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1. Introduction 

1.1 Breast Cancer 

Breast cancer (BC) is the most frequent cancer, affecting one in every eight women 

worldwide (120). Each year, the number of women diagnosed with breast cancer is 

increasing rapidly, and 16% of all the cancer-related deaths account for BC globally (18). 

Although non-malignant and local tumors are curable in 70-80% of patients, malignant 

breast cancer is a leading cause of cancer-related deaths worldwide with a less than 30% 

five-year survival rate (106).  

1.1.2 Breast cancer histological subtypes 

Breast cancer is usually of epithelial origin initiated either in the ductal or lobular region 

of the breast hence called ductal or lobular carcinoma (epithelial) (44). Most breast 

cancers are metastatic and are referred to as invasive ductal carcinoma (IDC), or invasive 

lobular carcinoma (ILC). About 80% of the BC cases are diagnosed when they are already 

systemic (invasive and thus, metastatic) (31). Their non-invasive counterparts, a localized 

carcinoma that has yet to break through the basal membrane, is called pre-invasive 

carcinoma or carcinoma in situ, namely ductal carcinoma in situ and lobular carcinoma 

in situ (44).  

1.1.3 Breast cancer molecular subtypes 

Besides the broad histological classification, BC subtypes have unique molecular 

subtypes (110) which mainly include a receptor-positive subtype with expressing 

Estrogen Receptor (ER) and/or Progesterone Receptor (PR) or Human Epidermal growth 

factor Receptor-2 (HER-2) (48). Perou and his colleagues classified BC based on 

comprehensive cDNA microarray profiling into four subtypes namely Luminal A, 

Luminal B, HER2+, and a receptor-negative subtype also called Triple-negative Breast 

Cancer (TNBC) (98). This pioneered the development of other mutagenic assays to 

characterize BC subtypes for effective treatment.  
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Figure 1: Molecular subtypes of Breast Cancer. Breast cancer classification based on 

molecular subtypes and their associated receptors. Each subtype has a unique immune 

and molecular profile with varying responses to therapy and variable prognosis (20, 35, 

46). Created with Biorender. 

1.1.4 Triple Negative Breast Cancer (TNBC) 

Triple negative breast cancer is a highly aggressive breast cancer type lacking hormone 

receptors (ER and PR) and HER-2 receptor with poorly differentiated and heterogeneous 

biology. TNBC accounts for 15-20% of all BC cases detected with a high rate of relapse 

and the worst prognosis (163). Lehman and colleagues classified TNBC based on gene 

expression patterns into seven subtypes; Basal-like (BL) BL-1 & BL-2, 

Immunomodulatory (IM) subtype which expresses immune signalling genes, 

Mesenchymal (M) and Mesenchymal stem like (MSL) with high motility and expression 

of angiogenesis related genes, luminal androgen receptor (LAR) having androgen 

receptor activated gene expression and a complex unstable subtype (69). They further 

refined their classification to four main subclasses i.e. BL-1, BL-2, M and LAR as they 
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noticed the involvement of stromal and immune cells in the gene expression profile of 

MSL and IM subtypes (70).  

Although BC is less immunoreactive than other immune-active cancer types, TNBC is 

the most immune-reactive among all subtypes due to the high expression of immune 

genes and a high intra-tumoral and stromal infiltration of lymphocytes (75). Different 

subtypes of TNBC have different immune profiles; the BL subtype is typically considered 

‘hot’ compared to the LAR subtype with a ‘cold’ i.e. low tumor-infiltrating lymphocytes. 

The MSL subtype, however, is reported to have an immune-desert microenvironment 

(29). This classification by Lehman is generally accepted and considered in clinics to 

decide on suitable treatment options (161) however, TNBC demonstrates a high genetic 

and clonal diversity and heterogeneity within the same tumor and tumors from different 

patients (29, 116).  

1.1.5. Treatment for breast cancer  

Despite advances in medical therapy, the treatment of breast cancer is still challenging. 

In general, receptor-positive cancers have a better prognosis and can be treated with 

chemotherapy, endocrine therapy and HER-2 inhibitors (57). The main treatment goal for 

non-invasive BC is to remove tumors and prevent relapse, while in the case of metastatic 

cancer, the main goal is to manage metastasis and improve the patient’s quality of life. 

The most common treatment options include surgery, radiotherapy, chemotherapy, 

bisphosphonates, HER-2 inhibitors and immunotherapy (57). However, each patient's 

treatment regimen is extensively tailored based on the cancer subtype and grade.  

Triple negative breast cancer, however is the only BC subtype that lacks targeted 

treatment (163). Despite the immune reactivity in TNBC, immunotherapy agents only 

provide a modest benefit in combination with chemotherapy only when utilized as first-

line treatment (113). Currently, TNBC therapy is reliant on devising an elaborate 

treatment plan including neo-adjuvant and adjuvant therapies and, in some cases, a dose 

dense scheduling i.e. increasing intensity of chemotherapy by either administering the 

drug more frequently or administration of a higher drug doses sequentially rather than a 

concurrent low dosage (40). Based on randomized clinical trials, incorporation of 

adjuvant therapy after neo-adjuvant immunotherapy and chemotherapy resulted in an 8% 
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and 5% increase in overall survival of TNBC patients respectively (81, 152). Similarly, 

dose dense scheduling of treatment is found to reduce the risk of recurrence in TNBC 

patients (40). Other major therapy options involve PARP inhibitors, antibody based 

drugs, immune checkpoint inhibitors and targeting of specific pathways (163). Despite 

recent developments in therapy types and treatment regimens, TNBC remains to be a 

challenging cancer type. The high heterogeneity, diverse pathophysiology and lack of 

specific targets calls for extensive research exploring better treatment options for TNBC. 

At present, adjuvant treatment options such as hyperthermia have a strong clinical 

indication in the case of TNBC. 

1.1.6 Triple negative breast cancer mouse models; 4T1 and 4T07 

Mouse models are an effective and economical tool to investigate mechanisms and 

pathways in vivo. Selection of an appropriate model based on research objectives is a 

crucial step for effective research. The most commonly used TNBC cell lines to create 

syngeneic models are 4T1 and 4T07, which are subclones of 410.4 mammary carcinoma 

cells, derived from a spontaneous breast cancer of the inbred Balb/c mouse (19). 4T1 is a 

highly tumorigenic and invasive cell type that has basal like characteristics (101). 4T1 

tumors can spontaneously metastasize to other organs such as blood, brain, bone, lungs, 

liver and lymph nodes in a manner similar to human TNBC. Furthermore, the syngeneic 

model: the implantation of 4T1 cancer cells into Balb/c mice is genetically stable and 

transplantable making it an excellent model for translational research (97). Similarly, 4T1 

cells can establish tumors in immunocompetent mice yet are poorly immunogenic, which 

mimics BC metastasis of humans(62, 73). 4T07 is another TNBC model cell line, 

subclone of the same 410.4 cell line which is highly tumorigenic but non metastatic. 

Although 4T07 cells can be found in lungs and blood, they fail to establish macro-

metastasis at secondary sights. This inability is mainly attributed to a failure to extravasate 

the blood vessels. 4T07 is however immunogenic as compared to 4T1 which makes it a 

suitable model for immunotherapy research.   

1.2 Hyperthermia in Oncology  

Hyperthermia (HT) can be defined as the use of heat energy to target malignancy (124). 

De Kizowitz reported the reduction of tumor growth in patients suffering from malarial 
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fever in 1779, France. Effectiveness of hyperthermia as a cancer therapy has been under 

continuous scrutiny however, HT evolved to be a promising complementary therapy 

facilitating chemo-, radio- and other oncology therapies (89, 108). Clinical hyperthermia 

includes providing heat energy to the malignant cells raising their temperature to 40-43°C 

for a specified time. The elevated temperature is a marker of the heat energy absorbed by 

tumor cells initiating physiological, structural and chemical modifications in the tumor 

tissue. HT mediated cancer cytotoxicity is usually detected in the temperature range of 

39-43°C, promoting chemotherapy delivery and tissue oxygenation at about 40°C, 

impeding microcirculation at >41°C and cell death at 42°C (27).  

