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Abstract. Leukotriene B4-12-hydroxydehydrogenase (LTB4DH) 
is characterized as a chemopreventive and tumor suppressor 
gene. The aim of this study was to investigate the pharmaco
logical induction of LTB4DH and potential anticancer activity. 
Using HepG2 cells as a cellular detector, we successfully 
isolated the active compounds from the herbs Radix Astragali 
and Radix Paeoniae Rubra through a bioactivity-guided 
fractionation procedure. Using various analytical techniques 
including electronic spray ionization-mass spectrometry (ESI-
MS) and nuclear magnetic resonance (NMR), gallic acid (GA) 
was identified as the active compound from Radix Paeoniae 
Rubra whereas the active compound from Radix Astragali, 
designated as RA-C, was also purified to the extent that it is 
now suitable for further identification. We found that the 
active compounds from these two different herbs synergistically 
induced LTB4DH expression in a dose- and time-dependent 
manner. A key f inding was that commercial GA in 
combination with purified RA-C attenuated the focus 
formation and anchorage-independent growth, two indexes of 
in vitro oncogenic transformation, of HepG2 cells via the 
induction of LTB4DH expression. Moreover, the combination 
of GA and purified RA-C significantly induced G2/M cell 
cycle arrest in HepG2 cells. Our results demonstrated for the 
first time that GA and purified RA-C suppress the in vitro 

oncogenic transformation of HepG2 cells via the induction of 
LTB4DH expression. Importantly, pharmacological induction 
of LTB4DH represents a potential alternative strategy for the 
therapy of hepatocellular carcinoma.

Introduction

Leukotriene B4 (LTB4) is a potent inflammatory mediator 
generated from the cell membrane arachidonic acids by 
5-lipoxygenase (5-LOX) pathway (1,2). LTB4 is well-known 
for its role in the pathogenesis of various inflammatory 
diseases, such as asthma, psoriasis, rheumatoid arthritis, 
inflammatory bowel disease and cancers (3). The production 
of LTB4 is strongly enhanced in human cancer cells, for 
example, LTB4 level was increased by up to 10-30-fold in oral 
squamous cell cancers (4). Such aberrant elevation of LTB4 
level in cancer cells is a result of the overexpression of LTB4 
biosynthetic enzymes, such as 5-LOX and leukotriene A4 
hydrolase (5,6). LTB4 stimulated the proliferation of colon 
cancer cell lines HT-29 and HCT-15 in a time- and concentration-
dependent manner (7). By activating its receptor, LTB4 could 
antagonize glucocorticoid-induced inhibition of lymphoma 
growth and the inhibitory effect of nordihydroguaiaretic acid 
(NDGA) on breast cancer cell line MDA-MB-231 (3,8). Under 
the physiological conditions, biologically active LTB4 is 
metabolized via sequential ω-oxidation and β-oxidation (2). 
This metabolic pathway serves as an effective control of the 
excessive/residual LTB4. Thus, the control of LTB4 formation 
is a potential target for pharmacological intervention of 
various cancers (9). 

Leukotriene B4-12-hydroxydehydrogenase (LTB4DH) is a 
multifunctional enzyme capable of catalyzing the oxidation of 
LTB4, the reduction of 15-oxo-prostaglandins (15-PGs), and 
the inactivation of 15-oxo-PGE and lipoxin A4 (10). In 
addition, LTB4DH was recently found to activate anticancer 
pro-drugs as well as to detoxify exogenous/endogenous 
cytotoxic compounds (11). LTB4DH is not constitutively 
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expressed in most of cell types. Once activated, LTB4DH 
catalyzes the conversion of cellular LTB4 to less active 
12-oxo-LTB4, providing an alternative control of LTB4-
mediated proinflammatory signals. Various conjugated diene 
metabolites of LTB4 were detected in human urine (12). 
Compared with the physiological metabolic pathway, LTB4DH 
is of importance in the control of LTB4 and/or 15-PGs 
receptor-mediated signals (10,13). Loss of LTBDH expression 
either by genetic or epigenetic mechanism resulted in elevated 
LTB4 level in tumors, supporting the growth of cancer cells in 
a similar fashion to the role of 15-hydroxyprostaglandin 
dehydrogenase (15-PGDH) in lung and other cancers (14-16). 
In contrast, ectopic expression of LTB4DH could effectively 
attenuate the stimulatory effects of LTB4 on breast cancer 
cells (17). Thus, pharmacological induction of LTB4DH 
expression by novel reagents may be a new anticancer 
mechanism. Of note, LTB4DH was recently isolated from the 
rat liver as a dithioethione-inducible gene 1 (DIG-1) (18). The 
induction of LTB4DH may largely contribute to the chemo
preventive activity of dithiolethiones. 

