 (PD) (5 μmol/L) and pifithrin-α (PFT-α) 
(5 μmol/L) for 3 h and then analyzed by flow cytometry to measure NO level changes after DAF-2DA staining.  (C) Cells were transfected with control 
or ERK-directed siRNA for 24 h, and then flow cytometric analyses were carried out to evaluate NO levels after oridonin treatment.  Mean±SEM.  n=3.  
cP<0.01 vs oridonin-only treatment group.
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directed siRNA pretreated groups showed markedly reduced 
DAF-2T ratios, indicating that ERK and p53 are positive regu-
lators in oridonin-induced NO production.

Discussion
NO is a simple diatomic gas and free radical, and its biochemi-
cal features not only enable it to be an ideal signaling molecule 
but also exert a wide range of biological effects that can be 
summarized into three main categories: regulatory, deleteri-
ous and protective[27].  NO production during pre-apoptosis 
has been shown to be associated with mitochondrial dysfunc-
tion[28].  The mitochondrion works as a pivotal executioner in 
apoptotic signaling pathways.  Here, we showed that the mito-
chondria-associated pro-apoptotic protein Bax translocated 
to the mitochondria, and cytochrome c was released from the 
mitochondria into the cytosol after oridonin treatment.  In con-
trast, expression of the anti-apoptotic protein Bcl-2 was down-
regulated.  Moreover, the inhibition of NO production by 
1400w or L-NAME reduced Bax translocation and cytochrome 
c release and increased Bcl-2 levels.  These results indicate that 
oridonin-induced NO production results in mitochondrial 
dysfunction leading to apoptosis.  As an inducer of apoptosis, 
little is known regarding the role of NO in the modulation of 
autophagy.  In this study, we found that oridonin-induced NO 
production provoked autophagy as demonstrated by Beclin 1 
activation and the conversion of LC3 I to LC3 II.

NO has been reported to induce the activation of ERK and 
p53 in various cell types, suggesting the involvement of ERK 
and p53 in oridonin-induced cell death[17, 29, 30].  Consistent with 
these observations, our results demonstrated that NO produc-
tion regulated ERK and p53 activation, resulting in apoptotic 
cell death and protective autophagy in oridonin-treated L929 
cells.  Thomas et al have shown that low levels of NO induce 
ERK phosphorylation, whereas p53 phosphorylation occurs 
at considerably higher levels[16].  In our study, the activation 
of ERK and p53 via phosphorylation was accompanied by the 
sustained production of NO after oridonin administration.  It 
should be noted that pretreatment with DTT but not 1400w 
or L-NAME was able to completely eliminate NO production 
and thoroughly inhibit apoptosis and autophagy.  In addition 
to NO clearance, DTT is also a scavenger of reactive oxygen 
species (ROS) and peroxynitrite (ONOO–)[31], and NO can 
react with superoxide radicals, leading to the formation of 
ONOO– [32].  Thus, we speculate that (in addition to NO) ROS 
and reactive nitrogen species (RNS), such as ONOO–, may par-
ticipate in ERK and p53 activation and mediate apoptosis and 
autophagy in oridonin-treated L929 cells.  

Paradoxically, the NO-ERK-p53 pathway activated apop-
totic cell death and autophagy, although autophagy has previ-
ously been demonstrated to antagonize apoptosis and thereby 
protect cells from dying[23].  This phenomenon might occur 
because of the crosstalk between apoptosis and autophagy, 
which was first recognized when Beclin 1 was initially iden-
tified as a Bcl-2-interacting protein[33].  The binding of the 
anti-apoptotic proteins Bcl-2 and Bcl-xL to Beclin 1 inhibits 
autophagosome formation to decrease Beclin 1-dependent 

autophagy[34].  Bcl-2, the first protein that has been found to 
interact with Beclin 1, has been shown to inhibit autophagy, 
in addition to its well-established role in apoptotic inhibi-
tion[9].  The oridonin treatment down-regulated Bcl-2 levels, 
whereas the 1400w or L-NAME pretreatment reversed this 
decline.  The inhibition of ERK or p53 activation also reversed 
this decrease in Bcl-2 levels.  These results support the idea 
that the inhibition of Bcl-2 levels by the NO-ERK-p53 pathway 
leads to Beclin 1 activation and thereby induces autophagy.  
By contrast, a series of studies have reported that cytoplas-
mic p53 suppresses autophagy and that nuclear p53 triggers 
it[7, 33, 34].  PFT-α has been shown to specifically block the tran-
scriptional activity of p53[35].  In our study, the PFT-α pretreat-
ment resulted in decreased apoptosis and autophagy, accom-
panied by reductions in Bax and cytochrome c, and increased 
Bcl-2 levels with the simultaneous suppression of expression 
of the autophagic protein Beclin 1 and the conversion of LC3 
I to LC3 II.  Although the total p53 levels did not significantly 
change over time, the p-p53 levels markedly increased, and 
p53 translocated from the cytoplasm to the nucleus (Figure 2S).  
It is conceivable that nuclear p53 both triggered autophagy 
and activated Bax-dependent apoptotic signaling pathways.

In conclusion, oridonin induced NO production, which 
mediated apoptosis and autophagy.  NO production activated 
the ERK-p53 signaling pathway; in turn, ERK-p53 activation 
provided positive feedback for NO production, which stimu-
lated apoptosis and autophagy.  This dual action of NO as 
both an important player in apoptotic cell death and protec-
tive autophagy might aid in the development of an effective 
treatment to target NO toxicity.
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The essential role for aromatic cluster in the β3 
adrenergic receptor
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Aim: To explore the function of the conserved aromatic cluster F2135.47, F3086.51, and F3096.52 in human β3 adrenergic receptor 
(hβ3AR).  
Methods: Point mutation technology was used to produce plasmid mutations of hβ3AR.  HEK-293 cells were transiently co-transfected 
with the hβ3AR (wild-type or mutant) plasmids and luciferase reporter vector pCRE-luc.  The expression levels of hβ3AR in the cells 
were determined by Western blot analysis.  The constitutive signalling and the signalling induced by the β3AR selective agonist, BRL 
(BRL37344), were then evaluated.  To further explore the interaction mechanism between BRL and β3AR, a three-dimensional com-
plex model of β3AR and BRL was constructed by homology modelling and molecular docking.
Results: For F3086.51, Ala and Leu substitution signifi cantly decreased the constitutive activities of β3AR to approximately 10% of 
that for the wild-type receptor.  However, both the potency and maximal effi cacy were unchanged by Ala substitution.  In the F3086.51L 
construct, the EC50 value manifested as a “right shift” of approximately two orders of magnitude with an increased Emax.  Impressively, 
the molecular pharmacological phenotype was similar to the wild-type receptor for the introduction of Tyr at position 3086.51, though 
the EC50 value increased by approximately fi ve-fold for the mutant.  For F3096.52, the constitutive signalling for both F3096.52A and 
F3096.52L constructs were strongly impaired.  In the F3096.52A construct, BRL-stimulated signalling showed a normal Emax but reduced 
potency.  Leu substitution of F3096.52 reduced both the Emax and potency.  When F3096.52 was mutated to Tyr, the constitutive activity 
was decreased approximately three-fold, and BRL-stimulated signalling was signifi cantly impaired.  Furthermore, the double mutant 
(F3086.51A_F3096.52A) caused the total loss of β3AR function.  The predicted binding mode between β3AR and BRL revealed that both 
F3086.51 and F3096.52 were in the BRL binding pocket of β3AR, while F2135.47 and W3056.48 were distant from the binding site.  
Conclusion: These results revealed that aromatic residues, especially F3086.51 and F3096.52, play essential roles in the function of 
β3AR.  Aromatic residues maintained the receptor in a partially activated state and signifi cantly contributed to ligand binding.  The 
results supported the common hypothesis that the aromatic cluster F[Y]5.47/F[Y]6.52/F[Y]6.51 conserved in class A G protein-coupled 
receptor (GPCR) plays an important role in the structural stability and activation of GPCRs.
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Introduction
G protein-coupled receptors (GPCRs), which are character-
ised as seven transmembrane (TM) helices, comprise a large 
superfamily of membrane receptors involved in a wide range 
of signalling transduction pathways, which are mainly acti-
vated by agonists.  Their activation mechanisms have been 
studied for decades, and the results show that they can transit 
through inactive-state and several active-state conformations 
with or without ligands[1, 2].  Although GPCRs are activated by 
ligands with different chemical natures, they are believed to 

share a common molecular activation mechanism[3, 4].  A num-
ber of biochemical and biophysical approaches, including site-
directed spin labelling and various fluorescent technologies, 
have been applied to study the activation-associated confor-
mational changes of GPCRs[5–8].  These studies indicated that 
the movement of the intracellular segments of TMs, especially 
the change of the orientations of TM-III and TM-VI, is likely 
a key element in the activation of GPCRs.  Alternative experi-
mental approaches including metal-ion site or disulphide engi-
neering revealed that the extracellular segments of the TMs 
appear to move in the opposite direction of the intracellular 
segments.  Thus, a global toggle switch mechanism for GPCR 
activation was proposed, whereby the extracellular segment 
of TM-VI was bent towards TM-III while the intracellular part 
moved away from TM-III[3, 9].  
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At the cytoplasmic surface, the E/DRY motif on TM-III is 
conserved among all classes of GPCRs.  These amino acids 
form a network of polar interactions that bridge TM-III and 
TM-VI and that stabilise the inactive-state conformation, 
which is called the ‘ionic lock’[10].  For β2 adrenergic recep-
tor (β2AR), mutations of these residues, which weakened the 
strength of the ionic lock, increased constitutive activity[11].  
This interaction network has been observed in crystal struc-
tures of the dark-state rhodopsin[12, 13], and it was broken in 
several other GPCR crystal structures bound with antagonists, 
such as β1 adrenergic receptor (PDB code: 2VT4[14]) and A2A 
adenosine receptor (PDB code: 3EML[15]).  Microswitch dur-
ing the process of GPCR activation has also been explored 
for decades.  The W6.48 of the CWXP motif in GPCR, which 
is located at the bottom of the main ligand-binding pocket, is 
generally expected to function as a key microswitch in GPCR 
activation[16, 17].  The W6.48 changes position and interaction 
partners during receptor activation[17–19].  Moreover, the aro-
matic cluster around W6.48, F[Y]5.47/F[Y]6.52/F[Y]6.51, is 
proposed to play a role in initiating the receptor activation[20].  
However, the detailed functional mechanisms of these resi-
dues need further investigation.

There are three members of βARs (β1AR, β2AR, and β3AR) 
that belong to class A GPCRs.  β3AR was originally discovered 
in the 1980s.  Early studies identified that human β3AR was 
mainly expressed on the surface of both white and brown adi-
pocytes, mediating metabolic effects such as lipolysis and ther-
mogenesis[21].  More recent reports showed that β3AR is also 
an attractive target for drugs against overactive bladder[22, 23], 
anxiety and depressive disorders[24, 25].  Understanding the 
mechanism of β3AR activation should facilitate rational drug 
discovery and the design of new types of β3AR agonists.  In 
this study, we employed site-directed mutagenesis and molec-
ular docking to explore the detailed function of the conserved 
aromatic cluster F2135.47/F3096.52/F3086.51 in β3AR.  

Materials and methods
Reagents
Ham’s F12 nutrient medium, G418 and pCDNA3.1 were pur-
chased from Invitrogen (Carlsbad, CA, USA).  The human 
pCDNA3.1-β3AR (pCDNA3.1-hβ3AR) plasmid was obtained 
from Missouri S&T cDNA Resource Center (Rolla, MO, USA).  
The pCRE-Luc plasmid containing four copies of a consen-
sus CRE was obtained from Stratagene (La Jolla, CA, USA).  
CHO-K1 and HEK-293 cells were purchased from ATCC 
(Rockville, MD, USA).  Recombinant cell line CHO-mock was 
constructed in-house (CHO-K1 cells were stably co-transfected 
with pCDNA3.1-mock plasmid and pCRE-luc plasmid).  Fetal 
bovine serum was supplied by Hyclone (Logan, UT, USA).  
FuGENE6 Transfection Reagent was supplied by Roche (Indi-
anapolis, IN, USA).  The Steady-Glo Luciferase Assay System 
was obtained from Promega (Madison, WI, USA).  β3AR 
selective agonist BRL37344 (BRL) was obtained from Tocris 
Bioscience (Bristol, UK).  Phosphatase and protease inhibitor 
cocktail was obtained from Sigma (St Louis, MO, USA).  PVDF 
membranes were obtained from Bio-Rad Laboratories (Rich-

mond, CA, USA).  Anti-β3AR antibody (c-20) was obtained 
from Santa Cruz (Santa Cruz, CA, USA).  Anti-β-Actin anti-
body was obtained from Sigma (St Louis, MO, USA).  HRP-
conjugated secondary antibodies were obtained from Jackson 
ImmunoResearch Laboratories (West Grove, PA, USA).  ECL 
substrate was obtained from Pierce (Rockford, IL, USA).

Mutant construction, cell culture and transfections 
Human β3AR mutants were constructed by a PCR-based site-
directed mutagenesis approach.  The PCR products were 
digested with DpnI restriction enzyme and were then trans-
formed into competent cells.  All of the mutants were verifi ed 
by DNA sequencing analysis.  HEK-293 cells were plated at 
a density of approximately 20 000 cells/well in 96-well plates 
with 100 μL of high glucose Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% fetal bovine serum 
in a humidifi ed 5% CO2/95% air atmosphere at 37 °C.  After 24 
h, the cells were co-transfected with pcDNA3.1-hβ3AR (wild-
type or mutant) and the luciferase reporter plasmid pCRE-Luc 
using FuGENE6 Transfection Reagent according to the manu-
facturer’s instructions.  

CRE-luciferase activity test
After 24 h of transfection, an additional 100 μL of DMEM 
containing different concentrations of BRL37344 (BRL) was 
added.  Then, the plate was incubated at 37 °C (5% CO2) for 
3 h.  The media were removed, and luciferase activities were 
detected using Steady-Glo Luciferase Assay System on the 
Flexstation III instrument (Molecular Devices, CA, USA).  

Western blotting
Cells were harvested and homogenised in RIPA lysis buf-
fer (50 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 1 mmol/L 
EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 
1 mmol/L PMSF) with a phosphatase and protease inhibitor 
cocktail.  Proteins were separated by SDS-PAGE and trans-
ferred to PVDF membranes.  Membranes were incubated with 
primary anti-β3AR antibody (1:200) and anti-β-Actin antibody 
(1:1000), followed by HRP-conjugated secondary antibodies 
(1:5000).  The resulting immunoblots were visualised using 
ECL substrate.

Homology modelling and molecular docking
The construction of the homology model of β3AR (32-237, 
282-361) was based on the structure of β2AR with InsightII[26].  
GPCR has at least two functional states: inactive (R) and active 
(R*), which have different conformations.  To obtain an active 
conformation of β3AR, the structure of β2AR binding with an 
agonist (PDB ID: 3P0G[27]) was used for our homology model-
ling, which was retrieved from the Protein Data Bank.  On 
the basis of the sequence alignment result, the coordinates in 
conserved regions were assigned.  The N and C terminal resi-
dues and loops were added using Loop_Search module and 
refi ned using Discover module.  Disulfi de bonds were defi ned 
between Cys110 and Cys196 and between Cys189 and Cys195.  
Finally, the whole structure model was minimised by SYB-
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YL6.8 (Tripos Inc, St Louis, MO, USA).  The stereochemical 
quality was assessed by Procheck[28].  

Molecular docking was performed using AutoDock4.2[29].  
To prepare both the receptor and BRL, all hydrogens were ini-
tially added, Gasteiger charges were computed, and the non-
polar hydrogens were then merged with the corresponding 
non-polar atoms.  The receptor was considered completely 
rigid for the docking study.  The active site was defined by 
a grid box as large as 60×60×60 points with a grid spacing of 
0.375Å using AutoGrid4.  The box was centred on the centre of 
the Asp117 residue in the receptor.  The docking parameters 
were prepared as follows: ga_pop_size, 150; ga_num_evals, 
2500000; ga_num_generations, 27000; ga_run, 100 and rmstol, 
2.0.  The Lamarckian genetic algorithm was applied to account 
for protein-ligand interactions.  Finally, the ligand conforma-
tion was selected considering both the predicted binding free 
energy and binding modes in the β3AR pocket.  

Statistical analysis
EC50 values were determined by nonlinear regression using 
GraphPad Prism software (San Diego, CA, USA).  

Results
The relationship between the expression level and the pharma-
cological properties of β3AR
To explore the infl uence of the protein expression level/trans-
fection effi ciency of plasmid DNAs on the detected pharma-
cological properties of β3AR, we adjusted the percentage of 
β3AR in DNA mixture (pCDNA3.1-hβ3AR and pCDNA3.1) 
to mimic the different expression level/transfection effi ciency 
of the receptor.  The constitutive activity (basal activity) and 
response stimulated by BRL were determined.  The basal 
activity and maximal efficacy stimulated by BRL were both 
reduced less than 50%, and the EC50 value was reduced less 
than three-fold as the percentage of β3AR in the DNA mixture 
changed from 100% to 20% (Table 1).  Therefore, in our experi-
mental system, the expression level/transfection effi ciency of 
β3AR or mutants did not signifi cantly infl uence the pharmaco-
logical properties of β3AR.  

Functional analysis of F3086.51 in β3AR
To validate the function of F3086.51, this aromatic residue was 
experimentally substituted with non-aromatic amino acid 
(Ala or Leu) and aromatic amino acid (Tyr), respectively.  The 
results showed that all the mutants were well expressed in 
transfected HEK-293 cells as determined by Western blot anal-
ysis (the data for mutant F3086.51Y were not obtained) (Figure 
S1A).  The activities of mutants were examined in transfected 
HEK-293 cells by measuring receptor-mediated luciferase 
activities.  As was observed with substitution of F3086.51, both 
Ala and Leu substitution signifi cantly decreased the constitu-
tive activities of β3AR to approximately 10% of that for the 
wild-type receptor.  However, both the potency and maximal 
effi cacy were unchanged by Ala substitution.  In the F3086.51L 
construct, the EC50 value manifested as a “right shift” of 
approximately two orders of magnitude with an increased 
Emax (Table 2, Figures 1A and 1B).  Impressively, the molecu-
lar pharmacological phenotype was similar to the wild-type 
receptor for the introduction of Tyr at position 3086.51, though 
the EC50 value increased by approximately five-fold for the 
mutant (Table 2, Figure 1C).  Thus, F3086.51 is essential for the 
constitutive signalling for the β3AR, and it could be involved 
in the activation process to some extent.

Functional analysis of F3096.52 in β3AR 
F3096.52 was also substituted with non-aromatic amino acid 
(Ala or Leu) and aromatic amino acid (Tyr), respectively.  
According to the Western blot analysis results, Ala substitu-
tion reduced the expression of the receptor in transfected 
HEK-293 cells by approximately 25%, while the expression 
level of the Leu substituted mutant was increased by approxi-
mately 25% compared with the wild-type receptor (Figure 
S1).  However, constitutive signalling for both F3096.52A and 
F3096.52L constructs were strongly impaired (Table 2, Figures 
1D and 1E).  In the F3096.52A construct, BRL-stimulated sig-
nalling showed a normal Emax but reduced potency (lgEC50 

Table 1.  Changes in the potency (EC50) and response (Rmax and Rmin) in 
relation to the levels of the receptor expression/transfection effi ciency.

 β3AR (%)      Basal activity (Rmin) (%)   Rmax (%)                   lg EC50

 
 100%  100±12.7 (4) 265.6±19.9 (2) -6.9±0.3
   80% 78.8±10.3 (4) 194.5±9.1 (2) -6.9±0.2
   20% 67.9±9.1 (4) 220.3±8.1 (2) -6.7±0.1

Expression levels of β3AR were mimicked by transfecting different 
ratios of pCDNA3.1-hβ3AR plasmid to pCDNA3.1.  The pharmacological 
properties were determined by luciferase activity following stimulation 
by BRL.  Rmin represents the basal activity (constitutive activity).  The 
maximal response (Rmax) and Rmin are given as percentages of Rmin value 
of the one with 100% β3AR plasmid.  Values are shown as mean±SEM, 
values for n are shown in parentheses. 

Table 2.  Pharmacological properties of the wild-type and mutated β3ARs.

