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SUMMARY 

Women may spend the last third of their lives in post menopause. The transition to 

menopause occurs when ovaries stop producing estrogens resulting in a significant 

drop in circulating levels of these hormones. This drastic decline in levels of circulating 

estrogens leads to the rise of uncomfortable symptoms, such as hot flashes, night 

sweats, mood swings, insomnia, vaginal dryness, and osteoporosis. 

Although circulating estrogens are low in postmenopausal women, the local 

production of estrogens in organs such as breast is not significantly compromised. In 

the fibroblasts of adipose tissues in the breast, estrogens, mainly the interconvertible 

estradiol (E2) and estrone (E1), are converted by aromatase (P450 19A1) from 

testosterone and androstenedione, creating an estrogen-rich local environment 

comparable to that in premenopausal women. 

The treatment of choice for the alleviation of uncomfortable menopausal 

symptoms caused by these low circulating levels hormone levels was hormone therapy 

(HT): the supplementation of hormones with estrogen or estrogen + progestin. That 

began to change in May 2002 when the estrogen + progestin arm of the large-scale 

Women’s Health Initiative (WHI) was halted more than three years early because of an 

increased risk of invasive breast cancer development in otherwise healthy menopausal 

women. Although there were several important points lost in the media wave that 

followed these concerning results, the findings raised major concerns about the safety 

of HT and prompted women to seek alternative options to relieve menopausal ailments. 

Largely because of these concerns many women turn to natural products as an 

alternative to hormone therapy. Botanical dietary supplements (BDS) are a popular 
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SUMMARY (continued) 

choice because of their long history of use in traditional medicine and the common 

perception of them as “safe” because they are natural. Isoflavone containing 

supplements derive much of their popularity because Asian women, who traditionally 

have a high-isoflavone diet, report fewer and less severe hot flashes. Many isoflavones 

show estrogenic properties that may alleviate menopausal symptoms by binding to 

estrogen receptors (ERs), although their efficacy in humans is controversial. Moreover, 

they can have chemoprevention effects by mediated pathways such as estrogen 

oxidative metabolism. However, estrogenicity, chemopreventive properties, and safety 

of BDS are not fully understood.  

Breast cancer is the most commonly diagnosed cancer in women in the United 

States with an estimated 13% lifetime risk of diagnosis. Breast cancer risk is correlated 

with length of time of exposure to estrogens, particularly estradiol (E2). Estrogen 

carcinogenesis can be broken down into at least three mechanisms: hormonal, 

chemical, and epigenetic. In the hormonal pathway, E2 can bind to ERα, promoting cell 

proliferation. In the chemical pathway, the aryl hydrocarbon receptor (AhR) mediates 

induction of oxidative estrogen metabolizing enzymes, P450 1A1 and P450 1B1. 

Metabolism by P450 1B1 can lead to the formation of DNA adducts, while metabolism 

through P450 1A1 is associated with decreased cancer risk. In the epigenetic pathway, 

ligands to ERα can promote methylation of the promoter region of CYP1A1, the gene 

encoding for P450 1A1. This methylation selectively suppresses expression of this 

“detoxification” enzyme. This project primarily focuses on the combined effects of the 
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chemical and epigenetic pathways and the modulation of these pathways by isoflavones 

in BDS consumed by women for menopausal symptom relief. 

Extracts can vary dramatically in chemical composition, and the chemical 

composition of the extract often differs markedly from the form of the active compounds 

in the body. For instance, soy and red clover extracts often contain isoflavones in their 

inactive glycosylated form. The glycosylated isoflavone undergoes deglycosylation to its 

form the active aglycone in the intestine where it is absorbed. In the liver, these 

aglycones undergo phase II metabolism, primarily glucuronidation, by 

glucuronyltransferases (UGTs). The aglycone form produces the biological effect. Thus, 

it may be necessary to hydrolyze an extract to expose its biological activity in vitro.  

This study was primarily conducted with two isoflavone rich extracts, a hydrolyzed 

standardized red clover extract (RCE) and a hydrolyzed soy bean extract (SB), and their 

major bioactive isoflavones. RCE is a standardized hydrolyzed extract studied for more 

than a decade in the UIC/NIH Center for Botanical Dietary Supplements Research. As 

part of this study we investigated the effects of hydrolysis on a soy bean extract and 

chose one of these extracts for further study. Ingestion of these extracts like those 

studied results in the presence of similar bioactive estrogenic isoflavones, genistein  

 (GN) and daidzein (DZ) in the body. RCE contains both ER agonists, GN and DZ, and 

AhR agonists biochanin A (BA) and formononetin (FN). In the body, the AhR agonists in 

red clover, BA and FN are metabolized in the liver and other tissues into compounds 

with primarily estrogenic activity, GN and DZ. The unhydrolyzed soy beans extract (SB), 
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SUMMARY (continued) 

contains primarily ER agonists, GN and DZ in their glycosylated forms, genistin and 

daidzin, respectively. These are deglycosylated in the body into estrogenic GN and DZ.  

Since the hydrolyzed RCE contains AhR agonists, it can serve as a BDS model to study 

the effects AhR and ER agonists combined, while hydrolyzed soy extract can serve to 

investigate primarily estrogenic effects.  

Estrogenic isoflavones (phytoestrogens) act on ERα, the same receptor as the 

endogenous estrogens present in women’s breast tissue. This estrogen receptor is 

profoundly important in both cancer risk and, more specifically, estrogen chemical 

carcinogenesis through oxidative estrogen metabolism. However, the role of E2 in the 

modulation of estrogen chemical carcinogenesis by isoflavones has, to our knowledge, 

not been systematically studied. Thus, in this project we hypothesized that the 

presence of estrogens in breast tissue significantly affects modulation of 

estrogen oxidative metabolism by isoflavones.  

To investigate this question, this study takes the approach of first mechanistically 

examining these effects without the presence of E2, then creating three conditions (no, 

low, and high E2) in the same cell line and comparing the changes in metabolism within 

each system to those in the other systems. However, this approach required the 

creation of a new activity assay to distinguish between the ER-mediated and AhR- 

mediated effects on P450 1A1/1B1 activity. The LC-MS/MS assay measuring the 

MeOE1 metabolites of E1/E2 used of this purpose in chapter 3 requires the presence of 

a high dose of E2, therefore, could not reliably measure the changes in activity in an 

estrogen free or low estrogen environment.  
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To investigate this question, this study takes the approach of first mechanistically 

examining these effects without the presence of E2, then creating three conditions (no, 

low, and high E2) in the same cell line and comparing the changes in metabolism within 

each system to those in the other systems. However, this approach required the 

creation of a new activity assay to distinguish between the ER-mediated and AhR-

mediated effects on P450 1A1/1B1 activity. The LC-MS/MS assay measuring the 

MeOE1 metabolites of E1/E2 used in chapter 3 requires the presence of a high dose of 

E2, therefore, could not reliably measure the changes in activity in an estrogen free or 

low estrogen environment.  

To gain a baseline for studying the effects of AhR agonist + ER agonist 

isoflavones on estrogen oxidative metabolism in cell-based models with no E2, a red 

clover extract (RCE) was studied along different points in the pathways known to affect 

estrogen oxidative metabolism (Figure 2). 

The effect of the extract (RCE) on ERα+ MCF-7 WS8 cells was a selective 

induction of the genotoxic P450 1B1 4-hydroxylation pathway at high concentration and 

a selective suppression of the P450 1A1 pathway in lower concentrations. In these 

cells, the ER-agonists GN and DZ selectively suppressed the P450 1A1 pathway. Cells 

treated with BA and FN partially metabolized those AhR agonists in GN and DZ,  

respectively. BA and FN treated cells were found to modulate P450 1A1/1B1 in a 

manner similar to the overall RCE extract. In an ER- non-tumorigenic cell line, little 

change occurred with treatment. These results suggested that RCE may be safe in 

tissue that does not contain ERα. However, the estrogen mediated effects may be of  
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concern in ERα+ tissues due to the ability to either suppress the P450 1A1 

(detoxification) pathway in the absence of an AhR agonists or to selectively induce the 

P450 1B1 (genotoxic) pathway in the presence of them.  

Since ERα is only involved in the epigenetic regulation of oxidative estrogen 

metabolism, the question of the effects of the presence of E2 was simplified by only 

including estrogenic isoflavones and not AhR agonists. However, the model-based 

approach required the creation of a new activity assay to measure the ER mediated and 

AhR mediated effects on P450 1A1/1B1 activity. The new assay incorporated spheroids 

and a P450 1B1 inhibitor into the already existing EROD assay.  

This work was performed in the UIC/NIH Center for Botanical Dietary 

Supplements Research that focuses on studying botanical extracts used for women’s 

health. The newly developed 3D-EROD assay was used in conjunction with 

computational modeling and an alkaline phosphatase assay of estrogen activity to 

investigate existing hypotheses and form new ones about a variety of botanical extracts 

and bioactive compounds used for menopausal women’s health. Roseroot (Rhodiola 

rosea), Milk thistle (Silybum marianum), and dong quai, the dried root of Angelica 

sinensis were investigated for biological activity using combinations of these techniques 

due to their use as women’s health supplements. Through this evaluation we  

determined that a 4 day autohydrolyzed soy bean extract that demonstrated high 

estrogenic activity and did not show signs of AhR mediated induction would be used in 

the final part of this study. Through these evaluations, fractions high in fatty acids were 

found to act as probable AhR agonists, and hypotheses were formed about compounds  
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found in botanical extracts that should to be further studied in future structure activity 

relations studies. 

 Although concentrations of E2 in breast tissue do not correlate well with serum 

levels, the pM to nM range is considered to be biologically relevant in breast tissue. The 

estrogen-mediated suppression of P450 1A1 was dose related in the pM to nM range of 

E2 treatment.  A dose on the low end of the curve (1 pM) was chosen as the low E2 

model, and a dose on the high end of the curve (1 nM) as was used for the high E2 

model. As expected, with no E2, the estrogenic extract and major bioactive compounds 

(GN, DZ) were found to selectively suppress P450 1A activity. Simply co-treating with E2 

(1 nM) did not change this effect. However, combined pre- and co-treatment with E2 

reversed the ERα-mediated P450 1A1 suppression by the estrogenic isoflavones. The 

P450 1A1 suppression slightly decreased in response to the low dose (1 pM) and was 

reversed at the high dose of E2 (1 nM) model when compared to the same 

isoflavone/extract treatment without E2 co-treatment. These findings agreed with data 

from animal and clinical studies of the effects of estrogenic isoflavones on estrogen 

metabolism in the literature. 

Our findings suggest that, contrary to traditional estrogen free in vitro models, in 

models with high levels of estrogens, suppression of the detoxifying P450 1A1 pathway 

by phytoestrogens does not occur. These data suggest that the suppression of P450 

1A1 by estrogenic isoflavones might not be a concern in women. However, more 

mechanistic studied, in vivo, and clinical studies are warranted to analyze if these 

results are translatable to women. These results also emphasize an increasing need for  
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biologically relevant in vitro models to better understand biological effects before in vivo 

or clinical studies.  
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1 INTRODUCTION 

1.1 Menopause: 

Women may spend the last third of their lives in post menopause (Minino 2011). 

The transition to menopause occurs when ovaries stop producing estrogens, resulting in 

a significant drop in circulating levels of these hormones (Aidelsburger et al. 2012). This 

drastic decline in levels of circulating estrogens leads to the rise of uncomfortable 

symptoms, such as hot flashes, night sweats, mood swings, insomnia, and vaginal 

dryness, and osteoporosis (Roush 2012, Ortmann and Lattrich 2012). 

However, although circulating estrogens are low in postmenopausal women, the 

local production of estrogen in organs such as breast is not significantly compromised. 

In the fibroblasts of adipose tissues in breast, estrogens, mainly estradiol (E2) and 

estrone (E1), are converted by aromatase (P450 19A1) from testosterone and 

androstenedione (Sasano, Miki, et al. 2009, Sasano, Nagasaki, et al. 2009), creating an 

estrogen-rich local environment (van Landeghem et al. 1985) comparable to that in 

premenopausal women (Yaghjyan and Colditz 2011). 

1.2 Women’s Health Initiative: 

The first line of treatment for the alleviation of uncomfortable menopausal 

symptoms initiated by low circulating estrogen levels was hormone therapy (HT): the 

supplementation of hormones with estrogen or estrogen + progestin. That changed in 

May 2002, when the estrogen + progestin arm of the large scale Women’s Health 

Initiative (WHI) was halted more than three years early because of an increased risk of 

invasive breast cancer development in otherwise healthy menopausal women 
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(Rossouw et al. 2002b). Although there were several important points lost in the media 

wave that followed these concerning results (Rossouw et al. 2007, Lenfant et al. 2011), 

the findings raised major concerns about the safety of HT and prompted women to seek 

alternative options to relieve menopausal ailments. 

1.3 Botanical dietary supplements for women’s health 

Largely because of these concerns many women turn to natural products as an 

alternative to hormone therapy. Botanical dietary supplements (BDS) are a popular 

choice because of their long history of use in traditional medicine and the common 

perception of them as “safe” because they are natural (Poluzzi et al. 2014, Geller and 

Studee 2005, Pitkin 2012, Wang et al. 2011). As of 2017, the sales of botanical dietary 

supplements, including those used to address symptoms of menopause, reached 

$8.085 billion in the United States, an 8.5% increase from the previous year (Smith 

2018). Isoflavone containing supplements, in particular, derive much of their popularity 

because Asian women, who have a high-isoflavone diet, report fewer and less severe 

hot flashes (Taechakraichana et al. 2002). Some isoflavones are estrogenic and may 

alleviate symptoms by binding to estrogen receptors, although their efficacy in humans 

is controversial (Hajirahimkhan, Dietz, and Bolton 2013a, Poluzzi et al. 2014, Mintziori 

et al. 2015). Moreover, they can affect chemoprevention pathways by modulating P450 

1A1/1B1 metabolism. However, estrogenicity, chemopreventive properties, and safety 

of BDS are not fully understood (Mintziori et al. 2015).  

1.4 Breast cancer: 
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Breast cancer is the most commonly diagnosed malignancy in women in the 

United States with an estimated one in eight women developing breast cancer in her 

lifetime (Siegel, Miller, and Jemal 2016a). Breast cancer risk is correlated with length of 

time of exposure to estrogens, particularly E2 (2002). There is a 5% reduction in risk for 

each year of delayed onset of menses (Hunter et al. 1997), and risk increases with later 

onset of menopause (1997). Moreover, long-term risk decreases with pregnancy (2002). 

During pregnancy, there is a large increase in estriol (E3) (Musey et al. 1987), an 

estrogen with significantly less affinity for the estrogen receptor than E2 and which is not 

known to be metabolized into the 4-hydroxylated genotoxic quinones formed by estrone 

(E1) or E2 (Cavalieri and Rogan 2006). 

 Mechanisms of estrogen mediated cancer risk 

Estrogen carcinogenesis can be broken down into at least three mechanisms: 

hormonal, chemical, and epigenetic. In the hormonal pathway, E2 can bind to ER 

promoting cell proliferation (Sotoca et al. 2008). In the chemical pathway, oxidative 

estrogen metabolism by P450 1B1 can lead to the formation of DNA adducts (Bolton 

and Thatcher 2007). In the epigenetic pathway, binding to ER can induce methylation 

of the promoter region of CYP1A1, the gene encoding for P450 1A1. This methylation 

selectively suppresses the expression of this “detoxification” enzyme. This project 

primarily focuses on the combined effects of the chemical and epigenetic pathways. 

(Figure 2) and the modulation of these pathways by isoflavones in BDS consumed by 

women for menopausal symptom relief. 
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Figure 1: Three pathways of estrogen carcinogenesis:  
Estradiol binds to ERα and promotes cell proliferation. aryl hydrocarbon receptor (AhR), 
a mediator of estrogen oxidative metabolism, which can ultimately lead to the formation 
of genotoxic DNA adducts. ERα binding leads to methylation of the promotor region 
epigenetic effect by selectively suppressing the “detoxifying” enzyme, P450 1A1 
(epigenetic). 
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1.4.1.1 Hormonal pathway  

ERα binding leads to dissociation of chaperone proteins and dimerization 

formation with another ERα protein. This ligand bound ERα dimer translocates into the 

nucleus where it binds to the estrogen response element (ERE) and co-activators are 

recruited. This receptor DNA complex initiates ERα targeted gene transcription (Yager 

and Davidson 2006b), including genes that promote cell proliferation (Beatson 1983, 

Rossouw et al. 2002a). ERβ selective agonists inhibit cell proliferation (Helguero et al. 

2005). Isoflavones can bind to ERα and/or ERβ, with ERβ preferential agonists exerting 

a concentration-dependent antiproliferation effect (Zhao et al. 2015). 

1.4.1.2 Chemical pathway 

In breast tissue, E2 and E1 are metabolized by P450 1B1 into their 4-hydroxylated 

metabolites or by P450 1A1 into their 2-hydroxylated metabolites (Cavalieri and Rogan 

2006, Bolton and Dunlap 2017a, Moore et al. 2016, Falk et al. 2013, Fuhrman et al. 

2012, Dallal et al. 2014, Ziegler et al. 2015) (Figure 2). P450 1B1 is associated with 

carcinogenesis because it is overexpressed in malignant tissues (Wen et al. 2007). 

