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Abstract

Quassinoids often exhibit anti-oxidant and anti-proliferative activity. Emerging evidence suggests 

that these natural metabolites also display chemopreventive actions. In this study, we investigated 

the potential for the quassinoid glaucarubulone glucoside (Gg), isolated from the endemic 

Jamaican plant Castela macrophylla (Simaroubaceae), to display potent cytotoxicity and inhibit 

human cytochrome P450s (CYPs), particularly CYP1A enzymes, known to convert polyaromatic 

hydrocarbons (PAHs) into carcinogenic metabolites. Gg reduced the viability of MCF-7 breast 

adenocarcinoma cells (IC50 = 121 nM) to a greater extent than standard of care anticancer agents 

5-fluorouracil, tamoxifen (IC50 > 10 μM) and the tamoxifen metabolite 4-hydroxytamoxifen (IC50 

= 2.6 μM), yet was not cytotoxic to non-tumourigenic MCF-10A breast epithelial cells. 

Additionally, Gg induced MCF-7 breast cancer cell death. Gg blocked increases in reactive oxygen 

species in MCF-10A cells mediated by PAH benzo[a]pyrene (B[a]P) metabolite benzo[a]pyrene 
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1,6 quinone, yet down-regulated the expression of genes that promote antioxidant activity in 

MCF-7 cells. This implies that Gg exhibits anti-oxidant and cytoprotective actions in non-

tumourigenic breast epithelial cells and pro-oxidant, cytotoxic actions in breast cancer cells. 

Furthermore, Gg inhibited the activities of human CYP1A according to non-competitive kinetics 

and attenuated the ability of B[a]P to induce CYP1A gene expression in MCF-7 cells. These data 

indicate that Gg selectively suppresses MCF-7 breast cancer cell growth without impacting non-

tumourigenic breast epithelial cells and blocks B[a]P-mediated CYP1A induction. Taken together, 

our data provide a rationale for further investigations of Gg and similar plant isolates as potential 

agents to treat and prevent breast cancer.
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1. Introduction

Humans and other living organisms are constantly exposed to an array of pollutants and 

potentially genotoxic environmental chemicals. Polycyclic aromatic hydrocarbons (PAHs) 

such as Benzo[a]pyrene (B[a]P) are ubiquitous chemicals produced by the incomplete 

pyrolysis of organic materials commonly released through the combustion of fossil fuels. 

PAHs are found in considerable quantities in vehicle exhaust, cigarette smoke, particulate 

matter in urban air, and charcoal-broiled food (Wogan et al., 2004). Lipophilic PAHs easily 

diffuse into cells and bind with high affinity to the cytosolic aryl hydrocarbon receptor 

(AHR) (Moorthy, 2008; Sissung et al., 2006). This PAH-activated transcription factor forms 

a nuclear complex with AHR nuclear translocator (ARNT), which transcriptionally activates 

genes containing the Ah locus, including the cytochrome P450 (CYP) 1 enzyme family 

members CYP1A1, CYP1A2 and CYP1B1 (Hanlon et al, 2005). The dihydrodiol epoxide 

(DDE) pathway catalyzes B[a]P-metabolism via CYPs and epoxide hydrolase (EH), to form 

highly mutagenic and reactive B[a]P metabolites (Baird et al., 2005; Shimada and Fujii-

Kuriyama, 2004). CYP1 enzymes (particularly CYP1A1) carry out epoxidation at the 7,8 

position, followed by hydrolysis to form B[a]P-trans-7,8-dihydrodiol. An additional CYP-

catalysed epoxidation produces the ultimate carcinogen 7,8-dihydroxy-9,10-epoxy-7,8,9,10-

tetrahydrobenzo[a]pyrene (BDPE) (Shimada, 2006; Shimada and Fujii-Kuriyama, 2004). 

CYP1A1 is crucial in BDPE formation in human lung cells (Uppstad et al., 2010).

Bioactivation of B[a]P via dihydrodiol dehydrogenase yields the redox active product 

B[a]P-7,8-dione (Shimada, 2006). The first round of CYP-mediated B[a]P bioactivation 

leads to quinones that can undergo redox cycling to cause continuous release of prominent 

reactive oxygen species (ROS): superoxide anion radicals, hydroxyl radical and hydrogen 

peroxide via the Fenton reaction. The genotoxic actions of PAHs such as B[a]P occur either 

directly or through the formation of benzoquinones. Indeed ROS are associated with DNA 

damage, cell damage and apoptosis (Bolt and Ross, 2008; Bolton et al., 2000). In addition, 

benzoquinones formed by B[a]P metabolism have been shown to increase cell proliferation, 

generate ROS and transactivate the epidermal growth factor receptor in MCF-10A breast 
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epithelial cells and this provides a plausible mechanism for B[a]P-mediated tumour 

promotion (Burdick et al., 2003).

Oxidative stress can activate pro-inflammatory mediators that disrupt the expression and 

activities of drug metabolizing enzymes, including CYP1A1, in various tissues (Aitken et 

al., 2006). CYP1B1 activity is enhanced during inflammation to further exacerbate damage 

to lung cells (Smerdova et al., 2013). Thus, the manner and extent to which specific CYP1 

enzymes potentially mediate the damage caused by activated B[a]P varies under differing 

conditions. In the hope of identifying novel leads that can successfully reduce the metabolic 

activation of B[a]P, our study was initiated to search for inhibitors capable of targeting 

cytochrome P450s and B[a]P-mediated CYP1A transcription induction. Given the 

exploitation of inhibitors of drug metabolizing enzymes (Francis et al, 2016) and CYP 

enzymes in particular, (including those of natural origin) for a plethora of inflammatory 

conditions (Francis and Delgoda, 2014), targeting those initiated by PAH toxins such as 

B[a]P is timely.