    β3AR (%)             Basal activity (Emin) (%)          Emax (%)                 lg EC50

 
Wide-type β3AR 100.0±1.9 (22) 260.6±5.2 (15) -8.0±0.1
F308A   10.7±0.7 (5) 252.4±14.2 (3) -7.8±0.2
F308L     9.5±0.9 (6) 314.3±6.0 (4) -6.2±0.1
F308Y   96.2±7.0 (6) 260.0±14.1 (4) -7.3±0.3
F309A      7.7±0.5 (6) 235.5±5.6 (4) -6.6±0.1
F309L     5.3±0.4 (6) 119.5±3.4 (4) -5.1±0.1
F309Y   29.4±1.2 (6)           –       –
F308A_F309A     5.9±0.2 (6)      9.8±0.4 (4)       –
F213A     6.7±0.5 (6)   92.5±4.3 (4) -5.3±0.1
W305A     4.8±0.5 (6)   38.9±1.0 (4) -6.3±0.1

The constructs were expressed in transiently transfected HEK-293 cells.  
The effi cacy data on basal activity (Emin) and maximal response (Emax) are 
expressed as a percentage of the basal activity on the wild-type β3AR.  
Values are shown as mean±SEM, values for n are shown in parentheses.
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value is -6.6).  Leu substitution of F3096.52 reduced both the 
Emax and potency (Table 2, Figures 1D and 1E).  When F3096.52 
was mutated to Tyr, the constitutive activity was decreased 
approximately three-fold, and BRL-stimulated signalling was 
significantly impaired (Table 2, Figure 1F).  Thus, F3096.52 is 
essential for the constitutive signalling of β3AR and is impor-
tant for the agonist-induced signalling.

To further explore the importance of F3086.51 and F3096.52, 
the double mutant F3086.51A_F3096.52A was constructed.  The 
result showed that the protein expression level was reduced 
to approximately 30%, and both the constitutive and BRL-
stimulated signalling were almost totally diminished (Table 2, 
Figures 2A and S1B).

When F2135.47 and W3056.48 were mutated to Ala, we 
observed that the constitutive activities and maximum 
responses (stimulated by BRL) were also dramatically 
impaired for both mutants (Table 2 and Figures 2B and 2C).  
The result was similar to that for the molecular pharmacologi-

cal phenotype for the ghrelin receptor, a member of class A 
GPCR[30].

The predicted binding model of β3AR and BRL
With the aim to explore the roles of the aromatic residues 
F2135.47/F3096.52/F3086.51 on the structural level, the interac-
tion mechanism of β3AR and BRL was predicted by molecu-
lar docking.  The 3D structure of β3AR was constructed by 
homology as described in the Materials and methods, and the 
stereochemical quality of the β3AR model was fi nally exam-
ined by PROCHECK.  The result of PROCHECK showed that 
94.4% of the residues were in the most favoured regions and 
that no residue was in the disallowed regions (Figure S2).  
BRL was then docked (via software AutoDock4.2[29]) into the 
binding pocket of β3AR.  As shown in Figure 3, BRL formed 
a hydrogen bond with residues Asp117, Ser208, and Asn312 
(Figure 3A), which is consistent with the results reported for 
βAR family members[31–35].  F3086.51 and F3096.52 were in the 

Figure 1.  The pharmacological properties of HEK-293 cells transiently transfected with wild-type and mutated β3ARs (F3086.51A, F3086.51L, F3086.51Y, 
F3096.52A, F3096.52L, and F3096.52Y).  The effi cacy is detected as luciferase activity.

Figure 2.  The pharmacological properties of HEK-293 cells transiently transfected with wild-type and mutated β3ARs (F3086.51A_ F3096.52A, W3056.48A, 
F2135.47A).  The effi cacy is detected as luciferase activity.
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binding pocket, and they had hydrophobic interactions with 
BRL, while F2135.47 was below the binding pocket (Figure 3A).
A π-π stacking is formed between F2135.47 and F3096.52 in the 
aromatic cluster F2135.47/F3096.52/F3086.51 in β3AR (Figure 
3B).

Discussion
The aromatic cluster F[Y]5.47/F[Y]6.52/F[Y]6.51 of GPCR is 
proposed to play a role in receptor activation[20].  F5.47 was 
found to serve as an aromatic lock for the proposed active con-
formation of the W6.48 “toggle switch” in seven-transmem-
brane receptor activation[30].  F6.52 was reported to be highly 
correlated with W6.48 and may mediate the TM6 Pro-kink[19].  
In β3AR, the conserved aromatic cluster is F2135.47/F3096.52/
F3086.51, and we studied the cluster’s function on a cellular and 
structural level.

For GPCR assays, the most common cells used for generat-
ing cell lines are CHO-K1 and HEK-293 cells.  With the aim 
to obtain a sensitive luminescent signal for our luciferase 
reporter gene system, three cell lines were chosen and com-
pared: CHO-K1, HEK-293 and the in-house cell line CHO-
mock.  The results indicated that HEK-293 was the most suit-
able cell line for the transient expression of β3AR (Figure S3A 
and S3B).  Hence, HEK-293 cells were transfected with wild-
type or mutated β3AR in our study.

To explore the influence of transfection efficiency on the 
luciferase signal, different ratios of pCDNA3.1-hβ3AR plasmid 
to pCDNA3.1 plasmid were designed to mimic the different 
protein expression levels of β3AR.  The results demonstrated 
that the expression level of β3AR did not greatly influence 
the luciferase signal in our experimental system (Table 1).  In 
fact, this result was confi rmed in our later Western bolt analy-
sis results.  For example, on residue F3096.52, Ala substitution 
reduced the expression of the receptor in transfected HEK-293 
cells by approximately 25% and Leu substitution increased 
the expression approximately 25% compared to the wild-
type receptor.  In both cases, the constitutive signalling was 
strongly impaired (Table 2, Figures 1D and 1E).

From the results of the mutation of F3086.51 and F3096.52, and 
the double mutants, we discovered that both residues are 
essential for the constitutive activation of β3AR.  Moreover, 
we showed that F3096.52 was not only essential for the constitu-
tive signalling but also very important for the agonist-induced 
signalling.  However, the results for F3086.51 demonstrated 
that this residue might not be critical for BRL-induced signal-
ling effi cacy, as both the potency and maximal effi cacy were 
unaltered by Ala substitution (Table 2, Figures 1A).  However, 
F3086.51 could be involved in the activation process to some 
extent.  

Homology and molecular docking were carried out to 
further explore the role of the aromatic cluster on structural 
level.  The predicted binding mode demonstrated that both 
F3086.51 and F3096.52 were located in the binding pocket and 
that they had hydrophobic interactions with BRL (Figure 3A), 
which are consistent with our results and the newly reported 

observations[36].  However, through the homology and molecu-
lar docking studies, we could not conclude that F3096.52 played 
a more important role than F3086.51, which did not correspond 
exactly to our experimental results.  One possible reason for 
these results is that during the docking process, the confor-
mation of β3AR was completely rigid; however, it has been 
reported that the conserved residue W3056.48 (W6.48) changes 
position during the receptor activation, which might drive the 
adjacent residues, F3086.51 and F3096.52 (Figure 3B), to undergo 
conformational changes[19].  Thus, rigid protein docking might 
not be accurate enough to predict the interaction mechanisms 
between ligands and GPCRs.  Interestingly, as observed in 
Figure 3B, F2135.47 could form a π-π stacking with F3096.52.  This 
interaction might have an essential role for both F2135.47 and 
F3096.52 in the signal transduction of β3AR.  

As the aromatic cluster is highly conserved in GPCR, we 
carried out a statistic analysis throughout the class A GPCR.  
We surveyed all the members in the subfamily with the cri-
terion of F[Y]5.47/F[Y]6.52/F[Y]6.51, as phenylalanine and 
tyrosine are highly homologous.  The search results (Table S1) 
showed that the aromatic cluster resided in 18.5% of GPCR 

Figure 3.  (A) The predicted binding mode of β3AR and BRL.  (B) A π-π stacking is formed between F2135.47 and F3096.52 in the aromatic cluster 
F2135.47/F3096.52/F3086.51 in β3AR.  Residues of β3AR are indicated in green sticks.  BRL is shown in yellow sticks.  The dashed lines in red represent 
hydrogen bonds.
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Class A members, and to be more precise, 72.1% of the amine 
subfamily, 75.7% of the rhodopsin subfamily, 91.3% of the 
gonadotropin-releasing hormone subfamily, and 18.4% of 
the peptide subfamily (the alignment and classifi cation were 
taken from GPCRDB, http://www.gpcr.org/).  Hence, the 
aromatic cluster is highly conserved in amine, rhodopsin, and 
gonadotropin-releasing hormone subfamilies and is important 
in a portion of the peptide subfamily members.  In the class A 
GPCR, Phe or Tyr are conserved in the position of 5.47 (41.9%), 
6.51 (75.6%), and 6.52 (75.1%, including β-ionone for rhodop-
sin).  

In summary, we explored the importance of the aromatic 
residues near the binding pocket of β3AR by applying cell 
biology technologies and the molecular docking method.  We 
discovered that the aromatic properties of F3086.51 and F3096.52 
were essential in maintaining the receptor in a partially acti-
vated state as shown by the constitutive activity.  Moreover, 
both of the residues contributed to hydrophobic interactions 
with BRL in binding with β3AR.  In addition, the π-π stacking 
between F2135.47 and F3096.52 might explain their major roles in 
the signal transduction of β3AR.  From a survey of the class A 
GPCR, we found that the aromatic cluster F[Y]5.47/F[Y]6.52/
F[Y]6.51 was highly conserved, therefore, the aromatic cluster 
might have a common mechanism in GPCR activation.  
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Intestinal absorption of forsythoside A in in situ 
single-pass intestinal perfusion and in vitro Caco-2 
cell models
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Aim: To investigate the mechanisms underlying the intestinal absorption of the major bioactive component forsythoside A (FTA) 
extracted from Forsythiae fructus.  
Methods: An in vitro Caco-2 cell model and a single-pass intestinal perfusion in situ model in SD rats were used.
Results: In the in vitro Caco-2 cell model, the mean apparent permeability value (Papp-value) was 4.15×10-7 cm/s in the apical-to-
basolateral (AP-BL) direction.  At the concentrations of 2.6–10.4 μg/mL, the effl ux ratio of FTA in the bi-directional transport experi-
ments was approximately 1.00.  After the transport, >96% of the apically loaded FTA was retained on the apical side, while >97% of the 
basolaterally loaded FTA was retained on the basolateral side.  The Papp-values of FTA were inversely correlated with the transepithelial 
electrical resistance.  The paracellular permeability enhancers sodium caprate and EDTA, the P-gp inhibitor verapamil and the multi-
drug resistance related protein (MRP) inhibitors cyclosporine and MK571 could concentration-dependently increase the Papp-values, 
while the uptake (OATP) transporter inhibitors diclofenac sodium and indomethacin could concentration-dependently decrease the 
Papp-values.  The intake transporter SGLT1 inhibitor mannitol did not cause signifi cant change in the Papp-values.  In the in situ intestinal 
perfusion model, both the absorption rate constant (Ka) and the effective permeability (Peff-values) following perfusion of FTA 2.6, 5.2, 
and 10.4 μg/mL via the duodenum, jejunum and ileum had no signifi cant difference, although the values were slightly higher for the 
duodenum as compared to those in the jejunum and ileum.  The low, medium and high concentrations of verapamil caused the largest 
increase in the Peff-values for duodenum, jejunum and ileum, respectively.  Sodium caprate, EDTA and cyclosporine resulted in concen-
tration-dependent increase in the Peff-values.  Diclofenac sodium and indomethacin caused concentration-dependent decrease in the 
Peff-values.  Mannitol did not cause signifi cant change in the Papp-values for the duodenum, jejunum or ileum.  
Conclusion: The results suggest that the intestinal absorption of FTA may occur through passive diffusion, and the predominant absorp-
tion site may be in the upper part of small intestine.  Paracellular transport route is also involved.  P-gp, MRPs and OATP may partici-
pate in the absorption of FTA in the intestine.  The low permeability of FTA contributes to its low oral bioavailability.  

Keywords: forsythoside A; in situ intestinal perfusion; Caco-2 cells; intestinal absorption; pharmacokinetics; P-gp; multidrug resistance 
related protein; uptake (OATP) transporter
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Introduction
Intestinal absorption evaluated using an in vitro Caco-2 model 
and a single-pass intestinal perfusion in situ model has become 
increasingly important in pharmaceutical designation[1, 2].  The 
human colon adenocarcinoma cell line (Caco-2) is now rou-
tinely cultivated as monolayers on permeable filters for the 
transepithelial transport of drugs[3], and this model has been 
used extensively to screen the absorptive capability and capac-

ity of a variety of nutrients and pharmaceuticals[4–6].  How-
ever, one of the functional differences between normal cells 
and Caco-2 cells is the lack of expression of the cytochrome 
P450 isoenzymes, particularly CYP3A4, as well as some uri-
dine diphosphate-glucuronosyltransferases (UGTs), such as 
UGT1A1[7].  In summary, Caco-2 cells do not always express 
the appropriate amounts of transporters or enzymes, which 
may introduce bias in the determination of some drug candi-
dates that are transported via a carrier-mediated process or 
are metabolised via a particular pathway.  Compared to the 
Caco-2 monolayer model, in situ intestinal perfusion in rats 
is a more reliable technique for investigating drug absorp-
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tion potential in combination with intestinal metabolism[8].  
However, it is time consuming, and therefore is not normally 
recommended for screening purposes.  Due to the advan-
tages and disadvantages of each of these models, most of 
the published reports investigate the intestinal absorption of 
drugs using both models simultaneously.  For example, Zuo 
et al, 2006[9] studied the intestinal absorption of hawthorn fl a-
vonoids using Caco-2 cells and in situ intestinal perfusion and 
found that hyperoside (HP), isoquercitrin (IQ) and epicatechin 
(EC) had quite limited permeability.  EC and IQ demonstrated 
more extensive metabolism in the rat in situ intestinal perfu-
sion model than in the Caco-2 monolayer model.  

Forsythoside A (FTA), the major active component of the 
extracts from Forsythiae fructus[10], is present in traditional 
Chinese medicinal preparations such as Shuang-Huang-Lian 
or the Forsythiae fructus-Lonicerae japonicae flos herb couple, 
which possesses strong antibacterial, antioxidant and antivi-
ral activities[11].  However, its oral bioavailability (BA) in rats 
was low (0.5%)[12].  Surprisingly, until recently, the absorption 
mechanism of FTA was completely unknown.  In a previ-
ous study, Lu et al, 2010[13] found that the oral BA of the FTA 
oily formulation was fi vefold higher than that of the non-oily 
formulation, but the reason for this difference was not stud-
ied.  Zhang et al, 2002[11] conducted a physicochemical study 
of FTA, showing it to be a highly hydrophilic compound that 
was almost completely dissociated in biological fluids.  This 
physicochemical property of the drug led us to postulate that 
the low permeability of the drug in the intestinal mucosa was 
one important reason for its reported low bioavailability.  The 
Food and Drug Administration (FDA) also recognises that 
the poor permeation of drugs across the intestinal mucosa 
(usually due to their high hydrophilicity) was one of the com-
mon factors leading to failed absorption and thus to low drug 
BA[14].  Whether the improvement of the lipid solubility of FTA 
can increase its oral BA and whether other infl uencing factors 
such as effl ux transporters, P-glycoprotein (P-gp), multidrug 
resistance related proteins (MRPs) also decrease the bioavail-
ability of FTA are yet to be investigated.

Therefore, verapamil (VER), a P-gp inhibitor[15]; cyclosporine 
(CSA) and MK571, MRP inhibitors[16]; mannitol (MAN), a 
SGLT1 inhibitor[17, 18]; diclofenac sodium (DFS) and indometha-
cin (INDO), OATP inhibitors[19, 20] and sodium caprate and 
EDTA, paracellular permeability enhancers (PPEs)[21, 22] were 
selected to study the absorption mechanism and the factors 
that infl uence the intestinal absorption of FTA using an in vitro 
Caco-2 model and an in situ intestinal perfusion model to elu-
cidate why the oral BA of FTA was low and to identify suit-
able pharmaceutical methods to improve the BA of FTA.  

Materials and methods
Materials
FTA (98% purity, structure shown in Figure 1) was purchased 
from Shanghai NatureStandard Biotech Co, Ltd.  Chlorogenic 
acid (CHA) (used as an internal standard, IS), VER, CSA, man-
nitol, DFS and INDO were purchased from the National Insti-
tute for the Control of Pharmaceutical and Biological Prod-

ucts.  MK571, EDTA, sodium caprate, Lucifer yellow (LY) and 
DMSO were purchased from Sigma Chemical Co (St Louis, 
MO, USA).  Methanol and acetonitrile (HPLC grade) were 
purchased from Merck (Merck, Germany), and water was 
purifi ed using a Milli-Q water purifi cation system (Millipore, 
Bedford, MA, USA).  All other chemicals and reagents were of 
analytical grade.

In vitro Caco-2 cell model
Preparation of the calibration standard and quality control (QC) 
samples
Stock solutions of IS and FTA with concentrations of 10.28 and 
26 μg/mL were prepared in Hanks’ Balanced Salt Solution 
(HBSS) with a pH 6.0[23] and stored at -20 °C away from light.  
The working solutions used for HBSS were all freshly pre-
pared by diluting the stock solution with HBSS to the appro-
priate concentrations.

The calibration standard samples were prepared in HBSS at 
concentrations of 5.28–264 ng/mL for FTA and processed as 
described in the sample preparation.  The QC samples used 
for the intra-day and inter-day accuracy and precision, extrac-
tion recovery and stability study were prepared in the same 
way as the calibration standard samples.

Cell culture 
Caco-2 cells obtained from the Chinese Academy of Medical 
Sciences were cultured in high glucose Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco, Bethesda, MD, USA) with 
10% fetal bovine serum (Gibco) and 1% nonessential amino 
acids (Gibco).  Cells were cultured in a humidifi ed atmosphere 
of 5% CO2 at 37 °C.  After reaching 80% confl uence, the Caco-2 
cells were harvested with a 0.25% trypsin-EDTA solution and 
seeded in Transwell inserts (Corning Coster Corp, Action, MA, 
USA) in 12-well plates at a density of 1.0×105 cells/cm2.  The 
protocols for cell culture in the Transwell inserts were similar 
to those described previously.  

FTA transport experiments 
Caco-2 cells at passages of 50–55 were used for transport 
experiments after 21 days post seeding.  The integrity of the 
monolayer was verifi ed by measuring the transepithelial elec-
trical resistance (TEER) value across the monolayer using a 
Millicell-ERS Volt-Ohm meter (Millipore, Billerica, MA, USA) 
and monitoring the permeability of the paracellular leakage 
marker LY across the monolayer.  The cell monolayer was con-

Figure 1.  Chemical structure of forsythoside A (FTA).
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sidered tight enough for transport experiments when the Papp 
for LY <0.3×10-6 cm/s and the TEER value >350 Ω/cm2.  All 
transport studies were conducted in an orbital shaker incuba-
tor at 37 °C and a constant stirring rate (50–60 r/min).  Prior to 
the experiment, the cells were washed twice and equilibrated 
for 30 min with the transport medium, HBSS containing 25 
mmol/L of HEPES.  The stock solutions of compounds were 
prepared in DMSO and diluted to the desired fi nal concentra-
tion using HBSS.  The concentration of DMSO in the fi nal solu-
tions was less than 0.10% (v/v).  The transport studies were 
conducted in both the absorptive and effl ux directions, sepa-
rately.  The transport solutions were added on either the api-
cal (A, 0.4 mL) or the basolateral (B, 0.6 mL) side of the inserts, 
while the receiving compartment contained the corresponding 
volume of blank transport medium.  After 30, 60, 90, and 120 
min of incubation, aliquots of 200 μL or 150 μL were with-
drawn from the basolateral or the apical receiver chambers, 
respectively, and replenished with an equal volume of HBSS.  
The concentrations of the test compound were analysed imme-
diately using the HPLC-MS method described below.  The 
effects of different concentrations, paracellular permeability 
enhancers (PPEs; EDTA and sodium caprate) and various 
transporter inhibitors, such as CSA, MK571, VER, mannitol, 
DFS and INDO, on the absorption of FTA were investigated.

Sample preparation
Samples were removed from -80 °C storage and thawed under 
ambient conditions.  Samples of 100 μL were extracted using 
a liquid-liquid extraction technique after the addition of 10 μL 
of IS solutions, 20 μL of HCl (1 mol/L) and 1000 μL of ethyl 
acetate.  After vortexing for 120 s and centrifugation at 12 000 
r/min for 5 min, the organic phase was transferred into a clean 
centrifuge tube and evaporated to dryness under a nitrogen 
stream at 25 °C away from light.  The residue was reconsti-
tuted in 100 μL of methanol aqueous solution containing 20% 
water.  After centrifugation at 10 464×g for 10 min, the super-
natant was injected to the LC–MS system.

