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Breast cancer is the most diagnosed cancers among American women. The oxidative 

stress from an imbalance between reactive oxidants and antioxidants is associated with 

carcinogenesis and is an important risk factor for breast cancer.  

Nrf2, a transcription factor, responds to oxidative and electrophilic stress. However, 

Nrf2 plays dual roles in carcinogenesis: in normal and premalignant cells, activation of 

Nrf2 would weaken further oxidation and prevent carcinogenesis; in malignant cells, 

overexpression of Nrf2 could protect tumor cells from cytotoxic effects of elevated 

endogenous reactive oxygen species. The beneficial or detrimental effects of Nrf2 also 

depends on environmental conditions. 

Ursolic Acid (UA), a natural pentacyclic triterpenoid widely distributed in fruits, herbs 

and spices, has been reported to have a strong anti-proliferative activity towards human 

breast cancer cells including malignant MDA-MB-231 human breast cancer cells. 

However, it is not known whether UA has effects on Nrf2 in MDA-MB-231 human 

breast cancer cells. In this study, UA inhibited the expression of Nrf2 and its 

phosphorylated form (phosphor S40) p-Nrf2 in MDA-MB-231 human breast cancer 

cells in whole cells and nucleus. The elevation in NQO1, the Nrf2 downstream 

antioxidant enzymes, and, the reduction in Keap1, the Nrf2 repressor, were also 

observed. After a 12 h pretreatment with EGF, the p-EGFR and total cellular and nuclear 
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p-Nrf2 in MDA-MB-231 human breast cancer cells were induced but no significant 

differences were observed in total cellular and nuclear Nrf2 expressions. It may indicate 

EGFR phosphorylation might be an upstream for p-Nrf2.  

Tamoxifen, a selective ER modulator approved drug in the US to reduce breast cancer 

risk, has been proved to be an effective treatment in metastatic breast cancer and the 

tamoxifen adjuvant therapy reduced breast cancer recurrence and death. However, the 

tamoxifen resistance is a critical challenge for the treatment. We compared the 

constitutive expressions of Nrf2 in ER positive MCF-7 human breast cancer cells and 

tamoxifen-resistant MCF-7 cells (MCF-7TamR). Nrf2 and p-Nrf2 were overexpressed 

in MCF-7TamR cells. Its downstream proteins SOD1 and NQO1 in MCF-7TamR cells 

was distinctly higher in MCF-7TamR cells than in parental MCF-7 cells. The expression 

level of Keap1, the cytosolic repressor of Nrf2, was much lower in MCF-7TamR cells. 

The results suggested that Nrf2/ARE pathway might be therapeutic target to overcome 

tamoxifen resistance in human breast cancers.  

UA significantly inhibited the expression of Nrf2 and its phosphorylated form 

(phosphor S40) p-Nrf2 in MCF-7 and MCF-7TamR human breast cancer cells. The 

inhibitory effects of UA on NQO1 and SOD1 were also shown in cells. A stronger anti-

proliferative activity against MCF-7TamR cells than parental MCF-7 cells at the 

concentration of 9 µM and higher was shown. The significant differences in Nrf2 

inhibition by UA between MCF-7 and MCF-7TamR cells were also observed. It 

suggested that the anti-proliferative effect of UA might be accompanied with Nrf2 



 v 

inhibition in MCF-7 and MCF-7TamR human breast cancer cells according to our 

findings. 

Furthermore, the combination of UA plus tamoxifen was demonstrated a synergistic 

anti-proliferative effect in MCF-7 human breast cancer cells, which may suggest that 

the combined approach of UA and tamoxifen may have greater therapeutic effect on 

breast cancers than individual compound. 
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CHAPTER 1 

INTRODUCTION 

1.1 Breast Cancer 

Breast cancer is a prevailing disease, which ranks top for estimated new cancer cases 

and the second in the cause of cancer death among American women (Siegel et al., 

2018). According to the cancer statistic report from American Cancer Society, one in 

eight women will develop breast cancer in her life time and nearly one of three new 

diagnosed cancers in women is breast cancer (Siegel et al., 2018). 

With or without estrogen receptors (ER), progesterone receptors (PR) or hormone 

epidermal growth factor receptor 2 (HER2), breast cancer cells are classified into ER-

positive / ER-negative, PR-positive / PR-negative and HER2-postive / HER2-negative. 

These receptors are suggested as prognostic and predictive markers for breast cancers 

(Bauer et al., 2007).  

About 75% of primary breast cancers are ER positive or PR positive or both (Hertz et 

al., 2009). MCF-7 human breast cancer cells are ER positive. They are often hormone 

responsive, indicating that estrogen and progesterone could promote their growth 

(Johnston and Dowsett, 2003). For example, estrogen binding to ER plays a vital role 

in the development of breast cancer by promoting cell growth and proliferation 

(Cavalieri et al., 2006; Mense et al., 2008; Yao et al., 2010). Therefore, hormonal 

therapy, including lowering estrogen and progesterone in human body and inhibiting 

them from other sources, can be applied. Another about 15% to 20% of breast cancer 
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cases are in the category of triple-negative phenotype, lack of ER, PR and HER2 (Bauer 

et al., 2007). Several epidemiological studies showed that patients with ER negative and 

PR negative breast cancers had higher risk of mortality when compared to ER positive 

or PR positive (Cleator et al., 2007). MDA-MB-231 human breast cancer cells are 

belonged be triple negative breast cancer (TNBC). They are less sensitive to hormone 

therapy and are characterized by an aggressive clinical history with poor disease-free 

and overall survival (Cleator et al., 2007).   

Traditional treatments of breast cancer include surgery, radiotherapy, hormone, 

chemotherapy (Davies, 2016). Chemotherapy in breast cancer differs depending on 

genetic influences of breast cancer states. For instance, tamoxifen, raloxifene and 

aromatase inhibitors (exemestane and anastrozole) are targeted for ER (Pruthi et al., 

2015), trastuzumab and lapatinib are targeted for HER2 (Munagala et al., 2011; Araki 

et al., 2014),  and bevacizumab is targeted for VEGF (vascular endothelial growth factor) 

(Munagala et al., 2011). 

With the improvement of awareness, detection and treatment, the survival rate in women 

breast cancer cases has enhanced (Siegel et al., 2018). However, drug resistance, 

toxicity and hormonal interplay are still major problems that leads to treatment failures 

(Darakhshan et al., 2015). Meanwhile, side effects including menopausal symptoms, 

risks of uterus cancer, depression of immune system and discomfort to body, always 

come along with chemotherapy (Kudchadkar and O’Regan, 2005; Early Breast Cancer 

Trialists’ Collaborative Group (EBCTCG), 2005; American Cancer Society, 2018). 

Therefore, it is necessary to develop alternative preventive and therapeutic approaches 
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for breast cancers to reduce side effects and treatment failures. Applying natural 

products along or with anticancer drug for cancer treatment as a novel treatment to 

enhance efficacy, eliminate drug resistance and reduce side effects and reoccurrence is 

been studied (Chen and Zhou, 2011; Yaacob et al., 2014). 

1.2 Ursolic Acid 

1.2.1 Source 

Ursolic acid (UA) is a natural pentacyclic triterpenoid with a structure of 3-beta-3-

hydroxy-urs-12-ene-28-oic-acid (Figure1.1). The molecular weight is 456.71g/mol and 

the melting point is approximately 285 to 288°C.  

UA was first isolated from cranberries (Markley and Sando, 1934; Kondo et al., 2011; 

Venugopal and Liu, 2012). Later, it is found to present in a wide range of foods, such 

as apple, balsam pears, cranberry, guava, olive and several herbs (Shishodia et al., 2003; 

He and Liu, 2007; Blumberg et al., 2013; Liu et al., 2016). Apple peels are rich source 

for UA. He and Liu isolated thirteen triterpenoids from peels of Red Delicious apples 

and identified their chemical structures (He and Liu, 2007). The content of UA was 

around 0.15% and it accounted for the largest fraction among the isolated triterpenoids 

in their study. Jäger et al. analyzed eleven batches of dried apple peels for UA amount. 

The contents varied from 0.2% of variety Belle De Boskoop to 2.1% of variety 

Jonagold(Jäger et al., 2009). They thought the quantity of wax caused the different 

amount. However, Frighetto et al. detected a much higher content of UA in Gala apple 

by high speed counter-current chromatography, with 0.2 mg/cm2 of UA in the peel or 
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an approximate 10 mg of UA one apple (Frighetto et al., 2008). The differences may 

correlate with different isolation methods. 

 

Figure 1. 1 Chemical Structure of Ursolic acid 

 
1.2.2 Bioavailability and distribution 

The oral bioavailability of UA is very poor (Liao et al., 2005; Yang et al., 2012; Hirsh 

et al., 2014). Extract of Lu-Ying, a traditional Chinese medicine, which contained 80.32 

mg/kg UA were orally administrated to rats (Liao et al., 2005). The pharmacokinetic 

studies of UA were conducted by liquid chromatography-mass spectrometry (LC-MS). 

The results showed the maximum plasma concentration (Cmax) was 274.8 ng/ml and 

achieved at 1 h (tmax), the elimination time of half amount (t1/2) was 4.3 h. This study 

described a fast absorption of UA and an extremely low plasma concentration. Authors 

concluded the outcomes of low bioavailability or high binding activity in organs and 

low blood distribution. The poor bioavailability was due to low solubility (Saraswat et 

al., 2000). The pharmacokinetic study of UA in healthy adult volunteers also 

demonstrated its low bioavailability (Hirsh et al., 2014). 14 subjects were orally 
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administrated a single ascending dose of UA at 100 mg, 500 mg and 1000 mg and 

pharmacokinetic assessments were performed at pre-dose, 0.5 h, 1 h, 2 h, 4 h, 8 h, 16 h, 

24 h and 48 h. 4 subjects was noted UA content at 5 timepoints for 0.5 – 8 h with 4 

timepoints – level lower than lower limit of quantification (LLOQ) and no UA content 

was observed in 7 subjects after 100 mg oral administration; after 1000 mg oral 

administration, UA content was detected in 9 subjects at 21 timepoints at 1 – 12 h with 

12 timepoints – level lower than LLOQ while no UA content was observed in the rest 

subject. These results clarified the low and variable bioavailability for oral UA in human 

subjects. To overcome this drawback, many approaches have been developed to 

enhance its bioavailability. Yang et al. developed nanoparticles of UA by supercritical 

anti-solvent process and evaluated their physicochemical properties and oral 

bioavailability (Yang et al., 2012). When compared with unprocessed UA, the Cmax of 

UA nanoparticles increased from 291 ng/ml to 1275 ng/ml in rats’ plasma. This better 

performance attributed to enhanced supersaturation and dissolution properties. Zhou et 

al. prepared a UA phospholipid nanopowders with high bioavailability and stability by 

modified emulsification-evaporation (Zhou et al., 2009). The UA nanopowerders were 

presented a good target of liver after intravenous administration to Kunming mouse, of 

which, the Cmax in liver enhanced more than 10 times.  

Chen et al. measured the tissue distribution of UA in rats at 1 h after oral distribution 

(Chen et al., 2011). Lung showed the highest concentration of UA with spleen, liver, 

cerebrum, heart and kidney in a declining order. The results suggested that the 

distribution of UA was based on blood flow and perfusion rate of organ as lung, spleen 

and liver were all blood abundant-supply tissues. This tissue distribution study also 



 6 

indicated that UA might be metabolized in liver and kidney might be the primary 

excretion organ of prototype UA. 

1.2.3 Toxicity  

Regarding to acute toxicity, the LD50 value from an intraperitoneal administration in 

rodent mouse was 637 mg/kg and from oral administration is 8330 mg/kg (Venugopal 

and Liu, 2012). A toxicity study conducted by Xiong et al. showed that no mice died at 

72 h after a single hypodermic injection of 3500 mg/kg UA (Xiong et al., 2001). The 

results revealed that UA had a relatively low level of toxicity. The clinical 

pharmacokinetic and safety study of UA conducted a safety assessment in healthy adult 

volunteers (Hirsh et al., 2014). They found that subjects administrated an oral dose of 

1000 mg UA showed no adverse reactions.  

1.2.4 Anticancer activities 

Various studies have described the anticancer potentials of UA. In vitro studies, UA 

inhibited cell proliferation through cyclin D1 and promoted apoptosis through p38-

MAPK, Bcl family, and caspase cascade in HT-29 colorectal cancer cell line (Shan et 

al., 2009). He and Liu observed that UA had a higher anti-proliferative activity against 

human breast cancer MCF-7 cells than liver cancer HepG2 cells and colon cancer Caco-

2 cells (He and Liu, 2007). In human multiple myeloma cells, UA inhibited cell 

proliferation and STAT3 activation (Pathak et al., 2007). Results showed that UA also 

down-regulated the expression of STAT3-regulated proteins, such as cyclin D1, Bcl-2, 

Bcl-xl, surviving, Mcl-1 and vascular endothelial growth factor. Meanwhile, UA rapidly 

accumulated cell population in G1 phase measured by flow cytometry, which confirmed 
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that UA induced G1 arrest in cell cycle regulation. The proliferation of human breast 

cancer MDA-MB-231 cells was also inhibited by UA in a dose-dependent (25 to 100 

µM) manner through inducing apoptosis via mitochondrial death pathway (Kim et al., 

2011). In this study, UA also induced the apoptosis through activating Fas receptor and 

caspase 8 dependent extrinsic death receptor pathway. The UA-induced apoptosis in 

MCF-7 cells was demonstrated through the intrinsic mitochondrial pathway including 

promoting PARP cleavage and reducing Bcl-2 expression (Kassi et al., 2009). Wang et 

al. reported that UA induced apoptosis in MCF-7 cells might be also through inhibiting 

FoxM1, a transcription factor, and inactivating CyclinD1/CDK4 (Wang et al., 2010). 

For in vivo studies, UA has been reported to inhibit tumor initiation, growth, progression 

and metastasis in various animal models of cancers. In a mouse model of 

postmenopausal breast cancer, UA displayed antitumor activity (Angel et al., 2010). 

Ovariectomized C57BL/6 mice fed with diet supplemented with UA at 0.10% (wt/wt) 

showed most effective in decreasing tumor final size. In another study, transgenic 

adenocarcinoma of mouse prostate (TRAMP) mice received the diet enriched with 1% 

(wt/wt) UA for 8 weeks exhibited delayed formation of prostate intraepithelial neoplasia 

(Shanmugam et al., 2013). Currently, UA is under human clinical trials (Sultana, 2011). 

Phase I trials have revealed UA liposomes and UA nanoliposomes, new antitumor 

drugs, do not accumulate in the body with multiple-dose pharmacokinetic analysis and 

may potentially improve patients with advanced solid tumors remission rates (Zhu et al., 

2013; Qian et al., 2015). 

1.3 Tamoxifen 
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Tamoxifen, 2-[4-[(Z)-1, 2-diphenylbut-1-enyl]phenoxy]-N, N-dimethylethanamine 

(Figure 1.2), is a selective ER modulator majorly used to treat ER positive breast cancers. 

Tamoxifen can compete with estrogen as estrogen antagonist by binding to ERs and 

forming an irregular complex. The tamoxifen bound ERs complex can interrupt related 

DNA synthesis to inhibit the growth and proliferation of cancer cells (Harwood, 2007). 

Tamoxifen was the first drug approved by Food and Drug Administration to reduce the 

breast cancer risk in pre- and post-menopausal women in 1977 (Jordan, 2003, 2014). 

World Health Organization has listed tamoxifen as essential medicine for both early 

stage and metastatic breast cancers (WHO, 2015). It has been used as the gold standard 

adjuvant hormonal treatment for ER positive breast cancer for decades (Jordan, 2003). 

 

Figure 1. 2 Chemical Structure of Tamoxifen 

1.3.1 Metabolites and bioavailability  

Tamoxifen is metabolized primarily in liver by phase I and phase II enzymes, such as 

cytochrome P450s (CYPs), sulfotransferases (SULTs) and UDP-
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glucuronosyltransferases (UGTs) (Kiyotani et al., 2012). Two important metabolites of 

tamoxifen are N-desmethyltamoxifen and 4-hydroxytamoxifen. N-demethylation is 

catalyzed by N-demethylation by CYP3A4 enzymes extensively with minor 

contributions by CYP2D6 and CYP2C19 (Boocock et al., 2002). 4-hydroxytamoxifen 

is formed by 4-hydroxylation mostly through CYP2D6, CYP2C9 and CYP3A4 (Crewe 

et al., 1997). The concentration of N-desmethyltamoxifen was almost twice higher than 

those of parent compound, but with a weak affinity to ER (Wakeling and Slater, 1980). 

Although 4-hydroxytamoxifen was present very low concentration which was around 

2% of tamoxifen in plasma and tumors, it had a 100-times stronger affinity to ER than 

tamoxifen (Daniel et al., 1981; Jordan et al., 1977). This made 4-hydroxytamoxifen 

possess 30- to 100- fold greater capability in inhibiting estrogen-dependent breast 

cancer cell proliferation in vitro (Kiyotani et al., 2012). An assessment of the ratio of 

tamoxifen and its metabolites to the anticancer effects was proposed depending on an 

in vitro study (Reddel et al., 1983). They suggested that the relative contributions of 4-

hydroxytamoxifen, tamoxifen and N-desmethyltamoxifen concentrations in human 

tumor might be 0.02:1:1.5, with their affinity potencies of 150:1:1. Taken together, the 

anticancer ability in human tumor might be 3:1:1.5. Another metabolite, 4-hydroxy-N-

desmethyltamoxifen (endoxifen) was discovered later in 1988s by Lien at al. (Lien et 

al., 1988). CYP2D6, the most active CYP isoform for both N-desmethyltamoxifen and 

4-hydroxytamoxifen, also mediated 4-hydorxylation of N-desmethyltamoxifen and 

catalyzed it to endoxifen (Boocock et al., 2002; Desta et al., 2004). It was shown a 

longer duration in circulation than 4-hydroxytamoxifen and a high affinity to ER 
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(Johnson et al., 2004). However, the clinical trial with endoxifen to enhance tamoxifen 

therapy is still undergoing (Jordan, 2017).  