HT directly damages the cancer cells by damaging chromosomes in S-Phase and 

disrupting the mitotic apparatus during the M-phase of the cell cycle (154). Furthermore, 

HT promotes cancer cell death by inducing structural and conformational changes in 

macro-molecular structures, disruption of cell metabolism, inhibition of DNA damage 

repair (DDR) mechanisms and activation of the cell’s apoptotic pathways (13, 47, 108). 

Clinical evidence potentiated the benefits of hyperthermia in combination with radio- and 

chemo- therapy (93). It was reported that since radiotherapy mediates cytotoxicity by 

inducing DNA damage and generation of double strand breaks, HT promotes 

radiotherapy damage by inhibiting DDR either by altering the nuclear protein content 

(107) or damaging enzymes involved in DDR (47, 50). Similarly, the elevated 

temperature promotes vasodilation (26) facilitating enhanced blood flow, hence 

promoting chemotherapy delivery to the tumor core, (47, 93). Simultaneously, HT 

increases cell membrane fluidity thereby altering the cell membrane potential that leads 

to enhanced drug uptake by the cancer cell (93, 115, 141).  

1.3 Modulated electro-hyperthermia 

Modulated electro-hyperthermia (mEHT) also termed as oncothermia, is a non-invasive 

loco-regional hyperthermia based treatment modality which uses radiofrequency (RF) 

current at 13.65 MHz to selectively heat cancer cells (125). Modulated radiofrequency 

current flows through the patient’s tumor region sandwiched between two cooling 

condenser electrodes. The energy generated is absorbed specifically by the cancer cells 

leading to an increase in temperature of the tumor (124). Notably, mEHT establishes a 
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2.5°C temperature difference between the tumor core and the skin temperature above the 

tumor (28). mEHT can selectively target cancer cells while exempting healthy cells due 

to the following altered biophysical and metabolic properties of cancer cells. 

• Cancer cells tend to rely on anaerobic glycolysis regardless of the presence of 

oxygen (Warburg effect) which on one hand reduces the extracellular pH due to 

lactic acid production and on the other hand increases electrical conductance 

hereby allowing better selection of the cancer tissue by mEHT (131). 

• Cancerous and healthy cells differ in their dielectric properties: cancer cells have 

higher dielectric permittivity and lower membrane potential. Furthermore, the low 

amount of ATP produced by cancer cells is not sufficient to regulate active 

membrane potential which adds to a reduced membrane potential of cancer cells 

(15, 129). 

• Physiological differences such as the altered lipid and sterol composition and 

higher numbers of membrane rafts (transmembrane domains enriched with sterols 

and spingolipids) in the cancer cell’s membrane as compared to healthy cells 

further facilitates the selection of cancer cells by mEHT (124, 129).  

 

Figure 2: Principle of modulated electrohyperthermia treatment. Tumor is placed 

between two electrodes and a radiofrequency current runs through the circuit of which 

the patient is a part. The radiofrequency current generates an electromagnetic field which 

is specifically absorbed by cancer cells due to their altered physiological and metabolic 
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properties. The energy is absorbed by lipid rafts of the cancer cell’s membrane thereby 

activating nearby signalling receptors and altering ion movement across the membrane 

which collectively contributes to cancer cell death selectively (17, 84, 123). Created with 

Biorender. 

Modulated electro-hyperthermia provides local heating by specifically heating membrane 

rafts and extracellular electrolytes of the extracellular environment thereby heating up 

only a narrow and specific region of the cancer cell’s plasma membrane which prevents 

formation of hotspots like in whole body hyperthermia. (15). Principally, the heat energy 

is absorbed by the extracellular electrolytes which heat up and create a temperature 

difference between the extracellular and intracellular environment of the cancer cell. This 

heterogeneity firstly facilitates continuous heat flow across the selected cells and 

secondly promotes apoptotic signalling (124). Membrane rafts have high conductivity 

and permeability which allows better current flow and hence absorb maximum heat 

energy thereby acting as nanofocus points i.e. biological nanoparticles, for mEHT (42, 

96). Since membrane rafts have signalling proteins in close proximity, an altered 

physiology of the membrane rafts in response to energy absorption activates FAS 

signalling and hence caspase dependant apoptosis, mitochondrial apoptosis signalling and 

other signalling pathways (61). The radiofrequency current is better absorbed by the 

membrane rafts which not only activates apoptotic signalling but also creates a direct 

current voltage of approximately 1uV (156). This voltage difference creates ion efflux 

and hence upsets the ionic equilibrium of most ions across the cell membrane. This 

disruption of ionic equilibrium leads to cytotoxic effects for example, a severe K+ ion 

efflux depolarizes the membrane and induces apoptosis, increased influx of Na+ and Cl- 

ions lead to cell swelling and trigger cell death. Similarly, an influx of Ca+ ions potentiate 

apoptotic cell death. Overall, the disequilibrium of ions across the membrane reduces 

proliferation and clonogenicity of cancer cells (53, 128, 156).  The most well-known, 

non-thermal, cytotoxic effect of an electromagnetic field is electroporation: pore 

formation on the cell membrane in an electromagnetic field. 

1.3.1 Dosage, Heat and Temperature 

It is of absolute importance to mention that though often used in the same context, 

absorbed heat energy and not the temperature is the driver of mEHT (84). In case of 
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mEHT, energy is the key player while elevated temperature is a mere response to energy 

absorption (65). To define a dosage, we need to define an expected effect which in 

oncological hyperthermia is the damage of cancer tissue. It is however not very simple to 

define the dosage i.e. the maximal tolerable or minimal effective application of mEHT to 

obtain cytotoxic effects, as the energy absorbed and the energy dissipated in the cancer 

cell is highly heterogenous (123, 148). The absorption of heat is dependent on various 

factors which include the mass or volume of the target tissue and its bioelectric properties, 

for instance cancer cells have higher dielectric constants as compared to healthy cells but 

tumors with high fat content have lower dielectric constants. The dielectric properties of 

a tumor type may also vary depending on the stage of the cancer (100). Furthermore, the 

energy absorption and distribution to the target tissue are not the same as some of the 

energy is lost at the surface, some is dissipated from the target tissue to the surrounding 

tissue due to continuous blood flow and other is lost to the surface cooling mechanisms 

(130). The efficiency of energy absorption can therefore vary based on the given 

conditions of treatment, the actual target organ, frequency of the current and the frequency 

of the treatment events. In general, dose for mEHT is calculated as the energy absorber 

per unit of the tumor mass i.e. J/Kg, following the same principle of defining dose of 

ionizing radiations. The dose is defined as Specific Absorption Rate (SAR) in W/kg 

which depends on the maximum power provided by the mEHT device. Dose per session 

is calculated as the SAR times duration of active mEHT treatment. The treatment dose is 

the sum of all SARs in each session of treatment (84). Interestingly, in mEHT treated 

pork meat, scientists could observe a 92% energy absorption efficiency (92) and the 

combined thermal and non-thermal effects of mEHT could induce a three times higher 

cell distortion in comparison to sole thermal effects of conventional HT (148). Apart from 

the efficiency of energy absorption, the power applied and the intra-tumoral temperature 

achieved is also important. A high-power dosage at 18W during initial phases of mEHT 

i.e. elevation of temperature from 25°C to 37°C and from 37°C to 42°C provided higher 

apoptosis rate in the cancer cells as compared to lower power i.e. 7.6W applied while 

maintaining the temperature at 42°C. Hence, a large dose of power and accumulation of 

power over a longer duration yielded the best cytotoxic effects (56). It is therefore 

necessary to determine the optimal dosage in clinical settings based on frequent 

evaluations and feedback to ensure effective anticancer treatment.  
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1.3.2 Biological effects of modulated electro-hyperthermia 

