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Abstract 

Triple negative breast cancer (TNBC) is an aggressive subtype that comprises 12-17% 

of breast cancer cases. TNBC has a high propensity to metastasize; about one-third of 

patients develop metastatic disease within 5 years of diagnosis. Because TNBC lacks 

expression of the estrogen receptor, progesterone receptor, and overexpression of the 

human epidermal growth factor receptor 2, there are no targeted treatments available for 

this patient cohort. Further, compared to other types of breast cancer, the mean patient 

age is younger, the mean tumor size is larger, and patients are more likely to have 

invasive tumors at the time of diagnosis. Due to the aggressive nature of TNBC and lack 

of therapeutic options to prevent metastatic progression, new treatments are urgently 

needed. 

 We propose that a muscadine grape extract (MGE), which contains an 

abundance of polyphenols, may be a novel therapeutic for TNBC. Muscadine grape 

extracts or individual components in the extracts have displayed anti-cancer activites. 

However, many unfractionated natural products have poor bioavailability and cannot 

attain physiologically relevant doses in humans. The studies described in this 

dissertation investigated whether an aqueous proprietary MGE that is biologically active 

at doses attainable in humans can serve as a therapeutic for TNBC. MGE reduced the 

proliferation of 4T1, MDA-MB-231, and BT-549 TNBC cells through differential 

suppression of ERK/MAPK and AKT signaling, indicating pluripotent bioactivities that 

reduce the growth of TNBC, a highly heterogeneous disease. The reduction in TNBC 

growth was recapitulated in vivo, as MGE reduced MDA-MB-231 primary tumor growth 

in nude mice.  

 In a clinically relevant TNBC metastatic mouse model, MGE decreased cell 

proliferation in the lungs and livers of mice with TNBC metastasis and reduced 
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metastatic tumor burden to the liver. MGE’s anti-metastatic activities in vivo were 

associated with reduced migration, altered cytoskeletal arrangement, and inhibition of 

the metastasis-related protein RHAMM in MGE-treated TNBC cells compared to control 

cells. Furthermore, MGE induced significant changes in the gut microbiome and short 

chain fatty acid composition, which are crucial mediators of polyphenol bioactivities. 

Together, our results suggest that MGE may be a beneficial adjuvant therapeutic to 

delay or prevent TNBC metastatic progression.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 
 

CHAPTER I 

Introduction 

I. Breast Cancer 

i. Overview of breast cancer 

Breast cancer will affect 1 in 8 U.S. women in their lifetime (1). In 2018, 

approximately 270,000 new cases of breast cancer were diagnosed and 41,000 deaths 

were attributed to breast cancer in the United States (2). Although the incidence of 

breast cancer has increased recently, breast cancer mortality decreased 34% from 1975 

to 2010 (3). The increase in incidence is attributed to improved breast cancer detection 

by mammogram, ultrasound or magnetic resonance imaging (MRI). Although public 

health experts claimed that improved detection and increased screening of breast 

cancer led to earlier detection and better outcomes, groups of cancer researchers argue 

that the increase in screening for breast cancer resulted in an over diagnosis of breast 

cancers, claiming that many treated breast tumors would have regressed on their own 

(4, 5). While early detection may also contribute to reduced mortality, improved breast 

cancer treatments, particularly targeted therapy, have improved breast cancer mortality 

rates. Despite these advancements, breast cancer is still the second leading cause of 

cancer related deaths, behind lung cancer, among women (6). 

Breast cancer is staged by the TNM system, which indicates the extent of cancer 

spread when a patient is first diagnosed. This classification system takes into account 

tumor size and how far the tumor has spread (T), the degree of spread in nearby lymph 

nodes (N), and the presence or absence of distant metastases (M) (7). Based on the 

TNM system, tumors are assigned a stage of 0, I, II, III, or IV. Stage 0 indicates an in situ 

tumor where abnormal cells have not penetrated the ducts or glands from which they 
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originated. Stage I indicates an early stage invasive cancer whereas stage IV indicates 

the most advanced metastatic disease. 

At the time of diagnosis, 80% of breast cancers are invasive, which means they 

have broken through the wall of ducts or glands and have grown into surrounding breast 

tissue (8). When diagnosed, breast cancers are classified into four main subtypes based 

on the presence or absence of molecular markers, including hormone receptors (HR) 

and the human epidermal growth factor receptor 2 (HER2). The level of the estrogen 

receptor (ER) or progesterone receptor (PR) is used to classify a breast cancer as 

hormone receptor positive (HR+) or negative (HR-). Tumors with >1% of nuclei within 

the tumor staining positive for ER or PR are designated HR+ (9). HER2 is a tyrosine 

kinase membrane receptor that promotes cell proliferation and survival when activated 

(10). Breast cancers are considered HER2+ when >10% of tumor cells overexpress 

HER2 protein (determined by immunohistochemistry) or HER2 gene amplification 

(determined by in situ hybridization) (11). 

Based on these molecular markers, breast cancer tumors can be initially subtyped 

into the following categories: HR+/HER2-, HR+/HER2+, HER2-enriched (HR-/HER2+) or 

triple negative (HR-/HER2-). Of the subtypes, HR+ and HER2+ cancers can be treated 

with targeted therapy. Hormone therapy is administered to patients with HR+ breast 

cancers to reduce estrogen levels or block the effects of estrogen. Drugs targeting HER2 

to inhibit receptor activation, such as Trastuzumab, are used to treat HER2+ cancers. 

However, there are no approved targeted treatments for triple negative breast cancers 

(TNBC), which is partly responsible for the poor prognosis for TNBC compared to other 

subtypes of breast cancer.   

Breast cancers are classified into the aforementioned subtypes pathologically; 

however, further molecular stratification using DNA microarrays and patterns of gene 

expression are used to characterize breast cancer subtypes more distinctly into their 
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intrinsic subtypes (12). Five intrinsic subtypes of breast cancer based on similarities in 

gene expression patterns are widely accepted and defined using the Prediction Analysis 

of Microarray 50 (PAM50) subtype predictor that analyzes the expression of 50 different 

genes: luminal A, luminal B, HER2 over-expression, basal-like, and normal-like (13). 

PAM50 analysis aids in the prediction of recurrence risk and the most effective therapy 

for the subtype based on a genetic profile (14). Claudin-low breast cancer is also 

recognized as an intrinsic breast cancer subtype, although this intrinsic subtype is rare 

(15).  

Intrinsic subtypes of breast cancer are also correlated with the pathological-based 

breast cancer subtype classifications (16). Luminal A tumors are generally HR+/HER2- 

and comprise approximately 71% of breast cancers; these tumors tend to be slow-

growing and less aggressive than other subtypes. Luminal B breast cancers make up 

about 12% of diagnoses and typically include the tumors with HR+/HER2+ status; these 

tumors are generally higher grade and associated with a worse survival compared to 

luminal A cancers (16). HER-2 enriched tumors account for approximately 5% of breast 

cancers, usually have the HR-/HER2+ status, and are an aggressive subtype with a 

diminished outcome compared to HR+ breast cancers. Basal-like breast cancers are 

usually triple negative breast cancers (HR-/HER2-) and make up about 12% of breast 

cancer cases; these breast cancers have the worst short-term prognosis compared to 

the other intrinsic subtypes (17). 

Although the pathology-based and intrinsic breast cancer subtypes are often used 

interchangeably, these classifications clearly do not overlap (Table 1). A study published 

by The Cancer Genome Atlas Network reported that only 68% of the HER2-enriched 

intrinsic subtype cancers histologically express HER2+ (18). Likewise, only 15% of 

luminal B intrinsic subtype breast cancers were histologically HER2+. For the luminal A 
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intrinsic subtype, 87% of cases were indeed HR+/HER2- histologically. In the basal-like 

subtype, 80% of cases were triple negative breast cancers (HR-/HER2-). 

 

 

Table 1. Features of Breast Cancer Intrinsic Subtypes. Summary of breast 
cancer intrinsic subtypes with dominant disease features highlighted. Percentages 
are based off of 466 tumor samples (18). 

 
 

The intrinsic breast cancer subtypes have defining features that aid clinicians 

optimize treatments for patients and predict prognoses as well as help researchers 

target new drugs for a specific intrinsic subtype (19). For example, luminal A tumors are 

the most likely to retain the activity of major tumor suppressors RB1 and TP53 and have 

the best prognosis. Cyclin D1 amplification preferentially occurs in luminal B breast 

cancers, so drugs that target cyclin D1 may specifically benefit patients with this intrinsic 
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subtype. Basal-like cancers tend to have a high expression of genes involved in cell 

proliferation and concordantly have a high proliferation index (18). The genetic features 

of triple negative breast cancer defined by the basal-like intrinsic subtype can help 

researchers identify susceptible targets to develop drugs for TNBC. 

Together, histopathological analysis and molecular classification based on gene 

expression, as well as patient demographics such as age, are used to find the best 

treatment for a patient and to predict prognosis. By separating breast cancers into 

distinct subtypes, patients benefit from improved treatment specificity and researchers 

can focus on developing more effective treatments for particular breast cancer subtypes. 

ii. Triple Negative Breast Cancer 

Triple negative breast cancer makes up 12-17% of breast cancer cases and lacks 

expression of ER, PR, and overexpression HER2 (20). Due to the lack of specified 

receptor expression in TNBC, there are currently no targeted treatments that address 

this disease. Apart from the standard of care which includes surgical tumor removal, 

chemotherapy and radiation, there are few other treatment options for TNBC patients if 

the first line of treatment fails.  

Though TNBC tends to be more responsive to chemotherapy and radiation than 

other breast cancer subtypes initially, TNBC is more aggressive than other subtypes 

(21). Compared to other breast cancer subtypes, the mean age of patients is younger, 

the mean tumor size is larger, and patients are more likely to have stage III tumors at the 

time of diagnosis, which indicate that the cancer has invaded nearby tissues. Patients 

with TNBC also have an increased probability of death; Dent et al. (22) found that 42.2% 

of TNBC patients died within 10 years of diagnosis while there was a 28% patient 

mortality rate in other types of breast cancers, with deaths from other breast cancer 
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subtypes accruing up to 18 years after diagnosis (23). The increased mortality risk is due 

to a lack of targeted treatment and a four-fold increase in the likelihood that TNBC 

patients will have visceral metastasis within 5 years of diagnosis compared to other 

breast cancer subtypes (24).  

Roughly 80% of basal-like cancers have triple negative status (25). Therefore, 

prognosis of triple negative breast cancers can be approximated using the basal-like 

intrinsic subtype. Triple negative/basal-like breast cancers consistently have poor patient 

prognosis based on overall survival (26-29). Interestingly, risk factors for basal-like 

breast cancers differ from other breast cancer subtypes such as luminal A. Having more 

than 3 children or a first birth before 26 years of age is protective against luminal A 

breast cancer, but predisposing for basal-like breast cancer (30). Young African-

American women particularly have a higher risk of developing basal-like/triple negative 

breast cancer. The Carolina Breast Cancer Study reported that 27.2% of basal-like 

breast cancers occurred in premenopausal African-American women, 16.0% in 

postmenopausal African-American women, 14.5% in premenopausal Caucasian women, 

and 9.3% in postmenopausal Caucasian women (30), indicating that racial or economic 

differences may play a role in patient outcome. 

Apart from unique risk factors, triple negative breast cancers also have distinct 

molecular signatures amid intrinsic heterogeneity. For example, 10-20% of triple 

negative breast cancers have breast cancer gene 1/2 (BRCA1/2) mutations (31). BRCA1 

and BRCA2 are proteins involved in DNA repair and recombination; mutations in either 

of these proteins lead to the accumulation of mutations in other genes and increases the 

risk of developing cancer. Additionally, tumor protein p53 (TP53) is mutated in 

approximately 80% of basal-like breast cancers (18). TP53, sometimes referred to as the 

guardian of the genome, is a tumor suppressor that maintains genome integrity by 
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preventing proliferation of cells with DNA damage (32). Mutations or losses in 

phosphatase and tensin homolog (PTEN) and retinoblastoma protein (RB) occur in 35% 

and 20% of basal-like breast cancers, respectively (Table 1). Also, many components of 

the phosphatidylinositol 4,5-bisphosphate 3-kinase/AKT (PI3K/AKT) and extracellular 

regulated kinase (ERK) signaling pathway are amplified in basal-like breast cancers 

(18). 

Although there are no targeted therapies for triple negative breast cancer, standard 

chemotherapeutic regimens exist. Sequential anthracycline-taxane chemotherapy is the 

standard of care for neoadjuvant treatment and a common regimen for adjuvant 

chemotherapy in TNBC patients (33). Anthracyclines were first isolated from 

Streptomyces peucetius and include doxorubicin, daunorubicin, epirubicin, and 

idarubicin (34). Anthracyclines predominantly exert their anti-proliferative effects by 

intercalating into DNA and inducing apoptosis; however, cardiotoxicity is a major issue 

associated with anthracycline-based therapies. Taxanes, such as paclitaxel and 

docetaxel, stabilize tubulin polymerization and interfere with mitotic spindle which inhibits 

mitosis (35). Cyclophosphamide, 5-fluorouracil, and methotrexate chemotherapies may 

also be incorporated into sequential anthracycline-taxane therapy or used in combination 

with one another. Cyclophosphamide is an alkylating agent with immunosuppresive 

activities, 5-flourauracil inhibits thymidylate synthase which leads to prevention of DNA 

synthesis, and methotrexate is an antifolate agent that inhibits DNA and RNA synthesis 

(36). Unfortunately, many of these chemotherapeutics have reduced quality-of-life side 

effects. 

When standard of care fails, TNBC recurs. More often than not, disease recurrence 

occurs at distant sites, leading to metastasis. The most frequent sites of metastasis in 

TNBC patients are lung, brain, bone, and liver (37). Disease recurrence in TNBC occurs 
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more often and earlier than in other breast cancer subtypes. Ovcaricek et al. (38) 

showed that the 5-year disease free survival (DFS) rate of TNBC patients was only 

68.2%. Dent et al. (22) showed that 33.9% of patients with triple negative breast cancer 

experienced distant recurrence and the mean time to recurrence was 2.6 years. Once 

relapse occurs, only about 20% of basal-like breast cancer patients will survive an 

additional 5 years (39).  

Due to the aggressive nature of TNBC and high relapse/metastasis rate, new 

therapeutic approaches related to the molecular profiles of TNBC are under investigation 

in clinical trials (31). Poly ADP-ribose polymerase (PARP) inhibitors are effective against 

TNBC tumors with BRCA mutations (40). Platinum salts, which bind to DNA and form 

intrastrand crosslinks, show conflicting results but may be more efficacious than 

standard of care against tumors with BRCA mutations (41-43). Vascular endothelial 

growth factor (VEGF) inhibitors, such as bevacizumab, were studied in clinical trials for 

treatment of metastatic TNBC but failed to improve overall survival (44). Epidermal 

growth factor receptor (EGFR) inhibitors had disappointing results in TNBC patients and 

non-negligible toxicities (45, 46). Assessment of fibroblast growth factor receptor 

(FGFR), PI3K/AKT/mTOR, c-Kit, and Janus kinase 2/signal transducer and activator of 

transcription protein 3 (JAK2/STAT3) inhibitors are ongoing in clinical trials against 

TNBC (31), demonstrating the effort to identify new treatments. Despite the continued 

pursuit of new therapies for TNBC, many developing therapeutics fail to prove superiority 

to standard of care or only prove beneficial for a small subset of TNBC patients. 

Data suggests that 85% of patients with basal-like breast cancer will achieve a 

clinical response to standard, anthracycline-based chemotherapy (47). However, 

patients with TNBC have a high likelihood of recurrence and development of metastatic 

disease (24). In addition, the potential for cardiotoxicity following anthracycline 
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administration is a significant long-term complication of these drugs.  Due to the 

continued poor prognosis of triple negative breast cancer, new therapeutic options are 

needed for this patient cohort. 

iii. Metastasis 

Metastasis accounts for 90% of cancer related deaths and occurs when secondary 

tumors develop at distant sites throughout the body relative to the primary tumor (48). 

The development of metastasis is the natural progression of most cancers, coined as 

one of the “Hallmarks of Cancer” (48). The progression of metastasis can be 

summarized as three main processes: the metastatic cascade, metastatic colonization 

and proliferation/angiogenesis (49). The metastatic cascade involves invasion into the 

surrounding tissue, intravasation into a blood or lymphatic vessel and extravasation out 

of the vessel and into a distant tissue, which account for the movement of a cancer cell 

from the primary tumor to a distant site (50). This process is thought to occur within 

minutes to hours and has likely already occurred at the time of diagnosis (51). Many 

cancer experts believe that at the time of diagnosis a primary tumor has already seeded 

thousands of cancer cells to distant organs (51-53). However, the process of the 

disseminated tumor cell becoming an overt metastatic lesion, known as metastatic 

colonization, can take years to complete and is the rate-limiting step in the metastatic 

process (54). In order for metastases to develop, the disseminated cancer cells must 

proliferate and develop vasculature, also known as angiogenesis, to grow in size. The 

metastatic process is summarized in Figure 1. 
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Figure 1. Main steps in the formation of metastasis. Several steps are involved in 
the formation of metastasis. Cells from the primary tumor must proliferate and grow. 
For tumors to exceed 1-2 mm diameter, vascularization within the tumor must occur. 
Then, cancer cells may invade the surrounding tissue and intravasate into circulation 
where the cells must resist anoikis, or cell death due to detachment. Following this, 
cancer cells arrest in specific organs, adhere to the cell wall, and extravasate out of 
the vascular system. Provided the microenvironment is suitable for cancer cell 
survival, the cell may proliferate and develop a metastatic lesion. At this point, the 
metastatic lesion has the potential to develop into further metastases (49). 
 
 

Although the development of metastasis may appear to be a well characterized, 

sequential event; metastatic disease is complex and not fully elucidated. For example, 

metastases, or metastatic tumors, were originally believed to develop in a random 

manner within different tissues (55). However, accumulated evidence showed that 

different types of primary tumors preferentially metastasize to distinct organs (56, 57). 

This hypothesis is known as the “seed and soil” principle where the seed is the 
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malignant cancer cell and the soil is the target organ (49). In breast cancer, metastases 

tend to develop in the lung, brain, liver, and bone (58). According to this hypothesis, the 

seed will only grow where it finds soil suitable for its growth. Therefore, not all organs are 

equally suitable for the growth of particular cancer cells. Their inherent properties, such 

as stiffness and resident cell populations, can promote or inhibit metastatic colonization. 

Emerging studies suggest that the metastatic site can be “primed” by the primary tumor 

(59). In this case, the primary tumor may release cytokines or exosomes containing 

microRNAs and oncogenic proteins that home to a pre-metastatic site in a distant organ 

and prepare it for metastatic colonization by altering the microenvironment, suggesting 

that the primary tumor fertilizes the soil for seeding. 

The tumor microenvironment, composed of the extracellular matrix (ECM), blood 

and lymphatic vascular network, and stromal cells, is an essential component of tumor 

progression and the development of metastasis (60). The tumor microenvironment is 

essential to the growth and dissemination of cancer cells from the primary tumor as well 

as supporting the growth and development of distant metastases. Cells that comprise 

the tumor microenvironment include fibroblasts, myofibroblasts, neuroendocrine, 

adipose, endothelial, immune, and inflammatory cells. Together, these cells can either 

promote or inhibit tumor growth through complex signaling networks. 

Fibroblasts are among the most studied stromal cells in the tumor 

microenvironment. Activated fibroblasts, also called myofibroblasts or cancer-associated 

fibroblasts (CAFs), remodel the ECM, induce angiogenesis, recruit inflammatory cells 

and stimulate cancer cell proliferation (60). Fibroblasts are activated by growth factors, 

direct cell-cell communication, reactive oxygen species or microRNAs. When fibroblasts 

become activated, the cells secrete more ECM components and have a higher 

sensitivity to extracellular signals than inactivated fibroblasts (61). Activated fibroblasts 

express alpha-smooth muscle actin (α-SMA), the most commonly used marker for 
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detection of CAFs (62). Importantly, CAFs can secrete hepatocyte growth factor (HGF), 

transforming growth factor beta (TGF-β), and platelet-derived growth factor (PDGF) to 

promote invasion and metastatic progression, in addition to their ability to remodel the 

ECM. 

Immune and inflammatory cells are also significant components of the tumor 

microenvironment. Inflammation, another hallmark of cancer, promotes tumor 

progression (63). Cancer cells secrete inflammatory cytokines as well as recruit 

inflammatory immune cells to exacerbate inflammation. Inflammatory cytokines such as 

interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), interleukin 1β (IL-1β), and 

interleukin 8 (IL-8) promote breast cancer progression (64). Some cytokines, like TGF-β 

and IL-6, promote epithelial-to-mesenchymal transition (EMT), a process in which cells 

gain migratory features that are crucial for metastatic progression. High serum levels of 

IL-1β or IL-6 are associated with breast cancer metastasis, exemplifying the importance 

of cytokines in metastatic progression (65-67). 

Triple negative breast cancer has a higher rate of metastasis compared to other 

subtypes, with a peak in distant recurrence occurring 3 years after initial diagnosis (47). 

Patients also have an increased risk of recurrence to the lungs, brain, and soft tissues 

relative to other breast cancer subtypes that have a high incidence of metastasis to the 

bone. Of patients with triple negative breast cancer, 4-6% have evidence of metastasis 

at the time of diagnosis (68, 69). However, up to 35% of patients with triple negative 

breast cancer will develop metastasis within 6 years of diagnosis. Most patients with 

TNBC do not experience detectable local recurrence before distant recurrence, 

suggesting that cancer cells have disseminated before initial treatment and eradication 

of the primary tumor (22). The higher rates of relapse and metastatic disease in TNBC 

compared to other breast cancer subtypes account for the poor survival. Therefore, 
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therapies that prevent the progression of metastatic disease are needed for TNBC 

patients. 

When TNBC recurs and metastases are detected, biopsies of the metastatic 

tumors are needed to assess hormone receptor and HER2 status (70). A retrospective 

study by Broom et al. (71) demonstrated that up to 8% of TNBC recurrence cases had 

estrogen-receptor positive metastatic tumors, even though the primary tumor lacked ER, 

PR and did not overexpress HER2 receptors. In the case that metastases from a primary 

TNBC tumor are ER positive, the metastatic treatment would consist of hormone 

therapy. However, the majority of TNBCs that recur do not fall into this category, for 

which the guidelines are less defined. Systemic chemotherapy is the treatment for TNBC 

metastatic recurrence but the type of chemotherapy is individualized to the patient and 

dependent upon a number of factors (70). These include the tumor burden, location of 

metastases, rate of disease progression, performance status, previous chemotherapy 

exposure and patient preferences (72). Because of the difficulty in treating metastasis, 

patients with metastatic breast cancer are told that the disease is incurable, but 

treatable; treatments can extend lifespan for several years in some circumstances (73). 

There are several approaches to prevent the development of metastasis in patients 

with TNBC. One regimen involves adding a therapy in combination with the initial 

chemotherapy to reduce the likelihood of developing metastatic disease. Another 

approach involves therapeutic treatment after the standard of care, but before the 

development or detection of metastasis. The last option consists of administering a 

therapeutic(s) once metastatic disease is detected. Apart from choosing the best timing 

for therapeutic administration, drugs can target different processes that are involved in 

metastatic progression. 

As suggested by Neophytou et al. (74), one possible goal could be to target the 

dormancy and outgrowth of metastases in order to completely eliminate dormant 
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metastatic cancer cells or transform these cells into chronic inactive cancers. Other 

options include targeting the ECM in order to dismantle optimal tumor 

microenvironments or to enhance drug delivery by rendering the tumor more accessible 

to drugs. Cell migration, invasion and proliferation, angiogenesis, and stromal cells are 

all therapeutic targets to slow or prevent metastatic progression. Because there are no 

effective therapeutics to target metastatic processes in TNBC, additional research is 

needed to develop better treatment options for patients with this disease. 

 

 

II. Cellular Signaling Involved in Tumorigenesis 

i. Overview of Cell Proliferation and Migration 

Perhaps the most essential characteristic of a cancer cell is its ability to proliferate. 

There are many different signaling pathways that promote cell proliferation; however, all 

of these pathways lead to progression through the cell cycle. The cell cycle is divided 

into two phases: interphase and M phase. Interphase involves cell growth and DNA 

replication to prepare a cell for division. M phase involves nuclear and cell division, after 

which one cell becomes two and proliferation is complete. Interphase consists of three 

main phases: G1, S, and G2. During G1 phase, the cell grows larger, makes duplicate 

organelles, and produces proteins necessary for later stages of the cell cycle. In S 

phase, the cell duplicates its DNA. During G2 phase, the cell continues to grow and 

produce more organelles and proteins in preparation for M phase. In G0 or “resting” 

phase, cells are not actively preparing to divide. 

In order to regulate progression through the cell cycle, many checkpoints exist 

throughout the process (75). These checkpoints are mainly regulated by cyclin-

dependent kinases (CDKs). CDKs are serine/threonine kinases that phosphorylate key 

substrates to promote cell cycle progression. Cyclins bind to and activate CDKs and are 
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tightly regulated throughout the cell cycle. Cyclin-dependent kinase inhibitors (CKIs) can 

inhibit CDKs to prevent cell cycle progression (Figure 2).  

This orchestrated cell cycle regulation begins when mitogenic signals are sensed 

during the G1 phase in order to determine if conditions are suitable for proliferation (76). 

When sufficient nutrients and growth factors are present, the cyclin D-cdk4/6 complex 

initiates G1 cell cycle progression by phosphorylating the retinoblastoma (RB) protein, 

which leads to the expression of proliferation-associated E2F target genes (77). 

Inhibitors of cdk4 (INK4s) can prevent activation of the cyclin D-cdk4/6 complex and 

include p15INK4b, p16INK4a, p18INK4c, and p19INK4d (78). Activation of the cyclin D-cdk4/6 

complex leads to an increase in cyclin E, which complexes with cdk2 to complete G1 

phase and drive the G1/S transition. The cdk interacting protein (CIP), p21CIP1, and 

kinase inhibitory proteins (KIPs), p27KIP1 and p57KIP2, can inhibit activation of the cyclin-

E/cdk2 complex to prevent transition into the S phase. Once the cell reaches S phase, 

the cyclin A/CDK2 complex regulated by p21CIP1, p27KIP1, and p57KIP2 advances the 

progression through G2 phase until the cell reaches mitosis. Lastly, the cyclin B/cdk1 

complex is responsible for progression through mitosis and is inhibited by p21CIP1 and 

KIPs. 
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Figure 2. The cell cycle. The cell cycle is primarily regulated by the activation of cyclin 

dependent kinases (CDK) by cyclins or their inactivation by inhibitory proteins. A distinct 

set of cyclins/CDKs are involved in progression through G1, S, G2 and M phases, as 

shown in the adapted figure above (79, 80). 

 

Many factors contribute to the expression of cell cycle regulatory proteins to 

promote cancer cell proliferation including hypoxia, autophagy, hormone signaling, 

altered cell metabolism, the tumor microenvironment, epithelial to mesenchymal 

transition, and signal transduction pathways. Although a review of all factors contributing 

to cell proliferation is beyond the scope of this manuscript, some key signaling pathways 

involved in cell proliferation are discussed below. 

Apart from cell proliferation, cell migration and invasion are processes integral to 

cancer progression. For primary tumors to metastasize, cell must migrate away from the 



17 
 

primary tumor and invade surrounding stroma to eventually travel to and colonize distant 

sites. Cell migration, the movement of a cell to a different location, and cell invasion, the 

ability of cells to degrade the extracellular matrix in order to move into surrounding 

areas, are essential to the development of metastases. Without the ability to migrate and 

invade, cancer cells would never progress to metastases and the cancer would remain 

contained within the primary tumor. 

As with proliferation, many signals are integrated to cause cell migration and/or 

invasion. Cell migration is ultimately regulated by changes in focal adhesion and 

actomyosin polymerization and contraction (81). Repeated cycles of cell protrusion, 

adhesion, contraction and retraction regulated by small guanosine triphosphate (GTP)-

binding proteins like Cdc42, Rac1 and RhoA lead to migration in the majority of human 

cancer cells (82). For invasion, cells must also have the ability to degrade extracellular 

matrices through the secretion of proteases such as matrix metalloproteases (MMPs.). 

One of the major processes underpinning cell migration and invasion in cancer is 

EMT, a process whereby cells gain migratory properties and lose epithelial features. 

Hallmarks of EMT include the loss of cytokeratin, E-cadherin, and epithelial cell polarity 

juxtaposed by a gain in motility, invasiveness, mesenchymal gene expression like N-

cadherin and vimentin, and protease secretion (48). The transcription factors that 

orchestrate EMT mainly consist of Snail, Zeb, and Twist transcription factor families and 

are a major focus for the development of therapies preventing metastatic progression 

(83).  