The pharmacokinetic studies of tamoxifen and  4-hydroxytamoxifen in rats were 

performed by high performance liquid chromatograph (Shin et al., 2006). Results 

showed that with an oral administration of 10 mg/kg tamoxifen, the value of Cmax, tmax, 

terminal half-life (t1/2), the absorption rate constant (Ka), area under the plasma 

concentration-time curve (AUC) of tamoxifen,  absolute bioavailability (AB%) of 

tamoxifen were 73 ng/ml, 2 h, 19.9 h, 17.8 h-1, 1802 ng/ml h, 15.0%, respectively; the 

pharmacokinetic parameters of 4-hydroxytamoxifen following the oral administration 

of tamoxifen (10 mg/kg) were as following: Cmax (9.6 ng/ml), tmax (3.6 h), t1/2 (23 h), 

AUC (298 ng/ml h), the metabolite ratio (17%). In this study, Shin et al. also 

demonstrated that co-administration of quercetin enhanced the bioavailability of 

tamoxifen. 

1.3.2 Anticancer activity of tamoxifen 

Tamoxifen has been effectively used for breast cancer treatment and breast cancer 

prevention since it was approved as breast cancer treatment in UK in 1973 and treatment 

for post-menopausal women with advanced breast cancer in US in 1977 (Marshall, 1998; 

Jordan, 2003). National Surgical Adjuvant Breast and Bowel Project (NSABP) Breast 

Cancer Prevention Trial (P-1) was the first to demonstrate that tamoxifen reduced the 

incidence of invasive and noninvasive breast cancer in women (Fisher et al., 1998). A 

randomized trials in early breast cancer evaluated the 5-year and 10-year effects of 

tamoxifen treatment on breast cancer recurrence and survival (Early Breast Cancer 
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Trialists’ Collaborative Group (EBCTCG), 2005). Results showed a 26% and 47% 

reduction in death and recurrence after the treatment. In a landmark Breast Cancer 

Prevention Trial, tamoxifen reduced almost 50% of the breast cancer risk in both pre- 

and post-menopausal women at the increased risk of the disease (Fisher et al., 1998; 

Pruthi et al., 2015). American Cancer Society mentioned that taken tamoxifen pill once 

a day for 5 years could lower the risk of breast cancer (American Cancer Society, 2017). 

The reports of Adjuvant Tamoxifen Longer against Shorter compared 5- and 10-year 

using tamoxifen and suggested that continuing tamoxifen to 10 years instead of stopping 

at 5 years could further decrease the recurrence and death (Davies et al., 2013). 

The principal mechanism of action in tamoxifen therapy is moderated by its binding to 

ER and the tamoxifen-ER complex interrupts related DNA synthesis to inhibit the 

growth and proliferation of cancer cells (Sporn and Lippman, 2003). But the effect of 

tamoxifen was also demonstrated in ER negative breast tumors (Nolvadex Adjuvant 

Trial Organization, 1988). Thus, there must be other mechanisms that would explain the 

effect of tamoxifen. One mechanism of tamoxifen in breast cancer treatment and 

prevention is that tamoxifen induced oxidative stress in both ERα-positive and ERα-

negative breast cancer cells and resulted in cell death (Bekele et al., 2016). In this study, 

they pretreated 4T1 breast cancer cells with 4-hydroxytamoxifen for 24 h and observed 

an elevation in oxidation of membrane lipid. The levels of Nrf2, Nrf2 nuclear 

transportation and its downstream protein NQO1 were increased. Tamoxifen also 

induced apoptosis through activating caspase-3 cleavage and PARP in MCF-7, MDA-

MB-231 and 4T1 human breast cancer cells. After applying PMC (2,2,5,7,8-

pentamethyl-6-chromanol, a vitamin E moiety without a lipid tail), an anti-oxidant, this 
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activation was partially inhibited. JNK activation through phosphorylation of 

Thr183/Tyr185 residue after using 4-hydroxytamoxifen was reported in MCF-7 and 

4T1 cells. Another study elucidated tamoxifen induced oxidative stress and apoptosis 

through mitochondria-dependent and nitric oxide (NO)–dependent pathways 

(Nazarewicz et al., 2007). They explained that tamoxifen at certain concentrations 

triggered mitochondrial NO synthase (mtNOS) activity by increasing Ca2+ density in 

mitochondria of rat liver and MCF-7 human breast cancer cells. An increasing of 

mitochondrial peroxynitrite followed induced mtNOS and caused oxidative and 

nitrative stress. Insulin-like growth factor I (IGF-I) was also reported as a target 

responsible for tamoxifen effect as lower IGF-I levels presented after tamoxifen 

treatment (Colletti et al., 1989; Pollak et al., 1990). IGF-I may function as estrogen, 

paracrine and autocrine routes in breast cancer cells and play a favorable role for cancer. 

The mechanisms of action in tamoxifen in breast cancer treatment and prevention are 

complicated. Clearly, single mechanism alone cannot explain the tamoxifen effect. It is 

commonly acknowledged that several mechanisms exist to approach the successful 

treatment. 

1.3.3 Side effects of tamoxifen 

Tamoxifen, as a selective ER modifier, acts not only an estrogen antagonist for  breast 

cancer treatment but also an estrogen agonist in some other tissues, like bone and 

endometrium (Harwood, 2007). Therefore, by binding to ERs, tamoxifen may interrupt 

ER-related DNA synthesis and inhibit cell growth and proliferation; it may also 

stimulate cell growth and contribute to its side-effect profile, abnormal in endometrium 



 13 

and risk of endometrial cancer for instance (Harwood, 2007; Bush, 2007). But the 

adverse effect of tamoxifen in endometrial cancer has been overestimated (Fisher et al., 

1998). The elevation of endometrial cancer incidence did occur among women who 

received tamoxifen (Stearns and Gelmann, 1998), but results from NSABP P-1 study 

did not observe that women with endometrial cancers who took tamoxifen had a worse 

prognosis than those who did not take the drug or who received estrogen replacement 

therapy (Fisher et al., 1998). It disagreed with the claim made by Magriples et al. that 

endometrial cancers would be more aggressive and would lead increasing mortality in 

women who had tamoxifen treatment (Magriples et al., 1993). Other dangers, such as 

liver damage, colon cancer and retinal toxicity, were reported arose after tamoxifen 

therapy. However, NSABP and other studies have refuted these results (Gorin et al., 

1998; Fisher et al., 1998). Although tamoxifen was reported safely with good 

compliance and minimal side effects in most breast cancer cases, those non-life-

threatening adverse effects were still critical problems in breast cancer treatment and 

affected the quality of patients’ life (Powles et al., 1989). Besides endometrial cancer, 

side effects of tamoxifen included menopausal symptoms, blood clots(Kudchadkar and 

O’Regan, 2005).  

1.3.4 Tamoxifen resistance 

Tamoxifen resistance is another challenge in breast cancer treatment. Almost 50% of all 

metastatic breast cancer patients who received tamoxifen adjuvant treatment acquired 

resistance to tamoxifen (Shou et al., 2004). The precise mechanism of this resistance 

remains uncertain, but several mechanisms have proposed. Loss of ER expression and 

function contributed primarily to tamoxifen resistance (Jaiyesimi et al., 1995; Chang, 



 14 

2012). ER was recognized as a predictor for tamoxifen resistance (Early Breast Cancer 

Trialists’ Collaborative Group, 1998). Although most patients who developed 

tamoxifen resistance still expressed ER but loss of ER definitely caused the resistance 

(Dowsett and Haynes, 2003). Amplified in breast 1 (AIB1), an ER co-activator 

activating ER-driven transcription, was associated with tamoxifen resistance as well 

(Osborne et al., 2003). In the study conducted by Osborne et al., they found that AIB1 

levels in patients who did not receive tamoxifen were associated with favorable 

prognosis, while AIB1 expression in patients had tamoxifen treatment was related with 

worse disease-free survival. Epidermal growth factor receptor (EGFR) and HER2 were 

also responsible for tamoxifen resistance (Massarweh et al., 2008). Massarweh et al. 

observed that both EGFR and HER2 were increased after tamoxifen treatment in MCF-

7 tumors and their expressions were significantly elevated in resistant tumors. While 

after applying Gefitinib, the inhibitor of EGFR/HER2, the anti-tumor effect of 

tamoxifen was enhanced and the acquired resistance was also delayed. The outcome 

that EGFR/HER2 associated with the drug resistance may also attribute to ER as 

EGFR/HER2 and ER were negatively correlated with each other (Dawson et al., 2009). 

Given molecular cross-talk between ER and EGFR/HER2 pathways, the signaling 

molecules AKT and ERK1/2 MAPK (Shou et al., 2004) and NF-κB (Holloway et al., 

2004) were implicated as potential mechanisms for anti-estrogen therapies resistance as 

well. The nuclear factor erythroid 2-related factor 2 (Nrf2) may also be a potential 

therapeutic target for tamoxifen resistance. Tamoxifen-resistant MCF-7 human breast 

cancer cells with Nrf2 knocked out was shown to reverse the tamoxifen resistance 

partially (Kim et al., 2008). Another study observed overexpressed NQO1 and GCLC, 
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downstream proteins of Nrf2,  were sufficient to induce tamoxifen resistance in NQO1 

and GCLC transfected MCF-7 cells, indicating that inhibition of NQO1 and GCLC may 

help reverse tamoxifen resistance in ER positive breast cancer (Fiorillo et al., 2017). 

Reduction in intracellular concentrations of a drug caused by high efflux or low influx 

is also a common mechanism of drug resistance (Gonzalez-Angulo et al., 2007; Chang, 

2012). The intra-tumor tamoxifen concentrations in acquired tamoxifen-resistant human 

breast tumor were markedly lower (Johnston et al., 1993).  

Tamoxifen resistance is a crucial problem for treatment failure of breast cancer. To 

understand the mechanisms of tamoxifen resistance would be helpful to develop novel 

therapies to overcome this drug resistance. 

1.4 Nrf2 

Nrf2 is a transcription factor that binds to the promoter sequence leading to the 

regulation of antioxidant response element (ARE) driven detoxification and antioxidant 

genes. Since ARE regulated an abundance of antioxidant and detoxification genes, Nrf2 

is recognized as a master regulator of the ARE-driven cellular defense system against 

oxidative stress. However, genetic analyses of human tumors have indicated that Nrf2 

may conversely cause resistance to chemotherapy. It is therefore controversial whether 

the activation, or alternatively the inhibition, of Nrf2 is a useful strategy for the 

prevention or treatment of cancer.   

1.4.1 The mechanisms of Nrf2 pathway 

Normal internal metabolism and external exposure produce reactive oxidants, including 

reactive oxygen species (ROS, i.e., O2-, H2O2, O2 and RO2) and reactive nitrogen species 
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(RNS, i.e., NO and NO2). An imbalance between reactive oxidants and antioxidants 

results in oxidative stress, which is an important risk factor for breast cancer (Jezierska-

Drutel et al., 2013). The oxidative damage to DNA mutations and proliferation is 

associated with cancer initiation and progression (Ames et al., 1993; Visconti and 

Grieco, 2009). Nrf2 have been found its role in in cellular protection against oxidative 

stress. Nrf2 is a transcription factor that responds to oxidative and electrophilic stress 

(Kumar et al., 2013; McWalter et al., 2004). There are at least four components 

imperative for this antioxidant response, Nrf2, Keal-like ECH-associated protein 1 

(Keap1), musculoaponeurotic fibrosarcoma (Maf), and ARE (Rushmore and Tony 

Kong, 2002; Li and Kong, 2009; Loignon et al., 2009).  

1.4.1.1 Keap1 dependent regulation 

Under basal conditions, Nrf2 is bound to Keap1 and retained inactive in cytoplasm. 

Keap1 is recognized as a cytosolic repressor protein of Nrf2. It targets Nrf2 for 

proteasomal degradation through facilitating the reaction of cullin3 ubiquitinates Nrf2 

(Dinkova-Kostova et al., 2005). Under oxidative stress, free radicals modify Keap1 and 

result in dissociation of Nrf2 from Keap1, so that Nrf2 is translocated into nucleus to 

trigger the antioxidant response. After Nrf2 migrates to nucleus, it heterodimerizes with 

small Maf (sMaf) family proteins and becomes transcriptionally active (Itoh et al., 1995). 

sMaf is a required molecule that leads Nrf2 to bind DNA and make Nrf2 function in the 

transcription regulation (Motohashi et al., 2011). Then, this Nrf2-sMaf heterodimer 

binds to ARE and stimulates the transcription of target genes. One important portion of 

these genes target for cyto-protective functions, such as inducing expression of phase II 

detoxification enzymes and cellular antioxidants in response to oxidative stress (Jaiswal, 



 17 

2004). Phase II enzymes, such as superoxide dismutase (SOD), NAD(P)H:quinone 

oxidoreductase 1 (NQO1), glutathione S-transferases (GSTs), UDP-

glucuronosyltransferase (UGT), sulfotransferase (SULT) and heme oxygenase-1 (OH-

1), have a strong linkage against carcinogenesis and other forms of toxicity mediated by 

electrophiles (Talalay et al., 1995; Zhang and Gordon, 2004; Giudice and Montella, 

2006). Another defense is glutathione (GSH) which is recognized as the most abundant 

small-molecule antioxidant (Hayes and McLellan, 1999). Hence, one mechanism of 

Nrf2/ARE to protect against oxidative stress induced carcinogenesis is the upregulation 

of ARE-driven genes (Nguyen et al., 2003; Kensler, 2005). 

1.4.1.2 Keap1 independent regulation 

The Keap1-Nrf2 model has been discussed by numerous studies. Recently, more and 

more studies found that Nrf2 could be regulated independently from Keap1. Nrf2 

contains many serine, threonine and tyrosine residues which provide sites for 

phosphorylation by different kinases (Rojo et al., 2012). The activities of extracellular 

signal-regulated kinase (ERK) and c-jun N-terminal kinase (JNK) in regulating 

butylated hydroxyanisole (BHA)-induced and Nrf2-dependent ARE transcriptional 

activity and ARE-mediated HO-1 were determined (Yuan et al., 2006). In their study, 

BHA promoted Nrf2-Keap1 dissociation and Nrf2 translocation into nucleus, and it 

significantly increased the accumulation of Nrf2 and phosphorylation of ERK1/2 and 

JNK1/2. Furthermore, inhibition of ERK and JNK signaling using biochemical 

inhibitors and their dominant-negative mutants attenuated this BHA-induced ARE 

transcriptional activity; cDNA transfections of ERK and JNK triggered Nrf2 releasing 

from Keap1 and importing to nucleus. Phosphatidylinositol 3-kinase (PI3K), was also 
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demonstrated to regulate tBHQ-induced Nrf2 translocation (Kang et al., 2002). Nrf2 

was shown directly phosphorylated by protein kinase RNA-like endoplasmic reticulum 

kinase (PERK), a major role in cell survival following endoplasmic reticulum stress 

(Harding et al., 2000; Cullinan et al., 2003). GSK3β, a downstream target of multiple 

kinase cascades including AKT and mitogen-activated protein kinase cascades (MAPK), 

is negatively regulated by activation of these pathways through phosphorylation at 

multiple sites (Bryan et al., 2013). Several evidences have revealed that GSK3β 

degraded Nrf2 in a Keap1-independent manner, or alternatively, inhibition of GSK3β 

stabilized Nrf2 (Rada et al., 2011; Rojo et al., 2012). The phosphorylation of Nrf2 by 

PERK disrupted Nrf2 and Keap1 complex, remained Keap1 in cytoplasm, and promoted 

Nrf2 nuclear translocation. They also pointed out that ROS could acted directly on Nrf2 

or Keap1 but the PERK phosphorylation of Nrf2 was sufficient for this dissociation and 

that ROS may not needed. Protein kinase C (PKC), a family of serine and threonine 

kinases, was been reported to phosphorylate Nrf2 at Ser-40 and promoted Nrf2 into 

nucleus by interrupting its association with Keap1 (Huang et al., 2002). Apopa et al. 

found protein kinase CK2 activated Nrf2 by phosphorylating it at Neh4 and Neh5 

domains (Apopa et al., 2008). After applying a CK2 inhibitor, they observed the Neh4 

and Neh5 domains activities were inhibited, following reduction in Nrf2 

phosphorylation on these sites and Nrf2 translocation into nucleus. 

Taken together, these studies strongly suggested PKC pathway, mitogen-activated 

protein kinase cascades (MAPK) pathway, PI3K/AKT pathway and PERK played 

important role in regulating Nrf2 through phosphorylation. 
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1.4.1.3 Epigenetic regulations in Nrf2 

 
Epigenetics is defined as ‘the study of heritable changes in gene expression that occur 

independent of changes in the primary DNA sequence (Sharma et al., 2010).  The 

epigenetic regulation conducts a critical process in cancer development, which can be 

via DNA methylation and histone modification (Kanwal and Gupta, 2012). They are the 

major targets of cancer prevention and therapeutic strategy. DNA methylation occurs at 

the 5′ position of cytosines within CpG dinucleotides found in CpG islands (Kim et al., 

2016). It has been reported that the silencing of tumor suppressor genes through CpG 

island hypermethylation in the promoter region of genes is considered as a hallmark of 

cancer (Baylin, 2005; Lopez et al., 2009; Kim et al., 2016). Histone modifications 

mainly include acetylation and methylation. Transcriptional activators and/or repressors 

can interfere at gene promoters due to chromatin alterations from these histone 

modifications. DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) 

can cause epigenetic silencing through the modifications to DNA and histone, 

respectively (Tsai and Baylin, 2011). 

