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A B S T R A C T

Over the past fifty years, society has become aware of the importance of a healthy diet in terms of
human fitness and longevity. More recently, the concept of the beneficial effects of certain
components of our diet and other compounds, that are consumed often by different cultures in
various parts of the world, has become apparent. These “healthy” components of our diet are
often referred to as nutraceuticals and they can prevent/suppress: aging, bacterial, fungal and
viral infections, diabetes, inflammation, metabolic disorders and cardiovascular diseases and
have other health-enhancing effects. Moreover, they are now often being investigated because of
their anti-cancer properties/potentials. Understanding the effects of various natural products on
cancer cells may enhance their usage as anti-proliferative agents which may be beneficial for
many health problems. In this manuscript, we discuss and demonstrate how certain nu-
traceuticals may enhance other anti-cancer drugs to suppress proliferation of cancer cells.

1. Introduction

Berberine (BBR), curcumin (CUR) and resveratrol (RES) are examples of three commonly consumed nutraceuticals which have
been investigated for prevention/treatment of various diseases and ailments for centuries (McCubrey et al., 2017a, 2017b). These and
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other nutraceuticals are contained in different components of our diet, such as; fruits, berries, grapes, spices obtained from plants
such as turmeric, oils from plants and fish and in addition leaves from various plants and trees. In general, they are not toxic at doses
that we consume normally. Moreover, they have been associated with long life and the prevention of common health problems such
as: cardiovascular, bacterial, fungal and viral infections, diabetes, inflammation and even obesity. There are many other nu-
traceuticals. Other commonly consumed nutraceuticals are olive oil and fish oil. More recently they have been investigated for their
anti-cancer and anti-aging effects, two processes which are often intimately related (Cusimano et al., 2017).

Nutraceuticals can affect neurological processes. It turns out that signaling pathways are dysregulated in neurological diseases
such as: Alzheimer's disease (AD), Amyotrophic lateral sclerosis (ALS) and others (Tomita, 2017; Bradshaw et al., 2015; Shamseddine
et al., 2015; Tu-Sekine et al., 2015; Aditi et al., 2016; Rohacs, 2016; Giudici et al., 2016; Yang et al., 2016; Kang et al., 2016; Hayashi
et al., 2016 Scarlata et al., 2016; Ghim et al., 2016; Raben and Barber, 2017). The PI3K/PTEN/Akt/mTORC1/GSK-3 signaling
pathway is often regulated by nutraceuticals and it plays critical roles in: diabetes, cardiovascular diseases, inflammation, neurology,
obesity, as well as cancer (Lupieri et al., 2015; Guidetti et al., 2015; Beretta et al., 2015; Mikoshiba, 2015; Huang and Natarajan,
2015; McCubrey et al., 2017c, 2017d,; Carman and Han, 2017; Hermida et al., 2017; Gowda et al., 2017a,b; Nishida et al., 2017;
Ricciardi et al., 2017; Ruvolo, 2017; Ruzzene et al., 2017; Hatch et al., 2017; Yamauchi et al., 2017; Shears et al., 2017; Ramazzotti
et al., 2017; Schrock et al., 2017; McCubrey et al., 2017c; Coant et al., 2017; Ebenezer et al., 2017; Mérida et al., 2017; Gowda et al.,
2017a,b; Campa and Hirsch, 2017; Ryuno et al., 2017). One of the first and most effective drugs to treat certain neurological diseases
is lithium which is often administered to manic depressive patients. A target of lithium is GSK-3 which is a key component of the
PI3K/PTEN/AKT/mTORC1/GSK-3, WNT-beta-catenin pathways and others (McCubrey et al., 2017a, 2017b).

BBRs are contained in many plants and fruits including: Berberis aetnensis C. Presl., Berberis aristata, Berberis vulgaris, Coptis
chinensis, Coptis japonica, Coptis rhizome, Hydrastis canadensis, Phellondendron amurense and Tinosora cordifolia. BBR is an isoquinoline
quaternary alkaloid (a 5,6-dihydrodibenzo [a,g]quinolizinium derivative). The health promoting effects of BBR has been known for
centuries. BBR is often used in traditional Chinese and Indian medicine and is frequently consumed.

BBR, like CUR and RES, are sometimes considered dietary supplement. However, certain fruits containing BBR can be purchased
over the counter at many different types of stores. BBR is also consumed for alleviation of various conditions/diseases such as:
abdominal pain, coronary artery disease, diabetes, diarrhea, fatty liver disease, gastroenteritis, hyperlipidemia, hypertension, me-
tabolic syndrome, neurodegeneration, obesity, polycystic ovary syndrome (McCubrey et al., 2017a, 2017b, 2017c; McCubrey and
Cocco, 2017) BBR is being examined in at least 35 clinical trials.

A new aspect of BBR may be in the treatment of certain cancers. BBR is believed to have anti-diabetic, anti-inflammatory and anti-
microbial (both anti-bacterial and anti-fungal) properties. BBRs can influence the expression of various genes that are involved in:
apoptosis, autophagy, metastasis and proliferation such as: BCL2, BCLXL, PARP1, Beclin-1, TP53, p21Cip1, MMP9 (Cordell et al.,
2001; Tillhon et al., 2012). In addition, BBRs may induce double strand DNA breaks and cell cycle arrest (Wang et al., 2012). These
properties of BBR may be related to its potential anti-cancer effects.

BBRs may interact with DNA and RNA via the nitrogen atom at the 7-positon in the alkaloid BBR skeleton. This interaction
between BBR and nucleic acids may inhibit telomerases and topoisomerases (Qin et al., 2007; Kim et al., 1998; Gatto et al., 1996;
Bhowmik et al., 2012). In addition, BBRs may influence gene transcription by interacting with the TATA-binding protein and the
TATA-box present in certain promoter regions (e.g., BCL2) (Xiao et al., 2012; Wang et al., 2011).

Some of the potential anti-diabetic and anti-cancer effects of BBRs are their ability to localize to the mitochondria and inhibit the
electron transport chain and activate 5′ AMP-activated protein kinase (AMPK) and suppress mTOR activity (Wang et al., 2010a; Liu
et al., 2011). The PI3K/PTEN/Akt/mTORC1 and Raf/MEK/ERK pathways are inhibited when AMPK is activated.

BBR can also inhibit senescence by altering gero-conversion from the process of cell cycle arrest to the induction of senescence by
targeting mTOR/S6 and the generation of ROS (Zhao et al., 2013; Halicka et al., 2012).

The nutraceutical CUR is frequently obtained as an extract from the plant Curcuma longa (Turmeric). However, there are other
compounds present in the extract which are referred to as curcuminoids. The turmeric extract consists of 60–70% CUR, 20–27%
demethooxycurcumin and 10–15% bisdemethoxycurcumin (Nelson et al., 2017). These curcuminoid comprise 1–6% of the total
weight of the turmeric tuber.

CUR is believed to have many health promoting properties including: anti-aging, anti-cancer, anti-hypertensive, anti-in-
flammatory and anti-neurological activities. The market for CUR is thought to be close to $100 million by 2022 (http://www.
grandviewresearch.com/industry-analysis/turmeric-extract-curcumin-market). The effects of CUR are being examined in at least 129
clinical trials for various diseases.

CUR may exert some of its effects by altering drug transporter activity in cancer cells. CUR could enhance the anti-tumor
properties of the DNA cross linking agent mitomycin C by inhibiting the expression of ATP-binding cassette transporter G2 (ABCG2,
a.k.a breast cancer resistance protein, BCRP) expression. CUR treatment also increased the sensitivity of MCF-7 and MDA-MB-231
breast cancer cells to multiple chemotherapeutic drugs including: cisplatin, doxorubicin and paclitaxel and inhibited the sphere
forming capacity of the cells when both CUR and a chemotherapeutic drug were added together. These events were shown to be
dependent upon the suppression of ABCG2 by CUR treatment (Zhou et al., 2015a).

CUR has been shown to have effects on microRNA (miR) expression. CUR treatment of cutaneous T-cell lymphoma (CTCL)
inhibited JAK-3 activity and induced miR-22 expression and suppressed the expression of many genes including: cyclin dependent
kinase 2 (CDK2), histone deacetylase 6 (HDAC6), MYC associated factor X (MAX), MYC binding protein (MYCBP), nuclear receptor
coactivator 1 (NCOA1), and PTEN. (Sibbesen et al., 2015).

An additional miR that is regulated by CUR is miR-34. CUR and miR-34 will regulate the expression of histone modifying
enzymes. Histone modifying enzymes can affect the accessibility of promoter regions to transcription factors (Tao et al., 2013).
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CUR can also suppress the PI3K/PTEN/AKT/mTORC1 pathway. CUR can induce the expression of miR-192-5b expression in A549
lung cancer cells. This resulted in decreased PI3K/PTEN/Akt/mTORC1 activity and increased apoptosis (Ye et al., 2015; Jin et al.,
2015).

RES is often present in the skins of red grapes. RES is also contained in Polygonum cuspidatum, which is considered an invasive
weed as it is related to bamboo. Historically, RES has been associated more with red wine, however, RES is also consumed as a non-
alcoholic dietary supplement as a pill. It was estimated in 2012 that the global market for RES was $50 million (http://www.
nutraingredients.com/Markets-and-Trends/US-dominates-global-resveratrol-market). This may be an actual underestimate today as
RES is often sold in pill or liquid forms as a dietary supplement (non-alcohol based).