Two of the major pathways that regulate cell proliferation and cell migration are the 

ERK/mitogen activated protein kinase (MAPK) and PI3K/AKT signaling pathways. These 

oncogenic signal transduction pathways modulate the expression and activation of 

numerous downstream targets that promote proliferation and migration. 

ii. Receptor Tyrosine Kinases/c-Met 
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Receptor tyrosine kinases (RTKs) are key transmembrane proteins that translate 

extracellular signals into intracellular activities, primarily through activation of the 

ERK/MAPK and PI3K/AKT signaling pathways. Ligands such as growth factors, 

hormones and cytokines bind to RTKs to modulate cell proliferation, differentiation, 

survival, and migration (84). Major RTK subfamilies include EGFRs, FGFRs, insulin-like 

growth factor receptors (IGFR), VEGFRs and hepatocyte growth factor receptors 

(HGFRs). 

c-Met belongs to the HGFR family and binds HGF. c-Met is considered to be a 

proto-oncogene, is highly expressed in triple negative breast cancers, particularly those 

that are molecularly classified as basal-like, and is associated with poor prognosis (85-

87). Upon HGF binding, c-Met homodimerizes and its tyrosine residues are 

phosphorylated. c-Met activation leads to PI3K/AKT, ERK/MAPK, focal adhesion kinase 

(FAK) and c-Jun N-terminal kinase (JNK) activation which subsequently promotes cell 

survival, transformation, motility, invasion, and proliferation (88). There is also significant 

crosstalk between c-Met and other membrane proteins and receptors, which can amplify 

and/or diversify the actions of c-Met. 

After activation, negative regulation of c-Met can occur through dephosphorylation 

of c-Met tyrosine residues by protein phosphatases or by ubiquitin-mediated 

proteosomal degradation (88). Phosphatases for c-Met include the receptor-type protein 

tyrosine phosphatase density enhanced phosphatase 1 (dEP1) and leukocyte common 

antigen-related molecule (LAR) (89, 90). After activation, c-Met is internalized by 

endocytosis where it is recycled back to the membrane for reactivation or delivered to 

lysosomes for degradation. In addition, gene amplification, epigenetic regulation, 

transcriptional regulation, alternative splicing, microRNAs, and translation can all affect 

c-Met receptor expression (91).  

iii. ERK/MAPK Signaling 
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Mitogen-activated protein kinase intracellular signaling cascades consist of 

sequential activation of a MAPK kinase kinase (MAPKKK/MAP3K), MAPK kinase 

(MAPKK/MAP2K), and a MAPK through phosphorylation events (92). This multistep 

activation allows for signal amplification and many opportunities to regulate MAPK 

signaling pathways. Four MAPK signaling pathways are implicated in breast cancer: 

ERK1/2, ERK5, p38 and JNK pathway. Of these, the ERK/MAPK pathway is perhaps the 

most studied in cancer and is thought to be involved in all steps of metastatic 

progression (93).  

As the name suggests, ERK1/2 is activated by extracellular signals such as growth 

factors, cytokines, and hormones which stimulate transmembrane receptors to initiate 

signal transduction. RTKs are most commonly associated with ERK/MAPK activation; 

however, G-protein-coupled receptors (GPCRs), integrins and toll-like receptors can also 

activate ERK/MAPK signaling (94-97). Upon RTK receptor activation, the Ras GTPase is 

stimulated and phosphorylates the MAPKK Raf, which initiates the MAPKK MEK1/2, 

which then activates the ERK1/2 MAPK. The majority of ERK1/2 proteins are released 

from scaffolding proteins upon activation and translocate into the nucleus where these 

kinases can phosphorylate a wide range of transcription factors and drive or repress the 

expression of numerous genes (98). However, phosphorylated ERK1/2 can also remain 

in the cytoplasm depending on the nature of its interaction with the scaffold. Scaffolds 

are proteins that act as docking platforms for other proteins, such as kinases from the 

ERK/MAPK signaling cascade (94). Scaffolds are crucial regulators of the subcellular 

localization of ERK/MAPK signaling that direct ERK1/2 activity to over 50 different 

cytoplasmic ERK1/2 substrates (99). It is important to note that phosphatases, various 

Ras and Raf isoforms, and scaffolds are involved in the fine balance and complex 

signaling of the ERK/MAPK cascade. 
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ERK1/2 activation can lead to cell proliferation, survival, differentiation, invasion, 

angiogenesis and motility through the phosphorylation of approximately 200 distinct 

substrates (98, 100). For example, ERK1/2 can phosphorylate Fos and Jun to stabilize 

the AP-1 transcription factor complex and induce the expression of downstream targets 

such as matrix metalloproteases which are involved in cell invasion (101). The 

transcription factor c-myc is another ERK1/2 target that induces the expression of genes 

involved in cell growth, proliferation and apoptosis (102). ERK1/2 can also phosphorylate 

myosin light chain kinase (MLCK) in the cytoplasm to regulate cytoskeletal organization 

and promote cell migration (103). The abundance of substrates for ERK1/2 suggests 

that the MAPK/ERK signaling pathway plays a major role in promoting cancer 

progression. 

iv. PI3K/AKT Signaling  

Another signal transduction pathway involved in cancer progression is the 

PI3K/AKT, also known as protein kinase B (PKB), signaling pathway. PI3Ks are 

heterodimeric lipid kinases composed of regulatory and catalytic subunits that are 

activated upon phosphorylation of the RTK cytoplasmic tail (104). The most well-

characterized PI3K subunits are the p85 regulatory and p110 catalytic subunits. 

Activation of the p85-p110 complex catalyzes generation of the second messenger 

phosphatidylinositol-3,4,5-triphosphate (PIP3) from phosphatidylinositol-4,5-biphosphate 

(PIP2) which leads to an increase in PIP3 in the cell membrane. PIP3 then recruits AKT to 

the cell membrane through direct binding of AKT’s pleckstrin homology (PH) domain. 

AKT is subsequently activated through phosphorylation of Thr308 by 3-

phosphoinositide-dependent protein kinase 1 (PDK1) and phosphorylation of Ser473 by 

PDK2 (105). Phosphorylation of AKT at Thr308 is necessary and sufficient for activation; 

however, AKT is maximally activated when Ser473 is also phosphorylated. Activation of 
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AKT primarily stimulates cell survival, proliferation and growth but can also positively 

regulate angiogenesis, metabolism and migration (106). 

Like ERK1/2, AKT has many cellular targets; over 100 AKT substrates have been 

identified. AKT is localized in the cytoplasm, nucleus or intracellular organelles and is 

often directed to various cellular compartments upon phosphorylation (107). AKT can 

phosphorylate and activate mammalian target of rapamycin (mTOR) to increase cell 

growth or nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) to 

inhibit apoptosis. AKT can also inhibit glycogen synthase kinase 3 beta (GSK3β) to 

inhibit cell cycle progression. The major negative regulator of AKT is PTEN, which 

indirectly prevents AKT activation by converting PIP3 back to PIP2 to reduce PIP3 

secondary messenger levels. PTEN is considered a tumor suppressor and is often 

deregulated in different types of cancers, including TNBC (108). Direct inactivation of 

AKT occurs through protein phosphatases, such as protein phosphatase 2A (PP2A) and 

pleckstrin homology domain leucine-rich repeat protein phosphatase (PHLPP) (109). 

Deregulation of these phosphatases, amplification or constitutive activation of RTKs, 

PI3K subunit amplification or activating mutations, or amplification of AKT can all 

contribute to hyperactivation of the AKT signaling pathway.  

The ERK/MAPK signaling pathway can also inhibit the PI3K/AKT signaling 

pathway, and vice versa. As the main regulators of cell survival, proliferation, 

metabolism and motility, the ERK/MAPK and PI3K/AKT signaling pathways crosstalk 

with each other, as shown in Figure 3 (110). The ERK/MAPK and PI3K/AKT pathways 

can negatively regulate one another. The inhibition of the ERK/MAPK pathway often 

leads to the activation of the PI3K/AKT pathway, and vice-versa, leading to therapeutic 

resistance in cancer drugs that target either of these pathways (111). 
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Figure 3. ERK/MAPK and PI3K/AKT crosstalk. A simplified schematic of the 

ERK/MAPK and PI3K/AKT signaling pathways shows that there is significant crosstalk 

between the pathways, indicated by dotted lines. Arrows depict activating events; blind-

ended arrows indicate inhibitory events. RTK activation can ultimately lead to AKT or 

ERK1/2 phosphorylation to promote cell survival, proliferation, migration and invasion. 

This figure was adapted from (106, 110, 112). 

 

v. Cyclin D1/RB/E2F Axis 

Both the ERK/MAPK and PI3K/AKT pathways regulate cyclin D1 leading to 

progression through the cell cycle. ERK primarily controls cyclin D1 through 

transcriptional regulation, while AKT augments cyclin D1 by increasing transcription or 

translation or by inhibiting proteosomal degradation of the protein (113-115). Because 
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both ERK and AKT pathways regulate cyclin D1 and are activated by various hormones 

and cytokines, cyclin D1 is highly responsive to extracellular proliferative signals. Cyclin 

D1 is necessary for progression through the G1 phase of the cell cycle and the levels of 

the protein fluctuate throughout the cell cycle (116). Cyclin D1 levels increase during G1 

phase to promote G1/S phase transition, decrease during S phase, and rise during G2 

phase to allow the cell to continue through cell proliferation.  

The gene encoding cyclin D1 is the second most amplified locus in human cancer, 

showing the importance of the protein to cancer cell proliferation. The canonical role of 

cyclin D1 is the activation of CDK4 and CDK6. Activation of CDK4/6 leads to 

phosphorylation of RB, releasing RB from repressing E2F activating transcription factors. 

E2F1, E2F2, E2F3a and E2F3b all promote pro-proliferative gene expression in the 

absence of RB suppression (117). Expression of these E2F activators is increased in 

most types of cancers and about 30% of triple negative breast cancers have functional 

loss of the RB tumor suppressor (118). E2F transcription factors regulate the expression 

of genes involved in cell cycle control, DNA damage repair and replication, apoptosis, 

development, and differentiation (119). Although activation of CDK4/6 is the main 

outcome of increased cyclin D1 levels, cyclin D1 can also exert cdk-independent 

activities by modulating the activity of transcription factors such as the estrogen receptor, 

androgen receptor, and STAT3 (120). 

 

III. Natural Products 

i. History of Natural Products and Cancer 

Natural products, which typically refer to plant-derived compounds, have been 

used for ages to treat and mitigate diseases. These plant-derived compounds are of 

particular interest in cancer chemoprevention due to four main characteristics: their 
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diverse structures, pleiotropic mechanisms of action, low toxicity and their ability to often 

kill cancer cells selectively (121-123). Over 3,000 different plant species have been used 

to treat cancer worldwide (124). Taxol, the brand name for paclitaxel, is one of the most 

well-known natural products used in cancer therapy today. Taxol is a complex chemical 

compound found in the bark of the Pacific yew tree, Taxus brevifolia, that was first 

collected by botanist Arthur Barclay in 1962 under the direction of the United States 

Department of Agriculture (USDA) (125). Because Pacific yew bark extracts showed 

promising anti-cancer activity both in vitro and in vivo, the National Cancer Institute (NCI) 

contracted numerous laboratories to fractionate the active bark extracts and isolate the 

pure active compound, later discovered as taxol. In 1979, Susan Horwitz discovered that 

the anti-cancer activity of taxol was due to the ability to increase microtubule formation 

and inhibit microtubule disassembly, ultimately inhibiting cancer cell proliferation. The 

collection of thousands of pounds of Pacific yew bark, which met resistance by 

environmental groups, led to the development of a completely synthetic version of 

paclitaxel (the newly given generic name of commercially available Taxol) in 1994 (125, 

126). Today, Taxol is made semi-synthetically and is used to treat millions of ovary, 

breast and lung cancer patients worldwide. Taxol is one of the most widely used cancer 

therapeutics (127). Paclitaxel is included on the World Health Organization’s (WHO) 

2017 Model List of Essential Medicine (128). 

The modern development of anti-cancer plant-derived natural products is a long 

and laborious process that can take 20 to 30 years for development (129). Researchers 

often use an ethnopharmacological approach to identify plants that may have 

quantifiable biological activity. Ethnopharmacology is “the observation, description, and 

experimental investigation of traditionally used drugs and their bioactivities” (130) and 

involves collaboration between anthropologists, botanists, chemists and 
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pharmacologists. Not to be confused with ethnobotany, which studies the relationships 

between plants and people, ethnopharmacology refers to the specific medicinal use of a 

plant (131). Plants derive their medicinal properties from natural compounds called 

secondary metabolites. Secondary metabolites are non-essential compounds that plants 

produce as a defense against bacteria, fungi, amoebae, other plants, insects, and large 

animals. These compounds can also be used as agents of symbiosis between 

organisms (132). There are four main classes of secondary metabolites: terpenoids, 

phenolic compounds, alkaloids, and sulphur-containing compounds (133). Natural 

products such as caffeine, an alkaloid, and cinnamaldehyde, the phenolic compound 

that gives cinnamon its scent and flavor, are secondary metabolites. These secondary 

metabolites make plants attractive sources for new pharmacologic drugs.   

When a medicinal plant is identified from traditional and cultural records, extracts of 

the plant are scientifically tested for biological activity using experimental assays. It is 

important to note that the part of the plant used for a medicinal claim is critical; various 

parts of a plant, such as its fruit, leaves, bark, or rhizome, can contain differing levels of 

biological activity. The symptom for which the plant was historically used helps guide the 

researcher to discover plants with potential anti-cancer activities; for example, plants 

may have been used to treat hard swellings, abscesses, calluses, corns, warts, polyps, 

or tumors (129). Since cancer was not always well-defined, especially in indigenous 

cultures, it is particularly hard to find medicinal plants that were historically used as anti-

cancer agents.  

A cell proliferation assay if often used to identify the anti-cancer biological activity 

of plant extracts to determine whether the plant extract will kill cancer cells. Once a plant 

extract with biological activity is found, it is further fractionated using bioassay-guided 

fractionation to subdivide the extract into different chemical constituents to test for 
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biological activity. The aliquot with the most potent biological activity is then further 

fractionated to identify a single compound as the source of the most potent biological 

activity. This laborious process necessitates the expertise of chemists to isolate and 

identify the biologically active natural compound. 

Once the compound with the highest anti-proliferative activity is isolated, the 

mechanism of action is explored. Pharmacologists and biochemists perform further in 

vitro and in vivo experiments to identify how the compound kills cancer cells and if it is 

effective in vivo. Together, these pieces of evidence help to profile a medicinal plant and 

confirm its historic medicinal claims, having used an ethnopharmacological approach.  

Apart from ethnopharmacological-based drug discovery, high throughput screening 

(HTS) is also employed to detect natural compounds with anti-cancer activity, using 

natural product libraries (134). Although HTS often screens natural products present in 

libraries, this process can also be exploited to identify novel targets for a particular 

compound. Surveying natural products for their anti-proliferative activities also has 

advantages over the use of libraries of synthetic compounds as natural products evolved 

specifically with biological activities that repel or attract other organisms without being 

directly essential to the organism (135). Since these compounds naturally evolved by 

providing protection, screening of natural compound libraries is more likely to yield 

positive results compared to synthetic compound libraries. 

If a natural compound appears to possess anti-cancer activities based upon in vitro 

and in vivo studies, the compound may then proceed through a drug development 

process and into clinical trials. The continued development of a natural compound and 

its use for clinical studies often requires the production of a large amount of raw plant 

material to provide sufficient amounts of the biologically active isolated compound. 
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Therefore, it is often unsustainable and costly to continue isolating the natural compound 

from its original source. Organic chemists may then develop synthetic or semi-synthetic 

analogues of promising anti-cancer natural compounds for more extensive clinical 

studies. Since it is difficult to produce fully synthetic plant-derived compounds due to 

their complex chemistry, chemists often seek a more easily attainable natural compound 

that is a precursor to the natural compound of interest. If the natural compound is 

successful in clinical trials, Food and Drug Administration (FDA) approval will be 

obtained for commercial use. 

ii. Unfractionated natural products 

Modern natural product drug discovery has focused on isolating single compounds 

from complex plant extracts. The identification of a single biologically active compound 

facilitates large-scale production of the compound and is more financially lucrative for 

pharmaceutical companies. Once a new bioactive natural product is discovered, 

pharmaceutical companies will either synthetically produce the compound and patent the 

synthesis method or patent a chemically modified version of the natural product that 

increases its bioavailability, potency, or stability. However, these individual natural 

products are often very different from their original source. 

Although single compound natural products often garner the most attention in the 

biomedical field, unfractionated natural products are also of interest. These 

unfractionated natural products may be classified in the dietary supplement and 

nutraceutical category, such as a ginger or peppermint extract that can be sold in a pill 

or liquid form (136). Emerging research suggests that whole plant extracts exert an 

enhanced synergistic effect that is greater than the activities of each individual 

component (137, 138). 
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One example of an unfractionated natural produce that is used as a nutraceutical is 

pomegranate juice, which exhibits numerous chemopreventative effects (139). Wang et 

al. (140) found that the pomegranate juice components luteolin, ellagic acid, and punicic 

acid individually inhibited prostate cancer PC3 cell migration and increased cell 

adhesion. However, none of these individual components was as effective as 5% 

pomegranate juice. However, when luteolin, ellagic acid and punicic acid were added 

together, they achieved anti-cancer bioactivities similar to the pomegranate juice (141). 

Another example is the use of a pure cannabinoid compared to a cannabis plant 

drug preparation for the treatment of cancer. Blasco-Benito et al. (137) demonstrated 

that pure THC was less effective at reducing in vivo tumor volume of T47D, BT-474, and 

MDA-MB-231 breast cancer cells than the whole cannabis extract. In further studies 

from this group, the five most abundant terpenes found in the cannabis drug preparation 

were isolated and proportionally added to pure THC. When cancer cells were treated 

with the terpene cocktail and THC, there was no significant difference in cell viability 

compared to pure THC alone. These studies demonstrated that the anti-cancer effects of 

the whole cannabis extract are likely not due to the five most abundant terpenes found in 

cannabis. In addition, the pure THC and cannabis extract appeared to have completely 

different mechanisms of action. These investigators coined the term “entourage effect” to 

describe the potential synergies between unidentified chemical compounds in the 

cannabis plant. 

Although the modernization of plant-derived medicine into concentrated single 

components has led to life-saving discoveries, it has also dramatically increased the side 

effect profile of natural products. The use of unfractionated plant extracts often leads to a 

better safety profile and enhanced bioactivity due to the synergistic effect of numerous 

compounds. 
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iii. Use and regulation of natural products 

Plant-derived natural products were traditionally used as medicine in their 

unfractionated state. Traditional Chinese Medicine (TCM) and Indian Ayurvedic Medicine 

use unfractionated plant extracts, often known as herbal extracts, that have been well 

documented for thousands of years (130). In fact, 55-75% of cancer patients in China 

still use Chinese herbal medicine today to treat their cancer (142). The majority of 

Chinese physicians believe TCM therapies are useful in cancer care, with over 90% of 

physicians reporting to prescribe TCM to their patients (143). Similarly, 62-70% of the 

population in India use Ayurvedic medicine, which includes the use of foods, spices and 

medicinal plants to treat illnesses (144-146). 

In the United States, approximately 35% of the population reports taking at least 

one herbal medicine (147). However, statistics on herbal medicine usage is limited. 

Notably, the regulation of herbal products varies significantly between countries. For 

example, China implemented infrastructure for research, education and training for the 

prevention and treatment of diseases with herbal medicines. The China Food and Drug 

Administration law requires that herbal medicines are produced according to good 

manufacturing practice (GMP) standards and are evaluated for safety and efficacy (148). 

On the other hand, the United States lacks the infrastructure for the advancement of 

herbal medicine.  

In the United States, the use of herbal medicines is not strictly regulated. The 

Dietary Supplement Health and Education Act (DSHEA) of 1994 deemed herbal and 

botanical products as dietary supplements that do not need approval by the FDA before 

being sold to the public (149). Under this law, herbal and botanical products are treated 

as a food and not a drug and dietary supplements do not need to provide safety 
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information prior to marketing.  However, the FDA can ban dietary supplements if 

supplements cause significant adverse reactions after customers use the product. For 

example, in 2004, the FDA banned the sale of dietary supplements containing ephedrine 

alkaloids which were linked to adverse cardiovascular events and even death (150). 

Some dietary supplements may not even contain what they claim or may contain 

additional ingredients such as prescription drugs due to the lack of regulation. 

Although botanicals are not routinely regulated by the FDA, there are several 

natural products that are approved by the FDA and can be obtained by prescription.  

Two of these are Veregen® and Mytesi™ (151). Veregen® is a water extract of Camellia 

sinensis green tea that is used as an ointment to treat external genital and perianal warts 

(152). Mytesi™ is an oligomeric proanthocyanidin from the Croton lechleri tree that is 

administered orally to treat diarrhea in HIV/AIDS patients. These are the only two 

botanical drugs regulated by the FDA and marketed as prescription drugs. 

Although most herbal products are not regulated by the FDA, some natural 

products are marketed as medical foods. Section 5(b) of the Orphan Drug Act (21 U.S.C. 

360ee (b) (3)) defines medical foods as "a food which is formulated to be consumed or 

administered enterally under the supervision of a physician and which is intended for the 

specific dietary management of a disease or condition for which distinctive nutritional 

requirements, based on recognized scientific principles, are established by medical 

evaluation” (153). One example of a medical food is IBgard®, which is peppermint oil 

delivered in microspheres (154). IBgard® is a medical food formulated for the dietary 

management of irritable bowel syndrome (IBS) that has undergone clinical trials (155, 

156). 

iv. Natural Product Conclusion 
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From conception to federal regulation, natural products used to improve health or 

treat diseases are complex. Although the development of natural products is 

challenging, these products continue to hold promise in cancer chemoprevention and 

treatment. Thousands of botanical products have been used to treat diseases 

throughout the ages and many more likely remain undiscovered. With scientific rigor, 

new natural product cancer treatments are likely on the horizon. 

 

IV. Muscadine Grapes 

Extracts from the muscadine grape (Vitis rotundifolia) are being studied as a 

treatment for cancer. Although research on muscadine grapes is still in its early stages, 

several studies showed promising anticancer activities (157-162). Evidence from 

historical studies on muscadine grapes and current muscadine grape research suggest 

that muscadine grapes or extracts prepared from muscadine grapes can be used to treat 

or prevent cancer. 

i. History of muscadine grapes 

Muscadine grapes were the first native grapes to be cultivated in North America 

and are native to the Southeastern United States (163). These grapes grow easily in the 

Southeastern US and are typically tolerant to insects and pests. Muscadine grapes are 

primarily used commercialy to produce wine, juice and jams, or consumed as fresh fruits 

(164). Muscadine grapes range from bronze colored to dark purple in color. The bronze 

varieties are also known as scuppernongs, named after the Scuppernong River in North 

Carolina; scuppernongs are the state fruit of North Carolina (165).  
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There are over 100 different cultivated varieties (cultivars) of muscadine grapes 

that vary in size, color, and chemical composition (163). Muscadine grapes can 

asexually propagate, meaning the plant has the exact genetic make-up of the “mother”. 

Although the genetic make-up may be consistent, many factors can affect the secondary 

metabolite, or bioactive component, profile in fruits. Factors that can influence the 

secondary metabolite concentrations within a plant include temperature, humidity, light 

intensity, water supply, mineral availability, carbon dioxide supply, frost, and disease 

(166). 

Polyphenols are the most abundant secondary metabolites found in grapes and 

muscadine grapes contain particularly high concentrations of polyphenols compared to 

other grapes (167). The majority of the polyphenols are found in the seeds (60-70%) and 

skins (28-35%) of muscadine grapes. Muscadine grapes specifically contain high 

amounts of ellagic acid which is commonly found in other fruits such as raspberries, 

strawberries, and blackberries but absent in all other grape species (168). Additional 

constituents include gallic acid, catechin, quercitin, cyanidin, and delphinidin (169). 

However, the relative concentrations of phenolic constituents depend greatly on the 

variety of muscadine grape examined. 

There are over 150 documented muscadine grape varieties and cultivars (170), 

both found in nature and cultivated by humans. These various muscadine grapes can 

differ substantially in taste and chemical composition. Muscadine grape cultured variety 

(cv.) Carlos is one of the main varieties of muscadine grapes commercially used and is 

bronze in color. These grapes are typically processed into wine, juice, jam, or jelly rather 

than consumed as fresh fruit (171). Compared to other varieties, Streigler et al. (171) 

from the University of Arkansas found that the Carlos cultivar had the highest amount of 

total phenolics and ORAC (oxygen radical absorbance capacity) value, which measures 
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the antioxidant capacity. The Black Beauty muscadine grape cultivar had less than one 

third of the total phenolic concentration found in the Carlos cultivar. 

Despite these differences, muscadine grapes are still abundant sources of 

polyphenols and have been explored for various health benefits. Muscadine grapes have 

anti-oxidant, anti-microbial, anti-cancer, and anti-cardiovascular disease activities (172). 

However, the wide range of muscadine grape varieties, extraction methods, and fruit 

parts (skin vs seed vs pulp) used in research make it difficult to predict the effect of new 

extracts. Still, previous research assessing the health effects of muscadine grape 

extracts or compounds found in muscadine grape extracts provide insight into the 

potential biological activities of muscadine grapes.  

ii. Muscadine grapes and cancer 

Although research on muscadine grapes is still in its nascent phase, evidence 

suggests the use of muscadine grape extracts for the treatment or prevention of colon, 

prostate, and breast cancers. Mertens-Talcott et al. (158) demonstrated that ellagic acid 

rich fractions of muscadine grapes cv. Albemarle induced cell death in Caco-2 human 

colon carcinoma cells. In a proliferation assay, all muscadine grape fractions decreased 

the total number of cells in a dose-dependent manner. Analysis of caspase-3 activity to 

study apoptosis showed that all of the muscadine grape extract fractions induced 

caspase-3 activity in a concentration-dependent manner, indicating induction of 

apoptosis. Furthermore, the extract was found to alter cell cycle kinetics by significantly 

decreasing the fraction of colon cancer cells in G0/G1 phase compared to untreated colon 

cancer cells. Another study found that four muscadine grape cultured varieties (Carlos, 

Ison, Noble, and Supreme) significantly inhibited proliferation of HT-29 and Caco-2 colon 

cancer cells (157). 
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Hudson et al. showed that a muscadine grape cv. Ison skin extract (MSKE) 

significantly inhibited tumor cell growth in the prostate tumor cell lines RWPE-1, WPE1-

NA22, WPE1-NB14, and WPE1-NB26 (159). In contrast, MSKE did not inhibit the cell 

growth of normal prostate epithelial cells. The extract induced apoptosis in several 

prostate cancer cell lines through targeting the PI3K/Akt and MAPK survival pathways. 

Reduction of Akt activity by MSKE was associated with a decrease in Akt transcription, 

enhanced proteosome degradation, and altered levels of protein deglycase DJ-1; which 

is a regulator of PTEN that inactivates Akt. A subsequent study by the same group found 

that MSKE induced G0/G1 cell cycle arrest in PC3 prostate cancer cells which was 

associated with reduced cyclin D1 and increased p21 (173). These effects on the cell 

cycle corresponded to an MSKE mediated reduction in PC3 tumor growth in a xenograft 

mouse model which was associated with a decrease in  heat shock protein 40 protein 

(HSP40), which may be involved in prostate cancer progression, in PC3 and E006AA 

prostate cancer cells.   

 A Phase 1 clinical trial investigating the effect of a muscadine grape skin extract in 

men with biochemically recurrent prostate cancer was conducted at the Johns Hopkins 

Medical Institution in Baltimore, Maryland, to determine the safety, tolerability and 

appropriate dose of the muscadine grape extract (160). The muscadine grape extract 

was manufactured by Muscadine Naturals Inc. and was composed of encapsulated dried 

and pulverized grape skins of the Noble cultivar. In these studies, Paller et al. (160) 

reported that a dose of 4,000 mg/day of the extract did not produce any dose-limiting 

toxicities in the 14 patients enrolled in the trial. Although minor gastrointestinal 

symptoms were reported, none were higher than a grade 1 adverse effect. The group 

also noted that the muscadine grape extract caused a within-patient 5.3 month increase 

in prostate specific antigen doubling time (PSADT). 
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Based on the results from the Phase 1 study, a randomized placebo-controlled 

Phase 2 study with 125 subjects was conducted by the same investigators to determine 

whether the muscadine grape extract (MPX) produced clinically significant effects (174). 

Enrolled prostate cancer patients had rising levels of PSA after receiving initial definitive 

therapy. Men were divided into a placebo group, a low dose group receiving 500 mg/day 

MPX for 6 months, or a high dose group receiving 4,000 mg/day MPX for 12 months. 

The primary outcome was changes in PSADT which is indicative of prostate cancer 

progression. The results of this trial demonstrated no significant differences in PSADT 

between the control and treatment arms. Additionally, there were no changes in ellagic 

acid, urolithin A, quercetin, and conjugated or unconjugated resveratrol blood plasma 

concentrations in patients receiving MPX compared to the control group. These MPX 

metabolites were undetectable in most patients. 

Although the results for this phase II clinical trial showed no change in PSADT, a 

subgroup of patients who benefited from the muscadine grape extract was identified 

which included men with the superoxide dismutase-2 (SOD2) alanine/alanine (Ala/Ala) 

genotype (rs4880 SNP). These patients have a higher risk of aggressive prostate cancer 

in the presence of low antioxidant status. SOD2 encodes the manganese superoxide 

dismutase (MnSOD) enzyme and men with the Ala/Ala genotype have greater MnSOD 

activity (175). MnSOD converts reactive oxygen species and superoxide anions to 

hydrogen peroxide and oxygen. Hydrogen peroxide will cause DNA damage if it is not 

quickly converted to water by catalase, glutathione peroxidase, or peroxiredoxin. 