Epigenetic regulation in Nrf2 is explored by various studies. For example, that the 

promoter activity of Nrf2 was significantly suppressed when the first 5 CpGs in the CpG 

island of Nrf2 gene were hypermethylated in TRAMP C1 cells (Yu et al., 2010). Khor 

er al. found that curcumin reversed the methylation status of these 5 CpGs on Nrf2 

promoter. After treating these cells with either 5 or 10 µM of curcumin, methylation of 

these 5 CpGs was significantly reduced from 92% to 27% and 57.6%, respectively. The 

expression of Nrf2 and NQO1 at mRNA and protein levels were restored in TRAMP 

C1 cells via demethylation of Nrf2 (Khor et al., 2011).  Many other dietary 
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phytochemicals have also shown the potential to regulate Nrf2 activation through 

epigenetic modifications, such as apigenin, 3,3′-diindolylmethane, γ-tocopherol-rich 

mixture of tocopherols, sulforaphane, tanshinone IIA and Z-ligustilide (Paredes-

Gonzalez et al., 2014; Wu et al., 2013; Huang et al., 2012; Zhang et al., 2013; Su et al., 

2013; Kim et al., 2016). The effect of UA on the epigenetic regulation of Nrf2 has also 

been examined. Kim et al. firstly demonstrated the anticancer effects of UA by 

inhibiting the growth of mouse epidermal JB6 P+ cells  and TPA-induced 

transformation in JB6 P+ cells (Kim et al., 2016). By using bisulfite genomic DNA 

sequencing, they found that the methylation status of the Nrf2 promoter was decreased 

by 7% and 17% in treatment with UA of 1 µM or 2.5 µM, respectively. These 

methylation results were in accordance with the elevated levels of Nrf2 mRNA and 

proteins and Nrf2-mediated phase II detoxification enzymes to suppress tumor 

promoter-induced cell transformation.  

1.4.2 Dual roles of Nrf2 in cancer 

Numerous studies have shown that Nrf2 functions as a suppressor in various tumor cells 

and animal models. Interestingly, recent studies have also reported that Nrf2 may 

conversely be a tumor promoter to promote carcinogenesis and cause resistance to 

chemotherapy.  

1.4.2.1 Nrf2 as cytoprotective role 

Several phytochemicals that exerting cancer chemopreventive and cytoprotective 

effects have been demonstrated their abilities of Nrf2 activation (Surh et al., 2008). 

Activation of Nrf2 and its downstream phase II enzymes such as HO-1 subsequently 
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protected cells against toxic insults by low concentrations of (−)-epigallocatechine-3-

gallate (EGCG) (Owuor and Kong, 2002). Sulforaphane, an isothiocyanate present in 

broccoli and other cruciferous vegetables, diminished cellular arsenic levels and 

abolished arsenic toxicity in primary mouse hepatocytes by activating Nrf2 and HO-1 

(Shinkai et al., 2006). These studies indicated that activation of Nrf2 was against 

cytotoxicity. Curcumin, a diferuloylmethane compound derived from turmeric or curry 

possessing the anti-inflammatory, anti-oxidative and anti-carcinogenic capacities, was 

reported to induce HepG2 cell apoptosis and inhibit HepG2 cell proliferation and growth 

(Wang et al., 2011; Jiang et al., 2013). In HepG2 cells, curcumin activated glutathione S-

transferases (GSTs) through accumulating Nrf2 (Nishinaka et al., 2007). Thus, Nrf2 

activator may help suppress tumor cells. Resveratrol, a phytoalexin extracted from the 

skin and seeds of grape and other plants, was observed to protect against cigarette smoke 

extract (CSE)-mediated oxidative stress in human primary small airway epithelial and 

human alveolar epithelial cells by activating Nrf2 (Kode et al., 2008). When the lung 

epithelial cells exposed to CSE, the ROS levels were increased while glutathione (GHS) 

expressions were decreased. Resveratrol restored CSE-depleted GSH levels via 

activation and nuclear translocation of Nrf2, which indicated Nrf2 activator inhibited 

carcinogenesis. 

Numerous studies have shown that Nrf2 acts as a tumor suppressor in various animal 

models. In vivo studies using Nrf2-knockout mice support the tumor suppressor 

property of Nrf2. Itoh et al. firstly used Nrf2-deficient mice to confirm the essential role 

of Nrf2 in induction of phase II detoxification enzymes (NQO1 and GST) (Itoh et al., 

1997). Later on, this model was widely used in determining if anti-cancer effectiveness 
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of some chemopreventive compounds was Nrf2 dependent since they have multiple 

targets. In one study conducted by Ramos-Gomez et al., they used oltipraz, a prototype 

dithiolethione which was reported possessing chemopreventive ability in one promising 

clinical trial, to treat both Nrf2-deficient mice and wild-type mice (Ramos-Gomez et al., 

2001; Lee and Surh, 2005). Results show that oltipraz increased 2- to 5- fold phase II 

detoxification enzymes and reduced multiplicity of benzo[a]pyrene-induced gastric 

neoplasia in wild-type mice by 55%, but these enzymes were almost eliminated and no 

chemoprotective effect was observed on tumor burden in Nrf2-deficient mice. However, 

in parallel with the enzymatic reduction, Nrf2-deficient mice displayed a significantly 

higher tumor burden. This study indicated that loss of Nrf2 expression significantly 

enhanced susceptibility of mice to chemical carcinogenesis and abolished the 

chemoprotective properties of phase II enzymes inducers such as oltipraz. Other studies 

also showed less cytoprotective genes or increased tumors in other organs and tissues 

in Nrf2-deficient animals when exposed to carcinogenic agents. These include urinary 

bladder (Iida et al., 2004), skin (Saw et al., 2011), stomach (Fahey et al., 2002), liver 

(Chanas et al., 2002), brain (Lee et al., 2003), and lung (Ishii et al., 2005). For prostate 

cancer, decreased Nrf2 expression is observed in TRAMP mice (Arnold et al., 2008; 

Khor et al., 2014). However, so far there are not many evidences suggesting the effect 

of Nrf2 in breast cancer in Nrf2 knockout animals (Becks et al., 2010). 

1.4.2.2 Nrf2 as tumor promoter 

The first evidence of Nrf2 as tumor promoter was observed by Ikeda et al. in 2004 (Ikeda 

et al., 2004; Lau et al., 2008). In their study, they found that Nrf2-induced placental 

glutathione S-transferase (GST-P) was not detected in normal cells but highly expressed 
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during early hepatocarcinogenesis and in hepatoma cells, which may indicate the 

involvement of Nrf2 in cancer promotion. Keap1 mutations in some cancer cells 

resulting in constitutive Nrf2 activition also support that accumulated Nrf2 promote 

carcinogenesis. The initial finding was a Keap1 mutation in human lung cancer cells 

that introduced stabilization and accumulation of Nrf2, which resulted in cancer cell 

survivals enhancement (Padmanabhan et al., 2006). Not limited to lung cancer, these 

loss-of-function mutations in Keap1 were widespread and have also been found in other 

human tumor tissues and organs, such as gallbladder (Shibata et al., 2008), ovary 

(Konstantinopoulos et al., 2011), colon (Yoo et al., 2012), liver (Yoo et al., 2012), 

stomach (Yoo et al., 2012), prostate (Yoo et al., 2012), as well as breast (Nioi and 

Nguyen, 2007; Yoo et al., 2012). Oncogenes elevating the expression of Nrf2 is another 

evidence for this view. DeNicola et al. found that oncogenes, such as K-Ras, B-Raf and 

Myc, suppressed ROS and activated Nrf2 antioxidant response through increasing 

transcription of Nrf2 in mouse embryonic fibroblasts and pancreas and human 

pancreatic cells (DeNicola et al., 2011). Furthermore, this study described that genetic 

knockdown of Nrf2 reduced the ability of K-Ras to induce carcinogenesis. This finding 

indicated that increased Nrf2 in cancer cells led to ROS reduction and thus promoted 

cancer cells survival and carcinogenesis. In another study using shRNA knock-down of 

Nrf2 in human breast cancer cells, enhanced basal levels of ROS, impaired 

mitochondrial function, reduced cell growth and cell migration were observed in triple-

negative breast cancer cells (Yang and Yee, 2015). 

The abnormal upregulation of Nrf2 in tumors may associate with drug resistance. The 

results from Wang et al. showed that the cells transfected with Nrf2-siRNA had lower 
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endogenous Nrf2 level and were more sensitive to chemotherapeutic agents including 

cisplatin, doxorubicin and etoposide (Wang et al., 2008). Another study reported that 

genetic suppression of Nrf2 expression sensitized endometrial serous carcinoma cells to 

cisplatin and paclitaxel (Jiang et al., 2010). A human tumor xenograft model in severe 

combined immune-deficient mice was also applied to prove that tumor with suppression 

of Nrf2 was more sensitive to cisplatin. Konstantinopoulos et al. suggested the same 

pro-tumor role of Nrf2 by observing survial rate of patients with epithelial ovarian 

cancer (Konstantinopoulos et al., 2011). In this study, patients identified with high level 

of Nrf2 expression had fewer complete clinical responses to platinum-based treatment 

and inferior survival than those with normal level of Nrf2.  

These evidences above reflect that Nrf2 somewhat plays dual roles in cancers. As a 

tumor suppressor, activation of Nrf2 induces cytoprotective enzymes against ROS and 

prevents cancers. In a role of tumor promoter, mutational activation of Nrf2 led to 

carcinogenesis and chemotherapy resistance. It is necessary to understand the exact 

functions of Nrf2 and to determine either Nrf2 inhibitors or activators should be applied 

in cancer prevention and in enhancing the efficacy of cancer chemotherapeutic agents. 

1.4.3 Nrf2 signaling in carcinogenesis 

More and more studies suggested that the beneficial or detrimental functions of Nrf2 

may depend on cell types and stages of tumor development (Lee et al., 2005; Kasai and 

Kawai, 2006; Hayes and McMahon, 2009).  

The carcinogenesis from normal cells to pre-neoplastic cells, and then to neoplastic cells 

contains three stages in a following order, the initiation, promotion and progression 
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stages. Sporn and Liby stated that activating Nrf2 suppresses carcinogenesis in normal 

and premalignant cells while enhancement of Nrf2 activity in malignant cells may 

promote tumor growth (Sporn and Liby, 2012). In their analysis, since normal cells and 

premalignant cells are greater controlled by a low to moderate ROS and inflammatory 

cells, activation of Nrf2 would weaken further oxidative and inflammatory stress and 

thus prevent carcinogenesis (Sporn and Liby, 2012; Gorrini et al., 2013). However, 

when it turns to malignant cells, overexpression of Nrf2 could protect tumor cells from 

cytotoxic effects of elevated endogenous ROS because of metabolic and signaling 

aberrations or induction from chemotherapy (Sporn and Liby, 2012; Gorrini et al., 2013). 

More recently, higher Nrf2 expression was detected in malignant breast cancer cell lines 

(MDA-MB-231 and MDA-MB-436) than immortalized breast epithelial cell lines 

(MCF10A and MCF12A), which may also imply the tumor promoter role of Nrf2 in 

invasive tumors (Yang and Yee, 2015). 

Thus, more specific researches are still necessary to demonstrate roles of Nrf2 or 

mutations in Nrf2 or Keap1 genes during the initiation, promotion or progression stages 

of tumor development.  

1.4.4 Regulation of Nrf2 in breast cancer 

Genetic studies described previously have shown mutations in Keap1 in breast cancer 

cells and following overexpression of Nrf2 result in the resistance to chemotherapy 

(Nioi and Nguyen, 2007; Wang et al., 2008; Yoo et al., 2012; Yang and Yee, 2015). 

However, Nrf2 activators enhancing Nrf2 expression have also been observed to inhibit 

the proliferation of breast cancer cells. Upon this paradox, two questions remain 
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unknown: 1. Do types of breast cancer affect Nrf2 signaling? 2.Whether Nrf2 activator 

or inhibitor should be applied for breast cancer treatment or reducing drug resistance. 

Several studies below may indicate the important role of Nrf2 in human breast cancers 

and some potential mechanisms of Nrf2 regulation in different types of breast cancers. 

Tocotrienols, members of vitamin E family, were well-known for the antioxidant 

properties (Packer and Landvik, 1989). Some evidences indicated their 

chemopreventive functions (Nesaretnam et al., 2000; Stone et al., 2004; Pierpaoli et al., 

2010). Tocotrienols inhibited human breast cancer cell lines MCF-7 and MDA-MB-231 

by altering the expression of antioxidant and detoxifying enzymes (Hsieh et al., 2010). 

Interestingly, this study found tocotrienols increased Nrf2 expression and reduced 

Keap1 level only in MDA-MB-231 but not in MCF-7. This result provides evidence to 

support that the protective role of Nrf2 varies depending on each cell type (Lee et al., 

2005). In the study of Lai et al., five breast cancer cell lines with different ER and HER2 

were treated with curcumin (Lai et al., 2011). They found that curcumin suppressed the 

proliferations of all those cell lines. SK-BR-3-hr (ER negative, HER2 positive), MCF-

10A (ER negative, HER2 negative), and MDA-MB-231 (ER negative, HER2 negative) 

cells had a higher sensitivity to curcumin than BT-474 (ER positive, HER2 positive) 

and MCF-7 cells (ER positive, HER2 negative). That the anti-proliferative activities of 

curcumin in breast cancer cells were through inhibiting overexpression of HER2 was 

demonstrated both in vitro and in vivo (Chen et al., 2014), but it is still possible to 

propose a hypothesis that it may be ER protein instead of HER2 oncoprotein that is a 

key marker in curcumin in regulating breast cancer cells. In another research, curcumin 

was also found to inhibit the proliferation of MCF-7 through Nrf2 pathway (Chen et al., 
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2014). They explained the detailed mechanism that curcumin upregulated the 

expression of Nrf2 and downregulated Nrf2-mediated Flap endonuclease 1 (Fen1) gene 

expression by decreasing the association of Nrf2 and Fen1 promoter. Since curcumin 

had different efficiency in inhibiting proliferation in various breast cancer cell lines and 

one mechanism of curcumin’s anti-proliferative activities was through regulating Nrf2 

expression, it would be interesting to explore the further mechanism of action of 

curcumin in regulating ER positive breast cancer cells, such as whether curcumin 

promote Nrf2 expression through ER. Shikonin, an bioactive component in an herbal 

Shikon, has been reported as a strong inhibitor of estrogen-associated signaling in 

human breast cancer cells, MCF-7 and T47D (ER positive, HER2 positive), but not in 

MBA-MB-231 (ER negative, HER2 negative) (Yao and Zhou, 2010). The antiestrogen 

property of shikonnin was demonstrated by inhibiting ERα signaling and activating 

NQO1 (Yao et al., 2010). These studies demonstrated that inhibition of ERα could 

induce NQO1. Remarkably, an enhancement of Nrf2 expression was also observed after 

the treatment. Since NQO1 is a Nrf2-dependent phase II enzyme and is recognized to 

remove toxic estrogens and protect against estrogen-associated carcinogenesis, Yao et 

al. suggested three possible mechanisms to explain shikonin in inhibiting breast cancer 

cell lines and activating NQO1 transcription: removal of ERα, elevation of Nrf2 

expression, and recruiting a transcriptional complex at the NQO1 promoter. Further 

study is needed to investigate how ERα regulates NQO1. Therefore, it is worthy to 

explore whether and how ER affects Nrf2 signaling. One study from Wu et al. revealed 

that estrogen stimulated Nrf2 activity in ER positive breast cancer cells, MCF-7 and 

T47D, by activating the PI3K/Akt pathway in an ER dependent manner (Wu et al., 
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2014). Firstly, estrogen alone and synergistically with tBHQ or sulforaphane increased 

the Nrf2 activity and HO-1 mRNA and protein levels in ER positive but not ER negative 

breast cancer cells. Then, they found it was ERα instead of ERβ that played a critical 

role in estrogen promoting Nrf2 expression in MCF-7 by using ERα and ERβ 

antagonists. The following step by applying PI3K inhibitors elucidated that estrogen 

induction of Nrf2 activity and HO-1 expression was through activating PI3K/AKT 

signaling and subsequent phosphorylating GSK3β in MCF-7 and T47D. Not only in 

human breast cancer cells, primary murine mammary epithelial cell and an estrogen-

responsive neuronal cell line also demonstrated that estrogen upregulates the Nrf2 

pathway through PI3K/AKT activation (Chen et al., 2013; Gorrini et al., 2014; Wu et 

al., 2014).  

Nrf2 may also be responsible for chemotherapy resistance in breast cancers. Yang ans 

Yee found that malignant breast cancer cell lines (MDA-MB-231 and MDA-MB-436) 

exhibited higher Nrf2 expressions than immortalized breast epithelial cell lines 

(MCF10A and MCF12A) (Yang and Yee, 2015). They also found that genetic inhibition 

of Nrf2 in TNBC impaired mitochondrial functions, reduced cell migration and 

decreased cell populations. Taken together, we may propose that Nrf2 works a a tumor 

promoter role of in invasive breast cancers and Nrf2 inhibitors might be applied in 

chemotherapy for TNBC. ER positive MCF-7TamR human breast cancer cells 

transfected with Nrf2-siRNA was also described to partially reverse tamoxifen 

resistance (Kim et al., 2008). Hence, identification of Nrf2 inhibitors might be a novel 

therapeutic strategy to overcome drug resistance in cancers. 
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Therefore, the specific function of Nrf2 in breast cancer cells is complicated and it may 

vary based on different types of breast cancer cells. Whether Nrf2 tightly associates with 

cell proliferation or apoptosis needs to be explored. The choice of Nrf2 inhibitor or 

activator will help increase or decrease cytoprotective effect is determined upon 

different cell types and bioactive compounds. 

1.5 Objective 

Breast cancer is a critical public health problem worldwide, and is the top leading cancer 

of estimated new cancer cases and the second leading cause of the cancer deaths for 

female in the United States (Siegel et al., 2018). UA, a pentacyclic triterpenoid 

carboxylic acid derived from a wide variety of fruits and vegetables, is well known to 

possess a wide range of biological functions, such as anti-oxidative, anti-inflammatory, 

anti-proliferative, and anticancer activities. UA has a strong anti-proliferative activity 

towards human breast cancer cells. Studies have also indicated that the chemopreventive 

effect of UA may be exerted via Nrf2 regulation in other cancer cell lines (Wu et al., 

2016). Therefore, it is rational to propose that UA could inhibit the proliferation of 

breast cancer cells through regulating Nrf2. 

Several studies have suggested that Nrf2 might be a potential therapeutic target for 

tamoxifen resistance (Kim et al., 2016; Wang et al., 2018). It would be interesting to 

explore whether Nrf2 associates with tamoxifen-resistant breast cancers and the effect 

of UA on Nrf2 in tamoxifen-resistant breast cancers. 

1.5.1 Hypotheses 
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1) The inhibitory effect of UA on proliferation of MDA-MB-231 human breast 

cancer cells may be partially through down-regulating Nrf2. 