RES has many different effects. Perhaps one of the most studied effects of RES is the activation of sirtuins. Sirtuins are a family of
proteins involved in regulation of gene expression. Many sirtuins function as histone deacetylates. The induction of sirtuins by RES
has been postulated to be responsible for the beneficial effects of the Mediterranean diet (Russo et al., 2014). RES can also modulate
NF-kappaB activity and inhibit cytochrome P450 isoenzyme (CYP A1) drug metabolism and cyclooxygenase activity. In addition, RES
may influence TP53, FAS/FAS-ligand (FAS-L = CD95, tumor necrosis factor receptor superfamily member 6 [TNFRSF6]) induced
apoptosis and mammalian target of rapamycin/mechanistic target of rapamycin (mTOR) activity. RES may also have effects on
immune-regulatory cells by inducing the apoptosis of activated T cells and suppress tumor necrosis factor-alpha (TNF-alpha), in-
terleukin 17 (IL-17) and additional pro-inflammatory cytokines (Diaz-Gerevini et al., 2016; Han et al., 2015a).

At least 110 clinical trials are or have been performed with RES. These trials examine the effects of RES on many different diseases
ranging from aging, cardiovascular disorders, cancer, neurodegenerative, obesity and others. RES can activate AMPK. This important
kinase is involved in insulin signaling and glucose uptake. Although it was initially studied in metabolism and metabolic diseases such
as diabetes, it is now known to play essential roles in cancer as metabolism is very important in cancer development. Treatment of
Neuro-2a (N2A) muscle cells with RES led to AMPK, AKT and GSK-3beta phosphorylation. The AMPK inhibitor compound C inhibited
RES-mediated AMPK activation as well as AKT and GSK-3beta phosphorylation, glucose uptake and insulin signaling (Patel et al.,
2011). Part of the anti-diabetic effects of the drug metformin are the induction of AMPK.

RES can have neuroprotective effects (Varamini et al., 2014; Lin et al., 2014 Abdel-Aleem et al., 2016). Often these effects are
mediated at least in part by the PI3K/PTEN/AKT/mTORC/GSK-3 pathway. Treatment with RES can protect against cerebral
ischemia. This was shown to be due to its anti-oxidant and oxygen free radicals scavenging abilities (Simão et al., 2012).

RES can also stimulate AMPK protein levels and ERK1,2 and AKT activation in myoblast cells. This can affect differentiation and
muscle hypertrophy. Thus, REV has been postulated to be potentially useful in treatment of chronic functional and morphological
muscle impairment (Montesano et al., 2013). AKT can mediate some of its effects on skeletal myotubes hypertrophy by suppressing
GSK-3 (Rommel et al., 2001). GSK-3 is a key component of the PI3K/PTEN/AKT/mTORC1 and WNT/beta-catenin pathways.

RES treatment can reduce cardiac mitochondrial swelling and infarct size at reperfusion and lead to cardio-protection.
Phosphorylation of GSK-3beta, which often results in its inactivation, is enhanced upon RES treatment. The mitochondrial perme-
ability transition pore (mPTP) may be target by RES. This may lead to the translocation of GSK-3 from cytosol to mitochondrial. This
permits GSK-3beta to interact with cyclophilin D to regulate mPTP (Xi et al., 2009).

GSK-3 inhibition has been shown to stimulate the interactions between muscle fructose-1,6-bisphosphatase (FBP2) and cardiac
mitochondria. This protects mitochondria against swelling. In addition, the interaction of proteins involved in formation of mPTP is
suppressed. This could be part of the mechanism responsible for RES-induced suppression of cardiac mitochondria swelling (Gizak
et al., 2012).

Treatment of human umbilical vein endothelial cells (HUVEC) with five micromolar activates the Raf/MEK/ERK and PI3K/PTEN/
AKT/mTORC1 pathways. This results in RES-mediated phosphorylation of GSK-3beta. The expression of VEGF and angiogenesis were
induced at this RES concentration. However, RES at concentrations such as twenty micromolar, negative effects were observed. At the
lower RES concentrations, the increase in VEGF expression was on the accumulation of beta-catenin in the nucleus possibly due to
inhibition of GSK-3 activity (Wang et al., 2010b).

2. Signaling pathways affected by nutraceuticals—Common link with cancer

Nutraceuticals often exert their effects through signaling pathways such as Ras/Raf/MEK/ERK, PI3K/PTEN/AKT/mTORC1/GSK-
3, JNK, JAK/STAT and TP53. These pathways are central in many biological processes (Cervello et al., 2017; McCubrey et al., 2017a,
2017b). These pathways play essential roles proliferation as well as diabetes, inflammation, and neurological disorders such as
Parkinson's Disease and AD and are often aberrantly regulated in cancer. The roles of these pathways in various disorders and cancer
have been recently reviewed (McCubrey et al., 2014a; McCubrey et al., 2014b; McCubrey et al., 2014c; Chappell et al., 2016;
McCubrey et al., 2015; McCubrey et al., 2016; McCubrey et al., 2017c; Cariello et al., 2017; Pappas et al., 2017; Jhanwar-Uniyal
et al., 2017).

Attempts to inhibit the PI3K/PTEN/Akt/mTORC1/GSK-3 and other signaling pathways have been a central focus in many
pharmaceutical companies as well as basic science laboratories for the past 25 years (Kriplani et al., 2015; Fitzgerald et al., 2015;
Baer et al., 2015; Jhanwar, 2015; Mollinedo and Gajate, 2015; Shears, 2015; McCubrey et al., 2015; Dusaban and Brown, 2015;
Olayanju et al., 2015; Spinelli et al., 2015; Jhanwar-Uniyal et al., 2015; Carroll et al., 2015; Schurmans et al., 2015 Jahan and Davie,
2015; Barker et al., 2015 Scoumanne et al., 2016; Geck and Toker, 2016; Fields et al., 2016; Anderson et al., 2016; Maczis et al., 2016;
Falasca and Ferro, 2016; Cocco et al., 2016; Tanaka et al., 2016; Perdios et al., 2016; Erneux et al., 2016; Banfic et al., 2016; Pyne
et al., 2016; McCubrey et al., 2017a, 2017b).

3,5,4′-trimethoxystilbene (MR-3) is a methoxylated-derivative of RES. It has effects on MCF-7 breast and many other cancer cells.
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Treatment of breast cancer cells with MR-3 resulted in increased E-cadherin expression. In contrast, treatment with MR-3 resulted in
decreased SLUG, SNAIL and vimentin expression which led to decreased invasion and migration. Decreased expression and nuclear
translocation of beta-catenin was observed which lead to decreased transcription of beta-catenin target genes. MR-3 treatment also
suppressed AKT activity which resulted in GSK-3beta activity and suppressed AKT phosphorylation in MR-3-treated MCF-7 cells (Tsai
et al., 2013). Thus, some of the targets of the RES derivative MR-3 are stimulation of GSK-3 activity.

RES can hinder the development of N-nitrosobis (2-oxopropyl)amine-induced pancreatic cancers in hamsters. RES treatment
decreased both the activities of both PI3K/PTEN/AKT/mTORC1/GSK-3beta and RAF/MEK/ERK signaling pathways (Kato et al.,
2015).

ROS-induced oxidative stress can have deleterious effects on mitochondrial function. RES can protect mitochondria against ROS-
induced stress by inhibition of GSK-3beta. RES can regulate the activities of AMPK, liver kinase B1 (LKB1) and sirtuin 1 (SIRT1). In
HEPG2 liver cells, treatment with RES resulted in suppression of apoptosis, glutathione depletion and ROS production. These events
are normally mediated by arachidonic acid (AA) and iron. siRNA knock-down of LKB1 lead to AMPK inhibition. Suppression of AMPK
decreased the ability of RES to prevent mitochondrial dysfunction in HEPG2 liver cancer cells. (Shin et al., 2009).

RES can inhibit the NOTCH signaling pathway and induce apoptosis in the MOLT-4 T lymphoblastic leukemia cell line. In these
cells, RES also inhibited the PI3K/PTEN/AKT/mTORC1/GSK-3 pathway which led to GSK-3beta activation as it was no longer
phosphorylated at S9 (Cecchinato et al., 2007). In summary, RES can affect the PI3K/PTEN/AKT/mTORC1, RAS/RAF/MEK/ERK and
other pathways which frequently alter gene expression, proliferation, induction of apoptosis, invasion an metastasis.

3. Combining nutraceuticals with signal transduction inhibitors

The effects of combining nutraceuticals such as CUR with PI3K inhibitors have been examined in many cancer models. Co-
addition of CUR with the PI3K inhibitor LY294002 increased apoptosis in MCF-7 breast cancer cells. (Kizhakkayil et al., 2010).
Likewise, the effects of combining BBR with the dual EGFR/HER2 inhibitor lapatinib. BBR inhibited the lapatinib-resistance of
HER2+ breast cancer. The co-treatment resulted in elevated ROS levels. Lapatinib treatment was determined to induce the c-MYC/
pro-NRF2 and GSK-3beta signaling pathways in lapatinib-resistant cells which lead to NRF2 stabilization and low levels of ROS.
Treatment with BBR increased ROS production and decreased c-MYC expression. This lead to decreased lapatinib-resistance and
inhibited cell growth (Zhang et al., 2016a).

RES treatment can also regulate the expression of key genes involved in cell cycle progression. In ovarian cancer cells, RES
treatment resulted in decreased cyclin D1. This was determined to occur by RES modulating AKT and subsequent GSK-3beta
phosphorylation. In addition, RES also reduced the levels activated ERK1 and ERK2 phosphorylation. Treatment with either PI3K or
MEK inhibitors augmented the effects of RES (Vergara et al., 2012).