Therefore, patients with the Ala/Ala SOD2 genotype can have a buildup of hydrogen 

peroxide due to the increased MnSOD activity. These patients benefit from exogenous 

antioxidants such as polyphenols, to reduce overall oxidative stress (176). In the phase 

II clinical trial, patients with the Ala/Ala genotype in the pooled MPX treatment arm had a 
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statistically significant increase in PSADT, while patients with the Ala/Ala genotype in the 

control group showed no change in PSADT. Only 23 subjects had the Ala/Ala genotype 

and were evaluated in the sub-analysis. Although there was no change in PSADT for 

prostate cancer patients receiving MPX overall, the results of this study suggest that 

patients with the Ala/Ala SOD2 genotype may benefit from treatment with the muscadine 

grape extract. 

The potent effects exhibited by muscadine grape extracts on both colon and 

prostate cancer suggest that the extract may also have anti-cancer effects against 

breast cancer, but only a limited number of studies have been conducted to evaluate the 

effects of muscadine grape extracts on breast cancer. Burton et al. (161) showed that a 

muscadine grape cv. Ison skin extract significantly inhibited migration and invasion of 

MCF-7 breast cancer cells overexpressing the transcription factor Snail. The 

investigators hypothesized that the muscadine grape extract antagonized Snail-

mediated activation of cathepsin L (CatL), a cysteine cathepsin protease that degrades 

the extracellular matrix during tumor progression. The extract also inhibited 

osteoclastogenesis of macrophages co-cultured with Snail-overexpressing MCF-7 cells 

in vitro, which suggests that the extract can inhibit breast cancer bone metastases. 

Similar results were also found in LNCaP, C4-2, and ARCaP human prostate cancer cell 

lines. 

Additional studies investigated isolated compounds that are present in muscadine 

grapes on breast cancer. Ellagic acid induces cell cycle arrest, apoptosis, and anti-

tumorigenic activity in an array of cancers (138, 177-179) and several studies with 

ellagic acid focus on breast cancer (180-183). Ellagic acid inhibited the proliferation of 

MCF-7 breast cancer cells in association with decreased phosphorylation of the 

retinoblastoma (RB) protein and attenuated TGF-β/Smad3 signaling (184). Wang et al. 
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(182) demonstrated that ellagic acid significantly inhibited MDA-MB-231 breast cancer 

tumor growth in vivo and reduced tumor p-VEGFR2, AKT and p-JNK. In the same study, 

ellagic acid also directly inhibited VEGFR2 activity as well as downstream signaling 

pathways, MAPK and PI3K/Akt, in endothelial cells and inhibited VEGF-induced 

angiogenesis by modulating processes such as migration, proliferation, and tube 

formation of endothelial cells. Other studies (185-187) showed that the muscadine grape 

chemical constituent delphinidin induced apoptosis and autophagy in HER2-positive 

breast cancer cells, reduced invasion in MCF-7 breast cancer cells, and inhibited 

proliferation in MDA-MB-231 TNBC cells.  

Although the effects of unfractionated muscadine grape extracts against breast 

cancer have not been studied extensively, there are several studies that examined the 

effect of non-muscadine grape extracts on breast cancer. Luan et al. (162) demonstrated 

that grape seed proanthocyanidins (GSP) inhibit vasculogenic mimicry in human triple 

negative breast cancer HCC1937 cells. Concentrations of 100 µg/mL and 200 µg/mL of 

GSP significantly reduced the number of vascular channels in HCC1937 compared to 

the control. The GSP extract also reduced cell proliferation of HCC1937 cells in a dose 

dependent manner. Western blot analyses showed that the GSP extract reduced the 

expression of Twist1 (a protein that plays an essential role in metastasis progression) 

and VE-cadherin while increasing the expression of E-cadherin compared to the control. 

Changes in these biomarkers suggest a reversal of epithelial-mesenchymal transition. 

The authors conclude that GSP may trigger the transition of triple negative breast cancer 

cells from the mesenchymal state to the epithelial state by inhibiting the expression of 

Twist1.  

A study by Sahpazidou et al. (188) investigated the effects of polyphenolic extracts 

from grape stems in breast (MCF-7, MDA-MB-23), colon (HT29), renal (786-0, Caki-1), 
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and thyroid (K1) cancer cells. The grape stems studied were derived from the Vitus 

vinifera varieties Voidomato, Mavrotragano, Hambourg Muscat, and Assyrtiko. All of the 

extracts exhibited cytotoxic effects on all of the cancer cells with the exception of the 

effect of the Mavrotragano extract on Caki-1 renal cancer cells. The most active extract 

overall, the extract with the lowest IC50 value, was the Voidomato extract which 

contained the most gallic acid, trans-resveratrol, quercetin, and kaempferol compared to 

the other varieties. This study suggests that grape stem extracts are anti-carcinogenic, 

including against breast cancer. Taken together, these studies indicate that muscadine 

grapes have anti-carcinogenic activities against prostate, colon, and breast cancers.  

iii. Proprietary Muscadine Grape Extract 

A proprietary muscadine grape extract (MGE) developed by Piedmont Research and 

Development using the Carlos variety of muscadine grapes was used throughout the 

studies in this dissertation. A patent-pending extraction method was employed to 

manufacture MGE. The phenolic content between lots of MGE is consistent, as 

measured using the Folin-Ciocalteu method.  

The unique extraction process of this MGE leads to a highly-concentrated extract. 

Compared to other commercially available muscadine grape extracts, MGE contains a 

significantly higher concentration of polyphenols. Some of the major phenolic 

compounds present in our proprietary MGE include epicatechin, gallic acid, pro-cyanidin, 

ellagic acid, cathechin, and catechin-gallate (189). As expected based on the high total 

phenolic concentration, these polyphenolic compounds are found in greater abundance 

in MGE compared to the commercially available Nature’s Pearl, Premier Gold, and 

Muscadinex muscadine grape extracts . In these analyses, resveratrol, quercetin, and 
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myricetin were below the assay detection limit, suggesting their limited presence in MGE 

(189). 

The high phenolic content of the proprietary MGE and data showing that the 

components of the extract have anti-cancer activities, such as ellagic acid and gallic 

acid, suggests that the proprietary MGE may be a potential therapeutic for cancer.  

 

V. Gut Microbiome 

The gut microbiome is implicated in numerous diseases including autoimmunity, 

metabolic syndrome, cardiovascular disease, irritable bowel syndrome, 

neurodegenerative diseases, and cancer (190). Gut microbes, which make up 99% of 

human microbial mass, influence health and disease (191). There are ten times more 

bacteria in the GI tract than there are human cells in the entire body (192). These 

bacteria contain over 100 times the amount of genomic content than the human 

genome. The microbes that colonize the gut are referred to as the gut microbiota, 

whereas their collective genomic content is referred to as the gut microbiome.  

Although the gut microbiota includes bacteria, fungi, yeast, archaea and viruses, 

most studies focus on the bacterial components of the gut microbiota (193). Bacteria are 

taxonomically classified by phylum followed by class, order, family, genus, and finally 

species. The predominant phyla in the human gut microbiota are Bacteroidetes and 

Firmicutes, followed by Actinobacteria, Proteobacteria and Verrucomicrobia (194). Gut 

microbiota composition at the phyla level can provide insight into disease or microbial 

dysbiosis, an imbalance in gut microbes that favors detrimental bacteria. For example, 

an increase in the Firmicutes to Bacteroidetes ratio is associated with obesity in human 

and animal models (195). The link between obesity and this phyla ratio may be due to 
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the increased capacity for energy harvest by the gut microbiota when there is a higher 

Firmicutes to Bacteroidetes ratio (196). Additionally, gut microbiota alpha-diversity, 

which is a measure of microbial richness based on the variety of microbes present, is 

reduced in many diseases (197). This loss of microbial diversity (LOMD) is a hallmark of 

gut dysbiosis and is associated with an unhealthy gut microbiota profile. 

There are many factors that influence gut microbiota composition beginning from 

birth (198). Whether a baby is delivered vaginally or by Cesarean section and whether a 

baby is breast fed or formula fed have profound impacts on the gut microbiome that can 

influence disease progression later in life. Furthermore, stress, diet, genetics, physical 

activity, traveling, drugs (especially antibiotics), and the environment can all influence 

the gut microbiota. Although it is evident that many factors contribute to one’s gut 

microbiota signature, it is still unclear whether alterations in the gut microbiome are the 

cause or the consequence of disease. Germ-free animal studies involving mice that are 

devoid of microbes suggest an essential role of the gut microbiome in several diseases 

(199), yet much remains to be determined about the roles played by the gut microbiome. 

The gut microbiota exerts both local and long-distant biological activities through 

multiple molecular mechanisms. It plays an indispensable role in the development and 

maintenance of immune function through physical secretion of mucus to ensure proper 

barrier formation between gut epithelial cells and bacterial species. Gut microbiota also 

express microorganism-associated molecular patterns (MAMPs) that bind to toll-like 

receptors (TLRs) and secrete microbial metabolites that have important biological 

functions (200). Of the various metabolites that microbes produce, short-chain fatty acids 

(SCFAs) are particularly important in mediating gut microbial effects on host physiology 

(201). 
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SCFAs are fermentation bi-products of indigestible carbohydrates such as fiber. 

They can be transported across the gut epithelium into the bloodstream or used locally 

by enterocytes which are the gut epithelial cells responsible for absorption and tight-

junctions (202, 203). SCFAs transduce signals by two main mechanisms: inhibition of 

histone deacetylases (HDACs) and activation of GPCRs. Through these mechanisms, 

SCFAs can induce the generation of reactive oxygen species (ROS), alter cell 

proliferation and function, and produce anti-inflammatory effects. Three predominant 

SCFAs are found in the gut--proprionate, butyrate, and acetate--in relative ratios of 

1:1:3. Bacteroidetes are primarily responsible for producing acetate and propionate while 

Firmicutes are chiefly responsible for producing butyrate (201).  

The multifaceted effects of the microbiome on host physiology have profound 

implications in cancer. Furthermore, there is an important bi-directional relationship 

between natural products and the gut microbiome. 

i. The gut microbiome and cancer 

The most well-defined links between the gut microbiome and cancer involve 

colorectal cancer (CRC). The majority of gut microbes reside in the large intestine (aka 

colon), so trillions of microbes are in direct contact with tumors in the colon. The gut 

microbiota can contribute to CRC by four main mechanisms: 1) bacteria-induced loss of 

intact epithelial surface barrier function that leads to commensal-bacteria induced 

inflammation, 2) pathogenic bacteria promoting the onset of inflammation and 

tumorigenesis through MAMPs and inflammatory cytokines, 3) promotion of genetic 

lesions in intestinal epithelial cells through genotoxic molecules, and 4) secretion of 

bacterial metabolites that promote CRC tumor progression (204). 
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CRC patients have different microbiota compositions and distinct microbiota gene 

expression profiles compared to healthy subjects (205). A study by Sobhani et al. (206) 

observed a higher abundance of the genus Prevotella in the stools of patients with CRC 

compared to healthy controls while Zeller et al. (207) demonstrated that the gut 

microbiota of patients with CRC had an increased capacity for lipopolysaccharide (LPS) 

formation, an antigen that can stimulate inflammatory signaling through TLR4. The same 

group also found that Bacteroidetes were enriched and Firmicutes were depleted in CRC 

patients, leading to a lower Firmicutes to Bacteroidetes ratio in CRC patients compared 

to control subjects. Another study showed that CRC patients have lower fecal levels of 

acetate, propionate, and butyrate than non-CRC counterparts (208). In addition, several 

studies demonstrated that higher levels of the SCFA butyrate can be protective against 

colon cancer (209, 210). Although butyrate is the main energy source of colonocytes, 

this SCFA can suppress CRC cell motility and proliferation (211, 212). 

The gut microbiome is thought to influence other cancers in a less direct manner. 

The gut microbiota may modulate immune responses; microbes can stimulate innate 

immunity to activate antitumor immune responses or induce chronic inflammation to 

promote cancer progression (191). Microbes exert these activities by interacting with 

gut-associated lymphoid tissue, which is the largest component of the immune system in 

the body and influences immune responses both locally and systemically (213). Sethi et 

al. (214) showed that depletion of the gut microbiota with antibiotics in mouse models of 

cancer reduced pancreatic and melanoma tumor volume and liver metastases; depletion 

by antibiotics increased anti-tumor interferon gamma (IFN-γ) secreting T cells and 

decreased pro-tumor IL-17a and IL-10 secreting cells. Furthermore, gut microbiota 

depletion by antibiotics had no effect on tumor volume in a Rag1 knockout (T and B cell 

deficient) mouse model, suggesting that T and B immune cells are crucial for mediating 
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anti-cancer effects of the gut microbiota and that the antibiotics alone do not reduce 

tumor volume. 

Apart from immune mediated effects, the gut microbiome can also affect breast 

cancer through modulating systemic estrogen levels (215), which can be particularly 

detrimental for ER+ breast cancers. In addition, the local breast tissue microbiome can 

also influence breast cancer development and progression (216). Conflicting evidence 

exists on the relationship between fecal alpha-diversity and breast cancer. One study 

showed that breast cancer patients had reduced fecal alpha-diversity, indicating gut 

dysbiosis in breast cancer patients, while another study found increased fecal alpha-

diversity in breast cancer patients (217, 218). Although only a few human studies 

explored relationships between gut microbial signatures and breast cancer, mouse 

models suggest that the gut microbiome plays a key role in breast cancer.  

A study by Lakritz et al. (219) showed that the administration of Lactobacillus 

reuteri in the drinking water reduced mammary carcinogenesis in Swiss mice fed 

Westernized diets. L. reuteri also reduced tumor formation in FVB strain erbB2 (HER2) 

mutant mice that are genetically susceptible to tumor formation. Depletion of anti-

inflammatory CD4+CD25+ Treg cells with an anti-CD25 antibody negated the beneficial 

effects of L. reuteri in breast cancer, suggesting that microbially triggered CD4+CD25+ 

lymphocytes mediate the anti-cancer effects of L. reuteri. Another mouse study found 

that neutrophils were required for gut microbiota promotion of mammary tumorigenesis 

(220). Although a limited number of studies suggest a relationship between gut 

microbiota and breast cancer, more investigations are needed to elucidate potential 

mechanisms of action 

ii. Grape polyphenols and the gut microbiome 
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Natural products, particularly polyphenols, have profound effects on the gut 

microbiome and the gut microbiome has profound effects on polyphenols. An estimated 

90-95% of polyphenols reach the large intestine intact and directly interact with the gut 

microbiota (221). Polyphenols can 1) alter gut microbiota composition to increase 

beneficial bacteria and decrease detrimental bacteria, 2) influence the metabolites 

produced by microbes, such as short-chain fatty acids, and 3) be metabolized by 

microbes into more bioavailable compounds. The gut microbiome is thought to mediate 

the physiological effects of polyphenols, especially since many polyphenols have poor 

bioavailability yet confer biological effects in vivo. 

Research documenting the effect of grapes or other high-polyphenol fruits on the 

gut microbiota in animals provides some insight into the importance of microbes in 

polyphenol-induced physiological effects. Chen et al. (222) showed that administration of 

freeze-dried black raspberry (BRB) powder, which is particularly high in ellagic acid and 

anthocyanins, altered the gut microbiota and reduced the amount of tumors in the colons 

of mice. In azoxymethane (AOM)/dextran sodium sulfate (DSS)-treated C57BL/6J mice, 

a well-documented mouse model of colitis-associated colon cancer, BRB increased the 

abundance of gut Neisseria, a butyrate-producing bacterium. On the other hand, BRB 

reduced the relative abundance of pathogenic bacteria Bacteroides finegoldii and 

Prevotella albensis microbes compared to AOM/DSS control mice; changes in the gut 

microbiota were associated with reduced IL-1β, IL-6, IL-10, COX2, and TNFα gene 

expression and altered DNA methylation in intestinal epithelial cells. However, BRB did 

not alter alpha-diversity in AOM/DSS mice and the effect of BRB on fecal SCFAs was 

not documented. 

A series of studies examined the effect of grapes on the gut microbiota in high-fat 

diet (HFD)-fed mice. HFD-fed C57BL/6J mice receiving 1% Concord grape polyphenols 
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through their diet had a dramatic increase in Akkermansia muciniphila in cecal and fecal 

samples and a reduction in the Firmicutes to Bacteroidetes ratio (223); these grape-

induced changes in the gut microbiota were associated with attenuated weight gain, 

decreased IL-6, TNF-α, and LPS serum levels, and reduced fasting blood glucose. A 

similar study found that grape proanthocyanidins increased the fecal abundance of A. 

muciniphila in HFD-fed mice and suppressed the HFD-induced increase in Firmicutes 

(224). A. muciniphila is a mucin-degrading bacterium that is inversely correlated with 

obesity, diabetes, cardiometabolic diseases, and low-grade inflammation (225). A grape-

seed proanthocyanidin extract (GSPE) reduced inflammation and adiposity by 

modulating the gut microbiota in HFD-fed C57BL/6 mice (226). GSPE reduced plasma 

levels of inflammatory factors TNF-α, IL-6, and MCP-1 and reduced macrophage 

infiltration in the livers of HFD-fed mice. GSPE caused significant changes in microbiota 

composition with a notable increase in Roseburia spp, which produces the anti-

inflammatory SCFA butyrate. Importantly, depleting the gut microbiota by antibiotic 

treatment abolished the effect of GSPE on the gut microbiome, plasma inflammatory 

cytokines, and liver macrophage infiltration. 

Collins et al. (227) demonstrated that grape powder, added to a HF diet, 

significantly increased fecal alpha-diversity compared to the HF diet alone in C57BL/6J 

mice; but it had no effect on fecal acetate, propionate, or butyrate SCFA levels 

compared to HFD or low-fat diet fed mice. A study in pigs showed that ingestion of grape 

seed proanthocyanidins (1% w/w) increased the abundance of Lachnospiraceae, 

unclassified Clostridiales, Lactobacillus, and Ruminococcaceae taxa (228); an increase 

in numerous phenolic metabolites was detected after grape seed proanthocyanidin 

feeding. 
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Several studies have also investigated the effect of polyphenols in wine on the 

human gut microbiome.  The intake of grape or red wine polyphenols can increase the 

presence of microbial-derived metabolites in human feces, urine, and plasma (229). In a 

randomized crossover trial, Queipo-Ortuno et al. (230) demonstrated that de-alcoholized 

red wine intake for twenty days increased the abundance of Fusobacteria, Blautia 

coccoides-Eubacterium rectale group, Bifidobacterium, and Eggerthella lenta in healthy 

men in association with reduced serum C-reactive protein (CRP) levels in the subjects. 

Although grape polyphenols can alter the gut microbiota, the physiological 

significance of these alterations is not clear. Most studies document associations 

between polyphenol-induced changes in the microbiome and physiological effects in 

order to identify the complex interactions between the gut microbiota and polyphenols. 

Studies examining the role of the gut microbiota on the anti-cancer effects of 

polyphenols in vivo are lacking. Further investigations are needed to document the gut 

microbiome as a potential mediator of the anti-cancer effects of polyphenols. 

VI. Concluding Remarks 

Triple negative breast cancer is a devastating disease with a high likelihood of 

metastasis and a lack of treatment options (24). Because TNBC metastasis develops 

within a couple of years after initial diagnosis and standard of care, and no therapeutics 

are currently available to reduce or prevent TNBC metastatic progression, there exists 

an attractive therapeutic window to exploit immediately after standard of care to inhibit 

TNBC metastasis. A safe and well-tolerated nutritional supplement with anti-cancer 

properties, such as a muscadine grape extract, may be a useful therapeutic to slow or 

prevent TNBC metastasis. Muscadine grapes and similar supplements with high 

polyphenolic concentrations reduced cancer cell proliferation, migration, in vivo tumor 
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growth, and altered the gut microbiome, which can all contribute to metastasis (55, 157-

162, 204, 228). Therefore, a high-concentration proprietary muscadine grape extract 

may be beneficial for TNBC patients. 

In order to characterize a proprietary MGE as a potential therapeutic to delay or 

prevent TNBC metastasis, we sought to 1) determine if MGE can inhibit oncogenic 

signaling and reduce TNBC proliferation in vitro and in vivo, 2) determine if MGE could 

reduce TNBC cell migration and in vivo TNBC metastasis, and 3) elucidate MGE-

induced changes in the gut microbiome that could contribute to the bioactivities of MGE. 

We hypothesize that MGE, an unfractionated natural product, can slow or prevent the 

progression of TNBC to metastasis through multiple mechanisms including attenuated 

oncogenic signaling, reduced TNBC proliferation and migration, and altered gut 

microbiota composition. 
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Abstract 

Triple negative breast cancer (TNBC) is an aggressive subtype of breast cancer that 

tends to affect younger women and has a high propensity to metastasize.  No targeted 

treatments are available for this type of breast cancer due to a lack of estrogen or 

progesterone receptors as well as an absence of human epidermal growth factor 

receptor type 2 overexpression.  Currently, patients have no therapeutic options once 

standard of care is complete, indicating a need for safe and effective therapies to slow or 

prevent the progression of TNBC to metastatic disease.  Mouse 4T1, human MDA-MB-

231, or human BT-549 triple negative breast cancer cells were treated with a proprietary 

muscadine grape extract (MGE) which contains compounds with anti-cancer effects.  

MGE reduced c-Met, differentially abrogated ERK/MAPK and AKT signaling, and 

decreased cyclin D1, a downstream target of ERK/MAPK and AKT pathways.  Cyclin D1 

reduction was associated with retinoblastoma (Rb) activation and cell cycle arrest in 

MDA-MB-231 TNBC cells.  The regulatory effects of MGE on molecular signaling 

pathways were functionally associated with a dose-dependent reduction in cell 

proliferation.  MGE also reduced MDA-MB-231 tumor growth in nude mice in vivo, in 

association with reduced cyclin D1 and Ki67 in tumors.  The pluripotency of MGE and 

high index of safety and tolerability suggest that the extract may serve as a therapeutic 

to reduce or prevent TNBC progression to metastatic disease.  
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Introduction 

Breast cancer will affect 1 in 8 U.S. women in their lifetime 1.  Of these cases, 12-17% 

will be triple negative breast cancers (TNBC) which lack estrogen receptors or 

progesterone receptors and do not overexpress the human epidermal growth factor 

receptor type 2 2.  Due to this lack of receptor expression, there are currently no targeted 

treatments available for TNBC patients.  Furthermore, TNBC is among the most 

aggressive breast cancer subtypes 3.  Compared to other subtypes, the mean patient 

age is younger, the mean tumor size is larger, and patients are more likely to have 

invasive stage III tumors at the time of diagnosis.  Patients with TNBC also have an 

increased mortality risk due to a lack of targeted treatment and a four-fold increase in the 

likelihood of visceral metastases development within 5 years of diagnosis compared to 

other breast cancer subtypes 4.  Despite high initial response rates to standard of care in 

TNBC, which includes surgery, radiation and chemotherapy, recurrence is frequent, 

indicating that there are still cancer cells present after initial therapy 5.  Since these cells 

often progress to metastasis, which accounts for 90% of cancer related deaths, an 

adjuvant therapy that inhibits proliferation of disseminated cancer cells would be a 

significant advancement in TNBC 6. 

Of interest are natural compounds with medicinal or health benefits, referred to 

as nutraceuticals, that have been used to treat and mitigate diseases since the advent of 

medicine.  Nutraceuticals may be useful in cancer chemoprevention and treatment due 

to their pleiotropic mechanisms of action and low toxicity 7.  One extract studied as a 

cancer treatment is derived from muscadine grapes (Vitis rotundifolia) 8.  Muscadine 

grapes are native to the Southeastern United States and are typically used to produce 

wine, juice or jelly.  Unlike other grapes, muscadine grapes contain low amounts of 

resveratrol and high amounts of ellagic acid 9.  Additional constituents found in 
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muscadine grapes include gallic acid, quercetin, cyanidin, and delphinidin which all 

individually exhibit anti-cancer activities 10-12.  Combinations of components such as 

these show enhanced anti-proliferative activities compared to the individual components 

alone 13-15.   

The blend of active constituents in muscadine grapes and their enhanced 

synergistic activity show promise for the reduction or prevention of TNBC progression.  

Luo et al. 16 reported that an anthocyanidin- and ellagic acid-rich fraction of muscadine 

grapes induced cell cycle arrest and apoptosis in MDA-MB-231 triple negative breast 

cancer cells.  In other types of cancer, various muscadine grape extracts (MGEs) 

reduced proliferation of colon cancer cells by inducing apoptosis and altering cell cycle 

kinetics 14.  Hudson et al. 15 demonstrated that a muscadine grape skin extract (MSKE) 

reduced the activation of multiple signaling pathways, including the AKT and 

extracellular-regulated kinase (ERK) mitogen-activated protein kinase (MAPK) signaling 

pathways, in prostate cancer cells.  Further studies by this group showed that MSKE 

induced G0/G1 cell cycle arrest in prostate cancer cells, which was associated with 

reduced cyclin D1 and increased p21 17.   

The reported effects of MGEs on proliferation and cell signaling suggest that an 

extract could be beneficial for the treatment of TNBC, which has a high proliferative 

index and overactive oncogenic signaling 18.  Both AKT and ERK1/2 phosphorylation 

lead to proliferation, survival, invasion and angiogenesis 19,20.  ERK1/2 activation is 

involved in all steps of metastatic progression and AKT activation ensures survival of 

cancer cells during and after metastatic colonization 21.  Due to their important role in 

metastasis, inhibiting AKT and ERK1/2 pathways to prevent TNBC metastastic 

progression is currently under investigation 22.  However, targeting the AKT or ERK1/2 

signaling pathways individually has failed in clinical trials due to the highly 

heterogeneous and resilient nature of TNBC 23.  Current efforts are exploring effective 
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combinatorial treatments that target multiple signaling pathways 24.  In contrast, 

unfractionated natural products are inherently combination therapies since these agents 

contain numerous chemical compounds that may modulate different signaling pathways.  

The pleiotropic nature of a MGE thus may be effective for the treatment of TNBC in 

order to prevent disease progression.  The present study investigated the anti-cancer 

potential of a proprietary MGE, composed of the polyphenol-rich seeds and skin, on 

TNBC cells and tumors. 

 

Materials and Methods 

Muscadine Grape Extract 

A proprietary MGE derived from the seeds and skin of muscadine grapes from the 

Carlos variety was purchased from Piedmont Research and Development (Advance, 

NC).  All MGE concentrations are reported as the concentration of total phenolics 

quantified using the Folin-Ciocalteu method, with gallic acid as the standard.  

Components present in the MGE were previously reported 25. 

Cell Culture 

4T1 (CRL-2539) mouse stage IV breast cancer cells derived from Balb/cfC3H mice, 

MDA-MB-231 (HTB-26) human mammary adenocarcinoma cells derived from a 51 y/o 

Caucasian female and BT-549 (HTB-122) ductal carcinoma cells derived from a 72 y/o 

Caucasian female were obtained from the American Tissue Culture Collection 

(Manassas, VA).  All cell lines were authenticated by IDEXX BioAnalytics using short 

tandem repeat (STR) analysis in November 2018 (Columbia, MO).  4T1 and BT-549 

cells were grown in Gibco® RPMI-1640 medium and MDA-MB-231 cells were grown in 

Gibco® DMEM (Thermo Fisher Scientific; Waltham, MA).  All media was supplemented 

with 100 µg/mL penicillin, 100 units/mL streptomycin, 15 mM HEPES, 2 mM L-glutamine 

and 10% fetal bovine serum (FBS).  
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Transfection with Fluorescent Lentivirus 

IncuCyte® NucLightTM Red Lentivirus Reagent (EF1α, Puro) was purchased from Essen 

Bioscience (Ann Arbor, MI).  A kill curve was performed for each cell line to determine 

the optimal concentration of puromycin used for antiobiotic selection according to the 

protocol from Mirus Bio LLC (Madison, WI).  Transfections were performed according to 

the manufacturer protocol.  Briefly, cells were plated at 15-30% confluence and 

incubated for 24 h.  The media was replaced with 100 µL of IncuCyte® NucLightTM 

lentivirus reagent (MOI of 3) and 8 µg/mL Polybrene in media (EMD Millipore, 

Darmstadt, Germany).  Cells were incubated for 24 h after which the transfection media 

was replaced with media containing the optimal dose of puromycin for the antiobiotic 

selection.  A maintenance concentration of 0.5 µg/mL puromycin was used in all 

subsequent passages to maintain a stable population of transfected cells. 

 

Proliferation Assays 

Cells were plated in a 96-well plate (Corning, NY) at densities of 4,000-8,000 cells/well 

depending on the cell type and incubated overnight in full serum media.  The next day, 

the media was replaced with 200 µL of 1% FBS media with the appropriate treatments.  

Proliferation was monitored with the IncuCyte® ZOOM System (Essen BioScience, Ann 

Arbor, MI), with images collected every two h.  