In 1975, the potent cytotoxic agent and quassinoid bruceantin was isolated (Kupchan et al., 

1975). Quassinoids have been used in traditional folk medicine to treat a variety of medical 

conditions (Fiaschetti et al., 2011). In particular, these plant isolates have been shown to 

display anti-inflammatory and anti-cancer actions (Lau et al., 2009, Miyake et al., 2010, 

Yang et al., 2013). Previously it was demonstrated that the quassinoid 2′-(R)-O-

acetylglaucarubinone, derived from the Odyendyea gabonensis (Pierre) Engler plant, 

demonstrated potent cytotoxicity against a number of cancer cell lines including breast 

cancer cells (Usami et al., 2010). More recently, quassinoids from the fruits of Brucea 
Javanica were found to exhibit potent inhibitory activity in breast cancer cells (Ye et al., 

2015).

We previously demonstrated the ability of a quassinoid to bind to CYP1A1 (Shields et al., 

2009). The Castela sp (Simaroubaceae) plant was reported to accumulate quassinoids 

(Grieco et al., 1993; Jacobs et al., 2007) and Castela macrophylla Urb. is endemic to Jamaica 

(Adams, 1972). Isolates from this plant showed anti-feedant activities against tobacco 

budworms, Plasmodium falciparum, and Plasmopara viticola (Hoffman et al., 1992), but no 

further biological activities have been reported. In the current study, glaucarubulone 

glucoside (Gg) and two related quassinoids, glaucarubulone and holacanthone, and a 

coumarin scopoletin (Figure 1), previously isolated from C. macrophylla (Jacobs et al., 

2007), were obtained. Since quassinoids frequently display anticancer and chemopreventive 

actions, we hypothesized that the quassinoids isolated from the C. Macrophylla plant exhibit 

cytotoxic actions in breast cancer cells by modulating oxidative stress and suppress B[a]P-

mediated CYP1 induction.

We evaluated the potential for Gg and other quassinoids to elicit cytotoxicity using cell 

viability assays. We also evaluated the ability of Gg to inhibit CYP1 enzyme activity directly 

using heterologously-expressed microsomes and to diminish B[a]P-mediated induction of 

CYP1A mRNA expression in MCF-7 cells. Furthermore, we determined the ability of Gg to 

inhibit the propensity of B[a]P-1,6-quinone (1,6BPQ) to increase ROS levels in non-

tumourigenic MCF-10A cells. Finally, we determined the impact of Gg on anti-oxidant 
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genes using a human oxidative stress antioxidant defence PCR array in MCF-7 cells. To the 

best of our knowledge, we are the first to report oxidative stress-specific gene profiling in 

cancer cells exposed to quassinoids. This study provides new insight into the potential for 

Gg and related compounds to serve as agents to impact molecular targets of toxicity and 

prevent or treat cancer.

2. Materials and Methods

2.1 Chemicals & Reagents

Benzo[a]pyrene (B[a]P), benzo[a]pyrene-1,6-quinone (1,6-BPQ), and all chemicals for the 

MTS and CYP inhibition assays were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

B[a]P is an established pro-carcinogen and should be handled with proper protection in 

accordance with the MSDS which includes the use of lab coat, safety glasses and gloves. 

Although 1,6-BPQ is not an established carcinogen, it is recommended that care be used in 

handling this chemical because it is a metabolite of B[a]P, a known pro-carcinogen. 

Dimethyl sulfoxide (DMSO) was purchased from American Type Culture Collection 

(ATCC, Manassas, VA, USA), 7-amino-actinomycin D (7AAD) was purchased from 

eBiosciences (San Diego, CA, USA) and Annexin V-FITC was purchased from Pharmingen 

(San Diego, CA, USA). All CYP substrates and metabolites were purchased from Gentest 

Corporation (Woburn, MA, USA). All cell lines along with their respective media and 

supplements were purchased from ATCC (Manassas, VA, USA). ATCC certifies that the 

cells were authenticated prior to shipment using short tandem repeat profiling to verify that 

they are of the correct lineage and uncontaminated with other cell types. In addition, the 

cells were routinely screened to ensure they were free from mycoplasma contamination and 

other types of microorganisms. Escherichia coli membranes expressing human CYP1A1, 

CYP1A2, CYP1B1, CYP2D6, CYP3A4 and CYP2C19 co-expressed with CYP reductase 

were purchased from Cypex Ltd. (Dundee, UK).

2.2 Plant isolates

Castela macrophylla (Simaroubaceae) was collected in Hellshire Hills, St. Catherine, 

Jamaica, in June 2003, and a voucher specimen, (#UWI-Mona 34,982) was deposited in the 

Herbarium at the University of the West Indies, Mona, Jamaica. The leaves, twigs, and 

thorns were air-dried, chopped, and exhaustively extracted successively with hexane, 

acetone, and methanol. The resulting residues were subjected to column chromatography on 

silica gel. Elution with various solvent polarities (ranging between 5-100% acetone-hexane) 

and recrystallization yielded the pure compounds (−)-glaucarubolone, glaucarubulone 

glucoside (Gg), (−)-holacanthone and scopoletin, as described elsewhere (Jacobs et al., 

2007). These purified and previously characterized isolates were used in the current study 

following reconfirmation for purity using NMR spectrometry.