Herbal medicines are an important resource of botanical 
compounds that possess anticancer and chemopreventive 
properties against various cancers (19-21). For example, Radix 
Paeoniae Rubrae and Radix Astragali are often prescribed as 
anticancer therapy in traditional Chinese medicine. Radix 
Paeoniae Rubrae, the root of plant Paeonia lactiflora Pall 
(Family Ranunculaceae), is used to stimulate blood circulation, 
remove blood stasis, clear heat, cool blood, remove stagnant 
blood and minimize swelling (22). A number of monoterpene 
glycosides, galloyl glucoses and phenolic compounds have 
been isolated as bioactive components (23). In particular, 
gallic acid (GA), galloyl derivatives and paeoniflorin are 
important anti-inflammatory and anticancer components. On 
the other hand, Radix Astragali, the dried root of Astragalus 
membranaceus (Fisch.) Bunge and Astragalus mongholicus 
Bunge (Fabaceae) is well-known as an immunostimulant, 
adaptogenic, hepatoprotective, diuretic, antidiabetic, analgesic, 
expectorant, and sedative (24,25). Radix Astragali aqueous 
extract was recently found to be antimutagenic and chemo
preventative (26). The active compounds of Radix Astragali 
are principally saponins and polysaccharides. The anticancer 
activity of Radix Astragali is mediated through immunological 
mechanisms as reviewed (27).

It is noteworthy that different herbal compounds in the 
formulations may interact with each other to exhibit novel 
activities, which can not be explained by individual ingredients. 
Partly for this reason, we recently described a genome-wide 
biological response fingerprinting (BioReF) approach to study 
the biological activity of complex botanical formulation (28). 
Our strategy uses human cells as the cellular detector to 
monitor the changes of mRNA expression in response to the 
botanical formulations by genome-targeting DNA microarrays. 
As a result, we found that LTB4DH was greatly induced by a 
formulation composed of Radix Astragali and Radix Paeoniae 
Rubra in hepatocellular carcinoma cell line HepG2. These 
results prompted us to further characterize the active 
compounds from these herbs and the molecular mechanisms 
underlying the induction of LTB4DH. 

The objective of the present study was to investigate the 
pharmacological induction of LTB4DH and explore the 

anticancer activity of isolated LTB4DH inducers. We firstly 
developed a bioactivity-guided fractionation procedure for 
rapid isolation of the active compounds from the herbs Radix 
Astragali and Radix Paeoniae Rubra. The active compounds 
were identified by various analytical techniques including 
electronic spray ionization-mass spectrometry (ESI-MS) and 
nuclear magnetic resonance (NMR) spectroscopy. We 
subsequently examined the effects of the active compounds 
on LTB4DH expression and the focus formation and 
anchorage-independent growth, two indexes of in  vitro 
oncogenic transformation, of HepG2 cells. We anticipated that 
pharmacological induction of LTB4DH would serve as a 
potential alternative strategy for the therapy of hepatocellular 
carcinoma.

Materials and methods 

Cell culture and reagents. Human hepatocellular carcinoma 
cell line HepG2 was obtained from American Type Culture 
Collection (Rockville, MD, USA) and cultured in Eagle's 
minimum essential medium (MEM) containing 10% fetal 
bovine serum and supplemented with 100 U/ml penicillin and 
100 µg/ml streptomycin. The cells were maintained in a 
humidified incubator under 5% CO2 at 37˚C. The dried 
aqueous Radix Paeoniae Rubra and Radix Astragali extracts 
were purchased from a local pharmaceutical company Nong's 
Company, Hong Kong, China. LTB4DH antibody was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA). The antibodies against β-actin and rabbit IgG were 
purchased from Sigma-Aldrich (St. Louis, MO, USA). The 
oligonucleotide primers specific for LTB4DH and β-actin 
were purchased from Genome Research Centre, University of 
Hong Kong. Other chemicals were obtained from Sigma-
Aldrich Co. unless indicated otherwise.

Measurement of cell viability. Cell viability was evaluated 
by a standard colorimetric assay for the reduction of 
3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) catalyzed by mitochondrial reductase (28). 
Briefly, at the end of drug treatment, the cell monolayer was 
incubated in MTT solution (0.5 mg/ml) in phosphate-buffered 
saline (PBS) for 4 h. The formation of purple formazan was 
quantified by measuring the absorbance at 570 nm on a 
microplate reader (Bio-Rad, USA).

Apparatus and instruments. The HPLC system consisted of 
two Waters 626 Model LC pumps, a Waters 717 Plus auto-
sample injector, a Waters 996 Model photodiode array detector 
(DAD), a Waters 600S model system controller and a gradient 
generator. All samples were analyzed on an Alltima™ HP 
C18 column (Alltech, USA, 5 µm, 250x4.6 mm i.d.) coupled to 
an AllGuard™ guard column (Alltech, 7.5x4.6 mm i.d.). UV 
absorption was measured with a spectrum ranging from 200 
to 400 nm. For the fractionation of Radix Paeoniae Rubra 
extract, a binary gradient elution system was made using 
acetonitrile as solvent A and water as solvent B. The gradient 
elution was performed as follows: 0-5 min, 10-15% A; 
5-25 min, 15-22% A; 25-45 min, 22-70% A; 45-46 min, 
70-80% A; 46-50 min, 80% A. The flow rate of mobile phase 
was 0.8 ml/min, and column temperature was maintained at 
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25˚C. The PDA detector was set at 230 nm, and the on-line 
UV spectra were recorded in the range of 195-400 nm. For 
the fractionation of Radix Astragali extract, acetonitrile (A) 
and H2O (B) were used to generate a gradient mobile phase. 
The samples were eluted by 5% A for the first 10 min, a linear 
gradient to 80% A at 40 min and subsequent gradient to 95% 
A at 45 min, and finally 100% B for another 10 min. The flow 
rate was set at 1.0 ml/min.

