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1. ABSTRACT 

Drug repurposing through fasting could pinpoint new cancer cell liabilities and define new 

treatment options. By screening over 800 approved drugs in PK9 pancreatic ductal 

adenocarcinoma (PDAC) cells, we identified azoles, inhibitors of cholesterol biosynthesis, as 

agents whose cytotoxic activity against cancer cells was synergistically enhanced by starvation 

conditions. We hypothesized that starvation and azoles would cooperate by blunting cholesterol 

production in PDAC cells. Interestingly, we found other cholesterol inhibitors had their antitumor 

effects strongly enhanced by starvation. In addition, combined starvation and cholesterol inhibitors 

reduced tumor growth in gastrointestinal mouse models and intracellular cholesterol levels both in 

vitro and in vivo. Furthermore, methyl-beta-cyclodextrin, which depletes intracellular cholesterol, 

and starvation showed a synergistic cytotoxic effect against Capan-1 and MIA PaCa-2 cells 

(another PDAC cell line). Adding back cholesterol or LDL in gastrointestinal tumor 

cells/xenografts prevented the synergistic interaction between starvation and cholesterol inhibitors. 

Combined therapy inhibited pAKT (partially restored with LDL add-back) whereas, its antitumor 

activity was abolished by the simultaneous supplementation with circulating growth-promoting 

factors (IGF1, insulin, and leptin). In addition, combined therapy reduced mitochondrial oxidative 

phosphorylation (OXPHOS) and energy status in gastrointestinal tumor xenografts, whereas 

cholesterol restoration abolishes this effect. Taken together, these findings support the rationale 

for conducting clinical studies to assess the safety, feasibility, and activity of combining periodic 

cycles of fasting with inhibitors of cholesterol biosynthesis in cancer patients.  
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1. INTRODUCTION  

One key issue that cancer treatment currently faces consists in its extremely substantial costs, high 

attrition rates, and deliberate pace of traditional drug discovery which are all becoming hard to 

sustain by health care systems. Identifying oncological applications for drugs that are already 

approved for other medical indications, drug repurposing, is considered to be a possible solution 

for such an issue (1). Indeed, while it is estimated that the costs of designing, testing, and bringing 

to the market a new drug typically exceed 10 billion dollars, bringing a repurposed drug to market 

was calculated to cost 300 million US dollars on average (2, 3). An additional advantage of 

repositioning agents is that the time needed for translating discovery into a possible therapy is 

much shorter since old drugs have normally already passed clinical trials and FDA/EMA-approval, 

leading to a speed-up of the entire process, but also to higher predicted safety compared to a newer 

agent (1, 3). There is strong hope that metabolic/dietary interventions will help with drug 

repurposing in oncology (4) and indeed here our recent findings indicate that fasting-based dietary 

regimens may well succeed in unleashing antiproliferative/anticancer effects of already approved 

drugs.  

Dietary and lifestyle-related factors are key determinants of the risk of developing cancer, with 

certain cancers being more dependent on dietary habits than others (5-9). Consistent with this 

notion, obesity was independently associated with subsequent cancer mortality in seven 

prospective cohort studies from the U.S., Australia, and Finland (10), leading to guidelines on 

nutrition and physical activity for reducing the risk of developing cancer (8). In addition, given the 

emerging propensity of cancer cells, but not of normal tissues, to disobey anti-growth signals (11) 

and their inability to properly adapt to fasting conditions (12, 13), there is growing interest in the 

possibility that certain calorie-limited diets could also become an integral part of cancer prevention 
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and, perhaps, of cancer treatment as a means to increase efficacy and tolerability of anticancer 

agents (12-14). To date, the main treatment options for cancer include surgery when possible and 

chemotherapy and/or radiotherapy, plus target-specific drugs such as tyrosine kinase inhibitors, 

immunotherapy, hormone therapy, and others. Treatment planning is usually guided by tumor type 

and stage and available resources. Although these novel target-specific drugs may largely replace 

chemotherapy and radiotherapy, traditional treatments are unlikely to be phased out for decades. 

In addition, the high cost of many novel cancer therapies such as immunotherapy will limit their 

availability to a large portion of the world population, making chemotherapy a viable treatment 

option for many years to come. Most chemotherapeutic drugs target rapidly dividing cancer cells 

but can also damage normal cells (e.g., bone marrow, gastrointestinal tract, heart, hair follicle) 

generating various side effects including myelosuppression, fatigue, vomiting, diarrhea, and even, 

in some cases, death. This greatly limits the use of chemotherapy and treatment remains 

suboptimal (15). Thus, some dietary approaches (Table 1) have the potential to both promote the 

protection of normal cells against chemotherapy, radiotherapy, and other treatments and enhance 

their efficacy by generating a hostile environment for cancer cells. 

1.1 DIETARY APPROACHES IN CANCER  

1.1.1 Fasting  

The dietary approaches based on periodic fasting [or short-term starvation (STS)] that have been 

investigated more extensively in oncology, both preclinically and clinically, include water-only 

fasting (abstinence from all food and drinks except for water) and modified fasting, i.e. vegan, 

very low-calorie, low-sugar, low-protein diets that typically last two-to-five days. Modified fasting 

regimens include medical food kits, such as the ñfasting-mimicking dietò (FMD) that was 

developed by the University of Southern California spin-off company, L-Nutra (12, 13, 16, 17). 
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Preclinical data indicate that fasting should protect normal cells that, when nutrients are absent, 

can reallocate energy from reproduction and growth processes toward maintenance pathways. 

According to the model proposed by the Longo lab, this switch to a protected mode is not possible 

for cancer cells because oncogenes stimulate continued growth, preventing the activation of stress 

resistance. Preliminary clinical data indicate that a fast of at least 48 hours may be required to 

achieve clinically meaningful effects in oncology, such as preventing chemotherapy-induced DNA 

damage to healthy tissues and helping to maintain patient quality of life during chemotherapy (18-

20). 

In a clinical study of 3 monthly cycles of a 5-day FMD in generally healthy subjects, the diet was 

well tolerated and reduced trunk and total body fat, blood pressure, and insulin-like growth factor-

1 (IGF1) levels (21). In previous oncological clinical trials, fasting or modified fasting have 

typically been administered every 3ï4 weeks, for example, in combination with chemotherapy 

regimens, and their duration has ranged between 1 and 5 days (18-20, 22-24). Importantly, no 

serious adverse events (level G3 or above, according to Common Terminology Criteria for 

Adverse Events) were reported in these studies. 

1.1.2 Ketogenic diets 

Ketogenic diets (KDs) consists of high fat (55% - 60%), moderate protein (30% - 35%), and low 

carbohydrates (5% - 10%) (25-27). In humans, a KD decreases IGF1, glucose, and insulin levels, 

though these effects are affected by the types and levels of protein and carbohydrates in the diet 

(28). Notably, KDs may be effective for preventing the increase in glucose and insulin that 

typically occurs in response to phosphatidylinositol 3-kinase (PI3K) inhibitors, which were 

proposed to limit their efficacy (29). KDs, as single agents, can induce anticancer effects, (26, 29-

34). Additionally, KDs were reported to be an effective adjuvant to chemotherapy, antiangiogenic 
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treatments, radiotherapy, and PI3K inhibitors for the treatment of various types of malignancies 

(29, 30, 35, 36). It was previously reported that KDs produce neuroprotective effects in the central 

nervous system (37, 38). However, it is not fully known whether KDs also have pro-regenerative 

effects similar to fasting and whether KDs might protect against chemotherapy-induced toxicity 

in living mammals. Interestingly, the regenerative effects of starvation appear to be maximized by 

switching from the fasting-response mode, which involves the death of many cells and breakdown 

of cellular components, and the re-feeding time, in which tissues and cells undergo reconstruction 

(39). Since in KDs there is no entry into a starvation mode, cannot promote a major breakdown of 

intracellular components and tissues, and do not include a refeeding period, they are unlikely to 

cause the type of coordinated regeneration observed during the fasting refeeding. 

1.1.3 Caloric restriction  

Caloric restriction (CR)  involves a decrease of overall caloric intake by 30ï40% typically through 

carbohydrate limitation that would allow an individual to maintain a normal weight (40, 41). While 

chronic CR and diets deficient in specific amino acids are very different from periodic fasting, 

they share with fasting and modified fasting a more or less selective restriction in nutrients, and 

they have anticancer effects (33, 34, 42-50). CR is proved to be a potent intervention in increasing 

the median end maximum lifespan in mammals (51) and protecting against age-related diseases 

(52). In addition, it is very effective in robustly inhibiting the growth of diverse tumor types, 

including breast, lung, prostate, brain, pancreatic, and colorectal cancers (53-55). However, CR 

can cause side effects, such as changes in physical appearance, increased cold sensitivity, reduced 

strength, menstrual irregularities, infertility, loss of libido, osteoporosis, slower wound healing, 

food obsession, irritability, and depression. Furthermore, there are substantial concerns that it may 

exacerbate malnutrition and that it will unavoidably cause excessive loss of lean body mass (40, 
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41, 53, 56, 57). CR reduces fasting blood glucose levels, though they remain within the normal 

range (41). In humans, chronic CR does not affect IGF1 levels unless a moderate protein restriction 

is also implemented (58). Studies show that by reducing mTORC1 signaling in Paneth cells, CR 

augments their stem cell function and that it also protects reserve intestinal stem cells from DNA 

damage (59, 60), but it is unknown whether pro-regenerative effects in other organs are also 

elicited by CR. Thus, the available data suggest that fasting or modified fasting creates a metabolic, 

regenerative, and protective profile that is distinct and probably more potent than that elicited by 

a KD or CR. 

1.1.4 Effects of fasting on hormone and metabolite levels 

Metabolic and circulating hormonal changes (reduced levels of glucose, IGF1, insulin, and leptin 

and increased levels of adiponectin) that are typically observed in response to fasting can exert 

anticancer effects (61-63) and/or afford protection of healthy tissues from side effects (reduced 

levels of IGF1 and glucose). Because ketone bodies can inhibit histone deacetylases (HDACs), the 

fasting-induced increase of ketone bodies may help slow tumor growth and promote differentiation 

through epigenetic mechanisms (64). However, the ketone body acetoacetate has been shown to 

accelerate, instead of reducing, the growth of certain tumors, such as melanomas with mutated 

v-raf murine sarcoma viral oncogene homolog B (BRAF) (65). Those changes for which there is 

the strongest evidence for a role in the beneficial effects of fasting against cancer are the reductions 

in the levels of IGF1 and glucose. At the molecular level, fasting reduces intracellular signaling 

cascades including IGF1RïAKTïmTORïS6K and cAMPïPKA signaling, increases autophagy, 

helps normal cells withstand stress, and promotes anticancer immunity (17, 66-68). 
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Table 1 | Dietary approaches used in oncology (4, 69, 70). 

