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in vitro and in vivo via cyclooxygenase-2 and apoptotic pathways
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Overexpression of cyclooxygenase-2 (COX-2) in oral mucosa has
been associated with increased risk of head and neck squamous
cell carcinoma (HNSCC). Celecoxib is a nonsteroidal anti-inflam-
matory drug, which inhibits COX-2 but not COX-1. This selective
COX-2 inhibitor holds promise as a cancer preventive agent. Con-
cerns about cardiotoxicity of celecoxib, limits its use in long-term
chemoprevention and therapy. Salvianolic acid B (Sal-B) is a lead-
ing bioactive component of Salvia miltiorrhiza Bge, which is used
for treating neoplastic and chronic inflammatory diseases in
China. The purpose of this study was to investigate the mecha-
nisms by which Sal-B inhibits HNSCC growth. Sal-B was isolated
from S. miltiorrhiza Bge by solvent extraction followed by 2 chro-
matographic steps. Pharmacological activity of Sal-B was assessed
in HNSCC and other cell lines by estimating COX-2 expression,
cell viability and caspase-dependent apoptosis. Sal-B inhibited
growth of HNSCC JHU-022 and JHU-013 cells with ICs, of 18
and 50 pM, respectively. Nude mice with HNSCC solid tumor xen-
ografts were treated with Sal-B (80 mg/kg/day) or celecoxib (5 mg/
kg/day) for 25 days to investigate in vivo effects of the COX-2
inhibitors. Tumor volumes in Sal-B treated group were signifi-
cantly lower than those in celecoxib treated or untreated control
groups (p < 0.05). Sal-B inhibited COX-2 expression in cultured
HNSCC cells and in HNSCC cells isolated from tumor xenografts.
Sal-B also caused dose-dependent inhibition of prostaglandin E,
synthesis, either with or without lipopolysaccharide stimulation.
Taken together, Sal-B shows promise as a COX-2 targeted anti-
cancer agent for HNSCC prevention and treatment.
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Head and neck squamous cell carcinoma (HNSCC) is a major
threat to global 1public health, with over 500,000 new cases annu-
ally worldwide." In the United States, oral and pharyngeal cancers
alone account for ~35,000 new cases.> While overall survival
rates of head and neck cancers have improved modestly in recent
years, African-American males are affected by HNSCC at
younger ages of incidence, with increased mortality, and present
with more advanced disease.””> HNSCC is thought to develop
through a multistep, multifocal process that can involve field car-
cinogenesis and intraepithelial clonal spread.” A normal epithelial
cell can take many years to undergo the multiple cellular and
genetic alterations that lead to malignant changes. Thus, it remains
an appealing strategy to develop effective, nontoxic and affordable
novel pharmacological agents for Ereveming development of
HNSCC and second primary HNSCC.*%®

Overexpression of cycloxygenase-2 (COX-2) in the oral mucosa
has been associated with increased risk of head and neck can-
cer.%?713 Several processes linked to carcinogenesis can be influ-
enced by the enhanced synthesis of prostaglandin E, (PGE,).'*!7
Therefore, COX-2 has been intensively studied for development
of chemopreventive agents. Celecoxib is a nonsteroidal anti-
inflammatory drug (NSAID) that helps to control inflammation by
inhibiting COX-2 activity without appreciable effect on COX-1
enzyme activity. In the last decade, numerous studies reported that
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celecoxib reduces the risk for a variety of human cancers, includ-
ing HNSCC in experimental systems, via COX-2—dependent and
COX-2—-independent pathways.”'®" Celecoxib is more potent
and less toxic than traditional NSAIDs in inhibiting COX-2. How-
ever, celecoxib has been shown to cause adverse cardiovascular
effects when taken at high doses over a long duration.?? Hence, it
is important to develop effective, safer and selective COX-2 inhib-
itors for cancer prevention and treatment.

Salvia miltiorrhiza Bge (Danshen or Tanshen) is a well-known
Chinese herbal medicine that has been used to reduce inflammatory
reactions in cardiovascular, hepatic and tumoral diseases without
appreciable adverse effects.”* 2 S. miltiorrhiza Bge was first
described in the Chinese pharmacology book Shen Nong's Canon
on Materia Medica (circal00-180 A.D.) and the medicinal proper-
ties of this plant have been extensively studied.?*~2° Salvianolic acid
B (Sal-B) is a depside, which is considered to be the active compo-
nent of S. miltiorrhiza Bge. Thus, Sal-B is used as a quality control
ingredient and active marker of S. miltiorrhiza Bge products by the
National Pharmacopoeia Council of China.?”-*® Importantly, recent
studies have demonstrated the potential of Sal-B to inhibit tumor
cell growth,”?°>" inflammation®>** and oxidation.*** We had
demonstrated that Sal-B decreased cell proliferation and viability in
15 different cancer cell lines, including Hep G2 human liver cancer
cells and AGS human stomach cancer cells.?® Tn addition, Lin and
coworkers® recently reported that Sal-B attenuates COX-2 expres-
sion in lipopolysaccharide (LPS)-treated human aortic smooth mus-
cle cells. Taken together, these observations suggest that Sal-B is a
promising anticancer agent for targeting COX-2 and cell growth for
prevention and treatment of cancer. The ability of Sal-B to inhibit
growth of HNSCC in vitro and in vivo was studied. The related
mechanisms of action of Sal-B were investigated with respect to cell
cycle progression, cell viability, apoptosis and gene expression.