Bioactivity-guided fractionation of Radix Paeoniae Rubra 
and Radix Astragali extracts. For Radix Paeoniae Rubra, the 
dried aqueous extract (200 grams) was suspended in 1 liter of 
Millipore water and heated at 80˚C for 45 min. Following the 
centrifugation at 4000 rpm for 30 min, the supernatant was 
recovered and sequentially precipitated with 3 volumes of 
100% ethanol. The soluble materials were dried using a rotary 
evaporator (Büchi, Germany) under vacuum. The dried 
residues were dissolved in Millipore water and assayed for the 
ability to induce LTB4DH expression in HepG2 cells. The 
fraction which significantly increased the expression of 
LTB4DH was further separated by semi-preparative HPLC. 
Thirteen fractions were generated and subjected to the deter
mination of LTB4DH induction. Finally, the active fraction 
with a single peak in HPLC profile was analyed by LC/MS 
and NMR. It should be noted that the fractions generated 
from Radix Paeoniae Rubra extract must be assayed in the 
combination with Radix Astragali extract. To isolate the active 
compound from Radix Astragali extract, designated as RA-C, 
the fractionation was started with 2 kg of the dried aqueous 
extract and processed in a similar fashion as described above. 
The fractions isolated from Radix Astragali were assayed 
similarly in the combination with Radix Paeoniae Rubra 
extract.

Chemical identification by mass spectrometry and 1H NMR 
spectroscopy. The purified active compounds were analyzed 
on an LC-MS/MS system consisting of an API 2000 Qtrap 
hydrid QqQ-linear ion-trap mass spectrometer equipped with 
TurboIonSpray™ source (Applied Biosystems, Foster City, 
CA, USA) and HP 1100 series HPLC system (Agilent 
Technologies, Palo Alto, CA, USA) equipped with a XTerra™ 
Ms C18 column (3.5 µm, 2.1x150 mm; Waters, Milford, MA, 
USA). HPLC fractions were monitored by MS while the scan 
range was 200-1000 amu. Data acquisition was interfaced to 
a computer workstation running Analyst1 1.4.1 (Applied 
Biosystems). 1H NMR spectra were recorded on a JOEL 
JNM-GX400 NMR spectrometry.

Reverse transcription polymerase chain reaction (RT-PCR) 
detection. Following the treatment with herbal drugs such as 
Radix Paeoniae Rubra and Radix Astragali extracts, the 
total RNAs were isolated using RNeasy mini kit (Qiagen, 
USA) and converted into corresponding cDNAs using 
SuperScript  III reverse transcriptase and random hexamer 
primers (Invitrogen, Carlsbad, CA, USA). LTB4DH mRNA 
(NM_012212) was detected using specific primers: sense, 
5'-GAGCTTCAGGATGGTTCGTA-3'; antisense, 5'-TCA 
TGCTTTCACTA TTGTCTTCC-3', whereas β-actin mRNA 
(NM_001101) as internal control was detected using specific 
primers: sense, 5'-GGCACCACACCTTCTACAATGA-3'; 

antisense, 5'-GGAGTTGAAGGTAGTTTCGTGGA-3', PCR 
amplifications were performed as follows: after an initial 
denaturation at 94˚C for 3 min, 35 cycles of 94˚C for 30 sec, 
57˚C for 30 sec, and 72˚C for 30 sec, extension at 72˚C for 
10 min. PCR products were analyzed by gel electrophoresis in 
1.2% agarose containing ethidium bromide and visualized 
under UV light.

Generation of HepG2 cell lines stably carrying LTB4DH 
cDNA and shRNAi. Full length LTB4DH cDNA (NM_012212) 
was cloned from HepG2 cells using specific primers sense 
5'-GATCGAATTCGAGCTTCAGGATGGTTCGTA-3' and 
antisense 5'-GATCCTCGAGTCATGCTTTCACTATTGTC 
TTCC-3' by reverse transcription-polymerase chain reaction 
using the Accume RT-PCR system kit (Invitrogen). PCR 
product was cut by EcoRI and XhoI and inserted into 
pcDNA3.1 expression vector (Invitrogen), accordingly. Several 
clones bearing LTB4DH cDNA inserts were isolated and fully 
sequenced at Tech Dragon Ltd. (Hong Kong). Expression 
vector pRS-shRNA bearing LTB4DH specific shRNAi and 
control shRNAi sequences were purchased from OriGene 
Technologies (Rockville, MD, USA). Transfection of HepG2 
cells with pcDNA3.0 vector, LTB4DH cDNA, LTB4DH 
specific shRNAi or control shRNAi construct was carried out 
by using FuGene 6 transfection reagent (Roche, USA). Stable 
clones were selected in the presence of G418 (1 mg/ml) over a 
period of two weeks. Selected clones were evaluated by 
RT-PCR for LTB4DH expression or the presence of shRNAi 
sequences.

Western blot analysis. Following the drug treatment, the 
cellular proteins were extracted and analyzed for protein 
expression as previously described (29,30). Briefly, 30 µg of 
the cellular proteins were resolved by electrophoresis in 10% 
SDS-polyacrylamide gel, and subsequently transferred to 
polyvinylidene difluoride (PVDF) membrane. After the 
membranes were blocked with 5% non-fat milk solution, 
rabbit polyclonal anti-human LTB4DH and mouse polyclonal 
anti-β-actin antibodies were sequentially used to probe the 
cellular LTB4DH and β-actin. The bound antibodies were 
detected by horseradish peroxidase conjugated goat anti-rabbit 
IgG (Sigma). The activity of peroxidase on the blot was 
visualized by enhanced chemiluminescence (ECL) detection 
reagents (GE Healthcare, Sweden).

