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SUMMARY

Recently, the palbociclib/letrozole combination therapy was granted accelerated US FDA approval 

for the treatment of estrogen receptor (ER)-positive breast cancer. Since the underlying metabolic 

effects of these drugs are yet unknown, we investigated their synergism at the metabolome level in 

MCF-7 cells. As xenoestrogens interact with the ER, we additionally aimed at deciphering the 

impact of the phytoestrogen genistein and the estrogenic mycotoxin zearalenone. A global 

metabolomics approach was applied to unravel metabolite and pathway modifications. The results 

*Correspondence: benedikt.warth@univie.ac.at (B.W.), siuzdak@scripps.edu (G.S.).
9Lead Contact

SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and can be found with this article online at https://doi.org/10.1016/j.chembiol.
2017.12.010.

AUTHOR CONTRIBUTIONS
B.W. designed the research idea and experiments. B.W., P.R., and A.G. performed cell culture and mass spectrometric experiments. 
B.W., P.R., T.H., M.F., E.M.F., H.P.B., L.G., C.H.J., and G.S. analyzed, evaluated, and interpreted the data. All authors contributed to 
manuscript writing.

DECLARATION OF INTERESTS
The authors declare no competing interests.

HHS Public Access
Author manuscript
Cell Chem Biol. Author manuscript; available in PMC 2019 March 15.

Published in final edited form as:
Cell Chem Biol. 2018 March 15; 25(3): 291–300.e3. doi:10.1016/j.chembiol.2017.12.010.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.chembiol.2017.12.010
https://doi.org/10.1016/j.chembiol.2017.12.010


clearly showed that the combined effects of palbociclib and letrozole on cellular metabolism were 

far more pronounced than that of each agent alone and potently influenced by xenoestrogens. This 

behavior was confirmed in proliferation experiments and functional assays. Specifically, amino 

acids and central carbon metabolites were attenuated, while higher abundances were observed for 

fatty acids and most nucleic acid-related metabolites. Interestingly, exposure to model 

xenoestrogens appeared to counteract these effects.

Graphical abstract

INTRODUCTION

Breast cancer is the predominant type of cancer in women and accounts for approximately 

25% of all cases in females. While the Surveillance, Epidemiology, and End Results (SEER) 

program of the US National Cancer Institute (NCI) recently reported a 5-year relative 

survival rate of 88.8% for the years 2006–2012 (Jemal et al., 2017), the incidence of breast 

cancer continues to rise, with an overall increase from 105 to 130 per 100,000 population 

between 1975 and 2014 (NCI, 2017). Many risk factors for breast cancer are known to be 

hormone mediated, including obesity, hormone replacement therapy during menopause, late 

pregnancies or nulliparity, and exposure to endocrine-disrupting xenoestrogens such as 

phyto-/mycoestrogens through diet or the environment (Stewart and Wild, 2014; Yager and 

Davidson, 2006). More than 70% of breast cancer cases are classified as estrogen receptor 

(ER) positive (Howlader et al., 2014), and the manipulation of estrogen action has become a 

core aspect of breast cancer treatment (Musgrove and Sutherland, 2009).

To date, endocrine therapy is the most commonly administered first-line therapy for ER-

positive metastatic breast cancer (Nagaraj and Ma, 2015), because these cancer cells require 

estrogen supply for their growth (Yager and Davidson, 2006). The two receptor subtypes, 

ERα and ERβ, regulate gene expression through genomic and non-genomic signaling 

pathways in response to estrogen exposure affecting breast cancer cell growth and 
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proliferation (Shanle and Xu, 2011). Selective ER modulators may therefore be able to 

inhibit the ER function (e.g., tamoxifen). Alternatively, aromatase (i.e., CYP19A1) 

inhibitors, such as anastrozole or letrozole (LET), block the initial production of estrogen. 

Another well-known general target in cancer therapy is cell-cycle regulation and in recent 

years, three orally applied agents have been developed, which selectively target the cyclin-

dependent protein kinases (CDKs) 4 and 6, namely palbociclib (PAL), abemaciclib, and 

LEE011 (Mayer, 2015). PAL (Ibrance, PD0332991) targets the ATP binding site of CDK4-

cyclin D and CDK6-cyclin D complexes and induces cell-cycle arrest in the G(1) phase 

(Johnson et al., 2016b). It is applied orally in combination with either the aromatase 

inhibitor LET or the ER antagonist fulvestrant (FULV).In combination with LET is used as 

initial endocrine-based therapy in postmenopausal women with ER-positive, human 

epidermal growth factor receptor 2 (HER2)-negative metastatic breast cancer (Dhillon, 

2015; Mechcatie, 2015).

An accelerated US FDA approval for this combined therapy was granted in 2015. It was 

based on a randomized phase 2 study (PALOMA-1) of 165 postmenopausal women, 

resulting in a progression-free survival rate of about 20.2 months among the women treated 

with the combination of PAL and LET, compared with about 10.2 months among those 

treated with LET alone (Finn et al., 2015). The phase 3 study PALOMA-2 recently 

confirmed that the addition of PAL to the standard endocrine therapy (LET) significantly 

improved outcomes in the first-line treatment of breast cancer (Finn et al., 2016), making 

CDK4/6 inhibition in combination with anti-estrogens the new standard for the treatment of 

advanced ER-positive breast cancer (Wolff, 2016). Despite these groundbreaking clinical 

outcomes, the metabolic mechanisms underlying the drugs’ synergism at the metabolome 

level are yet unknown.

Considering the rise in breast cancer incidence, changes in diet have been considered as a 

potential cause. Phytoestrogens are plant-derived and food-related compounds with known 

estrogenic activity. Epidemiological evidence has implied that diets rich in phytoestrogens 

reduce the incidence of breast cancer, hence they are applied as so-called “natural” 

alternatives to hormone replacement therapy. However, their estrogenicity is also known to 

stimulate growth in experimental models of breast cancer (Rice and Whitehead, 2006). 

