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ABSTRACT 

Breast cancer is the most prevalent cancer in the United States and the second leading 

cause of cancer death in American women. Human epidermal growth factor receptor 2 (HER2) 

positive breast cancer, characterized by overexpression of the HER2 protein, is an aggressive 

type of breast cancer comprising ~20% of diagnosed cases. Although targeted HER2 drugs such 

as trastuzumab (TRZ) reduce mortality by about one-third, many patients still experience 

primary or acquired resistance, highlighting the need for additional therapies. TRZ is also 

cardiotoxic, in part by increasing reactive oxygen species, resulting in left ventricular (LV) systolic 

dysfunction in up to 25% of patients. Grape seed/skin extracts are popular dietary supplements 

due to their potent antioxidant and anti-inflammatory properties. However, extracts from 

muscadine grapes are not extensively studied and data regarding their therapeutic effects on 

cancer and TRZ-induced cardiotoxicity are limited.  

The objectives of these studies were to determine whether a muscadine grape skin and 

seed extract (MGE) inhibits TRZ-sensitive and TRZ-resistant HER2 positive breast cancer, if 

combination treatment with MGE and TRZ has synergistic effects, and whether MGE can 

prevent or reduce TRZ-induced cardiotoxicity. MGE significantly inhibited the proliferation of 

TRZ-resistant and TRZ-sensitive HER2 positive cell lines and differentially inhibited the pro-

proliferative protein kinase B pathway in all four cell lines, resulting in cell cycle arrest. 

Treatment with increasing concentrations of MGE in combination with TRZ was synergistic at 

five different dose combinations in TRZ-sensitive SKBR3 cells. Additionally, AKT activation and 

total HER2 were decreased to a greater extent with combination treatment, which was 

significant compared to either treatment alone.  

In vivo, MGE significantly reduced TRZ-resistant tumor growth by 35% in the highly 

aggressive JIMT-1 xenograft model. While TRZ alone did not affect tumor growth in TRZ-
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resistant tumors, the combination of MGE and TRZ markedly inhibited tumor growth by 63%, 

which was significant compared to TRZ or MGE alone. Combination treatment also reduced 

Ki67, a marker of proliferation, and AKT activation in tumors to a greater extent than TRZ or 

MGE alone. MGE and combination treatment significantly increased the tumor suppressor 

FOXO3 in JIMT-1 tumors, which was in agreement with in vitro data. TRZ induces antibody-

dependent cellular cytotoxicity (ADCC) via natural killer cell infiltration and interferon-gamma 

(INFγ) release. While TRZ did not significantly reduce tumor growth, TRZ administration resulted 

in a significant increase in INFγ in tumors, suggesting that a TRZ-induced immune response could 

be a potential mechanism for the enhanced effects of combination treatment in vivo.  

TRZ decreased LV ejection fraction, fractional shortening, cardiac output, and relative 

wall thickness, assessed by echocardiography, and MGE prevented these TRZ-induced decreases 

in LV function. TRZ significantly increased the oxidative stress marker 4-hydroxynonenal (4-HNE) 

in the LV, which MGE prevented. Additionally, MGE significantly increased the antioxidant 

superoxide dismutase 1 (SOD1) in the LV, suggesting that MGE has cardioprotective effects via 

antioxidant mechanisms. Thus, MGE may serve as an effective therapeutic for HER2 positive 

breast cancer administered either singly or in combination with targeted therapies and may 

prevent TRZ-induced cardiotoxicity.
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            CHAPTER I 

INTRODUCTION 

Breast Cancer Overview 

Breast cancer is the most common cancer among American women, with more than 

260,000 new cases diagnosed in 2019 [1]. Unfortunately, this disease affects 1 in 8 women and is 

second only to lung cancer in cancer-related deaths among women [2]. Breast cancer is 100 times 

more common in women than in men; however, men tend to have poorer outcomes due to delays 

in diagnosis. There is a significant difference in breast cancer survival rates worldwide, with the 

5-year survival rate in developed countries at an estimated 80% and below 40% in developing 

countries [3]. The significant difference in survival in developed countries is due to enhancements 

in breast cancer screening and available chemotherapeutics [4]. Mammograms detect more than 

50% of breast cancer cases in the United States and about 30% are diagnosed by a palpable breast 

mass [5]. Approximately 62% of breast cancers in the United States are confined to the breast at 

the time of diagnosis, while 31% spread to regional lymph nodes, and 6% are metastatic, 

spreading to distant sites from the breast and regional lymph nodes [2]. 

Breast cancer is divided into non-invasive and invasive breast cancer based on location. 

Non-invasive breast cancer is characterized by atypical cells that develop within the milk duct or 

lobule and do not extend from origination. These atypical cells can multiply, break through the 

duct or lobular wall, and invade the surrounding fatty and connective tissues, resulting in invasive 

breast cancer [6]. Invasive ductal carcinoma is the most common type of breast cancer and 

comprises approximately 80% of all breast cancer diagnoses [7].  

Breast cancer is divided into five main molecular subtypes, which correlate to patient 

prognosis: luminal A, luminal B, normal-like, basal-like, and human epidermal growth factor 

receptor 2 (HER2) positive. Luminal A breast cancer is the most common subtype, representing 

50–60% of total cases. The luminal A subtype is defined as estrogen receptor (ER) and/or 

progesterone receptor (PR) positive, HER2 negative, and Ki67 (marker of proliferation) low. 
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Patients with this subtype of cancer have a good prognosis and a lower relapse rate than other 

breast cancer subtypes. Luminal B breast cancer is ER+/HER2- and Ki67 high, or ER+/HER2+. 

The Luminal B subtype comprises between 10% and 20% of all breast cancer cases. Compared 

with luminal A, luminal B tumors have a more aggressive phenotype, higher histological grade, 

and worse prognosis for the patient [8]. Normal-like breast cancer comprises approximately 7% 

of cases and shares similar characteristics with luminal A in that it is ER and/or PR positive, Ki67 

low, and HER2 negative. Even though these subtypes are comparable, normal-like gene 

expression patterns are similar to normal breast tissue, and patient prognosis is slightly worse 

than luminal A [9]. 

The basal-like subtype represents 10–20% of all breast carcinomas and is commonly 

referred to as triple-negative breast cancer (TNBC). The key feature of this type of tumor is the 

absence of estrogen receptors, progesterone receptors, or HER2 overexpression, which makes this 

subtype challenging to treat due to a lack of targeted treatments [8]. Clinically, basal-like breast 

cancer is associated with a high histological grade, a high rate of metastasis, and diagnosis at a 

younger age [10]. 

HER2 Positive Breast Cancer 

HER2 positive breast cancer is characterized by amplification of the ERBB2 (HER2) 

gene and comprises approximately 20% of all breast cancer cases. HER2 amplification is also 

found in ovarian and gastric cancers and is related to increased clinical aggressiveness [11]. 

HER2 positive breast cancer can have up to 25–50 copies of the ERBB2 gene, resulting in a 100-

fold increase in the HER2 protein at the tumor cell surface [12]. This subtype of breast cancer has 

unique biological and clinical characteristics, including increased proliferation rates, high 

histological grade, low concentrations of ER/PR receptors, and a propensity to metastasize to the 

brain and viscera [13]. Some tumors may lose HER2 overexpression following HER2-targeted 

therapy, or tumors that were previously HER2 negative become HER2 positive over time, 

especially after endocrine therapy targeting the estrogen receptor [14]. Interestingly, the estrogen 
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receptor downregulates HER2 and, conversely, HER2 downregulates the estrogen receptor. 

Blocking HER2 with targeted therapies can upregulate the estrogen receptor, transform cancer 

cells into an estrogen receptor positive phenotype, and sensitize the tumor to endocrine therapy 

[15].  

The human epidermal growth factor (EGFR) family consists of HER1 (or EGFR), HER2, 

HER3, and HER4. These tyrosine kinase receptors drive proliferation, migration, and invasion in 

breast cancer [16]. Several ligands activate HER1, HER3, and HER4, including epidermal growth 

factor (EGF), epiregulin, and neuregulin. HER2 does not have a specific ligand and instead 

dimerizes with other HER receptors in the cell membrane for activation [17]. Dimerization with 

HER1, HER3, or HER4 results in autophosphorylation of the cytoplasmic domain and activation 

of downstream signaling such as the protein kinase B (AKT) and mitogen-activated protein 

kinase (MAPK) pathways, leading to increased proliferation and cell survival [18]. HER2 

activation is summarized in Figure 1.  

HER2 heterodimerizes with other HER receptors on the cell membrane to become 

activated, as mentioned previously. However, HER2 overexpression can lead to spontaneous 

ligand-independent HER2 homodimerization and autophosphorylation. The precise mechanisms 

for this are unclear but may involve re-distribution of the receptor on the plasma membrane. In 

breast cancer cells, HER2 localizes to specific plasma membrane domains such as lipid rafts and 

membrane protrusions, which may contribute to homodimerization [19, 20]. 

HER2 amplification/overexpression in breast cancer is analyzed using 

immunohistochemistry (IHC) or fluorescent in situ hybridization (FISH) on histopathological 

samples of the primary tumor or metastatic tissue. An IHC score of 3+ defines the tumor as 

HER2 positive, an IHC score of 2+ requires further investigation, and an IHC score of 0 or 1+ is 

considered HER2 negative. FISH analysis may be used as a stand-alone test or following an IHC 

score of 2+. FISH scores are based on the HER2 gene copy number, and a copy number of ≥ 6 

indicates HER2 amplification [21].  
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Figure 1. HER2 treatment and pathway activation. (A) HER2 dimerization and HER2 

targeted therapies. HER2 heterodimerizes with EGFR, HER3, and HER4 or homodimerizes with 

HER2 receptors on the cell membrane. Pertuzumab inhibits the HER2 dimerization domain, 

trastuzumab binds to HER2 extracellular domain IV and inhibits dimerization and receptor 

activation, and lapatinib and neratinib inhibit tyrosine kinases which prevent receptor 

phosphorylation and activation. (B) HER2 pathway activation. Heterodimerization of HER2 

results in phosphorylation of its intracellular domain, resulting in activation of the MAPK/ERK 

and PI3K/AKT pathways and increased proliferation, survival, and protein synthesis. Adapted 

from Larionov [22]. 
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HER2 Regulation 

HER2 positive breast cancer is primarily a result of ERBB2 gene amplification. Several 

transcription factors induce HER2 mRNA synthesis but activating protein 2 (AP-2) and 

erythroblast transformation specific (ETS) are required for maximal promoter activity and are 

associated with overexpression of HER2 in breast cancer [23]. Although HER2 positivity is 

primarily a result of HER2 gene amplification, HER2 regulation also occurs at the protein level 

through post-transcriptional modifications. Unlike other members of the EGFR family, HER2 

tends to be resistant to internalization and degradation and remains at the cell surface to signal for 

prolonged periods after activation [24]. Although the mechanisms underlying retention of HER2 

at the cell surface are not fully understood, previous studies show that HER2 interacts with heat-

shock protein 90 (Hsp90) to avoid internalization and continues to signal at the plasma membrane 

[25]. Hsp90 is an important chaperone protein involved in the stabilization and proper folding of 

newly synthesized proteins. While most client proteins are released from the Hsp90 complex after 

reaching their mature conformation, certain kinases like HER2 remain in a complex with Hsp90 

upon maturation [20]. While EGFR is endocytosed and can be degraded upon ligand-induced 

homodimerization, heterodimerization with HER2 inhibits down-regulation of EGFR [26], 

supporting the notion that HER2 is resistant to down-regulation on the plasma membrane. In 

addition to the HER2-Hsp90 interaction, HER2 may be endocytosis-resistant due to a lack of 

internalization signals [26, 27], while other studies indicate that HER2 is internalized but very 

efficiently recycled back to the cell membrane [28, 29]. Additionally, it is hypothesized that 

overexpression of HER2 itself inhibits down-regulation by negatively affecting the formation of 

clathrin-coated pits [30].   

 Internalization via clathrin-coated pits relies on interaction with accessory proteins, 

which directly or indirectly connect cargo to the clathrin complex [31]. The C-terminus of EGFR 

contains several internalization signals that collectively regulate EGFR interaction with accessory 

proteins necessary for clathrin-mediated endocytosis [32]. When comparing the endocytosis 
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capability of HER2  to EGFR, HER2 is endocytosis-impaired and does not interact with AP-2, an 

accessory protein for clathrin-mediated endocytosis [33]. Although this does not exclude HER2 

interaction with other clathrin-associated sorting proteins, these results support research showing 

that HER2 lacks internalization signals [27, 34]. Other researchers hypothesize that the 

conformation of the HER2 C-terminus may restrict access to internalization signals which 

become exposed only after C-terminal cleavage [35–37]. However, since other studies 

demonstrate that full-length HER2 can be endocytosed upon inhibition of Hsp90 [38, 39], 

cleavage of the C-terminus may not be necessary, and other mechanisms are likely involved.  

The activation of EGFR induces clathrin-coated pit formation; however, the overexpression of 

HER2 and the formation of EGFR-HER2 heterodimers inhibit EGFR-induced coated pit 

formation [26, 40], suggesting that HER2 may lack the ability to induce coated pits or inhibits 

clathrin-coated pit formation. This is supported by Cortese et al., who showed that overexpression 

of HER2 results in decreased clathrin-coated pits and clathrin-mediated endocytosis [30].  

Alternatively, reduced HER2 internalization may be due to Hsp90 inhibition of HER2 

ubiquitination [41, 42].  

Ubiquitination involves the covalent binding of ubiquitin to lysine residues on a 

substrate, which can be both mono- and polyubiquitinated. Ubiquitin chains linked via lysine 48 

are referred to as K48-linked polyubiquitination, which is the classic signal for proteasome-

mediated degradation. K63-linked ubiquitin chains serve as signals for interaction with adaptor 

proteins at the plasma membrane and sorting of endosomal cargo for lysosomal degradation [43, 

44]. The ubiquitin ligases CHIP (C-terminus of Hsp70-interacting protein) and CUL5 (cullin 5) 

are co-chaperones to both Hsp70 and Hsp90 and are responsible for the ubiquitination and 

degradation of HER2 upon Hsp90 inhibition by geldanamycin [45, 46]. Hsp90 inhibition results 

in both K48- and K63-linked polyubiquitination of HER2, although which lysine residues 

become ubiquitinated upon inhibition of Hsp90 is still unknown; however, 11 potential sites were 

identified [41, 42, 47]. The ubiquitination of HER2 may also mediate internalization in different 
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ways. Ubiquitin itself may serve as an internalization signal, or it may induce proteasome-

mediated cleavage of the HER2 C-terminus, causing internalization of HER2 by exposing 

internalization signals. Supporting the role of ubiquitin as an internalization signal for HER2, a 

chimeric HER2 consisting of full-length HER2 with four ubiquitin molecules at its C-terminus 

was constitutively endocytosed and degraded by lysosomes [42].  

Nuclear HER2 

Although most research focuses on membrane HER2, studies now show the importance 

of nuclear HER2 in breast cancer. HER2 on the cell membrane induces the activation of 

mitogenic signaling pathways to promote breast cancer growth via its tyrosine kinase activity; 

however, HER2 can also migrate to the nucleus, where it acts as a transcription factor [48]. Even 

though a nuclear localization sequence (NLS) was identified in all EGF receptors [49], no DNA-

binding domain was found for the members of the EGFR family [49]. Therefore, it is proposed 

that other transcription factors with DNA binding ability may interact with HER2 in the nucleus 

to regulate gene expression [48, 50–52]. Even though HER2 tends to be resistant to 

internalization, under particular circumstances, HER2 can be internalized from the cell membrane 

by endocytic internalization and endosomal sorting [53, 54]. During nuclear transport, HER2 

associates with importin β1, a nuclear transport machinery member, via the HER2 NLS [54]. The 

HER2/importin β1 complex interacts with the nuclear pore protein Nup358, resulting in HER2 

nuclear translocation [54, 55]. Despite several studies elucidating the mechanisms for the nuclear 

transport of HER2, the clinical significance of nuclear HER2 is not fully understood.  

Since HER2 lacks a recognized DNA-binding domain, HER2 may function in the 

nucleus by serving as a coactivator of other transcription factors. A role for nuclear HER2 as a 

transcriptional coactivator is demonstrated in an ER, PR, and HER2 positive breast cancer animal 

model by Béguelin et al. [56]. The PR-induced HER2 nuclear translocation and the assembly of a 

signal transducer and activator of transcription 3 (Stat3)/HER2/PR transcriptional complex where 

HER2 acted as a Stat3 coactivator driving progestin-induced cyclin D1 promoter activation and 
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proliferation [56]. Another study by Li et al. analyzed protein content to explore the function of 

nuclear HER2 [52]. Nuclear HER2 increased total protein synthesis and cell size, suggesting that 

the nuclear receptor may drive breast cancer growth by enhancing ribosomal RNA synthesis and 

protein translation [52]. Additional studies using trastuzumab (TRZ), the monoclonal antibody to 

HER2, demonstrated that nuclear HER2 might play a role in response to breast cancer treatments. 

Basal membrane HER2-HER3 heterodimers were more numerous in TRZ-sensitive cells than in 

TRZ-resistant cells, and nuclear HER2-HER3 heterodimers were more abundant in TRZ-resistant 

cells, suggesting a role for nuclear HER2 in the TRZ response [51]. Nuclear HER2 is also 

associated with increased tumor size, grade, and reduced disease-free survival in patients [57].  

Proliferation and Cell Cycle 

 One of the main drivers behind the aggressiveness of HER2 positive breast cancer is the 

rapid proliferation of HER2 positive cells. HER2 activation results in increased proliferative 

signaling and, although several pathways promote proliferation, all of these pathways result in 

cell cycle progression. The cell cycle is divided into interphase and M phase, with interphase 

consisting of three distinct phases: G1, S, and G2. During the G1 phase, the cell grows larger and 

produces proteins necessary for later stages of the cell cycle. Towards the end of G1, cells 

progress through a restriction point that commits the cell to DNA replication. In the S phase, the 

cell replicates its DNA. During the G2 phase, the cell continues to grow and produces more 

organelles and proteins in preparation for M phase, or mitosis. M phase involves nuclear and 

cellular division, after which one cell becomes two and proliferation is complete. G0 is when the 

cells are not actively preparing to divide and is commonly referred to as the resting phase [58]. 

Progression through the cell cycle is tightly regulated by many checkpoint proteins, 

including cyclin-dependent kinases (CDKs). CDKs are serine/threonine kinases that form 

complexes with cyclins to stabilize, activate, and phosphorylate proteins in specific phases of the 

cell cycle [59]. Proliferation begins with stimulation by growth factors; cyclin D appears first and 

remains high during the cell cycle. Cyclin D forms a complex with CDK4/6. The rise in cyclin D 
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is followed by an increase in cyclin E-CDK2 complexes in late G1, which rapidly disappear 

towards S phase initiation. Cyclin A rapidly rises during S phase, forms a complex with CDK2, 

and then declines as the cell progresses through G2. Lastly, cyclin B-CDK1 complexes begin to 

rise during the S phase and continue to increase during G2 before rapidly declining during the M 

phase [60]. 

In addition to CDK-cyclin complexes, cyclin-dependent kinase inhibitors (CDKIs) are 

essential cell cycle regulators. The CDK interacting protein (CIP) and kinase inhibitory protein 

(KIP) families of CDKIs include p21, p27, and p57. The CIP and KIP families can inhibit 

progression through G1, S, and G2 phases of the cell cycle, making them essential for cell cycle 

control [60]. When complexed with their respective cyclin-CDK complexes, p21, p27, and p57 

block the kinase activity of CDKs preventing progression through the cell cycle [61].  

HER2 Signaling – PI3K/AKT 

The phosphatidylinositol 3’-kinase (PI3K)/AKT signaling pathway is often elevated in 

HER2 positive breast cancer and is implicated in cancer cell survival and increased proliferation 

[62]. AKT is a primary target for cancer therapy due to its role in cell growth, protein synthesis, 

invasion, and drug resistance [63]. Modifications in the AKT pathway are present in 

approximately 70% of breast cancer patients [64], and many studies associate alterations in the 

AKT pathway with aggressiveness, high histological grade, HER2 phenotypes, and poor clinical 

outcomes [65, 66].  

HER2 homo- or heterodimerization leads to PI3K/AKT pathway activation, which can 

also be driven by other tyrosine kinase receptors, G-coupled protein receptors, or mutant RAS. 

Upon HER2 activation by phosphorylation, PI3K is phosphorylated and catalyzes the production 

of phosphatidylinositol (3,4,5) trisphosphate (PIP3) from phosphatidylinositol (4,5) bisphosphate 

(PIP2). Phosphatase and tensin homolog (PTEN) is an inhibitor of this process and 

dephosphorylates PIP3, returning PIP3 to its inactive form PIP2. PIP3 recruits AKT to the cell 
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membrane, and AKT–PIP3 binding results in a conformational change that allows AKT 

activation by phosphorylation.  

The AKT family is composed of three highly homologous serine-threonine kinases: 

AKT1, AKT2, and AKT3. For activation, each isoform requires phosphorylation at threonine and 

serine residues in the AKT1/2/3 molecule. Initially, these modifications occur close to the active 

site at Thr308/309/305 by phosphoinositide-dependent kinase 1 (PDK1) and subsequently at 

Ser473/474/472, primarily by mammalian target of rapamycin complex 2 (mTORC2). AKT is 

negatively regulated by the pleckstrin homology domain leucine-rich repeat protein phosphatases 

1 and 2 (PHLPP1/2), which dephosphorylate AKT at Ser473, while protein phosphatase 2A 

(PP2A) dephosphorylates AKT at Thr308 [67]. AKT activation is summarized in Figure 1.  

AKT is a key signaling molecule that phosphorylates numerous downstream cytoplasmic 

and nuclear targets. Phosphorylation by AKT is associated with the activation of several signaling 

pathways and modulates multiple processes, including cell survival, cell cycle progression, DNA 

repair, protein synthesis, glucose metabolism, differentiation, angiogenesis, and cellular migration 

[68]. Two targets of AKT are the transcription factors forkhead box proteins 1 and 3 

(FOXO1/FOXO3). FOXO transcription factors play an integral role in controlling cell survival, 

growth, and proliferation. Activation of AKT results in increased phosphorylation of FOXO1/O3, 

thereby inhibiting FOXO activity by sequestration in the cytoplasm [69]. AKT activation and 

subsequent functional loss of FOXO1/O3 promotes tumorigenesis in various cancers and has 

become a significant target in preventing cancer progression [70, 71]. Additionally, FOXO1 

inactivation by phosphorylation is inversely correlated with overall survival and disease-free 

survival in patients with prostate [72], ovarian [73], and bladder cancers [74]. Inhibiting FOXOs 

results in decreased expression of negative cell-cycle regulators such as cyclin-dependent kinase 

inhibitor 1 (p21) and 1B (p27), leading to increased proliferation. In addition, AKT directly 

phosphorylates p27 (Thr157 and Thr198), localizing the phosphorylated protein to the cytoplasm 

where it forms a complex with cyclin D1-Cdk4, ultimately stabilizing the complex and increasing 
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progression through the cell cycle [75]. AKT activation has similar effects on p21 by 

phosphorylation at Thr145, stabilizing and sequestering p21 to the cytoplasm where it promotes 

resistance to apoptosis and loses its ability to prevent cell cycle progression [76].  

The F-box protein S-phase kinase-associated protein 2 (SKP2) is frequently 

overexpressed in breast cancer and positively correlates with poor prognosis [77]. SKP2 functions 

as an oncoprotein in a variety of human cancers including prostate, breast, skin, pancreatic, and 

colorectal [78]. SKP2 overexpression correlates with AKT activation and tumor metastasis in 

HER2 positive breast cancer patients, and silencing SKP2 sensitizes HER2-overexpressing 

tumors to targeted therapy [79]. SKP2 is the substrate recognition subunit of specific ubiquitin 

ligase complexes [80] and is involved in the ubiquitin-dependent degradation of FOXO1, 

FOXO3, p21, and p27. AKT phosphorylates FOXO1 at Ser256 and CDK2 phosphorylates p21 

and p27 at Ser130 and Thr187, respectively, which mediates SKP2 ubiquitin-dependent 

degradation of these cell cycle control proteins [81–83]. FOXO3 is deacetylated by sirtuin 1 and 

2, which promotes SKP2-mediated ubiquitination and degradation [84]. Additionally, AKT 

phosphorylates SKP2 at Ser72, promoting its stability and preventing SKP2 degradation, which 

ultimately increases SKP2 and progression through the cell cycle [85]. 

HER2 Signaling – MAPK/ERK 

Another pathway regulated by HER2 activation is the MAPK/extracellular signal-

regulated kinase (ERK). The MAPK/ERK pathway is complex, with many interacting pathways, 

and regulates the amplification of key proteins needed to sustain cell proliferation, growth, and 

survival processes [86, 87]. Receptor tyrosine kinases are most commonly associated with 

MAPK/ERK activation; however, G-protein-coupled receptors, integrins, and toll-like receptors 

can also activate MAPK/ERK signaling [88]. Upon HER2 heterodimerization and activation, the 

guanosine triphosphatase (GTP) binding protein RAS is activated with the help of the EGFR-

associated nucleotide exchange factor Son of Sevenless 1 (SOS) [89]. SOS is responsible for the 

rapid conversion of GDP to GTP, a limiting step for RAS-GTP formation, the active form of RAS 
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[89]. Activated RAS then phosphorylates and activates RAF. The RAF family includes several 

variants (ARAF/BRAF/CRAF) [90], all of which consist of serine/threonine kinases which are 

responsible for pathway progression by activating MEK (MAP kinase-ERK kinase) and ERK1/2 

[91]. MEK and ERK1/2 participate in many essential processes such as cell survival, 

proliferation, and differentiation. In the nucleus, ERK1/2 can activate transcription factors such as 

CREB (cAMP response element-binding protein), c-Myc (transcriptional regulator Myc-like), 

and NF-κB (nuclear factor kappa B), which makes ERK1/2 an important anti-tumor target [91, 

92].  

The MAPK/ERK and AKT pathways also negatively regulate each other’s activities. For 

example, MEK inhibitors enhance EGF-induced AKT activation [93], and AKT negatively 

regulates ERK activation by phosphorylating inhibitory sites on the Raf N-terminus [94]. 

Additionally, these pathways exhibit pathway cross-activation by RAS-GTP directly binding to 

and allosterically activating PI3K [95]. The MAPK/ERK and AKT pathways can also converge to 

act on the same substrates. Once activated, ERK and AKT often act in concert to promote cell 

survival, proliferation, metabolism, and motility by inhibiting FOXO and promoting c-Myc 

transcriptional activity [96].  

HER2 Treatment 

Trastuzumab 

The primary targeted treatment for HER2 positive breast cancer is the monoclonal 

antibody TRZ. In September of 1998, TRZ (brand name Herceptin) became the second 

monoclonal antibody approved to treat a malignant condition and the first antibody approved to 

treat a solid tumor [97]. TRZ produces anti-tumor effects by binding to the HER2 receptor and is 

produced using recombinant DNA technology with Chinese hamster ovary cells manufacturing 

the antibody [97]. 

TRZ binds to the extracellular domain IV of HER2 and exerts anti-proliferative effects 

through various mechanisms, some of which are unknown. Cleavage of the extracellular domain 
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of HER2, which results in the more active form of HER2, p95-HR2, is inhibited by TRZ. TRZ 

also attenuates HER2 homodimerization, heterodimerization, and autoactivation, which results in 

reduced proliferative signaling. Additionally, TRZ triggers an immune-mediated response by 

activating antibody-dependent cell-mediated cytotoxicity (ADCC). Lastly, the binding of TRZ to 

HER2 can increase endocytosis and subsequent degradation of the receptor [98]. 

Trastuzumab-emtansine 

Trastuzumab-emtansine (T-DM1) is an antibody-drug conjugate approved for the 

treatment of metastatic HER2 positive breast cancer. This drug incorporates the antitumor 

properties of trastuzumab with the cytotoxic activity of DM1, a microtubule inhibitor. T-DM1 is 

indicated for patients who were previously treated with trastuzumab combined with taxanes but 

continue to have disease progression. T-DM1 also prolongs progression-free survival with less 

toxicity compared to lapatinib (tyrosine kinase inhibitor) plus capecitabine (antimetabolite) [99].  

Trastuzumab deruxtecan 

Trastuzumab deruxtecan (DS-8201) is a second antibody-drug conjugate containing a 

topoisomerase I inhibitor and has clinical benefits in patients whose tumors progressed on T-

DM1 [100]. Topoisomerase inhibitors block the re-ligation step of the Top1 catalytic cycle, 

which generates DNA single- and double-strand breaks, leading to apoptotic cell death. DS-8201 

was approved in the United States and Japan to treat patients with metastatic HER2-positive 

breast cancer [101]. DS-8210 is also active against tumors with lower levels of HER2, which 

significantly expands the number of patients who could benefit from this drug [101]. The addition 

of a topoisomerase inhibitor to TRZ has the added benefit of preventing the release of DNA 

supercoiling which is required for DNA replication and transcription, thus blocking DNA repair 

and replication in cancer cells [102].  

Pertuzumab 

Pertuzumab, a monoclonal antibody recently developed to treat HER2 positive breast 

cancer, inhibits HER2 dimerization by binding to the extracellular dimerization domain. 
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Inhibiting dimerization prevents intracellular signaling through the MAPK and AKT pathways, 

causing cell cycle arrest in cells with HER2 overexpression. In addition to TRZ, pertuzumab may 

also induce ADCC. Furthermore, the combination of TRZ and pertuzumab may act 

synergistically. Mutual inhibition of HER2 signaling by combining TRZ and pertuzumab blocks 

ligand-dependent and -independent signaling and homo- and heterodimerization [103, 104]. 

Lapatinib 

Lapatinib is a small-molecule tyrosine kinase inhibitor (TKI) approved for the treatment 

of breast cancer patients. Lapatinib is a dual inhibitor that targets both the EGFR and HER2 

tyrosine kinase domains. The interaction of lapatinib with EGFR and HER2 prevents the 

phosphorylation and subsequent activation of both the MAPK and the PI3K/AKT pathways, 

resulting in inhibition of breast cancer cell proliferation and induction of apoptosis [105]. Strong 

preclinical evidence and promising data from a phase I study support combination therapy with 

lapatinib and TRZ in HER2 patients [106, 107]. However, the combination of lapatinib and TRZ 

did not improve the therapeutic benefit of adjuvant TRZ alone and was associated with additional 

toxic effects in the Adjuvant Lapatinib and Trastuzumab Treatment Optimisation (ALLTO) study 

[108].  