P450 1B1 produces 4-OHE1/E2 which are oxidized by peroxidases/P450s to genotoxic 

quinones (4-OHE1/E2-Q) that oxidize and alkylate DNA and generate depurinating 

adducts (Cavalieri and Rogan 2016a). On the other hand, the 2-hydroxylation pathway 

can be considered detoxifying because of the decreased risk of cancer observed in 

women with higher 2-hydroxylation metabolites. Metabolism by P450s 1A1 and 1B1 is 

classically regulated by the aryl hydrocarbon Receptor (AhR), which, when activated, 

upregulates both P450s. (Figure 2) 
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Further, the concentration of estrogen quinones can be diminished though 

methylation of catechol estrogens catalyzed by catechol-O-methyl transferase (COMT) 

(Figure 2), reduction of estrogen quinones to catechol estrogens by NAD(P)H–quinone 

oxidoreductase 1 (NQO1) (Cavalieri and Rogan 2016a, Lu et al. 2008), as well as 

conjugation of estrogen quinones to glutathione catalyzed by glutathione S-transferases 

(GST) (Yang et al. 2013). Isoflavones can act on any or multiples of the above enzymes 

to modulate this pathway. Isoflavones can act on any or multiples of the above enzymes 

to modulate this pathway. Of these enzymes, this project focuses primarily on AhR-

mediated induction/suppression of P450 1A1 and 1B1 expression and direct inhibition of 

P450 1A1 and/or P450 1B1 activity as well as the epigenetic pathway below. 

1.4.1.3 Epigenetic pathway: 

Epigenetic pathways contribute to estrogen carcinogenesis. In one of these, E2 

activates ERα which following dimerization binds to AhR/ARNT on XREs in the CYP1A1 

promoter which causes methylation resulting in repression of CYP 1A1 expression and 

these are methylated (Ramos Alvarenga et al. 2014, Marques, Laflamme, and 

Gaudreau 2013). This mechanism specifically downregulates CYP1A1 without affecting 

CYP1B1 expression in MCF-7 cells (Marques, Laflamme, and Gaudreau 2013). (Figure 

2) As mentioned above, isoflavones can bind to ERα, activating this pathway. 
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Figure 2: Combined effects of the chemical and epigenetic effects on estrogen 
oxidative metabolism with and without E2.  
AhR activation induces both the non-toxic P450 1A1 pathway and the genotoxic P450 
1B1 pathway. ERα activation selectively suppresses the P450 1A pathway. Isoflavones 
can bind to ERα, AhR or directly inhibit P450 1A1 and/or P450 1B1. The effect of E2 on 
the ERα mediated effects in this system are investigated using three model systems: no 
estrogen, low estrogen, and high estrogen. 
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1.5 Estrogen metabolites and cancer risk in women 

Although parent estrogen levels linked to the hormonal pathway have the 

strongest associations with breast cancer risk in both low risk Asian (Moore et al. 2016) 

and high risk (western) countries (Falk et al. 2013, Fuhrman et al. 2012, Dallal et al. 

2014, Ziegler et al. 2015), there is an inverse relationship between breast cancer risk 

and 2-hydroxylation of parent estrogens (E2 and E1) found in both serum and urine 

measurements of postmenopausal women (Falk et al. 2013, Fuhrman et al. 2012, Dallal 

et al. 2014, Ziegler et al. 2015).These studies include both prospective and 

retrospective nested, case-controlled studies and case-cohort studies. This link was not 

observed in premenopausal women (Morimoto et al. 2012). 

The link between 4-hydroxylation and breast cancer risk is less clear with some 

studies finding inverse relationships between the 4-hydroxylation pathway catechol 

estrogens and postmenopausal breast cancer risk (Dallal et al. 2014), but most findings 

show no significant correlation between 4-hydroxylation metabolites and cancer risk. In 

short, although evidence of the link between 4-hydroxylation and breast cancer risk in 

women is compelling, the beneficial effects of an induction in 2-hydroxylation pathway is 

most supported by studies in women.  

1.6 Extract composition: 

Isoflavones are widely consumed in Asian countries in the form of soy, although 

soy food products are increasing in popularity in western countries (He and Chen 2013). 

More recently, because, in part, Asian women report fewer and less severe hot flashes 

(Taechakraichana et al. 2002), many women have turned to isoflavone containing 
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extracts such as soy and red clover for menopausal symptom relief (Touillaud et al. 

2019).  

 Isoflavones: Human metabolism 

Extracts can vary dramatically in chemical composition (Uifălean et al. 2015), and 

the chemical composition of the extract often differs markedly from the form of the 

active compounds in the body upon ingestion. For instance, soy extracts often contain 

phytoestrogens in their estrogenically inactive glycosylated form. The glycosylated 

isoflavone undergoes deglycosylation to its form the active aglycone in the intestine 

where it is absorbed. In the liver, these aglycones undergo phase II metabolism, 

primarily glucuronidation, by glucuronyltransferases (UGTs) (Pritchett et al. 2008, Bolca 

et al. 2010). Since the aglycone is responsible for the biological effects in tissues, it may 

be necessary to hydrolyze an extract to expose its biological activity in vitro. 

This study was primarily conducted with two isoflavone rich extracts, red clover 

extract (RCE) and soy bean extract (SB) and their major bioactive isoflavones. Ingestion 

of these extracts results in the presence of similar estrogenic isoflavones, GN and DZ, 

in the body. However, their biological effects in vitro vary because one of these extracts, 

red clover extract (RCE) contains both ER agonists, GN and DZ, and AhR agonists, BA 

and FN, while the other, soy bean extract (SB), contains primarily ER agonists, GN and 

DZ in their glycosylated forms genistin and daidzin, respectively. However, upon 

ingestion in the body, the AhR agonists in red clover, BA and FN are metabolized into 

compounds with primarily estrogenic activity, GN and DZ (Roberts et al. 2004). Thus, 

using RCE and a hydrolyzed SB allows for the study of both the combined effects of the 



10 
 

 

 

chemical and epigenetic pathways as well as just the epigenetic pathway within the 

confines of BDS in vitro (Figure 3). 

Estrogenic isoflavones act on ERα, the same receptor to which the endogenous 

estrogens present in women’s breast tissue bind. This ER is profoundly important in 

both cancer risk and, more specifically, oxidative estrogen metabolism. However, the 

role of E2 on the modulation of estrogen chemical carcinogenesis by isoflavones has, to 

our knowledge not been systematically studied. The hypothesis of this project is that 

the presence of estrogens in breast tissue significantly affects modulation of 

oxidative estrogen metabolism by isoflavones. 
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Figure 3: Major isoflavones in red clover and soy: The major bioactive 
isoflavones in red clover extract, BA and FN, are AhR agonists.  
These metabolize both in the liver and extrahepatically in the breast are metabolized to 
ER agonists GN and DZ. Red clover has combined ER and AhR mediated effects 
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1.7 Approach and Complications 

To investigate this question, this study takes the approach of first mechanistically 

studying these effects without the presence of E2, then utilizing 3 systems (no, low, and 

high E2) in the same cell line and comparing the changes in metabolism within each 

system to those in the other systems. However, this approach required the creation of a 

new activity assay to measure the ER-mediated and AhR mediated effects on P450 

1A1/1B1 activity. The LC-MS/MS assay determining the methoxyestrone (MeOE1) 

metabolites of E1/E2 used in Chapter 3 requires the presence of a high dose of E2, 

therefore; it could not reliably used to measure the changes in activity in an estrogen 

free or low estrogen environment.  

An assay not requiring the presence of estrogens, the 7-ethoxy-resorufin-O-

deethylase (EROD) assay, detects AhR-mediated changes in P450 1A1 activity by 

measuring the conversion of 7-ethoxyresorufin-O-deethylase by the P450 1 class of 

enzymes into the fluorescent resorufin in a kinetic in-cell assay (Dunlap et al. 2015a, 

Wang et al. 2016a). However, this assay was limited in that ERα-mediated P450 1A1 

suppression could not be detected and the effects of ER-agonists could not be 

determined in MCF-7 WS8 cells (chapter 4). This EROD assay was optimized to 

evaluate overall changes in ERα-mediated suppression and AhR-mediated 

induction/suppression in an assay adaptable to high-throughput screening. This assay 

was an essential tool to screen many compounds/extracts and to investigate the role of 

estradiol on the modulation of estrogen chemical carcinogenesis/estrogen oxidative 

metabolism by isoflavones 



13 
 

 

 

1.8 Specific Aims for this Study: 

Aim 1: Investigate how ER and AhR agonistic isoflavones affect P450 1A1/1B1 

metabolism of estrogens in the absence of E2. 

Aim 2: Create tools to measure P450 1A1/1B1 activity that can be used to study 

extracts in model systems containing different levels of E2. 

Aim 3: Establish whether isoflavones differentially modulate oxidative estrogen 

metabolism in models containing E2 than in models without E2. 
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2 METHODS 

2.1 Chemicals, Extracts, and Reagents 

All chemicals and reagents were purchased from Fisher Scientific 126 (Hanover 

Park, IL) or Sigma (St. Louis, MO), unless indicated below.  

 Red Clover Extract:  

The RCE used in this study was a hydroalcoholic autohydrolyzed extract of the 

aerial parts of Trifolium pratense L., Fabaceae, which had been previously used in 

clinical trial (Booth et al. 2006, Geller et al. 2009).The extract contained 30% w/w 

isoflavones [BA (14.47%), FN (14.26%), GN (0.41%), and DZ (0.23%)] and was 

manufactured by PureWorld Botanicals, Inc. (South Hackensack, NJ) as described 

previously. 

 Soy Bean Extract: 

Soybean, Glycine max (g. max) powder (10 g) was mixed with 250 mL of water. 

This mixture was kept in the incubator (25 °C) for 0, 2, 4, or 6 days. Samples were 

dried, defatted with hexanes (150 mL), and extracted with EtOH (150 mL). HPLC-UV 

was used to qualitatively assess the efficacy of auto-hydrolysis. Independent qHNMR 

quantitation used high-accuracy external calibration. These extracts were investigated 

for influence on P450 1A1/1B1 activity and estrogenicity in chapter 5 and only the 4-day 

hydrolyzed extract was studied in chapter 6. 

2.2 Cell Lines and Culture Conditions. 

 Authentication:  
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All cell lines were authenticated via determination of the short tandem repeat 

(STR) profile using an ABI 3730xl DNA Analyzer and the Promega GenPrint 10 system 

(Promega, Madison, WI, USA) and GeneMapper 5.0 analysis software (Thermo Fisher 

Scientific, Waltham, MA, USA). HC-04 cells and MCF-10A cells were in 100% 

agreement with the STR profile according to the ATCC database. The MCF-7 WS8 cells 

were in 93% agreement with the MCF-7 cells from ATCC, however, they showed one 

allele deletion (D5S818:12) indicating a slight difference of the subclone MCF-7 WS8 

cell line to the MCF-7 ATCC cell line (Jiang et al. 1992).  

 HC-04:  

HC-O4 cells were obtained from American Type Culture Collection (ATCC, 

Manassas, VA, USA). HC-04 cells were maintained in DMEM/F12 with 10% FBS and 

1% penicillin–streptomycin. HC-04 cells, which are nearly identical to HepG2 cells (BEI 

Resources, Manassas, VA and ATCC database), were maintained in DMEM/F12 with 

10% FBS and 1% penicillin–streptomycin. 

 MCF-10A:  

Cells were obtained from American Type Culture Collection (ATCC, Manassas, 

VA, USA). MCF-10A cells were cultured in DMEM/F12 supplemented with epidermal 

growth factor (20 ng/mL), cholera toxin (100 ng/mL), hydrocortisone (0.5 μg/mL), insulin 

(10 μg/mL), 5% horse serum, and 1% penicillin−streptomycin. 

 Ishikawa:  

The ERα endometrial carcinoma cells (Ishikawa) were provided by Dr. R. B. 

Hochberg (Yale University, New Haven, CT, USA) and were maintained in Dulbecco’s 
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modified Eagle’s medium (DMEM/F12) containing 1% sodium pyruvate, 1% 

nonessential amino acids (NEAA), 1% Glutamax-1, 0.05% insulin, and 10% heat-

inactivated fetal bovine serum (FBS) as described previously (Hajirahimkhan et al. 

2013). An estrogen-free medium was prepared similarly but by using phenol-red-free 

medium and 10% charcoal-stripped FBS. 

 MCF-7 WS8 cells:  

Cells were provided by Dr. C. Jordan . They are an estrogen sensitive cell line 

(ER+) and were cloned from MCF-7 cells, as previously described (Jiang et al. 1992). 

MCF-7 WS8 cells were maintained in RPMI 1640 media supplemented with 10% fetal 

bovine serum, 1% glutaMAX, 1% AB/AM, 1% nonessential amino acids, and insulin (6 

ng/mL). Cells utilized in assays were changed to an experimental media made as above 

except with phenol-red free media with 10% stripped FBS and 0.5% AB/AM 72 hours 

before plating. 

2.3 Analysis of Estrogen Metabolism by LC-MS/MS:  

 No Estradiol during Treatment (Chapter 3): 

The methoxyestrone metabolites, 2-MeOE1 and 4-MeOE1, were measured by 

LC-MS/MS as indicators of the level of estrogen 2-hydroxylation and the 4-hydroxylation 

as previously described with modifications (Wang et al. 2016a, Dunlap et al. 2015a). 

Metabolite standards were obtained from Steraloids Inc. (Newport, RI). The internal 

standard, 4-MeOE1-1,4,16,16-d4 was obtained from CDN Isotope (Pointe-Claire, 

Quebec). In previous studies, the LC-MS/MS method co-treated compounds/extracts 

with E2 for 48 h (Wang et al. 2016a, Dunlap et al. 2015a). When applying this method, 
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RCE treatment yielded several LC-MS peaks that interfered with the 2-MeOE1 and 4-

MeOE1 peaks. To eliminate this issue, a PBS washing step was added after treatment 

with RCE/isoflavones (48 h) and before incubation with E2 alone (1 µM for 24 h.). In this 

modified method, cells were estrogen starved for 72 h and plated in 6-well plates in 

phenol-red free media at 3.5 x 105 cells/well (MCF-7) or 1.6 x 105 cells/well (MCF-10A). 

After 24 h, cells were incubated for 48 h with RCE/isoflavones. Cells were washed with 

PBS then incubated with 1 µM E2 for 24 h. Cell media were collected and spiked with 

0.4 nM internal standard (4-MeOE1-d4) and 2 mM ascorbic acid. The media were then 

extracted with dichloromethane (2 x 4 mL). The combined organic layers were then 

dried under nitrogen. Dansylation was performed as described previously (Wang et al. 

2016a, Dunlap et al. 2015a) with NaHCO3 buffer (75 μL, 0.1 M, pH 9.5) and 75 μL of 

dansyl chloride in acetone (1.25 mg/mL). Derivatized samples were analyzed by 

positive ion electrospray tandem mass spectrometry using an Agilent 1200 series nano 

flow LC system (Agilent Technologies, Santa Clara, CA) coupled to an AB SCIEX 

QTRAPTM 5500 System (AB SCIEX, Framingham, MA) as described previously 

(Tsuchiya et al. 2004b, Angus, Larsen, and Jefcoate 1999). Quantitation was performed 

using Analyst software (Applied Biosystems, Forster City, CA) and the data were 

normalized to the DMSO treatment. 

 Pre/cotreatment with E2 during treatment (Chapter 6): 

To match the conditions of E2 containing models as much as possible, MCF-

7/WS8 cells were plated in a monolayer as above with E2 (1 µM) and incubated for 72 h. 
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After 72 h, cells were treated with fresh E2 and extract or compound. After 24 h, media 

were collected, and analysis was performed as described above. 

2.4 Mammosphere formation: 

MCF-7 WS8 cells were plated at a density of 10,000 cells/well at a volume of 100 

µL/well in a low adhesion round bottom plate (Corning), centrifuged at 1000 RPM for 5 

minutes and set in the humid incubator at 5% CO2 at 37 C and for 72 h. Cells were 

treated to a total volume of 200 µL/well and placed in the incubator for 24 hours before 

reading. 

2.5 Determination of spheroid/mammosphere diameters 

Mammospheres were grown and treated as specified above. Before any other 

analysis, the 96 well low adhesion plate containing the spheroids and media was placed 

in the GelCount reader (Oxford Optronix, Oxford, UK). Pictures were taken of each well 

and diameters were determined via GelCount software (version 1.4). 

2.6 Analysis of Gene Expression by RT-qPCR: 

 Mammosphere:  

Ambion Cells to C T TM 1-Step TaqMan TM kit from Thermo-Fisher Scientific 

was used for qRT-PCR (real time-reverse transcription polymerase chain reaction) 

according to manufacturer’s protocol. 10,000 cells were plated in concave and clear 

bottomed 96-well plate, centrifuged at 1000 rpm for 5 minutes and incubated for 3 days. 

After 72 hours cells were treated, and PCR was performed similarly to the 2D-qRT-

PCR. An additional plate for MTT was grown and treated as with the PCR plate, with 

MTT solution added and incubated for 2 hours before reading absorbance and 
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normalizing between PCR preformed in cell in a monolayer (2D) and those in a 

mammosphere (3D). 

 Monolayer:  

Ambion Cells to C T TM 1-Step TaqMan TM kit from Thermo-Fisher Scientific was 

used for qRT-PCR (real time-reverse transcription polymerase chain reaction) according 

to manufacturer’s protocol. MCF-7:WS8 cells were plated in clear 96-well plates at a 

density of about 40,000 cells per well and incubated at 37 °C in 5% CO2 for 2 days. 