There are several classes of phytoestrogens, with the most prominent being the isoflavones, 

such as genistein (GEN), and the lignans. Some fungi are also able to produce secondary 

metabolites with estrogenic activity; these are referred to as mycoestrogens. This includes 

the non-steroidal estrogenic mycotoxin zearalenone (ZEN), which is the most prominent 

representative of this class. An indication that ZEN and some of its metabolites play an 

important role in the promotion of hormone-dependent tumors has been previously reported, 

particularly for those arising from breast and endometrium (Dees et al., 1997; Pazaiti et al., 

2012). ZEN and its reduced metabolites have been shown to interact with ERs and stimulate 

breast cancer cell growth in cell culture experiments (Khosrokhavar et al., 2009). Since 

LET’s mode of action is to block the production of endogenous estrogen and act as an 

aromatase inhibitor, it is relevant to evaluate if dietary xenoestrogens may interfere with 

LET and combined PAL + LET treatment.
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Mass spectrometry-based metabolomic analysis allows for the comprehensive measurement 

of small molecules and their modulation upon perturbance in a biological system. Since 

metabolites are the end products of regulatory processes, they provide a functional readout 

of the cellular state and their levels can be regarded as the ultimate response of a system to 

genetic or environmental challenge (Patti et al., 2012b). Metabolomics can reveal 

biologically relevant alterations resulting from xenobiotic exposure or any other 

environmental challenge (Johnson et al., 2012; Warth et al., 2017b). While this technology is 

routinely used for biomarker discovery, recent efforts are aiming toward deciphering 

mechanisms at the systems level (Huan et al., 2017; Johnson et al., 2016a). Although it is the 

youngest of the major omics disciplines, this field has made remarkable progress within the 

past decade mainly based on developments in analytical and bioinformatic technology 

(Johnson et al., 2015; Warth et al., 2017a).

The aim of this study was to elucidate the overall response of either individual PAL and LET 

dosing or a combination treatment on cell metabolism in ER-positive breast cancer cells. We 

evaluated metabolomics data using XCMS Online and a systems biology/pathway prediction 

tool to provide measures for significantly altered metabolites and integrated metabolic 

pathway analysis. Moreover, we addressed the impact of dietary xenoestrogens on this 

combined treatment for the first time.

RESULTS AND DISCUSSION

Metabolic Effect of Dosing Individual Agents

To gain a deeper understanding of the drugs’ effect on cellular metabolism, breast cancer 

cells were dosed with individual agents and a combination of PAL + LET (Figure 1). Meta-

analyses were used for initial data evaluation to compare the control group, cells dosed with 

the single agents, and cells receiving the combined dose (Patti et al., 2012a). As illustrated in 

Figure 2A, the individual drugs have exclusive effects on cellular metabolism with only nine 

statistically significant common metabolic features changed in both treatments. Systemwide, 

exposure to PAL at a concentration of 200 nM over a period of 48 hr led to a significant 

alteration of metabolic features (514) after filtering by p value and fold change (see the Star 

Methods). Incubation with 10 nM LET resulted in a similar number of dysregulated features 

(459). These distinct effects of the agents are also reflected by the metabolomics cloud plot 

(Figure S1) and the pathway cloud plots shown in Figure S2, which report predicted 

modified metabolic pathways based on the recently implemented systems biology 

functionality within XCMS Online (Forsberg et al., 2017; Huan et al., 2017). This tool 

allows for the rapid prediction of dysregulated pathways without time-consuming metabolite 

identification. While caution is warranted when interpreting these results, many of the key 

metabolites involved in the predicted pathways, including several molecules associated with 

central carbon and nucleotide metabolism, have been manually verified in a second step 

(Table 1). The drug concentrations were chosen to mimic plasma levels in patients 

undergoing therapy and based on previous reports (Finn et al., 2009 and our unpublished 

data).

While LET was shown to reduce proliferation of MCF-7 cells in the micromolar (Ismail et 

al., 2013; Rawat et al., 2013) and PAL even in the nanomolar range (Finn et al., 2009), our 
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metabolomics results suggest no major effect of the individual agents on the proliferation of 

cancer cells. Typically, the stimulation of pathways related to glucose uptake and glycolysis, 

as well as lipid-, protein-, and nucleotide synthesis, is an indication of cellular proliferation 

(Agathocleous and Harris, 2013). However, given the very low dose of LET (10 nM) and the 

short incubation time of 48 hr compared with other studies (Finn et al., 2009; our 

unpublished data), this was not unexpected. In the single treatments, no effect on amino acid 

metabolism and only a minor response on nucleotide metabolism were observed for both 

drugs. However, PAL alone reduced several intermediates of the central carbon metabolism 

(glycerate 3-phosphate, ribose, 6-phosphogluconic acid, lactic acid, malic acid), while for 

others (glucose 6-phosphate, ribulose 1,5-diphosphate, 5-phosphoribosyl diphosphate) a 

slight increase was seen in the LET group. Only a few fatty acids were upregulated by LET, 

with a generally more potent effect of PAL (Table 1).

Combined Agents Potentiate the Effects on Cellular Metabolism

The meta-analyses performed on XCMS Online illustrated the overall highly pronounced 

impact of the combination treatment compared with individual exposures by way of a Venn 

diagram, together with a metabolomics cloud plot and extracted box-and-whisker plots 

(Figure 2). The combination of PAL and LET resulted in 1,013 altered metabolic features in 

the breast cancer cells. Many of these metabolic features, however, may result from the same 

molecule due to the formation of adducts or insource fragment ions (Zamboni et al., 2015). 

From this dataset more than 100 significantly dysregulated metabolites (fold change >1.5, p 

< 0.05) were derived and 58 metabolites were putatively identified. Many of those were 

matched to key molecular building blocks with a prominent role in cellular metabolism. 

Table 1 reports on the relative changes upon single and combined treatments for major 

metabolites associated with central carbon, nucleotide, amino acid, and fatty acid 

metabolism. In line with the meta-analysis (Figure 2A), the effects on cellular metabolism 

following combined treatment are enhanced and draw a distinct picture: on the one hand, all 

significantly altered amino acids and central carbon metabolites (except ribose-5-phosphate) 

were clearly less abundant after PAL + LET dosing. On the other hand, fatty acids as well as 

nucleobases, nucleosides, and nucleotides (except UMP) showed the opposite behavior, with 

generally higher abundances (Table 1 and Figure 2). This behavior is corroborated by the 

results of the metabolic pathway prediction (Figure S2). We speculate that the increased 

levels of nucleic acid precursors might be caused by the PAL-mediated inhibition of 

CDK4/6 and the resulting cell-cycle arrest. This mode of action would prevent the utilization 

of precursors in the S phase where high concentrations are required for DNA replication 

(Lane and Fan, 2015).