Colonogenic survival assay. Following the treatment with the 
active compounds isolated from two herbs, alone or in 
combination, for 24 h, the cells were seeded at the density of 
3000 cells/well in 6-well plate and cultured in modified 
growth medium MEM containing 5% fetal bovine serum, 
herbal drugs, alone or in combination. Twelve days later, the 
cells were fixed by 70% ethanol at room temperature for 
20 min, air-dried for 30 min, and then stained with crystal 
violet (Sigma-Aldrich) at 37˚C for 60 min. The excessive 
crystal violet was removed by washing with 1X PBS. After 
air-dried, the cell foci were enumerated on an inverted 
microscope. The colonogenic survival was calculated by the 
following equation: colonogenic survival (%) = (colony 
number/seeded cells) x 100%. Three independent experiments 
were performed in parallel for each treatment.
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Anchorage-independent growth in soft agar. Prior to the 
assays of herbal drugs, the cell culture plates were filled with 
the bottom agarose (3 ml per well). The bottom agarose was 
obtained by mixing equal volumes of sterilized 1.2% agarose 
and 2X MEM medium supplemented with 20% fetal bovine 
serum at 45˚C. The plates were placed at room temperature 
until the bottom agarose became solid. For the assays, the cells 
were treated with two herbal drugs, alone or in combination, 
as indicated, for 24 h. Single cell suspension was made at the 
density of 3000 cells/ml in the complete growth medium 
supplemented with two herbal drugs as indicated. The bottom 
agarose made previously was heated up to 45˚C and the mixed 
with equal volume of the cell suspension. The mixture (2 ml 
per well) was immediately transferred onto the bottom 
agarose plate. The cells were cultured at 37˚C in the incubator 
equilibrated with 5% CO2 for 12 days. The colonies with a 
diameter (>50 µm) were counted under an inverted microscope. 
The colonogenic fraction was calculated by the following 
equation: anchorage-independent growth rate (%) = (colony 
number/seeded cells) x 100%. Three independent experiments 
were performed in parallel for each treatment.

Flow cytometric analysis of cell cycle. At the end of drug 
treatment, cells were detached by trypsin/EDTA and fixed 
by 70% ethanol. The intracellular RNAs were removed by 
RNase A in 1X PBS. Following the permeabilization with 
0.1% Triton X-100, the cells were stained with PI at a 
concentration of 50 µg/ml. The cellular DNA contents were 
analyzed with a flow cytometer (BD Biosciences, CA, USA). 
The cell cycle phase distribution was quantified by ModFit LT 
2.0 software (Verify Software House, http://www.vsh.com).

Statistical analysis. All data are presented as the means ± SD 
for three independent experiments. Statistical analysis was 

performed by the paired Student's t-test. p<0.05 was 
considered to be statistically significant.

Results

Induction of LTB4DH by the combination of Radix Astragali 
and Radix Paeoniae Rubra extracts. By investigating the 
pharmacological induction of LTB4DH, we recently found 
that LTB4DH could be induced by a combination of Radix 
Astragali and Radix Paeoniae Rubra extracts. In order to 
achieve the maximal induction of LTB4DH expression, we 
determined the LTB4DH expression in HepG2 cells treated 
with different combinations of these two herbal extracts. As 
shown in Fig. 1, neither Radix Paeoniae Rubra extract or 
Radix Astragali and Radix Paeoniae Rubra extract alone could 
induce LTB4DH expression up to a doses of 0.19 mg/ml and 
5.18 mg/ml, respectively. In the presence of Radix Astragali 
extract (5.18 mg/ml), however, LTB4DH induction was 
positively correlated with the increase in the concentration of 
Radix Paeoniae Rubra extract from 0 to 0.76 mg/ml. Our 
results not only demonstrated for the first time the pharmaco-
logical induction of LTB4DH expression but also suggested 
that LTB4DH expression was induced via the coordination of 
different mechanisms.

Identification of the active compound from Radix Paeoniae 
Rubra extract. To characterize the active compounds contri
buting to the induction of LTB4DH expression, we described 
a bioactivity-guided fractionation procedure as illustrated in 
Fig. 2A. The dried aqueous herbal extracts were produced by 
Nong's Company for clinical application. We used water to 
re-dissolve the active compounds. Water-soluble materials 
were precipitated by ethanol to remove inorganic salts, poly-
saccharides and other polar compounds. The ethanol-soluble 
materials were subsequently separated by RP-HPLC on a C18 
column into 13 fractions. Pertinent to our previous study, we 
assayed all fractions in combination with Radix Astragali 
extract for the activity to induce LTB4DH mRNA expression 
by semi-quantitative RT-PCR in HepG2 cell line as the 
cellular detector. As a result, LTB4DH mRNA was detected in 
Fraction No. 2 in Fig. 2B. Fraction No. 2 was further separated 
by RP-HPLC on a C18 column into 4 fractions. According to 
the bioassay shown in Fig. 2C, Fraction No. 3 in Fig. 2C 
showed the activity to induce LTB4DH expression. Fraction 
No. 3 showed the maximal UV absorption (λmax) at 224 and 
271 nm. Further LC-MS analysis of Fraction No. 3 revealed 
two negative ions: 169.21 [M-H]- and 125.19 [M-CO2-H]-, 
suggesting that this fraction may contain GA. In fact, 1H NMR 
spectrum of this fraction was identical to that of GA (31). 
Based on the linear relationship of the peak area in HPLC 
profile with the concentration of commercial GA per injection, 
~16.4 g of GA was found to be present in 1 kg of dried Radix 
Paeoniae Rubra extract.

