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 ABSTRACT 

Pancreatic ductal adenocarcinoma (PDAC) is a silent global burden with a poor survival rate 

and highly drug resistant. It is believed that its altered cholesterol metabolism, which results 

from metabolic changes in PDAC, may influence treatment response. Cholesterol depleting 

agents, also known as cyclodextrins, provide a novel therapeutic strategy to improve treatment 

response and potentially overcome drug resistance in PDAC. Using 2-hydroxypropyl-β-

cyclodextrin (HPβCD) to deplete cholesterol has shown promising results in in vitro PDAC 

studies. In our lab, HPβCD alone, and the combination of HPβCD with chemotherapeutic drugs 

has shown improved treatment response from in vivo studies for triple negative breast cancer 

and colorectal cancer, respectively. Nevertheless, no study has yet examined the impact of 

using HPβCD in conjunction with chemotherapy on the cholesterol homeostasis and treatment 

response of PDAC in vivo. Therefore, the aim of this study was to investigate the effects of 

adjuvant cholesterol depletion, with HPβCD, on the expression of key proteins in cholesterol 

metabolism and treatment response from cryopreserved PDAC tumour tissue. A PDAC mice 

xenograft served as the in vivo model for this study. Mice tumours were subjected to treatments 

consisting of mono- and combination therapies of Gemcitabine, 5-Fluorouracil, and HPβCD. 

Following successful completion of treatment regimens, tumours were excised and volume was 

measured. Whole protein was extracted from snap-frozen PDAC mice tumours and quantified 

using BCA assay, followed by Western blots to quantify the relative protein expression of key 

proteins involved in cholesterol homeostasis. 5-Fluorouracil monotherapy and its combination 

with HPβCD significantly reduced tumor volume to a greater extent than Gemcitabine and 

HPβCD therapies. ACAT1 expression indicates that Gemcitabine upregulated cholesterol 

storage, which was mitigated by HPβCD, whereas 5-Fluorouracil did not induce a cellular 

dependence on cholesterol storage. The combination of HPβCD with both Gemcitabine and 5-

Fluorouracil reduced cellular dependence on cholesterol synthesis and uptake, as evidenced by 

decreased HMGCR and LDLR expression. Notably, HPβCD activated the SREBP2 negative 

feedback loop without increasing cholesterol uptake or synthesis. Furthermore, HPβCD 

enhanced cholesterol export via ABCG1, whether utilized alone or in combination. These 

findings elucidate the complex relationship between cholesterol homeostasis and drug 

response. Further investigation of cholesterol depletion using HPβCD, either as monotherapy 

or combination therapy in PDAC, is essential to comprehensively understand the mechanisms 

of drug resistance.  
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1 INTRODUCTION 

1.1 Pancreatic Cancer Epidemiology  

The World Health Organization (WHO) has reported that cancer is the most prevalent cause of 

death worldwide (Sung et al., 2021). The most rapid increase in cancer cases occurs in sub-

Saharan Africa, including South Africa (Sung et al., 2021). Pancreatic cancer (PC) is the “silent 

global burden”, which has doubled in the past two decades (Lippi and Mattiuzzi, 2020; Klein, 

2021). Its low five-year survival rate of 9% has made it among the most lethal cancers 

worldwide (Lippi and Mattiuzzi, 2020), with over 450 000 deaths recorded globally in 2020 

(Li et al., 2022), and it is projected to be the 2nd primary cause of cancer-related deaths by 2030 

(Z Zhang et al., 2023). The global PC burden is expected to increase dramatically in the coming 

years (Klein, 2021). This is largely attributed to hereditary factors (cancer gene variants and 

familial pancreatitis) linked to a fast-growing population, as well as modifiable lifestyle factors 

(tobacco smoke, diabetes, obesity and alcohol) associated with a westernized lifestyle (Lippi 

and Mattiuzzi, 2020; Klein, 2021). The lethality of PC is attributed to its late diagnosis as 

symptoms only surface at an advanced malignant stage, which is currently incurable, 

highlighting the importance of PC research (Lippi and Mattiuzzi, 2020). 

 

1.2 PC pathogenesis and progression 

Malignant transformation comprises several steps, including accumulation of somatic 

mutations, epigenetic alterations, uncontrolled cell proliferation, and reprogramming of cell 

metabolism (Göbel et al., 2020). The pancreas forms part of both the exocrine and endocrine 

system and is composed of several glands (Grant et al., 2016). Pancreatic neoplasms commonly 

arise from the epithelial exocrine cells (Grant et al., 2016). The most prominent subtype of 

exocrine PC, that accounts for 90% of all pancreatic malignancies, is Pancreatic Ductal 

Adenocarcinoma (PDAC) (Grant et al., 2016). PDAC originates from the epithelial layer lining 

of the pancreatic duct where precursor lesions form (Grant et al., 2016). Pancreatic 

intraepithelial neoplasia (PanINs) are the precursor lesions mostly associated with PDAC 

(Grant et al., 2016). The other main precursor lesions of PDAC include intraductal papillary 

mucinous neoplasia (IPMN) and mucinous cystic neoplasia (MCN) (Noë and Brosens, 2016). 

The formation of precursor lesions is initiated by mutations in the Kristen rat sarcoma viral 

oncogene homolog (KRAS) gene (Grant et al., 2016; Lai et al., 2020; Z Zhang et al., 2023). 

The KRAS gene has a 95% mutation rate in PDAC and is therefore associated with its 

pathogenesis and progression (Z Zhang et al., 2023). The initial precursor lesions, formed as a 
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result of mutated KRAS, are classified as low-grade. They require the subsequent accumulation 

of mutations in tumour suppressor genes to progress to PDAC (Grant et al., 2016; Noë and 

Brosens, 2016). These tumour suppressor genes contribute to the progression to higher grade 

lesions and include cyclin-dependent kinase inhibitor 2A (CDKN2A); tumour protein 53 

(TP53); and Mothers against decapentaplegic homolog 4 (SMAD4) (Fig 1) (Hu et al., 2021).   

 

 
Figure 1: Progression of low-grade PanIN-1 to PDAC  

Four main mutagenic events lead to the formation of PDAC from low-grade PanINs (PanIN-
1). The mutation in the KRAS oncogene initiates the pathogenesis of PDAC. Loss of function 
mutations in CDKN2A and SMAD4 follow subsequently and progression to high-grade PanINs 
(PanIN-3) are finalised with the gain of function mutation in TP53. CDK2NA encodes a cyclin-
dependent kinase inhibitor, which is responsible for inhibiting entry into the S-phase of the cell 
cycle (Grant et al., 2016). Consequently, a loss-of-function mutation in CDK2NA will induce 
senescence following KRAS oncogene activation. SMAD4’s loss-of-function mutation results 
in the promotion of invasion and apoptosis (Grant et al., 2016). TP53 acquires a functional 
mutation that impedes the expression of genes related to cell cycle arrest and apoptosis, thereby 
contributing to the metastatic nature of PDAC (Grant et al., 2016). High-grade PanINs are 
associated with PDAC (Hu et al., 2021). (Adapted from Grant et al., 2016; Created with 
Biorender.com).  
 

The KRAS gene encodes for small guanosine-5'-triphosphatases (GTPases), responsible for 

regulating cell proliferation, differentiation, survival and migration pathways (Grant et al., 

2016). KRAS is a guanine-nucleotide binding protein (Gillette et al., 2015), which cycles 

between a GTP-bound active state (stimulated by growth factors) and a GDP-bound inactive 

state (Grant et al., 2016). In PDAC, the mutant KRAS protein is permanently activated in a 

GTP-bound state, since the mutation impairs its ability to hydrolyse GTP into GDP (Grant et 

al., 2016), this leads to the continuous activation of its downstream effector pathways of which 

include the mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), 
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Ras like guanine nucleotide exchange factors (RAL-GEFs) and nuclear factor kappa-light-

chain-enhancer of activated B cells (NF-kB) pathways (Mann et al., 2016; Mizrahi et al., 2020; 

Z Zhang et al., 2023). The mutant KRAS protein is therefore central to PDAC initiation, 

development, proliferation, angiogenesis, metastasis, metabolic reprogramming, drug 

resistance and remodelling of the tumour microenvironment (TME) (Grant et al., 2016; Göbel 

et al., 2020; Lai et al., 2020; Hu et al., 2021; Z Zhang et al., 2023). Thus, KRAS provides the 

ultimate drug target. However, KRAS remains “undruggable” since it lacks a binding pocket 

and has a high affinity towards GTP (Göbel et al., 2020). The current treatment regimens for 

PDAC remain largely ineffective and do not directly target these driver-mutations. 

 

1.3 Current Chemotherapeutic Treatment Regimens 

The late-stage diagnosis of PDAC render surgical resection an ineffective first-line approach, 

therefore pervasive chemotherapy is the chosen approach (Orth et al., 2019). The current first-

line treatment for PDAC consists of a choice between Gemcitabine (GEM) or 5-Fluorouracil 

(5-FU) (Principe et al., 2021; C Liu et al., 2023). GEM is generally administered in 

combination with capecitabine or nab-paclitaxel (Ciccolini et al., 2016; Principe et al., 2021; 

C Liu et al., 2023). 5-FU forms part of a multi-drug regimen named FOLFIRINOX (leucovorin, 

oxaliplatin, irinotecan and 5-FU) (C Liu et al., 2023). Both GEM and 5-FU rely on the 

utilization of proteins, such as human concentrative nucleoside transporters (hCNT) and human 

equilibrative nucleoside transporters (hENT), to enter the cancer cell. Although both are 

nucleoside transporters, they differ in that hCNT employs unidirectional sodium-dependent 

active transport, whereas hENT utilizes bidirectional facilitated diffusion (Young et al., 2013). 

 

GEM (2’,2’-difluorodeoxycytidine, dFdC, Gemzar®) is one of the most prescribed 

antimetabolite chemotherapeutic drugs and used to treat several cancer types, and is a 

deoxycytidine analogue, distinguished by the presence of two fluoride atoms at the 2' position 

(Ciccolini et al., 2016; C Liu et al., 2023). GEM employs hCNT1, hCNT3, and particularly 

hENT1 to gain entry into the cell (Principe et al., 2021). GEM is converted into its active form 

by tumour cells, where it interferes with DNA synthesis via chain termination and inhibits the 

activity of ribonucleotide reductase, leading to impeded cancer cell proliferation (Fig 2) 

(Ciccolini et al., 2016; C Liu et al., 2023).  
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Figure 2: Molecular mechanism of action of GEM 

Upon entering the cancer cell, GEM is initially phosphorylated by deoxycytidine kinase (dCK) 
into GEM monophosphate (dFdCMP), which is the rate-limiting step in GEM metabolism 
(Principe et al., 2021). This initial phosphorylation step can also be carried out by the extra-
mitochondrial thymidine kinase 2, but to a lesser extent (Ciccolini et al., 2016). Cytidine 
deaminase (CDA) is responsible for catalyzing the reverse of this reaction. CDA is mostly 
expressed in the liver where it regulates cellular GEM toxicity. dFdCMP will either be 
deaminated into dFdUMP, or further phosphorylated to GEM diphosphate (dFdCDP). 
dFdUMP inhibits thymidylate synthase (TS), increasing DNA damage and disrupting DNA 
synthesis, contributing to PC cell death (Principe et al., 2021). dFdCDP impedes ribonucleotide 
reductase (RR), a nucleotide pathway enzyme that is vital for cancer cells to manage their pools 
of deoxynucleotides (Ciccolini et al., 2016). Alternatively, dFdCDP can be further be 
phosphorylated into GEM triphosphate (dFdCTP) that inhibits DNA polymerase (Principe et 
al., 2021). (Adapted from Ciccolini et al., 2016 and Principe et al., 2021; Created in 
BioRender.com).  
 

Similar to GEM, 5-FU is also an antimetabolite chemotherapeutic agent. It is a 

fluoropyrimidine uracil analogue, where a fluorine atom substitutes the hydrogen atom at the 

carbon-5 position (Longley et al., 2003). 5-FU enters the cell via a similar mechanism to that 

of uracil, utilizing hENT1 and hENT2, and some studies suggest that human organic anion 

transporter 2 (hOAT2) may also be involved (Kobayashi et al., 2010; Mafi et al., 2023). After 
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entering, it is transformed into three active metabolites, namely: fluorouridine triphosphate 

(FUTP), fluorodeoxyuridine triphosphate (FdUTP), and fluorodeoxyuridine monophosphate 

(FdUMP). 5-FU’s anticancer effects result from its ability to inhibit thymidylate synthase (TS), 

interfering with DNA and protein synthesis, and incorporation of its metabolites into RNA and 

DNA, interfering with nucleic acid synthesis (Fig 3) (Longley et al., 2003; C Liu et al., 2023).  

 

 
Figure 3: Molecular mechanism and action of 5-FU 

The primary method of activating 5-FU involves its conversion to fluorouridine 
monophosphate (FUMP). This process can occur through two pathways: a direct route utilizing 
orotate phosphoribosyltransferase (OPRT) with the help of the cofactor phosphoribosyl 
pyrophosphate (PRPP), or an indirect route via fluorouridine (FUR). The indirect pathway 
requires the consecutive actions of uridine phosphorylase (UP) and uridine kinase (UK). In the 
presence of ribose-1-phosphate, UP facilitates the transformation of 5-FU into FUR, which is 
considered the forward reaction. Although the reverse process, converting FUR back to 5-FU, 
is possible under specific circumstances, it is not the primary direction observed in vivo. The 
reaction's equilibrium tends to favor the production of FUR over that of 5-FU. Phosphorylation 
of FUMP, leads to the formation of fluorouridine diphosphate (FUDP). Thereafter, FUDP can 
either be phosphorylated to the active metabolite FUTP, or  converted to fluorodeoxyuridine 
diphosphate (FdUDP) through ribonucleotide reductase (RR). FUTP is incorporated into RNA, 
disrupting normal RNA processing and function. FdUDP can be phosphorylated to FdUTP or 
dephosphorylated to FdUMP, where FdUTP results in DNA damage. A different activation 
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route involves the conversion of 5-FU to fluorodeoxyuridine (FUDR) through thymidine 
phosphorylase (TP). Subsequently, thymidine kinase (TK) phosphorylates FUDR to produce 
FdUMP. FdUMP inhibits thymidylate synthase (TS), leading to decreased deoxythymidine 
monophosphate (dTMP) synthesis from deoxyuridine monophosphate (dUMP) and subsequent 
decrease in deoxythymidine triphosphate (dTTP). This results in an imbalance in the 
deoxynucleotide pool and increased levels of deoxyuridine triphosphate (dUTP), hindering 
DNA synthesis and repair. The deactivation route involves the transformation of 5-FU into 
dihydrofluorouracil (DHFU) by the enzyme dihydropyrimidine dehydrogenase (DPD). DPD 
catalyses the rate-limiting step in the catabolism of 5-FU in normal and tumour cells (Adapted 
from Longley et al., 2003; Created in BioRender.com). 
 

GEM and 5-FU are well studied chemotherapeutic agents, unfortunately, they have shown 

limited success in PDAC patients displaying resistance within a week of initiating treatment 

(Binenbaum et al., 2015). In recent years, novel therapeutic strategies have been tested on 

PDAC, but with no success. Immunotherapies, such as vaccines, inhibition of immune 

checkpoint, and therapy with CAR-T cells, also did not show expected responses due to the 

highly immunosuppressive TME of PDAC (Alshememry et al., 2022). Alternative methods, 

such as nanoparticles, also show limited success (Alshememry et al., 2022). The failure of 

current and novel strategies is due to the drug-resistant nature of PDAC, of which the 

underlying mechanisms are poorly understood (Orth et al., 2019).  

 

1.4 Resistance to chemotherapies in PDAC 

In addition to the late-stage diagnosis of PDAC, its intrinsic and acquired drug-resistance 

provides a large barrier to improve therapeutic treatment (C Wang et al., 2016). Furthermore, 

the lack of drug-resistance biomarkers makes it difficult to predict patient outcome (Grasso et 

al., 2017). Drug resistance in PDAC is a complex phenomenon and is influenced by several 

mechanisms (drug transport, drug metabolism, tumour heterogeneity and reprogrammed 

cellular metabolism) which show an interplay with one another. These mechanisms modulate 

regulatory pathways controlling apoptosis, autophagy, inflammation, cell proliferation and 

differentiation (Alshememry et al., 2022).  

 

1.4.1 Drug transport 

Drug transport proteins exert a large influence on resistance, in that they are involved in the 

entry and exit of drugs into and out of the cells. GEM resistance has been linked to decreased 

expression of hENT1 and hCNT1, which results in only partial uptake of GEM (Principe et al., 

2021). On the other hand, higher levels of hENT1 have been found to be associated with a 

better prognosis and improved overall survival for both GEM and 5-FU treated PC patients 
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(Elander et al., 2018; Principe et al., 2021). In conjunction, PDAC cells can also increase their 

expression of drug efflux transporters to further reduce intracellular drug concentrations. ATP 

binding cassette (ABC) transporters are responsible for the efflux of active agents and 

determine the chemosensitivity of tumours (Marin et al., 2022). ABC transporters are 

overexpressed and highly active in PDAC cells in comparison to normal pancreatic cells. This 

is due to the overactive glycolytic pathway (Warburg effect) in cancer cells, which results in 

elevated ATP availability for ABC transporter functional requirements (Kimmelman, 2015; 

Adamska and Falasca, 2018), and several studies have shown that it is linked to GEM and 5-

FU resistance (Alshememry et al., 2022; Marin et al., 2022). 

 

1.4.2 Drug metabolism 

Alterations in drug metabolism pathways provide another means of acquired drug resistance. 