2.3 Cell Culture

CCD18 Co normal colon and MCF-7 breast adenocarcinoma cells were maintained in 

ATCC-formulated Eagle's Minimum Essential Medium and HT29 colon carcinoma cells 

were maintained in McCoy's 5a Medium Modified supplemented with 10% foetal bovine 

serum (Atlas; Fort Collins, CO, USA), 10mM HEPES solution, 100 mM L-glutamine 
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penicillin-streptomycin solution, 3 g/L glucose, and 1.5 g/L of sodium bicarbonate. 

MCF-10A human breast epithelial cells were obtained from the American Type Culture 

Collection (ATCC) and maintained in Dulbecco’s Modified Eagle’s Medium/nutrient 

mixture F-12 (Mediatech, Herndon, VA, USA) supplemented with hydrocortisone (Sigma-

Aldrich, St. Louis, MO, USA), 5% (v/v) horse serum (Invitrogen, Carlsbad, CA, USA) 

cholera toxin (Calbiochem, BD Biosciences, La Jolla, CA, USA) and penicillin-

streptomycin antibiotics (Mediatech, Herndon, VA, USA). For the apoptosis studies and 

certain cell viability assays, MCF-7 cells were maintained in RPMI medium supplemented 

with 10% FBS and penicillin and streptomycin antibiotics. All cells were maintained at 

37°C in humidified air containing 5% CO2.

2.4 Cell viability assays

CCD18 Co, HT29, MCF-10A and MCF-7 cells were treated with plant isolates or drugs 

before cell proliferation was evaluated using an MTS assay according to the manufacturer’s 

instructions (Palmari et al., 1996). All assays were performed at least three times, and their 

O.D. measured at 590 nm (Heusch and Maneckjee, 1999). Cell viability was measured as a 

percentage of the controls containing respective solvents. In some experiments, MCF-7 or 

MCF-10A cells were exposed to media containing DMSO (≤ 0.1 %), plant isolates or drugs 

(10−10 −10−4 M) and analysed using the Alamar Blue™ assay as previously described 

(Heusch and Maneckjee, 1999; McLean et al., 2008, McLean et al., 2015).

2.5 Annexin V-7AAD apoptosis assay

The ability of Gg to induce apoptosis in MCF-7 cells was investigated similarly to a method 

previously described in detail elsewhere (Lee et al., 2009; McLean et al., 2008). Briefly, 

cells were exposed to Gg (0.1-1 μM, 24 h). Following treatment, cells were washed with 

cold PBS, harvested and counted, and aliquots placed in 96-well plates. Cells were then re-

suspended in assay buffer and stained with Annexin-V (which stains for cells in early 

apoptosis and distinguishes them from those that are viable) and 7-amino-actinomycin D 

(7AAD; which stains for necrotic or late apoptotic cells). Cells were then analysed using 

flow cytometry.

2.6 CYP inhibition assays

The test compounds were evaluated for their ability to inhibit the catalytic activity of human 

CYP1 enzymes by means of high throughput fluorometric inhibition assays conducted in 96-

well microtitre plates, as described elsewhere (Crespi et al., 1997). 7-ethoxyresorufin (ERes) 

was used as a substrate for detecting activities of CYP1B1 (at 0.37 μM) and 3-cyano-7-

ethoxy-coumarin (CEC) was used as a substrate for both CYPs 1A1 (at 0.5 μM) and 1A2 (at 

5 μM). Furthermore, the substrates 3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy-4-

methylcoumarin (AMMC) (at 1.5 μM), 7-Benzyloxy-4-trifluoromethylcoumarin (BFC) (at 

50 μM), and CEC (at 25 μM) were used as substrates for CYPs 2D6, 3A4, and 2C19, 

respectively. The reactions were monitored fluorometrically at 37o C, using a Varian Cary 

Eclipse Fluorescence spectrophotometer. All inhibitors were dissolved in a solvent of 20% 

acetonitrile in water and less than 0.3% of acetonitrile was used in the final assay.
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2.7 RNA extraction, real-time quantitative RT-PCR and PCR array analysis

Total RNA was isolated from MCF-7 breast cancer cells treated with media containing 

0.02 % DMSO, B[a]P alone or in combination with Gg for 24 h as described in detail 

elsewhere (McLean et al., 2015). The cDNA was used as a template for real time 

quantitative PCR analysis using a CFX-96 PCR instrument (Bio-Rad, Hercules, CA, USA). 

The primers for the reference genes GAPDH and GUSB as well as the CYP1A1 and 

CYP1A2 genes were obtained from SA Biosciences (Frederick, MD, USA). Alternatively, 

the human oxidative stress and antioxidant defence PCR array was employed to profile 

genes that regulate oxidative stress in MCF-7 cells, as previously described (McLean et al., 

2015).

2.8 Reactive oxygen species (ROS) analysis

Intracellular ROS levels were measured in MCF-10A breast epithelial cells exposed to 

0.025% DMSO (control) or 2 μM 1,6-BPQ alone or combined with 1 μM Gg for 2 h, as 

described previously (Burdick et al., 2003; McLean et al., 2015).