After 48 hours, cells were treated with compounds alone or in combination with E2 and 

incubated for another 24 hours. After 24 hours cells were washed and lysed with a total 

of 45 µL solution for 5 minutes before adding 5 µL of stop solution for 5 minutes then 

freezing overnight. The next day, 2 µL of thawed lysate for each treatment was mixed 

with 5 μL of TaqMan 1-Step RT-PCRmaster mix, 1 µL of HPRT1 (Hs02800695_m1) 

primer with a VIC-MGB probe, 1 µL of either CYP1A1 (Hs00153120_m1) or CYP1B1 

(Hs00164383_m1) primers with FAM-MGB probes, and 11 µL of PCR-grade water. 

Solutions of mRNA were read on a StepOnePlus TM fluorescence detection system 

(Thermo Fisher, Waltham, MA, USA) to produce cDNA CT fold change values for each 

treatment. Data for three trials of triplicates were analyzed according to the comparative 

C T method (ΔΔC T ) and expressed as fold induction relative to DMSO treated cells. 

2.7 XRE-Luciferase Reporter Assay (Monolayer): 

HC-04 and/or MCF-7 cells were plated in 12-well plates overnight and transfected 

at 70% confluency with luciferase and renilla plasmids (Promega, Madison, WI), XRE 

pGL4.43, and pRL-TK vector, respectively, using Lipofectamine 2000 reagent for 6 h. 
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Cells were treated with the extract/isoflavones for 24 h and lysed with buffer. The 

lysates were analyzed for luciferase activity according to Promega’s Dual-Luciferase 

reporter assay system protocol using BioTek (Winooski, VT) SYNERGY TM multi-mode 

reader system (Dowsett et al. 2015). For experiments with ICI 182,780 in MCF-7 cells, 

the cells were pretreated with ICI 182,780 for 2 h and incubated with compounds for an 

additional 24 h before the cells were lysed and analyzed for luciferase activity.  

2.8 Induction of estrogen-responsive alkaline phosphatase (AP) in Ishikawa 

cells (Monolayer):  

Ishikawa cells (5×104 cells/well) were pre-incubated in 96 well plates in estrogen-

free medium for 24 h. Tested samples were dissolved in DMSO. These were added at 

different concentrations. To determine the anti-estrogenic activity, treatments were 

performed in the presence of E2 (2 nM), well above its EC50. Plates were incubated at 

37°C for 96 h. Cells were washed with PBS and lysed by adding 50 µL of 0.01% Triton 

X-100 in 0.1 M Tris buffer (pH 9.8) followed by a cycle of freeze and thaw at −80°C and 

37°C, respectively. p-Nitrophenol phosphate (phosphatase substrate) (18 µM) was 

added to each well and the alkaline phosphatase activity was measured by reading the 

formation of p-nitrophenol at 405 nm every 15 s with a 10 s shake between readings for 

16 readings using a Power Wave 200 microplate scanning spectrophotometer (Bio-Tek 

Instruments, Winooski, VT). The maximum slope of the kinetic curve for every 

experiment well was calculated. The fold induction of alkaline phosphatase for every 

treatment, compared to that of the E2 control was represented as estrogenic activity and 

calculated as described previously (Pisha and Pezzuto 1997). Anti-estrogenic activity 



21 
 

 

 

was stated as the fold induction of alkaline phosphatase compared to background 

induction control (Pisha and Pezzuto 1997). 

2.9 7-ethoxy-resorufin-O-deethylase activity assay  

 Mammosphere: 

  Mammospheres were formed as stated above (2.4) and treated for 24 hours with 

(A) treatment alone or (B) treatment +TMS (1 μM) in triplicate. After 24 h treatment, 

spheroid diameter was measured in gel cell counter. Cells were washed with PBS (100 

μL/well). In the dark, (A) 5 µM 7-ethoxyresorufin and 3 µM salicylamide alone or (B) + 

TMS (1 μM) solutions in PBS were added and the fluorescence was measured every 

minute with excitation at 530 nm and emission at 590 nm for 45 min at 37 °C with a 

BioTek (Winooski, VT) SYNERGY TM multi-mode reader system. Fluorescence/time 

reading was linear for more than 30 min between 15 min and 45 min. The reaction rate 

was determined from the slope of the linear regression curves plotted with data points 

measured between 15 min and 45 min. The reaction rate was normalized to sphere 

diameter and then to negative control (DMSO; 0.1%) and reported as fold change 

except in where otherwise specified.  

 Monolayer: 

EROD assay measuring P450 1 enzyme activity was conducted both in cells as 

previously described (Wang et al. 2016a, Dunlap et al. 2015a). Briefly, 1 × 105 cells/well 

were plated and treated with extract or compounds for 24 h, cells were washed with 

PBS and incubated with 2.5 μM 7-ethoxyresorufin and 1.5 µM salicylamide in PBS at 37 

°C. Fluorescence was measured as above (2.8.1). Fluorescence was measured every 
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minute after 5 s of mixing for 25 min at 37 °C. The reaction rate was determined from 

the slope of the linear regression curves plotted with data points measured between 5 

min and 20 min. The reaction rate was normalized to negative control (DMSO; 0.1%) 

and reported as fold change except in Figure 10B in which only the reaction rate 

(Fluorescence Units/min) is shown. 

2.10 In silico docking analysis:  

 Estrogen Receptor α (ERα)  

The binding site of ERα was obtained from Protein Data Bank (PDB ID: 1x7r) and 

uploaded to Molecular Operating Environment (MOE; Chemical Computing Group, 

version 2016.0208).  All unnecessary waters were removed, and structure was 

prepared using the quick prep option in MOE.  Compounds were docked with triangle 

matcher placement with London dG scoring and induced fit refinement with GBVI/WSA 

dG scoring.  Figures with surfaces are shown with the docked compound in molecular 

surface showing hydrophobicity and lipophilicity of the binding site. 

 Aryl Hydrocarbon Receptor (AhR)  

At the time, when this model was validated, there was no crystal structures of the 

binding site of human AhR available in the Protein Data Bank. Therefore, a homology 

was obtained from SWISS MODEL database (ID: P35869) and uploaded to Molecular 

Operating Environment (MOE; Chemical Computing Group, version 2016.0208).  The 

structure was prepared using the quick prep option in MOE. The positive control, TCDD, 

was docked to potential binding sites. The site in which strong AhR agonists 2,3,7,8-

Tetrachlorodibenzodioxin (TCDD) bound with the best binding score was confirmed with 
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a literature search and defined as the binding site. Compounds were docked into this 

binding site with triangle matcher placement with London dG scoring and induced fit 

refinement with GBVI/WSA dG scoring.  Figures with surfaces are shown with the 

docked compound in molecular surface showing hydrophobicity and lipophilicity of the 

binding site. 

2.11 Statistical Analysis.  

Unless otherwise specified, the analyzed data were normalized to DMSO (0.1%). All 

replicates (not means of each run) were combined and confirmed to have normal 

distribution with D'Agostino-Pearson test. Significance was determined using unpaired t-

test, comparing test sample data to the DMSO control sample unless otherwise stated. 

p< 0.05 indicates significance (*) Data are expressed as mean ± SEM of at least three 

independent experiments. *p< 0.05 indicates significance (*). IC50/EC50’s were 

determined as means and standard deviations of IC50s of three separate runs.  
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3 RED CLOVER ARYL HYDROCARBON RECEPTOR (AHR) AND ESTROGEN 

RECEPTOR (ER) AGONISTS ENHANCE GENOTOXIC ESTROGEN 

METABOLISM 

(Reprinted in part with formatting changes from: Dunlap, Tareisha L., Caitlin E. Howell, 

Nita Mukand, Shao-Nong Chen, Guido F. Pauli, Birgit M. Dietz, and Judy L. Bolton. 

(2017). "Red Clover Aryl Hydrocarbon Receptor (AhR) and Estrogen Receptor (ER) 

Agonists Enhance Genotoxic Estrogen Metabolism."  Chemical Research in Toxicology 

30 (11):2084-2092. doi: 10.1021/acs.chemrestox.7b00237. Paper can be accessed at 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.7b00237. Further permissions related 

to the material excerpted should be directed to the American Chemical Society). 

3.1 Rationale and hypothesis  

Breast cancer remains the most prevalent cancer among women, with an 

estimated quarter of a million breast cancer diagnoses in 2015 alone (Siegel, Miller, and 

Jemal 2016b). Estrogens can initiate cancer when their binding to the ERα leads to 

increased cell proliferation and the likelihood of DNA mutations (hormonal pathway of 

carcinogenesis) (Wang et al. 2016a). Breast cancer risk is also influenced by estrogen 

metabolism, and the genotoxic estrogen quinones formed in this process (Sampson, 

Falk, Schairer, Moore, Fuhrman, Dallal, Bauer, Dorgan, Shu, and Zheng 2017, Bolton 

and Dunlap 2017b, Yager 2015) can be modulated by dietary means, including 

botanical dietary supplements (BDSs) (Wang et al. 2016a, Dunlap et al. 2015a, Reding 

et al. 2014). As HT is associated with an increased risk of breast cancer, many women 

use BDSs, which are perceived as safer alternatives for the relief of menopausal 

https://pubs.acs.org/doi/10.1021/acs.chemrestox.7b00237
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symptoms (Wang et al. 2016a, Van Breemen 2015, Manson et al. 2013, Bolton 2016).  

However, efficacy claims are not only disallowed for BDSs, but also remain 

questionable. In particular, the effect of estrogenic BDSs on estrogen metabolism is 

unknown. 

Ligand activation of the aryl hydrocarbon receptor (AhR) followed by cooperative 

binding of AhR and the aryl hydrocarbon receptor nuclear translocator (ARNT) to 

xenobiotic response elements (XREs) upregulates P450 1B1 (Shimada et al. 1998), 

which metabolizes estrogens to 4-hydroxylated catechols (4-OHE1/2). These catechols 

are oxidized to genotoxic, unstable quinones that form depurinating DNA adducts and 

apurinic sites, collectively resulting in carcinogenesis via the estrogen chemical 

carcinogenesis pathway (Figure 2) (Bolton and Dunlap 2017b, Cavalieri and Rogan 

2016a). Given that 4-OHE2 can transform estrogen receptor-negative (ER-) cells into a 

malignant phenotype (Park et al. 2016, Park, Na, and Surh 2012, Hemachandra et al. 

2012), activation of the chemical pathway is likely an important event in breast cancer 

initiation and/or promotion. AhR signaling also activates P450 1A1, which metabolizes 

estrogens to 2-hydroxylated metabolites (2-OHE1/2, Figure 2) (Yager and Davidson 

2006a, Bolton and Thatcher 2007, Cavalieri and Rogan 2016b). However, the 2-

hydroxylation pathway is negatively correlated with breast cancer risk and can be 

regarded as a detoxification pathway (Sampson, Falk, Schairer, Moore, Fuhrman, 

Dallal, Bauer, Dorgan, Shu, and Zheng 2017). Additionally, the 2-hydroxylated catechol 

estrogens reduce E2-induced cell proliferation (Gupta, McDougal, and Safe 1998). 

Catechol-O-methyltransferase (COMT) metabolizes 2-OHE1/2 to 2-methoxyestrone (2-
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MeOE1/2), and 2-MeOE1/2 inhibits E2-induced proliferation of breast cancer cells (Mueck 

and Seeger 2010). The lack of information on the modulation of estrogen metabolism by 

botanicals used for menopausal symptom relief motivated the present study. 

Several popular BDSs used for menopausal symptom management contain 

constituents that alter P450 1A1 and P450 1B1 gene expression (i.e., CYP1A1 and 

CYP1B1) or inhibit these enzymes in various cell lines (Dong et al. 2016, Snelten, Dietz, 

and Bolton 2012). However, studies investigating the broader effect of these BDSs on 

estrogen metabolism are scarce. Previous studies reported that two popular and 

relevant BDSs, licorice and hops, can modulate estrogen metabolism in breast cells. 

Evidence was built on the LC-MS/MS detection of the methoxy estrogen metabolites, 2-

MeOE1 (non-toxic biomarker) and 4-MeOE1 (genotoxic biomarker, Figure 2) (Wang et 

al. 2016a, Dunlap et al. 2015a). These studies found that an extract of one 

pharmacopoeial licorice species, Glycyrrhiza inflata, and its marker compound, 

licochalcone A (AhR antagonist), decreased 4-MeOE1 and CYP1B1 expression in MCF-

10A cells (Dunlap et al. 2015a). Furthermore, in both MCF-10A cells and MCF-7 cells, 

hops and its bioactive constituent, 6-prenylnaringenin (AhR agonist), preferentially 

induced the 2-hydroxylation detoxification pathway (2-MeOE1 > 4-MeOE1) (Wang et al. 

2016a). Phytoestrogens, such as GN, DZ, liquiritigenin, and S-equol, reportedly 

modulated CYP1A1 and CYP1B1 expression through both ERα and AhR mechanisms 

in ER+ MCF-7 cells (Gong et al. 2016). Hence, in ER+ breast tissue, botanical 

constituents can target both ERα and AhR and significantly alter CYP1A1 and/or 

CYP1B1 expression (Figure 2). One key insight from these previous studies is that the 
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impact of BDSs used for menopausal women’s health on estrogen metabolism in breast 

cells should be studied systematically in different models, including ER+ and ER- cells, 

as outcomes vary according to cell/tissue type. 

The current study used both non-tumorigenic ER- breast epithelial cells (MCF-

10A) and ER+ breast cancer cells (MCF-7) as a model for women with ER+ breast 

cancer cells to determine the effects of a red clover extract (RCE) and four of its 

bioactive marker isoflavones, GN, DZ, BA, and FN, on estrogen metabolism. The dried 

flowering above ground parts of red clover (Trifolium pratense L., Fabaceae) have been 

used traditionally as an expectorant and against skin inflammation (Kolodziejczyk-

Czepas 2012); however, because of its estrogenic isoflavone content, the predominant, 

current use of the extract is for menopausal symptoms (Geller et al. 2009, Franco et al. 

2016). GN and DZ are estrogenic isoflavones from red clover and soy that preferentially 

activate ERβ (Overk, Yao, Chadwick, Nikolic, Sun, Cuendet, Deng, Hedayat, Pauli, 

Farnsworth, et al. 2005). BA and FN are the 4’-methoxy ether analogs of GN and DZ 

that undergo P450 catalyzed O-demethylation to GN and DZ in vivo (Peterson et al. 

1996, Choi et al. 2008). In addition, BA and FN are AhR agonists, which can induce 

P450 metabolism (Han, Jeong, and Jeong 2007, Han, Kim, and Jeong 2006a, 

Medjakovic and Jungbauer 2008, Chan, Wang, and Leung 2003); however, to date no 

studies have focused on their effect on estrogen metabolism in breast cells. The current 

study fills this gap by evaluating the effect of chemically standardized RCE and marker 

isoflavones on estrogen metabolites and CYP1A1/CYP1B1 expression in both MCF-
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10A and MCF-7 cells. The goal of this study was to better understand the impact of red 

clover dietary supplements on the alteration of estrogen metabolism. 

3.2 Results 

 RCE and Its Major Isoflavones Do Not Increase Estrogen Metabolism in 

MCF-10A Cells; RCE Downregulates CYP1A1 and Increases Genotoxic 

Estrogen Metabolism in MCF-7 Cells.  

In order to study the effect of RCE on estrogen metabolism in breast tissue, ER- 

breast epithelial cells (MCF-10A) were used a ER- breast cell model. The current study 

used an LC-MS/MS method to measure methoxyestrone metabolites that was slightly 

modified (Chapter 2) (Wang et al. 2016a) to determine the effect of RCE and its 

isoflavones on estrogen metabolism. RCE (Figure 4A) and its major isoflavones, GN, 

DZ, BA, and, FN, showed no effect in this model. These data suggested that in ER- 

cells, RCE has no effect on the chemical estrogen carcinogenesis pathway. To 

determine whether RCE and/or its isoflavones modulate estrogen metabolism in an ER+ 

breast cancer model, the same experiments performed in MCF-10A cells were carried 

out in MCF-7 cells. Interestingly, here RCE (10 µg/mL) caused an increase in both 

estrogen 2-hydroxylation and 4-hydroxylation (Figure 4A). Levels of 4-MeOE1 reached 

10-fold induction and represented nearly double of the 2-MeOE1 levels observed after 

two-days treatment with RCE (10 µg/mL). Similarly, CYP1B1 expression (five-fold) was 

twice that of CYP1A1 expression after 24 h RCE treatment (10 µg/mL; Figure 4B). 

Interestingly, at lower concentrations (< 5 µg/mL), RCE significantly downregulated 

CYP1A1 expression below basal levels (Figure 4B). As a result, E2 was predominately 
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metabolized by P450 1B1 to potentially genotoxic catechols in MCF-7 cells under these 

conditions. 
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Figure 4: LC-MS/MS analysis of methoxyestrone metabolites (2-MeOE1, 4-MeOE1) 
in MCF-10A and MCF-7 cells and CYP1A1/CYP1B1 levels in MCF-7 cells.  
A) MCF-10A and MCF-7 cells were treated with RCE (10 µg/mL) and for 48 h and then 
24 h with E2 (1 µM). B) CYP1A1 and CYP1B1 expression levels were determined after 
24 h treatment with RCE in MCF-7 cells by qPCR analysis. Normalized to and t-test 
compared to DMSO (0.1%) negative control. *p<0.05. 
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 Isoflavones Preferentially Increase 4-MeOE1 Metabolites.  