 

Western Blot 

Cell lysates for western blot analyses were collected by solubilizing cells in Triton lysis 

buffer [100 mmol/L NaCl, 50 mmol/L NaF, 5 mmol/L EDTA, 1% Triton X-100, and 50 

mmol/L Tris-HCl (pH 7.4)] containing 0.01 mmol/L NaVO4, 0.1 mmol/L 

phenylmethylsulfonyl fluoride, and 0.6 μmol/L leupeptin] and transferred into 1.5 mL 

Eppendorf tubes for storage at -20°C.  The protein concentration of cell lysates was 
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determined using the Bio-Rad Bradford protein assay (Hercules, CA) with bovine serum 

albumin as a standard.  Western blots were performed using Bio-Rad reagents and 

equipment unless otherwise noted (Hercules, CA).  10% Mini-PROTEAN® TGX™ 

Precast Protein Gels were loaded with 20 μg protein per well and transferred onto 

Immun-Blot® PVDF membranes.  Primary antibodies were diluted in 5% bovine serum 

albumin or 5% Blotting-Grade Blocker in TBS with 0.1% Tween® and applied to 

membranes overnight at 4°C with gentle agitation.  Western blots were developed using 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 

Waltham, MA) and imaged using the ChemiDoc™ Touch Imaging System.  Image Lab™ 

Software was used for analysis of immunoreactive bands, which were normalized to total 

protein/lane using a stain free gel 26. 

 

RNA Isolation/qRT-PCR 

Cells were plated at 25% confluency in 10% FBS.  The following day, the media was 

changed to 1% FBS media and incubated for 24 h, at which time 20 μg total 

phenolics/mL of MGE was added to the cells.  After either 1 h, 6 h, 12 h or 24 h of 

treatment, RNA was isolated using the Trizol® reagent according to the manufacturer’s 

protocol (Thermo Fisher Scientific, Waltham, MA).  RNA concentration and integrity were 

assessed with an Agilent 2100 Bioanalyzer with an RNA 6000 Nano LabChip (Agilent 

Technologies, Palo Alto, CA).  Total RNA (1 g) was reverse transcribed; the resultant 

cDNA (2 L) was added to TaqMan Universal PCR Master Mix (Applied Biosystems, 

Foster City, CA) with gene-specific primer/probe sets; amplification was performed on 

the ABI QuantStudio 3 Detection System.  All reactions were performed in triplicate; 18S 

ribosomal RNA amplified using the TaqMan rRNA control kit (Applied Biosystems) 

served as an internal control.  Results were quantified as Ct values, where Ct is the 
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threshold cycle of PCR at which amplified product is first detected, and expressed as the 

ratio of target/control (Relative Gene Expression) using the 2−ΔΔCt method. 

 

Animal Model 

The Wake Forest School of Medicine Animal Care and Use Committee approved the 

animal experiment.  The 4th inguinal mammary fat pads of 6-week old female athymic 

mice (Charles River; Wilmington, MC) were injected with 4x106 actively growing human 

MDA-MB-231 triple negative breast cancer cells suspended in Matrigel (50:50).  The 

mice were group housed in cages with HEPA-filtered air on 12-h light/dark cycles and 

were fed standard mouse chow ad libitum.  Tumor size was measured by caliper twice a 

week in conscious animals throughout the duration of the study.  Administration of MGE 

was initiated when tumors were 100 mm3 in size, determined using the equation for an 

ellipse [(4/3)πr3]/2.  The mice were randomized into either the control group receiving no 

treatment or the MGE group receiving 0.1 mg total phenolics/mL of MGE in their drinking 

water (corresponding to a dose of 0.5 mg total phenolics/mouse/day for a 25 g mouse).  

Four weeks after the intervention, the mice were sacrificed; the tumors were weighed 

and collected for analysis. 

 

Immunohistochemistry  

Tumors were fixed in 4% paraformaldehyde for 24 h and immersed in 70% ethanol prior 

to paraffin embedding and sectioning at 5 μm.  Staining for cyclin D1 (1:100; sc-20044 

AF647; Santa Cruz, Dallas, TX) was performed using the Opal™ Multiplex IHC kit and 

fluorescent staining protocol with 4′,6-diamidino-2-phenylindole (DAPI) as a counterstain 

(Perkin-Elmer; Waltham, MA).  Staining for Ki67 (1:100; RM-9106-S; Thermo Fisher 

Scientific; Waltham, MA) was performed by the streptavidin-biotin method.  Slides were 

deparaffinized in xylene, rehydrated through graded alcohols and rinsed in water.  
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Endogenous peroxidase activity was quenched by a 5 min incubation in 3% peroxide.  

Antigen retrieval was performed in Dako Target Retrieval Solution (Agilent; Santa Clara, 

CA).  Slides were then rinsed in phosphate buffer saline (PBS), blocked with normal goat 

serum solution (NGS) [10% goat serum, 0.1 % bovine serum albumin, 0.1% Triton-X in 

PBS] for 30 min, blocked with Dako Serum Free Protein block (Agilent) for 15 min and 

incubated overnight at 4°C with the primary antibody diluted in NGS.  The following day, 

slides were washed in PBS, blocked with Dako Serum Free Protein block for 10 min and 

incubated with 1:400 biotinylated goat anti-rabbit antibody (Vector Laboratories; 

Burlingame, CA) in NGS for 1 h.  Slides were subsequently incubated with the avidin-

biotin complex (Vector Laboratories) for 30 min, with 3,3′-Diaminobenzidine (DAB) for 6 

min and counterstained with Harris Hematoxylin (Newcomer Supply; Middleton, WI).  

Slides were dehydrated, cleared and mounted with a coverslip.  Negative controls with 

only the secondary antibody were performed to account for non-specific binding.  Cell 

positivity was determined using inForm® software (Perkin-Elmer; Waltham, MA). 

 

Cell Cycle Analysis 

Cells were plated at 50% confluence in 60 mm petri dishes in full serum media.  The 

next day, cells were serum starved for 24 h and then the media was changed to 1% FBS 

media with respective treatments for 24 h.  Media and trypsinized cells were collected, 

pelleted by centrifugation, fixed in 66% ethanol and stored at 4°C.  Before analysis by 

flow cytometry, cells were stained with propidium iodide (ab139418) according to the 

manufacturer’s protocol (Abcam; Cambridge, UK).  Flow cytometry was performed using 

the BD FACSCalibur™ and data was acquired using FCS Express 6 DNA cell cycle 

analysis program (BD Biosciences, San Jose, CA; De Novo Software, Los Angeles, CA). 
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Apoptosis Assay 

Cells were seeded in 10% FBS media overnight at a density of 4,000 cells/well in a 96-

well plate.  The next day, MGE at the concentrations indicated was added to the cells in 

1% FBS media containing 5 μM of the IncuCyte® Caspase-3/7 Apoptosis Reagent 

(Essen BioScience Cat #4440).  Staurosporine was used as a positive control for 

apoptosis.  Images were collected every two h after treatment using the IncuCyte® 

ZOOM System (Essen BioScience, Ann Arbor, MI) and caspase 3/7 activation was 

monitored by green fluorescent staining of nuclear DNA. 

 

Reagents (Antibodies and Primers) 

The antibodies used in this study were as follows: c-Met (1:1000, #8198 with human 

reactivity only; 1:1000, #3127), c-Raf (1:500, #9422), phospho-p44/42 MAPK (ERK1/2, 

1:1000, #4376), p44/42 MAPK (ERK1/2, 1:1000, #9102), phospho-MEK1/2 (1:1000, 

#9154), MEK1/2 (1:1000, #9122), phospho-AKT (S473, 1:2000, #4060), AKT (1:1000, 

#9272), cyclin D1 (1:1000, #2922), phospho-Rb (Ser780, 1:1000, #8180) were obtained 

from Cell Signaling (Danvers, MA) and Anti-Rb (1:1000, ab24) from Abcam (Cambridge, 

UK).  Antibody verification information is provided in Supplemental Table 1.  TaqMan™ 

gene expression assay (FAM) inventoried gene specific primer/probes (#4331182) were 

used for qRT-PCR (Thermo Fisher Scientific; Waltham, MA). 

 

Statistical Analysis 

Statistical analysis was performed by one-way ANOVA using the GraphPad Prism 6 

software.  Results were considered significant when P < 0.05.  All data are presented as 

mean ± SEM. 
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Results 

MGE inhibits proliferation of TNBC cells 

The effect of MGE on cell proliferation was determined using 4T1 (murine), MDA-MB-

231 and BT-549 (human) TNBC cells treated with increasing concentrations of MGE.  

MGE inhibited the proliferation of all cell lines in a time- and dose- dependent manner at 

concentrations of 5 μg total phenolics/mL to 25 μg total phenolics/mL (Figure 1A, B and 

C).  After 48 h of treatment, 20 μg total phenolics/mL of MGE inhibited proliferation of 

4T1 cells by 88.7% (6.2 ± 0.3 vs 0.7 ± 0.1, nuclei red count fold change from time 0 h), 

MDA-MB-231 cells by 44.4% (2.7 ± 0.18 vs 1.5 ± 0.03) and BT-549 cells by 25.0% (1.6 ± 

0.05 vs 1.2 ± 0.07).  Representative images for each cell line show the reduction in cells, 

denoted by red fluorescent nuclei, after 24 h of treatment with 20 μg total phenolics/mL 

of MGE compared to the untreated control cells (Figure 1A, B and C).  These results 

demonstrate that MGE inhibits TNBC proliferation in both a time- and dose-dependent 

manner.  Contrary to other MGE extracts previously studied, the proprietary MGE did not 

induce apoptosis in any of the TNBC cell lines, suggesting that MGE is reducing 

proliferation independent of apoptosis 15,16 (Supplemental Figure 1). 

 

MGE inhibits c-Met protein in TNBC cells 

c-Met, also known as hepatocyte growth factor receptor (HGFR), is a receptor tyrosine 

kinase that stimulates cell cycle progression, survival, motility, invasion and proliferation 

through AKT and MAPK/ERK signaling 27.  Both c-Met total protein and MET mRNA 

were significantly reduced with MGE treatment in all cell lines as determined by western 

blot analysis and qRT-PCR (Figure 2).  c-Met protein was reduced by 51.4%, 99.8% 

and 40.8% in 4T1, MDA-MB-231 and BT-549 cells treated with 20 μg total phenolics/mL 

of MGE, respectively (Figure 2A-C).  Representative western blot bands are depicted 
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below the graphs and show decreased band intensity with MGE treatment.  c-Met 

protein was almost absent in MDA-MB-231 cells after treatment with both doses of MGE 

for 36 h.  After 24 h of treatment with 20 μg total phenolics/mL of MGE, MET mRNA was 

reduced by 57.5%, 36.4%, and 57.4% in 4T1, MDA-MB-231 and BT-549 cells, 

respectively (Figure 2D-F).  These results suggest that MGE reduces the amount of the 

c-Met receptor in TNBC cells through transcriptional regulation of MET or by 

destabilizing the mRNA transcripts. 

 

MGE inhibits proliferative signaling in TNBC cells 

The AKT signaling pathway is downstream of c-Met and regulates cell proliferation and 

survival 28.  Treatment of 4T1 and BT-549 cells with 20 μg total phenolics/mL of MGE 

reduced AKT activation at serine 473 by 52.7% and 30.4%, respectively (Figure 2G, I).  

In MDA-MB-231 cells, both 10 μg total phenolics/mL and 20 μg total phenolics/mL of 

MGE inhibited phosphorylation of AKT by over 64% (Figure 2H).  Representative 

western blot bands of phospho-AKT and respective total AKT protein are shown below 

the graphs.  The lower dose of MGE did not inhibit AKT phosphorylation in 4T1 and BT-

549 cells, suggesting that the extract regulates AKT signaling more effectively in MDA-

MB-231 cells. 

The effect of MGE on the proliferative ERK/MAPK signaling pathway, another 

downstream target of c-Met, was also assessed by western blot analysis.  MGE (20 μg 

total phenolics/mL) reduced c-Raf in 4T1 cells by 31.4%, as shown in Figure 3A.  MGE 

at concentrations of both 10 μg total phenolics/mL and 20 μg total phenolics/mL reduced 

c-Raf in MDA-MB-231 cells by 55.3% and 77.4%, respectively, and in BT-549 cells by 

64.9% and 72.4%, respectively (Figure 3B-C).  Representative c-Raf western blot bands 

are depicted below each graph.  The reduction in c-Raf total protein could result from a 

decrease in RAF1 transcription, the gene encoding c-Raf.  RAF1 mRNA was 
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significantly reduced as early as 6 h after treatment with MGE in MDA-MB-231 and BT-

549 cells (Figure 3E-F).  After 24 h of treatment with 20 μg total phenolics/mL of MGE, 

RAF1 mRNA was decreased by 61.8% in MDA-MB-231 cells and by 44.2% in BT-549 

cells.  MGE had no effect on RAF1 expression in 4T1 cells, suggesting that the decrease 

in c-Raf was not due to changes in RAF1 expression in this cell line (Figure 3D).   

Phosphorylation and activation of MEK and ERK are downstream of c-Raf.  Both 

phospho-MEK and phospho-ERK, normalized to total MEK and ERK, respectively, were 

reduced in 4T1 and BT-549 cells treated with both 10 μg total phenolics/mL and 20 μg 

total phenolics/mL of MGE (Figure 4A, C).  The higher dose of MGE reduced MEK 

activation by over 50% and ERK1/2 activation by over 75% in 4T1 cells.  However, MGE 

had no significant effect on MEK or ERK1/2 phosphorylation in MDA-MB-231 cells 

despite the reduction in c-Raf protein expression (Figure 4B).  Representative western 

blot bands with phosphorylated MEK or ERK1/2 and respective total proteins are shown 

for each cell line (Figure 4A, B, C).  These results suggest that MAPK/ERK signaling 

was differentially regulated in TNBC cells. 

 

Cyclin D1 and cell cycle progression are reduced in MGE-treated TNBC cells 

Both AKT and ERK/MAPK signaling pathways positively regulate cyclin D1 28-32.  Cyclin 

D1 was decreased by 88.0% in 4T1 cells and 88.7% in MDA-MB-231 cells treated with 

20 μg total phenolics/mL of MGE (Figure 5A, B).  Representative cyclin D1 western blot 

bands are shown below the graphs for each cell line, displaying the reduction in cyclin 

D1 protein with MGE treatment.  A time-dependent reduction in the mRNA for CCND1, 

the gene encoding cyclin D1, was observed in both the 4T1 and MDA-MB-231 cell lines 

following treatment with MGE (Figure 5D, E).  Cyclin D1 was not detectable in BT-549 

cells (data not shown).  These results suggest that MGE reduces cyclin D1, a protein 
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that contributes to cell cycle progression, through transcriptional regulation of the 

CCND1 gene in 4T1 and MDA-MB-231 TNBC cells or by destabilization of the CCND1 

transcript. 

Cyclin D1 associates with cyclin-dependent kinase 4/6 (CDK4/6) to regulate 

retinoblastoma protein (Rb) activation.  When cyclin D1 levels are low, CDK4/6 is 

inactive and cannot phosphorylate Rb to release it from the E2F transcription factor, 

repressing the transcription of E2F target genes.  MGE reduced Rb phosphorylation by 

over 80% in MDA-MB-231 TNBC cells treated with 10 μg total phenolics/mL or 20 μg 

total phenolics/mL of MGE, which increases the proportion of E2F-bound, active, 

unphosphorylated Rb protein (Figure 5C).  These results suggest that MGE prevents 

phosphorylation of Rb through attenuated cyclin D1 and thereby may repress E2F 

targets in TNBC. 

Subsequent cell cycle analysis showed that treatment of MDA-MB-231 cells with 

20 μg total phenolics/mL of MGE for 24 h increased the percentage of cells in the G0/G1 

phase from 64.8 ± 1.8% to 71.1 ± 1.7% (P < 0.05), indicating that the extract causes 

G0/G1 cell cycle arrest in this cell line (Figure 5F).  In BT-549 cells, treatment with 20 μg 

total phenolics/mL of MGE for 24 h reduced the amount of cells in S phase by 47.7% (P 

< 0.05), suggesting that cells may be accumulating in the G0/G1 or G2 phase (Figure 

5H).  Representative histograms show the relative amount of cells in each phase of the 

cell cycle after 24 h with or without MGE treatment (Figure 5G, I).  Treatment with MGE 

for 24 h did not cause significant changes in 4T1 cell cycle progression (data not 

shown).  These results show that the effect of MGE on cell cycle progression is different 

in each of the TNBC cell lines, suggesting that the extract exhibits diverse anti-

proliferative mechanisms between TNBC cell lines. 
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MGE inhibits tumor growth and oncogenic signaling in vivo 

Athymic mice with MDA-MB-231 tumors in their mammary fat pads were treated for 4 

weeks with 0.1 mg total phenolics/mL of MGE (Figure 6A).  MGE significantly reduced 

tumor size from 1304 ± 96 mm3 in untreated mice to 631.5 ± 82 mm3 in MGE-treated 

mice (Figure 6B).  Immunohistochemical analysis of tumors showed that MGE 

significantly reduced cyclin D1 from 0.81 ± 0.28% positive cells in control mice to 0.20 ± 

0.05% positive cells in MGE-treated mice (Figure 6C-D) and Ki67 from 10.9 ± 0.98% in 

control mice to 7.34 ± 0.37% in MGE-treated mice (Figure 6E).  These results indicate 

that MGE inhibits tumor growth in association with a reduction in cyclin D1 and E2F 

target protein Ki67. 

 

Discussion 

MGE reduced c-Met and differentially suppressed signaling of downstream AKT and 

ERK/MAPK pathways in TNBC cells, as shown in Supplemental Figure 2.  This 

reduction was associated with inhibition of the cyclin D1/Rb/E2F axis, differential effects 

on cell cycle progression, and an ultimate decrease in TNBC cell proliferation.  MGE 

also reduced TNBC tumor size and tumor cyclin D1 and Ki67 in mice, demonstrating that 

MGE reduces breast tumor growth in vivo in association with effects on proliferation 

similar to those found in vitro. 

c-Met protein overexpression is recognized as a poor prognostic factor for 

invasive breast cancers and its importance in TNBC led to several phase II clinical trials 

which examined the effect of c-Met inhibitors in combination with other drugs on TNBC 

33.  The reduction in c-Met and MET mRNA by MGE in 4T1 and BT-549 TNBC cells 

suggests that the extract reduces c-Met transcription; however, the more pronounced 

reduction in c-Met protein in MDA-MB-231 cells indicates that additional mechanisms 
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are involved besides transcription of MET alone.  MGE may alter c-Met endosomal 

recycling or lysosomal degradation, which occur after c-Met activation by 

phosphorylation to end c-Met signaling 34.  MGE may also increase c-Met ubiquitin-

mediated protein degradation in MDA-MB-231 cells to lead to the enhanced reduction in 

c-Met.  

In addition to c-Met, MGE may affect other receptor tyrosine kinases (RTKs) that 

also regulate downstream AKT and ERK/MAPK signaling, such as the epidermal growth 

factor receptor (EGFR) and vascular endothelial growth factor receptor (VEGFR) 35.  

EGFR and VEGFR are often overexpressed in TNBC 23,36.  Inhibition of either of these 

receptors or a reduction in their expression could contribute to MGE’s inhibitory effects 

on AKT and ERK/MAPK signaling.  Although MGE reduced AKT and/or ERK/MAPK 

signaling in all TNBC cell lines, the effects were different in each cell line.  MGE did not 

inhibit MAPK/ERK signaling in MDA-MB-231 cells.  MDA-MB-231 TNBC cells have a 

gain of function mutation in KRAS and BRAF which leads to constitutive activation of 

MAPK signaling 37; treatment with MGE may not be able to overcome the enhanced 

ERK/MAPK signaling in these cells.   

In contrast, MGE reduced AKT signaling in all three of the TNBC cell lines 

studied.  However, the extract was the least effective at inhibiting AKT phosphorylation 

in BT-549 cells which harbor a loss of function PTEN mutation, leading to enhanced 

activation of the AKT pathway 37.  Nevertheless, MGE significantly reduced both MEK 

and ERK signaling in BT-549 cells.  In contrast to BT-549 and MDA-MB-231 cells, 4T1 

TNBC cells harbor no mutations in either the ERK/MAPK or AKT signaling pathways and 

MGE markedly inhibited both of these signaling pathways in the 4T1 cells.  These 

disparate results demonstrate the heterogeneous nature of TNBC, which is why it is 

essential to study the effect of therapeutics in multiple TNBC cell lines with distinct 

mutations 38. 
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Although MGE differentially abrogated the ERK/MAPK and AKT signaling 

pathways in the three TNBC cell lines examined, MGE reduced cyclin D1 mRNA and 

protein in both 4T1 and MDA-MB-231 cells.  This could be due to either ERK/MAPK or 

AKT inhibition since both signaling pathways can regulate cyclin D1 transcription and 

expression by numerous mechanisms.  Reduced AKT activation can cause cyclin D1 

degradation by ubiquitination through GSK3β 39.  Alternatively, AKT and ERK can signal 

through mTORC1 to activate eukaryotic initiation factor 4E (eIF4E) and promote cap-

dependent translation of CCND1 19,40.  Both ERK and AKT can also promote CCND1 

transcription via negative regulation of FOXO3a, a transcription factor with tumor 

suppressive effects 41,42.  ERK can also promote CCND1 transcription via TOB and AP-1 

transcription factors, which are involved in cell proliferation control 32,43.  Due to the 

complexity of cyclin D1 regulation by AKT and ERK signaling pathways and the diverse 

bioactive components present in the MGE preparation, MGE likely controls cyclin D1 by 

several AKT- and/or ERK-regulated mechanisms in TNBC cells. 

As expected with reduced cyclin D1 expression, MGE caused G0/G1 cell cycle 

arrest in MDA-MB-231 cells 29.  However, the effect was modest and likely does not 

exclusively account for the reduction in MDA-MB-231 proliferation by MGE.  

Furthermore, no changes in cell cycle progression were observed in 4T1 cells with MGE 

treatment despite the reduction in cyclin D1, suggesting that alternate mechanisms are 

contributing to reduced cell proliferation.  Since MGE did not cause apoptosis, the 

extract could promote necrotic or autophagic cell death 44; both AKT and ERK/MAPK are 

involved in autophagy through mTOR signaling 45.  Although autophagy or necrosis 

could also contribute to the MGE-reduced proliferation in BT-549 cells, these cells 

showed marked changes in cell cycle kinetics.  BT-549 cells contain a low cyclin D1 

concentration compared to other breast cancer cell lines and do not contain RB1, 

suggesting that MGE does not inhibit proliferation of BT-549 cells through an attenuated 
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cyclin D1/Rb/E2F axis 46,47.  However, transcription factors regulated by AKT and 

ERK/MAPK such as FOXO3a and AP-1 can reduce proliferation through mechanisms 

distinct from cyclin D1 regulation.  For example, FOXO3a transcription factors can 

upregulate cyclin-dependent kinase inhibitors p21Cip1 or p27KIP1 to inhibit cell cycle 

progression 48.  Upregulation of either of these inhibitors could lead to accumulation of 

cells in G0/G1 or G2 phase, which could explain the reduction of MGE-treated BT-549 

cells in S phase compared to untreated cells. 

MGE significantly reduced proliferation in all three TNBC cell lines examined 

through different molecular mechanisms, likely due in part to unique mutations in MAPK, 

AKT and Rb signaling.  This is important because significant heterogeneity exists within 

TNBC, which contributes to the difficulty in developing successful therapies for this 

aggressive breast cancer 23.  In spite of the heterogeneity between these three TNBC 

cell lines, MGE inhibited proliferation in each cell line, probably due to diverse 

mechanisms of action by the multiple compounds present in the MGE preparation.   

Many drugs tested in clinical trials for the treatment of TNBC targeted one 

specific molecular pathway and failed due to acquired or inherent cancer cell resistance 

21.  Because of the developed resistance, the paradigm for developing adjuvant 

treatments for TNBC is shifting toward combination therapies; however, significant 

hurdles to combinatorial therapies exist.  In particular, combination therapies often 

increase the development of side effects relative to each single agent drug alone 38.  

Natural products in their unfractionated states have the potential to impact multiple 

cellular targets, as shown in this study, with few side effects.  Thus, MGE is a naturally 

occurring combination therapy.  In fact, the MGE preparation used in these studies 

upregulated or downregulated hundreds of different pathways in TNBC cells in a 

genome wide microarray analysis (unpublished data). 
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Currently, an on-going Phase 1 clinical trial at the Wake Forest Comprehensive 

Cancer Center is assessing the safety and tolerability of the MGE formulation examined 

in this study in patients with advanced solid tumors (NCT02583269) 49.  Patients are 

treated for 4 weeks at five doses of MGE, from 320 to 1600 mg total phenolics/day (or 

the equivalent of 5 to 24 mg/kg/day for a 70 kg man).  The extract has been well 

tolerated to date, with no adverse events greater than grade 3, and a maximal tolerated 

dose has not yet been reached.  At a dose within the same range administered to 

patients in our Phase 1 clinical study, we showed that MGE significantly reduced TNBC 

tumor growth in mice with daily administration of 0.5 mg total phenolics/day, which 

equates to 20 mg total phenolics/kg/day.  The safety and tolerability of treating patients 

with a different MGE preparation isolated from muscadine grape skins was previously 

observed in a multi-institutional trial in men with recurrent prostate cancer 8; no adverse 

side effects other than grade 1 gastrointestinal symptoms were reported and no dose-

limiting toxicities were observed in this trial.  These results suggest that effective doses 

of our proprietary MGE will be safe to use since it is well tolerated in patients at a dose 

that was effective in preclinical studies of triple negative breast tumors in mice.  Thus, 

the extract may be useful as an adjuvant therapy for TNBC.    

TNBC patients currently have no therapeutic options once initial standard of care 

is complete, despite the relatively high likelihood of developing metastasis within five 

years of diagnosis.  Approximately 20% of cancer patients currently use plant-derived 

products as a complementary and alternative treatment for the prevention of cancer 

recurrence and metastasis, a percentage that has consistently risen within the past 

couple of decades 50.  Our results demonstrated that the MGE used in our preclinical 

and clinical studies appears to be safe and well-tolerated; MGE effectively reduced 

tumor growth in mice and inhibited oncogenic signaling in TNBC cells.  This suggests 
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that the extract may be an effective nutraceutical as an adjuvant to standard of care to 

prevent the recurrence or progression of TNBC. 
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FIGURE LEGENDS 

 

Fig. 1.  MGE inhibits TNBC proliferation.  Mouse 4T1 (A), human MDA-MB-231 (B) 

and human BT-549 (C) TNBC cells labeled with NucLight Red were incubated with 

increasing concentrations of MGE and cell proliferation was measured every 2 h for 48 

h.  Cell proliferation was quantified by the number of red nuclei normalized to the 

number of red nuclei at time 0 h.  Representative images of cells incubated with 20 μg 

phenolics/mL of MGE for 24 h are shown in the lower images.  n=3; *P < 0.05, **P < 

0.01 and ****P < 0.0001.  MGE, muscadine grape extract; TNBC, triple negative breast 

cancer. 

 

Fig. 2.  MGE reduces c-MET, MET and AKT activation.  4T1 (A), MDA-MB-231 (B) 

and BT-549 (C) cells were treated with 10 µg phenolics/mL or 20 µg phenolics/mL of 

MGE for either 12 or 36 h, as indicated, and analyzed by western blot.  Representative 

bands are shown below the graphs for each cell type and relative fold-change in band 

intensity compared to control is shown below the western blot bands.  4T1 (D), MDA-

MB-231 (E) and BT-549 cells (F) were treated with 20 μg phenolics/mL of MGE for 1, 6, 

12 or 24 h and MET gene expression was measured by qRT-PCR.  4T1 (G), MDA-MB-

231 (H) and BT-549 (I) cells were treated with either 10 μg phenolics/mL or 20 μg 

phenolics/mL of MGE for 12 or 36 h and phosphorylation of AKT at S473 and total AKT 

were measured by western blot.  p-AKT was normalized to total AKT protein.  

Representative bands are shown below the graphs for each cell type.  Relative fold-

change in band intensity compared to the control for both p-AKT and AKT are shown 

below the western blot bands.  n=3-6; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 

0.0001. MGE, muscadine grape extract; AKT, protein kinase B. 
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Fig. 3.  MGE inhibits c-Raf and RAF1.  c-Raf protein was measured by western blot 

analysis in 4T1 (A), MDA-MB-231 (B) and BT-549 (C) cells treated with 10 µg 

phenolics/mL or 20 µg phenolics/mL of MGE for either 12 or 36 h, as indicated.  

Representative bands are shown below the graphs for each cell type.  Relative fold-

change in band intensity compared to the control is shown below the western blot bands.  

4T1 (D), MDA-MB-231 (E), and BT-549 (F) cells were treated for 1, 6, 12 or 24 h with 20 

μg phenolics/mL of MGE and RAF1 was measured by RT-PCR.  n=3-5; *P < 0.05, **P < 

0.01 and ***P < 0.001.  MGE, muscadine grape extract. 

 

Fig.  4. MGE reduces ERK/MAPK signaling. 4T1 (A), MDA-MB-231 (B) and BT-549 

(C) cells were treated for either 12 or 36 h with 10 µg phenolics/mL or 20 µg 

phenolics/mL of MGE and protein lysates were analyzed by western blot.  p-MEK was 

normalized to total MEK and p-ERK1/2 were normalized separately to ERK1 or ERK2.  

For bar graphs representing ERK1/2, the first bar in each pair represents p-ERK1/ERK1 

and the second bar represents p-ERK2/ERK2.  Representative blots are shown to the 

left of the graphs for each cell line.  n=3-5; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P 

< 0.0001.  MGE, muscadine grape extract; MEK, mitogen-activated protein kinase 

kinase; ERK, extracellular-regulated kinase; MAPK, mitogen-activated protein kinase. 

