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Ursolic acid from Trailliaedoxa gracilis induces
apoptosis in medullary thyroid carcinoma cells
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Abstract. Medullary thyroid carcinoma (MTC) originates
from the C-cells of the thyroid and is not sensitive to radiation
or chemotherapy. Therefore, surgical removal of the tumor
tissue in its entirety is the only curative treatment for MTC.
The present study aimed to examine the potential mechanisms
of action of extracts of Trailliaedoxa gracilis (TG; WW
Smith & Forrest), a plant from the province of Sichuan,
China, and of ursolic acid (UA), a pentacyclic triterpen
present in 7G, on the MTC-SK MTC cell line. A total of
13 TG fractions and UA were examined in vitro for their
effects on cell morphology, cell number, proliferation and
rates of apoptosis. Reverse transcription-quantitative poly-
merase chain reaction of nuclear factor-kB essential modifier
(NEMO) was performed to delineate the role of the apoptotic
pathway following treatment with UA. TG and UA were
examined in vivo in xenotransplanted MTC-bearing severe
combined immunodeficient mice. The 7G fractions exhibited
antiproliferative effects, with inhibition of mitochondrial
activity in the tumor cells at concentrations, which caused
no impairment of the normal control cells. The apoptotic
rates of the MTC-SK cells treated with the 7G fractions and
UA were determined, in which no marked tumor inhibition
was observed in the treated MTC-mice, and no change in the
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expression of NEMO was detected in the treated MTC-SK
cells. The observation of early-onset activation of caspase 8
suggested that the responsible factor was linked to NEMO,
an anti-apoptotic protein. However, no differences in the
mRNA transcription levels of NEMO were detected in
MTC-SK cells treated with UA, suggesting that this protein
was not associated with the signal transducer and activator of
transcription 3 pathway.

Introduction

Medullary thyroid carcinoma (MTC) is a malignant neoplasm
originating from the parafollicular C-cells of the thyroid, and
accounts for 5-10% of all types of thyroid carcinoma. The
majority of the tumors (~80%) are sporadic and predominantly
solitary, whereas hereditary tumors appear as multiple nodules
in the thyroid gland. In 50% of sporadic tumor cases, patients
develop lymph node metastases prior to diagnosis, and 80%
of these tumors exhibit a somatic missense point mutation,
particularly in codon 918 of exon 16 of the RET-protooncogene
(chromosome 10q11.2) (1).

Sporadic MTCs have a good prognosis when the lymph
nodes are free of metastases. For existing lymph node metas-
tases, the 10-year survival rate is between 40 and 50% (2).
In sporadic MTCs, different schedules of treatment are
considered, depending on the presence of metastases. Radical
thyroidectomy with ablation of the cervical lymph nodes is the
only curative treatment to date. Chemotherapy is ineffective
for the treatment of MTC (2).

A mutation in the RET gene is the predominant cause of
MTC. High expression levels of RET increase the expression
of Fap-1, leading to a decrease in cluster of differentiation
(CD)95 cell death receptors. Since caspase 8 activation is
mediated by the CD95 pathway, high expression levels of RET
inhibit apoptosis in MTC (3). Sporadic MTC is not always a
result of mutation in the RET gene, there have been previous
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studies demonstrating sporadic cases without this mutation,
but with a mutation in RAS, or more specifically HRAS (4).

A number of drugs used in chemotherapy have been devel-
oped from plant derivatives, including taxol. Our previous
studies investigated the apoptotic effects of plants, including
Stemona tuberosa Lour on MTC-SK cells (5), and Cautleya
gracilis (Smith) Dandy and Trailliaedoxa gracilis (WW
Smith & Forrest) on neuroendocrine tumor (NET) cells of the
midgut (6,7), amongst several others (8,9).

The present study examined extracts of Trailliaedoxa
gracilis (TG) and one component of these extracts, ursolic acid
(UA) (10). TG was originally characterized by Handel-Mazzetti
in 1927 (11). TG is from the family Rubiaceae, and grows on
rocky ground or in thickets on mountain slopes and in dry
and warm valleys. In the Jinsha river valley close to Lijang
(Yunnan, China), it has been found at 1,819 mm above sea
level (12). UA, one component of TG, is a pentacyclic triterpene
acid. It is known to inhibit the signal transducer and activator
of transcription (STAT) 3 activation pathway and reduce the
expression of matrix metalloproteinase 9 using a glucocorti-
coid receptor (13). It can also alter apoptotic pathways, reduce
muscle atrophy and stimulate muscle hypertrophy in mice; UA
is a weak aromatase inhibitor and is used as a cardioprotective
compound (14).