The lower abundance of amino acids suggests that the mammalian target of rapamycin 

(mTOR) pathway, which is a negative target of AMP-activated protein kinase, is attenuated 

(Agathocleous and Harris, 2013). When activated by high amino acid levels, this pathway 

typically promotes anabolic reactions with multiple roles in cell differentiation and a 

stimulation of glycolysis, which was not apparent in our data. Since basically all amino 

acids were less abundant in the combined dosing group it appears reasonable to speculate 

that a master regulator, such as mTOR, is involved in the observed molecular events. mTOR 
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acts as a downstream effector for many oncogenic pathways and deregulation of mTOR 

signaling is a hallmark of many human cancers (Saxton and Sabatini, 2017).

To investigate if the combined PAL + LET treatment affects the mTOR pathway, we set out 

to determine the phosphorylation state of the mTOR downstream targets p70-S6-kinase and 

ribosomal protein S6. PAL + LET reduced phosphorylation of the proteins in the two tested 

ER-positive cell lines MCF-7 and T47D, indicating an inhibitory effect of the combined 

treatment on activation of S6 kinase by mTOR (Figure 3D).

Interestingly and in contrast to the combined effects of PAL and the ER antagonist FULV 

(our unpublished data), no metabolic signatures of cell death were observed in the study at 

hand. Most notable, nucleotide metabolism was overall upregulated after 2 days of PAL + 

LET exposure, while PAL + FULV resulted in some metabolites with dramatically decreased 

abundances. Thus, FULV and LET appear to have different effects on cellular metabolism 

when combined with PAL, and it remains to be determined whether the metabolic 

consequences of these drug treatments are responsible for the improved clinical outcome 

seen in patients on combination therapies (Cristofanilli et al., 2016; Finn et al., 2016).

Role of Xenoestrogens during Combined Agent Dosing

Pairwise and multigroup analyses within XCMS Online were utilized to evaluate the effect 

of the phytoestrogen GEN and the mycoestrogen ZEN on the combined PAL + LET 

treatment. Principal component analysis (PCA) and non-metric multidimensional scaling of 

the obtained data allowed for an unbiased assessment and visualization of their impact on a 

global scale in MCF-7 cells (Figures 3A and 3B). Using these non-supervised, multivariate 

analyses, it became apparent that the investigated xenoestrogens counteracted the metabolic 

effects of the combined PAL + LET treatment group. This behavior was confirmed for 

specific metabolites, which seemed to be particularly interesting players in the combined 

drug action (Table 1). Most of the highly dysregulated features observed in the univariate 

data were also found in the PCA model. The antagonistic effect of xenoestrogens on the 

combined drug treatment was also confirmed in cell-proliferation assays using the ER-

positive cell lines MCF-7 and T47D. Proliferation of both cell lines was markedly reduced 

after exposure to PAL + LET, compared with untreated cells. Strikingly, co-administration of 

PAL + LET with either of the two xenoestrogens GEN or ZEN restored cell proliferation to 

levels that were comparable with those of untreated cells (Figure 3C). This functional assay 

together with our metabolomics data provides evidence that dietary xenoestrogens have the 

potential to circumvent the anti-oncogenic effects of the PAL + LET combination therapy.

It has been reported in breast epithelial cells that the xenoestrogen bisphenol A induces 

activation of the mTOR pathway and leads to marked resistance to the mTOR-inhibitor 

rapamycin (Goodson et al., 2011). To investigate if the observed effects of GEN and ZEN on 

the combined PAL + LET treatment also affect the mTOR pathway, the phosphorylation 

state of the mTOR downstream targets p70-S6-kinase and ribosomal protein S6 was 

determined after xenoestrogen co-exposure as well. Our results show that the inhibitory 

effect of the combined drug treatment is antagonized by the tested xenoestrogens GEN and 

ZEN (Figure 3D), which is in line with the obtained metabolite data. mTOR activity is 

negatively regulated by low intracellular amino acid levels (Agathocleous and Harris, 2013). 
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In MCF-7 cells PAL + LET significantly reduced the abundance of numerous metabolites, 

notably many amino acids. However, addition of GEN or ZEN to the drug combination 

counteracted this inhibitory effect of PAL + LET and led to cellular amino acid levels that 

were comparable with those of untreated cells in many cases (Figure 4).

Breast cancer is a multifaceted disease with dietary factors and hormones being key 

elements in its development. Diet has long been acknowledged for its role in contributing to 

cancer risk; however, the molecular foundations of this phenomenon remain poorly 

understood (Sullivan and Vander Heiden, 2017). Bioactive food constituents and 

contaminants have been associated with both beneficial and potentially adverse effects on 

cancer susceptibility, progression, and outcome in general. In particular phytochemicals such 

as polyphenols have been used for the treatment of cancer; however, despite recent advances 

empowered by new metabolomic technology, their effect on cancer metabolism has not yet 

been fully clarified (Brasili and Filho, 2017). This is especially true for the impact of 

specific compounds during chemotherapy. There is considerable epidemiological evidence 

from Asian countries that high-soy diets (i.e., rich in isoflavones such as GEN) lower the 

incidence of breast cancer (Hilakivi-Clarke et al., 1999). Typically, Asian women consume 

substantially more soy food than women in Western-style populations, resulting in high 

phytoestrogen early-life exposures. Thus, it was suggested that the time point in life when 

exposure begins seems to be a critical parameter for a potential protective effect 

(Adlercreutz, 2002; Blei et al., 2015). A recent multiethnic US study associated higher 

dietary isoflavone intake with lower mortality in women with HR-negative tumors and those 

not treated with hormone therapy, while no negative impact on all-cause mortality was found 

for patients receiving (self-reported) hormone therapy (Zhang et al., 2017). Nechuta et al. 

(2012) described an association between higher consumption of soy-based foodstuff 

following a breast cancer diagnosis and improved treatment outcomes and reduced 

recurrence rates in more than 9,500 survivors from China and the United States. 

Interestingly, isoflavone intake was inversely associated with recurrence among both groups 

despite the large differences in dietary soy consumption by country.