Diet type  Composition & 

restriction in 

calories 

Length IGF1 & 

glucose 

reduction 

(humans) 

 

Ketone 

bodies 

increase 

(humans) 

Regenerative 

& protective 

effects 

Anticancer 

effect 

Fasting - Water only 

fasting 

 

- >50% 

Fast for 16 hours, 

with an 8-hour 

eating window for 

2ï5 consecutive 

days per month 

Yes Yes Potent  

 

 

 

 

 

 

 

All have an 

anticancer 

effect which is 

augmented 

when used as a 

complement 

for standard 

therapeutics 

Modified 

fasting 

- Vegan and low-

protein 

and low-sugar, 

high-plant-based 

fat composition, 

with micronutrient 

supplementation 

 

- >50% 

2ï5 consecutive 

days per month 

Yes Yes Potent 

CR - Reduction in all 

diet constituents 

except for vitamins 

and minerals 

 

- 20-40%  

 

Chronic IGF1; decrease 

only in the 

presence 

of protein 

restriction (58) 

Glucose; No 

No Yes, but not as 

potent as fasting 

or modified 

fasting 

Ketogenic 

diet  

- High-fat, low 

carbohydrate 

composition, with 

adequate protein 

content 

 

- None 

Chronic IGF1; Yes 

 

Glucose; No 

Yes NA 

NA, not available. 

1.1.5 Differential stress sensitization: increasing the death of cancer cells 

Most dietary interventions when used alone have limited effects on cancer treatment. According 

to the differential stress sensitization (DSS) hypothesis, combining these dietary interventions such 

as fasting with another treatment is much more promising (12, 13). This hypothesis predicts that 

tumor cells can adapt to limited concentrations of nutrients and oxygen, however, many types of 

tumor cells are not able to prevent changes accompanied by the combination of fasting and 

standard therapeutics such as nutrient-poor and toxic environment, which allow cancer cell 

survival. In response to fasting, melanoma, glioma, and breast cancer cells had a significant 

increase in ribosome biogenesis/assembly genes such as elongation factor 1ɔ (Eef1g) and 

components of the 60S and 40S ribosomal proteins and the expression of proliferation-associated 
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genes (12, 13). Such changes were associated with unexpected AKT and S6K activation, these 

changes lead to an increase in oxidative stress and may contribute to DNA damage and a 

sensitization to DNA- damaging drugs through DSS (12). Such response of tumor cells to the 

altered conditions including the reduction in IGF1 and glucose levels caused by fasting is 

considered a key regulatory mechanism underlying the antitumor properties of these dietary 

interventions and their potential usefulness for distinguishing the effects of anticancer drugs on 

normal versus cancer cells (12, 13) (Fig. 1). In line with the DSS hypothesis, periodic cycles of 

fasting are sufficient to slow the growth of many types of cancer cells, including solid cancer cell 

lines and lymphoid leukemia cells, in vivo and, most importantly, to sensitize cancer cells to 

tyrosine kinase inhibitors (TKIs), radiotherapy, and chemotherapy (12, 16, 17, 39, 67, 71-74).  
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Fig. 1 | Differential stress resistance versus differential stress sensitization (69). Chemotherapy acts on both cancer cells and normal 

cells, inducing tumor shrinkage but almost inevitably also causing side effects that can be severe or even life-threatening because of the 

damage to many epithelial and non- epithelial tissues. Based on the available preclinical data, fasting or modified fasting could prove useful 

to separate the effects of chemotherapy, and possibly of newer cancer drugs, on normal versus cancer cells. Owing to the presence of 

oncogenic mutations that constitutively activate growth-promoting signaling cascades, cancer cells fail to properly adapt to starvation 

conditions. As a result, many types of cancer cells, but not normal cells, experience functional imbalances, becoming sensitized to toxic 

agents, including chemotherapy (differential stress sensitization). Conversely, fasting or modified fasting initiates an evolutionarily 

conserved molecular response that makes normal cells but not cancer cells more resistant to stressors, including chemotherapy (differential 

stress resistance). The predicted clinical translation of these differential effects of fasting or modified fasting on normal versus cancer cells 

is a reduction in the side effects of cancer treatments, on the one hand, and improved tumor responses, patient progression-free survival, 

and overall survival, on the other. Adapted from Nencioni et al. Nat Rev Cancer 2018. 

By reducing glucose availability and increasing fatty acid ɓ- oxidation, fasting can promote the 

switch from aerobic glycolysis (Warburg effect) to mitochondrial oxidative phosphorylation 

(OXPHOS), in cancer cells (71) (Fig. 2). This switch leads to an increased mitochondrial 

respiratory activity consequently increasing reactive oxygen species (ROS) production (12) and 

may also involve a reduction in glutaminolysis, lactate generation, and ATP synthesis (71). The 

combined effect of ROS production and reduced antioxidant protection elevates oxidative stress 

in cancer cells and boosts the activity of chemotherapies (71).   
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Notably, because a high glycolytic activity demonstrated by high- lactate production is predictive 

of aggressiveness and metastatic propensity in several types of cancer (75), the anti-Warburg 

effects of fasting or modified fasting have the potential to be particularly effective against 

aggressive and metastatic cancers. Apart from the metabolic change, fasting or modified fasting 

induce other changes that can promote DSS in pancreatic ductal adenocarcinoma (PDAC) cells. 

Starvation increases the expression levels of equilibrative nucleoside transporter 1 (ENT1), a 

plasma membrane transporter of gemcitabine, leading to enhanced activity of this chemotherapy 

(74). In breast cancer cells and mouse B16 melanoma cells, fasting causes small ubiquitin-like 

modifier 2 (SUMO2)-mediated and/or SUMO3-mediated post-translational modification of 

REV1, a specialized DNA polymerase involved in DNA repair and a p53-binding protein (76). 

This modification reduces the inhibitory effects of REV1 on p53, leading to increased p53-

mediated transcription of pro- apoptotic genes and p53-dependent cell death (Fig. 2). Fasting also 

increases the ability of commonly administered TKIs to prevent cancer cell growth by inhibiting 

MAPK signaling and, thereby, blocking E2 transcription factor-dependent gene expression and 

reducing glucose uptake (16, 72). FMD downregulated the expression of haem oxygenase 1 

(HO1), a protein that provides protection against apoptosis and oxidative damage, in tumor cells 

in mice but increased its expression in normal cells (68, 77). HO1 reduction in tumor cells mediates 

FMD- induced chemosensitization by increasing CD8+ tumor-infiltrating lymphocyte-dependent 

cytotoxicity, consequently making cancer cells more susceptible to CD8+ cytotoxic T cells, 

possibly by countering the immunosuppressive effect of regulatory T (Treg) cells (68) (Fig. 2). In 

another study, 2 weeks of alternate-day fasting in a mouse colon cancer model downregulated 

CD73 expression and consequently decreased the production of immunosuppressive adenosine by 

tumor cells, via activating autophagy (78). Ultimately, CD73 downregulation via fasting was 
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shown to prevent macrophage shift to an M2 immunosuppressive phenotype (Fig. 2). Based on 

these data, it was recently reported that fasting synergizes with anti-PD-1 immunotherapy to inhibit 

lung cancer progression and metastasis in mice. This antitumor activity in mice was linked to a 

reduction in circulating IGF-1 and downregulation of IGF-1 receptor (IGF-1R) signaling in cancer 

cells. This antitumor effect increased the intratumoral CD8/Treg ratio and led to the development 

of tumor-specific immunity. Thus, a major goal for the near future will be to identify the types of 

cancer that are most susceptible to these dietary regimens by means of biomarkers.  
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Fig. 2 | Mechanisms of fasting or fasting-dependent killing of cancer cells in solid tumors (69). Preclinical and initial clinical data 

indicate that fasting or modified fasting (MF) reduce the levels of tumor growth-promoting nutrients and factors, including glucose, IGF1, 

and insulin. Fasting can cause an anti-Warburg effect by reducing glucose uptake via glucose transporters (GLUTs) and aerobic glycolysis 

and forcing cancer cells to increase oxidative phosphorylation (OXPHOS); this increases the production of reactive oxygen species (ROS) 

in cancer cells and, resultantly, oxidative DNA damage, p53 activation, DNA damage, and cell death, particularly in response to 

chemotherapy. By activating autophagy, fasting can reduce CD73 levels in some cancer cells, thereby blunting adenosine production in 

the extracellular environment and preventing the shift of macrophages towards an immunosuppressive M2 phenotype. Finally, fasting or 

or modified fasting can downregulate haem oxygenase 1 (HO1) expression in breast cancer cells, which makes them more susceptible to 

CD8+ cytotoxic T cells, possibly by countering the immunosuppressive effect of regulatory T (Treg) cells. Notably, fasting or an or 

modified fasting can have very different and even opposite effects in different cancer cell types or even within the same cancer cell type. 

Adapted from Nencioni et al. Nat Rev Cancer 2018. 
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1.2 GASTROINTESTINAL (GI) CANCER  

Gastrointestinal (GI) cancer is a leading cause of cancer-related mortality and remains a major 

challenge for cancer treatment (79, 80). Despite the combined administration of surgical resection 

and adjuvant chemotherapy or radiotherapy, there were 4.8 million new cases of GI cancers and 

3.4 million related deaths, worldwide, in 2018 (80), due to rapid disease progression, metastasis, 

toxicity and resistance of adjuvant treatments (81-83). Thus determining effective treatment 

strategies for GI cancers are urgently needed. The most common and major types of GI cancers 

are esophageal cancer, gastric (stomach) cancer, liver cancer, pancreatic ductal adenocarcinoma 

(PDAC) and colorectal cancer (CRC) (80). In this study we focused on the latter (pancreatic and 

colorectal cancers) due to the increased incidence and mortality rates of these two types of cancers 

worldwide (80, 81, 84, 85). In addition, several studies demonstrated that upregulation of the 

cholesterol synthesis pathway, that was experimentally proved to be affected by the combination 

treatment used in the current study, plays a crucial role in maintaining growth and metastasis of 

PDAC and CRC (86-89). 

1.3 PANCREATIC DUCTAL ADENOCARCINOMA  (PDAC) 

Global analyses predict that pancreatic ductal adenocarcinoma (PDAC) will be the second most 

common cause of cancer-associated mortality within the next decade as a result of the lack of early 

diagnosis, a poor therapeutic arsenal, and increased burden of this tumor regardless of gender and 

age (84, 90-92). Though the overall survival of patients with advanced PDAC has doubled over 

the past 15 years (median survival has increased from 6 to 12 months), the 5-year survival rate has 

just increased from 3% in the 1970s to 9% in 2020 (79, 93, 94). This slow improvement in survival 
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rate is much less than that seen in many other cancer types, thus PDAC is considered a formidable 

medical challenge (95).  