Determination of FTA in HBSS
The chromatographic separation was achieved on an Agilent 
Zorbax SB-C18 column (2.1 mm id×150 mm, 5 μm, Agilent 
Technologies, Wilmington, DE, USA) with a security guard 
column (2.1 mm id×12.5 mm, 5 μm, Agilent Zorbax SB-C18, 
DE, USA) and was eluted with an isocratic mobile phase of 
MeOH and water (20:80).  The mobile phase was delivered at 
a flow-rate of 0.2 mL/min, and the column temperature was 
maintained at 30 °C.  An Alliance 2695 LC system (Waters, 
Milford, MA, USA) coupled with a Waters Quattro Micro 
tandem triple quadrupole mass spectrometer was used.  The 
Mass Lynx 4.1 software was used for instrumental control and 
for the acquisition and processing of the data.  A MS detec-
tor with an electrospray ionisation (ESI) interface in negative 
ion model (ESI-) was used for quantitative analysis, and an 
MRM model was used for acquisition.  The m/z ratios, [M-H]–, 
m/z 623.8→161.3 for FTA and [M-H]–, m/z 353.3→191.2 for IS, 
were recorded simultaneously.  The optimised electrospray 

conditions were: capillary voltage - 3.0 kV; cone voltage - 30 V; 
source temperature - 110 °C; desolation temperature - 350 °C; 
desolation gas flow - 500 L/h.  The method was fully vali-
dated for its specifi city, linearity, lower limits of quantifi cation 
(LLOQ), accuracy and precision.  To evaluate assay specifi city, 
six independent lots of blank Caco-2 receiver solutions were 
analysed to exclude any endogenous co-eluting interferences 
by comparing them with the assay of the receiver solutions 
spiked with analytes.  The precision was calculated as the rela-
tive standard deviation (RSD), and the accuracy was evaluated 
as analytical recovery.  The intra-day precision and accuracy 
were evaluated at three different concentrations (5.28, 26.4, 
and 132 ng/mL) of the receiver solutions spiked with analytes 
by replicate analysis of five samples on the same day.  The 
inter-day precision and accuracy determinations were carried 
out on three different days.  The recovery experiments were 
performed by comparing the analytical results of the extracted 
samples at three concentrations with pure standards without 
extraction.  The LLOQ was defi ned as the concentration that 
produced a signal-to-noise (S/N) ratio greater than 10.  The 
sample solution stability was assessed at three concentration 
levels (5.28, 26.4, and 132 ng/mL).  For the freeze/thaw sta-
bility study, samples at three concentrations were stored at 
-20 °C and subjected to two freeze-thaw cycles.  The short-term 
stability test of FTA during storage in the autosampler at 4 °C 
was performed by repeated injections every 2 h for a period of 
24 h.  The long-term stability of FTA in HBSS was assessed at 
three concentration levels after storage at -20 °C for 4 weeks.  

Data analysis
The apparent permeability coefficient (Papp) and efflux ratio 
were calculated using the following equations:

Notes: dQ/dt (μg/s) was the flux rate, A was the effective 
surface area of the cell monolayer (0.67 cm2), and C0 (μg/mL) 
was the initial drug concentration in the donor chamber.  The 
net effl ux was expressed as the quotient of Papp (B→A) to Papp 
(A→B).  The data are expressed as the mean±SD of six deter-
minations (performed on two different days).
     The parameters obtained above were compared via an anal-
ysis of variance (following logarithmic transformation of the 
Papp, effl ux ratio and two-tailed t-tests).  The differences were 
considered to be signifi cant when P<0.05.

The single-pass intestinal perfusion in situ model
Preparation of the perfusion buffer (Krebs-Ringer buffer contain-
ing 20 mg/L of phenol red)
The perfusion buffer contained 133.3 mmol/L NaCl, 4.7 
mmol/L KCl, 0.2 mmol/L MgCl2, 3.3 mmol/L CaCl2, 2.7 
mmol/L NaH2PO4, 7.8 mmol/L glucose, 16.3 mmol/L 
NaHCO3, and 56.4 μmol/L phenol red in 1000 mL water and 
was adjusted to pH 6.0 using concentrated phosphoric acid[23].

Papp=
 dQ ×    1                                                    (1)          dt      A*C0 

Effl ux ratio =
 Papp (BL→AP)                              (2)                       Papp (AP→BL)
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Preparation of calibration standard and quality control (QC) 
samples
Stock solutions of IS and FTA with concentrations of 508 and 
123 μg/mL were prepared in Krebs-Ringer buffer with pH 6.0 
and stored at -20 °C away from light.  The working solutions 
used for the Krebs-Ringer buffer were all freshly prepared 
by diluting the stock solution with Krebs-Ringer buffer to the 
appropriate concentrations.

The calibration standard samples were prepared in Krebs-
Ringer buffer at concentrations of 0.615–12.3 μg/mL for FTA 
and processed as described for the sample preparation.  The 
QC samples used for the intra-day and inter-day accuracy, 
precision, extraction recovery and stability study were pre-
pared in the same way as the calibration standard samples.

The in situ uptake experiment
Male Sprague Dawley (SD) rats weighing 250 g to 300 g were 
supplied by the Experimental Animal Center of Nanjing Uni-
versity of Chinese Medicine (Certifi cate No SCXK2008-0033).  
The rats were fasted for 12 h prior to the experiment but were 
allowed free access to water.  The SD rats were anesthetised 
with a 20% urethane solution (6 mg/kg).  A midline abdomi-
nal incision was made, and the small intestine was exposed.  
The bile duct was ligated to avoid bile secretion into the per-
fusate.  For the regional absorption of FTA, three intestinal 
sections were isolated and cannulated (all were 10 cm long): 
the duodenum, the jejunum and the ileum.  Each segment 
was rinsed with normal saline at 37 °C for 20 min until the 
wash appeared clear.  After that, the FTA perfusion solution 
was connected to each segment and perfused through each 
part of the three intestine sections.  After 30 min, the circula-
tion rate was 0.2 mL/min, controlled by a peristaltic pump to 
pre-balance.  The perfusate samples were collected at 30–60, 
60–90, 90–120, and 120–150 min.  A 0.5 mL sample was taken 
to determine the concentration of phenol red, and the remain-
ing samples were stored at -80 °C until analysis following 
centrifugation at 10 464×g for 5 min.  The effects of different 
concentrations, intestinal sections, PPEs (EDTA and sodium 
caprate) and various transporter inhibitors, including CSA, 
VER, mannitol, DFS and INDO, on the absorption of FTA 
were investigated.

Sample preparation
Samples were removed from -80 °C storage and thawed under 
ambient conditions.  Samples (100 μL) were extracted using a 
protein precipitation technique after the addition of 5 μL of IS 
solution, 10 μL HCl (10-3 mol/L) and 90 μL of methanol.  After 
vortexing for 120 s and centrifugation at 10 464×g for 5 min, 
the supernatant was injected into the HPLC system.

Determination of phenol red
The phenol red in the phosphate buffer (pH 6.0) had a charac-
teristic red colour, which was measured spectrophotometri-
cally at 558 nm.  

Determination of FTA in the intestinal perfusion fl uid
The analyses were performed using an Agilent 1100 liquid 
chromatography system equipped with a quaternary solvent 
delivery system, an autosampler and a DAD detector.  The 
separation was carried out on a Hedera ODS-2 column (250 
mm×4.6 mm, 5 μm).  The mobile phase consisted of solvent 
A (0.2% Phosphate) and solvent B (methanol).  The gradient 
elution was as follows: initial 0–7 min, linear change from A–B 
(67:33, v/v) to A–B (63.5:36.5, v/v); 7–9 min, linear change from 
A–B (63.5:36.5, v/v) to A–B (60.5:39.5, v/v); 915 min, linear 
change from A–B (60.5:39.5, v/v) to A–B (57.5:42.5, v/v); 15–17 
min, linear change from A–B (57.5:42.5, v/v) to A–B (67:33, 
v/v) and hold for 3 min.  The mobile phase flow rate was 1 
mL/min.  The chromatogram was recorded at 332 nm.  The 
column temperature was controlled at 30°C, and the sample 
injection volume was 40 μL.  Calibration curves were gener-
ated by plotting the IS to analyte peak area ratios against ana-
lyte concentrations.  The intra-day and inter-day precision and 
accuracy were carried out by quantifying three QC samples 
(n=5) on the same day and on three consecutive validation 
days, respectively.  The results of the intra-day and inter-day 
precision were determined by the RSD, and the detected con-
centration/nominal concentration was calculated to evaluate 
the accuracy.  The recovery was determined as the ratio of the 
peak area of the precipitated QC samples to that of the sam-
ples without precipitation at equivalent concentrations.  The 
storage stability was evaluated by determining QC samples at 
fi ve replicates stored at -80 °C for 30 d.  

Data analysis
The concentration of the perfusion fl uid, the effective perme-
ability coefficient (Peff) and the absorption rate constant (Ka) 
were calculated using the following equations: 

Notes: Cout (corrected) is the effl uent drug concentration with cor-
rection; Cout is the effl uent drug concentration without correc-
tion; Cin is the infl uent drug concentration; PRin is the infl uent 
phenol red concentration; PRout is the effl uent phenol red con-
centration; Q is the perfusate fl ow rate; r is the radius of intes-
tinal segment and l is the length of intestinal segment.  
   The reported values are presented as the mean±SD.  The 
data were analysed using the Student’s t-test or a one-way 
ANOVA.  For all tests, P<0.05 was considered signifi cant.  

Results
In vitro Caco-2 cell model
Determination of FTA in HBSS
Under the current chromatography conditions, all analyses 
were completed within 3.0 min.  The negative mass spectra of 

Cout (corrected) =
 Cout PRin                                          (3)                        PRout 

Peff = 
Q ln[Cin/Cout (corrected)]                                  (4)                        2πrL

Ka =[1–  Cout (corrected)  ] Q/πr2L                              (5)                     Cin
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FTA and IS are shown in Figure 2.  The mass spectra of FTA 
and IS exhibited a protonated molecular ion at m/z 623.8 and 
353.3, respectively.  The high collision energy gave the most 
abundant production at m/z 161.3 and 191.2, respectively.  
Therefore, the precursor to product transition was assigned in 
the multi-reaction-monitoring (MRM) model as follows: m/z 
623.1→161.3 for FTA and m/z 353.3→191.2 for IS.  The MRM 
chromatograms of FTA and IS are shown in Figure 3.  No 
signifi cant interference from endogenous substances with the 
analytes or IS was detected.  The calibration curve was linear 
in the range of 5.28 to 132 ng/mL, with a correlation coefficient 
of 0.992 (n=6).  The regression equation was as follows: Y= 
0.0002X–0.0002 (Y: the ratio of peak area, X: the concentration 
of FTA) when a 10 μL sample was used for assay.  The preci-
sion and accuracy data for the within-run and between-run 
assays are shown in Table 1.  The results indicate that the pres-
ent method had good reproducibility with precision less than 
10.64% and excellent accuracy ranging from 93.15% to 104.25% 
at low (5.28 ng/mL) to high (264 ng/mL) concentrations.  The 
extraction recoveries of FTA had average values ranging from 
56.06% to 63.26% at the three QC concentrations (Table 2).  

The matrix effect of the blank Caco-2 cell receiver solutions 
spiked after the sample preparation with 5.28, 26.4, and 132 
ng/mL of FTA were found to be within the acceptable range 
(Table 2).  The same evaluation was performed on the IS, and 
no signifi cant peak area differences were observed (Table 2).  
The results of the short-term stability, freeze/thaw stability, 
autosampler stability and long-term stability are shown in 
Table 3.  The mean percentages of the deviation of calculated 
versus theoretical concentrations were less than or equal to 
14.97% for short-term stability, less than or equal to 14.06% 
for freeze/thaw stability, less than or equal to 11.93% for 
autosampler stability, and less than or equal to 8.32% for long-
term stability, indicating that the analytes were stable during 
the analytical procedures.

Characteristics of the transepithelial transport of FTA 
The bi-directional permeation of FTA across Caco-2 cell mono-
layers was examined (Table 4).  The permeation of FTA in 
the apical-to-basolateral direction was similar to that in the 
basolateral-to-apical direction at a medium concentration, and 
all of the efflux ratios were less than 1.5, indicating that the 

Figure 2.  Full-scan product ion 
spectra of [M-H]- of FTA (A) and CHA 
(IS) (B) in negative ion mode.
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absorption of FTA was not affected by the transport direction.  

The distribution of FTA
After the transport experiments, >96% of the apically loaded 
FTA was retained on the apical side and >97% of the basolat-
erally loaded FTA was retained on the basolateral side when 
the TEER value was 424±35 Ω/cm2, suggesting that the perme-
ability of FTA may be restricted by tight junctions (Table 5).

The paracellular transport of FTA across the Caco-2 cell 
monolayers
Caco-2 cell monolayers exhibiting different TEER values were 
prepared by treatment with cytochalasin D.  The apical-to-
basolateral transport of FTA was then characterised using 
the monolayers.  As illustrated in Figure 4, the Papp-values 
of FTA were inversely correlated with the TER, suggesting 
that they permeated across Caco-2 cell monolayers via the 
paracellular pathways.  This finding also suggests that the 
intestinal absorption of FTA is restricted when the epithe-
lial tight junction was tight enough.  As shown in Figure 5, 
the Papp values also increased significantly (P<0.01) to 779% 
(31.87±5.92)×10-7 cm/s, 1126% (46.07±2.92)×10-7 cm/s and 
1540% (62.98±6.76)×10-7 cm/s following a prior 40-min expo-
sure of the Caco-2 cells to 10, 20 and 30 μmol/L of the paracel-
lular permeability enhancer sodium caprate, suggesting that 
FTA permeates via the paracellular pathways. the Papp-values 
increased signifi cantly (P<0.01) to 528% (21.60±3.88)×10-7 cm/s, 
934% (38.22±7.10)×10-7 cm/s and 1538% (62.91±4.82)×10-7 cm/s 
following a prior 40-min exposure of the Caco-2 cells to 10, 
20, and 30 μmol/L of the paracellular permeability enhancer 
EDTA.

Figure 3.  Typical MRM chromatograms of FTA and IS. (A) Blank Caco-2 
receiver solution. (B) Blank HBSS spiked with IS and FTA.  (C) Samples 
collected in Caco-2 cell model spiked with IS.  

Table 1.  Intra- and inter-day accuracy and precision of FTA assay in Caco-2 cells.  

                                                                        Intra-day (overall mean, n=5)                                                            Inter-day (overall mean, n=15)
   Concentration             Concentration found             Accuracy                           CV                    Concentration found             Accuracy                       CV
        (ng/mL)                             (ng/mL)                           (%)                                 (%)                             (ng/mL)                            (%)                             (%)

 
     5.28     5.50 104.25   9.83     5.15 97.59 11.40
   26.4   25.05   94.89 10.99   25.73 97.45   6.40
 132 126.52   95.85 10.64 122.95 93.15   6.08

Table 2.  Recovery of FTA and CHA (internal standard) in Caco-2 cells.  
mean±standard deviation (SD). n=3 

 Sample         Concentration                 Recovery            Matrix effect
                               (ng/mL)                            (%)                              (%)

 
 FTA       5.28 56.06±5.84 97.0±2.3
 FTA     26.4 63.26±9.36 92.3±1.3
 FTA   132 59.70±1.41 91.4±4.7
 IS 2056 88.02±1.39 92.4±2.6

Figure 4.  Correlation between TEER and the Papp-values.  TEER values are 
indicated as follows: high, 800, and low, 383 Ω/cm2.  Each point is the 
mean±SD of three experiments. 



1075

www.chinaphar.com
Zhou W et al

Acta Pharmacologica Sinica

npg

The concentration dependence of FTA
As shown in Table 4, there were no signifi cant differences in 
permeability calculated by different concentrations ranging 
from 2.6 μg/mL to 10.4 μg/mL, suggesting that passive diffu-
sion might be involved.  This result is in good agreement with 

the distribution study and the results shown in Figure 4 and 
5, showing that FTA was mainly permeated via paracellular 
diffusion.  LY, a marker compound for paracellular transport, 
also showed this trend[24].  

The infl uence of different inhibitor concentrations on the trans-
port parameters of FTA in the Caco-2 cell model
Figure 6 summarises the permeability coefficients of FTA in 
the absence and presence of inhibitors.  Our statistical analysis 
revealed that exposure to VER (50 and 100 μmol/L), CSA (5 
μmol/L) and MK571 (50 μmol/L) did not increase the Papp-
values significantly.  However, the Papp-values increased 
significantly (P<0.05) to 184% (7.52±0.35)×10-7 cm/s in the 
presence of 150 μmol/L of VER.  The Papp-values increased 
signifi cantly (P<0.05) to 152% (6.23±1.47)×10-7 cm/s and 298% 
(12.20±3.46)×10-7 cm/s in the presence of 10 and 15 μmol/L of 
CSA, and the Papp-values increased significantly (P<0.05) to 
220% (9.00±7.60)×10-7 cm/s and 249% (10.20±4.40)×10-7 cm/s in 
the presence of 100 and 150 μmol/L of MK571.  These results 
indicate that the permeability of FTA is enhanced as the con-
centrations of VER, CSA, MK571 are increased, exhibiting 
a clear concentration-dependent effect.  However, the Papp-
values decreased gradually in the presence of 40 μmol/L of 
DFS and INDO.  In addition, the Papp-values in the presence of 

Table 3.  Stability of FTA in Caco-2 cells.  n=3.  Mean±SD. 

                                                                                                                                                                  FTA nominal concentration (ng/mL)
                                                                                                                            5.28                         26.4                                    132

 
 Room temperature (4 h) Measured concentration (ng/mL)     5.78±0.79 24.62±2.32 125.10±10.81
 Accuracy (%) 109.52±14.97 93.27±8.79   94.77±8.19
 Three freeze/thaw cycles Measured concentration (ng/mL)     5.46±0.80 26.30±3.10 124.99±10.93
 Accuracy (%) 103.40±14.06 98.59±11.73   94.69±8.28
 Autosampler rack for 24 h Measured concentration (ng/mL)     5.43±0.63 24.50±1.31 123.32±11.64
 Accuracy (%) 102.92±11.93 92.81±4.97   93.43±8.81
 Stored at -20 ºC for 4 weeks Measured concentration (ng/mL)     5.09±0.19 24.96±2.20 122.78±8.01
 Accuracy (%)   96.34±3.57 94.54±8.32    93.01±6.07

Table 5.  Distribution of FTA after transepithelial transport experiments. 

 Transport                                    % Compound recovered from
 direction               Apical side            Basolateral side Cells

 
 AP-BL 96.84±0.55 3.10±0.56 0.02±0.01
 BL-AP    2.51±0.12              97.44±0.12 0.04±0.02

Table 4.  Transport parameters of different concentrations of FTA in 
Caco-2 cells.  n=3.  Mean±SD. 

Concentration                            Papp×10-7 (cm/s)                      
PBA/PAB    (μg/mL)        AP-BL                         BL-AP

 
   2.6 3.99±0.23 3.99±0.69 1.00
   5.2 4.15±1.20 3.52±0.73 0.85
 10.4 4.09±1.37 3.89±0.87 0.95

Figure 5.  Effects of paracellular permeability enhancers at different 
concentrations on absorption parameters of FTA in Caco-2 cell model.  
Results are expressed as the mean±SD of at least four experiments.   
cP<0.01 compared with the control group.  Low, Middle, High: 10, 20, 30 
μmol/L for both sodium caprate and EDTA.

Figure 6.  Effects of inhibitors of different concentrations on absorption 
parameters of FTA in Caco-2 cell model.  Results are expressed as the 
mean±SD of at least four experiments.  aP>0.05, bP<0.05, cP<0.01 
compared with the control group.  VER: 50, 100, 150 μmol/L; CSA: 5, 10, 
15 μmol/L; MK571: 50, 100, 150 μmol/L; MAN: 10, 20, 30 μmol/L; INDO 
and DFS: 10, 20, 40 μmol/L.
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10, 20, and 30 μmol/L of mannitol did not change signifi cantly 
compared to the control group.  Together, these results indi-
cate that FTA absorption might be infl uenced by effl ux trans-
porters (P-gp, MRPs) and uptake transporters (OATP).  

The single-pass intestinal perfusion in situ model
The determination of phenol red
A linear relationship between the phenol red concentration 
in the range of 10 to 50 mg/L and the absorbance was found.  
The calibration was A=0.0098C–0.0038, (A: absorbance, C: the 
concentration of phenol red), r=0.9999 (n=6).  The average 
recovery was 100.03%, and the precision (RSD) was less than 
1.18%.  These results indicate that this method is suitable for 
the determination of phenol red in the intestinal perfusion 
fl uid.