To determine which isoflavones might be responsible for RCE’s stimulating effect 

on estrogen metabolism, MCF-7 cells were treated with different concentrations of GN, 

DZ, BA, and FN. GN and DZ had no significant effect on the 2-hydroxylation pathway 

(Figure 5A). Overall, GN and DZ at concentrations ranging from 1 µM to 10 µM 

significantly increased the production of 4-MeOE1 by at least five-fold (Figure 5B). In 

contrast, BA and FN (10 µM), increased 4-MeOE1 more than 2-MeOE1 metabolites, at 

least eight and five times, respectively (Figure 5C and D). The maximum induction of 4-

MeOE1 by BA and FN (10 µM) was 20-fold and 30-fold, respectively.  
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Figure 5: LC-MS/MS analysis of methoxyestrone metabolites (2-MeOE1, 4-MeOE1) 
in MCF-7 cells after treatment with isoflavones.  
MCF-7 cells were treated for 48 h with the isoflavones, GN, DZ, BA, and FN, followed 
by 24 h treatment with E2 (1 µM). 2-MeOE1 and 4-MeOE1 metabolites were analyzed by 
LC-MS/MS. A) and B) Effect of the ER agonists, GN and DZ, on A) 2-MeOE1 and B) 4-
MeOE1 metabolites. C) and D) Effect of the AhR agonists, BA and FN, on C) 2-MeOE1 
and D) 4-MeOE1 metabolites. Normalized to and t-test compared to DMSO (0.1%) 
negative control. *p<0.05. 
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 Isoflavones Preferentially Increase CYP1B1 Expression; ER Agonists 

Significantly Downregulate CYP1A1. 

As Trifolium isoflavones increase the P450 1B1 catalyzed genotoxic pathway and 

have little to no effect on the P450 1A1 catalyzed detoxification pathway, their effect on 

CYP1A1 and CYP1B1 gene expression was measured to study these differential effects 

in more depth. GN and DZ dose-dependently downregulated CYP1A1 expression 

(Figure 6A). GN and DZ caused a small increase in CYP1B1 expression to two-fold at 

the highest test concentration (20 µM, Figure 6B). In contrast, BA and FN upregulated 

CYP1A1 expression to eight- and four-fold, respectively, at 20 µM (Figure 6C). Even 

larger induction was observed with CYP1B1 expression (Figure 6D). 
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Figure 6: CYP1A1/CYP1B1 expression analyzed by qPCR in MCF-7 cells after 
treatment with isoflavones.  
MCF-7 cells were treated for 24 h with the isoflavones, GN, DZ, BA, and FN and 
CYP1A1 and CYP1B1 expression was analyzed by qPCR. A) and B) Effect of the ER 
agonists, GN and DZ, on A) CYP1A1 and B) CYP1B1 expression and C) and D) effect 
of the AhR agonists, BA and FN, on C) CYP1A1 and D) CYP1B1 expression. 
Normalized to and T-test compared to DMSO (0.1%) negative control. *p<0.05. 
 
 

 

 



35 
 

 

 

 The Estrogen Receptor Antagonist ICI 182,780 Abolishes GN and DZ-

Induced Downregulation of CYP1A1 but Increases BA and FN Mediated 

CYP1A1 Upregulation. 

The role of ERα on CYP1A1 and CYP1B1 expression was investigated by 

treating MCF-7 cells with ER agonists (E2, GN, and DZ), AhR agonists (TCDD, BA, and 

FN), and an ER agonist with an AhR agonist (TCDD, E2) with and without ICI 182,780 

(Figure 7). E2 (1 nM) alone significantly downregulated CYP1A1 expression (Figure 7A) 

and had no effect on CYP1B1 (Figure 5B). As expected, TCDD increased CYP1A1 

expression (425-fold, Figure 7C) and CYP1B1 expression (28-fold, Figure 7D). E2 

decreased TCDD-induced CYP1A1 expression from 425-fold to 220-fold (Figure 7C) 

and had no effect on TCDD-induced CYP1B1 expression (Figure 7D). ICI 182,780 

treatment alone modestly increased CYP1A1 (Figure 7A) and CYP1B1 expression 

(Figure 7B). Similar to E2, pretreatment with ICI 182,780 followed by GN and DZ, 

effectively eliminated CYP1A1 downregulation by these estrogenic isoflavones (Figure 

5A). After pretreatment, ICI 182,780 was even more effective at potentiating BA and 

FN-mediated CYP1A1 upregulation, increasing it from seven- and six-fold, respectively, 

to 55- and 40-fold (Figure 7C). In comparison with isoflavones alone, ICI 182,780 

pretreatment did not significantly modulate CYP1B1 expression (Figure 7B, Figure 7D). 

When ICI was added to TCDD co-treated with E2 and TCDD treatment alone, both 

CYP1A1 (Figure 7C) and CYP1B1 fold induction (Figure 7D) greatly increased. These 

data suggest that ERα specifically influences the effect of RCE and its isoflavones on 

CYP1A1 expression, without altering CYP1B1. 



36 
 

 

 

 

Figure 7: CYP1A1/CYP1B1 expression analyzed by qPCR in MCF-7 cells after 
treatment with isoflavones.  
A) Cells were pretreated with ICI (1 µM) for 2 h and ER agonists [E2 (1 nM), and GN 
and DZ (10 µM)] were added for an additional 24 h before qPCR analysis of CYP1A1 
and B) CYP1B1 levels. Treatments with AhR agonists [TCDD (10 nM), TCDD (10 nM) + 
E2 (1 nM), BA (10 µM) and FN (10 µM)] were added for an additional 24 h after 2 h ICI 
182,780 pretreatment before qPCR analysis of C) CYP1A1 and D) CYP1B1 levels. 
Normalized to and t-test compared cells treated with both compound and ICI to that 
treated with compound alone. *p<0.05. 
 

 

 

 

 The AhR Agonists, BA and FN, Significantly Induced XRE-Luciferase 

Activity, Which Can Be Further Induced by ICI 182,780.  

To further elucidate mechanistic differences between the tested isoflavones and 

to compare AhR transcriptional activation by isoflavones, XRE-luciferase reporter 

activity was analyzed (Figure 8A). HC-04 cells were transfected with an XRE-luciferase 



37 
 

 

 

reporter plasmid and treated with isoflavones for 24 h. Both GN and DZ had no 

significant effect, while BA and FN significantly increased activity to five- and seven-fold. 

XRE-luciferase activity was also measured in MCF-7 cells; however, only FN had a 

significant effect (Figure 8B). Because ERα can suppress AhR activation (Gong et al. 

2016), the MCF-7 cells were pretreated with ICI 182,780 before isoflavone treatments 

and XRE-luciferase activity was determined. Interestingly, the XRE-luciferase fold 

induction by isoflavone treatment more than doubled with ICI 182,780 pretreatment 

(Figure 8B). ICI 182,780 alone had no effect on XRE-luciferase reporter activity. These 

data confirmed that BA and FN act as AhR agonists and that ERα downregulates XRE-

reporter activity. 
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Figure 8: XRE-luciferase reporter activity in HC-04 and MCF-7 cells after treatment 
with isoflavones.  
A) XRE-luciferase reporter activity was analyzed after 24 h treatment with isoflavones 
(10 µM), BA, FN, GN, and DZ, in A) HC-04 cells and B) in MCF-7 cells. ICI 182,780 (1 
µM) was added 2 h before treatment with compounds for an additional 24 h before 
analysis of XRE-luciferase reporter activity. Normalized to and T-test compared to 
DMSO negative control. *p<0.05. 
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3.3 Discussion 

Although both P450 1A1 and P450 1B1 genes, CYP1A1 and CYP1B1, 

respectively, are coordinately upregulated by AhR agonists, ER agonists differentially 

regulate these genes (Huang, Chiang, and Chen 2011) 37. As many botanicals used for 

menopausal symptoms, like red clover, contain AhR agonists that can increase 

estrogen metabolism along with phytoestrogens (Spink, Spink, Cao, DePasquale, 

Pentecost, Fasco, Li, and Sutter 1998) 38 that may downregulate CYP1A1 similarly to 

E2 (Shull et al. 1997) 37, evaluating their effect on estrogen metabolism in vitro  is a 

means of enhancing the prediction of safety in vivo . Because the effect of RCE and its 

isoflavones on estrogen metabolism had not been previously investigated, we studied 

their effects in two different models. MCF-10A cells were used as an ER- model while 

MCF-7 cells were an ER+ model. The ER expression levels in MCF-10A are much 

lower than in ER+ breast cancer cell lines and are thus considered ER-{Spink, 1998 

#27}. 

The study outcome showed that RCE did not modulate estrogen metabolism in 

ER- MCF-10A cells (Figure 4A). Red clover BDSs are, therefore, most likely safe, a 

conclusion also supported by several in vivo  studies analyzing red clover’s hormonal 

effects (Geller et al. 2009, Burdette et al. 2002, Powles et al. 2008, Atkinson et al. 

2004). An RCE (750 mg/kg/day) standardized to 15% isoflavones and given by gavage 

to ovariectomized rats did not increase proliferation in the breast (Burdette et al. 2002). 

Available in the form of a commercial dietary supplement (Promensil), a red clover 

preparation was administered for 3 years to healthy women with a family history of 
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breast cancer. In line with other evidence, Promensil did not increase breast density, 

which is known to increase the risk of breast cancer (Powles et al. 2008). Another study 

by Atkinson et al. found no difference in breast density or E2 levels (Atkinson et al. 

2004). Furthermore, it appears that isoflavones may even decrease breast cancer risk 

(Boucher et al. 2013). The association between breast cancer risk and the use of 

isoflavone supplements has also been analyzed among postmenopausal women. Using 

high content isoflavone supplements, at least 3 of the 28 total isoflavone dietary 

supplements included in the study, or any isoflavone supplement consumed for over 5 

years were associated with a decreased risk in breast cancer (Boucher et al. 2013). 

Red clover isoflavones possess other beneficial effects that may contribute to a positive 

safety profile in healthy women. The ERβ selectivity of GN and DZ may provide a better 

safety profile than classical estrogens (Dietz et al. 2016, Amer et al. 2010). Additionally, 

GN inhibited DMBA-induced DNA oxidative damage and strand breaks in MCF-10A 

cells (Leung et al. 2008). 

However, other studies reported potential harmful effects of red clover 

phytoestrogens, such as stimulation of breast cancer cell proliferation and tumor growth 

at concentrations as low as 1 nM (de Lemos 2001). Hsieh et al. showed that GN caused 

cell growth in MCF-7 cells, increased mammary gland growth in ovariectomized mice, 

and increased MCF-7 xenograft tumors (Hsieh et al. 1998). Downregulation of COMT 

mRNA and activity in MCF-7 cells has also been reported for phytoestrogens GN and 

DZ, which led to decrease in methylation of the genotoxic 4-OHE2 metabolite 

(Lehmann, Jiang, and Wagner 2008). In this study, MCF-7 breast cancer cells were also 
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used to investigate red clover’s safety, and the results were compared to those from 

MCF-10A cells. It was noted that AhR responsiveness was much higher in MCF-7 cells 

than in MCF-10A cells. This has been observed when TCDD increased 2-MeOE1 and 4-

MeOE1 levels in MCF-7 cells at least 4- and 7-fold more than in MCF-10A cells (Spink, 

Spink, Cao, DePasquale, Pentecost, Fasco, Li, and Sutter 1998). Subsequently, this 

study found that, while RCE caused an increase in overall estrogen oxidative 

metabolism, the P450 1B1-mediated genotoxic pathway was increased more than the 

P450 1A1 detoxification pathway in MCF-7 cells (Figure 4). Thus, RCE is predicted to 

be safe in ER- breast tissue, yet it may modulate estrogen metabolism to increase 

genotoxic metabolites in ER+ breast tissue. 

In MCF-7 cells, the individual effects of red clover isoflavones on estrogen 

metabolism in this study were determined as well. We previously determined that 

natural AhR agonists, such as 6-prenylnaringenin, increase estrogen metabolism 

through AhR activation (Wang et al. 2016a, Dunlap et al. 2015a). In the literature, BA 

and FN are reported as being AhR agonists (Han, Jeong, and Jeong 2007, Han, Kim, 

and Jeong 2006a), but whether GN and DZ activate AhR is controversial. Comparing 

relative AhR activation potencies, Bialesova et al. reported AhR activation by BA, FN, 

and GN (100 μM) to be 309-, 108-, and 27-fold, respectively, with DZ having no effect 

(Bialesova et al. 2015). A number of flavonoids and plant-derived indoles were tested in 

an assay to measure transcriptional activation of the AhR/ARNT dimer using an XRE 

reporter plasmid in yeast (Zhang, Qin, and Safe 2003). The EC50s of BA and FN were 

130 and 250 nM, respectively, designating them as being among the most potent 
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compounds tested (Zhang, Qin, and Safe 2003). EC50s were not reported for GN and 

DZ because the compounds were not potent enough for AhR transcriptional activation 

to be detected. However, GN and DZ (10 μM) significantly activated AhR in Hepa-1 

cells to 12- and 14-fold, yet their induction of AhR activation did not reach 2-fold in 

MCF-7 cells (Zhang, Qin, and Safe 2003). In the current study, GN and DZ (10 μM) 

increased XRE-luciferase reporter activity in HC-04 cells to 2-fold; however, the 

induction was 4 times lower than after BA and FN treatments (Figure 8A). AhR 

activation leading to CYP1A1 and CYP1B1 induction after isoflavone treatments has 

been reported (Gong et al. 2016, Han, Jeong, and Jeong 2007, Han, Kim, and Jeong 

2006a), yet no studies have conducted a direct comparison of CYP1A1 and CYP1B1 

induction by the four key marker isoflavones in MCF-7 cells. BA and FN (10 μM) 

reportedly increased CYP1A1 expression in MCF-7 cells after 6 h (Han, Jeong, and 

Jeong 2007, Han, Kim, and Jeong 2006a) BA (10 μM) doubled CYP1A1 expression and 

increased P450 1 specific activity 2.5-fold; however, CYP1B1 expression was not 

determined in this study. Studies aimed at determining the effect of GN and DZ on 

CYP1A1 and/or CYP1B1 are conflicting. Gong et al. produced results showing that GN 

and DZ (1 μM) increased both CYP1A1 and CYP1B1 expression to 5- and 3-fold, 

respectively, in MCF-7 cells after 4 h (Gong et al. 2016). However, Wagner et al. 

reported, after 24 h, a decrease in CYP1A1 with GN (1 μM) and DZ (10 μM) in estrogen 

sensitive MCF-7 cells (MCF-7 BUS); CYP1B1 was not measured in that study either 

(Wagner, Jiang, and Lehmann 2008). Overall, the present outcomes agree with other 

studies by showing that BA and FN were more potent than GN and DZ in activating 
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CYP1A1 and CYP1B1. Even at the highest concentration tested, GN and DZ did not 

increase 2-MeOE1 metabolites (Figure 5A) or CYP1A1 (Figure 6A), and they only 

modestly increased CYP1B1 (2-fold, Figure 4B). As BA and FN significantly increased 

both P450 1A1 and P450 1B1 pathways, they are most likely the reason that RCE 

increased estrogen metabolism in MCF-7 cells. 

On the other hand, GN and DZ, as ER agonists, are most likely the reason that 

RCE downregulated CYP1A1 at low concentrations in MCF-7 cells, (Figure 4B) and 

demonstrated a relatively weak effect on estrogen 2-hydroxylation compared to 4-

hydroxylation (Figure 4A). Estrogens limit AhR activation through various mechanisms, 

such as degradation of AhR or depletion of its available cofactors (Safe, Wormke, and 

Samudio 2000). Furthermore, when E2 activates ERα to displace AhR/ARNT, 

methylation on XREs in the CYP1A1 promoter region occurs (Marques, Laflamme, and 

Gaudreau 2013). This mechanism specifically downregulates CYP1A1 without affecting 

CYP1B1 expression in MCF-7 cells (Marques, Laflamme, and Gaudreau 2013). In the 

current study, E2 (1 nM) decreased basal and TCDD-induced CYP1A1 expression 

(Figure 7A, Figure 7C). Moreover, Spink et al. reported that significant downregulation 

of TCDD-induced CYP1A1 expression/2-MeOE2 formation simultaneously occurred with 

upregulation of TCDD-induced CYP1B1/4-MeOE2 formation after E2 treatments (100 pM 

to 10 nM) (Spink et al. 2003). Similarly, GN and DZ not only downregulated CYP1A1 but 

also increased CYP1B1/4-MeOE1 formation. However, it is likely but not certain that this 

increase in the 4-hydroxylation pathway by GN and DZ was mainly ERα mediated. GN 

and DZ are weak AhR agonists in MCF-7 cells (Zhang, Qin, and Safe 2003), and 
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studies regarding whether E2 modulates CYP1B1 expression are inconclusive (Gong et 

al. 2016, Marques, Laflamme, and Gaudreau 2013, Tsuchiya et al. 2004a, Beischlag 

and Perdew 2005). In the current study, E2 (1 nM) slightly, yet not significantly, 

increased basal CYP1B1 expression, but it produced no effect on TCDD-induced 

CYP1B1 expression (Figure 7D). Some literature reports have shown that in the 

presence of E2, TCDD-induced CYP1B1 levels were not affected (Marques, Laflamme, 

and Gaudreau 2013, Beischlag and Perdew 2005). However, Gong et al. observed that 

basal CYP1B1 levels were decreased (Gong et al. 2016), while others saw an increase 

in CYP1B1 expression with E2 treatment (Tsuchiya et al. 2004a, Beischlag and Perdew 

2005). Increased CYP1B1 expression by E2 may occur through an estrogen response 

element (ERE) located in the promoter region of the CYP1B1 gene (Tsuchiya et al. 