The STAT3 Janus kinase is important for evading apoptosis
and is essential for cell survival in a wide variety of types of
human cancer. For example, the activation of STAT3 inhibits
apoptosis and accelerates the progression of liver cancer (15).
Suppression of STAT1 and STAT?3 is accomplished by suppres-
sors of cytokine signaling (SOCS)-1 and SOCS-3 (16), the
expression of which are induced by nuclear factor (NF)-«xB.
Activation of NF-xB affects STAT signaling and, therefore,
assists in apoptosis (17). NF-kB also induces the expression
of anti-apoptotic genes, however, the NF-kB response remains
to be fully elucidated. NF-kB exists in the cytoplasm as an
inactive form in the majority of cell types, and its activation
is induced by a variety of extracellular ligands or genotoxic
agents. As a dimer, NF-kB is activated by a canonical and a
non-canonical pathway. The canonical pathway stimulates
NF-kB with cytokines, including tumor necrosis factor (TNF)
o, which causes a cascade of intracellular events and activates
inhibitor of nuclear factor-xB kinase (IKKf) with nuclear
factor-kB essential modifier (NEMO). This form of activa-
tion is induced rapidly, within minutes of stimulation (18).
The non-canonical pathway is effective, has slower kinetics
and does not require NEMO (18). When NEMO is highly
expressed in cells due to the activation of TNFa, NF-xB
inhibits the anti-apoptotic effects of STAT3, leading to cell
death. By contrast, NEMO-deficient mice exhibit increased
sensitivity to TNF-induced apoptosis, which contradicts the
former (19). The anti-apoptotic effects of NEMO are indepen-
dent of NF-«B. NEMO binds to receptor interacting protein 1
(RIP1) and prevents the engagement of caspase-8 prior to
NF-«B, mediating the induction of anti-apoptotic genes (20).
A possible explanation for the contradictory effects of NEMO
may be revealed in the expression levels of RIP-1 and NF-«xB.
In cells deficient of RIP1 and NF-xB, lower levels of cell death
are observed in the absence of NEMO, suggesting that, under
these conditions, NEMO is pro-apoptotic. It is possible that the
lack of RIP1 causes NEMO to bind to another molecule, which
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acts as a competitive antagonist (20). By contrast, STAT3
regulates NEMO-like kinases by mediating its interaction
with IL-6-stimulated TGFp activated kinase 1 for the phos-
phorylation of STAT3 (Ser 727) (21), suggesting that STAT3
also affects the expression of NEMO.

The present study aimed to measure the growth inhibi-
tory effects of TG fractions on MTC-SK cells. Furthermore,
fractions with high growth-inhibitory effects on the MTC-SK
cells were assessed for apoptotic effects in vitro and in vivo.
Following identification of the active agent in the plant frac-
tions, the present study aimed to investigate the role of NEMO
in two apoptotic pathways.

Materials and methods

Cell lines and cell culture. After obtaining written informed
consent, cell lines were established in our laboratory. The
MTC-SK cell line (1) was derived from lymph node metas-
tasis of a Sl-year-old central European woman. MTC-SK
cells grow as multicellular spheroids in suspension and were
maintained in Ham's F12 medium (Biowhittaker, Verviers,
Belgium), supplemented with 10% fetal bovine serum (FBS;
PAA Laboratories GmbH, Pasching, Austria). HF-SAR fibro-
blasts (22) were established from normal skin of a 3-year old
male child, cultured in Eagle's minimal essential medium
(PAA Laboratories GmbH), supplemented with 10% FBS, in
which the cells grew adherently. The cell lines were incubated
without antibiotics at 37°C, 5% CO, and 95% humidity and were
Mycoplasma-free, confirmed with a MycoAlert® Mycoplasma
Detection kit (Cambrex Bioscience, Rockland, ME, USA) and
Hoechst 33258 (Sigma-Aldrich, Vienna, Austria). Hoechst
stain (50 pl) was added to 50 pl cell suspension at a density of
2x10° (MTC-SK) and 1x10° (HF-SAR) cells/ml and incubated
at room temperature for 5 min. The study was approved by the
ethics committee of the Medical University of Graz, Austria
(18-182 ex 06/07).

Plant material. The TG fractions were extracted at the
Institute of Pharmacy and Pharmacognosy, Leopold-Franzens
University of Innsbruck (Innsbruck, Austria) (10). The extrac-
tion and fractionation of Trailliaedoxa gracilis was performed,
as described previously (7), resulting in the following frac-
tions for use on the tumor cells: TG-E5-F16*, TG-E5-F17%,
TG-E5-F18, TG-E5-F19, TG-E5-F20*, TG-ES5-F21%,
TG-E5-F22*, TG-E5-F23, TG-E5-F24, TG-E5-F25,
TG-E5-F26, TG-E5-F27, TG-E5-F28, TG-E5-F40%,
TG-E5-F41, TG-E5-F42, TG-E5-F43, TG-E5-F44,
TG-E5-F81*, TG-E5-F82/A3. TG fractions, as well as the
commercially available UA (Rotichrom®, Karlsruhe, Germany)
and camptothecin (CPT; Sigma-Aldrich) were diluted in
1 mM dimethyl sulfoxide (DMSO; Sigma-Aldrich) stock solu-
tion at room temperature. Experiments were performed using
1 mg/ml TG, 5 mg/mg UA and 5 mg/ml CPT.