Modulated electrohyperthermia induces various cellular responses owing to its 

synergistic thermal and non-thermal effects. The most prominent cytotoxic biological 

effect of mEHT is activation of programmed cell death in cancer cells. mEHT can initiate 

apoptotic signalling, nuclear shrinkage, membrane blebbing and formation of apoptotic 

bodies (61). mEHT induces apoptosis dependant or independent cleaved caspase 3. In 

vitro studies showed an increase in pro-apoptotic and reduction of anti-apoptotic factors 

after a single treatment with mEHT in the colorectal cancer cell line C26. This apoptosis 

initiation led to a significant cleaved caspase 3 (cCa3) mediated apoptosis after 24 hours 

(142). Similar effects were observed in the HepG2, hepatocellular carcinoma cell line 

after three mEHT treatments (159). mEHT mediated cCa3 dependant apoptosis was also 

confirmed in a TNBC mouse model (28). Besides the caspase mediated apoptosis, mEHT 

can induce programmed cell death via other pathways such as upregulation of FAS and 

JNK signalling pathways (17). Furthermore, mEHT upregulates expression of Apoptosis 

inducing factor 1 (AIF-1) and facilitates its release from the mitochondrial membrane 

thereby translocating to the nucleus and promoting DNA fragmentation (21) 

.  

Figure 3: Biological effects of modulated electrohyperthermia. Cancer cells 

specifically absorb electromagnetic energy across the several membrane rafts of the cell 

membrane and the tumor is heated up. The thermal and non-thermal effects of modulated 

electrohyperthermia synergistically interfere with the cell’s physiology and lead to 

apoptosis (61, 84, 147). Created with Biorender. 
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mEHT further induces double stranded DNA (dsDNA) breaks in colorectal cancer C26 

and melanoma B16F10 cells (82, 143) which could be detected by strong phosphorylation 

of histone molecules, a marker of dsDNA damage translated to an enhanced expression 

of H2A histone family member X (γH2AX) (36). This high expression of γH2AX 

promotes cell damage by reducing BReast CAncer gene (BRCA-2) expression thereby 

halting DNA repair and promoting release and nuclear translocation of Apoptosis 

Inducing factor-1 (AIF-1) (21), promoting apoptosis. γH2AX also promoted expression 

of p21 which halts cell cycle progression (37), this upregulation was also observed in 

colorectal cancer C26 (143) hepatocellular carcinoma HepG2 (54) and glioma cell line 

(B16F10) and glioma xenograft models (82).  

Cancer cells respond to mEHT by eliciting stress responses such as upregulation of heat 

shock proteins (HSPs) in response to high thermal energy absorption. HSPs are 

chaperones that support conformation of proteins and macromolecules to prevent 

aggregation and or denaturation (117). mEHT induced expression of several HSPs 

namely HSP40, HSP60, HSP70 and HSP90 four hours after treatment which doubled 

after 24h in HT29 cells (16). Similarly, in our experiments, in TNBC isografts, HSP70 

expression peaked at 12 hours followed by exhaustion at 24hours after three mEHT 

treatments (28).  

Blood flow plays an interesting role in hyperthermia. In conventional whole body 

hyperthermia, temperature of the body rises and heats up the blood, this heated blood then 

reaches the tumor tissue and heats up the cancer cells. In local hyperthermia however, 

heat is applied directly to the tumor area and flowing blood acts as a cooling agent and 

dissipates the heat that reaches the tumor (41). During mEHT, the tumor is locally heated 

and hence blood flow dissipates heat, however when the temperature between the tumor 

core and the external environment gains equilibrium the specific energy of the 

electromagnetic field spreads to the points of equilibrium and reinstates lost heat, hence 

temperature is not reduced in response to blood flow as SAR replenishes energy to the 

tumor tissue (84). 
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Figure 4: Role of blood flow in hyperthermia. (A) In whole body hyperthermia, the 

body temperature is elevated by fever or fever like stimuli which leads to heating up the 

blood. The heated blood circulates in the body and upon reaching the tumor mass heats 

up the tumor thus, the heating is not tumor selective. (B) In modulated 

electrohyperthermia, the tumor is directly heated by absorption of electromagnetic energy 

by lipid rafts of the cell membrane acting as biological nanoparticles and the flowing 

blood acts as a cooling agent maintaining a slight yet continuous temperature difference 

between the cancer mass and its surroundings (84, 123). Created with Biorender. 

However as blood flow significantly modifies the SAR, temperature detection in the 

tumor is not the most accurate way to determine mEHT dosing (84, 129). Mild 

hyperthermia promotes blood flow by vasodilation which on one hand promotes tumor 

oxygenation and drug delivery while on the other hand promotes nutrient delivery and 

dissemination of cancer cells to secondary sites.  

Modulated electrohyperthermia therefore targets cancer cells by synergistic thermal and 

non-thermal effects which includes direct DNA damage, activation of apoptotic 

signalling, cellular stress and immune responses etc (147). 
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1.4 Cancer angiogenesis and hypoxia 

A cancerous cell’s ability to induce angiogenesis is one of the hallmarks of cancer, as 

angiogenesis is essential for tumor cells to survive (121). Unlike normal blood vessels, 

blood vessels in tumors are more permeable and tortuous, which is attributed to the altered 

endothelial cells (ECs) referred to as Tumor Endothelial Cells (TECs) (79, 132). 

Furthermore, besides the autocrine production of proangiogenic factors by tumor cells, 

tumor cells can prime immune cells to produce more angiogenic factors, which results in 

a loss of balance between the pro- and antiangiogenic factors, rendering the tumor 

vasculature unruly and poorly developed (94). Tumour blood vessels thereby have loose 

junctions, an incomplete basement membrane distribution, and reduced pericyte support. 

This deformed vascular physiology leads to poor blood supply and, therefore, hypoxia 

and reduced drug delivery (78, 169). The abnormal morphology of the tumor vasculature 

hinders blood perfusion and hence reduces the oxygen supply in the tumor core, 

promoting a hypoxic tumor microenvironment (160). This hypoxic microenvironment 

promotes angiogenesis to ensure survival and proliferation of the cancer (111). Tumor 

angiogenesis is initiated in response to hypoxic or inflammatory stimuli in the tumor 

microenvironment. During the angiogenic switch, ECs are activated and start to produce 

angiogenic growth factors such as Fibroblast Growth Factors (FGFs), Transforming 

Growth Factor β (TGF-β), Platelet Derived Growth Factor (PDGF), and Vascular 

Endothelial Growth Factors (VEGFs) (14, 169). The tumor vasculature is an important 

and complex factor in the cancer cell’s survival and proliferation. Although inhibition of 

angiogenic pathways has provided better patient outcomes in clinical settings, resistance 

to antiangiogenic therapy (104) and tumor cells switching to other neovascularization 

processes are prominent challenges (105).  

1.5 mEHT: a potentiator of repurposed anticancer drugs 

Modulated electrohyperthermia is a prominent complementary treatment employed with 

chemo- and radiotherapy. Combining mEHT with radiotherapy provided better tumor 

regression and reduced gastrointestinal toxicity in locally advanced rectal cancer patients 

(58). Similarly, mEHT provided better overall treatment response in combination with 

platinum based chemotherapy in cervical cancer patients as compared to patients 

receiving only chemotherapy (68). mEHT also potentiated the effects of doxorubicin in 
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activating apoptosis and cell cycle arrest in murine colorectal cancer model (142). 

Furthermore, mEHT enhanced antitumor efficacy of intra-tumoral dendritic cell therapy 

in squamous cell carcinoma murine model by its abscopal effect (102). In a randomized 

clinical trial, mEHT was combined with common analgesic Nefopam. The study 

indicated that mEHT can enhance the bioavailability of orally consumed nefopam without 

increasing side effects (66). Hence it is practical to combine mEHT with available drugs 

to test if and how modulated electrohyperthermia enhances the drugs effectivity.  