Material and methods
Chemical reagents

5-Fluorouracil (5-FU), propidium iodide and lipopolysaccharide
(LPS) were obtained from Sigma Chemical Company (St. Louis,
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MO). D101 Macroporous resin was obtained from Yiadong Chem-
ical Company (Shanghai, China) and polyamide was obtained
from Sinopharm Chemical Reagent Company (Shanghai, China).
Celecoxib was extracted from commercially available 200 mg cel-
ebrex™ capsules with ethyl acetate in the presence of water. The
organic extract was washed once with water and then dried with
anhydrous sodium sulfate and then filtered. The organic solvent
was removed using a rotary evaporator to obtain pure crystals of
celecoxib.

Cell lines and culture

HNSCC cell lines (JHU-06, -011, -013, -019, -022 and -029)
were obtained from The Johns Hopkins University. hTERT trans-
formed noncancerous human oral keratinocyte cell line (OKF-6)
was a generous gift from James Rheinwald (Harvard University)
The DsRed-expressing JHU-013 cell line was established in our
laboratory. Human prostate cancer cell line BPH1" was a gener-
ous gift from Simon Hayward (Vanderbilt University). The Huh-7
(liver), SK-HEP-1 (liver), CW2 (colon), Colo-320 (colon), HL-60
(leukemia) and MDA-MB-435s (breast) human cancer cell lines
were obtained from the Chinese Academy of Science Shanghai
Cell Center (Shanghai, China). The HNSCC, BPH1°*", Colo-320
and CW2 cells were grown in RPMI 1640 medium; the Huh-7 and
SK-HEP-1 cells in EMEM; HL-60 cells in IMDM and MDA-MB-
435s in L-15 medium. The cultures were supplemented with 10%
fetal bovine serum and an antibiotic—antimycotic mixture (100 1U/
mL penicillin and 100 pg/mL streptomycin and 0.025pg/mL
amphotericin B, Cellgro, Herndon, VA). OKF6 cells were cultured
in serum-free keratinocyte medium (GIBCO/Invitrogen, Carlsbad,
CA). All cells were grown in 5% CO, at 37°C and subcultured at
an initial density of 1 X 10° cells/mL every 3 to 4 days. All
experiments were performed with cells in the logarithmic phase of
growth.

Purification of Sal-B

Sal-B was first extracted from S. miltiorrhiza Bunge powder (5
kg) with 20 L of 70% ethanol in Soxhlet extractor. The condensed
supernatant was passed through a D101 macroporous resin (col-
umn diameter = 12.0 cm, diameter: height = 1:10) and magne-
sium salt of Sal-B was eluted with a 6-fold column volume of 20—
40% ethanol solutions. The Sal-B magnesium salt-rich fraction in
40% ethanol was concentrated under reduced pressure and then
adjusted to pH 3—4 with hydrochloric acid for converting the mag-
nesium salt of Sal-B into free Sal-B. The free Sal-B was extracted
with ethyl acetate and evaporated at reduced pressure in a low-
temperature drying machine. The resultant dry powder was dis-
solved in 1 L water and applied onto a polyamide chromato-
graphic column (column diameter = 7.0 cm, diameter: height =
1:10). The column was eluted with 10% ethanol, 30% ethanol and
then 50% ethanol. The highly purified Sal-B (>95%) eluted in the
50% ethanol solution fraction was then analyzed by high-pressure
liquid chromatography (HPLC) with a C-18 column.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide assay

Cells (at a density of 5,000 cells/well) were grown in flat-bot-
tom 96-well cell culture plates in appropriate medium supple-
mented with 2% fetal bovine serum. The cells were then treated
with graded concentrations of Sal-B or celecoxib for 24 hr.
Twenty microliters of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) (5 mg/mL) solution (Sigma, St Louis,
MO) were added to each well and then incubated at 37°C for 4 hr.
After removing the media, 200 pL of dimethyl sulfoxide were
added and left for 30 min at room temperature to dissolve the
formazan crystals. The absorbance at 560 nm was measured in a
microplate reader (Bio-Rad, Hercules CA).
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Colony formation

HNSCC cells were seeded at densities of 300 cells per well in a
BD Falcon 6-well tissue culture plate (Palo Alto, CA) and cultured
overnight and treated with different concentrations of Sal-B or cel-
ecoxib for 24 hr. Following treatment, drug containing medium
was replaced with fresh drug-free culture medium (2 mL) and
allowed to grow for 7-10 days to permit colony formation from
viable clonogenic cells. Colonies formed after ~7 days of continu-
ous culture were stained with 0.1% methylene blue in 50% etha-
nol. Any colony containing more than 50 cells was considered to
represent a viable clonogenic cell.

