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Abstract

Ambiguine I isonitrile (AmbI) obtained from the cultured cyanobacterium Fischerella ambigua 

was identified as a potent NF-κB inhibitor (IC50=30 nM). The cytotoxic effect was evaluated in 

both HT-29 colon cancer cell line (EC50=4.35 μM) and MCF-7 breast cancer cell line (EC50=1.7 

μM) using the SRB assay. In the cells treated with AmbI, an increased population of cells was 

detected in sub G1-phase. The apoptotic effect was associated with block in G1-phase of the cell 

cycle in treated cells; however, cell death was induced independently of caspase-7. The NF-κB 

expression of p50 and p65 units were also examined in treated cells and compared with the 

positive control, rocaglamide (IC50=75 nM). Moreover, the expression of mediators of the NF-κB 

pathway such as kinase IKKκ was studied at increasing concentrations of AmbI. The down stream 

effect of NF-κB inhibition and the effect on the expression of TNF-α induced ICAM-1 was 

evaluated. Thus, the dose-dependent and time-dependent effect of AmbI on MCF-7 cells was 

examined in an attempt to investigate its potential mechanism of action on inducing apoptosis.
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1. INTRODUCTION

The transcription factor NF-κB regulates the expression of important regulatory factors 

involved in the proliferation of cancer cells. NF-κB prevents cancer cells from entering 

apoptosis, and contributes to progression of certain cancers.1 Upon phosphorylation of IκB 

by the IκB kinase (IKK), NF-κB is released and translocated to the nucleus2 where it exerts 

its effects binding to the consensus region, activating the target genes involved in cell 

adhesion and metastasis of MCF-7 breast cancer cells. Tumor necrosis factor-α (TNF-α) 

induces the activation of NF-κB and plays a pivotal role in the metastasis of MCF-7 

estrogen-sensitive breast cancer cells.1, 2 Hence, mediators in the NF-κB pathway represents 

potential targets for inhibiting the proliferation of tumor cells. Studying and identifying 

specific inhibitors of the NF-κB activating pathway provide a strategy for identifying new 

potential anticancer agents with specific anticancer effects. The structurally complex indole 

alkaloid, Ambiguine I isonitrile (AmbI) was previously obtained from the cyanobacterium 

Fischerella ambigua.3 In this study, AmbI showed potent NF-κB inhibition and also 

exhibited antiproliferative effects. The apoptotic effect was analyzed by cell flow cytometry 

and expression of the NF-κB mediators p65, p50, and IKKκ were analyzed by immunoblot 

analysis. The impact on the mitochondria was also studied. Thus, we hypothesized that 

AmbI induced cell cycle arrest and apoptosis in treated hormone-dependent MCF-7 breast 

cancer cells and possibly prevented metastasis of tumor cells.

2. MATERIALS AND METHODS

2.1 Ambiguine I isonitrile

AmbI was obtained as previously described.3

2.2 Cell culture

HeLa, MCF-7, and HT-29 cancer cell lines were obtained from American Type Culture 

Collection. Cells were cultured in Dubelcco’s modified Eagle’s medium (DMEM) and 

Roswell Park Memorial Institute medium (RPMI-1640), containing 10% fetal bovine calf 

serum and 10% Antibiotic-Antimycotic (Gibco, Rockville, MD). The cells were kept at 

37ºC and in an atmosphere with 5% CO2.

2.3 NF-κB assay

The NF-κB assay was carried out according to established protocol.4 In brief, a nuclear 

extract was prepared from HeLa cells. The Transcription Assay System (Pierce 

Biotechnology, Rockford, IL) was used to evaluate the binding affinity to a biotinylated 

consensus sequence of the NF-κB subunit p65. Luminescence was detected using Fluostar 

Optima plate reader (BMG Labtech Inc, Durham, NC). Rocaglamide was used as a positive 

control.

2.4 SRB- cytotoxicity assay

The MCF-7 and HT-29 cell suspensions were plated in a 96-well plate and incubated with 

AmbI for 72h at 37ºC and in an atmosphere with 5% CO2. Cells were fixed using 20% 
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trichloroacetic acid (TCA) for 30 min, followed by staining using suforhodamine B (SRB) 

(0.4%) for 30 min at room temperature.5 SRB was removed by washing with 3x acetic acid. 