1.3.1 PDAC risk factors 

Due to lifestyle changes and modifiable risk factors (smoking, obesity, high-fat diets, inactivity, 

and increases in alcohol intake) (96), the worldwide incidence of PDAC is expected to increase 

more shortly (91). Prognosis remains poor despite diagnostic progress. Eighty-five percent of 

patients are diagnosed with locally advanced tumors and/or metastases since they are 

asymptomatic and lack the early markers of this highly aggressive disease (97).  

1.3.2 PDAC therapy 

PDAC treatment efficacy largely depends on the disease stage at the time of diagnosis. Survival 

can be prolonged by adjuvant therapy after surgery, but only a few PDAC patients (10ï20%) have 

resectable tumors (98). Treatments comprise mainly chemotherapeutic regimens such as 

(gemcitabine, gemcitabine plus nab-paclitaxel or FOLFIRINOX (folinic acid, 5-fluorouracil, 

irinotecan, oxaliplatin)) (93, 99, 100). The different treatment strategies commonly used for PDAC 

are summarized in Table 2. 
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Table 2 | Current treatment options for pancreatic ductal adenocarcinoma (93, 97, 98). 

Tumor type  1st line treatment 2nd line treatment Median 

survival 

Resectable tumor Pancreatic resection Adjuvant chemotherapy: 

gemcitabineïcapecitabine 

or FOLFIRINOX 

26 months 

Nonresectable borderline and/or 

nonresectable locally advanced 

tumor (ECOG score 0/1) 

Neoadjuvant radiotherapy or 

chemotherapy (borderline); 

chemotherapy (e.g. FOLFIRINOX) 

Stable or response: surgical 

exploration or continued 

chemotherapy; progression: 

gemcitabine or FOLFOX or 

nanoliposomal irinotecan + 5FU 

6ï18 months 

Nonresectable borderline and/or 

nonresectable locally advanced 

tumor (ECOG score 2) 

Gemcitabine; BSC if ECOG 

score >2 
FOLFOX or nab- paclitaxel + 

gemcitabine or nanoliposomal 

irinotecan + 5FU or BSC 

6ï8 months 

Metastatic tumor ECOG score 0/1: FOLFIRINOX 

or nab- paclitaxel + gemcitabine; 

ECOG score 2: gemcitabine; ECOG 

score >2: BSC 

FOLFOX or nab- paclitaxel + 

gemcitabine or nanoliposomal 

irinotecan + 5FU or BSC 

6ï11 months 

 

Treatments are indicated according to phase III randomized trials and international recommendations (93, 99, 100). 5-FU, fluorouracil; BSC, best 

supportive care; ECOG, Eastern Cooperative Oncology Group; FOLFIRINOX, a combination of folinic acid and 5-FU, irinotecan and 

oxaliplatin; FOLFOX, a combination of folinic acid, 5-FU, and oxaliplatin; nab, nanoparticle albumin-bound. 
 

1.3.3 Role of diet in PDAC  

Given the decline of cigarette smoking, which represents the main PDAC risk factor, a possible 

explanation for the registered augmented incidence and mortality of PDAC may reside in the type 

of diet that the general population is eating, especially in adulthood and childhood. In preclinical 

studies on mice, experimental pancreatitis induced by caerulein, amino acid oligopeptide that 

stimulates smooth muscle and increases digestive secretions, or high-fat diets activated the 

oncogenic Kirsten rat sarcoma viral oncogene homolog (KRAS) to induce the occurrence and 

development of PDAC (101-103). In another study, metformin completely abrogated PDAC 

incidence induced by a diet high in fats and calories in transgenic mice that express oncogenic 

KRAS (104). Consistent with this notion, Yuan et al (105) showed that pre-diagnostic high BMI 

is associated with both increased risk of developing PDAC and mortality. Interestingly, they 

demonstrated a statistically significant positive correlation between the stages of PDAC and pre-

diagnostic BMI, showing that non-obese patients present less frequently at the diagnosis with 

metastatic disease when compared with obese patients (105).  
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1.4 COLORECTAL CANCER  (CRC) 

Colorectal cancer (CRC) is the third most commonly diagnosed cancer among men and the second 

most common cancer among women worldwide (81). An estimated 18.1 million new cancer cases 

and 9.6 million cancer deaths occurred worldwide in 2018. Among them, colorectal cancer (CRC) 

ranked third for incidence (10.2%, with 1.8 million new cases) and second for mortality (9.2%, 

with 881,000 deaths) (81, 106). In addition, the number of new cases may increase to nearly 2.5 

million in 2035 (85). According to statistics in the USA, the death rate declined by ~50% in 2016 

(13.7 per 10,000 patients) compared with that in 1970 (29.2 per 10,000 patients) because of the 

rapid development of screening methods and improved treatment methods. However, this trend 

seems to be observed only in highly developed countries (85). Meanwhile, the 5- year survival rate 

for CRC is ~64% but drops to 12% for metastatic CRC, and further investigation is still required 

to develop effective approaches for medical intervention (107). Despite reductions in the overall 

CRC burden, the incidence of CRC among individuals younger than age 50 (early-onset CRC; 

EOCRC) has increased over the past two decades worldwide. Long-term projections suggest that 

by 2030, incidence rates for colon and rectal cancers may increase by 90.0% and 124.2%, 

respectively, for EOCRC patients (108). In addition, an alarming increase of CRC in the population 

under the age of 55 has also recently been detected (82). 

1.4.1 CRC risk factors  

Progression of CRC is influenced by obesity, geography, human development index, age, genetic, 

environmental, and lifestyle factors (82, 109). Hereditary colorectal cancer syndromes include 

Lynch Syndrome (Hereditary nonpolyposis colorectal cancer), Familial adenomatous polyposis 

(FAP), MUTYH-associated polyposis (MAP). Lynch syndrome and Familial adenomatous 

polyposis contribute to a vast majority of hereditary CRC syndrome, which accounts for only about 
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5% of entire CRC incidence (110). The presence of a family history of colon cancer in first-degree 

relatives, even in the absence of the above hereditary colon cancer syndromes, increases the risk 

of the development of CRC in about 20% of cases. The risk increases twofold when compared to 

the general population, with a history of CRC in first-degree relatives. Other well-known 

associations with colorectal cancer include African American ethnicity, male sex, inflammatory 

bowel disease (Ulcerative colitis, and Crohnôs disease), obesity, sedentary lifestyle, red meat and 

processed meat, tobacco use, alcohol use, history of abdominal radiation, acromegaly, renal 

transplant with use of immunosuppressive medications, diabetes mellitus and insulin resistance, 

androgen deprivation therapy, cholecystectomy, and coronary artery disease (110).  

1.4.2 CRC stages 

Clinical manifestations of CRC are categorized into five stages (O, I, II, III, and IV). These stages 

determine treatment and prognosis and are based on histopathological features, the degree of bowel 

wall invasion, lymph node spreading, and the appearance of distant metastases (111). Early stages 

are often asymptomatic or concomitant with non-specific symptoms (i.e., loss of appetite or weight 

loss, anemia, abdominal pain, or changes in bowel habits) (112).  Later stages are concomitant 

with the dissemination of cancer cells to the lymph system or other organs in the body. Colorectal 

cancer diagnosed in adults aged 85 and older is often associated with a more advanced stage, with 

a 10% less likely to be diagnosed at a local stage when compared with patients diagnosed at the 

age of 65 to 84 (113). The most relevant mechanisms of CRC carcinogenesis identified to date 

include genetic chromosomal instability, microsatellite instability, serrated neoplasia, specific 

gene signatures, and specific gene mutations, such as Adenomatous Polyposis Coli (APC), 

SMAD4, BRAF, or KRAS (114-116). 
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1.4.3 CRC molecular subtypes 

To correlate cancer cell phenotype with clinical behavior and guide rational treatment with specific 

targeted therapies, the CRC Subtyping Consortium unified six different molecular classification 

systems, based on gene expression analysis, into a single consensus system with four distinct types, 

known as the consensus molecular subgroups (CMS) (117) summarized in (Table 3). 

Table 3 | Biological characterization and clinical prognosis of the consensus molecular subtypes (115, 118, 119). 

 CMS1 CMS2 CMS3 CMS4 

Alternate Name  MSI Immune Canonical Metabolic Mesenchymal 

Frequency 14% of CRCs 37% of CRCs 13% of CRCs 23% of CRCs 

Predominance Proximal colon Distal colon & rectum Mixed Distal colon & rectum 

Main 

Hallmarks  

- Hypermethylation of the 

promoter regions of the 
DNA MMR genes causes 

MSI. 

- High BRAF mutation 42%  
- KRAS mutation 25% 

- Hypermethylation of CpG 

islands (CIMP)  
- Low SCNA counts 

-Activation of JAK/STAT & 

caspases 

- High degrees of CIN, 

CIMP 
- Activation of WNT-ɓ 

catenin, MYC & 

EGFR signaling 
pathways 

- Low BRAF mutation 

<1% 
- KRAS mutation 25% 

- Mutations in APC, 

p53, & PIK3CA 

- Low, intermediate 

MSI & CIMP 
hypermethylation 

- Low SCNA counts 

- Low BRAF 
mutation <10% 

- Prevalent KRAS 

mutation (68%) 
- Mutations in APC, 

p53, & PIK3CA 

- Low levels of hypermutation & 

MSI 
- High SCNA counts 

- Low BRAF mutation <10% 

- KRAS mutation 40% 
- overexpression of stromal invasion 

& neo-angiogenesis genes, 

activation of TGF-ɓ pathway, & 
EMT. 

- Mutations in APC, p53, & PIK3CA 

- More chemoresistant 

DNA mismatch repair (MMR); Microsatellite Instability (MSI); Chromosomal instability (CIN); SCNA, somatic copy number alterations; tissue 

growth factor (TGF-ɓ); epithelial-mesenchymal transition (EMT); Adenomatous Polyposis Coli (APC). 

1.4.4 CRC therapy 

Given the advances in primary and adjuvant treatments, the survival time in CRC has been 

improving. Typically, the ideal CRC treatment is to achieve complete removal of the tumor and 

metastases, which mostly requires surgical intervention (120). However, despite the emergence of 

numerous screening programs to reduce CRC incidence, nearly a quarter of CRCs are diagnosed 

at an advanced stage with metastases, and 20% of the remaining cases may develop metachronous 

metastases (metastasis developed after completion of the initial curative treatment), which result 

in difficulties in curative surgical control and subsequent tumor-related deaths (121-124). For those 

patients with unresectable lesions or who are intolerant to surgery, the goal is a maximum 

shrinkage of the tumor and suppression of further tumor spread and growth, and radiotherapy and 

chemotherapy are the leading strategies for controlling disease in such patients (116). Metastatic 
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CRC is termed resectable when the primary tumor and all metastases are amenable to complete 

surgical removal. Resection of metastatic CRC achieves a long-term cure for less than 20% of 

metastatic CRC patients (114). Systemic chemotherapy regimens are the primary treatment for 

metastatic CRC and are summarized in Table 4. Although the cure for metastatic CRC is rare, 

recent large clinical trials that included patients healthy enough to receive chemotherapy have 

shown that intensive treatment with multiple systemic therapies can help patients survive for 2 to 

3 years (114, 116). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 
 

Table 4 | Chemotherapy regimens most commonly used for the treatment of metastatic CRC (114, 116). 