Hollow fiber assay

The assay was carried out accordmg to the method of Hollings-
head et al.”™ Briefly, 1 X 10° tumor cells were seeded into a
2 cm-long polyvinylidine fluoride hollow fiber with a M, 500,000
cutoff and 1 mm inner diameter (Spectrum Laboratories, Inc.,
Houston, TX). A maximum of 4 fibers were implanted at both sub-
cutaneous sites (right and left flank) of 6-week-old, female Balb/
cA-nu mice (Chinese Academy of Science, Shanghai, China). The
mice were given daily intraperitoneal injections of 5-FU or Sal-B
for 5 days starting on the third day after fiber implantation. After
completion of the treatment, the fibers were removed from the
mice and cell viability was analyzed using the MTT assay. Cell
growth in each treatment group was compared with growth of
untreated control cells. Guidelines for the humane treatment of
animals were followed as approved by the TenGen Animal Care
and Use Committee.

Human tumor xenografts in athymic nude mice

Four-week-old, Balb/c male athymic nude mice (Nu/Nu) were
obtained from Harlan Sprague Dawley, Inc. (Indianapolis, IN).
They were provided Harlan Teklad #2018 Global 18% protein
rodent diet (Madison, WI) and water ad [ibitum. Mice were
housed in temperature-controlled rooms (74 = 2°F) with a 12-hr
alternating light-dark cycle. Three groups (five mice per group)
included the Sal-B-treated, celecoxib-treated and untreated
groups. Body weights were measured once a week. DsRed
expressing JHU-013 cells (2 X 10° cells/lOOuL/mouse) were
injected subcutaneously into the lower backs of the mice using a
25-gauge needle. The mice received Sal-B (80 mg/kg) or cele-
coxib (5 mg/kg) by intraperitoneal administration every day fol-
lowing JHU-013 cell inoculation. The Sal-B dose for animal treat-
ment was based on the results of the hollow fiber assay and the
celecoxib dose was selected on the basis of earlier literature.’”
Treatments were continued daily for 24 days. Tumor size was
monitored by three-dimensional (3D) in vivo magnetic resonance
imaging (MRI) and manual measurement with vernier calipers.
Guidelines for the humane treatment of animals were followed
as approved by the Howard University Animal Care and Use
Committee.

In vivo MRI

The in vivo monitoring of human tumor xenografts in mice was
carried out using a 9.4 T, 89 mm vertical bore NMR spectrometer
(Bruker Biospin MRI, Billerica, MA). Before the MRI scan, ani-
mals were anesthetized with respiratory administration of 2% iso-
flurane and gently positioned at the center of the scanner. The total
MRI imaging time was less than 1 hr. A 3D imaging technique
optimized for T1-weighted image contrast of the tumor and sur-
rounding tissue was implemented in order to accurately track the
growth of tumors in mice. The imaging sequence used was a 3D-
FLASH with the following parameters: echo time TE = 4-5
msec; repetition time TR = 12-15 msec; flip angle o = 10-15
&lacgr; field of view 2.56 X 2.56 X 2.0 cm; the matrix size 320
X 320 X 90; voxel size 80 X 80 X 220 pm. For better signal to
noise ratio, 4 data acquisitions were used. Tumor volumes were
measured by segmenting the tumor and counting the voxels in the
region of interest using NIH ImageJ software with a voxel count
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Ficure 1 — A HPLC profile of Sal-B after passing through the second step of chromatography. The Sal-B peak was located at retention time

of 10.2 min through a C-18 column.

plug-in in semiautomatic mode. The tumor volume was calculated
by multiplying the total number of voxels by the single voxel
volume.

Real-time RT-PCR

RNA was prepared from the treated cells based on the Invitro-
gen TRIzol protocol (Invitrogen, Carlsbad, CA). First-strand
cDNA was synthesized by PCR using a SuperScript III system
with oligo(dT) primers (Invitrogen, Carlsbad, CA). The expression
levels of COX-1 and COX-2 were measured by taking advantage
of real-time RT-PCR using TagMan@ Universal PCR Master Mix
(Applied Biosystems, Foster City, CA) with COX-1 primer (6-
FAM labeled probe, hs00168776_m1) or COX-2 primer (6-FAM
labeled probe, Hs00153133_m1). A beta-actin (4333762T) primer
was used as an endogenous control. The real-time PCR was per-
formed in triplicate for each gene. AmpliTaq Gold Enzyme was
first activated at 95°C for 10 min followed by 40 cycles including
denaturation at 95°C for 15 sec and annealing at 60°C for 1 min.
The data were analyzed using% MxPro-Mx3000p software and ana-
lyzed using 2724CT method.