2004a). Thus, upregulation of CYP1B1 by GN and DZ could occur through ER and/or 

AhR mechanism(s) to increase the 4-hydroxylation of estrogens, yet downregulation of 

CYP1A1 by GN and DZ through an ERα-mediated mechanism was most likely the 

reason that RCE reduced CYP1A1 expression and thus only weakly induced 2-

hydroxylation compared to 4-hydroxylation in MCF-7 cells. 

It is probable that experimental conditions or cell type/context influenced the 

effect of estrogenic compounds on AhR activation. For instance, the concentration of E2 

in media, length of E2 deprivation (Spink et al. 2003), and the well-documented 

differences in MCF-7 cell lines (Osborne, Hobbs, and Trent 1987, Nugoli et al. 2003, 

Bahia et al. 2002) can lead to differences in ER levels that cause modulation in AhR 

responsiveness. To prove that the effect of these estrogens on AhR activation depends 
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on cell context, several studies used ICI 182,780 to eliminate the effects of ERα. Similar 

to our studies, Gong et al. showed that ICI 182,780 and siERα increased basal levels of 

both CYP1A1 and CYP1B1, suggesting that even unliganded ERα suppressed 

constitutive AhR activation. ICI 182,780 also reversed downregulation of CYP1A1 by 10 

nM (Gong et al. 2016) and 100 pM concentrations of E2 (Wagner, Jiang, and Lehmann 

2008). Gong et al. also showed that siERα potentiated GN or DZ (1 μM) induced 

CYP1A1 and CYP1B1 expression in MCF-7 cells; ICI 182,780 (1 μM) did not have a 

significant effect on either gene (Gong et al. 2016). However, similar to this study, ICI 

182,780 did reverse GN (1 μM) and DZ (10 μM) downregulation of CYP1A1 expression 

in MCF-7 BUS cells (Wagner, Jiang, and Lehmann 2008) and TCDD-induced CYP1A1 

expression (Marques, Laflamme, and Gaudreau 2013). In the current study, ICI 182,780 

(1 μM) potentiated TCDD-induced CYP1A1 and CYP1B1 expression (Figure 7C, Figure 

7D) and also increased CYP1A1 expression after isoflavone treatments (Figure 7A, 

Figure 7C).. Additionally, after MCF-7 cells were pretreated with ICI 182,780, all 

isoflavones significantly induced XRE-luciferase activity in MCF-7 cells (Figure 8B), No 

significant induction in XRE-luciferase reporter activity was observed with the 

isoflavones alone in MCF-7 cells (Figure 8B), in which XRE reporter activity is usually 

lower compared to other cell lines, such as HepG2 and Hepa-1 cells (Wang et al. 

2016a, Zhang, Qin, and Safe 2003). 

In conclusion, the study showed that ERα agonists suppressed AhR activation in 

MCF-7 cells. An epigenetic mechanism specifically targeting CYP1A1 was most likely 

the reason that RCE decreased 2-hydroxylation (CYP1A1), which led to a greater 
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increase in the 4-hydroxylation pathway in MCF-7 cells. Although BA and FN increased 

estrogen metabolism, it is important to note that they are not bioavailable and are 

rapidly metabolized to GN and DZ in vivo (Dietz et al. 2016, Piersen et al. 2004, 

Peterson et al. 1998). The effects of these phytoestrogens on estrogen metabolism are 

notable, especially because the 2-hydroxylation pathway is strongly associated with a 

decrease in breast cancer risk (Sampson, Falk, Schairer, Moore, Fuhrman, Dallal, 

Bauer, Dorgan, Shu, Zheng, et al. 2017). Modulation of this benign pathway may vary in 

women based on several factors such as ER status. Furthermore, as women are turning 

to BDSs for relief of menopausal symptoms during breast cancer treatments (i.e., 

tamoxifen, aromatase inhibitors) (Kligman and Younus 2010), it could be necessary to 

advise women with cancer against the consumption of certain BDSs containing 

isoflavones that induce the undesirable estrogen 4-hydroxylation pathway. Considering 

the in vitro nature of the available evidence, clinical studies are warranted that evaluate 

the corresponding safety parameters in these populations versus healthy women before 

recommendations about the clinical safety and population specificity of these BDSs can 

be made. 
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4 3D-EROD AS A MEASUREMENT OF P450 1A1/1B1 ACTIVITY 

4.1 Rationale  

 Botanical extracts and estrogen chemical carcinogenesis:  

In chapter 3, a baseline of isoflavone activity on estrogen oxidative metabolism 

was determined. However, the activity assay used in that investigation (LC-MS/MS 

measurement of MeOE1 metabolites) required a high concentration of E2 for the 

creation of a measurable concentration of these metabolites. Since the breast has an 

estrogen-rich local environment (van Landeghem et al. 1985) in both pre- and 

postmenopausal women (Yaghjyan and Colditz 2011), an activity assay that could 

measure overall changes in P450 1A1 and 1B1 activity in the presence of different 

concentration of estrogens needed to be created. 

 7-ethoxy-resorufin-O-deethylase assay issues:  

The 7-ethoxy-resorufin-O-deethylase (EROD) was modified to fit this role. An 

already existing version of this assay (EROD monolayer; chapter 2) could detect AhR-

mediated changes in P450 1 activity by measuring the conversion of 7-ethoxyresorufin 

by the P450 1 class of enzymes into the fluorescent resorufin in a kinetic in-cell assay 

(Dunlap et al. 2015a, Wang et al. 2016a). However, previous versions of the assay were 

limited in that ER-mediated P450 1A1 suppression could not be detected purportedly 

because of low basal P450 1A1 levels in MCF-7 cells (Spink, Spink, Cao, DePasquale, 

Pentecost, Fasco, Li, and R. 1998). (Figure 9). 
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 Mammospheres:  

Mammospheres are three dimensional spheroids composed of mammary cells 

that form a more realistic intratumoral environment than traditional monolayers (Maguire 

et al. 2016, Balachander et al. 2015, Haycock 2011, Lin and Chang 2008). Because 

spheroids express genes differently than monolayers of the same cell line (Maguire et 

al. 2016, Balachander et al. 2015), they were investigated for their potential ability to 

solve the issue of low CYP1A1 expression in MCF-7 WS8 monolayer as well as 

providing a more realistic intercellular environment in which to conduct estrogen 

chemical carcinogenesis studies. 

The aim of this study was to design a high-throughput EROD assay that can be 

used for the analysis of ER and AhR-mediated pathways, as well as to detect P450 1 

inhibiting effects of both single compounds and complex mixtures, such as botanical 

extracts.  

4.2 Results 

 The 2D-EROD assay cannot distinguish between 1A and 1B1 activity.  

The influence of E2 on CYP1A1 and CYP1B1 mRNA expression was first 

confirmed in MCF-7 monolayers (2D) by PCR. As previously reported (Marques, 

Laflamme, and Gaudreau 2013, Dunlap et al. 2017), E2 treatment (1 nM, 24 h) 

significantly downregulated CYP1A1 mRNA, but did not downregulate CYP1B1 gene 

expression (Figure 9A). E2-treatment did not significantly change overall P450 1 activity 

determined by the traditional EROD assay (Figure 9B). To address this problem, 

3,5,2',4'-tetramethoxystilbene (TMS) a P450 1B1 selective inhibitor (Chun et al. 2001), 
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was added to the 2D-EROD assay (Figure 9C). Although only P450 1A activity was 

determined, the expected CYP1A1 mRNA downregulation was not detected in the 2D-

EROD assay (Figure 9C).  

 

 

 

 

Figure 9: 2D-EROD cannot be used for ER mediated suppression of P450 1A1 
with P450 1B1 selective inhibitor, TMS. 
A) CYP1A1/CYP1B1 gene expression and B) P450 1 activity in MCF-7 monolayer 
treated with negative control DMSO (0.1%) or estradiol (E2; 1 nM; 24 h) measured by 
qPCR (A) or (B) 2D-EROD assay C) MCF-7 cells treated as in B, cotreated with 
2,3',4,5'-tetramethoxystilbene (TMS; 1 µM). Normalized to and T-test compared to 
DMSO (A and B) or DMSO+TMS (C). 
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 Increased CYP 1A1 and CYP1B1 expression and P450 1 activity in 

mammospheres:  

Because MCF-7 cells have low basal P450 1A1 levels and mammospheres have 

differences in mRNA expression to monolayers (Maguire et al. 2016, Balachander et al. 

2015), we investigated the difference in mRNA expression in mammosphere (3D) vs 

monolayer (2D) MCF-7 models. CYP1A1 and CYP1B1 mRNA expression, but not AHR 

nor the mRNA for ERα encoding ESR1 were upregulated in 3D mammospheres (Figure 

10A). To confirm this upregulation, the EROD activity assay was performed in 3D 

mammospheres. The signal to noise ratio was significantly increased in the 3D model  

(Figure 10B).  

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

 

 

 (A)                                (B) 

 

Figure 10: Increased CYP1A1/1B1 gene expression and P450 1 activity in 3D-
mammospheres.  
A.) qPCR of CYP1A1, CYP1B1, AHR, and ESR1 gene expression in MCF-7 
mammospheres and monolayers treated with DMSO (0.1%) for 24 h in MCF-7 cells. 
Compared to respective 2D monolayer gene expression. B.) EROD measurement of 
salicylamide, 7-ethoxyresrufin with (cells) and without (no cells) in monolayer (2D) or 
mammosphere (3D) with background (salicylamide + 7-ethoxyresirufin subtracted). (A) 
normalized to monolayer treated with DMSO (0.1%). T-test compared 3D model to 
corresponding 2D model. 
 

 

 

 Adding TMS to mammosphere model treated with E2 selectively 

downregulates P450 1A activity. 

When TMS was added to this 3D model, a significant decrease in P450 1A 

activity upon treatment with the ER agonist, E2, was determined at 1 µM TMS (Figure 

11A). While this TMS-EROD-3D model significantly decreased P450 1A activity at 1 nM 

E2, the overall 1A/1B1 activity was not significantly influenced (Figure 11B). This 

confirmed the results observed by qPCR (Figure 9). The mammosphere EROD assay 

was also validated with the positive control for AhR mediated induction with AhR agonist 
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TCDD (10 nM; 24 h). The addition of TMS did not influence the ability to induce 1A by 

TCDD (Figure 11C) in mammospheres. This effect was confirmed with qPCR 

measurement of mammospheres treated with TCDD, both CYP1A1 and CYP1B1 

mRMA expression was increased significantly (Figure 11D).  
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Figure 11:  EROD in spheroids with TMS allows measurement of ER-mediated 
P450 1A1 inhibition without affecting measurement of AhR mediated increase of 
P450 1A in MCF-7 mammospheres. 
P450 1 activity of cells cotreated 24 h with TMS (0, 0.5, 1, 1.5, or 2 µM) and a constant 
dose of negative control, DMSO (0.1%) or ER agonist, estradiol (E2; 1 nM) and read 
with the same dose of TMS as added in cotreatment. B) P450 1 activity of cells treated 
and analyzed as in A but with 0 (P450 1A+1B1) or 1 µM TMS (P450 1A) and DMSO 
(0.1%) or E2 (1 nM). C) P450 1 activity of cells treated the same as in (A) but with a 
constant dose of TCDD (10 nM) and changing TMS. D) qPCR measurement of 
CYP1A1/CYP1B1 gene expression in mammospheres treated with TCDD (10 nM). 
Normalized to and T-test compared to respective dose of TMS (A, B, C) or DMSO 
(0.1%). *p<0.05. 
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 Control of cytotoxicity/proliferation by using the diameter to measure 

cytotoxicity 

Because the traditional methods of cytotoxicity such as MTT require a second 

plate of treated cells, mammosphere diameter was utilized as a control for cytotoxicity. 

Mammosphere diameter and MTT both quantified the expected results. E2 should 

increase proliferation in these ERα+ spheres. In spheroids, a high dose of paclitaxel (10 

µM) should be cytotoxic (Nicholson, Bibby, and Phillips 1997, Dong et al. 2013, 

Reynolds et al. 2017), and low dose (1 µM) should not be (Nicholson, Bibby, and 

Phillips 1997, Dong et al. 2013). E2 treatment significantly increased both cell viability 

(MTT) and cell diameter. The low dose of paclitaxel did not significantly decrease cell 

viability nor diameter; the high dose of paclitaxel significantly decreased both cell 

viability and diameter (Figure 12).  
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Figure 12: Mammosphere diameter is a measurement of cytotoxicity.  
Sphere diameters or MTT readings of MCF-7 mammospheres treated with known 
cytotoxic (10 µM) and non-cytotoxic dose (1 µM) of paclitaxel (PTX), a known growth 
inducing dose of E2 (1 nM), or DMSO (0.1%). Normalized and T-test compared to 
DMSO negative control. 
 

 

 

 

 

 

 

 



56 
 

 

 

 Validation of the assay: Controls yield expected dose-responsive results 

The AhR agonist, TCDD, dose responsively increased both P450 1A and P450 

1A+1B1 activity in mammospheres. (Figure 13A). Treatment with AhR antagonist, CH 

22191 (Company), dose responsively decreased both P450 1A and P450 1A+1B1 

(Figure 13B). The E2 dose response showed the expected selective decrease of the 

P450 1A pathway (Figure 13C), while the ERα antagonist, ICI 182,780, selectively 

increased P450 1A activity (Figure 13D). Bergamottin, a P450 1 inhibitor and weak AhR 

agonist first slightly increased AhR-mediated P450 1A + 1B1 activity then dose 

responsively directly inhibited 1A and 1B1 (Figure 13E). Mammospheres treated with 

TCDD and E2 (10 nm; 1 nM) had significantly less P450 1A induction than those treated 

with TCDD alone (Figure 13F). All IC50s/EC50s of controls were in the pM-nM range with 

(Table I) 
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Figure 13: Validation of the 3D-EROD assay using potent controls demonstrating 
determination of multiple pathways on P450 1 activity.  
Dose response of A) AhR agonist, TCDD; B) ER agonist, E2; C) AhR antagonist CH 
223191, D) ER antagonist ICI 182 780 E) P450 inhibitor bergamottin or F) 10 nM TCDD 

with or without TMS (1 M). Normalized and T-test compared to DMSO+TMS (P450 1A) 
or DMSO (P450 1A+1B1) negative control. 
. 
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TABLE I: IC50/EC50’S OF CONTROLS: MEANS ± SD DETERMINED FROM 
IC50/EC50’S OF THREE SEPARATE EXPERIMENTS IN EROD FIGURE 13.  

 
IC50 P450 1A (nM) 

IC50 P450 1A+1B1 
(nM) 

TCDD 0.392 ± 0.3089 0.0806 ± 0.06506 

CH 223191 93.5 ± 120.9 71.7 ± 101.9 

E2 0.0175 ± 0.01782 NA 

ICI 182,780 0.0434 ± 0.03847 NA 

Bergamottin 36.3 ± 8.143 27.5 ± 26.08 

 

 

 

 Well-studied compounds and extracts yield expected results when 

screened with 3D-EROD: 

To confirm that 3D-EROD can evaluate modulation of oxidative estrogen 

metabolism, phytoconstituents and well-characterized extracts with known effects on 

estrogen oxidative metabolism were studied (TABLE III). Treatment with GN, an ER 

agonist, yielded the expected decrease in P450 1A activity. Treatment with biochanin A, 

an AhR agonist with estrogenic activity due to its metabolism in cells to GN, produced 

signs of both AhR and ER activity, with a decrease in P450 1A activity at low (2 µM) 

concentration and an increase in P450 1A+1B1 activity at high (20 µM) concentration. 

6-PN, primarily an AhR agonist, significantly increased P450 1A and P450 1A+1B1 

activity like the TCDD control (Figure 13A). Licochalcone A (LicA), an AhR antagonists, 
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decreased both P450 1A and P450 1A+1B1. (Figure 14;TABLE II: BIOLOGICAL 

ACTIVITIES OF COMPOUNDS AND EXTRACTS.).  

 
 
 
 

TABLE II: BIOLOGICAL ACTIVITIES OF COMPOUNDS AND EXTRACTS. 

 AhR 
agonists/antagonist 

ERα 
Agonists/Antagonists 

P450 1A1 
direct 
inhibition 
(Y/N) 

P450 1B1 
direct 
inhibition 
(Y/N) 

Genistein NA Agonists (Overk, Yao, 
Chadwick, Nikolic, 
Sun, Cuendet, Deng, 
Hedayat, Pauli, and 
Farnsworth 2005) 

Y (Dean 
W. 
Roberts 
2004) 

Y (Dean 
W. 
Roberts 
2004) 

Biochanin 
A 

Agonists (Han, Kim, 
and Jeong 2006b, 
Dunlap et al. 2017) 

Agonist (Dunlap et al. 
2017) 

Y (Dean 
W. 
Roberts 
2004) 

Y (Dean 
W. 
Roberts 
2004) 

LicA Antagonists (Dunlap 
et al. 2015b) 

NA NA NA 

6PN Agonist (Wang et al. 
2016a) 

NA NA NA 
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Figure 14: 3D-EROD can measure the overall effects of phytoconstituents with 
known activities.  
MCF-7 mammospheres treated with GN, BA, 6-prenylnarigenin (6-PN), or licochalcone 

A (LicA), (2 or 20 M) with (P450 1A) and without (P450 1A+1B1) TMS (1 M) 
measured by 3D-EROD. Normalized to and T-test compared to DMSO alone (P450 
1A+1B1) or DMSO+TMS (P450 1A). *p<0.05. 
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 XRE-luciferase reporter activity increased in MCF-7 WS8 cells treated with 

Bergamottin and TMS. 