Cell counting. The MTC-SK cells were seeded at a density of
2x10° cells/ml into 24-well plates (Sarstedt, Wiener Neudorf,
Austria). The TG fractions were added at 10 yg/ml or 25 pg/ml,
UA was added at 5, 10 and 20 #M and equal quantities of
DMSO were added to the control cells. The cell suspensions
(50 pl) were diluted in 10 ml Casyton® (Roche Diagnostics,
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Vienna, Austria) and measured automatically four times
using a Casy-1 Cell Counter & Analyzer system (Model TTC;
Schirfe System, Reutlingen, Germany).

Cell proliferation and viability. A 4-3-(4-iodophenyl)-2-(4-nitr
ophenyl)-2H-5-tetrazolo-1,3-benzene disulfonate (WST-1) Cell
Proliferation assay (Roche Diagnostics, Mannheim, Germany)
was used to quantify the proliferation and viability, by
measuring mitochondrial dehydrogenase, of the MTC-SK and
HF-SAR cells. The MTC-SK cells were seeded into 24-well
plates (Sarstedt) at a density of 2x10° cells/ml at 37°C for 24,
48 and 72 h in Ham's 12, supplemented with FBS, with either
DMSO (control), 10 or 25 pg/ml of the different 7G fractions,
or 5, 10 or 20 uM UA. A suspension of 100 pl was transferred
into 96-well plates. The HF-SAR cells were dissociated using
trypsin/EDTA (Sigma-Aldrich) and seeded into 96-well plates
at a density of 1x10° cells (100 ul/well). Following adher-
ence, the cells were treated with either DMSO (control), 10
or 25 pug/ml of the TG fractions, or 5, 10 or 20 uM UA, and
were cultured for 24, 48 and 72 h. WST-1 reagent (10 ul) was
subsequently added to each well, incubated for 2 h at 37°C
and detected using a multiwell spectrophotometer ELISA
reader (ThermOmax microplate reader; Molecular Devices,
Sunnyvale, CA, USA) at a range between 450 and 650 nm. The
result of each experiment was the mean of six parallel samples.

Light microscopy. Images of the TG-treated cells and the
controls were captured using a Nikon inverted microscope
(Eclipse TE 300; Nikon, Tokyo, Japan) and a Nikon 12-bit CCD
camera (Nikon). Staining with 4',6-diamidine-2'-phenylindole
dyhydrochloride (DAPI) was performed following 24, 48 and
72 h incubation with the 7G or UA. The cells were fixed using
methanol and the slides were centrifuged with cell suspensions
in FlexiPERM 8-chambers (Heraeus, Hanau, Germany) at
300 x g for 5 min (5x10° cells/chamber). The slides were incu-
bated in a moist chamber at room temperature for 20 min in
diluted DAPI stock solution (1 xg/ml calcium and magnesium
free-phosphate-buffered saline; CMF-PBS) and washed with
CMF-PBS. Images were captured using a Leica DFC 300 FX
camera (Leica, Wetzlar, Germany).

Electron microscopy. The cells were treated with TG-E5-F28
or DMSO at a concentration of 10 mg/ml. After 48 h, the cells
were centrifuged at 300 x g for 5 min at room temperature
and fixed in 3% glutaraldehyde (Plano GmbH, Wetzlar,
Germany) diluted in 0.1 M cacodylate buffer (Plano GmbH)
on ice for 24 h. The cells were postfixed on ice overnight in
1% osmium tetroxide (Sigma-Aldrich) in 0.1 M cacodylate
buffer, processed by modified routine methods (23) visualized
under an FEI Technail2 transmission electron microscope
(FEI Europe, Eindhoven, Netherlands) equipped with a Gatan
Bioscan CCD camera (Gatan, Munich, Germany).

