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Abstract

As part of the screening program for anticancer agents from natural sources, the sesquiterpene 

lactone goyazensolide (GZL) was identified as a potent NF-κB inhibitor. The hollow-fiber assay 

was used to evaluate the anti-tumor efficacy of GZL in vivo. The mechanistic effects of GZL were 

evaluated in the HT-29 colonic cell line to reveal the pathway through which GZL exerts its 

effects. NF-κB subunits p65 and p50 were inhibited, and the upstream mediator IκB kinase 

(IKKβ) was downregulated in a dose-dependent manner. Apoptosis was mediated by caspase-3, 

and cell cycle arrest was detected in G1-phase. Consequently, 96% of the cell population was in 

sub G1-phase after treatment with GZL (10 μM).The antitumor effect of GZL was observed at a 

dose of 12.5 mg/kg. Cell adhesion was affected as a result of NF-κB inhibition. GZL appears to 

selectively target the transcription factor NF-κB. In summary, GZL sensitizes HT-29 colon cancer 

cells to apoptosis and cell death in a dose-dependent manner both in vivo and in vitro, through NF-

κB inhibition (IC50 = 3.8 μM). Thus, it is a new potent lead compound for further development 

into a new effective chemotherapeutic agent.
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INTRODUCTION

Goyazensolide (GZL) is a naturally occurring heliangolide discovered mainly from plants of 

the tribe Vernonieae of the family Asteraceae. This compound was first isolated from 

Eremanthus goyazensis as part of a research program to find schistosomicidal 

agents(Vichnewski et al., 1976), and was obtained subsequently from Eremanthus 

mattogrossensis (Lunardello et al., 1995), Lychnophora granmongolense (Grael et al. 2000), 

Lychnophora pohlii (Grael et al., 2005a),Camchaya calcarea (Vongvanich et al., 2006), 

Centratherum punctatum (Valdes et al., 1998), and Piptocoma rufescens (Ren et al., 2012). 

GZL, isolated previously from Piptocoma rufescens in our research program, exhibits 

multiple bioactivities, including schistosomicidal, trypanocidal (Grael et al., 2005b; 

Vichnewski et al., 1976; Grael et al., 2005a Borkosky et al., 2009), antimycobacterial 

(Vongvanich et al., 2006), cytotoxic (Dos Santos et al., 2004; Vongvanich et al., 2006; Ren 

et al., 2012) and genotoxic (Mantovani et al., 1993) effects. It has also been reported by our 

research group that this compound shows nuclear factor kappa B (NF-κB) inhibitory activity 

(Rungeler et al., 1999; Siedle et al., 2004; Wagner et al., 2006; Ren et al., 2012).

Nuclear factor κB, a light-chain-enhancer of activated B cells, is a protein complex 

composed of subunits p50 and p65 that controls the transcription of DNA and is involved in 

the regulation of many diseases including cancer (Nakanishi and Toi, 2005). When inactive, 

NF-κB is bound to inhibitor of κB (IκB)_located in the cytosol (Nakanishi and Toi, 2005). 

A variety of intracellular or extracellular signals, including tumor necrosis factor (TNFα)

(Fitzgerald et al., 2007), reactive oxygen species (ROS) (Gloire et al., 2006) and epidermal 

growth factors (EGF) can cause activation of NF-κB by phosphorylation of IκB and then 

dissociation of IκB from NF-κB (Nakanishi and Toi, 2005). The activated NF-κB is 

translocated into the nucleus and binds to promoter regions of the DNA to activate 

transcription of a wide range of target genes involved in apoptosis inhibition, cell adhesion, 

and cell mediation (Nakanishi and Toi, 2005). Such effects protect tumor cells from 

apoptosis. The IKKα (inhibitor of nuclear factor kappa-B kinase subunit α) and IKKβ are 

kinases that dissociate IκBα from NF-κB. Inhibition of IKKα and IKKβ results in the 

suppression of NF-κB activation and blocks tumor cell proliferation (Nakanishi and Toi, 

2005). Therefore, IKKα, IKKβ, and NF-κB are widely used as molecular targets for the 

discovery new anticancer drugs (Li et al., 2011; Wu and Zhou, 2010). Recently, several 

natural products have been reported to exhibit potential antitumor activity through inhibition 

of NF-κB activation and some are under clinical development, such as parthenolide (Kishida 

et al., 2007; Oka et al., 2007; Idris et al., 2009).