Similarly, repurposing already approved drugs for their acticancer potential has recently 

gained attention of the scientific community because it can reduce the cost and time 

required to identify and test new drugs for their efficacy and safety (157). Several classes 

of drugs are being tested to utilise their off target effects against several mechanisms of 

tumor progression (139). It would therefore be interesting if mEHT can potentiate the 

efficacy of such repurposed drugs to reduce overall treatment time .  

1.6 Digoxin: cardiac glycoside with anticancer abilities  

Digoxin, a cardiac glycoside, is a Na/K ATPase inhibitor (83) and a common drug of 

choice for patients with arrhythmias and congestive heart failure. Over the years, its 

potential as an anticancer therapy has been investigated (119, 166, 170) either alone or in 

combination with chemotherapeutics (151). It has now been established that dioxin and 

other cardiac glycosides provide anticancer effects by inhibiting proliferation and 

metastasis (51, 103). The effectiveness of digoxin in combination with chemotherapies 

such as doxorubicin (168), adriamycin (153), and gemcitabine (170) have been already 

investigated.  

Digoxin’s anti-cancer abilities could be attributed to its ability to inhibit the membrane 

Na+/K+ ATPase leading to alterations in intracellular Na+ and Ca+ concentrations thereby 

inducing apoptosis, autophagy, and immunological cell death (153). Furthermore, 

digoxin reduces expression of nuclear factor erythroid 2– related factor 2 (NRF-2) via 

downregulation of PI3K/Akt signalling which promotes oxidative damage to cancer cells 

(27). Zhang et al. reported that digoxin potently inhibited HIF1-α translation and reduced 

tumor volume (166). Similarly, digoxin inhibited HIF1- α transcription in mice reversing 

hypoxic pulmonary hypertension (12). Digoxin has demonstrated reproducible inhibition 
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of growth, invasion and epithelial to mesenchymal transition in cancer cell lines by 

downregulating HIF1-α expression (55, 77). It also reduced expression of genes in 

response to chemotherapy in BC by inhibiting the accumulation of HIF1-α (76). 

Furthermore, digoxin could reduce expression of Vascular Endothelial Growth Factor 

(VEGF) and N-myc downstream regulated gene 1 (NDRG1) in lung adenocarcinoma 

cells via HIF1-α inhibition (32). Ability of digoxin to reduce tumor proliferation and 

angiogenesis has been reported in various cancer types (122, 138, 153). There are several 

clinical trials running to assess the ability of digoxin as a treatment modality for cancer 

(1, 3-11).  

1.7 Non-Steroidal Anti-inflammatory drugs as anticancer treatments 

Non steroidal anti inflammatory drugs (NSAIDs) have also provided anticancer effects in 

several cancers. Chronic inflammation is a hallmark of cancer and cyclo-oxygenase 2 

(COX-2) is a key player in modulating cancer therapy by production of prostaglandins, 

which promote inflammation, proliferation, survival, promoting angiogenesis and 

allowing immune suppression. It has therefore been implicated in the progression of 

various cancers including breast, lung, and prostate cancer (45, 72). NSAIDs express anti-

tumor afctivity primarily by inhibiting activity of cyclo-oxygenase enzyme that leads to 

synthesis of prostaglandins (133). Knockout preclinical studies demonstrated that 

silencing COX-2 could reverse immunosuppression in murine melanoma model (165). 

Cox-2 inhibition by selective or non-selective inhibitors also translates to alleviation of 

inflammatory tumor environment (167). 

Aspirin (ASA) has been thoroughly investigated for its anticancer effects and has shown 

promising effects in colorectal cancer patients. Aspirin can provide anticancer effects not 

only by targeting COX-2 but also by inhibition of Nuclear Factor Kappa B NFκB and 

polyamide catabolism (71, 136). ASAs potential as an anticancer drug is being 

investigated in several cancer types such as breast cancer, gastric cancer, pancreatic 

cancer, etc (52). Similarly, Inhibition of COX-2 by selective inhibitor Celecoxib reduced 

growth and metastasis in colorectal cancer in mice (23). COX-2 inhibition prevents cancer 

progression and migration in various cancers and promotes treatment efficacy of 

chemotherapy and radiotherapy (45, 109).  
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Pre-clinical mEHT studies demonstrate induction of damage associated proteins and pro-

inflammatory cytokines in melanoma and BC models (61, 144) and as mEHT reduces 

hypoxia mediated gene expression (61) we hypothesized, that combining these 

repurposed drugs with modulated electrohyperthermia might have synergistic effects.   

1.8 Clinical applications of modulated electro-hyperthermia 

Modulated electrohyperthermia has been applied for almost twenty years currently being 

used in 32-34 countries (15). In clinical settings, mEHT has demonstrated significant 

improvement in patients with breast, pancreatic, ovarian, cervical, brain and 

gastrointestinal cancer (64, 85, 127). mEHT can be safely employed in clinics without 

significant side effects as observed in Phase I clinical trial of glioblastoma patients treated 

with mEHT in combination with chemotherapy. Similarly, mEHT could be safely 

combined with radiotherapy in grade III and IV glioblastoma patients (126, 155). Patients 

with inoperable and/or grade III and IV pancreatic cancer treated with mEHT had a better 

response, stabler disease and better overall survival as compared to control group both in 

combination with chemo or radiotherapy and as monotherapy (33, 34, 99).  

mEHT also demonstrated feasible results in cervical cancer patients (162) with a 

significant improvement in disease free survival and quality of life (88) and overall 

survival (68). Another phase III clinical trial demonstrated the ability of mEHT to 

potentiate abscopal effects in combination with chemoradiotherapy (CRT) as compared 

to patients only receiving CRT in locally advanced cervical cancer patients (86, 87).  

Similarly, combination of mEHT with traditional Chinese medicine provided better 

disease management with less toxicity in peritoneal carcinoma (95). In advanced rectal 

cancer, mEHT improved cancer regression and could provide better effects at lower 

dosage of radiotherapy with less toxicity and better disease free survival (58). A small 

clinical study also reported better quality of life in advanced metastatic BC patients when 

other treatment options were not working well (91). A new clinical trial assessing the 

benefits of applying mEHT in combination with neo-adjuvant chemotherapy namely 

paclitaxel, doxorubicin and carboplatin in HER2- breast cancer patients is currently 

recruiting (2).  
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2. Objectives 

Studies described in the present dissertation are aimed at investigating the molecular 

mechanisms and pathways of repair initiated in triple negative breast cancer in response 

to modulated electrohyperthermia.  

1. To investigate the effect of repeated modulated electrohyperthermia on the 

vasculature of TNBC tumors.  

2. The time kinetic assessment of vascular and hypoxic dynamics.  

3. To investigate the role of mEHT in initiating angiogenesis. 

4. Inhibition of mEHT induced hypoxia and angiogenic repair by repurposing 

digoxin as an inhibitor if HIF1-α transcription. 

5. To investigate the effect of mEHT therapies combined with either digoxin or SC-

236. 
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3. Methods 

3.1 Cell culture 

4T07 and 4T1 cells were grown as adherent culture in Dulbecco’s Modified Essential 

Medium (DMEM 4.5 g/L glucose with L-glutamine, #12-604F, Lonza A. G., Basel, 

Switzerland) supplemented with 10% Fetal Bovine Serum (FBS Catologue#ECS0180L, 

Euroclone S.p.A., Pero, Italy), and 10% Penicillin-Streptomycin (#17-602E, Lonza A. G., 

Basel, Switzerland). 

