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Abstract 

Glioblastoma (GBM) is the most common form of brain cancer with a short 

median survival time (around 15 months). Chemotherapy is limited to 

temozolomide (TMZ) and resistance occurs frequently in GBM patients. There 

is an urgent need to develop new chemotherapeutic agents for GBM. Sorafenib, 

a potent multi-kinase inhibitor (TKI), being used clinically as an anti-cancer drug 

for hepatocarcinoma or renal cell carcinoma patients, was more potent than 

TMZ in killing U87MG (glioblastoma cell line) in vitro. Phase I/II clinical trials of 

sorafenib, however, failed to demonstrate any therapeutic effect on GBM. One 

possible explanation is that blood brain barrier (BBB) keep sorafenib out of the 

brain. The two ATP-binding cassette (ABC) transporters expressed at the BBB, 

P-glycoprotein (P-gp) and Breast Cancer Resistance Protein (ABCG2), might 

prevent the accumulation of sorafenib in the brain by active efflux. Here, a novel 

dual inhibitor of P-gp and BCRP (flavonoid dimer Ac12Az9, FD 12-9) shows 

extraordinary inhibitory effect on both P-gp and BCRP in in vitro assay with an 

EC50 of 285 nM and 0.9 nM, respectively. Using canine MDCKII-P-gp and 

MDCKII-GFP-BCRP cell lines to mimic the trans-epithelial efflux in the BBB, it 

was demonstrated that FD 12-9 can inhibit the efflux of sorafenib. 

Pharmacokinetic studies indicate that FD 12-9 is able to increase the 

accumulation level of sorafenib in the brain by more than 9-fold. 

Pharmacokinetic profiles of sorafenib in the brain and plasma with or without 
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co-administered FD 12-9 were studied. No toxicity response was found in in 

vivo toxicity studies when 10 mg/kg of sorafenib and 10 mg/kg of FD 12-9 were 

co-administered at the same time. In vivo efficacy studies demonstrated that 

the increased brain concentration of sorafenib, after co-administration with FD 

12-9, is high enough to significantly reduce the tumor size of the U87MG-

RedFluc orthotopic xenograft glioblastoma model in immunocompromised mice. 

In addition, a TMZ-relapse model of GBM was developed by a single round of 

TMZ treatment in Balb/c nu nu mice. TMZ was ineffective in reducing the tumor 

volume in the relapse stage (34 days after initial treatment), even though the 

initial treatment stage seems to be completely effective. In contrast, sorafenib 

in combination with FD 12-9 was highly effective, suggesting that sorafenib, in 

combination with FD 12-9, can be used in both initial treatment as well as 

relapse (and TMZ-resistant) case of GBM. In summary, we have discovered a 

new approach to potentially treat glioblastoma by using a combination of FD 

12-9 and sorafenib. 
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CHAPTER 1: INTRODUCTION  

Section 1.1 Glioblastoma multiform  

1.1.1 Classification of brain tumors 

Brain tumors can be classified into primary brain tumors or secondary brain 

tumors. Secondary brain tumors are metastasized tumors from other organs. 

Primary brain tumors are tumors that originate in the brain. Unlike metastatic 

tumors, primary brain tumors rarely spread to other parts of the body. Primary 

brain tumors are classified according to their cellular origin, such as glioma, 

meningioma, pituitary adenoma, craniopharyngioma and nerve sheath tumor 

(Molnár, 2011). Around 80% of tumors that originate in the brain are gliomas, 

which are the most common type of primary brain tumors. Gliomas originate 

from glial tissue. According to World Health Organization (WHO), gliomas can 

be further classified into astrocytomas, oligodendrogliomas, ependymomas or 

brainstem gliomas based on their origins. Furthermore, gliomas are graded 

from I to IV according to their malignancy level (Figure 1.1.1) (Dolecek et al., 

2012; Ostrom et al., 2013). Glioblastomas, also known as glioblastoma 

multiforme (GBM), are grade IV astrocytic brain tumors and are considered as 

the most malignant glioma.  
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1.1.2 Epidemiology of glioblastoma multiform and risk factors  

GBM is the most common form of brain tumor, representing 15% of all cases. 