As part of a search for new anticancer agents from diverse organisms (Kinghorn et al., 

2009), GZL showed both cytotoxic and NF-κB p65 inhibitory activities in vitro (Ren et al., 

2012). In the present study, the antitumor efficacy of GZL was evaluated using a mice 

model. The animal model, using immune deficient NCr nu/nu mice and hollow fiber, allow 

different cancer cell lines to be used in vivo. The mechanism through which this compound 

exerts inhibition of NF-κB activation and induction of apoptosis was also investigated.
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MATERIALS AND METHODS

Plant material

A chromatographically and spectroscopically pure crystalline sample of goyazensolide 

(GZL) was isolated from the leaves of Piptocoma rufescens in a previous study (Fig. 1) (Ren 

et al., 2012).

Cell culture

The colonic cancer HT-29 and cervical HeLa cell lines were purchased from American Type 

Culture Collection (ATCC), Manassas, VA. The HT-29 cells were grown in RPMI-1640 

medium and was purchased from Gibco (Rockville, MD, USA), supplemented with 10% 

(v/v) fetal bovine calf serum (FBS) and 10% antibiotic-antimycotic. The HeLa cells were 

cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS and 10% 

antibiotic-antimycotic (Gibco). The cells were kept at 37°C and in an atmosphere with 5% 

CO2.

Western blotting

Immunoblotting experiments were performed following a previously reported protocol with 

some modifications (Acuna et al., 2012a). To observe the effect of GZL on the NF-κB 

pathway, HT-29 cells were seeded in 10 cm dishes and treated with GZL at five different 

concentration levels (0.008, 0.016, 0.4, 2.0 and 50 μM) and with the positive control, 

rocaglamide from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). Cells were incubated 

for 8h followed by 30 min treatment with or without human recombinant tumor necrosis 

factor α (TNFα) (10 ng/ml) from Thermo Scientific (Rockford, IL, USA). Cells were lysed 

and whole cell protein lysates were prepared using PhosphoSafe Lysis Buffer from Novagen 

(Madison, WI, USA). The protein concentrations were measured by using a Bradford 

protein assay kit and albumin standard (Thermo Scientific). To determine the protein 

concentration present in cell lysates and in albumin standard dilutions, absorbance was 

measured using a Fluostar Optima plate reader (BMG Labtech Inc, Durham, NC). The 

protein content in cell-lysates was extrapolated on the standard curve created for albumin 

standard. Sample volume containing 20 μg of proteins together with lithium dodecyl sulfate 

sample loading buffer (LDS), were loaded to Nu-PAGE 10% SDS-PAGE Bis-Tris gels, 

together with SeeBlue® Plus2 Pre-Stained Standard Ladder from Invitrogen (Carlsbad, CA, 

USA). The proteins were separated by electrophoresis performed with SDS-PAGE running 

buffer in a Nu-PAGE XCell SureLock Module (Invitrogen), and transferred to a 

polyvinyldiene fluoride (PVDF) membrane from Thermo Scientific, using TBS-T buffer 

(TBS-T)( Sigma Aldrich, St. Louis, MO, USA). The blots were blocked overnight at room 

temperature with non-fat dried milk and subsequently probed by primary antibodies 

(1:1000) against each target protein using 1% BSA in TBS-T. Primary antibodies (anti-NF-

κBp65 and p50, anti-IKKα, anti-IKKβ, anti-intracellular adhesion molecule 1(ICAM-1) and 

anti-caspase-3) were purchased from Cell Signaling Technologies (Beverly, MA, USA) and 

detected by western blot analysis with HRP conjugated secondary antibodies (1:2000) from 

purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Conjugated 

antibodies were detected using a chemiluminescent substrate, Supersignal Femto LumiGLO 

kit (Thermo Scientific).
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Animals and treatment regimen

Eight- to nine-week old immunodeficient NCr nu/nu mice were purchased from The Jackson 

Laboratory (Bar Harbor, ME) and used in this study. The mice were housed in laminar-flow 

cages at room temperature and a relative humidity of 50-60% under 12:12 h light-dark cycle 

with specific pathogen-free conditions and kept under such condition for at least one week 

before experiment. All animal work was approved by University of Illinois at Chicago 

Animal Care and Use Committee, and the mice were treated in accordance with the 

institutional guidelines for animal care. GZL and taxol were dissolved initially in DMSO 

and subsequently diluted with Cremophor®. The mixture was then diluted with distilled 

water to its final injection state which consisted of 13% DMSO and 25% Cremophor®. The 

mice were treated daily with GZL, the positive control (taxol), or the negative control (the 

vehicle solution) by i.p. injections for four days.