The determination of FTA in the intestinal perfusion fl uid
No interfering peak was observed in the blank intestinal per-
fusion fluid under the assay conditions.  The retention time 
was approximately 14.7 min for FTA and 5.8 min for IS.  The 
calibration curve was linear in the range of 0.615–12.3 μg/mL 
with a correlation coeffi cient of 0.9985 (n=7).  The regression 
equation was as follows: Y=0.023X+0.0006 (Y: the concentra-
tion of FTA, X: the ratio of peak area) when 100 μL of perfu-
sion fl uid was used for assay.  The precision and accuracy data 
for the within-run and between-run assays are shown in Table 
6.  The results indicate that the developed HPLC method had 
good reproducibility with precision less than 4.61% and excel-
lent accuracy ranging from 88.65% to 110.83% at low (1.23 
μg/mL) to high (11.07 μg/mL) concentrations.  The extraction 
recoveries of FTA had average values ranging from 96.86% to 
102.98% at the three QC concentrations (Table 6).  The stabil-
ity results (data not shown) showed that the concentrations 
of FTA were between 96.8% and 108.5% of the initial values, 
indicating that the analytes were stable in the intestinal perfu-

sion fl uid for at least 30 d storage at -80 oC.

The absorption parameters of different concentrations in 
different segments of rat intestine
As shown in Table 7, the Ka and Peff-values changed little 
(P>0.05, ANOVA) in the presence of 2.6, 5.2, and 10.4 μg/mL 
of FTA after perfusion via the duodenum, jejunum and ileum, 
indicating that the absorption of FTA might be primarily 
through passive diffusion.  In addition, it was shown that 
the Ka and Peff-values in the duodenum were slightly higher 
compared to the jejunum and ileum, but this difference was 
not signifi cant (Table 7).  This indicates that the predominant 
absorption site might be in the upper part of small intestine.  

The influence of different concentrations of inhibitors and 
paracellular permeability enhancers on the absorption para-
meters of FTA
As shown in Figure 7, the addition of VER induced the great-
est increase in the Peff-values at a relatively low concentration 
(50 μmol/L) in the duodenum, a medium concentration (100 
μmol/L) in the jejunum and a high concentration (150 μmol/L) 
in the ileum.  CSA at low (2 μg/mL), medium (4 μg/mL) and 
high (8 μg/mL) concentrations produced a signifi cant, dose-
dependent increase in the Peff-value, and the duodenum, jeju-
num and ileum showed the same trend in Peff-values when 
CSA was added.  The treatment with a high concentration of 
CSA led to a significant increase in the Peff-value compared 
to the control (P<0.05), and the Peff-value in the duodenum 
group when CSA was added was higher than that of the jeju-
num and ileum groups.  Both sodium caprate and EDTA at 
the same low (5 μg/mL), medium (10 μg/mL) and high (15 
μg/mL) concentrations caused a significant, concentration-
dependent increase in the Peff-value compared to the control 
group (P<0.05).  Treatment with sodium caprate and EDTA at 
the same high concentrations had the highest Peff-value.  These 

Table 6.  Within-run and between-run precision and accuracy, and extraction recovery of the method for determination of FTA in rat intestinal perfusate. 

  Concentration                         Within-run (n=5)                                      Between-run (n=5, three runs)                                     Recovery (%)
       (μg/mL)                   Precision (RSD%)             Accuracy (%)               Precision (RSD%)             Accuracy  (%)        Mean                         RSD%

 
   1.23 2.60 88.65 4.61   95.90 102.98 4.54
   4.92 0.29 95.44 0.99 110.83   96.86 0.04
 11.07 0.12 98.06 2.45 106.92 101.27 1.12

Table 7.  Absorption parameters of three concentrations of FTA in different segments of rat intestine.  n=5.  Mean±SD. 

       Concentration                                      Parameter                   Duodenum                    Jejunum                                   Ileum

 
 Low (2.6 μg/mL) Peff×10-6 (cm/s) 5.485±2.621 3.811±3.036 3.008±2.249
  Ka×10-5 (min-1) 5.707±2.410 3.907±2.419 3.115±2.325
 Middle (5.2 μg/mL) Peff×10-6 (cm/s) 4.550±0.417 4.433±2.704 4.306±2.107
  Ka×10-5 (min-1) 5.671±0.516 5.554±1.534 5.370±0.149
 High (10.4 μg/mL) Peff×10-6 (cm/s) 5.494±3.883 4.682±2.971 3.191±2.519
  Ka×10-5 (min-1) 5.501±4.309 4.385±3.714 4.720±1.298
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results show that the permeability of FTA is enhanced as the 
concentrations of EDTA and sodium caprate increase, exhib-
iting a clear concentration-dependent effect.  However, DFS 
and INDO at the same low (25 μg/mL), medium (50 μg/mL) 
and high (100 μg/mL) concentrations resulted in a signifi-
cant, dose-dependent decrease in the Peff-value.  Treatment 
with DFS and INDO at the same high concentration led to a 
signifi cant decrease in the Peff-value compared to the control 
(P<0.05, P<0.01) in the duodenum, jejunum and ileum.  The 
Peff-value in the duodenum group when DFS and INDO were 
added showed less of a decrease than that of the jejunum and 
ileum groups.  In addition, there was no signifi cant difference 
between treatments with MAN at low (5 mg/mL), medium (10 
mg/mL) and high (15 mg/mL) concentrations and the control 

in the duodenum, jejunum or ileum groups.  Together, these 
results indicate that the absorption of FTA may be infl uenced 
by paracellular permeability enhancers, efflux transporters 
(P-gp, MRPs) and uptake transporters (OATP), which is in 
accordance with the results from the Caco-2 cell model.  

Discussion
For drugs to be therapeutically effective, they have to possess 
favourable characteristics to cross the biological membranes 
into systemic circulation and reach the site of action.  Drugs 
cross membranes via transcellular or paracellular routes.  The 
transcellular pathway involves the passage of the drug across 
the cells, while the paracellular pathway refers to the passage 
of drugs between adjacent cells.  The major pathway for the 
absorption or transport of a drug depends on its physicochem-
ical characteristics as well as the membrane features.  Salama 
et al, 2006[25] reported that lipophilic drugs cross biological 
membranes transcellularly, while hydrophilic drugs cross the 
membrane paracellularly.  The results of the distribution study 
(Table 5) and the permeability study (Figure 5) support the 
conclusion that the absorption of FTA mainly involved para-
cellular diffusion owning to its high hydrophilicity.  

Based on the single-pass intestinal perfusion in situ model, 
VER was reported as an inhibitor of P-gp and the CYP3A 
enzyme.  The finding that the addition of VER induced the 
greatest increase in the Peff-values at a relatively low concen-
tration (50 μmol/L) in duodenum, a medium concentration 
(100 μmol/L) in the jejunum and a high concentration (150 
μmol/L) in the ileum while exhibiting no concentration-de-
pendent effect might be explained by the fact that P-gp expres-
sion was increased gradually, but CYP3A enzyme expression 
showed the opposite pattern.  As shown in Table 7, the Ka-
value of the duodenum was slightly higher than the jejunum 
and ileum, which is consistent with this expression pattern.  
Furthermore, it was also reported that CSA inhibits MRPs and 
OATP, while DFS and INDO inhibit OATP.  Our fi nding that 
the Peff-value in the duodenum group treated with CSA was 
higher than that of the jejunum and ileum groups while the 
Peff-value in the duodenum group treated with DFS and INDO 
was decreased less than that of the jejunum and ileum groups 
are consistent with the report by Kusuhara et al, 2003[19] show-
ing that the uptake transporter (OATP) is expressed mainly in 
the jejunum and ileum.  Ma et al, 2007[18] reported that MAN 
was an inhibitor of SGLT1.  As shown in Figure 7, there was 
no signifi cant difference between the MAN and control treat-
ments in the duodenum, jejunum or ileum groups, indicating 
that the absorption of FTA was not infl uenced by intake trans-
port (SGLT1).  The mechanism of the absorption enhancing 
effect of sodium caprate was proposed to be an effect on tight 
junctions (TJs) through PLC-dependent IP3/DAG pathways.  
The Peff-value of FTA was enhanced as the concentration of 
sodium caprate was increased, exhibiting a clear concentra-
tion-dependent effect.  Zornoza et al, 2004[26] reported that the 
absorption enhancing effect of sodium caprate for acamprosate 
showed a clear concentration-dependent effect.  Therefore, 
our present results are consistent with the previous report.  In 

Figure 7.  Effects of inhibitors at different concentrations and paracellular 
permeability enhancers on absorption parameters of FTA in rat single 
pass intestinal perfusion via duodenum, jejunum and ileum in situ model.  
Results are expressed as the mean±SD of at least four experiments.  
aP>0.05, bP<0.05, cP<0.01 compared with the control group.  VER: 50, 
100, 150 μmol/L; CSA: 5, 10, 15 μmol/L; MK571: 50, 100, 150 μmol/L; 
MAN: 10, 20, 30 μmol/L; INDO and DFS: 10, 20, 40 μmol/L.
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addition, calcium depletion by a chelating agent (EDTA) was 
also reported to increase paracellular permeability[21], and the 
Peff-value of FTA was increased as the concentration of EDTA 
was increased, further illustrating that the absorption of FTA 
involved paracellular transport.

In the Caco-2 cell model in vitro, the Papp-value of FTA was 
enhanced as the concentrations of VER, CSA, and MK571 were 
increased, exhibiting a clear concentration-dependent effect.  
However, the Papp-values decreased signifi cantly as DFS and 
INDO were added.  In addition, the Papp-values increased sig-
nifi cantly in the presence of paracellular permeability enhanc-
ers (EDTA and sodium caprate).  These results indicate that 
the absorption of FTA primarily involves the paracellular 
transport route, and P-gp, MRPs and OATP might participate 

in the absorption of FTA in the intestine as shown in Figure 8.  
As shown in Table 4, the effl ux ratio was <1.5 over the range 

of 2.6–10.4 μg/mL of FTA in the bi-directional transport stud-
ies, suggesting that the absorption of FTA is not infl uenced by 
efflux/uptake transporters[27].  However, our present study 
showed that the absorption of FTA was affected by the inhibi-
tor of P-gp (VER) and the inhibitor of MRPs (CSA, MK571), as 
illustrated in Figure 6 and 7, which suggests that effl ux trans-
porters might influence the absorption of FTA little or that 
uptake transporters might participate in the absorption of FTA 
to counteract the effect of effl ux transporters[28].  Evidence sup-
porting this hypothesis is shown in Figure 6 and 7.  The Papp-
value and Peff-value of FTA were decreased signifi cantly by the 
addition of OATP inhibitors (DFS, INDO) in both the in vitro 
Caco-2 cell model and the in situ single-pass intestinal perfu-
sion model.  Therefore, the absorption of FTA may involve not 
only effl ux (P-gp, MRPs) but also uptake (OATP) transporters.  

As shown in Tables 4 and 7, FTA was transported at approx-
imately a 10-fold slower rate in the Caco-2 monolayers than in 
the rat small intestine.  Plausible explanations for the different 
values were that the permeability of the paracellular pathway 
and the absorptive surface areas of the two models were dif-
ferent[29, 30].  In addition, the differences in metabolism between 
in situ single-pass intestinal perfusion and in vitro Caco-2 cell 
models resulting from intestinal bacteria and enzymes[31] could 
also explain the differences in the absorption parameters.  

According to Table 4, Papp (AP→BL) was less than 2×10-6 cm/s[32] 

due to the effl ux (P-gp, MRPs) function and high hydrophilic-
ity paired with low lipid solubility, indicating that FTA might 
belonged to the class III of the biopharmaceutical classifica-
tion system (BCS)[33].  The permeation through biomembranes 
is a rate-limiting process that results in low oral BA.  It was 
reported that chitosan and its derivatives[34], sodium caprate[35], 
L-arginine[36] and glycyrrhetinic acid, an active ingredient in 
Radix Liquiritiae[37], could modulate TJs to enhance paracel-
lular transport.  Pluronic block copolymers, like Pluronic F68, 
could inhibit P-gp/CYP3A4[38].  In addition, prodrug designa-
tions, like peptide prodrug modifications, could also shield 
FTA from the efflux pump[39].  Therefore, investigations into 
improving the permeability of FTA using pharmaceutical 
methods based on the above research and evaluating the toxic-
ity of pharmaceutical excipients (functional excipients or addi-
tives) are required to improve the oral BA of FTA.  
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A pharmacodynamic analysis of factors affecting 
recovery from anesthesia with propofol-remifentanil 
target controlled infusion
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Aim: To examine individual patient’s demographic parameters and clinical variables related to return of consciousness (ROC) and the 
pharmacodynamic relationship between propofol effect-site concentration (Ce) and ROC from propofol-remifentanil anesthesia.  
Methods: Ninety-four patients received propofol-remifentanil anesthesia using the effect-site target-controlled infusion (TCI) system.  All 
clinical events were noted, and variables possibly related to propofol Ce at ROC were examined using linear correlation analyses.  Phar-
macodynamic modeling incorporating covariates was performed using NONMEM (Nonlinear Mixed Effects Modeling) VII software.  
Results: The Ce values of propofol at loss of consciousness (LOC) and ROC were 4.4±1.1 μg/mL and 1.1±0.3 μg/mL, respectively.  Age 
was negatively correlated with propofol Ce at ROC (r=-0.48, P<0.01).  Including age as a covariate in Ce50 (the effect-site concentration 
associated with 50% probability of return of consciousness) and λ (the steepness of the concentration-versus-response relationship) 
significantly improved the performance of the basic model based on the likelihood ratio test, with a significant decrease in the mini-
mum value of the objective function.  The Ce50 in 25-, 50-, and 75-year-old patients was predicted to be 1.38, 1.06, and 0.74 μg/mL, 
respectively.  The λ in 25-, 50-, and 75-year-old patients was predicted to be 12.23, 8.70, and 5.18, respectively.  
Conclusion: Age significantly affects the relationship between propofol Ce and ROC, and pharmacodynamic modeling including age 
could lead to better predictions of ROC during emergence from propofol-remifentanil anesthesia.  

Keywords: anesthesia; effect-site concentration; propofol; pharmacodynamic modeling; return of consciousness; target-controlled infu-
sion
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Introduction
Anesthesiologists are concerned not only about inducing rapid 
and safe anesthesia, but also about achieving a comfortable 
and precise return of consciousness (ROC) after surgery[1].  
To date, studies have focused mainly on individual effects 
of anesthesia induction.  The ability to predict the individual 
propofol effect-site concentration (Ce) for ROC would allow 
the dose of propofol to be adjusted to achieve an adequate 
ROC.  It would also reduce the anesthesiologists workload, 
save time and resources, and allow for safer patient recovery[2].  
Some studies of ROC show large variations (0.8–2.7 μg/mL) 
in propofol Ce producing ROC from anesthesia[3,4], making it 
difficult to predict the minimum concentration for effective 
sedation and the concentration of propofol during emergence.  

In the absence of individual pharmacodynamic information, 
propofol is usually dosed on the basis of the average popula-
tion requirement.  Hence pharmacodynamic modeling incor-
porating a population approach with covariates could be clini-
cally useful for describing the dose-response relationship.  

The objectives of our study were: 1) to identify the clinical 
variables related to the propofol Ce at ROC and 2) to apply 
a population pharmacodynamic modeling approach to data 
from propofol-remifentanil anesthesia.

Materials and methods
This study was approved by the ethics committee of the Yon-
sei University Health System (4-2010-0580).  Patients (aged ≥ 
20 years, ASA I–II) scheduled for elective minor surgery at the 
Eye and ENT Severance Hospital were included from January 
2011 to September 2011.  Exclusion criteria were as follows: 
cardiac, pulmonary, hepatic or renal disease; hearing loss or 
other neurological deficit; past history of allergy or adverse 
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reaction to medication; any type of medication affecting the 
central nervous system; or body mass index more than 30.  All 
of the patients provided written informed consent.  

Anesthesia was induced according to the same standard 
protocol in all patients.  Patients were premedicated iv with 
0.1 mg of glycopyrrolate.  Anesthesia was induced by effect-
site target-controlled infusion (TCI) (Orchestra® Base Primea, 
Fresenius Vial, France) of propofol and remifentanil after the 
patients anthropometric data were entered.  The pump was 
operated according to the model for propofol developed by 
Schnider et al[5, 6] and the model for remifentanil developed 
by Minto et al[7, 8].  The initial target Ce values of propofol and 
remifentanil were 4 μg/mL and 2 ng/mL, respectively, for 
induction.  Loss of consciousness (LOC) was defined as a 
patient’s inability to open their eyes in response to their name 
being called loudly, ie, a score of 3 on the Observer’s Assess-
ment of Alertness/Sedation Scale (OAA/S)[9].  If LOC was not 
obtained with this initial Ce, the Ce of propofol was increased 
in increments of 0.5 μg/mL until LOC occurred.  The remifen-
tanil Ce was maintained at 2 ng/mL.  Consciousness was 
assessed every 10 s.  At the moment of LOC, the BIS index 
(BIS VISTA™, Aspect Medical System, Inc, Norwood, MA, 
USA) and the Ce of propofol and remifentanil were recorded.  
Rocuronium was given (0.6 mg/kg iv) as a neuromuscular 
blockade.  After endotracheal intubation, ventilation was 
mechanically controlled with 50% oxygen in an air mixture 
to maintain the end-tidal carbon dioxide tension at 35 to 40 
mmHg.  After anesthesia was induced, the Ce of propofol was 
titrated to maintain BIS values between 40 and 60 throughout 
the intraoperative period.  In addition, the Ce of remifentanil 
was adapted to intraoperative hemodynamics throughout the 
surgical procedure.  

At the end of surgery, propofol and remifentanil infusion 
was stopped.  The neuromuscular block was antagonized with 
0.2 mg of glycopyrrolate and 1.0 mg of neostigmine.  Return 
of consciousness was defined as a score of 3 on the OAA/
S.  At the end of surgery and at ROC, the BIS value and the Ce 
of propofol and remifentanil were recorded by an investiga-
tor blinded to the conditions.  The total amount of propofol 
and remifentanil, duration of infusion, and the duration of 
anesthesia and surgery were also recorded.  The duration of 
anesthesia was defined as the time from the start of propofol 
infusion for induction to extubation of the trachea; the dura-
tion of surgery was defined as the time from surgical incision 
to the application of the last suture.  All of the patients were 
administered ramosetron (Astellas Pharma Inc, Seoul, Korea) 
0.3 mg and ketorolac (Hana Pharm Co, Seoul, Korea) 60 mg iv 
for the prevention of postoperative nausea, vomiting and pain 
in the operating room before the end of surgery.

Correlations between ROC and several clinical variables 
were determined by linear correlation analysis.  Using the 
observed ROC, propofol Ce in the basic pharmacodynamic 
model was distributed between 0 (unconscious) or 1 (con-
scious).  The relationship between the probability of ROC and 
the propofol Ce was analyzed using a sigmoidal Emax model:

where P is the probability of ROC from anesthesia, Ce50 is the 
Ce associated with 50% probability of ROC, and λ is the steep-
ness of the concentration-versus-response relationship.  

T h e  l i k e l i h o o d ,  L ,  o f  t h e  o b s e r v e d  r e s p o n s e ,  R 
(unconscious=0, conscious=1) is described by the following 
equation: 

Likelihood = R×P+(1–R)×(1–P),
where P is the probability of ROC.

Model parameters were estimated using the option “LIKELI-
HOOD LAPLACE METHOD=conditional” in the NONMEM 
(Nonlinear Mixed Effects Modeling) software (version VII; 
GloboMax, Hanover, MD, USA).  The inter-individual ran-
dom variability of Ce50 and λ was modeled using a log-normal 
model.  For each analysis, NONMEM computes the minimum 
value of the objective function, a statistic that is proportional 
to negative twice the log likelihood of the data.  To determine 
the relevant covariates in the final model, a forward inclusion 
and backward elimination approach was used in consecutive 
NONMEM runs.  A covariate was considered significant when 
its inclusion lowered the minimum value of the objective func-
tion by at least 3.85 points.  The difference in the minimum 
value of the objective function between two nested models 
was approximately χ2-distributed and could therefore be used 
for significance tests (P<0.05, with one degree of freedom).