Neratinib 

Neratinib, an irreversible TKI for HER1, HER2, and HER4, may be more active than 

lapatinib when given as a single agent. A study in patients with advanced HER2 positive breast 

cancer reported a median progression-free survival of 22.3 weeks with lapatinib versus 39.6 

weeks with neratinib [109]. In addition to improving progression-free survival compared to 

lapatinib, neratinib may also reduce central nervous system metastases in untreated metastatic 

HER2 breast cancer patients. The NEfERT-T trial showed that the combination of neratinib and 

taxol was more efficacious at delaying the onset of metastasic growth than a trastuzumab-taxol 

combination and reduced the frequency of central nervous system metastases. However, there 

was no statistically significant difference in overall progression-free survival [110].  
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 HER2 Treatment Guidelines 

According to a 2018 update by the American Society of Clinical Oncology (ASCO), 

early-stage HER2 breast cancer is treated with a combination of TRZ and chemotherapy, with or 

without pertuzumab. First-line therapy for metastatic disease includes a combination of TRZ, 

pertuzumab, and a taxane unless the patient has a contraindication for taxanes. Taxanes block cell 

growth by interfering with microtubules, thereby inhibiting mitosis. If a patient’s disease has 

progressed during or after first-line HER2-targeted therapy, T-DM1 is recommended as a second-

line treatment. If the cancer progresses during or after second-line treatment, but T-DM1 was not 

used, T-DM1 can also be given as a third-line treatment. In addition, pertuzumab can be used as a 

third-line or later treatment if the drug has not been administered previously. If a patient was 

treated with both pertuzumab and T-DM1 and disease progression continues after second-line or 

greater treatment, third-line treatment can also include lapatinib plus capecitabine. Capecitabine 

is an anti-metabolite that prevents DNA synthesis and repair. Other combinations of 

chemotherapy, including trastuzumab, lapatinib, and hormonal therapy, can also be used as a 

third-line therapy or a later treatment if the disease progression continues. According to ASCO, 

sufficient evidence is not currently available to recommend one regimen over another beyond the 

third-line setting; however, several clinical trials are underway to explore new therapy options 

[111]. 

ASCO also recommends that chemotherapy be administered for at least four months in 

patients receiving adjuvant HER2-targeted drugs; HER2-targeted therapies can continue after the 

chemotherapy is stopped. If a patient receives HER2-targeted therapy and chemotherapy, 

endocrine therapy can be added when the chemotherapy ends, or the cancer progresses [111]. 

Trastuzumab Resistance 

TRZ was the first anti-HER2 agent to receive approval by the US Food and Drug 

Administration (FDA) after a randomized trial in 1998 demonstrated that TRZ with 

chemotherapy resulted in improved progression-free and overall survival in patients with HER2 
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positive metastatic breast cancer [112]. Because the addition of TRZ improves the efficacy of 

chemotherapy, this combination is the preferred treatment for early-stage HER2 positive breast 

cancer [113]. Even though TRZ is effective for some patients, approximately 20% of early-stage 

breast cancer patients and 70% of patients with metastatic disease do not respond to TRZ 

treatment [114]. In addition, approximately 70% of patients who initially respond to TRZ 

experience disease progression within the first year, emphasizing the need for additional therapies 

[98]. Proposed mechanisms of primary and acquired resistance to TRZ are related to the AKT 

pathway and include increased activation of AKT signaling due to PTEN loss or PI3K catalytic 

subunit α (PIK3CA) mutations [115]. Additional mechanisms for TRZ resistance include intra-

tumor heterogeneity of HER2 expression, synthesis of a truncated form of HER2, reactivation of 

HER2 signaling via other tyrosine kinase receptors, and a reduced TRZ-mediated immune 

response [116]. 

TRZ-induced inhibition of the PI3K/AKT pathway is essential for its anticancer activity, 

and constitutive activation of PI3K (PIK3CA mutation) may be one of the main drivers of TRZ 

resistance. PIK3CA mutations are associated with TRZ resistance in HER2 positive animal 

models, and pharmacological inhibitors of PIK3CA sensitize cancer cell lines to TRZ [117, 118]. 

Notably, approximately 30% of human HER2 positive tumors have alterations in PI3K/AKT 

pathway genes, with PIK3CA mutations occurring in up to 40% of HER2 primary tumors [119]. 

Reduced PTEN, a tumor suppressor phosphatase that inhibits AKT activation, is also implicated 

in TRZ resistance [115, 120]. One study found that only 15% of patients with low PTEN 

achieved complete pathological response with TRZ treatment compared to 45% of patients with 

high PTEN [121].  

The concentration of HER2 protein also correlates with TRZ sensitivity in HER2 positive 

breast cancer. An IHC HER2 score of 3+ is associated with the highest sensitivity to TRZ, 

followed by a score of 2+ in combination with HER2 gene amplification. However, IHC scores 

may not be an accurate quantitative assessment of HER2. Intratumor heterogeneity of HER2 is 
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associated with reduced TRZ sensitivity in the neoadjuvant setting, which could be due to cell 

clones that express low HER2 levels and are not HER2-dependent. Low HER2 cells may become 

dominant during treatment due to TRZ selectively targeting cells with higher HER2 levels [122]. 

The expression of HER2 variants may be an additional mechanism for TRZ resistance. The most 

studied variant is p95HER2, a truncated form of HER2 that lacks an extracellular domain. 

Increased p95HER2 results in the inability of TRZ to bind to its HER2 domain and exert 

anticancer effects. p95HER2 is auto-phosphorylated, readily forms homodimers with HER2 and 

heterodimers with HER3, and is associated with negative prognostic factors [123]. 

TRZ resistance is also associated with the reactivation of HER2 signaling via other 

tyrosine kinase receptors. EGFR and HER3 overexpression promote the formation of HER2-

EGFR and HER2-HER3 heterodimers. The overexpression of other HER receptors results in 

tumor cells using HER2 receptors that are not bound by TRZ to heterodimerize more efficiently 

and reactivate HER2 signaling [124].  

Lastly, inhibition of ADCC may contribute to TRZ resistance. A reduced response to 

TRZ was observed in HER2 positive breast cancer patients with increased expression of the 

immune checkpoint programmed cell death protein 1 (PD-1) and its ligand PD-L1 [125]. PD-1 is 

a member of the immunoglobulin superfamily and can be detected on activated T cells, B cells, 

and natural killer cells. PD-1 binds to PD-L1 expressed on tumor cells and suppresses immune 

cell activation, thus preventing TRZ-induced ADCC. This checkpoint regulates the immune 

system to prevent autoimmunity; however, tumor cells often overexpress PD-L1 to exploit this 

checkpoint and escape elimination by circulating immune cells [126]. Mechanisms of TRZ 

resistance are summarized in Figure 2. 

Despite advancements in HER2 targeted therapies, patients continue to experience 

primary and acquired resistance to different HER2 treatments. In addition to the mechanisms of 

TRZ resistance previously described, HER2 disease progression may result from the acquired 

resistance of sub-clones of cells selected during targeted treatments. Unfortunately, the efficacy 
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of individual anti-HER2 therapy is short-lived. More recently, combinations of HER2 targeted 

therapies achieve a greater clinical response and help prevent resistance [127]. Despite advances 

in HER2 therapy, mechanisms of resistance are not fully understood in preclinical studies, and 

research is lacking in the clinical setting.  

 

 

 

Figure 2. Mechanisms of trastuzumab resistance. (a) Reduced HER2 expression can impair 

TRZ binding. (b) Shedding of the extracellular domain of HER2 to generate the truncated form, 

p95HER2, also can prevent TRZ binding. (c) Mutations in PIK3CA and PTEN loss can lead to 

constitutive PI3K/AKT signaling despite TRZ-mediated inhibition of HER2. (d) Increased 

heterodimerization of HER2 with HER3 or EGFR can induce PI3K/AKT and MAPK/ERK 

signaling even in the presence of TRZ. (e) Immunosuppression via increased immune checkpoint 

proteins on the tumor cell surface can limit ADCC associated with TRZ treatment. Adapted from 

Hunter et al. [128]. 

 

Trastuzumab Cardiotoxicity 
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Advances in cancer therapeutics, screenings, and imaging result in an increase in cancer 

survivors. Despite these advances in cancer therapy, morbidity and mortality of cancer survivors 

due to cardiac side effects of various anticancer drugs exist. Unfortunately, most chemotherapy-

related cardiac damage is progressive and often irreversible, which presents a new challenge for 

cancer survivors and clinicians. Despite an improvement in overall survival and disease 

progression for some patients treated with TRZ, drawbacks such as resistance and cardiotoxicity 

remain.  

TRZ-induced cardiotoxicity was first recognized as an adverse effect in the late 1990s 

during early trials in metastatic HER2 positive breast cancer patients. In seven studies, the 

Cardiac Review and Evaluation Committee noted cases of asymptomatic and symptomatic left 

ventricular ejection fraction (LVEF) decline with TRZ treatment [129]. LVEF refers to the 

amount of blood pumped out of the left ventricle with each contraction (expressed as a 

percentage). A LVEF of less than 55% is below normal, with less than 35% considered a severe 

decline. A phase III trial showed that 27% of patients receiving concurrent anthracycline and 

TRZ therapy developed symptomatic or asymptomatic left ventricular dysfunction/reduced 

LVEF. Among these patients, 16% experienced New York Heart Association (NYHA) class III 

(marked limitation of physical activity) or IV (unable to carry on any physical activity without 

discomfort) heart failure [129–131]. Findings from these trials changed the design of subsequent 

trials. 

Given concerns that heart failure could be a significant risk for patients and the unknown 

efficacy of adjuvant TRZ, specific guidelines were implemented to reduce cardiotoxicity in 

subsequent trials: (1) TRZ was given sequentially after completion of anthracycline therapy; (2) 

LVEF was measured at baseline and monitored every three months during TRZ treatment; (3) 

patients with significant cardiovascular history (recent myocardial infarction, CHF, angina, 

significant arrhythmias, uncontrolled hypertension, LV hypertrophy, or significant valvular heart 

disease) were excluded; and (4) strict criteria were used for initiation and continuation of TRZ 
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based on LVEF results [113, 132]. In subsequent trials, a LVEF decline of ≥ 10% below the 

lower limit of normal or ≥ 16% from baseline was considered significant, and TRZ was stopped 

temporarily or permanently, based on adequate or insufficient recovery, respectively [113, 132]. 

With the implementation of these new guidelines, the incidence of significant LVEF decline was 

reduced and ranged from 7.1% to 18.6%, and the rate of NYHA class III or IV heart failure 

ranged from 0.4% to 4.1% [132].  

In addition to prior anthracyclin use, other risk factors for TRZ cardiotoxicity include age 

(≥ 50 years), decreased LVEF before treatment, a history of cardiovascular disease as well as 

other cardiovascular risk factors such as diabetes, dyslipidemia, and body mass index > 30 [133]. 

Given the overall results, the FDA approved the adjuvant use of TRZ in November of 2006. 

However, the FDA recommends assessing LVEF at baseline and every three months during 

therapy [131].   

Mechanisms of TRZ Cardiotoxicity 

Inhibition of HER2 pro-survival signaling with TRZ treatment can alter mitochondrial 

function and lead to contractile dysfunction in cardiomyocytes [134]. In patients, this may result 

in decreased LVEF, ventricular dilatation, and thin ventricle walls, ultimately leading to dilated 

cardiomyopathy in up to 4% of patients [134]. Dilated cardiomyopathy is characterized by left 

ventricular dilation associated with systolic dysfunction. However, diastolic dysfunction and 

impaired right ventricular function can develop. Patients with dilated cardiomyopathy are at risk 

of left and/or right ventricular heart failure [135]. 

The mechanisms of TRZ-induced cardiotoxicity are not entirely understood despite 

considerable efforts to determine effects on the heart. Permanent loss of functional HER2 is 

incompatible with life and leads to death in utero [136]. Subsequent investigations using cardiac-

specific HER2 disruption in adult mice resulted in spontaneous dilated cardiomyopathy, 

highlighting the importance of HER2 in the heart [137, 138]. HER2 signaling activates enzymes 

that are important in several pathways, including AKT, MAPK, and endothelial nitric oxide 
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synthase, which all contribute to cell survival, mitochondrial function, sarcoplasmic reticulum 

calcium uptake, and proliferation [139]. The mechanism that is most likely involved in TRZ-

induced cardiotoxicity is the interference with neuregulin/HER2 signaling as the activities of both 

HER3 and HER4 are impaired when HER2 is not available for heterodimer formation [140]. 

With the impaired formation of HER2 heterodimers, important cellular defense and energy‐

generation mechanisms in cardiomyocytes will not function properly, leading to the accumulation 

of reactive oxygen species (ROS) and dysfunctional cardiomyocytes [141].  

Cardiomyocytes require high amounts of energy in the form of ATP, which is produced 

from mitochondria and coupled with the generation of ROS. Under normal physiological 

conditions, endogenous antioxidants maintain ROS at an appropriate concentration, thus 

maintaining cardiomyocyte function. HER2, important for cardiomyocyte survival and function, 

activates prosurvival MAPK and AKT signaling to maintain ATP and keep ROS at low 

concentrations in cardiomyocytes [142]. Increasing evidence shows that TRZ treatment causes 

oxidative stress in the myocardium by interfering with HER2 signaling and inhibiting pro-

survival pathways necessary to manage excess ROS, ultimately causing cardiac dysfunction [141, 

143, 144]. Elevated ROS is a marker for oxidative stress associated with redox system imbalance 

and lipid peroxidation [145].  

4-hydroxy-2-nonenal (4-HNE) is a product of lipid peroxidation, a marker of oxidative 

stress, and is one of the most toxic reactive aldehydes [146]. In vivo studies show that 

chemotherapeutics such as anthracyclines, cyclophosphamide, and TRZ increase ROS in the 

myocardium, resulting in increased 4-HNE [141, 147–149]. In addition, autophagy may play a 

role in TRZ-induced cardiotoxicity. Autophagy is essential for cellular homeostasis and is 

responsible for the removal and recycling of damaged cellular components. TRZ impairs HER2 

signaling, which can result in the inhibition of autophagy. As a result, the accumulation of 

damaged organelles and free radicals increases oxidative stress in cardiomyocytes [150, 151]. 

These data indicate that increased ROS may play a significant role in TRZ-induced cardiotoxicity 
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and might be a potential target to prevent the cardiac side effects observed in cancer patients. 

Potential mechanisms of TRZ-induced cardiotoxicity are summarized in Figure 3. 

Although TRZ cardiotoxicity was initially thought to be reversible, studies now indicate 

that lasting effects may occur in some patients. A trial conducted at the MD Anderson Cancer 

Center found that 28% of their cohort experienced cardiac events severe enough to discontinue 

TRZ and begin cardiovascular intervention, with 6% of these patients not experiencing improved 

LVEF after removing TRZ [152]. In vivo, ultrastructural changes similar to those observed in 

patients with anthracycline use were observed in rat and mice ventricular myocytes with 

trastuzumab treatment, along with changes in the expression of genes involved in DNA repair and 

adaptation to stress [141, 153, 154]. Therefore, further investigation is needed to determine 

potential mechanisms and risk factors for irreversible TRZ-induced cardiotoxicity.  
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Figure 3. Mechanisms of trastuzumab cardiotoxicity. TRZ blocks neuregulin-induced HER2, 

HER3, and HER2-HER4 heterodimerization and activation of survival and proliferation signaling 

pathways, thus inhibiting cancer cell proliferation. In the heart, blockade of HER2 heterodimers 

inhibits the ability of cardiomyocytes to induce protective pathways in response to stress. This 

results in the accumulation of ROS, mitochondrial dysfunction, and inhibition of autophagy, 

which may result in cardiomyocyte dysfunction and cell death. Adapted from An and Sheikh 

[155].    

 

Natural Products, Nutraceuticals, and Polyphenols 

History of Natural Products 

 Natural products or plant-derived compounds are among the most successful sources of 

potential drugs. Medicinal plants have evolved and adapted over millions of years to resist 

bacteria, insects, and fungi by producing diverse secondary metabolites. This knowledge 

prompted investigations of plants as potential medicines and led to the development of natural 

products that became well-known pharmaceuticals [156]. For example, antibiotics (penicillin), 

antiparasitics (avermectin), antimalarials (quinine), lipid control agents (lovastatin), 

immunosuppressants (rapamycin), and anticancer drugs (paclitaxel and doxorubicin) were 

derived from natural products and have revolutionized medicine [157].  
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The potential of natural products as anticancer agents was recognized by the National 

Cancer Institute in the 1950s. Since that time, numerous studies have led to the discovery of 

naturally occurring compounds as new anticancer agents [158]. In the 1980s, the development of 

new screening technologies increased research on new anticancer agents derived from plants, 

focusing on the world's tropical and subtropical regions [159]. Between 1981 and 2014, a total of 

174 new compounds for the treatment of cancer were approved for use. Of these, 32% were either 

unmodified natural products or direct derivatives of natural products, and an additional 21% were 

inspired by the chemical structure of natural products. Thus, a total of 53% of new drugs were 

directly derived or based on natural products, indicating the importance of plant-derived 

pharmaceuticals [156].  

The first plant-derived agents to advance into clinical use were vinca alkaloids isolated 

from the Madagascar periwinkle plant Catharanthus roseus. Several societies used this plant for 

the treatment of diabetes. While under investigation as a potential oral hypoglycemic agent, 

investigators found that extracts from the plant reduced white blood cell counts and depressed 

bone marrow function in rats. Subsequently, vinca alkaloids, identified as an effective treatment 

for lymphocytic leukemia in mice, disrupt microtubules, resulting in cell cycle arrest and 

apoptosis. Semi-synthetic analogs were then developed and include vinorelbine, vindesine, and 

vinflunine. These agents are primarily used in combination with other chemotherapeutic drugs to 

treat leukemia, lymphoma, advanced testicular cancer, and breast and lung cancer [160].  

Among the currently used drugs for cancer treatment, paclitaxel (Taxol) is the most 

successful natural product. Paclitaxel was derived from the bark of the Pacific yew tree (Taxus 

brevifolia), which the United States Department of Agriculture first collected as part of an 

exploratory plant screening program for the National Cancer Institute, and showed promising 

anti-cancer activity both in vitro and in vivo. However, three 100-year-old trees were needed to 

provide 1 gram of the active ingredient, a significant problem in using paclitaxel as a 

chemotherapeutic agent. To circumvent this problem, the pharmaceutical industry developed 
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semi-synthetic paclitaxel in 1990, and in 1993 the product was available for cancer treatment. 

Today, paclitaxel is used to treat millions of patients worldwide and is still one of the most widely 

used drugs to treat breast, ovary, and lung cancer [156].   

Nutraceuticals 

Nutraceuticals are food products, extracts, or food derivatives such as vitamins, herbs, 

amino acids, minerals, and enzymes that can potentially exhibit pharmaceutical benefits. These 

compounds are also commonly referred to as dietary supplements, functional foods, or medicinal 

foods [161]. The official definition of a nutraceutical is “a food or parts of food that provide 

medical or health benefits, including the prevention and/or treatment of disease” [162]. This 

differs from dietary supplements, which are defined as products intended to supplement the diet 

to increase daily intake of a particular vitamin or mineral and are labeled as a dietary supplement 

[163]. Nutraceuticals also differ from medical foods. A medical food is “a food which is 

formulated to be consumed or administered enterally under the supervision of a physician and 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” [164].  

Nutraceuticals are biologically active substances extracted from plants, concentrated, and 

administered in a pharmaceutical form. Previous studies showed that nutraceuticals could help 

prevent disease or support traditional therapeutics for various pathologic conditions such as 

diabetes, neurological diseases, cardiovascular disease, and cancer [165–168]. Recently, the 

global use of nutraceuticals has dramatically increased, primarily because these compounds are 

not regulated as tightly as pharmaceuticals and are generally perceived as safe with fewer side 

effects than traditional drugs. It is estimated that up to four billion people in the developing world 

rely on nutraceuticals as a primary source of healthcare and are considered a traditional medical 

practice in the culture of those communities [169]. Nutraceuticals are now one of the fastest-

growing markets, with an estimated worth of 117 billion dollars globally in 2017 [170].   
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Nutraceuticals are classified into two groups: potential and established nutraceuticals. A 

potential nutraceutical can become an established nutraceutical when sufficient clinical data 

demonstrating health, safety, and medical benefits are shown. Most of the nutraceutical products 

today are still categorized in the potential category. Examples of established nutraceuticals 

include dietary fiber, polyunsaturated fatty acids, and antioxidant vitamins. Soluble fiber lowers 

serum low-density lipoprotein (LDL) cholesterol and improves glucose tolerance [171]. 

Compared to individuals who have a minimal intake of dietary fiber, people who consume high 

amounts of fiber have a lower risk of coronary heart disease [172], stroke [173], hypertension 

[174], diabetes [175], obesity [176] and certain gastrointestinal disorders [177]. Omega-3 

polyunsaturated fatty acids have numerous effects on cardiovascular diseases, including 

preventing arrhythmias [178], reducing lipid concentrations in serum, and decreasing 

arteriosclerosis [179]. Vitamin C, vitamin E, and carotenoids are known as antioxidant vitamins. 

Antioxidant vitamins act singly or synergistically to prevent oxidative stress that leads to 

degenerative diseases, including cancer and cardiovascular disease [180]. 

The worldwide spread of less established nutraceuticals raises concerns about regulation 

and potential toxicities. Unlike pharmaceutical drugs, nutraceuticals are monitored as dietary 

supplements according to the Dietary Supplement Health and Education Act (DSHEA) of 1994. 

Under DSHEA, the manufacturer is responsible for ensuring that a dietary supplement is safe 

before marketing. However, the FDA is empowered to take action against an unsafe product after 

it reaches the market. In addition, manufacturers must ensure that product label information is 

truthful and not misleading [181].  

Some of the main concerns about nutraceutical use are potential toxicities, including 

contamination, drug interactions, and liver damage. The most threatening issue for nutraceutical 

use worldwide is contamination with pesticides, other toxic plants, metals, or fertilizers [182]. 

However, DSHEA gave the FDA the authority to establish good manufacturing practices to 

ensure the quality of nutraceuticals. Good manufacturing practices include testing products to 



27 
 

ensure quality, confirming the absence of contaminants, verifying the accuracy of labels, 

maintaining minimal standards for marketing, and monitoring and reporting adverse events [183]. 

It is important to note that approximately half of Americans take some form of natural 

supplement with less than 1% experiencing an adverse event that was usually minor [184].  

Polyphenols 

Polyphenols, found abundantly in fruits and vegetables, contain at least two aromatic 

rings with one or more hydroxyl groups [185]. The most commonly occurring dietary 

polyphenols are flavonoids and phenolic acids, which protect plants from various stressors 

including ROS, ultra-violet light, pathogens, parasites, and predators [186]. Polyphenols were 

regarded as non-essential anti-nutrients before numerous studies demonstrated their potent anti-

oxidative and anti-inflammatory effects. Due to their antioxidant properties, polyphenols now 

show great promise in preventing and treating several pathologies, including cardiovascular 

disease and cancer [187–189].  

The advantages of using polyphenols as anticancer agents include their high accessibility, 

low toxicity, and numerous biological effects. The combination of cytoprotective effects in 

normal cells and cytotoxic effects in cancerous cells represents one of the main benefits of using 

polyphenols as anticancer agents [190]. Polyphenols may act as either a pro- or antioxidant 

depending on their concentration and targets [191–193]. Recent data suggest that the pro-oxidant 

and not the antioxidant properties of polyphenols may be necessary for treating cancer. The pro-

oxidant activities of polyphenols in cancer cells generate ROS resulting in cell cycle arrest, 

apoptosis, and DNA fragmentation. Dietary polyphenols may also inhibit the proliferative 

MAPK/ERK and PI3K/AKT signaling pathways [194]. For these reasons, polyphenols can have 

numerous effects dependent on the target cell.  

ROS and reactive nitrogen species (RNS) such as hydroxyl radicals, hydrogen peroxide, 

superoxide, nitric oxide, and peroxynitrite are the primary sources of oxidative stress in cells and 

are responsible for damaging proteins, lipids, and DNA [195]. DNA damage as a result of 
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oxidative stress is implicated in cancer initiation [196], aging, and neurodegenerative [197] and 

cardiovascular diseases [198]. The ability of polyphenols to scavenge free radicals is the most 

widely published mechanism for their antioxidant activity. Polyphenols can donate a hydrogen 

atom, thus reducing ROS and RNS, preventing damage to cellular components and additional 

ROS formation [199]. 

In addition to their well-documented antioxidant properties, polyphenols can act as pro-

oxidants by inducing DNA damage in the presence of metal ions such as copper (Cu). Flavonoids 

can bind to both DNA and Cu(II), and the formation of flavonoid and Cu complexes results in the 

reduction of Cu(II) to Cu(I), which can generate a variety of ROS [200, 201]. Tissue, plasma, and 

cellular Cu is significantly elevated in several types of cancer [202]. Thus, cancer cells may 

undergo redox cycling between Cu ions and polyphenols to generate ROS responsible for DNA 

breakage and cell death [202–204]. These pro-oxidant properties may represent a potential 

mechanism for the preferential cytotoxicity of cancer cells by polyphenol administration. 

Polyphenols and Cancer 

The anticancer effects of natural polyphenols are extensively studied in the pre-clinical 

setting. The effect of polyphenols on cancer cells is primarily due to their ability to modulate 

molecular targets and signaling pathways associated with cell survival, proliferation, 

differentiation, migration, angiogenesis, and immune responses [185, 187, 205, 206]. Flavonoids 

are the most abundant dietary polyphenols (up to 60%) and include anthocyanins, flavanols 

(catechins), flavanones, flavones, flavonols, and isoflavones [207]. Anthocyanins have potent 

anti-cancer effects, including induction of apoptosis, a decrease in cell proliferation and tumor 

growth in HER2 positive breast cancer, and suppression of invasion and metastasis of lung cancer 

cells by down-regulation of matrix metalloproteinases [208, 209]. Epigallocatechin gallate 

(EGCG), another type of flavonoid, suppresses migration and invasion of lung cancer cells in 

vitro and in vivo by inhibiting angiogenesis and epithelial to mesenchymal transition [205]. The 

flavanol quercetin inhibited transplanted lung cancer growth in nude mice, decreased tumor 
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volume in an HCT116 colon cancer xenograft model, inhibited tumor growth and promoted 

tumor necrosis in an ER-positive breast cancer xenograft, and protected against testosterone-

induced prostate carcinogenesis in rats [210–212].  

Phenolic acids are the second most abundant polyphenol found in plants and include 

ellagic (pomegranate, grape, strawberry) and gallic acid (blackberry, raspberry, green tea) [213, 

214]. Ellagic acid shows potent anticancer effects in vitro by increasing apoptosis and decreasing 

proliferation of colon cancer cells [215], inducing cell cycle arrest in breast cancer cell lines [116, 

119], and suppressing cell invasion and motility in prostate cancer cells [216]. Ellagic acid also 

suppressed tumor growth and angiogenesis in a triple-negative breast cancer xenograft [217]. 

Gallic acid shows similar anticancer effects in vitro and in vivo in several types of cancer by 

inducing apoptosis in colon, prostate, liver, and breast cancer cells and inhibiting invasion and 

metastasis of gastric cancer [214, 218–221].  

Polyphenols show promise for the treatment of HER2 positive breast cancer. EGCG 

treatment decreased proliferation of BT-474 cells by reducing HER2 activation [222], AU565 

cells by inhibiting AKT and MAPK activities [223], JIMT-1 cells by inhibiting AKT and 

increasing FOXO3 [224], and SKBR3 cells by reducing EGFR, HER2, and lipid raft components 

[225]. Curcumin increased apoptosis in BT-474 and SKBR3 cells [226] and caused cell cycle 

arrest in SKBR3 cells by inhibiting HER2 and AKT activation [227]. Resveratrol treatment 

increased apoptosis by inhibiting fatty acid synthase in SKBR3 cells [228] and increased 

chemosensitivity in docetaxel-resistant SKBR3 cells [229].  

Additional studies demonstrate the anti-cancer effects of polyphenols on HER2 positive 

breast cancer in vivo. Curcumin reduced the growth of mammary tumors and improved tumor-

free survival of HER2/neu transgenic mice [226]. HER2/neu transgenic mice receiving 

resveratrol in their drinking water (4 mg/day) had delayed tumor onset and increased numbers of 

apoptotic cells in their tumors [230]. A pomegranate extract reduced tumor volume and weight in 

a BT-474 xenograft, partially by inhibiting AKT signaling and increasing the number of apoptotic 
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proteins [231]. Mango polyphenols also reduced AKT activation and inhibited angiogenesis in a 

BT-474 xenograft, resulting in reduced tumor volume [232]. These studies indicate that 

polyphenols may have profound effects on HER2 positive breast cancer. 

Polyphenols and Cardiotoxicity 

To date, no studies have evaluated the effects of a natural product on TRZ-induced 

cardiotoxicity. However, studies showed that natural products or polyphenols might reduce 

doxorubicin-induced cardiotoxicity [233]. Doxorubicin (DOX) is a widely used anticancer agent 

isolated from a species of Streptomyces, primarily Streptomyces peucetius caesius. DOX is an 

anthracycline and has potent effects on several types of cancer, including leukemia, lymphoma, 

and breast cancer. The antitumor effects of DOX are mediated by the inhibition of topoisomerase 

II and DNA intercalation, leading to ROS formation, DNA strand breaks, and apoptosis. Despite 

the potent anticancer efficacy of DOX, its clinical use is limited by its cardiotoxicity, which 

results in cardiomyopathy and heart failure. Although the exact mechanisms for the DOX-

induced cardiotoxicity are not fully understood, oxidative stress, mitochondrial dysfunction, and 

apoptosis likely participate in this process [233]. Oxidative stress is also implicated in TRZ 

cardiotoxicity, and several studies show that polyphenols may have a protective role in DOX-

induced ROS production and cardiotoxicity [234, 235]. 