Hollow fiber assay

The antitumor effects of GZL were confirmed in vivo, using the hollow fiber assay that was 

conducted as described previously (Mi et al., 2002; Mi et al., 2009). Human cancer cell lines 

designated colon HT-29 and melanoma MDA-MB-435 were propagated in RPMI-1640 

medium supplemented with FBS (5% vol/vol) and 2 mM glutamines at 37°C in a 5% CO2 

atmosphere. Monolayer cultures in late log-phase growth were released by digestion with 

trypsin, and suspended in medium. Sterile conditioned polyvinylidene fluoride hollow fibers 

perforated with 500 kDa molecular weight exclusion pores were filled with the cells (HT 29; 

1 × 106 and MDA-MB 435: 2.5 × 106 per fiber) (Hollingshead et al., 1995). The fibers were 

then heat sealed at two-cm intervals and cut to generate the fibers used for the study. Prior to 

implantation, the fibers were cultured overnight at 37°C in a 5% CO2 atmosphere. A set of 

fibers remained in culture to confirm sterility. The remaining fibers were transplanted into 

immunodeficient female NCr nu/nu mice. For intraperitoneal (i.p.) implants, a small incision 

was made through the skin and musculature of the dorsal abdominal wall, the fiber samples 

were inserted into the peritoneal cavity in a craniocaudal direction, and the incision was 

closed with skin staples. For subcutaneous (s.c.) implants, a small skin incision was made at 

the nape of the neck and an 11-gauge trocar containing a hollow fiber, was inserted caudally. 

The incision was closed with skin staples. On day three, the mice were treated with GZL at 

the 3.125, 6.25 and 12.5 mg/kg in four daily i.p. injections, followed by fiber retrieval on 

day 7. Taxol was administered at a dose of 3 mg/kg in the same vehicle. Each mouse was 

weighed daily during the study. On day 7, all remaining mice were sacrificed and the fibers 

were retrieved and viable cell mass was evaluated by a modified MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Alley et al., 1991). The 

percent net growth for each cell line in each treatment group was calculated by subtracting 

the day-zero absorbance from the day 7 absorbance and dividing this difference by the net 

growth in the day 7 vehicle-treated controls minus the day-zero values. The method of 

statistical methodology was previously published (Pearce et al., 2012).

ROS assay

The assay was performed following a previously described procedure (Kimet al., 2010; 

Acuna et al., 2012b. HT-29 cells were seeded in a 96-well plate then, the cells were treated 
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with GZL (0.028-280 μM), paclitaxel (0.0001-0.1 μM) (Sigma Aldrich), and daunomycin 

(0.08-8 μM) (Tocris, Bristol, UK) and incubated at 37°C with 5% CO2 for 5h. This was 

followed by a treatment with H2O2 from Fluka Biochemika (Steinhiem, Switzerland) /

FeSO4 (1.25 mM/0.2 mM)( Fischer Scientific Company , Fair Lawn, NJ) (the positive 

control) and probed with the fluorescent probe DCFH-DA (5 mM) (Sigma Aldrich) for 30 

min at 37°C. Vitamin C (Sigma Aldrich) was used as negative control. Fluorescence was 

measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm 

using a FLUOstar Optima fluorescence microplate reader (BMG Labtechnologies Inc., 

Durham, NC, USA). Each experiment was carried out in triplicate and the data was 

representative of at least two different experiments.

Cell adhesion assay

Cell suspension was plated in a 48-well plate, grown confluent, and treated in triplicates 

with different concentrations of GZL (0.028-280 μM) for 5h, following previously reported 

procedure (Acuna et al., 2012a). The cells were then washed with PBS three times. The 

attached cells were photographed using the ProgResC10 plus camera from Jenoptik, Carl 

Zeiss, GmbH, Germany attached to the microscope Axiovert 40 CFL from Zeiss at X20 

magnification. After treatment, the cells were then trypsinated and re-suspended in cell 

media before being counted using hemocytometer and an inverted microsope (Axiovert 40 

CFL, Zeiss). Cell adhesion was calculated based on non-treated cells that were used as 

control.

Cell cycle analysis

Cells (HT-29-colon) were seeded into 10 cm dishes and 24h later treated using two different 

concentrations of test samples or solvent control. After 24h of incubation, cells were 

trypsinized, pelleted by centrifugation, washed with PBS and fixed in ice-cold 70% ethanol. 