Results
Ninety-four patients met the selection criteria.  Fifty-five 
patients underwent eye surgery and 39 patients underwent 
ENT surgery.  The duration of surgery and anesthesia were 
66.9±53.0 and 97.5±54.0 min.  The BIS values at baseline and 
LOC were 92.8±4.9 and 67.0±15.1.  At LOC, the effect-site con-
centrations (Ces) of propofol and remifentanil were 4.4±1.1 
μg/mL and 2.0±0.3 ng/mL, respectively.  At the end of sur-
gery, the BIS value, the Ces of propofol and remifentanil were 
43.8±10.6, 3.2±1.0 μg/mL and 2.3±0.4 ng/mL, respectively.  At 
ROC, the BIS value, the Ces of propofol and remifentanil were 
75.7±6.0, 1.1±0.3 μg/mL and 0.8±1.0 ng/mL, respectively.  
Table 1 shows the data and correlation coefficients between 
the propofol Ce at ROC and the analyzed variables.  The pro-
pofol Ce at LOC had a tendency to be positively correlated 
with the propofol Ce at ROC, but this correlation was not sta-
tistically significant (P=0.08).  With the exception of age, no 
other clinical variable had a significant correlation with propo-
fol Ce at ROC (Table 1).  Age was significantly correlated with 
the propofol Ce at ROC, with a negative slope (P<0.01, Figure 
1).  

Because age was the only factor that was found to be corre-
lated with propofol Ce at ROC, we included this as a covariate 
in Ce50 and λ.  This pharmacodynamic modeling including age 
significantly improved the performance of the basic model 
based on the likelihood ratio test, with a decrease the mini-
mum value of the objective function (P<0.01).  Table 2 lists the 
model parameter estimates for the final selected model.  The 

P=1 –      Ce
λ

            Ce50
λ+Ce

λ
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relationship between the probability of ROC and propofol Ce 
is shown in Figure 2.  The effect of age on the probability of 
ROC as evaluated by computed estimation is presented in Fig-
ure 3.  The values of age used for the predictions correspond 
to the 25-, 50-, and 75-year-old patients as distributed within 
the studied population.  The Ce50 in 25-, 50-, and 75-year-

old patients was predicted to be 1.38, 1.06, and 0.74 μg/mL, 
respectively.  The λ in 25-, 50-, and 75-year-old patients was 
predicted to be 12.23, 8.70, and 5.18, respectively.  

Discussion
In this study, we searched for clinical factors influencing ROC 
during emergence from propofol-remifentanil anesthesia and 
found that age was strongly correlated with ROC.  In addi-
tion, upon pharmacodynamic modeling, age proved to be a 
significant covariate of Ce50 and λ in the dynamic relationship 
between propofol Ce and ROC.  This study is the first clinical 
investigation in which pharmacodynamic modeling of ROC 
has been carried out by incorporating covariates of ROC.  It 
would be clinically advantageous if the individual propofol 
Ce for ROC could be predicted and applied rather than sim-
ply targeting a population-based average concentration.  A 
nonlinear dynamic model was chosen to describe the relation-
ship between propofol Ce and ROC, as quantal response data 

Table 1.  Data values and correlation coefficients between several clinical variables and propofol effect-site concentration at return of consciousness. 
Data are presented as mean±SD or number. 

                                  Clinical variables                                                                    Data values                    Correlation coefficient              P value   
 
 Sex (male/female)      53/41 0.03   0.76
 Age (year)   42.8±16.5 0.48 <0.0001
 Height (cm)    167±10.6 0.11   0.28
 Weight (kg)   71.1±14.4 0.03   0.80
 Body mass index (kg/m2)   24.8±4.4 0.02   0.86
 Propofol effect-site concentration at LOC (μg/mL)     4.4±1.1 0.23   0.08
 Remifentanil effect-site concentration at ROC (ng/mL)     0.7±0.8 0.02   0.88
 Duration of propofol infusion (min)   79.3±51.9 0.13   0.31
 Mean propofol dose during surgery (μg·kg-1·min-1) 176.3±97.0 0.12   0.24
 Mean remifentanil dose during surgery (μg·kg-1·min-1)      0.1±0.1 0.16   0.13

LOC, loss of consciousness; ROC, return of consciousness.

Table 2.  Pharmacodynamic parameters.

Model       Parameter                          Value                             %CV        OBJF   
 
Basic  Ce50 (μg/mL) 1.14 32.1 643.4
 λ 9.03 – 
Final Ce50 (μg/mL) 1.15–0.0128×(AGE–43) 26.0 602.6
 λ 9.69–0.141×(AGE–43) –

AGE, age in years; CV, coefficient of variation; OBJF, minimum value of 
objective function; Ce50, effect-site concentration associated with 50% 
probability of return of consciousness; λ, steepness of the concentration-
versus-response relationship. 

Figure 1.  Linear regression between age and propofol effect-site concen-
tration at return of consciousness (ROC).  The formula of the regression is 
Y=-0.0097X+1.5472 (r=-0.48; P<0.01).

Figure 2.  The relationship between the probability of return of conscious-
ness and propofol effect-site concentration.  The scattered dots are the 
raw data observed for all patients.  The dotted lines represent individual 
patient fits, whereas the bold line represents the typical curve of the popu-
lation data.  
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exhibit a sigmoid relationship.  A sigmoidal Emax model using 
the Hill equation provided a better model than a linear regres-
sion since this combination can estimate not only the Ce50 value 
but the shape or, alternatively, the scale of the concentration-
effect relationship (λ)[10].  Moreover, the Ce50 values derived 
from a sigmoidal Emax model are not affected by extreme val-
ues to the same extent as in a linear regression model[3].

In the present study, inter-individual variability in propofol 
Ce at ROC could be explained by incorporating age as a covari-
ate.  Although the patients anthropometric factors except age 
had little influence on ROC, other potential covariates such as 
genetics or environmental factors might also play an impor-
tant role in determining individual ROC and hence contribute 
to the variability of inter-individual data sets[11].  The Schnider 
pharmacokinetic model was developed based on data from 
Caucasians, so it may be necessary to examine whether the 
administration of propofol using a TCI technique based on the 
Schnider model will provide the same estimated concentration 
and result in the same dynamic end points in Korean patients.  

 According to our prediction of the probability of ROC, 
the propofol Ce50 for a 25-year-old patient is around twice 
that for a 75-year-old patient.  Younger patients may recover 
consciousness after receiving higher propofol concentrations 
than could be administered to elderly patients.  The Ce5 value, 
which indicates a 95% probability that a 25-year-old patient 
does not recover consciousness, is around 1.8 μg/mL based 
on our concentration-response curve.  To prevent acciden-
tal awareness in young patients with propofol-remifentanil 
anesthesia, levels at least above this Ce should be maintained 
during surgery.  The value of λ, representing the steepness of 
the dose-response curve, was greater in younger patients than 
in older patients.  This finding suggests that younger patients 
may recover more abruptly than older patients, which means 
that young patients may be easily arousable, able to be extu-
bated, and oriented.  However, this may lead to the possibility 
of trauma as a result of sudden movement, and more attention 
should be paid to patients safety.  The reverse situation could 

also occur.  Elderly patients may experience long and more 
difficult recovery times.  Close monitoring is necessary for eld-
erly patients to prevent re-sedation or respiratory depression 
due to residual sedative effects during post-anesthetic care 
after initial ROC.  

 In older patients, a smaller propofol Ce is required at ROC 
for both pharmacokinetic and pharmacodynamic reasons.  
We used the Schnider propofol pharmacokinetic model[5, 6], 
which takes age into consideration, and hence the pharma-
cokinetic inter-patient variability caused by age would be 
excluded.  In addition, the Schnider model, although still not 
perfect, has fewer limitations than the other pharmacokinetic 
models for propofol and therefore has the potential for being 
the recommended model of choice to be used for TCI[12].  The 
significant correlation between propofol Ce at ROC and age 
suggests that age has a considerable influence on the patient’s 
sensitivity to propofol from a pharmacodynamic point of 
view.

When the effect of remifentanil Ce on ROC was analyzed, we 
did not find a significant correlation, which is consistent with 
previous reports[13, 14].  The Ce of remifentanil (0.7±0.8 ng/mL) 
at ROC was probably too low to affect ROC.  However, when 
predicting the propofol Ce for ROC, it should be kept in mind 
that the Ce values of propofol might be different if another sed-
ative, such as a benzodiazepine or a large dose of remifentanil, 
is also used.  The type of surgery may also influence the pro-
pofol Ce at ROC.  The Ce of propofol for ROC may be slightly 
increased in the presence of severe pain caused by major sur-
geries, eg, thoracic or abdominal surgery, compared to minor 
surgeries like those in our study[15].  The Ce of propofol at ROC 
was not correlated with the duration of propofol infusion or 
the mean dose of propofol during surgery, which is consist-
ent with a previous study by Kazama et al[16].  These clinical 
contexts (duration or dose) would influence the time taken 
to reach an individual’s propofol Ce for ROC.  Current TCI 
devices display the time required for a calculated Ce to decline 
to a predetermined value of propofol Ce if the infusion is to be 
stopped.  This allows anesthesiologists to predict the time to 
ROC, provided that the individual Ce at ROC is known[17].  

Although not statistically significant (P=0.08), there was a 
tendency for the Ce of propofol for LOC to positively correlate 
with the propofol Ce at ROC, which suggests that patients 
requiring a higher propofol Ce at LOC tend to recover con-
sciousness at a higher propofol Ce as well.  We also found that 
the mean propofol Ce for LOC was higher than that reported 
in other studies (4.4±1.1 μg/mL vs 1.25–2.35 μg/mL)[6, 18].  One 
possible explanation for the higher Ce observed in our study 
is the use of a different pharmacokinetic model.  The Schnider 
model predicts much faster effect-site equilibration with the 
blood than the Marsh model, as the equilibration constant (Keo) 
is larger in the Schnider model than in the Marsh model (0.459 
min-1 vs 0.26 min-1).  The predicted Ce in the Schnider model 
will be higher than that in the Marsh model during the induc-
tion period[19].

We note that our study has some limitations.  We collected 
the data of dissipating propofol concentrations after stopping 

Figure 3.  The fit of the logistic regression model is shown.  The solid line 
represents the fit through the data with the age-independent model.  The 
dotted lines are the fits predicted by the age-adjusted regression model 
for 25-, 50-, and 75-year-old participants. 
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infusion, which could lead to a high performance error of TCI-
based predictions of propofol Ce rather than stable propofol 
Ce.  To eliminate the confounding effects of pharmacokinetic 
and pharmacodynamic variability in the response of patients 
to a certain stimulus, constant Ce values and blood to effect-
site equilibration are required[16].  However, our study design 
is more applicable to daily clinical practice during emergence 
from propofol-remifentanil anesthesia.  

We conclude that age significantly affects the pharmacody-
namic relationship between propofol Ce and ROC.  The propo-
fol Ce for ROC can be predicted for individual patients of 
different ages, and patients can be expected to require shorter 
recovery times and awaken quickly with early titration of 
propofol upon surgery completion.  
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Original Article

Tolerability, pharmacokinetics and 
pharmacodynamics of CMAB001, an anti-CD11a 
antibody, in Chinese healthy volunteers and psoriatic 
patients
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Aim: To evaluate the pharmacokinetics (PK), pharmacodynamics (PD) and primary tolerability of an anti-CD11a monoclonal antibody 
(CMAB001) in Chinese healthy volunteers and psoriatic patients.  
Methods: Two open-label studies were conducted.  One was a parallel-group, single-center, dose-escalation test, including 24 healthy 
adult volunteers from 18 to 45 years in age.  All subjects randomly received a single subcutaneous injection dose of 0.5, 1.0, or 2.0 
mg/kg.  The other was a multiple-dose study: 10 adult psoriatic patients were administered weekly subcutaneous injections of 1.0 
mg/kg for 7 weeks.
Results: CMAB001 was well tolerated in the single- and multiple-dose studies.  Slow absorption was observed in both studies.  In the 
single-dose study, the concentration of CMAB001 reached its highest level 2 d later after the injection, and the Cmax increased in an 
approximate dose-proportionate manner, while the area under curve (AUC) showed much greater than dose-proportionate increase.  In 
the multiple-dose study, the steady-state serum concentration level was attained following the 4th injection.  
Conclusion: CMAB001 exhibited a nonlinear pharmacokinetic profile over the dose range from 0.5 to 2.0 mg/kg, and was well tolerated 
in healthy volunteers and psoriatic patients.

Keywords: chronic plaque psoriasis; CD11a; humanized antibody; CMAB001; pharmacokinetics; pharmacodynamics; tolerability; open-
label study
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Introduction
Psoriasis, a common skin disease, is an autoimmune disorder 
of the dermis and epidermis characterized by leukocyte infil-
tration into the skin and localized deregulated skin growth.  
Clinical manifestations in patients with this disease include 
white or silver scaly and raised plaques that are either red or 
salmon pink in color[1].  Although the precise cause of psoriasis 
remains an enigma, it has become increasingly clear that the 
activity of the lymphocytic infiltration, which consists primar-
ily of T cells, is the driving force for the induction of the skin 
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changes observed in psoriasis and is also required for mainte-
nance of the plaques[1, 2].

Currently, a class of therapeutics, the “biologics”, has shown 
promise by specifically interfering with the T-lymphocyte-
mediated immune responses that are characteristic of psoriasis 
and other autoimmune diseases[2–9].  CD11a-specific mAb is 
a typical biotherapeutic product.  T-lymphocyte activation 
and infiltration into tissues is mediated by events involv-
ing the specific interaction between a T-cell receptor and the 
major histocompatibility complex on antigen-presenting cells 
(APCs).  Full activation of T lymphocytes, however, occurs 
only after other T-cell surface molecules engage with the 
APC.  This costimulatory process involves the interaction 
between lymphocyte function–associated antigen-1 (LFA-1) 
and intercellular adhesion molecule-1 (ICAM-1).  LFA-1 is an 
adhesion molecule expressed in leukocytes and is character-
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ized by heterodimers with a common β chain (CD18) and a 
unique α chain (CD11a).  The LFA-1: ICAM-1 interaction is a 
key element in stabilizing the immunologic synapse that forms 
between T cells and APCs and also mediates the binding of T 
cells to endothelial cells[2, 10, 11].  Blocking the costimulatory sig-
naling process and inhibiting the interaction of these ligands 
pairs have been shown to be effective in the treatment of auto-
immune diseases, such as psoriasis[4, 7, 12].

Efalizumab (Raptiva®) is a recombinant, humanized CD11a-
specific mAb developed by Genentech Inc that can bind to 
CD11a, preventing LFA-1 binding to ICAM-1[6].  The restricted 
expression of CD11a limits the potential effects of efalizumab 
to cells that express LFA-1[13].  Since its approval in the United 
States in 2003, efalizumab has proven efficacious in the treat-
ment of psoriasis.  However, four cases of the rare neurologi-
cal condition progressive multifocal leukoencephalopathy 
(PML) were reported in plaque psoriasis patients treated with 
efalizumab.  Subsequently, in April 2009, efalizumab was 
withdrawn from the market by its manufacturer.  

CMAB001 is a novel recombinant humanized CD11a-specific 
mAb that recognizes a different epitope than efalizumab.  
CMAB001 was developed by the National Engineering 
Research Center of Antibody Medicine (NERCAM) in China 
and is an IgG1 kappa immunoglobulin that contains human 
constant region sequences and murine light- and heavy-chain 
complementary determining region sequences.  In this study, 
our aim is to explore the PK, PD and primary safety profiles of 
single/multiple doses of CMAB001 in healthy volunteers and 
psoriatic patients.  

Materials and methods
Drug nomenclature 
CMAB001 is a novel recombinant humanized CD11a-specific 
mAb developed by NERCAM in China.  CMAB001 is directed 
against a different epitope than efalizumab and is an IgG1 
kappa immunoglobulin that contains human constant region 
sequences and murine light- and heavy-chain complemen-
tary determining region sequences.  The apparent molecular 
weight of this mAb is 150 kDa and is constructed based on 
DNA-recombination technology, produced as a secreted pro-
tein in a Chinese hamster ovary mammalian cell expression 
system, purified and formulated as a pharmaceutical-grade 
product.  The reagent contains 80 mg active component, 16 
mg sucrose, 4.53 mg L-histidine hydrochloride, 2.87 mg L-his-
tamine, and 2.0 mg polysorbate per vial, supplied as a sterile, 
white-to-off-white, preservative-free, lyophilized powder for 
subcutaneous (sc) administration, following reconstitution 
with 1 mL of sterile water.

Study design and subjects 
In animal studies, the highest dose tested was 50 mg/kg in 
experimental monkeys.  According to FDA and EMEA guide-
lines on maximum safe starting doses in healthy volunteers, 
this value was divided by 6.2 to obtain the human-equivalent 
dose and then further divided by 15, the safety factor, to arrive 
at a dose of 0.5 mg/kg.  Additional doses were calculated 

based on an escalation factor of approximately two.  At the 
same time, we performed the efalizumab trials as a reference.

This study was conducted according to the ethical principles 
of the revised Declaration of Helsinki and Good Clinical Prac-
tice (GCP) requirements.  The study protocol was approved by 
the identifiable ethics committee of the First Affiliated Hospi-
tal of the Third Military Medical University and the State Food 
and Drug Administration of China (SFDA).  The approval 
number of SFDA was 2005L03600.  The subjects consented to 
the study after a full explanation of what was involved, and 
signed informed consent forms prior to participation.  

Part one was a single-dose, dose-escalation study.  Twenty-
four eligible, healthy, adult volunteers were randomly divided 
into three groups to receive a single subcutaneous injection 
with a dosage of 0.5, 1.0, or 2.0 mg/kg after consuming a stan-
dardized breakfast.  The ages of these volunteers varied from 
18 to 45 years; their weights were within normal limits; clini-
cal laboratory values, ECG, and chest X-rays were within the 
normal ranges 7 d before medication.  Each subject entered the 
study unit the day before administration, received CMAB001, 
was discharged temporarily after 24 h of observation and was 
then required to return to the ward for blood sample collection 
and a trial-related physical examination.  

Part two was conducted in psoriatic patients: 10 patients 
were assigned to receive subcutaneous injection and were 
dosed with 1.0 mg/kg weekly for 7 weeks.  Enrolled patients 
were aged 18 to 65 years, and each had a moderate-to-severe, 
chronic, stable condition lasting more than 6 months, body 
surface involvement ≥10%, PASI ≥12.  After each injection, the 
patients were observed following a consistent amount of time.  
Concomitant medication was prohibited during the entire 
study period.

Major exclusion criteria included suspected or documented 
severe infection, such as erysipelas or nephritis; having 
received any other test drug within 3 months before medica-
tion; history of donating blood within 3 months; abnormal 
ECG and chest X-ray test; transaminase levels 1.5 times higher 
than the upper normal limit; severe concomitant disease or 
complications in the kidneys, heart, lung, and blood system or 
a malignant tumor or family history of cancer.  Women had to 
receive a negative pregnancy test before medication.  During 
the entire study duration, women and men had to agree to the 
use of contraception.

Sample collection for pharmacokinetics 
In part one, blood samples for the determination of drug con-
centration were taken from the radial vein before administra-
tion of the drug and 0.5, 4, 12, 24, and 36 h after the injection.  
Blood samples were also drawn 2, 3, 5, 7, 9, 11, 14, 21, 28, 35, 
and 49 d after the injection.  In part two, blood samples for 
drug concentration detection were obtained before each injec-
tion and within 48 h after the fourth, fifth, and sixth injections.  
Other blood samples were collected 1, 3, 5, 9, 14, 28, and 42 d 
after the last injection.  For each sample, serum was harvested 
by centrifugation from 3 mL of whole blood and stored for 
analysis at -20 °C.  Blood samples were also obtained from 
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subjects during their routine clinic visit for full blood count 
and biochemistry tests.  

Sample collection for monitoring lymphocyte subsets 
Blood samples were collected in tubes containing sodium cit-
rate before administration as well as 2, 7, 28, and 49 d after the 
injection in part one of the study; and before the first injection 
and on d 14, 28, 42, 56, and 84 after the first dose (but before 
each injection) in part two of the study.

Anti-antibody and neutralizing anti-antibody antibody 
Serum samples were drawn before injection, 14 and 49 d after 
injection in part one; before the first injection, d 7, 14, 21, 56, 
and 84 after the first dose (but before each injection) in part 
two, for detection of anti-CMAB001 antibodies using anti-
body-bridge methods.  

CMAB001 serum concentration level assay 
A cell-based competitive flow cytometric (C-FCM) assay was 
developed to determine the serum concentration of CMAB001.  
We chose KG-1a, a cell line expressing CD11a, as target cells.  
The target cells were coated with FITC-labeled-CMAB001, 
and these labeled CMAB001 could compete with unlabelled 
CMAB001 in the test samples.  The FITC-labeled CMAB001 
and a series of calibration standards were provided by NER-
CAM.  The standard test protocol is summarized below: 
KG-1a cells were harvested from culture by centrifugation and 
resuspended in wash buffer (PBS buffer with 1% new bovine 
serum, PBSS) to give approximately 1×106 cells/mL.  One 
hundred microliters of FITC-labeled-CMAB001 (2 μg/mL) 

and a series of calibration standards (or the test samples) were 
mixed with a 100-μL cell suspension in a sample tube, and 
then, the mixture was incubated on ice for 45 min.  Wash buf-
fer was added, and the cells were pelleted by centrifugation 
at 200×g for 5 min, and then, the supernatants were removed.  
This procedure was repeated three times, and then, the cells 
were resuspended in 300 μL of PBSS.  Finally, the cells were 
analyzed on a FACScan (BD, NJ, USA).  All serum samples 
were diluted and run in duplicate.  Calibration standards and 
quality control (QC) samples were run three times.  The stan-
dard curve was established using the four-parameter logistic 
equation: Y=(A1−A2/[1+(X/X0)P]+A2.  Y represents the fluores-
cence intensity of the sample; X represents the concentration 
of CMAB001; A1 and A2 represent the maximal and the mini-
mal fluorescence intensity, respectively; X0 represents half of 
the maximal effective concentration and P represents the slope 
of the logit-log plot.  The calculated value of each sample was 
required to be within the range of the standard curve.