Various nutraceuticals will have potent anti-oxidant properties and they thus may be suitable for combination with che-
motherapeutic drugs to treat cancer cells, including therapy-resistant cancer cells (Prasad et al., 2017; Almomen et al., 2017;
Reddyvari et al., 2017; Kumari et al., 2017; Basu and Maier, 2016; Eshwarappa et al., 2015; Babich et al., 2011).

4. Effects of BBR on pancreatic and breast cancer cells

The effects of either BBR or a combination of BBR and different nutraceutical, chemotherapeutic drugs or signal transduction
pathway inhibitors were examined in pancreatic and breast cancer cell lines. This scientific approach has clinical relevance as a
common goal in cancer therapy is to lower the doses of either chemotherapeutic drugs or signal transduction inhibitors by inclusion
of an agent such as a nutraceutical which is normally provided or consumed at low, non-toxic doses. The experiments presented in
Figs. 1–5 were all performed the same time.

As controls, the effects of BBR, by itself, on a pancreatic cell line (MIA-PaCA-2) and a breast cancer (MCF-7) cell line are presented
in Fig. 1, Panel A. As seen in Panel A, the effects of BBR on MCF-7 and MIA-PaCa-2 cells were similar and IC50s of approximately
700 nM and 1000 nM were observed respectively.

The effects of the nutraceutical genistein, a phytoestrogen which is present in many food sources such as soybeans (Fukutake
et al., 1996) were also examined in these same experiments. As seen in Panel B and C, the IC50s of approximately 800 nM and
4000 nM were observed in MIA-PaCa-2 and MCF-7 cells respectively. Both MCF-7 and MIA-PaCa-2 cells are estrogen receptor (ER)
positive (Chappell et al., 2013; Guo et al., 2004). Phytoestrogens such as genistein and daidzein have effects on ER + cells which in
some cases can stimulate proliferation and in other cases suppress growth (Hsieh et al., 1998). Genistein has been shown to affect
ERbeta more than ERalpha (McCarty, 2006). Combining genistein with a suboptimal dose of BBR reduced the berberine IC50 from
800 to 60 nM (13.3-fold) in ER +MIA-PaCa-2 cells and from 4000 to 300 (13.3-fold) in ER +MCF-7 cells. Thus, combining genistein
with sub-optimal doses of BBR lowered the IC50s for genistein in two ER + cells of different tissue origins.

MIA-PaCa-2 and MCF-7 cells both express the epidermal growth factor receptor (EGFR) (Arnoletti et al., 2004; Nunes-Xavier et al.,
2012). When MIA-PaCa-2 or MCF-7 cells were treated with the AG1478 EGFR inhibitor, IC50s of approximately 1000 nM were
observed in both cell lines (Fig. 2, Panels A and B). Upon treatment with a suboptimal dose of BBR, the IC50 decreased to about 70 nM
(14.3-fold) in both MIA-PaCa-2 cells and MCF-7 cells. Thus, co-addition of BBR decreased the concentration of the EGFR inhibitor
required to reach the IC50 of the EGFR inhibitor in both cell lines.

The protein MEK1 is an important key component of the RAS/RAF/MEK/ERK signaling pathway which is ubiquitously expressed.
Upstream KRAS is mutated MIA-PaCa-2 and most pancreatic cells and not in MCF-7 breast cancer cells (Fitzgerald et al., 2015; Davis
et al., 2014). Upon treatment with the MEK1 inhibitor PD0329501, an IC50 of approximately 30 nM was observed in MIA-PaCa-2 cells
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(Fig. 2, Panel C) and approximately 200 nM in MCF-7 cells (Fig. 2, Panel D). However, upon treatment with a suboptimal dose of BBR,
the IC50 decreased to about 2 nM (15-fold) in MIA-PaCa-2 cells and 15 nM (13.3-fold) in MCF-7 cells. Thus, co-addition of BBR
decreased the concentration of the MEK1 inhibitor required to reach the IC50 for the MEK1 inhibitor in both cell lines.

Parthenolide is another natural product that is a sesquiterpene lactone. Parthenolide has been isolated from feverfew and other
plants. It has various biochemical targets including NF-kappa-B, histone deacetylases and others (McCubrey et al., 2012a; Hartman
et al., 2016). When MIA-PaCa-2 and MCF-7 cells were treated with parthenolide, IC50s of approximately 22 nM and 3 nM were
observed respectively (Fig. 3, Panels A and B). When the cells were treated with the suboptimal doses of BBR, the levels of relative
growth decreased in both the MIA-PaCa-2 and MCF-7 cells. The IC50 for parthenolide dropped from 22 to 0.8 nM (27.5-fold) in MIA-
PaCa-2 cells (Panel A) but did not change significantly in MCF-7 cells (Panel B).

The effects of the BCL2 inhibitor ABT737 on MIA-PaCa-2 and MCF-7 cells were examined (Panels C and D respectively). When
MIA-PaCa-2 and MCF-7 cells were treated with the ABT737 inhibitor, IC50s of 220 and 40 nM were observed respectively. When MIA-
PaCa-2 cells were treated with the BCL2 inhibitor and the suboptimal concentration of BBR (Panel C), the IC50 for the BCL2 inhibitor
dropped from 220 nM to approximately 8 nM (27.5-fold). In contrast, the addition of the suboptimal dose of BBR (Panel D) did not
reduce the IC50 of the BCL2 inhibitor in MCF-7 cells, the apparent IC50 in the co-addition increased from about 40 nM to 180 nM
(Panel D).

The effects of targeting components of the PI3K/PTEN/AKT/mTORC pathway were examined in MIA-PaCa-2 and MCF-7 cells by
treating the cells with the PI3K/mTOR dual inhibitor NVP-BE235 and the mTORC1 blocker rapamycin in Fig. 4. MIA-PaCa-2 cells
have mutant KRAS while MCF-7 cells have mutant PIK3CA (McCubrey et al., 2012b, 2012c). These mutations will result in altered
PI3K/AKT/mTOR activity. When MIA-PaCa-2 and MCF-7 cells were treated with the dual PI3K/mTOR NVP-BE235 inhibitor, IC50s of
approximately 60 nM and 8 nM were observed (Panels A and B respectively). When the cells were treated with the suboptimal
concentration of BBR and NVP-BE235, IC50s of 4 nM and 1.3 nM were observed respectively. Thus, BBR reduced the IC50s for NVP-
BE235 in both MIA-PaCa-2 and MCF-7 cells (15-fold and 6.3-fold respectively).

The effects of the mTORC1 blocker rapamycin on MIA-PaCa-2 and MCF-7 cells were determined (Panels C and D). When MIA-
PaCa-2 or MCF-7 cells were treated with rapamycin, IC50s of approximately 30 nM and 3 nM were observed respectively. When the
cells were treated with the suboptimal concentration of BBR and rapamycin, IC50s of 0.08 nM and 0.1 nM were observed respectively.
Thus, BBR reduced the IC50s for rapamycin in both MIA-PaCa-2 and MCF-7 cells (375-fold and 30-fold respectively).

Fig. 1. Effects of the Nutraceuticals Berberine And Genistein on the Proliferation of MIA-PaCa-2 and MCF-7 Cells. MIA-PaCa-2 (blue squares) and MCF-7 (red circles)
cells were titrated with different concentrations of BBR (Panel A) or with genistein (red squares) and a sub-optimal dose of berberine (blue circles) (Panels B & C).
Arrows on the X-axis indicate where the IC50s can be estimated. In Panel B, the two-tailed P value is less than 0.0001 between genistein and genistein and BBR treated
MIA-PaCa-2 cells and is considered to be extremely statistically significant. In Panel C, the two-tailed P value is less than 0.0001 between genistein and genistein and
BBR treated MCF-7 cells and is considered to be extremely statistically significant. All of the experiments indicated in this figure were performed on the same day.
These experiments were repeated 3 times and similar results were obtained. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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5. Effects of combining BBR with chemotherapeutic drugs on pancreatic cancer cells

The effects of BBR and four different chemotherapeutic drugs on MIA-PaCa-2 cells were examined (Fig. 5). When MIA-PaCa-
2 cells were cultured with different doses of doxorubicin, an IC50 of approximately 300 nM was observed (Panel A). When these same
cells were cultured with doxorubicin and the suboptimal concentration of BBR, the concentration of doxorubicin required to reach
the IC50 was approximately 40 nM, a reduction of 7.5-fold.

Upon exposure of MIA-PaCa-2 cells to different doses of mitoxantrone, an IC50 of approximately 400 nM was observed (Panel B).
When these same cells were cultured with mitoxantrone and the suboptimal concentration of BBR, the concentration of mitoxantrone
required to reach the IC50 was approximately 50 nM, a reduction of 8-fold.

When MIA-PaCa-2 cells were cultured with different doses of docetaxel, an IC50 of approximately 18 nM was observed (Panel C).
When these same cells were cultured with docetaxel and the suboptimal concentration of BBR, the concentration of docetaxel
required to reach the IC50 was approximately 0.35 nM, a reduction of 51-fold.