In the case of GEM resistance, low expression levels of dCK, which catalyses the rate-limiting 

step in GEM activation, are observed (Saiki et al., 2012; Koltai et al., 2022). Furthermore, 

CDA, responsible for converting active GEM back into its inactive form (dFdU), is 

overexpressed, thereby limiting drug availability (Bjånes et al., 2020). The expression of RR 

isoforms is also increased, counteracting GEM, and increasing the production of nucleotides 

for DNA synthesis (Koltai et al., 2022). Interestingly, TS inhibition has been demonstrated to 

stimulate hENT1 activation, and its overexpression could potentially result in reduced hENT1 

expression (Fig 2) (Komori et al., 2011). TS overexpression is also linked to 5-FU resistance 

(Zhang et al., 2011). Furthermore, high levels of DPD, the enzyme responsible for inactivating 

5-FU, contribute to increased resistance to 5-FU (Kurata et al., 2011). On the other hand, when 

DPD levels are insufficient, it can result in fatal toxicity from 5-FU (Fig 3) (Fidai et al., 2018). 

 

1.4.3 Tumour heterogeneity 

Tumour heterogeneity provide a means of acquired drug resistance, as tumours are exposed 

to drugs, they become more genomically complex (Dagogo-Jack and Shaw, 2017). The 

oncogenic landscape of PDAC (consisting of KRAS, TP53, CDKN2A and SMAD4) drive 

transcriptomic alterations, producing phenotypic subtypes of PDAC (Cros et al., 2018). One 

such subtype is pancreatic cancer stem cells, which have a high degree of plasticity and are 

maintained through KRAS (Hermann and Sainz, 2018). PC stem cells exist in a dynamic state 

influenced by the TME (Alshememry et al., 2022). PDAC TME is classified by extensive 

fibrosis, lack of vascularization, hypoxic conditions, and infiltration of the immune system 
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(Espiau-Romera et al., 2020). These characteristics reinforce KRAS protein expression, cell 

proliferation, cell survival and metastasis (Grant et al., 2016; Sherman and Beatty, 2023).  

 

1.4.4 Reprogrammed cellular metabolism 

The reprogramming of the cellular metabolism is proven to be a key regulator of 

tumourigenesis and is considered a new hallmark of cancer (Göbel et al., 2020; D Zhang et al., 

2021; Kaoutari et al., 2021). Reprogrammed metabolic pathways interact with oncogenes 

causing downstream effects on protein expression; signalling pathways, TME and drug 

resistance (C Liu et al., 2023). The mevalonate pathway, responsible for cholesterol 

production, is identified as a key regulator of tumour biology (Göbel et al., 2020). Cholesterol 

serves a crucial role as one of the principal components in the plasma membrane, alongside 

phospholipids and signalling proteins, which are vital for proper cell function and proliferation 

(Lu and Martí, 2020). Since cancer cells are continuously proliferating, they have a high 

demand of cholesterol and lipids in order to maintain and supply membrane components for 

infinite cell division (Park et al., 2020). The involvement of cholesterol in PDAC drug 

resistance has been reported in literature. 

 

1.5 Cholesterol homeostasis and its role in PDAC 

Cholesterol (C27H46O) is a sterol lipid, and is a key player in several biological processes, such 

as bile acid synthesis, Vitamin-D synthesis, steroid hormone production and is a constituent of 

plasma lipoproteins (Karlic and Varga, 2019; Riscal et al., 2019; Luo et al., 2020; Mayengbam 

et al., 2021; Vona et al., 2021). PDAC cells maintain a higher concentration of cholesterol 

inside the cell as compared to normal pancreatic duct epithelial cells (Yuchuan Li et al., 2023). 

Thus, PDAC cells exhibit a strong reliance on cholesterol, as it not only provides nutrients for 

uncontrolled cell proliferation, but supports: tumourigenesis; disease progression; invasion and 

migration (Huang et al., 2020; Lu and Martí, 2020; Giacomini et al., 2021). Cholesterol 

homeostasis is achieved through several extracellular and intracellular regulators (Gu et al., 

2019), which dynamically balance the biosynthesis, uptake, export and storage of cholesterol 

(Luo et al., 2020). The KRAS oncogene plays a significant role in altering cholesterol 

homeostasis in PDAC. Through the activation of the PI3K pathway, the KRAS mutant 

promotes cholesterol synthesis and uptake to establish a high concentration intracellular 

cholesterol (Kuzu et al., 2016; Ruiz et al., 2020; Yuchuan Li et al., 2023). In turn, membrane-

associated cholesterol renders the KRAS-4b mutant in a constitutively active state (Lu and 
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Martí, 2020). The fluidity and permeability of cell membranes are influenced by membrane-

associated cholesterol, which may also play a role in drug resistance. Elevated concentrations 

of cholesterol within membranes are often linked to increased membrane rigidity and reduced 

drug permeability (Peetla et al., 2013; Lu and Martí, 2020; Yan et al., 2020). Moreover, high 

membrane-cholesterol levels further support invasiveness, which is crucial for rapidly 

proliferating cancer cells which require large amounts of cholesterol for continuous membrane 

synthesis (Göbel et al., 2020).  

 

In addition, cholesterol aids in the facilitation of specialised microdomains within the plasma 

membrane, such as lipid rafts (Huang et al., 2020). Lipid rafts (10 to 200 nm microdomains) 

serve as “signalling platforms” as they house several receptors and are crucial for membrane 

trafficking (Cruz et al., 2013; Vona et al., 2021). Lipid rafts are also key to conferring drug 

resistance and are known to be increased in cancer cells that exhibit chemoresistance (Yan et 

al., 2020). PDAC cells are abundant in caveolae, a sub-class of lipid rafts, which contain the 

cholesterol binding protein, caveolin-1 (Yan et al., 2020). The increased caveolin-1 levels in 

PDAC cells have been linked to GEM and 5-FU resistance (Yan et al., 2020). Furthermore, 

cholesterol-rich lipid rafts are reported to be involved in cancer cell adhesion and migration, 

since lipid rafts house cell adhesion machinery (Li et al., 2016; Göbel et al., 2020). When lipid 

rafts are disrupted in PDAC cells their metastatic capabilities are impeded (Kaoutari et al., 

2021). Moreover, cholesterol performs several functions inside the cell, as it is distributed 

amongst organelles inside the cell (Vona et al., 2021).  

 

For instance, cholesterol is implicated in the cell cycle as it aids in G1 to S-phase transitioning, 

which is a crucial step for proliferating cells (Singh et al., 2013). Interestingly, cholesterol has 

also recently been implicated in the modulation of the immune system, and literature suggests 

that cholesterol performs several other intrinsic functions which are yet to be investigated 

(Vona et al., 2021). The abundance of functions, performed by cholesterol, requires a balance 

in cholesterol homeostasis, since the maintenance of intracellular cholesterol is paramount for 

normal cell function and proliferation (Riscal et al., 2019). In PDAC, metabolic changes lead 

to unbalanced cholesterol levels, which enhance PDAC progression and promote cellular 

functions such as proliferation, invasion, migration, and drug resistance. This imbalance stems 

from disturbances in key processes governing cholesterol homeostasis (Fig 5).  
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1.5.1 Cholesterol de novo biosynthesis 

Free cholesterol (FC) is produced from the mevalonate pathway (MP) through anabolic 

metabolism and consists of a cascade of enzyme catalysed reactions (Cruz et al., 2013; Karlic 

and Varga, 2019). The primary rate limiting step, of the MP, entails the conversion of 3-

hydroxy-3-methylglutaryl-CoA (HMG-CoA) to mevalonate, which is catalysed by HMG-CoA 

Reductase (HMGCR) (Karlic and Varga, 2019). HMGCR is therefore considered the master 

regulator of cholesterol biosynthesis. HMGCR, along with several other MP enzymes, are 

regulated by sterol regulatory element binding proteins (SREBP), a class of transcriptional 

regulators (Riscal et al., 2019). SREBP2 is responsible for controlling MP gene expression and 

is synthesized in the endoplasmic reticulum (ER) (Riscal et al., 2019). The concentration of 

intracellular FC regulate cholesterol synthesis via a feedback mechanism to SREBP2 (Fig 5) 

(Wen et al., 2018). At low intracellular FC levels, SREBP2 is translocated from the ER to the 

golgi apparatus by SREBP cleavage activating protein (SCAP), where its cleavage and 

subsequent activation occurs (Riscal et al., 2019). The activated SREBP2 will locate to the 

nucleus and target Sterol Regulatory Elements (SREs) which leads to the activation of MP 

genes (Cruz et al., 2013; Karlic and Varga, 2019; Riscal et al., 2019).  

 

 
Figure 4: Simplistic overview of enzyme catalysed reactions of the Mevalonate Pathway 

ATP Citrate Lyase (ACLY) provides Acetyl-CoA as precursor for de novo cholesterol 
synthesis (Carrer et al., 2019). Three Acetyl-CoA molecules are converted into 3-hydroxy-3-
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methylglutaryl-CoA (HMG-CoA). HMG-CoA reductase (HMGCR) reduces HMG-CoA into 
mevalonate which is the rate limiting step. Since HMGCR catalyses the rate limiting reaction, 
it can be inhibited (statins) to reduce the synthesis of cholesterol. Mevalonate is then converted 
into mevalonate pyrophosphate by phospho-mevalonate kinase. Subsequently, activated 
isoprenoids are generated (not depicted), which serve as precursors for farnesyl pyrophosphate. 
The process then continues with the transformation of this substance into squalene, followed 
by lanosterol, and finally resulting in the formation of cholesterol (dashed arrows indicate 
multiple steps; adapted from Gu et al., 2019; Created in Biorender.com). 
 

Cancer cells activate the MP to increase their intracellular cholesterol amount (Fig 5) (Cruz et 

al., 2013). Mutant KRAS in PDAC cells maintain a continuous supply of Acetyl-CoA which 

feeds into the MP (Carrer et al., 2019). It is important to note that the production of Acetyl-

CoA is also increased as a result of the upregulated glycolytic pathway in cancer cells (Warburg 

effect) (Cruz et al., 2013). It has been found that interrupting the feed of Acetyl-CoA by ACLY 

gene knockdown, hinders the formation of PanINs, thus compromising PDAC tumour 

formation (Carrer et al., 2019). Furthermore, HMGCR is upregulated in PDAC patients, 

ensuring the continued synthesis of cholesterol (Tsuchiya et al., 2010; Cruz et al., 2013; 

Guillaumond et al., 2015; Yunkuo Li et al., 2023). In PDAC cells, SREBP2 is overactivated 

through the KRAS-activated PI3K pathway, along with mutant TP53 to establish a continuous 

increase in cholesterol synthesis via upregulation of HMGCR expression (Fig 5) (Wen et al., 

2018; Yi et al., 2020; Laka et al., 2022; Duan et al., 2024). In addition to cholesterol synthesis, 

the MP has several extra functions in PDAC such as the activation of proteins and maintenance 

of cancer stem cells. The MP pyrophosphate intermediates (such as farnesyl pyrophosphate) 

aid in the prenylation of small GTPases, leading to the activation of Rho-GTPases, including 

KRAS and its mutant form, thus, maintaining the viability of PC stem cells (Di Carlo et al., 

2018; Karlic and Varga, 2019; Göbel et al., 2020). The MP is inarguably overactivated in 

PDAC cells, however, it is not the only means of increasing intracellular FC levels. In addition 

to synthesis, cholesterol can also be taken-up into the cell. 

 

1.5.1.1 Uptake of cholesterol 

The uptake of cholesterol represents a more energy-efficient mechanism for increasing 

intracellular FC levels (Mayengbam et al., 2021b). Cholesterol can be taken up from the 

extracellular environment, in the form of cholesteryl esters (CEs) (Cruz et al., 2013). Since 

CEs are insoluble, they rely on lipoproteins for transport between the liver and peripheral 

tissues (Cruz et al., 2013). Low density lipoprotein (LDL) serves as the primary vehicle for 

CEs in the bloodstream, facilitating its transport away from the liver to outlying tissues 
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(Tsuchiya et al., 2010). LDL binds to the LDL-receptor (LDLR) on the cell surface, which 

mediates the endocytosis of CEs, which are then hydrolysed into FC (Fig 5) (Tsuchiya et al., 

2010; Li and Pfeffer, 2016). LDLR is regulated by proprotein convertase subtilisin/kexin type 

9 (PCSK9), a glycoprotein that binds to LDLR and targets it for lysosomal degradation, 

downregulating LDL-cholesterol uptake (Fig 5) (Mahboobnia et al., 2021). Similar to 

synthesis, the uptake of cholesterol is also transcriptionally regulated by SREBP2. Both LDLR 

and PCSK9 expression is regulated by SREBP2 to increase intracellular FC (Hyun et al., 2008; 

Kuzu et al., 2016). 

 

Cancer cells show upregulated cholesterol uptake to satisfy their dependence on intracellular 

FC (Cruz et al., 2013). In PDAC, KRAS-activated SREBP2 also stimulates the transcription 

of LDLR to increase the influx of cholesterol (Fig 5) (Kuzu et al., 2016; Wen et al., 2018; Yi 

et al., 2020). This is supported by the increased LDLR expression seen in PDAC patients, 

which facilitates chemoresistance, increases the risk of recurrence and lowers patient survival 

rates (Abdulla et al., 2021; Yin et al., 2022). The silencing of LDLR in PDAC cells disrupts 

the intracellular distribution of cholesterol, retarding proliferative signalling pathways, making 

cells more sensitive to chemotherapeutics (Guillaumond et al., 2015). This dependence of 

cancer cells on cholesterol uptake can be attributed to the fact that they utilize less energy than 

de novo cholesterol synthesis (Mayengbam et al., 2021). Interestingly, in PDAC, SREBP2 is 

seen to upregulate PCSK9 gene expression (Hyun et al., 2008; Mahboobnia et al., 2021). 

However, the upregulated PCSK9 protein expression does not decrease the uptake of 

cholesterol but rather inhibits apoptosis, aiding in tumour growth, as seen in liver and colon 

cancer (SZ Zhang et al., 2021; Wang et al., 2022). There is still much uncertainty behind the 

mechanism of PCSK9 in PDAC and its downstream effects. Therefore, further research is 

warranted for better understanding of the mechanisms involved. Similar to cholesterol import, 

the export of cholesterol is also an important mechanism that should be tightly regulated.  

 

1.5.1.2 Efflux of cholesterol 

Cholesterol efflux is essential for cells to maintain a balance of intracellular FC, since high 

levels of FC can induce ER stress, resulting in apoptosis (Sozen and Ozer, 2017). The efflux 

of cholesterol is mediated by cholesterol exporters, such as ATP-binding Cassette Subfamily 

A member 1 (ABCA1) and Subfamily G member 1 (ABCG1), which are transcriptionally 

regulated by Nuclear Liver X Receptors (LXRs) that are activated upon ligand-binding (Fig 5)  
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(Gu et al., 2019; Abdulla et al., 2021). ABCG-family transporters are half transporters that 

form homodimers or heterodimers in order to function (Duvivier et al., 2024). Along with 

exporting cholesterol, ABCA1 will inhibit the maturation of SREBP2, downregulating the MP, 

leading to less cholesterol being synthesized, allowing the cell to maintain FC homeostasis 

(Moon et al., 2019).  

 

Cancer cells will downregulate the efflux of cholesterol to satisfy their cholesterol requirements 

(Cruz et al., 2013; Kuzu et al., 2016). Cancer cells achieve this by decreasing the expression 

of ABCA1 and ABCG1 (King et al., 2022). Furthermore, mTOR, activated via PI3K, inhibits 

ABCA1-mediated cholesterol efflux (Kuzu et al., 2016). The decreased efflux of cholesterol is 

not only related to increased cancer cell proliferation but also in immune system suppression 

(King et al., 2022). ABCG1 has been proposed as a potential oncogene due to its involvement 

in several cancer related processes, which include tumour immunity, tumourigenesis and 

resistance to cell death (Sag et al., 2015; Namba et al., 2018; Sharma and Agnihotri, 2019; Xu 

et al., 2022; Duvivier et al., 2024). Elevated ABCG1 protein expression has been correlated 

with increased expression of CSC markers in lung cancer cells (Duvivier et al., 2024). The role 

of ABCG1 in PDAC has not been extensively investigated and necessitates further research to 

elucidate its contribution to PDAC. Another means to maintain a homeostatic balance of FC, 

besides export, is the storage and transport of cholesterol in the form of CEs.  

 

1.5.1.3 Storage and transport of cholesterol 

Cholesterol can be transported via intracellular and extracellular mechanisms. Intracellularly, 

FC, produced from biosynthesis or uptake, will be utilized by the cell to produce hormones, 

bile acids and to synthesise membranes (Gu et al., 2019). The excess FC, not utilized by the 

cell, is esterified by Acetyl-CoA Cholesterol Acetyl Transferase 1 (ACAT1), and the resulting 

CEs are transported via cholesteryl ester transfer protein (CETP) to lipid droplets for storage 

(Fig 5) (Gu et al., 2019). Extracellularly, CEs can be transported by lipoproteins throughout 

the body. As noted earlier, LDL serves as the primary vehicle for cholesterol in the 

bloodstream, facilitating its transport from the liver to outlying tissues. In contrast, high density 

lipoproteins (HDLs) will facilitate reverse transport of cholesterol from the peripheral tissues 

to the liver (Cruz et al., 2013; T Liu et al., 2021). When HDL arrives at the liver, it can either 

target cholesterol for excretion, or cholesterol (CEs) can be shuttled by CETP from HDL to 

LDL to be recycled back to the peripheral tissues (Mabuchi, Nohara and Inazu, 2014). 
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Cholesterol is usually transported in the form of CEs, however it has been noted in literature 

that lipoproteins can carry both FC (on their surface) and CEs (within their hydrophobic core) 

(Smith et al., 1978). 