DNA was stained with propidium iodine (PI) (10 μg/mL) (Sigma Aldrich) in a reaction 

solution containing 1 mM EDTA and 100 μg/mL Purelink RNase A, obtained from 

Invitrogen. Fluorescence emitted from the propidium iodine-DNA complex was quantified 

using BD FACS Canto II at 488 nm.

Caspase-3/7 assay

Caspase-3/7 activities were tested in HT-29 cells using the caspase- Glo3/7® assay 

(Promega, Madison, WI, USA). The assay was performed following the manufacturer's 

instructions and a previously published procedure with some modifications (Acuna et al., 

2012b). The HT-29 cells were seeded in a 96-well plate and treated at three concentration 

levels with GZL (0.08, 0.4 and 2.0 μM), and paclitaxel (0.001, 0.01, 0.1μM). Plate was 

incubated for 3h and caspase- Glo3/7® reagent was added 30 min before luminescence was 

measured. Luminescence units (LU) were recorded using Fluostar Optima plate reader 

(BMG Labtechnologies Inc.) at 37°C.

Statistical analysis

Statistical analysis for obtained results was carried out with the aid of Excel computer 

software program.
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RESULTS

NF-κB inhibiting effect of GZL on HT-29 cells

As part of a drug discovery program, GZL was previously identified as a potent NF-κB 

inhibitor on HeLa cervical cancer cells when using an Elisa assay (Ren et al., 2012). The 

NF-κB inhibition (IC50 = 3.8 μM) was compared to the effects exhibited by rocaglamide 

(IC50= 0.075 μM), a potent inhibitor of the NF-κB signaling pathway. A further analysis of 

the data previously reported, using western blot and HeLa cells, confirmed the NF-κB 

inhibitory effects of GZL. The expression of NF-κB subunits p65 and p50 decreased in 

absence (Fig. 2A) and presence of TNFα treatment (Fig. 2B). Inhibition on the activating 

kinases, upstream in the NF-κB pathway, IKKα and IKKβ was also observed (Fig. 2C). The 

effects observed on the protein expression, when using western blot and HeLa cells, were 

more noticeable with increasing concentrations. Thus the underlying molecular effects on 

the NF-κB pathway by GZL were further evaluated using HT-29 cells and western blot 

analysis. GZL exhibited dose-dependent inhibition of p65 and p50 both in presence or 

absence of TNFα (Fig. 3A). The upstream mediators, IKKα and IKKβ, in the NF-κB 

pathway were also downregulated (Fig. 3B) in a concentration-dependent manner after 

treatment with TNFα. The suppression was particularly prominent on the IKKβ in both 

HeLa and HT-29 cells, which shows that the canonical NF-κB pathway was inhibited 

upstream in the pathway on the treated cells.

Inhibition of cell growth and suppression of tumor progression in vivo

GZL exhibited anti-tumor effects in vivo against HT-29 colon cancer cells, when using the 

hollow fiber assay (Fig. 4). Taxol was used as a positive control (Fig. 4). The treated 

animals showed low signs of toxicity at 15 mg/kg and the compound was lethal at 20 mg/kg. 

At the highest dose (GZL 12.5 mg/kg), the effects on cell growth were comparable to that of 

the treatment with taxol at the dose of 3 mg/kg. Similar efficacy of GZL and paclitaxel was 

found in treated HT-29 colon cancer cells.

Intracellular levels of ROS after treatment with GZL

The effects of GZL on the intracellular levels of ROS were not significant in comparison 

with the positive control daunomycin (Fig. 5). Daunomycin is known as a potent ROS 

inducing agent in cancer cells and as a DNA damaging agent (Gervasoni et al., 2004). GZL 

effects were similar to those of paclitaxel. GZL showed only a low inducing ROS effect 

after 5h of treatment.

Effects of GZL on cell adhesion of colon HT-29 cancer cells

Reduction of cell adhesion is a downstream effect of NF-κB inhibition. To test if GZL had 

an inhibitory effect on cell adhesion (Fig. 6A), HT-29 cells were incubated with GZL for 5h 

over a range of concentrations (0.28-280 μM). Treatment with GZL affected cell adhesion in 

HT-29 cells (Fig. 6B). After 5h treatment with GZL, 78% of the treated cells were detached 

from surface when treated at 28 μM. At the lowest concentration 0.028 μM, 54% of cells 

were detached from surface after 5h of incubation under the same conditions as the 

untreated cells (Fig. 6C). GZL also dose-dependently downregulated the expression of 
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ICAM1 in HT-29 cells, when using western blot analysis (Fig. 6D). This data strongly 

suggest that adhesion of cells was negatively affected by GZL.