Western immunoblotting

Whole-cell lysates were prepared from treated HNSCC cells
incubated with RIPA lysis buffer kit (Santa Cruz Biotechnology,
Santa Cruz, CA) and protein concentrations were quantified using
a Bio-Rad protein assay (Bio-Rad, Hercules, CA). Whole-cell pro-
teins (30 pg) were separated by electrophoresis on 8% SDS-poly-
acrylamide gel and transferred to a polyvinylidene difluoride
membrane (Amersham Corp., Arlington Heights, IL). The mem-
brane was then probed sequentially with antibodies against the fol-
lowing proteins: p53, NF-kB, Bcl-2, Bcl-xL, caspase-3, PARP,
COX-2 and B-actin (Sigma, St. Louis, MO). Washed blots were
then incubated with horseradish peroxidase conjugated anti-rabbit,
anti-mouse or anti-goat antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 hr at room temperature. Blots were devel-
oped using a peroxidase reaction and visualized using ECL detec-
tion system (Bio-Rad, Hercules, CA).

Flow cytometry

(i) To analyze levels of COX-2 protein, the control and treated
cultures of HNSCC cells were treated with PBS-based enzyme-
free cell dissociation buffer (Gibco, Carlsband, CA) to detach
cells, which were collected by centrifugation. The collected cells
were washed and fixed in chilled 80% ethanol. The fixed cells
were washed twice in PBS and then incubated with a solution con-
taining COX-2-FITC (1:200) (Cayman Chemical Company, Ann
Arbor, MI) in the dark for 30 min at room temperature. The COX-

2 level was determined using a suitable antibody and a FACStar
flow cytometer (Becton Dickinson & Co., San Jose, CA). (ii) To
analyze apoptotic cells, the treated HNSCC cells (5 X 10%) were
collected, washed and fixed as described above. The cells were la-
beled with annexin V-FITC (Clontech Laboratories, Inc., Palo
Alto, CA) and 5 pg/mL propidium iodide. The expression of
annexin V and cell cycle status were analyzed by FACStar flow
cytometry. Ten thousand cells per sample were analyzed for both
assays.

PGE?2 level

PGE2 levels were determined in order to estimate COX-2 activ-
ity. JHU-013 cells were treated with or without 100 ng/mL LPS,
Sal-B or celecoxib in RPMI 1640 medium with 2% fetal bovine
serum for various incubation times. The culture medium was col-
lected and the level of PGE2 was determined by a Correlate-
EIA™ Prostaglandin E, Enzyme Immunoassay Kit (Assay
Designs, Ann Arbor, MI) and the optical densities were deter-
mined by Bio-Rad Microplate Reader (Hercules, CA) at 405 nm.
The PGE2 level was calculated as a unit of pg/mL as instructions
provided by the manufacture of the assay kit.

Statistical analyses

Results are presented relative to untreated controls. Values rep-
resent the mean * standard deviation (SD) of a minimum of 3 rep-
licate tests. Data were analyzed by the Duncan test following the
ANOVA procedure when multiple comparisons were made. Dif-
ferences were considered significant when p < 0.05.

Results
Preparation of highly purified Sal-B

We first developed a protocol that allowed us to obtain large
quantities of highly pure Sal-B from S. miltiorrhiza Bge. For this,
5 kg of S. miltiorrhiza Bge were subjected to ethanol extraction
and Sal-B was first partially purified by macroporous resin chro-
matography. After acidification, Sal-B was then eluted from a pol-
yamide column. This procedure finally resulted in 136 g of Sal-B
of >95% purity. This corresponds to a 2.7% yield, based on total
amount of initial raw material (Fig. la). Ninety-five percent of
pure Sal-B was used in the majority of tests in the present study
and partially purified Sal-B fractions of 40%, 60% and 80% purity
were also collected to test if impurities antagonized or enhanced
the anticancer properties of Sal-B.
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Fi1Gure 2 — Cytotoxicity of Sal-B on HNSCC cell growth in vitro. (a) Thirteen different cell lines were treated with 125 uM Sal-B for 24 hr
and the cell viability was measured by MTT method. The percentage of inhibition on cell viability was compared with parallel untreated cells (p
< 0.05 in most cell lines excepted in HL-60 and JHU-019 cell lines). (b) OKF-6, JHU-013 and JHU-022 cell lines were treated with Sal-B from
1.25 to 125 pM for 24 hr and then continued the culture for additional 7 days in Sal-B free condition. The cell viability was measured by colony
formation assay. (¢) JHU-013 or JHU-022 cells were exposed to same final concentration of Sal-B (125 pM) using differing stock solutions of
Sal-B ranging in purity from 40% to 95% for 24 hr. (d) JHU-013 cells were exposed for 24 hr to the same amount (100 pg/mL) of powder from
Sal-B lots ranging in purity from 40% to 95%. All assays represented the mean * SD of 2 independent experiments with triplicate dishes.