Chang et al. demonstrated that baicalein, a flavonoid derived from the Scutellaria 

baicalensis herb, prevented DOX-induced increases in ROS and apoptosis in chick 

cardiomyocytes but did not interfere with the anti-proliferative effects of doxorubicin in human 

breast cancer MCF-7 cells [234]. Catechin treatment was cardioprotective in rats when 

administered intraperitoneally 30 min before and one hour after DOX administration by 

preventing DOX-induced changes in myocardial contractility [235]. The flavonoids chrysin, 

hesperidin, naringenin, rutin, and luteolin also inhibited DOX-induced cardiotoxicity in vivo by 

increasing antioxidants in heart tissue, thus preventing the increase in ROS with DOX treatment 

[236–239]. 
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In a recent study by Sergazy et al. [240], rats were treated with a cabernet sauvignon 

grape polyphenol extract by intragastric injection following DOX treatment. By day 8, the extract 

reduced signs of DOX cardiotoxicity, increased antioxidant levels, and decreased free radicals in 

the plasma. In heart tissue, treatment with the extract increased the antioxidants superoxide 

dismutase, catalase, and glutathione peroxidase. While no preclinical studies evaluated the effects 

of polyphenols on TRZ cardiotoxicity, a clinical trial is currently recruiting patients to assess the 

effects of flaxseed supplementation on DOX+TRZ-mediated cardiotoxicity in the clinical setting 

(ClinicalTrials.gov).   

Clinical Trials Involving Polyphenols and Cancer 

Though numerous pre-clinical studies identified polyphenols as potential candidates for 

the treatment of cancer, there are few clinical studies investigating polyphenols as anti-cancer 

therapeutics, and their therapeutic efficacy is sometimes conflicting. In a phase II study, 30 mg of 

genistein (an isoflavone found in soy) was administered daily to 54 subjects with localized 

prostate cancer for 3 to 6 weeks before prostatectomy. Genistein treatment decreased serum 

prostate-specific antigen (PSA) by 7.8%, while patients in the placebo arm experienced increased 

PSA by 4.4% [241]. However, another study in 86 patients with localized prostate cancer 

demonstrated no significant differences in serum PSA with 80 mg soy isoflavone 

supplementation daily for six weeks [242]. In another study, 53 men over the age of 65 had a 

significant reduction in prostate cancer incidence (28.0% vs. 57.1%) after taking isoflavones (60 

mg) daily for 12 months [243]. These studies indicate that soy isoflavones may have beneficial 

effects on prostate cancer and suggest that more studies are needed to evaluate the potential 

effects of other polyphenols in men with prostate cancer.  

Several clinical trials were conducted in colon cancer patients treated with polyphenols. 

Eighty-seven patients with resected colorectal cancer received a flavonoid mixture (20 mg 

apigenin and 20 mg EGCG) for 3–4 years, which reduced the recurrence rate of their cancer (7% 

versus 47% with placebo) [244]. Another study was conducted in patients with familial 
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adenomatous polyposis, an autosomal-dominant disorder characterized by the development of 

hundreds of colorectal adenomas and eventual cancer. After six months of treatment with 480 mg 

curcumin and 20 mg quercetin (3x daily), the number and size of polyps were decreased in all 

five patients, by 60.4% and 50.9%, respectively [245]. The small size of this study emphasizes 

the need for larger trials in the future. In a phase II clinical trial using curcumin (4 g/day for 30 

days) for the prevention of colorectal neoplasia, the number of aberrant crypt foci (ACF) was 

reduced by 40% in 44 smokers with eight or more ACF, in agreement with a five-fold increase in 

post-treatment plasma curcumin conjugates [246]. In an additional study to examine the 

inhibitory mechanism of curcumin in cancer cells of patients with colorectal cancer, 126 patients 

with colon cancer received curcumin (360 mg) three times daily for 10–30 days. Curcumin 

increased patient body weight, the number of apoptotic tumor cells, and p53 expression in the 

tumor tissue [247]. These studies demonstrate that polyphenols have significant effects on colon 

cancer patients and suggest that further investigation into the effects of polyphenols on other 

types of cancer is warranted. 

Clinical trials evaluating the effects of polyphenols in breast cancer patients are lacking 

and consist primarily of observational studies. A meta-analysis showed that breast cancer risk was 

reduced in postmenopausal women with a high intake of flavonols and flavones [248]. Other 

studies suggest that soy isoflavone intake reduces breast cancer risk in Asian women; the risk was 

more significant in post-menopausal women (overall risk 0.46) than in pre-menopausal women 

(overall risk 0.63). However, no significant association was found for women in Western 

countries, which may be due to reduced isoflavone consumption in Western diets [249, 250]. 

Additionally, ER status may play a role in the effects of polyphenols in women with cancer. A 

prospective cohort study of American women showed a modest inverse trend for dietary flavanol 

intake and the risk of ER-negative breast cancer but not ER-positive cancer [251]. In addition to 

these observational studies, a few clinical trials examining the effects of polyphenol 

supplementation, including green tea and anthocyanins, on breast cancer progression are either 
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recruiting or completed but without published results. In one completed study, 300 mg of EGCG 

(an abundant polyphenol in green tea) was administered three times daily to breast cancer patients 

undergoing radiotherapy treatment. Parameters related to cell proliferation, invasion, and 

angiogenesis were then analyzed. Patients receiving 2-8 weeks of supplementation had 

significantly lower serum levels of vascular endothelial growth factor and hepatocyte growth 

factor and reduced activation of metalloproteinase-9 and metalloproteinase-2 [252]. Although 

data on the effects of polyphenols in breast cancer patients is lacking, these few studies show that 

polyphenol supplementation may have protective effects.  

Grape Polyphenols 

The grape is one of the most popular fruits in the world. Different forms of grape extracts 

derived from the skin, seeds, or pulp contain numerous polyphenols, including stilbenes, phenolic 

acids, and flavonoids. Grapes can possess more than 1600 different polyphenols, which vary 

based on the cultivar [253]. Flavonoids, including catechins and anthocyanins, are the most 

abundant group of soluble phenolics found in grapes and significantly contribute to the biological 

activities of grape extracts [254]. The numerous flavonoids found in grapes, predominantly in 

their skins, possess anticancer, cardioprotective, neuroprotective, and anti-aging properties [255]. 

However, the grape seed contains approximately 60-70% of the total phenolic content of the 

grape [256]. Although the anticancer effects of grape seed or skin extracts or components isolated 

from grapes were examined in several studies, the muscadine grape (Vitis rotundifolia) was not 

extensively studied and information regarding its chemopreventive effects are limited. To date, 

there are less than 25 studies evaluating the anticancer effects of the muscadine grape and most 

are limited to prostate and triple-negative breast cancer (PubMed). 

The muscadine grape is native to the southeastern region of the United States and is 

commonly used to make juice, wine, preserves, and other products [257]. Muscadine grapes are 

typically larger than other grapes and contain biologically active compounds at much higher 

levels relative to other grapes, most likely due to their large seeds and thick skin [258]. The 
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muscadine grape has a unique mix of bioactive elements which affect inflammation, cancer, 

microbial infections, and oxidative stress [259, 260]. 

Recent studies demonstrate the anti-cancer properties of the muscadine grape. Treatment 

with 1 μg/mL of stilbene-rich muscadine grape extract significantly inhibited proliferation of lung 

carcinoma, triple-negative breast cancer, and human liver cancer cells; 50 times the amount of 

resveratrol was required to induce a similar response [261]. Phenolic extracts from muscadine 

grape seeds and skins inhibited triple-negative breast cancer cells to a greater extent than fractions 

from European grapes, which are more widely studied [262]. In a study comparing the effects of a 

muscadine extract on Caucasian- and African American-derived cell lines, the muscadine grape 

extract was cytotoxic in 78.6% of Caucasian and 90.7% of African American triple-negative 

breast cancer cells [263]. A muscadine grape seed extract inhibited cell migration and invasion 

while increasing ER expression in triple-negative breast cancer cells [264]. In triple-negative 

breast cancer bone metastases, a muscadine grape seed extract decreased cell invasion, migration, 

and osteoclastogenesis [265]. A muscadine phenolic fraction containing a mixture of 

anthocyanidins and ellagic acid exhibited strong anti-oxidative activity and induced apoptosis via 

caspase activation and cell cycle arrest by downregulating cyclin A and upregulating p21 in 

triple-negative breast cancer cells [266].  

Several studies demonstrated the effects of the muscadine grape on prostate cancer. A 

muscadine grape skin extract inhibited androgen-independent prostate cancer growth and 

migration in vitro and in vivo [267]. Burton et al. showed that a muscadine grape skin extract 

(MSKE) induced unfolded protein response-mediated autophagy in prostate cancer cells, 

resulting in apoptosis [268]. Additionally, the MSKE inhibited epithelial to mesenchymal 

transition in association with decreased ROS superoxide in prostate cancer cells [269]. MSKE 

treatment of prostate tumor cell lines but not normal prostate epithelial cells resulted in apoptosis 

by targeting AKT and MAPK/ERK survival pathways [270]. Collectively, these studies 
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demonstrate that muscadine grape extracts may have significant anti-cancer effects in men with 

prostate cancer. 

A phase I clinical trial investigating the effect of a muscadine grape skin extract (MPX) 

in men with biochemically recurrent prostate cancer was conducted to determine safety, 

tolerability, and appropriate dosage. In these studies, Paller et al. [271] reported that 4,000 

mg/day of the extract did not produce any dose-limiting toxicities in the 14 patients enrolled. 

Minor gastrointestinal symptoms were reported, but none were higher than a grade 1 adverse 

effect. This phase I trial also found that MPX treatment resulted in a within-patient 5.3-month 

increase in prostate-specific antigen doubling time (PSADT), suggesting that a muscadine grape 

extract may prevent prostate cancer progression without causing any toxic effects in patients.  

Based on the phase I study results, a randomized placebo-controlled phase II study in 

men with biochemically recurrent prostate cancer (125 subjects) was conducted by the same 

investigators to determine whether MPX supplementation resulted in clinically significant effects. 

The primary outcome was a change in PSADT, which is indicative of prostate cancer progression. 

The results showed no significant differences in PSADT between the control and treatment arms; 

however, in a cohort of patients with a superoxide dismutase 2 (SOD2) Alanine/Alanine 

genotype, PSADT was significantly increased (MPX, 6.4 months vs. Control, 1.8 months). A 

total of 112 participants completed the study, and 27 men had the SOD2 Alanine/Alanine 

genotype, representing a significant patient population that may benefit from muscadine grape 

supplementation [272]. These phase I and II clinical trials are the only published studies 

investigating a muscadine grape extract and cancer; however, three clinical trials assessing the 

effects of muscadine extracts on cancer are currently in progress (clinicaltrials.gov).  

Proprietary Muscadine Grape Extract 

 This dissertation investigates a proprietary muscadine grape extract (MGE) developed by 

Piedmont Research and Development. The Carlos variety of muscadine grape was used, and the 

extract was prepared using a patent-pending extraction method. Briefly, the seeds and skins were 
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ground and resuspended in an aqueous solution. A film spray was then used to dry the solution, 

resulting in a fine powder. This unique extraction process results in a highly-concentrated extract. 

Compared to other commercially available muscadine grape extracts (Nature’s Pearl, Premier 

Gold, and Muscadinex), the extract used in this study contains a significantly higher 

concentration of polyphenols, including epicatechin, gallic acid, pro-cyanidin, ellagic acid, 

catechin, and catechin-gallate. Resveratrol, quercetin, and myricetin were below the assay 

detection limit, suggesting that their concentration was limited [273]. The highly concentrated 

phenolic content of the MGE extract that was used and studies showing that components in the 

extract such as ellagic acid, epicatechin, and gallic acid have anti-cancer effects suggest that 

MGE may be a potential therapeutic for cancer.  

The MGE used in this dissertation was evaluated in triple-negative breast cancer by 

Collard et al. [274]; these studies showed that MGE reduces tumor volume in association with a 

reduction in the proliferative markers Ki67 and cyclin D1. In agreement with the in vivo results, 

MGE reduced cyclin D1 and differentially abrogated ERK/MAPK and AKT signaling in three 

triple-negative breast cancer cell lines. Additionally, a phase I clinical study was recently 

published by Bitting et al. [275] to assess the safety and tolerability of MGE in patients with 

advanced solid tumors. Patients with metastatic or unresectable cancers who had exhausted 

standard therapies were assigned to receive MGE in escalating doses between 320 and 1600 mg 

total phenolics/day. Safety and the maximum tolerated dose was assessed after four weeks. 

Patients were evaluated for response at eight weeks and continued on MGE if clinically stable. 

Secondary outcomes were response, survival, adherence, fatigue, and quality of life. The cohort 

was comprised of 23 heavily pretreated patients with a median age of 72 years, and the majority 

of patients had primary lung (30%), gastrointestinal (30%), or genitourinary cancers (26%). 

Potentially-attributable adverse effects of grade 2 or higher included fatigue (n=1), decreased 

lymphocyte count (n=1), and constipation (n=2). Only one dose-limiting toxicity was observed 

for grade 3 constipation. Although no partial responses were observed, 29% of patients were 
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stable and continued treatment beyond 16 weeks, indicating that MGE administration results in 

prolonged disease stabilization. Additionally, the highest MGE dose correlated with a self-

reported improvement in quality of life at week 8. 

One patient with a lung adenocarcinoma who remained on MGE without disease 

progression for 2.3 years was 84 years old at the start of the study. With tumor growth in bilateral 

lung nodules and new pleural effusions, the patient started MGE and remained clinically and 

radiographically stable for over two years with MGE administration. The patient never received 

immunotherapy or other experimental therapies. Without prior immunotherapy, long-term stable 

disease in lung adenocarcinoma is uncommon and suggests that MGE may have anti-cancer 

properties in the clinical setting. This Phase 1 clinical trial is the first to show that MGE 

administration is safe and well-tolerated in heavily pretreated advanced cancer patients and 

demonstrates that the extract may be an effective anti-cancer agent in the clinical setting [275]. 

The potential anti-cancer properties and the effects of MGE on physical well-being and quality of 

life under investigation in an on-going phase II clinical trial at Wake Forest University School of 

Medicine (ClinicalTrials.gov). 

Conclusion 

 HER2 positive breast cancer is a particularly aggressive subtype of breast cancer that 

proliferates rapidly and has a higher metastasis rate than luminal breast cancer. Trastuzumab is 

the main targeted treatment for HER2 positive breast cancer and has improved overall survival 

for many patients. However, patients can become resistant to TRZ and other HER2-targeted 

treatments, highlighting the need for new therapies. Additionally, approximately 20% of patients 

treated with TRZ experience cardiotoxicity, resulting in left ventricular dysfunction. Although 

TRZ cardiotoxicity is reversible in many cases, recent studies demonstrate that certain risk factors 

could result in irreversible cardiotoxicity and eventual heart failure. Unfortunately, patients that 

experience TRZ cardiotoxicity must stop TRZ treatment, which could lead to disease progression. 

Natural products such as muscadine grape extracts have numerous anti-cancer effects with 
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minimal side effects and may provide an alternative treatment, either administered alone or in 

combination with traditional therapies for HER2 breast cancer.   

 The studies presented in this doctoral thesis were designed to determine the effects of 

MGE on HER2 positive breast cancer proliferation and TRZ-induced cardiotoxicity. In order to 

evaluate the therapeutic potential of MGE, we 1) determined whether MGE treatment alone and 

in combination with TRZ inhibits proliferation of HER2 positive breast cancer in vitro and in 

vivo, 2) assessed whether MGE inhibits HER2 proliferative signaling, and 3) determined whether 

MGE has cardioprotective effects in tumor-bearing mice treated with TRZ. The results of our 

studies suggest that MGE treatment will inhibit the growth of HER2 positive breast cancer and 

have synergistic effects when combined with TRZ while protecting the heart from TRZ-induced 

cardiotoxicity.   
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Abstract 

Purpose: Human epidermal growth factor receptor 2 (HER2) positive breast cancer is an 

aggressive type of breast cancer comprising ~20% of diagnosed cases. Although targeted HER2 

drugs such as trastuzumab (TRZ) reduce mortality by approximately one-third, many patients still 

experience primary or acquired resistance, emphasizing the need for additional therapies. The 

objective of this study was to determine whether a polyphenol-rich muscadine grape skin and 

seed extract (MGE) inhibits TRZ-sensitive and -resistant HER2 positive breast cancer cell 

proliferation and if combination treatment has synergistic effects.  

Methods: Human HER2 positive cell lines were treated with MGE and TRZ alone and in 

combination. Proliferation was monitored using the IncuCyte ZOOM, and CompuSyn software 

was used for synergy analysis. Flow cytometry was performed to examine changes in the cell 

cycle, and western blotting was used to determine changes in the HER2 pathway. 

Results: MGE significantly inhibited both TRZ-sensitive and –resistant HER2 positive breast 

cancer cell proliferation due in part to cell cycle arrest. MGE alone markedly reduced protein 

kinase B (AKT) activation while decreasing S-phase kinase-associated protein 2 (SKP2) and 

increasing cyclin-dependent kinase inhibitors p21 and p27. Combination treatment was 

synergistic, reduced HER2, and inhibited AKT activation to a greater extent in TRZ-sensitive 

SKBR3 cells.  

Conclusions: MGE alone and in combination with TRZ has anti-proliferative effects in HER2 

positive cells, which may be due to inhibition of AKT pro-proliferative signaling. Thus, MGE 

may serve as an effective therapeutic, either administered singly or in combination with TRZ. 
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1. Introduction 

Breast cancer, the most commonly diagnosed cancer among women with over 300,000 new cases 

diagnosed in 2019 [1], is divided into five main molecular subtypes: luminal A, luminal B, triple-

negative, normal-like, and HER2 positive. HER2 positive breast cancer is characterized by 

overexpression of the HER2 tyrosine kinase receptor and comprises approximately 20% of all 

breast cancer cases [2]. Dimerization of HER2 with HER1, HER3, or HER4 results in 

autophosphorylation of the cytoplasmic domain and activation of downstream signaling such as 

the AKT and mitogen-activated protein kinase (MAPK/ERK) pathways, leading to increased 

proliferation and cell survival [3]. Amplification of the HER2 receptor is associated with a more 

aggressive disease and poor long-term survival rates [4]. Targeted therapies such as TRZ, a 

monoclonal antibody that targets the extracellular domain of HER2, are successful treatments for 

some HER2 positive patients. However, approximately 20% of early-stage breast cancer patients 

and 70% of patients with metastatic disease do not respond to TRZ [5]. In addition, 

approximately 70% of patients who initially respond to TRZ treatment experience disease 

progression, emphasizing the need for additional therapies [6]. 

The AKT signaling pathway is often elevated in HER2 positive breast cancer and is implicated in 

cancer cell survival and increased proliferation [7]. AKT is a primary target for cancer therapy 

due to effects on cell growth, invasion, and drug resistance [8]. Activation of AKT results in 

increased phosphorylation of forkhead box protein (FOXO) transcription factors leading to 

sequestration in the cytoplasm and inhibition of activity [9]. AKT activation and subsequent 

functional loss of FOXO1 and FOXO3 promote tumorigenesis in various cancers and have 

become a significant target in preventing cancer progression [10, 11]. Inhibition of FOXO1/O3 

results in decreased expression of negative cell-cycle regulators such as cyclin-dependent kinase 

inhibitors 1 (p21) and 1B (p27), leading to increased proliferation. The F-box protein SKP2 is the 

substrate recognition subunit for specific ubiquitin ligase complexes and is involved in the 
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ubiquitin-dependent degradation of FOXO1/O3, p21, and p27 [12]. SKP2 is frequently 

overexpressed in breast cancer and is positively correlated with poor prognosis [13]. A recent 

study found that SKP2 overexpression correlates with AKT activation and tumor metastasis in 

HER2 positive breast cancer patients and that silencing SKP2 sensitizes HER2-overexpressing 

tumors to TRZ treatment [14].  

Dietary polyphenols, mainly found in fruits and vegetables, are widely studied due to their potent 

anti-inflammatory and antioxidant properties [15]. Numerous studies demonstrate the 

chemotherapeutic potential of extracts prepared from grapes or active components isolated from 

different species of grapes. Polyphenols isolated from red wine reduced AKT activity and 

increased p27 levels in breast cancer cells [16, 17]. Grape polyphenols also upregulated FOXO1 

and inhibited mammary tumor growth and metastasis in nude mice [18]. However, extracts from 

muscadine grapes (Vitis rotundifolia) are not extensively studied and information regarding their 

therapeutic effects on breast cancer is limited.  

The muscadine grape is native to the southeastern region of the United States and is commonly 

used to produce juice, wine, preserves, and other products [19]. The muscadine grape is typically 

larger than other grapes and contains biologically active polyphenols at significantly higher levels 

than other grapes, due in part to their large seeds and thick skins [20]. With a unique mix of 

bioactive components, including anthocyanin 3,5-diglucosides, ellagic acid, gallic acid, flavan-3-

ols, and flavonols, muscadine grape extracts have effects on inflammation, cancer, microbial 

infections, and oxidative stress [21–25]. More recently, studies demonstrated the anti-cancer 

properties of the muscadine grape. Treatment with a stilbene-rich extract from muscadine grapes 

significantly inhibited the proliferation of lung carcinoma, triple-negative breast cancer, and 

human liver cancer cells; resveratrol produced a similar response but required a 50-fold higher 

concentration than is found in the extract [26]. Additionally, phenolic extracts from muscadine 

grape seeds and skins inhibited triple-negative breast cancer cells to a greater extent than fractions 
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from European grapes, which are more widely studied [27]. The objectives of this study were to 

determine whether MGE inhibits propagation of TRZ-sensitive and TRZ-resistant HER2 positive 

breast cancer cells alone or in combination with TRZ in vitro and whether the AKT signaling 

pathway is involved in the attenuation of proliferation.  

2. Methods 

2.1. Cell Culture  

Human breast carcinoma TRZ-sensitive SKBR3 and BT-474 cells and TRZ-resistant HCC1954 

cells were purchased from American Type Culture Collection (Manassas, VA). TRZ-resistant 

JIMT-1 cells were purchased from AddexBio (San Diego, CA). SKBR3 cells were grown in 

McCoy's 5A, BT-474 cells in DMEM, HCC1954 cells in RPMI-1640, and JIMT-1 cells in 

DMEM, all supplemented with 10% fetal bovine serum (FBS). All cell lines were cultured at 

37°C with 5% CO2.  

2.2. Transfection with Fluorescent Lentivirus  

IncuCyteTM NucLightTM Red Lentivirus Reagent (EF1α, Puro) was purchased from Sartorius 

(Ann Arbor, MI). A kill curve was performed for each cell line to determine the optimal 

concentration of puromycin needed for antibiotic selection. Transfections were performed 

according to the manufacturer’s protocol. Briefly, cells were plated at 30% confluency and 

incubated for 24 h. Media was then replaced with 100 µL of IncuCyte NucLight lentivirus 

reagent [MOI (multiplicity of infection) of 3] and 8 µg/mL polybrene in media (EMD Millipore, 

Darmstadt, Germany). After 24 h, the transfection media was replaced with media supplemented 

with puromycin for antibiotic selection. A maintenance concentration of 0.5 µg/mL puromycin 

was used in all subsequent passages to maintain a stable population of transfected cells. 

2.3. Muscadine Grape Extract and Trastuzumab  
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A proprietary extract prepared from muscadine grape seeds and skins was purchased from 

Piedmont Research and Development Inc. (Advance, NC) and dissolved in water at a 

concentration of 0.4 mg/mL. [28] The concentration of phenolics was measured using the Folin-

Ciocalteau reagent with gallic acid as a standard. Trastuzumab was purchased from Selleck 

Chemicals (Cat# A2007). 

2.4. Cell Proliferation Assay 

Cells (5,000 – 8,000 cells/well) transfected with NucLight red lentivirus were plated in 96-well 

plates in media containing 10% FBS. The next day, the media was replaced with increasing 

concentrations of MGE in media containing 1% FBS and cell proliferation, monitored using the 

IncuCyte® ZOOM, was calculated as the number of red-labeled nuclei. 

2.5. Western Blot Analysis 

SKBR3, BT-474 and JIMT-1 cells were treated for 24 or 48 h with 20 μg/mL MGE and 

HCC1954 cells were treated with 30 μg/mL MGE for 24 h in media with 1% FBS. Cell 

monolayers were solubilized in Triton lysis buffer containing 0.01 mmol/L NaVO4, 0.1 mmol/L 

phenylmethylsulfonyl fluoride, and 0.6 μmol/L leupeptin. The cells were harvested by 

centrifugation at 10,000 x g for 20 min. The supernatant was removed and the protein 

concentration was measured using the Bradford Protein Assay (Hercules, CA) with bovine serum 

albumin as the standard. Proteins were separated by SDS polyacrylamide gel electrophoresis 

using 10% Mini-PROTEAN TGX Precast Protein Gels loaded with 20 µg protein per well. 

Proteins were transferred onto Immun-Blot PVDF (polyvinylidene difluoride) membranes and 

incubated with antibodies to phospho-AKT-Ser473 (1:5000, #9271), AKT (1:5000, #9272), 

HER2 (1:1000, #29D8), FOXO1 (1:1000, #2880s), FOXO3 (1:1000, #12829s), p21 (1:1000, 

#2947), SKP2 (1:1000, #4358s), phospho-MAPK (ERK1/2) (1:1000, #4376), MAPK (ERK1/2) 

(1:1000, #9102), and HSP90 (1:1000, #4874) purchased from Cell Signaling and p27 (1:1000, 
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#610242) from BD Biosciences. Antibody verification information is provided in Table 1. 

Primary antibodies were diluted in 5% Blotting-Grade Blocker (Bio-Rad) in Tris-buffered saline 

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) and imaged using the ChemiDoc Touch Imaging System. Image Lab Software was 

used to analyze immunoreactive bands, which were then normalized to total protein/lane using a 

stain-free gel.  

2.6. Cell Cycle Analysis  

Cells were prepared for flow cytometry using a propidium iodide flow cytometry kit from Abcam 

(ab139418) according to the manufacturer's protocol. Briefly, cell monolayers were trypsinized 

and harvested by centrifugation at 500 x g for 5 min. The cell pellet was then resuspended in PBS 

and the cells were harvested again by centrifugation at 500 x g for 5 min. The cells were then 

fixed by slowly adding ice-cold 66% ethanol to the cell pellet, drop-wise with gentle vortexing. 

The cells were stored for no longer than 2 weeks at 4° C and used for flow cytometry. Fixed cells 

were warmed to room temperature, washed by centrifugation at 500 x g for 5 min in PBS, and 

resuspended in 1x propidium iodide + RNAse staining solution (Abcam). Cells were incubated in 

the dark for 30 min at 37°C and filtered through a 40 μm nylon cell strainer (Falcon 352340) prior 

to flow cytometry. Flow cytometry was performed using the FACSCaliber system by BD 

Biosciences according to the manufacturer's instructions and analyzed using CellQuest Pro 

software.  

2.7. Analysis of Synergy  

Synergy was analyzed using Compusyn software, which is based on the median effect principle 

of Chou and Talalay [29]. A dose-response curve was generated for MGE alone and TRZ alone 

using the data from the SKBR3 cell proliferation assays. Five dose combinations, based on the 
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dose-response curves, were used for combination analysis. Each drug was administered alone and 

in combination at concentrations approximately equal to its EC50 and two concentrations at 2-

fold increments above and below the EC50. Based on the data obtained from proliferation 

experiments, combination index (CI) values were generated from a range of fraction affected (Fa) 

levels from 0–0.8 (0%–80% growth suppression). The CI value was calculated using the 

following formula: CI=D1/(Dx)1+D2/(Dx)2, where D1/D2 is the drug concentration in the 

mixture required to induce x% inhibition and Dx1/Dx2 is the concentration of each drug required 

to induce the same x% inhibition when used alone. A CI value of 1 indicates that the drugs are 

additive, a CI ≥ 1 indicates that the drugs are antagonistic, and a CI ≤ 1 indicates that the drugs 

are synergistic.   

2.8. Statistical Analyses 

Data are expressed as means ± SEM. Statistical significance was evaluated with a one-way 

ANOVA followed by Tukey's post hoc test to compare multiple groups or an unpaired T test to 

compare one treatment group using GraphPad Prism 6. p ≤ 0.05 was considered statistically 

significant. All experiments were performed at least three times. 

Table 1. Antibody Verification. Antibodies used in this study are listed in the left column with 

the corresponding link to verification in the right column.   

Antibody Proof of Verification 

Phospho-Akt (Ser473) 

(#9271) 

Cell Signaling 

https://www.antibodypedia.com/gene/135/AKT1/antibody/107903/92

71 

Akt (#9272) 

Cell Signaling 

https://www.antibodypedia.com/gene/135/AKT1/antibody/166716/92

72 

HER2/ErbB2 (#2165) 

Cell Signaling 

https://www.antibodypedia.com/gene/740/ERBB2/antibody/105583/2

165 

FoxO1 (#2880) 

Cell Signaling 

https://www.antibodypedia.com/gene/645/FOXO1/antibody/106137/2

880 

FoxO3a (#12829) 

Cell Signaling 

https://www.antibodypedia.com/gene/3419/FOXO3/antibody/101639

8/12829 
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Skp2 (#4358) 

Cell Signaling 

https://www.antibodypedia.com/gene/22921/SKP2/antibody/107202/

4358 

P21 (#2947) 

Cell Signaling 

https://www.antibodypedia.com/gene/3757/CDKN1A/antibody/10618

7/2947 

P27 (#610242) 

BD-Biosciences 
https://www.labome.com/product/BD-Biosciences/610242.html 

Phospho-MAPK 

(#4376) 

Cell Signaling 

https://app.benchsci.com/product/Cell%20Signaling%20Technology/

4376/info?product_type=antibody 

MAPK (#9102) 

Cell Signaling 

https://app.benchsci.com/product/Cell%20Signaling%20Technology/

9102/figures?product_type=antibody 

HSP90 (#4874) 

Cell Signaling 

https://www.antibodypedia.com/gene/3676/HSP90AA1/antibody/107

514/4874 

 

3. Results 

3.1. MGE inhibits proliferation of TRZ-sensitive and TRZ–resistant HER2 positive breast 

cancer cells 

TRZ-sensitive SKBR3 and BT-474 and TRZ-resistant HCC1954 and JIMT-1 human breast 

cancer cells were treated with increasing doses of MGE for 48 h to determine the effects of MGE 

on HER2 positive breast cancer cell proliferation. MGE significantly inhibited proliferation in all 

cell lines in a dose- and time-dependent manner compared to control. Treatment with 20 μg/mL 

of MGE for 48 h reduced proliferation of SKBR3 cells by 23.9% (1.67 ± 0.02 vs. 1.27 ± 0.01, 

fold change in red object count from time 0 h) (Fig. 1a), BT-474 cells by 30.1% (1.30 ± 0.04 vs. 