2) UA inhibits the proliferation of tamoxifen-resistant MCF-7 (MCF-7TamR) 

human breast cancer cells partially through down-regulating Nrf2 pathway. 

3) UA and tamoxifen combination have additive and/or synergistic effects on 

MCF-7 human breast cancer cell proliferation. 

 

1.5.2 Objectives 

1) To determine if UA inhibits the proliferation of MDA-MB-231 human breast 

cancer cells through inhibiting Nrf2 expression 

2) To compare the basal expression levels of Nrf2 in MCF-7 and MCF-7TamR 

human breast cancer cells and the anti-proliferative activities of UA towards 

MCF-7 and MCF-7TamR human breast cancer cells 

3) To determine whether the combination of UA and tamoxifen has an additive 

and/or synergistic effect in inhibiting MCF-7 human breast cancer cell 

proliferation in vitro 

 

1.5.3 Significance and future directions 

Our study demonstrated that UA significantly inhibited the proliferation of MDA-MB-

231 human breast cancer cells and the inhibitory effect was partially through down-

regulating Nrf2. We also observed that the overexpression of Nrf2 might be responsible 

for tamoxifen resistance in MCF-7 human breast cancer cells. The anti-proliferative 
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activities of UA were shown to both MCF-7 and MCF-7TamR cells with a stronger 

inhibition in MCF-7TamR cells. These results indicated Nrf2 might be a potential 

therapeutic target for cancer treatment and drug resistance. The synergism of UA and 

tamoxifen combination in inhibiting MCF-7 cell proliferation was reported in this study. 

This outcome may provide a novel approach of combination of natural compounds and 

therapy drugs in anticancer treatment to enhance therapeutic efficacy, reduce side 

effects or reverse drug resistance. We have notified the important role of Nrf2 in breast 

cancers, while how much Nrf2 contributes to breast cancer cell proliferation and drug 

resistance keeps unknown. Therefore, cross-talks of cellular signaling pathways are 

necessary to build a bridge between Nrf2 and cell proliferation and drug resistance. 

Meanwhile, the mechanisms of the synergism are unknown. Animal studies are needed 

to verify this synergy conclusion. 
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CHAPTER 2 

THE ANTI-PROLIFERATIVE ACTIVITY OF URSOLIC ACID IN MDA-MB-

231 HUMAN BREAST CANCER CELLS THROUGH NRF2 PATHWAY 

REGULATION 

2.1 Introduction 

Breast cancer is a critical public health problem worldwide. It is the top leading cancer 

of estimated new cancer cases and the second leading cause of the cancer deaths for 

female in the United States (Siegel et al., 2018). The overall cancer incidence rates in 

women were generally stable but the breast cancer incidence rates were increased 

(DeSantis et al., 2017). According to the cancer statistics, almost one of three new 

cancers diagnosed in women is breast cancer (Siegel et al., 2018). Among all cancer 

cases including breast cancer, inherited genetic defects attribute 5-10%, while the rest 

are due to environment and lifestyle, such as environmental pollutants, sun exposure, 

cigarette smoking, dietary imbalance, alcohol overconsumption, and obesity (Anand et 

al., 2008; Irigaray et al., 2007). The estimate for diet factors contributing to cancer 

deaths is uncertain but might range from 30% to 40% (Doll and Peto, 1981; Willett, 

2000). Fruits, vegetables and whole grains, as their low fat and high fiber as well as the 

rich bioactive compounds including phytochemicals, are commonly considered as good 

dietary components (Liu, 2013; Hu, 2002; Ursin et al., 1993) Epidemiological studies 

have shown the inverse relationships between the consumption of the fruits, vegetables 

and whole grains and chronic diseases including cancer (Graf et al., 2005; Liu, 2013). 
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UA, a pentacyclic triterpenoid carboxylic acid derived from a wide variety of fruits and 

vegetables including apple peels, cranberry, blueberries and basil, is well known to 

possess a wide range of biological functions, such as anti-oxidative, anti-inflammatory, 

and anticancer activities (Yin et al., 2016).  The anticancer activities of UA have been 

reported against various cancer types, such as prostate, hepatocellular, bladder, 

colorectal, pancreatic and lung carcinoma (Shanmugam et al., 2013). In vitro and in vivo 

studies have also revealed the anticancer effects of UA in breast cancers. He and Liu 

observed that UA had a higher anti-proliferative activity against human breast MCF-7 

cells than liver cancer HepG2 cells and colon cancer Caco-2 cells (He and Liu, 2007). 

Wang et al. reported that UA induced apoptosis in MCF-7 cells by inhibiting FoxM1, a 

transcription factor, and inactivating CyclinD1/CDK4 (Wang et al., 2010). The 

proliferation of human breast cancer MDA-MB-231 cells was also inhibited by UA in 

a dose-dependent manner (25 to 100 µM) through inducing apoptosis via mitochondrial 

death pathway (Kim et al., 2011). For in vivo studies, UA displayed antitumor activity 

in a mouse model of postmenopausal breast cancer (Angel et al., 2010). 

Nrf2 is a transcription factor that responds to oxidative and electrophilic stress (Kumar 

et al., 2013; McWalter et al., 2004). Reactive oxidants, including reactive oxygen 

species (ROS, i.e., O2-, H2O2, O2 and RO2) and reactive nitrogen species (RNS, i.e., 

NO● and NO2), can be produced from normal internal metabolism and external 

exposure. An imbalance between reactive oxidants and antioxidants results in oxidative 

stress, which is associated with cancer initiation and progression and is an important 

risk factor for cancers (Liu, 2004; Jezierska-Drutel et al., 2013). There are at least four 

components imperative for this antioxidant response, Nrf2, Keal-like ECH-associated 
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protein 1 (Keap1), musculoaponeurotic fibrosarcoma (Maf), and antioxidant response 

elements (ARE) (Rushmore and Tony Kong, 2002; Li and Kong, 2009; Loignon et al., 

2009). Under oxidative stress, free radicals modify Keap1 and result in dissociation of 

Nrf2 from Keap1, so that Nrf2 is translocated into nucleus to trigger the antioxidant 

response. By binding to ARE, Nrf2 activates phase II detoxification enzymes and 

endogenous antioxidants to maintain redox homeostasis, and thus to prevent cancers 

(Zhang, 2006). However, recent studies have found that enhanced Nrf2 in some cancers 

may induce resistance to chemotherapy (Singh et al., 2006; Ohta et al., 2008; Wang et 

al., 2008b; Taguchi et al., 2011). Nrf2 in breast cancer development has also been 

studied (Loignon et al., 2009; Yao et al., 2010; Reuter et al., 2010; Karihtala et al., 2011; 

Hartikainen et al., 2012; Yang et al., 2011; Onodera et al., 2014). Genetic studies 

described previously have shown that mutations in Keap1 in breast cancer cells and 

following overexpression of Nrf2 resulted in the resistance to chemotherapy (Nioi and 

Nguyen, 2007; Wang et al., 2008b; Yoo et al., 2012; Yang and Yee, 2015). However, 

Nrf2 activators enhancing Nrf2 expression have also been observed to inhibit the 

proliferation of breast cancer cells (Chen et al., 2014a). Therefore, whether activation 

of Nrf2 can suppress, or alternatively promote carcinogenesis remains controversial. 

In this chapter, we aimed at the anticancer activity of UA by using a malignant human 

breast cancer MDA-MB-231 cell line and the effects of UA on Nrf2 protein target. 

2.2 Objectives 

1) To investigate the anti-proliferative activity of UA in MDA-MB-231 human 

breast cancer cells 
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2) To determine whether UA exhibits anticancer activity through regulating Nrf2 

expression in MDA-MB-231 human breast cancer cells and its related 

mechanisms of action. 

2.3 Materials and Methods 

2.3.1 Chemicals 

Ursolic Acid was purchased from MP Biomedicals (Solon, OH). Dimethyl sulfoxide 

(DMSO) and Epidermal Growth Factor (EGF) were obtained from VWR (Radnor, PA, 

USA). Phosphate-buffered saline (PBS), antibiotic-antimycotic, a-minimum essential 

medium (a-MEM) and William’s Medium E (WME) were received from Gibco BRL 

Life Technologies (Grand Island, NY). Fetal bovine serum (FBS) was purchased from 

Atlanta Biologicals (Lawrenceville, GA). Folin–Ciocalteu reagent, 2′,7′-

dichlorofluorescin diacetate (DCFH-DA), Quercetin dehydrate, Hepes and protease 

inhibitors (aprotinin, leupeptin, pepstain, sodium orthovanadate) were purchased from 

Sigma-Aldrich Inc. (St. Louis, MO). 2,2′-azobis (2-amidinopropane) dihydrochloride 

(ABAP) was obtained from Wako Chemicals USA, Inc. (Richmond, VA). Methylene 

blue was purchased from BBL (Cockeysville, MD, USA).  

 

2.3.2 Antibodies 

Antibodies against Nrf2 and Keap1 were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). Antibody against p-Nrf2 (phosphor S40) were acquired from Abcam 

(Cambridge, UK). Anti-NQO1, anti-SOD1, anti-p-EGFR, anti-mouse IgG, and anti-

rabbit IgG were purchased from Cell Signaling Technology, Inc. (Danvers, MA). 
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Antibodies against β-actin and nucleolin were obtained from Sigma-Aldrich Inc. (St. 

Louis, MO).  

 

2.3.3 Cell culture 

MDA-MB-231 human breast cancer cells obtained from American Type Culture 

Collection (ATCC, Manassas, VA) were grown in α-MEM medium supplemented with 

10 mM Hepes, 1% antibiotic-antimycotic and 10% heat-inactivated FBS and were 

maintained at 37°C in a 5% CO2 humidified atmosphere (Sun and Liu, 2008). 

2.3.4 Cytotoxicity assay 

The cytotoxicity of UA towards MDA-MB-231 human breast cancer cells was 

measured by methylene blue assay developed by our laboratory (Felice et al., 2009). A 

volume of 100 µL MDA-MB-231 cells at a concentration of 4.0 × 104 cells/well in fresh 

growth medium was seeded in a 96-well plate and incubated at 37°C in a 5% CO2 

humidified atmosphere for 24 h. Then, the growth medium was removed and 100 µL of 

various concentration of UA (as sample) or DMSO (as control) in fresh growth medium 

was added per well for treatment. After another 24 h incubation, the medium was 

removed and cells were washed with 100 µL PBS. Afterwards, cells were stained with 

50 µL methylene blue staining solution (98% Hanks balanced salt solution, 0.67% 

glutaraldehyde, 0.6% methylene blue) and incubated for 1 h. After removing the 

methylene blue staining solution, the plate was immersed and rinsed with deionized 

water for four times. The plate was placed in room temperature till wells were dry. Then, 

100 µL of elution buffer (1% acetic acid, 49% PBS, and 50% ethanol) was added into 

each well to elute methylene blue stain. After shaking on a bench shaker for 20 min, the 
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plate was read using FilterMax F5 Multi-Mode Microplate Readers (Molecular Devices, 

Sunnyvale, CA) at 570 nm wavelength. Cytotoxicity was determined as a percentage 

compared to the control. More than 10% cell number reduction was considered as 

cytotoxic. All measurements were conducted in triplicates. 

 

2.3.5 Anti-proliferation assay 

The anti-proliferative effect of UA towards MDA-MB-231 human breast cancer cells 

was measured by methylene blue assay developed by our laboratory (Felice et al., 2009). 

A volume of 100 µL MDA-MB-231 cells at a concentration of 2.5 × 104 cells/well in 

fresh growth medium was seeded in a 96-well plate and incubated at 37°C in a 5% CO2 

humidified atmosphere for 12 h. Then, the growth medium was removed and 100 µL of 

different concentration of UA (as sample) or DMSO (as control) in fresh growth 

medium was added per well for treatment. After 72 h incubation, the medium was 

removed and cells were washed with 100 µL PBS. Afterwards, cells were stained with 

50 µL methylene blue staining solution (98% Hanks balanced salt solution, 0.67% 

glutaraldehyde, 0.6% methylene blue) and incubated for 1 h. After removing the 

methylene blue staining solution, the plate was immersed and rinsed with deionized 

water for four times. The plate was placed in room temperature till wells were dry. Then, 

100 µL of elution buffer (1% acetic acid, 49% PBS, and 50% ethanol) was added into 

each well to elute methylene blue stain. After shaking on a bench shaker for 20 min, the 

plate was read using FilterMax F5 Multi-Mode Microplate Readers (Molecular Devices, 

Sunnyvale, CA) at 570 nm wavelength. Cell proliferation was measured as percentage 

compared to control. All measurements were conducted in triplicate. 
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2.3.6 Preparation of protein extractions 

MDA-MB-231 human breast cancer cells were plated in a 6-well plate at a density of 

3.0 × 105 cells/well and incubated for 12 h. Cells were treated with different 

concentrations of UA (0, 10, 15 and 20 µM) for 24 h. For EGF-induced test, cells were 

treated with or without 50 ng/mL EGF for 12 h. Then the growth medium with EGF 

was removed and cells were washed once with PBS and were continually treated with 

different concentrations of UA (0, 10, 15 and 20 µM) for 24 h. After various treatments, 

cells were washed twice with ice-cold PBS and harvested by scraping off the wells. 

Harvested cells suspension was centrifuged at 1000 rpm at 4°C for 5 min. For whole 

cellular protein extraction, cell precipitates were lysed in lysis buffer RIPA (50 mM Tris, 

1% Igepal, 150 mM sodium chloride, 1 mM EDTA, pH 7.4) with different protease 

inhibitors (1 g/mL aprotinin, 1 g/mL leupeptin, 1 g/mL pepstain, 1 mM sodium 

orthovanadate, 1 mM sodium fluoride, 1 mM PMSF). Cell lysates were vortexed every 

5 min for 30 min and then centrifuged at 11000 rpm for at 4°C for 15 min. Supernatants 

were collected as whole cellular protein extraction. For nuclear protein extraction, cell 

precipitates were lysed first in lysis buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM 

KCl, 0.5 mM DTT, 0.05% Igepal, pH 7.9) with different protease inhibitors (1 g/mL 

aprotinin, 1 g/mL leupeptin, 1 g/mL pepstain, 1 mM sodium orthovanadate, 1 mM 

sodium fluoride, 1 mM PMSF, 500 mL DTT, 10% Igepal) for 10 min, and then 

centrifuged at 3500 rpm at 4°C for 10 min. Supernatants were cytosolic faction and were 

discarded. The precipitates were recognized as nuclear fraction and were lysed again in 

lysis buffer B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 26% v/v 
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glycerol, pH 7.9) with different protease inhibitors (1 g/mL aprotinin, 1 g/mL leupeptin, 

1 g/mL pepstain, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM PMSF, 

500 mL DTT). Cell lysates were vortexed every 5 min for 30 min and then centrifuged 

at 11000 rpm for at 4°C for 20 min. Supernatants were collected as nuclear protein 

extraction. Protein extraction concentrations were determined by Biuret-Folin protein 

assay and the measurement was carried out at 570 nm by FilterMax F5 Multi-Mode 

Microplate Readers (Molecular Devices, Sunnyvale, CA). 

 

2.3.7 Western blot assay 

Western blot analysis was performed as described previously (Liu et al., 1997; Yoon 

and Liu, 2007). Equal amount of protein was separated by 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a 

polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% 

nonfat dry milk in TBST (Tris-base buffer solution containing of 0.1% Tween 20) with 

gentle agitation at room temperature for 2 h and then incubated with primary antibody 

solution at appropriate dilutions overnight at 4°C. The membrane was washed three 

times for 5 min each with TBST and incubated for 2 h with a corresponding secondary 

antibody diluted in 5% nonfat dry milk in TBST at room temperature. After washing 

again with TBST for three times, membrane-bound antibody conjugates were visualized 

by Enhanced Chemiluminescence kit (Cell Signaling Technology, Inc., Beverly, MA) 

according to the manufacturer’s instruction. Bands were then scanned and the protein 

band intensity was determined by ImageJ2x software (Wayne Rasband, National 
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Institutes of Health, Maryland, USA). The expression of human β-actin or nucleolin was 

used as an internal standard control. All measurements were conducted in triplicate. 

 

2.3.8 ROS detection  

ROS detection was conducted using cellular antioxidant activity (CAA) (Wolfe and Liu, 

2007) assay with a modification. MDA-MB-231 human breast cancer cells were seeded 

at a density of 6 × 104 cells/well in a 96-well microplate in 100 µL of growth medium 

per well and incubated at 37°C in a 5% CO2 humidified atmosphere. After 24 h, the 

growth medium was removed and wells were washed with 100 µL PBS. Wells then 

were treated in triplicate with 100 µL of treatment medium (WME with 2 mM L-

glutamine and 10 mM Hepes) with different concentrations of UA (0, 10, 15 and 20 µM) 

and quercetin (0, 6, 8 and 10 µM) plus 25 µM DCFH-DA for 1 h at 37°C in 5% CO2. 

Subsequently, the treatment medium was removed and 100 µL of oxidant treatment 

medium (HBSS with 10 mM Hepes) containing 600 uM ABAP was applied to each 

well. The 96-well microplate was then immediately read using a Fluoroskan Ascent FL 

plate-reader (ThermoLabsystems, Franklin, MA) at 37°C with emission at 538 nm and 

excitation at 485 nm every 5 min for 1 h. Each plate contained triplicate control and 

blank wells. Control wells were treated with DCFH-DA and ABAP, and blank wells 

were treated with DCFH-DA but no ABAP. 

Fluorescence readings of blank wells were subtracted first. The ROS value at each 

concentration of extracts referred to the area under the curve of fluorescence versus time. 

The relative ROS level was calculated as percentage compared to control. 
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2.3.9 Preparation of RNA extraction 

MDA-MB-231 human breast cancer cells were plated in a 6-well plate at the density of 

6 × 105 cells/well. After 12 h incubation, the growth medium was removed and UA 

treatment (0, 10, 15 and 20 µM) was applied for 16 h. Then, the attached cells were 

washed twice with ice-cold PBS following removing the medium. Afterwards, 400 Μl 

of RNAprotect cell reagent (Qiagen, Hilden, Germany) was added into each well and 

left for 30 s before using pipette to wash off adherent cells. Cells were transferred to 

centrifuge tubes and stored in room temperature (up to 7 days), in 2-8°C (up to 4 weeks) 

or archived at -20°C or -80°C. 