 

Drug resistant PDAC cells lines can contain up to 20 times more lipid droplets than normal 

cells (Li et al., 2016). A high ACAT1 expression is usually accompanied with the high CE 

content in PDAC (Xu et al., 2020). The increased CE production from ACAT1 provides a 

necessary mechanism for PDAC cells to avoid toxicity induced from excess FC, thus, keeping 

the cell metabolically active at a high rate (Li et al., 2016). Lowering the levels of FC also 

activates the negative feedback loop to SREBP2 to mediate the synthesis and uptake of more 

cholesterol (Fig 5) (Li et al., 2016, 2018). Thus the high ACAT1 expression in PDAC promotes 

cell dependence on cholesterol synthesis and uptake. This is evident in PANC-1 cells, where 

inhibition of ACAT1 protein reduces cell proliferation and migration in cells exhibiting drug 

resistance (Li et al., 2016, 2018; Yuchuan Li et al., 2023). Furthermore, patients with high 

ACAT1 expression levels also have a shorter survival rate (Rebelo et al., 2023). Another study 

reports that the increase in CEs results in the upregulation of the PI3K pathway, further 

promoting cell growth and survival (Yue et al., 2014; Giacomini et al., 2021). On the 

extracellular level, PDAC patients show increased levels of cholesterol transport in the 

bloodstream. In PDAC, LDL-cholesterol is seen to promote cell proliferation, migration and 

invasiveness (Yin et al., 2022).  
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Figure 5: Cholesterol homeostasis in PDAC 

Intracellular FC can be increased by either synthesis or uptake. HMGCR controls the rate 
limiting step in the MP to synthesize cholesterol. Cholesterol is taken up into the cell through 
receptor mediated endocytosis of LDLR once bound to LDL. PCSK9 is a negative regulator of 
LDLR and targets it for degradation. Cholesterol has several fates inside the cell. It can be 
shuttled to the plasma membrane, where it can be directly incorporated into the phospholipid 
bilayer or as part of lipid rafts. FC can also be converted into CEs by ACAT1, which are then 
targeted for storage in lipid droplets by CETP. Lastly, cholesterol can be exported from the cell 
via ABCG1, where it is loaded onto HDL and transported back to the liver. In the liver CEs are 
transferred from HDL to LDL via CETP, where it is either transported back to the peripheral 
tissues or excreted. When the intracellular FC is too high, it activates LXR, which will facilitate 
the export of cholesterol. Conversely, when the FC level is too low, it activates a negative 
feedback loop to SREBP2, which will replenish FC via synthesis and uptake. The KRAS 
mutant is a key player in initiating PDAC and it also reprogrammes cholesterol metabolism by 
activating SREBP2 via the PI3K pathway (Created in Biorender.com).  
 

1.6 Targeting cholesterol for anticancer therapy  

Cholesterol metabolism is inarguably central to PDAC progression and drug resistance. 

Therefore, targeting cholesterol may be a potential anticancer strategy. There are two means 

by which intracellular cholesterol can be targeted: inhibitors of cholesterol synthesis and 

cholesterol depleting agents (Gu et al., 2019). There are key differences in the two approaches, 
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where one utilises statins to inhibit cholesterol synthesis and the other uses cyclodextrins to 

deplete excess cholesterol. Both approaches have been seen to have anticancer potential.  

 

1.6.1 Statins 

Statins are well known for their use in treating hypercholesterolemia and received approval 

from the Federal Drug Administration, USA in the 1980s (Longo et al., 2020). Statins are 

competitive inhibitors of HMGCR, and thereby target the rate-limiting step of the MP (Longo 

et al., 2020). The competition for the active site on HMGCR halts the production of mevalonic 

acid, subsequently ceasing cholesterol synthesis, lowering intracellular cholesterol 

concentrations (Longo et al., 2020). This essentially lowers serum LDL levels due to increased 

cholesterol uptake through the activation of the restorative SREBP2/LDLR feedback loop of 

the MP (Göbel et al., 2020). Additionally, the statin-induced halt of the MP decreases its 

metabolic intermediates, including isoprenoid intermediates required for protein prenylation 

(Li et al., 2016). Prenylation is essential for the activity of RAS proteins such as KRAS and 

affect the PI3K pathway, downregulating proliferative signalling (Cruz et al., 2013; Gu et al., 

2019). This effect resulted in the latter use of statins as a possible adjuvant cancer therapy for 

their anti-proliferative effects (Kumar and Mandal, 2021). There is much controversy 

surrounding the anticancer effect of statins and a direct link between statin-use and improved 

cancer treatment is yet to be reported (Osmak, 2012; Gu et al., 2019). Statins have been 

explored for PDAC treatment, however clinical trial data show that they do not result in a 

reduction of PDAC-risk (Li et al., 2016; Vona et al., 2021). The combination of statins with 

GEM and 5-FU decreased PDAC cell survival, however, no effect was observed on the 

metastatic potential and invasiveness of PDAC tumours (Göbel et al., 2020). Moreover, cancer 

cells exhibit alternative HMGCR splicing, reducing their sensitivity to statins (Göbel et al., 

2020). In addition, the increase in cholesterol uptake via the SREBP2/LDLR feedback loop, 

promotes tumourigenesis (Göbel et al., 2020). Statin-resistant cells contain elevated levels of 

lipid rafts, indicating that the cancer cell is able to reverse the effects of HMGCR-inhibition 

(Göbel et al., 2020). Statins also produce non-specific toxicity in non-malignant cells, 

especially at high doses (Matusewicz et al., 2020). This could possibly be linked to the 

inhibition of protein prenylation by statins (Li et al., 2016). These off-target effects limit the 

success of statins for cancer treatment (Li et al., 2016). Furthermore, statin intolerance has been 

observed in 9.1% of the global population, with African patients demonstrating an elevated 

risk of statin intolerance (Bytyçi et al., 2022). Thus, the use of statins as an anticancer agent 
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should be further studied for their potential benefits in the treatment of PDAC. In light of the 

studies highlighting the potential benefit of using statins as an anticancer agent, the use of 

cholesterol depleting agents has emerged as a possible anticancer therapy. 

 

1.6.2 Cyclodextrins  

The high dependence of cancer cells on cholesterol make them sensitive to cholesterol 

depleting agents (Göbel et al., 2020). Cyclodextrins (CDs) , such as methyl-b-cyclodextrin 

(MbCD), and 2-hydroxypropyl-b-cyclodextrin (HPbCD), are agents that sequester and deplete 

cholesterol. MbCD and HPbCD are derivates of b-cyclodextrin (Yamaguchi and Perkins, 

2017). CDs are hydrophilic, water-soluble, cyclic carbohydrates with a hollowed truncated 

cone-like structure (Fig 6) (Sandilya et al., 2020). Their hydrophobic cavity allows them to 

form inclusion complexes with hydrophobic substances, such as cholesterol (Qiu et al., 2017; 

Ganjali Koli and Fogolari, 2023).  

 

 
Figure 6: Computational configuration of HPβCD with cholesterol 

Molecular dynamics simulation used to produce the computational configuration of HPβCD 
(spherical structure) and cholesterol in its hydrophobic cavity. (Image adapted from Ganjali, 
Koli and Fogolari, 2023). 
 
Both in vitro and in vivo studies reported the potential anticancer effects of CDs (Qiu et al., 

2017). Tumour growth and invasion can be disrupted with cholesterol depletion and inhibition 
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of cholesterol trafficking (Huang et al., 2020). Furthermore, CDs are readily available, easy to 

produce and cost effective (Niculescu et al., 2022). MbCD, specifically, sequesters membrane-

associated cholesterol, inducing apoptosis and blocking PI3K pathway activation (Onodera et 

al., 2013; Qiu et al., 2017). Unfortunately, MbCD exhibits toxic effects to normal cells (Saha 

et al., 2023). On the other hand, HPβCD, successfully solubilizes cholesterol and reduces the 

intracellular cholesterol concentration (Houben et al., 2021). Furthermore, HPbCD is less toxic 

to normal cells compared to MbCD (Saha et al., 2023), and it does not cross the blood-brain 

barrier (Calias, 2017). HPbCD enters the cell via endocytosis, where it sequesters cholesterol 

(Rosenbaum et al., 2010; Plazzo et al., 2012; El-Darzi et al., 2021). HPbCD also has a higher 

cholesterol complexation compacity compared to other MbCD (Jingang He et al., 2024), 

making it the better option as cholesterol depleting agent (Yancey et al., 1996). HPbCD has 

shown success in the treatment of Niemann-Pick disease Type C, where it is currently in phase 

III clinical trials and have been approved for clinical use (Megías-Vericat et al., 2017; Sitarska 

et al., 2021; Hastings et al., 2022). Other studies also mention its potential in treatment of 

atherosclerosis and leukaemia (Yokoo et al., 2015; Zimmer et al., 2016). Furthermore, more 

recent studies have investigated HPbCD for its anticancer effects in triple negative breast 

cancer (Saha et al., 2023; Zhu et al., 2023). It is important to note that the precise mechanism 

of action of HPbCD is not yet completely understood (Váradi et al., 2019). It is understood 

that HPbCD can target cholesterol-loaded cells, where it sequesters cholesterol, shifting 

cholesterol equilibrium away from the cancer cell, disrupting their altered cholesterol 

homeostasis (Gaspar et al., 2017; Saha et al., 2023). Thus, HPbCD is a promising avenue to 

explore in the treatment of PDAC through a reduction in cholesterol.  

 

1.7 Rationale for the present study 

Intrinsic and acquired drug resistance in PDAC result in poor prognosis and renders the current 

chemotherapeutic treatments ineffective. Literature reports cholesterol metabolism to be 

upregulated in PDAC and central to its drug resistance mechanisms. However, the mechanistic 

correlation between key proteins, involved in cholesterol metabolism, and PDAC has not yet 

been fully elucidated. Therapeutic strategies, such as the use of cyclodextrins to target 

cholesterol, provide a promising opportunity for overcoming drug resistance in PDAC. In vitro 

studies conducted by a PhD candidate (Tasvi Daya) in our lab have demonstrated promising 

results utilizing HPβCD in combination with GEM and 5-FU to overcome drug resistance in 

PDAC cells. This study provides mechanistic insights into the effect of cholesterol depletion, 
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in vivo, on the relative expression of key proteins, involved in cholesterol metabolism, and 

PDAC treatment response.  

2 AIMS AND OBJECTIVES 

2.1 Aim 

To assess the effect of chemotherapeutic agents, with and without cholesterol depletion, on the 

relative expression levels of essential proteins involved in cholesterol metabolism in PDAC 

xenograft tumour tissue. 

 

2.2 Objectives 

1) To help with a PDAC mouse xenograft model and carry out single and combination 

treatments with first-line chemotherapeutic agents (5-FU and GEM) and a cholesterol-

depleting agent (HPβCD). 

2) To extract protein from cryopreserved mice tumour tissues utilizing both chemical and 

mechanical tissue lysis methods. 

3) To identify and quantify the relative expression of key proteins involved in cholesterol 

metabolism using BCA assay and Western blotting. 

 

2.3 Workflow 

The methodology employed in this study is illustrated in figure 7 below. The PC cell line 

(PANC-1) was utilized for the mice xenograft study. The tumour volume and weight were 

analysed to assess the overall effectiveness of the treatment. To better understand the role of 

cholesterol homeostasis in response to treatment, key proteins in cholesterol-related pathways 

were evaluated with Western blotting. 
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Figure 7: Workflow used in the present study 

Briefly, NOD/SCID mice were acclimatised and subcutaneously inoculated with 3.5 x 106 
PANC-1 cells per mouse in the left flank. Treatments were initiated once tumours were 
palpable at 100 mm3 and administered via intraperitoneal (IP) injections. After completion of 
single and combination treatment regimens, mice were euthanized, and samples collected. 
Tumour volume was measured after excision. Protein was extracted from snap-frozen tumour 
tissue using manual and chemical lysis techniques. Protein was quantified using the BCA assay. 
Lastly, the expression of key proteins relative to the untreated (UN) was detected by Western 
blots and densitometric analysis (Created in Biorender.com). 
 

3 METHODS 

3.1 Pancreatic Cancer Mice Xenograft Model 

This research was an extension of the mice xenograft study from a PhD candidate (Tasvi Daya) 

in the lab, where I assisted in the handling and monitoring of the mice throughout the study. 

This in vivo study was approved by the Wits Animal Ethics Screening Committee (AESC 

number: 2019/09/52/D). NOD/SCID mice were subcutaneously inoculated with PANC-1 cells 

(100 µL of 3.5 ´106 cells/mouse) in the left flank. Once tumours reached an approximate 

volume of 100 mm3, treatments were initiated. The treatment regimens comprised three 

monotherapies, including 5-FU (30 mg/kg), GEM (30 mg/kg), and HPβCD (3000 mg/kg), as 

well as two combination therapies consisting of 5-FU & HPβCD (30 mg/kg and 3000 mg/kg 
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respectively), and GEM & HPβCD (30 mg/kg and 3000 mg/kg respectively) (Table 1). Detailed 

methodology regarding PANC-1 cell culture and mice xenograft study can be found in the 

appendix (Appendix, section 8.1).  

 

Table 1: Cell-derived Xenograft Treatment Regimens 

Treatment 

Group 

Mouse 

ID 

Mouse 

Gender 

Number 

of mice 

per 

treatment 

group 

Treatment Regimen Number of 

treatment 

doses 

Untreated 

(UN) 

2 Male 4 UN not applicable  

3 

5 

10 

HPbCD  18 Female 4 HPbCD (3000 mg/kg) 10 (twice a 

week) 20 

25 

28 

5-FU  1 Male 4 5-FU (30 mg/kg) 10 (twice a 

week) 6 

9 

13 

5-FU & 

HPbCD 

4 Male 4 5-FU (30 mg/kg)   

and HPbCD (3000 

mg/kg) 

10 (twice a 

week) 7 

12 

14 

GEM 23 Female 1 GEM (30 mg/kg) 6 (weekly) 

GEM & 

HPbCD 

21 Female 3 GEM (30 mg/kg)  

and HPbCD (3000 

mg/kg) 

3 (weekly) 

29 4 (weekly) 

30 

DMSO 8 Male 2 4% DMSO 10 (twice a 

week) 15 
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3.2 Protein Extraction from Cryopreserved PDAC Xenograft Tissue 

3.2.1 Protein Extraction Protocol 

Extraction of proteins from the xenograft tumour tissue provided the foundation to investigate 

the relative expression of proteins involved in cholesterol homeostasis. The protein extraction 

protocol was adapted from Börner etl al. 2009. The snap-frozen tumour tissue was slightly 

thawed on ice. A 30 mg piece was dissected from the tumour, and submerged in liquid nitrogen, 

followed by mechanical lysis by using a mortar and pestle to grind the tissue into a powder. 

The grinding of frozen tissue exposed cells to chemical lysis detergents (Börner et al., 2009). 

The powdered tissue was suspended in 1 X radio-immunoprecipitation assay (RIPA) lysis 

buffer (600 µL) (Table 2) and homogenized on ice for 5 minutes at 3000 rpm. RIPA lysis buffer 

is commonly used to extract nuclear, cytosolic and membrane proteins. RIPA buffer contains 

sodium deoxycholate and sodium dodecyl sulphate, which will solubilize the plasma 

membrane and organelle membranes, exposing cytosolic- and organelle proteins (Keane et al., 

2016). The buffering agents in the RIPA lysis buffer consist of Tris-HCl and NaCl, ensuring a 

stable pH during lysis (Stuart et al., 1977; Islam et al., 2017). Cellular debris were pelleted at 

13000 rpm for 15 minutes at 4°C. The supernatant (protein lysate) was transferred to a clean 

1.5 mL Eppendorf tube and stored at -20°C for downstream analysis.  
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Table 2: RIPA lysis buffer components 

1 X RIPA lysis Buffer 

Component Amount Supplier  

50 mM Tris-HCl (pH 

7.4) 

1.21 g Sigma-Aldrich, 

UK 

300 mM NaCl 0.876 g 

1% Triton X-100 1 mL 

1% Sodium 

deoxycholate 

1 g 

0.1% Sodium dodecyl 

sulphate 

1 mL of 10% 

Sodium dodecyl 

sulphate 

10 mM EDTA 1 mL 

dH2O 100 mL 

 

3.3 Protein Identification and Quantification with Western Blotting  

Western blotting provided a means to discern alterations in the relative expression of proteins 

related to cholesterol homeostasis.  

 

3.3.1 Protein Quantification: BCA Assay 

The Bicinchoninic Acid (BCA) assay was performed to quantify the total protein concentration 

in each protein lysate. It is a colorimetric assay that measures the reduction of Copper Sulphate 

(Cu2+) to Cu+ in the presence of proteins (Otieno et al., 2016). Two Cu+ will interact with BCA 

to form a chromophore complex with a purple colour (Rogatsky, 2021). The protein 

concentration was quantified by measuring the absorption spectra at 562 nm and compared to 

a standard curve made from a known bovine serum albumin (BSA) (Sigma Aldrich, UK) 

protein concentration (Cortés-Ríos et al., 2020; Rogatsky, 2021). Quantifying protein 

concentration was essential to ensure equal loading of samples during Sodium Dodecyl 

Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) in Western blotting. BSA (Sigma 

Aldrich, UK) was dissolved in the 1 X RIPA lysis buffer (Table 2) and stored at -20°C until 

required. The standard concentrations ranged between 0-2 mg/mL in increments of 0.2 mg/mL 

and were used to construct a standard curve (Fig 8). In a 96-well plate, 25 μL of each BSA 

standard was loaded in triplicate. Thereafter, 5 μL of each protein lysate and 20 μL of RIPA 
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lysis buffer was loaded in triplicate. The protein lysate samples were diluted in RIPA lysis 

buffer to decrease their concentration, allowing higher accuracy since the BCA assay is more 

sensitive at lower concentrations. To each well, 200 μL of BCA working solution (196 μL BCA 

and 4 μL Cu2+) was added. The plate was placed on a shaker (IKAâ, Germany) for 30 seconds 

at 500 rpm, to ensure proper mixing of components, thereafter the plate was incubated for 45 

minutes at 37°C in the dark. The absorbance of each well was measured at 562 nm in the 

Multiskanä GO Microplate Reader (Thermo Fisher Scientific, USA, SkanItä software). The 

concentration of each protein lysate was determined using the straight-line formula from the 

standard curve generated in Microsoft Office Excelã (Equation 1). 

 

 
Figure 8: A prototypical standard curve used in a BCA assay 

The straight-line formula used to determine protein concentration from the standard curve in 
BCA assay, where y is the average corrected absorbance and x is the protein concentration 
(mg/mL) multiplied by a factor of 5 to account for dilution.  
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Equation 1: Calculation for concentration of protein lysate 

The triplicate absorbance values for each sample is averaged and normalized by subtracting the 
blank. This value (a) was then substituted into the straight line equation and the x-value was 
solved. To account for the dilution factor, the answer was duplicated by five to obtain the final 
concentration of protein in the lysate (mg/mL).  
 