Sal-B-inhibits cell viability in several human
cancer cell lines tested

A panel of 13 human cancer cell lines, including 6 HNSCC
cell lines (JHU-06, -011, -013, -019, -022 and -029), were used in
the present study to confirm the cytotoxic effect of Sal-B. All 13
cell lines exhibited decreased cell viability when exposed to 125
puM Sal-B for 24 hr (Fig. 2a). Compared with the untreated cancer
cell lines, the inhibition of cell growth by treatment with Sal-B
was statistically significant (p < 0.05) in all cell lines except HL-
60 and JHU-019 cell lines. The inhibition of cell viability was
more pronounced in BPHI®F™ human prostate tumor cells
(76.8%) and SK-HEP-1 human liver cancer cells (75.9%) while
HL-60 cells were the least sensitive (8.7%). A 24-hr treatment
with Sal-B (125 uM) caused 40% reduction of cell viability in the
majority of HNSCC cell lines (JHU-06, -011, -013, -022 and
-029), except JHU-019. Colony formation assays further con-
firmed the cytotoxicity of Sal-B toward JHU-013, JHU-022 and
OKEF-6 cell lines (Fig. 2b). Over 30% inhibition occurred with a
low-dose of Sal-B treatment (1.25 uM) in JHU-022 cells and
~20% inhibition in JHU-013 cells. Sal-B treatment caused a
dose-dependent decrease in clonogenic potential of the HNSCC
cells. Based on colony formation assays, the ICs, values of Sal-B
were ~18 puM in JHU-022 cells and 50 pM in JHU-013 cells
(Fig. 2b). However, there was no cytotoxic effect of Sal-B on the
hTERT transformed noncancerous human oral keratinocyte cell
line (OKF-6) (Fig. 2b).

There was no significant difference in cytotoxicity when JHU-
013 and JHU-022 cell lines were exposed to the same concentra-
tion (125 uM based on Sal-B content) of Sal-B preparations of dif-
ferent levels of purity (Fig. 2¢). By contrast, when JHU-013 cells

were exposed to the same amount (100 pg/mL) of Sal-B fractions
differing purity over the 40% to 95% range, cytotoxicity increased
in parallel with purity of Sal-B fraction (Fig. 2d). These results
show that the impurities in the preparations did not antagonize or
potentiate the effect of Sal-B.

Sal-B inhibits growth of JHU-013 cells grown as
solid tumor xenografts in vivo

In view of the in vitro observations, the effect of Sal-B was fur-
ther evaluated using Ds-Red expressing JHU-013 cells grown as
solid tumor xenografts in immunodeficient mice. To determine a
proper dosage for treatment of xenografts in mice, the National
Cancer Institute recommended hollow fiber method to determine
the potency of Sal-B. The hollow fiber method is recommended
for screemng natural therapeutic compounds.*® JHU-013 cell were
preseeded in the hollow fibers and then transplanted subcutane-
ously into the flanks of nude mice. Cell viability was determined
after the mice completed a short-treatment. Three days after im-
plantation of hollow fibers with cells, the mice were treated daily
for 5 days with the clinically used anticancer drug, 5-FU (80 mg/
kg/day, 0.1 mL i.p. injection) for 5 days or equal volumes of phys-
iological saline(Fig. 3a). The hollow fibers were recovered and the
cell proliferation was estimated using the MTT assay. Treatment
with 5-FU caused 35% inhibition of growth when compared with
controls treated with physiological saline. Daily treatment with
Sal-B for 5 days starting from day 3 after hollow fiber implanta-
tion resulted in a dose-dependent inhibition of cell growth with a
significant reduction of 41% at a daily dose of 80 mg/kg/day.
There was no significant difference between Sal-B and 5-FU at the
80 mg/kg/day dose on the inhibition of JHU-013 cell growth.
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Ficure 3 — Cytotoxicity of Sal-B on HNSCC cell growth in vivo. (a) Hollow fiber assay. The mice were treated with 5-FU (80 mg/kg/day) or
different amounts of Sal-B (20 mg, 40 mg, 80 mg/kg/day) by intraperitoneal injection starting on the third day after fiber implantation and the
treatments were continued daily for 4 days. The fibers with cells were taken out from the subcutaneous site of mice after a 5-day treatment
period and cell viability was measured by MTT method. The levels of cell viability in treated groups were compared with untreated control
group (*p < 0.05). (b) JHU-013 xenograft growth. The day of DS-Red JHU-013 cells inoculation was the experiment starting day. The mice
received Sal-B (80 mg/kg) or celecoxib (5 mg/kg) by intraperitoneal administration every day following JHU-013 cell injection and all mice
were sacrificed on day-25. The top panel shows the tumor growth, which was monitored periodically at different days during the 25-day experi-
mental period. The bottom panel shows tumor mass (g) that was measured on the final experiment day immediately after the tumor tissue was
removed from the mouse by surgical excision. The average tumor mass is indicated as a bold bar in each group. The p value was compared with
untreated group. (¢) The right top panel shows the MR images that were taken from the same mouse on experiment day-14 and day-22. The
circle indicated the tumor site, right side tumor (RT) and left tumor (LT). The right bottom shows the whole animal image with or without tumor
indicated by arrows.