0.91 ± 0.05) (Fig. 1b), HCC1954 cells by 30.5% (1.38 ± 0.03 vs. 0.96 ± 0.03) (Fig. 1c), and 

JIMT-1 cells by 38.2% (2.96 ± 0.16 vs. 1.84 ± 0.09) (Fig. 1d). Representative images for each 

cell line show the reduction in red fluorescent nuclei after 48 h of treatment with 20 µg/mL of 

MGE compared with the untreated control cells.  

3.2. MGE induces cell cycle arrest in vitro 

Flow cytometry was used to analyze changes in the cell cycle in response to MGE. In TRZ-

sensitive SKBR3 cells, treatment with 20 μg/mL MGE for 48 h increased the percentage of cells 
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in the G0/G1 phase from 58.9 ± 0.9% to 69.7 ± 0.3% (p ≤ 0.0001), reduced the percentage of 

cells in the S-phase from 18.9 ± 0.7% to 13.1 ± 1.1% (p ≤ 0.01) and in the G2/M phase from 22.1 

± 1.6% to 17.2 ± 0.9% (p ≤ 0.05) (Fig. 2a). TRZ-sensitive BT-474 cells treated with 20 μg/mL 

MGE for 48 h had a significant increase in the percentage of cells in G0/G1 (73.5 ± 0.2% vs. 75.3 

± 0.3%; p ≤ 0.01), an increase in cells in S-phase (15.9 ± 0.6% vs. 19.1 ± 0.6%; p ≤ 0.01), and a 

decrease in cells in G2/M phase (10.6 ± 0.5% vs. 5.6 ± 0.3%; p ≤ 0.0001) (Fig. 2b). TRZ-resistant 

HCC1954 cells treated with 30 μg/mL MGE for 24 h showed similar results, with a significant 

increase in the percentage of G0/G1 cells from 54.7 ± 1.1% to 75.5 ± 5.5% (p ≤ 0.05) and a 

reduction of cells in the G2/M phase from 13.9 ± 0.7% to 5.9 ± 0.9% (p ≤ 0.001) (Fig. 2c), 

indicating G0/G1 cell cycle arrest. Interestingly, 20 μg/mL MGE treatment of TRZ-resistant 

JIMT-1 cells for 48 h showed different results, with an increase in the percentage of cells in the 

G2/M phase from 3.3 ± 0.04% to 10.7 ± 0.3% (p ≤ 0.0001) and a significant decrease in cells in 

the S-phase from 29.2 ± 0.7% to 21.5 ± 0.6% (p ≤ 0.001) (Fig. 2d), indicating G2/M cell cycle 

arrest.   

3.3. MGE reduces HER2 total protein and AKT activation in vitro  

HER2 and activation of the downstream target AKT were measured in human HER2 positive 

breast cancer cells by western blot to identify molecular mechanisms for the inhibition of 

proliferation. Treatment with 20 μg/mL MGE for 24 h significantly reduced HER2 in TRZ-

sensitive SKBR3 and BT-474 cells by 43% (p ≤ 0.01) and 39% (p ≤ 0.05), respectively (Fig. 3a). 

Treatment with 30 μg/mL MGE for 24 h was used for TRZ-resistant HCC1954 cells as no 

significant changes were observed with the 20 μg/mL dose and this treatment was used for 

subsequent western blot experiments. HER2 was reduced by 60% (p ≤ 0.01) in HCC1954 cells 

incubated with 30 μg/mL MGE for 24 h (Fig. 3a). However, no change in HER2 was observed in 

the TRZ-resistant JIMT-1 cell line with 24 or 48 h MGE treatment (Fig. 3a). 20 or 30 μg/mL 

MGE reduced AKT activation in all four cell lines tested, by 62% in SKBR3 cells (p ≤ 0.001), 
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58% in BT-474 cells (p ≤ 0.001), and 65% in HCC1954 cells (p ≤ 0.0001) after a 24-h treatment 

and by 73% in JIMT-1 cells (p ≤ 0.001) after 48 h (Fig. 3b). SKP2 is phosphorylated by AKT, 

which stabilizes the protein to increase SKP2concentration. Treatment with 20 or 30 μg/mL MGE 

for 24 h reduced SKP2 by 66% in SKBR3 cells (p ≤ 0.01), 76% in BT-474 cells (p ≤ 0.01), and 

73% in HCC1954 cells (p ≤ 0.01) and by 83% in JIMT-1 cells (p ≤ 0.0001) after a 48-h treatment, 

in agreement with the reduction in AKT in all four cell lines (Fig. 3c). 

3.4. MGE increases FOXO transcription factors and cyclin-dependent kinase inhibitors in 

vitro 

The effects of MGE on the FOXO transcription factors p21 and p27, which are targets for SKP2-

mediated ubiquitination and degradation, were determined by western blot analysis. Treatment 

with 20 or 30 μg/mL MGE for 24 h resulted in a 2-fold increase in FOXO1 in TRZ-sensitive 

SKBR3 cells (p ≤ 0.01) and a 2.5-fold increase in TRZ-resistant HCC1954 cells (p ≤ 0.01) (Fig. 

4a). No significant difference in FOXO1 was observed in TRZ-sensitive BT-474 cells with MGE 

treatment and, although incubation with MGE decreased FOXO1 (p ≤ 0.05) in TRZ–resistant 

JIMT-1 cells (Fig. 4a), the extract increased FOXO3 1.5-fold (p ≤ 0.05) after a 48-h treatment 

(Fig. 4b). FOXO3 was also increased 1.5-fold after treatment with 20 or 30 μg/mL MGE in 

SKBR3 (p ≤ 0.05) and HCC1954 cells (p ≤ 0.001) for 24 h (Fig. 4b). p21 and p27, which are 

regulated by FOXO1/O3 and inhibit progression through the cell cycle, were also measured by 

western blot analysis. While no significant difference was seen in BT-474 cells, MGE increased 

p27 by 1.5-fold, 2-fold, and 3-fold in SKBR3 (p ≤ 0.05), HCC1954 (p ≤ 0.05), and JIMT-1 cells 

(p ≤ 0.001), respectively (Fig. 4c). Additionally, p21 was increased 4-fold in BT-474 cells (p ≤ 

0.01), 2-fold in HCC1954 cells (p ≤ 0.01) and 1.5-fold in JIMT-1 cells (p ≤ 0.01) (Fig. 4d). MGE 

treatment increased p21 in SKBR3 cells but the increase was not statistically significant (p = 

0.09) (Fig. 4d). 

3.5. Combination of MGE and TRZ is synergistic in TRZ-sensitive SKBR3 cells 
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The effect of MGE given in combination with TRZ was investigated as cancer is often treated 

with a combination of therapeutics. Proliferation assays were performed using five dose 

combinations (determined by EC50 values) and, based on these data, all five dose combinations 

had a CI value of less than 1, indicating MGE and TRZ are synergistic (Fig. 5a-b). All five dose 

combinations inhibited proliferation to a greater extent than either agent alone; after 72 h, the red 

object count increased by 96% in control cells as compared to 4% in SKBR3 cells treated with a 

combination of 20 μg/mL MGE and 0.5 μg/mL TRZ. In contrast, treatment with the same dose of 

TRZ or MGE alone resulted in a 64% and 26% increase in red object count, respectively (Fig. 

5c).  

3.6. Combination of MGE and TRZ more effectively reduces HER2 and AKT activation 

than individual treatments in TRZ-sensitive SKBR3 cells 

TRZ-sensitive SKBR3 cells were treated with MGE, TRZ, or a combination of the two agents, to 

determine if the combination of MGE and TRZ has a more significant impact on HER2 

proliferative signaling than either agent alone. HER2 and components of the AKT signaling 

pathway were analyzed by western blot, as shown in Fig 5d. Combination treatment resulted in a 

70% decrease in total HER2, which was significantly lower than MGE (42%) or TRZ (19%) 

treatment alone (TRZ vs. Combo, p ≤ 0.001; MGE vs. Combo, p ≤ 0.05). Phospho-AKT was 

reduced to a greater extent (94% inhibition) by combination treatment compared to a 75% 

reduction with TRZ alone and a 77% decrease with MGE alone (TRZ vs. Combo, p ≤ 0.001; 

MGE vs. Combo, p ≤ 0.01). SKP2 was inhibited by 96% with combination treatment as 

compared to a 37% decrease in SKP2 by TRZ alone (TRZ vs. Combo, p ≤ 0.01). MGE alone 

significantly reduced SKP2 by 61%; however, the combination of TRZ and MGE did not 

significantly reduce SKP2 to a greater extent than MGE alone (MGE vs. Combo, p = 0.11). 

Although FOXO1 was increased 4-fold by the combination treatment, this increase was not 

significantly different compared to control, MGE, or TRZ alone. In contrast, combination 
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treatment in TRZ-resistant JIMT-1 cells resulted in no significant difference in proliferation 

compared to MGE alone (Fig. 5e). 

3.7. MGE differentially regulates MAPK/ERK activation in vitro 

In addition to activating the AKT pathway, HER2 activation increases MAPK/ERK 

proliferative/survival signaling and was also assessed by western blot analysis. Treatment with 20 

μg/mL MGE for 24 h significantly decreased ERK1/2 activation by over 50% in TRZ-sensitive 

SKBR3 cells (p ≤ 0.05) while having no effect in TRZ–sensitive BT-474 cells (Fig. 6a). In TRZ-

resistant cells, MGE (20 or 30 μg/mL) significantly increased ERK2 activation 2.5-fold (p ≤ 0.05; 

24 h) in HCC1954 cells and decreased ERK1/2 activation by over 50% (p ≤ 0.01; 48 h) in JIMT-

1 cells (Fig. 6a). 

3.8. MGE reduces HSP90 in TRZ-resistant HER2 positive cell lines 

The heat shock protein 90 (HSP90), a chaperone protein important for proper folding and 

stabilization of HER2, was assessed by western blot analysis to identify possible mechanisms for 

the reduction in HER2 observed in both TRZ-resistant and –sensitive cell lines. MGE treatment 

had no significant effect on HSP90 in TRZ-sensitive SKBR3 cells (p = 0.07) and BT-474 cells (p 

= 0.56) (Fig. 6b) but HSP90 was significantly reduced in both TRZ-resistant cell lines. Treatment 

with 20 or 30 μg/mL MGE reduced HSP90 by 37% in HCC1954 cells (p ≤ 0.0001; 24 h) and by 

45% in JIMT-1 cells (p ≤ 0.05; 48 h) (Fig. 6b).  

4. Discussion 

MGE has significant anti-cancer effects in both TRZ-sensitive and TRZ-resistant HER2 positive 

breast cancer cells, as shown in Fig. 7. HER2 positive breast cancer is characterized by rapid 

proliferation, which was significantly attenuated by MGE treatment in all cell lines tested, and 

this reduction was partially attributed to cell cycle arrest. Interestingly, individual HER2 positive 

cell lines exhibited cell cycle arrest in different cell cycle phases after MGE administration. MGE 
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treatment of TRZ-sensitive SKBR3 and BT-474 cells and TRZ-resistant HCC1954 cells resulted 

in a significant decrease in G2/M and cell cycle arrest in G1 or S-phase. In contrast, TRZ-

resistant JIMT-1 cells arrested in G2/M following incubation with MGE, which may be due to an 

increase in FOXO3. Activation of FOXO3 during S-phase transition induces G2/M cell cycle 

arrest [30] and JIMT-1 cells treated with MGE resulted in an increase in FOXO3 but not FOXO1. 

These results highlight the importance of studying multiple cell lines and suggest that MGE 

treatment utilizes diverse anti-proliferative mechanisms in HER2 positive cell lines. 

MGE significantly reduced total HER2 in association with a marked decrease in AKT activation 

in both TRZ-sensitive SKBR3 and BT-474 cells as well as TRZ-resistant HCC1954 cells. HSP90, 

a chaperone protein for HER2, prevents HER2 degradation by ensuring proper folding, 

stabilization, and activation [31]. Natural compounds, such as the EGCG found in MGE, are 

potent HSP90 inhibitors via direct binding to the C-terminal dimerization domain, which results 

in HER2 degradation [32–34]. We report no significant reduction in HSP90 in TRZ-sensitive 

cells but a significant decrease in total HER2, which is characteristic of HSP90 C-terminal 

inhibition and may be a potential mechanism for the reduced HER2 following MGE treatment 

[35, 36]. In contrast, MGE reduced HSP90 in both TRZ-resistant HER2 positive cell lines. Even 

though HSP90 was significantly decreased in JIMT-1 cells, there was no decrease in total HER2. 

Polyphenols readily accumulate in lipid rafts of cell membranes where they can interfere with the 

structural integrity of lipid rafts and bind to receptors such as HER2, increasing endocytosis and 

degradation [37]. JIMT-1 cells exhibit increased nuclear HER2 with reduced membrane HER2, 

which may explain the inability of MGE to reduce HER2 in this cell line [38]. This data shows 

that MGE reduces HER2 in three different cell lines, which may be due, in part, to HSP90 

inhibition.  

TRZ-resistant JIMT-1 cells had significantly reduced AKT activation without reduced HER2, 

which may indicate an increase in AKT phosphatase activity or a reduction in upstream kinase 
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activity, such as PI3K. Additionally, polyphenols that accumulate in lipid rafts can bind to 

receptor tyrosine kinases inhibiting their activation and increasing receptor endocytosis, which 

may be another potential mechanism for the decreased AKT activation in all cell lines tested [37, 

39, 40]. TRZ resistance is linked to the constitutive activation of phosphoinositide 3-kinase 

(PI3K)/AKT due to a mutation of the PI3K catalytic subunit α (PI3KCA) [41, 42] and to reduced 

PTEN, a tumor suppressor phosphatase that inhibits AKT activation [43, 44]. Even though TRZ-

resistant JIMT-1 cells possess both aberrations, MGE treatment still reduced AKT activation by 

73%.   

In all cell lines tested, MGE significantly decreased SKP2, which functions as an oncoprotein in a 

variety of human cancers, including prostate, breast, skin, pancreatic, and colorectal [45]. 

Additionally, MGE treatment differentially increased FOXO1/O3, p21, and p27 in all cell lines 

tested, which may be a due to decreased SKP2. As a component of the E3 ubiquitin-protein ligase 

complex, SKP2 mediates the ubiquitination and subsequent proteasomal degradation of target 

proteins involved in cell cycle progression, signal transduction and transcription, including 

FOXO1/O3, p21, and p27 [46]. Additionally, AKT phosphorylates SKP2 at Ser72, promoting its 

stability and preventing SKP2 degradation, ultimately increasing SKP2 and progression through 

the cell cycle [46]. The reduction of SKP2 by MGE may be due to decreased phosphorylation and 

stabilization of SKP2 by phospho-AKT. FOXO1/O3 was unchanged in TRZ-sensitive BT-474 

cells; however, p21 was increased by MGE, which may be due to reduced SKP2 or an increase in 

p53, another transcriptional regulator of p21 [47]. In addition, we found that MGE differentially 

regulated MAPK/ERK, increasing activation in HCC1954 cells and decreasing activation in 

SKBR3 and JIMT-1 cells. There is extensive crosstalk between the PI3K/AKT and MAPK/ERK 

pathways and inhibition of one pathway may activate the other as a compensatory mechanism 

[48]. Even though ERK activation was increased in HCC1954 cells, which may be due to 

compensatory mechanisms, MGE acted as a dual inhibitor for the AKT and MAPK pathways in 
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two HER2 positive cell lines. These data indicate that MGE targets multiple proliferation 

pathways, in agreement with previous data from our laboratory in triple-negative breast cancer 

cells [28]. The ability of MGE to regulate multiple pathways is likely due to different 

mechanisms of action by the multiple compounds present in MGE and is important for preventing 

resistance to the extract. Targeted AKT or ERK inhibition alone often results in resistance, as 

cancer cells respond by upregulating alternative proliferative and survival signaling.  

We evaluated the synergistic potential of MGE and TRZ and found that combination treatment 

significantly inhibited proliferation and reduced AKT activation and total HER2 to a greater 

extent than either agent alone in TRZ-sensitive SKBR3 cells. Numerous studies show that 

combining polyphenols with anti-cancer drugs can have either additive or synergistic effects [49–

51]. Although combining typical anti-cancer drugs may be more effective than the individual 

drugs in reducing tumor growth, combined drug therapies often result in increased side effects 

and toxicity. In contrast, extracts from natural products are generally safe with minimal side 

effects. Approximately half of Americans take some form of natural supplement, with less than 

1% experiencing an adverse event, which was usually minor [52]. A Phase I clinical trial at Johns 

Hopkins using a MGE reported no dose-limiting toxicities in men with biochemically recurrent 

prostate cancer; the only adverse side effects reported were grade 1 gastrointestinal symptoms 

[53]. Thus, the addition of MGE to targeted therapies such as trastuzumab may increase efficacy 

and reduce toxicity in HER2 positive breast cancer patients. 

For the first time, the anti-proliferative effects of MGE in targeting the PI3K/AKT pathway were 

measured in human TRZ-sensitive SKBR3 and BT-474 and TRZ–resistant HCC1954 and JIMT-1 

cell lines. Fig. 7 represents the mechanism that we propose for this anti-proliferative effect. 

Previous studies demonstrated the anti-proliferative effects of polyphenols from table grapes and 

their effects on the cell cycle [24, 54, 55] but few studies evaluated the effects of the muscadine 

grape on breast cancer. To date, the anti-cancer effects of muscadine grape extracts on breast 
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cancer were only measured in the triple-negative subtype [20, 21, 26, 28, 56]. Because the HER2 

subtype comprises approximately 20% of all breast cancer cases and HER2 amplification is also 

found in gastric, esophageal, bladder, cervical, gallbladder, uterine, and testicular cancers [57], 

MGE may be an effective therapeutic for a variety of patients with different types of cancer.  

In summary, this study is the first to show the anti-cancer effects of MGE in human HER2 

positive breast cancer cells. MGE reduced the proliferation and inhibited AKT activation in four 

HER2 positive cell lines, including two TRZ-sensitive and two TRZ-resistant cell lines. 

Additionally, we found that MGE acts synergistically with TRZ to inhibit proliferation and AKT 

activation in TRZ-sensitive SKBR3 cells. Although we demonstrated several potential, signaling 

pathways that contribute to MGE's anti-cancer effects in vitro, additional studies are needed to 

determine whether AKT and SKP2 inhibition are the main drivers for these anti-proliferative 

effects. Finally, studies in rodents treated with MGE in the presence and absence of TRZ will be 

necessary to determine whether these effects are translatable in vivo.  

 

 

 

 

 

 

 

 

 



88 
 

 References: 

1.  (2020) Breast cancer statistics, 2019 - DeSantis - 2019 - CA: A Cancer Journal for 

Clinicians - Wiley Online Library. https://doi.org/10.3322/caac.21583 

2.  Witton CJ, Reeves JR, Going JJ, et al (2003) Expression of the HER1-4 family of 

receptor tyrosine kinases in breast cancer. J Pathol 200:290–297. 

https://doi.org/10.1002/path.1370 

3.  Schramm A, De Gregorio N, Widschwendter P, et al (2015) Targeted Therapies in 

HER2-Positive Breast Cancer - a Systematic Review. Breast Care 10:173–178. 

https://doi.org/10.1159/000431029 

4.  Lee JS, Sul JY, Park JB, et al (2013) Fatty acid synthase inhibition by amentoflavone 

suppresses HER2/neu (erbB2) oncogene in SKBR3 human breast cancer cells. Phytother 

Res 27:713–720. https://doi.org/10.1002/ptr.4778 

5.  Wilken JA, Maihle NJ (2010) Primary trastuzumab resistance: new tricks for an old drug. 

Ann N Y Acad Sci 1210:53–65. https://doi.org/10.1111/j.1749-6632.2010.05782.x 

6.  Vu T, Claret FX (2012) Trastuzumab: updated mechanisms of action and resistance in 

breast cancer. Front Oncol 2:62. https://doi.org/10.3389/fonc.2012.00062 

7.  Gajria D, Chandarlapaty S (2011) HER2-amplified breast cancer: mechanisms of 

trastuzumab resistance and novel targeted therapies. Expert Rev Anticancer Ther 11:263–

275. https://doi.org/10.1586/era.10.226 

8.  Dittrich A, Gautrey H, Browell D, Tyson-Capper A (2014) The HER2 Signaling Network 

in Breast Cancer–Like a Spider in its Web. J Mammary Gland Biol Neoplasia 19:253–

270. https://doi.org/10.1007/s10911-014-9329-5 



89 
 

9.  Lin CH, Chang CY, Lee KR, et al (2015) Flavones inhibit breast cancer proliferation 

through the Akt/FOXO3a signaling pathway. BMC Cancer 15:958. 

https://doi.org/10.1186/s12885-015-1965-7 

10.  Yang JY, Hung MC (2009) A new fork for clinical application: targeting forkhead 

transcription factors in cancer. Clin Cancer Res 15:752–757. 

https://doi.org/10.1158/1078-0432.ccr-08-0124 

11.  Arden KC (2006) Multiple roles of FOXO transcription factors in mammalian cells point 

to multiple roles in cancer. Exp Gerontol 41:709–717. 

https://doi.org/10.1016/j.exger.2006.05.015 

12.  Skaar JR, Pagan JK, Pagano M (2013) Mechanisms and function of substrate recruitment 

by F-box proteins. Nat Rev Mol Cell Biol 14:369–381. https://doi.org/10.1038/nrm3582 

13.  Zhang W, Cao L, Sun Z, et al (2016) Skp2 is over-expressed in breast cancer and 

promotes breast cancer cell proliferation. Cell Cycle 15:1344–1351. 

https://doi.org/10.1080/15384101.2016.1160986 

14.  Hao Z, Huang S (2015) E3 ubiquitin ligase Skp2 as an attractive target in cancer therapy. 

Front Biosci (Landmark Ed) 20:474–490 

15.  Kyro C, Zamora-Ros R, Scalbert A, et al (2015) Pre-diagnostic polyphenol intake and 

breast cancer survival: the European Prospective Investigation into Cancer and Nutrition 

(EPIC) cohort. Breast Cancer Res Treat 154:389–401. https://doi.org/10.1007/s10549-

015-3595-9 

16.  Castillo-Pichardo L, Dharmawardhane SF (2012) Grape polyphenols inhibit 

Akt/mammalian target of rapamycin signaling and potentiate the effects of gefitinib in 



90 
 

breast cancer. Nutr Cancer 64:1058–1069. 

https://doi.org/10.1080/01635581.2012.716898 

17.  Choi JA, Kim JY, Lee JY, et al (2001) Induction of cell cycle arrest and apoptosis in 

human breast cancer cells by quercetin. Int J Oncol 19:837–844 

18.  Castillo-Pichardo L, Martinez-Montemayor MM, Martinez JE, et al (2009) Inhibition of 

mammary tumor growth and metastases to bone and liver by dietary grape polyphenols. 

Clin Exp Metastasis 26:505–516. https://doi.org/10.1007/s10585-009-9250-2 

19.  Brown K, Sims C, Odabasi A, et al (2016) Consumer Acceptability of Fresh-Market 

Muscadine Grapes. J Food Sci 81:S2808-s2816. https://doi.org/10.1111/1750-

3841.13522 

20.  Mendonca P, Darwish AG, Tsolova V, et al (2019) The Anticancer and Antioxidant 

Effects of Muscadine Grape Extracts on Racially Different Triple-negative Breast Cancer 

Cells. Anticancer Res 39:4043–4053. https://doi.org/10.21873/anticanres.13560 

21.  Luo J, Song S, Wei Z, et al (2017) The comparative study among different fractions of 

muscadine grape “Noble” pomace extracts regarding anti-oxidative activities, cell cycle 

arrest and apoptosis in breast cancer. Food Nutr Res 61:1412795. 

https://doi.org/10.1080/16546628.2017.1412795 

22.  God JM, Tate P, Larcom LL (2007) Anticancer effects of four varieties of muscadine 

grape. J Med Food 10:54–59. https://doi.org/10.1089/jmf.2006.699 

23.  Balasubramani SP, Rahman MA, Basha SM (2019) Synergistic action of stilbenes in 

muscadine grape berry extract shows better cytotoxic potential against cancer cells than 

resveratrol alone. Biomedicines. https://doi.org/10.3390/biomedicines7040096 



91 
 

24.  Ignacio DN, Mason KD, Hackett-Morton EC, et al (2019) Muscadine grape skin extract 

inhibits prostate cancer cells by inducing cell-cycle arrest, and decreasing migration 

through heat shock protein 40. Heliyon 5:e01128. 

https://doi.org/10.1016/j.heliyon.2019.e01128 

25.  Paller CJ, Zhou XC, Heath EI, et al (2018) Muscadine Grape Skin Extract (MPX) in Men 

with Biochemically Recurrent Prostate Cancer: A Randomized, Multicenter, Placebo-

Controlled Clinical Trial. Clin Cancer Res 24:306–315. https://doi.org/10.1158/1078-

0432.ccr-17-1100 

26.  Balasubramani SP, Rahman MA, Basha SM (2019) Synergistic Action of Stilbenes in 

Muscadine Grape Berry Extract Shows Better Cytotoxic Potential Against Cancer Cells 

Than Resveratrol Alone. Biomedicines 7:. https://doi.org/10.3390/biomedicines7040096 

27.  Luo J, Wei Z, Zhang S, et al (2017) Phenolic Fractions from Muscadine Grape “Noble” 

Pomace can Inhibit Breast Cancer Cell MDA-MB-231 Better than those from European 

Grape “Cabernet Sauvignon” and Induce S-Phase Arrest and Apoptosis. J Food Sci 

82:1254–1263. https://doi.org/10.1111/1750-3841.13670 

28.  Collard M, Gallagher PE, Tallant EA (2020) A Polyphenol-Rich Extract From 

Muscadine Grapes Inhibits Triple-Negative Breast Tumor Growth. Integr Cancer Ther. 

https://doi.org/10.1177/1534735420917444 

29.  Chou TC (2010) Drug combination studies and their synergy quantification using the 

Chou-Talalay method. Cancer Res 70:440–446. https://doi.org/10.1158/0008-5472.can-

09-1947 

30.  Ho KK, Myatt SS, Lam EWF (2008) Many forks in the path: Cycling with FoxO. 

Oncogene 



92 
 

31.  Canonici A, Qadir Z, Conlon NT, et al (2018) The HSP90 inhibitor NVP-AUY922 

inhibits growth of HER2 positive and trastuzumab-resistant breast cancer cells. Invest 

New Drugs. https://doi.org/10.1007/s10637-017-0556-7 

32.  Yin Z, Henry EC, Gasiewicz TA (2009) (-)-Epigallocatechin-3-gallate is a novel Hsp90 

inhibitor. Biochemistry. https://doi.org/10.1021/bi801637q 

33.  Garg G, Khandelwal A, Blagg BSJ (2016) Anticancer Inhibitors of Hsp90 Function: 

Beyond the Usual Suspects. In: Advances in Cancer Research 

34.  Rampogu S, Parate S, Parameswaran S, et al (2019) Natural compounds as potential 

Hsp90 inhibitors for breast cancer-Pharmacophore guided molecular modelling studies. 

Comput Biol Chem. https://doi.org/10.1016/j.compbiolchem.2019.107113 

35.  Hoter A, El-Sabban ME, Naim HY (2018) The HSP90 family: Structure, regulation, 

function, and implications in health and disease. Int. J. Mol. Sci. 

36.  Hall JA, Forsberg LK, Blagg BSJ (2014) Alternative approaches to Hsp90 modulation for 

the treatment of cancer. Future Med. Chem. 

37.  Wang R, Zhu W, Peng J, et al (2020) Lipid rafts as potential mechanistic targets 

underlying the pleiotropic actions of polyphenols. Crit. Rev. Food Sci. Nutr. 

38.  Cordo Russo RI, Béguelin W, Díaz Flaqué MC, et al (2015) Targeting ErbB-2 nuclear 

localization and function inhibits breast cancer growth and overcomes trastuzumab 

resistance. Oncogene. https://doi.org/10.1038/onc.2014.272 

39.  Larsen CA, Dashwood RH, Bisson WH (2010) Tea catechins as inhibitors of receptor 

tyrosine kinases: Mechanistic insights and human relevance. Pharmacol. Res. 

40.  Shimizu M, Shirakami Y, Moriwaki H (2008) Targeting receptor tyrosine kinases for 

chemoprevention by green tea catechin, EGCG. Int. J. Mol. Sci. 



93 
 

41.  Elster N, Cremona M, Morgan C, et al (2015) A preclinical evaluation of the PI3K 

alpha/delta dominant inhibitor BAY 80-6946 in HER2-positive breast cancer models with 

acquired resistance to the HER2-targeted therapies trastuzumab and lapatinib. Breast 

Cancer Res Treat 149:373–383. https://doi.org/10.1007/s10549-014-3239-5 

42.  O’Brien NA, McDonald K, Tong L, et al (2014) Targeting PI3K/mTOR overcomes 

resistance to HER2-targeted therapy independent of feedback activation of AKT. Clin 

Cancer Res 20:3507–3520. https://doi.org/10.1158/1078-0432.ccr-13-2769 

43.  Berns K, Horlings HM, Hennessy BT, et al (2007) A functional genetic approach 

identifies the PI3K pathway as a major determinant of trastuzumab resistance in breast 

cancer. Cancer Cell 12:395–402. https://doi.org/10.1016/j.ccr.2007.08.030 

44.  Nagata Y, Lan KH, Zhou X, et al (2004) PTEN activation contributes to tumor inhibition 

by trastuzumab, and loss of PTEN predicts trastuzumab resistance in patients. Cancer 

Cell 6:117–127. https://doi.org/10.1016/j.ccr.2004.06.022 

45.  Wang Z, Liu P, Inuzuka H, Wei W (2014) Roles of F-box proteins in cancer. Nat Rev 

Cancer 14:233–247. https://doi.org/10.1038/nrc3700 

46.  Chan CH, Lee SW, Wang J, Lin HK (2010) Regulation of Skp2 expression and activity 

and its role in cancer progression. ScientificWorldJournal 10:1001–1015. 

https://doi.org/10.1100/tsw.2010.89 

47.  Ouellet S, Vigneault F, Lessard M, et al (2006) Transcriptional regulation of the cyclin-

dependent kinase inhibitor 1A (p21) gene by NFI in proliferating human cells. Nucleic 

Acids Res. https://doi.org/10.1093/nar/gkl861 

48.  Cao Z, Liao Q, Su M, et al (2019) AKT and ERK dual inhibitors: The way forward? 

Cancer Lett. 