After adding 200 μM Trisbase solution to each well, the 96-well plates were placed on a 

shaker for 5 min. Absorbance reading at wavelength 515 nm was performed using Fluostar 

Optima plate reader (BMG Labtech Inc, Durham, NC). Paclitaxel was used as a positive 

control.

2.5 Immunoblotting

Immunoblot was performed following a previous published protocol.6 MCF-7 cells were 

treated at different concentrations of AmbI (0.008, 0.016, 0.4, 2.0 and 10 μM) for 3 h. The 

cells were lysed using PhosphoSafe Lysis Buffer (Novagen), and the lysates were analyzed 

by western blot analysis with primary (1:1000) and secondary antibodies (1:2000). Protein 

concentration in the lysate was determined using a Bradford protein assay kit with an 

albumin standard (Thermo Scientific). Absorbance was measured using Fluostar Optima 

plate reader (BMG Labtech Inc, Durham, NC). Equal amounts of protein (20 μg) were 

loaded together with LDS sample loading buffer (Invitrogen) and resolved using Nu-PAGE 

10% SDS-PAGE Bis-Tris gels together with SeeBlue® Plus2 Pre-Stained Standard 

(Invitrogen).

Electrophoresis was performed using SDS-PAGE buffer in a Nu-PAGE XCell SureLock 

Module from Invitrogen. Proteins were transferred to a polyvinyldiene fluoride (PVDF) 

membrane using transfer buffer. The blots were blocked at room temperature using non-fat 

milk and probed using primary antibodies against each target protein using BSA in TBS-T 

overnight. Conjugated antibodies were detected using Chemiluminescent substrates 

Supersignal Femto kit from Thermo Scientific and relative band densities were determined.

2.6 Cell cycle assay

The MCF-7 cells were seeded into 10 cm dishes and 24h later treated using different 

concentrations of AmbI. After 24h of incubations, cells were harvested and pelleted by 

centrifugation, washed with PBS and fixed in ice-cold 70% ethanol. DNA was stained with 

10 μg/mL Propidium Iodine (PI) in a reaction solution containing 1 mM EDTA and 100 

μg/mL RNase A. Fluorescence emitted from the PI-DNA complex was quantified using BD 

FACS Canto II (Biosciences, San Jose, CA) at 488 nm.

2.7 XTT Cell Proliferation assay

The intracellular levels of nicotinamide adenine dinucleotide phosphate [NAD(P)H] were 

assessed using a modified version of a previously published protocol by Nakamura et al. 

2003.7 The HT-29 colon cancer cells were seeded (1x104cells/well) in a 96-well plate and 

allowed to attach overnight. The cells were treated with AmbI (1.3 nM-100 μM) and 

incubated at 37°C and 5% CO2. Mitochondrial function was indirectly determined by 

measuring the formation of formazan dye produced by metabolically active cells at one-hour 

intervals over an 11-hour period. A volume of 100 μL of XTT and 1-methoxy-5-

methylphenazidium methyl sulfate (1-methoxy PMS) in RPMI media was added to each 

well to yield final concentrations of 0.25 mM for XTT and 0.01 μM for 1-methoxy PMS. 

The absorbance was measured at 485 nm and NAD(P)H depletion was calculated. 
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Staurosporine (20 μM) was used as a positive control. Each sample was tested in triplicate 

and in two independent experiments.

2.8 Reactive Oxygen Species (ROS) assay

The assay was performed following a previously described procedure.4 The intracellular 

levels of ROS generated by AmbI were measured using a fluorescent probe, 2',7'-

dichlorodihydrofluorescein diacetate (DCFH-DA). MCF-7 cells were seeded in a 96-well 

plate, treated with AmbI (0.0014-1.4 μM), daunomycin (0.0014-1.4 μM), or DMSO control, 

followed by 5h incubation at 37ºC with 5% CO2. Subsequently, cells were incubated with 

H2O2 (1.25 mM) and FeSO4 (0.2 mM) for 30 min at 37ºC. Afterward, the fluorescent probe 

DCFH-DA was added to determine intracellular ROS. Fluorescence was measured using 

FLUOstar Optima fluorescence plate reader (BMG Lab technologies GmbH, Inc, Durham, 

NC USA) at an excitation wavelength of 485 nm and emission wavelength of 530 nm. All 

treatments were performed in triplicate and are representative of at least two different 

experiments.