More than 90% of brain tumors are grade IV GBM when first diagnosed, and 

are classified as primary glioblastomas. Most primary GBMs cases are found 

in patients above the age of 50. A small number (< 10%) of GBMs are 

developed from lower-grade glioma, and they are classified as secondary 

GBMs. Secondary glioblastomas generally occur in younger patients (< 50 

years) (Nupponen and Joensuu, 2006; Ohgaki and Kleihues, 2007). Since 

primary and secondary GBMs respond differently to therapies, with primary 

GBMs having poorer prognosis (Molenaar et al., 2014b), it is important to 

distinguish between them. Unfortunately, in many cases, lower-grade gliomas 

do not show any symptoms until they are found to have progressed to GBMs. 

More than 80% of secondary GBMs progressing from lower-grade gliomas 

have a mutation in IDH1 or IDH2 (isocitrate dehydrogenase 1 or 2) whereas 

primary GBMs only have around 5 - 10% of such mutation (Molenaar et al., 

2014a). It has been reported that mutation in IDH1 or IDH2 might be a reliable 

criterion to define primary and secondary GBMs (Molenaar et al., 2014a; 

Molenaar et al., 2014b; Ohgaki and Kleihues, 2013).  

GBMs account for 15% of all brain tumors and 50% of all gliomas(Young et al., 

2015). There are around 32 people in every 1 million diagnosed with either 

primary GBM or secondary GBM every year, with 12,500 cases diagnosed 

every year in U.S.A. alone. Most GBM patients are male with median diagnosis 



 

4 
 

age of 64 (Gallego, 2015).  

It is unclear why GBM appears more frequently in elderly males. Younger adults 

or women have much lower risk of GBM. It has been reported that there is no 

direct causal relationship between GBM and smoking, cured meat, frequent use 

of cellphone or exposure to electromagnetic radiation (Huncharek et al., 2003; 

Inskip et al., 2001; Savitz et al., 1998; Zheng et al., 2001). There might be some 

relationship between GBM and alcohol consumption or ionizing radiation 

(Baglietto et al., 2011; Cavenee, 2000). Others have reported that GBMs could 

be associated with simian vacuolating virus 40 (SV40) (Vilchez et al., 2003). 

SV40 can be transmitted to humans by Anopheles mosquito (COBBS, 2009; 

Lehrer, 2010). Some occupational risks, including exposure to lead or polyvinyl 

chloride (PVC), might be associated with GBM (Preston-Martin et al., 1989; Van 

Wijngaarden and Dosemeci, 2006).  

1.1.3 Prognosis of glioblastoma multiform  

The median overall survival (OS) for all GBM patients is less than 15 months 

(Gallego, 2015). Typically, the median OS for GBM patients, without any 

treatment, is only 3 months (Schapira, 2007). Even with the most 

comprehensive treatments, the median OS can only be extended to 12 - 24 

months. Cerebral edema and intracranial pressure are the major causes of 

death (Krex et al., 2007). Five-year survival rate for all GBM patients is poor 

with less than 6% (Gallego, 2015). In addition, relapse rate is high irrespective 
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of treatments used. Only a very small number of patients show no recurrence 

for more than 10 years (Gallego, 2015).  

An extensive OS study for GBM patients have been performed by UCLA Neuro-

Oncology, a brain tumor program launched by UCLA to provide real-time OS 

data of patients with GBM diagnosed and treated by UCLA Neuro-Oncology 

from 03-Jun-2010 onwards. Different chemotherapy agents had been applied 

to different patients in different groups of GBM patients in the following age 

ranges: 18 - 34; 36 - 50; 50 - 70 and 70 – 93. The estimated mean survival time 

(Kaplan-Meier plot) for these groups is 36.9 months, 21.1 months, 19.9 months 

and 16.4 months, respectively. The overall survival of these patients is 20.4 

months. There was a clear association between poor prognosis and the age of 

GBM patients.  

 

1.1.4 Treatments for glioblastoma patients  

There has been no significant improvement in OS rates in GBM patients for 

more than 30 years (1973-2004) since relapse is almost ubiquitous after 

symptomatic or palliative therapies (Barnholtz-Sloan et al., 2003; Tait et al., 

2007). 