T lymphocyte subset monitoring assay 
Psoriasis is a T cell mediated immune disorder in which CD3+, 
CD4+, and CD8+ memory T cells stimulate the hyperprolifera-
tion of keratinocytes.  Thus, we selected CD3+, CD4+, and CD8+ 
T cells as pharmacodynamic markers to investigate the influ-
ence of CMAB001 on circulating lymphocytes.  Circulating 
peripheral blood T cells were monitored by flow cytometric 

analysis.  MAbs used for immunophenotyping included the 
following (all purchased from Becton Dickinson): mouse anti 
human CD3-FITC (IgG1); mouse anti human CD3-PC (IgG1); 
mouse anti human CD4-FITC (IgG1) and mouse anti human 
CD8-PE (IgG1).  FITC/dimethyl formamide was added to 
purified mAb at 1:10 weight/weight and incubated at 25 °C 
for 4 h, followed by dialysis into phosphate-buffered saline 
containing an anion exchange resin (AG1-X8, 200-400 mesh, 
chloride form, Bio-Rad, New York, NY, USA).  Aggregates 
were removed by centrifugation.  Staining of peripheral blood 
lymphocytes (PBL) with fluorochrome-labeled mAb was 
performed in whole blood and analyzed on a FACScan flow 
cytometer (Becton Dickinson Immunocytometry Systems, San 
Jose, CA, USA).

Enzyme-linked immunoabsorbent assay for anti-CMAB001 
antibody 
Serum anti-CMAB001 antibody formation was monitored 
using a double-antigen enzyme-linked immunoabsorbent 
assay (ELISA).  CMAB001 was used as the solid-phase cap-
ture reagent, and binding of anti-CMAB001 antibodies to 
the coated and blocked wells was detected using an HRP-
conjugated CMAB001 antibody.  Colorimetric measurement 
and data analysis were performed with an ELISA plate reader.  
Regression of sample optical densities from a calibration curve 
using rabbit anti-CMAB001 antibodies results in a quantitative 
range of approximately 160 to 20 000 ng/mL anti-CMAB001 
idiotype equivalents.  When the samples were positive, neu-
tralizing anti-antibody antibody would subsequently be 
detected by the above cell-based competitive flow cytometric 
assay.  

Validity of the method for determination 
A specificity test of the assay demonstrated that 0.5 μg/mL 
human serum would not interfere with CMAB001 quantifica-
tion.  Proteins, such as human immunoglobulin, globulin and 
anti-CD25 monoclonal antibody, did not interfere with the 
determination of CMAB001 serum concentration.  The recovery 
rates of blank serum fortified with 0.02, 0.5, and 12.5 μg/mL 
were 0.020%±0.002%, 0.498%±0.020%, and 11.529%±1.536%, 
respectively.  The range of serum concentration quantification 
was 0.02–12.5 μg/mL.  The limitation of quantification (LOQ) 
of the assay was demonstrated to be 0.02 μg/mL.  The pass/
fail criteria for the assay were determined by the performance 
of QC in each assay.  The results were acceptable if the ratio 
of (detected concentration)/(QC sample concentration) was 
between 75% and 125% and the bias of (detected concentra-
tion–QC sample concentration)/(QC sample concentration) 
was between -20% and 20%.  The validity of the method dem-
onstrated that the C-FCM assay was reliable for the determina-
tion of serum levels.  The specificity, sensitivity, accuracy, and 
precision met the requirements for the study of PK and PD.

Statistical analysis 
Statistical analysis was performed with SPSS 13.0 software for 
Windows operating system (SPSS Inc, Chicago, IL, USA).  All 
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grouped data were expressed as the mean±standard devia-
tion (SD).  For the comparison of the data among at least three 
groups, analysis of variance (ANOVA) was applied to test 
the differences in the data on a normal distribution, and the 
Kruskal-Wallis test (K–W H test) was used when data were 
not normally distributed.  For a difference between the two 
groups, the t-test was employed when the data were of normal 
distribution and when the variance was homogenous; other-
wise, the Wilcoxon test was used.  A P value <0.05 was consid-
ered statistically significant.

Data analysis 
The PK parameters in the single-dose study included the 
following: area under the concentration-time curve (AUC); 
AUC from 0 to last time point (AUC0–z), AUC from 0 to infin-
ity (AUC0–∞), maximum serum concentration (Cmax), dose-
normalized AUC (AUC/D), dose-normalized Cmax (Cmax/D), 
time to Cmax (Tmax), half-life (t1/2), clearance rate (Cl) and distri-
bution volume (Vd).  The pharmacokinetic parameters in part 
two also included the AUC in steady state (AUCss), clearance 
rate in steady state (Clss), distribution volume in steady state 
(Vss), maximum steady-state concentration (Cmax ss), minimum 
steady-state concentration (Cmin ss) and the average steady-
state concentration (Cavg).  The individual PK parameters were 
calculated by WinNonLin® statistics software (Pharsight Cor-
poration, USA) using non-compartment methods of analysis.  
AUC was calculated using the linear-up/log-down approach.  
Cmax and Tmax were defined as observed.  

Results
Demographics 
In part one, volunteers were college students, aged 22.8±1.4, 
22.1±1.6, and 22.1±1.5 years, respectively.  The three groups 
were well matched with respect to demographic character-
istics.  All of the groups remained at the hospital study unit 
for 24 h after each injection.  In part two, the ten patients (five 
men, five women) were between 18 and 65 years in age (Table 
1).

Single-dose pharmacokinetics of CMAB001 in healthy volunteers 
No blood samples were missed in part one.  The mean (±SD) 
serum concentration-time curves of CMAB001 following a 
dose of 0.5, 1.0, and 2.0 mg/kg are shown in Figure 1.  Phar-
macokinetic parameters were observed by non-compartmental 
analysis (Table 2).  The data indicated that the drug concen-
tration reached its peak level two days after injection.  Tmax 

ranged from 2.1 to 3.3 d among the three groups.  The mean 
(±SD) Cmax was 1.348±0.222 μg/mL, 3.006±0.402 μg/mL, 
and 5.128±0.467 μg/mL in the 0.5, 1.0, and 2.0 mg/kg dose 
groups, respectively.  Concentrations slowly decreased with 
t1/2 at 3.49±0.31 d, 5.81±0.41 d, and 7.55±0.81 d, respectively.  
MRT and t1/2 showed the same tendency.  Cl decreased from 
approximately 54.9 to 31.7 mL-l·d-1·kg-1 among the three 
groups.  Dose-normalized Cmax (Cmax/D) was 2.295±0.444 
d·kg·L-l, 3.006±0.402 d·kg·L-l, and 2.564±0.233 d·kg·L-l in the 0.5, 
1.0, and 2.0 mg/kg dose groups, respectively.  Dose-normal-
ized AUC0–z showed more than a dose-proportional increase.  
Taken together, these results indicated that CMAB001 exhib-
ited a nonlinear pharmacokinetic profile over the dose range 
of 0.5–2.0 mg/kg in healthy volunteers.  A significant differ-
ence was observed in parameter dose-normalized AUC0–z, Cl, 
Cmax, MRT, and t1/2 among the three groups (P<0.001, K–W 
H test).  A dose-proportional increase of Cmax was observed; 
AUC0–z, t1/2, and Cl showed non-linear pharmacokinetic pro-
files (Figure 2).  

Lymphocyte subset proportion in single-dose groups 
We measured proportions of CD3+, CD4+, and CD8+ T cell 
subsets using FCM before and after CMAB001 injection.  The 
most rapid increases in CD3+, CD4+, and CD8+ T cells levels 
were observed 7 d after the administration of CMAB001 in the 
three single-dose groups (Figure 3).  The increase in CD3+ T 
cells showed statistical significance compared with baseline 
level in all three groups, while there was not a statistically 
significant difference found in the 2.0 mg/kg group for CD4+ 

Figure 1.  Logarithmic mean concentration-time curves of CMAB001 in 
healthy volunteers after a single subcutaneous infusion of 0.5 mg/kg.  
Data are expressed as the mean±SD. n=8.

Table 1.  Demographic characteristics of subjects enrolled in single- and multiple-dose studies. Values were shown as mean±SD (range). 

                                                                                                      Single-dose (part one)                                                                       Multiple-dose (part two)
                                0.5 mg/kg (n=8)                 1.0 mg/kg (n=8)                       2.0 mg/kg (n=8)                     1.0 mg/kg (n=10) 
 
 Age (years)   22.8±1.4 (20–24)    22.1±1.6 (20–24)   22.1±1.5 (20–24)   35.5±1.4 (19–48)
 Sex    0 female, 8 male     0 female, 8 male    0 female, 8 male    5 female, 5 male
 Height (cm) 168.3±5.5 (166–171) 166.9±5.4 (165–172) 167.6±5.9 (165–174) 166.4±2.9 (163–171)
 Weight (kg)   61.8±6.6 (57–68)   59.6±5.0 (56–69)   58.2±3.5 (55–70)   61.2±3.9 (58–71)
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T cells.  For CD8+ T cells, a statistically significant difference 
in increase was found only in the 0.5 mg/kg group.  For 
CD4+ T cells, the highest increase from the baseline level was 
observed in the 0.5 mg/kg group (Figure 3D).  Increases in the 
absolute counts of circulating lymphocytes and white blood 
cells (WBC) were also observed following single-dose injec-
tions (Figure 4).  Lymphocyte absolute counts increased more 
than 50% from baseline seven days after injection in all three 
groups (Figure 4B).  We observed that the greatest increase 
in absolute lymphocyte count was 81.3% in the 1.0 mg/kg 
group, and the increases were 76.5% and 52.9% in the 0.5 and 
2.0 mg/kg groups, respectively.  The increase in absolute lym-
phocyte count among the three groups was significantly dif-

ferent (P<0.01 in the 0.5 and 1.0 mg/kg groups, P<0.05 in the 
2.0 mg/kg group.  Paired t-test).  The largest increase in white 
blood cell count also occurred in the 1.0 mg/kg group (Figure 
4D, P<0.01.  Paired t-test).  

Multiple-dose pharmacokinetics of CMAB001 in psoriatic 
patients 
In this part of the study, 150 blood samples were collected for 
pharmacokinetic analysis.  The mean (±SD) serum concentra-
tion-time curves of CMAB001 following multiple subcutane-
ous injection with a dose of 1.0 mg/kg are shown in Figure 5.  
The pharmacokinetics parameters are summarized in Table 3 
and Table 4.  The analysis showed that the steady-state serum 

Figure 2.  Linear regression analyses of Cmax (A), polynomial regression analyses of dose-normalized AUC0–z (B), graphical display scatter chart of T1/2 (C) 
and Cl (D) as a function of CMAB001 over the range of 0.5–2.0 mg/kg in the single-dose groups.  Dashed lines in 2A and 2B represent 95% CI.  

Table 2.  Pharmacokinetic parameters after a single-dose subcutaneous injection in healthy volunteers. AUC0–z, area under the concentration-time curve 
from 0 to the last time point; AUC0–∞, area under the concentration-time curve from 0 to infinity; MRT, mean retention time.  Cmax/D, dose-normalized 
Cmax; AUC0–z/D, dose-normalized AUC0–z.  Data were expressed as mean±SD. n=8. cP≤0.001 vs 0.5 mg/kg.  fP≤0.001 vs 2.0 mg/kg (Student’s t-test). 

      Parameters                              0.5 mg/kg                             1.0 mg/kg                            2.0 mg/kg                                 P
 
 AUC(0–z) (d·μg·mL-1)   8.99±0.82  24.97±2.27cf 62.78±6.25c <0.001 (K W H-test)
 AUC(0–z)/D  17.98±1.64  24.97±2.27cf  31.39±3.13 <0.001(K W H-test)
 AUC(0–∞) (d·μg·mL-1)    9.18±0.83 25.33±2.29cf 63.62±6.20c <0.001 (K W H-test)
 Cl (mL-1·d-1·kg-1)    54.9±5.1   39.8±3.5cf   31.7±3.0c <0.001 (K W H-test)
 Vd (mL·kg-1)  277.0±41.0 333.0±39.0  347.0±64.0   0.026 (ANOVA)
 Cmax (μg·mL-1) 1.348±0.222 3.006±0.402cf 5.128±0.467c <0.001 (K-W-test)
 Cmax/D 2.695±0.444 3.006±0.402 2.564±0.233    0.07 (K W H-test)
 t1/2 (d)   3.49±0.31   5.81±0.41cf    7.55±0.81c <0.001 (K W H-test)
 MRT (d)   6.09±0.32   8.03±0.66cf 12.02±0.82c   0.001 (ANOVA)
 Tmax (d)   2.13±0.35   3.25±3.15   2.13±0.35   1.000 (ANOVA)



1090

www.nature.com/aps
Li XP et al

Acta Pharmacologica Sinica

npg

Figure 3.  Mean proportion of T cell subsets [CD3+ (A), CD4+ (B), and CD8+ (C)] before and after a single-dose subcutaneous injection of 0.5, 1.0, and 
2.0 mg/kg of CMAB001 in healthy volunteers.  The increased degrees of T cell subsets on d 7 after injection are compared with the baseline level (D).  
bP<0.05, cP<0.01 vs baseline level.  Data are expressed as the mean±SD. n=8.

Figure 4.  Mean absolute counts of lymphocytes (A) and white blood cells (WBC) (C) before and after a single-dose subcutaneous injection of 0.5, 1.0, 
and 2.0 mg/kg of CMAB001.  The increased levels of lymphocytes (B) and white blood cells (D) on d 7 and d 49 after injections are compared with the 
baseline level.  bP<0.05, cP<0.01 vs baseline level.  Data are expressed as the mean±SD. n=8.
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concentration level was achieved following 7 weekly doses 
based on the similarity of peak concentrations on weeks 4, 5, 
6, and 7.  The mean (±SD) Cmax ss and Cmin ss were (6.386±1.845) 
and (4.276±1.472) μg/mL, respectively.  The mean (±SD) fluc-
tuation% and accumulation index at the steady state were 
39.82%±7.91% and 2.21±0.1, respectively.  The fluctuation% 
among patients was lower than anticipated.  As the admin-
istration interval was 7 d, which is slightly shorter than the 
half-life (8 d) of the drug, the accumulation index was lower, 
suggesting that no systemic accumulation would appear 
upon repeated treatments with 1.0 mg/kg weekly in psori-
atic patients.  The mean (±SD) t1/2 and MRT were 8.03±0.48 
d and 12.84±0.78 d, respectively.  After multiple injections of 
CMAB001, the mean (±SD) Cl was (27.7±6.0) mL·d-1·kg-1.  The 
mean (±SD) Vss was (322.2±76.6) mL/kg.  

We also compared the pharmacokinetics of CMAB001 
between healthy volunteers and psoriatic patients (Table 5).  
Compared with a single injection at a dose of 1.0 mg/kg in 
healthy volunteers, no significant difference was found in Vss 
(P=0.719. Student’s t-test) after multiple injections in psori-
atic patients.  However, significant differences were found in 
t1/2, Cmax, and Cl between the two groups (P<0.001. Student’s 
t-test).  

Lymphocyte subset proportion in multiple-dose group of psoriatic 
patients 
The mean proportion of CD3+, CD4+, CD8+ T cell subsets and 
the absolute value of white blood cells and lymphocyte cells 
were also measured in the multiple-dose study.  The results 
showed that the absolute value of white blood cells increased 
by approximately 60% from the baseline level (data not 
shown) and then returned to baseline levels after discontinu-
ation of CMAB001 treatment.  CD3+ and CD8+ T-cell subsets 
increased sharply during the treatment period and decreased 
slowly after the treatment ended (Figure 6).  The largest 
increase in CD3+ and CD8+ T-cell subsets was found on d 28 
after the first injection, while the largest increase in CD4+ T-cell 

Table 4.  Pharmcokinetic parameters of CMAB001 after multiple-dose infusions of 1.0 mg/kg in patients with chronic plaque psoriasis (n=10).  MRT, 
mean retention time.

Parameters     AUC0–z                 AUC0–∞           MRT                      Clss                  Vss         t1/2                  Cmax         Tmax

                 (d·μg·mL-1)              (d·μg·mL-1)              (d)                  (mL·d-1·kg-1)            (mL·kg-1)                  (d)               (μg·mL-1)          (d)
 
    1 133.96  136.53  12.01  16.4  177.4  7.48  10.984  7.48 
   2   94.59    96.66  12.49  23.9  265.6  7.70    6.911  7.70 
   3 106.13  108.95  13.42  22.4  267.6  8.29    7.361  8.29 
   4   68.11    70.28  12.52  32.8  400.7  8.46    5.106  8.46 
   5   65.68    67.21  12.14  33.6  383.1  7.92    4.973  7.92 
   6   87.41    90.00  13.99  28.0  351.3  8.69    5.961  8.69 
   7   73.54    74.70  12.45  30.7  317.2  7.15    5.362  7.15 
   8   59.60    61.40  12.02  36.6  434.3  8.23    4.667  8.23 
   9   83.66    86.06  13.40  28.3  345.3  8.45    5.814  8.45 
 10 101.40  103.35  13.97  24.4  279.9  7.95    6.722  7.95 
 mean   87.41    89.51  12.84  27.7  322.2  8.03    6.386  8.03 
 SD   22.58    22.90    0.78    6.0    76.6  0.48    1.845  0.48 

Table 3.  Steady-state pharmacokinetic parameters of CMAB001 following 
multiple dose subcutaneous administration of 1.0 mg/kg in patients with 
chronic plaque psoriasis (n=10).  AUCss, represents observed AUC0–z after 
the last dose at steady-state.

Para-        Cmin ss                Cmax ss                  Cavg                     AUCss             Fluctua-    Accumula-
meters   (μg·mL-1)     (μg·mL-1)     (μg·mL-1)    (d·μg·mL-1)     tion (%)   tion_index
 
  1 7.488  10.984  8.685  60.797  40.25 2.09 
  2 5.025    6.911  5.976  41.835  31.55 2.14 
  3 5.245    7.361  6.381  44.667  33.16 2.26 
  4 2.902    5.106  4.350  30.447  50.67 2.29 
  5 3.019    4.973  4.258  29.804  45.90 2.18 
  6 3.957    5.961  5.098  35.683  39.31 2.34 
  7 3.114    5.362  4.649  32.540  48.36 2.03 
  8 2.835    4.667  3.908  27.357  46.86 2.25 
  9 4.091    5.814  5.043  35.300  34.16 2.29 
10 5.086    6.722  5.854  40.977  27.93 2.19 
mean 4.276    6.386  5.420  37.941  39.82 2.21 
SD 1.472    1.845  1.403    9.819    7.91 0.10 

Figure 5.  Logarithmic mean concentration-time curve of CMAB001 in 
psoriatic patients after weekly, consecutive subcutaneous injections 
for seven weeks at a dose of 1.0 mg/kg.  Data are expressed as the 
mean±SD.  n=10.
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subset was observed on d 14 after the first injection.  These 
changes were clearly statistically significant.  An outstanding 
change (202.3%) was found in the CD8+ T-cell subset, which 
increased from baseline level (0.44×109/L) to the highest level 
(0.89×109/L) (P<0.001. Paired t-test).  

Tolerability 
Tolerability of CMAB001 was carefully monitored during the 
treatment and follow-up period by collection of all adverse 
events (AEs) and serious adverse events (SAEs).  All events 
were summarized and any relationship to the test drug was 
reported.  There appeared to be a dose-related increase in the 
occurrence of AEs in the single-dose study.  In the 2.0 mg/kg 

group, all subjects experienced one or two AEs, but in the 
0.5 and 1.0 mg/kg groups, incidence rates were only 25% 
and 62.5%, respectively.  These AEs included common cold, 
fever, dizziness, and cough, all of which were considered to 
be related to the medication in this study but were classified 
as minor to moderate in severity and resolved without treat-
ment.  There were no significant clinical changes in laboratory 
parameters, vital signs or results of electrocardiogram exami-
nations.  In the multiple-dose study, nearly half of all AEs 
were first-dose effects; most of AEs occurred 2 or 4 h after the 
first dose administration.  Other AEs were sleepiness, cough, 

injection-site reaction and sore throat.  All of AEs were minor 
in severity, and disappeared without treatment.  No SAEs 
were experienced during the entire study period.  No patients 
withdrew from the study due to AEs.  