3.3.2 Protein separation: SDS-PAGE  

SDS-PAGE was utilized to separate proteins according to their molecular weight, since this 

technique is based on their ability to migrate under the influence of an electric field (Roy and 

Kumar, 2014; Reed et al., 2016). Working concentrations (2 mg/mL) of protein lysates were 

prepared by mixing the relevant amounts of lysate and 2 X Laemmli sample buffer (Sigma-

Aldrich, UK). Laemmli contains b-mercaptoethanol, SDS, bromophenol blue and glycerol. 

SDS is an anionic detergent (negative charge) and was used to denature the disulfide links in 

tertiary protein structures and denature secondary structures (Manns, 2011). Along with SDS, 

b-mercaptoethanol ensures breaking of disulfide bonds. In addition, SDS removes the native 

charge from amino acids and coats the primary structure in a uniform negative charge with a 

magnitude directly proportional to the molecular weight of the protein (Nowakowski et al., 

2014). This universal net charge induced by SDS allow proteins to separate according to size 

with a high resolution (Nowakowski et al., 2014). Bromophenol blue allows for a visual 

indication of the sample location in the SDS-PAGE gel. The glycerol component allows for 

the sample to sink into the wells, since glycerol is denser than the water in which the Running 

buffer components are dissolved (Laemmli, 1970). 

 

A 10%, 1 mm, 10-lane polyacrylamide gel was prepared according to Table 3. This thickness 

allowed to separate the proteins over a broad range for of molecular weights (20-250 kDa). 

Tetramethyl ethylenediamine (TEMED) allowed for the cross-linking of acrylamide monomers 

(Manns, 2011; Reed et al., 2016). All components for the resolving gel were thoroughly mixed 

in a 20 mL beaker and poured into the glass casting frame (Bio-Rad, USA), leaving sufficient 

𝑆𝑎𝑚𝑝𝑙𝑒	𝑎𝑣𝑒𝑟𝑎𝑔𝑒 − 𝐵𝑙𝑎𝑛𝑘	𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = (𝑎) 
(𝑎) = 𝑚𝑥 + 𝑐 
𝑠𝑜𝑙𝑣𝑒	𝑓𝑜𝑟	𝑥 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑝𝑟𝑜𝑡𝑒𝑖𝑛	𝑙𝑦𝑠𝑎𝑡𝑒	 <
𝑚𝑔
𝑚𝐿> = 𝑥	 × 	5	(𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛	𝑓𝑎𝑐𝑡𝑜𝑟)		 
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space for the stacking gel. To prevent air pockets and an even polymerised surface, 100% 

isopropanol was overlayed over the resolving gel. The resolving gel was allowed to polymerise 

for 20 minutes, afterwards the isopropanol layer was removed. The stacking gel solution was 

prepared in a similar manner. The stacking gel solution was poured over the resolving gel in 

the gel casting frame. A 10-lane comb was inserted, and the stacking gel was allowed to 

polymerise for another 15 minutes. The polymerized gel was assembled in clamping frame and 

placed in the electrophoresis tank. The clamping frame was filled with 1 X Running buffer 

(Table 4) and the comb was removed. Air bubbles and any gel-webs were removed by flushing 

the wells with running buffer using a pipette.  

 

The Precision Plus Proteinä ladder (Bio-Rad, USA) was used as the molecular weight marker 

and 2 µL was loaded in the first lane. Samples were loaded in duplicate, with a normalized 

concentration of 10 µg/5 µL protein per well. The electrophoresis tank was filled with 1 X 

Running buffer and the SDS-PAGE was subject to a current of 80 V for 120 min using the 

PowerPacä basic power supply (Bio-Rad, USA).  
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Table 3: SDS-PAGE resolving and stacking gel components 

Component Ingredients Volume required 
Resolving gel Stacking gel 

Resolving gel 
buffer  

• 36.2 g Trizma Base (Sigma Aldrich, UK) 
• 0.8 g SDS (Sigma Aldrich, UK) 
• pH 8.9 (adjust with HCl/NaOH) 
• Make up to final volume of 200 mL with 

dH2O 
• Stored 4°C 

3 mL -  

Stacking gel 
buffer 

• 5.9 g Trizma Base (Sigma Aldrich, UK) 
• 0.4 g SDS (Sigma Aldrich, UK) 
• pH 6.8 (adjust with HCl/NaOH) 
• Make up to final volume of 100 mL with 

dH2O 
• Stored 4°C 

-  750 µL 

30% Bis-
Acrylamide 

• 30 g Acrylamide (Sigma Aldrich, UK) 
• 0.8 g Bis-Acrylamide (Sigma Aldrich, 

UK) 
• 0.1 g SDS (Sigma Aldrich, UK) 
• Make up to final volume of 100 mL with 

dH2O 
• Stored 4°C 

3 mL 500 µL 

dH2O NA 3 mL 1.75 mL 
10% 
Ammonium 
Persulfate 
(APS) (1 mL) 

• 100 mg/mL APS (Thermo Fisher 
Scientific, USA) 

• Make up to final volume of 1 mL with 
dH2O 

• Stored 4°C 

100 µL 30 µL 

TEMED 
(Thermo 
Fisher 
Scientific, 
USA) 

NA 10 µL 3 µL 

Where, NA = Not Applicable 
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Table 4: Running buffer components 

Running Buffer Components for 1 L 

10 X stock • 30.2 g Tris  

• 144 g Glycine  

• 10 g SDS 

• 1 L dH2O 

• (all reagents from Sigma-Aldrich, UK) 

1 X working solution • 100 mL 10 X stock 

• 900 mL dH2O 

 

3.3.3 Protein identification: Western Blotting 

Western blotting is a protocol that allows for the immuno-detection of proteins and was 

established in 1981 . This technique can detect the size of the protein of interest and its relative 

protein expression can be determined through densitometry. The resolved proteins were 

transferred from the SDS-PAGE gel onto a 0.22 µM polyvinylidene fluoride (PVDF) 

membrane (Thermo Fisher Scientific, USA) using the semi-dry Trans-BlotâTurboä Transfer 

System (Bio-Rad, South Africa) at 25 V for 30 minutes in 1 X transfer buffer (Table 5). The 

utilization of PVDF membrane instead of nitrocellulose membrane was due to its greater 

strength, which is typically used for high molecular weight proteins (>20 kDa) and has a higher 

adsorption capacity, making it suitable for detecting lowly expressed proteins and re-probing. 

Prior to transfer, the PVDF membrane was immersed in 100% methanol for 1 minute, followed 

by an equilibration step in 1 X transfer buffer, which served to activate the membrane and 

enhance the transfer process and protein binding. The SDS-PAGE gel and filter papers were 

also immersed in 1 X transfer buffer to equilibrate before transfer. After proteins were 

successfully transferred, the membrane was incubated for an hour in a 3 % BSA blocking 

solution (Table 5) at room temperature on the Orbitä LS low speed laboratory shaker (Labnet, 

USA). BSA was used to lower background signal, by binding to the unoccupied sites on the 

PVDF membrane. Tris buffered saline prevented a high background signal and possible protein 

interference. Maintaining a low background signal was important to perform more accurate 

densitometric analysis on the blots.  
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Table 5: Ingredients for blocking and transfer buffers and their components 

Blotting Buffer Ingredients 

Tris Buffered Saline (TBS) (10×) in dH2O 

 

- 60.5 g Trizma base (Sigma Aldrich, UK) 

- 87.6 g NaCl (Sigma Aldrich, UK) 

- pH 7.5 (1× TBS)  

- Final volume of 1 L 

TBS-Tween (TBST) in dH2O 

 

- 100 mL of 10× TBS  

- 1 mL Tween-20 (Sigma Aldrich, UK) 

- Final volume of 1 L 

Blocking Buffer - 3% BSA (Sigma Aldrich, UK) 

- 1× TBST 

Transfer buffer (10×) in dH2O 

 

- 144 g Glycine (Sigma Aldrich, UK) 

- 38 g Trizma base (Sigma Aldrich, UK) 

- Final volume of 1 L 

Transfer buffer (1×) in dH2O 

 

- 100 mL of 10× Transfer buffer  

- 700 mL dH2O  

- 200 mL methanol/isopropanol (Sigma 

Aldrich, UK) 

- Final volume of 1 L 

 

After blocking, the membrane was probed with the primary antibody of interest (Table 6) at 

the manufacturer’s recommended dilution ratio (in 10 mL of 3 % BSA blocking solution) at 

4°C overnight on a shaking platform. The membrane was washed in 1 X TBST at room 

temperature five times for 5 minutes each on a shaking platform. This step ensured that any 

unbound primary antibody was adequately removed. Thereafter, the membrane was probed 

with the relevant secondary antibody (Table 7) conjugated with horse-radish peroxidase (HRP) 

at a 1:5000 dilution (in 10 mL of 3 % BSA blocking solution) for one hour in the dark on a 

shaking platform at room temperature. Subsequently, five washes of 1 X TBST for 5 minutes 

each was performed on a shaking platform to ensure removal of unbound secondary antibody.  
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Table 6: Primary antibodies 

Primary 

Antibody 

Host Clonality Dilution 

ratio 

Supplier 

Anti-b-tubulin  Rabbit Monoclonal 1:2000 Cape Biologix Technologies, SA 

Anti-ACAT1  Goat Polyclonal 1:2000 Thermo Fisher Scientific, USA 

Anti-HMGCR Rabbit Monoclonal 1:2000 Novus Biologicals 

Anti-LDLR Mouse Monoclonal 1:500 Santa Cruz Biotechnology, USA 

Anti-PCSK9  Goat Polyclonal 1:1000 Novus Biologicals 

Anti-SREBP2 Rabbit Polyclonal 1:1000 Novus Biologicals 

Anti-ABCG1 Rabbit Polyclonal 1:2000 Novus Biologicals 

 

Table 7: Secondary antibodies 

Secondary Antibody Host Dilution ratio Supplier 

Anti-mouse IgG (H+L)-HRP 

conjugate  
Goat 1:2000 Bio-Rad, USA 

Anti-rabbit IgG (H+L)-HRP 

conjugate  

Goat 1:2000 Bio-Rad, USA 

Anti-goat IgG-HRP conjugate  Mouse 1:2000 Sigma-Aldrich, UK 

 

Chemiluminescent detection was performed on the ChemiDoc MP system (Bio-Rad, USA) post 

membrane incubation in Clarity™ Western Enhanced Chemiluminescent (ECL) substrate (Bio-

Rad, USA). The ECL substrate is comprised of a peroxide solution and a luminol solution, which 

were added in a 1:1 v/v (1 mL each) to cover the membrane and was incubated for 1 minute before 

viewing. This substrate is well-suited for detecting proteins bound to membranes using HRP 

conjugates, as it provides high sensitivity and low background, resulting in long-lasting signals 

with high intensity. The oxidation of luminol, catalysed by HRP (on the secondary antibody) and 

facilitated by hydrogen peroxide (H₂O₂), results in the formation of an excited chemiluminescent 

molecule (Karatani, 2022). As the oxidized luminol returns to its base state, it emits energy as light 

which is detected by the ChemiDoc MP system (Bio-Rad, USA) (Karatani, 2022).  
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A monoclonal antibody against b-tubulin served as a loading control in the study, given that 

this protein is continuously expressed in cells and is widely recognized as a standard loading 

control in Western blots (Dittmer and Dittmer, 2006; Liu and Xu, 2006; Nie et al., 2017). The 

expression levels of this protein were utilized to normalize the results acquired from the protein 

expression levels of all other proteins examined in the study. Furthermore, the use of this 

loading control confirmed that the primary antibodies used were specifically targeting the 

desired proteins (ACAT1, HMGCR, LDLR, PCSK9, SREBP2, ABCG1). Subsequent 

densitometry analysis was performed on ImageJ software (Schneider et al., 2012) to calculate 

the relative protein expression in all treatment groups.  

 

3.4 Statistical Analysis  

Densitometry analysis was performed on ImageJ software (version 13.0.6) (Schneider et al., 

2012). All Western blot experiments were performed with two biological replicates, each with 

two technical repeats. All statistical analyses were performed on GraphPad Prism (version 

10.2.3). A Brown-Forsythe analysis of variance (ANOVA) test was performed to compare the 

means of three or more treatment groups for statistical significance (Brown and Forsythe, 

1974). This was followed by a Dunnett’s multiple comparison test to identify which treatment 

groups showed significant differences compared to the Untreated (UN) control (Dunnett, 

1955). The GEM single treatment group was omitted when performing these analyses since the 

sample size was too small, however, this data point is still included in the visual and graphical 

data for reference. Additionally, to compare the DMSO vehicle control to the UN control, a 

Mann-Whitney U test was performed (Mann and Whitney, 1947). Non-parametric analysis 

were used in this study, as they do not depend on assumptions related to sample size and 

account for the unequal sample sizes across treatment groups. The samples sizes were as 

follows: UN: n=4, HPbCD: n=4, 5-FU: n=4, 5-FU & HPbCD: n=4, GEM: n=1, GEM& 

HPbCD: n=3 and DMSO: n=2. Values were considered significant at p<0.05. 
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4 RESULTS 

4.1 Tumour volume 

The assessment of tumour volumes for each treatment group provided a crucial metric for 

evaluating PDAC response to therapy post cholesterol depletion. Xenograft models were 

established by subcutaneously injecting PANC-1 cells into the left flank of NOD/SCID mice. 

Treatments were administered, once tumours were palpable at 100 mm3 (Table 1). Due to the 

adverse effects observed in the treatment groups receiving the initial toxic concentration of 

GEM (100 mg/kg), new treatment groups were established with mice that exceeded the desired 

age. Despite the reduction in GEM concentration (30 mg/kg), these mice (number 21, 23, 29 

and 30) were euthanized prior to the completion of ten doses due to strict following of humane 

endpoints. At the end of the experimental phase, tumours were removed, and their volume and 

weight were measured. The images of the excised tumours (Fig 9A) exhibit signs of metastasis 

for the HPβCD single, GEM single, and GEM & HPβCD combination treatments. All mice in 

these treatment groups were female. The tumour volume data (Fig 9B) revealed that the 5-FU 

single (-41%) and 5-FU & HPβCD combination (-46%) treatments resulted in decreased 

tumour volumes compared to all other treatments. The tumours exhibited GEM resistance, as 

evidenced by the increased tumour volume (+42%) observed following GEM monotherapy. 

This resistance was mitigated by HPβCD, as the GEM & HPβCD combination treatment 

resulted in a smaller increase (+4%). Nevertheless, HPβCD did not affect tumour volume when 

used alone (+3%). The tumour weights (Fig 9C) followed a similar trend as that of tumour 

volume. Overall, the combination treatments with HPβCD demonstrated improved treatment 

response compared to the corresponding single treatments, with the 5-FU & HPβCD 

combination treatment being most effective in reducing tumour volume.  
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Figure 9: PDAC tumours from xenograft mice 

(A) Images of excised subcutaneous tumours. Metastasized tumours were excised from: mouse 
18 and 28 (HPbCD); mouse 23 (GEM); mouse 29 and 30 (GEM & HPbCD). (B) Average 
tumour volume for each treatment group. The tumour volume of each treatment group was 
compared to the average UN control volume (1212 mm3). HPbCD showed a 3% increase in 
tumour volume (1249 mm3, +3%). 5-FU single treatment showed a 41% decrease in tumour 
volume (720 mm3, -41%). 5-FU & HPbCD combination treatment showed the largest decrease 
in tumour volume of 46% (660 mm3, -46%). GEM single treatment showed the largest increase 
in tumour volume of 42% (1718 mm3, +42%). Lastly, GEM & HPbCD combination treatment 
showed a 4% increase in tumour volume (1266 mm3, +4%). Statistically,  there were no 
significant differences in tumour volume. (C) Average tumour weight for each treatment group. 
The tumour weight of each treatment group was compared to the average UN control weight 
(1.80 g) . HPbCD showed a 9% decrease in tumor weight (1.64 g, -9%). 5-FU single treatment 
showed the largest decrease in tumour weight of 36% (1.15 g, -36%). 5-FU & HPbCD 
combination treatment showed a 25% decrease in tumour weight (1.35 g, -25%). GEM single 
treatment showed the largest increase in tumour weight of 23% (2.22 g, +23%) Lastly, GEM 
& HPbCD combination treatment showed a 8% increase in tumour weight (1.95 g, +8%). 
Statistical analysis found no significant differences in tumour weight. Data shown as mean ± 
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SD. The data was analysed using a Brown-Forsythe ANOVA test followed by a Dunnett’s 
multiple comparisons test to compare individual differences to the UN control.   
 

4.2 Relative protein expression in xenograft tumour tissue 

Considering the effects the different treatments had on tumour volume, it was important to 

discern the possible molecular mechanisms behind cholesterol homeostasis and drug response 

in PDAC tumours. The relative expression of key proteins from each of the four cholesterol 

homeostasis pathways (synthesis, uptake, storage, and export) were analysed with Western 

blotting. Snap-frozen tissues were processed for Western blotting as described in section 3.  

 

4.2.1 b-tubulin normalization 

b-tubulin was used as the loading control for all Western blots. The loading of samples was 

normalized to match the UN control, as evidenced by the equal bands seen in the blots (Fig 

10). For ease of reference, the normalized bands are shown in figure 10 for all samples, 

however, due to the large sample size, normalized bands will not be shown in subsequent 

figures. 
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Figure 10: Normalization of loading with b-tubulin 

Representative Western blots showing the normalized expression of b-tubulin (55 kDa) with 
10 µg/5 µL protein loaded per well. Each mouse sample was loaded in duplicate, with the 
corresponding sample number labelled for each band-pair. The treatment groups were 
normalized against the UN, which is shown in the far-right lane. Band size/density correlates 
to protein expression.  
 