Upon exposure of MIA-PaCa-2 cells to different doses of paclitaxel, an IC50 of approximately 0.4 nM was observed (Panel D).
When these same cells were cultured with paclitaxel and the suboptimal concentration of BBR, the concentration of paclitaxel
required to reach the IC50 was approximately 0.02 nM, a reduction of 20-fold. Thus, suboptimal BBR treatments with certain che-
motherapeutic drugs would reduce the concentration of the chemotherapeutic drug required to reach the IC50 for the chemother-
apeutic drug.

6. Effects of suboptimal concentrations of RES and chemotherapeutic drugs on pancreatic cancer cells

This set experiments was performed on a different time than the experiments presented in Figs. 1–5, that is a reason why the
titration curves and IC50s presented may be slightly different. As a control, the effect of RES by itself, on MIA-PaCa-2 cells was

Fig. 2. Effects of EGFR and MEK1 Inhibitors in the Absence and Presence of Suboptimal Doses of BBR on the Proliferation of MIA-PaCa-2 and MCF-7 Cells. MIA-PaCa-2
and MCF-7 cells were titrated with different concentrations of the AG1478 EGFR inhibitor (Panels A and B) or the PD0329501 MEK1 inhibitor (Panels C & D) in the
absence (red squares) and presence (blue circles) of sub-optimal doses of berberine. Arrows on the X-axis indicate where the IC50s can be estimated. In Panel A, the
two-tailed P value is less than 0.0001 between the AG1478 EGFR inhibitor and the AG1478 EGFR inhibitor and BBR-treated MIA-PaCa-2 cells and is considered to be
extremely statistically significant. In Panel B, the two-tailed P value is less than 0.0001 between the AG1478 EGFR inhibitor and the AG1478 EGFR inhibitor and BBR-
treated MCF-7 cells and is considered to be extremely statistically significant. In Panel C, the two-tailed P value is less than 0.0001 between the PD0329501 MEK1
inhibitor and the PD0329501 MEK1 inhibitor and BBR-treated MIA-PaCa-2 cells is less than 0.0001 and is considered to be extremely statistically significant. In Panel
D, the two-tailed P value is less than 0.0001 between the PD0329501 MEK1 inhibitor and the PD0329501 MEK1 inhibitor and BBR-treated MCF-7 cells and is
considered to be extremely statistically significant. All of the experiments indicated in this figure were performed on the same day. These experiments were repeated 3
times and similar results were obtained. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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examined and an IC50 of approximately 35 μM was detected (Fig. 6, Panel A). When the MIA-PaCa-2 cells were treated with che-
motherapeutic drug doxorubicin, an IC50 of approximately 200 nM was observed (Panel B). Upon culture of the MIA-PaCa-2 cells
with doxorubicin and a suboptimal concentration of 12.5 μM RES, the IC50 did not decrease.

When the MIA-PaCa-2 cells were treated with chemotherapeutic drug docetaxel, an IC50 of approximately 10 nM was observed
(Panel C). Upon culture of the MIA-PaCa-2 cells with docetaxel and a suboptimal concentration of 12.5 μM RES, the level of growth
detected decreased and the IC50 declined slightly from 10 nM to 7 nM, approximately 1.4-fold.

When the MIA-PaCa-2 cells were treated with chemotherapeutic drug mitoxantrone, an IC50 of approximately 20 nM was ob-
served (Panel D). Upon culture of the MIA-PaCa-2 cells with mitoxantrone and a suboptimal concentration of 12.5 μM RES, the level
of growth detected decreased and the IC50 declined from 20 nM to 2 nM, approximately 10-fold. The IC50 for mitoxantrone in these
experiments was lower than that observed in the experiments presented in Fig. 5. These experiments were performed on different
dates These experiments illustrate the importance of performing the drug treatment and drug treatment combined with nutraceuticals
at the same time. All the experiments presented in this manuscript where performed in that fashion.

When the MIA-PaCa-2 cells were treated with chemotherapeutic drug 5-fluorouracil (5-FU), an IC50 of approximately 4 μM was
observed (Panel E). Upon culture of the MIA-PaCa-2 cells with 5-FU and a suboptimal concentration of 12.5 μM RES, the level of
growth detected decreased and the IC50 declined from 4 μM to 2 μM, approximately 2-fold.

When the MIA-PaCa-2 cells were treated with chemotherapeutic drug cisplatin, an IC50 of approximately 100 μM was observed
(Panel F). Upon culture of the MIA-PaCa-2 cells with cisplatin and a suboptimal concentration of 12.5 μM RES, the level of growth
detected decreased slightly.

When the MIA-PaCa-2 cells were treated with chemotherapeutic drug oxaliplatin, an IC50 of approximately 2 μM was observed
(Fig. 7, Panel A). Upon culture of the MIA-PaCa-2 cells with oxaliplatin and a suboptimal concentration of 12.5 μM RES, the level of
growth detected decreased and the IC50 declined from 2 μM to 0.4 μM, approximately 5-fold.

Fig. 3. Effects of Parthenolide and BCL2 Inhibitors in the Absence and Presence of Suboptimal Doses of BBR on the Proliferation of MIA-PaCa-2 and MCF-7 Cells. MIA-
PaCa-2 and MCF-7 cells were titrated with different concentrations of the natural product parthenolide (Panels A and B) or the ABT737 BCL2 inhibitor (Panels C & D)
in the absence (red squares) and presence (blue circles) of sub-optimal doses of berberine. Arrows on the X-axis indicate where the IC50s can be estimated. In Panel A,
the two-tailed P value is less than 0.0001 between parthenolide and parthenolide and BBR-treated MIA-PaCa-2 cells and is considered to be extremely statistically
significant. In Panel B, the two-tailed P value is 1 between parthenolide and parthenolide and BBR-treated MCF-7 cells and is not considered to be statistically
significant. In Panel C, the two-tailed P value is less than 0.0001 between the ABT737 BCL2 inhibitor and ABT737 BCL2 inhibitor and BBR-treated MIA-PaCa-2 cells
and is considered to be extremely statistically significant. In Panel D, the two-tailed P value is less than 0.0001 between the ABT737 BCL2 inhibitor and ABT737 BCL2
inhibitor and BBR-treated MCF-7 cells and is considered to be extremely statistically significant. All of the experiments indicated in this figure were performed on the
same day. These experiments were repeated 3 times and similar results were obtained. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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7. Effects of suboptimal concentrations of RES and signal transduction inhibitors and natural products on pancreatic cancer
cells

When the MIA-PaCa-2 cells were treated with the proteasomal inhibitor MG132, an IC50 of approximately 10 nM was observed
(Fig. 7, Panel B). Upon culture of the MIA-PaCa-2 cells with MG132 and a suboptimal concentration of 12.5 μM RES, the level of
growth detected decreased and the IC50 declined from 10 nM to 4 nM, approximately 2.5-fold.

When the MIA-PaCa-2 cells were treated with the dual PI3K/mTOR inhibitor NVP-BE235, an IC50 of approximately 18 nM was
observed (Fig. 7, Panel C). Upon culture of the MIA-PaCa-2 cells with NVP-BE235 and a suboptimal concentration of 12.5 μM RES,
the level of growth detected decreased and the IC50 declined from 18 nM to 0.08 nM, approximately 225-fold.

When the MIA-PaCa-2 cells were treated with mTORC1 blocker rapamycin, an IC50 of approximately 100 nM was observed
(Fig. 7, Panel D). Upon culture of the MIA-PaCa-2 cells with rapamycin and a suboptimal concentration of 12.5 μM RES, the level of
growth detected decreased and the IC50 declined from 100 nM to 0.2 nM, approximately 500-fold. Treatment with rapamycin often
yielded different sensitivities on different days This is most likely due to the metabolic state of the cells on different days which
resulted in the cells having different sensitivities to rapamycin.

When the MIA-PaCa-2 cells were treated with BBR, an IC50 of approximately 3000 nM was observed (Fig. 7, Panel E). Upon
culture of the MIA-PaCa-2 cells with BBR and a suboptimal concentration of 12.5 μM RES, the level of growth detected decreased and
the IC50 declined slightly from 3000 nM to 2000 nM, approximately 1.5-fold.

When the MIA-PaCa-2 cells were treated with CUR, an IC50 of approximately 15 μM was observed (Fig. 7, Panel F). Upon culture
of the MIA-PaCa-2 cells with CUR and a suboptimal concentration of 12.5 μM RES, the level of growth detected decreased and the
IC50 declined from 15 μM to 0.15 μM, approximately 100-fold.