In the course of designing the 3D-EROD assay, we ran into some unanswered 

questions. At low concentrations, bergamottin increased P450 1A activity (Figure 13E). 

Moreover, not cotreating with TMS and only adding it during analysis led to wide 

variations in readings (data not shown). Since TMS is an analogue of resveratrol, a 

known AhR agonists, it and bergamottin were tested for increased XRE-gene 

transcription, an indication of AhR activity (Figure 2).  Both TMS and bergamottin 

significantly, yet weakly, increased XRE gene transcription with a decreased effect as 

concentration of treatment was increased. This effect made the finding that both very 

strong (TCDD; Figure 13A) and less strong (6-PN; Figure 14) AhR agonists still exert a 

significant change in activity particularly important. 
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4.3 Discussion: 

 Botanical Extracts and Estrogen Oxidative Metabolism:  

Estrogen chemical carcinogenesis is one of many factors contributing to breast 

cancer risk. In estrogen chemical carcinogenesis, This process classically regulated by 

the AhR, which, when activated, upregulates P450s 1A1 and 1B1 and epigenetically 

Figure 15: XRE-luciferase reporter activity increased in MCF-7 WS8 cells treated 
with Bergamottin and TMS. 

Cells were treated with DMSO (0.1%), bergamottin (Berg; 2, 20 M), 3,5,2',4'-

tetramethoxystilbene (TMS, 0.5, 1, or 2 M) or TCDD (10 nM). Normalized to DMSO 
negative control. T-test of compound compared to negative control *p<0.05. 
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regulated by ERα, which selectively suppresses P450 1A1 (van Breemen et al. 2014). 

Single compounds and extracts can produce multiple effects on these pathways. For 

example, BA, a compound found in red clover is metabolized in breast cancer cells by 

P450 1A1 and P450 1B1 into GN (Roberts et al. 2004). GN directly inhibits P450 1A1 

and 1B1 (Roberts et al. 2004) and acts as an ERα agonist (Overk, Yao, Chadwick, 

Nikolic, Sun, Cuendet, Deng, Hedayat, Pauli, and Farnsworth 2005). 

Botanical supplements are taken by many women and contain thousands of 

compounds, multiples of which may affect multiple pathways in the estrogen chemical 

carcinogenesis pathways (Liu et al. 2013, Gertsch 2011) (chapter 3). Further, some of 

these compounds may interfere with the estrogen chemical carcinogenesis pathway. 

For example, BA, a compound found in red clover is metabolized in breast cancer cells 

by P450 1A1 and P450 1B1 into GN (Roberts et al. 2004). GN directly inhibits P450 1A1 

and 1B1 (Roberts et al. 2004) and acts as an ERα agonist (Overk, Yao, Chadwick, 

Nikolic, Sun, Cuendet, Deng, Hedayat, Pauli, and Farnsworth 2005). Thus, having a 

simple assay to screen for changes in the overall effect of a compound or extract on the 

activity of P450 1A1 and 1B1 is of paramount importance.  

 EROD in the past and MCF-7 WS8 cells:  

The EROD assay has been extensively utilized to monitor for AhR agonists 

because of the metabolism of 7-ethoxyresorufin by the P450 1 family of enzymes into 

the fluorescent resorufin (Petrulis et al. 2001). A kinetic assay was previously used by 

our lab to monitor overall P450 1A1 and 1B1 activity as a measure of AhR agonists or 

antagonistic activity (Dunlap et al. 2015b, Wang et al. 2016a). However, its usefulness 



64 
 

 

 

in measuring P450 1A1/1B1 activity has been limited because of its inability to separate 

the AhR mediated increase of P450 1A1/1B1 from the ERα mediated P450 1A1 

suppression (Figure 9).  

The breast cancer MCF-7:WS8 cell line was chosen as a model for estrogen 

chemical carcinogenesis in breast tissue, because these cells are highly responsive to 

both estrogen-mediated (Maximov et al. 2010, Sweeney, Fan, and Jordan 2014) and 

AhR-mediated effects (Callero and Loaiza-Pérez 2011, Al-Dhfyan, Alhoshani, and 

Korashy 2017). Thus, the EROD assay was modified for MCF-7:WS8 cells to screen for 

changes in P450 1A/1B1 activity.  

 Issues with EROD:  

EROD in MCF-7:WS8 monolayer was unable to quantitate the ER-mediated 

P450 1A1 inhibition seen by qPCR measurement of CYP1A1 in MCF-7:WS8 

monolayers treated with E2, purportedly due to the inability of 7-ethoxyresorufin to 

distinguish between enzymes in the P450 1 family enzymes. To separate ERα-mediated 

selective CYP1A1 downregulation from AhR-mediated CYP1A1/1B1 upregulation, a 

P450 1B1 selective inhibitor was used.  

 3,5,2',4'-Tetramethoxystilbene:  

3,5,2',4'-Tetramethoxystilbene: (TMS) was first chosen because of its easy 

availability and multiple papers referring to its selective P450 1B1 inhibiting properties 

(Chun et al. 2001). It was first added immediately before running the analysis; however, 

results were inconsistent (data not shown). TMS itself did not significantly affect kinetic 

fluorescence reading (data not shown). Because of its structural similarity to another 
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AhR agonists, resveratrol and a report of increased CYP1A1 expression (Einem 

Lindeman, Poirier, and Divi 2011), the effect of TMS on XRE gene transcription was 

measured (Figure 15). It was found to be a likely weak AhR agonist (Figure 15). The 

difficulties achieving consistent results when TMS was only added for during analysis 

may have been due to this AhR mediated effect. Thus, co-treatment with TMS (1 µM) 

was added to the method and the effect of TMS in the experiment appeared to be dual; 

there is a slight increase in AhR mediated activity followed by selective direct inhibition 

of P450 1B1. This approach not only yielded the expected ER-mediated suppression of 

both with treatment with a strong estrogenic compound (E2) (Figure 11; Figure 13), and 

with the weaker phytoestrogen, GN (Figure 14). Moreover, it did so without removing 

the ability to capture the AhR agonistic effect of increased P450 1A1 activity both with 

the strong AhR agonist, TCDD, (Figure 13) as well as weaker agonist, 6-PN (Figure 14). 

 Mammospheres/spheroids:  

Mammospheres are three dimensional spheroids composed of mammary cells 

with a myriad of advantages over traditional 2D-monolayers. Spheroids’ genomic 

profiles stay more similar to the primary culture compared to monolayers (Balachander 

et al. 2015, Maguire et al. 2016, De Witt Hamer et al. 2007). Likewise, cells in spheroids 

function more similarly to tissue than 2D-monolayers (Gaskell et al. 2016, Haycock 

2011, Lin and Chang 2008, Raghavan et al. 2016, Mehta et al. 2012, Correia and 

Bissell 2012). 

Although spheroids are used in few activity assays , they are used in EROD 

assays performed in liver cells (Nakazawa et al. 2006, Cipriano et al. 2017, Sakai et al. 
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2010, Wu et al. 1999) and to understand structural changes in carcinogenesis (Haycock 

2011, Raghavan et al. 2016, Friedrich et al. 2009). MCF-7 WS8 cells readily form 

structurally similar spheres when placed in rounded low adherence plates (data not 

shown). 

 Salicylamide:  

Our previous in-cell 2D-EROD kinetic assay, used salicylamide was used to 

prevent the formation of secondary metabolites and to prevent the degradation of 

resorufin and thus the degradation of the fluorescence signal (Wang et al. 2016a). This 

was found to be important in spheres as well; assays without salicylamide yielded 

curves rather than straight lines (results not shown).  

 Treatment size and time:  

The specific treatment time was selected because of the prevalence of the 24-

hour time point in the various experiments in literature to which these results are 

compared (Lai, Wong, and Wong 2004, Marques, Laflamme, and Gaudreau 2013). 

Since this assay can measure P450 1A and P450 1A+1B1 activity, it should be able to 

quantitate effect at other time points as well. However, we found that it is important to 

keep final sphere diameter between 500 and 1000 µM  (Friedrich et al. 2009). The 

necrotic core does not consistently form spheres smaller than 400 µM and we found 

that cells began to give inconsistent results below that diameter (data not shown). 

Although literature varies on the upper limit of sphere size, we found that the spheres 

started to lose consistency of shape and reproducibility around 1000 μM. Between 
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those sizes, data as measured by fold change from negative control were consistent 

making this assay robust to small counting errors. 

 Polypharmacology of Bergamottin:  

Bergamottin’s initial increase of P450 1A and P450 1A+1B1 activity was found to 

be possibly due to AhR mediated effects as it activated XRE gene transcription in MCF-

7:WS8 cells (Figure 15). One study tested for AhR agonist activity without the presence 

of other AhR agonists and found no increase of activity, but it was done in mouse cells 

(Baumgart et al. 2005). To our knowledge, the bergamottin has not been tested for AhR 

activity in MCF-7 WS8 cells without the presence of other stronger, AhR agonists. 

 Dose responses compared to literature:  

To our knowledge, there have been no dose response studies of the control 

compounds in mammospheres, so IC50/EC50s were compared to those in monolayers. It 

is, therefore, expected that the IC50/EC50s in this assay would vary from those in 

literature which used monolayers cultures. Only one compound differed widely from 

literature  with the EC50 of TCDD in 3D-EROD falling in the pM rather than low µM range 

(Li et al. 2014) while the IC50 of CH 223191’s IC50 concurred with literature values in the 

mid-µM range (Kim et al. 2006), which could be due to the a difference in cell signaling 

in mammospheres when compared to monolayers. In this 3D-EROD assay, E2’s ERα 

mediated effects in MCF-7:WS8 cells were found to have EC50s in the pM range (Yang 

et al. 2014) and ICI 182,780’s EC50 fell in the pM range (Yang et al. 2014). 

Bergamottin’s IC50s in intact cells varied greatly, ranging from the low nM to low µM 

range (Baumgart et al. 2005, Kleiner, Reed, and DiGiovanni 2003). Our findings fall 
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within the lower end of those found in literature. Thus, all of those effects can be 

measured with this 3D-EROD assay which can capture an overall picture of estrogen 

oxidative metabolism by separating ERα-mediated activity from AhR-mediated activity 

as well as capturing direct inhibition of P450 1A1 and 1B1 (Figure 13E). Since the 3D-

EROD assay can capture the overall effects of botanical extracts and compounds on 

estrogen oxidative metabolism in a 96-well format which can be easily adapted to 

robotics, it can be utilized for high-throughput screening of a myriad of potential drugs 

and extracts for potentially harmful or beneficial effects in cancer prevention. 

 Complications and Limitations of 3D-EROD: 

The use of mammospheres may complicate our understanding of modulation due 

to their added complexity. They are known to be differently affected by treatments in 

different part of the sphere (Reynolds et al. 2017). As this assay stands, it cannot 

distinguish where in the spheroid the changes in activity are occurring. 

Moreover, this assay only measures P450 1A/1B1 activity. It does not capture 

anything occurring in estrogen oxidative metabolism after that point such as modulation 

of COMT. Additionally, it cannot separate the cause of the modulation. For example, it 

cannot determine if P450 1A/1B1 inhibition is due to an AhR antagonist or a direct 

inhibitor of P450 1 family enzyme (Figure 13). 
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5 EVALUATION OF WOMEN’S HEALTH EXTRACTS 

5.1 Rationale and hypothesis  

The UIC/NIH Center for Botanical Dietary Supplements Research, in which this 

work was completed, focuses on better understanding compounds and extracts used for 

women’s health. While we work on improving our understanding of biological 

mechanisms and creating better model systems in which to measure biological effects, 

we also evaluate extracts and their bioactive compounds to decide which are worth 

further investigation. In this chapter we seek to utilize the assay designed in the 

previous chapter as well as computational modeling and an assay to measure biological 

activity to design innovative approaches to answer question related to extracts studied 

in the botanical center. This chapter outlines a few examples from projects that were 

halted as well as the investigation into how hydrolysis affects activity and which extract 

was chosen for further study in the next chapter. 

The extracts studied can contain thousands of compounds, and compositions can 

vary dramatically (Uifălean et al. 2015). This complexity was tackled by three main 

approaches: screening different extracts from the same plant, bioassay guided 

fractionation, and computational modeling. 

 Extract screening: 

Extracts can not only vary dramatically in chemical composition (Uifălean et al. 

2015), but the chemical composition of the extract often varies markedly from the form 

of the active compounds in the body. For instance, soy extracts often contain 

phytoestrogens in their estrogenically inactive glycosylated form rather than their 
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biologically active aglycone. With the 3D-EROD assay developed in chapter 4 and the 

alkaline phosphatase assay in Ishikawa cells for estrogenic activity, the effects of 

hydrolysis on biological activities were investigated.  

 Bioassay guided fractionation: 

Bioassay guided fractionation is a well-established method for narrowing down 

the active compounds in an extract. In this process, an active extract is separated into 

separate fractions which are then tested for biological activity. The active fraction(s) 

is/are further separated into subfractions until analysis of active fractions’ compounds 

indicate individual compounds that should be tested for biological activity (Weller 2012). 

 Computational modeling 

Docking involves computationally binding of a ligand into the ligand binding 

domain (LBD) of a receptor often downloaded from the Protein Data Bank’s collection of 

crystal structures. It is an important in silico tool for investigating structure/activity 

relationships and predicting binding conformations. There are three major computational 

methods used for docking: lock and key, rigid receptor, and induced fit. Lock in key 

does not allow the LBD nor the ligand to move to find their most energetically favorable 

pose. Rigid receptor allows the ligand but not the receptor to move. Induced fit allows 

movement of both. One way of validating a model derived from a crystal structure that 

was crystalized with a ligand bound is to dock that same ligand and confirm that their 

conformations are similar (Forli et al. 2016). 

In this study, the rigid receptor evaluation of ERα ligands could not be validated 

as it did not pass that test. Thus, induced fit modeling was utilized. However, 
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computational models, particularly induced fit models, are plagued with false positives 

(Chambert, Miller, and Nichols 2015). Since we are only investigating a few types of 

compounds, computational modeling as a screening technique is limitedly useful. 

Therefore, instead of using computational modeling to generate binding energies and 

use those energies to predict which compounds would be the best binder, we used 

them to better understand in vitro data to improve understanding about binding 

properties and use that understanding to predict which isoflavones may be responsible 

for activities. 

With a combination of these techniques, hypotheses were generated for future 

work. A few selected examples are given in the Results/Discussion section. The 

separation and characterization of extracts were completed by members of Dr. Guido 

Pauli’s lab in collaboration within the UIC/NIH Center for Botanical Dietary Supplements 

Research and the details of their chemical composition are not included in this chapter.  

5.2 Results/Discussion: 

 Fatty Acid Fractions as probable aryl hydrocarbon receptor agonists: 

5.2.1.1 Roseroot: 

Roseroot (Rhodiola rosea) is a plant that grows in artic regions that is traditionally 

taken as an adaptogen. Recently, it has garnered attention as a treatment for alleviation 

of menopausal symptoms (Gerbarg and Brown 2016). The study outlined here shows 

an example of bioassay guided fractionation utilizing the assay from the previous 

chapter (3D-EROD). 
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3D-EROD screening of extracts from TABLE III: EXTRACTS SCREENED 

revealed that this methanolic roseroot extract (RR) increased both P450 1A and P450 

1A+1B1 activity (Figure 16), an effect that an AhR agonist would typically show (Figure 

16). 

 

 

 

 

Figure 16: Screening revealed probable AhR mediated induction of P450 1A+1B1 
activity by roseroot.  
3D-EROD measurement of P450 1 activity in MCF-7 mammospheres treated for 24 
hours with extracts defined in Table III or E2 (1 nM) or TCDD (10 nM) with (P450 1A) or 
without (P450 1A+P450 1B1) TMS (1µM). Normalized and T-test compared to 
DMSO+TMS (P450 1A) or DMSO (P450 1A+1B1) negative control.  
*p<0.05. 
. 
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TABLE III: EXTRACTS SCREENED IN FIGURE 16 

Sample: Identity 

EG 
Horny goat weed (Epimedium grandifolium) 
MeOH extract 

ES 
Horny goat weed (Epimedium sagittatum) 
MeOH extract 

RR Roseroot (Rhodiola rosea) MeOH extract 

SC 
Five flavor berry (Schizandra chinensis) 
MeOH extract 

 

 

 

Roseroot has at least two bioactive compounds which are often used for 

standardization: salidroside and rosavin (Chiang et al. 2015, Elameen, Dragland, and 

Klemsdal 2010). Neither those compounds nor the extract is known to affect estrogen 

oxidative metabolism. The roseroot extract was fractionated, and those fractions and 

those compounds were screened for AhR mediated P450 1A+1B1 activity.  Neither 

salidroside nor rosavin significantly modulated AhR mediated induction or inhibition of 

P450 1A+1B1 activity (Figure 17). Both fractions 4 and 5 contained this active 

compound, with 5 more active than 4 (Figure 17). Fraction 5 was determined to contain 

primarily fatty acids (data not shown). Fatty acids can act as AhR agonists (Jin et al. 