2.9 Data & Statistical analysis

IC50 and Ki values were determined by fitting the data in Sigma Plot (version 10.0) and 

enzyme kinetics module, using non-linear regression analysis. The apparent Ki values were 

determined on the basis of visual inspection of Eadie Hofstee plots and various statistics to 

evaluate goodness of fit, such as residual sum of squares, Akaike information criterion, and 

standard error (Enzyme kinetics module, version 1.3). The data listed represent the average 

values from three different determinations. Statistical significance between three or more 

groups was determined using one-way ANOVA with the Tukey-Kramer multiple comparison 

test. Statistical analysis was performed using GraphPad Prism 4.0 (Graph Pad Software, Inc. 

San Diego, CA,)

3. Results

3.1. Isolates derived from Castela macrophylla inhibit cell viability

Since quassinoids and coumarins have been shown to exhibit anti-cancer activity (Zhao et 

al., 2014; Tyagi et al., 2015), we reasoned that such compounds isolated from C. 
macrophylla would also have anticancer actions. Therefore, colorectal (CCD18Co) and 

MCF-10A breast non-tumourigenic cells as well as HT29 colon and MCF-7 breast cancer 

cells were treated with the plant isolates or established anticancer agents (tamoxifen, 

doxorubicin, and 5-fluorouracil) which served as positive controls for 24 h and their viability 

determined using the MTS or Alamar Blue assay. IC50 values (the concentration needed to 

inhibit cell viability by 50%) were calculated for all test isolates and standard of care 

anticancer agents (Table 1).

Scopoletin selectively reduced the viability of HT29 cells, and its IC50 value of 19.28 ± 0.34 

μM was comparable to 5-fluorouracil (23.50 ± 1.12 μM), yet this isolate did not affect the 

viability of CCD18Co normal colon cells (<10% inhibition at 60 μM). 5-Fluorouracil 

displayed less cytotoxicity towards these cells, with an IC50 of 55.51 ± 3.71 μM (Table 1). 

Holacanthone reduced the viability of MCF-7 cells, with similar potency as Gg (IC50 = 
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11.03 ± 1.13 μM vs. 8.65 ± 1.11 μM), and more potently than tamoxifen. Holacanthone 

inhibited HT29 cells to a comparable degree as the MCF-7 cells (IC50 = 9.91 ± 0.52 μM vs. 

11.03 ± 1.13 μM), but was also highly cytotoxic to the CCD18Co (IC50 <5 μM) and 

MCF-10A cells (IC50 = 0.3 ± 1.25 μM). Glaucarubolone had no impact on any of the four 

cell lines evaluated (Table 1). Gg was inactive in HT29 colon cancer cells in contrast to 5-

fluorouracil. Gg displayed cytotoxicity in MCF-7 cells with greater potency than tamoxifen 

following 24 h treatment as determined by the MTS (IC50=8.65 ± 1.11μM vs. to 17.28 

± 0.06 μM) and Alamar Blue (IC50 = 3.52 ± 0.918 μM vs. 18 ± 2.21 μM) assays, 

respectively (Table 1, Figure 2A). Due to the superior activity of Gg in this initial screen, 

further bioactivity studies focused exclusively on this quassinoid. Scopoletin only 

demonstrated appreciable cytotoxicity in HT-29 cells. Holacanthone, tamoxifen and 

Doxorubicin displayed some cytotoxicity at higher micromolar concentration levels in 

MCF-10A breast epithelial others while Gg and 5-fluorouracil demonstrated minimal 

toxicity in these cells (Table 1).

3.2. Gg induces cytotoxicity and apoptosis in MCF-7 cells

We employed the Alamar Blue™ assay to determine whether Gg-mediated reductions in cell 

viability were more pronounced following 72 h of treatment. Indeed Gg inhibited cell 

viability to a greater extent at 72 h (Figure 2B). Often cytotoxicity is more evident during 

longer durations of exposure since the cells have more time to double. This is the most 

plausible reason that Doxorubicin demonstrated no inhibition following 24 h of exposure yet 

definitive cytotoxicity following 72 h of exposure. The disparity in cell viability between 

cells treated with Tamoxifen and 5-fluorouracil compared to Gg was particularly evident 

following 72 h of exposure (IC50=121 nM vs. >10 μM), though Doxorubicin exhibited more 

similar cytotoxicity in these cells particularly at higher concentrations (IC50=121 nM vs. 100 

nM). We found that even the active metabolite of tamoxifen, 4-hydroxy-tamoxifen (4OH-

Tam) was considerably less potent than Gg (Figure 2C, IC50 =2.6 μM). Gg demonstrated 

selectivity in its cytotoxicity when its cytotoxic action in MCF-7 breast cancer cells was 

compared to non-tumourigenic MCF-10A breast epithelial cells (IC50=121 nM vs. > 50 μM; 

Figure 3).

Plant isolates that diminish cell viability frequently induce apoptosis (Tyagi et al., 2015). We 

therefore evaluated the ability of Gg to induce apoptosis in MCF-7 cells since these cells 

were most sensitive to this quassinoid. The cells were treated for 24 h with media containing 

0.025% DMSO or Gg. Using the AnnexinV-7AAD assay, a dose-dependent increase was 

detected in early apoptosis following Gg exposure (Figure 3B), which was significant at 1 

μM (26.5 ± 9.5%). Interestingly, this concentration is more than 3-fold lower than the IC50 

value determined after 24 h of treatment. Apoptosis and cytotoxicity were also apparent after 

48 h of Gg treatment (data not shown).