 

2.3.10 RNA extraction and real-time quantitative PCR 

Total RNA was extracted from MDA-MB-231 human breast cancer cells using RNeasy 

plus mini kit (Qiagen, Hilden, Germany) following manufacturer’s handbook. For 

gDNA removal and cDNA synthesis, QuantiNova Reverse Transcription Kit (Qiagen, 

Hilden, Germany) was used. Briefly, 2 µg of total RNA was incubated with gDNA 

removal mix for 2 min at 45°C on cycler to eliminate gDNA contamination. Then, the 

pure template RNA was incubated with reverse transcription enzyme and reverse 

transcription mix (Mg2+ and dNTPs included) with the following reaction protocol: 3 

min at 25°C, 10 min at 45°C, and 5 min at 85°C. 

 

The RT-PCR was conducted using QuantiNova SYBR Green PCR Kit (Qiagen, Hilden, 

Germany) according to manufacturer’s protocol on QuantStudio 6 Flex Real-Time PCR 

System (Applied Biosystems, Foster City, CA). The primers for RT-PCR reaction were 
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as followings: Nrf2, 5′-CGG TAT GCA ACA GGA CAT TG-3′ and 5′-ACT GGT TGG 

GGT CTT CTG TG-3′; b-actin, 5′-AGC CTC GCC TTT GCC GA-3′ and 5′-GCG CGG 

CGA TAT CAT CAT C-3′ (Thangasamy et al., 2011). b-actin was used as an internal 

standard control. The relative concentration of mRNA was calculated using cycle 

threshold values and normalized to b-actin. All experiments were performed in three 

replicas. 

 

2.3.11 Statistical analysis 

All data were reported as mean ± SD for three independent experiments. Does-effect 

analysis was carried out by SigmaPlot Version 11.0 (Systat Software, Inc., Chicago, IL). 

Statistical analysis was performed using one-way ANOVA with Tukey’s test by SPSS 

17.0 software (International Business Machines Corp., NY, USA). A p value <0.05 was 

considered significant. 
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2.4 Results 

2.4.1 Cytotoxicity and anti-proliferative activity of UA in MDA-MB-231 human 

breast cancer cells  

MDA-MB-231 human breast cancer cells were treated with different concentrations of 

UA (0, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 µM). As shown in Figure 2.1, UA 

inhibited the proliferation of MDA-MB-231 cells in a dose-dependent manner. The 

median effect does (EC50) of UA in inhibiting MDA-MB-231 cell proliferation was 

18.12 ± 1.10 µM. Experiment designed that cell death increased by 10% on cytotoxicity 

curve was recognized cytotoxic. Therefore, no cytotoxicity was observed at 29.87 ± 

2.60 µM and lower. We chose concentration of 10, 15 and 20 µM of UA for subsequent 

studies. 

 

Figure 2. 1 Cytotoxicity and anti-proliferative activity of UA in MDA-MB-231 human 
breast cancer cells (Mean ± SD, n =3).  

 



 58 

 

2.4.2 Effect of UA on Nrf2 expression 

Nrf2 has been reported involving in cell proliferation (Murakami and Motohashi, 2015). 

While as a dual factor (Lau et al., 2008), whether UA down-regulated or up-regulated 

Nrf2 expression in MDA-MB-231 human breast cancer cells remains unknown. Our 

results showed that UA significantly inhibited the expression of Nrf2 and its 

phosphorylated form (phosphor S40) p-Nrf2 in MDA-MB-231 human breast cancer 

cells in whole cell and nucleus (Figure 2.2). 
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Figure 2. 2 Effects of UA on Nrf2 and p-Nrf2 expression in MDA-MB-231 human 
breast cancer cells. (A) Total cellular Nrf2 expression. (B) Nuclear Nrf2 expression. (C) 
Total cellular p-Nrf2 expression. (D) Nuclear p-Nrf2 expression. Data are expressed as 
mean ± SD from three independent experiments. Bars with no letters in common are 
significantly different (p<0.05). 
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2.4.3 Effect of UA on Keap1 expression 

Keap1, a cytosolic repressor of Nrf2, binds to Nrf2 under basal condition (Kensler et al., 

2007). As shown in Figure 2.3, the expression of Keap1 in MDA-MB-231 human breast 

cancer cells was upregulated by UA treatment. The results indicated the repressive 

effect of Keap1 on Nrf2, which is consistent with Nrf2 down-regulation. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 3 Effects of UA on keap1 expression in MDA-MB-231 human breast cancer 
cells. Data are expressed as mean ± SD from three independent experiments. Bars with 
no letters in common are significantly different (p<0.05). 
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2.4.4 Effect of UA on NQO1 expression 

NQO1 is an antioxidant enzyme and is medicated by Nrf2 (Li et al., 2014). Figure 2.4 

shows that NQO1 was downregulated by UA treatment. The significant difference was 

observed at the UA concentration of 15 and 20 µM. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 4 Effects of UA on NQO1 expression in MDA-MB-231 human breast cancer 
cells. Data are expressed as mean ± SD from three independent experiments. Bars with 
no letters in common are significantly different (p<0.05). 
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2.4.5 Effect of UA on SOD1 expression 

SOD1 is reported as a Nrf2-reguated antioxidant enzyme (Kirby et al., 2005). However, 

our test suggested that UA did not change the expression of SOD1 in MDA-MB-231 

human breast cancer cells (Figure 2.5). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 5 Effects of UA on SOD1 expression in MDA-MB-231 human breast cancer 
cells. Data are expressed as mean ± SD from three independent experiments. Results 
were compared by one-way ANOVA, followed by Tukey test (p<0.05). 
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2.4.6 Effect of UA on Nrf2 mRNA expression 

Nrf2 mRNA expression was measured by real-time RT PCR. As displayed in Figure 

2.6, mRNA levels of Nrf2 in MDA-MB-231 human breast cancer cells did not change 

after UA treatment. The results indicated that UA reduced Nrf2 expression not through 

mRNA levels but a post-translational mechanism. 

 

 
 
 
Figure 2. 6 Effects of UA on Nrf2 mRNA expression in MDA-MB-231 human breast 
cancer cells. Data are expressed as mean ± SD from three independent experiments. The 
β-actin mRNA level was used to normalize the mRNA levels of specific targets for each 
sample. Results were compared by one-way ANOVA, followed by Tukey test (p<0.05).   
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2.4.7 Effect of UA on cellular ROS levels 

Figure 2.7 shows that UA did not change the cellular ROS levels in MDA-MB-231 

human breast cancer cells. However, quercetin which was used as positive control 

inhibited cellular ROS levels dramatically. It implied that UA had no capacity of free 

radical inhibition within MDA-MB-231 human breast cancer cells. 

 

 
 
 
Figure 2. 7 Effect of UA on cellular ROS levels in comparison with quercetin in MDA-
MB-231 human breast cancer cells. Data are expressed as mean ± SD from three 
independent experiments. Quercetin was used as positive control. Results were 
compared by one-way ANOVA followed by Tukey test (p<0.05). 
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2.4.8 Effect of EGF and UA on cell proliferation  

EGF, an EGFR ligand, has an effect on cell growth and differentiation (Herbst, 2004). 

To investigate if EGF stimulates the proliferation of MDA-MB-231 human breast 

cancer cells, cells were pretreated for 12 h with EGF at different concentrations (5, 20 

and 100 ng/mL) after a 24 h starvation with FBS free cell culture medium. Various 

concentrations of EGF alone did not induce the cell proliferation of MDA-MB-231 

human breast cancer cells (Figure 2.8 A). However, EGF attenuated the anti-

proliferative activity of UA in MDA-MB-231 human breast cancer cells (Figure 2.8 B). 

After pretreatment with EGF for 12 h, cells were incubated with growth medium 

containing 20 µM UA for another 72 h. 100 ng/mL of EGF diminished the anti-

proliferative effect of UA in MDA-MB-231 human breast cancer cells from 95% to 55% 

approximately. 

 

 

A 
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Figure 2. 8 Effect of EGF and UA on cell proliferation in MDA-MB-231 human breast 
cancer cells. (A) Effects of EGF on cell proliferation in MDA-MB-231 human breast 
cancer cells. (B) Effect of EGF and UA on cell proliferation in MDA-MB-231 human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Results were compared by one-way ANOVA, followed by Tukey test 
(p<0.05). Bars with no letters in common are significantly different (p<0.05). 
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2.4.9 Effect of UA and EGF on p-EGFR expression 

As shown in Figure 2.9, EGF elevated p-EGFR expression 4 times when compared with 

control in MDA-MB-231 human breast cancer cells. UA (15 and 20 µM) significantly 

inhibited the EGF-induced p-EGFR expression. 

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 9 Effects of EGF and UA on p-EGFR expression in MDA-MB-231 human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 
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2.4.10 Effect of UA and EGF on Nrf2 and p-Nrf2 expression 

EGF had no effect on total cellular Nrf2 and nuclear Nrf2 expression in MDA-MB-231 

human breast cancer cells, while UA significantly inhibited both total cellular and 

nuclear Nrf2 as described earlier (Figure 2.10 A and B). However, both total cellular 

and nuclear p-Nrf2 was activated by EGF treatment in MDA-MB-231 human breast 

cancer cells and UA inhibited EGF-induced total cellular and nuclear p-Nrf2 

significantly (Figure 2.10 C and D). 
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Figure 2. 10 Effects of EGF and UA on Nrf2 and p-Nrf2 expression in MDA-MB-231 
human breast cancer cells. (A) Total cellular Nrf2 expression. (B) Nuclear Nrf2 
expression. (C) Total cellular Nrf2 expression. (D) Nuclear Nrf2 expression. Data are 
expressed as mean ± SD from three independent experiments. Bars with no letters in 
common are significantly different (p<0.05). 

D 
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2.4.11 Effect of UA and EGF on Keap1 expression 

The expression of Keap1 remained unchanged in MDA-MB-231 human breast cancer 

cells after EGF treatment. UA significantly enhanced Keap1 expression at concentration 

of 15 and 20 µM (Figure 2.11). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 11 Effects of UA and EGF Keap1 expression in MDA-MB-231 human breast 
cancer cells. Data are expressed as mean ± SD from three independent experiments. 
Bars with no letters in common are significantly different (p<0.05). 
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2.4.12 Effect of UA and EGF on NQO1 expression 

As shown in Figure 2.12, the expression of NQO1 was induced by EGF in MDA-MB-

231 human breast cancer cells. The EGF-induced NQO1 was inhibited by UA in a dose-

dependent manner. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 12 Effects of UA on EGF-treated NQO1 expression in MDA-MB-231 human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 
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2.4.13 Effect of UA and EGF on SOD1 expression 

EGF induced SOD1 expression in MDA-MB-231 human breast cancer cells and UA 

inhibited the EGF-induced SOD1 (Figure 2.13).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. 13 Effects of UA on EGF-induced SOD1 expression in MDA-MB-231 human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 
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2.5 Discussion 

The potential mechanism of anticancer activities of UA includes anti-proliferation, pro-

apoptosis, anti-metastasis and chemoprevention (Shanmugam et al., 2013). In our study, 

UA significantly inhibited the proliferation of MDA-MB-231 human breast cancer cells 

in a dose-dependent manner at the concentrations without cytotoxicity. Various 

molecular targets that can medicate the anticancer effects of UA in MDA-MB-231 

human breast cancer cells have been reported. Kim et al. found that UA inhibited cell 

proliferation and induced apoptosis in MDA-MB-231 human breast cancer cells through 

upregulating the expressions of Fas receptor and Bax, inducing cleavage of caspase-8, 

-3, -9 and PARP and downregulating Bcl-2 (Kim et al., 2011). The inhibition of JNK, 

Akt, p-mTOR, NF-κB, MMP-2 and u-PA expressions might be associated with the anti-

migration and anti-invasive effects of UA in MDA-MB-231 human breast cancer cells 

(Yeh et al., 2010). 2α-hydroxyursolic acid, with a 2-α-hydroxy group attached to UA, 

has been reported to inhibit cell proliferation and induce apoptosis in MDA-MB-231 

human breast cancer cells through p38/MAPK pathway (Jiang et al., 2016). Our study 

suggested that Nrf2 might be a molecular target involved in the proliferation of MDA-

MB-231 human breast cancer cells. 

Numerous studies have shown that Nrf2 functions as a suppressor in various tumor cells 

and animal models. Interestingly, recent studies have also indicated that Nrf2 may 

conversely be a tumor promoter to promote oncogenesis and cause resistance to 

chemotherapy (Menegon et al., 2016). The beneficial or detrimental functions of Nrf2 

may depend on cell types and stages of tumor development (Lee et al., 2005; Kasai and 

Kawai, 2006; Hayes and McMahon, 2009). The carcinogenesis from normal cells to 
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pre-neoplastic cells, and then to neoplastic cells contains three stages in a following 

order, the initiation, promotion and progression stages. Sporn and Liby reported that 

activating Nrf2 suppressed carcinogenesis in normal and premalignant cells while 

enhancement of Nrf2 activity in malignant cells might promote tumor growth (Sporn 

and Liby, 2012).  More recently, higher Nrf2 expression was detected in malignant 

breast cancer cell lines (MDA-MB-231 and MDA-MB-436) than immortalized breast 

epithelial cell lines (MCF10A and MCF12A) (Yang and Yee, 2015).  

When Nrf2 is regarded as tumor promoter, inhibition of Nrf2 expression may suppress 

carcinogenesis and reduce chemotherapy resistance. Bioactive compounds that showed 

chemotherapeutic through downregulating Nrf2 include apigenin (Xu et al., 2006), 

ascorbic acid (Iida et al., 2004), brusatol (Enomoto et al., 2001), EGCG 

(Dhakshinamoorthy and Jaiswal, 2001) and trigonelline alkaloid (Aoki et al., 2001). Our 

results showed that UA significantly inhibited the expression of Nrf2 and its 

phosphorylated form (phosphor S40) p-Nrf2 in MDA-MB-231 human breast cancer 

cells in whole cell and nucleus. It indicated that UA could be considered as a Nrf2 

inhibitor as well. Further, the Nrf2 downstream antioxidant enzymes, NQO1, was also 

inhibited. Keap1 is recognized as a repressor protein of Nrf2 and targets Nrf2 for 

proteasomal degradation through the cullin3-dependent protein ubiquitination pathway 

(Dinkova-Kostova et al., 2005). Under basal conditions, Nrf2 is bound to Keap1 and 

retains inactive in cytoplasm. In this study, the Keap1 expression was upregulated with 

UA treatment, which confirmed the repressive effect of Keap1 on Nrf2. No significant 

difference was observed in Nrf2 mRNA levels, indicating that UA reduced Nrf2 

expression not through mRNA levels but a post-translational mechanism. Other studies 
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also reported that reduction of Nrf2 might be not due to transcriptional level (Ren et al., 

2011; Wu et al., 2014). 

Nrf2 pathway plays a vital role in cellular defense against oxidative stress. The 

regulation of Keap1/Nrf2 signaling axis associates with the redox imbalance (Surh et 

al., 2008). However, we did not observe that UA changed the cellular ROS levels in 

MDA-MB-231 human breast cancer cells. Although the free radical scavenging 

activities of UA have been evaluated by different chemical assays, such as DPPH assay 

(Bensouici et al., 2016) and hydroxyl radical assay (Ramachandran and Prasad, 2008), 

our test measured by a modified CAA assay is more biologically relevant (Wolfe and 

Liu, 2007). The result implied that UA had no capacity of free radical inhibition within 

MDA-MB-231 human breast cancer cells. Therefore, other potential triggering 

mechanisms might be considered into UA regulating Nrf2 expression in MDA-MB-231 

human breast cancer cells other than cellular redox variation. 

Many studies have reported the involvement of protein kinases in regulating 

Nrf2. Mitogen-activated protein kinases (MAPKs) pathways were reported modulating 

Nrf2 activation HepG2 cells (Yu et al., 2000). Huang et al. suggested that 

phosphorylation of Nrf2 by protein kinase C (PKC) may play a vital role in ARE 

activation (Huang et al., 2002). Identified Nrf2 as a PKR-like endoplasmic reticulum 

kinase (PERK) substrate and suggested that Nrf2 phosphorylation was activated by 

PERK during endoplasmic reticulum stress conditions (Cullinan and Diehl, 2006; 

Cullinan et al., 2003). Pi et al. observed cold/Ca2+-free conditions-induced Nrf2 

phosphorylation was inhibited by specific protein kinase CK2 inhibitors, which 
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indicated CK2 is critical in the phosphorylation of endogenous Nrf2 in human 

keratinocyte HaCaT cells (Pi et al., 2007). Phosphatidylinositol 3-kinase (PI3K) 

inhibitors were in human retinal pigment epithelium ARPE-19 cells, the Nrf2 

expression was inhibited; while overexpression of Akt phosphorylation activated Nrf2 

(Wang et al., 2008a). Study by Wang et al. showed that the PI3K/Akt pathway may be 

a signaling pathway for Nrf2 regulation. These kinases mentioned above are usually 

activated by ERFR and function in multiple signaling pathways, but whether the 

individual protein whether they are highly associated with Nrf2 also depends on cell 

types (Nguyen et al., 2009; Kumar et al., 2013). 

In our study, we noticed EGFR phosphorylation might be an upstream for Nrf2 

phosphorylation. EGF can stimulates cell growth, proliferation and differentiation by 

binding to its receptor EGFR (Carpenter and Cohen, 1990). After a 12 h pretreatment 

with EGF, the p-EGFR and total cellular and nuclear p-Nrf2 in MDA-MB-231 human 

breast cancer cells were induced but no significant differences were observed in total 

cellular and nuclear Nrf2 expressions. The ARE-driven antioxidant enzymes, NQO1 

and SOD1, were also induced after EGF treatment. The inhibitory effects of UA on p-

EGFR have been described (Prasad et al., 2012; Shan et al., 2009). We also 

demonstrated that UA inhibited p-EGFR expression through antagonizing the effect of 

EGF on proliferation of MDA-MB-231 human breast cancer cells. Meanwhile, the 

EGF-induced p-Nrf2 and its downstream NQO1 and SOD1 enzymes were also 

abolished by UA. However, EGF or p-EGFR had no effect on the expressions of Keap1 

in MDA-MB-231 human breast cancer cells. That Nrf2 is a downstream for both EGFR 

and Keap1 in non-small-cell lung cancers has been reported previously (Yamadori et 
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al., 2012). Our study suggested that EGFR signaling might activate Nrf2 through 

phosphorylation, and EGFR and Keap1 were two independent regulators for Nrf2. 