Contradictory to these epidemiological surveys, GEN as well as other phytoestrogens 

stimulated the growth of ER+ cell lines in vitro (Rice and Whitehead, 2006). This paradox 

might be caused by the stronger affinity of phytoestrogens toward the ERβ than the ERα 
form of the ER (Rice and Whitehead, 2006). The xenoestrogens GEN and ZEN triggered a 

similar response on a significant share of metabolites in the treated cells in this study (Figure 

S3) even though GEN has a higher affinity toward the ERβ than the ERα form of the 

receptor (Rice and Whitehead, 2006) and ZEN interacts with both in a comparable manner 

(Takemura et al., 2007). Activation of ERα is associated with growth promotion in breast 

tumors, while the role of ERβ is less well understood. In general, affinity of phytoestrogens 

to the ERs is much lower than that of the principal endogenous estrogen 17β-estradiol.

Other groups have previously described changes in metabolite concentrations in breast 

cancer cells or xenograft models upon incubation with phytohormones. For example, Jäger 

et al. (2011) found increased levels of amino acids and arachidonic acid in two breast cancer 

cell lines upon high resveratrol doses. Ju et al. (2008) showed that dietary GEN can reverse 

the inhibitory effect of LET on tumor growth and adversely impact breast cancer therapy. 
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The authors even concluded that caution is warranted for consumption of dietary GEN by 

postmenopausal women with estrogen-dependent breast cancer taking LET treatment (Ju et 

al., 2008). Given the results obtained in this in vitro study it seems not unlikely that 

xenoestrogens such as the phytoestrogen GEN and the mycoestrogen ZEN may also 

influence the described PAL + LET combination therapy through their bioactivity in an in 
vivo scenario. As we aimed to unravel the effects on metabolism at baseline xenoestrogen 

concentrations realistic in a Western-style society (Soukup et al., 2016; Verkasalo et al., 

2007; Warth et al., 2013), it is important to note that the described alterations of metabolism, 

cellular proliferation, and mTOR signaling were caused by rather low concentrations. It is 

possible that individuals consuming high-soy (GEN) or high-cereal (ZEN) diets may exceed 

these concentrations in their plasma.

The specific reverse action of xenoestrogens on proliferation, oncogenic signaling (Figure 

3), and multiple key metabolites of the combined PAL + LET dosing (Figure 4) raises the 

question whether these dietary estrogens might have the potential to antagonize the 

synergistic effect of the combined treatment in breast cancer patients that led to its 

accelerated FDA approval (Finn et al., 2015). To ultimately determine if ZEN and/or GEN 

constitute potential dietary risk factors for the progression of hormone-dependent cancers or 

their treatment, further in vivo evidence is essential. To accomplish this task, it will be 

crucial to link sensitive exposure assessment of dietary estrogens to patient metabolism and 

therapy outcomes. These outstanding challenges are well aligned with the increasing interest 

in assessing complex drug-exposome interactions utilizing global multi-omics and systems 

toxicology approaches. Innovative metabolomics technology was proposed to become a key 

driver in this new research arena at the edge of disease progression/treatment, environmental 

exposures, and nutrition/food research (Beger and Flynn, 2016; Jones, 2016; Warth et al., 

2017b), a perspective supported by the data presented in this work.

Conclusions and Outlook

We describe the metabolic response of breast cancer cells on combined PAL and LET 

treatment and demonstrate their powerful impact on cellular metabolism, while the drugs 

dosed individually caused only minor effects. These results are in line with a phase 2 clinical 

trial of this combination treatment, the outcome of which led to its accelerated FDA 

approval (Finn et al., 2015). Untargeted metabolomics served to describe the overall cellular 

response, and it demonstrated that a recently developed pathway prediction tool expedited 

and refined data processing and evaluation. The dietary xenoestrogens GEN and ZEN 

showed a distinct effect on cellular metabolism, oncogenic signaling, and cell proliferation 

during the combined treatment. Our results shed light on the vast impact bioactive food-

related molecules may pose on cancer metabolism and treatment. It will be important to 

translate the results obtained in these experiments to animal models and ultimately to 

patients to enable targeted nutritional recommendations for breast cancer patients while 

undergoing treatment.

STAR⋆METHODS

Detailed methods are provided in the online version of this paper and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Phospho-p70 S6 Kinase (Thr389) 
Antibody

Cell Signaling Technology Cat#9205S

Phospho-S6 Ribosomal Protein 
(Ser235/236) Antibody

Cell Signaling Technology Cat#2211S

p70 S6 Kinase Antibody Cell Signaling Technology Cat#9202S

S6 Ribosomal Protein (5G10) Rabbit 
mAb

Cell Signaling Technology Cat#2217S

Chemicals, Peptides, and Recombinant Proteins

Genistein Sigma-Aldrich G6649, CAS Number 446-72-0

Zearalenone Sigma-Aldrich Z2125, CAS Number 17924-92-4

Palbociclib (metabolomics experiments) Pfizer Inc. N/A

Palbociclib (proliferation and mTOR 
assays)

Sigma-Aldrich Cat#PZ0199

Letrozole Sigma-Aldrich Cat#L6545

Sodium orthovanadate Sigma-Aldrich Cat#S6508

Sodium fluoride Sigma-Aldrich Cat#S7920

EDTA-free protease inhibitor cocktail Sigma-Aldrich Cat#11873580001

Phenylmethanesulfonyl fluoride (PMSF) Sigma-Aldrich Cat#P7626

Resazurin sodium salt Sigma-Aldrich Cat#R7017

Critical Commercial Assays

Pierce BCA Protein Assay Reagent A Thermo Scientific Cat#23223

Pierce BCA Protein Assay Reagent B Thermo Scientific Cat#23224

Deposited Data

Metabolomics pairwise job_C vs L XCMS Online #1133412

Metabolomics pairwise job_C vs P XCMS Online #1133413

Metabolomics pairwise_C vs PL XCMS Online #1133414

Metabolomics multi-group job_C vs P 
vs L vs PL

XCMS Online #1123819

Metabolomics pairwise job_PL vs PLZ XCMS Online #1123822

Metabolomics pairwise job_PL vs PLG XCMS Online #1123823

Metabolomics multi-group job_C vs P 
vs L vs PL vs PLZ vs PLG

XCMS Online #1123826

All deposited jobs can be accessed via 
XCMS Public using the accession 
numbers reported in the ‘identifier’ 
column

XCMS Online https://xcmsonline.scripps.edu/landing_page.php?pgcontent=listPublicShares

Experimental Models: Cell Lines

MCF-7 ATCC ATCC® HTB-22™

T47D ATCC ATCC® HTB-133™

Software and Algorithms

XCMS Online (Tautenhahn et al., 2012) http://xcmsonline.scripps.edu

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the 

corresponding author Benedikt Warth (benedikt.warth@univie.ac.at)
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EXPERIMENTAL MODEL DETAILS

Cell Lines—MCF-7 cells were obtained from ATCC (Manassas, VA) and cultured in 

Dulbecco’s Modified Eagle Medium F-12 Nutrient Mixture (Gibco-Life Tech, Grand Island, 

NY) without phenol red and supplemented with 10% fetal bovine serum (FBS; Sigma, St. 