3.3. Gg induces pro-oxidant activity in cancer cells

To examine the impact of Gg on the expression of genes that regulate oxidative stress a 

pathway-specific PCR array was used to profile such genes in MCF-7 cells treated with Gg. 

It was found that a number of genes were substantially down-regulated after Gg exposure 

(Table 2), including those encoding for aldehyde oxidase-1 (AOX1), glutathione peroxidase 
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1 (GPX1), metallothionein-3 (MT3), and superoxide dismutase 3 (SOD3). AOX-1 

hydroxylates heterocycles and oxidizes various aldehydes and participates in myriad of 

cellular activities (Terao et al., 2006). GPX1 and SOD3 encode for antioxidant enzymes 

(Guo et al., 2003), while MT3 is known to enhance invasiveness and tumorigenesis 

(Kmiecik et al., 2015). Gg likely exhibits pro-oxidant actions in MCF-7 cells via down-

regulation of AOX-1, GPX1, and SOD3. In addition, the data suggest Gg down-regulates 

MT3 to suppress the tumourigenic potential of MCF-7 cells, although additional studies are 

needed to confirm this.

3.4. Gg inhibits cytochrome P450 (CYP) enzyme activity

Given the involvement of CYP1 enzymes (particularly CYP1A1) in pro-carcinogen 

activation, the ability of the test compounds to inhibit the activity of these enzymes was 

evaluated using fluorogenic probe substrates. Gg inhibited CYP1A1 activity (IC50 = 6.93 

± 0.31 μM; Figure 4A). Furthermore, kinetic characterisation using Eadie-Hofstee plots 

yielded non-competitive inhibition of CYP 1A1 (Ki = 7.1 ± 1.44 μM, data not shown). These 

compounds were also profiled against other drug metabolising CYP enzymes, which is a key 

step in predicting the potential for drug interactions by new drug entities including natural 

products (Murray et al, 2016; Delgoda and Westlake 2004). The results (Figure 4B), reveal 

that while Gg weakly inhibited the activities of CYPs 2C19 (IC50 = 19.40 ± 1.11 μM) and 

2D6 (IC50 = 18.02 ± 0.51 μM), this metabolite inhibited CYPs1A1 and 1B1 more potently, 

and most potently inhibited CYP3A4 (IC50 = 1.31 ± 0.49μM). The latter is also critical in 

carcinogenic activation processes (Uppstad et al, 2010).

To verify the accuracy of the experimental techniques employed to detect CYP inhibition, 

assays were performed with the known inhibitors furafylline (against CYP1A2), 

ketoconazole (against CYPs1A1, 1B1 and 3A4), (−)-N-3-benzyl-phenobarbital (NBPB, 

against CYP2C19), and quinidine (against CYP2D6). The determined IC50 values (0.8 ± 0.2, 

0.04 ± 0.01, 6.3 ± 1.7, 0.06 ± 0.01, 0.3 ± 0.01, and 0.03 ± 0.01 μM, respectively) were 

consistent with the published values (0.99, <10, 0.06, 0.25 and 0.04 μM, respectively) (Cai 

et al., 2004; Cali, 2003; Powrie, 2007; Stresser et al., 2004). The Michaelis constant, KM, 

was determined for each marker substrate under the specified experimental conditions to 

determine suitable substrate concentrations for assessing the inhibitory potential of test 

compounds.

3.5. Gg attenuates Benzo[a]pyrene-induced CYP1A mRNA expression

B[a]P represents a PAH known to induce CYP1 through the AhR locus, thereby facilitating 

its own catalysis into its activated and carcinogenic forms (Shiizaki et al., 2013). Since 

MCF-7 cells were among the most sensitive to Gg and are malignant yet non-invasive, they 

were exposed to B[a]P in the presence or absence of Gg (10-100 nM) for 24 h, and the 

CYP1A1 and CYP1A2 mRNA expression levels evaluated. B[a]P induced robust increases 

in CYP1A1 and CYP1A2 mRNA expression levels, respectively relative to untreated 

controls (Figure 4C). On the other hand, Gg inhibited B[a]P-induced CYP1A1 mRNA 

expression in a dose-dependent fashion and caused sustained inhibition of B[a]P-induced 

CYP1A2 mRNA expression. While it is well established that B[a]P also up-regulates 

CYP1B1 expression (Uppstad et al., 2010), it does so to a much lesser extent than CYP1A.
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3.6. Gg counteracts 1,6-BPQ-mediated increases in reactive oxygen species in MCF-10A 
cells

Increases in intracellular reactive oxygen species (ROS) frequently occur just before DNA 

becomes damaged within susceptible cells and often following metabolic activation of B[a]P 

(Leadon et al., 1988). Increases in ROS production within MCF-10A breast epithelial cells 

which are both non-invasive and non-malignant, can promote 4-hydroxyestradiol-mediated 

malignant transformation (Okoh et al., 2013). We chose to evaluate the ability of Gg to block 

1,6-BPQ-mediated increases only in breast epithelial cells since the potential of a substance 

to act as a chemopreventive is best established in a non-tumorigenic cell line and because 