94 
 

49.  Lewandowska U, Gorlach S, Owczarek K, et al (2014) Synergistic interactions between 

anticancer chemotherapeutics and phenolic compounds and anticancer synergy between 

polyphenols. Postepy Hig. Med. Dosw. 

50.  Cao J, Han J, Xiao H, et al (2016) Effect of tea polyphenol compounds on anticancer 

drugs in terms of anti-tumor activity, toxicology, and pharmacokinetics. Nutrients 

51.  Pan H, Li J, Rankin GO, et al (2018) Synergistic effect of black tea polyphenol, 

theaflavin-3,3′-digallate with cisplatin against cisplatin resistant human ovarian cancer 

cells. J Funct Foods. https://doi.org/10.1016/j.jff.2018.04.037 

52.  Brown AC (2017) An overview of herb and dietary supplement efficacy, safety and 

government regulations in the United States with suggested improvements. Part 1 of 5 

series. Food Chem Toxicol 107:449–471. https://doi.org/10.1016/j.fct.2016.11.001 

53.  Paller CJ, Rudek MA, Zhou XC, et al (2015) A phase I study of muscadine grape skin 

extract i n men with biochemically recurrent prostate cancer: Safety, tolerability, and dose 

determination. Prostate 75:1518–1525. https://doi.org/10.1002/pros.23024 

54.  Hakimuddin F, Paliyath G, Meckling K (2006) Treatment of mcf-7 breast cancer cells 

with a red grape wine polyphenol fraction results in disruption of calcium homeostasis 

and cell cycle arrest causing selective cytotoxicity. J Agric Food Chem 54:7912–7923. 

https://doi.org/10.1021/jf060834m 

55.  Lei C, Tang X, Li H, et al (2020) Molecular hybridization of grape seed extract: 

Synthesis, structural characterization and anti-proliferative activity in vitro. Food Res Int 

131:109005. https://doi.org/10.1016/j.foodres.2020.109005 

56.  Burton LJ, Smith BA, Smith BN, et al (2015) Muscadine grape skin extract can 

antagonize Snail-cathepsin L-mediated invasion, migration and osteoclastogenesis in 



95 
 

prostate and breast cancer cells. Carcinogenesis 36:1019–1027. 

https://doi.org/10.1093/carcin/bgv084 

57.  Yan M, Schwaederle M, Arguello D, et al (2015) HER2 expression status in diverse 

cancers: review of results from 37,992 patients. Cancer Metastasis Rev. 

https://doi.org/10.1007/s10555-015-9552-6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

 FIGURE LEGENDS 

 

Figure 1. MGE inhibits proliferation of TRZ-sensitive and TRZ-resistant HER2 positive 

breast cancer cells. Using the IncuCyte ZOOM, red nuclei count of (a) TRZ-sensitive SKBR3, 

(b) BT-474, (c) TRZ-resistant HCC1954 and (d) JIMT-1 cells treated with increasing 

concentrations of MGE for 48 h were normalized to time = 0 h. Representative images of cells 

incubated with 20 µg phenolics/mL of MGE for 48 h are shown in the lower images. (n=3) 

**p≤0.01, ***p≤0.001, ****p≤0.0001 

 

Figure 2. MGE causes cell cycle arrest of TRZ-sensitive and TRZ-resistant HER2 positive 

breast cancer cells. Flow cytometry using propidium iodine was used to analyze changes in the 

cell cycle after MGE treatment in (a) TRZ-sensitive SKBR3 (20 μg/mL MGE; 48h), (b) BT-474 

(20 μg/mL MGE; 48h), (c) TRZ-resistant HCC1954 (20 μg/mL MGE; 24h), and (d) JIMT-1 cells 

(20 μg/mL MGE; 48 h). The bar graphs indicate the percentage of cells in each phase of the cell 

cycle for untreated control cells and MGE-treated cells. 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) (n=4) *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 

 

Figure 3.  MGE reduces HER2, AKT activation, and SKP2 in TRZ-sensitive and TRZ-

resistant HER2 positive breast cancer cells. TRZ-sensitive SKBR3 and BT-474 cells and TRZ-

resistant HCC1954 and JIMT-1 cells were treated with 20-30 μg/mL MGE for 16-48 h and (a) 

total HER2, (b) phosphorylated and non-phosphorylated AKT, and (c) total SKP2 were 

quantified by western blot analysis; band intensities were normalized to total loaded protein/lane 

and analyzed using Image Lab (BioRad). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, (n=3-5) 
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Figure 4.  MGE increases FOXO transcription factors, total p27, and total p21 in TRZ-

sensitive and TRZ-resistant HER2 positive breast cancer cells. TRZ-sensitive SKBR3 and 

BT-474 and TRZ-resistant HCC1954 and JIMT-1 cells were treated with 20-30 μg/mL MGE for 

16-48 h and (a) total FOXO1, (b) total FOXO3, (c) total p27, and (d) total p21 were quantified by 

western blot analysis; band intensities were normalized to total loaded protein/lane and analyzed 

using Image Lab (BioRad). *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, (n=3-6) 

 

Figure 5. Analysis of Synergy in TRZ-sensitive SKBR3 and TRZ-resistant JIMT-1 cells. (a) 

Using the data from proliferation assays in SKBR3 cells, a dose-response curve was generated for 

MGE alone and TRZ alone. (n=3) (b) Dose of each drug used for combination (Combo) 

proliferation assays - Each drug was used in combination and alone, at a concentration 

approximately equal to its EC50 (underlined) and two concentrations at 2-fold increments above 

and below the EC50. Based on the data obtained from proliferation experiments, combination 

index (CI) values were generated from a range of fraction affected (Fa) levels from 0–0.8 (0%–

80% growth suppression). (n=3) (c) Using the Incucyte ZOOM, red object count of TRZ-

sensitive SKBR3 treated with TRZ, MGE, and Combo for 72 h were normalized to time = 0 h. 

(n=4) (d) TRZ-sensitive SKBR3 cells were treated with 20 μg/mL MGE, 0.05 μg/mL TRZ, or 

combination for 24 h and total HER2, p-AKT, total AKT, total SKP2, and total FOXO1 were 

quantified by western blot; band intensities were normalized to total loaded protein/lane and 

analyzed using Image Lab (BioRad). (n=4) (e) Using the Incucyte ZOOM, red object count of 

TRZ-resistant JIMT-1 cells treated with TRZ, MGE, and combo for 72 h were normalized to time 

= 0 h. (n=3) 

 

Figure 6. MGE differentially regulates MAPK/ERK activation and HSP90 in vitro. (a) TRZ-

sensitive SKBR3 and BT-474 and TRZ-resistant HCC1954 and JIMT-1 cells were treated with 

20-30 μg/mL MGE for 24-48 h and p-ERK and total ERK were quantified by western blot 
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analysis; (b) TRZ-sensitive SKBR3 and BT-474 and TRZ-resistant HCC1954 and JIMT-1 cells 

were treated with 20-30 μg/mL MGE for 24-48 h and total HSP90 was quantified by western blot 

analysis; band intensities were normalized to total loaded protein/lane and analyzed using Image 

Lab (BioRad). *p ≤ 0.05, **p ≤ 0.01, ****p ≤ 0.0001, (n=3-4) 

 

Figure 7. Proposed mechanism by which MGE inhibits proliferation of HER2 positive 

breast cancer cells. Reduced HER2 results in decreased AKT activation. AKT stabilizes SKP2 

by phosphorylation, which increases SKP2 and ultimately reduces FOXO transcription factors 

and cyclin-dependent kinase inhibitors (p21 and p27) via ubiquitination and subsequent 

degradation. MGE inhibits AKT activation and reduces SKP2, resulting in increased FOXO 

transcription factors, p21, and p27, cell cycle arrest and reduced proliferation.  
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Figure 7 
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CHAPTER III 

 

Muscadine Grape Extract Prevents TRZ-Induced Cardiotoxicity and Reduces Tumor 

Growth in a TRZ-Resistant HER2 Positive Xenograft 
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Abstract 

Background: Human epidermal growth factor receptor 2 (HER2) positive breast cancer is an 

aggressive type of breast cancer comprising ~20% of diagnosed cases. Trastuzumab (TRZ) is the 

first-line treatment for HER2 positive breast cancer; however, many patients experience primary 

or acquired resistance. TRZ is also cardiotoxic, in part by increasing reactive oxygen species, 

resulting in left ventricular (LV) systolic dysfunction. Grape seed/skin extracts are popular 

dietary supplements due to their potent antioxidant and anti-inflammatory properties. However, 

extracts from muscadine grapes are not extensively studied and data regarding their therapeutic 

effects on cancer and TRZ-induced cardiotoxicity are limited. This study aimed to determine if 

MGE alone and combined with TRZ could inhibit TRZ-resistant HER2 positive breast cancer and 

if MGE could prevent or reduce TRZ-induced cardiotoxicity. 

Methods: Female nude mice injected with TRZ-resistant JIMT-1 cells were treated with 

muscadine grape extract (MGE), TRZ, or a combination. Tumor volume was assessed biweekly 

for five weeks, echocardiography was performed at the end of the study, and tumors and hearts 

were harvested for immunohistochemical and western blot analyses.  

Results: MGE reduced JIMT-1 tumor volume; however, a combination of MGE and TRZ was 

more effective at inhibiting tumor growth. MGE alone and in combination with TRZ was 

associated with reduced AKT activation and increased FOXO3 in tumors. MGE prevented TRZ-

induced reductions in ejection fraction, fractional shortening, and cardiac output. MGE attenuated 

the increase in left ventricle diameter, indicative of dilated cardiomyopathy observed with TRZ 

cardiotoxicity, and decreased 4-HNE and increased SOD1 in the left ventricle.  

Conclusions: MGE combined with TRZ may be an effective therapeutic for TRZ-resistant HER2 

positive breast cancer while preventing TRZ-induced ventricular remodeling and left ventricular 

dysfunction. 
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1. Background 

Breast cancer is the most common cancer among American women, with more than 260,000 new 

cases diagnosed in 2019 [1]. Human epidermal growth factor receptor positive (HER2) breast 

cancer is characterized by overexpression of the HER2 tyrosine kinase receptor and comprises 

approximately 20% of all breast cancer cases [2]. HER2 lacks a specific ligand and 

heterodimerizes with other HER receptors in the cell membrane to become activated. 

Dimerization with HER1, HER3, or HER4 results in autophosphorylation of the cytoplasmic 

domain and activation of downstream signaling such as the protein kinase b (AKT) and mitogen-

activated protein kinase (MAPK/ERK) pathways, leading to increased proliferation and cell 

survival [3]. HER2 positive breast cancer is a particularly aggressive subtype of breast cancer 

associated with poor long-term survival rates [4].  

Trastuzumab (TRZ) is a monoclonal antibody that targets the extracellular domain IV of HER2 

and is currently the first-line treatment for HER2 positive breast cancer. TRZ binds to and inhibits 

HER2 heterodimerization and activation of downstream proliferative/survival pathways such as 

AKT. Additionally, TRZ induces an immune response via antibody-dependent cellular 

cytotoxicity (ADCC) [5].  Even though TRZ is an effective treatment for some patients, many 

patients experience disease progression due to acquired or intrinsic resistance [6]. 

The underlining mechanisms for TRZ resistance are not fully understood, but several studies 

show that aberrant AKT signaling likely contributes [7–10]. The AKT signaling pathway is often 

elevated in HER2 positive breast cancer and is implicated in cancer cell survival, increased 

proliferation, and TRZ resistance [9,11]. Activation of AKT results in increased phosphorylation 

of forkhead box protein (FOXO) transcription factors leading to sequestration in the cytoplasm 

and inhibition of activity [12]. FOXO transcription factors are central regulators of cellular 

homeostasis and suppress tumor growth in a variety of cancers by promoting cell death and 

inducing cell cycle arrest [13]. Furthermore, loss of nuclear FOXO transcription factors by 
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constitutive AKT activation contributes to TRZ resistance in HER2 positive breast cancer cells 

[14].  

In addition to TRZ resistance, up to 20% of patients experience TRZ-induced cardiotoxicity [15]. 

Inhibition of HER2 pro-survival signaling with TRZ alters mitochondrial function, leading to 

contractile dysfunction in cardiomyocytes. In patients, this may result in decreased left ventricular 

(LV) ejection fraction, ventricular dilatation, and thin ventricle walls, ultimately resulting in 

dilated cardiomyopathy [16]. Dilated cardiomyopathy is characterized by LV dilation associated 

with systolic dysfunction [17]. The mechanisms of TRZ-induced cardiotoxicity are not entirely 

understood; however, because TRZ impairs the formation of HER2 heterodimers, cellular defense 

and energy‐generating mechanisms in cardiomyocytes may not function properly with TRZ 

treatment, ultimately leading to the accumulation of reactive oxygen species (ROS) and 

dysfunctional cardiomyocytes [18].  

Dietary polyphenols, mainly found in fruits and vegetables, are widely studied due to their potent 

anti-inflammatory, anti-cancer, and antioxidant properties [19]. In vivo studies using TRZ-

resistant HER2 positive BT-474 xenografts showed that pomegranate polyphenols reduce tumor 

volume and weight by inhibiting AKT signaling and increasing apoptotic proteins [20]. 

Additionally, mango polyphenols reduce AKT activation and inhibit angiogenesis resulting in 

reduced tumor volume [21]. Numerous studies also demonstrate the chemotherapeutic potential 

of extracts prepared from or components isolated from different species of grapes. Polyphenols 

isolated from red wine grapes reduced AKT activity in breast cancer cells [22,23] and 

upregulated FOXO1 and inhibited tumor growth in nude mice [24]. Although preclinical studies 

on the effects of polyphenol supplementation on TRZ cardiotoxicity are limited, a cabernet 

sauvignon grape extract inhibited doxorubicin cardiotoxicity in rats while increasing the 

antioxidants superoxide dismutase (SOD), catalase, and glutathione peroxidase in heart tissue 

[25]. 
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The muscadine grape (Vitis rotundifolia) is native to the southeastern region of the United States 

and is commonly used to produce juice, wine and, preserves [26]. With a unique mix of bioactive 

components including anthocyanins, ellagic acid, gallic acid, flavan-3-ols, and flavonols, 

muscadine grape extracts affect inflammation, cancer, and oxidative stress [27–31]. We 

previously showed that a proprietary muscadine grape extract (MGE) significantly inhibits 

HER2/AKT signaling in TRZ-sensitive and -resistant HER2 positive breast cancer cells, resulting 

in increased FOXO transcription factors and cell cycle arrest [Mackert et al., unpublished results]. 

However, there is no in vivo data on the effects of the muscadine grape on TRZ-resistant HER2 

positive breast cancer. The objective of this study was to determine whether MGE, alone or in 

combination with TRZ, inhibits TRZ-resistant HER2 positive breast cancer in vivo and whether 

MGE can prevent TRZ-induced cardiotoxicity.  

2. Methods 

2.1. Muscadine Grape Extract and Trastuzumab 

A proprietary muscadine grape extract derived from the seeds and skin predominately from the 

Carlos variety was purchased from Piedmont Research and Development (Advance, NC) as 

previously described [32,33]. The extract was dissolved in water and MGE concentrations were 

quantified using the Folin-Ciocalteu method, with gallic acid as the standard [33]. The MGE dose 

is reported as the concentration of total phenolics per milliliter. Trastuzumab was purchased from 

Selleck Chemicals (Cat# A2007). 

2.2. Animal Study 

This animal study was approved by the Wake Forest School of Medicine Animal Care and Use 

Committee (ACAUC). Trastuzumab-resistant human JIMT-1 cells were purchased from 

AddexBio (San Diego, CA) and grown in DMEM supplemented with 10% fetal bovine serum 

(FBS) at 37°C with 5% CO2. The fourth mammary fat pad of five-week-old female athymic mice 
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(Charles River, Wilmington, MA) were injected with 2 x 106 actively growing JIMT-1 HER2 

positive breast cancer cells suspended in Matrigel (50:50) (Corning, Cat # 354248). Mice were 

group-housed with HEPA-filtered air on 12-hour light/dark cycles and fed standard chow ad 

libitum. Tumor size was measured by caliper twice a week in conscious animals, and mice were 

randomized into treatment groups when tumors reached 50 mm3, as determined by caliper 

measurements and using the equation for an ellipse [(4/3)πr3]/2. Four treatment groups were 

randomized: control, MGE (0.1 mg total phenolics/mL in drinking water), TRZ (5 mg/kg/week 

intraperitoneal injection), and a combination of MGE and TRZ. During the final week of 

treatment, mice were individually placed in metabolic cages for 24 h to measure food and water 

consumption. After five weeks of treatment, echocardiography was performed, the mice were 

euthanized, and hearts and tumors were collected for analysis. Mice were euthanized in 

accordance with ACAUC protocol.  

2.3. Immunohistochemistry 

Tumors and hearts were fixed in 4% paraformaldehyde for 24 h and immersed in 70% ethanol 

prior to paraffin embedding and sectioning at 5 µm. Staining for Ki67 (Thermo Fisher Scientific; 

Cat# RM-9106-S; 1:100), p-AKT s473 (Abcam; Cat# ab81283; 1:100), FOXO3 (Cell Signaling; 

Cat# 12829; 1:800), INFγ (Invitrogen; Cat# PA5-95560; 1:100), 4-HNE (Abcam; Cat# ab46545; 

1:250) and SOD1 (Abcam; Cat# ab51254; 1:100) was performed using the streptavidin-biotin 

method. Antibody verification information is provided in Table 1. Slides were deparaffinized in 

xylene, rehydrated through graded alcohols and rinsed in water. Endogenous peroxidase activity 

was quenched by a 5-min incubation in 3% peroxide. Antigen retrieval was performed in Dako 

Target Retrieval Solution (Agilent; Cat# S1699). Slides were then rinsed in phosphate-buffered 

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; Cat # X0909) for 15 min and incubated overnight at 4°C with the primary antibody 
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diluted in NGS. The following day, the 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; Cat # BA-1000) in NGS for 1 h. Slides were subsequently incubated with 

the avidin-biotin complex (Vector Laboratories; Cat # PK-6100) for 30 min, with 3,3′-

diaminobenzidine (DAB; Vector Laboratories; Cat# SK-4100) for 5 min and counterstained with 

Harris Hematoxylin (Newcomer Supply; Cat# 12013C). Slides were dehydrated, cleared and 

mounted with a coverslip. Negative controls with only the secondary antibody were included to 

account for nonspecific binding. DAB positivity was determined using inForm software (Perkin-

Elmer). 

2.4. Western Blot 

The tumors and hearts of mice were harvested for protein quantification and western blot 

analysis. Frozen tissues were cut into 1-2 mm and homogenized in Triton lysis buffer containing 

0.01 mmol/L NaVO4, 0.1 mmol/L phenylmethylsulfonyl fluoride, and 0.6 μmol/L leupeptin. 

Sodium dodecyl sulfate/beta-mercaptoethanol was added and proteins were harvested by 

centrifugation at 5,000 g for 10 min. Protein concentrations in sample homogenates were 

determined using the Bradford Protein Assay with bovine serum albumin as the standard. Equal 

amounts of protein (15 µg) were loaded into each lane and separated by SDS polyacrylamide gel 

electrophoresis using 10% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad; Cat# 4568034). 

Proteins were transferred onto Immun-Blot PVDF (polyvinylidene difluoride) membranes (Bio-

Rad; Cat# 1620174) and incubated with primary antibodies to AKT (Cell Signaling; Cat# 9272; 

1:5000), p-AKT s473 (Cell Signaling; Cat# 9271; 1:5000), FOXO3 (Cell Signaling; Cat# 12829; 

1:1000), INFγ (Invitrogen; Cat# PA5-95560; 1:1000), 4-HNE (Abcam; Cat# ab46545; 1:1000) 

and SOD1 (Abcam; Cat# ab51254; 1:1000). Antibody verification information is provided in 

Table 1. Primary antibodies were diluted in 5% Blotting-Grade Blocker (Bio-Rad; Cat# 1706404) 

in Tris-buffered saline with 0.1% Tween (TBST) and incubated with membranes overnight at 4°C 
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with gentle agitation. Western blots were developed using SuperSignal West Femto Maximum 

Sensitivity Substrate (Thermo Fisher Scientific; Cat# 34096) and imaged using the ChemiDoc 

Touch Imaging System (Bio-Rad). Image Lab Software (Bio-Rad) was used to analyze 

immunoreactive bands, which were then normalized to total protein/lane using a stain-free blot 

[34]. 

2.5. Echocardiography 

Echocardiography was performed using the small animal ultrasound Vevo 2100 High-Resolution 

Imaging System (VisualSonics Fujifilm) with an MS250 (13-24 MHz) transducer. Mice were 

mildly sedated with 1-2% isoflurane and placed on a temperature-controlled platform in the 

recumbent position. Two lead needle electrodes in the right forelimb and hindlimb were used for 

electrocardiographic monitoring and measurement of heart rate. Images were acquired using 

Aquasonic clear ultrasound transmission gel (Parker Laboratory) applied to the chest. Scans of 

the short axis M-mode (at mid-papillary 93 level) were used to quantify systolic function, LV 

internal diameter and LV posterior wall thickness (PWT). Relative wall thickness (RWT) was 

calculated as 2 x PWT divided by the LV internal diastolic diameter. Scans to determine diastolic 

function were taken in Pulse Wave Doppler mode in 4-chamber view to quantify isovolumic E 

(peak velocity of blood flow during early diastole) and tissue Doppler mode in 4-chamber view at 

the level of the mitral annulus was used to measure e’ (peak mitral annular velocity during early 

diastole). Images were analyzed using Visualsonic VevoLab software. 

2.6. Statistical Analyses 

Data are expressed as means ± SEM. Statistical significance was evaluated with a one-way 

analysis of variance (ANOVA) followed by Tukey's post hoc test to compare multiple groups 

using GraphPad Prism 6. A p-value ≤ 0.05 was considered to be statistically significant. 
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Table 1. Antibody Verification. Antibodies used in this study are listed in the left column with 

the corresponding link to verification in the right column. 

Antibody Proof of Verification 

 

p-AKT (s473) 

(#9271) 

Cell Signaling 

 

https://www.antibodypedia.com/gene/135/AKT1/antibody/107903

/9271 

 

 

AKT (#9272) 

Cell Signaling 

 

https://www.antibodypedia.com/gene/135/AKT1/antibody/166716

/9272 

 

 

FOXO3 (#12829) 

Cell Signaling 

 

https://www.antibodypedia.com/gene/3419/FOXO3/antibody/1016

398/12829 

 

 

INFγ (#PA5-

95560)  

Invitrogen 

 

https://www.antibodypedia.com/gene/4154/IFNG/antibody/48798

02/PA5-95560 

 

 

4-HNE 

(#ab46545)  

Abcam 

 

https://www.abcam.com/4-hydroxynonenal-antibody-

ab46545.html 

 

 

Ki67 SP6 (RM-

9106-51) Thermo 

Scientific 

 

https://assets.thermofisher.com/TFS-Assets/APD/Specification-

Sheets/D12537~.pdf 

 

 

SOD1 

(#ab51254)  

Abcam 

 

https://app.benchsci.com/product/Abcam/AB51254/info?product_t

ype=antibody 

 

 

p-AKT (s473) 

(#ab81283) 

Abcam 

 

https://app.benchsci.com/product/Abcam/AB81283/info?product_t

ype=antibody 

 

 

3. Results 

3.1. MGE inhibits TRZ-resistant tumor growth 

Athymic mice bearing TRZ-resistant JIMT-1 tumors in the fourth mammary fat pad were treated 

for five weeks with 0.1 mg total phenolics/mL of MGE in the drinking water, 5 mg/kg IP TRZ 

https://www.antibodypedia.com/gene/135/AKT1/antibody/107903/9271
https://www.antibodypedia.com/gene/135/AKT1/antibody/107903/9271
https://www.antibodypedia.com/gene/135/AKT1/antibody/166716/9272
https://www.antibodypedia.com/gene/135/AKT1/antibody/166716/9272
https://www.antibodypedia.com/gene/3419/FOXO3/antibody/1016398/12829
https://www.antibodypedia.com/gene/3419/FOXO3/antibody/1016398/12829
https://www.antibodypedia.com/gene/4154/IFNG/antibody/4879802/PA5-95560
https://www.antibodypedia.com/gene/4154/IFNG/antibody/4879802/PA5-95560
https://www.abcam.com/4-hydroxynonenal-antibody-ab46545.html
https://www.abcam.com/4-hydroxynonenal-antibody-ab46545.html
https://assets.thermofisher.com/TFS-Assets/APD/Specification-Sheets/D12537~.pdf
https://assets.thermofisher.com/TFS-Assets/APD/Specification-Sheets/D12537~.pdf
https://app.benchsci.com/product/Abcam/AB51254/info?product_type=antibody
https://app.benchsci.com/product/Abcam/AB51254/info?product_type=antibody
https://app.benchsci.com/product/Abcam/AB81283/info?product_type=antibody
https://app.benchsci.com/product/Abcam/AB81283/info?product_type=antibody
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weekly, or a combination of MGE and TRZ. Figure 1a shows changes in tumor growth during the 

five weeks of treatment. Tumor growth was similar among all treatment groups for the first three 

weeks; however, by day 35 MGE alone significantly reduced tumor size by 35.2% compared to 

control (Fig. 1b) [Control (760.4 ± 50.5) vs. MGE (492.9 ± 54.3) mm3; p ≤ 0.01]. TRZ had no 

significant effect on tumor growth (Fig. 1b). However, combination treatment resulted in a 62.8% 

decrease in tumor volume [Control (760.4 ± 50.5) vs. Combo (283.0 ± 41.3) mm3; p ≤ 0.0001], 

which was a significantly greater reduction than treatment with MGE (p ≤ 0.05) or TRZ alone (p 

≤ 0.001) (Fig. 1b). Compared to control, tumor weight was significantly reduced by MGE 

[Control (3.57 ± 0.22) vs. MGE (2.22 ± 0.16) grams; p ≤ 0.01] (Fig. 1c). Combination treatment 

decreased tumor weight as compared to tumors from the other three groups (Control vs. Combo, 

p ≤ 0.001; MGE vs. Combo; TRZ vs. Combo; p ≤ 0.01) (Fig. 1c). TRZ alone had no significant 

effect on tumor weight compared to control (Fig. 1c). No significant difference in body weight 

between treatment groups was observed (Fig. 1d). 

During the final week of treatment, the mice were housed in individual metabolic cages for 24 h 

to determine changes in food and water consumption. Although not statistically significant, mice 

treated with TRZ tended to consume less food than control mice [Control (3.90 ± 0.17) vs. TRZ 

(3.34 ± 0.10) grams], while mice receiving MGE alone (3.85 ± 0.22 grams) or in combination 

with TRZ (4.02 ± 0.18 grams) consumed more food on average than mice receiving TRZ (Fig. 

1d). Water consumption was significantly higher in mice administered MGE or combination as 

compared to control or TRZ treated mice [(Control (4.50 ± 0.14) vs. MGE (5.98 ± 0.28) mL; p ≤ 

0.01); combination (Control (4.50 ± 0.14) vs. Combo (6.18 ± 0.42) mL; p ≤ 0.01)] (Fig. 1d). 

Thus, the addition of MGE to the drinking water did not deter mice from drinking or reduce their 

appetite.  

3.2. MGE reduces TRZ-resistant JIMT-1 tumor proliferation in association with reduced 

AKT activation and increased FOXO3 
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Sections of TRZ-resistant tumors were analyzed by immunohistochemistry (IHC) to determine 

changes in the proliferative marker Ki67 and AKT activation. TRZ decreased Ki67 positive cells 

by 25.4% as compared to control [Control (59.59 ± 4.10) vs. TRZ (44.46 ± 3.20) %; p ≤ 0.05], 

while MGE and combination treatment reduced Ki67 by 68.6% [Control (59.59 ± 4.10) vs. MGE 

(18.7 ± 2.56) %; p ≤ 0.0001] and 80.0% [Control (59.59 ± 4.10) vs. Combo (11.91 ± 1.07) %; p ≤ 

0.0001], respectively (Fig. 2a). AKT activation was not significantly reduced by TRZ treatment. 

MGE reduced p-AKT (s473) by 78.9% [Control (26.66 ± 5.11) vs. MGE (5.60 ± 1.63) %; p ≤ 

0.0001] and combination treatment resulted in a 95.3% reduction [Control (26.66 ± 5.11) vs. 

Combo (1.24 ± 0.38) %; p ≤ 0.0001)](Fig. 2b) as compared to control. Western blotting was also 

performed to confirm IHC results. Similar to IHC data, AKT activation was not affected by TRZ 

but was reduced 72% by MGE (Control vs. MGE; p ≤ 0.01) and 71% by combination treatment 

(Control vs. Combo; p ≤ 0.01) (Fig. 2c). Treatment with MGE or the combination also reduced p-

AKT (s473) to a greater extent than TRZ alone (TRZ vs. MGE; p ≤ 0.05; TRZ vs. Combo; p ≤ 

0.05). These results support our previous data showing that MGE or combination reduce AKT 

activation significantly in vitro (Mackert et al., unpublished results). Additionally, TRZ had no 

effect on AKT phosphorylation (s473), which is characteristic of TRZ-resistant cells. 

We previously showed that MGE increases FOXO3 in JIMT-1 cells (Mackert et al., unpublished 

results). Regulation of FOXO3 by MGE was determined in TRZ-resistant JIMT-1 tumors by 

immunohistological analysis. MGE treatment resulted in a 6-fold increase in FOXO3 [Control 

(3.67 ± 0.94) vs. MGE (22.0 ± 1.01) %; p ≤ 0.0001] (Fig. 3a). Combination treatment also 

increased FOXO3 6-fold [Control (3.67 ± 0.94) vs. Combo (23.30 ± 1.58) %; p ≤ 0.0001], but no 

significant change was observed with TRZ treatment alone (Fig. 3a). Western blot analysis 

confirmed the IHC results; FOXO3 was significantly increased 4.2-fold by MGE (Control vs. 

MGE; p ≤ 0.001) and 4.7-fold by combination treatments (Control vs. Combo; p ≤ 0.001) (Fig. 