On the other hand, we found that LTB4DH induction 
required a relative larger amount of Radix Astragali extract 
than the amount of Radix Paeoniae Rubra extract. This 
finding suggested that either the concentration or the potency 
of the active compound RA-C in Radix Astragali extract could 
be quite low. Thus, we developed a bioactivity-guided 
fractionation strategy for rapid isolation of the active compound 

Figure 1. Induction LTB4DH expression is highly dependent on the com
bination of Radix Astragali extract and Radix Paeoniae Rubra extract. 
HepG2 cells were treated with the combination of Radix Astragali extract 
and Radix Paeoniae Rubra extract at different ratios of at 37˚C for 24 h. 
LTB4DH expression was detected by semi-quantitative RT-PCR using 
specific primers, whereas β-actin was detected as internal control. The 
signals were quantified and the mean values of three biological replicates 
were summarized. RAE, Radix Astragali extract; RPRE, Radix Paeoniae 
Rubra extract.
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RA-C from Radix Astragali extract at a larger scale. This 
fractionation was initiated with 2 kg of dried Radix Astragali 
extract by ethanol extraction. The resulted ethanolic extract 
was separated by RP-HPLC on a Waters XBridge Prep Shield 
RP18 column (5 µm OBD 19x250 mm). The active fraction 
was further separated by RP-HPLC on an Alitima C18 
column (250x4.6 mm I.D., 5 µm) as described previously (32). 
As a result, the active compound RA-C was purified from 
Radix Astragali extract. The identification of the active 
compound RA-C from Radix Astragali will be published 
elsewhere.

Verification of LTB4DH induction by commercial GA in 
combination with purified RA-C. Following the identification 
of GA as the active compound from Radix Paeoniae Rubra 
extract, we employed the combination of commercial GA 
(Sigma-Aldrich) with purified RA-C in the induction of 
LTB4DH expression. LTB4DH mRNA expression was 

verified by semi-quantitative RT-PCR whereas LTB4DH 
protein was detected by Western blotting using the specific 
antibody. As shown in Fig. 3A and B, LTB4DH expression 
was significantly induced by the combination of commercial 
GA and purified RA-C, whereas either GA or purified RA-C 
alone did not show strong activity. Moreover, LTB4DH 
expression was induced by the combination of commercial 
GA and purified RA-C in a time-dependent manner. LTB4DH 
mRNA was detectable as early as 3 h after the treatment was 
initiated, suggesting that LTB4DH induction is an early 
response to the treatment with the combination of commercial 
GA and purified RA-C.

Inhibition of in vitro oncogenic transformation of HepG2 cells 
by GA and purified RA-C. It is well-known that transformed 
cells have better ability to survive and grow even in an 
anchorage-independent manner (33). To examine the effects 
of GA and purified RA-C combination on in vitro oncogenic 

Figure 2. Bioactivity-guided isolation of the active compound from Radix Paeoniae Rubra extract. (A) Scheme illustrating the bioactivity-guided fractionation 
of the active compound from Radix Paeoniae Rubra extract. HPLC fractions were monitored for the absorbance at 230 nm. Human hepatocellular carcinoma 
cell line HepG2 was used as the cellular detector to assay all fractions generated in this process for LTB4DH induction. *, Fractions or compounds showed the 
activity in LTB4DH induction. (B) The first round of HPLC fractionation and RT-PCR detection of LTB4DH induction. After the aqueous Radix Paeoniae 
Rubra extract was precipitated by 70% ethanol, the soluble materials were separated by RP-HPLC on a C18 column as described in Materials and methods. 
Thirteen fractions were collected and determined for LTB4DH induction in HepG2 cells by semi-quantitative RT-PCR. Representative HPLC profile and 
RT-PCR analysis were shown. (C) The second round of HPLC fractionation and RT-PCR detection of LTB4DH induction. The active fraction No. 2 extract 
was separated by RP-HPLC on a C18 column as described in Materials and methods. Four fractions were collected and subsequently determined for LTB4DH 
induction in HepG2 cells by semi-quantitative RT-PCR. Representative HPLC profile and RT-PCR analysis are shown.
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transformation, HepG2 cells were treated with GA and 
purified RA-C, alone or in combination, for 24 h. The cells 
were examined for the proliferation, focus formation and 
anchorage-independent growth in soft agar. As shown in 
Fig. 4, the combination of GA and purified RA-C effectively 
inhibited the growth, focus formation and anchorage-
independent growth of HepG2 cells. We found that the GI50 
value of GA in HepG2 cells was 26 µg/ml, whereas purified 
RA-C is almost non-cytotoxic in HepG2 cells even at a dose 
of 800 µg/ml. It was not surprising that the combination of 
GA and purified RA-C almost abolish the growth of HepG2 
cells whereas purified RA-C did not show any inhibition 
(Fig. 4A). The inhibitory effect of GA is consistent with the 
results of a recent study, which demonstrated the cytotoxicity 

of GA in testicular cell lines (34). Of note, the combination of 
GA and purified RA-C inhibited the focus formation and 
anchorage-independent growth of HepG2 cells by 76-83% 
and 82-88%, respectively, whereas either GA or purified RA-C 
alone did not show much activity. These results suggest that GA 