Caspase assays. The MTC-SK cells were treated with
10 or 25 pg/ml of the different TG fractions; 5, 10 and
20 uM UA; DMSO or 5 uM CPT in 24-well plates. Following
the incubation periods, 50 ul of each cell suspension was trans-
ferred into a 96-well white plate (Nunc, Roskilde, Denmark).
Caspase activity was quantified using Caspase-Glo® assays
(Promega, Mannheim, Germany). The activities of caspase-2,
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-3/7, -6, -8 and -9 were measured in the MTC-SK cells in each
group. The Caspase-Glo® assays were performed, according
to the manufacturer's instructions. Briefly, Caspase Glo®
substrate was mixed with Caspase Glo® buffer (50 pul/well)
in a 96-well plate according to the manufacturer's instruc-
tions (Promega). The samples were agitated for 30 sec and
measured following a 1 h incubation at room temperature in
the dark. To avoid cross reactions, 50 nM Ac-DEVD-CHO
inhibitor (Promega) was added to the samples prior to addi-
tion of the reagents in the caspase-2, -6 and -9 assays. The
emitted light was measured using a Lucy2 Typ 18610 lumi-
nometer (cat. no. 186101036; Mediators PhL) and the values
were analyzed. Ham's F12+FBS (10%) medium was used as
a blank control. Double measurements were obtained in each
assessment.

Treatment of MTC-SK-xenografts in severe combined immune
deficient (SCID) mice with TG-E5-F28 and UA. A total of
19 female SCID mice, aged 11 weeks (Division of Laboratory
Animal Science and Genetics, Medical University of Vienna)
were injected subcutaneously with 3x107 MTC-SK cells in
0.3 ml PBS per mouse. The mice were housed in cages with
filtered air, and ad libitum access to food and water (stan-
dard mouse diet; y-irradiated; ssniff Spezialdidten GmbH,
Soest, Germany). After tumor volumes reached 100 mm?,
the compounds were injected intratumorally and consisted
of either 100 ug TG-E5-F28 dissolved in 100 1 DMSO in
Hanks' balanced salt solution (HBSS; n=8) or 100 u1 DMSO
in HBSS (n=5) every 5 days. The tumor size was measured
over a period of 21 days. UA was administered to another
group of MTC-xenografts and, at tumor volumes of 100 mm?,
the compounds were injected intratumorally and consisted of
either 20 mM UA dissolved in 100 x1 DMSO in HBSS (n=10)
or 100 1 DMSO in HBSS (n=10) every 5 days. As a negative
control, five mice were left untreated. The observation period
was 28 days. The tumor size was measured every 3 days using
a sliding caliper and the volume was calculated.

RNA extraction and reverse transcription (RT). The MTC-SK
cells were seeded at a density of 2x10° cells/ml and treated
with 20 uM UA or DMSO (control). Following incubation for
1 or 4 h, the cells were transferred into 50 ml tubes (Sarstedt)
and centrifuged for 10 min at 300 x g. This procedure was
performed three times. The total RNA was isolated using
TRIzol Reagent® (Molecular Research Centre, Cincinnati,
OH, USA). The RNA concentration was determined using
a Nanodrop ND-1000 spectrophotometer (NanoDrop®
Biotechnology GmbH, Erlangen, Germany). The RNA (1 pg)
from each preparation were then reverse-transcribed using
a High Capacity RNA to cDNA kit (Applied Biosystems,
Carlsbad, CA, USA), according to the manufacturer's instruc-
tions.

Quantitative polymerase chain reaction (qPCR). The relative
gene expression of NEMO was analyzed using f-actin as a
housekeeping gene. The following primers were used: NEMO,
forward 5-GTGAGCGGAAGCGAGGAATG-3' and reverse
5'-AACGGTCTCCATCACAATCT-3' and -actin, forward
5'-CATGTACGTTGCTATCCAGGC-3' and reverse 5'-CTC
CTTAATGTCACGCACGAT-3.
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SYBR Green I fluorescence dye (BioRad Laboratories,
Inc., Vienna, Austria) was used for detection, and 12.5 ul iQ
SybrGreen Supermix, 5.5 ul RNAse-free water and 0.5 ul each
forward and reverse primer (0.2 yM final concentration; 10 yM
stock) were mixed thoroughly in PCR tubes. Subsequently,
6 ul cDNA (5 ng ul; 1:10 dilution with nuclease-free water) from
the UA or DMSO treated MTC-SK cells were added. The cDNA
of the pooled RNA (UA+DMSO) was added to the master mix
for each gene to create a standard curve. The following cycles
were performed: 95°C for 3 min, 40 cycles at 95°C for 10 sec,
60°C for 45 sec, 72°C for 40 sec, 95°C for 10 sec, followed by
55°C for 10 sec, and the condition for the melting curve being
55-95°C (increase of 0.5°C/5 sec). The data were normalized
using the expression of S-actin and the relative gene expres-
sion was assessed using the AACq method (24).