1.1.4.1 Symptomatic therapy 

Symptomatic therapies aim at relieving symptoms of patients. Anticonvulsants 
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and corticosteroids are two major types of symptomatic agents. Anticonvulsants 

are widely used in GBM patients even though less than half of them actually 

need them. Anticonvulsants might not be beneficial to GBM patients. Instead, 

anticonvulsants should only be taken when spasm occurs (Stevens, 2006). 

Corticosteroids can effectively lower intracranial pressure to relieve the 

symptom of headache or drowsiness.  

1.1.4.2 Palliative therapy 

Unlike symptomatic therapies which only focus on symptoms but not the cause 

of disease, palliative therapies are treatments that help to prolong the survival 

time and improve the quality of life for patients. Standard palliative therapies for 

GBM include surgery and adjuvant radiation therapy followed by chemotherapy. 

Some new therapies such as alternating electric field therapy have been 

approved in recent years.   

1.1.4.2.1 Surgical resection  

Surgical resection is the first-choice of treatment for GBM patients after initial 

diagnosis because it can reduce up to 99% of tumor bulk. Surgical resection 

significantly improves prognosis. GBM patients with more than 98% tumor 

resected live much longer and healthier than those with less than 98% resected 

(Lacroix et al., 2001). δ-Aminolevulinic acid, a fluorescent dye, has been used 

as a surgical guide to increase the possibility of total removal of the tumor. 
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Surgical resection can relieve intracranial pressure and headache and the 

resected tumor cells can be used for histological diagnosis.  

GBM tumors are relatively large and some tumor cells are undetectable at initial 

diagnosis. Surgical resection, therefore, can only remove most of the GBM cells. 

Recurrence occurs in most patients. Recurrent GBM could occur either at the 

original location or nearby. Surgical resection is, therefore, usually followed by 

radiation therapy and chemotherapy.  

1.1.4.2.2 Radiation therapy  

For GBM patients, the most common treatment after surgical resection is 

radiotherapy. An early clinical trial in U.S.A. has reported that the OS of GBM 

patients improved by more than 2 times with radiotherapy after surgical 

resection compared that without radiotherapy (Walker et al., 1978). 

Radiotherapy, therefore, has been widely used in GBM patients after surgery. 

The average size of a GBM tumor is around 1011 cells at diagnosis and 109 cells 

after surgical resection. Three-dimensional conformal radiotherapy is more 

specific and better to GBM patients in comparison to whole-brain radiotherapy 

(Showalter et al., 2007). To achieve optimal effect, the dose of the radiotherapy 

should be controlled between 60 – 65 Gy (Fulton et al., 1992).  

The core area of GBM tumor is hypoxic. GBM cells exposed to such hypoxic 

condition are more resistant to radiotherapy, which significantly impairs the 

efficiency of radiotherapy. Many radiosensitizers aiming to improve the 



 

8 
 

radiosensitivity of GBM have been reported (Sheehan et al., 2008; Sheehan et 

al., 2010).  

1.1.4.2.3 Chemotherapy  

There are only a few chemotherapy options for GBM. These include 

bevacizumab, carmustine, lomustine, and temozolomide (TMZ).  

Bevacizumab is an anti-angiogenic agent, which can only relieve the symptoms 

of GBM and shows no effect in prolonging OS and preventing recurrence 

(Norden et al., 2009).  

Carmustine is a DNA alkylating agent which can form inter-strand crosslink in 

DNA. It is implanted under the skull in a form of biodegradable wafer or disc by 

surgical operation (Ewend et al., 2007). With this special administration method, 

carmustine is able to bypass the blood brain barrier (BBB) to enhance the 

exposure of GBM to carmustine (Gabathuler, 2010).  

Lomustine is an oral drug for GBM. Benefiting from its high hydrophobicity 

(Chen et al., 2016), lomustine can get through the BBB, which makes it ideal 

for treating GBM. It can alkylate both DNA and RNA (Pizzo and Poplack, 2015).  