Cell cycle arrest on HT-29 cells

The proapoptotic effect of GZL was confirmed by cell sorting analysis after 24h of 

treatment, at different levels of concentration (5 and 10 μM). Cell cycle arrest was detected 

in sub G1-phase by fluorescence-activated cell flow cytometry. Not treated HT-29 cells 

showed 12% of cells in sub G1-phase and 49% in G1-phase (Fig. 7A). After treatment with 

GZL at 5 and 10 μM, 23%, and 96% of cells were found in sub G1-phase, respectively (Figs.

7B and C). The cells in G1-phase decreased with increasing concentrations of GZL, 48% 

were in G1-phase at 5 μM and 2 % were in G1-phase at 10 μM, respectively. After treatment 

with 10 μM of GZL, however; over 90% of HT-29 cells had undergone apoptosis and were 

in sub G1-phase.

GZL induced caspase-3/7 activity

The caspase activity in treated HT-29 cells was tested using the luminescent assay caspase 

−3/7®GLO. Although the dose of taxol was 20 times lower than GZL, both exhibited 

caspase enzyme activity in a dose-dependent manner. A 4.6- fold increase of caspase-3 

activity was induced after 3h when treated with GZL at a concentration of 2.0 μM (Fig. 8). 

The immunoblot analysis of caspase-3 showed a dose-dependent (0.08-50 μM) increase of 

the expression of procaspase-3 (32 kDa) after 3h (Fig. 9A). An increase in the cleavage of 

procaspase-3 (32 kDa) and a subsequent increase of the subunit of caspase 3 (17 kDa) was 

detected after 24h. The cleavage of procaspase-3 (32 kDa) and the detection of the fragment 

of 17 kDa (Fig. 9B) suggested that HT-29 cells undergo caspase-dependent apoptosis in a 

dose-dependent manner when treated with GZL.

DISCUSSION

The transcription factor NF-κB regulates apoptosis, cell adhesion, and survival of cancer 

cells (Scaife et al., 2002). Activation of NF-κB through phosphorylation by the IKK 

complex (IKKα and IKKβ) and subsequent released from IκB in the cytoplasm, occur in the 

presence of TNFα as an activator, and is known as the canonical NF-κB pathway (Garg and 

Aggarwal, 2002; Fitzgerald et al., 2007). Inhibition of NF-κB results in apoptosis and 

suppression of tumor cell growth (Li et al., 2011; Olivera et al., 2012; Sato et al., 2011; 

Wilken et al., 2011; Wu et al.,2011; Wu and Zhou, 2010; Kishida et al., 2007; Oka et al., 

2007; Idris et al., 2009; Moon et al., 2009). Thus, this protein complex has been widely used 

as a key target for new anticancer drug discovery and development (Garg and Aggarwal, 

2002) .

Our previous report on GZL showed that GZL exhibited NF-κB p65 inhibitory activity in an 

Elisa assay when using HeLa cells (Ren et al., 2012). The present study confirmed this by 

immunoblot analysis in both HeLa cells and HT-29 cells. Moreover, GZL dose-dependently 

attenuated the upstream mediators, IKKα and IKKβ in both HeLa and HT-29 cells (Figs. 2 

and 3). This is of particular interest since the deletion of IKKβ has resulted in marked 

decrease of tumor incidence (Greten et al., 2004). These results suggested that GZL 
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mediates its cytotoxicity in HeLa and HT-29 cells through NF-κB inhibition and shows 

potential as an anti-tumorigenic agent.

As part of our drug discovery program, a panel of cell lines has been standardized for in vivo 

studies, using the hollow fiber assay. The HT-29 colon cancer cell line is part of this panel 

of cancer cell lines. After confirming the NF-κB inhibitory effect of GZL in HT-29 cells, an 

in vivo study was pursued (Fig. 4). This assay was developed to bridge cell-based in vitro 

assays and a xenograft assay system (Casciari et al., 1994). Several natural products have 

been found to be active in this assay-system in our discovery program of anticancer agents 

from diverse organisms (Mi et al., 2009. Inhibition of cell growth in HT-29 cells was further 

evaluated using this assay system, and it was found that GZL significantly suppressed tumor 

cell growth at a dose of 12.5 mg/kg by i.p. administration. The in vivo results indicated that 

GZL warrants for further investigation as a potential anticancer drug candidate and lead 

compound against colon cancer. Thus further studies on the NF-κB pathway and cell cycle 

effects were performed using HT-29 cells.