Statistical analysis. The mean, standard deviation and signif-
icance were calculated using a two-tailed unpaired Student's
t-test. The experiments with UA were repeated three times,
however, due to limited quantities of the fractions, the TG
experiments were only performed once. Statistical analysis
was performed using Microsoft Office Excel 2003 (Microsoft
Corporation, Redmond, WA, USA). P<0.05 was considered
to indicate a statistically significant difference.

Results

Treated MTC-SK cells reveal the antiproliferative effects
of TG and UA. The initial screen revealed a reduction in
the proliferation of the MTC-SK cells treated with TG-2
(25 ug/ml), according to the CASY®-1 Cell Counter &
Analyzer and WST1 results. All the subfractions, which split
from TG-2, exhibited significant antiproliferative effects
following treatment for 72 h at a concentration of 25 g/ml.
TG-E5-18, TG-E5-F19, TG-E5-F23, TG-E5-F41, TG-E5-F43
and TG-E5-F82/A3 exhibited no or little antiproliferative
effects; TG-E5-F27 and TG-E5-F44 exhibited low, but
significant, antiproliferative effects; and TG-E5-F24,
TG-E5-F25, TG-E5-F26, TG-E5-F28 and TG-E5-F42 exhib-
ited marked antiproliferative effects at 10 xg/ml following 72 h
incubation. TG-E5-F28 was the subfraction with the highest
antiproliferative effects in the MTC-SK cells compared with
the MTC-SK cells treated with DMSO (Fig. 1A and B). The
activity of several caspases were subsequently analyzed with
this subfraction and under transmission electron microscopy.
UA also exhibited a dose-dependent antiproliferative effect
on the MTC-SK cells compared with those treated with
DMSO (Fig. 1C and D).

Treatment with 10 and 25 ug/ml of seven of the TG
fractions, including TG-E5-F25, revealed a decrease in cell
number and a reduction in the activity of succinate dehydro-
genase in the MTC-SK cells over 3 days, whereas TG-E5-F24
and TG-E5-F25 caused no reduction in the activity of succi-
nate dehydrogenase in the HF-SAR cells at a concentration
of 25 pug/ml (Fig. 2A).

The MTC-SK cells treated with 10 uM UA demon-
strated a significant reduction in cell number following
incubation for 48 h or following only 24 h incubation with
20 uM UA. No antiproliferative effects were observed in the
control. A significant reduction in the activity of succinate
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Figure 1. Antiproliferative effects of Trailliaedoxa gracilis and UA on
MTC-SK cells. Cell proliferation was evaluated using a CASY®-1 cell
counter and analyzer, and viability was evaluated using a WST-1 assay of
MTC-SK cells treated with (A and B) TG-E5-F28 or (C and D) UA for 24,
48 and 72 h. The controls were treated with dimethyl sulfoxide. Data are
expressed as the mean + standard deviation. "P<0.05, “'P<0.01, “"P<0.001,
compared with control. UA, ursolic acid.

dehydrogenase was measured at a concentration of 20 xM
following incubation for 24 h (Fig. 2B).

Fractions of TG and UA damage MTC-SK cells. The
MTC-SK cells treated with the majority of the screened TG
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Figure 2. Effects of Trailliaedoxa gracilis and UA on HF-SAR cells. Cell viability was evaluated using a WST-1 assay on HF-SAR cells treated with
(A) TG-E5-F25 or (B) UA for 24,48 and 72 h. The controls were treated with DMSO. Data are expressed as the mean + standard deviation. “P<0.01, compared
with control. UA, ursolic acid.

Figure 3. Morphology of the MTC-SK cells treated with 7G and UA. (A-D) Dissociation of cell aggregates following 24 h incubation (magnifica-
tion, x400). (B) 10 ug/ml TG-E5-F25 and (D) 10 uM UA. (E-H) Pro-apoptotic cell bodies and nuclei damage following 4 h incubation (magnification, x400).
(F) 10 ug/ml TG-E5-F25 and (H) 10 M UA. (I-L) Structural damage and disintegration of clusters following 45 h incubation. (J and L) 25 pg/ml TG-E5-F25.
(I and J) magnification, x3,100; (K) magnification, x13,300; (L) magnification, x20,000. (A, C, E, G, I and K) Respective controls treated with dimethyl
sulfoxide. UA, ursolic acid; TG, Trailliaedoxa gracilis.