Primary efficacy in the multiple-dose group 
In a phase I trial, the main tasks are to evaluate PD, PK, and 
the primary safety profile of the test drug.  Therefore, there 
was little information about the clinical response from the 
phase I study.  In our multiple-dose study, we observed thera-
peutic efficacy in psoriatic patients.  The Psoriasis Area and 
Severity Index (PASI) is the most commonly used method 
to evaluate disease severity.  In part two, after 7 weeks of 
CMAB001 treatment, 20%, 20%, and 30% of patients achieved 
PASI90 (at least a 90% reduction in PASI score from baseline), 
PASI75, and PASI50, respectively.  The total efficacy rate was 
70%.  However, 20% of patients experienced a rebound in pso-
riasis symptoms 2 weeks after CMAB001 discontinuation.  

Anti-antibody and neutralizing anti-antibody antibody
No anti-antibody antibodies or neutralizing anti-antibody 
antibodies were detected.

Discussion
Antibodies to LFA-1 or its ligands that interfere with the 
LFA-1/ICAM-1 adhesion mechanism attenuate a broad range 
of T-cell-mediated reactions in vitro and in animal models[14-16].  

In the phase I clinical study, we aimed to investigate the 
safety, PK, and PD parameters of CMAB001 and expected to 
select an appropriate dose and schedule for further phase II 
studies.  Specifically, it was the first study in humans and was 
conducted in the Chinese.

In these two studies, CMAB001 exhibited a predictable PK 
profile and was well tolerated in both healthy volunteers and 
patients.  No SAEs occurred after injection, and no subjects 
withdrew from the study because of AEs.  Some drug-related, 
treatment-emergent AEs were observed in the single-dose 
studies but were minor in severity and did not require treat-
ment.  In the multiple-dose study, no serious clinical or labora-
tory events were observed during the course of the study.  In 
summary, following multiple injections of a dose of 1.0 mg/kg 
weekly for 4 weeks, the patients were generally safe.  How-

Figure 6.  Absolute counts of T-cell subsets before and after consecutive 
subcutaneous injections of CMAB001 weekly for 7 weeks in psoriatic 
patients detected on d 0, 14, 28, and 42 after the first administration.  
cP<0.01 vs baseline level.  Data are expressed as the mean±SD.  n=10. 

Table 5.  Comparison of pharmacokinetic parameters of CMAB001 at a dose of 1.0 mg/kg in healthy adult volunteers and patients with chronic plaque 
psoriasis.

                                                             Healthy volunteers                               Psoriasis patients    
              Parameters                                                 (1.0 mg/kg×1)                                     (1.0 mg/kg×4)                                            P value
                                                                                            n=8                                              n=10
 
 Cmax (μg·mL-1) 3.006±0.402 6.386±1.845 <0.001 (Paired t-test)
 t1/2 (d)   5.81±0.41   8.03±0.48 <0.001 (Paired t-test)
 Clss (mL·d-1·kg-1)   39.8±3.5    27.7±6.0 <0.001 (Paired t-test)
 Vss (mL·kg-1) 333.0±39.0 322.2±76.6   0.719 (Paired t-test)
 MRT (d)   8.03±0.66 12.84±0.78 <0.001 (Paired t-test) 
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ever, in April 2009, efalizumab was withdrawn from the mar-
ket after reports of an association between long-term therapy 
and the development of PML emerged[17].  This result raises 
cause for concern that CMAB001 will also increase the risk for 
PML.  When compared with efalizumab, CMAB001 binds a 
different epitope on CD11a.  CMAB001 has been studied in a 
phase II randomized, double-blind, placebo-controlled trial 
involving 240 Chinese patients with moderate to severe plaque 
psoriasis (data not shown).  The patients were followed for 12 
weeks.  Consistent with the results of all pivotal studies prior 
to the approval of efalizumab, CMAB001 was generally well 
tolerated, no cases of PML or infections predominantly asso-
ciated with immunosuppression were recognized, and there 
were no reports of death.  The absence of PML in CMAB001 
clinical trials may be attributable to a special population or the 
different epitopes recognized by CMAB001 and efalizumab.  
Nonetheless, we did not have enough evidence to rule out 
the possibility of PML risks of CMAB001.  Additional efforts 
are required to investigate its potential for immunosuppres-
sion, JC-virus reactivation, and the development of PML 
with further treatment.  Considering every newly diagnosed 
or suspected cases of PML, we should also take into account 
intensive risk-management initiatives.  Recently, preliminary 
evidence for the treatment of other autoimmune diseases 
(Crohn’s disease, for example) with efalizumab has attracted 
wide interest in these therapeutic areas[18].  This highlights the 
urgent need for greater awareness of and research into the 
screening, diagnosis and treatment of this potentially fatal dis-
ease in patients undergoing immunosuppressive therapy for 
chronic inflammatory disorders.

Data demonstrated that the subcutaneous injection of 
CMAB001 exhibited a nonlinear pharmacokinetic profile over 
the doses of 0.5–2.0 mg/kg in the single-dose study (Figure 
2 and Table 3), which may be explained by the saturation of 
the specific binding to its cell surface receptor, CD11a[19, 20].  To 
understand the pharmacokinetic behavior of CMAB001 at dif-
ferent doses, we selected different approaches to assess our 
pharmacokinetic parameters.  Linear regression was selected 
for Cmax analysis; polynomial regression for dose-normalized 
AUC0–z analysis; and graphical display scatter chart for t1/2 
and Cl was used to support our non-linear PK profile conclu-
sion.  Our data showed that there was a linear relationship 
between Cmax and dosage over the range of 0.5-2.0 mg/kg (Fig-
ure 2A, R2=0.937).  There was a nonlinear behavior in dose-
normalized AUC0-z (Figure 2B, R2=0.854), t1/2 (Figure 2C), and 
Cl (Figure 2D).  The same results were demonstrated in Table 
2.  The dose-normalized AUC0-z were significantly different 
among the groups, whereas the dose-normalized Cmax was not.  
t1/2 and MRT presented gradually extended tendency, while 
the Cl demonstrated a decreasing trend over the dose range 
of 0.5–2.0 mg/kg.  The data may be interpreted as the t1/2 of 
the combination of two clearance mechanisms: first-order Fc-
mediated clearance and zero-mediated CD11a receptor-medi-
ated clearance of CMAB001.  In our study, the Vd value was 
similar among the three single-dose groups and the multiple-
dose group, indicating that CMAB001 was distributed primar-

ily through the entire body fluid system.  These results sup-
port the current body weight-adjusted dosing strategy.  Negli-
gible accumulation of CMAB001 was observed after multi ple 
dosing.  Because of nonlinear clearance, extended half-life, and 
extended mean retention time, more attention should be paid 
to the detection of potential accumulation toxicity in future tri-
als.  

In psoriasis, the CD4+ T-cell subset seems to be important 
mainly during the early phase of plaque development[21, 22], 
but the CD8+ T-cell subset represents the largest population in 
the epidermis and dermis in active psoriasis[23], and thus, the 
increase in the CD4+ T-cell subset was not the key element in 
selecting the dosage for the multiple-dose study.  In our study, 
the greatest increase in absolute lymphocyte and white blood 
cell counts occurred in the 1.0 mg/kg group.  Simultaneously 
considering pharmacokinetics, pharmacodynamics, safety 
profile, and referring to the previous trial, we selected the 1.0 
mg/kg dose for the multiple-dose study.  

In clinical studies of efalizumab, the results showed that 
efalizumab can induce a marked but reversible increase 
in peripheral lymphocytes in psoriasis patients[23–25].  Both 
populations of CD4+ and CD8+ T cells in the peripheral blood 
increased, with the largest increase observed in memory CD8+ 
T cells.  A marked increase in lymphocyte count was present 
by d 14 of efalizumab treatment[23, 24].  In our study, similar 
results were obtained.  In our phase I trial, the results showed 
that subcutaneous administration of CMAB001 induced a sig-
nificant but reversible increase in peripheral white blood cell 
and lymphocyte cell counts.  In the multiple-dose study, the 
increases in CD3+ and CD8+ T cells were more predominate.  
Increases in leukocyte counts and lymphocyte subsets are 
due to the reversal of leukocyte adhesion to the blood vessel 
walls[8, 16, 26, 27], which can be considered as predominantly accu-
mulating in the peripheral blood under CMAB001 treatment 
of psoriasis.  The blockade of percutaneous entry of the highly 
disease-relevant memory CD4+ and CD8+ T-cell populations 
is the therapeutic mechanism of anti-CD11a antibodies[23]; our 
results are consistent with this mechanism.  These increases in 
the subset levels have clinical significance.  The results show 
that the absolute count increases in circulating lymphocytes 
are unrelated to AE.  However, further evaluation of the safety 
and efficacy of CMAB001 should be investigated in the future, 
pivotal phase III clinical trials.  
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Pharmacokinetic interactions between ilaprazole and 
clarithromycin following ilaprazole, clarithromycin 
and amoxicillin triple therapy
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Aim: To investigate the drug interactions between ilaprazole, a new proton pump inhibitor, and clarithromycin following ilaprazole, 
clarithromycin and amoxicillin combination therapy.
Methods: Twelve healthy Chinese volunteers were recruited in a randomized, open-label, 3-period crossover study.  All subjects were 
administered ilaprazole (5 mg), clarithromycin (500 mg) or a triple therapy, including ilaprazole (5 mg), clarithromycin (500 mg) and 
amoxicillin (1 g), twice daily for 6 consecutive days.  On the 7th day, the drugs were given once, and blood samples were collected and 
analyzed using a well-validated HPLC/MS/MS method. 
Results: Following the triple therapy, the peak concentration (Cmax) and the area under the concentration-time curve from 0 h to 
12 h (AUC0→12) of ilaprazole were significantly decreased, as compared with the single medication group (Cmax: 1025.0±319.6 vs 
1452.3±324.6 ng/mL; AUC0→12: 9777.7±3789.8 vs 11363.1±3442.0 ng·h/mL).  Similar changes were found for ilaprazole sulfone 
(Cmax: 5.9±0.5 vs 9.3±1.7 ng/mL; AUC0→12: 201.4±32.1 vs 277.1±66.2 ng·h/mL).  The triple therapy significantly elevated the Cmax of 
clarithromycin (3161.5±702.2 vs 2541.9±476.2 ng/mL).
Conclusion: The H pylori eradication therapy with clarithromycin, amoxicillin and ilaprazole may cause pharmacokinetic interactions 
that decrease the amount of ilaprazole and its metabolites and elevate that of clarithromycin.

Keywords: peptic ulcer; Helicobacter pylori infection; eradication therapy; clarithromycin; amoxicillin; ilaprazole; pharmacokinetics; drug 
interaction
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Introduction
Seventy to 90% of all peptic ulcer disease cases, one of the 
most common diseases influencing health around the world, 
are caused by Helicobacter pylori (H pylori) infection[1].  The 
choice of a treatment regimen for H pylori-positive cases is 
based on the principle of infection eradication[2].  With single 
antibiotic treatment, the eradication rate achieved is between 
15% and 54% when the macrolide antibiotic, clarithromycin 
(CLR), is given[3] and is between 20% to 30% when the penicil-
lin antibiotic, amoxicillin (AMX), is administrated[4].  A triple 
therapy comprised of a proton pump inhibitor (PPI), such as 
omeprazole, lansoprazole or rabeprazole, with AMX and CLR 
has been strongly recommended as a first-line therapy for H 
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pylori eradication[5].  
Previous reports indicate that following triple therapy, the 

rate of H pylori eradication achieved was 84%–95%[4, 6].  The 
synergistic effect of these therapies is related to pharmacoki-
netic interactions.  It has been confirmed that triple therapy 
increases both the AUC and Cmax of clarithromycin and its 
active metabolite 14-OH-clarithromycin[7–9].  However, the 
AUC of omeprazole increased almost 2-fold after concomitant 
administration of CLR[7], and the AUC of lansoprazole signifi-
cantly increased from 3.65 to 4.59 mg·h/L after co-administra-
tion of CLR and AMX[8].  The pharmacokinetic drug interac-
tions are likely a result of alterations in the hepatic metabolism 
of PPIs following combination therapy with clarithromycin, 
which is considered a potent inhibitor of CYP3A[10–12].  Ush-
iama et al previously published data using partial cortisol 
clearance as a CYP3A activity probe in vivo to assess the inhi-
bition of CYP3A activity.  In their study, two experimental 
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groups were given clarithromycin (400 mg or 800 mg), and 
they observed a dose-dependent inhibition of in vivo CYP3A 
activity and resultant elevation in plasma lansoprazole con-
centrations, which were not present in the control group that 
did not receive clarithromycin[13].  

A new proton pump inhibitor, ilaprazole (Ila), was recently 
introduced.  In a double-blind, parallel, randomized study, 
ilaprazole was shown to be as effective and well-tolerated 
as omeprazole for the treatment of gastric and duodenal 
ulcers (healed in 67.1% vs 62.3% and 83.7% vs 78.9% of 
patients, respectively), at a much lower dose (5 vs 20 mg, 
respec tively)[14].  In another multicenter trial, 10 mg ilaprazole 
was found to be more effective than 20 mg omeprazole and 
other doses of ilaprazole over a 4-week treatment period[15].

A study on rat livers using on-line HPLC/ESI mass spec-
trometry found two metabolites of ilaprazole — a major prod-
uct, ilaprazole sulfone, and a minor product, hydroxyl-ilapra-
zole[16] — implying that ilaprazole might be predominantly 
metabolized in the liver by CYP3A and partially by CYP2C19 
in a manner similar to that of omeprazole and lansoprazole, 
which are metabolized into sulfoxidation and hydroxylation 
metabolites.  However, data published by Li and Cho et al 
indicate that CYP3A5 and CYP2C19 genotypes have no impact 
on ilaprazole metabolism[17, 18].  Therefore, further investigation 
is required to determine whether pharmacokinetic interactions 
play a role in triple therapy using ilaprazole as a PPI.

Although its pharmacological interaction mechanisms are 
not fully understood, triple therapy has been used for many 
years in the treatment of H pylori-related peptic ulcer disease.  
Our study use ilaprazole as a novel PPI within a triple therapy 
regimen.  The present study was designed to determine the 
effect of (1) clarithromycin and amoxicillin on the pharmacoki-
netics of ilaprazole and its metabolites and (2) ilaprazole and 
amoxicillin on the pharmacokinetics of clarithromycin.

Materials and methods
Materials and reagents
Ilaprazole, ilaprazole sulfone and ilaprazole thiol ether stan-
dards were obtained from the Livzon Pharmaceutical Group, 
Inc (purity: 99.1%, Zhuhai, China).  Omeprazole standards 
were obtained from Sigma Chemical Company (purity: 99.5%, 
USA).  Ilaprazole tablets were obtained from the Livzon 
Pharmaceutical Group, Inc (Zhuhai, China).  HPLC-grade ace-
tonitrile, methanol and methyl tert-butyl ether (MTBE) were 
purchased from Dikma Comp (Guangzhou, China).  HPLC-
grade water was obtained using a Milli-Q system (Millipore, 
USA).  All other reagents were of analytical grade.

Subjects
This study was conducted under the approval of the Xiangya 
institutional review boards and with the informed consent of 
all the subjects.  Twelve healthy, Chinese Han male volunteers 
with normal hepatic, renal, and hematologic function were 
selected for this study.  All results were within the normal 
limits (see Table 1S).  The age of the participants ranged from 
21 to 27 years (mean±SD, 23.9±1.9 years), their weight ranged 

from 55 to 77 kg (63.7±7.8 kg), and their height ranged from 
162 to 178 cm (172.2±4.2 cm).  The exclusion criteria included 
any use of medication within 2 weeks prior to the commence-
ment of the study, the use of tobacco or alcohol during the 
study, and any clinically significant illness within 3 months 
prior to the study.  A physical examination was performed, 
and common laboratory parameters for hematological, hepatic 
and renal functions were determined, before, during and after 
the study to monitor the safety of drug treatment.  

Study protocol
This was a randomized, open-labeled, self-controlled, 3-way 
crossover study.  Twelve subjects were randomized into 3 
groups: ilaprazole (5 mg); clarithromycin (500 mg); or ilapra-
zole (5 mg), clarithromycin (500 mg) and amoxicillin (1 g) com-
bination therapy.  All drugs were administered twice daily for 
6 consecutive days and only once on the 7th d.  After 12 h of 
fasting, the volunteers were given the drugs with 200 mL tap 
water on the morning of the 7th d.  Then, 5 mL or 8 mL blood 
samples were collected before and 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12, 24, 
48, and 72 h after drug administration.  The whole blood sam-
ple was centrifuged immediately, and the upper layer serums 
were transferred to polyethylene tubes and stored at -80 °C 
until analysis.  After a 7-d drug elimination period between 
each dose, the subjects proceeded to the next phase.

Measurement of serum drug concentration
The quantitative determination of ilaprazole and its two 
metabolites was based on an improved LC/MS/MS method 
published by Zhou et al[16, 19].  Briefly, the chromatographic 
condition included a Thermo HyPURITY C18 column (150 
mm×2.1 mm, 5 μm) with a mobile phase consisting of 10 
mmol/L ammonium formate water-acetonitrile solution 
(50:50, v/v) at a flow rate of 0.25 mL/min.  The API4000 triple 
quadruple mass spectrometer (Applied Biosystems, USA) was 
operated in multiple reactions monitoring mode via positive 
electrospray ionization interface.  

This method displayed linearity over the concentration 
range of 0.23–2400.00 ng/mL for ilaprazole, 0.05–105.00 
ng/mL for ilaprazole thiol ether and 0.06–45.00 ng/mL for 
ilaprazole sulfone.  The lower limits of quantification were 
0.23, 0.05, and 0.06 ng/mL for ilaprazole, ilaprazole sulfone 
and ilaprazole thiol ether, respectively.  The intra- and inter-
day precisions were all less than 15% in terms of relative 
standard deviation (RSD), and the accuracy was within 15% 
in terms of relative error (RE) for ilaprazole, ilaprazole sulfone 
and ilaprazole thiol ether.  

The concentration of clarithromycin in plasma was deter-
mined using HPLC-MS/MS.  Separation of the analytes and 
the internal standard (IS), roxithromycin, was performed on a 
Waters Xterra MS C18 column (2.11 mm×50 mm, 5 µm), with 
a mobile phase consisting of 20 mmol/L ammonium acetate 
water-acetonitrile solution (40:60, v/v), at a flow rate of 0.25 
mL/min.  The API4000 triple quadruple mass spectrometer 
was operated in multiple reactions monitoring mode via 
a positive electrospray ionization interface.  The standard 
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curves displayed excellent linearity with no systematic bias.  
The lower limit of quantification of clarithromycin was 6.035 
ng/mL, the intra- and inter-day precisions were all less than 
15% for medium and high concentrations and less than 20% 
for low concentration in terms of the relative standard devia-
tion (RSD), and the accuracy was within 15% in terms of the 
relative error (RE) for clarithromycin at all concentrations.  

Pharmacokinetic analysis
Pharmacokinetic parameters were calculated according to 
a non-compartmental model using Winnonlin (Pharsight 
Corporation, ver 3.0, Mountain View, CA, USA).  The peak 
concentration (Cmax) and the time of peak concentration (Tmax) 
were directly analyzed by visual inspection of the plasma 
concentration-time profile.  The elimination rate constant (λ) 
was obtained by the least square fitted terminal log-linear 
portion of the slope of the plasma concentration-time profile, 
and the elimination half-life (t1/2) was evaluated according 
to 0.693/λ.  The area under the plasma concentration-time 
curve (AUC∞) was evaluated by the linear trapezoidal rule and 
further extrapolated to infinity by dividing the last measur-
able concentration by λ, according to the following equation: 
AUC∞=AUC0–t+Clast/λ.

Statistical analysis
All data are expressed as the mean±SD.  Statistical compari-
sons of the mean values between different groups were per-
formed using a paired t-test or an AVONA.  The data were 
analyzed using the statistical program SPSS (Statistical Pack-
age for the Social Sciences) 11.0 for Windows (SPSS, Chicago, 
IL, USA).  Differences were considered statistically significant 
at P<0.05.  The 90% confidence intervals of the log-values of 
the AUC and Cmax were determined for the bio-equivalence 
test.  The resulting data beyond 70%–143% for Cmax and 80%–
125% for AUC in single treatment groups were considered 
significantly different.