Regimen name 

and component drugsa 

First -

line use 

Toxicities/adverse 

effects 

Additional comments Mechanism of action and 

FDA approval date 

FOLFOX (fluorouracil, 

leucovorin, & oxaliplatin) 

Yes Pancytopenia, 

neuropathy, 

hypersensitivity 

The most commonly used 

adjuvant regimen 

Fluorouracil  Pyrimidine 

analog; interrupts DNA 

synthesis. FDA approved in 

1962. 

 

Leucovorin Folic acid analog; 

interrupts DNA synthesis. FDA 

approved in 1952. 

 

Oxaliplatin  Alkylating agent; 

causes DNA breaks. FDA 

approved in 2002. 

 

Capecitabine Pyrimidine 

analog; interrupts DNA 

synthesis. FDA approved in 

1998. 

 

Irinotecan Topoisomerase I 

inhibitor; interrupts the 

breaking and rejoining of DNA 

strands during replication. FDA 

approved in 1996. 

 

Cetuximab Recombinant 

chimeric monoclonal antibody 

to EGFR; interrupts or stops 

cell growth. FDA approved in 

2004. 

 

Panitumumab Humanized 

monoclonal antibody to EGFR; 

interrupts or slows down cell 

growth. FDA approved in 2006. 

 

Bevacizumab Humanized 

monoclonal antibody to VEGF; 

interrupts the growth of blood 

vessels. FDA approved in 2004. 

 

Pembrolizumab Humanized 

monoclonal antibody against 

PD-1 receptor; activates 

T-cellΈmediated immune 

Response. FDA approved in 

2017. 

 

CAPOX (capecitabine & 

oxaliplatin)c 

Yes Pancytopenia, diarrhea, 

hand/foot -syndrome, 

neuropathy, 

hypersensitivity 

A common adjuvant regimen; 

substitutes oral capecitabine for 

IV fluorouracil 

FOLFOXIRI (fluorouracil, 

leucovorin, oxaliplatin, & 

irinotecan) 

Yes Pancytopenia, diarrhea, 

neuropathy, 

hypersensitivity 

Intensive regimen used for 

patients who are possible 

candidates for surgical resection 

of limited metastatic disease  

FOLFOX plus cetuximab 

or panitumumab 

Yes Pancytopenia, diarrhea, 

hand/foot-syndrome, 

hypomagnesemia, 

hypersensitivity 

reactions. neuropathy, 

skin toxicity 

For tumors that are 

KRAS/NRAS/BRAF 

wild type; ineffective for tumors 

with sequence variations in 

these genes 

IROX (irinotecan & 

oxaliplatin) 

Rare Diarrhea, neuropathy  

 

Nonstandard regimen but useful 

for patients intolerant of 

fluorouracil due to severe 

dihydropyrimidine 

dehydrogenase deficiency or 

coronary vasospasm 

FOLFIRI (fluorouracil, 

leucovorin, & irinotecan) 

Yes Pancytopenia, diarrhea;  Not used in adjuvant regimens 

CAPIRI (capecitabine 

orally & irinotecan) 

Yes Pancytopenia, diarrhea, 

hand/foot-syndrome 

Substitutes oral capecitabine for 

intravenous fluorouracil 

FOLFIRI plus cetuximab 

or panitumumab 

Yes Pancytopenia, diarrhea, 

Hypomagnesemia, 

infusion reaction, skin 

toxicity 

 

KRAS/NRAS/BRAF wild type 

Fluorouracil & leucovorin  

(Bolus and continuous 

infusion regimen) 

 

Yes Pancytopenia, mucositis Single-agent regimen; often 

optimal for frail patients with 

major comorbidities 

 

Bevacizumab plus 

FOLFOX, CAPOX, 

FOLFIRI, CAPIRI, 

FOLFOXIRI, 

fluourouracil & 

leucovorin, or capecitabine  

(VEGF-containing 

regimen) 

Yes Hypertension, bowel 

perforation, poor wound 

healing, proteinuria, 

thrombosis 

 

All molecular subtypes 

Pembrolizumab 

(Immunotherapy 

regimen) 

Yes Fatigue, colitis, 

dermatitis, hepatitis, 

pneumonitis, thyroiditis 

Used in MSI-H and/or MMR-D: 

CRC patients only  

Abbreviations: KRAS, Kirsten rat sarcoma vial oncogene homolog; NRAS, neuroblastoma RAS viral oncogene homolog; BRAF, v-raf murine sarcoma viral oncogene 

homolog B; CRC, colorectal cancer; EGFR, epithelial growth factor receptor; FDA, Food and Drug Administration; MMR-D, mismatch repair-deficient; MSI-H, 

microsatellite instability-high; PD-1, programmed cell death-1; VEGF, vascular endothelial growth factor. a Drugs are administered intravenously except where noted. 
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1.4.5 Role of diet in CRC 

The relationship between dietary factors and different cancers is now well recognized. Several 

review studies have discussed the evidence for the associations between dietary factors (eg, foods 

and food groups, beverages, alcohol, macronutrients, and micronutrients) and the incidence of 

CRC (111, 125). Although fasting exerts extensive antitumor effects in numerous contexts as 

previously discussed, the impact of fasting on metabolic changes in CRC remains poorly studied. 

In a recently published study, fasting negatively regulated glucose metabolism and proliferation 

via the FDFT1/AKT-mTOR-HIF1Ŭ axis in CRC. Besides, it upregulated a cholesterol biosynthesis 

enzyme Farnesyl-diphosphate farnesyltransferase 1 (FDFT1) in CRC either in vitro or in vivo.  

In addition, FDFT1 overexpression played an important tumor-suppressive role when combined 

with fasting an effect that was reversed in case of its knockdown (126). Another study evaluated 

how glucose concentration influences CRC cellsô response to metformin, using two CRC cell lines 

with different growth rates (fast-growing more glycolytic cell line SW948 and slow-growing cell 

line SW111 which is reliant on mitochondrial respiration in terms of metabolism). The authors 

found that both cell lines show inhibitory growth after metformin treatment under physiological 

glucose conditions, but not in high glucose conditions. In addition, metformin-treated SW1116 

shifted toward a more glycolytic profile resembling that of the SW948 cell line. This metabolic 

shift of SW116 to be more like SW948 could then also result in increased vulnerability to 

chemotherapy. This demonstrates that cells having different metabolic phenotypes show a clear 

differential response to metformin treatment based on glucose concentration (127). 
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1.5 CHOLESTEROL  

The discovery of cholesterol dates back to the second half of the eighteenth century when 

Poulletier de la Salle isolated for the first time this molecule from human gallstone and bile. 

Cholesterol is a ubiquitous sterol found in vertebrate organisms with a plethora of biological 

functions that are essential for proper cellular growth and activity (128, 129). It is a precursor for 

steroid hormones, and an essential component of plasma membranes (130). Due to its alicyclic 

nature, cholesterol is highly hydrophobic and resides predominantly within the phospholipidic 

bilayer of cell membranes, where it preserves the barrier function by modulating permeability, 

fluidity, and rigidity (131, 132). In this setting, cholesterol preferentially interacts with the 

saturated fatty acids of adjacent sphingolipids and glycophosphatidylinositol-anchored proteins of 

the outer leaflet, forming small ordered and tightly packed microdomain assemblies, physically 

separated from the shorter and unsaturated phospholipids of the bilayer (132-134). Cholesterol is 

enriched in these assemblies, usually called lipid rafts, and plays a key role in several biological 

processes, including signal transduction pathways related to cell proliferation such as 

IGF1/PI3K/AKT signaling (130, 135-138). 

1.5.1 Cholesterol homeostasis and metabolism  

Cholesterol is an essential lipid for maintaining cellular homeostasis (130). Due to the crucial role 

played by this sterol in several physiological settings, disruption of cholesterol homeostasis and 

metabolic reprogramming may be responsible for the development of cardiovascular disorders and 

is implicated in the pathogenesis of diabetes, Alzheimer disease, and many types of cancer  

(139-143). Cholesterol is either acquired from the diet (exogenous) or endogenously synthesized 

in our body (~70% of total body cholesterol, endogenous). Beyond de novo cholesterol 

biosynthesis, most cells acquire cholesterol from low-density lipoprotein (LDL) taken up from the 
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circulation via LDL receptor (LDLR)-mediated endocytosis (131). The liver, 50% of total 

synthesis in humans occurs in the liver (144), delivers both endogenously synthesized and 

exogenously acquired cholesterol to the bloodstream as very- low-density lipoproteins (VLDLs). 

After processing in the bloodstream, the VLDLs generate circulating LDLs, which can be taken 

up by peripheral cells via receptor-mediated endocytosis (131). LDL is taken into cells by  

clathrin-mediated endocytosis and transported to the lysosomes through the endocytic pathway, 

where is then hydrolyzed to free cholesterol molecules, which are shuttled to the cell membrane 

and other cell membrane-bound organelles (130, 145). Cholesterol derived from dietary sources 

can be absorbed from enterocytes in the intestine and bile in the biliary ducts by hepatocytes in the 

liver by NiemannïPick type C1-like 1 (NPC1L1) protein present on the apical surface of these 

cells (146). The cholesterol biosynthesis de novo synthesis cascade occurs in every mammalian 

cell.  In brief, cholesterol synthesis starts from acetyl- CoA and is orchestrated by a series of ~30 

enzymes, which are distributed between cytosol and endoplasmic reticulum (ER) membrane as 

summarized in fig. 3 (147). Within the cell, cholesterol is dynamically transported between various 

organelles by vesicular and nonvesicular mechanisms to fulfill its multifaceted functions (148). 

Although all mammalian cells can produce cholesterol, most (except for hepatocytes, adrenal cells, 

and gonadal cells) are unable to catabolize the molecule (147). Therefore, excess cholesterol is 

exported outside of the cell either to the blood by ATP- binding cassette (ABC) subfamily A 

member 1 (ABCA1), or the homodimer of ATP-binding cassette subfamily G member 1 (ABCG1), 

or to the intestinal lumen and bile ducts by the ABCG5 and ABCG8 heterodimer (147, 149).  Lipid-

free apoA- I is the primary acceptor for cholesterol efflux by ABCA1 (150). This generates nascent 

high-density lipoprotein (HDL) particles that, under the action of lecithin:cholesterol 
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acyltransferase (LCAT), become mature and competent for acquiring cholesterol from ABCG1 

(151, 152). 