Temozolomide (TMZ), as the first-line cancer drug for GBM, can methylate 

guanine to give O-6-methylguanine, causing DNA damage and induce 

apoptosis (Brandes et al., 2004). TMZ is the most widely-used chemotherapy 

agent for both newly-diagnosed and recurrent GBM patients. TMZ is the 

standard treatment following surgical treatment and radiotherapy. TMZ 
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resistance, however, is almost ubiquitous (Brandes et al., 2006). It has been 

reported that TMZ treatment can induce O-6-methylguanine methyltransferase 

(MGMT) in GBM. TMZ resistance is due to elevated MGMT which can repair 

DNA damage by removing methyl group from the O-6-position of guanine. 

Elevated level of MGMT significantly desensitizes GBM to TMZ (Jacinto and 

Esteller, 2007; Pegg, 1990; Pegg et al., 1995).  

1.1.4.2.4 Alternating electric field therapy 

Alternating electric field therapy, also known as tumor treating fields (TTFields), 

is a treatment that uses low-frequency electric field at 200 +/- 50 kHz to interfere 

with mitosis of GBM cells (Swanson et al., 2016). In the anaphase of mitosis, 

when the plane of mitosis is parallel to TTFields, membrane blebbing occurs in 

cells and mitosis fails (Kirson et al., 2004). α/β-Tubulin and the septin 2, 6, 7 

heterotrimer have been reported to be associated with this antimitosis activity 

of TTFields. As a novel treatment, TTFields had been approved by the Food 

and Drug Administration (FDA) of the United States in 2011 for treating 

recurrent GBM (Fonkem and Wong, 2012) and in 2015 for treating newly 

diagnosed GBM (Stupp et al.), though its therapeutic effect remains 

controversial (Wick, 2016). The first TTFields medical device for clinical use, 

NovoTTF-100A or Optune, has been launched by a company in Israel named 

Novocure. OS of newly-diagnosed GBM patients can be extended by 3 months 

(Stupp et al., 2015).   
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Section 1.2 Sorafenib  

1.2.1 Chemical and biological properties of sorafenib 

Sorafenib (free base), whose molecular weight is 464.825 g/mol, is a yellowish 

or brownish powder. The IUPAC name and molecular formula of sorafenib are 

4-[4-[[4-chloro-3-(trifluoromethyl)phenyl]carbamoylamino]phenoxy]-N-methyl-

pyridine-2-carboxamide and C21H16ClF3N4O3 respectively (Figure 1.2.1). 

Sorafenib tosylate (C28H24ClF3N4O6S, 637.027 g/mol) is the salt form of 

sorafenib.  

 

Figure 1.2.1 Chemical structure and molecular model of sorafenib.  

The upper panel is the chemical structure of sorafenib. The bottom panel is the 

molecular model of sorafenib. Atoms are represented as different color of 

spheres or stick: carbon is tinted with black, hydrogen is tinted with white, 

nitrogen is tinted with blue, oxygen is tinted with red, fluorine is tinted with yellow 

and chlorine is tinted with green. 
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Sorafenib is one of the tyrosine kinase inhibitors (TKIs) which include dasatinib, 

imatinib, nilotinib, gefitinib, sunitinib, axitinib, erlotinib, afatinib, and lapatinib. 

Sorafenib acts mainly against RAF proto-oncogene serine/threonine-protein 

kinase (C-RAF or RAF1) and its V600E mutant form B-RAF (Smalley et al., 

2009). Sorafenib can also inhibit the downstream part of the Ras-Raf-MEK-

ERK pathway, namely MEK (mitogen-activated protein kinase kinase, also 

known as MAP2K, MAPKK) and ERK (extracellular signal–regulated kinase, 

also known as MAPK, mitogen-activated protein kinases) (Wilhelm et al., 2008). 

Besides the Ras-Raf-MEK-ERK pathway, sorafenib also inhibits vascular 

endothelial growth factor receptor family (VEGFR) and platelet-derived growth 

factor receptor (PDGFR) to reduce blood vessels formation (Wilhelm et al., 

2008). As a potent inhibitor for both Ras-Raf-MEK-ERK pathway and 

VEGFR/PDGFR signaling, which are the two important pathways for tumor 

growth and angiogenesis, sorafenib has been investigated for its potential in 

treating different tumors (Adnane et al., 2006). 