There are several mechanisms of induction of the NF-κB pathway. The NF-κB pathway can 

be induced by divergent pathways and is affected by cytokinins, ROS and K-Ras. Since 

GZL did not inhibit K-Ras activity, when induced by EGF (Acuna et al., 2012a) (graphed 

data is not shown, but GZL exhibited less than 50% inhibition at 100 μM) and previous 

reports indicate that ROS may regulate NF-κB, acting as an important intracellular second 

messenger that induces NF-κB activation, we also examined the effect on ROS (Gloire et 

al., 2006). ROS has been proposed as a second messenger, signaling activation of NF-κB 

through a delayed ROS-dependent signaling pathway, named the oxidant pathway, which is 

separate from the TNF-α-mediated NF-κB pathway (Phalitakul et al.. 2011). ROS can also 

regulate cell adhesion (Vlahopoulos et al., 1999) and increase caspase-3 expression, which 

initiates apoptosis (Olivera et al., 2012). GZL did not significantly increase ROS generation 

in the HT-29 cells, when compared to the effects of daunomycin. The ROS-increasing 

effects in HT-29 cells of both GZL and paclitaxel were comparable to the hydrogen 

peroxide; however, in comparison with a potent ROS inducer such as daunomycin, GZL did 

not induce significant levels of ROS. It is possible that the cytotoxic effect is mainly 

arbitrated by another pathway than the oxidative pathway in treated HT-29 cells. Thus our 

findings suggests that the ROS generating activity of GZL might be partially responsible for 

initiating oxidative stress, but it appears that another mechanism is involved in the 

significant effect exhibited by GZL, leading to cell death of HT-29 colon cancer cells. 

Hence, our findings confirmed that GZL selectively targets the TNFα induced canonical 

pathway of NF-κB.

Several independent studies have shown that NF-κB regulates cell adhesion, and that the 

expression of intracellular adhesion molecule (Bonizzi and Karin, 2004) which is involved 

in the metastasis of tumors and progression of the disease (Addabbo et al., 2012). It has been 

suggested that NF-κB inhibition leads to cell adhesion–dependent apoptosis (Scaife et al., 

2002), since monolayer cells commit irreversibly to cell cycle progression at a restriction 

point, late in G1-phase, and both growth factors and cell adhesion are requirements for 

proliferation of cells (Zhu et al., 1996). Hence, the effect of GZL on adhesion of HT-29 
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colon cancer cells might be directly correlated to cell death of GZL treated cells, since 

adhesion is a requirement for the proliferation.

Moreover, it has recently been reported that suppression of NF-kB activation prevents the 

expression of TNF-α-induced intracellular adhesion molecules, which interferes with 

monocyte adhesion and angiogenesis (Addabbo et al., 2012, Chen et al., 2011, Thapa et al., 

2009). It has also been shown that suppression of NF-kB activation prevents the expression 

of intracellular adhesion molecules. Furthermore, ICAM1 has shown to mediate the 

interaction between HT-29 cells and inflammatory cells, which play an important role in 

cancer progression and chronic colonic conditions (Kim et al., 2012a). In our findings, as 

downstream effect of NF-κB inhibition, GZL significantly downregulated ICAM1 and 

interfered with cell adhesion in HT-29 cells, and similar effects on the expression of ICAM1 

were recently found as result of treatments with mollugin from Rubia cordifolia L., a 

Chinese traditional medicinal plant (Kim et al., 2009). Similarly, Mino and co-workers have 

shown that cancer progression can be suppressed by inhibiting gastric cancer cell adhesion 

to the peritoneum through NF-κB inhibition (Mino et al., 2011).

The apoptotic effect of GZL in HT-29 was confirmed by cell flow cytometry. The data 

showed that treatment with GZL increased the number of cells in sub G1-phase while a 

significant change was also observed in G1-phase, suggesting a block in G1-phase. The 

restriction point in late G1-phase is crucial to cell cycle progression of adherent cells such as 

HT-29 colon cancer cells (Zhu et al., 1996). G1-phase is also involved in cellular metabolic 

changes, which are necessary for cell division. Lack of cell division will then affect cell 

growth and cell death. This effect might contribute to the cytotoxic effect of GZL on the 

HT-29 cancer cells. Caspase-3 is an important mediator of apoptosis (Ringer et al.. 2010; 

Wu and Zhou, 2010; Sa and Das, 2008; Moon et al., 2009), and some natural products have 

shown to induce apoptosis arbitrated by caspase-3. In this study, GZL exhibited significant 

dose-dependent caspase 3/7 activity. GZL induced in a dose-dependent manner, the 

expression of caspase-3 in HT-29 cancer cells. This suggested that the pro-apoptotic effect 

of GZL in HT-29 cells was mediated through a caspase-dependent pathway, which led to 

cell cycle arrest in G1-phase.