3.2 In-vivo model 

Six-to-eight-week-old female BALB/c mice were raised in the SPF animal facility of the 

Department of Oncology, Semmelweis University with ad libitum access to standard 

rodent chow and water, under 12 h dark/12 h light cycles. Animals were anesthetized for 

tumor cell-inoculation with isoflurane (Baxter International Inc., Deerfield, IL, USA) in 

4–5% concentration for induction and 1.5–2% to maintain anaesthesia with 0.4–0.6 l/min 

compressed airflow. 1 × 106 4T1 cells in 50ul Phosphate Buffered Saline ((PBS) without 

Calcium and Magnesium #17-516F, Lonza A.G., Basel, Switzerland) solution were 

subcutaneously inoculated by 50μL Hamilton syringe (Hamilton Company, Reno, NV, 

USA). Inoculation was made orthotopically into the 4th mammary gland’s fat pad in each 

mouse. Eight days after inoculation, tumors were measured with digital calliper and 

ultrasound and mice were randomized into mEHT and sham-treated groups according to 

tumor size and body weight. Mice were injected daily with 2mg/kg dose of digoxin 

(Merck Life Science Kft. D6003), SC236 6 mg/kg (Axon Medchem BV, Groningen, The 

Netherlands) or saline for eight days. Twenty-four hours after the last treatment mice 

were euthanized by cervical dislocation under anaesthesia. The tumors were resected and 

cleaned of the surrounding connective tissue, fat, and skin. The condition of the internal 

organs (bowels, urinary bladder, spleen) and possible adherences between the tumor and 

muscles were inspected. Tumors were cut in half along their longest diameter, one half 

was placed in a 4% buffered formaldehyde solution (Molar Chemicals Kft., Halásztelek, 

Hungary). The other half of the tumors were frozen in liquid nitrogen for molecular 

analysis (RNA isolation, RT-PCR). For time kinetics experiments, mice were euthanized, 

and tumors were harvested at different time points: 4, 12, 24, 48, and 72 h after the last 

treatment, and mice were injected with pimonidazole hydrochloride (HypoxyprobeTM1, 
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HPI catalogue no. HP1-200) by tail vain injection an hour before tumor harvest. 

Interventions and housing of the animals conform to the Hungarian Laws No. 

XXVIII/1998 and LXVII/2002 about the protection and welfare of animals, and the 

directives of the European Union. Animal experimental protocol was approved by the 

National Scientific Ethical Committee on Animal Experimentation under Nos. 

PE/EA/633-5/2018 and PE/EA/50-2/2019. 

3.3 In-vivo mEHT treatments 

Tumors were treated 3–5 times with the newly developed rodent modulated electro 

hyperthermia device as described previously (28, 114). The principle of the treatment is 

a capacitive coupled, amplitude-modulated, 13.56 MHz electromagnetic field which 

transfers energy to the tumors. Animals were placed on a heating pad (in vivo applicator), 

functioning as the lower electrode, and connected to the LabEHY modulated electro 

hyperthermia 200 device with heating and radiofrequency (RF) cable. The abdominal area 

below the mobile electrode and the back of the mice was shaved before the treatments to 

enable electric coupling. Treatments were performed with a LabEHY 200 device in a 

temperature-driven way, for 30 min with 0.7 ± 0.3 watts after a 5-min-long warmup. 

Temperature monitoring was performed with optical temperature sensor Luxtron 

(Oncotherm Ltd., Budaörs, Hungary). Temperature parameters were set and monitored 

as per our previously demonstrated guidelines (28). During sham treatments, the 

electromagnetic field was turned off, but all other conditions (heat pad temperature, upper 

electrode position) were similar to the mEHT treatment. 

3.4 Matrigel plug assay and flow cytometry 

To visualize and analyse the effect of mEHT on vascularization in vivo we performed a 

Matrigel plug assay. Eight to ten-week-old male C57BL/6 mice were raised in the 

Department of the Animal Facility of the Basic Medical Science Center of Semmelweis 

University. 500μL liquid Matrigel (BD Biosciences) containing 600 ng/ml bFGF were 

injected subcutaneously into the left and right groin regions of mice. On day 3 the right-

side plugs were treated with mEHT and the left-side plugs were used as controls. The 

treatment was repeated twice every other day. After 8 days the plugs were excised and 
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subjected to measure the haemoglobin content by hemoglobin Assay Kit (Sigma-

Aldrich,) or to flow cytometry. 

Matrigel plugs were treated with Liberase TM (Roche Diagnostics) at 37 C for 30 min. 

The digested plugs were then filtered through a 70-um cell strainer and red blood cells 

were eliminated by Red Blood Cell Lysis buffer (BioLegend; San Diego, CA, USA), 

centrifuged for 5min at 350xg, washed with PBS, and fixed and permeabilized with 

Intracellular Fixation & Permeabilization Set (eBioscience). TruStain FcX antibody 

(Biolegend; San Diego, CA, USA) was used for blocking the non-specific binding of IgG 

to the Fc receptors. Immunostaining was performed by incubating the cells with 

monoclonal antibodies for 30 min on ice. The following antibodies were used: PE anti-

mouse CD31 Antibody and APC anti-mouse CD45 Antibody (Biolegend) San Diego, 

CA, USA). Flow cytometry was performed with a FACS Calibur (Becton Dickinson, 

Mountain View, CA, USA). Frequency and intensity measurements were calculated in 

CellQuest software (Beckton Dickinson).  

Table 1. Antibodies used for Flow cytometry. 

Antibody Type Catalogue no. Vendor 

APC CD-45 Mouse, mAb 103111 Biolegend 

CD-31 Mouse, mAb 102407 Biolegend 

 

3.5 qPCR  

RNA isolation was performed with TRI reagent (Molecular Research Center lnc., Ohio, 

USA) according to the manufacturer’s instructions. Isolated RNA was reverse transcribed 

by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbadm, 

CA, USA). The amplified cDNA was used as a template for RT-PCR. Messenger RNAs 

were detected in the samples by SYBR Green based RT-PCR with SsoAdvanced™ 

Universal SYBER® Green Supermix and the CFX96 Touch Real-Time PCR Detection 
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System (Bio Rad, Hercules, CA, USA). Expressions were normalized to 18S. The used 

primers are listed in Table 3. 

Table 2. Primers used for RT-PCR. 

Gene 

symbol 
Gene name Primer pairs 

18S 

18S 

[Mus musculus] 

Fwd: CTCAACACGGGAAACCTCAC 

Rev: CGCTCCACCAACTAAGAACG 

CD105 
Endoglin 

[Mus musculus] 

Fwd: TGGATACCGGATAAGGCCCA 

Rev: CCGACTCTTTCTGCGAGACC 

 

3.6 Histology and Immunohistochemistry  

Formalin-fixed tumor samples were dehydrated and embedded in paraffin. Serial sections 

(2.5 µm) were cut and mounted on salinized glass slides, and kept in a thermostat at 65 

°C for 1 h. Sections were dewaxed and rehydrated for haematoxylin-eosin (H&E) staining 

and immunohistochemistry (IHC). Endogenous peroxidases were blocked for 15 min 

using 3% H2O2 in methanol. For antigen retrieval, slides were subjected to constant 

heating for 20 min in (Tris-EDTA (TE) buffer pH 9.0 (0.1 M Tris base and 0.01 M EDTA) 

or (citrate buffer pH 6.0 (Dako, Glostrup, Denmark)) for CD-31 and anti-pimonidazole 

staining respectively, using an Avair electric pressure cooker (ELLA 6 LUX(D6K2A), 

Bitalon Kft, Pécs, Hungary). Followed by a 20-min cooling with an open lid. The non-

specific proteins were blocked by incubation with 3% bovine serum albumin (BSA, #82-

100-6, Millipore, Kankakee, Illinois, USA) diluted in 0.1 M Tris-buffered saline (TBS, 

pH7.4) containing 0.01% sodium azide for 20 mins. The sections were incubated with the 

primary antibodies diluted in 1% BSA/TBS + TWEEN (TBST, pH 7.4) (Table 1.) 

overnight in a humidity chamber. Peroxidase-conjugated anti-rabbit & anti-mouse IgGs 

(HISTOLS-MR-T, micropolymer -30011.500T, Histopathology Ltd., Pécs, Hungary) 
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were used for 40 min incubations and the enzyme activity was revealed in 3, 3’-

diaminobenzidine (DAB) chromogen/hydrogen peroxide kit (DAB Quanto-TA-060-

QHDX-Thermo Fischer Scientific, Waltham, MA, USA) under microscopic control. All 

incubations were at room temperature with the samples washed between incubations in 

TBST buffer for 3 × 3 min. Digital evaluation of Tumor Destruction Ratio (TDR%) on 

H&E slides and the CD31 and pimonidazole staining was performed using the case 

viewer software as described earlier (28). Red blood cell covered area was quantified by 

the CaseViewer software by double masking the whole tumor area (Parameters attached 

in supplementary data). Number of viable blood capillaries per tumor area was manually 

counted, viable vessels were characterised as circular, luminal, surrounded by living cells, 

visibly containing RBCs with area no less than 100um2. 