Fig. 5.  MGE reduces cyclin D1, Rb and cell cycle progression.  4T1 (A) or MDA-

MB-231 (B) cells were treated with either 10 μg phenolics/mL or 20 μg phenolics/mL of 

MGE for 12 or 36 h, as indicated, and cyclin D1 was measured by western blot.  

Representative blots for cyclin D1 protein are shown below the quantitative graphs and 

the relative fold-change in band intensity compared to control is shown below western 

blot bands.  4T1 (D) or MDA-MB-231 (E) cells were treated with 20 μg phenolics/mL of 

MGE for 1, 6, 12 or 24 h and CCND1, the gene that encodes cyclin D1, was measured 
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by qRT-PCR. (C) MDA-MB-231 cells were treated with 10 μg phenolics/mL or 20 μg 

phenolics/mL of MGE for 36 h and phosphorylation of Rb at S780 (p-Rb) and total Rb 

protein were measured by western blot.  p-Rb was normalized to total Rb protein.  

Representative bands are shown below the quantitative graph and the relative fold-

change in band intensity compared to the control is shown below the western blot bands.  

For cell cycle analysis, MDA-MB-231 (F & G) and BT-549 (H & I) cells were treated with 

20 µg phenolics/mL of MGE for 24 h.  The bar graphs indicate the percentage of cells in 

each phase of the cell cycle for untreated control cells compared to MGE treated cells (F 

& H).  Histograms of representative samples show the amount of propidium iodide 

staining within cells on the x-axis and the number of cells on the y-axis (count), with the 

peak at 200 indicating G0/G1 phase, the peak at 400 indicating G2 phase, and cells with 

levels of propidium iodide in-between the peaks representative of S phase (G & I ). 

Histograms of control (diagonal lines) and MGE-treated (shaded) cells were overlayed 

and normalized by total cell count.  n=3-5; *P < 0.05, **P < 0.01, ***P < 0.001 and ****P 

< 0.0001.  MGE, muscadine grape extract; Rb, retinoblastoma protein. 

 

Fig. 6. MGE inhibits tumor growth in vivo.  Female, nude mice with MDA-MB-231 

tumors were treated with 0.1 mg phenolics/mL of MGE for four weeks, as shown in the 

schematic (A). Tumor size was measured at 4 weeks, prior to euthanasia (B). 

Immunohistological analysis of cyclin D1, which is stained red in the representative 

images, and Ki67, which is shown as brown with DAB staining in representative images 

(C), was quantified (D and E). n = 8; *P < 0.05, **P < 0.01 and ***P < 0.001.  MGE, 

muscadine grape extract. 
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Supp. Table 1. Antibody Verification.  Antibodies used in this study are displayed in 

the left column with corresponding links to antibody verification in the right column. 

 

Supp. Fig. 1.  MGE does not cause apoptosis in TNBC cells.  Apoptosis was 

determined by caspase 3/7 activation, quantified by the amount of cells fluorescently 

stained with green nuclear DNA (Caspase 3/7 Count).  4T1 (A), MDA-MB-231 (B) and 

BT-549 (C) cells were treated with 5 µg phenolics/mL, 10 µg phenolics/mL, or 20 µg 

phenolics/mL of MGE in the presence of the IncuCyte® Caspase-3/7 Apoptosis Reagent 

for 24 h, 48 h, and 48 h, respectively.  Staurosporine (Stauro) was used as a positive 

control for apoptosis and untreated cells without the Caspase-3/7 apoptosis reagent 

(Casp 3/7) were used as a negative control.  n=3; *P < 0.05, **P < 0.01, ***P < 0.001 

and ****P < 0.0001 compared to the control with Casp 3/7. MGE, muscadine grape 

extract; TNBC, triple negative breast cancer. 

 

Supp.  Fig. 2.  Schematic of MGE’s effect on TNBC molecular signaling.  MGE 

reduced the receptor tyrosine kinase (RTK) c-Met in TNBC cells.  Activation of c-Met 

stimulates the AKT pathway and MGE reduced p-AKT, which is phosphorylated by PI3 

kinase (PI3K) and de-phosphorylated by the lipid phosphatase PTEN.  Activation of c-

Met also activates the MAPK/ERK pathway, by sequentially stimulating the 

phosphorylation (P) and activation of Ras, Raf, MEK and ERK.  MGE reduced p-Raf, p-

MEK and p-ERK.  Activation of the AKT and MAPK/ERK pathways increases 

transcription of CCND1, which encodes cyclin D1.  MGE reduced both CCDN1 and 

cyclin D1.  Cyclin D1 associates with cyclin dependent kinase (CDK4/6) to 

phosphorylate and inactivate the retinoblastoma protein (Rb) and prevent its association 
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with E2F, which inhibits the transcription of E2F target genes.  MGE reduced 

phosphorylation of Rb to abrogate its association with E2F.  The MGE-mediated 

reduction in the AKT and MAPK/ERK oncogenic pathways was associated with a 

decrease in proliferation.  The purple arrows indicate MGE inhibitory effects identified in 

TNBC cells and the reduction in cyclin D1, Ki67 and tumor burden in triple negative 

breast tumors in vivo. MGE, muscadine grape extract; TNBC, triple negative breast 

cancer; AKT, protein kinase B; PI3K, Phosphoinositide 3-kinase; PTEN, phosphatase 

and tensin homolog; ERK, extracellular-regulated kinase; MAPK, mitogen-activated 

protein kinase; MEK, mitogen-activated protein kinase kinase; CDK, cyclin dependent 

kinase; Rb, retinoblastoma protein. 
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Highlights  

• Muscadine grape extract reduces triple negative breast cancer metastasis in vivo 

• Muscadine grape extract inhibits triple negative breast cancer migration 

• Altered gut microbiota composition is associated with muscadine grape 

bioactivities 

• Muscadine grape extract increases the relative abundance of fecal butyrate 

• Butyrate inhibits 4T1 triple negative breast cancer proliferation and migration 

 



103 
 

Abstract 

Triple negative breast cancer (TNBC) has a high propensity to metastasize and no 

treatments are currently available to slow or prevent metastatic progression.  Since 

polyphenols exhibit anti-cancer activities, the goal of this study was to determine 

whether a proprietary muscadine grape extract (MGE) with a high content of polyphenols 

inhibits TNBC metastasis.  MGE significantly decreased lung and liver metastatic cell 

proliferation, liver tumor burden, and serum IL-6 in a clinically relevant syngeneic 4T1 

TNBC metastatic mouse model.  MGE also attenuated tumor cell migration, altered the 

cytoskeletal organization, and reduced the metastasis protein RHAMM (Receptor for 

Hyaluronan Mediated Motility) in MDA-MB-231, BT-549 and 4T1 TNBC cells in vitro.  

The gut microbiota, a mediator of polyphenolic bioactivities, was significantly altered in 

MGE-treated mice; MGE treatment increased alpha diversity, the 

Firmicutes/Bacteroidetes ratio, and the relative abundance of butyrate-producing genera 

as well as butyrate, a short-chain fatty acid with anti-cancer and anti-inflammatory 

activities.  Butyrate inhibited 4T1 cell proliferation and migration in vitro, suggesting that 

it may contribute to the anti-metastatic activities of MGE.  Our results suggest that MGE 

may be an effective adjuvant treatment to reduce TNBC metastatic progression. 

 

Key words: triple negative breast cancer, nutraceutical, gut microbiota, migration, 

proliferation, butyrate 
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1. Introduction 

Metastasis accounts for 90% of cancer-related deaths and is a common 

characteristic of patients with triple negative breast cancer (TNBC).  TNBC, an 

aggressive subtype of breast cancer, accounts for 12-17% of breast cancer cases.  

TNBC is characterized by a lack of estrogen receptors, progesterone receptors, and 

overexpression of the human epidermal growth factor receptor type 2 (HER2) [1, 2]; no 

targeted therapies are currently available due to this lack of receptor expression.  

Patients with TNBC are four times more likely to develop visceral metastasis within 5 

years of diagnosis [3] and about 34% of TNBC patients experienced distant recurrence 

in an average of 2.6 years after diagnosis [4].   

Metastatic development is a multifaceted process involving many interdependent 

steps [5].  In the metastatic cascade, cancer cells invade the surrounding stroma, 

intravasate into the circulatory system, and extravasate to a distant site [6, 7].  Because 

metastasis is a complex disease, a therapeutic such as a complex plant extract, with 

multiple bioactivities, may serve as an effective treatment option.  Muscadine grapes 

contain high amounts of polyphenols, such as gallic acid, ellagic acid, catechins, and 

cyanidins [8], which exhibit anti-oxidant, anti-microbial, and anti-cancer properties [9].  

Muscadine grape extracts (MGEs) or their individual components reduced proliferation 

and/or migration of colon, prostate, and breast cancer cells [10-19]. 

Polyphenols modulate gut microbiota composition to confer complex 

physiological effects [20, 21].  Liu et al. [22] showed that the gut microbiome was a 

crucial mediator of the anti-inflammatory activities of a grape seed proanthocyanidin 

extract in high fat diet-fed C57BL/6 mice.  Gut dysbiosis is implicated in a variety of 

diseases, including breast cancer [23]; breast cancer patients have reduced alpha 

diversity compared to their healthy counterparts [24].  In addition, depletion of the gut 
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microbiome by antibiotic treatment significantly reduced pancreatic, colon, and 

melanoma liver metastases, suggesting the importance of the gut microbiome in 

metastatic progression [25]. 

The goal of this study was to determine whether a proprietary MGE decreases 

TNBC metastasis in vivo and if changes in the gut microbiome are associated with the 

reduction in tumor burden. 

2. Methods 

2.1 MGE 

A proprietary MGE derived from the seeds and skin of muscadine grapes of the Carlos 

variety was purchased from Piedmont Research and Development Corp. [26].  MGE 

concentrations are reported as the amount of total phenolics quantified using the Folin-

Ciocalteu reagent, with gallic acid as the standard.  Unless otherwise noted, 20 μg 

phenolics/ml of MGE was used in in vitro experiments.   

 

2.2 Animal Model 

The Wake Forest School of Medicine Animal Care and Use Committee approved the 

animal experiment.  The 4th inguinal mammary fat pads of 6-week old female Balb/c 

mice (Harlan; Wilmington, MC) were injected with 2.5x105 actively growing mouse 4T1 

TNBC cells suspended in 100 μl PBS.  The mice were group housed in cages with 

HEPA-filtered air on 12-h light/dark cycles and were fed standard mouse chow ad 

libitum.  Two weeks post cell injection, the tumors were removed surgically and mice 

were randomized into a control group receiving no treatment or the MGE group receiving 

0.1 mg total phenolics/ml of MGE in the drinking water (corresponding to a dose of 0.5 

mg total phenolics/mouse/day for a 25 g mouse).  Four weeks after the surgery, mice 

were euthanized; blood and fecal samples were collected.   
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2.3 Immunohistochemistry 

Whole lungs and the left lateral lobe of livers were fixed in 4% paraformaldehyde and 

immersed in 70% ethanol prior to paraffin embedding and sectioning at 5 μm.  Staining 

for Ki67 (1:100; RM-9106-S; Thermo Fisher; Waltham, MA) and α-smooth muscle actin 

(α-SMA;1:100; ab32575; Abcam; Cambridge, UK) was performed using the Opal™ 

Multiplex IHC kit and fluorescent staining protocol with 4′,6-diamidino-2-phenylindole 

(DAPI) as a counterstain (Perkin-Elmer; Waltham, MA).  Negative controls with only the 

secondary antibody were included to account for non-specific binding.  Cell positivity 

was determined using inForm® software (Perkin-Elmer; Waltham, MA). 

 

2.4 Liver Metastasis Quantification  

For each animal, five separate tissue sections from the formalin-fixed livers at least 50 

μm apart were stained with hemotoxylin and eosin (Newcomer Supply; Middleton, WI).  

Images of stained tissues were collected from four separate quadrants of each liver 

section using the Quantitative Pathology Imaging System Mantra™ microscope (Perkin-

Elmer; Waltham, MA).  Metastases were analyzed using inForm© 2.2 by training the 

software to detect healthy tissue, metastases, and background within the livers.  Vessels 

detected as metastases by the software were manually removed from the analysis. 

 

2.5 Serum IL-6 Analysis 

IL-6 was quantified in mouse serum samples using an ELISA kit (ab100712) according 

to the manufacturer’s protocol (Abcam; Cambridge, UK).   

 

2.6 Cell Culture 

4T1 (CRL-2539) mouse stage IV breast cancer cells derived from Balb/cfC3H mice, 

MDA-MB-231 (HTB-26) human mammary adenocarcinoma cells and BT-549 (HTB-122) 
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ductal carcinoma cells were obtained from the American Tissue Culture Collection 

(Manassas, VA).  All cell lines were authenticated by IDEXX BioAnalytics using short 

tandem repeat (STR) analysis, in November 2018 (Columbia, MO).  4T1 and BT-549 

cells were grown in Gibco® RPMI-1640 medium and MDA-MB-231 cells were grown in 

Gibco® DMEM at 37oC (Thermo Fisher Scientific; Waltham, MA).  All media was 

supplemented with 100 µg/ml penicillin, 100 units/ml streptomycin, 15 mM HEPES, 2 

mM L-glutamine, and 10% fetal bovine serum (FBS).  

 

2.7 Cell Proliferation 

Sodium butyrate-treated cells transfected with the IncuCyte® NucLightTM Red Lentivirus 

Reagent (EF1α, Puro) were monitored for proliferation with the IncuCyte® ZOOM 

System, according to the manufacturer’s protocol (Essen BioScience, Ann Arbor, MI).  

 

2.8 Cell Migration 

The Essen BioScience IncuCyte® Scratch Wound Cell Migration system was used to 

quantify cell migration according to the manufacturer’s protocol (Ann Arbor, MI).  Cell 

migration was analyzed after 12 h of MGE or 18 h of sodium butyrate treatment to 

ensure that the observed effects on cell migration were measured before significant 

proliferation occurred (Supplementary Figure 2). 

 

2.9 Confocal Microscopy 

Cells were fixed with 3.7% formaldehyde (methanol-free) in PBS, permeabilized in 1% 

bovine serum albumin (BSA) with 0.1% Triton X-100 in PBS, and incubated with 1:40 

phalloidin (A12379; Thermo Fisher; Waltham, MA) and 1:1000 DAPI (Perkin-Elmer; 

Waltham, MA) in 1% BSA-PBS.  Slides were mounted with Prolong Diamond and 

24x50x1.5 coverslips (Thermo Fisher; Waltham, MA).  Images were taken with the Zeiss 
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LSM 880 confocal microscope (Oberkochen, Germany) at the Wake Forest University 

Microscopy Core Facility (Winston-Salem, NC) and quantified using the CellProfiler 

software [27]. 

 

2.10 RNA Isolation/qRT-PCR 

RNA was isolated using the Trizol® reagent according to the manufacturer’s protocol 

(Thermo Fisher Scientific, Waltham, MA).  Total RNA (1 μg) was reverse transcribed; the 

resultant cDNA was added to TaqMan Universal PCR Master Mix (Applied Biosystems, 

Foster City, CA) with gene-specific primer/probe sets and amplified.  All reactions were 

performed in triplicate; 18S ribosomal RNA amplified using the TaqMan rRNA control kit 

(Applied Biosystems) served as an internal control.  Relative gene expression was 

quantified using the 2−ΔΔCt method. 

 

2.11 Western Blot 

Cell lysates were prepared in Triton lysis buffer [28] and protein concentration was 

determined using the Bio-Rad Bradford protein assay (Hercules, CA) with BSA as a 

standard.  Western blots were performed using Bio-Rad reagents and equipment 

(Hercules, CA).  10% Mini-PROTEAN® TGX™ Precast Protein Gels were loaded with 20 

μg protein/well and transferred onto Immun-Blot® PVDF membranes.  Anti-

CD168/RHAMM (1:1000, ab124729; Abcam; Cambridge, UK) was diluted in 5% Blotting-

Grade Blocker in Tris-buffered saline (TBS) with 0.1% Tween® and applied to 

membranes overnight at 4°C with gentle agitation.  Western blots were developed using 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, 

Waltham, MA) and imaged using the ChemiDoc™ Touch Imaging System.  Image Lab™ 

Software was used for analysis of immunoreactive bands, which were normalized to total 

protein/lane using a stain free blot [29]. 
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2.12 Microbiome Analysis 

Fecal samples were collected from the distal colon at the time of sacrifice and flash 

frozen to -80°C.  16S rRNA analysis and quantification determined the relative 

abundance of bacteria based on amplicon counts of the V4 region (Microbiome Insights; 

Vancouver, BC, Canada).  Alpha diversity was determined by Shannon index on raw 

operational taxonomic units (OTU) abundance tables after filtering out contaminants [30, 

31]. 

 

2.13 Short Chain Fatty Acid Quantification 

Short chain fatty acids (SCFA) were extracted from fecal samples collected from the 

distal colon of mice at the time of sacrifice using the method previously described [32].  

SCFAs were detected by gas chromatography (Trace 1310 Gas Chromatograph) using 

the Thermo TG-WAXMS A GC column (30 m, 0.32 mm, 0.25 µm) coupled to a flame 

ionization detector (Thermo Fisher; Waltham, MA) by Microbiome Insights (Vancouver, 

BC, Canada). 

 

2.14 Statistical Analysis 

Statistical analysis was performed by student’s t test or one-way ANOVA using the 

GraphPad Prism 6 software.  Results were considered significant when p<0.05.  All data 

are presented as mean ± SEM. 

 

3. Results 

 

3.1 MGE reduces metastatic triple negative breast cancer in vivo 

In our clinically relevant 4T1 metastatic mouse model (as depicted in Supplemental 

Figure 1), metastases were present in mouse lungs and livers, as previously observed 

[33].  MGE had no effect on mouse weight (22.1 ± 0.7 vs 21.0 ± 0.4 g, p = 0.19).  Due to 
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the aggressiveness of the model, lung metastases were too widespread to count and 

measure, so metastatic cell proliferation was quantified as Ki67+/α-SMA- cells to 

exclude proliferating fibroblasts.  Ki67 positivity within the lungs was significantly 

reduced in MGE-treated mice compared to the control group (9.3 ± 0.9% vs 6.2 ± 0.7% 

positive cells, p < 0.01; Figure 1A, B).  MGE also significantly decreased Ki67 positivity 

within the liver (1.8 ± 0.4% vs 0.75 ± 0.1% positive cells, p < 0.05; Figure 1C, D).  The 

reduction in Ki67 positivity suggests that MGE reduces proliferation of lung and liver 

metastatic 4T1 cancer cells. 

MGE significantly decreased the number (4.3 ± 0.65 vs 2.1 ± 0.42 

metastases/field, p < 0.01) (Figure 2A) and size (1335 ± 49 vs 1043 ± 47 pixels, p < 

0.001) (Figure 2B) of individual metastases in the livers of mice.  Together, these 

reductions led to a 55% decrease in total metastasis area per field in the livers of mice 

treated with MGE compared to control mice, indicating reduced tumor burden (5758 ± 

1168 vs 2564 ± 628 pixels, p < 0.05; Figure 2C, D).  Serum IL-6 was quantified, since 

increased concentrations of IL-6 are associated with metastatic breast cancer liver 

metastases in humans [34] and a grape powder reduced serum IL-6 in an inflammatory 

mouse model [35].  Serum IL-6 was negligible in MGE-treated mice compared to serum 

from control mice (53.6 ± 24 vs 0.23 ± 0.23 pg/ml, p = 0.06; Figure 2E).  Taken together, 

these results show that MGE reduces TNBC metastasis in vivo. 

3.2 MGE reduces triple negative breast cancer cell migration and alters 

cytoskeletal arrangement in vitro 

The effect of MGE on cell migration was assessed in vitro, as cell motility plays a critical 

role in the metastatic cascade.  Confluent monolayers of TNBC cells were scratched to 

create a denuded area and cell movement was measured, as shown in representative 

images of MDA-MB-231 (Figure 3A), BT-549 (Figure 3C), and 4T1 (Figure 3E) cells; 
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the initial denuded area is marked by a solid horizontal line.  MGE inhibited migration of 

MDA-MB-231 cells by 29.3% (416 ± 45 μm vs. 294 ± 17 μm, p < 0.05), BT-549 cells by 

44.0% (193 ± 25 μm vs. 108 ± 16 μm, p < 0.05) and 4T1 cells by 59.6% (203 ± 30.9 vs 

82.1 ± 29.5 μm, p < 0.01) (Figure 3B, D, F).  The reduction in migration indicates that 

MGE reduces TNBC cell motility. 

The effect of MGE on TNBC cell structure was assessed since cytoskeletal 

reorganization is crucial for cell migration.  MGE altered the shape of MDA-MB-231 cells 

compared to control cells.  MGE increased cell area by 49%, due to an increase in both 

the length and width of cells (p < 0.05; Figure 4A, B, C), and increased cell eccentricity, 

indicating that MGE-treated cells are less circular than untreated cells (p < 0.001; Figure 

4D).  Representative images also show cell polarization in MDA-MB-231 cells, (marked 

by the asterisk in Figure 4E); in contrast, MGE-treated cells lack directionality or polarity. 

Cell size was reduced by 60% in MGE-treated BT-549 cells compared to control 

cells, which correlated with reduced cell width and length (p < 0.0001; Figure 5A, B, C).  

MGE had no effect on BT-549 cell eccentricity (Figure 5D).  As shown in Figure 5E, 

MGE-treated BT-549 cells displayed marked morphological differences compared to 

control cells; untreated BT-549 cells are spindle shaped with outstretched filopodia, 

which play important roles in cell migration, while MGE-treated BT-549 cells display 

fewer filopodia [36]. 

 4T1 cells treated with MGE also show marked differences in actin arrangement 

compared to control cells (Figure 6).  However, variations in cell size could not be 

accurately quantified as 4T1 cells grow in aggregates.  As indicated by the white arrows 

in Panel A, untreated 4T1 cells contained parallel f-actin fibers, indicative of stress fibers 

[37].  In contrast, MGE-treated cells displayed a lack of stress fibers, punctuate f-actin 

staining (dotted arrow in Panel B), and an increase in f-actin staining around the cell 
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perimeter (solid arrow in Panel B).  Since cell structure is a critical component of cell 

migration, the MGE-induced alterations in TNBC cytoskeletal organization may 

contribute to the effects of MGE on cell migration and consequently participate in anti-

metastatic actions of MGE in vivo. 

3.3 MGE inhibits metastasis protein RHAMM in vitro 

Receptor for hyaluronan-mediated motility (RHAMM), a prominent metastasis related 

protein that can associate with microtubules and actin filaments to promote cell motility, 

is implicated in breast cancer cell migration [38, 39].  HMMR mRNA was reduced by 

75%, 94% and 78% in MDA-MB-231 (Figure 7A), BT-549 (Figure 7C) and 4T1 (Figure 

7E) cells treated with MGE for 24 h, respectively as compared to control cells (p < 0.01).  

RHAMM was decreased by 84%, 81%, and 55% in MDA-MB-231 (Figure 7B), BT-549 

(Figure 7D) and 4T1 (Figure 7F) MGE-treated cells, respectively, as compared to 

untreated cells (p < 0.001).  Because RHAMM is involved cell migration and metastasis, 

it may represent a critical target of MGE [38, 40]. 

3.4 MGE alters the gut microbiome in a triple negative breast cancer metastatic 

mouse model 

Polyphenols are metabolized by the gut microbiota to generate products, which also 

have important biological activities [41, 42].  Mice treated with MGE showed a significant 

increase in fecal alpha diversity (4.2 ± 0.1 vs 4.5 ± 0.1 Shannon index, p < 0.05; Figure 

8A).  At the phylum level, MGE reduced the relative abundance of Bacteroidetes (0.73 ± 

0.04 vs 0.57 ± 0.04, p < 0.05; Figure 8B) and increased the relative abundance of 

Firmicutes (0.25 ± 0.04 vs 0.40 ± 0.03, p < 0.05; Figure 8C), leading to an increase in 

the Firmicutes to Bacteroidetes ratio (0.38 ± 0.07 vs 0.76 ± 0.12, p < 0.05; Figure 8D) 

compared to untreated mice, which suggests that MGE increases gut microbiota energy 

harvest [43]. 
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MGE increased the relative abundance of several genera belonging to the 

Firmicutes phylum.  MGE-treated mice had a 2-fold increase in Clostridium (p < 0.05), 5-

fold increase in Ruminococcus (p < 0.05), and 2.5-fold increase in Butyricicoccus (p < 

0.05) genera compared to control mice (Figure 8E, G, H).  MGE also increased the 

relative abundance of bacteria belonging to unclassified genera from the 

Lachnospiraceae and Lactobacillaceae families by 2- and 7.5-fold, respectively (p < 

0.05) (Figure 8F, I).  Among these genera, the Clostridium, Butyricicoccus, 

Ruminococcus, and unclassified Lachnospiraceae genera all produce butyrate, a short 

chain fatty acid (SCFA) with anti-inflammatory properties [44]. 

3.5 MGE shifts short chain fatty acid composition in the gut towards increased 

butyrate  

SCFAs are microbial metabolites that elicit biological effects in the host.  MGE 

significantly reduced acetate (9.4 ± 1.6 vs 2.0 ± 1.4 mmol SCFA/kg feces) and 

propionate (7.5 ± 1.0 vs 0.0 ± 0.0 mmol SCFA/kg feces) within mouse fecal samples 

compared to control mice, indicating lower acetate and propionate in the gut (Figure 9A, 

B).  While there was no difference in the amount of butyrate between the control and 

MGE-treated groups (Figure 9C), the extract shifted the SCFA composition to favor 

butyrate by increasing the relative abundance of butyrate compared to all other SCFAs 

(25.0 ± 2.7% vs 75.3 ± 15.5%) (Figure 9D). 

Butyrate reduced 4T1 cell proliferation and migration in a dose- and time-dependent 

manner (Figure 9E, F, G).  Treatment with 1 mM of butyrate, a concentration below the 

butyrate levels measured in mouse fecal samples, also reduced cell migration by 12.5% 

after 18 h, a time point with minimal changes in cell proliferation.  These results show 

that, at physiologically relevant concentrations, butyrate inhibited 4T1 TNBC cell 
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proliferation and migration, which could contribute to the MGE-induced reduction in 

metastasis in vivo.  

 

4. Discussion 

Our results show that MGE reduced TNBC metastasis in a clinically relevant 

TNBC metastatic mouse model, decreased TNBC cell migration in vitro, altered 

cytoskeletal arrangement, and reduced metastasis protein RHAMM.  Significant changes 

in gut microbiota composition were also associated with the anti-metastatic activities of 

the extract.  Further, MGE increased the relative abundance of butyrate and the fatty 

acid inhibited 4T1 cell proliferation and migration, suggesting that a microbial bi-product 

may contribute to the anti-metastatic effects of MGE. 

 MGE reduced the number and size of individual tumor metastases, suggesting 

that the extract may block the metastatic cascade and inhibit proliferation of the 

metastatic tumors.  Repeated cycles of cell protrusion, adhesion, contraction, and 

retraction participate in the migration of most cancer cells, involving repeated 

reorganization of the actin cytoskeleton [45, 46].  The different effects of MGE on cell 

cytoskeletal organization in individual TNBC cell lines may result from the 

heterogeneous genetic backgrounds of TNBC cells, similar to the heterogeneity in TNBC 

in different cohorts of patients.  Reductions in cell polarity, filopodia, stress fibers, or 

peripheral f-actin staining, which are all necessary at the leading edge of migrating cells, 

could each contribute to a decrease in TNBC cell migration [46-48].  The MGE-mediated 

differential effects on cytoskeletal organization may be regulated by the Rho family 

GTPase Cdc42, which is a master regulator of cell polarity, or by the WAVE/WASP and 

Arp2/3 pathway, which participates in actin-mediated protrusions to confer changes in 
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cell morphology [49, 50].  In addition, punctuated actin staining may result from effects of 

MGE on actin disassembly [51].     

MGE reduced RHAMM and HMMR, the gene encoding RHAMM, in all three 

TNBC cell lines.  RHAMM is a multi-functional protein that is found on the cell surface, in 

the cytoplasm, or in the nucleus and participates in cell motility regulation [39].  RHAMM 

overexpression in primary breast tumors is associated with a poor prognosis and lymph 

node metastases, suggesting that RHAMM has an important role in breast cancer 

metastasis [40].  RHAMM can associate with ERK1/2, Src, and FAK to promote cell 

migration [38, 52-57] and loss of RHAMM reduces focal adhesion turnover, filopodia, 

and cell locomotion [38, 56, 57].  Therefore, the reduction of RHAMM by MGE in TNBC 

cells could lead to the reduction in cell migration and metastasis. 

MGE reduced Ki67 in the lungs and livers of mice with TNBC metastasis in 

association with effects on the gut microbiota.  Polyphenols alter the gut microbiome and 

are metabolized by the microbiota into distinct bioactive compounds [20, 58, 59].  MGE 

increased alpha diversity, indicating that the extract improved the health of the gut by 

increasing robustness and functional capability [60, 61].  Likewise, MGE increased the 

Firmicutes to Bacteroidetes ratio which improves the health of the mice by increasing the 

ability of the gut microbiota to extract energy from the diet, to reduce weight loss, and 

increase overall health [43, 62-64]. 