Louis, MO) and penicillin-streptomycin (50 U/mL, Gibco-Life Tech, Grand Island, NY) at 

37 °C and 5% CO2. T47D cells were obtained from ATCC (Manassas, VA) and cultured in 

RPMI 1640 (Gibco-Life Tech, Grand Island, NY) supplemented with 10% FBS, 50 U/mL 

penicillin-streptomycin, and 0.2 U/mL bovine insulin. Only low-passage stocks were used; 

both cell lines originate from female subjects.

METHOD DETAILS

Cell Culture and Functional Assays—MCF-7 breast cancer cells, the most popular 

cell model to study ER positive breast cancers due to its exquisite hormone sensitivity 

(Holliday and Speirs, 2011), were used in all experiments whereas T47D cells were only 

examined in the proliferation and functional assays for confirmatory purpose. For 

metabolomics experiments, FBS was exchanged by charcoal-dextran stripped FBS, which 

provides low levels of hormones. Cells were routinely split and maintained in T-75 flasks at 

a confluence between 75-85%. For sub-culturing the cells were washed with PBS, detached 

with trypsin/EDTA and re-suspended in fresh culture medium. For the experiments cells 

were seeded in 6-well plates containing 3 mL cell culture medium. After 48 h cells were 

either incubated with common medium as control, PAL (200 nM), LET (10 nM), a PAL

+LET combination (200 nM, 10 nM), or the combined treatment plus the phytoestrogen 

GEN (1 μM) or the mycoestrogen ZEN (100 nM) for 48 h. The drug concentrations were 

based on a realistic ratio and previous reports (Finn et al. (2009); our unpublished data). For 

xenoestrogens, realistic concentrations in line with published data on food consumption/

contamination and background concentrations in bio-fluids were chosen to mimic a scenario 

as realistic as possible (Vejdovszky et al., 2017; Warth et al., 2013). For the duration of 

T47D experiments, phenol red-free RPMI 1640 and charcoal-dextran stripped FBS were 

used as well. Cell proliferation experiments were carried out in 96-well plates. 24 h after 

seeding (3,000 cells per well, 100 μl culture medium) drugs and/or xenoestrogens (200 nM 

PAL, 20 nM LET, 1 μM GEN, 100 nM ZEN) were added and cells were incubated for 72 h. 

A 100× stock solution (1 mg/mL) of the redox dye resazurin was added to the cell culture 

medium to a final concentration of 10 μg/mL and after incubation at 37 °C for 90 min, 

fluorescence intensities were quantified on a SYNERGY 4 instrument from BioTek 

(Winooski, VT). For phosphorylation assays cells were grown in 6-well plates and 48 h after 

drug and/or xenoestrogen (200 nM PAL, 20 nM LET, 1 μM GEN, 100 nM ZEN) exposure 

cell extracts were prepared (lysis buffer: PBS containing 0.5% Triton-X100, 1× protease 

inhibitor cocktail, 1 mM PMSF, 1 mM or-thovanadate, and 50 mM sodium fluride). Cell 

lysates ware centrifuged at 15,000×g for 30 min at 4 °C and protein concentration of the 

soluble fraction was determined by BCA assay. Lysates (15 μg total protein per sample) 

were subjected to SDS-PAGE and electroblotting onto PVDF membranes. Immunoblotting 

experiments with indicated antibodies were carried out as recommended by the supplier 

(Cell Signaling Technology).
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Cell culture media and supplements were purchased from ATCC (Manassas, VA) and Fisher 

Scientific (Pittsburgh, PA). Pierce BCA protein assay kit was purchased from ThermoFisher 

Scientific (Waltham, MA). Antibodies (phospho-p70-S6-kinase, Thr389 #9205; total p70-

S6-kinase #9202; phospho-S6 ribosomal protein, Ser235/236 #2211; total S6 ribosomal 

protein #2217) were purchased from Cell Signaling Technology (Danvers, MA).

Metabolomics Experiments

Sample Preparation—To extract the cells for global metabolomcis experiments, the 6-

well plates were placed on ice and the medium was removed using a vacuum pump. Cells 

were washed twice with 1 mL of ice cold PBS. Then, 1 mL ice cold quenching solution 

(MeOH:ACN:H2O (2:2:1, v/v) was added and the cells were detached using a cell scraper 

and the cell suspension was transferred to 1.5 mL microcentrifuge tubes (Eppendorf, 

Hauppauge, NY). Samples were vortexed followed by three cycles of shock-freezing in 

liquid nitrogen and subsequent thawing at room temperature and sonication 4 °C for 10 min. 

To precipitate proteins samples were incubated for 1 h at −20 °C and centrifuged 15 min at 

13,000 rpm and 4 °C. The supernatant was evaporated to dryness in a vacuum concentrator 

(Labconco, Kansas City, MO) and the dried extracts reconstituted in ACN:H2O (1:1, v/v) 

according to their protein content as determined by the BCA assay. Following sonication for 

10 min, and centrifugation (15 min, 13,000 rpm, 4 °C) the supernatants were transferred to 

LC vials and stored at −80 °C until analysis. All experiments were performed in at least four 

biological repetitions and the samples were not blinded.