Surplus intracellular cholesterol can also be esterified by acyl-coenzyme A (CoA):cholesterol 

acyltransferase (ACAT) to produce cholesteryl esters (CEs) (153). Indeed, produced cholesteryl 

esters is stored as a cholesterol reservoir in cytosolic lipid droplets (LDs) preventing free-

cholesterol lipotoxicity (154) or released as a major constituent of plasma lipoproteins such as 

HDL, VLDL,  LDL, and chylomicrons (large triglyceride-rich lipoproteins produced in enterocytes 

from dietary lipids) (155). HDLs are finally transported from peripheral tissues back to the liver 

and intestine, where cholesterol is eliminated or recycled, and also to steroidogenic organs to 

generate steroid hormones, thus maintaining cholesterol homeostasis (147). 

 

1.5.2 Cholesterol role in cancer  

Highly proliferative cancer cells are strongly dependent on cholesterol to satisfy their increasing 

demand for substrates for membrane biogenesis and other functional needs (156). Cancer cell 

satisfies their needs by either increasing the uptake of exogenous (or dietary) cholesterol or over-

activating their endogenous synthesis (de novo biosynthesis) (Fig. 3). For example, the cholesterol-

derived oncometabolite 6-oxo-cholestan-3ɓ,5Ŭ-diol, which is enriched in patients with breast 

cancer, binds glucocorticoid receptors and subsequently promotes tumor growth (157). 

Accordingly, cholesterol metabolism is generally beneficial for cancer growth and progression, as 

it promotes oncogenic signaling and evasion of apoptosis, and cell proliferation, migration, and 

invasion (158-164). As a consequence, cholesterol depletion or trafficking blockade hinders tumor 

growth and invasion in a variety of cancers (165-168). 
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Fig. 3 | Major pathways of cholesterol metabolism in a polarized cell (147). Cholesterol is synthesized from acetyl- CoA through a 

series of ~30 reactions using 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGCR) and squalene monooxygenase (SM) (also 

called squalene epoxidase) as the rate-limiting enzymes (highlighted in red). In addition to de novo biosynthesis, cholesterol carried by 

low-density lipoprotein (LDL) particles in the blood can be taken up by LDL receptor (LDLR) at the basal surface of polarized cells (such 

as enterocytes or hepatocytes). Free cholesterol can also be absorbed from dietary sources by enterocytes in the intestine and from bile in 

the biliary ducts by hepatocytes in the liver. This absorption is mediated by NiemannïPick type C1-like 1 (NPC1L1) and the associated 

flotillins present on the apical surface of these cells. Excess cholesterol is exported to the blood by ATP- binding cassette subfamily A 

member 1 (ABCA1) or the homodimer of ATP-binding cassette subfamily G member 1 (ABCG1), or to the intestinal lumen and bile ducts 

by the ABCG5 and ABCG8 heterodimer. Cholesterol can also be converted to cholesteryl ester (CE) by acyl-coenzyme A:cholesterol 

acyltransferase (ACAT) for storage in lipid droplets or secretion as lipoproteins. CoA, coenzyme A; PP, pyrophosphate. Adapted from 

Luo et al. Nat Rev molecular cell biology 2019. 

1.5.3 Increased cholesterol biosynthesis and uptake 

Increased cholesterol biosynthesis is a hallmark of many cancers. In situations in which lipids 

and/or oxygen are limited, such as in the glioblastoma microenvironment, the master transcription 

factor sterol regulatory element-binding protein 2 (SREBP2) and its downstream targets, including 
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mevalonate-pathway enzymes, are significantly upregulated in tumors (169). Compared with time- 

and energy-consuming de novo cholesterol synthesis, increasing cholesterol uptake might be more 

efficient for cancer cells. An extreme example is that of some anaplastic large cell lymphoma cells, 

which fully rely on cholesterol uptake to acquire cholesterol, owing to the loss of squalene 

epoxidase (SQLE), a rate-limiting enzyme in the cholesterol-biosynthesis pathway (170).  

These cancer cells actively upregulate the LDLR, which takes up exogenous cholesterol as an 

alternative strategy to support proliferation. In contrast, lower levels of LDLR but higher levels of 

SQLE are expressed in advanced-stage prostate cancer, thus indicating a greater reliance on 

cholesterol synthesis than uptake (171). In the case of intestinal tumorigenesis, both cholesterol 

synthesis and uptake contribute (172). Although cholesterol uptake is an important source of 

cholesterol for cancer cells, how cells orchestrate cholesterol biosynthesis and uptake during 

cancer progression is complex and remains to be clarified. As mentioned previously, excessive 

cholesterol in normal cells is esterified and stored in LDs same occurs in cancer cells, thus high 

LDs and stored-cholesteryl ester content in tumors (173-176) are now considered as hallmarks of 

cancer aggressiveness (175, 177-179). Colon cancer stem cells showed a higher LD amount than 

their differentiated counterparts, as revealed by Raman spectroscopy imaging (180). Moreover, 

LD-rich cancer cells are more resistant to chemotherapy (173). In addition, LD content, especially 

cholesteryl ester, is mobilized by pancreatic cancer cells under a restricted cholesterol-rich LDL 

supply (176), and limiting LDL uptake reduces the oncogenic properties of pancreatic cancer cells 

and rendered them more sensitive to cytotoxic drugs (176). 

Incorporating dietary interventions into cancer therapy holds promise as means to enhance the 

efficacy of either existing or novel cancer therapies and to reduce certain treatment-emergent side 

effects (4, 69, 181). Several studies show that periodic cycles of fasting or modified fasting 
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increase the activity of chemotherapeutics, tyrosine kinase inhibitors, and immune checkpoint 

inhibitors in mice (16, 69). The lab of Prof. Nencioni has previously shown that combining 

endocrine therapy (ET) for hormone receptor-positive (HR+) breast cancer (BC) with fasting or 

MF also makes these agents more active (by lowering circulating insulin, leptin, and IGF1) and 

delays acquired resistance to them (182, 183). Besides being studied as a complement for standard 

therapeutics, fasting/MF has also been used to enhance the antitumor properties of drugs that are 

normally used for non-oncological indications: this is the case of the antidiabetic drug, metformin, 

and vitamin C, suggesting that this dietary approach could also hold value for drug repurposing in 

oncology (184-186). 

2. PURPOSE OF THE STUDY  

Our study aims at repurposing FDA-approved, non-oncological, drugs via fasting or STS in 

gastrointestinal cancers and identifying the proposed mechanism of action behind the expected 

sensitization. In this context, using high-throughput drug screens, we have identified inhibitors of 

cholesterol biosynthesis (including several antifungal agents classified as azoles) as agents that 

become cytotoxic to cancer cells under fasting conditions or STS (low-glucose (0.5 g/L) DMEM 

medium with 1 % FBS). Based on our results, we hypothesized that fasting conditions could 

cooperate with agents, other than azoles, that inhibit cholesterol production to achieve synergistic 

anticancer effects. Since water-only fasting or modified diets inhibits AKT-mTOR signaling and 

reduce circulating growth factors such as insulin, IGF1, and leptin (16, 29, 182, 187). Therefore, 

we hypothesized that these fasting could be used to enhance the activity of cholesterol biosynthesis 

inhibitors through the inhibition of AKT signaling pathway and modulation of these circulating 

growth factors. 
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3. METHODS 

Unless mentioned, all the experiments were performed in the lab of Prof. Alessio Nencioni located 

in Università di Genova - Di.M.I. - Dipartimento di Medicina Interna e Specialità Mediche, Genoa, 

Italy, by the doctoral candidate.  

Cell Lines and Reagents 

Capan-1 (PDAC) and HCT116 (CRC) cell lines were used in most of the experiments because 

they were the most sensitive to the combined treatments compared to single treatments, and they 

are considered as good in vivo animal xenograft models. Other cell lines from different cancer 

origins were used as proof of the concept that fasting conditions or STS cooperate with cholesterol 

biosynthesis inhibitors to kill different types of cancer cells originating from different tumor types. 

PK9, Capan-1, MIA PaCa-2, Panc-1, BxBC3, HCT116, HT-29, CT26, N87, PC3, OVCAR5, 

OVCAR8, MCF7, MDA-MB-231, SKBR3, 4T1, H1975, and A549 cell lines were either 

purchased from the ATCC (LGC Standards S.r.l., Milan, Italy) or provided and certified as 

mycoplasma-free by the cell bank of the IRCCS Ospedale Policlinico San Martino (Blood 

Transfusion Centre, B. Parodi, Genoa, Italy), while ID8 was purchased from Sigma Aldrich S.r.l. 

Cells were authenticated by DNA fingerprinting and isozyme detection. Cells were passaged for 

less than 6 months before their resuscitation for this study. All of our cell lines were routinely 

tested for mycoplasma contamination by Mycoalert Kit (Promega). HT-29 cell line was maintained 

in high glucose DMEM medium (LifeTechnologies, Italy) supplemented with 10% FBS, penicillin 

(50 units/ml), and streptomycin (50 ɛg/ml) (LifeTechnologies, Italy). ID8 cell line was maintained 

in high glucose DMEM (LifeTechnologies, Italy), 4% FBS, 5 µg/mL insulin prescribed as 

Humulin® R (Pharmacy of the IRCCS Ospedale Policlinico San Martino), 5 µg/mL transferrin 

(Sigma Aldrich S.r.l.) and 5 ng/mL sodium selenite (Sigma Aldrich S.r.l.) and  
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penicillin (50 units/ml), and streptomycin (50 ɛg/ml) (LifeTechnologies, Italy). All other cell lines 

were maintained in RPMI1640 medium (LifeTechnologies, Italy) supplemented with 10% FBS, 

penicillin (50 units/ml), and streptomycin (50 ɛg/ml) (LifeTechnologies, Italy). Recombinant 

human IGF1 and recombinant human leptin were purchased from Peprotech. Insulin 

(Humulin® R) was obtained from the Pharmacy of the IRCCS Ospedale Policlinico San Martino. 

Puromycin, cholesterol-water soluble (cholesterol), methyl-ɓ-cyclodextrin (MɓCD), 

protease/phosphatase inhibitor cocktail, sulforhodamine B, oxiconazole, miconazole nitrate salt 

(miconazole), and clotrimazole were purchased from Sigma Aldrich S.r.l. terbinafine 

hydrochloride (terbinafine) was purchased from Abcam. Simvastatin was purchased from 

Targetmol. Itraconazole was purchased from Selleck Chemicals. Low density lipoprotein from 

human plasma (LDL) was purchased from Thermo Fisher Scientific.  