Figure 3. Verification of LTB4DH induction by commercial GA and purified 
RA-C. (A) RT-PCR detection of LTB4DH induction. The cells were treated 
with GA (7 µg/ml) and purified RA-C (28 µg/ml), alone or in combination, 
for 24 h. Total cellular RNAs were extracted. LTB4DH expression was 
detected by RT-PCR using specific primers as described Materials and 
methods. (B) Western blot analysis of LTB4DH induction. The cells were 
treated with GA (7 µg/ml) and purified RA-C (28 µg/ml) similarly as 
described in (A). The cellular proteins were extracted and resolved by 10% 
SDS-PAGE. LTB4DH expression was detected by Western blotting using 
specific antibodies (Abnova) as described Materials and methods. (C) Time 
course of LTB4DH induction by the combination of GA and purified RA-C. 
The cells were treated with the combination of GA (7 µg/ml) and purified 
RA-C (28 µg/ml) for indicated time points (0, 3, 6, 9, 12, 24 h). Total cellular 
RNAs were extracted. LTB4DH expression was detected by RT-PCR using 
specific primers. The mean values of three independent experiments were 
shown. Significance analysis was performed by two-tail paired Student's 
t-test. **p<0.01 compared with control.

Figure 4. Inhibitory effect of LTB4DH inducers GA and purified RA-C on 
the transforming activity and proliferation of HepG2 cells. (A) Effect of GA 
and purified RA-C on the growth of HepG2 cells. HepG2 cells were treated 
with GA (7 µg/ml) and purified RA-C (28 µg/ml), alone or in combination, 
for indicated time points over a period of 5 days. The cell number was 
counted by haemocytometer. (B) Colonogenic survival assay. Following the 
exposure to GA (7 µg/ml) and purified RA-C (28 µg/ml), alone or in 
combination, for 24 h, HepG2 cells (3000 cells/well) were seeded in 6-well 
plate in triplicates. The cells were cultured in the presence of 5% fetal 
bovine serum for 12 days. The cell foci were stained with 0.5% crystal violet 
in 20% ice-cold methanol as described in Materials and methods. The 
stained cell foci were counted under light microscopy. (C) Anchorage-
independent growth in soft agar. Following the exposure to GA (7 µg/ml) 
and purified RA-C (28 µg/ml), alone or in combination, for 24 h, HepG2 
cells (3000 cells/well) in top agarose were seeded onto bottom agarose 
supplemented with complete growth medium in a 6-well plate (three wells 
per treatment) for 12 days. The cell colonies were counted under an inverted 
phase microscope. Significance analysis was performed by the paired 
Student's t-test. **p<0.01 vs. control.
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and purified RA-C may inhibit the in vitro oncogenic 
transformation of HepG2 cells in a synergistic manner.

Evidence for the role of LTB4DH in the anticancer activity of 
the combination of GA and purified RA-C. It was recently 
demonstrated that ectopic overexpression of LTB4DH 
suppressed the proliferation of breast cancer cells (17). By 
introducing LTB4DH cDNA into HepG2 cells, we verified the 
inhibitory effect of LTB4DH on the colonogenic survival and 
growth of hepatoma cells (Fig. 5A and B). Through careful 
comparison of Fig. 5A and B and Fig. 4A-C, it appeared that 
ectopic overexpression of LTB4DH mimicked the effect of 
GA and purified RA-C on the in vitro oncogenic transformation 
and cell growth of HepG2. We further addressed the question 
of whether the induction of LTB4DH expression is the only 
mechanism underlying the anticancer activity of GA and 
purified RA-C combination. Two stable cell lines carrying 

either LTB4DH specific shRNAi construct or non-specific 
control were established and exposed to the combination of 
GA and purified RA-C over a period of five consecutive days. 
The growth of the cells under treatment was monitored on a 
daily basis. As shown in Fig. 5C, the drugs inhibited the 
growth of non-specific shRNAi transfected cells and did not 
significantly alter the growth of LTB4DH specific shRNAi 
transfected cells. Our pilot experiments showed that the 
combination of GA and purified RA-C failed to induce 
LTB4DH expression in the cells stably transfected with 
LTB4DH-specific shRNAi (data not shown). Moreover, when 
the induction of LTB4DH expression is blocked by specific 
shRNAi, the combination of GA and purified RA-C could not 
inhibit the growth of HepG2 cells transfected with LTB4DH-
specific shRNAi. In contrast, non-specific shRNAi did not 
antagonize the induction of LTB4DH expression by the 
combination of GA and purified RA-C. Thus, these results 