Thus, the hollow fiber tests provided quick and quasi in vivo infor- ~ was observed in the celecoxib-treated group, ranging from 0.42 g
mation on Sal-B cytotoxicity toward HNSCC growth and an 80 to 0.06 g (Fig. 3b).
mg/kg daily treatment dose was selected for the JHU-013 xeno- Our original plan was to use DsRed-expressing JHU-013
graft experiments. xenografts and monitor with a noninvasive Xenogen IVIS 200
A day after JHU-013 cells were transplanted into the nude optical imaging system (Xenogen, Hopkinton, MA) to evaluate
mice, daily treatment was initiated with single treatment either the treatment effects. However, the optical imaging system failed
with dose Sal-B (80 mg/kg) or celecoxib (5 mg/kg) for 24 days. to clearly detect the DsRed-expressing JHU-013 xenografts
Each mouse was monitored for tumor growth at least 5 times over  because of interference from strong background fluorescence
the duration of the experiment. Measurement of tumor volume from the skin of the animals. Detection of tumor cell fluores-
indicated that the Sal-B treatment significantly slowed tumor cence was feasible if the tumor was surgically removed and
growth in comparison with the untreated groups (Figs. 3b and 3¢).  directly exposed under the imaging system. The DsRed flores-
The average tumor weight in the Sal-B group (0.16 g) was also  cent signal was only found in the tumors and not in spleen, liver,
significantly less than in the untreated control group (0.21 g). The lungs or hearts removed surgically at necropsy. As such, these
average tumor weight in the celecoxib treated groups (0.17 g) is  data indicate that no tumor metastasis developed during the
less than untreated group, but a large variation of the tumor weight 24 day experiment.
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blot and semi-quantified based on COX-2/B actin related intensity. (¢) COX-2 protein levels in 6 HNSCC cell lines and a noncancerous human
oral keratinocyte cell line (OKF-6). (b) COX-2 protein levels from JHU-013 cells treated with Sal-B (12.5 and 125 pM) for 24 hr. (c) The PGE2
levels were measured after JHU-013 cells treated with Sal-B (125 pM) or celecoxib (10 pM) for 24 hr. The PGE2 levels are expressed as pg/mL
of total cell culture. The results represented the mean = SD of 2 independent experiments with triplicate dishes. The p value was compared with
untreated group. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Inhibition of COX-2 expression by Sal-B

The effects were analyzed using Western blot (Figs. 4a and 4b),
enzymatic assay (Fig. 4c¢), flow cytometry (Fig. 5a) and real-time
RT-PCR (Fig. 5b) in 6 different JHU HNSCC cell lines grown
in vitro or in vivo. To determine whether Sal-B is capable of inhib-
iting COX-2 overexpression in HNSCC, we first carefully
reviewed the COX-2 protein levels in all 6 HNSCC cell lines, as
compared with a transformed noncancerous human oral keratino-
cyte cell line (OKF-6) (Fig. 4a). The levels of COX-2 protein
were higher in JHU-06, -011, -013 and -022 cell lines compared
with the levels in OKF6, but were not in JHU-019 and -029 cell
lines. Interestingly, COX-2 protein levels in JHU-022 cells were
significantly decreased by 50-61% following 24-hr treatment with
different concentrations of Sal-B ranging from 12.5 pM and 125
UM (Fig. 4b). Treatment of JHU-013 cells with Sal-B (125 uM)
and celecoxib (10 uM) decreased PGE2 levels by 32% and 36%
when compared with drug-free control cultures (Fig. 4c¢). Flow
cytometry analysis (Fig. 5a) showed that COX-2 protein levels
were noticeably reduced in JHU-013 cells treated in vitro with
Sal-B or celecoxib. COX-2 protein levels were also lower in cells
obtained by disaggregation of JHU-013 solid tumor xenografts
removed surgically from the treated mice. The COX-2 protein lev-
els were significantly lower in the Sal-B and celecoxib treated
groups in the isolated cells (Fig. 5a).

Sal-B selectively inhibits COX-2 expression in JHU-013 cells

To determine whether Sal-B can selectively inhibit COX-2, we
used real-time RT-PCR with specific COX-1 or COX-2 primers
(Fig. 5b) and confirmed the results in LPS stimulated cells (Figs.
Sc and 5d). There was no statistically significant change in the

mRNA levels of COX-1 after JHU-013 cells were treated with
gradually increasing doses of Sal-B. The mRNA levels of COX-2,
however, were reduced at least 18-fold compared with COX-1
when JHU-013 cells were exposed to 250 pM Sal-B for 24 hr. In
addition, a dose-dependent decrease in COX-2 mRNA level was
observed when JHU-013 cells were exposed to graded doses of
Sal-B from 12.5 to 250 puM.