 

1.2.2 Clinical application of sorafenib  

Sorafenib has been approved by the Food and Drug Administration (FDA) of 

the United States in a formulation of sorafenib tosylate tablet, which is 

manufactured and launched by Bayer Healthcare Pharmaceuticals in the brand 

name of Nexavar® (BAY 43‐9006). 
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Nexavar has been approved by the FDA for treating kidney cancer (renal cell 

carcinoma, RCC), liver cancer (hepatocellular carcinoma, HCC) and 

differentiated thyroid cancer (DTC) in 2005, 2007 and 2013 respectively (Chang 

et al., 2007; Llovet et al., 2008; Thomas et al., 2014). With the treatment of 

sorafenib, the median OS of advanced RCC patients is around 167 days, which 

is significantly longer than those patients without sorafenib therapy (placebo) 

(84 days). Severe side effect for sorafenib treatment is low, with grade III 

adverse reactions like hand-foot skin reaction, fatigue and hypertension 

occuring in less than 6% of all cases, and grade IV adverse reactions are rare 

(Kane et al., 2006).  

Sorafenib is also approved for treating hepatocellular carcinomas (HCC). The 

median OS of patients with advanced HCC, which is usually untreatable by 

surgery, can be increased by sorafenib (10.7 months for sorafenib versus 7.9 

months for placebo). Advanced HCC means HCC that cannot be cured by 

surgery, or that HCC cells have spread to other parts of the liver and possibly 

other parts of the body.  

Sorafenib has also been approved by the FDA to be used for treating 

differentiated thyroid cancer (DTC) in 2013. The standard therapies for thyroid 

cancer patients are surgery and radioactive iodine treatment. Surgical 

treatment can remove most of the cancer cells in the thyroid. Radioactive iodine 

can target thyroid cancer cells in the thyroid. When the thyroid cancer does not 

respond to radioactive iodine treatment anymore or recurs at the same location 
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of the thyroid or even metastasizes to other parts of the body, sorafenib can still 

improve the progression-free survival significantly but not the overall survival. 

However, side effects like hand-foot skin reaction occur frequently during 

sorafenib treatment for thyroid cancer patients (Brose et al., 2013; Thomas et 

al., 2014).  

 

1.2.3 Sorafenib for treating GBM 

Other than renal cell carcinoma (RCC), hepatocellular carcinomas (HCC) and 

differentiated thyroid cancer (DTC), the cytotoxic effect of sorafenib is also 

investigated in different preclinical cancer models like breast, colon, ovarian 

and pancreatic carcinoma, melanoma and non-small cell lung carcinoma 

(NSCLC) or in phase II/III clinical trials for melanoma and NSCLC (Eisen et al., 

2006; Monk et al., 2014; Paz-Ares et al., 2015a; Paz-Ares et al., 2015b). 

Besides sorafenib, many TKIs have been used to treat different kinds of cancers, 

such as NSCLC, pancreatic cancer, breast cancer, etc. Among all these clinical 

uses of TKIs, none of them is related to treating GMB. However, some 

researchers did try using TKIs to treat GBM in clinical trials.  
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Figure 1.2.3 The summary clinical use of TMZ and different TKIs. 

The structures, trade name, therapeutic dose, route of administration, dosing 

regimen and clinical indication of TMZ and different TKIs.  

 

Attempts have been made to use sorafenib to treat GBM, but the results were 

unsatisfactory. Sorafenib induces autophagy in GBM cells (T98G) (Jakubowicz-

Gil et al., 2014a). Clinical trials results, however, varied. First, it has been 

hypothesized that vertical blockade of VEGF signaling by combining upstream 

anti-VEGF antibody bevacizumab (avastin) and downstream Ras-Raf-MEK-

ERK pathway inhibitor sorafenib, could have a potential synergistic effect. Such 

Drugs Structure
Trade 

name

Route of 

administration
Dose Dosing regimen   Clinical use

Newly diagnosed 

GBM

Recurrent 

astrocytoma

150 mg/day NSCLC

100 mg/day with gemcitabine Pancreatic cancer

Afatinib Gilotrif PO

40 mg/day

(Dose escalation to a max of 50 

mg/day may be considered if the 

patient can tolerate a 40 mg/day 

starting dose)