B[a]P was previously determined to increase proliferation of MCF-10A cells (Tannheimer et 

al.,1997). In particular, the B[a]P metabolite 1,6-B[a]P quinone (1,6-BPQ), formed through 

the AKR pathway following initial CYP activation, is known to increase ROS production in 

MCF-10A cells (Burdick et al., 2003). In order to determine whether Gg would suppress or 

potentiate 1,6-BPQ-mediated increases in ROS in MCF-10A cells, ROS levels were 

evaluated in MCF-10A cells exposed to media containing 0.01% DMSO, 1,6-BPQ (2 μM) 

alone or in combination with Gg (1 μM). Figure 5 indicates that 1,6-BPQ caused the 

expected 2-fold increase in ROS levels. However, Gg effectively suppressed the 1,6-BPQ-

mediated increases in ROS production within these cells. Gg combined with 1,6-BPQ did 

not result in statistically significant increases in ROS as compared to control. These data 

suggest that Gg displays anti-oxidant actions in non-malignant cells, while displaying pro-

oxidant actions in malignant cells.

4. Discussion

Since CYP1 enzymes contribute to DDE and dione production to form DNA adducts and 

hence elicit the carcinogenicity of the PAH B[a]P, much attention has been focused on 

identifying CYP1 inhibitors as potential chemoprotectors (Badal and Delgoda, 2014). 

Indeed, several natural compounds, including resveratrol (Leung et al., 2007; Ren et al., 

2003; Skupinska et al., 2009) and coumarins (Cai et al., 1997) have been categorised as 

such. In addition, CYP1A promotes the metabolism of estrogen into 2-hydroxy-estradiol 

which is carcinogenic and the 4-hydroxy and 16-hydroxy estradiol metabolites promote 

proliferation of MCF-7 cells (Gregoraszczuk et al.2008). Thus, inhibiting CYP1A provides 

multiple mechanisms of potential chemoprevention. In this study, the quassinoid Gg 

exhibited cytotoxicity in certain cancer cells with low impact on normal cells, and 

influenced several key stages of B[a]P activation. Gg moderately inhibited the activities of 

CYPs 1A1 and 1B1; the former is critical for B[a]P activation under normal conditions 

(Shimada and Fujii-Kuriyama, 2004) and the latter under inflammatory conditions 

(Smerdova et al., 2013).

In general, Gg demonstrated low cytotoxicity towards normal cells (Table 1), a desirable trait 

in a quest for lead compounds as chemotherapeutic and chemopreventive agents. In 

particular, Gg displayed selective cytotoxicity towards the MCF-7 breast cancer cell line in 

comparison to the non-malignant MCF-10A breast cancer cell line (Figure 3A). We found 

that holacanthone, scopoletin and particularly Gg displayed cancer-selective cytotoxic 

properties comparable to, or more potent than, known anticancer drugs (Table 1). 
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Gluacarubolone did not impact cell viability of any of the cancer cells, although its structural 

relatives Gg and holacanthone did. It appears that conjugation (glycosylation or acetylation) 

is critical for bioactivity. Following just 24 h of treatment, Gg was twice as potent towards 

breast cancer cells than tamoxifen, a standard of care agent used to treat ER+ breast cancer 

(Osborne, 1998). After 72 h of exposure, Gg exhibited greater cytotoxicity in MCF-7 cells 

than 5-fluorouracil, tamoxifen and its active metabolite 4OHTam (Figure 2C) while 

exhibiting comparable cytotoxicity as Doxorubicin. Though we used phenol red media, it is 

unlikely that contaminating estrogens reduced the anticancer activity of Tamoxifen since 

such contaminants have negligible estrogenic effects (Moreno-Cuevas et al., 2000). In 

addition, the IC50 values we obtained for MCF-7 cells following 24 h exposure to tamoxifen 

are lower than a recent report (Sabzichi et al., 2016). Moreover, Gg (1 μM, 24 h) induced 

significant early apoptosis in MCF-7 breast cancer cells at a concentration more than 3-fold 

lower than the IC50 for this isolate. The clinically available anti-breast cancer agent 

tamoxifen was previously shown to induce apoptosis in MCF-7 cells (Karami-Tehrani and 

Salami, 2003), though it is considerably less potent than Gg in these cells.

In previous studies from this laboratory (Badal et al., 2008; Shields et al., 2009), the key 

residues required for the effective interactions of a quassinoid bound to the CYP1A1 active 

site were identified. The generalised model identified a hydrogen bond donor in position 1 

which can aid binding with the backbone carbonyl of Asp313, and the oxygen atoms on 

rings C (2) and A (3) which can bind with the side chains of Thr111 and Ser124, 

respectively. Hydrophobic groups, possibly on ring A, can facilitate interactions with 

Phe123, Ile386, and Leu496. Gg has a glucoside moiety on ring D appended to the hydroxyl 

group found in quassin, thereby preventing it from acting as a hydrogen bond donor. This 

may explain the lack of affinity to the active site as implicated by the non-competitive 

binding kinetics for CYP1A1. Non-competitive inhibitors generally follow the relation 

IC50=Ki (Cheng and Prusoff, 1973). In these studies, the obtained IC50 value for Gg on 

CYPs1A1 yielded similar Ki values, further confirming the in silico suggestions.