MGE also increased the relative abundance of butyric acid in fecal samples 

compared to control mice, which may be more beneficial than changes in total SCFA 

[65-68].  MGE significantly reduced acetic and propionic acid levels, which are the main 

products of the Bacteroidetes phylum [69].  The reduction in acetic and propionic acid 

resulted in an increase in the relative abundance of butyric acid.  Acetate, propionate, 
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and butyrate associate with the same receptors on the apical membrane of colonocytes, 

including monocarboxylate transporters and the G-protein coupled receptors (GPR) 

GPR41/Ffar3 and GPR43/Ffar2.  An increase in the relative abundance of butyrate 

would increase the proportion of butyrate available to the transporters and receptors [70, 

71].  Consequently, in MGE-treated mice, butyrate may outcompete acetate and 

propionate for these receptors to cause a greater biological impact. 

Compared to acetate and propionate, butyrate has the most potent anti-

inflammatory effects and thus may contribute to the reduction in serum IL-6 in MGE-

treated mice [72].  Butyrate modulates gene expression through inhibition of histone 

deacetylases and reduces cancer cell proliferation and migration [73-75].  Since butyrate 

can travel through the portal vein to have direct contact with the liver, MGE-induced 

increases in butyrate may contribute to the reduction in liver metastatic tumor burden 

[76].  Furthermore, butyrate concentrations in the blood can range from 0.1-1 mM, so 

butyrate in the lung and liver may be present at concentrations that would inhibit 4T1 cell 

migration and metastatic proliferation [77]. 

For the first time, we showed that MGE inhibits TNBC metastasis in mice 

concomitant with MGE-induced changes in TNBC cell morphology and migration as well 

as the gut microbiota, which may mediate anti-cancer effects of MGE.  In an ongoing 

Phase I clinical trial in patients with solid tumors, MGE has a favorable safety profile 

suggesting that it can be administered to patients at concentrations similar to those used 

in our studies [78].  Since TNBC patients currently have no therapeutic options to reduce 

metastatic progression after standard-of-care, MGE may be an effective adjuvant to 

reduce TNBC metastatic progression. 
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Figure 1. MGE reduces cell proliferation in lungs and livers of mice with TNBC 

metastasis.  Representative images show lung (A) or liver (C) tissues immunostained 

with Ki67 (green) and/or α-SMA (orange) with DAPI (blue) as a nuclear counterstain. 

Solid white arrows indicate cells that are positive for Ki67 and negative for α-SMA, which 

were quantified as proliferative cells. Dotted white arrows indicate cells that were 

positive for both Ki67 and α-SMA, which may indicate proliferating fibroblasts and were 

excluded from the cell proliferation analysis. The percentage of cells Ki67+/ α-SMA- was 

quantified to determine non-fibroblast proliferating cells in lungs (B) and livers (D) of 

mice with TNBC metastasis.  n = 8; * P < 0.05 and ** P < 0.01. 

Figure 2. MGE reduces liver metastases in a metastatic mouse model of TNBC.  

Mouse livers were stained with hematoxylin and eosin (H&E) to quantify the number of 

liver metastases (A), individual size of liver metastases (B) and total area of liver 

metastases (C).  Representative images show H&E stained livers with and without the 

analysis mask (D).  The analysis mask shows healthy liver tissue as green, metastases 

as red, and background as cyan.  Black arrows delineate metastases.  Serum IL-6 levels 

were quantified by ELISA (E).  n = 7-8; * P < 0.05, ** P < 0.01 and *** P < 0.001. 

Figure 3. MGE inhibits TNBC cell migration.  Confluent monolayers of MDA-MB-231 

(A), BT-549 (C) or 4T1 (E) cells were uniformly scratched and treated with increasing 

concentrations of MGE.  After 12 h, the distance traveled by cells from the initial wound 

edge, shown as solid horizontal lines, to the center of the wound was quantified for 

MDA-MB-231 (B), BT-549 (D) and 4T1 (F) cells.  Representative images show the 

distance traveled by control cells or cells treated with 20 μg phenolics/ml of MGE after 

12 h.  n = 3-4; * P < 0.05, ** P < 0.01 and *** P < 0.001. 
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Figure 4. MGE increases MDA-MB-231 cell size and alters cytoskeletal 

arrangement.  MDA-MB-231 cells were treated with 20 μg phenolics/ml of MGE for 48 

h.  Cell area (A), length (B), width (D) and eccentricity (E) were calculated.  

Representative confocal images (40x or 63x, as indicated) show untreated control or 

MGE-treated cells (E).  F-actin is labeled with phalloidin as green and the nucleus with 

DAPI as cyan.  Asterisks denote cells displaying polarity.  n = 81-113 cells; * P < 0.05, 

*** P < 0.001 and **** P < 0.0001. 

Figure 5. MGE reduces BT-549 cell size and decreases filopodia.  BT-549 cells were 

treated with 20 μg phenolics/ml of MGE for 48 h.  Cell area (A), length (B), width (C) and 

eccentricity (D) were calculated.  Representative confocal images (40x or 63x, as 

indicated) show untreated control cells or MGE-treated cells (E).  F-actin is labeled with 

phalloidin as green and the nucleus with DAPI as cyan.  n = 41-83 cells; **** P < 0.0001. 

Figure 6. MGE alters 4T1 cytoskeletal arrangement. (A) Confocal images (40x) show 

f-actin as green and the nuclei as blue in untreated 4T1 cells or cells treated with 20 μg 

phenolics/ml of MGE for 6 h.  In control 4T1 cells, white arrows indicate stress fibers.  In 

MGE-treated 4T1 cells, the dotted arrow indicates punctuated f-actin expression and the 

solid arrow indicates strong peripheral f-actin expression. 

Figure 7. MGE inhibits HMMR and RHAMM in TNBC cells. MDA-MB-231 (A), BT-549 

(C) and 4T1 (E) cells were treated with 20 μg phenolics/ml of MGE for 1, 6, 12 or 24 h 

and HMMR, the gene that encodes RHAMM, expression was measured by qRT-PCR.  

RHAMM protein expression was measured by western blot in MDA-MB-231 (B) and BT-

549 (D) cells treated with 20 μg phenolics/ml of MGE for 36 h or in 4T1 (F) cells treated 

with 20 μg phenolics/ml of MGE for 12 h.  Representative bands are shown below the 

graphs for each cell type.  Relative fold-change in band intensity compared to the control 
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for RHAMM is shown below the western blot bands.  n = 3-6; ** P < 0.01, *** P < 0.001 

and **** P < 0.0001. 

Figure 8. MGE alters gut microbiota composition in mice with metastatic TNBC.  

Mouse fecal samples were analyzed for gut microbiota alpha diversity (A) and the 

relative abundance of Firmicutes (B) and Bacteroidetes (C) phyla.  The ratio of the 

relative abundance of Firmicutes/Bacteroidetes was quantified (D).  The relative 

abundance of bacteria from the Clostridium genus (E), an unclassified genus from the 

Lachnospiraceae family (F), Ruminococcus genus (G), Butyricicoccus genus (H), and an 

unclassified genus from the Lactobacillaceae family (I) are shown.  n = 8; * P < 0.05. 

Figure 9. MGE increases the relative abundance of fecal butyrate, which inhibits 

4T1 cell proliferation and migration.  Short chain fatty acid composition in mouse fecal 

samples was determined for acetic (A), propionic (B) and butyric acid (C).  The 

abundance of butyric acid relative to total acetic, propionic and butyric acids was 

quantified (D).  4T1 TNBC cells labeled with NucLight Red were incubated with 

increasing concentrations of butyrate, the butyric acid salt, and cell proliferation was 

measured every 2 h for 72 h (E).  Cell proliferation was quantified by the number of red 

nuclei normalized to the number of red nuclei at time 0 h.  For the scratch wound 

migration assay, 4T1 cells were incubated with increasing concentrations of butyrate (F).  

The distance traveled by cells from the initial wound edge, shown as solid horizontal 

lines (G), was measured after 18 h.  Representative images of control cells or cells 

treated with 1 mM of butyrate show migrated cells 18 h after initial wounding.  n = 3-8; * 

P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. 

Supplemental Figure 1. A clinically relevant metastatic mouse model of TNBC.  (A) 

A clinically relevant syngeneic mouse model of TNBC was used where metastases 
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develop from the primary tumor and mice are treated after surgical removal of the 

primary tumor. 

Supplemental Figure 2. The effect of MGE on proliferation during migration is 

negligible at early time points.  Proliferation of BT-549 (A) cells labeled with 

NucLight™ Red was monitored during a scratchwound migration assay by counting the 

amount of red nuclei per image every 2 h for 36 h.  The fractional rate of change in 

proliferation was calculated over time to determine the magnitude of the effect of MGE 

on cell proliferation during migration.  A threshold of 5% change in proliferation is shown 

on the graph as a horizontal dotted line. 

Supplemental Table 1. Antibody Verification.  Antibodies used in this study are 

displayed in the left column with corresponding links or citations for antibody verification 

in the right column. 
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CHAPTER IV 

General Discussion 

I. Summary 

The aim of this research project was to determine whether a proprietary 

muscadine grape extract would inhibit the growth of triple negative breast tumors—both 

the primary tumor and metastatic progression—and to identify potential mechanisms of 

action. In Chapter 2, we showed that MGE reduces proliferation of murine 4T1 and 

human MDA-MB-231 and BT-549 TNBC cells without inducing apoptosis. The reduction 

in proliferation correlated with a decrease in the c-Met receptor and inhibition of 

ERK/MAPK and AKT signaling, which was differentially abrogated in various TNBC cell 

lines relative to underlying genetic mutations. The reductions in ERK/MAPK and AKT 

signaling were associated with decreased cyclin D1, RB activation, and cell cycle arrest 

in a TNBC cell line-dependent manner. The in vitro results were confirmed in vivo; MGE 

reduced MDA-MB-231 primary tumor growth in female nude mice and decreased cyclin 

D1 and Ki67 in tumors. Importantly, MGE was effective in mice at concentrations that 

are physiologically attainable and relevant in humans. 

Since metastasis is the leading cause of death in TNBC and tumor cell 

proliferation is critical in the development of metastasis, we investigated the effect of 

MGE on TNBC metastasis. Mouse 4T1 cells were injected into the mammary fat pad of 

Balb/c mice, the primary tumor was surgically removed after two weeks, and mice were 

treated with or without MGE for four weeks. Metastases developed in the lungs and 

livers of all of the mice and MGE decreased the amount of proliferating cells in the lungs 

and livers, suggesting that the extract attenuated metastatic proliferation. MGE 

decreased the number and size of liver metastases, resulting in reduced tumor burden. 

The reduction in TNBC metastases was associated with negligible IL-6 serum levels in 
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MGE-treated mice, demonstrating an anti-inflammatory action of the extract. Using 

murine 4T1 TNBC cells as well as two human TNBC cell lines, we showed that MGE 

inhibited cell migration and altered TNBC cell morphology with cell line-specific changes 

in cell area as well as polarization and filopodia. Morphological changes in TNBC cells 

were associated with significant reductions in RHAMM mRNA and protein, which is 

involved in cell motility and contributes to breast cancer metastasis. These results 

suggest that MGE reduces metastatic breast cancer in association with a decrease in 

cell migration. 

Because the gut microbiota is a crucial mediator of the in vivo bioactivity of 

polyphenols and can influence disease progression, the effect of MGE on the gut 

microbiota was investigated. MGE increased bacterial diversity and the 

Firmicutes/Bacteroidetes ratio in the gut microbiome of mice with 4T1 TNBC tumors, 

signifying an increased capacity for energy harvest. The extract also augmented the 

relative abundance of several genera that produce butyrate, a short-chain fatty acid with 

anti-inflammatory properties. Accordingly, the relative abundance of butyrate was 

significantly increased in fecal matter of MGE-treated mice. Butyrate inhibited 4T1 cell 

proliferation and migration at concentrations attainable in vivo, suggesting that the 

effects of MGE on the gut microbiome and microbial production of butyrate may mediate 

the anti-metastatic effects observed in TNBC. Taken together, these results indicate that 

MGE may be an effective therapeutic against TNBC.   

II. MGE Inhibition of TNBC Proliferation in vitro: Mechanisms of Action  

MGE significantly decreased the proliferation of 4T1, MDA-MB-231, and BT-549 

TNBC cells. The MGE-mediated reduction in proliferation was associated with a 

decrease in the tyrosine receptor kinase c-Met in the TNBC cell lines. c-Met expression 

is significantly related to basal-like breast cancer compared to other subtypes, 
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suggesting c-Met could be targeted in TNBC patients (1). Since c-Met receptor 

overexpression is a poor prognostic factor for invasive breast cancers and correlates 

with basal-like breast cancer, several c-Met inhibitors are under investigation as 

combination therapies for TNBC (1, 2). The reduction in c-Met by MGE could be 

involved in the decreased AKT and/or ERK/MAPK signaling in each of the three TNBC 

cell lines. Hudson et al. (3) showed that a muscadine skin extract reduced 

phosphorylation of ERK1 and AKT in the WPE1-NB26 metastatic prostate cancer cell 

line, indicating that inhibition of AKT and ERK/MAPK signaling may be key targets of 

muscadine grape extracts. The effect of MGE on upstream AKT signaling, primarily the 

PI3K axis, needs to be explored further to demonstrate the mechanism by which MGE 

inhibits AKT. The expression of PTEN, which inhibits the conversion of PIP2 to PIP3, 

may be changed with MGE treatment. A muscadine skin extract reduced DJ-1, which is 

a negative regulator of PTEN (3, 4). Although BT-549 cells have a PTEN deletion, MGE 

may increase PTEN in MDA-MB-231 and 4T1 cells to reduce AKT phosphorylation. 

Another important component of AKT activation is PDK1, the kinase that is recruited by 

PIP3 to the cell membrane that directly phosphorylates AKT (5). Activation of PDK1 was 

reduced by a muscadine skin extract (3). MGE may also inhibit other kinases that can 

activate AKT independent of the upstream PI3K signaling pathway, such as Src, 

activated CDC42-associated kinase 1 (Ack 1), and TANK-binding kinase I (TBKI) (6).  

The effects of MGE on upstream ERK1/2 signaling were further investigated in 

the TNBC cells. MEK1/2 is the only kinase known to phosphorylate both the tyrosine and 

threonine residues on ERK1/2 and ERK1/2 is the only substrate for MEK1/2 (7). 

Therefore, the reduction in MEK1/2 phosphorylation by MGE likely contributes to the 

MGE-induced reduction in ERK1/2 phosphorylation. Upstream of MEK1/2, MGE reduced 

c-Raf mRNA and protein in all three TNBC cell lines. In MDA-MB-231 cells, c-Raf protein 
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was reduced with MGE treatment, but there was no effect on downstream MEK and 

ERK/MAPK signaling. This may be because MDA-MB-231 cells have a B-Raf activating 

mutation, which could override the effect of MGE on c-Raf and lead to continued MEK 

and ERK/MAPK signaling (8). Because of the numerous components present in MGE, it 

is likely that MGE is inhibiting AKT and ERK/MAPK through several mechanisms 

upstream of the signaling pathways. 

It is unclear if phosphatases are involved in AKT or ERK1/2 inactivation in TNBC 

cells treated with MGE. Several phosphatases can dephosphorylate ERK/MAPK or AKT; 

DUSP1 is a mitogen-activated protein-kinase phosphatase that can dephosphorylate 

p38, JNK, and ERK1/2 (9). PP2A is a ubiquitous phosphatase that can dephosphorylate 

AKT and ERK/MAPK (10). Other phosphatases, such as DUSP5 and pH domain 

leucine-rich-repeats protein phosphatase (PHLPP), can also dephosphorylate 

ERK/MAPK or AKT and may contribute to the bioactivities of MGE (11, 12). Based on 

the results of this study, investigation of the potential role of phosphatases in the anti-

proliferative actions of MGE is warranted. 

Components in the MGE extract may also directly bind to and inhibit kinase 

activity of ERK/MAPK, AKT, or any of their upstream kinases. Many polyphenols and 

flavonoids directly bind to protein kinases and induce a conformational change to 

prevent kinase activation (13, 14). Thus, it is possible that one of the polyphenols in 

MGE directly binds to ERK/MAPK or AKT. However, this is less likely for ERK/MAPK 

because MDA-MB-231 cells showed no change in ERK/MAPK activation with MGE 

treatment. If a direct inhibitor was present in MGE, it would most likely have reduced 

phosphorylation of ERK/MAPK in MDA-MB-231 cells. However, even if an ERK/MAPK 

inhibitor was present in MGE, it may not have reached high enough concentrations to 

overcome the mutated, overactive ERK/MAPK signaling in MDA-MB-231 cells. On the 
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other hand, AKT phosphorylation was significantly reduced in all three cell lines, 

indicating that MGE may contain a component that can directly bind to and inhibit AKT 

activation. Therefore, MGE may increase phosphatase activity or directly bind to and 

inhibit kinases to reduce kinase activation.  

Characterizing the effects of MGE on downstream ERK/MAPK and AKT signaling 

is equally as complicated to deciphering upstream mechanisms. The mediator of the 

proposed inhibition of cyclin D1 expression by ERK1/2 and AKT inactivation in MGE-

treated TNBC cells is unknown. Phosphorylation of GSK-3β at serine 9 inactivates GSK-

3β, preventing cyclin D1 degradation (15). Further, ERK/MAPK and AKT can 

phosphorylate FOXO3a to exclude the transcription factor from the nucleus, allowing 

cyclin D1 transcription (16-18). Although the effect of MGE on other transcription factors 

that regulate cyclin D1 expression, such as Tob, needs to be explored, MGE could also 

inhibit transcription of cyclin D1 through epigenetic modifications, the reduction of cyclin 

D1 mRNA stability, or an increase in the cyclin D1-targeting miRNAs (19-21).   

A gene expression microarray analysis indicated that the expression of E2F 

target genes, which are downstream of cyclin D1, were significantly reduced in 4T1 and 

MDA-MB-231 cells, suggesting that MGE causes RB activation in both cell lines (data 

not shown) (22). Although the most well characterized kinase that phosphorylates RB is 

the cyclin D1-CDK4/6 complex, CDK5, p38, and Aurora B can all phosphorylate RB at 

serine 780, which is the phosphorylation site that was examined in MDA-MB-231 cells 

treated with MGE (23). Since we showed that MGE affected numerous kinases, MGE 

may modulate RB activation through these kinases. Furthermore, MGE may be 

increasing the expression of cyclin dependent kinase inhibitors to reduce CDK4/6 activity 

such as INK4’s, which specifically inhibit the cyclin D-CDK4/6 complex, or p21, which 

can inhibit CDK4/6 (24). Ignacio et al. (25) recently showed that a muscadine skin 
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extract increases p21 in LNCaP and PC-3 prostate cancer cells, suggesting that our 

MGE may also increase CDK inhibitors. 

Although cyclin D1 was significantly reduced in 4T1 cells, no change in cell cycle 

kinetics was observed after 24 h of MGE treatment in this cell line (data not shown). The 

distribution of 4T1 cells in the cell cycle was highly variable after 24 h of MGE treatment, 

making it difficult to determine the effect of MGE on cell cycle progression.  The change 

in cell cycle distribution in MGE-treated MDA-MB-231 cells, as shown in Chapter 2, was 

as expected due to reduced cyclin D1 and subsequent RB activation, with an increase in 

the proportion of cells in the G0/G1 phase. The significant reduction in MGE-treated BT-

549 cells in S phase compared to the control is likely due to increases in the cells in the 

G0/G1 and G2 phases. Since BT-549 cells have low cyclin D1 expression and RB loss, 

the effect of MGE on the cyclin D1-CDK4/6-RB axis will not alter the cell cycle in BT-549 

cells. Thus, MGE may increase cyclin dependent kinase inhibitors in TNBC cells. AKT 

negatively regulates p27KIP1, which can inhibit cell cycle progression at every stage of 

the cell cycle (26, 27). 

The MGE-induced changes in cell cycle progression were minimal and likely do 

not fully account for the reduced proliferation of MGE-treated TNBC cells, suggesting 

that MGE causes cell death. There are three types of cell death: apoptosis, autophagic 

cell death, and necrosis (28). Since caspase 3/7 was not activated with MGE treatment 

and caspase activation is essential for apoptosis, MGE did not induce apoptosis in any 

of the TNBC cells studied (29). Additionally, MGE-treated cells did not display 

membrane blebbing, which is characteristic of apoptosis. However, MGE may induce 

autophagic cell death or necrosis. Necrosis is accompanied by a gain in cell volume, 

swelling of organelles, plasma rupture, and subsequent loss of intracellular contents 

(30). Cells treated with MGE, particularly the 4T1 cells, displayed significant cell debris 
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after treatment, which may be indicative of necrotic cell death. However, further studies 

are needed to determine the type of cell death that may be caused by MGE. 

Overall, MGE reduced TNBC cell proliferation through distinct mechanisms in 

4T1, MDA-MB-231, and BT-549 TNBC cells. The reduction in pro-proliferative AKT and 

ERK/MAPK signaling is proposed to drive the diminished proliferation of MGE-treated 

TNBC cells, with decreased cyclin D1 playing an important role. Since MGE can reduce 

proliferation in TNBC cells with distinct genetic mutations, the extract may prevent the 

proliferation of other TNBC cells, which are heterogeneous in nature. 

III. MGE Inhibition of TNBC Migration in vitro:  Mechanisms of Action 

The changes induced by MGE in proliferative TNBC signaling may be involved in 

the MGE-induced alterations in cytoskeletal arrangement and cell migration. Both 

ERK/MAPK and AKT participate in cell migration, with numerous downstream targets 

directly impacting cytoskeletal organization (31). ERK1/2 can directly phosphorylate 

MLCK, FAK, or p90 ribosomal S6 kinase (RSK), among others, to enhance activity and 

facilitate cell motility (32, 33). The localization of ERK/MAPK is particularly important for 

its impact on downstream targets (7). The interaction of ERK/MAPK with scaffold 

proteins is a crucial influencer of its effects. RHAMM, which was downregulated in 4T1, 

MDA-MB-231, and BT-549 cells treated with MGE, can function as a scaffold protein for 

MEK and ERK1/2 and localize ERK1/2 to the cytoskeleton (34-36). Therefore, MGE 

could be decreasing the effects of ERK1/2 on the cytoskeleton by reducing its 

phosphorylation as well as decreasing the localization of ERK1/2 to the cytoskeleton 

through reduced RHAMM. 

RHAMM has many other recently elucidated activities that are emerging as 

therapeutic targets for metastasis. RHAMM promotes cell migration and inhibition of 
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RHAMM reduces cell migration (22, 37-39). Multiple mechanisms may account for these 

observations. RHAMM can couple with the cell surface receptors CD44 and PDGFR to 

promote motility or bind to hyaluronan itself and directly associate with and activate Src 

to rearrange the cytoskeleton (40, 41). RHAMM can also promote filopodia formation 

through FAK and ERK1/2 signaling (42). By associating with ERK1/2, RHAMM targets 

ERK1/2 to the nucleus to regulate the expression of genes involved in cell migration 

(36). Apart from effects on migration, RHAMM is also involved in proliferation through 

the regulation of spindle assembly. RHAMM colocalizes with the mitotic spindle during 

anaphase and metaphase and associates with the TPX2 spindle assembly gene to 

regulate Aurora A activity (40, 43). Since RHAMM is involved in cell migration and 

proliferation through several mechanisms, it is not surprising that RHAMM 

overexpression in breast cancer primary tumors is associated with a poor prognosis and 

correlates with lymph node metastases (44). The same study also showed that 

metastases had higher RHAMM expression than primary breast cancer tumors. Because 

of the role of RHAMM in proliferation and migration, it may be a suitable target to reduce 

or prevent metastasis. In mice, RHAMM knockdown resulted in slower growth of 

subcutaneous colorectal tumors and nearly abolished metastases in a tail vein injection 

mouse model of colorectal cancer, suggesting that the reduction in RHAMM by MGE 

could reduce TNBC metastasis (36). 

There are many other MGE-induced perturbations that could contribute to the 

observed reduction in TNBC cell migration. MGE-treated MDA-MB-231 cells showed a 

significant increase in cell size and bore some resemblance to epithelial cells with their 

columnar morphology (45). However, analysis of the epithelial-mesenchymal transition 

(EMT)-related gene expression of E-cadherin and vimentin provided no clear indication 

of MET, suggesting that MGE does not affect EMT (data not shown). Yet, it is clear that 
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cell shape is critically involved in cell migration. Cell shape was changed in 4T1, MDA-

MB-231, and BT-549 cells treated with MGE and cell migration was reduced in all three 

TNBC cell lines. There are many signaling pathways that could be affected by the 

components in MGE to cause the phenotypic and functional changes observed in MGE-

treated TNBC cells.   

MGE-treated cells may lose polarity or direction, resulting in loss of migration 

(46). This could occur through disruptions in the Rho family GTPase Cdc42, which is a 

master regulator of cell polarity (47). MGE-treated cells, particularly MDA-MB-231 cells, 

were irregularly extended in different directions with no clear orientation (48). Cells must 

retain some polarization in order to migrate; otherwise, cellular signals are discordant 

and cannot integrate to move in one direction (47, 49). Another feature of MGE-treated 

MDA-MB-231 cells was the reduction in f-actin along the cell perimeter; f-actin 

concentrates at the leading edge of cells during migration, so this reduction in f-actin on 

the cell perimeter could indicate a disruption in f-actin localization and hence migration 

(50). Additionally, TNBC cells may be losing adhesive capabilities and are unable to 

attach to the substratum and pull themselves forward to migrate (51).  This phenomenon 

may be important in the BT-549 cells, which exhibit reduced filopodia with MGE-

treatment. 

The actin cytoskeleton is an essential determinant of cell shape and cell 

migration, so MGE may reduce actin polymerization to decrease the amount of filopodia 

in BT-549 cells (52). ERK activation, which was reduced by MGE in BT-549 cells, can 

contribute to actin-mediated protrusions via the WAVE/WASP and Arp2/3 pathway (53).  

Additionally, MGE may inhibit Rho-associated serine/threonine kinases (ROCK), which 

are implicated in cancer motility, invasion, and metastasis (54). Activation of ROCK1 and 

ROCK2 by RhoA and RhoC family members can lead to phosphorylation of LIM kinases 
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1 and 2 (LIMK1/2) and inactivation of cofilin to promote actin filament stabilization (55). 

ROCK1/2 can also directly or indirectly promote myosin regulatory light chain (MLC) 

phosphorylation to increase actin filament bundling and contraction. As a critical 

regulator of cytoskeletal organization, ROCK1/2 inhibitors are under investigation as 

antimetastatic drugs (56). 

In 4T1 cells, MGE caused visible differences in the organization of actin fibers 

compared to control cells. Control cells displayed stress fibers, which are the major 

contractile structures in cultured cells (57). Stress fibers are connected to focal 

adhesions and can contract to move cells forward, and are thus important for cell 

migration (58). Stress fibers were largely absent in MGE-treated 4T1 cells which 

displayed strong peripheral and punctuated actin staining. These disruptions in the actin 

cytoskeleton resemble the reported effects of actin-disassembling agents on HL-60 

human leukemia cells (59). Thus, MGE may cause actin cytoskeleton disassembly which 

could contribute to its anti-migratory effects.  

The differences between MDA-MB-231, BT-549, and 4T1 MGE-induced changes 

in cell shape could be due to variations in their inherent cell morphology. BT-549 cells 

are spindle-like in 2D cell culture, MDA-MB-231 cells are more rounded in shape and 

4T1 cells are small and form aggregates, as shown in the respective images of control 

cells. The higher basal level of filopodia in BT-549 cells suggests that signaling for 

filopodia formation in these cells is elevated, indicating that filopodia formation may be 

sensitive to MGE. On the other hand, MDA-MB-231 cells are rounder and more 

polarized, migrate much faster than BT-549 cells, and are more sensitive to the effect of 

MGE on cell polarity. Different mutations in each cell line, such as gain of function 

mutations in KRAS and BRAF in MDA-MB-231 cells or the loss of function PTEN 

mutation in BT-549 cells, may also contribute to the various effects of the extract on cell 
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migration (8). Both ERK and AKT signaling contribute to cell migration and the 

respective activation of these pathways in MDA-MB-231, BT-549, and 4T1 cells could 

differentially contribute to the effect of MGE on migration (31). Despite the differential 

effects of MGE on cell cytoskeletal arrangement, RHAMM was reduced by MGE in all 

three TNBC cell lines, suggesting that RHAMM may be a crucial mediator of the effect of 

MGE on cell migration. 

Overall, the effects of MGE on cell proliferation and migration are complex. Due 

to the number of components present in our MGE extract, it is difficult to ascribe the 

mechanisms of action to a particular component. The combinations of polyphenols 

present in the extract also have different physiological effects based on the type of cell 

involved in the interaction. As we showed in MDA-MB-231 and BT-549 cells, when one 

pathway is mutated, MGE can circumvent the perturbation and reduce TNBC cell 

proliferation through different mechanisms. Because of this, knockin or knockout/down 

experiments may be ineffective at elucidating the mechanisms of MGE. For example, if 

we delete RB in MDA-MB-231 cells, MGE would likely still attenuate cell proliferation 

since the extract reduced the proliferation of RB-deficient BT-549 cells. However, proof 

of concept studies are needed to demonstrate the mechanism of action of particular 

components. 