fractions and UA revealed altered morphology compared exhibited pro-apoptotic cell bodies following incubation for
with the DMSO-treated control cells. A dissociation of 4 h (Fig. 3E and F), however, the majority of the fractions
cell aggregates was observed following incubation for 24 h  produced no specific pro-apoptotic cell bodies in the treated
(Fig. 3A-D). DAPI staining revealed that the MTC-SK cells MTC-SK cells. The nuclei of the MTC-SK cells treated with
treated with four of the fractions, particularly TG-E5-F25, either the 7G fractions or UA were damaged compared with the
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Figure 4. Apoptosis is activated in MTC-SK cells following treatment with Trailliaedoxa gracilis and UA. Caspase activity was evaluated using different
caspase assays. (A and B) Activity of caspase-3/7 in MTC-SK cells following treatment with (A) TG-E5-F28 and (B) UA. (C and D) Activity of caspase-8
in MTC-SK cells following treatment with (C) TG-E5-F28 and (D) UA. Control cells were treated with dimethyl sulfoxide and CPT was used as a positive
control. Data are expressed as the mean + standard deviation. "P<0.05, “"P<0.01, “"P<0.001, compared with control (upper *“ and * indicate cells treated with

UA compared with cells treated with CPT. UA, ursolic acid; CPT, camptothecin.

DMSO-treated MTC-SK cells (Fig. 3G and H). Transmission
electron microscopy revealed structural damage and disintegra-
tion of clusters in the MTC-SK cells treated with TG-E5-F28
compared with the DMSO-treated MTC-SK cells. The hetero-
chromatin/euchromatin structure was reduced, cell organelles
were damaged and pro-apoptotic vesicles were observed.

TG fractions and UA induce apoptosis in MTC-SK cells. The
activity of caspase-3/7 increased significantly in the MTC-SK
cells treated with TG-E5-F28 for 12 h compared with the
DMSO-treated MTC-SK cells (Fig. 4A and B). The activity
of caspase-8 increased in the MTC-SK cells treated with
TG-E5-F28 compared with the DMSO-treated MTC-SK cells
(Fig. 4C) and the activities of caspase-2, -6 and -9 increased in
the MTC-SK cells treated with different 7G fractions compared
with the DMSO-treated MTC-SK cells. The activities of
caspase-3/7 and -8 were significantly increased in the MTC-SK
cells treated with UA compared with the DMSO controls
(Fig. 4B and D).

Treatment with UA does not alter the expression of NEMO
in MTC-SK cells. The RNA isolation and gel-electrophoretic
separation of small RNA, 18S rRNA and 28S rRNA from the
UA-treated and DMSO-treated MTC-SK cells was successful
and was used to synthesize cDNA. -actin was more stable
compared with GAPDH when the cells were treated with UA.
The expression of 3-actin was used as a housekeeping gene
(confirmed using GeneEx® software). The ratio of NEMO
and f-actin was calculated for each experiment: 1.2 (log2:

0.23), 0.8 (log2: -0.32) and 0.5 (log2: -0.98), suggested that
the expression of NEMO did not differ between the MTC-SK
cells treated with UA or DMSO. Although the first experi-
ment revealed a non-significant (P=0.502) increase in the
expression of NEMO in the cells treated with UA, the subse-
quent two experiments revealed a non-significant decrease
(P=0.505 and P=0512, respectively) in the MTC-SK cell line
treated with UA.

TG-E5-F28 and UA causes no inhibition of tumor tissues
in MTC xenografts. The MTC-SK tumor-bearing SCID
mice treated with TG-E5-F28 did not progress differently
compared with the control mice. Following treatment for
1 week, the tumor volume in the mice treated with TG-E5-F28
decreased by 5.7+£26.2% and decreased 11.4+24.1% after
2 weeks compared with the controls. Following treatment
for 3 weeks, a 0.7+20.1% increase in tumor volume was
measured compared with the controls. The P-values were
0.394, 0.294 and 0.483 for the first, second and third week of
treatment, respectively. The MTC-SK tumor-bearing SCID
mice treated with UA exhibited no difference in progression
compared with the control mice, with P-values between 0.221
and 0.492.

Discussion
The interest in medicinal herbs for the identification of

novel drugs has increased in recent years. Extensive lists
of plant extracts with health benefits have been compiled
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and are increasing (25). Active compounds, including
curcumin, resveratrol and linalool, target apoptotic pathways
and affect proteins, including STAT-1/3, NF-xB or B-cell
lymphoma-2 (25). Investigating these pathways and their asso-
ciation with the effects of active plant compounds may provide
insight into the role of different proteins in the apoptotic
pathways.

The MTC-SK cell line represents a useful model for inves-
tigating anticancer agents. Our previous studies examined the
effects of several plant extracts on MTC cell lines, including
MTC-SK, SINJ, BOJO and SHER-I (1,26,27). Plant extracts
from Aglaia sp., Stemona tuberosa, Uncaria tomentosa and
Cautleya gracilis (Smith) Dandy have been observed to induce
apoptosis in MTC cell lines (5,6,8,9).