Further, UA inhibited the proliferation of MDA-MB-231 human breast cancer cells and 

the inhibitory effect of UA might be partially through down-regulating Nrf2 via 

Keap1/Nrf2 pathway and EGFR/Nrf2 pathway. The potential mechanisms of action of 

UA in regulating cell proliferation in MDA-MB-231 human breast cancer cells through 

Nrf2 pathway is displayed in figure 2.14 A and B. 

 

 

A 
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Figure 2. 14 Potential mechanisms of action of UA in regulating cell proliferation in 
MDA-MB-231 human breast cancer cells through Nrf2 pathway. (A) Oxidative stress 
and EGF actives Nrf2. (B) UA inhibited expressions of Nrf2 expression and its 
downstream antioxidant enzymes, NQO1 and SOD1. 

  

B 
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2.6 Conclusions 

UA inhibited the proliferation of MDA-MB-231 human breast cancer cells in a dose-

dependent manner. One potential mechanism of action might be UA down-regulating 

Nrf2 expression. Our results also depicted that UA significantly inhibited EGF-induced 

EGFR phosphorylation and Nrf2 phosphorylation, which indicated EGFR might be 

another upstream regulator for Nrf2 besides Keap1.  

2.7 Limitation and future directions 

We have demonstrated EGFR might regulate Nrf2 activation through phosphorylation. 

But whether EGFR modulates Nrf2 directly or indirectly is unclear. Future study should 

explore more on cross-talks of cellular signaling pathways to fill the possible gaps 

between EGFR and Nrf2. Moreover, whether Nrf2 is tightly associated with cell 

proliferation in MDA-MB-231 human breast cancer cells remains unknown. A Nrf2 

knockdown in MDA-MB-231 cells might be applied to investigate the relationship 

between Nrf2 and cell proliferation. 
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CHAPTER 3 

URSOLIC ACID INHIBITS THE PROLIFERATION OF TAMOXIFEN-

RESISTANT MCF-7 HUMAN BREAST CANCER CELLS THROUGH DOWN-

REGULATING NRF2 

3.1 Introduction 

In 2018, 266,120 new breast cancer cases and 40,920 breast cancer deaths are estimated 

to occur among women in the United States according to American Cancer Society, 

which is the second leading cause of cancer deaths in women (Siegel et al., 2018). It 

also means that 1 in 8 women will develop breast cancer (Siegel et al., 2018). Genetic 

influences of breast cancer states have been explored. Estrogen receptors (ER), 

progesterone receptors (PR) and human epidermal growth factor receptors 2 (HER2) 

are suggested as prognostic and predictive markers for breast cancers (Bauer et al., 

2007). Approximately 75% of breast cancers are ER positive and in response to estrogen 

(Hertz et al., 2009). Therefore, therapies with anti-estrogen represent are primary 

treatments of breast cancers with ER. 

Tamoxifen is a selective ER modulator mainly used to treat ER positive breast cancers. 

It is one of the two drugs that are approved in US to reduce breast cancer risk (American 

Cancer Society, 2017). Tamoxifen has been proved to be an effective treatment in 

metastatic breast cancer and the tamoxifen adjuvant therapy reduced breast cancer 

recurrence and death (Early Breast Cancer Trialists’ Collaborative Group, 1998; Love, 

1989). However, the effect of tamoxifen on breast cancer risk depends on different 

studies. Ring and Dowsett reported that nearly 40% of patients who had tamoxifen 
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adjuvant treatment relapsed and died from their disease (Ring and Dowsett, 2004). Drug 

resistance is a critical reason for treatment failures (Longley and Johnston, 2005). 

Therefore, to reverse the drug resistance in cancers may enhance the effect of 

chemotherapy and reduce cancer recurrence and mortality.  

Several therapeutic targets for tamoxifen resistance have been revealed. Clearly, ER is 

a predictor for tamoxifen resistance (Early Breast Cancer Trialists’ Collaborative Group, 

1998). A review concluded the role of ER in tamoxifen resistance as “when they do 

occur their clinical contribution to tamoxifen resistance is not always apparent, and 

resistance certainly occurs in their absence (Ring and Dowsett, 2004). The enhanced 

expressions of epidermal growth factor receptor (EGFR) and HER2 were observed in 

acquired tamoxifen resistance in parental MCF-7 human breast cancer cells, which 

implied a possible mechanism for the resistance (Massarweh et al., 2002; Nicholson et 

al., 2002). AIB1, an ER co-activator, is also considered as an important therapeutic 

target for tamoxifen resistance in breast cancer because of its interaction with HER2 

(Osborne et al., 2003). Given molecular cross-talk between ER and EGFR/HER2 

pathways, the signaling molecules AKT and ERK1/2 MAPK are implicated as possible 

mechanisms for anti-estrogen therapies resistance (Shou et al., 2004). Recently, a study 

conducted by Fiorillo et al found that enhanced mitochondrial metabolism might drive 

tamoxifen resistance in human breast cancers and overexpressed NQO1 and GCLC 

were sufficient to induce tamoxifen resistance in NQO1 and GCLC transfected MCF-7 

cells (Fiorillo et al., 2017). They suggested inhibition of NQO1 and GCLC may help 

overcome tamoxifen resistance in ER positive breast cancers.  
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Nrf2 is a primary regulator of antioxidant response by binding to antioxidant response 

elements (ARE) and regulating phase II detoxification and antioxidant enzymes (Kumar 

et al., 2013; McWalter et al., 2004). The dual role of Nrf2 has been discussed and the 

beneficial or detrimental functions of Nrf2 may depend on cell types and stages of tumor 

development (Ikeda et al., 2004; Lau et al., 2008). Early study found an enhancement 

of cellular radical scavenging in chemotherapy-resistant cancer cells compared to 

chemotherapy-responsive cancer cells (Dusre et al., 1989). Tamoxifen-induced 

apoptosis was attributed to oxidative stress in human cancer cells (Gundimeda et al., 

1996; Peralta et al., 2006). Thus, it would be useful to explore the role of Nrf2 in drug 

resistant cancer. Indeed, many studies have revealed the relations between Nrf2 and 

drug resistance. Results from Wang et al. showed that the cells transfected with Nrf2-

siRNA had lower endogenous Nrf2 level and were more sensitive to chemotherapeutic 

agents including cisplatin, doxorubicin and etoposide (Wang et al., 2008b). Another 

study reported that genetic suppression of Nrf2 expression sensitized endometrial serous 

carcinoma cells to cisplatin and paclitaxel; A human tumor xenograft model in severe 

combined immune-deficient mice was also applied in this study and it verified that  mice 

with suppression of Nrf2 were more sensitive to cisplatin (Jiang et al., 2010). 

Konstantinopoulos et al. found that patients with epithelial ovarian cancer with high 

level of Nrf2 expression had fewer complete clinical responses to platinum-based 

treatment and inferior survival than those expressed normal level of Nrf2 

(Konstantinopoulos et al., 2011). ER positive MCF-7TamR human breast cancer cells 

transfected with Nrf2-siRNA was also described to partially reverse tamoxifen 
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resistance (Kim et al., 2008). Hence, identification of Nrf2 inhibitors might be a novel 

therapeutic strategy to overcome drug resistance in cancers. 

Several bioactive compounds have been screened as Nrf2 inhibitor, such as apigenin 

(Xu et al., 2006), ascorbic acid (Iida et al., 2004), brusatol (Enomoto et al., 2001), EGCG 

(Dhakshinamoorthy and Jaiswal, 2001), trigonelline alkaloid (Aoki et al., 2001) and 

oleanolic acid (Chen et al., 2014). Ursolic Acid (UA), a pentacyclic triterpenoid 

carboxylic acid which is usually found in stem bark, leaves or fruit peel, has been 

reported as a Nrf2 inhibitoe as well(Woźniak et al., 2015). The pharmacological 

properties of UA include  anti-oxidative, anti-inflammatory, and anticancer activities 

(Yin et al., 2016).  The anti-proliferative and pro-apoptotic activities of UA on breast 

cancer cells have been studied (He and Liu, 2007; Kim et al., 2014; Wang et al., 2010; 

Zhao et al., 2013). UA was reported to reverse cisplatin resistance in HepG2 liver cancer 

cells through downregulating Nrf2 (Wu et al., 2016). However, not many studies 

explored the inhibitory effect of UA on tamoxifen-resistant breast cancers and the effect 

of UA on Nrf2 in tamoxifen-resistant breast cancers. The study mentioned above 

described that high levels of  NQO1 and GCLC were sufficient to induce tamoxifen 

resistance in NQO1 and GCLC transfected MCF-7 cells (Fiorillo et al., 2017). Both 

NQO1 and GCLC are downstream elements of Nrf2 and are upregulated by Nrf2 under 

oxidative stress (DeNicola et al., 2011). Therefore, it is rational to assume that Nrf2 

might be a therapeutic target in tamoxifen-resistant breast cancer cells. 

In the current study, we used ER positive MCF-7 human breast cancer cells and 4-

hydroxytamoxifen (tamoxifen) generated tamoxifen-resistant MCF-7 (MCF-7TamR) 
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human breast cancer cells to explore the role of Nrf2 in tamoxifen resistance cancer 

cells. Further, we investigated the anti-proliferative activities of UA in MCF-7 and 

MCF-7TamR cells and the effects of UA on Nrf2. 

3.2 Objectives 

1) To compare the basal expression levels of Nrf2 in MCF-7 and MCF-7TamR 

human breast cancer cells and to determine whether Nrf2 can be a therapeutic 

target in MCF-7TamR cells 

2) To investigate the anti-proliferative activities of UA towards MCF-7 and MCF-

7TamR human breast cancer cells to determine whether the inhibitory effect of 

UA is more sensitive to the proliferation of MCF-7TamR cells 

3) To investigate the effects of UA on molecular targets in Nrf2/ARE pathway in 

both MCF-7 and MCF-7TamR human breast cancer cells to determine whether 

UA inhibits MCF-7TamR human breast cancer cells through down-regulating 

Nrf2/ARE pathway 
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3.3 Materials and Methods 

3.3.1 Chemicals 

Ursolic Acid was purchased from MP Biomedicals (Solon, OH). Dimethyl sulfoxide 

(DMSO) was obtained from VWR (Radnor, PA, USA). Phosphate-buffered saline 

(PBS), antibiotic-antimycotic, MEM (Richter's modification, no phenol red) and Fetal 

bovine serum (FBS) charcoal stripped were received from Gibco BRL Life 

Technologies (Grand Island, NY). FBS was purchased from Atlanta Biologicals 

(Lawrenceville, GA). 4-hydroxytomxifen, Folin–Ciocalteu reagent and Hepes and 

protease inhibitors (aprotinin, leupeptin, pepstain, sodium orthovanadate) were 

purchased from Sigma-Aldrich Inc. (St. Louis, MO). Methylene blue was purchased 

from BBL (Cockeysville, MD, USA).  

 

3.3.2 Antibodies 

Antibodies against Nrf2 and Keap1 were purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). Antibody against p-Nrf2 (phosphor S40) were acquired from Abcam 

(Cambridge, UK). Anti-NQO1, anti-SOD1, anti-mouse IgG, and anti-rabbit IgG were 

purchased from Cell Signaling Technology, Inc. (Danvers, MA). Antibodies against β-

actin was obtained from Sigma-Aldrich Inc. (St. Louis, MO).  

 

3.3.3 Cell culture 

MCF-7 human breast cancer cells and tamoxifen resistance MCF-7 (MCF-7TamR) 

human breast cancer cells were kindly provided by Dr. Douglas Yee from Mosonic 

Cancer Center at the University of Minnesota. MCF-7 human breast cancer cells were 
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cultured in MEM medium supplemented with 10 mM Hepes, 1% antibiotic-antimycotic, 

5% heat-inactivated FBS and 11.25 nM insulin and maintained at 37°C in a 5% CO2 

humidified atmosphere. MCF-7TamR human breast cancer cells were grown in the 

same condition described previously but with 100 nM 4-hydroxytomxifen in medium 

(Fagan et al., 2012, 2017). 

 

3.3.4 Cytotoxicity assay 

The cytotoxicity of UA and tamoxifen towards MCF-7 and MCF-7TamR human breast 

cancer cells was measured by methylene blue assay developed by our laboratory (Felice 

et al., 2009). A volume of 100 µL MCF-7 or MCF-7TamR cells at a concentration of 

4.0 × 104 cells/well in fresh growth medium was seeded in a 96-well plate and incubated 

at 37°C in a 5% CO2 humidified atmosphere for 24 h. Then, the growth medium was 

removed and 100 µL of various concentration of UA, 4-hydroxytamoxifen or DMSO 

(as control) in fresh growth medium was added per well for treatment. After another 24 

h incubation, the medium was removed and cells were washed with 100 µL PBS. 

Afterwards, cells were stained with 50 µL methylene blue staining solution (98% Hanks 

balanced salt solution, 0.67% glutaraldehyde, 0.6% methylene blue) and incubated for 

1 h. After removing the methylene blue staining solution, the plate was immersed and 

rinsed with deionized water for four times. The plate was placed in room temperature 

till wells were dry. Then, 100 µL of elution buffer (1% acetic acid, 49% PBS, and 50% 

ethanol) was added into each well to elute methylene blue stain. After shaking on a 

bench shaker for 20 min, the plate was read using FilterMax F5 Multi-Mode Microplate 

Readers (Molecular Devices, Sunnyvale, CA) at 570 nm wavelength. Cytotoxicity was 
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determined as a percentage compared to the control. More than 10% cell number 

reduction was considered as cytotoxic. All measurements were conducted in triplicates. 

 

3.3.5 Anti-proliferation assay 

The anti-proliferative effect of UA and 4-hydroxytamoxifen towards MCF-7 and MCF-

7TamR human breast cancer cells was measured by methylene blue assay developed by 

our laboratory (Felice et al., 2009). A volume of 100 µL MCF-7 or MCF-7TamR cells 

at a concentration of 2.5 × 104 cells/well in fresh growth medium was seeded in a 96-

well plate and incubated at 37°C in a 5% CO2 humidified atmosphere for 12 h. Then, 

the growth medium was removed and 100 µL of different concentration of UA, 

tamoxifen or DMSO (as control) in fresh growth medium was added per well for 

treatment. After 72 h incubation, the medium was removed and cells were washed with 

100 µL PBS. Afterwards, cells were stained with 50 µL methylene blue staining solution 

(98% Hanks balanced salt solution, 0.67% glutaraldehyde, 0.6% methylene blue) and 

incubated for 1 h. After removing the methylene blue staining solution, the plate was 

immersed and rinsed with deionized water for four times. The plate was placed in room 

temperature till wells were dry. Then, 100 µL of elution buffer (1% acetic acid, 49% 

PBS, and 50% ethanol) was added into each well to elute methylene blue stain. After 

shaking on a bench shaker for 20 min, the plate was read using FilterMax F5 Multi-

Mode Microplate Readers (Molecular Devices, Sunnyvale, CA) at 570 nm wavelength. 

Cell proliferation was measured as percentage compared to control. All measurements 

were conducted in triplicate. 
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3.3.6 Preparation of protein extractions 

MCF-7 or MCF-7TamR human breast cancer cells were plated in a 6-well plate at a 

density of 3.0 × 105 cells/well and incubated for 12 h. Cells were treated with different 

concentrations of UA (0, 10, 15 and 20 µM) for 48 h. After treatments, cells were 

washed twice with ice-cold PBS and harvested by scraping off the wells. Harvested cells 

suspension was centrifuged at 1000 rpm at 4°C for 5 min. For whole cellular protein 

extraction, cell precipitates were lysed in lysis buffer RIPA (50 mM Tris, 1% Igepal, 

150 mM sodium chloride, 1 mM EDTA, pH 7.4) with different protease inhibitors (1 

g/mL aprotinin, 1 g/mL leupeptin, 1 g/mL pepstain, 1 mM sodium orthovanadate, 1 mM 

sodium fluoride, 1 mM PMSF). Cell lysates were vortexed every 5 min for 30 min and 

then centrifuged at 11000 rpm for at 4°C for 15 min. Supernatants were collected as 

whole cellular protein extraction. Protein extraction concentrations were determined by 

Biuret-Folin protein assay and the measurement was carried out at 570 nm by FilterMax 

F5 Multi-Mode Microplate Readers (Molecular Devices, Sunnyvale, CA). 

 

3.3.7 Western blot assay 

Western blot analysis was performed as described previously (Liu et al., 1997; Yoon 

and Liu, 2007). Equal amount of protein was separated by 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred onto a 

polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5% 

nonfat dry milk in TBST (Tris-base buffer solution containing of 0.1% Tween 20) with 

gentle agitation at room temperature for 2 h and then incubated with primary antibody 

solution at appropriate dilutions overnight at 4°C. The membrane was washed three 
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times for 5 min each with TBST and incubated for 2 h with a corresponding secondary 

antibody diluted in 5% nonfat dry milk in TBST at room temperature. After washing 

again with TBST for three times, membrane-bound antibody conjugates were visualized 

by Enhanced Chemiluminescence kit (Cell Signaling Technology, Inc., Beverly, MA) 

according to the manufacturer’s instruction. Bands were then scanned and the protein 

band intensity was determined by ImageJ2x software (Wayne Rasband, National 

Institutes of Health, Maryland, USA). The expression of human β-actin or nucleolin was 

used as an internal standard control. All measurements were conducted in triplicate. 

 

3.3.8 Statistical analysis 

All data were reported as mean ± SD for three independent experiments. Does-effect 

analysis was carried out by SigmaPlot Version 11.0 (Systat Software, Inc., Chicago, IL). 