2017). As this is an activity assay in cells, it should not have false positives unless 

compounds are fluorescent. This was corrected for by the washing step in the 3D-

EROD assay, and controls were run to confirm that there was no measurable 
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fluorescent interference (data not shown). However, this class of compounds was 

outside of the scope of the goals of our studies, and this work did not continue.  

 

Figure 17: Probable AhR mediated induction of P450 1A+1B1 activity by roseroot 
fraction 4.  
3D-EROD measurement of P4501 activity of MCF-7 mammospheres treated for 24 
hours with fractions of roseroot or compounds or TCDD (10 nM). Normalized to and T-
test compared to DMSO (0.1%). *p<0.05 
 

 

 

5.2.1.2 Milk thistle (silymarin):  

Silymarin Silybum marianum . (Milk thistle), has been used for centuries for liver 

disorders and female complaints. Silymarin is the active component of this herb, which 



75 
 

 

 

is a complex of components, mainly silybin A, silybin B, isosilybin A, and isosilybin B. It 

was investigated by the botanical center due to its use in women’s health.  

Milk thistle was found to, dose responsively, induce a presumably AhR mediated 

increase in P450 1A + 1B1 similar to that from treatment with TCDD (Figure 13). It did 

not increase P450 1A, thus indicating a preferential P450 1B1 induction (Figure 18). 

 

 

 

 

Figure 18: Silymarin has dose-responsive probably AhR mediated induction of 
P450 1A+1B1. 
3D-EROD measurement of P4501 activity of MCF-7 mammospheres treated for 24 
hours with milk thistle (silymarin) extract with (P450 1A) or without (P450 1A + 1B1) 

TMS (1M). Normalized and T-test compared to DMSO+TMS (P450 1A) or DMSO 
(P450 1A+1B1) negative control. *p<0.05. 
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This milk thistle extract was fractionated, and those fractions were tested for 

induction of P450 1 activity. Fraction 21 was found to be the best inducer of activity. The 

major reported bioactive compound, silibinin, only showed activity at high 

concentrations (Figure 19) 

 

 

 

 

Figure 19: Silymarin fraction 21 has the most probably AhR activity. 
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Screening silymarin fractions: 3D-EROD measurement of P4501 activity of MCF-7 
mammospheres treated for 24 hours with fractions of roseroot or compounds. Means + 
SEM; n=3. Student’s T-test comparing treatments to DMSO (0.1%) negative control * 
p<0.05. 
 

Fraction -21 from above was further fractionated into subfractions. Fraction 7 was 

the only fraction to increase P450 1 activity (Figure 20). Subfraction 19 contained 

primarily fatty acids (data not shown). This class of compounds was outside of the 

scope of our studies and this work did not continue.  

 

 

 

 

Figure 20: Silymarin subfraction 7 contains probably AhR agonist.  
Screening of silymarin subfraction: 3D-EROD measurement of P4501 activity of MCF-7 

mammospheres treated for 24 hours with subfraction (2 g/mL) with (P450 1A) or 

without (P450 1A + 1B1) TMS (1M). Normalized and T-test compared to DMSO+TMS 
(P450 1A) or DMSO (P450 1A+1B1) negative control. *p<0.05. 
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 Hydrolysis of soy bean extract yields increased estrogen mediated effects:  

Beyond the chemical complexity of botanicals, there lies another problem: in vivo  

metabolism leads to metabolites in the tissues that are not present in the plant extract 

(Setchell et al. 2001). In highly glycosylated extracts, such as soy bean, the extract can 

be hydrolyzed to form the biologically active aglycone: (Setchell 1998, Setchell et al. 

2001). Studies of the effect of hydrolysis of extracts on their biological effects can start 

to bridge the gap between in vitro and in vivo studies. However, such studies require 

analysis of biological effects of multiple time points and/or hydrolysis methods. 

This assay was utilized to screen a soy bean extract autohydrolyzed for 0, 2, 4, or 6 

days. As confirmed by the alkaline phosphatase assay, estrogenicity and ERα-mediated 

P450 1A suppression was increased with hydrolysis time (Figure 21). Thus, 3D-EROD 

captured the estrogen mediated effects and indicated that hydrolyzed extracts 

significantly affected P450 1A activity while the unhydrolyzed extract did not. 
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Figure 21: Hydrolysis increases biological activity.  
3D-EROD measurement of MCF-7 monolayers treated with hydrolyzed or unhydrolyzed 
extracts made from soy beans with (A) and without (B) TMS. C) Induction of alkaline 
phosphatase in Ishikawa cells by soy extracts. Results were normalized to DMSO or 
%E2 (C) and are shown as fold induction. Results are the means of three independent 
determinations. Normalized and T-test compared to DMSO+TMS (A) or DMSO (B, C) 
negative control. *p<0.05. 
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 Computational modeling:  

Introduction sentence of what you like to analyze here. To ensure the fit of the 

positive controls, an induced fit model was used instead of a rigid receptor model in 

which the native conformation of GN from the crystal structure could not be reproduced 

(data not shown). Induced fit modeling is plagued with false positives, in part, because 

of the receptor moving in ways it may not be capable of moving and to the probability of 

the ligand making it into the binding pocket not being considered. Therefore, we took a 

different approach. Ligands were computationally docked into binding sites of enzymes 

we had already studied in vitro. Hypotheses were then formed to explain differences in 

binding affinity. These hypotheses can be used to guide further in vitro experiments and 

to help choose which compounds to first consider without going through as many 

rounds of bioassay guided fractionation. It is important to note that the differences in 

binding score, the measure used to predict the binding affinity, were small and are, 

therefore, not mentioned, and that in induced fit modeling, compounds will be shown to 

bind in the receptor even though they may not actually bind there.  Below are some 

examples of how this tool was used. 

5.2.3.1 Z-ligustilide estrogenicity:  

Dong quai, the dried root of Angelica sinensis, is a common traditional Chinese 

medicine used to treat menstrual disorders such as dysmenorrhea (Chen et al. 2013). 

Whether dong quai has estrogenic activity is controversial (Piersen 2003, 

Hajirahimkhan, Dietz, and Bolton 2013b). Z-ligustilide is seen as one of the main 

biologically active compounds in Dong Quai. In various experiments, including 
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estrogenicity, our lab found wide variation in biological effects of both the extract and Z-

ligustilide alone (data not shown). Since Z-ligustilide is unstable, computational 

modeling was utilized to see if the compound itself is likely to be responsible or whether 

other avenues such as i the degradation products should be explored. 

 

 

 

 

 

 

 

 

Although Z-ligustilide did bind to the LBD with a good binding score, it does not 

bind in the same location as phytoestrogens/E2 (shown as GN for reference) nor did it 

bind to the encircled Glutamic acid (Glu) residue. When site-directed mutations were 

Figure 22: Z-ligustilide (green) does not bind to Glu (encircled) necessary for 
biological effect. Z-Ligustilide (green) and genistein (magenta) docked in binding 

pocket of ER 
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introduced into LBD, enzymes with the Glu-> Lys mutation of this residue were unable 

to recognize the coactivator (Shiau et al. 1998). Moreover, the same Glu residue was 

found to be integral to strong antagonistic activity; it was at least in part responsible for 

4-OH tamoxifen’s strong antiestrogenic activity while tamoxifen did not strongly inhibit 

activity (Fang et al. 2001). These data support the hypothesis that Z-ligustilide itself is 

not responsible for the estrogenic or antiestrogenic activity, which it is sometimes 

reported to have, and indicates a need for more careful handling of unstable 

compounds for more consistent results. 

5.2.3.2 Selectivity of isoflavones: ER vs. AhR: 

Structurally similar isoflavones may be selectively bind to ERα or AhR (Chapter 

3). In the hop extract, the location of a prenyl group on a prenylated naringenin can 

dramatically effect binding affinity: 8-prenylnarigenin (8-PN) is an ERα ligand (Brunelli et 

al. 2007) but not a strong AhR ligand (Wang et al. 2016a), while 6-prenylnaringenin (6-

PN) is an AhR ligand (Wang et al. 2016a), but not a strong ERα ligand (Overk, Yao, 

Chadwick, Nikolic, Sun, Cuendet, Deng, Hedayat, Pauli, Farnsworth, et al. 2005) . 

Computational modeling revealed that, in the binding pocket of AhR, the 

hydrophobic prenyl group of the AhR agonist, 6-PN, is placed in a hydrophobic pocket 

(green). The non-AhR agonist 8-PN’s prenyl group is forced towards a hydrophilic 

(purple) region and is crowded into an energetically less favorable position (Figure 23 
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Figure 23: 6-PN's prenyl group in hydrophobic pocket; 8-PN's forced into 
hydrophilic region. 
6-PN and 8-PN docked in the binding pocket of AhR. 6-PN and 8-PN docked in the LBD 
of AhR. Green regions represent hydrophilic regions; purple regions are hydrophilic. 
 
 

 

 

On the other hand, in the ERα binding pocket, the opposite occurs; the 

hydrophobic prenyl group of the ER agonist, 8-PN, is placed in a hydrophobic pocket 

(green). The weak ER agonist 6-PN’s prenyl group is forced into a hydrophilic (purple) 

region. Moreover, the positioning of the prenyl group forces the ring structure to crowd 

into an energetically less favorable position. (Figure 24) 
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Figure 24: 8-PN’s prenyl group in hydrophobic pocket and -OH group in 
hydrophilic region; 6-PN’s forced into hydrophilic region in ERα binding pocket. 
8-PN and 6-PN docked in the LBD of ERα. Green regions represent hydrophilic regions; 
purple regions are hydrophilic. 
. 
 

 

 

In the red clover extract, the difference of one methoxy group (biochanin A; BA) 

vs a hydroxy group (GN) dramatically affected binding affinity. GN is an ERα ligand but 

not a good AhR ligand while BA is an AhR ligand but not a good ERα ligand (Chapter 

3). 
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Computational modeling revealed that, in the binding pocket of AhR, the less hydrophilic 

methoxy group of the AhR agonist, BA, is placed in a hydrophobic pocket (green) near a 

hydrophilic region (purple). The non-AhR agonist GN’s hydrophilic hydroxy group is 

forced into the hydrophobic (green) region, thus binds less favorably (Figure 25).  

 

 

 

 

Figure 25: GN’s hydroxy group falls in the hydrophobic region; BA’s methoxy 
group lies in the hydrophobic region in AhR binding pocket.  
GN and BA docked in the LBD of AhR. Green regions represent hydrophobic regions; 
purple regions are hydrophilic. 
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On the other hand, in the ERα binding pocket, the opposite occurs; the 

hydrophobic hydroxy group of the ER ligand, GN, is placed in a hydrophilic (purple) 

region. The non-ER agonist, BA’s less hydrophilic methoxy group lies in a hydrophilic 

(purple) region. Moreover, BA preferentially binds in the less favorable direction from 

most estrogenic flavonoids as well as the opposite direction of genistein found in the 

crystal structure. Therefore, the hydrophobicity of the functional groups and the binding 

direction may be responsible for they different selective binding (Figure 26). 
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Figure 26: GN’s hydroxy group fits into hydrophilic region; BA’s methoxy group 

fits in hydrophilic region in ER binding pocket 
GN and BA docked in the LBD of ERα. Green regions represent hydrophobic regions; 
purple regions are hydrophilic. 
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 Combined techniques: 

Literature indicated that silymarin (milk thistle) and its major bioactive compound, 

silibinin, exhibited estrogenic activity in vivo (El-Shitany, Hegazy, and El-Desoky 2010) 

and in some in vitro assays (Dupuis et al. 2018). However, when these were screened 

for estrogenicity, the alkaline phosphatase assay indicated no significant estrogenic 

activity, but did suggest antiestrogenic activity (Figure 27).  
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Figure 27: Evaluation of the (anti)estrogenic activity in the alkaline phosphatase 
induction assay.  

Results are presented as reduction of 1 nM E2 response. Tamoxifen (5 M) was used 
as positive control for anti-estrogenic activity (94.3 % reduction). Cells were treated with 
10 µM or 10 µg/ml of silymarin/silibinin/isosilybin. Results are the means ± SEM of at 
least three independent determinations in triplicate.  

 

 

 

Silibinin is clearly too big fit the binding pocket, with the red colored part of the 

structure indicating portions of the compound that would be outside of the binding 

pocket. Moreover, even if entered the binding pocket, it does not interact with the 

important Glu. Thus, it would be unlikely to exhibit either strong estrogenic or 

antiestrogenic effects. This suggests that a metabolite of silibinin or another compound 
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may be responsible for the activity. (Figure 28). This project was not continued beyond 

this point at this time. 

 

 

 

 

Figure 28:Silibinin too large for binding site of ERα. 

2D representation of silibinin docked in the binding pocket of ER The black section 
falls within the binding pocket; the red portion falls outside of the binding pocket.
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6 EFFECT OF PRESENCE OF ESTRADIOL ON ESTROGEN RECEPTOR ALPHA 

MEDIATED SUPPRESSION OF P450 1A1 

6.1 Rationale 

Previously, we demonstrated that estrogenic isoflavones (phytoestrogens) can 

suppress the CYP1A1 expression in the detoxification pathway through ER activation 

(chapter 3; Dunlap et al. 2017). However, this study was conducted without estrogens 

present. In premenopausal women, circulating estrogens are high. In postmenopausal 

women. The local production of estrogen in organs such as breast might not be that 

much compromised because estrogens, mainly estradiol (E2) and estrone (E1), are 

converted from testosterone and androstenedione by aromatase (P450 19A1) in 

adipose tissues in breast. To our knowledge a study of the role of estrogens on the 

modulation of oxidative estrogen metabolism by isoflavones has not been attempted. 

To simplify the question of the effects of estrogens, this study was confined to only 

the epigenetic ER mediated suppression of CYP1A1. In this study, a 4-day hydrolyzed 

soy (Glycine max) bean extract (SB) and its major bioactive isoflavones GN and DZ 

were chosen because of their strong estrogenic activity and lack of AhR mediated P450 

1A1/1B1 induction (chapters 3 and 5). This extract was studied in ER+ MCF-7 WS8 

cells in three different in vitro model systems: no, low, and high estrogen. The effects 

within those systems are compared. 

6.2 Results: 

 Estrogenic Compounds in Soy Bean extracts Selectively Suppress P450 

1A1: 
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Upon treatment of MCF-7:WS8 cells with the phytoestrogens, GN or DZ (1 µM), 

or E2 (1 nM), CYP1A1, but not CYP1B1 was suppressed. Likewise, ER mediated P450 

1A, but not AhR mediated P450 1A+1B1 induction/inhibition was selectively reduced in 

mammospheres treated with either 2 or 20 µM treatment.  
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Figure 29: Estrogenic Compounds in Soy Bean Extract Selectively Suppress P450 
1A1. 
qPCR: CYP1A1/1B1 gene expression of MCF-7 monolayer treated 24 hrs with GN, DZ 
(1 µM) or E2 (1 nM) EROD activity of MCF-7 spheroids treated 24 hrs with GN, DZ (20 
µM) or E2 with or without TMS (1 µM). Normalized to DMSO. *p<0.05. Mean for TCDD 
(10 nM) AhR agonists treatment control (not shown): P450 1A: 14.54 fold change; P450 
1A+ 1B1: 18.34 fold change. Normalized and T-test compared to DMSO+TMS (P450 
1A) or DMSO (P450 1A+1B1) negative control. *p<0.05. 
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 ER mediated suppression of CYP1A1 is dose dependent in the biologically 

relevant pM-nM range of E2 treatment.  

Upon treatment of MCF-7:WS8 cells with E2, CYP1A1, but not CYP1B1 was 

suppressed dose dependently in the pM-nM range (logIC50=-11.3 ± 0.2) determined by 

logIC50s of three independent runs. Likewise, ER-mediated P450 1A, but not AhR 

mediated P450 1A+1B1 induction/inhibition was selectively inhibited dose responsively 

(logIC50 =-10.3 ± 0.4) determined by determined by logIC50s of three independent runs. 

This range is generally considered biologically relevant. A dose at the low end of the 

dose response (1 pM) was chosen for the “low estrogen” model system; a dose at the 

high end of the curve (1 nM) was chose for the “high estrogen” model. 

 

 

 

 



95 
 

 

 

 

Figure 30 ER-mediated suppression of CYP1A1 is dose dependent in the 
biologically relevant pM-nM range of E2 treatment. 
qPCR: CYP1A1/1B1 gene expression of MCF-7 monolayer treated with estradiol (E2; 24 
h.); EROD activity of MCF-7 spheroids treated with E2 or ICI with or without 2,4,3′,5′-

tetramethoxystilbene (TMS; 1 M). Normalized to DMSO or DMSO+TMS (TMS; 1 M). 
*p<0.05 
 

 

 

 Cotreatment with E2 for 24 h did not reverse CYP1A1 selective 

downregulation (qPCR): 

In MCF-7/WS8 monolayer treated with phytoestrogen (1 µM) for 24 h., 

suppression of CYP1A1, but not CYP1B1 occurred. Cells co-treated with E2 do not 

change activity significantly differently than those only treated with a phytoestrogen.  
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Figure 31: Cotreatment with E2 for 24 h did not reverse CYP1A1 selective 
downregulation. 
qPCR analysis of CYP1A1 and CYP1B1 gene induction in MCF-7 cells treated with 
DMSO, GN, DZ, BA, or FN (1 µM) with or without estradiol (E2;1 nM) for 24 hours. 
Normalized to and T-test compared to DMSO control. *p<0.05 

 

 

 

 Pretreatment with E2 Reverses ER-mediated Suppression: 

Since women already have estrogen in their breast tissue when isoflavones are 

consumed, the effect of E2 pretreatment on the P450 1A suppression was investigated. 