1. Daily per 21-day treatment 

cycle for NSCLC

2.  Daily per 28-day treatment 

cycle for squamous NSCLC

NSCLC

Lapatinib Tykerb PO

1. HER2-overexpressing metastatic 

breast cancer: 1250 mg/day + 

capecitabine (2000 mg/m²/day; PO 

divided q12hr)

2. Hormone-positive and HER2-positive 

advanced breast cancer: 1500 mg/day + 

letrozole (2.5 mg/day; PO)

1. Tykerb on Days 1-21 

continuously + capecitabine on 

Days 1-14 in a 21-day cycle

2. Tykerb + letrozole 

continuously

Breast cancer

Gefitinib Iressa PO 250 mg/day

Treatment should continue 

until disease progression or 

unacceptable toxicity occurs

NSCLC

Axitinib Inlyta PO 5 mg/12hr

Treatment should continue as 

long as clinical benefit is 

observed until disease 

progression or unacceptable 

toxicity occurs

RCC

Advanced RCC

Advanced primary 

HCC

5 consecutive days per 28-day 

treatment cycle

Erlotinib Tarceva PO
Treatment should continue 

until disease progression or 

unacceptable toxicity occurs

PO

Treatment should continue as 

long as clinical benefit is 

observed until unacceptable 

toxicity occurs

400 mg/12hrNexavar

Temozolomide Temodar

PO

or

Infuse IV over 

90 minutes

150 mg/m2/day

Sorafenib
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bevacizumab/sorafenib combination, however, did not improve outcome of 

patients as compared with conventional bevacizumab treatment alone (Galanis 

et al., 2013). Second, combining sorafenib with metronomic temozolomide 

treatment of relapsed glioblastoma was found to be feasible and safe in a phase 

II study (Zustovich et al., 2013). Third, a phase I study in 2011 found that the 

maximum tolerated dose (MTD) of sorafenib in recurrent glioma patients was 

800 mg, twice a day (Nabors et al., 2011). Fourth, a phase I study in 2014 found 

that radiation therapy combined with TMZ and sorafenib had significant side 

effects (Hottinger et al., 2014b). Fifth, combining sorafenib with a mTOR 

inhibitor temsirolimus (CCI-779) was found to be too toxic in a phase I study for 

treating recurrent GBM or gliosarcoma (Lee et al., 2012). There was no 

beneficial effect on recurrent GBM at the MTD of the therapy (800 mg sorafenib 

daily and 25 mg temsirolimus once weekly). In summary, even though sorafenib 

is more cytotoxic against GBM cells in vitro than TMZ, sorafenib is currently not 

considered as a viable therapeutic strategy for treating glioblastoma.  
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Table 1.2.3 Clinical trials of using sorafenib to treat GBM.  

Year 2010 2011 2012 2013 

Interventions Radiation Therapy 

Temozolomide 

Sorafenib 

 Sorafenib 

Temozolomide 

Sorafenib 

Temsirolimus 

Sorafenib 

Erlotinib 

Condition Glioblastoma 

Multiforme 

Recurrent 

Glioblastoma 

Multiforme 

Recurrent 

Malignant Gliomas 

Recurrent 

Glioblastoma 

Multiforme 

Phase 2 2 2 2 

Participants 47 32 19 56 

OS (Months) 12 9.7 NA 5.7 

PFS6 (%) NA 0.094 0 0.14 

Median PFS 6 months NA 8 weeks 2.5 months 

Conclusion The addition of 

sorafenib did not 

appear to improve 

the efficacy of 

treatment when 

compared with the 

results expected 

with standard 

therapy. 

This cobination has 

limited activity for 

recurrent GBM. 

This combination 

had minimal activity 

in recurrent GBM. 

The study did not meet 

its objective of a 30% 

increase in overall 

survival. 

Reference https://www.ncbi.nl

m.nih.gov/pubmed/

20564147?dopt=Ab

stract 

https://www.ncbi.nlm.ni

h.gov/pubmed/2044312

9?dopt=Abstract 

https://www.ncbi.nlm

.nih.gov/pmc/articles

/PMC3499017  

https://www.ncbi.nlm.ni

h.gov/pubmed/2332881

3?dopt=Abstract 

The clinical trials including sorafenib in the past few years. Interventions, 

conditions, different kinds of survival and conclusions have been listed in the 

table.  