Statistical analysis was performed using one-way ANOVA with Tukey’s test by SPSS 

17.0 software (International Business Machines Corp., NY, USA). A p value <0.05 was 

considered significant. 
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3.4 Results 

3.4.1 Cytotoxicity and anti-proliferative activity of tamoxifen in MCF-7 and 

MCF-7TamR human breast cancer cells 

Figure 3.1 shows that tamoxifen inhibited the proliferation of MCF-7 human breast 

cancer cells at the concentrations without cytotoxicity. MCF-7TamR human breast 

cancer cells were refractory to tamoxifen treatment. The results demonstrated the 

tamoxifen resistant phenotype of MCF-7TamR human breast cancer cells when exposed 

to tamoxifen. 
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Figure 3. 1 Cytotoxicity and anti-proliferative activity of tamoxifen in MCF-7 and 
MCF-7TamR human breast cancer cells. (A) Cytotoxicity of tamoxifen in MCF-7 and 
MCF-7TamR human breast cancer cells. (B) Anti-proliferative activity of in MCF-7 and 
MCF-7TamR human breast cancer cells.  Data are expressed as mean ± SD from three 
independent experiments.  

  

B. 
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3.4.2 Comparison of expressions of key proteins in Nrf2/ARE pathway between 

MCF-7 and MCF-7TamR human breast cancer cells 

MCF-7 and MCF-7TamR human breast cancer cells were cultured in medium described 

previously for 48 h. Western blot assay was applied to evaluate whether Nrf2 and other 

proteins in Nrf2/ARE pathway were different between MCF-7 and MCF-7TamR cells. 

When compared with MCF-7 human breast cancer cells, the expressions of Nrf2, p-

Nrf2, SOD1 and NQO1 were significantly higher in MCF-7TamR human breast cancer 

cells under basal condition (Figure 3.2). The expression of Keap1, recognized as 

cytosolic repressor of Nrf2, in MCF-7TamR human breast cancer cells, was lower than 

that of MCF-7 human breast cancer cells. The result implied that Nrf2 was 

overexpressed in tamoxifen-resistant MCF-7TamR human breast cancer cells. 
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Figure 3. 2 Comparison of expressions of Nrf2, p-Nrf2, Keap1, SOD1 and NQO1 
between MCF-7 and MCF-7TamR human breast cancer cells. Data are expressed as 
mean ± SD from three independent experiments. Paired sample t-test was used to 
analyze the data; *, p<0.05. 
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3.4.3 Cytotoxicity and anti-proliferative activity of UA in MCF-7 and MCF-

7TamR human breast cancer cells 

MCF-7 and MCF-7TamR human breast cancer cells were treated with different 

concentrations of UA (0, 1, 3, 6, 9, 12 and 15 µM). As shown in Figure 3.3 A and B, 

the anti-proliferative activities of UA existed on both MCF-7 and MCF-7TamR cells 

and no cytotoxicity was observed at the concentrations tested. The median effect does 

(EC50) of UA in inhibiting MCF-7 and MCF-7TamR cell proliferations was 9.41 ± 0.58 

µM, and 7.93 ± 0.95 µM, respectively. Anti-proliferative activities of UA towards 

MCF-7TamR human breast cancer cells were higher than MCF-7 human breast cancer 

cells at the concentrations of 9 µM and 12 µM (Figure 3.3 C). We chose concentrations 

of UA at 6, 9 and 12 µM for subsequent studies. 
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Figure 3. 3 Cytotoxicity and anti-proliferative activity of UA in MCF-7 and MCF-
7TamR human breast cancer cells. (A) Cytotoxicity of UA in MCF-7L and MCF-
7TamR human breast cancer cells. (B) Anti-proliferative activity of UA in MCF-7L and 
MCF-7TamR human breast cancer cells. (C) The inhibitory effect of UA at 
concentration of 6, 9 and 12 µM in MCF-7L and MCF-7TamR human breast cancer 
cells. Data are expressed as mean ± SD from three independent experiments. Bars with 
no letters in common are significantly different (p<0.05).  

B. 

C. 
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3.4.4 Effect of UA on Nrf2 expression in in MCF-7 and MCF-7TamR human 

breast cancer cells 

Nrf2 is a transcriptional factor that medicates defense mechanism(Surh et al., 2008). 

Drug resistance caused by Nrf2 activation in MCF-7 human breast cancer cells under 

hypoxia was reported(Syu et al., 2016). Our previous results also demonstrated that Nrf2 

was overexpressed in tamoxifen resistant cells. Thus, Nrf2 might be a potential target 

for drug resistant treatment. Our study showed that UA inhibited Nrf2 expression and 

its phosphorylated form (phosphor S40) p-Nrf2 expression in both MCF-7 and MCF-

7TamR human breast cancer cells in a dose-response manner (Figure 3.4 A and B). UA 

might work as a Nrf2 inhibitor in human breast cancer cells.  
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Figure 3. 4 Effects of UA on Nrf2 and p-Nrf2 expression in MCF-7 and MCF-7TamR 
human breast cancer cells. (A) Nrf2 expression. (B) p-Nrf2 expression. Data are 
expressed as mean ± SD from three independent experiments. Bars with no letters in 
common are significantly different (p<0.05). 

  

B. 
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3.4.5 Effect of UA on Keap1 expression in MCF-7 and MCF-7TamR human 

breast cancer cells 

Keap1 negatively regulates Nrf2 and Keap1 mutations resulted in constitutive Nrf2 

activation (Hayes and McMahon, 2009). As shown in Figure 3.5, Keap1 expression was 

upregulated by UA treatment in both MCF-7 and MCF-7TamR human breast cancer 

cells. 

 

 

 

 

 

Figure 3. 5 Effects of UA on Keap1 expression in MCF-7 and MCF-7TamR human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 
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3.4.6 Effect of UA on SOD1 expression in MCF-7 and MCF-7TamR human 

breast cancer cells 

Antioxidant enzyme SOD1 is critical in cellular defensive systems and is tightly 

connected with Nrf2 (Milani et al., 2013). Emerging experiments also show SOD1 was 

overexpressed in cancers (Papa et al., 2014). We found that the expressions of SOD1 in 

both MCF-7 and MCF-7TamR human breast cancer cells were downregulated by UA 

treatment (Figure 3.6). The result complies with Nrf2 downregulation. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 6 Effects of UA on SOD1 expression in MCF-7 and MCF-7TamR human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 
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3.4.7 Effect of UA on NQO1 expression in MCF-7 and MCF-7TamR human 

breast cancer cells 

NQO1 is a downstream antioxidant enzyme of Nrf2. UA treatment significantly 

inhibited NOQ1 expression in both MCF-7 and MCF-7TamR human breast cancer cells 

(Figure 3.7). 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 7 Effects of UA on NQO1 expression in MCF-7 and MCF-7TamR human 
breast cancer cells. Data are expressed as mean ± SD from three independent 
experiments. Bars with no letters in common are significantly different (p<0.05). 

 

 



 109 

3.5 Discussion 

Drug resistance is a crucial challenge in chemotherapy of tumors. Tamoxifen is widely 

used as an endocrine therapy for breast cancer. It has reduced 50% of breast cancer 

recurrence and 30% annual mortality from the disease since 1970 (Ali et al., 2016). 

However, tamoxifen resistance is still a major problem to effective therapies against 

breast cancer. To explore the mechanisms in tamoxifen resistance is necessary and 

important to develop new regimens to overcome the resistance. The modification in 

ERα or ERβ, irregular expression of micro RNA (miRNA), regulation of cell signaling 

transduction pathways and genetic polymorphisms were studied to explain the 

mechanisms of tamoxifen resistance (García-Becerra et al., 2012). Inhibition of 

miRNA-451 enhanced tamoxifen resistence (Bergamaschi and Katzenellenbogen, 

2012). A study used “big data” to screen tamoxifen sensitivity-related miRNAs and 

found high expression of miRNA-342 was associated with tamoxifen sensitivity 

(Bergamaschi and Katzenellenbogen, 2012; Young et al., 2017). Several signaling 

pathways have been involved in tamoxifen resistance, such as MAPK (Droog et al., 

2013), PI3K/AKT/mTOR (Hosford and Miller, 2014), protein kinase CK2 (Williams et 

al., 2009), NFκB (Biswas et al., 2005) and EGFR/HER2 (Shou et al., 2004). Nrf2 might 

also contribute to tamoxifen resistance.  

In this study, we detected Nrf2 expressions in MCF-7 and MCF-7TamR human breast 

cancer cells. Cells were grown in same condition with another 100 nM tamoxifen 

applied into medium of MCF-7TamR. To evaluate the resistant effect, both cells were 

exposed to different concentrations of tamoxifen. Tamoxifen significantly inhibited the 

proliferation of MCF-7 human breast cancer cells at the concentration of 1000 nM, 
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while MCF-7TamR human breast cancer cells continued to survive and it exhibited 

resistance to tamoxifen. After confirming the tamoxifen resistant phenotype of MCF-

7TamR cells, we compared the constitutive expressions of Nrf2 in MCF-7 and MCF-

7TamR cells. Nrf2 and p-Nrf2 were overexpressed in MCF-7TamR cells. Its 

downstream proteins SOD1 and NQO1 in MCF-7TamR cells were distinctly higher in 

MCF-7TamR cells than in parental MCF-7 cells. The expression level of Keap1, the 

cytosolic repressor of Nrf2, was much lower in MCF-7TamR cells. Our results 

suggested Nrf2/ARE pathway might be a therapeutic target to overcome tamoxifen 

resistance in human breast cancer cells. Study performed by Kim et al. also 

demonstrated significantly higher expression of nuclear Nrf2 and its downstream γ-

GCLh, heme oxygenase-1 (HO-1), thioredoxin and peroxiredoxin1 in MCF-7TamR 

cells resistance (Kim et al., 2008). In the same study, enhancement of tamoxifen 

responsiveness was observed in MCF-7TamR human breast cancer cells transfected 

with Nrf2-siRNA. Therefore, to identify Nrf2 inhibitors may be helpful to overcome 

tamoxifen resistance. 

UA is recognized as a drug target for Nrf2 in various studies. When Nrf2 was in a role 

of tumor inhibitor in neuroprotection, skin and prostate cancer prevention and protection 

of liver fibrosis, UA activated Nrf2 pathway and inhibited carcinogenesis (Li et al., 2013; 

Kim et al., 2016; Wang et al., 2018; Ma et al., 2015). When Nrf2 displayed a detrimental 

role in drug resistance, UA enhanced the chemosensitization by downregulated Nrf2 

(Wu et al., 2016). Our study showed that UA significantly inhibited the expression of 

Nrf2 and p-Nrf2 in MCF-7 and MCF-7TamR human breast cancer cells. The inhibitory 
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effects of UA on NQO1 and SOD1 were also shown in cells. It suggested UA as an 

appropriate inhibitor for Nrf2.  

The anti-proliferative activity of UA towards MCF-7 and MCF-7TamR human breast 

cancer cells was also investigated. UA significantly inhibited the proliferation of MCF-

7 and MCF-7TamR cells in a dose-dependent manner at the concentrations without 

cytotoxicity. Numerous studies have discussed the mechanisms of action in the 

anticancer effect of UA on MCF-7 cells. Caspase-3 was confirmed as a target for UA 

induced-apoptosis in MCF-7 cells (Zhang et al., 2006). Wang et al. described that the 

pro-apoptotic activity of UA towards MCF-7 human breast cancer cells was through 

inhibition of FoxM1 and inactivation of Cyclin D1/CDK4 (Wang et al., 2010). 2α-

hydroxyursolic acid, an UA analog, significantly inhibited MCF-7 cell proliferation 

through inhibiting NF-κB activation induced by TNF-α (Yoon and Liu, 2008). Nrf2 has 

been reported involving in cell proliferation (Murakami and Motohashi, 2015). But not 

many studies have probed into the involvement of Nrf2 in MCF-7 cell proliferation. 

We observed that UA exhibited a stronger anti-proliferative activity against MCF-

7TamR cells than parental MCF-7 cells at the concentrations of 9 µM and higher. The 

significant differences in Nrf2 inhibition by UA between MCF-7 and MCF-7TamR cells 

were observed. When compared with parental MCF-7 cells, the reductions of Nrf2 

expression caused by UA at concentrations of 9 and 12 µM were more drastic in MCF-

7TamR cells. The similar results were also found in p-Nrf2 and its downstream SOD1 

and NQO1. It might suggest that the effect of UA against Nrf2 expression was more 

sensitive in MCF-7TamR cells. Taken together, the anti-proliferative effect of UA might 
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be accompanied with Nrf2 inhibition in MCF-7 and MCF-7TamR human breast cancer 

cells according to our findings. The potential mechanism of action of UA in regulating 

cell proliferation in MCF-7 and MCF-7TamR cells via Nrf2 pathway is shown in Figure 

3.8 A and B. However, more studies are necessary to determine the association between 

Nrf2 and MCF-7 cell proliferation.  

 

 

 

A 
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Figure 3. 8 Potential mechanisms of action of UA in regulating cell proliferation in 
MCF-7 and MCF-7TamR human breast cancer cells through Nrf2 pathway. (A) 
Oxidative stress actives Nrf2. (B) UA inhibited expressions of Nrf2 expression and its 
downstream antioxidant enzymes, NQO1 and SOD1. 

 

 

 

 

 

B 
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3.6 Conclusions 

In a summary, our study showed that Nrf2 might be a therapeutic target for tamoxifen-

resistant MCF-7TamR cells. UA could be an available Nrf2 inhibitor. UA significantly 

inhibited the proliferation of MCF-7 and MCF-7TamR cells in dose-dependent manners 

and the inhibitory effect of UA might be partially through Nrf2 downregulation.  

3.7 Limitation and future directions 

We demonstrated Nrf2 was overexpressed in tamoxifen-resistant MCF-7TamR cells 

through comparison between total cellular Nrf2 expression in parental MCF-7 cells and 

MCF-7TamR cells. To further confirm whether Nrf2 would be a predictor for tamoxifen 

resistance, a Nrf2 knockdown/knockout in MCF-7TamR cells should be performed. We 

also suggested that UA inhibited the proliferation of MCF-7 cells and MCF-7TamR 

cells partially through downregulating Nrf2 pathway, but more evidence is needed to 

support it and cross-talks of cellular signaling pathways are necessary to build a bridge 

between Nrf2 and MCF-7 cell proliferation. Although UA exhibited a higher inhibitory 

effect on Nrf2 expression and proliferation in MCF-7TamR cells, whether UA could be 

used as an adjuvant agent to overcome the tamoxifen resistance or enhance tamoxifen-

sensitization in MCF-7TamR cells has not been studied and needs to explore in future. 
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CHAPTER 4 

SYNERGISTIC EFFECT OF URSOLIC ACID AND TAMOXIFEN 

COMBINATION ON ANTI-PROLIFERATIVE ACTIVITY IN MCF-7 HUMAN 

BREAST CANCER CELLS 

4.1      Introduction 

Breast cancer is the second most frequently diagnosed cancer in American women with 

an estimation of  266,120 new breast cancer cases (Siegel et al., 2018). The mortality in 

female breast cancer dropped 39% from 1989 to 2015, which may attribute to 

improvement in awareness, detection and treatment (Siegel et al., 2018). However, 

breast cancer is still the second leading cause of cancer death in women (American 

Cancer Society, 2018). Treatment failures caused by drug resistance, toxicity and 

hormonal interplay are major challenges (Darakhshan et al., 2015). Therefore, there is 

an emergent need to explore new approaches in breast cancer prevention and treatment. 

Tamoxifen is widely used to treat ER positive breast cancers by acting as an estrogen 

antagonist (Bush, 2007). The metabolism of tamoxifen is complicated. 4-

hydroxytamoxifen is one major metabolite of tamoxifen and has greater anti-estrogenic 

activities than tamoxifen (Lim et al., 2005; Hertz et al., 2009). Tamoxifen can compete 

with estrogen by binding to ERs and forming an irregular complex. The tamoxifen 

bound ERs complex can interrupt related DNA synthesis to inhibit the growth and 

proliferation of cancer cells (Harwood, 2007). As a gold standard hormonal therapy for 

ER positive breast cancers, tamoxifen has been proved as an effective treatment in 

metastatic breast cancer and the tamoxifen adjuvant therapy has been demonstrated to 
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reduce breast cancer recurrence and death (Early Breast Cancer Trialists’ Collaborative 

Group, 1998; Love, 1989). It was reported that tamoxifen reduced the risk of invasive 

breast cancers in female to 50% from it initially approved in 1977 to 1900s (Bush, 2007). 

Nevertheless, nearly half of all metastatic breast cancer patients who had tamoxifen 

adjuvant treatment acquired resistance to tamoxifen (Shou et al., 2004). Side effects of 

tamoxifen therapy, such as menopausal symptoms, blood clots and risks of uterus cancer, 

are also critical problems(Kudchadkar and O’Regan, 2005; American Cancer Society, 

2017). Thus, it would be of great help to develop an alternative therapy to overcome the 

drug resistance and adverse effects. 

In fact, using herbal or other natural products for cancer treatment to reverse drug 

resistance and reduce side effects has been gained a lot interest (Chen and Zhou, 2011). 

Epidemiological studies have shown the inverse relationships between the consumption 

of the fruits, vegetables and grains and chronic diseases such as cancer (Adom and Liu, 

2002; Graf et al., 2005). The antioxidant, anti-proliferative and anti-inflammatory 

activities of phytochemicals from fruits, vegetables and other plant-based food to reduce 

the risk of cancers have also been described by numerous studies (Chu et al., 2002; Kris-

Etherton et al., 2002; Liu, 2007; Sun et al., 2002). Previous studies have demonstrated 

synergistic anticancer effects of some combinations of bioactive compounds. For 

instance, baicalein and silymarin (Chen et al., 2009), apple peel and quercetin 3-b-

glucoside (Yang and Liu, 2009), quercetin and kaempferol (Ackland et al., 2005). The 

application of combining natural products and anticancer drugs is also considered to 

increase the efficacy of anticancer therapy and overcome drug resistance and side effects 

because of their potential synergism (Yaacob et al., 2014). 
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Ursoic acid (UA), a natural pentacyclic triterpenoid, presents in a wide range of foods, 

such as apple, apple peels, cranberry, guava, olive and several herbs (He and Liu, 2007; 

Shishodia et al., 2003; Blumberg et al., 2013). Various studies have reported 

chemopreventive and therapeutic potentials of UA in different cancer models 

(Shanmugam et al., 2013). The anti-proliferative and pro-apoptotic activities of UA in 

breast cancer have been studied (He and Liu, 2007; Kim et al., 2014; Wang et al., 2010; 

Zhao et al., 2013). Our previous studies also elucidate its inhibitory effect on 

proliferation of MDA-MB-231, MCF-7 and tamoxifen-resistant MCF-7 human breast 

cancer cells. 