Several goyazensolide-type and related sesquiterpene lactones have shown cytotoxic and 

NF-κB inhibitory activities (Rungeler et al., 1999; Siedle et al., 2004; Wagner et al., 2006; 

Ren et al., 2012). The present study shows that the cytotoxicity of GZL toward the HT-29 

cells have resulted from the inhibition of TNFα-mediated NF-κB activation which induced 

procaspase-3 expression in treated cells, leading to apoptosis and cell cycle arrest in G1-

phase. These findings are consistent with previous reports showing similar mechanisms of 

action for parthenolide, an epoxylated sesquiterpene lactone (Shanmugam et al. 2010; 

Kishida et al., 2007; Oka et al., 2007; Idris et al., 2009; Kim et al., 2012b), and 

sulforaphane, an organosulfur natural product (Moon et al., 2009). As a result of these 

effects, target genes are not transcribed, affecting cell adhesion, apoptosis regulators, and 

also possibly inflammatory cytokines and mediators such as IL-1, IL-2, IL-6, IL-8, TNFα 

and growth factors. In addition, the present study has shown that GZL inhibits the NF-κB 

pathway in colon cancer HT-29 cells, in part by downregulating the activating kinase IKKβ, 

an important mediator in the activation of the canonical NF-κB signaling pathway. A 
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schematic description and overview of the NF-κB effects of GZL on HT-29 cells is 

presented in Fig. 10.

Previous studies have shown that inhibition of NF-κB activation induce apoptosis and 

suppress tumor growth (Li et al., 2011; Olivera et al., 2012; Sato et al., 2011; Wilkenet al., 

2011.; Wu and Zhou, 2010; Ahmad et al., 2002; Kishida et al., 2007; Oka et al., 2007; Idris 

et al., 2009; Moon et al., 2009). The animal model confirmed that the NF-κB inhibition 

resulted in antitumor effects in vivo, by sensitizing malignant cells to undergo apoptosis and 

decreasing the proliferative activity. In our studies, tumor cell apoptosis was induced 

through activation of caspase-3 (Ringer et al., 2010; Wu and Zhou, 2010; Moon et al., 

2009). Furthermore this treatment could prevent tumor cells from developing resistance to 

chemotherapeutic agents, and sensitize HT-29 cells to existing cancer treatment (Garg and 

Aggarwal, 2002; Nakanishi and Toi, 2005). The cytotoxicity of GZL, the inhibition of the 

NF-κB pathway, and the downstream effects, which consequently arrests the progression of 

tumor growth in vivo, warrants further investigation of GZL as a potential effective agent to 

treat colon cancer. The downstream effect of GZL on the NF-κB pathway also affects cell 

adhesion, which would be preventing metastasis of colon cancer tumors. Therefore, GZL is 

a promising anticancer lead compound that could be developed to be used alone or in 

combination with chemotherapeutic agents to improve the efficacy of existing anticancer 

treatments.

CONCLUSION

GZL inhibits the proliferation of colon cancer cells. GZL had an attenuating effect in a 

concentration-dependent manner on the upstream mediators IKKα and IKKβ, which resulted 

in lower levels of expression of NF-κB p65 and p50 in HT-29 colon cancer cells. The NF-

κB inhibitory effects decreased the activity of the nuclear p65 and affected cell cycle 

progression and induced cell death in cancer cells both in vitro and in vivo, preventing tumor 

growth in mice. Moreover, the effect exhibited by GZL on the NF-κB pathway occurred in 

the presence and absence of TNFα. Our findings suggest that inhibition of NF-κB 

expression by GZL sensitizes HT-29 colon cancer cells to apoptosis. GZL is also a 

promising inhibitor of human cancer cell proliferation in vivo as judged by its activity in the 

hollow fiber assay. GZL, therefore, represents a potential chemotherapeutic agent with 

antitumor effects from natural origin with significant NF-κB inhibitory effects. Thus, 

optimization of the potential of GZL might lead to a more effective cancer treatment, 

specifically colon cancer.
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Fig. 1. 
Chemical structure of GZL, a sesquiterpene lactone from Piptocoma rufescens.
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Fig. 2. 
GZL decreases the expression of NF-κB subunits p65 and p50 in (A) absence and (B) 

presence of TNFα treatment. The effects were compared to the negative control (N) and to 

the positive control, rocaglamide (R). Western blot analysis was performed on whole cell 