Library Screening 

2.4x103 PK9 or 8x102 A549 cells were plated in 96 well plates in their regular medium. 24h later, 

the cell medium was removed and cells were washed with phosphate buffer saline (PBS) and 

incubated either in DMEM no glucose medium (LifeTechnologies, Italy) with 10% FBS, 1g/L 

glucose (CTR medium) or in DMEM no glucose medium with 1% FBS, 0.5 g/L glucose short term 

starvation medium (STS). The day after, cells were treated with Microsource Spectrum Collection 

and Selleck Preclinical/Clinical Compound Library at a dose of 10 µM. Viability was determined 

72h later by CellTiter96 Aqueous One assay (Promega) according to the manufacturer's 

instructions.  

Cell Viability Assays 

Cancer cells were plated in 96-well plates in their regular medium. After 24 h, the medium was 

removed and cells were washed with PBS and incubated in either CTR or STS medium. Where 
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indicated, cells were supplemented with insulin (500 pM), IGF1 (5 ng/ml), leptin (50 ng/ml),  

3h MɓCD incubation (3.5 mM), or cholesterol (5 Õg/ml). After a further 24 h, cells were stimulated 

with or without miconazole, clotrimazole, oxiconazole, itraconazole, simvastatin, or terbinafine in 

CTR or STS medium at the indicated concentrations. Viability was determined 72 h later by 

CellTiter 96 Aqueous One assay (Promega) according to the manufacturerôs instructions. 

Organoid Culture and Viability Assays 

Our collaborator Roberto Benelli in the lab of Prof. Alessandro Poggi (Unità di Oncologia 

Molecolare e Angiogenesi, Ospedale San Martino, Genoa, Italy) cultured human colorectal cancer-

derived organoids OMCR15-045TK as previously described (188, 189). The growth of CRC 

organoids in different conditions was monitored in 96-wells plates, by the live-imager JuLI-Stage 

(Nano-Entek, Waltham, MA) for 8 days. Tripsinized organoids were included in single 3µl Geltrex 

(Gibco-Thermo) drops, in the center of each well, and allowed to recover in complete medium for 

48 h and treated with or without clotrimazole and terbinafine in regular or STS medium (diluted 

culture medium 1:10 in DMEM/F12 without B27 and EGF) at the indicated concentrations for 192 

h. Ten wells for each condition were live-monitored after treatment. The mean area of organoids 

was calculated from each image by Image-J. The time points of each well were normalized against 

time 0, to compensate for plating efficiency variability, and plotted in excel. Student t-test was 

used to assess the statistical significance of the variation of any experimental condition, compared 

to the same time point of controls.  

Retroviral Transduction  

pBABE-puro (PBP), and PBP-myr-AKT were purchased from Addgene (Cambridge, MA, USA). 

1 × 106 Phoenix cells were plated in 60 mm Petri dishes and allowed to adhere for 24 h. Thereafter, 

cells were transfected with 4 ɛg plasmid DNA using TransIT-293 (Mirus Bio, Madison, WI) 
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according to the manufacturer's instructions. Viral supernatants were harvested after 36, 48, 60, 

and 72 h and used to infect Capan-1 (5 × 105), Panc-1 (4.5 × 105), and MCF7 (5 × 105) cells in 100 

mm Petri dishes in the presence of 5 ɛg/ml protamine sulfate. Successfully infected cells were 

selected using 1 ɛg/ml puromycin. 

Immunoblotting 

For protein lysate generation from cultured cells, 5 × 105 Capan-1, or 3 × 105 MIA PaCa-2 cells 

were plated in 100 mm Petri dishes in their regular medium. After 24 h, the medium was removed, 

and cells were washed with PBS and incubated in either CTR or STS medium. After a further 

24 h, cells were stimulated with or without clotrimazole (15 ɛM) or terbinafine (30 ɛM). 24 h later, 

cells were washed and protein lysates were generated using the following protocol. Cells were 

washed twice with cold PBS and then manually scraped in the presence of 50-200 ɛl lysis buffer 

(25mM Tris-phosphate, pH 7.8; 2mM DTT; 2mM 1,2-diaminocyclohexane-N,N,N´,N -́tetraacetic 

acid; 10% glycerol; 1% Triton X-100). Cell lysates were incubated on ice for 15 min with 10 sec 

vortex shaking every five min. Finally, lysates were spun at 10.000 g for 2 min at 4°C. Supernatants 

were recovered and either used immediately or stored for subsequent use (16, 190). Protein lysates 

from primary tumors were obtained by adding a 400ɛL mixture of RIPA buffer, anti-protease and 

anti-phosphatase cocktails to tumor masses then homogenized using TissueRuptor (Qiagen). After 

clear homogenization samples were washed twice in cold PBS and the pellets were used for lysate 

preparation. Protein concentration was determined according to standard Bradford assay. 35ɛg of 

proteins (for protein lysate obtained from in vitro cell culture) or 20ɛg of proteins (for protein 

lysate obtained from in vivo xenografts) were separated by SDSïPAGE, transferred to a PVDF 

membrane (Immobilon-P, Millipore S.p.A.) and detected with the following antibodies: anti-

phospho-AKT (Ser473; #4058), anti-AKT (#9272), anti-phospho-p70S6kinase (Thr389; #9206), 
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anti p70S6kinase (#9202), anti-phospho-mTOR (Ser2448; #5536), anti-mTOR (#2983), anti-

phospho-4E-BP1(Thr37/46; #2855), anti-4E-BP1 (#4923), all from Cell Signaling Technology; 

vinculin, and anti-ɓ-actin from Santa Cruz Biotechnology. Band intensities were quantified with 

Quantity One SW software (Bio-Rad Laboratories, Inc.) using standard enhanced 

chemiluminescence. 

Colony Formation Assays 

1 × 103 Capanï1 cells were plated in 6-well plates in a regular medium. 24 h later, the cell medium 

was removed. Cells were washed twice with PBS and were incubated in either CTR or STS 

medium. The next day, cells were treated with 10 ɛM clotrimazole, or 20 ɛM terbinafine for 24 h. 

Then cell medium was removed and cells were cultured for 2 additional weeks in a regular culture 

medium. Thereafter, the culture plates were fixed with cold 3% trichloroacetic acid at 4°C for 30 

minutes, washed with cold water, and dried overnight. Finally, the plates were stained with 0.4% 

sulforodhamine B (SRB) in 1% acetic acid, washed four times with 1% acetic acid to remove the 

unbound dye, dried overnight, and then colonies were counted. 

In vivo Therapy 

All mouse experiments were performed in accordance with the relevant laws and institutional 

guidelines for animal care and use established in the Principles of Laboratory Animal Care 

(directive 86 /609 /EEC). Animal work was only started upon approval by the Italian Istituto 

Superiore di Sanità (ISS). 6ï8-week-old female BALB/c athymic (nu+/nu+) (purchased from 

Envigo) were used in the experiments at the Animal Facility of the IRCCS Ospedale Policlinico 

San Martino. These animals were maintained in air-filtered laminar flow cabinets with a 12-h light 

cycle and food and water ad libitum. Mice were acclimatized for 1 week. 2 × 106 Capan-1 or 

HCT116 cells were injected subcutaneously (SC) into either one or both flanks of the mouse. 

Treatment was initiated when the tumors appeared as established palpable masses (~2 weeks after 
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cell injection). In each experiment, mice were randomly assigned to one of the following arms: 

control (ad libitum diet); clotrimazole (60 mg/kg twice a week in peanut oil, intraperitoneal (i.p) 

injections (191)); terbinafine (40 mg/kg/d in 5% of absolute ethanol + 95% of 0.5% 

methylcellulose by oral gavage (192)); LDL (0.25 mg/mouse (193, 194), i.p, twice a week coupled 

with fasting); fasting (water only, for 48 h every week for 4 weeks (68, 182)); or combinations of 

these treatments as indicated. Mice were housed in a clean, new cage to reduce coprophagy and 

residual chow. Body weight was measured immediately before, during, and after fasting. Fasting 

cycles were repeated every 7 d to obtain complete recovery of body weight before a new cycle. 

Tumor volume was calculated using the formula: tumor volume = (w2 Ĭ W) Ĭ ˊ/6, where ñwò and 

ñWò are ñminor sideò and ñmajor sideò (in mm), respectively. The maximal tumor volume that 

was permitted by our Institutional Animal Care and Use Committee (IACUC) was 1,500 mm3, and 

in none of the experiments were these limits exceeded. Tumor masses were always isolated at the 

end of the last fasting cycle, weighed, divided into two parts, and stored in liquid nitrogen for 

subsequent protein extraction and cholesterol quantification. 

Sample size estimation was performed using PS (Power and Sample size calculation) software 

(Vanderbilt University). By this approach, we estimated that the number of mice that were 

assigned to each treatment group would reach a power of 0.85. The Type I error probability 

associated with our tests of the null hypothesis was 0.05. Mice were assigned to the different 

experimental groups in a random fashion. Operators were unblinded, blinding during animal 

experiments was not possible because mice were subject to a specific diet supply and daily 

treatment. 
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Mice Serum Assays 

To measure the changes in serum IGF1, C-peptide, and leptin concentrations we inoculated female 

BALB/c nude mice with HCT116 then treated with fasting (or ad libitum diet) with or without 

clotrimazole or clotrimazole plus fasting plus i.p. injection of human plasma LDL, mice whole 

blood was collected in Eppendorf tubes before randomization and at the end of the experiment. 

Afterwards, serum was allowed to coagulate for 2 h at room temperature, centrifuged for 20 min 

at 4,000 rpm, and then it was stored in aliquots in PCR tubes at ī80 ÁC until subsequent use. The 

serum parameters were analyzed at Istituto San Raffaele (Milan, Italy) using certified kits on the 

Ilab-650 automatic instrument (Werfen Italy). Each analysis was preceded by the measurement of 

certified internal quality controls purchased directly from the manufacturer. 

Cholesterol Quantification 

To measure total cholesterol concentration in cancer cells we plated 5 × 105 Capan-1 PDAC cells 

in 100 mm Petri dishes in their regular medium. After 24 h, the medium was removed, and cells 

were washed with PBS and incubated in either CTR or STS medium. After a further 24 h, cells 

were stimulated with or without clotrimazole (20 ɛM) or terbinafine (50 ɛM). Meanwhile to 

measure total cholesterol concentration in tumor masses female nude mice were SC inoculated 

with Capan-1 or HCT116 cells. When tumors became palpable, mice were randomized to be 

treated with ad libitum diet, terbinafine, weekly 48h fasting, or terbinafine + fasting (Capan-1 

xenografts) or ad libitum diet, clotrimazole, fasting, clotrimazole + fasting, or clotrimazole + 

fasting + i.p. human plasma LDL (HCT116 xenografts). At the end of the experiment (24 h after 

treatment regarding the cells or 4 weeks of treatment regarding mice xenografts), 106 cells or 10 

mg tumor masses were washed with cold PBS. Lipids were extracted by resuspending the samples 

in 200 µL of Chloroform: Isopropanol: NP-40 (7:11:0.1) using the TissueRuptor (Qiagen). The 
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extract was centrifuged for 5 ï 10 minutes at 15,000 xg in a micro centrifuge. Organic phase 

(supernatant) was transferred, avoiding the pellet, to a new tube, air dried at 50°C to remove 

chloroform and subjected to vacuum for 30 minutes to remove trace organic solvent using vacuum 

concentrator. Dried lipids were dissolved by vortexing with 200 µL of Assay Buffer. 50 ɛl of total 

cholesterol reaction mixture were added to samples and standards mixed well and incubated at 

37 ÁC for 30 minutes protected from light. Then absorbance was measured at OD570 nm.   