LC-MS/MS Instrumentation—Analyses were performed in a randomized manner using a 

high performance liquid chromatography (HPLC) system (1200 series, Agilent 

Technologies) coupled to a Bruker Impact II quadrupole time-of-flight (Q-TOF) high 

resolution mass spectrometer (HR-MS; Bruker Daltonics, Billerica, MA). Cell extracts (4 

μL) were injected onto a Luna aminopropyl, 3 μm, 150 mm × 1.0 mm I.D. column 

(Phenomenex, Torrance, CA) for hydrophilic interaction liquid chromatography (HILIC) 

analysis in ESI negative mode. HILIC was chosen to analyze predominantly polar 

metabolites which typically retain better than on reversed phase columns. The mobile phase 

was A 20 mM ammonium acetate and 40 mM ammonium hydroxide in 95% water and 5% 

acetonitrile and B 95% acetonitrile, 5% water. A linear gradient from 100% B (0-5 min) to 

100% A (50-60 min) was applied at a flow rate of 50 μL/min. Acetonitrile (ACN; Fisher 

Scientific, Pittsburgh, PA), methanol (MeOH; Honeywell, Morris Plains, NJ) and water (J.T. 

Baker, Center Valley, PA) were all LC-MS grade. ESI source conditions were set as follows: 

negative polarity, gas temperature 220 °C, drying gas (nitrogen) 6 L/min, nebulizer 1.6 bar, 

capillary voltage 4500V. The instrument was set to acquire over a m/z range from 50-1000 

with the MS acquisition rate of 2 Hz. To ensure column re-equilibration and maintain 

reproducibility, a 12 min post-run was applied. For the acquisition of MS/MS spectra of 

selected precursors the default isolation width was set to 2 Da with MS and MS/MS 

acquisition rates of 4 Hz. For the generation of MS/MS spectra, 8 μL of the cell extracts 

were injected. The collision energy was set to 20-50 eV over the scan range.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Processing and Statistical Analysis of Metabolomics Data—Data was processed 

using XCMS Online (Tautenhahn et al., 2012) with an α=0.05. Pairwise, multigroup and 

meta XCMS jobs were run to evaluate the acquired HR-MS files in the most comprehensive 

way. Data was displayed as a feature table and plotted as a cloud plot for both, the 

metabolomic and pathway cloud plots (Huan et al., 2017). These contained m/z and 

retention time information (where applicable), integrated intensities, observed fold changes 

across the sample groups, and statistical significance for each sample. Metabolites were 

relatively quantified based on their abundances. Bruker Compass Data Analysis 4.3 software 

was used for additional manual data evaluation and verification. Metabolite identification 

was based on matching MS/MS spectra, mainly through the METLIN database (Smith et al., 

2005), which housed nearly one million unique metabolites at that time (Warth et al., 

2017b). In many cases the metabolite identities were further validated by comparison with 

authentic reference standards.

Processing and Statistical Analysis of Proliferation Assays—Data obtained from 

four independent cell proliferation assays (four replicates each) were combined for statistical 

analysis and displayed in bar graphs. Statistical significance of individual samples compared 

to control were determined using unpaired two-tailed t-test with 0.05 set as p-value for 

significance.

DATA AND SOFTWARE AVAILABILITY

The raw and processed metabolomics data is available via XCMS Public (https://

xcmsonline.scripps.edu/landing_page.php?pgcontent=listPublicShares; accession numbers 

#1133412, #1133413, #1133414, #1123819, #1123822, #1123823, #1123826). 

Metabolomics data was processed via XCMS Online which is a free cloud-based processing 

platform (http://xcmsonline.scripps.edu).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Synergism of palbociclib/letrozole chemotherapy was examined by 

metabolomics

• Combination therapy led to more pronounced effects than the single agents

• Dietary estrogens affected the metabolic and anti-oncogenic drug response

• Implications of these bioactive chemicals on therapeutic success appear 

plausible
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SIGNIFICANCE

Breast cancer is the leading type of cancer in women and more than 70% of breast 

cancers are classified as the subtype hormone receptor (estrogen and progesterone) 

positive and human epidermal receptor (HER2) negative. Exposure to xenoestrogens has 

been suggested as a risk factor in these cancers. They might act as endocrine disruptors 

and affect hormone signaling leading to cancer and may even impact therapeutic 

response, especially regarding drugs interacting with the ER. For patients with ER-

positive, HER2-negative tumors, recent clinical evidence proved superior outcomes in 

those receiving a combination therapy of a cyclin-dependent kinase 4/6 (CDK4/6) 

inhibitor (palbociclib, Ibrance) in addition to the current standard endocrine therapy 

(letrozole). However, neither the underlying metabolic effects causing this synergistic 

combinatory effect nor those of the individual agents have been investigated in an 

untargeted manner in cell models to date. Our global metabolomics data draw a distinct 

picture and describe effects of this combinatory treatment on the MCF-7 metabolome for 

the first time. Furthermore, we highlight the effects bioactive food chemicals may inflict 

on this novel therapy. Interestingly and potentially of high nutritional and clinical 

relevance, exposure to the tested model xenoestrogens appeared to counteract the 

metabolic and anti-proliferative effects of the combined therapy in vitro. Our study 

provides evidence that these food constituents/contaminants may attenuate the synergistic 

effect of the combined treatment in breast cancer patients.
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Figure 1. Overview of the Chemical Structures of Tested Drugs and Dietary Xenoestrogens and 
the Experimental Design of the Applied Global Metabolomics Approach
(A) The selective CDK4/6 inhibitor palbociclib and the aromatase inhibitor letrozole are a 

first-line treatment for ER-positive and HER-negative advanced breast cancer. The 

isoflavone genistein and the mycotoxin zearalenone are dietary xenoestrogens exhibiting 

affinity towards estrogen receptors.

(B) The untargeted metabolomics workflow was applied to the individual and the combined 

treatment of cancer drugs to study their synergism at the metabolomics level. In addition, the 

effect of the two xenoestrogens on the combined drug dosing was investigated. LC-QTOF-

MS, liquid chromatography-quadrupole time-of-flight-mass spectrometry.
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Figure 2. Comparison of Single-Agent Dosing versus the Combined Palbociclib + Letrozole 
Treatment in MCF-7 Breast Cancer Cells
(A) Venn diagram of meta-analyses between the individual and the combined dosing. 

Combined exposure to PAL and LET resulted in approximately twice as many altered 

metabolic features (1,013) than in the single treatments (PAL 514 and LET 459) after 48 hr 

incubation (fold change >1.5, p value <0.05).