HeLa extracts and showed that a decrease in activity was detected upon higher 

concentrations of GZL. (C) IKKα and IKKβ were down-regulated in treated HeLa cells. β-

Actin expression was used as an internal control to establish equivalent protein loading.
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Fig. 3. 
GZL decreases the expression of NF-κB mediators in HT-29 cells. GZL suppresses NF-κB 

activation in comparison with the negative control (N) and the positive control rocaglamide 

(R), in the presence of TNFα treatment. (A) A decrease in NF-κB p65 and p50 subunits was 

detected at different concentrations of GZL. (B) IKKα and IKKβ were downregulated in 

treated HT-29 cells. β-Actin expression was used as an internal control to establish 

equivalent protein loading.
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Fig. 4. 
Anti-tumor effects of GZL in vivo. GZL inhibits human colon cancer HT-29 cells and 

melanoma MDA-MB-435 cells in vivo at 12.5 mg/kg. Taxol was used as a positive control.
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Fig. 5. 
GZL inhibits the NF-κB activation through ROS independent pathway. The cells were 

treated for 5h at four different concentration levels of GZL and taxol. ROS was detected 

with fluorescent probe DCFH-DA at 485 nm emission wavelength and 530 nm excitation 

wavelength. Daunomycin was used as a positive control. Each experiment was carried out in 

triplicate. Values represent the means of fluorescence units (FU) ± SEM of triplicate 

samples from two separate experiments.
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Fig. 6. 
GZL treatment resulted in a decreased number of adhered HT-29 colon cancer cells. (A) 

Cell adhesion was unaffected in untreated HT-29 cells after 5h incubation. (B)Effect on cell 

adhesion after 5h of treatment with GZL (28 μM). (C) A dose dependent decrease in cell 

adhesion of HT-29 was detected at different treatment levels (0.028-28 μM). After treatment 

at the highest concentration (28 μM) and at the lowest concentration (0.028 μM), 78% and 

54% of cells were detached from surface, respectively. Bars on the graph represent the 

means of the number of cells attached (NCA) ± SEM of triplicate samples from two 

independent experiments. (D) GZL down-regulated ICAM in a dose-dependent manner in 

HT-29 cells.
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Fig. 7. 
The apoptotic effects of GZL were detected in HT-29 cells by cell flow cytometry. 

Fluorescence emitted from the PI-DNA complex was quantified at 488 nm and presented 

using a DNA histogram for HT-29 cells. (A) Control showed 12% HT-29 cells in G1- phase. 

(B) Treatment (5 μM) showed 23% HT-29 cells in sub G1-phase, and 48% in G1-phase. (C) 

Treatment (10 μM) with GZL induces cell-cycle arrest in sub G1-phase (96%). At the lower 

concentration of GZL (5 μM), 48% of cells were in G1-phase and at the higher concentration 

of GZL (10 μM), 2 % of cells were in G1-phase. (D) Effect of GZL on HT-29 colon cancer 

cells treated at 5 and 10 μM (cells in sub G1-phase) in comparison with untreated cells.
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Fig. 8. 
GZL increased the activity of caspase 3/7 in treated HT-29 colon cancer cells. Caspase 3/7 

activity is presented after 3 h of treatment with GZL (0.08-2.0 μM) and positive control, 

paclitaxel (0.001-0.1 μM), respectively. Bars on graph represent the means of relative 

luminescence units (RLU) ± SEM of triplicate samples from two independent experiments.
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Fig. 9. 
Effects of GZL on caspase-3. (A) GZL increases the levels of caspase-3 in HT-29 cells after 

3h. Immunoblot analysis showed an increased level of expression of caspase-3 (32 kDa). 

The effect was dose dependent, after been treated with increasing concentration of GZL. (B) 

Cleavage of caspase-3 increased after 24h in a dose dependent manner.
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Fig. 10. 
A schematic description of the NF-κB inhibitory effect of GZL on treated HT-29 colon 

cancer cells.
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