Fig. 4. Effects of PI3K/mTOR Inhibitor and the mTORC1 Blocker Rapamycin in the Absence and Presence of Suboptimal Doses of BBR on the Proliferation of MIA-
PaCa-2 and MCF-7 Cells. MIA-PaCa-2 and MCF-7 cells were titrated with different concentrations of the dual PI3K/mTOR inhibitor NVP-BE235 (Panels A and B) or the
mTORC1 blocker (Panels C & D) in the absence (red squares) and presence (blue circles) of sub-optimal doses of berberine. Arrows on the X-axis indicate where the
IC50s can be estimated. In Panel A, the two-tailed P value is less than 0.0001 between the dual PI3K/mTOR inhibitor NVP-BE235 and the dual PI3K/mTOR inhibitor
NVP-BE235 and BBR-treated MIA-PaCa-2 cells and is considered to be extremely statistically significant. In Panel B, the two-tailed P value is less than 0.0001 between
the dual PI3K/mTOR inhibitor NVP-BE235 and the dual PI3K/mTOR inhibitor NVP-BE235 and BBR-treated MCF-7 cells and is considered to be extremely statistically
significant. In Panel C, the two-tailed P value is less than 0.0001 between the mTORC1 blocker rapamycin and the mTORC1 blocker rapamycin and BBR-treated MIA-
PaCa-2 cells and is considered to be extremely statistically significant. In Panel D, the two-tailed P value is less than 0.0001 between the mTORC1 blocker rapamycin
and the mTORC1 blocker rapamycin and BBR-treated MCF-7 cells and is considered to be extremely statistically significant. All of the experiments indicated in this
figure were performed on the same day. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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8. Effects of suboptimal concentrations of CUR and chemotherapeutic drugs on pancreatic cancer cells

As a control, the effects of CUR, by itself, on MIA-PaCa-2 cells were examined and an IC50 of approximately 10 μM was detected
(Fig. 8, Panel A). When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug doxorubicin, an IC50 of approximately
100 nM was observed (Fig. 8, Panel B). Upon culture of the MIA-PaCa-2 cells with doxorubicin and a suboptimal concentration of
5 μM CUR, the amount of growth decreased and the IC50 decreased from 100 to 8 nM (12.5-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug docetaxel, an IC50 of approximately 20 nM was ob-
served (Fig. 8, Panel C). Upon culture of the MIA-PaCa-2 cells with docetaxel and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased dramatically and the IC50 declined from 20 to 0.4 nM (50-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug mitoxantrone, an IC50 of approximately 10 nM was
observed (Fig. 8, Panel D). Upon culture of the MIA-PaCa-2 cells with mitoxantrone and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased and the IC50 declined from 10 to 1.5 nM (6.7-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug 5FU, an IC50 of approximately 8 μM was observed
(Fig. 8, Panel E). Upon culture of the MIA-PaCa-2 cells with 5FU and a suboptimal concentration of 5 μM CUR, the amount of growth
decreased slightly and the IC50 declined from 8 to 4 μM (2-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug cisplatin, an IC50 of approximately 120 μM was ob-
served (Fig. 8, Panel F). Upon culture of the MIA-PaCa-2 cells with cisplatin and a suboptimal concentration of 5 μM CUR, the amount
of growth decreased substantially and the IC50 declined dramatically from 120 to 0.4 μM (300-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug oxaliplatin, an IC50 of approximately 2 μMwas observed
(Fig. 9, Panel A). Upon culture of the MIA-PaCa-2 cells with oxaliplatin and a suboptimal concentration of 5 μM CUR, the amount of
growth decreased substantially and the IC50 declined from 2 to 0.3 μM (6.7-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug gemcitabine, an IC50 of approximately 0.25 nM was

Fig. 5. Effects of Chemotherapeutic Drugs in the Absence and Presence of Suboptimal Doses of BBR on the Proliferation of MIA-PaCa-2 Cells. MIA-PaCa-2 cells were
titrated with different concentrations of the chemotherapeutic drugs: Panel A) doxorubicin), Panel B, mitoxantrone, Panel C) docetaxel and Panel D) paclitaxel in the
absence (red squares) and presence (blue circles) of sub-optimal doses of berberine. Arrows on the X-axis indicate where the IC50s can be estimated. In Panel A, the
two-tailed P value is less than 0.0001 between the doxorubicin and the doxorubicin and BBR-treated MIA-PaCa-2 cells and is considered to be extremely statistically
significant. In Panel B, the two-tailed P value is less than 0.0001 between the mitoxantrone and the mitoxantrone and BBR-treated MIA-PaCa-2 cells and is considered
to be extremely statistically significant. In Panel C, the two-tailed P value is less than 0.0001 between the docetaxel and the docetaxel and BBR-treated MIA-PaCa-
2 cells is less than 0.0001 and is considered to be extremely statistically significant. In Panel D, the two-tailed P value is less than 0.0001 between the paclitaxel and the
paclitaxel and BBR-treated MIA-PaCa-2 cells and is considered to be extremely statistically significant. All of the experiments indicated in this figure were performed
on the same day. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

198



Fi
g.

6.
Eff

ec
ts

of
R
ES

by
It
se
lf
an

d
C
he

m
ot
he

ra
pe

ut
ic

D
ru
gs

in
th
e
A
bs
en

ce
an

d
Pr
es
en

ce
of

Su
bo

pt
im

al
D
os
es

of
R
ES

on
th
e
Pr
ol
if
er
at
io
n
of

M
IA

-P
aC

a-
2
C
el
ls
.M

IA
-P
aC

a-
2
ce
lls

w
er
e
ti
tr
at
ed

w
it
h
di
ff
er
en

t
co

nc
en

tr
at
io
ns

of
R
ES

(P
an

el
A
)o

r
ch

em
ot
he

ra
pe

ut
ic

dr
ug

s:
Pa

ne
lB

)d
ox

or
ub

ic
in
),
Pa

ne
lC

,d
oc

et
ax

el
,P

an
el

D
)m

it
ox

an
tr
on

e,
Pa

ne
lE

)5
-fl
uo

ro
ur
ac
il
an

d
Pa

ne
lE

)c
is
pl
at
in

in
th
e
ab

se
nc

e
(r
ed

sq
ua

re
s)

an
d
pr
es
en

ce
(b
lu
e
ci
rc
le
s)

of
su
b-
op

ti
m
al

do
se
s
of

be
rb
er
in
e.

A
rr
ow

s
on

th
e
X
-a
xi
s
in
di
ca
te

w
he

re
th
e
IC

5
0
s
ca
n
be

es
ti
m
at
ed

.I
n
Pa

ne
lB

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
0.
00

36
be

tw
ee
n
th
e
do

xo
ru
bi
ci
n
an

d
th
e
do

xo
ru
bi
ci
n
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ve
ry

st
at
is
ti
ca
lly

si
gn

ifi
ca
nt
.I
n
Pa

ne
lC

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
0.
00

05
be

tw
ee
n
th
e
do

ce
ta
xe
la

nd
th
e
do

ce
ta
xe
la

nd
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lD

,t
he

tw
o-
ta
ile

d
P

va
lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
m
it
ox

an
tr
on

e
an

d
th
e
m
it
ox

an
tr
on

e
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lE

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n

th
e
5F

U
an

d
th
e
5F

U
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lF

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
1
be

tw
ee
n
th
e
ci
sp
la
ti
n
an

d
th
e
ci
sp
la
ti
n
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

no
t
co

ns
id
er
ed

to
be

st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.A

ll
of

th
e
ex
pe

ri
m
en

ts
in
di
ca
te
d
in

th
is

fi
gu

re
w
er
e
pe

rf
or
m
ed

on
th
e
sa
m
e
da

y.
(F
or

in
te
rp
re
ta
ti
on

of
th
e
re
fe
re
nc

es
to

co
lo
ur

in
th
is

fi
gu

re
le
ge

nd
,t
he

re
ad

er
is

re
fe
rr
ed

to
th
e
w
eb

ve
rs
io
n
of

th
is

ar
ti
cl
e.
)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

199



Fi
g.

7.
Eff

ec
ts

of
C
he

m
ot
he

ra
pe

ut
ic

D
ru
gs
,S

ig
na

lT
ra
ns
du

ct
io
n
In
hi
bi
to
rs

an
d
N
at
ur
al

Pr
od

uc
ts

in
th
e
A
bs
en

ce
an

d
Pr
es
en

ce
of

Su
bo

pt
im

al
D
os
es

of
R
ES

on
th
e
Pr
ol
if
er
at
io
n
of

M
IA

-P
aC

a-
2
C
el
ls
.M

IA
-P
aC

a-
2
ce
lls

w
er
e
ti
tr
at
ed

w
it
h
di
ff
er
en

t
co

nc
en

tr
at
io
ns

of
:P

an
el

A
)
ox

al
ip
la
ti
n,

Pa
ne

l
B)

th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r
M
G
13

2,
Pa

ne
l
C
)
th
e
PI
3K

/A
kt

in
hi
bi
to
r
N
V
P-
BE

23
5,

Pa
ne

l
D
)
th
e
m
TO

R
C
1
bl
oc

ke
r
ra
pa

m
yc
in
,
Pa

ne
l
E)

BB
R
or

Pa
ne

l
F)

C
U
R
in

th
e

ab
se
nc

e
(r
ed

sq
ua

re
s)

an
d
pr
es
en

ce
(b
lu
e
ci
rc
le
s)

of
su
b-
op

ti
m
al

do
se
s
of

be
rb
er
in
e.

A
rr
ow

s
on

th
e
X
-a
xi
s
in
di
ca
te

w
he

re
th
e
IC

5
0
s
ca
n
be

es
ti
m
at
ed

.I
n
Pa

ne
lA

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is

0.
00

03
be

tw
ee
n
th
e
ox

al
ip
la
ti
n
an

d
th
e

ox
al
ip
la
ti
n
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.I
n
Pa

ne
l
B,

th
e
tw

o-
ta
ile

d
P
va

lu
e
is

le
ss

0.
00

01
be

tw
ee
n
th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r
M
G
13

2
an

d
th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r

M
G
13

2
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls

ig
ni
fi
ca
nt
.I
n
Pa

ne
lC

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is

le
ss

0.
00

01
be

tw
ee
n
th
e
du

al
PI
3K

/m
TO

R
in
hi
bi
to
r
N
V
P-
BE

23
5
an

d
th
e
du

al
PI
3K

/m
TO

R
in
hi
bi
to
r
N
V
P-
BE

23
5
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lD

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

0.
00

01
be

tw
ee
n
th
e
m
TO

R
C
1
bl
oc

ke
r
ra
pa

m
yc
in

an
d
th
e
m
TO

R
C
1
bl
oc

ke
r

ra
pa

m
yc
in

an
d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.
In

Pa
ne

l
E,

th
e
tw

o-
ta
ile

d
P
va

lu
e
is

le
ss

0.
00

01
be

tw
ee
n
th
e
BB

R
an

d
th
e
BB

R
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.I
n
Pa

ne
l
F,

th
e
tw

o-
ta
ile

d
P
va

lu
e
is

le
ss

0.
00

01
be

tw
ee
n
th
e
C
U
R
an

d
th
e
C
U
R
an

d
R
ES

-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.(
Fo

r
in
te
rp
re
ta
ti
on

of
th
e
re
fe
re
nc

es
to

co
lo
ur

in
th
is

fi
gu

re
le
ge

nd
,t
he

re
ad

er
is

re
fe
rr
ed

to
th
e
w
eb

ve
rs
io
n
of

th
is

ar
ti
cl
e.
)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

200



Fi
g.