Tumor masses preparations and OXPHOS Assays and ATP/AMP measurements  

The following experiments were performed by our collaborator Silvia Ravera in Dipartimento di 

medicina sperimental (DIMES), University of Genoa, Italy. 

Tissue Homogenate Preparation for OXPHOS Assays and ATP /AMP Measurements 

To determine oxidative phosphorylation (OXPHOS) assays and ATP /AMP measurements female 

nude mice were SC inoculated with Capan-1 or HCT116 cells. When tumors became palpable, 

mice were randomized to be treated with ad libitum diet, terbinafine, weekly 48h fasting, or 

terbinafine + fasting (Capan-1 xenografts) or ad libitum diet, clotrimazole, fasting, clotrimazole + 

fasting, or clotrimazole + fasting + i.p. human plasma LDL (HCT116 xenografts). Mice were 

sacrificed at the end of the fourth fasting cycle and 40 mg of tumor masses were washed in PBS 

and homogenized by a PotterïElvehjem system in 1 mL of PBS plus protease inhibitors. All 

operations have been performed on ice. Total proteins were estimated by the Bradford method 

(195).  

Oxygen Consumption Rate Evaluation  

Oxygen consumption rate (OCR) was measured at 25°C in a closed chamber, using an 

amperometric electrode (Unisense-Microrespiration, Unisense A/S, Denmark). 50 µg of total 

proteins were used for each experiment. To stimulate the pathways composed of Complexes I, III, 
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and IV, 10 mM pyruvate plus 5 mM malate were added; to activate the Complexes II, III, and IV 

pathways, 20 mM succinate was employed (196).  

Evaluation of OXPHOS Efficiency 

The OXPHOS efficiency was calculated as the ratio between the concentration of the produced 

ATP and the amount of consumed oxygen in the presence of respiring substrate and ADP, 

obtaining the phosphate/oxygen (P/O) ratio. In coupled conditions, this value is around 2.5 or 1.5 

in the presence of pyruvate + malate or succinate, respectively. Conversely, in the uncoupled 

status, this value decreases proportionally to the grade of the OXPHOS inefficiency (197).  

Assay of ATP synthesis through FoF1-ATP synthase activity 

The assay was conducted at 25°C by measuring formed ATP from added ADP. 50 µg of total 

proteins were added to the incubation medium containing: 10 mM Tris-HCl pH 7.4, 50 mM KCl, 

1 mM EGTA, 2 mM EDTA, 5 mM KH2PO4, 2 mM MgCl2, 0.6 mM ouabain, 0.040 mg/ml 

ampicillin, 0.2 mM di-adenosine-5'penta-phosphate, and the respiratory substrates: 10 mM 

pyruvate plus 5 mM malate or 20 mM succinate. Tissue homogenates were incubated in the assay 

medium for 5 min at 25°C, then ATP synthesis was induced by the addition of 0.2 mM ADP and 

monitored by the luciferin/luciferase ATP bioluminescence assay kit CLSII (Roche, Basel, 

Switzerland), on a Luminometer (GloMax® 20/20 Luminometer ï Promega, Wisconsin, USA), 

for two minutes, every thirty seconds. ATP standard solutions (Roche, Basel, Switzerland) in the 

concentration range 10-10 - 10-7 M was used for calibration (196). 

Evaluation of intracellular ATP and AMP content and calculation of ATP/AMP ratio  

ATP and AMP intracellular content was evaluated by the enzyme coupling method, as previously 

described (196). For each assay, 50 µg of total protein was employed.  ATP was assayed, following 

NADP reduction, at 340 nm. The assay medium contained: 50 mM Tris-HCl pH 8.0, 1 mM NADP, 
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10 mM MgCl2, and 5 mM glucose. Samples were analyzed spectrophotometrically before and 

after the addition of 4 µg of purified hexokinase plus glucose-6-phosphate dehydrogenase. AMP 

was assayed following the NADH oxidation, at 340 nm. The reaction medium contained: 100 mM 

Tris-HCl pH 8.0, 75 mM KCl, 5 mM MgCl2, 0.2 mM ATP, 0.5 mM phosphoenolpyruvate, 0.2 

mM NADH, 10 IU adenylate kinase, 25 IU pyruvate kinase, and 15 IU of lactate dehydrogenase. 

The ATP/AMP value was calculated as the ratio between the intracellular concentration of ATP 

and AMP, expressed in mM. 

Statistical Analysis 

The cooperative index (CI) in library screening was calculated using effect-based strategy 

(response additivity approach) (198) as the sum of the specific cell deaths induced by the single 

agents divided by the specific cell death in response to the combination. CI values <1, = 1, and >1 

indicate a synergistic, additive, or infra-additive effect, respectively. No significant validation was 

applied in the drug screening since we used only one replica for each compound. The positive 

control used in our drug screening was the effect of starvation conditions alone on the cells which 

is considered to be nearly the same in each experiment. Z-score was not estimated in the drug 

screening experiments preformed in the current thesis since I calculated one single raw score per 

experiment. Compounds with a CI<0,8 were selected for the retesting and statistical analysis was 

applied. All statistical analyses were performed using GraphPad Prism 8.0. Data are presented as 

mean ± SEM. The results were analyzed by two-tailed Studentôs t-test and P values less than 0.05 

were considered to be statistically significant (*, P < 0.05; **, P < 0.01, ***, P < 0.001, and ****, 

P < 0.0001; n.s., not significant). 
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4. RESULTS 

Starvation enhances the anti-tumor effects of cholesterol biosynthesis inhibitors in 

pancreatic ductal adenocarcinoma (PDAC), colorectal cancer (CRC) cells, and CRC tumor 

organoids as well as various types of cancer cells from different origins. 

We screened over 800 approved drugs in pancreatic cancer cells (PK9), searching for agents whose 

antitumor activity would be synergistically increased by starvation conditions (STS).  

By this approach, we identified three fungicidal agents (imidazole derivatives), i.e. clotrimazole, 

miconazole, and oxiconazole, which all became strongly cytotoxic against PK9 cancer cells when 

combined with starvation conditions (Fig.4a). Aside from azoles, other screen hits were identified 

that resulted in synergistic anticancer effects when combined with STS. Nevertheless, they were 

not utilized in this study since they were not from the same drug class. Since azoles inhibit 14Ŭ-

demethylase, which is a key enzyme for cholesterol biosynthesis (199), we reasoned that other 

agents targeting this metabolic route (Fig.4f) may also acquire antitumor effects through fasting. 

Consistent with this notion, in subsequent experiments, we found that itraconazole,  

a triazole derivative, simvastatin, an inhibitor of cholesterol rate-limiting enzyme HMG-CoA 

reductase, and terbinafine, an inhibitor of the cholesterol-producing enzyme SQLE, also had their 

antitumor effects strongly enhanced by starvation in PK9 and Capan-1 pancreatic ductal 

adenocarcinoma (PDAC) cells (Fig.4b) and HCT116 (colorectal cancer) CRC cells (Fig.4c).  

STS also increased the anti-tumor activity of terbinafine and clotrimazole in tumor organoids from 

patients with CRC (Fig.4d). STS cooperated with clotrimazole and terbinafine to reduce 

intracellular cholesterol in cultured Capan-1 cells (Fig.4e). Methyl-ɓ-cyclodextrin (MɓCD),  

a compound that acutely depletes intracellular cholesterol (200), showed a synergistic interaction 

(in terms of anti-cancer activity) with starvation conditions in Capan-1 (Fig.4g) and in 
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MIA PaCa-2 cells (not shown) and when added to combined azoles (clotrimazole or terbinafine) 

and starvation, it further enhanced PDAC cell demise. Culture media supplementation with a 

water-soluble cholesterol formulation, cholesterolïMɓCD, (cholesterol add-back) prevented the 

synergistic interaction between STS, and cholesterol biosynthesis inhibitors (Fig. 4h). 

Subsequently, we screened the same library in A549 lung cancer cell line in an attempt to identify 

whether the screen hits, identified azoles, would result in a synergistic anti-tumor effect when 

combined with STS similar to those observed in the screening of PK9 cell line. Surprisingly, we 

were able to obtain a cooperative index (CI) of the previously identified imidazole derivatives less 

than 0.8 in A549 lung cancer cell line (Fig. 5a), much the same as the results of PK9 screening. In 

subsequent experiments, we found STS strongly enhanced the anticancer activity of cholesterol 

biosynthesis inhibitors in various cancer cell lines from different origins (Fig. 5b-g). In addition, 

combined treatment reduced the number of Capan-1 cell colonies compared to other treatment 

groups (Fig. 5h). Taken together, these data suggest a potential antitumor effect of this combined 

therapy in vivo.  
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Fig. 4 | Cholesterol biosynthesis inhibitors cooperate with starvation to kill pancreatic cancer cells. a, Screens for compounds whose 

antitumor activity is enhanced by starvation (i.e. 1% FBS and 0.5 g/l glucose) in PK9 pancreatic cancer cells (Microsource Spectrum 

Collection and Selleck Preclinical/Clinical Compound Library). Cooperative index (CI) is the sum of the specific cell death induced by the 

single agents divided by the specific cell death in response to the combination. While CI values <1 are considered to be indicative of  

a synergistic effect; we set our threshold for hit validation at 0.8 to increase stringency. b, PK9 and Capan-1 (PDAC cell lines) cell viability 

[quantified by CellTiter96 Aqueous1 (Promega)] after a 72h treatment with the indicated drugs (oxiconazole (oxic.), miconazole (mic.), 

and clotrimazole (clotr.) 10 ɛM; itraconazole (itra.) 1 ɛM; simvastatin (simv.) and terbinafine (terb.) 50 ɛM), w/ or w/o starvation.  

c, HCT116 CRC cells cell viability [quantified by CellTiter96 Aqueous One assay (Promega)] after a 72h treatment with the indicated 

drugs (mic. and clotr. 15 ɛM; simv. 100 ɛM). d, Tumor organoids from patients with CRC were cultured w/ or w/o terb. 20 ɛM. or clotr. 