4.2.2 Cholesterol storage: ACAT1 

ACAT1 converts FC into CEs, which are then stored in lipid droplets. ACAT1 is crucial in 

maintaining a homeostatic balance of FC within the cell, as high FC concentrations can cause 

ER stress, which is toxic to the cell. Furthermore, a high CE concentration provides the cell 

with on-demand cholesterol to incorporate into the membrane and lipid rafts, contributing to 

rapid proliferation and drug resistance. Given that ACAT1 expression is influenced by the 

cellular concentration of FC, it can provide insight into the amount of FC being converted to 

CEs within tumour cells. Upon comparing each treatment group to the UN control group, no 

statistical significant differences were observed in ACAT1 expression from densitometric 

analysis (Fig 11B). However, it is important to note that ACAT1 expression in the group 

receiving GEM single treatment was visibly higher than that of the untreated tumours in the 

Western blots (Fig 11A). Although this difference was not statistically significant due to the 

limited sample size, it is still worth addressing the observed variation. This result suggests that 
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GEM treatment resulted in increased intracellular CE conversion. Interestingly, the 

combination of HPβCD with GEM resulted in lower expression (-4%) of ACAT1 than GEM 

alone (+31%). This indicates that the cholesterol sequestering capability of HPβCD leads to a 

decrease in CE conversion from FC induced by GEM. ACAT1 expression after treatment with 

5-FU (+3%) and the combination of 5-FU with HPβCD (+6%) was relatively similar, indicating 

that 5-FU does not significantly influence CE levels to the extent that GEM does. HPβCD 

monotherapy increased ACAT1 expression in two mice (mouse 25 and 28), whereas it slightly 

decreased for the other two mice (mouse 18 and 20). This observation suggests that individual 

differences in FC homeostasis may influence the response to HPβCD. Notably, the mice from 

both combination treatments with HPβCD exhibited less variation in ACAT1 expression. The 

overall increase in ACAT1 expression for HPβCD (+16%) might suggest a resistance 

mechanism used by the tumour cells to counteract FC sequestering by HPβCD. 

 

 
Figure 11: Relative protein expression levels of ACAT1 

(A) Representative Western blots for ACAT1 (45 kDa) expression for each treatment group. 
Varied band sizes are observed for the HPbCD treatment group. There was no visible 
difference in band size when comparing 5-FU treatment and 5-FU & HPbCD to the UN control. 
A visible difference was noted when comparing GEM treatment to the UN control, with GEM 
treatment showing larger bands. The GEM & HPbCD combination treatment is similar to the 
UN, but has visibly thinner bands compared to the GEM treatment. Band size/density correlates 
to protein expression. (B) Average densitometry for two experimental repeats of ACAT1 for 
each treatment group relative to the UN control, expressed as a percentage: HPbCD (+16%), 
5-FU (+3%), 5-FU & HPbCD (+6%), GEM (+31%) and GEM & HPbCD (-4%). No 
significant differences were observed in mean ACAT1 expression compared to the UN control. 
Data shown as mean ± SD. The data was analysed using a Brown-Forsythe ANOVA test 
followed by a Dunnett’s multiple comparisons test to compare individual differences. 
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4.2.3 Cholesterol Synthesis: HMGCR 

Drug resistance in PDAC is substantially influenced by cellular cholesterol content, which is 

shaped by cholesterol synthesis through the MP. Therefore, it is crucial to evaluate the impact 

of chemotherapeutic treatments, as well as in combination with a cholesterol depleting agent 

on the cholesterol synthesis pathway. Densitometric analysis revealed notable differences in 

the mean HMGCR expression levels among the treatments (Fig 12B). Western blot images 

(Fig 12A) demonstrate that GEM monotherapy (+35%) increased cholesterol synthesis, whilst 

5-FU monotherapy (±0%) had no effect. Surprisingly, the HPbCD single treatment (-2%) did 

not have a comparable effect on cholesterol synthesis compared to the combined treatment with 

chemotherapeutic agents. Both 5-FU & HPbCD (-18%) and GEM & HPbCD (-24%) 

combination treatments decreased HMGCR expression, with 5-FU & HPbCD exhibiting a 

significant decrease in cholesterol synthesis.  

 

 
Figure 12: Relative protein expression levels of HMGCR 

(A) Representative Western blots for HMGCR (100 kDa) expression for each treatment group. 
Band sizes for HPbCD treatment group are relatively similar to UN control, with the exception 
of mouse 18 showing slightly smaller bands. The bands for 5-FU & HPbCD combination 
treatment are thinner compared to 5-FU single treatment and UN control. GEM single 
treatment bands are larger than UN control. The combination of GEM & HPbCD show a 
reduction in bands size compared to GEM single treatment and UN control. Band size/density 
correlates to protein expression. (B) Average densitometry for two experimental repeats of 
HMGCR for each treatment group relative to the UN control, expressed as a percentage: 
HPbCD (-2%), 5-FU (±0%), 5-FU & HPbCD (-18%), GEM (+35%) and GEM & HPbCD 
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(-24%). A significant difference in mean HMGCR expression was observed for 5-FU & 
HPbCD compared to the UN.  Data shown as mean ± SD. The data was analysed using a 
Brown-Forsythe ANOVA test followed by a Dunnett’s multiple comparisons test to compare 
individual differences, where *=p<0.05, **=p<0.01 and ***=p<0.001 indicates a significant 
difference. 
 

4.2.4 Cholesterol Uptake: LDLR & PCSK9 

Another means of increasing the cellular FC content to contribute to drug resistance, besides 

synthesis, is the uptake of cholesterol from blood plasma by LDLR. Difficulties were 

encountered for LDLR immunodetection, and 100 µg protein had to be loaded per well to 

produce interpretable results. The densitometric analysis showed no statistically significant 

differences in the mean LDLR expression (Fig 13B). However, Western blots (Fig 13A) 

showed noticeable visual differences. Multiple bands were observed, however, the 120 kDa 

band was quantified using densitometry. This common phenomenon in tissue samples is 

possibly attributed to non-specific binding of the primary antibody to other proteins, as the 

primary antibody used was produced in mice (Zhu et al., 2018; Zhao et al., 2020). Although 

the target is for human species, the xenograft tissue contains trace amounts of the mouse host 

tissue and proteins. HPβCD (-11%) monotherapy did not exhibit a significant effect on LDLR 

expression. The GEM monotherapy (+141%) elicited the highest LDLR expression among all 

treatments, thereby demonstrating increased cholesterol uptake, while the combination 

treatment of GEM & HPβCD resulted in reduced cholesterol uptake (+22%), albeit still higher 

than UN. In contrast, 5-FU monotherapy (-2%) did not demonstrate increased cholesterol 

uptake to the extent of GEM, however, the combination treatment of 5-FU & HPβCD (-40%) 

led to a substantial decrease in LDLR expression. These findings suggest that the combination 

of chemotherapy with HPβCD reduces cholesterol uptake. 
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Figure 13: Relative protein expression levels of LDLR 

(A) Representative Western blots for LDLR (120 kDa top band) expression for each treatment 
group. HPbCD single and 5-FU single treatments have similar band densities to the UN control. 
The 5-FU & HPbCD combination treatment have visually less dense bands than the 5-FU 
single treatment. The GEM single treatment has the most dense bands out of all treatment 
groups. The GEM & HPbCD combination treatment has less dense bands compared to the 
GEM single treatment. Band size/density correlates to protein expression. (B) Average 
densitometry for two experimental repeats of LDLR for each treatment group relative to the 
UN control, expressed as a percentage: HPbCD (-11%), 5-FU (-2%), 5-FU & HPbCD 
(-40%), GEM (+141%) and GEM & HPbCD (+22%). No significant differences were 
observed in mean LDLR expression compared to the UN control. Data shown as mean ± SD. 
The data was analysed using a Brown-Forsythe ANOVA test followed by a Dunnett’s multiple 
comparisons test to compare individual differences.  
 

Negative regulation of cholesterol uptake is primarily mediated by PCSK9, which targets 

LDLR for degradation. Due to the high non-specificity observed on LDLR blots, it was crucial 

to investigate PCSK9 expression to further confirm the expression levels of LDLR. 

Densitometric analysis failed to reveal any statistical significant differences in mean PCSK9 

expression (Fig 14B). However, visual differences in PCSK9 expression were observed in 

Western blots (Fig 14A). Once again, multiple bands were detected (Xu et al., 2021). It is 

known that PCSK9 has a precursor and mature form. The mature form (bottom band at 60 kDa) 

was quantified in densitometry. Notably, treatment with HPβCD (+37%) resulted in the highest 

expression of PCSK9 among all treatments, which corresponds to its decrease in LDLR, 

demonstrating the inverse relationship between PCSK9 and LDLR. Interestingly, GEM 

monotherapy demonstrated an increase (+13%) in PCSK9, whereas the GEM & HPβCD 

combination treatment decreased (-20%) PCSK9, both of which do not inversely correspond 
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to their LDLR expression profiles. A similar phenomenon is observed for 5-FU & HPβCD 

combination treatment, showing the largest reduction (-36%) in PCSK9 expression, whereas 

5-FU monotherapy (-19%) did not affect PCSK9 levels to as great an extent. The reduction in 

PCSK9 expression, observed for 5-FU & HPβCD combination treatment, was significantly 

reduced from HPβCD monotherapy. These findings suggest that PCSK9 might not be targeting 

LDLR, due to the absence of a consistent inverse relationship across all treatments containing 

GEM and 5-FU, indicating that PCSK9 may exert its effects elsewhere due to 

chemotherapeutic intervention. 

 

 
Figure 14: Relative protein expression levels of PCSK9 

(A) Representative Western blots for mature PCSK9 (60 kDa bottom band) expression for each 
treatment group. Bands for HPbCD are larger compared to UN control. GEM single treatment 
shows more dense bands compared to UN, where GEM & HPbCD combination treatment show 
less dense bands. Both 5-FU single and 5-FU & HPbCD combination treatments have less 
dense bands compared to UN control. Band size/density correlates to protein expression. (B) 
Average densitometry for two experimental repeats of PCSK9 for each treatment group relative 
to the UN control, expressed as a percentage: HPbCD (+37%), 5-FU (-19%), 5-FU & HPbCD 
(-36%), GEM (+13%) and GEM & HPbCD (-20%). A significant difference was observed in 
mean PCSK9 expression for 5-FU & HPbCD combination treatment compared to HPbCD. 
Data shown as mean ± SD. The data was analysed using a Brown-Forsythe ANOVA test 
followed by a Dunnett’s multiple comparisons test to compare individual differences, where 
*=p<0.05, **=p<0.01 and ***=p<0.001 indicates a significant difference.  
 

4.2.5 Regulation of cholesterol synthesis and uptake: SREBP2 

To gain a deeper understanding of the proteins involved in the uptake and synthesis processes, 

the expression of SREBP2, the master transcriptional regulator of these processes, was 
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examined. Both the precursor and active forms of the protein were detected using Western blots 

(Fig 15A). Multiple bands were detected for both precursor and active forms, however, this 

phenomenon is a common issue encountered in tissue samples (Howell et al., 2020; Quiroz-

Figueroa et al., 2021). Densitometric analysis was performed on both bands at the active 60 

kDa size range (Fig 15B). The HPβCD single treatment demonstrated a statistically significant 

increase in SREBP2 expression compared to the UN control, exhibiting the highest expression 

among all treatments. The single treatments of GEM and 5-FU also exhibited elevated 

expression of SREBP2 relative to the UN, and the combination treatments with HPβCD further 

enhanced this expression, with the 5-FU & HPβCD combination treatment also reaching 

statistical significance. 

 

 
Figure 15: Relative protein expression level of SREBP2 active and precursor form 

(A) Representative Western blots for SREBP2-active (60 kDa both bottom bands) expression 
for each treatment group. HPbCD single treatment shows the most dense bands for SREBP2-
active compared to all other treatments. The GEM and 5-FU single treatments show slightly 
thicker bands compared to UN control. Both combination treatments (GEM & HPbCD and 5-
FU & HPbCD) show more dense bands compared to their corresponding single treatments. 
Band size/density correlates to protein expression (B) Average densitometric analysis for two 
experimental repeats of SREBP2-active bands for each treatment group relative to the UN 
control, expressed as a percentage: HPbCD (+126%), 5-FU (+46%), 5-FU & HPbCD (+88%), 
GEM (+20%) and GEM & HPbCD (+90%). Significant differences were observed for HPbCD 
single and 5-FU & HPbCD combination treatments compared to the UN. Data shown as mean 
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± SD. The data was analysed using a Brown-Forsythe ANOVA test followed by a Dunnett’s 
multiple comparisons test to compare individual differences, where *=p<0.05, **=p<0.01 and 
***=p<0.001 indicates a significant difference.  
 

4.2.6 Cholesterol Efflux: ABCG1 

Cholesterol efflux is crucial for maintaining a homeostatic balance of intracellular free 

cholesterol, which is influenced by both uptake and synthesis mechanisms. To gain insight into 

the process of cholesterol efflux in tumour cells, the expression of ABCG1 was examined. 

Densitometry results showed no statistically significant difference in mean ABCG1 expression 

(Fig 16B). However, Western blot analysis revealed notable differences (Fig 16A). Similar 

double-band patterns have been reported in literature for this antibody product (Beer et al., 

2013).HPβCD single treatment displayed the highest (+32%) ABCG1 expression, while GEM 

single treatment showed the lowest (-57%). Additionally, both combination treatments 

indicated higher ABCG1 expression compared to their respective single treatments. The 

reduction in ABCG1 expression, observed for 5-FU monotherapy, was significantly reduced 

from HPβCD monotherapy. The data suggest that in addition to sequestering cholesterol, 

HPβCD may further promote its export from the cell.  

 

 
Figure 16: Relative protein expression level of ABCG1 

(A) Representative Western blots for ABCG1 (55 kDa top band) expression for each treatment 
group. HPbCD single treatment shows the densest bands compared to all treatment groups. The 
5-FU single treatment show less dense bands compared to the untreated control. The 
combination treatment of 5-FU & HPbCD show slightly more dense bands compared to the 5-
FU single treatment. GEM treatment has the least dense bands out of all treatment groups. The 
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combination treatment of GEM & HPbCD show increased band density compared to the GEM 
single treatment. Band size/density correlates to protein expression (B) Average densitometry 
for two experimental repeats of ABCG1 for each treatment group relative to the UN control, 
expressed as a percentage: HPbCD (+32%), 5-FU (-22%), 5-FU & HPbCD (-10%), GEM 
(-57%) and GEM & HPbCD (+7%). A significant difference was observed in mean ABCG1 
expression for 5-FU monotherapy compared to HPbCD. Data shown as mean ± SD. The data 
was analysed using a Brown-Forsythe ANOVA test followed by a Dunnett’s multiple 
comparisons test to compare individual differences, where *=p<0.05, **=p<0.01 and 
***=p<0.001 indicates a significant difference.  
 

5 DISCUSSION 

The metabolic heterogeneity of PDAC poses a significant challenge in clinical settings, mainly 

due to its tendency to metastasize and its highly chemo-resistant nature, particularly to GEM 

and 5-FU. As PDAC is highly dependent on its altered cholesterol homeostasis, it is important 

to consider the potential impact of cholesterol-lowering medications on PDAC drug resistance. 

Previous studies in Kaur lab presented a positive correlation between HPbCD concentration 

and viability inhibition in breast cancer (Saha et al., 2023), colorectal cancer (Pillay, 2024) and 

PC (Daya, 2024). Therefore, this study focused on evaluating the impact of cholesterol-

depleting agent, HPbCD, on PDAC drug response in mice tumurs and identifying potential 

strategies to overcome drug resistance. Using PANC-1 cells, a xenograft mice model was 

established and subject to various treatment strategies using GEM and 5-FU alone and in 

combination with HPbCD. Using this approach, this study aimed to gain a mechanistic 

understanding of cholesterol depletion effects on treatment response.  

 

5.1 Tumour volume and metastasis 

Tumour volume provides an important measure of treatment response, particularly in the 

preclinical setting. The data from this study provided a quantifiable metric that reflects the 

physiological behaviour of PANC-1 cell-derived tumours in response to treatment. Calliper 

measurements were used to assess tumour volume. There was no statistical significant 

difference amongst tumour volumes due to the large standard deviation, which is to be expected 

from manual calliper measurements and individual mouse variability (Fig 9). Nonetheless, a 

notable difference occurred between GEM monotherapy (+42%) and its combination with 

HPbCD (+4%) compared to the UN. Furthermore, the combination of 5-FU with HPbCD 

(-46%) produced the greatest reduction in tumour volume, although it did not differ much from 

the 5-FU monotherapy (-41%). Suggesting that cholesterol depletion might only be beneficial 

in improving treatment response to GEM and not as much for 5-FU.  
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5.1.1 HPbCD was not effective as monotherapy and possibly induced epithelial-

mesenchymal transition (EMT) 

HPbCD has been effective in inducing breast cancer cell death and tumour reduction, as shown 

in in vitro and in vivo studies (Saha et al., 2023; Zhu et al., 2023). Similarly, unpublished data 

from Prof Kaur’s lab have also proven that HPbCD is effective in reducing colorectal cancer 

tumours (Pillay, 2024). This is not in line with results of this study, where, unexpectedly, no 

significant change in tumour volume was observed with HPbCD treatment (+3%) (Fig 9). The 

results propose that HPbCD exhibits a distinct mode of action in PDAC, where its monotherapy 

did not yield a favourable result. Moreover, two mice in the group receiving HPbCD, had 

secondary tumours excised from the liver, an indication of metastasis (Fig 9). A key driver in 

the metastasis of PDAC is EMT, as it promotes the migration of tumour cells from the primary 

site to distant organs (Xu et al., 2015; S Wang et al., 2017; Lai et al., 2020; Ma et al., 2022). 

EMT entails the loss of epithelial characteristics and the acquisition of mesenchymal traits, 

which increases the motility and invasive capabilities of tumour cells (Maier et al., 2010; S 

Wang et al., 2017). Literature shows that low concentrations (such as 290 µg/mL and 467 

µg/mL) of HPbCD has no cytotoxic effect on PANC-1 cells and does not induce apoptosis 

(Iacobazzi et al., 2020; Kano et al., 2023). Furthermore, it has been found that in breast cancer 

cells, HPbCD, administered at low concentrations (900 – 1440 µg/mL), induced EMT (Zhao 

et al., 2021). However, these are cell-based studies and the concentrations to be used in animals 

are very different. In our lab, it was found that lower than 3000 mg/Kg dosage was not effective 

in animals and the higher dosage was not well tolerable by animals. Literature has not yet 

reported on the use of HPbCD on EMT in PDAC, however, studies indicate that the use of 

statins (to target cholesterol synthesis) induces EMT in PDAC (Gabitova-Cornell et al., 2020; 

Rebelo et al., 2023). It is possible that in both cases, for HPbCD and statins, manipulating the 

homeostatic balance of cholesterol further aggravates PDAC, and is discussed in more depth 

in subsequent sections.  