Novel plant extracts have been assessed, not only in MTC
cell lines, but also in other cell lines of neuroendocrine tumors,
including KRJ-I, a NET of the small intestine (28). Different
TG fractions have pronounced apoptotic effects on KRJ-I cells
in vitro and in vivo (7).

In the present study, each TG subfraction demonstrated
dose-dependent effects on the inhibition of cell growth and
viability. All fractions caused a dose-dependent inhibition of
the spheroidal structure, which is typical for the MTC-SK
cell aggregates, however, pro-apoptotic bodies were only
observed in a few fractions, including TG-E5-F24 and
TG-E5-F25.

High levels of DMSO may activate other pathways, leading
to false interpretation of results. Numerous cases of matura-
tion and differentiation of cells treated with DMSO have been
reported, including neuroblastoma cells, hepatocytes and
mammary epithelial cells (29-31). Evaluation of the cytotoxic
effects of DMSO on Caco2/TC7 cells revealed that a concentra-
tion of <10% DMSO does not impair cells (32). As the present
study was performed with DMSO concentrations <10%, the
solvent was not considered responsible for the effects observed
in the MTC-SK cells.

Following the assessment of the fractions using a
CASY®-1 Cell Counter & Analyzer system and WST-1 cell
viability assays, the most effective agents were selected and
used for caspase-3/7 assays to determine whether the decrease
in cell number and mitochondrial activity was associated with
necrotic or apoptotic events caused by the TG subfractions.
The MTC-SK cells treated with these fractions (TG-E5-F24,
TG-E5-F25, TG-E5-F26, TG-E5-F28 and TG-E5-F42)
exhibited increased caspase-3/7 activity compared with the
DMSO-treated control cells. The MTC-SK cells treated with
TG-E5-F28 also exhibited increased activities of caspase-6
and pro-caspases-2, -8 and -9.

The ultrastructure of the MTC-SK cells treated with
TG-E5-F28 revealed severely damaged cells and an increase
in vacuoles. The membrane structures were damaged and the
nuclei exhibited altered homochromatin and heterochromatin,
although pro-apoptotic bodies were not observed.

In the HF-SAR cells, no difference was observed between
the control cells treated with DMSO or the cells treated with
the TG-E5-F24 or TG-E5-F25 subfractions. The MTC-SK
cells, which build spheroids in suspension, were seeded at a
concentration of 2x103 cells/ml and the HF-SAR cells were
seeded at a concentration of 1x10° cells/ml, as they grow
adherently. Therefore, although there were a larger quantity
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of plant extract relative to each HF-SAR cell, they were not
impaired.

The results of the present study led to the hypothesis that TG
contains a pro-apoptotic agent that, in low quantity, caused MTC
tumor cell death by activating the apoptotic pathway. How this
activation is performed remains to be elucidated. Since caspase-2
was activated late, the highest levels of which were observed in
the MTC-SK cells following 20 h incubation with TG-E5-F28,
this caspase was excluded as an inducing factor for apoptosis.
Caspase-8 or -9 may have been responsible for the activation of
the programmed cell death in the 7G fraction-treated MTC-SK
cells. The initiator caspases induce apoptosis via the extrinsic or
intrinsic pathway; the extrinsic pathway is initiated by ligation
of a transmembrane death receptor of TNF receptor 1, while the
intrinsic pathway is initiated by selective mitochondria permea-
bilization, which releases cytochrome c into the cytosol (33).
Since the extrinsic pathway involves caspase-8 and the intrinsic
pathway involves caspases-2 and -9, it is possible that the activa-
tion of apoptosis in the MTC-SK cells treated with TG-E5-F28
occurs via the extrinsic pathway.

The results from the present study are similar to those of
Svejda et al (7), who performed comparable experiments on the
KRIJ-I NET cell line, which appear to be more sensitive to TG
fractions than MTC-SK cells.

UA was identified in all the 7G extracts, and was compared
with the highly effective TG fractions from the prior experi-
ments. The present study therefore repeated the CASY®-1 Cell
Counter & Analyzer system and WST1 cell viability assess-
ments using the same concentrations of UA, TG-E5-F41 and
TG-E5-F44. The results revealed a similar dose-dependent inhi-
bition of cell proliferation in the MTC-SK cells treated with UA
and 7G. The MTC-SK cells treated with 10 ym UA exhibited
a significant decrease in cell number following treatment for
48 h and a significant decrease in the activity of succinate-dehy-
drogenase following incubation for 24 h, compared with the
DMSO controls. Destruction of cell clusters was observed in the
MTC-SK cells treated with 5 M for 24 h, and pro-apoptotic cell
bodies were observed in the MTC-SK cells treated with 10 and
20 uM UA. The initiator caspase-8 and the effector caspase-3/7
were significantly activated in the MTC-SK cells treated with
UA compared with the DMSO controls. It was deemed unlikely
that UA functioned by inhibiting topoisomerase I, as the acti-
vation of caspases following treatment with CPT was always
later compared with the treatment with UA. The activation
of the effector caspase-3/7 in MTC-SK cells treated with UA
was induced following incubation for ~80-100 min, which was
important for determining the necessary incubation period for
the gPCR.