Figure 5. Inhibitory role of LTBDH in the cell growth of HepG2 cells. (A) Effect of ectopic expression of LTBDH on the colonogenic survival of HepG2 cells. 
HepG2 cell line stably overexpressing LTB4DH was established as described in Materials and methods, whereas the cell line stably transfected with vector 
alone was used as a control. The cells (3000 cells/well) were seeded in 6-well plate in triplicate and cultured in the presence of 5% fetal bovine serum for 12 
days. The cell foci were stained with 0.5% crystal violet in 20% ice-cold methanol and then counted by light microscopy. The results were expressed as the 
the mean ± SD (n=3). *p<0.05 vs. transfection with vector alone. (B) Effect of LTB4DH transfection on the growth of HepG2 cells. The cell line stably 
overexpressing LTB4DH was established as described in Materials and methods, whereas the cell line stably transfected with vector alone was used as a 
control. Cells were seeded at 3x104/well in 6-well plate and the cell numbers were counted by a hemocytometer everyday over a period of 5 days. (C) 
Antagonizing effect of LTB4DH specific RNAi on the suppressive activity of GA and RA-C combination in cancer cells. HepG2 cell lines stably carrying 
LTB4DH-specific shRNA (pRS-LTB4DH) and nonspecific shRNA (pRS-Ctrl) were established as described in Materials and methods. Cells were treated 
with GA (7 µg/ml) and purified RA-C (28 µg/ml) in combination for 24 h and then seeded at 3x104 cells/well in a 6-well plate in triplicates. The cell growth 
was monitored by a hemocytometer everyday over a period of 5 days.
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demonstrated a critical role of LTB4DH in the anticancer 
activity of GA and purified RA-C combination.

Synergistic induction of LTB4DH expression results in cell 
cycle arrest. To explore the mechanism underlying the action 
of GA and purified RA-C combination in the cells, we 
performed a cell cycle analysis of HepG2 cells treated or 
untreated with these two compounds. According to the cell 
cycle profiling, it appeared that the cells were arrested at 
G2/M phase by the combination of GA and purified RA-C, 
whereas either GA or purified RA-C alone did not alter the 
cell cycle in HepG2 cells (Fig. 6). Our results suggested that 
synergistic induction of cell cycle arrest by the combination of 
GA and purified RA-C might be a novel mechanism leading 
to the inhibition of the cell proliferation of HepG2 cells. 

Discussion

Oncogenic transformation of human cells is triggered by 
genetic and epigenetic alterations of various genes and 
proteins involved in DNA-metabolizing, cell signaling, cell 
proliferation and cell death (35,36). Earlier anticancer strategy 
focused on the development of cytotoxic drugs, and however 
recent effort has been directed to the development of 
mechanism-specific anticancer drugs (19,37,38). One of the 
effective anticancer mechanisms is to activate tumor 
suppressor genes in cancer patients (19,39). LTB4DH was 

isolated as dithiolethione-inducible gene-1 (DIG-1) and 
thereby classified as a chemopreventive and tumor suppressive 
gene (18). In addition, dithiolethiones could up-regulate 
various phase 2 detoxifying enzymes and inhibit chemically 
induced carcinogenesis (40). Of note, a large number of 
botanical compounds isolated from medicinal herbs also 
induce phase 2 detoxifying enzymes (41-43). Thus, we recently 
searched for novel LTB4DH-inducers from medicinal plants 
historically used as anticancer therapy in traditional Chinese 
medicine. In the present study, we described a bioactivity-
guided fractionation strategy for rapid isolation of GA and 
RA-C as LTB4DH-inducers from the herbs Radix Paeoniae 
Rubra and Radix Astragali. The central findings of the present 
study are that GA and purified RA-C synergistically induced 
LTB4DH expression and rendered the inhibition of in vitro 
oncogenic transformation of human HepG2 cells, as a surrogate 
of human hepatocellular carcinoma.

Gene transcription is regulated by the coordination of 
various transcription factors, enhancers and suppressors 
(44,45). It is a daunt task to perform rapid and simultaneous 
characterization of the genes regulated by multiple molecules 
in one-pot. Presumably, different compounds trigger a complex 
cross-talk between specific transcriptional regulatory 
elements. We recently described a genome-wide biological 
response fingerprinting (BioReF) approach for simultaneous 
identification of the genes regulated by complex herbal 
formulations in human cells (28,46). By assaying the change 
of specific genes, we further developed a step-wise deletion 
strategy for the identification of the active ingredients in the 
formulation as described (30). As a result, we successfully 
characterized three active ingredients for the induction of 
heme oxygenase-1 expression. The present study represents 
our continuing effort to investigate the pharmacological 
induction of LTB4DH. Through a similar procedure, we 
identified Radix Astragali and Radix Paeoniae Rubra as the 
potential ingredients for the induction of LTB4DH. By 

Figure 6. Induction of cell cycle arrest by GA and purified RA-C in com
bination. HepG2 cells were treated by GA (7 µg/ml) and purified RA-C 
(28 µg/ml), alone or in combination, for 48 h. Treated cells were fixed by ice 
cold ethanol (70%) overnight. Fixed cells were stained with propidium 
iodide and analyzed by flow cytometry on a FACS Calibur cytometer. The 
cell population in different cell cycle phases was calculated by ModFit LT. 
The results represented the mean ± SD of three biological replicates. 
Representative histograms of cell cycle are shown. Test of significance was 
performed by the paired Student's t-test, **p<0.01 vs. control.