In this study, we combined tamoxifen with UA to determine if additive or synergistic 

effects would be observed in inhibiting MCF-7 human breast cancer cell proliferation. 

The synergism is defined as the effect of combined compounds is stronger than the sum 

of individual compound at equal concentrations; Additive effect is defined as the effect 

by the combination of two or more compounds equals to the sum of their separate effects 

(Chou, 2010; Yang and Liu, 2009). 
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4.2 Objectives 

To investigate the potential additive /or synergistic effects of combination of UA plus 

tamoxifen in inhibiting MCF-7 human breast cancer cell proliferation, we proposed two 

specific objectives: 

1) To determine the inhibitory effects of UA and tamoxifen on MCF-7 human 

breast cancer cell proliferation separately 

2) To determine whether UA and tamoxifen combination have additive and/or 

synergistic effects on MCF-7 human breast cancer cell proliferation.  
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4.3 Materials and Methods 

4.3.1 Chemicals 

Ursolic Acid was purchased from MP Biomedicals (Solon, OH). Dimethyl sulfoxide 

(DMSO) was obtained from VWR (Radnor, PA, USA). Phosphate-buffered saline 

(PBS), antibiotic-antimycotic and a-minimum essential medium (a-MEM were 

received from Gibco BRL Life Technologies (Grand Island, NY). FBS was purchased 

from Atlanta Biologicals (Lawrenceville, GA). 4-hydroxytomxifen, Folin–Ciocalteu 

reagent and Hepes and protease inhibitors (aprotinin, leupeptin, pepstain, sodium 

orthovanadate) were purchased from Sigma-Aldrich Inc. (St. Louis, MO). Methylene 

blue was purchased from BBL (Cockeysville, MD, USA).  

4.3.2 Cell culture 

MCF-7 human breast cancer cells were purchased from American Type Culture 

Collection (ATCC, Manassas, VA). MCF-7 human breast cancer cells were cultured in 

α-MEM medium supplemented with 10 mM Hepes, 1% antibiotic-antimycotic and 10% 

heat-inactivated FBS and 10µg/mL insulin and maintained at 37°C in a 5% CO2 

humidified atmosphere as previously reported (Yoon and Liu, 2008) 

4.3.3 Cytotoxicity assay 

The cytotoxicity of UA and tamoxifen towards MCF-7 human breast cancer cells was 

measured by methylene blue assay developed by our laboratory (Felice et al., 2009). A 

volume of 100 µL MCF-7 cells at a concentration of 4.0 × 104 cells/well in fresh growth 

medium was seeded in a 96-well plate and incubated at 37°C in a 5% CO2 humidified 

atmosphere for 24 h. Then, the growth medium was removed and 100 µL of various 
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concentration of UA, 4-hydroxytamoxifen or DMSO (as control) in fresh growth 

medium was added per well for treatment. After another 24 h incubation, the medium 

was removed and cells were washed with 100 µL PBS. Afterwards, cells were stained 

with 50 µL methylene blue staining solution (98% Hanks balanced salt solution, 0.67% 

glutaraldehyde, 0.6% methylene blue) and incubated for 1 h. After removing the 

methylene blue staining solution, the plate was immersed and rinsed with deionized 

water for four times. The plate was placed in room temperature till wells were dry. Then, 

100 µL of elution buffer (1% acetic acid, 49% PBS, and 50% ethanol) was added into 

each well to elute methylene blue stain. After shaking on a bench shaker for 20 min, the 

plate was read using FilterMax F5 Multi-Mode Microplate Readers (Molecular Devices, 

Sunnyvale, CA) at 570 nm wavelength. Cytotoxicity was determined as a percentage 

compared to the control. More than 10% cell number reduction was considered as 

cytotoxic. All measurements were conducted in triplicates. 

4.3.4 Anti-proliferation assay 

The anti-proliferative effect of UA and 4-hydroxytamoxifen towards MCF-7 human 

breast cancer cells was measured by methylene blue assay developed by our laboratory 

(Felice et al., 2009). A volume of 100 µL MCF-7 at a concentration of 2.5 × 104 

cells/well in fresh growth medium was seeded in a 96-well plate and incubated at 37°C 

in a 5% CO2 humidified atmosphere for 12 h. Then, the growth medium was removed 

and 100 µL of different concentration of UA, 4-hydroxytamoxifen or DMSO (as control) 

in fresh growth medium was added per well for treatment. After 72 h incubation, the 

medium was removed and cells were washed with 100 µL PBS. Afterwards, cells were 

stained with 50 µL methylene blue staining solution (98% Hanks balanced salt solution, 
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0.67% glutaraldehyde, 0.6% methylene blue) and incubated for 1 h. After removing the 

methylene blue staining solution, the plate was immersed and rinsed with deionized 

water for four times. The plate was placed in room temperature till wells were dry. Then, 

100 µL of elution buffer (1% acetic acid, 49% PBS, and 50% ethanol) was added into 

each well to elute methylene blue stain. After shaking on a bench shaker for 20 min, the 

plate was read using FilterMax F5 Multi-Mode Microplate Readers (Molecular Devices, 

Sunnyvale, CA) at 570 nm wavelength. Cell proliferation was measured as percentage 

compared to control. All measurements were conducted in triplicate. 

4.3.5 Experimental design of combination study 

A two-way combination of UA and tamoxifen towards MCF-7 human breast cancer was 

designed based on methods described previously (Yang and Liu, 2009). The EC50 values 

of UA and tamoxifen, referring to the concentration that 50% of MCF-7 cell 

proliferation was inhibited, were determined upon the dose-response curve. The 

combination ratios of UA and tamoxifen were prepared according to the EC50 value of 

UA. The combined concentrations for the compounds were 0.125 ´ EC50, 0.25 ´ EC50, 

0.5 ´ EC50, 0.75 ´ EC50, and 1 ´ EC50. The mixture of the series concentrations was 

applied to anti-proliferative assay towards MCF-7 cells.  

4.3.6 Combination index for determining synergism, addition, and antagonism 

Combination index (CI) was used to evaluate the combination effects. For data analysis 

of combinations, CI < 1, CI = 1, and CI > 1 suggest synergism, addition, and antagonism, 

respectively. The calculation is based on the isobologram equation explain below (Chou 

et al., 1994): 
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CI =
(𝐷)'
(𝐷()'

+
(𝐷)*
(𝐷()*

 

 
(D)1 and (D)2 are the doses of UA and tamoxifen in the combination system, 

respectively; (Dx)1 and (Dx)2 represent the doses of UA and tamoxifen alone, 

respectively (Chou, 2010). The does reduction index (DRI) represents the fold of the 

dose reduction of individual compound in a combination to its does alone at a certain 

degree (Chou et al., 1994; Yang and Liu, 2009). EC50 value, CI value and DRI value 

were calculated by Compusyn software. 

4.3.7 Statistical analysis 

All data were reported as mean ± SD for three independent experiments. Does analysis 

and figure presentation were carried out by SigmaPlot Version 11.0 (Systat Software, 

Inc., Chicago, IL). Combination effects were determined using Compusyn software 

(Combo Syn Inc., Paramus, NJ). 
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4.4 Results 

4.4.1 Cytotoxicity of UA, tamoxifen and their combination in MCF-7 human 

breast cancer cells 

The cytotoxicity of UA, tamoxifen and their combination in MCF-7 human breast 

cancer cells is shown in Figure 4.1. No cytotoxicity was observed in UA, tamoxifen and 

the combination within the concentrations tested. 

 

Figure 4. 1 Cytotoxicity of UA, tamoxifen, and their combination in MCF-7 human 
breast cancer cells (Mean ± SD, n =3).  
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4.4.2 Inhibition of MCF-7 human breast cancer cell proliferation 

Both UA and tamoxifen inhibited MCF-7 human breast cancer cell proliferation in a 

dose-dependent manner. The EC50 values of UA and tamoxifen in inhibiting MCF-7 

cells were 15.49 ± 0.95 µM and 13.01 ± 0.86 µM, respectively. The combination of UA 

and tamoxifen also exhibited the anti-proliferative activities towards MCF-7 cells. The 

EC50 values of UA and tamoxifen in the combination were reduced to 5.27 ± 1.30 µM. 

Results are displayed in Figure 4.2 and Table 4.1. 

 

Figure 4. 2 Anti-proliferative activities of UA, tamoxifen and their combination in 
inhibition of MCF-7 human breast cancer cells (Mean ± SD, n =3).  

 

Table 4. 1 EC50 Value of UA, Tamoxifen and UA in combination with Tamoxifen in 
inhibiting MCF-7 human breast cancer cell proliferation 

 

 

  

Single Combined
15.49 ± 0.95 5.27± 1.30
13.01 ± 0.86 5.27± 1.30

Component
EC50 Value

UA (µM)
Tamoxifen (µM)
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4.4.3 Combination effect 

CI and DRI were used to evaluate the combination effect of UA plus tamoxifen. The 

DRI values at different inhibition rates in MCF-7 human breast cancer cell proliferation 

were shown in Table 4.2. The DRI >1 indicated a toxicity reduction without 

compromising therapeutic efficacy (Chou, 2006). In our study, the DRI values of UA 

and tamoxifen at the 50% of inhibition in MCF-7 cell proliferation were 2.94 ± 0.16- 

and 2.47 ± 0.19-fold when compare to each value alone. Therefore, our result indicated 

a favorable dose-reduction. The CI values of the combination of UA and tamoxifen at 

inhibition of 25%, 50%, 75%, and 90% towards MCF-7 cell proliferation were 0.64 ± 

0.10, 0.75 ± 0.05, 0.88 ± 0.13, and 1.04 ± 0.14 (Table 4.3). The synergistic effects were 

observed at inhibition of 25%, 50% and 75%. The synergism was weakened at higher 

inhibition. No synergistic effect was observed at 90% inhibition level. 
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Table 4. 2 DRI values for UA and Tamoxifen combination at 25, 50, 75, and 90% 
inhibition of MCF-7 human breast cancer cell proliferation 

 

 
 
 
Table 4. 3 CI Values for UA and Tamoxifen combination at 25, 50, 75, and 90% 
inhibition of MCF-7 human breast cancer cell growth 

 

 

  

25% 50% 75% 90%
3.21 ± 0.36 2.94 ± 0.16 2.70 ± 0.15 2.49 ± 0.28
3.11 ±  0.61 2.47 ± 0.19 1.98 ± 0.08 1.61 ± 0.25

UA (µM)
Tamoxifen (µM)

DRI values at inhibition of 
Component

25% 50% 75% 90%
CI values at inhibition of 

Component
UA (µM)
Tamoxifen (µM)

0.64 ± 0.10 0.75 ± 0.05 0.88 ± 0.03 1.04 ± 0.14
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4.5 Discussion 

It has been reported that combination of various agents would be a possible treatment 

to improve the efficacy of anticancer therapy (Li et al., 2010). Our study found that UA 

and tamoxifen inhibited the proliferation of MCF-7 human breast cancer cells in a dose-

dependent manner. The combination of UA plus tamoxifen exhibited synergistic effect 

in inhibiting MCF-7 cell proliferation. 

ER positive breast cancer occupies 75% of breast cancer (Hertz et al., 2009), and MCF-

7 cells belong to this group. Tamoxifen, a selective ER modulator, is widely used to 

treat ER positive breast cancer (Early Breast Cancer Trialists’ Collaborative Group, 

1998). Initial findings from the National Surgical Adjuvant Breast and Bowel Project 

Breast Cancer Prevention Trial (P-1) demonstrated that tamoxifen reduced the incidence 

of invasive and noninvasive breast cancer in women (Fisher et al., 1998). However, 

significant side effects resulting from administration of tamoxifen were also observed 

in this trial. Tamoxifen resistance due to high dose and long-term usage of the drug is 

also a great challenge in tumor treatment (Darakhshan et al., 2015). To achieve a better 

treatment of breast cancer cases, more and more studies have been focused on the 

combinations of tamoxifen and other compounds. 

Tamoxifen in addition with genistein showed a synergistic anti-proliferative effect in 

dysplastic breast cancer cells (MCF-10A1, MCF-ANeoT, MCF-T63B) and additive 

effects in malignant breast cancer cells (MCF-7, MDA-231, MDA-435) (Tanos et al., 

2002). The combination of tamoxifen and pancratistatin, a natural compound from 

Hawaiian spider lily, had a synergistic effect in inducing apoptosis in human breast 
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cancer cell lines MCF-7 and Hs-578-T (Siedlakowski et al., 2008). Green tea extracts, 

mostly with epigallocatechin-3-gallate (EGCG) contained, were reported to potently 

enhance the inhibitory effect of tamoxifen in proliferation of ER positive human breast 

cancer cells, MCF-7, ZR75 and T47D, reflecting a synergistic effect (Sartippour et al., 

2006). In vivo study, the combination of tamoxifen and green tea extract significantly 

decreased the MCF-7 xenograft tumor size when compared with each compound 

administered alone due to inducing apoptosis and suppressing angiogenesis. Tamoxifen 

with usnic acid, a secondary metabolite of lichen, have been demonstrated their 

synergistic anti-proliferative effect in MCF-7 cells(Kılıç et al., 2016). In addition to ER 

positive cell lines, tamoxifen was also demonstrated its inhibitory effect on ER negative 

cell lines (Ferlini et al., 1999; Mandlekar et al., 2000). In ER negative MDA-MB-231 

human breast cancer cells, the combination of EGCG and tamoxifen exhibited 

synergistic cytotoxicity (Chisholm et al., 2004). The similar result was also observed in 

human lung cancer cell line PC-9 (Suganuma et al., 1999). However, the synergistic 

effect of EGCG plus tamoxifen was not shown in human oral tumor cell lines (Ishino et 

al., 1999). It indicates that the combination effect may vary depending on cell types. 

The combination of UA and other natural products or drugs have also reported to have 

synergistic effects in anticancer therapy. The synergism of UA and ciplatin, a 

chemotherapy drug for epithelial malignancies, in cell growth inhibition and apoptosis 

promotion has been described in cervical cancers (Li et al., 2017). By combing with UA, 

the anti-proliferative and pro-apoptaosis efficany of oxaliplatin, a key drug for 

colorectal cancers, enhanced significantly in vitro and in vivo. Moreover, the side effects 

of oxaliplatin treated mouse were reduced by administration of UA. The combination 
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of UA and paclitaxel, a drug for solid tumor, showed a synergism of anticancer effect 

on gastric cancer cells (Xu et al., 2017). The combinaiton of UA and metformin (Met), 

a traditional drug foy type II diabetes, had synergistic cytotoxicity on MDA-MB-231 

and MCF-7 human breast cancers with a CI value lower than 0.8 (Zheng et al., 2017). 

A novel codrug UA-Met was also investigated in this study and it exhibited a significant 

inhibitory effect in TGF-β induced invasion and migration of breast cancer MDA-MB-

231 and MCF-7 cells (Zheng et al., 2017). 

In our study, we combined UA and tamoxifen. The synergistic anti-proliferative activity 

in MCF-7 human breast cancers was observed with CI value lower than 0.75 at 

inhibition of 50%. The mechanisms to explain the synergism are complex and unclear. 

It may be because of interaction among compounds and different cell signaling targets 

in various cancer types (Yang and Liu, 2009).  

Numerous studies have described the mechanisms of action in the anticancer effects of 

UA on MCF-7 cells. Early study reported that UA inhibited MCF-7 cell proliferation 

by G1 arrested (Es-Saady et al., 1996). Caspase-3 (Zhang et al., 2006), FoxM1 and 

Cyclin D1/CDK4 (Wang et al., 2010), NF-κB (Yoon and Liu, 2008), Bcl-2 and poly-

ADP-ribose-polymerase (Kassi et al., 2009) are recognized as molecular targets in 

different signaling transductions for UA induced-apoptosis in MCF-7 cells. In our 

previous chapter, we also determined that UA inhibited the proliferation of MCF-7 cells 

through down-regulating Nrf2. ER would be primary target for the anticancer activity 

of tamoxifen in MCF-7 cells as tamoxifen is an ER modulator (Bush, 2007). HER2 

(Benz et al., 1992), EGFR (Massarweh et al., 2002; Nicholson et al., 2002) , AKT and 
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ERK1/2 (Shou et al., 2004) were reported as molecular targets involved in tamoxifen 

against MCF-7 cell growth as well. As tamoxifen induced apoptosis in MCF-7 cells by 

increasing oxidative stress, those anti-oxidative proteins were also reported as its 

molecular targets, such as NQO1 and GCLC (Fiorillo et al., 2017), thioredoxin, 

peroxiredoxin1 and γ-GCLh (Kim et al., 2008). The mechanism of action in UA plus 

tamoxifen might be due to the multiple targets of signaling transduction pathways that 

mediated MCF-7 cell proliferation.  

Our study demonstrated that the combination of UA plus tamoxifen had a synergistic 

anti-proliferative effect in MCF-7 human breast cancer cells. The result may suggest 

that the combined approach of UA and tamoxifen may have greater therapeutic effect 

on breast cancers than individual compound. 
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4.6 Conclusions 

UA, tamoxifen and their combination inhibited the proliferation of MCF-7 human breast 

cancer cell in a dose-dependent manner. The synergistic effects were observed at 

inhibition of 25%, 50% and 75%. The synergism was weakened at higher inhibition. No 

synergistic effect was observed at 90% inhibition level. Our findings may have 

important implications for combination of natural compounds and therapy drugs in 

anticancer treatment to enhance the therapeutic effect, reduce adverse side effects or 

reverse drug resistance. 

4.7 Limitation and future directions 

We observed the synergism of UA and tamoxifen combination in inhibiting MCF-7 cell 

proliferation. However, the mechanisms of this synergism have not been investigated. 

The clear mechanisms may help screen appropriate compounds for combination study 

before experiments are conducted. Moreover, animal study is needed to verify this 

synergy conclusion. 
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