Because MGE contains numerous compounds that activate different signaling 

pathways through multiple mechanisms, it is a particularly attractive therapeutic for a 

heterogeneous diseases such as cancer. Apart from differences in cancers in individual 

patients, intratumor heterogeneity exists, which refers to the spatial and temporal 

molecular changes within one tumor (60). Yang et al. (61) measured intratumor 

heterogeneity in TNBC by comparing 300 cells sampled from three different locations 

within a tumor and found that increased intratumor heterogeneity predicted TNBC 
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metastasis. Since MGE effectively reduced proliferation in genetically diverse TNBC 

cells, it may be a successful therapeutic against TNBCs with high intratumor 

heterogeneity.  

TNBC tumors are heterogeneous as are the tumors from different patients with 

TNBC (62). TNBC is divided into six different subtypes, based on distinct gene 

expression profiles: basal-like 1 (BL1), basal-like 2 (BL2), immunomodulatory (IM), 

mesenchymal (M), mesenchymal stem-like (MSL) and luminal androgen receptor (LAR) 

(63). Each TNBC subtype has specific characteristics and clinical outcomes (64). 

Because of this diversity with the TNBC subtype, it is imperative that multiple cells lines 

which are characteristic of these subtypes are tested to validate the robustness of 

natural dietary supplements, which have pleotropic mechanisms of action. Within the cell 

lines that we studied, MDA-MB-231 cells belong to the mesenchymal TNBC subtype, 

BT-549 cells are mesenchymal stem-like and murine 4T1 cells are unclassified (63). 

MGE inhibited the growth of each of these subtypes of TNBC, suggesting that the 

extract may have anti-cancer effects on other subtypes of TNBC cells and shows 

promise for being effective in heterogeneous TNBC tumors in patients.  

IV. The bioavailability of MGE 

The bioavailability of drugs is crucial for success in the clinic. As a complex 

polyphenolic extract, the bioavailability of MGE must be considered when studied both in 

vitro and in vivo. In culture, cancer cells are directly exposed to the compounds in MGE. 

However, in vivo, many of the components in MGE undergo first pass metabolism and/or 

metabolism by the gut microbiota (65). The actual metabolites derived from MGE that 

reach tumors and tissues in vivo are not known. Some of the phenolics originally present 

in MGE may reach sites throughout the body intact, while other compounds may only be 

present as metabolites or are completely excreted and never reach the circulation. 
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Another issue with regard to the efficacy of MGE is the poor bioavailability of many 

polyphenols due to low solubility, low stability, and rapid conjugation in first-pass 

metabolism, which is the metabolism of substances by the intestine or liver before the 

compound reaches systemic circulation (66-68). 

Although many polyphenolic extracts are not soluble in water and are typically 

dissolved in ethanol or DMSO for in vitro research studies, the MGE preparation used in 

these studies is a powder of an aqueous extract and is fully soluble in water (69, 70). 

Therefore, the solubility of the polyphenols in our MGE preparation is likely not a 

significant barrier to its oral bioavailability. Stability can also be an issue with the 

components in MGE. Anthocyanidins, such as delphinidin or cyanidin, completely 

degrade within two hours in 37°C water (71). The main degradation products are 

phloroglucinol aldehyde and phenolic acids; delphinidin degradation also produces gallic 

acid. However, the glycosylated forms of anthocyanidins, known as anthocyanins, are 

more stable in water (72). It is possible that delphinidin is initially present in our MGE 

preparation, since it is typically found in muscadine grapes; however, delphinidin may 

quickly degrade to gallic acid, which was detected at relatively high concentrations in our 

MGE preparation (73). 

Polyphenolic solubility and stability can limit oral bioavailability, but rapid 

conjugation of polyphenols is the most significant barrier to oral bioavailability. First pass 

metabolism generally refers to metabolism of a drug or substance in the intestinal wall 

and then the liver before the drug or substance reaches the systemic circulation (68). 

First pass metabolism of polyphenols typically consists of conjugation by methylation, 

sulfation, or glucuronidation, with glucuronidation of phenolics being the primary 

conjugation process that occurs (74, 75). Uridine diphosphate (UDP)-

glucuronosyltransferases (UGTs) mediate glucuronidation of phenolics by adding 
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glucuronide to the phenolic compound. Glucuronides have high water solubility, low 

protein binding, and small volumes of distribution, leading to rapid excretion of 

glucuronidated products (76).  

The metabolism of polyphenols generally begins by uptake into intestinal 

endothelial cells. Polyphenols can either be conjugated by enzymes in the epithelium 

and transported back into the intestinal lumen by efflux transporters or transported 

across the intestinal epithelium to the liver with or without undergoing conjugation (77). 

In the liver, nearly all polyphenols are metabolized by conjugation and then recirculate 

back into the intestinal lumen through bile or continue to the systemic circulation and are 

excreted in urine. Polyphenols or their metabolites in the intestinal lumen can also be 

metabolized by the gut microbiota and recirculated through intestinal and hepatic 

metabolism. Phenolics that remain in the intestinal lumen are excreted through the 

feces. Figure 1 shows a summary of the metabolic fate of polyphenols. 
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Figure 1. The metabolic fate of polyphenols. The metabolic fate of the 

polyphenol naringenin is depicted above. Polyphenol aglycones, conjugates, or microbial 

metabolites pass through the intestinal epithelium and may undergo conjugation in the 

liver, enter systemic circulation in the blood, reach organs, and ultimately be excreted by 

the kidneys in urine. Some polyphenol conjugates are returned to the intestinal lumen 

from the liver through bile secretion. All polyphenols or metabolites that remain in the 

intestinal lumen are excreted through the feces (78). 

 

Although the metabolism and bioavailability of MGE components has not been 

characterized, inferences can be made about the bioavailability of the main components 

found in MGE, in their unconjugated forms, based on previous studies in the literature 

(79). Both the unconjugated monomeric flavonols epicatechin and catechin, polyphenols 

identified in MGE, are absorbed into the circulation (80). Epicatechin, an abundant 

polyphenol in our MGE preparation, reached maximal plasma levels 2 h after ingestion 

in rats and humans (81-83). In male Wistar rats fed a grape seed extract, epicatechin, 
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catechin, and their 3’-O methylated forms were found in the rat plasma; 32-43% of the 

dose of catechin originally present in the grape seed extract and 29-40% of the 

epicatechin originally present in the extract was recovered in the urine. These results 

suggest that catechin and epicatechin, which are both present in MGE, have the 

potential to reach target tissues, including tumors. Ellagic acid, another component 

found in MGE, can also be measured in its unconjugated form in the plasma after 

ingestion; however, it is poorly absorbed and quickly eliminated (84). Maximal levels of 

ellagic acid are measured 1 h after ingestion and rapidly eliminated by 4 h. Intact gallic 

acid is found in the plasma of rats and humans, indicating it is bioavailable (85, 86). 

However, similar to other polyphenols, gallic acid has a short half-life and is rapidly 

excreted in vivo. On the other hand, unconjugated procyanidins and catechin-gallate are 

not bioavailable and are not recovered in the urine or plasma (80, 87). An overview of 

the bioavailability of the phenolic compounds confirmed to be present in MGE is shown 

in Table 1.  

 

 

 

 

 

 

 

 



155 
 

Phenolic 

compound 
Bioavailable? Evidence 

Catechin-

gallate 
no 

Galloylated catechins were not previously recovered 

in the urine and may be preferentially excreted 

through bile (87). 

Procyanidin no 
Ingested procyanidins reach the large intestine intact 

and are not absorbed into systemic circulation (80, 

88). 

Ellagic acid yes 

Orally ingested ellagic acid has poor absorption and 

rapid elimination, but can be measured in its 

unconjugated form in the plasma shortly after 

ingestion. Ellagic acid seems to have reduced 

bioavailability in small animals compared to humans 

(84, 89-91). 

Epicatechin yes Ingested epicatechin can be measured in the plasma 

and urine of rats, with 29-40% recovery (80). 

Gallic acid yes Gallic acid is well absorbed in humans compared to 

other polyphenols (87). 

Catechin yes Ingested catechin can be measured in the plasma and 

urine of rats, with 32-43% recovery (80). 

Table 1.The bioavailability of compounds in MGE. An overview of the 

bioavailability of phenolic compounds previously reported to be present in MGE (79). 

 

Although some polyphenols can reach the systemic circulation intact, many 

polyphenols circulate systemically in conjugated forms (92). Only a few studies 

investigated the bioavailability or bioactivity of these modified polyphenols or the 

concentrations that are needed for biological action. For example, the main metabolite of 

gallic acid is 4-O-methylgallic acid (4OMGA), which can be measured in the plasma after 

ingestion of gallic acid (86). However, it is not known whether 4OMGA is bioactive. The 
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MGE preparation used in this study has a higher polyphenolic concentration per gram of 

weight than other muscadine grape extract currently on the market. Many studies 

previously conducted would have benefited from using a higher concentration of an 

MGE preparation to achieve the circulating amounts of polyphenols that produce the 

appropriate physiological responses. In a recent study by Ignacio et al. (25), a dose of 

600 mg/kg/week of a muscadine skin extract dissolved in 50% ethanol/water was 

needed to achieve molecular changes in PC3 prostate cancer tumors in athymic mice. In 

our animal studies, mice received approximately 140 mg total phenolics/kg/week of MGE 

in the drinking water. More importantly, our MGE is concentrated from an aqueous 

solution; thus the reconstituted extract likely contains higher concentrations of polar 

phenolics that may be more bioavailable, and insignificant amounts of polyphenols that 

are not readily soluble in water. 

Another major contributor to the metabolism of polyphenols in vivo is the gut 

microbiota. Because only a small proportion of polyphenols are absorbed in the small 

intestine, up to 90-95% of dietary polyphenols are estimated to reach the colon (93). 

These polyphenols can be metabolized by the gut microbiota and the byproducts can be 

absorbed by intestinal epithelial cells for further metabolism by the liver or the microbial-

derived metabolites can reach systemic circulation. Although some polyphenols may 

enter the systemic circulation unconjugated, many polyphenols and their conjugates are 

thought to be metabolized by microbiota (94). Phenolic colonic degradation products are 

generally classified into hydroxylated 3-phenylpropionic acids and hydroxylated 

phenylacetic acids (95). For example, flavonols, flavon-3-ols, flavanones, and 

hydroxycinnamates are degraded by the colon into 3-(3-Hydroxyphenyl)-propionic acid 

(65). These low molecular weight phenolic acids may be more bioavailable than their 

parent compounds and are actively transported by the monocarboxylic acid transporter 
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(MCT) (95). These phenolic acids were identified in the urine after ingestion of dietary 

polyphenols and may contribute to the in vivo biological effects of polyphenols (96). 

Other important polyphenol microbial metabolites are urolithins, which are 

derived from ellagic acid and ellagitannins (97). Ellagic acid is one of the main 

polyphenols detected in the MGE preparation used in this study and has low 

bioavailability; therefore, the in vivo bioactivities of ellagic acid are increasingly attributed 

to urolithins. In fact, low concentrations of urolithin derivatives were identified in mouse 

and human prostates after ingestion of an ellagitannin-rich pomegranate extract, 

pomegranate juice, or walnuts (98, 99). Urolithins may contribute to the anti-cancer 

effects of pomegranates observed in patients with prostate cancer and may contribute to 

the bioactivities of MGE in vivo (100-102). 

The complexity of the microbial metabolism of polyphenols suggests that 

microbial metabolites may play a significant role in the bioactivity of MGE in vivo (103). 

Many of the components in MGE that are assessed in cancer cells in vitro are likely not 

the same components that reach cancer cells in vivo due to poor bioavailability, first 

pass metabolism, and microbial metabolism challenge. Although c-Met was significantly 

reduced in MDA-MB-231 cells treated with MGE in vitro, there was no difference in c-

Met protein in MDA-MB-231 tumors in vivo (data not shown). Thus, it is possible that the 

phenolic compound(s) responsible for the c-Met reduction in vitro is excreted or 

metabolized in vivo and is not found in appreciable concentrations systemically. On the 

other hand, cyclin D1 was reduced in both MDA-MB-231 tumors in vivo and MDA-MB-

231 cells in vitro. This suggests that the phenolic compound(s) responsible for cyclin D1 

reduction reaches the tumor in vivo or that there is another metabolite in MGE that can 

also reduce cyclin D1. Whatever phenolic compound(s) involved, MGE reduced cancer 

cell proliferation in vivo, demonstrated by the reduction in Ki67 staining in MDA-MB-231 
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primary tumors and reduced tumor growth, in agreement with the reduction in TNBC 

cells in vitro in all three cell lines that were examined.  

The polyphenols and their metabolites in individuals who are treated with MGE 

will be different, based on the distinct metabolic enzymes in the intestine and liver and 

the variance in gut microbiota composition between individuals (104). Studying the 

impact of MGE in inbred animals in highly controlled environments removes the inter-

individual differences found in humans. However, the variance in polyphenol metabolism 

between humans will profoundly impact the bioactivity of MGE (78). The mechanisms of 

action identified for the responses to MGE in vitro will provide insight into mechanisms of 

action of MGE in vivo, but studies in both animals and humans are needed to validate in 

vitro results. Further, there are likely additional mechanisms of action in vivo attributed to 

MGE metabolites that are not found in vitro. Although the metabolism of MGE is complex 

due to the many polyphenols present in the extract, the abundance of distinct 

polyphenols and their metabolites are what make MGE such an attractive therapeutic for 

a heterogeneous disease such as TNBC. 

V. Mechanisms of action of MGE in vivo 

The decrease in TNBC cell proliferation and migration by MGE in vitro supports 

reduced MDA-MB-231 primary tumor growth and 4T1 metastases in vivo in mouse 

models of TNBC. MGE reduced the size of tumors in an orthotopic model of human 

MDA-MB-231 TNBC in vivo. The reduction in cyclin D1 and Ki67 in tumors treated with 

MGE indicates that the extract retains some in vitro mechanisms of action against MDA-

MB-231 cells in vivo; Ki67 is an E2F downstream target and indicative of cell cycle 

progression (105). Therefore, the observed reduction in Ki67 could be due to RB 

activation in MGE-treated tumors, which would suppress E2F targets such as Ki67. 

However, the fact that c-Met was not reduced in MDA-MB-231 tumors (data not shown) 
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suggests that c-Met is not crucial for the MGE-induced cyclin D1 reduction. This data 

confirms that MGE retains its anti-proliferative bioactivities against TNBC in vivo. 

The 4T1 metastasis mouse model, a syngeneic orthotopic model in Balb/c mice, 

was used to examine the effect of MGE on TNBC metastasis. The model used in this 

work recapitulated the clinical course of TNBC, without chemotherapy or radiation, by 

allowing metastases to originate from the primary tumor with subsequent surgical 

removal of the primary tumor. Although murine TNBC cells were used in this model, 4T1 

cells are genetically and biologically similar to human cancer cells (106). The 

mechanism by which MGE reduced 4T1 metastatic tumor burden in this model is likely 

multifactorial. Components from MGE can directly inhibit metastatic tumor growth or 

seeding of metastases, alter the tumor microenvironment or the immune system to 

reduce TNBC metastasis, or change the gut microbiome to confer anti-cancer effects. 

Our data suggests that MGE may affect all of the aforementioned components to reduce 

metastatic TNBC. 

The proliferation of cells in the lungs and livers of mice was significantly reduced 

by MGE treatment, based upon the decrease in Ki67 immunoreactivity, indicating that 

MGE inhibits metastatic TNBC proliferation. Because MGE reduced cyclin D1 in cells 

and tumors that express cyclin D1, the extract may also reduce cyclin D1 in metastases 

to limit tumor growth. The size of individual liver metastases was also reduced in Balb/c 

mice with 4T1 TNBC metastases, suggesting that MGE is attenuating tumor growth. 

However, this reduction in individual metastases size could result from a delay in the 

seeding of metastases in MGE-treated mice rather than a reduction in proliferation. 

Thus, the liver metastases in the MGE treated mice could lag behind those in the control 

mice. Longer term studies are needed to determine if liver metastases in MGE-treated 
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mice eventually reach the same size and number as those in control animals but are 

delayed in the rate of seeding and growth. 

The reduction in the number of liver metastases could indicate impaired TNBC 

cell migration to the liver. However, MGE could also kill circulating tumor cells to reduce 

the number of cells that reach the liver. The concentration of MGE may be higher in the 

blood compared to organs, so that circulating cells are exposed to higher concentrations 

of MGE and may die while in blood vessels. Although actual transit time of cancer cells 

in the vasculature is estimated to be less than 2 minutes, cancer cells adhere to the 

vascular wall where they may remain for 7-24 h until extravasation (107). MGE can kill 

4T1 cells in vitro within 6 h at doses as low as 15 μg phenolics/mL of MGE, suggesting 

MGE could kill cancer cells while still in the vasculature.  

MGE may also prevent 4T1 cells from seeding to the livers. Since the majority of 

polyphenols likely undergo first pass metabolism in the liver, the concentration of 

polyphenols is probably higher in the liver than any other organ in the mouse’s body with 

the exception of the intestine. A high concentration of phenolics in the liver may render 

this environment unfavorable for cancer cell seeding and growth by affecting the tumor 

microenvironment. Shin and Moon (108) showed that a grape seed and skin extract 

reduced hepatic fibrosis in rats with dimethylnitrosamine-induced liver injury. Since 

cancer-associated fibroblasts (CAFs) are pro-inflammatory and can facilitate metastatic 

colonization and tumor growth, MGE could alter the tumor microenvironment by 

inhibition of CAFs to reduce TNBC metastasis (109, 110). 

MGE may also have immunomodulatory effects that reduce TNBC metastases. 

MGE nearly abolished IL-6 levels in MGE-treated Balb/c mice with 4T1 metastases, 

suggesting that the extract may have effects on the immune system. These potential 
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immune effects could be due to direct interactions of components in the MGE with 

immune cells or by modulation of the gut microbiota. The gut microbiota significantly 

influences both innate and adaptive immunity (111). Microbes activate receptors for 

microbial-associated molecular patterns (MAMPs) on intestinal epithelial cells to alter 

their inflammatory status. For example, butyrate, an SCFA produced by microbes, 

inhibits expression of pro-inflammatory cytokines in intestinal epithelial cells (112). Since 

MGE increased the relative abundance of butyrate in mice with 4T1 TNBC metastasis, 

butyrate could contribute to the anti-metastatic effects of MGE by reducing systemic 

inflammation. Microbes can also affect adaptive immunity by increasing the population of 

T cells, influencing T cell differentiation, or augmenting IgA production to maintain 

immune and mucosal homeostasis. Since evading immune system surveillance is one of 

the hallmarks of cancer, modulation of the immune system by the microbiome could 

have profound effects on TNBC (113).  

The immunologic portrait of TNBC is complex. TNBCs express high 

concentrations of immunosuppressive compounds and cytokines compared to non-

TNBC subtypes (114). Further, increased IL-6 and IL-8 cytokines in TNBC tumors are 

associated with a poor prognosis and a decrease in both IL-6 and IL-8 reduces TNBC 

tumor growth (115). Additionally, a high systemic immune-inflammation index in TNBC 

patients correlates with lower overall survival and disease free survival (116). 

Inflammation fosters cancer cell proliferation, survival, and migration, thereby playing a 

prominent role in cancer growth and progression (117). Since inflammation plays a role 

in TNBC aggressiveness and progression, reducing inflammation with MGE may be 

beneficial for TNBC. 

MGE-treated mice had significant changes in their gut microbiota composition 

compared to control mice. The increase in gut microbiota alpha diversity observed in 
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MGE-treated mice indicates a change in the functional capability of the gut microbiome 

(118). Although an increase in alpha diversity may not always be beneficial since it may 

indicate an increase in the presence of pathogenic bacterial species, a loss in microbial 

diversity is consistently associated with disease (119). The gut microbiota of MGE 

treated mice have decreased functional capacity for acetate and propionate production 

and increased functional capacity for butyrate production based on the effect of MGE 

treatment on short chain fatty acid composition. At the phylum level, MGE decreased 

Bacteroidetes, which are primarily responsible for acetate and propionate production, 

and increased the relative abundance of Firmicutes, which is the phylum primarily 

responsible for butyrate production (120). These changes at the phylum level were 

associated with alterations in the relative abundance of microbial populations belonging 

to the respective phyla. Similar gut microbiota modifications were identified in high-fat 

fed male C57BL/6J mice treated with a grape extract (83); mice treated with a grape 

extract had a reduction in the relative abundance of the S24-7 family belonging to the 

Bacteroidales order and a reduction in fecal acetate levels compared to untreated high-

fat fed mice. Although the functional significance of these changes is still unclear, these 

results further suggest that components of grape extracts have effects on the mouse gut 

microbiota in disease states. 
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Figure 2. Gut microbial communities significantly changed in mice with 4T1 

TNBC metastasis treated with MGE. Solid-lined arrows indicate direct lineage 

relationships between taxa. The dotted-line arrow indicates potential relationships; 

Ruminococcus are a polyphyletic genus, with species members belonging to either the 

Ruminococceae or Lachnospiraceae family (121).  

 

MGE increased the relative abundance of bacterial populations belonging to the 

Firmicutes phylum in the mouse gut. MGE increased the relative abundance of 

Butyricicoccus, Clostridium, Ruminococcus, an unclassified genus belonging to the 

Lachnospiraceae family, and an unclassified genus belonging to the Lactobacillaceae 

family. Butyricicoccus is a genus that produces butyrate and is associated with anti-

inflammatory properties. Patients with irritable bowel disease (IBD) have lower amounts 

of Butyricicoccus bacteria in their stools compared to healthy controls and administration 

of the probiotic Butyricicoccus pullicaecorum attenuates colitis in rats (122). Based on 
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these findings, a Butyricicoccus pullicaecorum probiotic is under investigation for 

treatment of IBD (123). Since MGE increases the relative abundance of this genus, it 

may be worthwhile to fractionate MGE and determine which compound(s) is responsible 

for the increase in Butyricicoccus for development of a prebiotic, which is “a substrate 

that is selectively utilized by host microorganisms conferring a health benefit” (124). If 

the compound(s) in MGE responsible for the increase in Butyricicoccus was identified, 

the component could be concentrated and administered at higher concentrations than 

present in MGE to cause a more substantial increase in Butyricicoccus. 

Studies by Choy et al. (125) investigated the effects of grape extracts on the gut 

microbiome in pigs consuming 1% grape powder through their diet. The grape-

consuming porcines had increased relative abundance of the Clostridiales, 

Ruminococceae, and Lachnospiraceae families in their guts, suggesting that certain 

bacterial populations are sensitive to the components found in grape extracts. Although 

these genera were of low relative abundance in MGE-treated mice with 4T1 TNBC 

metastases, the bioactivities of a single bacterial species can provide the host with new 

biochemical compounds that enter the systemic circulation and have physiological 

effects (126). Associations between grape administration and changes in specific 

bacterial communities need to be further explored to determine their functional 

significance in relation to TNBC metastasis. 

Modulation of gut microbial SCFA byproducts by MGE may also represent a 

crucial mediator of the effects of MGE. The increase in the relative abundance of 

butyrate in the feces of Balb/c mice with TNBC metastasis treated with MGE may 

indicate a relative increase in the abundance of butyrate in circulation. SCFAs bind to 

and inhibit HDACs or activate GPCRs (120, 127-130). Of the three main microbial 

SCFA byproducts (acetate, propionate, and butyrate), butyrate has the most potent 
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HDAC inhibitory activity (131). Histone deacetylase inhibitors, such as sodium butyrate, 

showed beneficial results in clinical trials with TNBC patients (132, 133). HDAC inhibitors 

had synergistic effects when administered in combination with other therapies such as 

ionizing radiation, PARP inhibitors, or immunotherapy (133, 134). HDAC inhibitors, such 

as vorinostat, are approved for the treatment of cutaneous and peripheral T-cell 

lymphomas and have the potential for use as a therapeutic for TNBC (135). Sodium 

butyrate suppresses proliferation, induces G0/G1 cell cycle arrest, and induces 

mitochondrial-related apoptosis in MDA-MB-231 and BT-549 TNBC cells (136); 

treatment with the HDAC inhibitor vorinostat together with immunotherapy reduced 4T1 

primary tumor growth in Balb/c mice (134). These studies suggest that the increased 

butyrate observed in mice with metastatic TNBC could be involved in the reduction of 

metastatic proliferation in MGE-treated Balb/c mice. A functional significance for the 

depletion of acetate and propionate that we observed in the feces of MGE-treated mice 

is less clear. Although butyrate is the main energy source for colonocytes, propionate is 

primarily utilized by the liver for gluconeogenesis and acetate enters the systemic 

circulation and dominates SCFAs present in the plasma (137). The depletion of 

propionate in the feces of MGE-treated mice could indicate that lower levels of 

propionate reach the liver. Hepatic gluconeogenesis is significantly reduced in patients 

with primary or metastatic hepatic cancer and it is unclear whether reduced 

gluconeogenesis due to a decrease in propionate levels may be detrimental for liver 

metastases (138). Circulating acetate can be transported into cancer cells by receptors 

from the monocarboxylate transporter family and converted to acetyl-CoA by acetyl-CoA 

synthetases (ACSS) for lipid biosynthesis. The reduction in acetate in mouse feces 

treated with MGE could indicate reduced acetate levels in the plasma, which may reduce 

proliferation of cancer cells by limiting lipid biosynthesis. However, it is unclear whether 

propionate and acetate are reduced in the feces due to a decrease in their generation or 
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due to an increase in their uptake by colonocytes. Further studies are needed to 

determine the mechanism by which MGE reduces propionate and acetate in the gut and 

the physiological significance of reduced propionate and acetate in TNBC metastasis 

(139). 

Overall, the mechanism of action of MGE is complex. Not only do numerous 

polyphenols contribute to the bioactivities of MGE, but their metabolites and the MGE-

induced changes in microbiota composition and fecal SCFA profiles likely contribute to 

the bioactivities of the extract as well.  

VI. MGE: Prevention vs Treatment 

To determine whether MGE could be effective as a preventative therapeutic 

before the onset of TNBC, we treated Balb/c mice with MGE beginning one week before 

4T1 cell injection into the mammary fat pad and throughout the remainder of the animal 

study. The primary tumor was surgically removed two weeks after 4T1 cell injection and 

mice were euthanized four weeks after surgery (Appendix Fig. 1). Therefore, the total 

time of treatment with MGE in this prevention model was 7 weeks. There was no change 

in body weight, the weight of major organs, or tumor weight in MGE-treated mice 

compared to control mice (Appendix Fig. 2). However, the number of liver metastases 

and the total area of the liver metastasis were reduced in mice treated with MGE 

compared to water despite no change in the size of individual liver metastases 

(Appendix Fig. 3A, B, C and D). MGE also reduced tumor cell proliferation in the livers, 

quantified using Ki67 as a proliferative marker (Appendix Fig. 3E). MGE treatment did 

not change the amount of α-SMA+ cells in the lungs and increased the amount of 

Ki67+/α-SMA- cells (Appendix Fig. 4A, B). MGE administration did not alter alpha 

diversity, the relative abundance of Firmicutes or Bacteroidetes, or their respective ratios 
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in mice pretreated with the extract compared to untreated mice (Appendix Fig. 5A, B, 

C, D). MGE increased the relative abundance of bacteria belonging to the 

Gammaproteobacteria class and Anaeroplasmatales order (Appendix Fig. 5E, F). 

Gammaproteobacteria exhibit a large variety of phenotypes and metabolic capabilities, 

making it unclear what the functional significance of this change may be (140). There is 

very little information on the order Anaeroplasmatales, also making the significance of 

this MGE-induced change unclear. Lastly, MGE had no effect on fecal acetate, 

propionate, or butyrate SCFA levels (Appendix Fig. 6). 

MGE treatment of 4T1 Balb/c mice with metastatic tumors for 4 weeks compared 

to administration as a preventive therapeutic for a total of 7 weeks resulted in a number 

of differences, particularly in the gut microbiome. These differences may result from the 

health of the gut microbiome. When MGE was administered to mice in the preventative 

model, the gut microbiome was in a healthy state; however, when MGE was 

administered as a treatment, the gut microbiome was likely in dysbiosis since the mice 

already had tumors. Baseline differences in the gut microbiome can have profound 

effects on the bioactivity of a therapeutic intervention. In the prevention model, there was 

no effect on alpha diversity and SCFA profiles or major changes in bacterial composition 

in mice treated with MGE compared to control mice. The mice treated with MGE in the 

prevention model had less robust reductions in metastases, with an increase in cell 

proliferation in the lungs and no change in individual liver metastases size, compared to 

mice treated with MGE in the treatment model. These results suggest that the gut 

microbiome is an important mediator of the effects of MGE in the treatment model. 

An alternate explanation for the differences between the MGE treatment and 

prevention models is that cancer cells from the primary tumor were selected for 

resistance to MGE as progression to metastases occurred, since MGE was administered 
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at the onset of disease in the prevention model. It is well documented that breast 

cancers develop resistance to therapeutics over time (141). The development of 

resistance to the effects of MGE, particularly in the lungs, could explain why mice 

pretreated with MGE prior to injection of tumor cells in the prevention model had a larger 

proportion of proliferating cells in the lungs compared to control mice. MGE treatment of 

healthy mice that are not in a pro-inflammatory disease state may also be less effective. 