(B–D) Total ion chromatograms (TIC) of the hydrophilic interaction liquid chromatography- 

mass spectrometry measurements were automatically corrected for retention time shifts and 

improved the quality of the mass spectrometric data underlying (A), (C), and (D). The 
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multigroup metabolomics cloud plot shown in (C) and the boxplots (D) highlight specific 

changes of the cancer cells’ metabolome following drug dosing. Boxplots (D) were 

extracted from (C) for six selected metabolites (1–6) whose abundances changed 

significantly in the combined dosing group. Palbociclib, letrozole, and the combination of 

both were compared with the solvent control (means ± SEM; n = 4; *p < 0.05, **p < 0.01).
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Figure 3. Dietary Xenoestrogens Counteract the Metabolic and Anti-oncogenic Effects of PAL + 
LET in Human Breast Cancer Cells
The combined treatment (PAL + LET) was compared with the combined treatment plus 

either 1 μM genistein (GEN) or 100 nM zearalenone (ZEN).

(A) PCA score plots: the first (PC1) and second (PC2) principal components explain 32% 

and 20% of the variance, respectively, for the experiment containing GEN, with very similar 

variances for ZEN (33% and 17%).
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(B) Non-metric multidimensional scaling visualizes the similarity level of individual 

samples in a dataset and also suggests the distinct effect of the xenoestrogens on the 

combined PAL + LET dosing samples.

(C) The effect of GEN and ZEN on the PAL + LET treatment was examined in cell 

proliferation assays. The human breast cancer cell lines MCF-7 and T47D were exposed to 

indicated drugs and/or xenoestrogens for 72 hr and viable cells were quantified using the 

resazurin assay. Shown are the percentages of individual samples relative to the control 

sample (DMSO only), which was set to 100% (means ± SD; n = 4; *p < 0.05, **p < 0.01, 

***p < 0.001). ns, not significant.

(D) Impact of xenoestrogens and/or combined PAL + LET treatment on phosphorylation 

state of mTOR downstream targets. Cells were exposed to the indicated compounds for 48 

hr. Western blot analysis of phospho-p70-S6-kinase (P-S6K), total S6K, phospho-S6 (P-S6), 

and total ribosomal protein S6. The images are representative of three independent 

experiments.
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Figure 4. Relative Abundances of Selected Key Metabolites Identified during Combined PAL + 
LET Dosing Were Significantly Altered by the Dietary Xenoestrogens Zearalenone and Genistein
The effect of the two food estrogens (100 nM ZEN or 1 mM GEN) added to the combined 

treatment was compared with the control (C), the single agents (PAL, P; LET, L), and the 

combined treatment (n = 4). The impact of the estrogens on the combination is highlighted 

by the blue shading. The y axis represents relative metabolite abundances (a.u.). PL, PAL + 

LET; PLZ, zearalenone; PLG, genistein.

Warth et al. Page 23

Cell Chem Biol. Author manuscript; available in PMC 2019 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Warth et al. Page 24

Ta
b

le
 1

Se
le

ct
ed

 M
et

ab
ol

ite
s 

Si
gn

if
ic

an
tly

 D
ys

re
gu

la
te

d 
in

 M
C

F-
7 

C
el

ls
 a

ft
er

 4
8 

hr
 D

os
in

g 
w

ith
 P

al
bo

ci
cl

ib
 (

20
0 

nM
; n

 =
 4

),
 L

et
ro

zo
le

 (
10

 n
M

; n
 =

 4
),

 o
r 

a 

C
om

bi
na

tio
n 

of
 P

al
bo

ci
cl

ib
 a

nd
 L

et
ro

zo
le

 (
20

0 
an

d 
10

 n
M

, R
es

pe
ct

iv
el

y;
 n

 =
 4

)

M
et

ab
ol

it
e 

N
am

e

P
al

bo
ci

cl
ib

L
et

ro
zo

le
C

om
bi

na
ti

on

F
ol

d 
C

ha
ng

e
p 

va
lu

e
F

ol
d 

C
ha

ng
e

p 
va

lu
e

F
ol

d 
C

ha
ng

e
p 

va
lu

e
T

re
nd

C
en

tr
al

 C
ar

bo
n 

M
et

ab
ol

is
m

G
lu

co
se

 6
-p

ho
sp

ha
te

n.
s.

n.
s.

1.
5

0.
04

09
1.

5
0.

00
86

G
ly

ce
ra

te
 3

-p
ho

sp
ha

te
0.

5
0.

01
14

n.
s.

n.
s.

n.
s.

n.
s.

Ph
os

ph
oe

no
l p

yr
uv

at
e

n.
s.

n.
s.

2.
5

0.
00

94
n.

s.
n.

s.

R
ib

os
e

0.
6

0.
03

89
n.

s.
n.

s.
0.

3
0.

00
23

−
−

−

R
ib

os
e 

5-
ph

os
ph

at
e

n.
s.

n.
s.

n.
s.

n.
s.

8.
6

0.
00

03
+

+
+

R
ib

ul
os

e 
1,

5-
di

ph
os

ph
at

e
n.

s.
n.

s.
1.

6
0.

00
18

0.
5

0.
01

09
−

−
−

5-
Ph

os
ph

or
ib

os
yl

-1
-d

ip
ho

sp
ha

te
n.

s.
n.

s.
2.

2
0.

00
19

0.
6

0.
00

88
−

−

6-
Ph

os
ph

og
lu

co
ni

c 
ac

id
0.

6
0.

01
78

n.
s.

n.
s.

0.
6

0.
00

18
−

−

L
ac

tic
 a

ci
d

0.
6

0.
01

33
n.

s.
n.

s.
0.

6
0.

00
27

−
−

M
al

ic
 a

ci
d

0.
8

0.
04

94
n.

s.
n.

s.
0.

8
0.

01
03

−

N
uc

le
ot

id
e 

M
et

ab
ol

is
m

A
de

ni
ne

n.
s.

n.
s.

n.
s.

n.
s.

6.
4

0.
00

63
+

+
+

A
de

no
si

ne
n.

s.
n.

s.
n.

s.
n.

s.
5.

6
0.

01
31

+
+

+

G
ua

no
si

ne
n.

s.
n.

s.
n.

s.
n.

s.
2.

2
0.

00
02

+
+

+

G
ua

no
si

ne
 d

ip
ho

sp
ha

te
1.

7
0.

01
49

n.
s.

n.
s.

1.
5

0.
00

15
+

G
ua

no
si

ne
 tr

ip
ho

sp
ha

te
1.

5
0.

03
52

n.
s.

n.
s.