3b).  
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3.3. Effects of MGE and/or TRZ on INFγ in JIMT-1 tumors 

Interferon-gamma (INFγ) was quantified by IHC and western blot to identify a potential immune 

response in tumors. Even in resistant tumors, TRZ can induce an immune response and INFγ is a 

cytokine produced by natural killer cells in response to ADCC [35]. Immunohistological analysis 

showed that both TRZ [Control (1.09 ± 0.67) vs. TRZ (4.46 ± 0.95) %; p ≤ 0.05] and the 

combination [Control (1.09 ± 0.67) vs. Combo (4.63 ± 0.98) %; p ≤ 0.05] markedly increased 

INFγ 4-fold in JIMT-1 tumors while MGE alone had no significant effect (Fig. 3c). Western blot 

analysis showed similar results with a significant 4-fold increase by TRZ (Control vs. TRZ; p ≤ 

0.01) or the combination (Control vs. Combo; p ≤ 0.001) treatments (Fig. 3d). These data suggest 

that the synergistic effects observed with combination treatment may be due to a TRZ-induced 

immune response as well as anti-proliferative effects regulated by MGE. 

3.4. MGE prevents TRZ-induced reduction of left ventricular systolic function 

TRZ treatment can result in cardiotoxicity, characterized by reduced left ventricular systolic 

function [36]. Mice underwent echocardiography during the fifth week of treatment to evaluate 

changes in cardiac function by TRZ and MGE administration. Representative images of short-

axis M-mode scans of the LV are shown in Fig. 4a. Visually, TRZ treated mice exhibited an 

increased left ventricular internal diameter during contraction, which indicates a reduction in 

systolic function. Ejection fraction was reduced by 33% in TRZ treated mice [Control (79.18 ± 

3.26) vs. TRZ (53.07 ± 8.67) %; p ≤ 0.01], which was attenuated by combination administration 

[(TRZ (53.07 ± 8.67) vs. Combo (79.68 ± 1.08) %; p ≤ 0.01] (Fig. 4b). Fractional shortening was 

decreased 33.6% by TRZ (Control [49.77 ± 2.34) vs. TRZ (33.03 ± 2.03) %; p ≤ 0.01] which was 

prevented by the combination [TRZ (33.03 ± 2.03) vs. Combo (45.10 ± 2.57) %; p ≤ 0.05] (Fig. 

4b). Cardiac output was significantly reduced by 51% after TRZ treatment [Control (17.92 ± 

0.66) vs. TRZ (8.77 ± 1.04) mL/min; p ≤ 0.0001] which was attenuated by combination treatment 

[TRZ (8.77 ± 1.04) vs. Combo (18.84 ± 0.66) mL/min; p ≤ 0.0001] (Fig. 4b). No significant 
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differences were associated with MGE treatment compared to control or combination, indicating 

that MGE alone has no deleterious effects on the heart.  Further, these data suggest that the 

extract may prevent TRZ-induced cardiotoxicity.  

3.5. Effects of MGE and/or TRZ on left ventricular dimension and function 

LV dimensions were measured by echocardiography because TRZ treatment can result in dilated 

cardiomyopathy. TRZ significantly increased LV internal diameter during systole [Control (1.91 

± 0.09) vs. TRZ (2.82 ± 0.14) mm; p ≤ 0.0001] and diastole [Control (3.36 ± 0.21) vs. TRZ (4.19 

± 0.11) mm; p ≤ 0.01] (Fig. 5a). MGE administration significantly prevented the TRZ-induced 

increase in LVID during systole [TRZ (2.82 ± 0.14) vs. Combo (2.22 ± 0.11) mm; p ≤ 0.01] and 

partially attenuated the increase in LVID by TRZ during diastole [TRZ (4.19 ± 0.11) vs. Combo 

(3.85 ± 0.06) mm] (Fig. 5a). Relative wall thickness (RWT) was significantly decreased in the 

hearts of mice treated with TRZ [Control (0.43 ± 0.03) vs. TRZ (0.30 ± 0.01); p ≤ 0.01] and the 

addition of MGE significantly prevented the decrease in RWT [TRZ (0.30 ± 0.01) vs. Combo 

(0.42 ± 0.01); p ≤ 0.05] (Fig. 5a). TRZ significantly increased end-systolic volume [Control 

(12.42 ± 0.91) vs. TRZ (26.02 ± 2.29) μL; p ≤ 0.001] and end-diastolic volume [Control (48.69 ± 

4.68) vs. TRZ (78.68 ± 5.10) μL; p ≤ 0.001] (Fig. 5b). Combination treatment significantly 

prevented the increase in blood volume during systole [TRZ (26.02 ± 2.29) vs. Combo (15.14 ± 

1.26) μL; p ≤ 0.01] and partially attenuated the increase in blood volume during diastole [TRZ 

(78.68 ± 5.10) vs. Combo (64.04 ± 2.43) μL] (Fig. 5b). No significant differences were associated 

with MGE compared to control or combination treatments. These data suggest that MGE 

treatment may prevent TRZ-induced dilated cardiomyopathy. 

Reduced RWT is associated with eccentric hypertrophy, characterized by increased heart and LV 

mass and fibrosis [37]. No significant differences in collagen I and Picrosirius red positivity were 

observed by immunohistochemical analysis (data not shown), and no changes in LV mass and 

heart/body weight ratio were detected among treatment groups (Fig. 5c). Additionally, no change 
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in diastolic function, determined by E/E’ ratio, was observed between treatment groups (data not 

shown). These data indicate that TRZ treatment results in dilated cardiomyopathy and left 

ventricular systolic dysfunction in the absence of significant hypertrophy or fibrosis. 

3.6. MGE prevents TRZ-induced oxidative stress and increases the antioxidant SOD1 in the 

left ventricle 

Immunohistological and western blot analysis was performed on heart tissues to identify potential 

mechanisms for the cardioprotective effects of MGE. 4-hydroxynonenal (4-HNE), a product of 

lipid peroxidation and a marker of oxidative stress, was markedly increased by TRZ [Control 

(0.03 ± 0.01) vs. TRZ (5.18 ± 1.19) %; p ≤ 0.0001] which was attenuated by the addition of MGE 

[TRZ (5.18 ± 1.19) vs. Combo (0.07 ± 0.03) %; p ≤ 0.0001] (Fig. 6a). In agreement with IHC 

results, western blot analysis showed that TRZ markedly increased 4-HNE 4.7-fold (Control vs. 

TRZ; p ≤ 0.001) and combination treatment prevented this increase [TRZ vs. Combo; p ≤ 0.001] 

(Fig. 6b). MGE alone did not affect 4-HNE in the heart. Although not statistically significant, 

TRZ treatment tended to decrease the antioxidant SOD1 in the heart [Control (5.26 ± 1.64) vs. 

TRZ (0.48 ± 0.25) %] (Fig. 6c). MGE alone significantly increased SOD1 [Control (5.26 ± 1.64) 

vs. MGE (23.97 ± 2.66) %; p ≤ 0.0001] and combination treatment restored SOD1 back to control 

level [Control (5.26 ± 1.64) vs. Combo (8.60 ± 1.29) %]. Additionally, the combination treatment 

significantly increased SOD1 compared to TRZ alone [TRZ (0.48 ± 0.25) vs. Combo (8.60 ± 

1.29) %; p ≤ 0.05] (Fig. 6c). Western blot analysis showed similar results as the IHC staining; 

although not statistically significant, SOD1 was decreased by 50% with TRZ treatment compared 

to control. MGE alone increased SOD1 2-fold (Control vs. MGE; p ≤ 0.001) and combination 

treatment increased SOD1 2.4-fold compared to TRZ alone [TRZ vs. Combo; p ≤ 0.05] (Fig. 6d). 

These data suggest that antioxidant mechanisms likely contribute to the cardioprotective effects 

of MGE in TRZ-treated mice.  

4. Discussion 
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For the first time, we showed that a muscadine grape extract has significant antitumor effects on 

HER2 positive breast cancer in vivo. A five-week treatment with MGE alone reduced tumor 

volume and weight in a TRZ-resistant JIMT-1 xenograft. However, the combination of TRZ and 

MGE reduced tumor volume and weight to a greater extent than MGE or TRZ alone. In 

agreement, other studies show that combining polyphenols or extracts from natural products with 

traditional anti-cancer therapies has synergistic effects in vivo [38–41]. Although there are few 

studies evaluating the synergistic potential of polyphenols and TRZ in vivo, Menendez et al. 

demonstrated that polyphenols in extra virgin olive oil reversed acquired TRZ resistance and had 

synergistic effects when combined with TRZ in HER2 positive SKBR3 cells [42]. We previously 

showed that MGE has significant anti-proliferative effects in TRZ-resistant HER2 positive cell 

lines [Mackert et al., unpublished results]; however, we now report, for the first time, that a 

muscadine grape extract significantly inhibits TRZ-resistant HER2 positive breast cancer growth 

in vivo and has enhanced effects when combined with TRZ.   

Both MGE and TRZ had significant effects on Ki67, a marker of proliferation, in JIMT-1 tumors. 

Interestingly, while TRZ treatment did not significantly reduce tumor volume, there was a small 

but significant reduction in Ki67 in tumors, as detected by IHC. However, MGE and the 

combination treatment reduced proliferating tumor cells to a greater extent than TRZ alone. 

Although JIMT-1 cells are TRZ-resistant, the reduction in Ki67 may be attributed to the 

immunomodulatory effects of TRZ. TRZ-induced ADCC recruits natural killer cells which may 

reduce proliferating tumor cells and account for the decrease in Ki67 following TRZ treatment 

[43].  

MGE and the combination treatment significantly reduced AKT activation in JIMT-1 tumors, but 

no effect on AKT activation by TRZ treatment alone was observed. JIMT-1 cells have an 

activating mutation in the PIK3CA gene resulting in the constitutive activation of 

phosphoinositide 3-kinase (PI3K) and increased downstream AKT activation, which may 
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contribute to JIMT-1 intrinsic TRZ resistance and account for the inability of TRZ alone to 

reduce p-AKT [44]. Despite the PIK3CA mutation, MGE and the combination treatment 

markedly reduced AKT activation and the number of proliferating JIMT-1 tumor cells to a greater 

extent than TRZ alone.  

Reduced FOXO3 is common in breast cancer cells and is due to aberrant AKT signaling, which 

results in FOXO3 ubiquitination and degradation [45]. In agreement with decreased AKT 

activation, FOXO3 was significantly increased by MGE or the combination treatment in JIMT-1 

tumors. FOXO3 is an important cell cycle regulator, and increased FOXO3 inhibits the 

proliferation, tumorigenic potential, and invasiveness of cancer cells [46], all of which may 

contribute to the anti-proliferative effects of MGE in vivo. Additionally, over 40 characterized 

substrates for AKT have been identified, most of which are involved in proliferation, apoptosis, 

and metabolism [47], suggesting that MGE's ability to reduce AKT activation likely has 

pleiotropic effects in HER2 positive breast cancer.  

INFγ is a cytokine produced by natural killer cells in response to ADCC and is associated with 

anti-proliferative, pro-apoptotic, and antitumor activity [48]. TRZ and the combination treatment 

resulted in a significant increase in INFγ in JIMT-1 tumors, indicating that TRZ may induce an 

immune response in TRZ-resistant tumors. MGE alone had no effect on INFγ in JIMT-1 tumors, 

suggesting that MGE may not induce an immune response via natural killer cells. Thus, the TRZ-

induced immune response and reduction of AKT activation by MGE administration may 

contribute to the enhanced effects of combination treatment in vivo and indicates that these 

treatments could be used in combination to inhibit TRZ-resistant HER2 positive breast cancer.   

In addition to the anti-cancer effects of MGE, the extract also prevented TRZ-induced 

cardiotoxicity in tumor-bearing mice. TRZ significantly decreased LV ejection fraction, fractional 

shortening, and cardiac output after five weeks of treatment, which was prevented by the addition 

of MGE. MGE also attenuated the TRZ-induced decrease in RWT and increases in both the LV 
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internal diameter and end-systolic and –diastolic volume, indicative of dilated cardiomyopathy 

[17]. In many patients, TRZ cardiotoxicity may be reversed by discontinuing treatment; however, 

patients then become vulnerable to cancer progression. Because the addition of MGE attenuated 

TRZ-induced LV dysfunction and prevented changes in LV dimensions, MGE may be an 

effective adjuvant to prevent cardiotoxicity and allow patients to remain on TRZ. Additionally, 

the anti-cancer and cardioprotective actions of MGE highlight the pleiotropic effects of the 

extract as a potential therapeutic.   

Dilated cardiomyopathy can result in eccentric hypertrophy, characterized by fibrosis and 

increased heart and left ventricular mass. Both collagen I and Picrosirius red positivity were 

assessed to determine changes in fibrosis, and no significant differences between treatment 

groups were observed. Additionally, no significant differences in LV mass and heart/body weight 

ratio were detected among treatment groups. In support of our data, a study by Narayan et al. 

found that breast cancer patients receiving TRZ had no significant change in LV mass after three 

years of follow-up [49], indicating that TRZ administration may result in eccentric 

remodeling/dilation without hypertrophy or pathological fibrosis. Additionally, volume overload 

(eccentric hypertrophy) is generally less profibrotic than pressure overload associated with 

concentric hypertrophy [50], further supporting our hypothesis. 

4-HNE and SOD1 were quantified in the left ventricle to determine potential mechanisms 

underlying cardioprotective effects of MGE. 4-HNE was significantly increased by TRZ, which 

was prevented by the addition of MGE, in agreement with several studies showing that TRZ 

increases 4-HNE both in vitro and in vivo [18,51,52]. ROS generated by cardiomyocytes react 

with polyunsaturated fatty acids in the cell membrane and form the by-product 4-HNE, ultimately 

resulting in cellular dysfunction and tissue damage [53]. Under normal conditions, cardiomyocyte 

pro-survival signaling, such as the HER2/AKT pathway, protects the cell from increased ROS; 

however, TRZ inhibits HER2/AKT signaling in cardiomyocytes resulting in increased ROS and 
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4-HNE accumulation [36]. The abundant polyphenols found in MGE can donate hydrogen atoms, 

thus reducing ROS and subsequent 4-HNE formation [54], which is likely one of the mechanisms 

underlying the prevention of TRZ-induced 4-HNE accumulation in the heart by MGE.  

In addition to reducing oxidative stress, MGE treatment resulted in a significant increase in SOD1 

in the left ventricle. SOD1 is an antioxidant that catalyzes the reduction of superoxide to less 

reactive hydrogen peroxide. TRZ reduced SOD1, although the reduction was not statistically 

significant compared to control; however, the addition of MGE to TRZ significantly increased 

SOD1 compared to TRZ alone and resulted in levels similar to control mice. These data suggest 

that MGE may exert its cardioprotective effects through antioxidant mechanisms. 

For the first time, the in vivo antitumor and cardioprotective effects of MGE alone and in 

combination with TRZ were evaluated in TRZ-resistant HER2 positive breast cancer. Because the 

HER2 subtype of breast cancer comprises approximately 20% of all breast cancer cases and 

HER2 amplification is also found in several other types of cancer [55], MGE may be an effective 

therapy for a variety of patients. In addition, few TRZ cardiotoxicity studies evaluate treatments 

in tumor-bearing mice, which is needed to determine if the treatment has unintended effects on 

the tumor. In the present study, we showed that the addition of MGE protects the heart from 

TRZ-induced cardiotoxicity while having enhanced antitumor effects. Combination treatment 

with typical anti-cancer drugs is common; however, combined drug therapies often result in 

increased side effects and toxicity. In contrast, extracts from natural products are generally safe 

with minimal side effects. Thus, the addition of MGE to targeted therapies such as TRZ may 

increase efficacy and reduce toxicity in HER2 positive breast cancer patients. 

5. Conclusion 

In summary, MGE alone or in combination with TRZ reduced tumor volume and AKT activation 

and increased the tumor suppressor FOXO3 in a TRZ-resistant JIMT-1 xenograft. Combination 
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treatment reduced tumor volume to a greater extent than MGE alone, which may be due to the 

immunological effects of TRZ. Additionally, MGE prevented TRZ-induced reductions in LV 

function and increases in LV diameter. Although we demonstrated several mechanisms that may 

contribute to the antitumor effects of MGE and combination treatment in vivo, additional studies 

are needed to determine whether AKT inhibition, increased FOXO3, and ADCC are the main 

drivers for these effects. Further studies are also needed to determine whether the cardioprotective 

effects of MGE treatment result from the proposed antioxidant mechanisms. 
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Figure Legends 

 

Figure 1. Effects of MGE and TRZ treatment on JIMT-1 tumors and metabolic parameters. 

MGE and combo inhibits tumor growth in vivo. Female nude mice bearing JIMT-1 tumors were 

treated with 0.1 mg phenolics/mL of MGE, 5 mg/kg IP TRZ, or combination for 5 weeks. Tumor 

volume was measured by caliper twice a week (a). Tumor volume was measured at the end of 5 

weeks (b), and tumors were subsequently harvested and weighed (c). Prior to sacrifice, mice were 

weighed to determine differences in body weight (d). During the 5
th
 week of treatment, mice were 

individually placed in metabolic cages for 24 h to determine changes in food and water 

consumption (d). (n=5-6) *p≤0.05, **p≤0.01, ***p≤0.001, ****p≤0.0001 

 

Figure 2. MGE and combo reduces Ki67 and AKT activation in JIMT-1 xenograft. Tumors 

were harvested after 5 weeks of treatment, fixed in 4% paraformaldehyde for 24 hours and 

immersed in 70% ethanol prior to paraffin embedding and sectioning at 5 µm.  

Immunohistological analysis of Ki67 (a) and phospho-AKT (s473) (b) is shown as brown 3,3′-

diaminobenzidine (DAB) staining in representative images (40x) and quantified using inForm 

software. Phospho-AKT (s473) in tumors was quantified by western blot (c); band intensities 

were normalized to total loaded protein/lane and analyzed using Image Lab (BioRad). (n=4-6) *p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001 

 

Figure 3. Effects of MGE and/or TRZ on FOXO3 and INFγ levels in JIMT-1 tumors. 

Tumors were harvested after 5 weeks of treatment, fixed in 4% paraformaldehyde for 24 hours 

and immersed in 70% ethanol prior to paraffin embedding and sectioning at 5 µm.  

Immunohistochemistry (a) and western blot (b) was performed to determine changes in FOXO3 

in tumors. INFγ levels were also determined by immunohistochemistry (c) and western blot (d). 

FOXO3 and INFγ are shown as brown 3,3′-diaminobenzidine (DAB) staining in representative 
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images (40x) and quantified using inForm software. For western blots, band intensities were 

normalized to total loaded protein/lane and analyzed using Image Lab (BioRad). (n=5-6) *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p≤0.0001 

 

Figure 4. MGE prevents TRZ-induced reduction of left ventricular systolic function in vivo. 

After 5 weeks of treatment, mice were sedated and echocardiography was performed to assess 

changes in left ventricular systolic function. Left ventricular function was assessed in short axis 

M-mode using the Vevo 2100 High-Resolution Imaging System with a MS250 (13-24 MHz) 

transducer. Representative images of short axis M-mode scans (a) are shown. Using Visualsonic 

VevoLab software, scans were analyzed and ejection fraction, fractional shortening and cardiac 

output were quantified (b). (n=5-6) **p≤0.01, ****p≤0.0001; # significant compared to TRZ  

 

Figure 5. Effects of MGE treatment on parameters of TRZ-induced cardiotoxicity in vivo. 

After 5 weeks of treatment, mice were sedated and echocardiography was performed to assess 

changes in left ventricular function. Left ventricular function was assessed in short axis M-mode 

using the Vevo 2100 High-Resolution Imaging System with a MS250 (13-24 MHz) transducer. 

Using Visualsonic VevoLab software, scans were analyzed and LV diameter and relative wall 

thickness (a), volume of blood in LV (b), LV mass and heart/body weight ratio (c) were 

quantified. Relative wall thickness was calculated as 2 x LV posterior wall thickness divided by 

the LV internal diastolic diameter. Heart/body weight ratio was calculated by dividing heart 

weight (mg) by mouse body weight (g) at the time of sacrifice. (n=5-6) **p≤0.01, ***p≤0.001, 

****p≤0.0001; # significant compared to TRZ 

 

Figure 6. MGE prevents TRZ-induced oxidative stress and increases the antioxidant SOD1 

in the left ventricle. Hearts were harvested after 5 weeks of treatment, fixed in 4% 

paraformaldehyde for 24 hours and immersed in 70% ethanol prior to paraffin embedding and 
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sectioning at 5 µm. Immunohistochemistry (a) and western blot (b) was performed to determine 

changes in 4-HNE in the left ventricle. SOD1 levels were also determined by 

immunohistochemistry (c) and western blot (d). 4-HNE and SOD1 are shown as brown 3,3′-

diaminobenzidine (DAB) staining in representative images (40x) and quantified using inForm 

software. For western blots, band intensities were normalized to total loaded protein/lane and 

analyzed using Image Lab (BioRad). (n=5-6) ***p ≤ 0.001, ****p≤0.0001; # significant 

compared to TRZ 
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Figure 5 

 

 

 



141 
 

Figure 6 

 

 

 

 

 

 

 

 

 

 



142 
 

CHAPTER IV 

 

DISCUSSION 

 

 

Summary 

The goals of this research project were to determine whether MGE inhibits HER2 

positive breast cancer, to assess if a combination treatment with TRZ and MGE has synergistic 

effects, and to elucidate potential mechanisms of action. An additional aim was to determine 

whether MGE is cardioprotective for TRZ-induced cardiotoxicity. Chapter 2 showed that MGE 

alone inhibited the proliferation of two TRZ-sensitive and two TRZ-resistant human HER2 

positive breast cancer cell lines. MGE treatment resulted in cell cycle arrest in all four cell lines 

while differentially inhibiting HER2/AKT signaling. In addition, the combination of MGE and 

TRZ was synergistic in TRZ-sensitive SKBR3 cells at five different dose combinations. The in 

vitro findings were then confirmed in vivo; MGE inhibited TRZ-resistant tumor growth and was 

associated with reduced AKT activation. Combination treatment with MGE and TRZ had 

enhanced effects and inhibited tumor volume to a greater extent than either treatment alone.  

In addition to antitumor effects, MGE was cardioprotective in tumor-bearing mice treated 

with TRZ. Treatment with TRZ reduced LV ejection fraction, fractional shortening, and cardiac 

output, which MGE attenuated. TRZ increased LV internal diameter during systole and diastole 

and decreased relative wall thickness, which were prevented by treatment with MGE. 

Additionally, MGE increased the antioxidant SOD1 and prevented the TRZ-induced increase in 

4-HNE in the left ventricle, suggesting potential antioxidant mechanisms contributing to the 

cardioprotective effects of the extract.  

MGE Mechanisms of Action in vitro 

HER2 

MGE inhibited proliferation in vitro in association with a decrease in total HER2. MGE 

reduced total HER2 by at least 50% in TRZ-resistant HCC1954 cells and TRZ-sensitive SKBR3 
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and BT-474 cells. While total and phospho-HER2 were reduced, there was no significant 

difference in the phospho/total ratio (data not shown), which indicates that MGE decreases total 

HER2 but not activation of the remaining HER2 receptors in vitro. In agreement with our 

findings, several studies show that polyphenols reduce HER2 protein in HER2 positive breast 

cancer cells [1–4]. Extra-virgin olive oil phenolics [2], genistein [5], and resveratrol [6] all 

decreased total HER2 in TRZ-sensitive HER2 positive breast cancer cells. However, we are the 

first to show that a muscadine grape extract can significantly reduce HER2 in both TRZ-resistant 

and TRZ-sensitive cell lines.  

The ability of polyphenols to disrupt lipid rafts in the cell membrane may be a 

mechanism for the reduction of HER2 by MGE [7]. Flavonoids, present in MGE, readily 

accumulate in lipid rafts and interfere with the recruitment and activation of various receptor 

tyrosine kinases [8]. HER2 localizes in lipid rafts to increase dimerization and activation and 

prevent internalization and degradation [9–11]. Thus, components present in MGE may 

accumulate in lipid rafts to promote HER2 degradation, resulting in decreased HER2. 

Polyphenols can also directly bind to receptor tyrosine kinases to prevent activation and promote 

internalization and degradation by binding to the ligand-binding domain [12, 13]; however, HER2 

ligand-binding domains I and III interact with each other to block ligand binding [14]. Thus, it is 

unlikely that a component in MGE is directly binding to HER2 to promote degradation and more 

likely that MGE may be interfering with HER2 stability via lipid raft disruption.  

Another potential mechanism for the effects of MGE on HER2 may be Hsp90 inhibition. 

Hsp90 is a chaperone protein required for HER2 stabilization, and disruption of Hsp90 results in 

significant degradation of HER2 [15]. The polyphenol EGCG is a potent Hsp90 C-terminus 

inhibitor that prevents dimerization of Hsp90 with client proteins [16–18]. We show that, in TRZ-

sensitive cell lines, MGE had no effect on total Hsp90 but reduced total HER2, which is 

characteristic of C-terminal Hsp90 inhibition [19] and indicates that a component in MGE may be 

acting as a direct Hsp90 inhibitor. 
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In contrast, MGE significantly reduced Hsp90 in both TRZ-resistant cell lines, which 

may result from transcriptional regulation and requires further investigation. While MGE reduced 

total HER2 in TRZ-resistant HCC1954 cells, there was no significant change in TRZ-resistant 

JIMT-1 cells, despite decreased Hsp90. JIMT-1 cells have reduced membrane HER2 and 

increased nuclear HER2 [20]. Because degradation of HER2 following Hsp90 inhibition occurs 

either in the endoplasmic reticulum or the plasma membrane, JIMT-1 cells may evade the effects 

of the extract on total HER2 due to increased nuclear HER2 [21]. Additionally, the potential for 

MGE to disrupt lipid rafts and promote HER2 degradation would have little to no effect in JIMT-

1 cells, which exhibit reduced membrane HER2.  

 AKT Activation 

A significant reduction in AKT activation following MGE treatment was observed in all 

four cell lines. Several natural products, including curcumin [22], resveratrol [23], EGCG [24], 

quercetin [25], and grape extracts [26], are potent inhibitors of PI3K/AKT signaling in lung, 

brain, cervical, and breast cancers, respectively. Dietary grape polyphenols inhibited triple-

negative breast cancer metastasis in vivo, in part by inhibiting AKT activation [26], and a grape 

seed proanthocyanidin extract reduced AKT activation to the same extent as LY294002 (PI3K 

inhibitor) in human acute myeloid leukemia cell lines [27]. Additionally, our laboratory 

previously demonstrated that MGE inhibits AKT activation in human triple-negative breast 

cancer cell lines [28]. The present findings are in agreement and demonstrate that a component in 

MGE is directly or indirectly attenuating AKT activation in HER2 positive breast cancer cells. 

The reduction in phospho-AKT (Ser473) may result from decreased HER2, which would 

affect AKT activation; however because JIMT-1 cells had no change in HER2, this may not be 

the primary mechanism for reduced phospho-AKT, at least in JIMT-1 cells. Flavonoids present in 

the extract may bind to protein kinases such as AKT and directly inhibit their activation by 

binding to their ATP-binding site [29]. Based on our results, a component in MGE may be a 

direct AKT inhibitor since every cell line exhibited markedly reduced AKT activation. However, 
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MGE may also inhibit the activation of upstream components of the AKT pathway, such as PI3K. 

PI3K converts PIP2 to PIP3 and results in the activation of mTORC2 and subsequent AKT 

phosphorylation at Ser473 [30]. 

MGE may also increase protein phosphatases such as protein phosphatase 2A (PP2A) or 

the PH domain leucine-rich repeat-containing protein phosphatases (PHLPP). PP2A preferentially 

dephosphorylates AKT at Thr308 but, under certain conditions, it can also dephosphorylate the 

Ser473 residue [30, 31]. PHLPP is another phosphatase that dephosphorylates AKT at Ser473 and 

represents another potential mechanism for the reduction in AKT activation by the extract [32]. 

Wei et al. showed that catechins, present in MGE, increased the level and activity of PP2A in 

human mesenchymal stem cells [33].  

PTEN is another phosphatase that is an essential regulator of AKT activation by 

preventing the conversion of PIP2 to PIP3 [34]. As PIP3 is ultimately responsible for the 

downstream activation of AKT at Thr308 (via PDK1) and Ser473 (via mTORC2), preventing this 

conversion by upregulating PTEN was studied as a potential cancer therapeutic [35]. Gallic acid 

[36], resveratrol [37], blueberry extract [38], and soy isoflavones [39] all increase PTEN in 

cancer cells; thus, components present in MGE may increase PTEN and participate in the 

reduction in AKT activation. Our results suggest that further investigation of a potential role for 

protein phosphatases in the anti-proliferative effects of MGE is warranted. 

 SKP2 

Downstream from AKT, MGE treatment significantly reduced SKP2 in all four cell lines. 

SKP2 is an oncoprotein and is often overexpressed in breast, prostate, colorectal, and pancreatic 

cancers [40]. Furthermore, SKP2 expression is a biomarker for poor prognosis in breast cancer 

[41]. AKT directly regulates SKP2 stability and subcellular localization by phosphorylation. 

SKP2 phosphorylation at Ser72 by AKT reduces the interaction between SKP2 and importin, 

resulting in the stabilization of SKP2 and its retention in the cytoplasm [42]. Cytoplasmic 

localization of SKP2 is observed in clinical tumor samples and correlates with aggressive disease 
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and poor prognosis [43–45]. Additionally, phosphorylation by AKT prevents SKP2 degradation 

by interfering with the SKP2-APC/Cdh1 ubiquitin ligase complex association, ultimately leading 

to increased SKP2 [42].  

Increased SKP2 is also associated with TRZ resistance and metastasis in vivo, and SKP2 

knockout mice are more sensitive to TRZ treatment [46]. Aberrant AKT activation is one of the 

primary mechanisms contributing to TRZ resistance. In addition to the AKT-mediated promotion 

of SKP2 stabilization, SKP2 increases AKT activity via ubiquitination and subsequent 

recruitment of AKT to the cell membrane [46, 47], which further drives aggressiveness and TRZ 

resistance in HER2 positive breast cancer. Thus MGE may directly inhibit AKT activation, 

resulting in reduced SKP2, further potentiating phospho-AKT reduction. Additionally, AKT can 

increase SKP2 gene expression by regulating E2F and its ability to bind to the SKP2 promoter 

[48], which may be another potential mechanism for the MGE-induced decrease in SKP2 via 

reduced AKT activation. In agreement with our findings, other polyphenols such as gallic acid 

[49] and curcumin [50, 51] also reduce SKP2 in cancer cells. The reduction in both AKT 

activation and SKP2 in four different HER2 positive cell lines highlights the potential of MGE to 

treat both TRZ-resistant and TRZ-sensitive breast cancer. 