 

5.1.2 Combination with HPbCD did not significantly improve 5-FU efficacy  

The most effective treatments in reducing tumour volume were 5-FU single (-41%) and 5-FU 

& HPbCD combination (-46%) treatments (Fig 9). 5-FU is reported to induce apoptosis in 

PANC-1 cells (Zhao et al., 2022), and reduces the size of PANC-1 cell-derived tumours (Wang 
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et al., 2020; H Liu et al., 2021). In colorectal cancer, combining 5-FU with HPbCD 

significantly decreased tumour volume as found by Pillay, 2024. However, in PDAC it did not 

significantly decrease tumour volume as was expected, but it did result in the smallest average 

tumour volume. It has been reported that combining 5-FU with agents targeting cholesterol 

synthesis, such as statins, sensitizes PANC-1 cells to 5-FU induced apoptosis (Mistafa and 

Stenius, 2009). Furthermore, the  combination of b-cyclodextrin with 5-FU increased the 

efficacy of 5-FU in inhibiting colon cancer cell growth (Di Donato et al., 2016). Additionally, 

HPbCD is often used as a drug excipient to form an inclusion complex with 5-FU to increase 

the efficiency of drug transport and uptake in colon-rectal cancer (LL Wang et al., 2016). 

Therefore, HPβCD may potentially re-sensitize PDAC tumour cells to 5-FU, either through the 

sequestration of FC or by enhancing 5-FU drug delivery. 

 

5.1.3 Single and combination treatments of GEM and HPbCD potentially induced 

metastasis in PDAC 

GEM remains the standard first-line chemotherapy for PDAC, despite its widespread use, 

patients develop GEM resistance within weeks of initiating treatment (De Sousa Cavalcante 

and Monteiro, 2014; Amrutkar and Gladhaug, 2017; Sarvepalli et al., 2019; Miller et al., 2020). 

Similar to HPβCD monotherapy, secondary tumours were observed in the mouse that received 

only GEM treatment. This mouse also had the largest increase in tumour volume (+42%) (Fig 

9), which is consistent with findings in the literature. Despite various studies demonstrating 

that GEM can reduce tumour volume in PANC-1 cell-derived xenografts (Liu et al., 2014; 

Kang et al., 2021; Kim et al., 2024), the PANC-1 cell line is well documented to exhibit 

resistance to GEM, and consequently, a suboptimal treatment response was expected (Maier et 

al., 2010; Hu et al., 2014; Sweeney et al., 2017; Kong et al., 2022; Ji He et al., 2024). It is well 

reported that GEM often induces metastasis via activating EMT. The KRAS-induced PI3K 

pathway aids in bypassing apoptosis and induces EMT (Binenbaum et al., 2015; Xu et al., 

2015). EMT contributes to GEM resistance by decreasing the expression of nucleoside 

transporters which are responsible for the uptake of these drugs (Grant et al., 2016; Di Carlo et 

al., 2018; Zeng et al., 2019). Immunohistochemical studies on human PDAC specimens and 

organoids showed that there is an elevated expression of EMT markers, which was associated 

with an increase in tumour budding after exposure to chemotherapeutic agents, indicating the 

role of EMT in acquired drug resistance (Xu et al., 2015; Palamaris et al., 2021). 
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One way to overcome GEM resistance is to combine it with other therapeutic strategies. In this 

study, it was evident that the GEM & HPbCD combination (+4%) therapy resulted in a lower 

tumour volume compared to that of GEM monotherapy (+42%) (Fig 9). Similar positive effects 

were observed when GEM was combined with statins, where it re-sensitized PANC-1 cells to 

GEM-induced apoptosis (Mistafa and Stenius, 2009). It is possible that HPbCD induces a 

similar effect, where cells are re-sensitized to GEM upon cholesterol depletion. Another 

possibility is that HPbCD improved the targeting of GEM to cancer cells. When GEM is 

encapsulated in positively charged β-cyclodextrin, drug delivery into cancer cells is improved 

(Rodriguez-Ruiz et al., 2017). Unfortunately, the combination of GEM & HPbCD did not 

reduce the risk of metastasis, since two mice in this treatment group had secondary tumours. 

However, it is interesting to note that the mice showing metastasis were all from treatment 

groups consisting of female mice.  

 

The impact of mouse gender on treatment response is a multifaceted issue, with studies 

indicating that biological sex can influence both the progression of cancer and the efficacy of 

treatments. In the preclinical and clinical setting, there is a lack of gender-specific 

investigations within the field of cancer therapeutics (Becher and Oertelt-Prigione, 2023). 

Limited literature shows contradicting findings when it comes to the impact of gender in cancer 

treatment response. A PC study indicated that male mice responded better to treatment and had 

smaller tumours in comparison to female mice (Schulz et al., 2024). Female mice with PC 

exhibit lower heart rates and heightened heart rate variability, indicative of a suboptimal 

response to treatment (Gams et al., 2023). When analysing PDAC tumour tissues from human 

patients, differences were noted in the immune response of males and females (Ahmed et al., 

2023). These sex-based differences highlight the importance of including both male and female 

mice in treatment groups for preclinical studies to better understand treatment response. 

Undoubtedly, when considering the results of this study, gender might influence treatment 

response, as all exhibiting metastasis were female.  

 

5.2 Effects on cholesterol homeostasis using HPβCD monotherapy and in combination 

with first-line chemotherapies: 5-FU and GEM 

The current standard treatment for advanced PDAC involves the use of 5-FU or GEM, either 

alone or in combination with other traditional therapies. However, this approach has 

demonstrated minimal success in improving overall survival rates and has shown limited 
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effectiveness, particularly in late-stage PDAC cases. Cyclodextrins are commonly used to 

encapsulate drugs to improve drug delivery. However, the present study sought to explore 

whether depleting cholesterol using HPβCD, to alter cholesterol homeostasis, could potentially 

enhance the effectiveness of GEM and 5-FU in treating PDAC. The expression of key proteins 

involved in cholesterol homeostatic pathways (storage, synthesis, uptake, regulation, and 

efflux) (Fig 17) was investigated to elucidate a potential mechanism by which cholesterol may 

influence the response to 5-FU and GEM.  

 

 
Figure 17: A heat map summarising the protein expression profiles (%) of key proteins 
involved in cholesterol homeostasis 

Heat map showing the percentage (%) protein expression profile for each treatment relative to 
the UN (100%). Compared to the UN, HPβCD monotherapy increases ACAT1, PCSK9, 
SREBP2 and ABCG1, whereas it decreases HMGCR and LDLR. 5-FU monotherapy, 
compared to the UN, increases ACAT1 and SREBP2, whereas it decreases LDLR, PCSK9 and 
ABCG1, and HMGCR remains unchanged. The combination treatment of 5-FU & HPβCD, 
compared to the UN, increases ACAT1 and SREBP2, whereas it decreases HMGCR, LDLR, 
PCSK9 and ABCG1. Upon comparing the 5-FU & HPβCD combination treatment to 5-FU 
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monotherapy, ACAT1, SREBP2 and ABCG1 is increased, whereas HMGCR, LDLR and 
PCSK9 is decreased. GEM monotherapy, compared to the UN, shows an increase in ACAT1, 
HMGCR, LDLR, PCSK9 and SREBP2, whereas it shows a decrease in ABCG1. The 
combination treatment of GEM & HPβCD, compared to the UN, increases LDLR, SREBP2 
and ABCG1, whereas it decreases ACAT1, HMGCR and PCSK9. Upon comparing the GEM 
& HPβCD combination treatment to GEM monotherapy, SREBP2 and ABCG1 is increased, 
whereas ACAT1, HMGCR, LDLR and PCSK9 is decreased. (Black asterisks indicate 
significant differences compared to UN, and yellow asterisks indicate significant differences 
compared to HPβCD).  
 

5.2.1 Cholesterol storage 

HPβCD is renowned for its capacity to sequester cholesterol (Mitrofanova et al., 2018; 

Kanagaki et al., 2021). It has been proposed to act as a mediator to target cholesterol for 

esterification by ACAT1 or hydroxylation by other cytochrome P450 enzymes (Liza et al., 

1996; El-Darzi et al., 2023). In hyperlipidaemic mice, HPbCD treatment increases cellular 

levels of CEs, and in turn, lowers intracellular FC (Walenbergh et al., 2015), supporting the 

proposed mechanism whereby HPbCD may target FC for esterification by ACAT1. The results 

from the present study show that HPβCD single treatment resulted in a slight increase of 

ACAT1 expression (+16%) (Fig 17), which corroborates with previous studies on Niemann-

Pick disease Type C, indicating that HPβCD has the capacity to liberate FC, which exhibits 

cytotoxicity, thereby prompting the cell to counteract this effect by increasing ACAT1 to 

upregulate cholesterol esterification (Peake and Vance, 2012; Vance and Karten, 2014; 

Ramirez et al., 2020). Consequently, the cholesterol-sequestering action of HPβCD may induce 

a similar compensatory mechanism in PDAC tumour cells, whereby they upregulate ACAT1 

to increase the storage of cholesterol. This increase in ACAT1 expression is unfavourable, 

since a high ACAT1 expression is strongly correlated with increased cell proliferation, tumour 

metastasis and poor prognosis (Rebelo et al., 2023; Tu et al., 2023). On the contrary, in 

nasopharyngeal carcinoma, inactivation of ACAT1 promoted metastasis (Lu et al., 2021). The 

role of cholesterol esterification in metastasis remains unclear. Specifically, there is ongoing 

debate about why and under what circumstances the mobilization of stored CE’s from lipid 

droplets would be necessary to induce a metastatic phenotype (Cruz et al., 2020). Interestingly, 

the two mice with metastasis had different levels of ACAT1 expression, suggesting that 

ACAT1 might not be the cause of metastasis in the present study.  

 

Neither treatment with 5-FU (+3%) nor 5-FU & HPbCD (+6%) exhibited significant changes 

in expression levels of ACAT1 (Fig 17). Limited research has been conducted on the interplay 
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between ACAT1 and 5-FU resistance. The results from this study indicate that ACAT1 

possibly does not promote 5-FU resistance, hence combining HPbCD with 5-FU shows no 

benefit in the context of ACAT1 and cholesterol esterification.  These findings suggest that 

ACAT1 may not play a significant role in conferring resistance to 5-FU treatment. Further 

investigation into alternative pathways or targets could be necessary to improve the efficacy of 

5-FU-based therapies. The lack of synergistic effect between HPbCD and 5-FU in relation to 

ACAT1 expression highlights the need to explore other molecular targets for enhancing 5-FU 

efficacy in cancer treatment. GEM monotherapy (+31%) resulted in the highest ACAT1 

expression conferring to high resistance (Fig 17). However, the combination with HPβCD 

reduced this expression (-4%). GEM-resistant PDAC cells have an increased level of CE 

accumulation, indicative of a high ACAT1 expression (Li et al., 2018). In more complex PDAC 

models, such as metastatic PDAC organoids, similar patterns of high ACAT1 expression and 

high CE levels are observed (Rebelo et al., 2023). Suggesting that ACAT1 plays a key role in 

GEM resistance, and combination with HPbCD may reduce this resistance. Since decreased 

ACAT1 expression is associated with reduced PDAC cell proliferation in vivo (Li et al., 2016), 

this explains the reduction in tumour volume seen when HPbCD was combined with GEM.  

 
5.2.2 Cholesterol synthesis 

The MP is overexpressed in human PDAC, as well as in PDAC mouse models (Oni et al., 

2020; Rebelo et al., 2023). Targeting the MP as a novel treatment strategy in PDAC has shown 

conflicting results. The most common means to downregulate cholesterol biosynthesis is by 

HMGCR inhibition using statins. In PANC-1 cells, when HMGCR is inhibited by statins, it 

reduces proliferation and migration (Yuchuan Li et al., 2023). The use of statins, to target 

HMGCR expression in PDAC, have only been beneficial to early stages of cancer in inhibiting 

cancer development (Rebelo et al., 2023), but does not prove useful in the current clinical 

setting where patients already present with advanced stages of PDAC. The use of statins should 

be focused more on reducing the risk of PC instead of treating it (Rebelo et al., 2023). 

Interestingly, exposure to statins induces a compensatory mechanism, whereby HMGCR gene 

expression is increased to counteract the inhibitory effect of statins on HMGCR. This 

mechanism, which upregulates HMGCR gene expression to re-balance cholesterol levels, also 

activates EMT pathways, thus, the use of statins has been linked to EMT activation (Rebelo et 

al., 2023). Targeting HMGCR with statins also did not result in reduced tumour volume in 

PDAC xenografts established from patient derived cell line (Kubota et al., 2024). However, 
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despite the overexpression of HMGCR observed in PDAC patients, it is not associated with a 

shorter survival (Rebelo et al., 2023). HPbCD does not directly inhibit HMGCR, such as 

statins, therefore no significant change in HMGCR expression was observed with the HPbCD 

single treatment group (-2%) (Fig 12). Since FC is being depleted in the tumour cells by 

HPbCD, the expression of HMGCR is unchanged to compensate for the loss of FC by keeping 

the cholesterol synthesis pathway active. Although HPbCD alone did not largely affect 

HMGCR expression, when combined with 5-FU or GEM, it decreased HMGCR expression. 

 

Interestingly, 5-FU monotherapy had no effect on cholesterol synthesis (±0%), but, the 5-FU 

& HPβCD combination treatment (-18%) reduced cholesterol synthesis (Fig 12), suggesting 

that the tumour cells have become less dependent on cholesterol synthesis due to the 

combination treatment. The cholesterol synthesis pathway enzymes, such as HMGCR and 

squalene epoxidase (SQLE), have been linked to 5-FU resistance in colorectal cancer (Liu et 

al., 2024). However, there is limited evidence supporting this link in PDAC. One study showed 

that the combination of statins with 5-FU ultimately reversed 5-FU resistance in PANC-1 cells 

(Mistafa and Stenius, 2009). In this study, HPbCD might exert a similar effect, as seen from 

the decrease in HMGCR expression when combined with 5-FU, resensitizing the PANC-1 

cells, as evidenced from the small tumour volume observed for 5-FU & HPbCD combination 

therapy (Fig 9).  

 

GEM monotherapy (+35%) showed the highest HMGCR expression (Fig 17). It is evident in 

literature that HMGCR imparts GEM resistance by increasing its expression to enhance 

Tumour growth and metastasis, inducing a more aggressive phenotype (Qiu et al., 2016; Göbel 

et al., 2020). Targeting the cholesterol synthesis pathway has shown to decrease GEM 

resistance (X Wang et al., 2017). When statins are combined with GEM, it reverses GEM 

resistance in PANC-1 cells (Mistafa and Stenius, 2009). However, in a clinical setting, the 

combination of statin with GEM did not improve patient outcome (Hong et al., 2014). Although 

the combination with HPβCD did not reduce the risk of metastasis, HMGCR expression was 

decreased which is favourable in the context of PDAC to improve sensitivity to GEM, as 

evident in the reduced tumour volume exhibited by GEM & HPβCD combination treatment 

(Fig 9).  
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5.2.3 Cholesterol uptake 

The uptake of cholesterol via LDLRs is favoured over cholesterol biosynthesis in PDAC since 

it requires less energy (Guillaumond et al., 2015; Vasseur and Guillaumond, 2016). HPβCD 

increased the expression of PCSK9 (+37%) (Fig 17), and as a result, lowered LDLR expression 

(-11%) (Fig 17) due to its degradation in a PCSK9 dependent manner. It has been reported that 

HPβCD can increase PCSK9 levels as seen in intestinal epithelial cells (Leblond et al., 2009). 

The increased PCSK9 expression is beneficial in this case since it targets LDLR for degradation 

(Rebelo et al., 2023). It has been reported that HPβCD can reduce LDLR gene expression in 

human fibroblast cells (Gaspar et al., 2017), and downregulates LDLR-related protein 1B in 

mice (Becktel et al., 2022). Furthermore, it was shown that LDLR degradation results in the 

death of PC cells (Zhang et al., 2022). Another reason for the decrease in LDLR levels observed 

in this study, could be that HPβCD has depleted the cholesterol available in the surrounding 

tissue of the tumour, as well as in serum (Appendix, Table A2). On the downside, PCSK9 is 

also involved in several other cancer related processes, such as invasion, growth, radiation 

resistance and tumour immunity (Liu et al., 2020; Suh et al., 2021; Alannan et al., 2022; Wang 

et al., 2024). PCSK9 has been identified as a biomarker for PC, since an increase in PCSK9 

mRNA was directly correlated to shorter survival (Liu et al., 2022). In pancreatic 

neuroendocrine tumours, siRNA knockdown of PCSK9 induced apoptosis, as well as inhibited 

invasion (Mahboobnia et al., 2021). This indicates that the increase in PCSK9 expression 

caused by HPβCD is not necessarily favourable, since HPβCD monotherapy slightly increased 

tumour volume (+3%) and exhibited metastasis (Fig 9). In colorectal cancer mice models, an 

increase in PCSK9 proteins levels was associated with shorter survival (Rebelo et al., 2023). 

Furthermore, other studies suggest that the function PCSK9 plays in cancer progression is more 

related to tumour immunity instead of its cholesterol regulating function (Liu et al., 2020; Suh 

et al., 2021; Alannan et al., 2022; Wang et al., 2024). To add another layer of complexity, 

PCSK9 can modulate the cholesterol supply in the TME through regulating LDLR expression, 

indirectly affecting tumour immunity, as a cholesterol rich TME negatively impacts immune 

surveillance (Xu et al., 2021). The evidence on PCSK9 within literature and results from this 

study highlights a gap in the understanding of PCSK9 and its role in PDAC. Moreover, the 

inverse correlation between PCSK9 and LDLR, as observed for HPβCD, was not evident for 

5-FU or GEM in either monotherapies or combination treatments.  