3. RESULTS AND DISCUSSION

AmbI has previously been shown to exhibit antibacterial activity against Mycobacterium 

tuberculosis as well as antifungal activity.3, 8 AmbI was evaluated in our ongoing screening 

program aimed at identifying natural products from aquatic and terrestrial organisms that 

interfere with pathways upregulated in cancer cells. AmbI was identified as a strong NF-κB 

inhibitor (IC50=30 nM) with comparable potency to the positive control, rocaglamide 

(IC50=75 nM).

It has been reported that TNF-α induces the up-regulation of genes involved in cell adhesion 

in estrogen–positive breast cancer cells.9 The activation of the NF-κB cell signaling 

pathway, triggered by TNF-α, is responsible for tumor progression, cell growth in the 

metastatic stages of inflammatory breast cancer, and moreover promotes resistance to 

certain tumorigenic agents and chemotherapy.2 AmbI was also found to have 

antiproliferative activity in MCF-7 breast cancer cell line using the SRB assay (EC50= 1.7 

μM). Furthermore, immunoblot analysis was performed to confirm the inhibitory effect of 

AmbI on the mediators of the NF-κB pathway (Fig. 1 and 2). The results from the 

immunoblot analysis showed that both subunits of NF-κB, p65 and p50, were down-

regulated in a concentration-dependent manner (Fig. 1). Expression levels of IKKβ were 

tested at different concentration levels of AmbI (0.01–10 μM). The inhibitory effect was 

compared to the positive control rocaglamide (10 nM) (Fig. 2) and the western blots and 

protein expression confirmed p65 NF-κB inhibition.

To further investigate the apoptotic effects, cell-cycle analysis was performed using 

different concentrations of AmbI (0.08 μM, 0.4μM, and 2 μM). Cells treated at the lowest 

concentration had undergone apoptosis, and 37% of the cells were in sub-G1 phase followed 

by 71% and 72% at higher doses, respectively (Fig. 3). This suggested that apoptosis was 

induced in treated cells and that the cell cycle was blocked in G1-phase, similar to results 

reported for other apoptosis-inducing agents of natural origin.8,10 Thus, AmbI induced 

apoptosis in a concentration-dependent manner in MCF-7 cells.
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To further investigate the mechanism of action through which AmbI exhibited its cytotoxic 

effect, it was hypothesized that treated MCF-7 cells undergo caspase-mediated apoptosis. 

Thus, western blot analysis was performed to evaluate the effect on apoptotic proteins, 

procaspase-7 andpoly-ADP-polymerase (PARP-1) (Fig. 4 and 5). However, the protein 

expression in treated MCF-7 cells suggested that treatment with AmbI for 3h did not 

significantly affect the levels of procaspase-7 in treated cells. Similar findings were detected 

for levels of downstream protein, PARP-1. Thus, our findings suggested that treatment with 

AmbI induced and mediated apoptosis through a caspase-independent pathway in MCF-7 

cells. Similar findings have been previously published for other drug leads.11–13 We also 

tested the activity of cytokine TNF-α and found that AmbI exerted NF-κB inhibitory 

activity, hence possibly acting in concert with p53 and allowing the p53 anti-tumor effect to 

trigger apoptosis in MCF-7 breast cancer cells. According to a previous study, compensatory 

caspase-activation might be mediated by the mitochondria.11 Mitochondria is the largest 

source of NAD(P)H. The effect of AmbI on the mitochondria and on the levels of NAD(P)H 

was examined. NAD(P)H levels were found to have decreased in treated cells, suggesting 

that the formation of NAD(P)H was affected in the mitochondria. The real-time XTT assay 

showed that the levels of NAD(P)H decreased after 3h of treatment (Fig. 6). Furthermore, a 

moderate concentration-dependent increment of ROS was detected after 5h in treated cells, 

and produced as a consequence of the damage caused to the electron transfer in the 

mitochondria (Fig. 7). Together these findings strongly suggested that apoptosis by AmbI 

was induced through a non-caspase dependent pathway in MCF-7 cells. It appears that 