The reduction in IL-6 in the in vivo treatment model of MGE suggests that MGE may 

affect inflammation to confer some of its biological activities. In the prevention model, 

MGE administration began before the onset of disease, presumably in animals with little 

systemic inflammation. When the 4T1 cancer cells were injected into mice pretreated 

with MGE, the extract could blunt any innate immunological responses and affect 

disease progression. In a study of humans treated with high doses of the antioxidants 

vitamin C and E, the administration of the antioxidants hampered cellular adaptations in 

stressed, exercised muscles and prevented beneficial physiological adaptations to stress 

(142). A similar scenario could be occurring in mice that received MGE before the insult 

of a tumor. These results suggest that it may be more effective to administer MGE 

during disease states. 

Although these studies suggest MGE may be more effective as a treatment 

rather than a preventative agent, it is essential to determine the effects of MGE in 

prevention models where mice develop spontaneous tumors. Since tumors develop over 

time with the compound effect of mutations, MGE may inhibit the development of tumors 

long term by reducing chronic inflammation. Furthermore, mice in the MGE prevention 

model had a lower liver metastatic tumor burden compared to the control mice, 

indicating that MGE is still beneficial in this preventative setting. 
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VII. Future Studies 

The studies in this dissertation document the effects of a proprietary MGE 

against TNBC for the first time. However, there is still a lot to learn about the activities of 

MGE on TNBC. It will be important to determine if the reduction in c-Met by MGE is 

necessary for the MGE-induced reduction in AKT and/or ERK/MAPK signaling in vitro. 

To determine this, TNBC cells constitutively activating or overexpressing the c-Met 

receptor could be treated with MGE and assessed for AKT and/or ERK/MAPK activity by 

western blot compared to wild-type cells. Other receptor tyrosine kinases that could 

mediate the activities of MGE on AKT and/or ERK/MAPK signaling should be explored. It 

will be important to determine if MGE can reduce the expression or activation of the 

epidermal growth factor receptor (EGFR) since EGFR is often expressed in TNBC (143-

145). The vascular endothelial growth factor receptor (VEGFR), platelet derived growth 

factor receptor (PDGFR), and fibroblast growth factor receptor (FGFR) are other RTKs 

implicated in breast cancer progression that may mediate the effects of MGE on 

oncogenic signaling (146). Since extracellular receptors are key regulators of AKT and 

ERK/MAPK signaling, the effect of MGE on the expression and activation of RTKs needs 

to be assessed further. 

Although MGE reduced c-Raf, the effect of MGE on A-Raf and B-Raf isoforms 

was not examined (147). Of particular interest is B-Raf as it is the most commonly 

mutated protein of the Raf family in cancers and is highly associated with cell 

proliferation (148). Therefore, it would be important to determine whether MGE can also 

reduce B-Raf to regulate ERK/MAPK signaling. Phosphatases may also contribute of the 

inhibition of AKT and ERK/MAPK by MGE. To determine if the upregulation of 

phosphatases plays a role in MGE-induced reductions in ERK/MAPK and AKT signaling 

in TNBC cells, a phosphatase inhibitor cocktail could be administered with MGE 
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treatment or total phosphatase activity could be measured with and without MGE 

treatment using p-nitrophenyl phosphate (pNPP) (149). Additionally, enzymatic assays 

are needed to determine if MGE directly affects the catalytic activity of AKT or 

ERK/MAPK protein kinases (150). Together, the studies would determine whether MGE 

is directly involved in the regulation of ERK/MAPK and AKT or if effects on further 

upstream signaling mediate the activities of MGE against the protein kinase activities. 

Looking downstream of AKT and ERK/MAPK, TNBC cells expressing 

constitutively active ERK1/2 or AKT mutants would be necessary to prove that the MGE-

induced reductions in cyclin D1 mRNA and protein expression are mediated by ERK1/2 

and AKT signaling. Furthermore, a proteosome inhibitor could be administered with 

MGE to determine if MGE is increasing cyclin D1 degradation to cause the reduced 

cyclin D1 in MGE-treated cells. Downstream of cyclin D1, RB could be knocked down by 

siRNA to determine if this protein is crucial for the anit-proliferative activites of MGE in 

MDA-MB-231 cells. Collectively, studies to overexpress or knockdown specific cellular 

proteins or enzymes could be used to determine the role of these proteins on cell cycle 

progression and anti-proliferative activities of the extract. 

Another important mechanism of action of MGE in vitro that warrants further 

investigation is its profound effect on gene expression in TNBC cells. A gene expression 

microarray analysis was used to determine differentially expressed genes in TNBC cells 

treated with MGE that fell into categories related to metastasis, proliferation and 

metabolism as well as genes that encoded phosphatases or kinases. In MDA-MB-231 

cells treated with 20 μg total phenolics/mL of MGE, 2840 genes were differentially 

expressed with MGE treatment compared to control cells (unpublished data). In 4T1 

cells, treated with 20 μg total phenolics/mL of MGE, 2196 genes were differentially 

expressed with MGE treatment compared to control cells (unpublished data). There 
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were 1221 genes common to both TNBC cell lines that were differentially expressed with 

MGE treatment, and 912 of these genes were changed in the same direction (both either 

upregulated or downregulated). This shows that MGE has significant effects on the 

expression of numerous genes in TNBC cells. MGE may have direct effects on 

transcription factors, transcriptional co-regulatory elements, mRNA stability, non-coding 

RNA expression, or induce epigenetic changes to alter gene expression (19).  

Grape polyphenols can induce epigenetic modifications. A grape seed 

proanthocyanidin extract inhibited DNA methyltransferase and histone deacetylase 

activity in MDA-MB-231 TNBC cells (151). In a study by Vaid et al. (152), grape seed 

proanthocyanidins (GSP) reduced global DNA methylation in A431 and SCC13 skin 

cancer cells and global DNA methylation was significantly increased in A431 and SCC13 

skin cancer cells compared to normal skin cells. This decrease in DNA methylation was 

attributed to GSP-induced reductions in DNA methyltransferase gene expression and 

protein. GSP also decreased histone deacetylase activity in both skin cancer cell lines. 

Together, these GSP-induced epigenetic modulations led to the reactivation of tumor 

suppressor p16, p21, and Ras association domain family 1 isoform A (RASSF1A) by 

reducing histone methylation and increasing histone acetylation. RASSF1A is a tumor 

suppressor whose inactivation by promotor methylation is associated with many cancers 

(153). Both p16 and RASSF1A promoter hypermethylation was concomitant with a poor 

prognosis in TNBC patients (154). Further in vitro studies will elucidate mechanisms by 

which MGE regulates gene expression. 

Studies should be conducted to further elucidate the molecular mechanisms of 

reduced TNBC tumor growth and metastasis in vivo. A comparison of AKT, phospho-RB, 

c-Raf, and RHAMM expression in MGE-treated MDA-MB-231 tumors compared to 

untreated tumors should be determined. Fluorescent in situ hybridization (FISH) could 
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also be used to determine if MGE reduces CCND1 or HMMR in MDA-MB-231 tumors in 

vivo. Furthermore, whether MGE reduces fibrosis in tumors should be determined by 

staining tumors with Picrosirius red to measure collage deposition as well as assessing if 

MGE effects immune cell infiltration in TNBC tumors, since polyphenols and butyrate 

both have anti-inflammatory effects. Additional molecular characterization of MGE on 

primary tumor growth in vivo can help determine mechanism of action of MGE against 

metastatic tumors, which tend to be smaller and harder to study by 

immunohistochemistry. 

The significance of the MGE-induced changes in the gut microbiome on 4T1 

TNBC metastasis should be examined. It will be important to determine if control mice 

with 4T1 TNBC metastases have lower gut alpha diversity than healthy Balb/c 

counterparts to establish if 1) TNBC metastasis in the 4T1 Balb/c mouse model is 

associated with reduced gut microbiota alpha diversity and 2) if MGE restores this 

potential loss in alpha diversity. 

In addition to an alteration in microbial diversity with MGE treatment, polyphenols 

in MGE may affect the expression of bacterial genes and their ability to metabolize other 

nutrients or produce short-chain fatty acids (155, 156). MGE may have direct effects on 

gene expression that further influence the functional capability of the gut microbiome. To 

measure the functional capability of the gut microbiota in mice treated with MGE, 

shotgun meta-transcriptomic sequencing can be used (157). This meta-transcriptomic 

sequencing would determine which genes and pathways are likely active in the gut 

microbiome and can therefore infer the functional capabilities of the gut microbiota to aid 

in the elucidation of the biological significance of increased alpha diversity in MGE-

treated mice with TNBC metastasis.  
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The gold standard for determining the role of the gut microbiome in disease 

progression is the use of a germ-free mouse model. Germ-free mice are devoid of 

microbes and can be selectively colonized with known species (158). A germ-free 

mouse model of TNBC could be used to determine the role of the gut microbiota in 

mediating the beneficial effects of MGE. The same 4T1 TNBC metastasis study 

discussed in Chapter 3 could be conducted in germ-free Balb/c mice. If the gut 

microbiota is crucial in mediating the biological effects of MGE, the anti-metastasic 

response to the extract will be attenuated in germ-free Balb/c mice compared to 

conventional Balb/c mice. Alternatively, the gut microbiota of MGE-treated conventional 

Balb/c mice harboring 4T1 TNBC metastases could be transferred into germ-free mice 

with 4T1 TNBC metastases to determine if the MGE-induced alterations in the gut 

microbiome alone can confer beneficial physiological effects. For example, a study by 

Anhe et al. (159) showed that a high-polyphenol camu camu (Myrciaria dubia) extract 

prevented obesity and metabolic syndrome in high-fat high-sugar (HFHS)-fed mice by 

altering the gut microbiome to decrease the abundance of Lactobacillus spp (spp = all 

species in the given genus) and promote the expansion of Barnesiella spp, Turicibacter 

spp, and A. muciniphila. Colonization of germ-free mice with fecal microbiota from camu 

camu-treated conventional mice partially recapitulated the metabolic benefits of the 

extract, suggesting that the microbiota partially mediates the effects.  

An additional aspect of the impact of gut microbiota interventions on disease is 

the initial composition of the gut microbiome. A comparison of the gut microbiota 

composition of Balb/c mice before surgical removal of the primary tumor and treatment 

with MGE could be used to analyze changes in microbial composition before and after 

treatment. Individual mouse gut microbiomes can substantially differ between mouse 

cages, facilities, vendors, and stressors (160). Likewise, there are substantial differences 
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between the gut microbiota compositions of individual humans (161). A study by Wilck et 

al. (162) demonstrated that a high salt diet reduced Lactobacillus spp. in the human gut 

microbiota, which was associated with increased TH17 cells and blood pressure; 

however, only about 40% of humans harbor any Lactobacillus spp. in their gut 

microbiota. Additional bacterial populations, which were changed with MGE treatment, 

could be identified by comparing microbial populations before and after treatment in the 

same animal. If the gut microbiome is a critical mediator of the biological effects of the 

extract, comparing the human gut microbiota composition at baseline and after 

intervention in clinical trials may help distinguish responders from nonresponders (163). 

For example, MGE may deplete bacterial populations that confer detrimental effects 

since grape extracts show antibacterial activities, or the presence of a specific bacterial 

population may be necessary to metabolize a component in MGE that is crucial to 

bioactivity (164, 165). 

The gut microbiota is important in the metabolism of the polyphenols that 

comprise MGE. The ingestion of polyphenols produces microbial-derived polyphenolic 

metabolites, which have biological activities (125, 166, 167). It is thus important to 

determine the mechanism of action of microbe-generated polyphenolic metabolites with 

anti-cancer activities in TNBC cells in vitro in order to elucidate the mechanisms of 

action of MGE in vivo. For example, characterizing the effect of urolithin derivatives, 

which are microbially produced metabolites of ellagic acid, on TNBC proliferation and 

migration in vitro may provide information on MGE bioactivities against TNBC in vivo. 

Urolithin A caused apoptosis and cell cycle arrest in LNCaP prostate cancer cells partly 

through upregulation of p21 and reduced cell proliferation and migration of SW620 

colorectal cancer cells, demonstrating the anticancer properties of polyphenol 
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metabolites (102, 168). Therefore, studying the activities of MGE metabolites in vitro 

may bridge gaps between in vitro and in vivo effects of MGE. 

Overall, the foundational work of this dissertation can be expanded in many 

different directions in order to better understand the mechanism of action of MGE. By 

increasing the understanding of the bioactivities of MGE, patients can be treated more 

effectively by identifying subsets of TNBC patients with particular sensitivities to the 

extract. For example, further work could determine whether patients with TNBC tumors 

that have increased cyclin D1 or reduced gut microbiota alpha diversity are particularly 

sensitive to the extract. 

VIII. Limitations 

Despite the novel research findings presented in this dissertation, limitations 

exist. First, the effects of MGE on in vitro oncogenic signaling were associative rather 

than causative; additional experiments will be necessary to demonstrate whether the 

identified mechanisms of MGE in vitro are essential for the reduction of TNBC cell 

proliferation. However, using genetic manipulations to identify the precise mechanism of 

action of unfractionated natural products is difficult. Because there are numerous 

compounds in MGE that elicit biological effects, the extract can overcome genetic 

perturbations through alternate signaling. For example, despite the RB-loss in BT-549 

cells or the overactive ERK/MAPK signaling in MDA-MB-231 cells, MGE still significantly 

reduced cell proliferation in these TNBC cell lines.  Several studies have identified 

potential molecular signaling pathways affected by grape extracts in cancer cells without 

the use of genetic perturbations (3, 169, 170), which signifies the difficulty of using 

genetic perturbations to prove mechanisms of action of unfractionated grape extracts. 

The pleotropic activities of MGE are perhaps the strongest asset of the extract and 
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suggest that MGE is effective against a wide variety of TNBCs. Another limitation is that 

the components or metabolites in MGE that reach cancer cells in vivo are unknown, and 

some of the mechanisms of MGE identified in vitro may not be contributing the effects of 

MGE in vivo if the bioactive components do not reach the tumors. This is particularly 

important in unfractionated natural product research and there is no easy solution to the 

limitation. 

Furthermore, in the MDA-MB-231  primary tumor mouse model, immunodeficient 

nude mice were used, which lack a viable thymus and thus have very low levels of T 

cells (171). While tumors are formed in the appropriate microenvironment in this 

orthotopic model, the lack of a healthy immune system in athymic mice prevents any 

responses that involve the immune cells. Grape-derived products have 

immunomodulatory effects, particularly in reducing cytokine levels. Whole grape powder 

reduced serum IL-6 and TNF-α levels in a mouse model of inflammation (172). 

Roopchand et al. (173) showed that grape polyphenols reduced serum IL-6 and TNF-α 

cytokines as well as IL-6 mRNA in the colon of high-fat diet-fed C57BL/J mice compared 

to control mice. More specifically, grape products may directly affect T cells. Dietary 

grape seed proanthocyanidins inactivated Treg cells in UVB-exposed skin (174); Treg 

cells suppress anti-tumor responses to favor tumor development (175). Grape products 

are also hypothesized to support the health of γδ T cells, which can kill infected and 

malignant cells by apoptosis (176). In TNBC, infiltration of CD8+ T cells into solid tumors 

is associated with a good prognosis (177). Thus, MGE may affect inflammation and/or T 

cell functions which could impact TNBC and the MDA-MB-231 mouse model would not 

capture these interactions. 

These limitations could be addressed by future experiments that use knockin or 

knockout/down studies to identify the cause of the activities of MGE in oncogenic 
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signaling rather than associations. To determine which of the components and 

metabolites in MGE reach tumors in vivo, MGE would first have to be fractionated and 

components identified one by one in order to determine which components are initially 

present in MGE. Then, animal studies could be conducted with the administration of 

single components in MGE to identify their metabolites and to determine if the original 

component is measured in the serum or urine of mice. However, this process would be 

expensive, tedious, and the usefulness limited since the main asset of MGE is the 

pluripotency and not the role of one individual natural product compound. Finally, studies 

using syngeneic mice, such as the 4T1 metastasis mouse model, or examining tumors in 

humans treated with MGE would allow assessment of the role of the immune system in 

the bioactivities of MGE. Although there were limitations to the research in this 

dissertation, the novel findings of the activities of MGE in TNBC are instrumental to 

develop a safe and effective treatment to reduce metastatic progression in TNBC. 

IX. Pros and Cons of Nutritional Supplements 

Despite the initial positive results on the anti-cancer effects of MGE in TNBC in 

our laboratory studies, there are many pros and cons of implementing nutritional 

supplements into clinical care. The lack of quality control and batch-to-batch 

reproducibility in nutritional supplements is a prominent issue. Contaminants such as 

pesticides, mycotoxins, and heavy metals are found in plant extracts, which can be 

particularly dangerous for cancer patients with reduced immune systems (178, 179). The 

quality of raw botanical materials also differs based on uncontrollable factors such as the 

growth climate of plants (180). Because nutritional supplements such as MGE contain 

numerous chemical constituents that vary based on climate conditions, it is difficult to 

reproduce the exact proportion of bioactive constituents in grape extracts from lot to lot 

(181). Our proprietary MGE is prepared based on the concentration of total phenolics 
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measured as gallic acid equivalents; however, there is no control over the precise 

proportions of individual phenolics present in MGE from batch-to-batch. 

The development of guidelines to ensure the quality of nutritional supplements is 

needed. The Dietary Supplement Laboratory Quality Assurance Program (DSQAP), 

established by the National Institute of Standards and Technology (NIST) in 

collaboration with the National Institute of Health Office and Dietary Supplements, 

enables participants to measure concentrations and/or marker compounds found in 

nutritional supplements as well as toxic elements (182). However, reference standards 

are lacking for complex botanical preparations such as MGE. Although different 

preparations made from muscadine grapes can be compared on the basis of total 

phenolics, it is difficult to compare these preparation because of differences in grape 

cultivars, the plant part used (seed vs skin vs pulp), the extraction method, and the 

growth climate of the grapes. One option would be to standardize MGE based on a 

major bioactive component found in MGE, such as epicatechin or gallic acid, the two 

most prevalent recorded phenolic constituents in MGE (79). Ellagic acid, which is a 

prominent component in pomegranates, has been used to standardize pomegranate 

dietary supplements (183). However, ellagic acid is not representative of the array of 

polyphenols found in pomegranates that contribute to its bioactivities. Further, dietary 

supplements can be adulterated by adding pure ellagic acid to “pomegranate” 

supplements. A better alternative for ensuring quality and consistency of MGE is to use 

chromatographic fingerprinting to identify a bioactive signature in MGE (181, 184). Using 

this approach, high-performance liquid chromatography (HPLC) can identify 

characteristic peaks routinely present in the botanical drug preparation. 

The large number of chemical components in MGE, most of which are unknown, 

not only make the extract difficult to standardize, but also make it particularly problematic 
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to determine its mechanism of action. Although previous research involving muscadine 

grapes or grape extracts identified potential mechanisms of action of MGE, many of the 

previously reported activities of muscadine grape derived extracts were not found in our 

proprietary MGE. For example, studies from several laboratories reported that 

muscadine grape-derived extracts induced apoptosis in breast, prostate, and colon 

cancer cells; however our extract did not induce apoptosis in any of the TNBC cell lines 

studied (3, 185, 186). Another study showed that a muscadine skin extract had no effect 

on cell growth of PrEC normal primary prostate cells, but our extract significantly 

reduced the stimulated proliferation of normal MCF10A mammary cells (Appendix Fig. 

7) (3). MCF10A cells are derived from benign proliferative breast tissue and 

spontaneously immortalized. These cells are widely used in research to study normal 

breast cells, yet MCF10A cells show different molecular profiles than normal mammary 

tissues and may not be ideal models of normal mammary cells (187, 188). Although 

MGE killed normal mammary cells in vitro, no dose-limiting toxicities were reported in 

our animal models or in our Phase I clinical trial (189). Because components in different 

muscadine grape extracts can vary in composition and concentration, it is not surprising 

that results with other muscadine grape derived products differ from our MGE 

preparation (79, 190). Therefore, every new muscadine nutritional supplement must be 

characterized for safety and efficacy. 

The diversity and number of components present in MGE is an asset for use as 

an anti-cancer therapeutic. Because MGE contains numerous bioactive compounds, 

multiple signaling pathways and cellular processes are simultaneously activated by the 

extract, as we demonstrated. By analogy, Tyagi et al. (191) reported that a grape seed 

extract (GSE) had at least three distinct effects on DU145 human prostate cancer cells: 

inhibiting EGFR-mediated Shc activation, increasing JNK1/2 stress response signaling, 
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and reducing ERK1/2 kinase activity toward ELK1. The multiple compounds present in 

other natural products are also reported to induce synergistic anti-cancer activities, 

including studies with pomegranate juice (192, 193). 

The complexity of our MGE preparation, although an advantage based upon the 

multitude of anti-cancer agents present in the natural product, is difficult to compare to 

other grape extracts or natural products and to determine which components are 

responsible for particular bioactivities. One way to simplify complex natural products 

such as MGE is to fractionate the extract to identify the main component(s) responsible 

for its bioactivities (194). With this bioassay-guided fractionation method, natural 

products such as MGE are standardized by combining only the most potent components 

from the extract in fixed ratios. However, this method removes much of the biodiversity 

in unfractionated natural products and may reduce their pleotropic mechanisms of action 

and synergistic effects. Since fractionation is guided by in vitro assays, compounds that 

are important to the natural dietary supplement’s activity in vivo but not essential in vitro 

may be overlooked. Further, the pleotropic mechanisms of action of MGE are particularly 

beneficial against a heterogenous disease like TNBC, suggesting that it may not be 

advantageous to fractionate MGE. 

Unfractionated natural products such as MGE continue to gain popularity among 

patients and their efficacy continues to be validated by more rigid scientific investigations 

(195, 196). For the safety of consumers, it is important for biomedical researchers to 

determine the efficacy, or lack thereof, of nutritional dietary supplements. 

X. Closing Remarks 

Collectively, our results show that MGE reduced TNBC cell proliferation and 

migration in vitro, and decreased tumor growth and metastases in vivo. These findings 
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are exciting as they complement ongoing clinical trials investigating the clinical efficacy 

of MGE in patients with either breast cancer or prostate cancer. The current standard of 

care for women with TNBC, which includes surgery, chemotherapy and radiation, is 

relatively effective at treating and eradicating the primary tumor in these patients (197). 

However, about one third of women with TNBC will develop metastases within 5 years of 

diagnosis and there are no effective treatments after initial standard of care to reduce 

the likelihood of developing metastases (198, 199). Moreover, these patients are 

typically younger in age than other breast cancer patients and have responsibilities, such 

as the care and upbringing of young children, that make the disease particularly 

devastating (200). Because of the high likelihood of metastasis and increased motivation 

in young patients with TNBC, patients are desperate for interventions that could reduce 

the likelihood for the development of metastasis or a delay in metastatic disease (201). 

Many patients seek alternative medicines to reduce their chances of breast 

cancer recurrence (202). One study based in Canada demonstrated that 43% of breast 

cancer patients use complementary and alternative medicine (CAM) as part of their 

treatment (203). Others studies report that 48-70% of breast cancer patients in the US 

use complementary and alternative medicine and 98% of Chinese breast cancer patients 

use CAM after diagnosis (179, 202). However, the majority of herbal dietary 

supplements have no scientific evidence demonstrating their efficacy and some may 

have detrimental effects (179). Our proprietary MGE is efficacious in reducing the 

proliferation and progression of TNBC in both cell and mouse models and was safely 

tolerated in an ongoing Phase I clinical trial (189). MGE may be an efficacious and safe 

therapeutic for TNBC patients to take long term after initial standard of care, to prevent 

or delay metastatic progression. Because of the potential for this therapeutic in TNBC, 

our laboratory is conducting a Phase II clinical trial to determine the effectiveness of 
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MGE in breast cancer patients. Eighty patients will be recruited in each arm of this 

randomized, double-blind, placebo-controlled clinical trial. Breast cancer patients, 

including TNBC patients, will begin taking MGE within 6 months of chemotherapy, with a 

primary endpoint of changes in fatigue and secondary endpoint of metastasis 

progression. A similar clinical trial in men with biochemically recurrent prostate cancer on 

androgen deprivation therapy is currently recruiting patients (204). These results will be 

instrumental in the advancement of MGE as a therapeutic against TNBC metastasis. 

The pleiotropic mechanism of action and in vivo efficacy of MGE make it a 

particularly attractive therapeutic for TNBC. Since MGE shows a low side effect profile to 

date, MGE can be safely taken for the period of time when TNBC metastasis is most 

likely to develop, within 5 years of diagnosis. Taken after standard of care, MGE may 

prevent or reduce TNBC metastatic disease and the studies documented in this 

dissertation provide a platform for further research to be conducted on MGE as a 

therapeutic against TNBC. 
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Inject BALB/c 
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cells into 
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pad 

2.5 x 10⁵ 4T1 cells 
/100 µL PBS 

Surgically 
remove tumors 

after 14 days 

Sacrifice mice 

MGE 

(0.1 mg phenolics/mL 
of MGE, n=9) 

Control 
(water, n=8) 
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Appendix Figure 1. An MGE prevention animal model of 4T1 TNBC metastasis. 6-

week old female Balb/c mice were randomly divided into two groups, one receiving no 

treatment (control), and another receiving 0.1 mg phenolics/mL MGE in the drinking water. 

Mice received MGE for a total of 7 weeks beginning one week before 4T1 cancer cells 

were injected into the 4th inguinal mammary fat pad and ending at the time of sacrifice. 

Two weeks after the 4T1 cancer cells were injected, primary tumors were surgically 

removed. Mice were euthanized 4 weeks after surgery and organs were collected. 
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Appendix Figure 2. MGE had no effect on mouse, primary tumor, or major organ 
weight in an MGE prevention metastatic mouse model of TNBC.  Mice were weighed 
weekly beginning one week before 4T1 cell injection, when the MGE group began 
receiving treatment, up until the time of sacrifice (A).  Tumors were weighed immediately 
after surgical removal (B). Lung (C), liver (D), and spleen (E) weights normalized to tibia 
length were measured immediately after sacrifice.  n = 8. 
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H&E Analysis Mask 

Appendix Figure 3. MGE reduces 
the number of metastases and 
Ki67 positive cells in livers of 
mice with TNBC metastasis. 
Balb/c mice received 7 weeks of 
MGE treatment in a prevention 
model for 4T1 TNBC metastasis. 
Mouse livers were stained with 
hematoxylin and eosin (H&E) to 
quantify the number of liver 
metastases (B), individual size of 
liver metastases (C) and total area 
of liver metastases (D).  
Representative images show H&E 
stained livers with and without the 
analysis mask (A).  The analysis 
mask shows healthy liver tissue as 
green, metastases as red, and 
background as cyan.  Black arrows 
delineate metastases. The percent 
of Ki67 positive cells in the livers 
was quantified (E). Representative 
images show liver tissues 
immunostained with Ki67 (brown) 
and hematoxylin (blue) as a nuclear 
counterstain. Black arrows indicate 
cells that are positive for Ki67.  n = 
8-9; * P < 0.05, ** P < 0.01. 
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Appendix Figure 4. MGE has no effect on fibroblasts and increases Ki67 positive 
cells in lungs of mice with TNBC metastasis. Balb/c mice received 7 weeks of MGE 
treatment in a prevention model for 4T1 TNBC metastasis. Mouse lungs were 
fluorescently stained with Ki67 and α-SMA antibodies, with DAPI as a counterstain. The 
percent of α-SMA positive cells in the lungs was quantified using inForm (A). The percent 
of cells in the lungs positive for Ki67 and negative for α-SMA was also quantified (B).  n = 
8-9; * P < 0.05. 
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Appendix Figure 5. MGE had minimal effects on gut microbiota in a prevention 
model of 4T1 TNBC Metastasis. Balb/c mice that developed 4T1 TNBC metastasis were 
treated with MGE for 7 weeks and fecal matter was collected at the time of sacrifice. Fecal 
samples were analyzed for alpha diversity by Shannon Index (A). The phyla Firmicutes 
(B) and Bacteroidetes (C) as well as their ratio (D) were measured from fecal samples. 
Relative abundance of the class Gammaproteobacteria (E) and order Anaeroplasmatales 
(F) were also measured from fecal samples. n=8-9; * P < 0.05 and *** P < 0.001. 

A B C 

D E F 



203 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

C o n to r l M G E
0

5

1 0

1 5 A c e tic  A c id

m
m

o
l 

 S
C

F
A

/k
g

 f
e

c
e

s

C o n to r l M G E
0

2

4

6

8

1 0
P ro p io n ic  A c id

m
m

o
l 

 S
C

F
A

/k
g

 f
e

c
e

s

C o n to r l M G E
0

2

4

6

8
B u ty r ic  A c id

m
m

o
l 

 S
C

F
A

/k
g

 f
e

c
e

s

Appendix Figure 6. MGE had no effect on fecal SCFA levels in a prevention model 
of 4T1 TNBC Metastasis. Balb/c mice that developed 4T1 TNBC metastasis were treated 
with MGE for 7 weeks and fecal matter was collected at the time of sacrifice. Short chain 
fatty acid composition in mouse fecal samples was determined for acetic (A), propionic 
(B), and butyric acid (C) using gas chromatography. n=8-9. 
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Appendix Figure 7. MGE reduces proliferation of MCF10A normal mammary cells. 
Human MCF10A normal mammary cells were incubated with increasing concentrations of 
MGE and cell proliferation was measured every 2 h for 48 h. Cell proliferation was 
quantified by measuring the confluence at each time point normalized to the confluence at 
time 0, determined using IncuCyte® ZOOM equipment and software (Essen BioScience; 
Ann Arbor, MI). n=3; ** P < 0.01. 
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