15 ɛM. under control or STS conditions for 192 h, and then were imaged. e, Capan-1 cells were treated for 24h w/ or w/o 20 µM clotr. or 

50 µM terb. under control or starvation conditions or the combination of each drug with starvation. Thereafter, cellular cholesterol was 

measured by Cholesterol/ Cholesteryl Ester Quantitation Assay Kit (Abcam). f, Cholesterol biosynthesis pathway. g, Capan-1 cells were 

plated in 96-well plates and treated for 96h w/ or w/o clotr. (10 ɛM), terb. (50 ɛM), mic. (10 ɛM) or a 3h methyl-ɓ-cyclodextrin (MɓCD) 

incubation (3.5 mM) under control or starvation conditions, or the combination of each drug with starvation. Thereafter, cell viability was 

quantified by CellTiter96 Aqueous One assay (Promega). h, Capan-1 cells were plated in 96-well plates and treated for 96h w/ or w/o clotr. 

(10 ɛM), terb. (30 ɛM), mic. (10 ɛM) under control or starvation conditions or combined drugs with starvation in the presence or absence 
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of 5 ɛg/ml cholesterol-methyl-ɓ-cyclodextrin. Afterward, cells were imaged by phase contrast microscopy and cell viability was quantified 

as described above. All experiments were performed in at least triplicates. Data are presented as mean ± SEM. Data were analyzed by two-

tailed Studentôs t-test and statistical analysis was applied with *: p<0.05; **: p<0.01; ***: p<0.001, ****: p<0.0001: n.s., not significant 

compared to control treatment. 
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Fig. 5 | Cholesterol biosynthesis inhibitors cooperate with starvation to kill various cancer cells. a, Screens for compounds whose 

antitumor activity is enhanced by starvation (i.e. 1% FBS and 0.5 g/l glucose) in A548 lung cancer cells (Microsource Spectrum Collection 

and Selleck Preclinical/Clinical Compound Library). Cooperative index (CI) is the sum of the specific cell death induced by the single 

agents divided by the specific cell death in response to the combination. While CI values <1 are considered to be indicative of a synergistic 

effect; we set our threshold for hit validation at 0.8 to increase stringency. b, HT29 (CRC human cell line) and CT26 (CRC murine cell 

line) cell viability after a 72h treatment with the indicated drugs (mic. and clotr. 15 ɛM; simv. 100 ɛM (in HT29 cells) or simv. 10 ɛM (in 

CT26 cells) and terb. 30 ɛM), w/ or w/o starvation). c, MCF7, SKBR3, and MDAMB231 (BC human cell lines) cell viability after a 72h 

treatment with the indicated drugs (mic. and clotr. 15 ɛM; simv. 30 ɛM (in MCF7 and SKBR3 cells) or simv. 100 ɛM (in MDAMB231 

cells) and terb. 30 ɛM), w/ or w/o starvation. d, MIA PaCa-2, Panc-1 and BxPC3 (PDAC cell lines) cell viability after a 72h treatment 

with the indicated drugs (mic. and clotr. 15 ɛM; simv. 100 ɛM and terb. 30 ɛM), w/ or w/o starvation. e, OVCAR5 and OVCAR8 (ovarian 

human cancer cell lines) and ID8 (ovarian murine cancer cell line) cell viability after a 72h treatment with the indicated drugs (mic. and 

clotr. 15 ɛM; simv. 30 ɛM (in OVCAR5 and ID8 cells) or simv. 100 ɛM (in OVCAR8 cells) and terb. 30 ɛM), w/ or w/o starvation.  

f, H1975 (lung human cancer cell line), PC3 (prostate human cancer cell line), and N87 (gastric human cancer cell line) cell viability after 

a 72h treatment with the indicated drugs (miconazole (mic.) and clotrimazole (clotr.) 15 ɛM; simvastatin (simv.) 100 ɛM (in H1975 and 

PC3) or simv. 30 ɛM (in 4T1) and terbinafine (terb.) 30 ɛM), w/ or w/o starvation. g, 4T1 (BC murine cell line) cell viability after a 72h 

treatment with the indicated drugs (mic. and clotr. 15 ɛM; simv. 10 ɛM (in 4T1) and terb. 30 ɛM), w/ or w/o starvation. Thereafter, cell 

viability was quantified by CellTiter96 Aqueous One assay (Promega). h, Capan-1 cells were seeded in 6-well plates and cultured with or 

without STS, 10 µM clotr., 20 µM terb., or their combinations for 24 h. Thereafter, cells were cultured in a regular medium for an additional 

10 days. Finally, cells were fixed and stained with sulforhodamine B and cell colonies were counted. All experiments were performed in 

at least triplicates. Data are presented as mean ± SEM. Data were analyzed by two-tailed Studentôs t-test and statistical analysis was applied 

with *: p<0.05; **: p<0.01; ***: p<0.001, ****: p<0.0001: n.s., not significant compared to control treatment. 
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Fasting plus inhibitors of de novo cholesterol biosynthesis pathway reduce tumor growth in 

PDAC (Capan-1) xenografts 

To further investigate the cooperative role of fasting and cholesterol biosynthesis inhibitors against 

PDAC, we employed two in vivo experiments using Capan-1 cells which were injected into female 

nude mice that were treated with ad libitum (ad lib.) diet, weekly 48h every week fasting (starv.), 

or clotrimazole (clotr.) or combined fasting plus clotr. or terbinafine (terb.) or combined fasting 

plus terb. Weekly cycles of fasting were found to enhance clotrimazole and terbinafine antitumor 

effects in Capan-1 xenograft-bearing nude mice (Fig.6a, b). To determine whether azoles or 

terbinafine synergize with fasting by disrupting the intratumor cholesterol production, we 

determined total cholesterol content using Cholesterol/ Cholesteryl Ester Quantitation Assay Kit 

in isolated tumor masses. Consistent with the hypothesis that cholesterol biosynthesis inhibitors 

cooperate with fasting by targeting cholesterol production in cancer cells, we found that terbinafine 

plus fasting also blunt the cholesterol levels of Capan-1 xenografts (Fig.6b). In addition, combined 

fasting and terbinafine lowered circulating LDLs, whereas increased HDL cholesterol and reduced 

triglycerides as compared to terbinafine treatment alone) (Fig.6c). Collectively, these results point 

to that the demonstrated anticancer effects of this combined therapy may rely, at least in part, upon 

intracellular and tumor mass cholesterol levels.  
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Fig. 6 | Fasting and inhibitors of cholesterol biosynthesis cooperate in vivo to slow tumor growth and reduce intratumor cholesterol 

and circulating LDL cholesterol. Growth of 2 × 106 Capan-1 subcutaneous xenografts (SC) in BALB/c female nude mice treated with 

ad libitum diet (n=6), weekly 48h fasting (starv.) (n=7), clotrimazole (clotr.) (60 mg/kg twice a week, i.p) (n=8) or combined starv.+clotr. 

(n=6) (a) ad libitum diet (n=9), weekly 48h fasting (starv.) (n=11), terbinafine (terb.) (40 mg/kg/d, orally) (n=11) or combined starv.+terb. 

(n=12) (b). At the end of the experiment, tumors were weighed and imaged. In addition, in animals fed ad libitum or undergoing weekly 

fasting and treated w/ or w/o terb. tumor masses and peripheral blood were collected at the end of the experiment. Intratumor cholesterol 

content was measured by Cholesterol/ Cholesteryl Ester Quantitation Assay Kit (Abcam) normalized with the protein content of the 

respective tissue specimen. (b, panel on the right). c, total cholesterol, HDL and LDL cholesterol, and triglycerides were detected by 

standard chemistry (Animal biochemistry, Istituto San Raffaele, Milan). All experiments were performed in at least triplicates. Data are 

presented as mean ± SEM. Data were analyzed by two-tailed Studentôs t-test and statistical analysis was applied with *: p<0.05; **: p<0.01; 

***: p<0.001, ****: p<0.0001: n.s., not significant compared to control treatment. 
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Exogenous administration of human plasma LDL counteracts the antitumor effect exerted 

by fasting plus clotrimazole in HCT116 xenografts 

To test the hypothesis that exogenous administration of LDL cholesterol can restrain the previously 

shown antitumor effect of fasting plus cholesterol biosynthesis inhibitors, we injected BALB/c 

nude mice with HCT116 colorectal cancer (CRC) cell line and provided either ad libitum diet, or 

weekly 48h fasting, or clotrimazole, or clotrimazole plus weekly 48h fasting, or clotrimazole plus 

weekly 48h fasting plus intraperitoneal (i.p.) injection of human plasma LDL (twice a week 

coupled with the 48h of fasting). As anticipated, adding back LDL, which is referred to as bad 

cholesterol, in mice bearing HCT116 xenografts that were treated with clotrimazole plus fasting 

was sufficient to revert the fasting-induced enhancement of clotrimazole activity (Fig. 7a).  

We obtained similar results in cultured HCT116 cells when its culture media were supplemented 

with water-soluble cholesterol formulation and treated with clotrimazole plus STS (Fig. 7d).  

In addition, administering LDL to combined fasting and clotrimazole not only abrogated 

clotrimazole reduction of the intratumor cholesterol content of HCT116 xenografts via fasting but 

also increased circulating triglycerides as compared to fasting and clotrimazole treatment alone 

(Fig.7b and 7c respectively). These data suggest that exogenous cholesterol injection, in the form 

of LDL, impedes the antitumor effect produced by starvation plus cholesterol biosynthesis 

inhibitors. 
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Fig. 7 | Adding back LDL reverts the fasting enhancement of clotrimazole antitumor activity in vivo and increases intratumor 

cholesterol and circulating triglycerides. a, Growth of 2 × 106 HCT116 SC xenografts in BALB/c female nude mice treated with  

ad libitum diet (n=8), or weekly 48h fasting (starv.) (n=4), or clotrimazole (clotr.) (60 mg/kg twice a week, i.p) (n=5) or combined 

starv.+clotr. (n=7), or clotr. +starv.+ i.p. injection of human plasma LDL (0.25 mg/mouse, twice a week coupled with starv.) (n=6). At the 

end of the experiment, tumors were weighted and imaged. b, Intratumor cholesterol content was measured by Cholesterol/ Cholesteryl 

Ester Quantitation Assay Kit (Abcam) normalized with the protein content of the respective tissue specimen. c, Peripheral blood was 

collected at the end of the experiment, and triglycerides were detected by standard chemistry (Animal biochemistry, Istituto San Raffaele, 

Milan). d, HCT116 cells were plated in 96-well plates and treated for 96h w/ or w/o clotr. (10 ɛM) under control or starvation conditions 

or combined drugs with starvation in the presence or absence of 5 ɛg/ml cholesterol-methyl-ɓ-cyclodextrin. Thereafter, cell viability was 

quantified by CellTiter96 Aqueous One assay (Promega). Experiments in b, c, d, were performed in triplicates. Data are presented as mean 

± SEM. Data were analyzed by two-tailed Studentôs t-test and statistical analysis was applied with *: p<0.05; **: p<0.01; ***: p<0.001, 

****: p<0.0001: n.s., not significant compared to control treatment. 

 