1.
5

0.
00

28
+

U
ri

di
ne

n.
s.

n.
s.

2.
4

0.
00

37
3.

8
0.

00
11

+
+

+

D
eo

xy
ur

id
in

e
2.

8
0.

04
78

n.
s.

n.
s.

6.
0

0.
00

08
+

+
+

U
ri

di
ne

 m
on

op
ho

sp
ha

te
0.

7
0.

03
09

n.
s.

n.
s.

0.
4

0.
00

02
−

−
−

A
m

in
o 

A
ci

ds

Ph
en

yl
al

an
in

e
n.

s.
n.

s.
n.

s.
n.

s.
0.

5
0.

01
21

−
−

L
eu

ci
ne

n.
s.

n.
s.

n.
s.

n.
s.

0.
5

0.
02

95
−

−

T
hr

eo
ni

ne
n.

s.
n.

s.
n.

s.
n.

s.
0.

7
0.

01
52

−
−

Ly
si

ne
n.

s.
n.

s.
n.

s.
n.

s.
0.

8
0.

01
03

−

Cell Chem Biol. Author manuscript; available in PMC 2019 March 15.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Warth et al. Page 25

M
et

ab
ol

it
e 

N
am

e

P
al

bo
ci

cl
ib

L
et

ro
zo

le
C

om
bi

na
ti

on

F
ol

d 
C

ha
ng

e
p 

va
lu

e
F

ol
d 

C
ha

ng
e

p 
va

lu
e

F
ol

d 
C

ha
ng

e
p 

va
lu

e
T

re
nd

A
sp

ar
ta

te
n.

s.
n.

s.
n.

s.
n.

s.
0.

7
0.

00
09

−
−

G
lu

ta
m

in
e

n.
s.

n.
s.

n.
s.

n.
s.

0.
7

0.
01

19
−

−

G
lu

ta
m

at
e

n.
s.

n.
s.

n.
s.

n.
s.

0.
8

0.
00

37
−

A
rg

in
in

e
n.

s.
n.

s.
n.

s.
n.

s.
0.

7
0.

00
45

−
−

Fa
tty

 A
ci

ds
 M

et
ab

ol
is

m
 a

nd
 B

io
sy

nt
he

si
s

C
ap

ro
ic

 a
ci

d
1.

3
0.

00
61

n.
s.

n.
s.

2.
5

0.
00

28
+

+
+

H
ep

ta
no

ic
 a

ci
d

1.
2

0.
01

05
n.

s.
n.

s.
2.

3
0.

00
10

+
+

+

C
ap

ry
lic

 a
ci

d
1.

2
0.

01
68

1.
5

0.
00

01
2.

1
0.

00
21

+
+

+

N
on

an
oi

c 
ac

id
n.

s.
n.

s.
n.

s.
n.

s.
1.

7
0.

00
06

+
+

C
ap

ri
c 

ac
id

n.
s.

n.
s.

n.
s.

n.
s.

1.
3

0.
00

42
+

U
nd

ec
an

oi
c 

ac
id

1.
4

0.
00

38
1.

2
0.

03
01

1.
7

0.
00

05
+

+

L
au

ri
c 

ac
id

1.
4

0.
01

98
n.

s.
n.

s.
1.

6
0.

00
01

+
+

M
yr

is
tic

 a
ci

d
1.

6
0.

00
05

n.
s.

n.
s.

1.
5

0.
00

18
+

Pe
nt

ad
ec

yl
ic

 a
ci

d
1.

6
0.

00
29

1.
3

0.
02

83
1.

8
0.

00
14

+
+

A
ra

ch
id

on
ic

 a
ci

d
1.

9
0.

02
15

n.
s.

n.
s.

1.
8

0.
00

69
+

+

G
ly

ce
ro

l 3
-p

ho
sp

ha
te

n.
s.

n.
s.

n.
s.

n.
s.

2.
8

0.
00

06
+

+
+

1-
Pa

lm
ito

yl
 ly

so
ph

os
ph

at
id

ic
 a

ci
d

n.
s.

n.
s.

n.
s.

n.
s.

3.
4

0.
00

26
+

+
+

1-
O

le
oy

l l
ys

op
ho

sp
ha

tid
ic

 a
ci

d
n.

s.
n.

s.
n.

s.
n.

s.
3.

4
0.

00
58

+
+

+

V
al

ue
s 

ar
e 

fo
ld

 c
ha

ng
es

 w
he

n 
co

m
pa

ri
ng

 d
os

ed
 g

ro
up

s 
to

 c
on

tr
ol

 (
do

se
d/

co
nt

ro
l)

. U
np

ai
re

d 
tw

o-
ta

ile
d 

t t
es

t w
ith

 0
.0

5 
se

t a
s 

p 
va

lu
e 

fo
r 

st
at

is
tic

al
 s

ig
ni

fi
ca

nc
e.

 T
re

nd
 is

 in
di

ca
te

d 
fo

r 
th

e 
co

m
bi

ne
d 

tr
ea

tm
en

t 
w

ith
 +

 (
1.

0-
 to

 1
.5

-f
ol

d)
, +

+
 (

1.
5-

 to
 2

.0
-f

ol
d)

, +
+

+
 (

>
2.

0-
fo

ld
),

 −
 (

1.
0-

 to
 0

.7
5-

fo
ld

),
 −

−
 (

0.
75

- 
to

 0
.5

-f
ol

d)
, a

nd
 −

−
−

 (
<

0.
5-

fo
ld

).
 n

.s
., 

no
t s

ig
ni

fi
ca

nt
.

Cell Chem Biol. Author manuscript; available in PMC 2019 March 15.


	SUMMARY
	Graphical abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Metabolic Effect of Dosing Individual Agents
	Combined Agents Potentiate the Effects on Cellular Metabolism
	Role of Xenoestrogens during Combined Agent Dosing
	Conclusions and Outlook

	STAR⋆METHODS
	KEY RESOURCES TABLE

	Table T1
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL DETAILS
	Cell Lines

	METHOD DETAILS
	Cell Culture and Functional Assays

	Metabolomics Experiments
	Sample Preparation
	LC-MS/MS Instrumentation

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Processing and Statistical Analysis of Metabolomics Data
	Processing and Statistical Analysis of Proliferation Assays

	DATA AND SOFTWARE AVAILABILITY

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