8.
Eff

ec
ts

of
C
U
R
by

It
se
lf
an

d
C
he

m
ot
he

ra
pe

ut
ic

D
ru
gs

in
th
e
A
bs
en

ce
an

d
Pr
es
en

ce
of

Su
bo

pt
im

al
D
os
es

of
C
U
R
on

th
e
Pr
ol
if
er
at
io
n
of

M
IA

-P
aC

a-
2
C
el
ls
.M

IA
-P
aC

a-
2
ce
lls

w
er
e
ti
tr
at
ed

w
it
h
di
ff
er
en

tc
on

ce
nt
ra
ti
on

s
of

C
U
R

(P
an

el
A
)
or

ch
em

ot
he

ra
pe

ut
ic

dr
ug

s:
Pa

ne
lB

)
do

xo
ru
bi
ci
n)
,P

an
el

C
,d

oc
et
ax

el
,P

an
el

D
)
m
it
ox

an
tr
on

e,
Pa

ne
lE

)
5F

U
an

d
Pa

ne
lE

)
ci
sp
la
ti
n
in

th
e
ab

se
nc

e
(r
ed

sq
ua

re
s)

an
d
pr
es
en

ce
(b
lu
e
ci
rc
le
s)

of
su
b-
op

ti
m
al

do
se
s
of

C
U
R
.

A
rr
ow

s
on

th
e
X
-a
xi
s
in
di
ca
te

w
he

re
th
e
IC

5
0
s
ca
n
be

es
ti
m
at
ed

.I
n
Pa

ne
lB

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

0.
00

01
be

tw
ee
n
th
e
do

xo
ru
bi
ci
n
an

d
th
e
do

xo
ru
bi
ci
n
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y

st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lC

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

0.
00

01
be

tw
ee
n
th
e
do

ce
ta
xe
la

nd
th
e
do

ce
ta
xe
la

nd
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lD

,t
he

tw
o-
ta
ile

d
P

va
lu
e
is
0.
00

02
be

tw
ee
n
th
e
m
it
ox

an
tr
on

e
an

d
th
e
m
it
ox

an
tr
on

e
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lE

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
0.
00

02
be

tw
ee
n
th
e
5F

U
an

d
th
e
5F

U
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls

ig
ni
fi
ca
nt
.I
n
Pa

ne
lF

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is

le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
ci
sp
la
ti
n
an

d
th
e
ci
sp
la
ti
n
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.A

ll
of

th
e
ex
pe

ri
m
en

ts
in
di
ca
te
d
in

th
is
fi
gu

re
w
er
e
pe

rf
or
m
ed

on
th
e
sa
m
e
da

y.
(F
or

in
te
rp
re
ta
ti
on

of
th
e
re
fe
re
nc

es
to

co
lo
ur

in
th
is
fi
gu

re
le
ge

nd
,t
he

re
ad

er
is
re
fe
rr
ed

to
th
e
w
eb

ve
rs
io
n
of

th
is

ar
ti
cl
e.
)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

201



Fi
g.

9.
Eff

ec
ts

of
D
ru
gs
,N

at
ur
al

Pr
od

uc
ts

in
th
e
A
bs
en

ce
an

d
Pr
es
en

ce
of

Su
bo

pt
im

al
D
os
es

of
C
U
R
on

th
e
Pr
ol
if
er
at
io
n
of

M
IA

-P
aC

a-
2
C
el
ls
.M

IA
-P
aC

a-
2
ce
lls

w
er
e
ti
tr
at
ed

w
it
h
di
ff
er
en

t
co

nc
en

tr
at
io
ns

of
:P

an
el

A
)
ox

al
ip
la
ti
n,

Pa
ne

lB
)
ge

m
ci
ta
bi
ne

,P
an

el
C
)
ir
in
ot
ec
an

,P
an

el
D
)
th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r
M
G
13

2,
Pa

ne
lE

)
th
e
es
tr
og

en
re
ce
pt
or

an
ta
go

ni
st

4
hy

dr
ox

yt
am

ox
if
en

(4
H
T)

or
Pa

ne
lF

)
th
e
H
H

pa
th
w
ay

in
hi
bi
to
r
vi
sm

od
eg

ib
[a
nt
ag

on
is
t
of

th
e

sm
oo

th
en

ed
re
ce
pt
or

(S
M
O
)]

in
th
e
ab

se
nc

e
(r
ed

sq
ua

re
s)

an
d
pr
es
en

ce
(b
lu
e
ci
rc
le
s)

of
su
b-
op

ti
m
al

do
se
s
of

C
U
R
.A

rr
ow

s
on

th
e
X
-a
xi
s
in
di
ca
te

w
he

re
th
e
IC

5
0
s
ca
n
be

es
ti
m
at
ed

.I
n
Pa

ne
lA

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
ox

al
ip
la
ti
n
an

d
th
e
ox

al
ip
la
ti
n
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lB

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
ge

m
ci
ta
bi
ne

an
d
th
e

ge
m
ci
ta
bi
ne

an
d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lC

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
ir
in
ot
ec
an

an
d
th
e
ir
in
ot
ec
an

an
d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lD

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r
M
G
13

2
an

d
th
e
pr
ot
ea
so
m
al

in
hi
bi
to
r
M
G
13

2
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lE

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
ER

an
ta
go

ni
st
4H

T
an

d
th
e
4H

T
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y

st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.
(F
or

in
te
rp
re
ta
ti
on

of
th
e
re
fe
re
nc

es
to

co
lo
ur

in
th
is

fi
gu

re
le
ge

nd
,t
he

re
ad

er
is

re
fe
rr
ed

to
th
e
w
eb

ve
rs
io
n
of

th
is

ar
ti
cl
e.
)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

202



observed (Fig. 9, Panel B). Upon culture of the MIA-PaCa-2 cells with gemcitabine and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased and the IC50 declined from 0.25 to 0.07 nM (2.9-fold).

When the MIA-PaCa-2 cells were treated with the chemotherapeutic drug irinotecan, an IC50 of approximately 1.5 μM was
observed (Fig. 9, Panel C). Upon culture of the MIA-PaCa-2 cells with gemcitabine and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased and the IC50 declined from 1.5 to 0.2 μM (7.5-fold).

9. Effects of suboptimal concentrations of CUR and signal transduction inhibitors, pharmacological drugs and natural
products on pancreatic cancer cells

When the MIA-PaCa-2 cells were treated with the proteasomal inhibitor MG132, an IC50 of approximately 5 nM was observed
(Fig. 9, Panel D). Upon culture of the MIA-PaCa-2 cells with MG132 and a suboptimal concentration of 5 μM CUR, the amount of
growth decreased substantially and the IC50 declined significantly from 5 to 0.08 nM (62.5-fold).

When the MIA-PaCa-2 cells were treated with the ER antagonist 4-hydroxytamoxifen (4HT), an IC50 of approximately 28 nM was
observed (Fig. 9, Panel E). Upon culture of the MIA-PaCa-2 cells with 4HT and a suboptimal concentration of 5 μM CUR, the amount
of growth decreased and the IC50 declined significantly from 28 to 0.1 nM (280-fold).

When the MIA-PaCa-2 cells were treated with the hedgehog (HH) pathway inhibitor vismodegib, even at concentrations of
10,000 nM, the IC50 of was not reached (Fig. 9, Panel F). Upon culture of the MIA-PaCa-2 cells with vismodegib and a suboptimal
concentration of 5 μM CUR, the amount of growth decreased substantially and an IC50 of approximately 10 nM was observed.

When the MIA-PaCa-2 cells were treated with the anti-malarial drug chloroquine, an IC50 of approximately 10 μM was observed
(Fig. 10, Panel A). Upon culture of the MIA-PaCa-2 cells with chloroquine and a suboptimal concentration of 5 μM CUR, the amount
of growth decreased and the IC50 declined substantially from 10 to 0.04 μM (250-fold).

When the MIA-PaCa-2 cells were treated with RES, an IC50 of approximately 30 μM was observed (Fig. 10, Panel B). Upon culture
of the MIA-PaCa-2 cells with RES and a suboptimal concentration of 5 μM CUR, the amount of growth decreased significantly and the
IC50 declined substantially from 30 to 0.08 μM (375-fold).

When the MIA-PaCa-2 cells were treated with the dual PI3K/mTOR inhibitor NVP-BE235, an IC50 of approximately 20 nM was
observed (Fig. 10, Panel C). Upon culture of the MIA-PaCa-2 cells with NVP-BE235 and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased substantially and the IC50 declined significantly from 20 to 0.08 nM (250-fold).