Results
All 12 of the volunteers completed the 3 phases of the study 
under the well-performed protocol.  No severe adverse events 
or clinically relevant deviations of laboratory parameters 
occurred during the study.  

The pharmacokinetic interaction effect of triple therapy on 
clarithromycin or ilaprazole and its metabolites (ilaprazole 
sulfone and ilaprazole thiol-ether) were investigated by com-
paring the concentration and kinetic parameters of the single 
administration cycle with combination therapy.  The pharma-
cokinetic parameters for the indicated drugs and ilaprazole 
metabolites after single and triple drug therapy are summa-
rized in Table 1, and serum concentration-time profiles are 
presented in Figure 1.

The maximum concentration (Cmax) of ilaprazole was 
significantly decreased after combination therapy com-
pared with single treatment (1025.0±319.6 vs 1452.3±324.6 
ng/mL, P=0.002).  The AUC0→12 and AUC0→∞ of ilaprazole 
were 9777.7±3789.8 and 9870.5±3910.7 ng·h/mL in the triple 
therapy group, which were much lower than the correspond-
ing values in the single treatment group (11363.1±3442.0 and 
11438.8±3473.5 ng·h/mL, respectively), but the differences did 
not reach statistical significance.  

Following triple therapy, the mean residence time (MRT) 
and the total clearance/systemic bioavailability (CLtot/f) of 
ilaprazole increased compared to the single treatment period, 
whereas the elimination half-life (t1/2) decreased slightly.  

In the triple therapy group, the 90% confidence intervals 
(CIs) of Cmax, AUC0→12, and AUC0→∞ were 58.3% to 80.5%, 
70.7% to 99.9%, and 70.7% to 100.1% (Table 2), respectively, 
which represents a decrease of 24.9%, 8.3%, and 8.2% com-
pared with the corresponding values in the single treatment 
group, respectively.  All of these data fell completely beyond 
the equivalence range of 80%–125% for AUC and 70%–143% 
for Cmax.

The changes tendency of pharmacokinetic parameters of 

Table 1.  Pharmacokinetic parameters of ilaprazole (Ila) and its metabolites (Sulfone and Thiol ether), clarithromycin (CLR), following single and 
ilaprazole clarithromycin and amoxicillin (AMX) triple therapy.  Mean±SD.  n=12.  bP<0.05.

        Treatment                                 T1/2               Cmax                                    Tmax
*                      AUC(0→t)                        AUC(0→∞)                     MRT           CL/F

                                         (h)            (ng/mL)          (h)                    (ng·h/mL)                       (ng·h/mL)      (h)           (L/h) 
 
Ila 10.1±3.2 1452.3±324.6 3 (2–4) 11363.1±3442.0 11438.8±3473.5   9.8±3.0   0.4±0.2
Ila+AMX+CLR   9.3±3.7 1025.0±319.6b 3 (1.5–6)    9777.7±3789.8b   9870.5±3910.7b 10.1±2.9   0.5±0.2
       
Sulfone (Ila) 19.1±9.1        9.3±1.7 4 (0.5–8)       277.1±66.2      308.0±95.6 21.6±3.1 
Sulfone (Ila+AMX+CLR) 20.8±6.0        5.9±0.5b 6 (0.5–12)     201.4±32.1b      224.7±47.7b 22.7±2.5 
       
Thiol ether (Ila) 11.9±7.2      15.7±7.1 4 (1.5–6)     246.0±178.3      272.8±214.5 13.6±5.3 
Thiol ether (Ila+AMX+CLR) 13.1±6.1b      16.0±7.7 3 (0.5-6)b     268.4±220.9      279.3±220.5 17.6±9.4b 
       
CLR 10.9±2.9 2541.9±476.2 1.5 (1.5–2) 29772.7±4781.9 30254.9±5240.4 12.8±2.6 16.5±3.0
CLR+AMX+Ila   8.5±1.4 3161.5±702.2b 1.5 (1.5–4) 29953.4±6474.4 30045.5±6490.6 10.4±1.2b 16.6±4.2

* Tmax was described by median (range).
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ilaprazole sulfone, the major ilaprazole metabolite, was simi-
lar to that of its parent drug, ilaprazole.  We observed a large 
difference in the Cmax values between the triple therapy group 
(5.9±0.5 ng/mL) and the single therapy group (9.3±1.7 ng/mL; 
P=2.25×10-5).  A smaller difference was observed between the 
AUC0→12 and AUC0→∞ of ilaprazole sulfone following triple 
therapy and single therapy (201.4±32.1 vs 277.1±66.2 ng·h/mL, 
P=1.46×10-9 and 224.7±47.7 ng·h/mL vs 308.0±95.6 ng·h/mL, 
P=2.36×10-8, respectively).  In the triple therapy group, the 90% 
CIs of Cmax, AUC0→12 and AUC0→∞ were significantly decreased 
by 30.4%, 22.1%, and 21.3% compared with the corresponding 

values in the single treatment group (Table 2).
For ilaprazole thiol ether, the Tmax was reached at 3 h 

(median, range 0.5–6 h) after combination treatment, which 
was significantly faster than that of single treatment, which 
was reached at 4 h (median, range 1.5–6 h) (P=0.009).  A small 
increase was observed in the Cmax of the combination treat-
meant group (16.0±7.7 ng/mL) compared with the single 
therapy group (15.7±7.1 ng/mL), but this difference was not 
significant.  A slight increase was observed in AUC0→12 and 
AUC0→∞ after combination therapy compared to single therapy 
(268.4±220.9 vs 246.0±178.3 ng·h/mL, P=0.728; 279.3±220.5 vs 

Figure 1.  Serum concentrations of ilaprazole (A), ilaprazole sulfone (B), ilaprazole thiolether (C), clarithromycin (D), expressed as mean±SD and regres-
sion line after administration of ilaprazole alone and with amoxicillin and clarithromycin. Ila, ilaprazole; AMX, amoxicillin; CLR, clarithromycin. 

Table 2.  Test of bio-euivalence after administration of ilaprazole alone and with amoxicillin and clarithromycin.

            
Treatment

                                                                                              Point estimates (90% confidence interval)
                                                                          AUC0→t                                                  AUC0→∞                                              Cmax 
 
 Ila   81.4 (70.7–99.9)a   84.1 (70.7–100.1)a   68.5 (58.3–80.5)a

 Ila+AMX+CLR   
 Sulfone   80.4 (69.4–96.4)a   83.5 (69.5–96.4)a   66.3 (58.4–77.2)a

 Sufone (Ila+AMX+CLR)   
 Thiol ether 109.1 (69.9–170.3)a 107.7 (72.9–159.1)a 102.8 (76.8–137.4)
 Thiol ether (Ila+AMX+CLR)   
 CLR   99.5 (81.5–121.5)   98.4 (80.1–120.9) 122.6 (100.7–149.2)a

 CLR+AMX+Ila

a Point estimates (90% confidence interval) in triple therapy beyond the set value in single therapy.
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272.8±214.5 ng·h/mL, P=0.736, respectively).  The 90% CIs 
of AUC0→12 and AUC0→∞ in the combination treatment group 
were beyond 80%–125%, and the Cmax was within the 70%–
143% CI range in the single treatment group.  

For clarithromycin, a 29.8% increase in Cmax was measured 
after combination treatment compared with single treatment 
(3161.5±702.2 vs 2541.9±476.2 ng/mL, P=0.0089.  The 90% 
CIs of Cmax following the three-drug regimen was beyond the 
range of 70%–143%, and the other parameters were altered 
slightly without any statistical significance.

Discussion
No significant positive synergistic effect was found between 
ilaprazole, clarithromycin and amoxicillin in this study.  Un-
expectedly, when combined with clarithromycin and amoxi-
cillin, the plasma concentrations of ilaprazole were lower 
than those of single ilaprazole administration over a 6-day 
course of therapy.  The mean Cmax, AUC0→12, and AUC0→∞ 
were decreased by 24.9%, 8.3%, and 8.2%, respectively, when 
ilaprazole was given in combination compared to its adminis-
tration as a single agent.  The significant decrease in Cmax, the 
decreased AUC and the lack of alteration in the T1/2 of ilapra-
zole in serum indicate that the reduced plasma concentrations 
observed in our study were likely due to diminished absorp-
tion as opposed to alterations in metabolism.  

The significant decrease in the Cmax and AUC of ilaprazole 
sulfone after triple therapy support this consideration.  The 
same trend was considered to be due to decreased absorption 
of the parent drug; however, the AUC of ilaprazole thiol ether 
did not change after triple therapy, which supports Zhou’s 
report demonstrating that it is a relatively minor metabolite[16].

Early studies investigated the effect of clarithromycin — an 
accepted, potent inhibitor of CYP3A — on the pharmacokinet-
ics of PPIs because in vivo and in vitro studies suggested that 
PPIs, such as omeprazole and lansoprazole, are metabolized, 
at least in part, by CYP3A4.  It was previously demonstrated 
that the plasma exposure of omeprazole and lansoprazole 
increased almost 2-fold[7, 13] and 1.3-fold[8], respectively, when 
given simultaneously with clarithromycin.  Compared with 
omeprazole, esomeprazole metabolism is more dependent on 
CYP3A.  One study indicated that clarithromycin decreased 
the rate of esomeprazole metabolism, which doubled the 
AUC values, regardless of the CYP2C19 genotype[9].  The 
pharmacokinetics of rebeprazole, which is metabolized by a 
non-enzymatic pathway with minor CYP2C19 and CYP3A4 
involvement, were not altered by clarithromycin or verapamil 
(a potent CYP3A inhibitor), irrespective of the CYP2C19 geno-
type[20].

For ilaprazole, Li and Cho reported that the CYP3A5 and 
CYP2C19 genotypes had no impact on ilaprazole metabolism 
in healthy Chinese and Korea subjects[17, 18].  Additionally, our 
previous study evaluating the effect of the CYP3A phenotype 
(indicated by 1-OH midazolam/midazolam ratio) on ilapra-
zole metabolism showed no correlation between the CYP3A 
phenotype and ilaprazole metabolism.  The reduced influence 
of CYP3A on ilaprazole metabolism may explain why ilapra-

zole and clarithromycin did not produce synergistic effects 
in our study.  To date, no transporters involved in ilaprazole 
absorption and metabolism have been identified.  The reason 
for the decreased absorption of ilaprazole after triple therapy 
warrants further investigation.  

It is well established that amoxicillin is primarily excreted as 
a pro-drug and is not metabolized in the liver.  Mainz reported 
that the pharmacokinetics of amoxicillin were not altered by 
combination therapy with lansoprazole and clarithromycin[8], 
which is consistent with other reports that demonstrated no 
effects of omeprazole on the pharmacokinetics of amoxicil-
lin[21–23].  Therefore, in present study, we did not compare the 
plasma concentration of amoxicillin alone with combination 
therapy because of its non-metabolic characteristics.

In this study, the pharmacokinetic parameters of clarithro-
mycin were comparable with those of other studies[23, 24].  Early 
studies found that the AUC of CLR increased when omepra-
zole was given simultaneously with clarithromycin[7], whereas 
only the Tmax was increased with lansoprazole coadministra-
tion[8].  In our study, an increased Cmax of CLR was the only 
alteration observed after combination therapy, and this effect 
was likely a result of increased absorption due to the effect 
of ilaprazole on gastric pH elevation[10, 11].  Because clarithro-
mycin tends to be degraded into an inactive form in low pH 
environments, one possible reason for the observed synergy 
was due to the higher bioavailability of clarithromycin in low 
hypoacidic environments[10, 11].  Therefore, PPIs may enhance 
the absorption of clarithromycin due to a sustained elevation 
of pH[12].  

Our study did not measure ilaprazole concentrations in 
urine, which may have given us direct evidence of the bio-
availability of this compound.  However, we observed a 
decline in the major metabolite of ilaprazole after simulta-
neous administration with clarithromycin and amoxicillin, 
which indicates that the decrease in ilaprazole absorption is 
due to another mechanism.  Thus, the urine concentration of 
clarithromycin should be analyzed in further studies to pro-
vide more evidence for this hypothesis.

In summary, our study reveals a drug interaction between 
a new proton pump inhibitor, ilaprazole, and clarithromy-
cin after triple drug combination therapy.  We observed a 
decrease of ilaprazole and a slight increase of clarithromycin.  
However, these effects were not dose-dependent and did not 
affect the therapeutic effects of these drugs.

Acknowledgements
We would like to thank Mary W ROEDERER, PharmD, BCPS, 
at the UNC Eshelman School of Pharmacy, Chapel Hill, NC, 
USA, for her contribution to the preparation of this manu-
script.

This work was supported by the National Natural Science 
Foundation of China (No 30801421, 30901834, and 30873089), 
the Huge Project to Boost Chinese Drug Development, 
(No 2009ZX09501-032), the 863 Project (No 2009AA022710, 
2009AA022703, and 2009AA022704), the New Century 
Excellent Talents Project (NCET-10-0843) and Funda-



1100

www.nature.com/aps
Cao S et al

Acta Pharmacologica Sinica

npg

mental Research Funds for the Central Universities (No 
2010QZZD010).

Author contribution 
Shan CAO, Dong-sheng OU-YANG, Dong GUO, Lan FAN, 
Hong-hao ZHOU, and Wei ZHANG designed research; Shan 
CAO, Gan ZHOU, Hui-zi WU, Kui XIAO, Yao CHEN, and 
Zhi-rong TAN performed research; Hai-tang HU and Xiang-
hong QIN contributed new reagents or analytic tools; Shan 
CAO, Dong-sheng OU-YANG, and Wei ZHANG analyzed 
data; Shan CAO, Lan FAN, and Wei ZHANG wrote the paper. 

Supplementary information
Supplementary table (Table 1S) is available at the Acta Phar-
macologica Sinica website.

References
1 Pounder RE, Ng D.  The prevalence of Helicobacter pylori infection in 

different countries.  Aliment Pharmacol Ther 1995; 9: 33–9.
2 Malfertheiner P, Megraud F, O’Morain C, Hungin AP, Jones R, Axon 

A, et al.  Current concepts in the management of Helicobacter pylori 
infection — the Maastricht 2–2000 Consensus Report.  Aliment 
Pharmacol Ther 2002; 16: 167–80.

3 Peterson WL, Graham DY, Marshall B, Blaser MJ, Genta RM, Klein PD, 
et al.   Clarithromycin as monotherapy for eradication of Helicobacter 
pylori: a randomized, double-blind trial.  Am J Gastroenterol 1993; 88: 
1860–4.

4 Hirschl AM, Rotter ML.  Amoxicillin for the treatment of Helicobacter 
pylori infection.  J Gastroenterol 1996; 31: 44–7.

5 van der Hulst RW, Keller JJ, Rauws EA, Tytgat GN.  Treatment of 
Helicobacter pylori infection: a review of the world literature.  Helico-
bacter 1996; 1: 6–19.

6 Lamouliatte H, Cayla R, Zerbib F, Forestier S, de Mascarel A, Joubert-
Collin M, et al.  Dual therapy using a double dose of lansoprazole with 
amoxicillin versus triple therapy using a double dose of lansoprazole, 
amoxicillin, and clarithromycin to eradicate Helicobacter pylori infec-
tion: results of a prospective randomized open study.  Am J Gastro-
enterol 1998; 93: 1531–4.

7 Calabresi L, Pazzucconi F, Ferrara S, Di Paolo A, Tacca MD, Sirtori 
C.  Pharmacokinetic interactions between omeprazole/pantoprazole 
and clarithromycin in health volunteers.  Pharmacol Res 2004; 49: 
493–9.

8 Mainz D, Borner K, Koeppe P, Kotwas J, Lode H.  Pharmacokinetics of 
lansoprazole, amoxicillin and clarithromycin after simultaneous and 
single administration.  J Antimicrob Chemother 2002; 50: 699–706.

9 Hassan-Alin M, Andersson T, Niazi M, Liljeblad M, Persson BA, Rohss K.  
Studies on drug interactions between esomeprazole, amoxicillin and 
clarithromycin in healthy subjects.  Int J Clin Pharmacol Ther 2006; 
44: 119–27.

10 Gustavson LE, Kaiser JF, Edmonds AL, Locke CS, DeBartolo ML, 
Schneck DW.  Effect of omeprazole on concentrations of clarithro-

mycin in plasma and gastric tissue at steady state.  Antimicrob Agents 
Chemother 1995; 39: 2078–83.

11 Unge P, Andersson T.  Drug interactions with proton pump inhibitors.  
Drug Saf 1997; 16: 171–9.

12 Ateshkadi A, Lam NP, Johnson CA.  Helicobacter pylori and peptic 
ulcer disease.  Clin Pharm 1993; 12: 34–48.

13 Ushiama H, Echizen H, Nachi S, Ohnishi A.  Dose-dependent inhibition 
of CYP3A activity by clarithromycin during Helicobacter pylori eradica-
tion therapy assessed by changes in plasma lansoprazole levels and 
partial cortisol clearance to 6beta-hydroxycortisol.  Clin Pharmacol 
Ther 2002; 72: 33–43.

14 hHo KY, Kuan A, Zano F, Goh KL, Mahachai V, Kim DY, et al.   Rando-
mized, parallel, double-blind comparison of the ulcer-healing effects 
of ilaprazole and omeprazole in the treatment of gastric and duodenal 
ulcers.  J Gastroenterol 2009; 44: 697–707.

15 Wang L, Zhou L, Lin S, Hu H, Xia J.  A new PPI, ilaprazole compared 
with omeprazole in the treatment of duodenal ulcer: a randomized 
double-blind multicenter trial.  J Clin Gastroenterol 2011; 45: 322–9.

16 Zhou G, Shi S, Zhang W, Tan Z, Chen Y, Guo D, et al.  Identification of 
ilaprazole metabolites in human urine by HPLC-ESI-MS/MS and HPLC-
NMR experiments.  Biomed Chromatogr 2010; 24: 1130–5.

17 Cho H, Choi MK, Cho DY, Yeo CW, Jeong HE, Shon JH, et al.  Effect 
of CYP2C19 genetic polymorphism on pharmacokinetics and 
pharmacodynamics of a new proton pump Inhibitor, Ilaprazole.  J Clin 
Pharmacol 2012; 52:976–84.

18 Li Y, Zhang W, Guo D, Zhou G, Zhou H, Xiao Z.  Pharmacokinetics of 
the new proton pump inhibitor ilaprazole in Chinese healthy subjects 
in relation to CYP3A5 and CYP2C19 genotypes.  Clin Chim Acta 2008; 
391: 60–7.

19 Zhou G, Tan ZR, Zhang W, Ou-Yang DS, Chen Y, Guo D, et al.  An 
improved LC-MS/MS method for quantitative determination of ilapra-
zole and its metabolites in human plasma and its application to a 
pharmacokinetic study.  Acta Pharmacol Sin 2009; 30: 1330–6.

20 Shimizu M, Uno T, Yasui-Furukori N, Sugawara K, Tateishi T.  Effects 
of clarithromycin and verapamil on rabeprazole pharmacokinetics 
between CYP2C19 genotypes.  Eur J Clin Pharmacol 2006; 62: 597–
603.

21 Londong W, Gorgas R, Pommerien W, Marsch–Ziegler U, Semmler 
P, Rost KL, et al.  Effect of different omeprazole doses combined 
with amoxicillin on intragastric pH, amoxicillin bioavailability and 
Helicobacter pylori eradication in duodenal ulcer patients.  Gastro-
enterology 1995; 108: A153.

22 Pommerien W, Braun M, Idström JP, Wrangstadh M, Londong W.  
Pharma cokinetic and pharmacodynamic interactions between 
omeprazole and amoxicillin in Helicobacter pylori-positive healthy sub-
jects.  Aliment Pharmacol Ther 1996; 10: 295–301.

23 Goddard AF, Jessa MJ, Barrett DA, Shaw PN, Idstrom JP, Cederberg 
C, et al.  Effect of omeprazole on the distribution of metronidazole, 
amoxicillin, and clarithromycin in human gastric juice.  Gastro entero-
logy 1996; 111: 358–67.

24 Ferrero JL, Bopp BA, Marsh KC, Quigley SC, Johnson MJ, Anderson 
DJ, et al.  Metabolism and disposition of clarithromycin in man.  Drug 
Metab Dispos 1990; 18: 441–6. 


	0981-0982.pdf
	0983-0990.pdf
	0991-0997.pdf
	0998-1003.pdf
	1004-1012.pdf
	1013-1022.pdf
	1023-1029.pdf
	1030-1036.pdf
	1037-1046.pdf
	1047-1054.pdf
	1055-1061.pdf
	1062-1068.pdf
	1069-1079.pdf
	1080-1084.pdf
	1085-1094.pdf
	1095-1100.pdf