Table 3. Antibodies used for Immunohistochemistry. 

Antibody Type Catalogue no. Dilution Vendor 

Anti-

Pimonidazole 

Mouse, 

mAb 
4.3.11.3 1:50 HypoxyprobeTM 

CD-31 
Rabbit, 

mAb 
77699S 1:100 Cell Signaling 

 

3.7 Western Blot analysis for HIF-1α 

Total protein isolation was performed with TRI reagent (Molecular Research Center lnc., 

Ohio, USA) according to the manufacturer’s instructions. 20µg protein was loaded per 

well and fractionated on 12% SDS-PAGE gel and transferred to PVDF membrane. 

Membrane was cut to two in order to probe the same membrane for two proteins 

simultaneously. Membranes were probed with primary antibody specific for HIF-1α and 

β-actin overnight. Membrane was then incubated with HRP conjugated secondary 

antibody for an hour. Chemiluminescent signal was detected by SuperSignal™ West Pico 

PLUS Chemiluminescent Substrate (ThermoFisher Scientific, catalogue # 34578). 
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Chemiluminescent signal was detected by X-ray film and blot was analysed by ImageJ 

software.  

Table 4. Antibodies used for Western Blot. 

Antibody Type Catalogue no. Dilution Vendor 

HIF-1α  
Mouse, 

mAb 
sc-13515 1:200 Santa Cruz Inc. 

β-actin 
Mouse, 

mAb 
ab6276 1:5000 Abcam 

Anti-mouse IgG - 7076 1:3000 Cell signaling  

 

3.8 Statistical analysis  

Statistical analysis was done using The GraphPad Prism software (v.6.01; GraphPad 

Software, Inc., La Jolla, CA, USA). Unpaired Mann‐Whitney nonparametric tests were 

performed in the comparison of sham and mEHT treated groups. Follow‐up examinations 

were statistically evaluated with two‐way ANOVA or one-way ANOVA with Tukey 

correction. Differences were considered statistically significant as *p < 0.05, **p<0.01, 

***p<0.001. Data are presented as mean ± SEM. 
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4. Results  

4.1 mEHT induced interstitial blood and capillary damage in TNBC isografts  

Untreated tumors had an organized capillary structure, without observable blood in the 

interstitium. After 5 mEHT treatments a striking observation was large red areas on H&E 

stained sections. The cause of the red color was the accumulation of red blood cells 

(RBCs) as identified by high magnification (Fig.5 A). In the same tumors, functional 

capillaries were characterized as filled with red blood cells in living area of the tumor 

tissue or surrounded by living cells in comparison to the capillaries in damaged tumor 

area with no visible red blood cells regarded as dead capillaries  (Fig.5 B). The functional 

capillaries were significantly reduced in mEHT treated tumors as compared to sham 

tumors (Fig.5 C,D). The reduced number of capillaries was translated to higher RBC 

covered area. Upon quantification, tumor area covered by RBCs was significantly higher 

in mEHT treated tumors as compared to sham (Fig.5 E). Similarly, interstitial blood pools 

were observed 24h after three mEHT treatments in a time-dependent manner. Four-hours 

post treatment a significant increase in interstitial blood was observed. The interstitial 

blood covered area peaked at 12h and was significantly reduced at 24h and was further 

reduced to sham level by 48h-72 after the mEHT treatment (Fig.6 A,B).  
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Figure 5: Capillary damage and interstitial blood in TNBC tumors after five 

mEHT treatments.  

(A) A large blood-covered area in 4T07 tumor (Hematoxylin & Eosin staining: 0.9x), 

erythrocytes between tumor cells in the interstitium (20x). (B) Representative images of 

red blood cell filled capillary in living area termed functional capillary and dead capillary 

in the necrotic tumor area (H&E,0.9x,40x). (C) Representative images of tumor samples 

(H&E, 0.9x,15X), (Pale areas = necrotic, dark areas = composed of living tissue). Green 

arrows indicate intact capillaries, yellow arrows point at destroyed capillaries. (D) 

Number of functional capillaries in sham and treated tumors. (E) Relative free blood 

covered area in sham and treated tumors; unpaired Mann-Whitney test. Mean ± S.E.M, n 

= 6–12/group,**p=0.0012, *p<0.05.H&E,(0.9X, 20X) 
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Figure 6: Kinetics of interstitial bleeding after three mEHT treatments. (A) 

quantification of relative blood covered area on hematoxylin-eosin (H&E) stained 4T1 

tumors (1x) (B) Representative images of H&E-stained tumor samples with RBC covered 

areas masked green; unpaired Mann-Whitney test. Mean ± S.E.M, n = 6–12/group, * 

p=0.0175, ** p=0.0012, ** p=0.0026. 

4.2 mEHT induced capillary damage was accompanied by tumor tissue hypoxia.  

Untreated control and sham treated tumors had similar relative mask per tumor area of 

pimonidazole staining (specific: dark brown/DAB/) in the whole tumor tissue (Fig.7 C). 

Pimonidazole staining demonstrated significant hypoxia 4 and 12 hours after the last 
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mEHT treatment. Staining peaked at 24-hours followed by a downward trend reaching 

sham level by 72 hours (Fig.7 A). 

 

Figure 7: Kinetics of pimonidazole (hypoxia) staining of tumor tissues. (A) 

Quantification of relative pimonidazole positive area (green masked area within the blue 
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annotated tumor) in 4T1 tumors. (B) Representative images of stained tumor samples 

with pimonidazole positive area masked green (0.8x). (C) Representative images for 

specific staining and masking of pimonidazole stain in histology samples (1x, 10x) RMA: 

relative mask area. Unpaired Mann-Whitney test. Mean ± S.E.M, n = 6–12/group, * 

p<0.05, *** p=0.0009.2.3  

4.3 Angiogenic repair was initiated in response to mEHT treatment induced 

hypoxia. 