When the MIA-PaCa-2 cells were treated with the mTORC1 blocker rapamycin, the IC50 was not reached at concentration of
rapamycin up to 25 nM (Fig. 10, Panel D). Upon culture of the MIA-PaCa-2 cells with rapamycin and a suboptimal concentration of
5 μM CUR, the amount of growth decreased substantially and the IC50 was approximately 0.02 nM.

When the MIA-PaCa-2 cells were treated with BBR, an IC50 of approximately 2000 nM was observed (Fig. 10, Panel E). Upon
culture of the MIA-PaCa-2 cells with BBR and a suboptimal concentration of 5 μM CUR, the amount of growth decreased substantially
and the IC50 declined significantly from 2000–2 nM (1000-fold).

When the MIA-PaCa-2 cells were treated with the type-II diabetes drug metformin, the IC50 was not reached at concentration up to
10,000 nM (Fig. 10, Panel F). Upon culture of the MIA-PaCa-2 cells with metformin and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased substantially and the IC50 was approximately 7 nM.

When the MIA-PaCa-2 cells were treated with the AG1478 EGFR inhibitor, an IC50 of approximately 2000 nM was observed
(Fig. 11, Panel A). Upon culture of the MIA-PaCa-2 cells with the EGFR inhibitor and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased and the IC50 declined from 2000–250 nM (8-fold).

When the MIA-PaCa-2 cells were treated with the SRC kinase inhibitor dasatinib, an IC50 of approximately 18 nM was observed
(Fig. 11, Panel B). Upon culture of the MIA-PaCa-2 cells with the SRC inhibitor and a suboptimal concentration of 5 μM CUR, the
amount of growth decreased and the IC50 declined from 18 to 2 nM (9-fold).

When the MIA-PaCa-2 cells were treated with the natural product Garcinia cambogia, an IC50 of approximately 100 μg/ml was
observed (Fig. 11, Panel C). Upon culture of the MIA-PaCa-2 cells with the Garcinia cambogia and a suboptimal concentration of 5 μM
CUR, the amount of growth decreased substantially and the IC50 declined significantly from 100 to 0.4 μg/ml (250-fold).

When the MIA-PaCa-2 cells (TP53 mutant, gain of function) were treated with the MDM2 inhibitor nutlin-3a, the IC50 was not
reached even upon 5000 nM treatment (Fig. 11, Panel D). Upon culture of the MIA-PaCa-2 cells with the MDM2 inhibitor and a
suboptimal concentration of 5 μM CUR, the amount of growth decreased substantially and an IC50 of approximately 4 nM was
observed in the combined nutlin-3a and CUR treatment.

10. Conclusions

Natural products/nutraceuticals such as BER, CUR and RES will modulate the activities of the PI3K/PTEN/AKT/mTORC1/GSK-3,
RAS/RAF/MEK/ERK and other signaling pathways which can often have suppressive effects on various diverse biochemical pro-
cesses. We have demonstrated in this manuscript the effects of nutraceuticals on certain pancreatic and breast cancer cells. We have
observed that the toxicity of the nutraceuticals or chemotherapeutic drugs can be frequently enhanced by co-addition of a sub-
optimal does of a different nutraceutical or signal transduction inhibitors. Understanding the ability to combine the effects of these
natural compounds with chemotherapeutic drugs could reduce the concentrations of these agents required to achieve effective killing
of cancer cells.

Various signaling pathways have been associated with cancer cells and cancer stem cells (CSCs), including, EGFR/HER2, PI3K/
PTEN/AKT/mTORC, GSK3, WNT-beta-catenin, HEDGEHOG (HH), JAK/STAT, RSK, BTK and others (Su et al., 2015; Gao et al., 2016;

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

203



Fi
g.

10
.
Eff

ec
ts

of
C
he

m
ot
he

ra
pe

ut
ic

D
ru
gs

an
d
Si
gn

al
Tr
an

sd
uc

ti
on

In
hi
bi
to
rs

in
th
e
A
bs
en

ce
an

d
Pr
es
en

ce
of

Su
bo

pt
im

al
D
os
es

of
C
U
R
on

th
e
Pr
ol
if
er
at
io
n
of

M
IA

-P
aC

a-
2
C
el
ls
.M

IA
-P
aC

a-
2
ce
lls

w
er
e
ti
tr
at
ed

w
it
h
di
ff
er
en

t
co

nc
en

tr
at
io
ns

of
:P

an
el

A
)t
he

an
ti
-m

al
ar
ia
ld

ru
g
ch

lo
ro
qu

in
e,

Pa
ne

lB
)R

ES
,P

an
el

C
)t
he

PI
3K

/m
TO

R
in
hi
bi
to
r
N
V
P-
BE

23
5,

Pa
ne

lD
)t
he

m
TO

R
C
1
bl
oc

ke
r
ra
pa

m
yc
in
,P

an
el

E)
BB

R
or

Pa
ne

lF
)t
he

ty
pe

-I
Id

ia
be

te
s
dr
ug

m
et
fo
rm

in
(A

M
PK

ac
ti
va

to
r)

in
th
e
ab

se
nc

e
(r
ed

sq
ua

re
s)

an
d
pr
es
en

ce
(b
lu
e
ci
rc
le
s)

of
su
b-
op

ti
m
al

do
se
s
of

C
U
R
.A

rr
ow

s
on

th
e
X
-a
xi
s
in
di
ca
te

w
he

re
th
e
IC

5
0
s
ca
n
be

es
ti
m
at
ed

.I
n
Pa

ne
lA

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n

th
e
an

ti
-m

al
ar
ia
ld

ru
g
ch

lo
ro
qu

in
e
an

d
th
e
an

ti
-m

al
ar
ia
ld

ru
g
ch

lo
ro
qu

in
e
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lB

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n

R
ES

an
d
R
ES

an
d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
l
si
gn

ifi
ca
nt
.
In

Pa
ne

l
B,

th
e
tw

o-
ta
ile

d
P
va

lu
e
is

le
ss

th
an

0.
00

01
be

tw
ee
n
R
ES

an
d
R
ES

an
d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is

co
ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lC

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
th
e
PI
3K

/m
TO

R
in
hi
bi
to
r
N
V
P-
BE

23
5
an

d
th
e
PI
3K

/m
TO

R
in
hi
bi
to
r
N
V
P-
BE

23
5
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.I
n
Pa

ne
lE

,t
he

tw
o-
ta
ile

d
P
va

lu
e
is
le
ss

th
an

0.
00

01
be

tw
ee
n
BB

R
an

d
BB

R
an

d
C
U
R
-t
re
at
ed

M
IA

-P
aC

a-
2
ce
lls

an
d
is
co

ns
id
er
ed

to
be

ex
tr
em

el
y
st
at
is
ti
ca
ls
ig
ni
fi
ca
nt
.(
Fo

r
in
te
rp
re
ta
ti
on

of
th
e
re
fe
re
nc

es
to

co
lo
ur

in
th
is

fi
gu

re
le
ge

nd
,t
he

re
ad

er
is

re
fe
rr
ed

to
th
e
w
eb

ve
rs
io
n
of

th
is

ar
ti
cl
e.
)

J.A. McCubrey et al. Advances in Biological Regulation 67 (2018) 190–211

204



Mitra et al., 2015; Das et al., 2015).
Various approaches have been designed and evaluated to eliminate cancers. It depends on the cancer and whether certain proteins

are expressed. For example EGFR has been considered a target in colorectal cancer (CRC) CSCs (Feng et al., 2016).
Certain EGFR inhibitors affect PI3K signaling in various cancers including lung cancer (Jiang et al., 2016). Novel PI3K inhibitors

have shown effects on drug resistant pancreatic cells in part by suppressing epithelial to mesenchymal transition (EMT) and me-
tastasis (Rumman et al., 2016).

Certain novel drugs may target PI3K as well as induce oxidative stress and be effect in therapy resistant head and neck cancers
(Prasad et al., 2016). Other drugs such as geridonin and paclitaxel will exhibit synergistic effects and affect the PI3K by the induction
of ROS and suppress gastric cancer cells (Wang et al., 2016). Suppression of DNA methyltransferases has been shown to inhibit the
resistance to PI3K/mTOR inhibitors (Qian et al., 2015). Certain pan-PI3K inhibitors have been shown to induce WNT signaling in
certain cell types such as triple negative breast cancer (TNBC). Combing the PI3K inhibitor with a WNT pathway inhibitor would
suppress resistance (Tzeng et al., 2015).

Combining chemotherapy with targeted therapy has also been an active area of investigation and shown to reduce the drug-
resistance of certain cancer cells. Combining drugs such as paclitaxel and suppressing TGF-beta will inhibit EMT and breast CSCs
(Park et al., 2015).

MEK inhibitors are being evaluated in the treatment of gemcitabine-resistant pancreatic cells in human tumor orthotopic xe-
nograft models (Kawaguchi et al., 2017). The concept of targeting two signaling molecules in a pathway is being examined in
melanoma by targeting both BRAF and MEK (Liu et al., 2017). Treatment with MEK inhibitors may enhance the effects of PI3K
inhibitors in certain cancer cells by blocking aspects of autophagy (Ren et al., 2016).