 

Although LDLR has been implicated in 5-FU resistance, as evidenced in colorectal cancer cells 

that exhibit upregulated LDLR levels (Ortega Duran et al., 2024), the 5-FU monotherapy 
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(-2%) (Fig 17) did not affect LDLR expression to a great extent. Interestingly, the combination 

therapy of 5-FU & HPβCD (-40%) (Fig 17) exhibits a substantial decrease in cholesterol 

uptake. This combination therapy approach, with HPβCD, may enhance the efficacy of 5-FU 

treatment in resistant PDAC, since this combination treatment resulted in the greatest tumour 

volume reduction (Fig 9). The downregulation of LDLR could potentially resensitize the cancer 

cells to 5-FU, offering a promising strategy to improve 5-FU response. No inverse relationship 

was observed between LDLR and PCSK9 expression, as PCSK9 expression was also decreased 

for 5-FU monotherapy (-19%) as well as the combination therapy of 5-FU & HPβCD (-36%) 

(Fig 17). This finding aligns with the hypothesis that PCSK9 may function beyond the 

cholesterol pathway, potentially targeting tumour immunity, as previously mentioned (Liu et 

al., 2020; Suh et al., 2021; Alannan et al., 2022; Wang et al., 2024). This observation supports 

the rationale for the improved response of PDAC tumours to 5-FU treatment. Similar findings 

were observed for GEM single and combination treatments.  

 

Out of all treatment groups, GEM monotherapy showed the highest LDLR expression 

(+141%), which was reduced when combined with HPβCD (+22%) (Fig 17). Interference with 

LDLR endocytosis in PDAC results in changes to the balance between FC and CEs. This is 

amplified in vivo when treatment with GEM is introduced, where inhibition of LDLR increases 

GEM sensitivity (Guillaumond et al., 2015). Suggesting that PDAC cells increase cholesterol 

uptake via LDLR as mechanism to gain resistance to GEM. Thus, HPβCD in the combination 

treatment may re-sensitize cells to GEM, since a decrease in LDLR reduces GEM resistance 

(Vasseur and Guillaumond, 2016). Likewise, PCSK9 expression was reduced when combining 

GEM with HPβCD (-20%) compared to GEM monotherapy (+13%) which showed an increase 

(Fig 17). Also aligning with the hypothesis regarding PCSK9’s involvement in supressing the 

immune system, adding the tumour to evade immune response (Liu et al., 2020; Suh et al., 

2021; Alannan et al., 2022; Wang et al., 2024). Analogous to the combination of HPβCD with 

5-FU, its association with GEM may potentially reduce the tumour’s ability to evade the 

immune system, consequently leading to an improved tumour response to GEM treatment. 

However, the role of HPβCD on PCSK9 in relation to tumour immunity remains unexplored, 

indicating a significant gap in the current research literature. Furthermore, there might be 

additional proteins involved in LDLR degradation and stability, which function independently 

of PCSK9. In addition to the unexpected results observed for PCSK9, the findings for SREBP2, 
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which governs the regulation of cholesterol synthesis and uptake processes, were also 

unanticipated. 

 

5.2.4 SREBP2 mediated transcriptional regulation of cholesterol synthesis and uptake 

SREBP2 has been linked to PC progression (Yu et al., 2019). Given the observed decrease in 

cholesterol synthesis and uptake proteins (HMGCR and LDLR) for HPβCD, it was anticipated 

that SREBP2 would exhibit a corresponding decrease, as SREBP2 typically activates HMGCR 

and LDLR under normal conditions. Contrastingly, HPβCD did not decrease, but rather led to 

a significant increase in SREBP2 expression (+126%) (Fig 17). Research has shown that the 

FC pool inside the cell acts as a negative regulator of SREBP2 (Rebelo et al., 2023). HPβCD's 

cholesterol-depleting action results in a decreased FC pool, activating the negative feedback 

loop and increasing SREBP2 expression. This suggests that the high SREBP2 expression 

observed is a compensatory mechanism to HPβCD's action. This effect has been observed in 

intestinal epithelial cells, where SREBP2 was upregulated as a result of HPβCD treatment 

(Leblond et al., 2009), as well as in a mouse model of Niemann-pick-disease type C1 (Ebner 

et al., 2018). Insufficient research has been conducted on the influence of alternative 

cyclodextrins on SREBP2 expression, and consequently, no definitive conclusions can be 

drawn. In addition to the negative feedback loop that activates SREBP2, the KRAS-induced 

PI3K pathway is also responsible for activating SREBP2 via mTORC1 (Wen et al., 2018; Xiao 

et al., 2023). Therefore, the significant increase in SREBP2 may be a combined result of both 

HPβCD and KRAS, possibly promoting cancer aggressiveness as evidenced from the presence 

of metastasis (Fig 9). Novel target genes of SREBP2 have recently been uncovered that extend 

beyond its known role in lipid biosynthesis regulation (Wen et al., 2018), suggesting that 

SREBP2 is acting beyond the cholesterol pathway. Two mice in the HPβCD treatment group 

showed metastasis, which is a consequence of EMT (Fig 9). In lung and prostate cancer, 

SREBP2 has been shown to promote EMT by activating downstream transcription factors 

(Lethongsavarn et al., 2021; F Zhang et al., 2023). It has previously been shown that disrupting 

the cholesterol pathway upregulates TGF-β, a key EMT transcription factor, in an SREBP1 

related manner (Gabitova-Cornell et al., 2020). The data from this study might indicate that 

SREBP2 may also activate EMT transcription factors in PDAC. This was confirmed in the 

gene expression analysis data (Daya, 2024), where an increase in expression of Snail (one of 

several EMT transcription factors) upon treatment with HPβCD was observed (Appendix, Fig 

A1). SREBP2's potential role in activating EMT in PDAC could have significant implications 
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for understanding the progression and metastasis of this aggressive cancer type. Further 

investigation into the specific mechanisms by which SREBP2 might influence EMT in PDAC 

cells could reveal new therapeutic targets or prognostic markers. This finding may also suggest 

a broader involvement of cholesterol metabolism in PC development and progression, 

warranting additional research into the interplay between lipid homeostasis and cancer biology 

in PDAC. An example of an additional pathway that may be affected by SREBP2 is drug 

metabolism, as seen for 5-FU.  

 

Monotherapy with 5-FU increased SREBP2 expression (+46%), and 5-FU & HPβCD 

combination treatment demonstrated a significant increase (+88%) (Fig 17), which also did not 

correspond to an increase in expression of synthesis nor uptake proteins. This observation 

suggests that similar to HPβCD monotherapy, SREBP2 is activating pathways beyond 

cholesterol metabolism. Interestingly, SREBP2 did not activate EMT to the same extent as in 

HPβCD monotherapy, since no metastasis was observed for these treatment groups (Fig 9). 

However, the gene expression studies indicate an increase in Snail expression when 5-FU was 

combined with HPβCD (Appendix, Fig A1), thus it might be due to gender that no metastasis 

was observed (as previously discussed). It is suggested that SREBP2 may be influencing 

alternative pathways in both 5-FU mono- and combination therapies. One such alternative 

pathway might be drug metabolism. The levels of enzymes crucial for 5-FU metabolism, 

particularly DPD and TS (Fig 3), play a vital role in determining how patients respond to 

treatment. SREBP2 might impact the expression of these enzymes, thus influencing 5-FU's 

pharmacodynamics. For example, high TS expression has been linked to unfavourable 

outcomes and 5-FU resistance in several cancer types, including urothelial carcinoma (Ide et 

al., 2012; Narimatsu et al., 2019). Thus, there might be an underlying mechanism by which 

SREBP2 influences drug metabolism to affect 5-FU treatment response. Furthermore, 5-FU 

might be counteracting the EMT-related effects induced by HPβCD. 5-FU influences the cell’s 

translational machinery, affecting the processing of ribosomal and transfer RNA (Bash-Imam 

et al., 2017). As a result, 5-FU may decrease the likelihood of HPβCD inducing an EMT 

phenotype, thereby not enhancing metastasis. However, additional research is needed to fully 

understand these anomalous results. In contrast to 5-FU, HPβCD might be inducing EMT when 

combined with GEM in an SREBP2-dependent manner. 

 

The combined treatment of GEM & HPβCD (+90%) resulted in a notable upregulation of 

SREBP2 expression as compared to GEM monotherapy (+20%) (Fig 17). Again, this increase 
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did not correlate to enhanced HMGCR nor LDLR expression, indicating that SREBP2 might 

also trigger pathways that extend beyond cholesterol metabolism when exposed to GEM 

treatment. It is highly likely that SREBP2 is activating EMT related pathways, since metastasis 

was present for both GEM monotherapy and combination therapy with HPβCD (Fig 9). 

Although the low gene expression of Snail (Appendix, Fig A1) does not fully support this 

hypothesis, other transcription factors of EMT should also be considered, which was not 

addressed in this study. The network between SREBP2, EMT and GEM resistance is an 

emerging topic in PDAC. Cancer cells that exhibit resistance to GEM, upregulate their 

expression of EMT markers, which might also be influenced by SREBP2 (Lou et al., 2012; Jin 

et al., 2018). It is also important to take note of the connection between SREBP2 and cancer 

stem cells, of which, typically exhibit EMT characteristics. Research shows that SREBP2 takes 

part in sustaining cancer stem cell-like characteristics, potentially contributing to GEM-

resistance (Yin et al., 2011; Wei et al., 2022). Lastly, to gain a comprehensive perspective of 

cholesterol homeostasis, the cholesterol efflux protein, ABCG1, was investigated. 

 

5.2.5 Cholesterol efflux 

HPbCD monotherapy increased cholesterol efflux via upregulating ABCG1 expression 

(+32%) and has the highest relative expression out of all treatment groups (Fig 17). It is well 

reported in literature that HPβCD increases cholesterol efflux via increasing the expression of 

ABCA1 and ABCG1 (Mitrofanova et al., 2018; Mahjoubin-Tehran et al., 2020; Becktel et al., 

2022; Zhu et al., 2023). Similarly, other cyclodextrins, such as MβCD, also increase expression 

of ABCA1 and ABCG1 (Mahjoubin-Tehran et al., 2020). Different effects, beneficial and non-

beneficial, have been reported regarding the role that HPbCD plays in cholesterol efflux. 

HPbCD has been reported in literature to both increase and decrease ABCG1 expression, and 

it is suggested that this is dependent on HPbCD concentration. In breast cancer cells, HPbCD 

decreases cholesterol efflux via decreasing the expression of ABCG1 and ABCA1 (Zhao et al., 

2021; Saha et al., 2023). This downregulation of ABCG1 observed was associated with a 

decrease in EMT (Zhao et al., 2021). This suggests that HPbCD can contribute to EMT in a 

cholesterol efflux dependent manner. However, this effect was dependent on HPbCD 

concentration, with high concentrations (10 mmol/L) exerting a suppressive effect on EMT, 

and low concentrations (2 mmol/L) promoting EMT (Zhao et al., 2021). Similar effects were 

observed in colon tumouroids, where cholesterol efflux promoted metastasis (Namba et al., 

2018). Contrasting to this, Saha et al. (2023) showed that the HPbCD-induced efflux of 
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cholesterol is favourable and resulted in reduced tumour volume in breast cancer (Saha et al., 

2023). Although there is a strong argument for the benefits of HPbCD-induced efflux of 

cholesterol, the majority of literature suggests that ABCG1-mediated cholesterol efflux is 

inversely related to cancer cell survival, and depleting ABCG1 results in tumour regression 

(Namba et al., 2018; Zhao et al., 2021; Yin et al., 2022). This could suggest that the increase 

in ABCG1 observed in this study may be associated with an increase in EMT and could 

possibly explain why two mice in the HPbCD monotherapy treatment group had metastasis 

(Fig 9). In addition to cholesterol efflux, ABCG1 is also known to export drugs from cells and 

thus possibly contributes toward drug resistance (Yin et al., 2022). To add another layer of 

complexity, increased ABCG1 expression is also known to upregulate SREBP2 expression, 

which was evident from our results (Tarling and Edwards, 2011). ABCG1 and its role in drug 

resistance is poorly studied and highlights a gap in PC research. The contradictory findings 

regarding ABCG1-mediated cholesterol efflux and its impact on cancer progression warrant 

further investigation. Examining the potential dual role of ABCG1 in both cholesterol efflux 

and drug export could provide valuable insights into developing targeted therapies for PC 

patients. For both 5-FU and GEM, the combination with HPbCD also exhibited increased 

cholesterol efflux.  

 

ABCG1 expression was higher for the combination treatment of 5-FU & HPbCD (-10%) 

compared to 5-FU monotherapy (-22%), but still lower than that of HPbCD monotherapy 

(+32%) (Fig 17). Thus, the resulting increase may be attributed to HPbCD, and not 5-FU, since 

5-FU decreased cholesterol efflux compared to the UN control (Fig 17). High intracellular 

cholesterol levels have been implicated in 5-FU resistance, since they can increase the 

expression of cholesterol efflux pumps, which can also contribute to drug efflux, thereby 

facilitating drug resistance (Wu et al., 2015; Wang et al., 2023). Surprisingly, the expression 

of ABCG1 expression for 5-FU monotherapy was lower than that of the untreated, whereas the 

combination of 5-FU with HPβCD resultingly increased (Fig 17). Research findings indicate 

that increased ABCG1 expression correlates with reduced responsiveness to 5-FU in colorectal 

cancer (Blondy et al., 2020). This correlates with the findings for the tumour volumes (Fig 9), 

which did not exhibit significant reduction when 5-FU was combined with HPβCD. This lack 

of reduction may be attributed to the increased ABCG1 potentially effluxing the 5-FU drug 

itself rather than cholesterol (Yin et al., 2022). Furthermore, it has also been reported that 

ABCG1 is elevated in glioblastoma cancer stem cells, further complicating 5-FU treatment 
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response (Chockalingam and Ghosh, 2013). In addition to the efflux of drugs, when ABCG1 

increases cholesterol efflux, it promotes a cholesterol rich TME, which can contribute to 

resistance in the case of GEM. 

 

It was hypothesized that a high intracellular FC level is favoured for GEM resistance, and thus 

the decreased expression of ABCG1 was expected for GEM monotherapy (-57%) (Fig 17). 

Indeed, this low expression is increased when GEM is combined with HPβCD (+7%). The 

upregulation of ABCG1 has been reported in several drug resistant cancers (Liao et al., 2020; 

Po et al., 2020). The elevation in cholesterol efflux from the tumour cells result in a cholesterol-

rich TME, enhancing tumour immunity (Yin et al., 2023), potentially further promoting GEM 

resistance in conjunction with possible increased drug efflux. This observation may contribute 

to the explanation for the occurrence of metastasis in both GEM monotherapy and combination 

therapy (Fig 9). From the results in this study, it is confirmed that cholesterol efflux plays an 

important role in conferring GEM resistance. However, cholesterol homeostasis in its entirety 

must be considered when deciphering the cause of drug resistance. 

 

5.3 Conclusion 

Cholesterol can be considered both a causative factor and a consequence of cancer. GEM 

monotherapy promoted the synthesis, uptake, and storage of cholesterol while suppressing the 

efflux of cholesterol (Fig 17), ultimately maintaining a high level of intracellular cholesterol 

and promoting oncogenesis. 5-FU monotherapy did not affect cholesterol storage, synthesis 

and uptake to the same extent as GEM (Fig 17), suggesting that cholesterol homeostatic 

pathways might contribute more towards GEM resistance than to 5-FU resistance. Using 

cholesterol depletion as monotherapy to treat PDAC, promoted a more metastatic phenotype. 

This is evidenced by the secondary tumours excised from mice in the HPβCD treatment group 

(Fig 9), as well as the increase in ABCG1 expression and significant upregulation of SREBP2 

(Fig 17), potentially activating non-cholesterol-related pathways, and promoting invasiveness 

(Fig 18). Combining cholesterol depleting agent, HPβCD, with current first-line 

chemotherapeutic agents, 5-FU and GEM, yielded contrasting results. Firstly, when combined 

with GEM, HPβCD reduced tumour volume, but it did not mitigate the risk for metastasis (Fig 

9), which may be attributed to the observed increase in SREBP2 and ABCG1 expression (Fig 

17). Although it was thought that the resulting decrease in ACAT1, HMGCR and LDLR 

expression was favorable in GEM & HPβCD combination therapy (Fig 17), the presence of 
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metastasis (Fig 9) suggest that the tumour cells are channeling their energy away from 

cholesterol storage, uptake and synthesis and towards processes involved in metastasis. In 

contrast to GEM, when HPβCD was combined with 5-FU, it neither reduced tumour volume 

nor significantly enhanced the response to 5-FU. Interestingly, ABCG1 and SREBP2 

expression was also upregulated due to HPβCD combination with 5-FU (Fig 17). In addition 

to promoting aggressiveness, literature suggest that SREBP2 and ABCG1 might be involved 

in decreased drug metabolism of 5-FU as well. Nonetheless, it can be concluded that GEM & 

5-FU in combination with HPβCD does not significantly improve treatment response and 

combining it with strategies to target SREBP2 and ABCG1 may provide novel insights into 

drug resistance mechanisms in PDAC. It is evident that PDAC tumour cells appear to sense the 

targeting of their FC pool, activating the negative feedback loop to SREBP2 (Fig 18). 

Subsequently, PDAC tumour cells employ SREBP2 and ABCG1 to reallocate resources toward 

metastasis and drug efflux, rather than reestablishing cholesterol homeostasis (Fig 18). Taken 

together, the relationship between cholesterol homeostasis and drug resistance in PDAC is still 

an emerging area in cancer research. The findings from this study highlight the complex 

interplay between cholesterol balance and chemotherapy efficiency.  
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Figure 18: Visual summary on cholesterol depletion and PDAC tumour response 

PDAC tumours maintain a high level of intracellular cholesterol. They achieve this through the 

KRAS oncogene, which increases synthesis (HMGCR) and uptake (LDLR and PCSK9) of 

cholesterol by upregulating their transcriptional regulation via SREBP2. The export of 

cholesterol via ABCG1 is decreased and the additional intracellular cholesterol is targeted for 

storage by ACAT1. When HPβCD is used as monotherapy, or in combination with 5-FU and 

GEM, the intracellular cholesterol pool is depleted. This activates a negative feedback loop to 

SREBP2. Rather than replenishing intracellular cholesterol levels, the PDAC tumour cells 

employ SREBP2 to activate metastatic pathways and utilize ABCG1 for drug export.  