In non-cancerous matrigel implants mEHT treatment resulted in a significant increase of 

CD45-CD-31+ (endothelial) cells as compared to sham treated matrigel (Fig.8 A). In 

addition, CD-31 immunohistochemical staining of resected tumor tissues, demonstrated 

a significant reduction of CD-31 expression at 4 and 12 hours post mEHT, followed by 

recovery of CD-31 expression at 24-72 hours after the last mEHT treatment (Fig.8 C,D).  
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Figure 8: mEHT induced diminution of CD31+ and cells recovered by 24h. (A) 

Enrichment of CD31+ (blood endothelial cell marker) cells in matrigel in response to 

mEHT after 24 h. (B) Quantification of relative CD-31 staining in 4T1 tumors. (C) 

Representative images of stained tumor samples with CD-31-stained area masked green 

(0.8x), (15x); RMA: relative mask area (green within the blue annotated area on D). (A) 

Paired t-test *p<0.05. (B) Unpaired Mann-Whitney test. Mean ± S.E.M, n = 6–18/group, 

** p=0.004, *** p=0.0002.  
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4.4 mEHT enhanced anti-tumor potential of drugs  

Mice treated with drugs such as digoxin, ASA and SC236 (Fig.9 A,C) did not demonstrate 

reduction in cancer cell proliferation as the tumor volume remined similar to sham tumors 

after six and eight days of treatment with respective drugs (Fig 9). mEHT monotherapy 

however reduced tumor progression after three treatments in one experiment as compared 

to sham tumors (Fig.9 C). Interestingly, combining digoxin with modulated 

electrohyperthermia significantly increased the efficacy of the drug in terms of reduced 

tumor cell proliferation as compared to tumors treated digoxin only after five days of drug 

administration as compared to sham tumors and mEHT monotherapy (Fig.9 A) and 

demonstrated a significantly higher tumor volume reduction in combination group as 

compared to individual mEHT and digoxin monotherapies after eight days of drug 

administration (Fig.9 B). Similarly, After 6 days of administering ASA and SC236, 

Combination groups had a significantly lower tumor volume as compared to sham tumors 

and after eight days of administration mEHT+SC236 group significantly reduced tumor 

volume as compared to mEHT monotherapy and SC236 monotherapy (Fig.9 C,D). 
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Figure 9: mEHT enhances anti-cancer efficacy of drugs. (A) Tumor volume in mice 

receiving digoxin after three mEHT treatments. (B) Tumor volume in mice receiving 

digoxin after four mEHT treatments (C) Tumor volume in mice receiving Aspirin (ASA) 

and SC236 after three mEHT treatments. (D) Tumor volume in mice receiving Aspirin 

(ASA) and SC236 after four mEHT treatments. (A) One-way ANOVA, Tukey correction, 

(A) *p<0.05. (B) One-way ANOVA-Tukey correction, *** p<0.0005, **p<0.005. (C, D) 

One-way ANOVA-Tukey correction, *p< 0.05; **p< 0.01; ***p< 0.001; ****p< 0.0001.  
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4.5. Digoxin enhanced the tumor killing effect of mEHT in-vivo 

Digoxin did not demonstrate toxicity in mice at 2mg/kg dosage as the body weights of 

mice in all four groups remained almost same and no mouse lost significant weight during 

treatment (Fig.10 A) Tumor volume increased constantly in sham+saline treated mice, 

digoxin monotherapy did not influence tumor volume (Fig.10 B) during the study or 

tumor weight (Fig.10 C) at the end of the study compared to sham treated tumors. 

Although, the effects of mEHT monotherapy were not reflected in tumor size (Fig.10 B) 

mEHT alone did reduce the tumor weight significantly as compared to sham at the end of 

the study (Fig.10 C). Combined mEHT and digoxin treatment had a significant synergistic 

effect on tumor weight reduction not only as compared to sham and digoxin monotherapy 

but also as compared to mEHT monotherapy. (Fig.10 C,D) Correspondingly, digoxin 

alone could not induce significantly different tumor tissue damage as compared to sham. 

However, mEHT alone and in combination with digoxin treatment induced a stronger 

tumor tissue damage compared to sham and digoxin monotherapy. Even though there was 

a slight difference, combination therapy did not result in significantly different tumor 

tissue damage as compared to mEHT monotherapy (Fig.10 E).  
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Figure 10: Digoxin provided synergistic tumor growth inhibitory effects when 

combined with mEHT. (A) Body weights of mice in treatment groups during the course 

of treatment (dotted lines: mEHT) (B) Tumor volume monitoring by after four treatments 

(dotted lines) (C) Tumor weight. (D) Representative scale images of the excised 4T1 

tumors. (E) TDR: Tumor destruction ratio and representative histology images. (B) Two-

way ANOVA, Tukey correction, (A) **p<0.005, ***p=0.001, ****p=<0.0001 (C) One-

way ANOVA-Tukey correction, * p<0.05, **** p<0.0001. (E) Scale bar=12mm.(E) One-

way Anova-Tukey correction, *p<0.05, **p<0.008. 
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4.6 Digoxin reduced tissue hypoxia signalling: HIF1-α expression in mEHT treated 

tumors. 

Digoxin alone reduced Hif1-α expression as compared to sham+saline treated tumors. 

Hif1-α expression increased significantly in mEHT treated tumors as compared to 

sham+saline and digoxin monotherapy. Combined mEHT+digoxin therapy strongly and 

significantly reduced HIF1-α expression in contrast to sham, digoxin monotherapy and 

mEHT monotherapy (Fig.11 A,B).  

 

 

Figure 11: Digoxin reduced tumor hypoxia and angiogenesis when combined with 

mEHT. (A) Relative fold change of Hif1-α expression as compared to b-actin. (B) 

Representative images of Western Blot (S+s=Sham+saline, S+d=Sham+digoxin, 

m+s=mEHT+saline, m+d=mEHT+digoxin) (A) One-way ANOVA, Turkye correction. 

*p<0.05, **p=0.008, ***p<0.0005, ****p<0.0001. 
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4.7 Digoxin inhibited blood vessel density in mEHT treated tumors.  

Twenty-four hours after last mEHT treatment, CD-31 expression in both sham and mEHT 

treated tumors were similar as observed before. Similarly, digoxin alone could not 

significantly inhibit he angiogenic marker expression. However, CD-31 expression was 

significantly reduced in combined mEHT+digoxin therapy as compared to mEHT 

monotherapy (Fig.12 A,C).  

 

 

Figure 12: Digoxin reduced vascular density in mEHT treated tumors. (A) 

Quantification of relative CD-31 staining in tumors. (B,C) Representative images of CD-

31 stained tumor samples (B=0.8x, C=15x). (A) One-way ANOVA, Tukey correction, * 

p<0.05. 
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5. Discussion  

We report for the first time our study that investigated tumor hypoxia and related 

angiogenic repair in cancers subjected to repeated mEHT treatments over a shorter span 

of time. Owing to the heterogeneous nature of tumor tissue, tumor vasculature is a highly 

complex mediator of tumor proliferation and dissemination (80, 118). It is also an 

important determinant to maximize the effects of therapeutic interventions like 

radiotherapy and chemotherapy (39). Conventional/Whole body hyperthermia (HT) 

promotes vasodilation and hence increases blood flow to the tumor, which can on one 

hand facilitates radiation and chemotherapy perfusion while on the other hand promotes 

tumor growth by providing nutrients and a dissemination route to the tumor cells (50).  

Principally, in mEHT, the local heating of the tumor tissue is achieved by energy 

absorption while the blood flowing through the tumor at physiological temperature acts 

as a cooling agent. Interestingly in case of loco-regional hyperthermia such as mEHT, the 

energy absorption i.e. heating and the dissipation by flowing blood is independent. 

Therefore, a dynamic balance yet a constant small temperature gradient result in 

heterogenic heating that represents the heterogeneous tumor vasculature (84). This 

heterogeneous heating therefore provides better cytotoxic effects. 

In clinical settings, patients receive multiple mEHT treatments. i.e. an average of 28-30 

sessions during treatment (67, 68). In a clinical study, mEHT treatment 3 times a week in 

combination with concurrent chemotherapy provided a better therapy response and 

increased disease-free survival in patients with lymph-node metastasis in locally 

advanced cervical cancer patients (67). Similarly, mEHT in combination with 

chemotherapy provided better overall survival in cervical cancer patients (68). Since 

mEHT dosage depends on the specific energy absorbed over the course of treatment (84) 

the minor temperature difference between the tumor tissue and its vasculature can 

accumulatively be of significant clinical value. It was therefore clinically relevant to 

investigate how tumor vasculature responds to repeated mEHT treatments.  