Due to limitations on the small quantities of the 7G frac-
tions, it was not possible to perform experiment more than twice
to establish significant results. For gPCR analysis, larger quanti-
ties of treated cells were required to obtain a sufficient quantity
of mRNA.

The gene expression of NEMO, involved in apoptosis, has
received increasing attention in recent years. NEMO can affect
upregulate or downregulate the apoptotic pathway and appears
to be a highly conserved protein with different regulatory
regions. It has four transcription start sites and two promoters,
one located in the GO6PD intron 2 and the other located in a CpG
island (34). The most recognized apoptotic pathway is induced
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by TNF, however, the majority of cells are resistant to apoptosis
via the NF-«xB pathway, in which the regulatory subunit NEMO
is responsible for activation of the IKK complex. An extrinsic
pathway of apoptosis is possible in the absence of NEMO
activating caspase-8 (20). The results from the present study
suggested that apoptosis occurred via the extrinsic pathway,
therefore, whether there is an association between the expression
of NEMO in the UA-treated MTC-SK cells was investigated.

Following incubation of the MTC-SK cells with 20 uM UA
or DMSO for 80 min, the RNA was isolated and cDNA was
synthesized to evaluate the quantity of NEMO, using (-actin
as a housekeeping gene. Since none of the three experiment
repeats revealed a significant difference in NEMO between the
treated and control MTC-SK cells, it was hypothesized that UA
did not affect the expression of NEMO.

UA inhibits the NF-kB activation pathway by inhibiting
the IKK complex (35), which is associated with the expression
levels of NEMO. Therefore, it was hypothesized that the expres-
sion of NEMO is altered in MTC-SK cells treated with UA.
However, the results suggested that another activation pathway
for IKK is involved, which is independent of the upregulation of
NEMO. IKK inhibition can be explained with the CYLD and
A20 deubiquitination enzymes and an inhibition of K ubiq-
uitin proteins (36). CYLD inhibits vascular lesion formation
by suppressing the activity of NF-kB activity, however, it also
demonstrates pro-inflammatory response in vascular smooth
muscle cells (37). The downregulation of A20 appears to be
associated with several types of cancer (38). These proteins
suggest possible NEMO-independent regulation of the IKK
complex. In addition, K63-linked chains are involved in
the assembly of the IKK complex and K11 ubiquitin. These
proteins are important for activation of the IKK complex to
prevent apoptosis and to ensure the conformation of these
proteins for an adequate interaction between themselves and
the IKK complex (39).

The HF-SAR cells treated with UA at different concen-
trations demonstrated a marginal decrease in the activity
of succinate-dehydrogenase following incubation with
10 uM UA. However, following incubation for 72 h, these
cells recovered completely, exhibiting the same mitochondrial
activity as the HF-SAR cells treated with DMSO. The cells
treated with 20 xuM UA had significantly decreased succinate
dehydrogenase activity in each measurement and the cells
treated with 5 uM UA revealed no difference in mitochondrial
activity.

Despite the evidence that TG-E5-F28 and UA exhibited
increased apoptotic effects in treated MTC-SK cells in vitro,
the in vivo experiments revealed no reduction in tumor volume
in MTC-SK-bearing SCID mice treated with these substances.
Svejda et al identified a tendency towards tumor inhibition in
KRJ-I-bearing SCID mice treated with TG-E5-F28, whereas
MTC-SK cell-bearing SCID mice revealed no response. It
was evident that the KRJ-I neuroendocrine tumor cells were
more sensitive towards this drug than the MTC-SK medullary
thyroid carcinoma cells.

The present study hypothesized that UA induced apoptosis
in MTC-SK tumors, but that it was not present in sufficient
concentrations to eliminate the tumor, enabling the surviving
cells to proliferate and grow at the same speed as the tumors
observed in the control mice. A higher concentration of UA in

AGUIRIANO-MOSER et al: URSOLIC ACID FROM T. gracilis INDUCES APOPTOSIS IN MTC CELLS

the tumor cells during weeks 3 and 4 of each experiment may
have improved the results. The elimination of the substance
through the kidneys and the liver may explain the absence of
effects of UA and TG-E5-F28 in MTC-SK tumor-bearing SCID
mice. However, if this were the case, the results of the previous
study on TG-E5-F28-treated KRJ-I tumor-bearing SCID mice,
would have been similar to those of the present study.
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