Figure 7. Metabolism and signaling of LTB4 in human cells. (A) Signaling 
of LTB4 in human cells. The cell membrane arachidonic acids are converted 
to LTA by 5-LOX. The intermediate LTA is hydrolyzed to LTB4 by LTA 
hydrolase. LTB4 stimulates the survival and proliferation of cells via 
activating LTB4 receptor. (B) Inhibition of LTB4 signaling by LTB4DH. 
LTB4DH catalyzes the oxidation of proinflammatory mediator LTB4 to less 
active 12-keto-LTB4, thereby reducing the secretion of LTB4 to activate the 
cell surface LTB4 receptor. As a result, LTB4-mediated survival and 
proliferating signals are suppressed.
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assaying the induction of LTB4DH mRNA using RT-PCR 
technique, GA and RA-C were isolated and identified from 
the herbs Radix Paeoniae Rubra and Radix Astragali, 
respectively. Following the verification of commercial GA 
(Fig. 3), we also found that propyl gallate in combination with 
purified RA-C could equally induce LTB4DH expression, 
whereas oltipraz and caffeic acid did not show any activity 
(data not shown). Our results did not exclude the possibility of 
that oltipraz metabolites may be able to induce LTB4DH 
expression as reported previously (18). 

GA is a potent antioxidant and anti-inflammatory reagent 
widely present, in free form or as conjugates, in plants, fruits 
and vegetables (47). GA is also found to induce apotosis by 
modulating two key intracellular signaling pathways, reactive 
oxygen species (ROS)- and calcium-mediated signaling 
pathways, respectively (48). It is important to note that GA 
selectively induced apoptosis in a variety of cancer cell lines 
but not in non-cancerous cells (49,50). Different alkyl, 
gallamide and p-tyrosol derivatives of GA also inhibit the 
proliferation and induce cell cycle arrest in cancer cells such 
as human leukemia HL-60 cells and HeLa cells (51-53). The 
anticancer activity of GA is mediated by multiple proapoptotic 
mechanisms: (1) by activating Fas- and mitochondrial-
mediated pathways (54,55); (2) by up-regulating pro-apoptotic 
proteins, Bax, activating caspases and down-regulating anti-
apoptotic proteins such as Bcl-2 and Xiap; (3) by suppressing 
the survival-promoting signaling pathways such as Akt/mTOR 
pathway, delaying the expression of pro-apoptosis related 
proteins in non-cancerous cells and enhancing antiapoptotic 
potential in normal human lymphocytes via a Bcl-2 independent 
mechanism (50,56); and (4) by inducing cell cycle arrest and 
apoptosis in human prostate carcinoma DU145 cells (57). 
Although GA showed slight cytotoxicity in human blood 
lymphocytes, GA did not induce toxicity in rats at the dose of 
119-128 mg/ml (58). These results further consolidated that 
GA possesses strong cancer-selective cytotoxicity. Normal 
cells such as hepatocytes and keratinocytes likely secreted a 
protein-like molecule to antagonize GA-induced apoptosis 
(53). On the other hand, Radix Astragali extract is generally 
considered to be nontoxic to patients even at a high dose of 
120 g/day (28,59). The anticancer activity of Radix Astragali 
is principally mediated by modulating the immunological 
responses inside the cells. Our results also confirmed that GA 
inhibited the growth of human liver cancer HepG2 and such 
inhibition was only slightly enhanced by purified RA-C 
(Fig. 4A). 

LTB4DH was recently suggested as a chemopreventive 
and tumor suppressive gene. Based on the assays of the focus 
formation and anchorage-independent growth, we demon
strated that the combination of GA and purified RA-C 
strongly inhibited the in vitro oncogenic transformation of 
HepG2 cells (Fig. 4B and C). Through ectopic expression and 
shRNAi-mediated knockdown of LTB4DH mRNA, LTB4DH 
was proven to play a critical role in the anticancer activity of 
GA and purified RA-C in combination (Fig. 5). It is well-
known that tumor suppressor genes often induced cell cycle 
arrest in cancer cells (60). Our results also showed that LTB4DH 
induction resulted in the inhibition of cell proliferation and 
cell cycle arrest in HepG2 cells (Fig. 6). In particular, the 
stimulation with GA and purified RA-C induced LTB4DH 

expression, conferring the concomitant increase of cell 
population at G2/M phase and decrease of cell population at 
S phase. These results further confirmed the tumor suppressor 
characteristics of LTB4DH. Finally, the effect of LTB4DH on 
LTB4-mediated cell signals is summarized in Fig. 7A. Briefly, 
LTB4 activates its cell surface receptor to promote cell 
survival and stimulate proliferation of cancer cells. Upon the 
stimulation by the combination of GA and purified RA-C, 
LTB4DH is induced to catalyze the metabolism of LTB4 to 
less active 12-oxo-LTB4 (Fig. 7B). Consequently, LTB4-
mediated signals are no longer generated and the cancer cells 
undergo apoptosis. 

In summary, the present study described a bioactivity-
guided fractionation procedure for rapid isolation of GA and 
RA-C from Radix Paeoniae Rubra and Radix Astragali 
extracts as novel LTB4DH inducers. Commercial GA and 
purified RA-C were found to synergistically induce LTB4DH 
expression in a time- and concentration-dependent manner. A 
key finding was that the combination of GA and purified 
RA-C attenuated the in vitro oncogenic transformation of 
HepG2 cells and induced cell cycle arrest. By ectopic 
expression and shRNAi-mediated knockdown of LTB4DH, 
we provided evidence to support that induction of LTB4DH is 
a key mechanism underlying the anticancer activity of the 
combination of GA and RA-C. Our results suggest that 
pharmacological induction of LTB4DH by the combination of 
GA and RA-C may represent a novel anticancer mechanism.
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