B[a]P, like many other PAHs, binds with high affinity to the cytosolic aryl hydrocarbon 

receptor (AhR) (Wogan, 2004) which then complexes with the related AhR nuclear 

translocator (ARNT) protein in the nucleus, commencing with the transcriptional activation 

of CYP1A1 and CYP1A2. AhR undergoes post-translational modification for optimal 

transactivation potential, and whether Gg inhibits the kinases that phosphorylate AhR, as 

previously postulated for polyphenols (Mukai et al., 2008), remains to be determined. What 

is clear is that B[a]P induction of CYP1A gene expression is reduced in the presence of Gg. 

Yet alone, it did not appreciably affect the endogenous mRNA expression of any of the 

CYP1 enzymes within the breast cancer cells (data not shown). Such reductions in CYP1A, 

coupled with direct inhibition of the enzyme activities in the presence of Gg, may be 

expected to decrease the levels of carcinogenic metabolites formed through CYP1A activity. 

Surprisingly, Gg could not appreciably suppress B[a]P-mediated induced CYP1A1 protein 

expression (data not shown). This implies that Gg suppresses B[a]P-mediated actions by 

inhibiting CYP1A1 transcriptional activation and not by inhibiting CYP1A1 translation, nor 

by suppressing the effects of CYP1A1 protein turnover akin to what has been described 

previously (Sidorova et al., 2016).
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The ability of Gg to block 1,6-BPQ-mediated increases in ROS levels in non-tumourigenic 

MCF-10A breast epithelial cells suggests that Gg may possess chemopreventive properties, 

though more extensive in vitro and in vivo studies are needed to determine the potential for 

Gg to serve as a chemopreventive agent. Other quassinoids were previously shown to exhibit 

chemopreventive actions by inhibiting Epstein-Barr virus activation (Tamura et al., 2002), 

rather than blocking B[a]P-mediated CYP1A induction as illustrated in this study. Gg 

diminished the expression of genes, such as GPX1 and SOD3, to reveal a probable 

mechanism for its pro-oxidant actions in cancer cells.

The loss of anti-oxidant gene activation in response to Gg may stem from cross-talk between 

the apoptotic and anti-oxidant cellular pathways, and the need to eliminate the protection 

that is conferred by anti-oxidant gene expression once the cell commits to programmed 

death. Grape seed extracts, and naringinen and genistein represent compounds that activate 

anti-oxidant gene expression, and this leads to reduced apoptosis (Chen et al., 2015; 

Ramprasath et al., 2014; Yu et al., 2015; Zhang et al., 2013). One key study demonstrated 

that di(2-ethylhexyl) phthalate induced apoptosis through mechanisms that depended on its 

ability to suppress antioxidant protection (Sun et al., 2015).

Gg also showed weak inhibition of CYP2D6, and since this enzyme plays a key role in the 

metabolism of tamoxifen, combination therapy with the pharmaceutical agent should have 

little risk of metabolism-based, drug-drug interactions (Bonanni et al., 2006). Although most 

warnings for drug-drug interactions for tamoxifen users are against CYP2D6 inhibitors, 

CYP3A4 is also involved in its metabolism and represents a predominant enzyme in the 

metabolism of a myriad of agents. Since Gg inhibits CYP3A4, adjustments may be needed 

when this isolate is combined with tamoxifen and/or other drugs predominantly reliant on 

this enzyme for bioactivation. Importantly, CYP3A4 is the most abundant hepatic 

cytochrome P450 enzyme and has the capacity to oxidise a dihydrodiol to a dihydrodiol 

epoxide. Indeed, these data show that Gg was a more potent inhibitor of CYP3A4 than 

CYP1. This suggests that the chemopreventive actions of Gg may be even more extrinsically 

linked to its ability to inhibit CYP3A4 as compared to CYP1. We speculate that Gg becomes 

active by a mechanism distinct from the anti-estrogenic mechanism that characterises 

Tamoxifen anticancer actions and this provides a plausible explanation for its superior 

activity in MCF-7 cells in comparison to Tamoxifen. We also suspect that Gg exhibits 

anticancer activity via a mechanism that differs from 5fluorouracil (an inhibitor of 

thymidylate synthase) and doxorubicin (a topoisomerase 2 inhibitor).

In summary, among the quassinoids, Gg demonstrated the most promising anticancer 

activity, which was superior to that of the clinically available agent Tamoxifen and 

corresponding active metabolite 4-OH tamoxifen. Gg showed growth inhibitory potency 

against breast cancer cells and induced apoptosis. Gg moderately inhibited the CYP1A1 

enzyme with non-competitive binding kinetics, and significantly inhibited the induction of 

CYP1A1 by B[a]P in a dose-dependent manner. Gg thwarted 1,6-BPQ-mediated increases in 

ROS production in MCF-10A cells suggesting that this metabolite exhibits antioxidant 

actions in non-tumourigenic cells. It is plausible that Gg promotes ROS-mediated anticancer 

actions in tumourigenic cells since it suppressed GPX1 and SOD3 in MCF-7 cells, though 

additional studies are needed to confirm this speculation. Should future studies demonstrate 
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that Gg blocks PAH-mediated DNA damage, this would strengthen the rationale to initiate in 
vivo studies to investigate the potential for Gg to serve as a chemopreventive and 

chemotherapeutic lead. This study further validates the need for an on-going search for 

biologically significant leads from natural products from endemic tropical biodiversity.
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Figure 1. 
Structures of isolated constituents from Castela macrophylla.
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Figure 2. 
Gg demonstrates greater anticancer activity than 5-Fluorouracil, tamoxifen or its metabolite 

4OH-tamoxifen in MCF-7 breast cancer cells. In A-C, cells were analysed for cell survival 

using the Alamar Blue™ assay following treatment, as outlined in Materials and Methods. 