Tumor vascularization and oxygenation response to hyperthermia are variable and 

complex. Effects of HT on blood flow and vascular damage have been extensively 

researched (145). However, the effect of mEHT on blood flow and vascular damage still 
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needs investigation. Although mild HT has been reported to promote tumor re-

oxygenation (25, 63, 134, 149). Other studies report a reduction in tumor oxygenation 

due to vascular damage 45 or transient re-oxygenation (49). Furthermore, the relationship 

between blood perfusion and oxygenation of the tumor tissue is not linear 24 hours after 

HT (150). Interestingly, tumors subjected to HT for a cumulatively higher time/dosage 

experience hypoxia and vascular damage which is in line with our findings (Fig. 3,4) 

(134, 135). Furthermore, we also observed vascular recovery in our cancer model after 

24 hours (Fig. 1,4). Our results demonstrate that hypoxia peaked at 24h after mEHT (Fig. 

4) as compared to sham tumors which is in line with previous studies (90). However, 

these findings are different from Kim et al., who compared the effects of mEHT and 

conventional HT. They observed a small reduction in hypoxia after mEHT (60) which 

could be due to two reasons. Firstly, Kim et al., treated tumors with mEHT only once 

while we did multiple mEHT treatments. Secondly, the tumors were harvested 72 hours 

not 24 hours after mEHT by the former group. In line with Kim et al., findings we also 

observed reduction in hypoxia at 72h time point as well.  

As it is already reported that mEHT elicits stress responses in cancer (16, 24, 28, 61, 114, 

143, 158) we hypothesized that tissue hypoxia is triggering another stress response which 

is translated to angiogenic repair. A significant upregulation in CD-31+ & CD-45- 

endothelial cells 24 hours after last mEHT treatment in matrigel implants strengthened 

our hypothesis. Furthermore, our time kinetics study demonstrated a reduction in 

expression of vascular endothelial markers, CD105 and CD-31 after 12 hours followed 

by recovery in expression after 24 hours of mEHT treatment which endorses our 

hypothesis. Additionally, in a multiplex analysis of mEHT-treated tumors (114), we 

found previously a number of genes including Haptoglobin (Hp), Vascular Endothelial 

Growth Factor- D (VEGF-D), Pleiotropin (Ptn), BMP-binding Endothelial Regulator 

(BMPER), and chemokine (C-X-C motif) ligand-12 (CXCL-12) with significantly high 

overexpression. Furthermore, based on Gene Ontology analysis on our aforementioned 

multiplex analysis (114), fourteen genes involved in vascular development (Fig.13 A) 

were modulated in response to mEHT treatment. Roles of these genes as angiogenic 

activators in response to hypoxic stress have already been established in brain, cardiac, 

kidney, and cancer cells (22, 30, 43, 59, 74, 112, 137, 140, 146, 164). We therefore believe 

that these genes facilitate angiogenesis by modulating one or more steps of it (Fig.13 C).  
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Figure 13: Vascular genes upregulated in response to mEHT in 4T1 model of TNBC. 

(A) Gene ontology of multiplex analysis of 4T1 tumors highlighted fourteen genes 

modulated in response to mEHT involved in the regulation of vascular development 

(114). (B) A theoretical network of genes upregulated in 4T1 model in stress responsive 

vascular development (22, 30, 43, 59, 74, 112, 114, 137, 140, 146, 164).  

 

Table 5: Cellular stress response related genes, upregulated by mEHT treatment as 

detected by different multiplex assays (next generation sequencing (NGS), Nanostring. 

 

 

We aimed to inhibit hypoxia signalling with the cardiac glycoside digoxin. It is 

noteworthy that in the literature, digoxin had been administered for 14-40 days at a 

concentration of 2mg/kg daily and needed an average of 21 days of treatment alone or in 

 

Nr. 
Gene name Description NGS Nanostring 

statistics FC p FC p 

1 Bmper 
BMP-binding 

endothelial regulator 
15.65 0.00042 No DE 

2 Hp haptoglobin 9.7 0.0002 7.5 
2.5E-

04 

3 VEGFD 
vascular endothelial 

growth factor D 
9.9 0.0030 15.7 

2.59E-

05 

4 Ptn Pleiotropin 7.8 0.0099 7.6 
8.2E-

04 

5 CXCL12 
chemokine (C-X-C 

motif) ligand 12 
6.80 0.0016 No DE 
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combination with other chemotherapeutics to observe significant tumor volume 

reduction. Gayed et al, however administered digoxin only for 7 days and could observe 

significant reduction of HIF1-α and CD-31 expression but they could not describe any 

significant reduction in tumor growth over this short treatment period (38). We, for the 

first time, observed significant tumor weight reduction by day 8 of digoxin administration 

when combined with mEHT treatment, hence mEHT accelerated the anticancer effects of 

digoxin. Furthermore, we observed a reduction in Hif1-α expression hence hypoxia 

signalling and inhibition of angiogenesis in tumors subjected to combination therapy.  

The data is of valuable importance as the results have dual interpretations. Our data 

explicate a collaborative relationship between mEHT and digoxin. The combination can 

provide better outcomes by mEHT enhancing digoxin functionality; reducing tumor 

weight over a shorter span of time, and digoxin reducing the hypoxic and angiogenic 

response initiated by repeated mEHT. Similarly, mEHT significantly increased the 

efficacy of SC-236 as compared to SC-236 alone. Further research on downstream targets 

of Hif1-α modulated in response to combined digoxin and mEHT would be of valuable 

importance. In conclusion, our findings corroborate the efficiency of mEHT both as a 

complementary treatment and monotherapy in our TNBC model. We for the first time 

reported an elaborate time-related vascular and hypoxic response to repeated mEHT 

treatments. Furthermore, our findings substantiate the role of digoxin as an anti-cancer 

therapy that could reduce hypoxia, angiogenesis and tumor growth over a shorter 

treatment regimen when combined with mEHT. We believe combining mEHT with 

digoxin can provide better results over a shorter span of time in clinical settings. 
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6. Conclusions  

The studies mentioned in this dissertation investigated the molecular basis of stress 

responses initiated in response to modulated electrohyperthermia in triple negative breast 

cancer. The main findings demonstrated that: 

1. Repeated modulated electrohyperthermia (mEHT) induced vascular damage in 

triple negative breast cancer models. 

2. mEHT mediated vascular damage triggers hypoxia in a time dependant manner.  

3. mEHT promotes proliferation of CD31+ endothelial cells in non-cancerous 

matrigel implants. 

4. An angiogenic repair is initiated in response to mEHT in a time related manner.  

5. Digoxin can be repurposed as an anticancer drug as it reduces tumor proliferation 

and HIF1-α expression. 

6. Combining mEHT with anti-cancer drugs (digoxin, SC-236) slows tumor 

proliferation in a short period of time as compared to monotherapy at the same 

dosage. 

7. Combination therapy (mEHT+digoxin) has synergistic anti-tumor effects. 
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7. Summary 

We observed severe vascular damage in mEHT-treated tumors and investigated the 

potential synergism between mEHT and inhibition of tumor vasculature recovery in our 

TNBC mouse model. We further investigated the efficacy of mEHT in enhancing the 

effectiveness of drugs with anti-cancer ability such as HIF1-α inhibiting digoxin and/or 

COX-2 inhibitors; SC-236. mEHT induced vascular damage four to twelve hours after 

treatment leading to tissue hypoxia detected at twenty-four hours. Hypoxia in treated 

tumors induced an angiogenic recovery twenty-four hours after the last treatment. 

Administration of the cardiac glycoside digoxin could synergistically augment mEHT-

mediated tumor damage and could reduce tissue hypoxia (HIF1-α) and consequent 

vascular recovery in mEHT-treated TNBC tumors. Similarly, mEHT enhanced efficacy 

of digoxin and SC-236 as anti-cancer agents, demonstrating an early response in 

combination with mEHT as compared to drug monotherapy. 
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