AmbI induced apoptosis through a different mechanism of action, where the mitochondrial 

dysfunction appears to play a key role in preceding apoptosis. The presented data shows that 

caspase activity may not be essential for apoptosis in MCF-7 cells, and that compensatory 

pathways appear to be mediated through the mitochondria. Previous reports14–16, suggested 

that calpains were the major proteases triggering programmed cell death in treated cells 

through non-caspase dependent pathway. This mechanism could possibly be mediated by 

the release of Ca2+ from the endoplasmatic reticulum as previously described by Mathiasen 

and co-workers.15 However, no previous studies have found an association between the loss 

of the mitochondrial transmembrane potential and the release of Ca2+ in MCF-7 cells, thus 

the study of alternative caspase-independent pathway that trigger cells death remain to be 

explored in future studies.

Recent findings have shown that pharmacological inhibition of NF-κB causes cells to 

undergo TNF-α dependent ROS-mediated programmed cell death in antigen presenting 

cells.18, 19 Consequently, the effect of AmbI on the formation of ROS in MCF-7 cell was 

also evaluated. Although minor concentration dependent increases of ROS were detected in 

AmbI treated cells, the results presented suggested that the MCF-7 cancer cells are possibly 

more susceptible to oxidative stress, and thus targeting the redox state of estrogen sensitive 

MCF-7 cancer cells is a possible avenue to induce cell death. The evaluation of the 

intracellular levels of ROS and possible synergistic effect obtained from the combination of 

two pharmacological agents was calculated following the previously presented method by 

Chou-Talalay.20 Although the ROS inducing effects were not significantly higher (p>0.05) 

for the combination treatment (Fig. 7), the results suggested that synergistic effect was 

displayed between NF-κB inhibiting agents and DNA-intercalating agents, such as 
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daunomycin, to mediate ROS inducing activity through independent pathways. A 

combination index CI<1 showed that AmbI at a concentration of 0.0014 μM synergized with 

increasing concentrations of daunomycin. Treatment with AmbI at the concentration of 

0.0014 μM, in combination with a low dose of daunomycin (0.0014 μM) increased the 

amount of ROS produced from 23% to 53%, in treated MCF-7 cells. The synergistic effects 

suggested that combination treatments employing NF-κB inhibiting agents may increase the 

efficacy of existing treatments. These data leads to valuable insight in the development of 

more effective chemotherapy regimens. Thus, identifying anticancer agents that increase the 

susceptibility of cancer cells to undergo programmed cell death and induce ROS mediated 

apoptosis are a strategic approach to find new chemotherapeutic agents that sensitize cell for 

current for drug therapies.

Cellular adhesion molecules are involved in the metastasis of cancer. Higher levels of 

intracellular cell adhesion protein (ICAM-1) have been detected in the serum of patients 

with malignant diseases e.g. breast cancer and gastrointestinal cancer.21 This suggests that 

cellular adhesion molecules are involved in the progression of the disease. It has also 

previously been reported that TNF-α induced the up-regulation of genes involved in cell 

adhesion in MCF-7 cancer cell line.22 Herein we investigated AmbI downstream effect of 

NF-κB inhibition on intracellular ICAM-1 (Fig. 8). The immunoblot analysis of ICAM-1 

was tested in TNF-α treated cells at different concentrations of AmbI. The results showed 

that AmbI and suppression of NF-κB-dependent transcriptional activation had an effect on 

TNF-α induced ICAM-1 expression. Similarly, the inhibited expression of ICAM-1 has 

been reported in HT-29 colon cancer cells when treated with anti-inflammatory agents and 

selective COX-2 inhibitor celecoxib, suggesting that this treatment might have 

chemopreventive effects particularly against colorectal cancer.23, 24 Agents that block 

ICAM-1, such as AmbI, can have protective effects against cancer development and 

interfere in the migration and invasion of cancer cells. Blocking of this membrane bound 

protein might represent a new targeted anticancer therapy that only affect cancer cells, since 

the adhesion molecule ICAM-1 is an immunoglobulin membrane bound glycoprotein that is 

not expressed in normal epithelial tissue and appears to play a significant role in the 

angiogenesis, and vascularization of tumors.25

MCF-7 breast cancer cells exhibit reduced sensitivity to a variety of anti-cancer drugs, due 

to lack of apoptosis inducing caspase-3 mediation and activity. Thus, further understanding 

of the mechanism of action of AmbI on estrogen sensitive MCF-7 cells could reveal and 