We confirmed the selective inhibitory effect of Sal-B on LPS
stimulation of COX-2 activity in the JHU-013 cell system. The
level of COX-2 activity increased in a time-dependent manner
with increasing the exposure time of JHU-013 cells to 100 ng/mL
LPS (Fig. 5¢). PGE2 level increased ~4-fold when JHU-013 cells
were exposed to LPS (100 ng/mL) for 4 hr, compared with
untreated JHU-013 cells (Fig. 5¢). In contrast, a dose-dependent
inhibition was observed when JHU-013 cells were exposed to LPS
and Sal-B (12.5 puM to 250 uM) and the PGE2 level was reduced
by more than 88% when the LPS stimulated JHU-013 cells were
exposed to 125 uM Sal-B (Fig. 5¢). A similar inhibitory pattern
was revealed by flow cytometry studies using FITC-conjugated
anti-COX-2 antibody for detection of the protein in JHU-013 cells
treated with LPS and Sal-B (Fig. 5d). The levels of COX-2 protein
decreased in a dose-dependent manner on treatment with Sal-B
when compared with LPS-stimulated control cells.

Effects of Sal-B on apoptosis

To better understand the cytotoxic effects in HNSCC growth,
we further investigated the effect of Sal-B on apoptosis. We found
that Sal-B induced caspase-dependent apoptosis in JHU-013 cells.
The numbers of apoptotic cells gradually increased when increas-
ing exposure time with 125 uM Sal-B (Figs. 6a and 6b). In con-
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FiGure 5§ — Sal-B selectively inhibits COX-2 expression. (a) COX-2 protein levels were analyzed by flow cytometry with FITC-conjugated
COX-2 antibody after treatment of JHU-013 cells with Sal-B or celecoxib. The top panel shows COX-2 levels in cultured JHU-013 cells treated
with 125 uM Sal-B or 10 pM celecoxib for 24 hr. The bottom panel shows the COX-2 levels of JHU-013 cells isolated by disaggregation of
tumors with the different treatment groups. (b) The inhibitory rate on the mRNA levels of COX-1 and COX-2 were analyzed by real-time PCR
with specific COX-1 or COX-2 primers after JHU-013 cells treated with graded concentrations of Sal-B (12.5, 125 and 250 puM) for 24 hr. (c)
An enzyme immunoassay was used to determine the levels of PGE2 in JHU-013 cells were exposed for 4 hr to LPS (100 ng/mL) with or without
Sal-B (12.5, 125 or 250 uM). Insert on the top-right is the PGE2 level measured after treatment of JHU-013 cells with LPS (100 ng/mL) alone
for 2 to 8 hr. The PGE2 levels are reported in terms of pg/mL. The results from PGE2 analysis represent the mean = SD of 2 independent
experiments with triplicate dishes. The p value was compared with LPS treated alone (¥*p < 0.05). (d) The JHU-022 cells were exposed to LPS
(100 ng/mL) with or without Sal-B from 12.5 to 250 uM for 4 hr, and then the COX-2 levels were analyzed by flow cytometry with FITC-conju-

gated COX-2 antibody.

tract, over 70% JHU-013 cells were undergone apoptosis when the
cells exposed to 250 uM Sal-B for 3 hr (Figs. 6a and 6b). The
expression levels of caspase 3 and associated cleavage of PARP
were also evaluated by western blot analysis (Fig. 6b). The level
of caspase 3 was significantly increased after JHU-013 cells
exposed to 125 uM Sal-B for 24 hr. Moreover, Sal-B also caused
PARP cleavage as revealed by the generation of an 85-kDa frag-
ment following the 24-hr treatment. This is evidence for caspase-
dependent apoptosis in Sal-B treated JHU-013 cells. In addition,
Sal-B also regulated the expression of proteins associated with ap-
optosis, such as NF-xB, p53, MDM-2, Bcl-2 and Bcl-xL (Fig. 6c¢).
The levels of NF-xB, MDM-2, Bcl2 and Bcl-xL were clearly
lower after cells were exposed to 125 pM Sal-B for 6 hr. The level
of p53 was in cells exposed to Sal-B for 24 hr (Fig. 6¢).

Discussion

As documented by the World Health Organization, at least one-
third of all cancer cases are preventable and prevention offers the
most cost-effective long-term strategy. Indeed, about 20% of all

human cancers are caused by chronic infection or chronic inflam-
matory states.” Therefore, controlling chronic inflammation is an
attractive strategy for cancer prevention. Prostaglandins produced
by the action of COX-2 on arachidonic acid are involved in
chronic inflammation. There is accruing evidence to suggest that
chronic inflammation sets the stage for changes leading to cancer
development. This provides the scientific rationale for the use of
celecoxib, a NSAID selective COX-2 inhibitor, in cancer preven-
tion. Hence, celecoxib received accelerated approval from the
FDA for treatment of adenomas in high-risk familial adenomatous
polyposis patients.*>*' However, celecoxib-related cardiovascular
risk is reported to increase from 2.3% to 3.4% when patients
receive 200 mg to 400 mg of celecoxib twice daily.?* The safety
of celecoxib is indeed a major concern in cancer chemoprevention
and the increased risk of cardiovascular events limits long-term
use of celecoxib for chemoprevention.