Bruton's tyrosine kinase (BTK) is an important kinase involved in B cell development. BTK contains a pleckstrin homology (PH)
domain. This domain in phosphatidylinositol (3,4,5)-trisphosphate (PIP3). This results in BTK phosphorylation of phospholipase C.
This results in the hydrolyzation of PIP2, a phosphatidylinositol, and generation of inositol triphosphate (IP3) and diacylglycerol
(DAG), two key second messengers. Targeting BTK with ibrutinib has been shown to have effects on certain CSCs such as ovarian

Fig. 11. Effects of Signal Transduction Inhibitors and Natural Products in the Absence and Presence of Suboptimal Doses of CUR on the Proliferation of MIA-PaCa-2
Cells. MIA-PaCa-2 cells were titrated with different concentrations of: Panel A) the AG1478 EGFR inhibitor, Panel B) the SRC kinase inhibitor dasatinib, Panel C) the
natural product Garcinia cambogia or Panel D) the MDM2 inhibitor nutlin-3a in the absence (red squares) and presence (blue circles) of sub-optimal doses of CUR.
Arrows on the X-axis indicate where the IC50s can be estimated. In Panel A, the two-tailed P value is less than 0.0001 between the AG1478 EGFR inhibitor and the
AG1478 EGFR inhibitor and CUR-treated MIA-PaCa-2 cells and is considered to be extremely statistical significant. In Panel B, the two-tailed P value is less than 0.0001
between the SRC kinase inhibitor and the SRC kinase inhibitor and CUR-treated MIA-PaCa-2 cells and considered to be extremely statistical significant. In Panel C, the
two-tailed P value is less than 0.0001 between the natural product Garcinia cambogia and the natural product Garcinia cambogia and CUR-treated MIA-PaCa-2 cells and
is considered to be extremely statistical significant. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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CSCs. (Zucha et al., 2015). Combining BCL2 inhibitors with ibrutinib therapy sensitized mantel cell lymphomas (Chiron et al., 2015).
Targeting ribosomal S6 kinase (RSK) has been shown to have effects on certain cancers and CSCs by suppressing their drug resistance.
RSK lies downstream of the RAF/MEK/ERK pathway (Davies et al., 2015).

mTOR inhibitors have also shown promise in the therapy of thyroid cancers to the BRAF inhibitor vemurafenib (Hanly et al.,
2015). Some novel genes responsible for rapalog resistance have been identified by next generation DNA sequencing (Iyer et al.,
2012). Point mutations have been found in genes in the mTOR-RHEB pathway in renal cell carcinoma. The cells containing the
mutant are still sensitive to rapalogs but they display residual mTORC activity (Ghosh et al., 2015). Certain miRs have been shown to
be responsible for the paclitaxel response of breast cancer cells by targeting mTOR (Zhang et al., 2016b). miR-494 targets component
of mTOR/p70S6K signaling which results in decreased cisplatin-resistance in ovarian cancer cells (Xu et al., 2015). Recently certain
genetic mutations have been determined to confer sensitivity to the rapalog everolimus (Lim et al., 2016).

Quinomycin A, which can bind DNA and has anti-bacterial, anti-tumoral and antiviral properties can affect NOTCH signaling in
pancreatic CSCs (Ponnurangam et al., 2016). NOTCH signaling is also important in the development of cisplatin-resistance of os-
teosarcoma as well as the generation of osteocarcoma CSCs (Yu et al., 2016) NOTCH1 and hypoxia signaling is also important in
ovarian CSC (Seo et al., 2016). The STAT3 and NOTCH pathway play key roles in resistance to trastuzumab in gastric cancer (Yang
et al., 2015a). Trastuzumab is an antibody which inhibits the effects of the EGFR-related protein HER2 which is often aberrantly
expressed in breast, ovarian and gastric cancers.

One of the targets of parthenolide is NF-kappaB. NF-kappaB has been shown to be important in CSCs (Rinkenbaugh et al., 2016).
The NF-kappaB pathway is involved in hepatocellular carcinoma (HCC) CSCs which are promoted by osteopontin. (Cao et al., 2015).

MG132 has been one of the most frequently used experimental proteasomal inhibitor. Proteasomal inhibitors will inhibit NF-
kappaB and other proteins frequently dysregulated in cancer. Bortezomib is one of the first developed proteasomal inhibitors that has
been clinically examined. Proteasomal inhibitors have been examined in various cancers. Bortezomib can affect many processes
involved in cell regulation and division, including hypoxia inducible factor-1 (HIF1) signaling, NF-kappaB, NOTCH, telomere
homeostasis, DNA repair, apoptosis and autophagy (Grigoreva et al., 2015; Yao et al., 2015; Singha et al., 2015); Thounaojam et al.,
2015; Yang et al., 2015b; Li et al., 2015; Fristedt Duvefelt et al., 2015; Han et al., 2015b; Leshchenko et al., 2015; Abdel Malek et al.,
2015; Schnerch et al., 2017). Targeting certain kinases such as LYN may be an approach to overcome the bortezomib-resistance of
certain mantel cell lymphomas (Kim et al., 2015).

Targeting various components of apoptosis has been an approach examined to suppress cancer growth. Certain BCL2 inhibitors
such as venetoclax are being used to treat certain leukemia and other cancers. There are currently at least 71 clinical trials examining
the effects of various BCL2 inhibitors. The BCL2 inhibitor ABT-263 has been shown to synergize with chemotherapy in esophageal
cancer. This occurred by suppressing pathways associated with stemness (Chen et al., 2015).

Certain BCL2 inhibitors may sensitize certain drug resistant pancreatic cancers to tumor necrosis factor (TNF)-related apoptosis-
inducing ligand (TRAIL) treatment (Hari et al., 2015). The effects of BCL2 family inhibitors in combination with CDK inhibitors have
been investigated in MCL1-dependent leukemia cells (Choudhary et al., 2015). The effects of BCL2 inhibitors and the cell cycle kinase
inhibitor, Oxindole-1 (Ox-1), have been examined in drug resistant AML cells. Polypoid formation is associated with drug resistance
and is induced by Ox-1 treatment. The combination was determined to be effective and prevented the development of polyploidy. The
critical BCL2-family member was determined to be BCLXL (Zhou et al., 2015b). BCL2 inhibitors could sensitize mantel cell lymphoma
cells to acadesine, a nucleoside analogue (Montraveta et al., 2015). Interesting suppressing BCL6 in certain diffuse large B-cell
lymphomas will result in activation of BCL2 and BCLXL (Dupont et al., 2016). This phenomenon is referred to as oncogene addiction
switching. In this scenario, the B-cell lymphomas should now be sensitive to BCL2 inhibitors. BCL2 inhibitors are also being evaluated
in the treatment of certain brain cancers to determine if they can be sensitized to temozolomide (TMZ) and TRAIL (Weyhenmeyer
et al., 2016). BCL2 inhibitors have been shown to reverse the vinca alkaloid vinorelbine (VNR) resistance present in certain human
lung adenocarcinoma cells. The VNR-resistant cells expressed elevated levels of BCLXL and their suppression resulted with BCL2
inhibitors resulted in sensitivity to vinorelbine (Chiu et al., 2015).

Other BCL2-related proteins may not be sensitive to the more modern BCL2 inhibitors. MCL1 is not sensitive to the effects of ABT-
737. Certain nature compounds such as phenylethyl isothiocynate, which is present in watercress, have been shown to target MCL1
which will inhibit drug-resistance and CSCs present in biliary track cancer cells (Li et al., 2016). Flavopiridol is a drug which inhibits
cyclin-dependent kinases (CDK) which is used to treat certain leukemia patients. Resistance to flavopiridol can develop in chronic
lymphocytic leukemia (CLL) and AML patients. In vitro studies have indicated that resistance can result to various factors including
prolonged MCL1 stability which was shown to be due to ERK activation (Yeh et al., 2015).

Metformin is an important drug in the treatment of type-II diabetics. It may also have certain anti-cancer effects and suppress CSC.
It has been shown that metformin represses bladder cancer progression by inhibiting COX2/PGE2/STAT3 signaling which suppresses
bladder CSC repopulation (Liu et al., 2016). Combining metformin and temozomide will inhibit glioma and glioma CSCs (Yu et al.,
2015).

The cyclooxygenase inhibitor aspirin has been shown to have effects on pancreatic cancer CSCs. Aspirin sensitized pancreatic
cancer CSCs which were resistant to gemcitabine (Zhang et al., 2015).

An additional stress related signaling molecule which is involved in drug transporters, drug-resistance, aerobic glycolysis activity,
autophagy and CSCs and is a stress-related molecule is caveolin-1. It also interacts with various stress signals such as AMP-protein
kinase which is a target of metformin (Wang et al., 2015). Clearly metabolism plays critical roles in CSC generation and survival
(Zhong et al., 2015). Mitochondrial mass as also been associated with CSCs (Farnie et al., 2015). Many nutraceuticals may target
aspects of metabolism which are important in cancer cell proliferation as well as CSC generation and survival.
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10.1. Materials and methods

Tissue Culture and Treatment of Cells with Signal Transduction Inhibitors and Doxorubicin. Tissue culture medium was
obtained from Invitrogen (Carlsbad, CA, USA). Nutraceuticals, chemotherapeutic drugs, signal transduction inhibitors were pur-
chased from either Sigma-Aldrich (Saint Louis, MO, USA) or Selleckchem (Houston, TX USA). MIA-PaCa-2 and MCF-7 cells were
titrated with the different nutraceuticals, signal transduction inhibitors, chemotherapeutic and other drugs as described (Chappell
et al., 2013; Abrams et al., 2017). Statistical analysis was performed using GraphPad Prism.
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