Spheroids were plated then pretreated with E2, for 0, 1, 2, or 3 days before treatment for 

an additional 24 h with a fresh dose of same concentration of E2, and EROD activity 

was determined. These results were normalized to cells only containing the negative 

control (DMSO; 0.1%). As expected from the previous three figures, the low dose of E2 

had no significant effect on ER-mediated P450 1A, or AhR mediated P450 1A+1B1 

induction/inhibition while the high dose of E2 (1 nM) spheres showed significant ER-
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mediated P450 1A suppression, but not AhR mediated P450 1A+1B1 induction or 

inhibition. The P450 1A inhibition was reversed as pretreatment time increased, with 3 d 

pretreatment completely reversing the suppression. Thus, 3 d pretreatment was chosen 

for the model systems investigated. 

 

 

 

 

Figure 32: Pretreatment with E2 Reverses ER-mediated suppression.  
EROD activity of MCF-7 spheroids treated were plated then pretreated with E2, for 0, 1, 
2, or 3 days before treatment for an additional 24 h with a fresh dose of same 

concentration of E2, with (P450 1A) or without (P450 1A+1B1) TMS (1 M) and EROD 
activity was read. Results were normalized to sphere diameter and DMSO of DMSO 

+TMS (1 M). *p<0.05 
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 Pretreatment with E2 Reverses P450 1A Selective Suppression: 

Mammospheres were pretreated with E2 (1 pM or 1 nM) for 3 days then cotreated 

with fresh E2 (1 pM or 1 nM, respectively) and extract or compound for 24 hours. With 1 

pM E2 pre/cotreatment, the suppression of P450 1A seen in Figure 29 begins to 

reverse, but suppression is still significant. With 1 nM E2 pre/cotreatment, suppression is 

completely reversed, and induction occurred. (Figure 33) 
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Figure 33: Pretreatment Reverses P450 1A Selective Suppression.  
Mammospheres were pretreated with E2 (1 pM or 1 nM) for 3 days then cotreated with 
fresh E2 (1 pM or 1 nM, respectively) and extract or compound for 24 hours. Results 
were normalized to sphere diameter to respective E2+DMSO control. Compared to 
respective E2+DMSO control *p<0.05.  
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 AhR mediated induction of P450 1A1/1B1 not significantly affected by 

pretreatment with E2: 

Since some isoflavones, such as biochanin A, act as AhR agonists (Chapter 3), 

the effect of E2 pretreatment on AhR mediated induction was investigated. Cells in the 

no E2, 1 pM E2, and 1 nM E2 model systems were treated with a strong AhR agonists, 

TCDD. No significant change occurred between models indicating that this difference in 

model system does not affect the AhR-mediated estrogen chemical carcinogenesis 

pathway (Figure 34). 

 

 

.  

 

Figure 34: AhR mediated induction not significantly affected by pretreatment. 
Mammospheres were pretreated with E2 (1 pM or 1 nM) for 3 days then cotreated with 
fresh E2 (1 pM or 1 nM, respectively) and TCDD (10 nM) for 24 hours. Results were 
normalized to sphere diameter to respective DMSO control. *p<0.05 
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 Phytoestrogens do not selectively decrease 2-MeOE1 metabolites of P450 

1A1 mediated estrogen oxidative metabolism.  

To confirm our results, the 2-MeOE1 and 4-MeOE1 metabolites of cells treated 

with SB, GN, or DZ was measured. These metabolites also involve COMT enzymes 

(Dawling et al. 2001) (Figure 2), which can complicate the results. 

To make sure to capture any possible estrogenic activity, cells were treated with 

a high concentration (20 µg/mL or µM) of extract or compound. GN significantly 

decreased both 2- and 4-MeOE1 metabolites of P450 1A1 and P450 1B1 metabolism, 

respectively, and COMT metabolism, while DZ and SB did not significantly change 

metabolite levels. 
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Figure 35: Phytoestrogens do not selectively decrease 2-MeOE1 metabolites of 
P450 1A1 mediated estrogen oxidative metabolism.  
GN lowers both 2- and 4-MeOE1 metabolites. LC-MS/MS measurement of monolayers 
pretreated with E2 (1 µM) for 3 days then cotreated with fresh E2 (1 µM) and extract or 
compound (20 µg/mL or µM) for 24 hours. Results were normalized to sphere diameter 
to respective E2+DMSO control. Statistics compared to E2+DMSO control. *p<0.05  
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6.3 Discussion: 

Overall, our findings show that, in high E2 containing systems, like women’s breast 

tissue, P450 1A1 suppression by phytoestrogens should not. be a concern. 

The mechanism behind the differences in modulation between the different model 

systems is not understood. We hypothesize that it may be related to a negative 

feedback loop leading to decreased ESR1 expression sometimes reported in MCF-7 

cells (Ellison-Zelski, Solodin, and Alarid 2009), but this hypothesis still needs to be 

tested both in MCF-7 cells and in other ER+ cell lines. 

 Possible off target effects: 

The induction of P450 enzymes by phytoestrogen treatment in E2 containing 

model systems, can be explained by off target effects since ER is preferentially binding 

to E2 not GN and DZ. GN and DZ are reported to be weak AhR agonists (Wall et al. 

2012). The AhR mediated effect is an induction of both P450 1A and P450 1A+1B1 

activity. The preferential induction of P450 1A by SB extract follows a similar trend as a 

known ERα antagonist, ICI 182,780 (Figure 13), indicating a possible ER antagonists 

activity. Further, GN is also a purported modulator of COMT (Lehmann, Jiang, and 

Wagner 2008), which may be why both metabolites decreased with GN treatment 

(Figure 35). 

 Isoflavone consumption and breast cancer risk in women: 

Our findings are consistent with the conclusions of most recent studies finding a 

decreased or unchanged risk of cancer with increased isoflavone consumption both for 

cancer reoccurrence and initial cancer risk. A 2013 meta-analysis of cohort studies 
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found reduced risk of cancer reoccurrence in postmenopausal women consuming soy 

(Chi et al. 2013). Likewise, a systematic review including 131 articles: 40 randomized 

control trials, 11 uncontrolled trials, and 80 observational studies of red clover, 

isoflavones, or soy treatment found a lack of evidence of harm in relation to risk of 

breast cancer and other malignancies and possible preventive effects with doses 

common in Asian diets (Fritz et al. 2013). A 2017 analysis of data from the Breast 

Cancer Family Registry found that over a period of 113 months women who had been 

diagnosed with breast cancer and who were in the highest quartile of isoflavone intake 

had a 21% decrease in all-cause mortality compared to those in the lowest quartile. 

However, cancer risk involves many other pathways which can be affected by 

compounds in BDS and phytoestrogens are not recommended for cancer prevention, 

and caution is advised particularly at high doses (Camacho et al. 2016). 

 Isoflavone consumption and 2 and 4-hydroxylation in women/animals: 

Several studies have investigated the effects of isoflavone rich diets on oxidative 

estrogen metabolism in women. Consistent with the findings of our study, studies in 

women have not found a selective decrease in urinary 2-hydroxylation metabolites of 

estrogens after isoflavone intake. A cross-over soy isoflavone feeding study measuring 

estrogens and their metabolites in urine of premenopausal women found that isoflavone 

consumption caused a decrease in estrogen levels, and a corresponding decrease in 

both 2- and 4- OHE2 (Xu et al. 1998). In a similar study in premenopausal women, 

isoflavone rich diets increased the ratio of urinary 2/4-(OH) estrogens (Xu et al. 2000). 
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However, the results of these urinary studies may be confounded by estrogen 

metabolism outside of the breast tissue. A study of ovariectomized cynomolgus 

macaques fed an isoflavone depleted (soy-) or isoflavone rich (soy+) soy diet for 36 

months found a slight increase in CYP1A1 expression and slight decrease in CYP1B1 

expression in the mammary tissue in of the soy+ fed macaques (Scott et al. 2008). 

Moreover, decrease in both CYP1A1 and CYP1B1 expression was found in the 

mammary tissues of rats treated for 4 days with estradiolbenzoate (EB), a prodrug for 

E2 and compared rats treated with vehicle (Wang et al. 2018).  

 Limitations: 

Although the activity of P450 1A1/1B1 is an important factor in estrogen oxidative 

metabolism, measuring it does not consider any effects occurring after P450 1A1/1B1 

activity such modulation of COMT. Furthermore, measuring P450 1A1/1B1 activity 

cannot fully specify the cause of modulation of activity. For instance, although we know 

ICI preferentially increases P450 1A activity (Figure 13), we cannot say with certainty 

that the P450 1A induction with SB treatment in high E2 containing models is due to an 

antiestrogenic effect without further testing. Likewise, we cannot say with certainty that 

an increase in P450 1A/1B1 activity is caused by an AhR agonist, only that an AhR 

agonists would have that effect. However, the suppression of P450 1A activity that is 

observed upon treatment with estrogenic compounds and reversed with ICI cotreatment 

(chapter 3) is reversed in models containing high levels of E2. 

The findings of our in vitro study bridge the gap between previous in vitro data 

and the above summarized in vivo and clinical studies, and further studies can be 
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conducted in similar models to yield more accurate data that can help women make 

informed choices about breast cancer chemoprevention.  
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7 CONCLUSIONS AND FUTURE DIRECTIONS 

Women are increasingly using botanical dietary supplements to alleviate 

menopausal symptoms, but data regarding their safety and possible chemopreventive 

properties are unclear. In this study we took a novel approach to studying botanical 

extracts and their contained isoflavones in models of oxidative estrogen metabolism by 

P450 1A1 and P450 1B1 (estrogen chemical carcinogenesis). Their effects in no, low, 

and high E2 systems were tested and differences between systems were noted.  

RCE extract contains isoflavones acting as ER and AhR agonists. In estrogen-

free systems, this produced an overall undesirable effect: At high concentrations, this 

extract showed preferential induction of the genotoxic P450 1B1 pathway, while at low 

concentrations, it selectively suppressed the P450 1A1 (detoxification) pathway. Both 

adverse effects were probably primarily due to the ER mediated suppression of 

CYP1A1 as AhR mediated induction is not preferential for P450 1B1 in the absence of 

ER agonists. Thus, we decided to simplify the question and only consider the ER 

mediated effects of on oxidative estrogen metabolism. 

However, to our knowledge, there was not an existing activity assay that robustly 

fits our needs. The 3D-EROD assay was created for this purpose and validated. 

Mammospheres (spheroids) were deliberately incorporated because of their increasing 

similarity to intracellular signaling in human breast cells. This assay was used to 

evaluate different botanicals including several soy bean extracts. From these extracts, 

we chose the most estrogenic, a four-day hydrolyzed extract, SB. 
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SB exerted a primarily estrogenic effect on oxidative estrogen metabolism. In an 

estrogen free model, it exerts the same adverse ER mediated effect seen in cells 

treated with low concentrations of RCE. However, in low estrogen (1 pM E2) conditions, 

this trend began to reverse. In a high estrogen environment (1 nM E2), this trend 

completely reversed. Since ER mediated suppression was reversed in cells pre- and 

cotreated with E2. 

 Moreover, we have utilized the newly created screening assay and computational 

modeling to form hypotheses to answer questions regarding BDS for women’s health 

and to better understand the binding sites of ERα and AhR. We also established that 

hydrolyzing a glycosylated extract can reveal biologically relevant activity and may be a 

helpful tool in future botanical studies. 

 Perhaps the biggest accomplishment in this study is the creation of what may be 

a more realistic in vitro model system to measure pathways involved in estrogen 

chemical carcinogenesis that is neither prohibitively expensive nor complicated. We 

employed 3D-mammospheres to form a more realistic intercellular environment, we 

investigated extracts that better reflect the bioactive compounds in the body rather than 

just using raw extracts, and we added estrogens into the study of pathways which 

involve the ER to better reflect the conditions present in women’s breast tissue.  

 Less well-studied compounds and extracts in vitro and in vivo can be screened 

for effects on estrogen oxidative metabolism using this high-throughput model. 

Moreover, steps can be taken to create more realistic in vitro models that are easily 
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accessible to other scientists. For instance, when it is known that an endogenous ligand 

affects a pathway, it can be added to the assay and spheroid modeling can be utilized. 

However, this study has limitations. the use of mammospheres may complicate 

our understanding of potential pathways due to increased complexity in these models. 

Moreover, although the activity of P450 1A1/1B1 is an important factor in estrogen 

oxidative metabolism, measuring it does not take into account any effects occurring 

after P450 1A1/1B1 activity such modulation of COMT. Further, measuring P450 

1A1/1B1 activity cannot fully specify the cause of modulation of activity. For instance, 

although we know ICI preferentially increases P450 1A activity, we cannot say with 

certainty that the P450 1A induction with SB treatment in high E2 containing models is 

due to an antiestrogenic effect without further testing. However, the suppression of 

P450 1A activity that is observed upon treatment with estrogenic compounds and 

reversed with ICI cotreatment is reversed in models containing high levels of E2. 

Moreover, the mechanism by which the estrogen mediated effects no longer 

occur with pretreatment should be investigated. Animal studies should include either 

transgenic mice that express human P450 1B1 or non-rodents and clinical data could 

be stratified to E2 levels to further control for this factor. 

 Although, isoflavones in E2 containing systems can exhibit off-target effects such 

as COMT downregulation and weak AhR agonists activity, overall, our findings show 

that, in high E2 containing systems, like women’s breast tissue, P450 1A1 suppression 

by phytoestrogens should not be a concern. These findings agree with the existing 

literature of clinical and in vivo studies in which the 2-hydroxylation pathway is not 



110 
 

 

 

selectively suppressed nor is the 4-OH pathway preferentially induced in either pre or 

post-menopausal woman or animals. Future mechanistic, animal, and clinical studies 

specifically addressing this question should be performed before results can be fully 

accepted. Future studies should include confirming the effects of the presence of E2 on 

different systems along the estrogen oxidative metabolism pathway with experiments 

such as the XRE luciferase assay from chapter 3 and qPCR gene expression of 

CYP1A1/CYP1B1.  

Although more work needs to be done, the findings of our in vitro study bridge 

the gap between previous in vitro data and the above summarized in vivo and clinical 

studies, and further studies can be conducted in similar models to yield more accurate 

data that can help women make informed choices about isoflavone consumption and 

breast cancer chemoprevention.  
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Bolton J.,Modulation of the estrogen chemical carcinogenesis pathway by red 

clover and bioactive phytoestrogens: effect of E2 on AhR gene induction. MIKI 

Meeting, Minneapolis, MN, April 2017 

6. UIC College of Pharmacy Research Day: Howell, C., Dunlap, T., Wang, S. 

Chen, S., Pauli, G., Dietz, B., Bolton J. Modulation of the estrogen chemical 

carcinogenesis pathway by red clover and bioactive phytoestrogens: effect of E2 

on AhR gene induction. 

7. Great Lakes Drug Metabolism and Disposition Group Meeting: Howell, C., 

Dunlap, T., Wang, S. Chen, S., Pauli, G., Dietz, B., Bolton J. Red clover and the 

arylhydrocarbon receptor (AhR) ligands biochanin A and formononetin modulate 

P450 1B1 and estrogen metabolism. Great Lakes Drug Metabolism and 

Disposition Group Meeting. Chicago, IL May 2016. 

8. CARBON Meeting: Howell, C., Dunlap, T., Wang, S. Chen, S., Pauli, G., Dietz, 

B., Bolton J., Red clover and the arylhydrocarbon receptor (AhR) ligands 

biochanin A and formononetin modulate P450 1B1 and estrogen metabolism. 

CARBON Meeting. Bethesda, MD, April 2016 

9. MIKI Meeting: Howell, C., Dunlap, T., Wang, S. Chen, S., Pauli, G., Dietz, B., 

Bolton J., Red clover and the arylhydrocarbon receptor (AhR) ligands biochanin 
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A and formononetin modulate P450 1B1 and estrogen metabolism. MIKI 

Meeting, Iowa City, IA, April 2016 

10. UIC College of Pharmacy Research Day: Howell, C., Dunlap, T., Wang, S. 

Chen, S., Pauli, G., Dietz, B., Bolton J., Red clover and the arylhydrocarbon 

receptor (AhR) ligands biochanin A and formononetin modulate P450 1B1 and 

estrogen metabolism. UIC College of Pharmacy Research Day, Chicago, IL, 

USA, Chicago, IL, February 2016 

11. Raymond N. Castle Student Research Conference:  Howell, C., Jiazhi, S., 

Zhou, S., Sneed, K. Computational identification and characterization of off-target 

TKI binding. Raymond N. Castle Student Research Conference, Tampa, FL, April 

2012. Awards: 2nd Place in Undergraduate Biochemistry Category. 

Awards and honors 

2018 Van Doren Scholar award, UIC College of Pharmacy, Chicago, IL. 

2012 2nd Place at Castle Conference, University of South Florida 

2012 University Scholar 

2012 Outstanding Thesis Spring 2012 

Affiliations/memberships 

2018-present  Member of the American Chemical Society 

2018-2019  Treasurer of Ju Jitsu Club 

2014-present  Member of MCP Graduate Student Council 

2014-present  Member of the UIC Graduate Student Council 