 FOXO Transcription Factors and Cyclin-Dependent Kinase Inhibitors 

In association with reduced SKP2, MGE differentially increased FOXO1, FOXO3, p21, 

and p27 in all four cell lines examined. SKP2 is a critical component of the SCF E3 ubiquitin 

ligase complex, which induces protein ubiquitination and subsequent proteasome-dependent 

degradation of FOXOs, p21, and p27 [52]. SKP2 predominantly recognizes and binds to target 

proteins via phosphorylation at specific residues; AKT phosphorylates FOXO1 at Ser256 [53], 

and cyclin E/CDK2 complexes phosphorylate p21 at Ser130 [54] and p27 on Thr187 [55] to 

promote SKP2-mediated ubiquitination and degradation. In contrast, SKP2 targets FOXO3 via 

sirtuin-induced deacetylation [56].  
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Polyphenols increase FOXO transcription factors in vitro and in vivo [57–59]. The green 

tea polyphenol EGCG increased FOXO3 in HER2 overexpressing breast cancer cells, which 

inhibited epithelial to mesenchymal transition [57]. Apigenin inhibited prostate tumor growth and 

metastasis in mice, in part by reducing AKT activation and increasing FOXO3 [60]. The ability 

of MGE to increase FOXO1 and FOXO3 is likely due to inhibition of AKT activation and 

subsequent SKP2-mediated degradation since FOXO regulation is primarily a result of post-

translational modifications and degradation [61]. This may also be true for p21 and p27. 

However, their increase may be due to transcriptional regulation. FOXOs, which were increased 

differentially in HER2 positive cell lines by MGE, promote the transcription of both p21 and p27. 

However, it is likely that a combination of these mechanisms accounts for the effects of the 

extract as cell lines differentially expressed FOXO proteins and cyclin-dependent kinase 

inhibitors in vitro. 

 Cell Cycle 

MGE treatment resulted in cell cycle arrest in all four cell lines examined, although the 

arrest occurred in different phases of the cell cycle. These differences may be attributed to 

variable amounts of FOXOs, p21, and p27 in each cell line. Incubation with MGE resulted in S-

phase arrest in BT-474 cells, which is the only cell line that did not have a significant increase in 

FOXO transcription factors. Interestingly, MGE treatment resulted in a significant increase in p21 

and not p27 in BT-474 cells, which may result from reduced SKP2. Increased p21 could also be 

due to increased p53 activation [62], which should be further explored. Several studies show that 

increased p21 can result in S-phase cell cycle arrest [62, 63], which is in agreement with our 

findings in BT-474 cells.  

MGE treatment of SKBR3 and HCC1954 cells resulted in G1 cell cycle arrest. These cell 

lines all exhibited increased FOXO1, FOXO3, p21, and p27, which may explain their similar 

behavior. FOXOs increase both p21 and p27, which have effects on every phase of the cell cycle. 

In contrast, JIMT-1 cells were arrested in G2/M, which may be due to increased FOXO3 
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following MGE treatment. Activation of FOXO3 during S-phase transition induces G2/M cell 

cycle arrest [64], and MGE increased FOXO3 but not FOXO1 in JIMT-1 cells. These results 

emphasize the importance of studying multiple cell lines and suggest that MGE treatment exhibits 

diverse anti-proliferative mechanisms in HER2 positive cell lines.  

  ERK Activation  

ERK activation was also differentially regulated by MGE treatment. In TRZ-sensitive 

SKBR3 and TRZ-resistant JIMT-1 cells, MGE significantly decreased phospho-ERK1; however, 

MGE increased phospho-ERK in TRZ-resistant HCC1954 cells, and no change was observed in 

BT-474 cells. These results again show the importance of investigating the effects of the extract 

in multiple cell lines. Our observations may be explained, in part, by estrogen receptor α (ERα) 

protein expression. In addition to the promotion of ER-dependent gene transcription, ERα 

activation rapidly triggers various second messenger signaling events, including stimulation of 

ERK1/2 [65–67]. BT-474 cells are HER2 positive and ER-positive. Although we found a 

significant reduction in total ERα following MGE treatment of BT-474 cells (data not shown), 

these cells still overexpress ERα, which may explain the inability of the extract to reduce ERK 

activation in this particular cell line. MGE significantly increased ERK activation in HCC-1954 

cells, which may result from increased ERα by the extract (data not shown). SKBR3 cells had no 

detectable ERα, with or without MGE treatment, and MGE administration significantly reduced 

ERα in JIMT-1 cells (data not shown). We also observed significant reductions in ERK activation 

in SKBR3 and JIMT-1 cells treated with MGE. The lack of ERα in SKBR3 cells and the decrease 

in ERα in JIMT-1 cells could contribute to the reductions in ERK activation in these particular 

cell lines and requires further investigation.  

 Synergy 

Monotherapy is rare in patients; thus, we also investigated whether combination 

treatment with TRZ and MGE provides enhanced anti-proliferative actions. MGE and TRZ were 

synergistic in TRZ-sensitive SKBR3 cells at five dose combinations, with combination index 
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values less than one, determined using the Chou-Talalay method of synergy [68]. A synergistic 

interaction is defined as the effect when two chemicals in combination is greater than the sum of 

their separate effects at the same doses and usually refers to chemicals with different mechanisms 

of action. In additive interactions, the effect of two chemicals together is equal to the sum of the 

effects of the two chemicals separately, which usually results when both chemicals act on the 

body via the same or similar mechanism [68, 69]. Synergistic or additive effects are preferable in 

cancer therapy. Importantly, synergistic drugs can often be given at lower doses, resulting in 

fewer toxicities to the patient [70].  

We quantified changes in specific proteins that were affected by treatment with MGE 

alone to identify potential mechanisms for the synergistic effects. Combination treatment resulted 

in a significantly greater reduction in total HER2 and AKT activation compared to either 

treatment alone in TRZ-sensitive SKBR3 cells. Because TRZ alone reduces total HER2 and 

subsequent AKT activation in TRZ-sensitive HER2 positive breast cancer [71], the effect of 

combination treatment may result from both treatments working in synergy to increase HER2 

degradation and subsequent AKT activation. As previously mentioned, a component in the MGE 

may also act as a direct AKT inhibitor, contributing to the synergy that we observed with 

combination treatment.  

In agreement with previous results, MGE alone significantly reduced SKP2. TRZ 

treatment also reduced SKP2, which may be due to the reduction in phospho-AKT; however, the 

reduction in SKP2 was not statistically significant. Compared to control, combination treatment 

nearly abolished total SKP2 by 96%, which was significantly reduced compared to TRZ alone. 

Although not statistically significant, combination treatment reduced SKP2 by 89% compared to 

MGE alone, which may be due to the increased AKT inhibition observed with combination 

treatment. Combination treatment may also affect other proteins downstream from AKT since the 

reduction in SKP2 was not statistically significant compared to MGE, and the extract contains 

numerous bioactive polyphenols. Over 40 characterized substrates for AKT have been identified, 
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most of which are involved in proliferation, apoptosis, metabolism, angiogenesis, and translation 

[72]. Thus, MGE’s inhibition of AKT activity likely has pleiotropic effects in HER2 positive 

breast cancer cells by modulating multiple pathways and requires further study. 

In contrast, treatment with TRZ and MGE was not synergistic in TRZ-resistant JIMT-1 

cells. There was no significant reduction in proliferation with TRZ alone, which is consistent with 

TRZ-resistant cell lines. The combination of MGE and TRZ inhibited proliferation to the same 

extent as MGE alone, indicating no synergistic activity in vitro. We found similar results for the 

TRZ-resistant HCC1954 cell line (data not shown). Interestingly, we observed no synergy in 

TRZ-sensitive BT-474 cells treated with TRZ and MGE (data not shown), which could be due to 

overexpression of ERα in this particular cell line.  

Polyphenols in Combination Treatment for Cancer 

For the first time, we show that a muscadine grape extract has significant anticancer 

effects in vitro, which are potentiated when the extract is combined with TRZ and inhibits 

proliferation to a greater extent than either agent alone in TRZ-sensitive SKBR3 cells. TRZ is the 

first-line treatment for HER2 positive breast cancer. However, when patients are TRZ-resistant, 

secondary treatments must be used to prevent disease progression. Thus, novel therapies are 

needed to improve TRZ efficacy in resistant patients. Although we found that MGE and TRZ are 

not synergistic in TRZ-resistant cell lines, several studies show that combining polyphenols with 

traditional anticancer drugs has synergistic effects in vivo.  

In athymic mice injected with triple-negative MDA-MB-231 cells, combined treatment 

with curcumin and paclitaxel significantly suppressed tumor growth and tumor cell proliferation 

compared to treatment with curcumin or paclitaxel alone [73]. In a study by Adhami et al., the 

combination of green tea polyphenols and celecoxib reduced tumor growth to a greater extent 

than either agent alone in nude mice implanted with human prostate cancer cells [74]. EGCG also 

sensitized breast cancer cells to taxol in vivo, significantly inhibiting the growth of transplanted 

breast cancer cells in BALB/c mice [75]. A combination of grape polyphenols and gefitinib, an 
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EGFR inhibitor, was more effective than individual treatments in inhibiting mammary tumor 

growth and metastasis in nude mice [26]. To the best of our knowledge, there are no in vivo 

preclinical studies evaluating the effects of combination treatment with polyphenols and TRZ in 

HER2 positive breast cancer.  However, we show for the first time that the combination of MGE 

and TRZ is more effective than either agent alone at inhibiting highly aggressive TRZ-resistant 

HER2 breast cancer in vivo.  

In addition to having enhanced effects when combined with TRZ, MGE itself can be 

considered a combination treatment. Although all of the components in the extract have not been 

identified, the major phenolic compounds present are epicatechin, gallic acid, procyanidin B, 

ellagic acid, catechin, and catechin gallate [76]. Several in vitro and in vivo studies show that 

combinations of polyphenols are more effective at inhibiting cancer growth than treatment with a 

single compound [77–79]. The combination of EGCG and curcumin suppressed the growth of 

non-small cell lung cancer in vitro and in vivo to a greater extent than either polyphenol alone by 

arresting the cell cycle [78]. Another study investigated the efficacy of a quercetin and green tea 

combination in a prostate cancer xenograft model; treatment with the combination reduced tumor 

growth by 45%, compared to 15% with quercetin and 21% with green tea alone [80]. Polyphenol 

combinations have synergistic and pleiotropic effects, modulating multiple pathways involved in 

carcinogenesis simultaneously [81]. Resistance often occurs when cancer cells adapt and 

overcome targeted inhibition by a particular anticancer therapeutic. We showed that MGE could 

act as a dual inhibitor by targeting both AKT and ERK activation in vitro. In addition, MGE 

contains numerous components which likely target additional pathways, ultimately preventing 

cancer cells from evading its anticancer effects and becoming resistant to MGE treatment.    

Effects of MGE in vivo 

MGE significantly inhibited TRZ-resistant JIMT-1 tumor growth in nude mice, 

confirming the anti-proliferative effect that we observed in vitro. In addition, the combination of 

TRZ and MGE reduced tumor volume to a greater extent than either agent alone. These data 
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differed from the in vitro findings, where we detected no difference between combination and 

MGE treatment alone in TRZ-resistant JIMT-1 cells. Although TRZ alone reduced tumor volume 

by 19%, the difference was not significant compared to control mice. Our results are in agreement 

with other studies showing that, although JIMT-1 cells are TRZ-resistant in vitro, TRZ partially 

reduces tumor volume in vivo [82].  

TRZ directly targets the HER2 receptor and indirectly initiates an immune response via 

ADCC. Fc is the tail region of an antibody that interacts with cell surface Fc receptors and allows 

antibodies such as TRZ to activate the immune system [83]. CD16, an Fc receptor expressed by 

natural killer (NK) cells, binds to the Fc region of antibodies and promotes ADCC of tumor cells 

[84]. Barok et al. showed that TRZ partially inhibits TRZ-resistant JIMT-1 tumor growth in nude 

mice; however, treatment with TRZ that lacks the Fc fragment was ineffective in the same model, 

indicating that ADCC was likely involved [82]. Thus, the synergistic effects of combination 

treatment in vivo may be attributed to a TRZ-mediated immune response and anti-proliferative 

effects of MGE. 

We quantified INFγ in JIMT-1 tumors to determine whether TRZ initiates an immune 

response in vivo. After activation, NK cells secrete several cytokines including IFNγ [84]. NK 

cells are present in the breast, constitute a major component of the innate immune system, and 

play a critical role in shaping early immune response to tumors [85]. MGE alone did not affect 

INFγ in JIMT-1 tumors, suggesting that MGE may not induce an immune response via NK cells. 

However, TRZ and the combination of TRZ and MGE increased INFγ 4-fold, indicating that TRZ 

is likely inducing an immune response; further studies are needed to determine whether ADCC is 

involved.  

Changes in Ki67 and phospho-AKT were evaluated in tumors to determine potential 

mechanisms contributing to the effect of MGE on JIMT-1 tumors. MGE and the combination of 

MGE and TRZ markedly reduced AKT activation, which agrees with the in vitro data. TRZ alone 

had no significant effect on AKT activation, which is characteristic of TRZ-resistance. 
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Interestingly, TRZ significantly reduced Ki67 in tumors; however, MGE and the combination of 

MGE and TRZ resulted in a greater reduction in proliferating cells, which is in agreement with 

the reduction in phospho-AKT. TRZ caused a minimal decrease in tumor volume, which could 

account for the modest reduction in Ki67 and may be due to the immune effects of TRZ.  

In association with reduced AKT activation, FOXO3 was significantly increased in 

tumors by MGE and the combination treatment of tumors. There was no change in the FOXO3 

target p27 in tumors treated with TRZ, MGE, or the combination (data not shown), although 

MGE increased p27 in vitro. FOXO3 targets numerous genes involved in cell cycle control, 

apoptosis, and tumor suppression [86]. Thus, the ability of MGE to increase FOXO3 in vivo 

likely has pleiotropic anti-cancer effects and warrants further studies to determine changes in 

other FOXO3 target genes. 

MGE alone had significant antitumor effects in a TRZ-resistant HER2 positive breast 

cancer model, and combination treatment with TRZ inhibited tumor growth to a greater extent 

than the extract alone. Natural products combined with traditional anticancer drugs are becoming 

more common, and cancer patients increasingly seek alternative treatments [87]. Up to 52% of 

cancer patients use more than one type of natural product [88], and over 80% of cancer patients 

use natural products concurrently with chemotherapeutic agents [89]. This data highlights the 

importance of understanding the potential inhibitory and antagonistic effects of natural products 

on the activity of chemotherapeutics. Many preclinical studies investigating the use of natural 

products to treat cancer do not determine whether the addition of the natural product could 

negatively impact the efficacy of standard treatments [87]. Thus, it is of high importance to 

determine whether these natural products have positive as well as negative effects on standard 

cancer treatments.  

Unfortunately, there are few studies investigating the potential negative effects of 

polyphenols in combination with anticancer therapeutics. However, EGCG and gallic acid have 

potential antagonistic effects when administered with the proteasome inhibitor bortezomib in 



154 
 

vitro and in vivo [90, 91]. Additionally, genistein inhibits the anticancer activity of tamoxifen, 

letrozole, and palbociclib/letrozole combination treatment in hormone receptor-positive breast 

cancer models [92, 93]. This study showed for the first time that MGE could be given in 

combination to improve the efficacy of TRZ in a resistant model in vivo and indicates that MGE 

may be a safe therapy for HER2 positive breast cancer patients currently on a TRZ regimen.     

Effects of MGE on Trastuzumab Cardiotoxicity  

We showed for the first time that MGE had significant cardioprotective effects in a TRZ-

induced cardiotoxicity model. Most preclinical chemotherapy-induced cardiotoxicity studies do 

not use tumor-bearing animal models [94] and therefore do not accurately recapitulate a human 

model where patients are experiencing cardiotoxicity in the presence of cancer. Cancer alone has 

profound effects on the body, causing symptoms such as low-grade fever, fatigue, weight loss, 

and systemic inflammation [95]. Plasma TNFα and interleukin 6 are increased in breast cancer 

patients and can cause low-grade chronic inflammation [96]. The increase in these inflammatory 

cytokines and other tumor-induced systemic changes can have a variety of effects on the body, 

and potential cardioprotective therapies may also have undesired effects on the tumor. Thus, it is 

important to study potential therapeutics for cardiotoxicity in the presence of cancer.  

TRZ treatment of tumor-bearing mice for five weeks significantly reduced LV ejection 

fraction, fractional shortening, and cardiac output, which are all parameters of LV systolic 

function. TRZ-induced cardiotoxicity manifests as LV systolic dysfunction, with a small 

percentage of patients developing heart failure [97]. These results indicate that our model 

recapitulates the manifestations and symptoms of TRZ-induced cardiotoxicity observed in 

patients. The addition of MGE significantly prevented the TRZ-induced decrease in ejection 

fraction, fractional shortening, and cardiac output, indicating that MGE may be a potential 

therapeutic for the prevention of TRZ cardiotoxicity. Additionally, we show that MGE may 

prevent TRZ cardiotoxicity while simultaneously inhibiting tumor growth. 
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LV internal diameter during systole and diastole was also significantly increased by TRZ 

treatment, which was attenuated by MGE. In addition, MGE prevented TRZ-induced increases in 

the volume of blood remaining in the LV after systole (end-systolic volume) and diastole (end-

diastolic volume). Per label warning, TRZ may cause asymptomatic LV dysfunction as well as 

cardiomyopathy and eventual heart failure [98]. The most prevalent causes of dilated 

cardiomyopathy are genetic predisposition and exposure to toxic substances such as TRZ and 

other chemotherapies [99]. The LV dilation observed in TRZ-treated mice is indicative of dilated 

cardiomyopathy, characterized by LV dilation, increased end-systolic and diastolic volume, and 

reduced LV systolic function [100].   

Significant changes in RWT were observed in TRZ treated mice, which were prevented 

by MGE. LV systolic dysfunction can ultimately lead to left ventricular eccentric hypertrophy. 

Cardiac hypertrophy is an adaptive process resulting from increased stress on the heart and serves 

as a reactive mechanism to compensate for volume or pressure overload [101]. Concentric 

hypertrophy is associated with no ventricular dilation and increased left ventricular wall thickness 

due to pressure overload [102]. In contrast, eccentric hypertrophy, associated with chronic 

volume overload and increased myocyte length, ultimately results in a dilated left ventricle and 

thinner walls [101]. Increased RWT is characteristic of concentric hypertrophy. However, there is 

no difference in eccentric hypertrophy or a decrease in RWT below the normal 0.42 value [103]. 

TRZ treatment resulted in a significant decrease in RWT, which was attenuated by the addition of 

MGE, suggesting that TRZ may induce eccentric hypertrophy, at least in early stages. Narayan et 

al. used a longitudinal prospective cohort study of 277 breast cancer participants receiving 

doxorubicin or TRZ to determine changes in echocardiographic parameters over three years. One 

year after treatment was initiated, TRZ reduced RWT and doxorubicin increased RWT [104], 

suggesting that DOX induces concentric hypertrophy, whereas TRZ treatment results in eccentric 

hypertrophy.  
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We found no significant difference in LV mass or heart/body weight ratio between 

treatment groups. Measurement of LV mass is frequently used to assess cardiac tissue damage 

and hypertrophy; however, cardiac damage may already be present in patients with normal LV 

mass [105]. In the study by Narayan et al. mentioned previously, breast cancer patients receiving 

TRZ had no significant change in LV mass after three years [104]. Because increased LV mass is 

often associated with eccentric hypertrophy, our results indicate that TRZ treatment may result in 

eccentric remodeling without hypertrophy [106]. To further validate these data, collagen I and 

Picrosirius red positivity were measured. No significant differences between treatment groups 

were observed (data not shown), which supports the LV mass and heart/body weight ratio data 

and indicates that TRZ treatment may result in eccentric remodeling without hypertrophy. 

Volume overload (eccentric hypertrophy) is generally less profibrotic than pressure overload 

associated with concentric hypertrophy [107], further supporting our hypothesis. 

4-HNE in the LV was evaluated to determine potential mechanisms for the 

cardioprotective effects of MGE in TRZ-treated mice. TRZ significantly increased 4-HNE, which 

was prevented by MGE treatment. The addition of MGE returned 4-HNE to control levels, 

indicating that MGE may inhibit TRZ-induced cardiotoxicity by reducing oxidative stress in 

cardiomyocytes. Changes in the antioxidant superoxide dismutase 1 (SOD1) in the LV were 

determined to further explore the antioxidant potential of MGE in the heart. Although TRZ 

reduced SOD1 in the LV by approximately 50%, the reduction was not statistically significant. 

MGE alone significantly increased SOD1 compared to control. Combination treatment restored 

SOD1 to control levels and was significantly higher than SOD1 in TRZ-treated mice. These data 

further show that MGE most likely has considerable antioxidant effects in TRZ-treated mice, 

which may represent a mechanism contributing to the cardioprotective effects of the extract in 

vivo.  

4-HNE is a reactive aldehyde generated from polyunsaturated fatty acids (PUFAs) in 

biological membranes. ROS generated during oxidative stress react with PUFAs to form 
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aldehydes like 4-HNE, which inactivates proteins and DNA by forming hybrid covalent chemical 

addition adducts. The increase in 4-HNE results in cellular dysfunction and tissue damage, which 

includes a wide spectrum of effects ranging from electron transport chain dysfunction to 

apoptosis. 4-HNE accumulation also impairs contractile function, enhances further ROS 

formation, and modulates cell signaling pathways. In addition, 4-HNE toxicity contributes to 

many cardiovascular diseases, including atherosclerosis, myocardial ischemia-reperfusion injury, 

heart failure, and cardiomyopathy [108]. TRZ treatment can result in oxidative stress and 4-HNE 

accumulation in the myocardium [109]. Our study shows similar results and demonstrates that 

administration of a polyphenol-rich muscadine grape extract can prevent 4-HNE production. 

Additional studies are needed to further explore the potential antioxidant mechanisms of MGE in 

the heart.  

SOD1 is an important scavenger protein that protects cells and tissues from oxidative 

stress mediated by reactive oxygen species. The main function of the enzyme is to catalyze the 

conversion of the superoxide anion to less reactive hydrogen peroxide (H2O2). Excess H2O2 is 

normally reduced to water by glutathione peroxidase or catalase, preventing the production of 

hydroxyl radicals [110]. While there is little information on the effects of TRZ on SOD1, 

Pugatsch et al. showed that treatment with B-10, a rat anti-ERBB2 monoclonal antibody similar 

to TRZ, significantly decreased SOD1 gene expression in primary myocyte cultures from rat 

neonatal hearts [111]. We show that TRZ treatment decreased SOD1 protein, which may be due 

to reduced transcription and warrants further study.  

Current Therapies for TRZ-Induced Cardiotoxicity 

Management of TRZ cardiotoxicity focuses on two aspects: withdrawal of the medication 

and treatment of cardiac dysfunction based on heart failure guidelines [112]. Patients with LV 

ejection fraction below 40% are treated with angiotensin-converting enzyme inhibitors (ACEI) 

and beta-blockers, standard treatments for heart failure [113]. If further treatment with TRZ is 

needed after recovery of cardiac function, it is imperative to continue using ACEIs and beta-
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blockers to prevent reoccurrence [114]. In addition to treatment, ACEIs and beta-blockers were 

also evaluated in clinical trials to prevent TRZ-induced cardiotoxicity.  

In a double-blinded, placebo-controlled trial, patients with HER2-positive breast cancer 

were randomly assigned to receive treatment with perindopril (an ACEI), bisoprolol (a beta-

blocker), or placebo for the duration of TRZ therapy. Perindopril and bisoprolol were well-

tolerated in patients who received TRZ and partially prevented declines in LVEF; however, 

neither intervention prevented TRZ-mediated left ventricular remodeling, which was the primary 

outcome [115]. In addition to reducing tumor growth, we demonstrated that MGE prevented 

TRZ-induced LV systolic decline and LV remodeling (dilation), suggesting that the extract may 

serve as an effective adjuvant to prevent TRZ-mediated cardiotoxicity.  

Guglin et al. conducted a double-blind, multicenter, placebo-controlled trial to evaluate 

the potential of lisinopril (ACEI) and carvedilol (beta-blocker) to prevent TRZ cardiotoxicity 

[116]. Patients were stratified by anthracycline use, and cardiotoxicity and treatment interruptions 

in patients administered TRZ for 12 months were evaluated over two years. The study included 

468 women. Cardiotoxicity was comparable in all treatment groups and occurred in 32% of 

patients on placebo, 29% on carvedilol, and 30% on lisinopril. However, for patients who 

received anthracyclines, the event rates were higher in the placebo group (47%) than in the 

lisinopril (37%) and the carvedilol (31%) groups [116]. This study indicates that for patients who 

have not received anthracyclines, carvedilol or lisinopril may have limited effects on TRZ 

cardiotoxicity but may be useful for patients with previous anthracycline use.  

Although ACEIs and/or beta-blockers may have the potential to improve some aspects of 

TRZ cardiotoxicity, a recent study found a potential for negative consequences. In a pooled 

analysis of four large clinical trials, pre-existing use of beta-blockers in HER2 positive advanced 

breast cancer patients receiving TRZ treatment was associated with worse overall survival [117]. 

The findings of this study are contrary to data from other breast cancer subtypes [118] and 

warrant future research to better understand the effects of beta-blockers in specific breast cancer 
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subtypes and other cancer types. Sun et al. conducted a meta-analysis to determine if the use of 

ACEIs improves overall survival in various cancer patients. While overall survival improved for 

some cancers, ACEI use had no beneficial effect on breast cancer survival and reduced overall 

survival in leukemia and multiple myeloma patients [119]. These data suggest that additional 

studies are needed to determine if the cardioprotective effects of ACEIs or beta-blockers 

outweigh potential negative consequences in HER2 positive breast cancer patients.  

Bioavailability of MGE 

Although this study demonstrated that MGE has significant anticancer and 

cardioprotective effects in mice, the translation of these effects in humans has not been shown. 

Even though natural products show great promise as cancer therapeutics in preclinical studies 

[120], clinical trial data is sometimes conflicting, as discussed in Chapter 1. In vitro, cancer cells 

are directly exposed to the compounds in MGE; however, many of the components in MGE 

undergo first-pass metabolism in vivo and/or catabolism by the gut microbiota [121]. Thus, it is 

unclear whether polyphenols or the metabolites derived from MGE will reach tumors and other 

tissues in vivo. It is possible that phenolics present in MGE could reach sites throughout the body 

intact; however, it is more likely that circulating compounds are present as metabolites, while 

some are excreted and never reach the circulation. A major limitation of polyphenol 

supplementation in the clinic is poor bioavailability due to low solubility, low stability, and 

differences in first-pass metabolism [122], which likely accounts for conflicting clinical trial 

results involving natural products.  

Some of the most abundant polyphenols in our diet have few beneficial effects because of 

the low bioavailability of their bioactive metabolites [123]. Bioavailability is the quantity of a 

compound that is absorbed and metabolized in the human body after ingestion and is commonly 

measured in terms of maximum plasma concentration. In its native or metabolized form, a 

compound must enter the circulation and reach the target tissues in a sufficient quantity to exert 

biological activity [124]. Polyphenols with the highest bioavailability include gallic acid, 
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isoflavones, caffeic acid, flavanones, catechins, and quercetin glucosides. Anthocyanins and 

proanthocyanidins have the lowest bioavailability [125]. The grape polyphenol resveratrol, which 

is not detected in MGE, has been extensively studied in the preclinical setting and is reported to 

prevent the initiation, promotion, and progression of several types of cancer in mice and rats; 

however, data from human studies are inconsistent [126]. Resveratrol is well tolerated in humans 

but is rapidly metabolized by the intestine and liver, resulting in an oral bioavailability of < 1%, 

which hinders the effectiveness of resveratrol [127, 128]. In contrast, MGE has high levels of 

gallic acid and catechins, which are readily bioavailable and may contribute to effects of MGE in 

vivo. However, not all the components in the extract have been identified, and it is likely that 

other polyphenols may also contribute to the biological actions of the extract.     

Solubility is essential for oral bioavailability because only dissolved substances can be 

absorbed across the gastrointestinal epithelium [129]. Many phenolic compounds and extracts, 

including resveratrol, are not soluble in water and are typically dissolved in ethanol or DMSO to 

increase solubility for in vitro studies, which is not applicable to in vivo studies. In contrast, the 

MGE investigated in this study is prepared by dissolving the powder in water and filtering the 

solution to remove any undissolved particles, resulting in a water-soluble solution that is orally 

bioavailable.  

Polyphenols may be extensively metabolized to achieve sufficient concentrations at their 

site of action. First, the compounds must survive the low pH environment encountered in the 

stomach followed by degradation and metabolism by intestinal enzymes such as glycosidases, 

esterases, oxidases, and hydrolases found in the gastrointestinal tract [130]. Polyphenols can then 

be either 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 [131]. These modifications are classically termed first-pass metabolism 

and occurs before phenolics reach the circulation for the first time [129]. 
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The liver then metabolizes phenolics that escape intestinal metabolism via hydrolysis, 

methylation, oxidation, sulfation, and glucuronidation. In the liver, polyphenols or their 

metabolites either recirculate back into the intestinal lumen through bile or continue to the 

systemic circulation and are eventually excreted in the urine. Phenolics and their metabolites 

returned to the intestinal lumen can be further metabolized and recycled back through intestinal 

and hepatic metabolism, ultimately being transported back into the plasma. Any remaining 

phenolics in the intestinal lumen are excreted through the feces [132].  

Although the metabolism and bioavailability of all MGE compounds have not been 

determined, the bioavailability of the main components found in MGE was previously 

characterized. Epicatechin, a major component of MGE, was detectable in human plasma 30 min 

after drinking a flavanol-rich apple extract and small amounts were still detectable after 24 h, 

with a predicted epicatechin absorption rate of 82% [133]. Warden et al. found that catechins 

from drinking black tea were detectable in human plasma and were significantly elevated 

compared to baseline measurements, indicating that catechins are bioavailable in vivo even at 

doses as low as 30 mg [134]. Several studies show that gallic acid, a main component in MGE, 

and its metabolites are bioavailable in human subjects, and peak concentrations are achieved 1-2 

hours after ingestion [125, 135, 136]. Ellagic acid, another polyphenol abundant in MGE, is also 

quickly absorbed and can be found in human plasma one-hour post-ingestion; however, it is 

rapidly eliminated within four hours [137]. In contrast, procyanidins (abundant in MGE) are 

poorly absorbed and not detectable in plasma or urine [125]; however, procyanidins in their 

native form may not require efficient absorption to exert health benefits. Gut microbiota degrades 

procyanidins into various aromatic acids, directly affecting the intestinal mucosa and protecting it 

against oxidative stress or carcinogens [138].  