 

5.4 Limitations and future work 

Xenograft study 

It has been elucidated that mouse gender may have influenced treatment response, which 

imposed a limitation in this study since treatment groups were composed entirely of one gender, 

either male or female. In future animal studies, it is recommended that treatment groups should 

comprise of both male and female mice. This approach will mitigate any sex-based 

discrepancies and provide insight into the potential role of gender in treatment response. 

Additionally, a larger sample size is advised to minimize error due to individual mouse 
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variability. Given that the xenografts were derived from the PANC-1 cell line, the resultant 

tumours do not exhibit the same degree of heterogeneity as would be observed in human 

specimens. Mice also exhibit shorter lifespans and accelerated metabolic rates, presenting 

challenges in investigating the long-term effects of treatments and cancer progression.  

 

Relative protein and gene expression 

Given the hypothesis that SREBP2 may influence EMT pathways, it is recommended to 

investigate more proteins and genes involved in EMT, such as Vimentin, E-cadherin, Snail, 

and SMAD, utilizing Western blot analysis and RT-qPCR techniques. Furthermore, due to 

limited number of proteins that were investigated in this study, additional proteins and genes 

involved in cholesterol metabolism should be included for future studies, particularly ABCA1, 

LXR, SREBP1, SQLE, and CETP. In addition to protein expression studies in tissue, mouse 

serum samples can be further analysed for CETP, LDL and HDL as well as PCSK9 expression. 

This comprehensive approach will provide a more holistic insight into the mechanisms 

governing cholesterol metabolism and drug resistance.   

 

5-FU solubility in DMSO 

5-FU has limited aqueous solubility, thus vehicles are used to address this challenge 

(Abdrakhimova et al., 2014). DMSO is used to improve 5-FU's dissolution rate and solubility, 

potentially enhancing absorption and therapeutic outcomes (Abdrakhimova et al., 2014). Since 

DMSO is used to dissolve 5-FU, its possible influence on 5-FU function cannot be ignored. 

The DMSO vehicle control did not significantly reduce tumour volumes to that of the UN 

group (Appendix, Fig A2 ). However on average, it reduced by 13% as compared to UN, while 

5-FU single treatment induced a 41% reduction (Appendix, Fig A2). DMSO's influence on 5-

FU can be explained by its function as a solvent and its capacity to modify the drug's 

physicochemical characteristics, thus affecting its effectiveness. A key feature of DMSO's 

effect is its capacity to alter the solubility and stability of 5-FU. Enhanced dissolution in 

DMSO-based solutions can lead to improved body absorption and potentially more effective 

treatment outcomes for 5-FU. Furthermore, studies indicate that DMSO-water mixtures 

significantly impact the self-organization properties of 5-FU, potentially influencing its 

interactions with cell membranes and its uptake by cancerous cells (Ghosh et al., 2022). The 

interaction between DMSO and 5-FU may also affect drug pharmacokinetics. Studies have 

shown that DMSO can influence the permeability of cellular membranes, potentially enhancing 

the cellular absorption of 5-FU (Sum and De Pablo, 2003). In addition to improving 5-FU 
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action, DMSO may also exert its own response on protein expression as seen from this study 

(Appendix Fig A4). The efficacy of DMSO as a cancer therapy remains controversial. While 

its primary use is as a solvent, DMSO exhibits various biological functions that could 

potentially contribute to anticancer effects. Several pharmaceutical properties of DMSO have 

been utilized in pre-clinical settings and include: anti-viral, anti-fungal, anti-bacterial, anti-

inflammatory, local and systemic analgesia, as well as membrane permeability properties 

(Hoang et al., 2022). Furthermore, DMSO can induce differentiation in cancer cells, which 

allows them to adopt a behaviour similar to normal cells with slow growth and reduced 

invasiveness (Hoang et al., 2022). This corresponds with the data from this study where genes 

involved in  multi-drug resistance and tumour suppression are upregulated and genes involved 

in metastasis are downregulated (Appendix, Fig A1). Confirming this, DMSO has 

demonstrated to induce the upregulation of tumour suppressors and reversing the effects of 

overactivated cell proliferative pathways in cancer, such as KRAS-activated PI3K pathways 

(Hoang et al., 2022). Another study has suggested that DMSO can be implemented as an 

adjuvant in immunotherapy as it downregulated tumour immune evasion in vivo (Jiang et al., 

2016). This is further complemented by the reduced expression in PCSK9 exerted by DMSO 

in this study, which would result in reduced tumour immunity as discussed earlier (Appendix, 

Fig A3). Although DMSO possesses certain characteristics that could potentially aid in cancer 

treatment, its effectiveness as a standalone therapy is becoming a subject of debate. Additional 

research is necessary to elucidate its potential in cancer therapy and to develop appropriate 

protocols for its application.  

 

6 TROUBLESHOOTING 

6.1 Protein Extraction 

Manual tissue lysis utilizing N2(ℓ) was optimized to two iterations prior to proceeding with 

chemical lysis employing RIPA lysis buffer. Tissue sections from different regions of the 

tumour were combined and utilized to account for tissue structure and tumour heterogeneity. 

Tumour tissues exhibit spatial heterogeneity. The outer regions (periphery or invasive front) 

show aggressive growth, active proliferation, and increased angiogenesis due to better 

oxygenation and nutrient access. In contrast, the inner core is hypoxic and nutrient-deprived, 

leading to necrosis and slower cell proliferation. Furthermore, protein extraction was 

performed in a temperature controlled room (4°C) and samples were kept on ice during 

chemical lysis. This was to avoid degradation of tissue and preserve protein integrity.  
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6.2 Western Blots 

The normalization step is the most critical in Western blots. The BCA assay was repeated 

several times to ensure accurate total protein quantification (where R2 > 0.9 was accepted) 

before proceeding to the normalization step. The UN control group was normalized first, since 

the protein expression of other treatment groups would be expressed relative to the UN. 

Hereafter, the loading of all other treatment groups were normalized to that of the UN. Once 

samples were normalized, the relative expression of proteins were determined. Upon 

performing densitometry, band intensities were normalized to the loading control before 

relative expression compared to the UN was calculated. The transfer step in Western blots is 

often troublesome, which is why it was performed at 4°C to ensure consistent environmental 

conditions for each transfer. This approach helps maintain protein stability and reduces 

variability between experiments. This was necessary to ensure reliability of Western blots, 

since it was not feasible to perform a loading control with every experimental repeat once 

sample loading was normalized. In the cases where multiple bands were detected on blots, the 

SDS-PAGE gel was run for longer, to ensure better bands separation. However, when gels were 

run for too long, this caused smearing of bands, thus, the SDS-PAGE run time for each protein 

had to be optimized individually to achieve a balance between optimal band separation and 

band density. Multiple bands are frequently observed on Western blots when analysing 

xenograft tissues. This phenomenon is not uncommon and can be attributed to several factors 

inherent to the complexity of tissue samples. Xenograft tissues, being heterogeneous in nature, 

often contain a mixture of cell types and proteins at various stages of post-translational 

modification. This heterogeneity can lead to the detection of multiple bands representing 

different isoforms, splice variants, or modified versions of the target protein. Additionally, the 

presence of proteases in tissue samples may result in partial protein degradation, contributing 

to the appearance of multiple bands. While this can complicate interpretation, it is a well-

recognized occurrence in Western blot analysis of tissue samples, particularly those derived 

from xenografts. Due to sample heterogeneity, some proteins proved more difficult to detect. 

To overcome this, a higher concentration was loaded for ABCG1 (50 µg/10 µL), SREBP2 (50 

µg/10 µL) and LDLR (100 µg/10 µL).  
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8 APPENDIX 

 
8.1 Mice Xenograft Study  

 
8.1.1 Cell Culture  

The mycoplasma free PANC-1 cell line (Cellonex, SA) was used for the PDAC mice xenograft 

study as it has been widely used to study PDAC and is well reported in literature to successfully 

form tumours (Aghevlian et al., 2020; Kamitani et al., 2022; Feng et al., 2023; Y Liu et al., 

2023). The PANC-1 cell line was established from the primary tumour of a 65-year old male 

(Deer et al., 2010). PANC-1 cells contain the characteristics of drug resistant PC cells, making 

it a reliable cell line for preclinical research (Gradiz et al., 2016).  

 

All cell culture was performed by the PhD candidate in preparation for the xenograft study. 

Briefly, PANC-1 cells were cultured in Dulbecco’s Modified Eagle medium (DMEM) (Sigma 

Aldrich, UK) supplemented with 1% (v/v) Penicillin-Streptomycin (Sigma Aldrich, UK) and 

10% (v/v) Foetal Bovine Serum (FBS) (Celtic Molecular Diagnostics, SA and Biowest, UK). 

Cell cultures were maintained at a temperature of 37°C in a humidified incubator with 5% 

carbon dioxide (CO2) to mimic physiological conditions. Once cells reached a confluency of 

around 80-90%, cells were subjected to trip-LEä (Thermo Fisher Scientific, USA) and counted 

using the Invitrogen Countess 2 Automated Cell Counter (Thermo Fisher Scientific, USA) 

which employs the Neubauer method to assess cell density. Utilizing an automated cell counter 

enhanced efficiency and reduced the likelihood of subjective interpretations or human errors 

in cell quantification, when compared to traditional cell counting methods using the 

haemocytometer. Thereafter, the cells (± 3.5 million cells per mouse) were prepared for 

injection in a 1:1 ratio of culture media and saline (Adcock Ingram, SA). Afterwards, 120 µL 

cell suspensions were aliquoted into 1.5 mL Eppendorf tubes and kept on a heating block at 

37°C to maintain temperature for mice inoculation.  

 

8.1.2 Xenograft Mice Model Study 

Mice xenografts provide a platform to test the therapeutic effect of a drug on tumour growth 

(Gould et al., 2015). In this study, 30 non-obese diabetic (NOD) severe combined 

immunodeficiency (SCID) mice (comprising of males and females) were used. NOD/SCID 

mice are genetically immunodeficient and commonly used for cancer cell line derived 

xenografts (CDXs) (Hudson et al., 1998). The NOD/SCID mice were acclimatised for two 
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weeks and allowed to reach the desired weight of 20-21 g for female mice and 20-22 g for male 

mice. PANC-1 cells were prepared as described in section 3.1.1 and each mouse received a 

subcutaneous injection in the left flank. The subcutaneous engraftment of tumour cells allowed 

for tumour visibility and to closely monitor tumour growth, whilst only imposing minimum 

trauma on the mice (Kong et al., 2020). Mice were assessed daily for general health concerns. 

Additionally, mice were weighed and tumour volumes were measured thrice weekly using a 

calliper and calculated using Equation 2 below.  

 

 
Equation 2: Calculation of tumour volume 

Calliper measurements for length, width and height were used to calculate tumour volume. The 
equation was adopted from Tomayko and Reynolds, 1989, with the assumption that the tumour 
has an ellipsoid shape.  
 

Once tumours reached a volume of 100 mm3, treatments were initiated. The mice were divided 

into seven treatment groups and detailed treatment regimens can be seen in Table 1. All 

treatments were prepared to a final volume of 200 µL and kept covered in foil on a heating 

block at 24°C. GEM was dissolved in saline and administered once a week at a concentration 

of 30 mg/kg. 5-FU was dissolved in 4% dimethyl-sulfoxide (DMSO) and administered twice a 

week at a concentration of 30 mg/kg. HPbCD was dissolved in saline and administered twice 

a week at a concentration of 3000 mg/kg. Combination treatments included GEM & HPbCD, 

as well as the 5-FU & HPbCD and they were administered twice a week at their respective 

concentrations (Table 1). All treatments were administered by IP injection to the right flank 

opposite to that of the tumour, to simulate the clinical setting where chemotherapy is not 

administered directly into the tumour itself. After completion of 10 treatments, mice were 

euthanized with pentobarbital (150 mg/kg). Blood samples were collected immediately after 

euthanasia in gold-top blood collection tubes for serum cholesterol analysis. These tubes 

contain a serum separator gel which aids in separating blood serum from the blood cells. 

Thereafter, organs and tumours were harvested. Organs were separately sealed in cryovials and 

snap-frozen in liquid nitrogen. Tumours were measured and weighed, then cut into three 

sections and stored by three different means for downstream analysis; (1) 4% formaldehyde 

𝑉𝑜𝑙𝑢𝑚𝑒 = 	
1
2 × 𝐿 ×𝑊 × 𝐻 
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(Sigma Aldrich, UK), (2) RNAlaterÒ (Thermo Fisher Scientific, USA) and (3) snap frozen in 

liquid nitrogen. All snap frozen samples were transported on dry ice and stored at - 80°C. The 

snap frozen Tumour tissue was used for all downstream experiments in this study.  

 

Regrettably, several mice were euthanized or passed away prior to the conclusion of the 

experiment due to health concerns. Before Tumour inoculation, one mouse (Mouse 11, Table 

A1) passed away due to a gastrointestinal infection. Moreover, unexpected challenges emerged 

with the female mice who received GEM single and GEM & HPbCD combination treatments. 

It was determined that the initial concentration of GEM at 100 mg/kg was too toxic, and as a 

result, three mice from the GEM & HPbCD combination treatment group perished due to 

gastrointestinal issues (Table A1). The remaining fourth mouse from the GEM & HPbCD 

combination had to be euthanized due to stereotypical behaviour (Table A1). To address the 

loss of all the mice in the GEM & HPbCD combination treatment group, the three mice used 

as replacements were from control groups. In subsequent weeks, three mice from the GEM 

single treatment were also found deceased due to similar gastrointestinal problems. There were 

no extra mice to be used as replacements for the GEM single treatment group, and ultimately, 

this group consisted of the only one remaining mouse. Additionally, the GEM dosage was 

reduced to 30 mg/kg to decrease toxicity. These unforeseen circumstances led to disparities in 

the sample size between the treatment groups, and ultimately, the GEM treatment group had to 

be omitted from statistical analysis. 
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8.2 Mice eliminated from the study  

 

Table A1: Mice eliminated from the study 
Date of 

termination 

Mouse 

ID 

Gender Treatment 

Regimen  

Number 

of doses 

Reason for 

termination 

27/07/2023 11 Male n/a n/a  Found deceased. Post-
mortem report suggests 
gastrointestinal 
infection. 

04/09/2023 17 Female GEM (100 
mg/kg) & 
HPbCD (3000 
mg/kg) 

2 Found deceased.  
19 Female 2 Euthanized due to 

stereotypical behaviour. 
27 Female 2 Found deceased. 

06/09/2023 26 Female 3 Found deceased. 
22 Female GEM (100 

mg/kg) 
3 Found deceased. 

09/09/2023 24 Female 3 Found deceased. 
11/09/2023 16 Female 4 Found deceased. 
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8.3 Gene expression 

 
Figure A1: Genetic changes in multi-drug resistance, cholesterol homeostasis, tumour 
suppression and metastasis 

The heatmap portrays the log2 fold change of genes involved in multi-drug resistance (ABCA8 
and ABCC5), cholesterol homeostasis (HMGCR, LDLR, SREBPF2, ABCA1, CAV1 and 
ACAT1), tumour suppression (SFRP1) and metastasis (SNAIL) in tumour tissue. Each gene is 
represented on the y-axis with each treatment group on the x-axis. A positive log2 fold change 
(increase) is represented by red, no change is represented by white and a negative log2 fold 
change (decrease) is represented by blue compared to the untreated. Data was provided by 
Tasvi Daya (PhD candidate).  
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8.4 Mouse serum analysis of total cholesterol 

Mice serum cholesterol served as an indication of the physiological cholesterol balance in the 

body, to provide a holistic insight to cholesterol homeostasis beyond that of the tumour cells. 

Normal mice serum cholesterol ranges from 80-100 mg/dL.  

 

Table A2: Total serum cholesterol 

Treatment 

Group 

Mouse ID Number 

of doses 

(/10) 

Total serum 

cholesterol (mg/dL) 

Untreated 2 na 63 

3 na <18 

5 na 52 

10 na 51 

HPbCD  18 10 <18 

20 10 50 

25 10 41 

28 10 32 

5-FU  1 10 80 

6 10 83 

9 10 66 

13 10 98 

5-FU & HPbCD 4 10 71 

7 10 - 

12 10 86 

14 10 69 

GEM 23 6 <24 

GEM & HPbCD 21 3 <18 

29 4 <24 

30 4 <18 

DMSO 8 10 91 

15 10 88 
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8.5 Tumour volume and relative protein expression of vehicle control DMSO 

 

 
Figure A2: Tumour volume for DMSO vehicle control 

(A) Images of excised subcutaneous tumours. (B) Average tumour volume showing similar 
tumour size was observed for the UN control and DMSO control groups. DMSO exhibits a 
13% decrease in tumour volume compared to UN, which was not significant. Data shown as 
mean ± SD. The data was analysed using a Brown-Forsythe ANOVA test followed by a 
Dunnett’s multiple comparisons test to compare individual differences to the UN control.   
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Figure A3: Relative protein expression for DMSO vehicle control 

Representative Western blots comparing the protein expression of DMSO relative to the UN 
control for: ACAT1 (-3%), HMGCR (-14%), LDLR (-19%), PCSK9 (-34%), SREBP2 
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(+24%) and ABCG1 (-22%). B-tubulin was used as a loading control to normalize expression 
to that of the UN control, which is visible in the far right lane on the DMSO blot.  No significant 
differences were observed for protein expression between DMSO and the UN control. Data 
shown as mean ± SD. The data was analysed using a Brown-Forsythe ANOVA test followed 
by a Dunnett’s multiple comparisons test to compare individual differences.   
 

  