In this study, we report that Sal-B, which is isolated from a Chi-
nese herbal medicine S. miltiorrhiza Bge, inhibits the growth of
human head and neck squamous cell carcinoma cells both in vitro
and in vivo through inhibition of COX-2 expression and induction
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of apoptosis. We investigated the cytotoxic effects of Sal-B
in vitro using the MTT method to provide a quick assessment of
drug response. The ICsq values of Sal-B for inhibition of HNSCC
JHU-013 and JHU-022 cell growth were determined using a more
sensitive and reliable colony formation method.** This effect of
Sal-B was further supported by experiments using the hollow fiber
method and the tumor xenografts. The results confirmed that Sal-
B greatly suppressed HNSCC tumor growth compared with
untreated and treatment with celecoxib.

Both COX-1 and COX-2 can convert arachidonic acid to prosta-
glandins, which are involved in pain, inflammation, cell prolifera-
tion and other biologic responses. Unlike COX-1, which is nor-
mally present in most tissues of the human body as a housekeep-
ing enzyme, COX-2 is induced by inflammation. Usually COX-2
expression in normal tissues is low compared that in tumors. The
levels of COX-2 can increase even in normal tissues and in stro-
mal cells when challenged by immunogenic or inflammatory stim-
ulus. In addition, while COX-1 and COX-2 share some common
biologic functions, they are part of diverse cell-signaling path-
ways. Numerous studies have indicated that overexpression of
COX-2 occurs in many cancers including HNSCC. Our data
clearly demonstrate that Sal-B as a single agent is capable of
selectively suppressing COX-2 expression in the presence or ab-
sence of LPS stimulation. Interestingly, we found that this effect
of Sal-B is more sensitive under conditions of high COX-2 expres-
sion. For example, a dose of 125 uM Sal-B sharply reduced PGE2
levels by more than 80% in LPS-stimulated JHU-013 cells (Fig.
5¢) but only caused a 32% reduction in PGE-2 levels in the unsti-
mulated condition (Fig. 4c). JHU-011 and JHU-022 cell lines are
more sensitive to the growth inhibitory effects of Sal-B than JHU-
019 cell line. Interestingly, JHU-011 and JHU-022 have high lev-
els of COX-2 expression, whereas JHU-019 has low-level of
COX-2 expression (Figs. 2a and 4a).

Overexpression of COX-2 in tumor cells has been shown to
increase the proto-oncogene Bcl-2 and lead to inhibition of apo-
ptosis.*? The effect of COX-2 derived from stromal cells on proto-
oncogene expression in tumors is a matter of conjecture. It is rea-
sonable to assume that Sal-B and celecoxib would inhibit COX-2

HAO ET AL.

expression in tumors and associated stroma. Sal-B induces cas-
pase-dependent apoptosis in JHU 013 cells as shown by cleavage
of a caspase substrate, poly (ADP) ribose polymerase (PARP).
Sal-B also decreased the cellular amounts of antiapoptotic proteins
such as NF-kB, MDM-2, Bcl-2 and Bcl-xL and increased proapo-
totic proteins such as p53 and caspase 3. Taken together, these
data suggest that the anticancer effects of Sal-B are through a
COX-2—-dependent pathway to inhibit PGE2-synthesis as well as a
COX-2-independent pathway to regulate apoptosis of HNSCC.

S. Miltiorrhiza, as a traditional Chinese medicine has been
safely used in treating neoplastic diseases and chronic inflamma-
tion in oriental countries based on long history of clinical evi-
dence. S. miltiorrhiza bge usually contains 1-7% Sal-B depending
on geographical source and harvest season. Based on the People’s
Republic of China Pharmacopoeia (2005 edition).** When S. mil-
tiorrhiza bge is sold as an herbal medicine, it must contain at least
3% Sal-B by weight of the raw material. Commercially available
Danshen capsule is formulated from the extract of S. miltiorrhiza
bge that contains a minimum of 11 mg Sal-B according to the Peo-
ple’s Republic of China Pharmacopoeia (2005 edition). A daily
dose of 9—-12 capsules (3 or 4 capsules taken 3 times a day) has
been recommended as a dietary supplement for prevention of car-
diovascular diseases in China. In mice, the LDs, value of S. mil-
tiorrhiza bge is ~27 g/kg/day.*> A long-term toxicity study of S.
miltiorrhiza bge reported that 18% of rats (4/22) showed some re-
versible hepatomegaly when they received S. miltiorrhiza glucose
(5 g S. miltiorrhiza bge/kg/day) via intraperitineal route. The hep-
atome§aly was resolved on discontinuation of S. miltiorrhiza glu-
cose.*® Therefore, the experimental dose of Sal-B (80 mg/kg/day)
is in a safe range for the animal, but more toxicity tests are needed
for extrapolation to the clinical setting for humans. This study
demonstrates the potential of Sal-B as an effective and safe natural
anticancer agent for HNSCC prevention and treatment.
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