Statistical significance as indicated by * P < 0.05, **P < 0.01 or ***P < 0.01 versus vehicle 

control.
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Figure 3. 
Gg displays no appreciable cytotoxicity in MCF-10A breast epithelial cells and apoptosis in 

MCF-7 breast cancer cells.(A) MCF-10A were exposed to Gg (1 nM-10 μM) 4 OH-Tam (1 

nM-10 μM) or vehicle for 72 h before Alamar Blue™ assay analysis was employed, as 

outlined in Materials and Methods. Statistical significance as indicated by *** P < 0.001 

versus vehicle control.(B) MCF-7 cells were exposed to media containing Gg (0.01-1.0 μM) 

or 0.025% DMSO for 24 h before being analysed for apoptosis using the AnnexinV-7AAD 

assay, as described in Materials and Methods. Data represent the mean percentage ± SEM of 

three independent experiments performed in triplicate. Statistical significance as indicated 

by * P < 0.05 versus vehicle control.

Badal et al. Page 19

J Appl Toxicol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Gg inhibits CYP1 enzyme activities and suppresses B[a]P-induced CYP1A gene expression 

in non-invasive MCF-7 breast cancer cells. (A) Human recombinant CYP1B1-catalysed 7-

ethoxyresorufin activity (0.37μM), CYPs 1A1 catalysed 7-ethoxy-3-cyanocoumarin 

deethylase activity (0.5μM), were determined in the presence of varying concentrations of 

Gg (0-20μM, as described in Materials and Methods for IC50 determinations. Control 
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enzyme activity (mean ± SEM) for CYPs 1B1 and 1A1 were 0.34 ± 0.08, 0.86 ± 0.01 

μM/min/pmol of CYP respectively. (B) Human recombinant CYP activity (as indicated by 

relative fluorescence) for isoforms CYP1A1, CYP1B1, CYP2C19, CYP2D6 and CYP3A4 

following treatment with Gg reported as IC50 values in accordance with Materials and 

Methods. Results are represented as the mean of at least three independent experiments 

±SEM. (C) MCF-7 cells were exposed to B[a]P alone or in combination with Gg at 

indicated concentrations for 24 h. Cells were harvested, RNA extracted and quantitative real-

time PCR analysis performed in accordance with Materials and methods to evaluate 

CYP1A1 and CYP1A2 mRNA expression. Data represent the mean ± SEM of three 

independent experiments. Statistical significance as indicated by ** P< 0.01 or ***P < 0.001 

versus treatment with B[a]P only.

Badal et al. Page 21

J Appl Toxicol. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Gg suppresses 1,6-BPQ-mediated increases in ROS in non-malignant MCF-10A cells. 

MCF-10A cells were exposed to Gg (1 μM) alone or in combination with 1,6-BPQ (2 μM) 

for 2 hours before being analysed for ROS production using flow cytometry as described in 

Materials and methods. Data represent the mean ± SEM of three independent experiments. 

Statistical significance as indicated by * P < 0.05 or ** P < 0.01 when comparing indicated 

data points.
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Table 1

Cytotoxicity determination of isolates from Castela macrophylla and standard of care agents

Compound Cell Lines

CCD18 Co HT29 MCF-10A MCF-7

(−)-Glaucarubolone NI NI NI NI

(−)-Holacanthone <5 9.91 ± 0.52 0.3 ± 1.25 11.031 ± 1.13

(−)-Glaucarubolone
glucoside

40.14 ± 3.41 NI NI 8.65 ± 1.11

Scopoletin NI 19.28 ± 0.348 NI NI

Tamoxifen ND ND 38.9 ± 1.19 17.28 ± 0.06

5-Fluorouracil 55.51 ± 3.71 23.50 ± 1.12 NI 78.6 ± 1.73

Doxorubicin ND ND 30.2 ± 1.29 NI

Cells were exposed to the isolates or anticancer agents (1 nM-100 μM) for 24 h before cytotoxicity analysis using the MTS or the Alamar Blue™ 

assay. IC50 represents the concentration needed to inhibit the growth of cancer cells by 50%. These values (μM) were obtained from the interaction 

of isolates with various cancer and normal cell lines along with positive controls (standard of care agents Tamoxifen, Fluorouracil and 
Doxorubicin), as outlined in Materials and Methods. Results are represented as the mean of at least three independent experiments ±SEM. Key: NI: 
No inhibition (<10% inhibition at 60 μM), ND: Not determined.
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Table 2

Genes down-regulated in MCF-7 cells exposed to Gg using the human oxidative stress and antioxidant defence 

PCR array.

Gene symbol Gene description Expression relative to control

GPX glutathione peroxidase-1 −24.59

SOD-3 superoxide dismutase −10.78

MT3 metallothionein-3 −10.48

SFTPD surfactant pulmonary associated protein-D − 7.36

AOX1 aldehyde oxidase-1 −6.72

Cells were exposed to media containing 1 μM Gg or vehicle (control) for 24 h followed by RNA extraction and real-time quantitative PCR analysis. 
Results represent the mean of two independent experiments performed in triplicate.
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