identify significant targets that initiate cell-death in chemoresistant cells. Our findings also 

suggested that NF-κB inhibition displayed a significant role in promoting cell death in 

treated MCF-7 estrogen sensitive breast cancer cells. Furthermore, this implied that AmbI 

promoted the effect of standard chemotherapeutic agents in the treatment of hormone-

dependent breast cancer, particularly in chemoresistant types, by interfering with the NF-κB 

pathway. Chemical derivatives of ambiguine-type compounds have previously been 

successfully attempted,17 suggesting that in future studies synthetic derivatives might lead to 

insight into the structure-activity relationship of these indole alkaloids and the mechanism of 

NF-κB inhibition as potential new agents for the treatment of breast cancer.
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4. CONCLUSION

In summary, the study showed that the indole alkaloids from cyanobacteria, such as AmbI, 

show promising antiproliferative activity against estrogen-sensitive breast cancer cells. 

AmbI display potent NF-κB inhibiting activity. When tested using estrogen-sensitive 

MCF-7 cells, treatment with AmbI prompted mitochondrial dysfunction and induced 

increased levels of ROS. This was followed by cell death through a caspase-independent 

pathway. The results of the present study, therefore, suggest that AmbI could potentially be 

used as a chemotherapeutic agent for tumors resistant to chemotherapeutic agents dependent 

on the classical caspase cascade.
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Figure 1. 
Expression of NF-κB p65 and p50 subunits. Transcription factor NF-κB was down-

regulated in treated MCF-7 breast-cancer cells when compared with the negative control.
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Figure 2. 
The expression of kinase IKKκ in MCF-7 cells. The kinase IKKκ was down-regulated in a 

concentration-dependent manner. Upstream IKK kinases regulate NF-κB activation.
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Figure 3. 
Concentration-dependent induction of DNA fragmentation and apoptosis in estrogen-

dependent MCF-7 breast cancer cells treated with AmbI for 15 h. The increasing 

concentration of AmbI led to an increased cell population in sub-G1 phase. A. At the 

concentration of 0.0016 μM, 50.8 % of cells were found in sub G1-phase, 26.4% were found 

in G1-phase and 15.9% were in G2-phase. B. At 0.008 μM, 55.0 % were in sub G1-phase, 

24.9% were in G1-phase and 15.9% were in G2-phase. C. At the concentration of 0.4 μM, 

60.8 % were in sub G1-phase, 15.8% were in G1-phase and 15.2% were in G2-phase. D. At 2 

μM 66.1 % were in sub G1-phase, 12.7% were in G1-phase and 14.8% were in G2-phase.
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Figure 4. 
Western blot analysis of Parp-1 expression in treated MCF-7 breast cancer cells. No 

significant difference in the expression of Parp-1 was found in MCF-7 treated cells at 

different levels of AmbI.
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Figure 5. 
Western blot analysis of caspase-7 expression in treated MCF-7 breast cancer cells. No 

significant difference in expression of caspase-7 was found when treated at different levels 

of AmbI.
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Figure 6. 
Mitochondrial function in MCF-7 cells measured using the real-time XTT assay. Levels of 

NAD(P)H were monitored over a period of 12 h. Increasing concentrations of AmbI 

decreased the amount of NAD(P)H observed and the changes were significant when 

compared to the non-treated cells. Different concentrations of AmbI (0.16– 4μM) were also 

compared with the effects of the positive control staurosporine (4μM).
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Figure 7. 
Intracellular levels of reactive oxygen species (ROS) formed in MCF-7 cancer cells after 5 h 

of treatment with daunomycin and AmbI. The cells were treated at four different 

concentration levels and the formation of ROS was detected with fluorescent probe DCFH-

DA. Although the ROS inducing effect was not as potent for AmbI as the highest dose of 

daunomycin (1.4 μM), a synergistic effect was observed when hormone-dependent breast 

cancer MCF-7 cells were treated with the combination of daunomycin and the lowest 

concentration of AmbI (0.0014 μM).
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Figure 8. 
Intracellular levels of ICAM-1 in TNF-α treated MCF-7 cancer cells. Cells were treated at 

five different concentration levels of AmbI. Down-regulation of ICAM-1 expression was 

observed with increasing concentration of AmbI.
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