In addition to first-pass metabolism and bioavailability factors, another determinant of the 

efficacy of polyphenol supplementation is microbiome composition. The microbiome is the 

genetic material of all the microbes (bacteria, fungi, protozoa, and viruses) that live on and inside 
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the human body, and the collection of microbes that colonize the GI tract is termed the gut 

microbiota [139]. The human gut is colonized by more than 100 trillion bacteria, which is ten 

times higher than the total number of human cells [140]. Additionally, the human microbiome has 

100-fold greater metabolic capacity than the liver, making it a critical factor in the absorption and 

impact of polyphenols in the body [141]. An individual's geographic location, age, diet, and 

overall health status can contribute to differences in their gut microbiota, resulting in differences 

in polyphenol bioavailability [142].  

The total absorption of dietary polyphenols in the small intestine is estimated to be about 

10% [143]. Thus, a large proportion of ingested polyphenols are transported to the large intestine 

where the compounds are broken down into smaller phenolic acids by intestinal bacteria. 

Recently, the bioavailability and physiological actions of polyphenol catabolites are receiving 

more attention [144]. The catabolites produced by the microbiota in the large intestine can exert 

beneficial effects in the intestine, be excreted in the feces, or enter the circulation where these 

substances can exert effects on various tissues and subsequently be excreted in the urine [145].  

In vitro studies predominately use polyphenols in their native form. However, the 

majority of polyphenols in the circulation are most likely bioactive metabolites or catabolites 

produced from interactions in the small and large intestine, enterocytes, and liver. A study by 

Pimpao et al. showed that sulfated phenolic metabolites reached higher concentrations in human 

plasma compared to their undetected parent compounds after drinking a mixed fruit puree 

(blueberry, blackberry, raspberry, and strawberry) [146]. The bioavailability of orange juice 

flavanones was relatively low, with only small amounts of unconjugated parent phenolics 

entering the systemic circulation [147–149]. However, Pereira-Caro et al. showed that phenolic 

catabolites produced by microbiota-mediated fission of various orange juice flavanones were 

much higher in the circulation than native phenolics [150]. This suggests that, instead of 

measuring unconjugated parent phenolics, researchers should focus on the detection of circulating 

metabolites and catabolites following polyphenol administration.  
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Ellagic acid, found abundantly in MGE, is readily bioavailable. However, the compound 

is also eliminated in less than four hours [137], indicating that free ellagic acid may have limited 

effects on tissues. Ellagic acid can be further metabolized by the gut microbiota to produce 

urolithins. Urolithins are bioavailable and exert anti-inflammatory and chemopreventive effects 

[151]. Circulating urolithins were found in the plasma and urine of healthy adults up to 48 hours 

after consumption of free ellagic acid or foods high in ellagic acid [152–154]. Although the 

maximum concentration of native polyphenols in plasma rarely exceeds 1 mM after the 

consumption of 10–100 mg of a single phenolic compound [144], total plasma phenol 

concentrations are probably higher due to the presence of the metabolites formed in the body's 

tissues or by the production of catabolites by the colonic microbiota.   

The polyphenols and their metabolites present in the circulation of people treated with 

MGE will differ based on the distinct metabolic enzymes and variances in the individual's gut 

microbiota composition [155]. Our study used inbred animals in a highly controlled environment, 

which does not recapitulate the individual differences found in humans; differences in polyphenol 

metabolism between patients will likely impact the bioactivity of MGE [156].  Although we 

identified several potential mechanisms contributing to the anticancer effects of MGE in four 

different HER2 positive cell lines, there are likely additional mechanisms of action in vivo that 

can be attributed to MGE metabolites and have yet to be discovered. However, our studies 

showed that both FOXO3 and phospho-AKT are MGE targets in vitro and in vivo, indicating that 

unmodified components in MGE may enter the systemic circulation and reach tumors.     

The MGE used in this study has a higher polyphenolic concentration per gram of weight 

than other muscadine grape extracts currently on the market due to its proprietary preparation. 

The higher phenolic concentration of MGE likely contributes to its beneficial effects in vivo, and 

future studies are required to determine the presence and circulating concentrations of 

polyphenols, metabolites, and catabolites following MGE administration. In a study by Ignacio et 

al., a dose of 2 mg/mouse/day of a muscadine grape skin extract dissolved in 50% ethanol/water 
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was needed to achieve significant changes in prostate cancer tumors in athymic mice [157]. The 

animals in our study received approximately 0.6 mg total phenolics/mouse/day of MGE in their 

drinking water. A possible explanation for the significant anticancer and cardioprotective effects 

in vivo using a lower dose of total phenolics may be the preparation of MGE. Because the MGE 

is used in our studies is concentrated from an aqueous solution, the reconstituted extract likely 

contains higher concentrations of polar phenolics that are soluble in water and are suitable for 

oral administration. Poorly water-soluble polyphenols represent challenges for oral 

administration, which is the preferred route for ease of administration, cost, and safety [158]. 

Although large polar molecules are not readily taken up by cells, low molecular weight 

polyphenol metabolites resulting from phase I and phase II metabolism and microbiota 

transformations can reach the circulation, interact with the cell surface and penetrate through the 

plasma membrane to exert their effects [159–161].   

Future Studies 

The studies in this dissertation are the first to demonstrate the anticancer and 

cardioprotective effects of MGE in HER2 positive breast cancer. However, there is still a great 

deal to discover about the actions of MGE in vitro and in vivo. For example, a proteasome 

inhibitor cocktail could be used as a co-treatment to determine whether MGE causes HER2 

degradation. If a component in MGE is inhibiting Hsp90, this would result in HER2 

internalization, ubiquitination, and subsequent proteasomal degradation [162]. It is also possible 

that MGE could affect the transcription of HER2; HER2 mRNA could be measured in HER2 

positive breast cancer cells treated with MGE. Also, immunofluorescence and confocal 

microscopy would be essential to determine the subcellular localization of HER2 in vitro.  

Other receptor tyrosine kinases could also mediate the effects of MGE on AKT and/or 

ERK signaling and should be investigated. It is important to determine whether MGE can reduce 

the expression or activation of EGFR since increased EGFR and HER2 co-expression is 

implicated as a higher risk of distant metastasis [163]. In addition to EGFR, the concentration 
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and/or activation of HER3 and HER4 after MGE treatment should be determined via western blot 

hybridization. HER3 preferentially dimerizes with HER2, and increased HER3 is associated with 

TRZ-resistance [164]. HER4 also dimerizes with HER2, and Canfield et al. showed that 

increased HER4 may promote lapatinib resistance [165]. A previous study conducted in our 

laboratory demonstrated that MGE significantly reduced c-Met in triple-negative breast cancer 

cells [28]. Shattuck et al. demonstrated that c-Met and HER2 co-expression contributes to TRZ 

resistance in vitro [166]; thus, changes in c-Met by MGE should also be determined in HER2 

positive breast cancer cells. Because various tyrosine kinase receptors are vital regulators of AKT 

and ERK signaling and can influence TRZ sensitivity, the effect of MGE on the expression and 

activation of RTKs warrants further investigation. 

AKT phosphorylation was reduced in all four cell lines. However, it is not known 

whether a component in MGE is a direct inhibitor of kinases which catalyze this phosphorylation. 

Performing kinase assays using glutathione S-transferase-tagged AKT and individual components 

present in MGE could demonstrate whether a component of MGE is a direct AKT inhibitor [167]. 

Using binding assays, Liu et al. showed that proanthocyanidin-B2 inhibits AKT activation by 

directly binding to AKT, locking it in a closed conformation [167]. ERK activation was decreased 

in two cell lines, and performing kinase assays may also be useful for these particular cell lines. 

The interpretation of data is more difficult in an unfractionated extract in which all the 

components have not been characterized. However, experiments using components that have 

already been identified would be an initial step.   

An increase in phosphatases, as mentioned previously, may contribute to the effects of 

the extract on AKT activation. Incubating the cells with MGE and a phosphatase inhibitor 

cocktail that targets serine, threonine, and tyrosine phosphatases could be used to determine 

whether MGE reduces phospho-AKT by upregulating phosphatases [168]. Additionally, total 

phosphatase activity in vitro could be measured with and without MGE using p-nitrophenyl 

phosphate as a substrate [169]. These studies will help determine whether MGE is directly 
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involved in the regulation of AKT and ERK activation or if upstream signaling mediates the 

activities of MGE on these protein kinases. 

Downstream from AKT, SKP2 was significantly reduced by MGE treatment in all four 

cell lines. Because AKT phosphorylates SKP2 at Ser72, which ultimately increases SKP2 [42], 

we hypothesize that the reduction in AKT activation results in decreased SKP2. Treating cells 

with MGE at various time points to evaluate the phosphorylation of Ser72 in SKP2 using western 

blot hybridization would be necessary to determine whether MGE may reduce SKP2 by 

decreasing AKT-mediated SKP2 stability; however, to the best of our knowledge, there are no 

commercially available SKP2 Ser72 antibodies. SKP2 Ser72 is also associated with cytoplasmic 

accumulation [170]. Therefore, in vitro studies using immunofluorescence could be performed to 

identify the subcellular localization of SKP2 without the need for a Ser72 antibody.  

SKP2 has several other substrates that were not examined in this study. Western blot 

hybridization should be used to identify changes in additional SKP2 substrates that may be 

involved in cell cycle control and apoptosis, including p57, cyclin D, cyclin E, and c-Myc [171]. 

Treating cell lines that overexpress SKP2 with and without MGE could be used to determine 

whether the effects of the extract are mediated through a reduction in SKP2 [172]. Additionally, 

knock-down studies using siRNA could be used to further confirm these findings [154]. Similar 

studies could be conducted in vivo using a knock-in model to determine whether a reduction in 

SKP2 also participates in the effects of the extract [173], or studies using a knock-down model 

could be used to determine if similar results are found in the absence of MGE [174]. 

We found that several SKP2 target proteins, including FOXO1, FOXO3, p21, and p27 

were increased following MGE treatment in vitro. Future experiments are needed to determine 

whether these proteins are increased due to a decrease in SKP2-mediated ubiquitination and 

degradation. Ubiquitination assays could be performed using immunoprecipitation to isolate the 

protein of interest, followed by western blotting to examine changes in ubiquitination after MGE 

treatment. Additionally, proteosome inhibitors could be used with MGE to determine whether 
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these proteins are increased due to a reduction in proteasomal degradation. It is possible that 

MGE increases the transcription of FOXOs, p21, and p27, and measuring mRNA by qPCR would 

be an essential follow-up experiment. However, since FOXOs are primarily regulated by post-

translational modifications [175], this is likely not the primary mechanism for the increase in 

FOXO transcription factors. In contrast, FOXOs are transcription factors for both p21 and p27 

[61], and qPCR should be used to identify changes in p21 and p27 mRNA following MGE 

treatment.  

Another important mechanism for the action of MGE in vitro that warrants further 

investigation is the regulation of gene expression in HER2 positive cells. A gene expression 

microarray analysis was performed in SKBR3 cells treated with MGE, and differentially 

expressed genes involved in metastasis, proliferation, and metabolism were identified. In SKBR3 

cells treated with 20 μg total phenolics/mL of MGE, 3,195 genes were significantly regulated 

compared to control cells (unpublished data). This preliminary data shows that MGE has 

significant effects on the expression of numerous genes in HER2 positive SKBR3 cells. 

Additional gene microarray analyses are needed in other HER2 positive cell lines, including 

TRZ-resistant cells. It is essential to determine whether similar or different genes are regulated by 

MGE in various cell lines, which would provide additional insight into the mechanism of action 

of the extract in TRZ-resistant versus TRZ-sensitive cells. We showed that MGE regulates 

transcription factors; however, MGE may also affect transcriptional co-regulatory elements, 

mRNA stability, and non-coding RNA expression or induce epigenetic modifications [176]. 

Although we identified several mechanisms which may contribute to the antitumor 

effects of MGE in vivo, additional IHC experiments and western blot analyses could be 

performed to identify potential changes in HER2, SKP2, p27, p21, and phospho-ERK1/2. 

Although these proteins were significantly changed by MGE in TRZ-resistant JIMT-1 cells and 

should be evaluated in JIMT-1 tumors, we found that the effects on phospho-AKT and FOXO3 in 

tumors corresponded with in vitro data. There are likely several mechanisms involved in the in 
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vivo effects of MGE due to the various phenolics present in the extract. Our preliminary studies 

identified several potential pathways that can be further explored to treat TRZ-resistant HER2 

positive breast cancer.  

We first wanted to determine whether MGE has inhibitory effects in a TRZ-resistant 

xenograft study because TRZ-resistant patients are at a higher risk for disease progression [159] 

and need novel therapies. Future animal studies are needed to identify the effects of MGE, with 

and without TRZ, on TRZ-sensitive HER2 positive breast cancer. Although we did not detect 

synergy in JIMT-1 cells, MGE had enhanced effects when combined with TRZ in a TRZ-resistant 

JIMT-1 xenograft. In contrast, MGE and TRZ were synergistic in TRZ-sensitive SKBR3 cells, 

which should also be confirmed in vivo. We performed two preliminary animal studies using 

TRZ-sensitive SKBR3 xenografts and showed that the tumors grew to approximately 50 mm3 

and remained at that size for five months before slowly regressing. No interventions could be 

used in these studies due to the lack of actively growing tumors. SKBR3 cells are reportedly 

tumorigenic in immunodeficient mice [177–179], and we chose to use this particular cell line 

because SKBR3 cells are human, HER2 positive, and ER/PR negative, which more accurately 

models HER2 positive breast cancer in patients without the confounding factors of ER positivity. 

Even though we preferred to only use HER2 positive cells, human HER2 and ER-positive BT-

474 cells were also used in a TRZ-sensitive xenograft model. Several estradiol doses were 

included in this model. However, results were similar to SKBR3 xenografts; tumors never grew 

past 50 mm3 and then regressed before interventions could be used. 

To determine the synergistic potential of MGE and TRZ in TRZ-sensitive HER2 positive 

breast cancer in vivo, murine HER2 breast cancer models can be explored. Although this model is 

not ideal and does not recapitulate human HER2 positive breast cancer, transgenic mouse models 

may be the best option for this type of study. Finkle et al. created MMTV-HER2 (human wild 

type ERBB2 transgenic) mice [180] because TRZ does not recognize the rat neu protein, which is 

used to produce HER2 tumors in other MMTV models [181]. Although this method is expensive 
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and time-consuming, it may be one of the only options available to more accurately assess the 

effects of combination treatment on actively growing TRZ-sensitive HER2 positive tumors.  

Since we showed that MGE does not negatively affect the efficacy of TRZ in human 

HER2 positive xenografts, transgenic mice could be used to evaluate the immune effects of 

combination treatment on tumors. Human wild-type ERBB2 transgenic mice with a fully 

functioning immune system would be useful to evaluate TRZ-induced immune responses, which 

may contribute to the enhanced effects of combination treatment in vivo. In addition, 

immunohistochemistry experiments and western blot analyses using tumors from the original 

study should be performed to elucidate specific immune cell infiltration resulting from TRZ 

treatment. 

As mentioned previously, TRZ can trigger natural killer cell-mediated ADCC. However, 

TRZ can also indirectly enhance the development of tumor-specific T cell immunity, and both of 

these mechanisms may contribute to the antitumor efficacy of TRZ in preclinical models. The 

activation of antibody-dependent natural killer cells results in the release of cytotoxic granules 

and the secretion of proinflammatory cytokines (IFNγ and TNFα) and chemokines, ultimately 

influencing cytotoxic T lymphocyte (CTL) maturation. Thus, natural killer cell tumor-suppressive 

functions include the direct cytolytic killing of tumor cells and the regulation of subsequent 

antitumor adaptive immunity [182]. 

Following ADCC, dead cells can be endocytosed by dendritic cells (DCs), which digest 

their antigens and then express an MHC class I and antigen peptide complex on the cell surface 

[183]. DCs expressing this MHC-antigen complex can then prime CTLs in a process called cross-

presentation, ultimately transforming naïve cells into activated CTLs [184]. Thus, natural killer 

cells are linked to acquired immunity and function in innate immunity by themselves. 

Additionally, cytokine production, including TNFα and IFNγ induced by natural killer cells after 

recognizing target cells, also plays a vital role in DC maturation [185]. These cytokines stimulate 

DCs to produce interleukin-12 and other proinflammatory cytokines, which promote T-helper cell 
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polarization and CTL development. Additionally, IFNγ produced by natural killer cells can 

directly affect T-helper cell polarization [186].  

We showed that TRZ treatment results in a significant increase in INFγ in JIMT-1 

tumors. However, follow-up experiments should be performed to determine whether the increase 

in INFγ is due to ADCC and if natural killer cells or other tumor-infiltrating lymphocytes are 

present. JIMT-1 tumor sections could be stained with a granzyme B antibody since this protease 

is also secreted from natural killer cells [187]. Additionally, flow cytometry could be used to 

determine whether markers of natural killer cells such as CD49b and NKp46 are present in 

tumors [188, 189]. Future studies using mice with a fully functioning immune system should also 

be conducted to detect CTLs. In addition, T cells that recognize MHC class I-presented antigens 

differentiate into CD8+ T cells that can be identified by flow cytometry and would indicate that 

TRZ may induce ADCC and subsequent T cell maturation [190].   

Our study showed that MGE significantly improved LV systolic function and LV dilation 

in mice treated with TRZ. However, we found no evidence of LV fibrosis or increased heart 

weight. A similar animal study in mice treated with TRZ for a more extended period of time may 

determine whether MGE treatment can protect the heart from TRZ-induced fibrosis, which can 

ultimately lead to heart failure in patients treated with TRZ. LV systolic dysfunction and LV 

dilation observed in patients experiencing TRZ cardiotoxicity can ultimately lead to eccentric 

hypertrophy, fibrosis, and heart failure in a subset of patients. It would be beneficial to determine 

whether MGE co-treatment can prevent these more severe TRZ-induced side effects.   

MGE also prevented TRZ-induced 4-HNE accumulation in the heart and potential 

mechanisms for this effect should be explored. MGE may prevent the increase in 4-HNE by 

reducing ROS, resulting in reduced lipid peroxidation in cardiomyocytes. Measuring ROS 

production using fluorescent dyes such as AmplexRed or dihydrorhodamine [191] in cultured 

cardiomyocytes treated with TRZ alone or in combination with MGE would be important in vitro 

experiments to determine whether MGE prevents ROS accumulation. Malondialdehyde (MDA) 
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accumulation, another product of lipid peroxidation, could also be measured in cultured 

cardiomyocytes using a thiobarbituric acid lipid peroxidation assay [192]. Also, measuring MDA 

in heart tissue using IHC and/or western blot analysis warrants further investigation.  

Another important future experiment is the measurement of glutathione in cultured 

cardiomyocytes and the hearts of animals treated with TRZ and MGE. Glutathione is a tripeptide, 

which serves as a critical antioxidant in animals, plants, fungi, and bacteria by providing free 

thiol. Glutathione exists in reduced (GSH) and oxidized (GSSG; glutathione disulfide) forms in 

cells and tissues. The GSH/GSSG ratio is a critical indicator of cellular health and, during 

oxidative stress, GSH declines while GSSG is increased, resulting in a decreased GSH/GSSG 

ratio [193].  Maurer et al. demonstrated that a grape skin powder increased GSH in the colon of 

rats with colitis. Exploring the potential of MGE to increase GSH to protect cardiomyocytes 

against ROS should be investigated. Glutathione colorimetric assays could be used to measure the 

GSH/GSSG ratio in a wide range of samples, including blood, cultured cells, and tissue [194].  

In addition to GSH, glutathione s-transferase (GST) could also be measured in vitro and 

in vivo. GST is the primary determinant of the intracellular concentrations of 4-HNE by 

metabolizing cellular 4-HNE via conjugation to GSH, thus reducing cellular damage by 

decreasing 4-HNE levels [195]. Polyphenol-rich fruit juice consumption significantly increased 

GST in circulating leukocytes of healthy adults [196]. Therefore, MGE may increase GST, 

resulting in decreased 4-HNE accumulation in the heart. However, GST should also be evaluated 

in tumor samples due to its potential role in chemotherapeutic drug resistance [197].  

SOD1 was increased by MGE alone, reduced by TRZ, and returned to control levels by 

the addition of MGE; however, SOD2 and SOD3 were not measured in this study. Although 

SOD1 is the major intracellular SOD (primarily located in the cytoplasm) [198], SOD2 is 

instrumental in maintaining mitochondrial ROS homeostasis [199] and should be evaluated in 

heart tissue via western blot analysis and/or immunohistochemistry. Additionally, changes in 

SOD3, which is expressed in the extracellular matrix of various tissues including the heart [200], 
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should be measured. The primary function of SOD is to catalyze the conversion of the superoxide 

anion to less reactive H2O2, which is then further reduced to water by catalase [201]. We 

measured catalase by western blot analysis and demonstrated it was increased following MGE 

treatment but the increase was not statistically significant (data not shown). In addition, 

glutathione peroxidase also reduces H2O2 and warrants further investigation.  

In conclusion, the foundational work presented in this dissertation can be expanded in 

several directions to better understand the mechanisms of action of MGE in HER2 positive TRZ-

resistant and TRZ-sensitive breast cancer. Even though TRZ-resistant patients may be in greater 

need of additional therapies, it is also imperative to determine the effects of MGE on TRZ-

sensitive HER2 positive breast cancer in vivo. Increasing the understanding of the bioactivity of 

MGE would help identify patients who may be more sensitive to its effects. For example, patients 

with PI3K mutations resulting in aberrant AKT activity may have a more robust response to 

MGE since AKT activation was decreased in all cell lines and tumor samples. 

Limitations 

Despite the novel findings presented in this dissertation, limitations exist. The effects of 

MGE on oncogenic signaling were associative rather than causative; additional experiments are 

necessary to demonstrate whether the mechanisms identified in vitro are essential for reducing 

HER2 positive cell proliferation. However, using genetic manipulations to identify the precise 

mechanism of action in an unfractionated extract is not without problems. Numerous compounds 

in MGE most likely elicit different biological effects, and the extract may overcome genetic 

alterations by activating alternative signaling. For example, despite the PI3K mutation in 

HCC1954 cells and the PTEN loss in JIMT-1 cells, MGE significantly reduced proliferation in 

both of these TRZ-resistant cell lines. Even though identifying precise mechanisms of action in 

unfractionated extracts is a limitation, the pleiotropic activities of the extract are an important 

asset and suggest that MGE may be effective in a wide variety of HER2 positive breast cancer 



173 
 

patients. HER2 positive breast cancer is a heterogeneous disease, and treatment with a pleiotropic 

chemotherapeutic would likely be beneficial to many patients [202]. 

The components or metabolites in MGE which reach cancer cells in vivo are not known.  

Therefore, the mechanisms of MGE that we identify in vitro may not necessarily be the only ones 

that contribute to the effects of MGE in vivo due to the presence of phenolic metabolites. 

Additional studies could examine which polyphenols and metabolites are present in the plasma 

and urine after consumption of MGE. MGE would then need to be fractionated and individual 

components identified to more effectively determine the exact mechanisms in vitro and in vivo. 

Animal studies could then be conducted administrating single components to identify whether the 

compound is measurable in the serum or urine of mice. The components identified in the 

serum/plasma at high enough concentrations to exert effects could then be used individually in 

mechanistic in vitro and in vivo studies, which may shed additional light on mechanisms of action 

in vivo. However, this process would be expensive, time-consuming, dependent on the 

availability of known standards, and of limited use since one of the main assets of MGE is its 

pleiotropic mechanism of action, which is likely not based on one individual component.  

However, fractionating the extract and identifying all of its components would help in the 

development of a standardized therapeutic [203]. Natural products are often standardized for use 

by combining the most potent components from the extract in fixed ratios. However, this method 

removes the diversity of unfractionated natural products and may reduce their synergistic effects. 

Since fractionation is guided by in vitro assays, compounds that are essential to the extract's 

mechanisms of action in vivo may be overlooked [204]. 

Another limitation of this study is that immunodeficient nude mice were used in the TRZ-

resistant JIMT-1 xenograft model. Nude mice, which lack a viable thymus and have reduced T 

cell levels [205], do not accurately recapitulate the normal immune response in humans. While 

the tumors grow in the appropriate microenvironment, the lack of T cells prevents the 

development of many aspects of adaptive immunity. Several studies show that grape extracts 
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have immunomodulatory effects in vitro and in vivo. In rats fed a high-fat diet, grape seed 

procyanidins decreased IL-6 and TNF-alpha proinflammatory cytokines and enhanced production 

of the anti-inflammatory cytokine adiponectin [206]. Nair et al. showed that a grape seed extract 

selectively induced the production of helper T cell-derived cytokines in vitro [207]. Treg cells, 

which suppress antitumor responses, were inactivated in UVB-exposed skin by consuming grape 

seed proanthocyanidins [208]. Lastly, chickens were given muscadine grape pomace in their feed 

for 42 d and then tested for primary resistance to bacterial infection and protective immunity after 

vaccination. Overall, the chicks receiving the pomace had a lower number of lesions when 

challenged with bacteria and increased resistance to infection after vaccination [209]. Thus, MGE 

may affect inflammation and/or T cell functions to exert antitumor effects, and the JIMT-1 mouse 

model would not fully capture these interactions. Studies using MMTV-neu transgenic mice, 

which have full immune function, would address this limitation. 

The mode of drug delivery is another limitation of the JIMT-1 xenograft study. Although 

the TRZ dose was within the normal range given to patients, TRZ was administered by 

intraperitoneal (IP) injection and not intravenously as normally administered to patients. 

However, the peritoneal cavity is an excellent portal into the systemic circulation for substances 

after IP injection due to a large surface area and vast blood supply [210]. Additionally, TRZ was 

administered IP to peritoneal cancer patients with no significant adverse events or toxicities 

reported after a year [211]. MGE is given orally, which is the most preferred route. However, 

since the mice are group-housed, there is no way to measure the exact amount of MGE each 

mouse receives. Using metabolic cages, we determined that the mice receiving MGE in the water 

were drinking an average of 6 mL of water, which corresponds to a dose of 0.6 mg total 

phenolics/mouse/day. However, metabolic cages were only used for 24 h; each mouse likely 

drank a variable amount of water over the five weeks of treatment. Although oral gavage could be 

used to prevent this limitation, this method further stresses the rodents.   
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The findings in this study present the first evidence of the anticancer and cardioprotective 

effects of MGE in HER2 positive breast cancer. The novel findings of the extract effects on TRZ-

resistant HER2 positive breast cancer and TRZ-induced cardiotoxicity lay a foundation for 

additional studies to develop a safe and effective treatment for HER2 positive patients. 
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 2016-2020 Alumni Graduate Student Travel Award, Wake Forest University 

 

 

 Memberships in Professional and Scientific Societies 

 

 2018-present American Association for Cancer Research (AACR) 

 2016-present American Society for Nutrition (ASN) 

 

 Abstract Presentations 

 

 1. Mackert JD, BS, Tallant EA, Gallagher PE. (2020) Muscadine Grape Extract Inhibits 

Trastuzumab Sensitive and –Resistant HER2 Positive Breast Cancer and Prevents 

Trastuzumab-Induced Cardiotoxicity, American Society for Nutrition (Oral presentation). 

 

2. Mackert JD, BS, Tallant EA, Gallagher PE. (2019) Muscadine Grape Extract Inhibits 

Trastuzumab-Sensitive and –Resistant HER2+ Breast Cancer Cells and has Synergistic 

Effects when Combined with Trastuzumab, American Association for Cancer Research 

(Poster). 

 

3. Mackert JD, BS, Tallant EA, Gallagher PE. (2018) Muscadine Grape Extract Prevents 

 Proliferation of HER2 Positive Breast Cancer Cells in Association with a Decrease in AKT 

 Signaling, American Society for Nutrition (Poster). 

 

4. Mackert JD, BS, Tallant EA, Gallagher PE. (2017) Muscadine Grape Extract Prevents 

Proliferation of HER2 Positive Breast Cancer Cells in Association with a Decrease in AKT 

and mTOR Phosphorylation, Experimental Biology (Poster). 

 

Publications 

   

1. Mackert J, Gallagher P, Tallant E. A Polyphenol-Rich Muscadine Grape Extract Inhibits 

HER2 + Breast Cancer and Protects Against Trastuzumab-Induced Cardiotoxicity. [Meeting 

Abstract] Curr Dev Nutr. 2020 

 

2. Mackert J, Gallagher P, Tallant E. Muscadine grape extract prevents proliferation of 

HER2 positive breast cancer cells in association with a decrease in phosphorylation of AKT 

and mTOR. [Meeting Abstract] FASEB J. 2017  
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3. Martinez KB, Mackert JD, McIntosh MK. Polyphenols and Intestinal Health. Nutr Funct 

Foods Heal Aging. 2017. 

 

4. Mackert JD, McIntosh MK. Combination of the anthocyanidins malvidin and peonidin 

attenuates lipopolysaccharide-mediated inflammatory gene expression in primary human 

adipocytes. Nutr Res. 2016 

 

5. Collins B, Hoffman J, Martinez K, Grace M, Lila MA, Cockrell C, et al. A polyphenol-

rich fraction obtained from table grapes decreases adiposity, insulin resistance and markers 

of inflammation and impacts gut microbiota in high-fat-fed mice. J Nutr Biochem. 

2016;31:150–65. 

 

 

Prepared Manuscripts 

 

1. Mackert J, Tallant EA, Gallagher PE. (2020) Muscadine Grape Extract Inhibits HER2 

Positive Breast Cancer Cell Proliferation Singly and in Synergy with Trastuzumab. 

(To be submitted to Breast Cancer Research and Treatment) 

 

2. Mackert J, Tallant EA, Gallagher PE, Cruz-Diaz N, Payne V, Sheilds L, Landrum M, 

Westwood B. (2021) Muscadine Grape Extract Prevents TRZ-Induced Cardiotoxicity and 

Reduces Tumor Growth in a TRZ-Resistant HER2 Positive Xenograft. (To be submitted to 

Breast Cancer Research) 
 

 