 

A possible reason for sorafenib’s failure in clinical trials even though it is 

cytotoxic at cellular level is its low penetration in brain, which is limited by the 

BBB.  

 

  

https://www.ncbi.nlm.nih.gov/pubmed/20564147?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/20564147?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/20564147?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/20564147?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3499017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3499017
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3499017
https://www.ncbi.nlm.nih.gov/pubmed/23328813?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/23328813?dopt=Abstract
https://www.ncbi.nlm.nih.gov/pubmed/23328813?dopt=Abstract
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Section 1.3 Blood brain barrier (BBB) and multi-drug 

resistance (MDR)  

1.3.1 Structure and function of the blood brain barrier (BBB)  

The blood brain barrier (BBB) refers to the membrane barrier between blood 

and brain tissue, which is mainly composed of endothelial cells with tight 

junction or occluding junction between them (Ballabh et al., 2004; de Vries et 

al., 1997; Pardridge, 2005). Such tight junction is composed of transmembrane 

proteins including occludin, claudins and junctional adhesion molecule (JAM) 

(Stamatovic et al., 2008). Besides, endothelial cells of the BBB are surrounded 

by a continuous layer of basement membrane known as basal lamina, and 

around 85% of the BBB surface is covered by astrocytic feet of astrocyte cells 

(Figure 1.3.1A) (Pardridge, 2005; Van Dorpe et al., 2012).  

 

Figure 1.3.1A The model of blood brain barrier (BBB).  

The BBB is formed by brain endothelial cells lining brain capillaries. The 

endothelial cells connect to each other by a special structure named tight 

junction which seal the lumen of brain capillaries, keeping unwanted 
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xenobiotics from getting in the CNS. The brain capillaries are also surrounded 

and stacked by many other kinds of cells like neuron, astrocyte and pericyte 

etc. This figure is adopted from (Abbott et al., 2010).  

 

The complex composition of the BBB forms a multi-layered structure of brain 

capillaries and constitutes a protective barrier of brain tissue. The two major 

functions of the BBB are to protect the central nervous system (CNS) from 

unwanted xenobiotics and pathogens and to supply necessary nutrients to the 

brain (Van Tellingen et al., 2015). Water and oxygen can pass through the BBB 

by passive diffusion while nutrients like glucose and iron can cross the BBB 

with the help of several carriers such as glucose transporter 1 (GLUT1) and 

transferrin (Kusuhara and Sugiyama, 2005; Shitara et al., 2013). Interestingly, 

some carriers such as organic anion transporting polypeptide 1A2 (OATP1A2) 

and plasma membrane calcium-transporting ATPase 1 (ATP2B1) can mediate 

the transport of some drugs and compounds in or out the brain through the BBB 

(Kusuhara and Sugiyama, 2005; Shitara et al., 2013). Unwanted substances, 

however, are excluded from the brain due to its inherent low penetration and 

active efflux by membrane transporters present on the endothelial cells. These 

membrane transporters include three ATP-binding cassette (ABC) transporters, 

namly P-glycoprotein (P-gp or ABCB1), multi-drug resistance related protein 1 

(MRP1 or ABCC1) and breast cancer resistance protein (BCRP or ABCG2) 

(Figure 1.3.1B) (Cooray et al., 2002; Cordon-Cardo et al., 1989; Löscher and 

Potschka, 2005).  
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Figure 1.3.1B The model of localization of multidrug resistance 

transporters on brain capillary endothelial cell.  

P-gp, MRPs and BCRP are the major transporters locating unidirectionally on 

the apical (plasma) side of the brain capillary endothelial cell which are 

responsible for the active efflux of compounds on BBB. Besides, there are other 

transporters locating on both sides of the brain capillary like organic anion 

transporting polypeptides (OATPs). 

 

These membrane transporters on the BBB ensure the health, safety and 

stability of the environment of the central nervous system (CNS). With the 

protection by the BBB, brain infection from blood is extremely rare. On the other 

hand, if brain diseases like infection, GBM or epilepsy occur, the BBB will 

restrict the penetration of most antibiotics or drugs from entering the brain tissue 

due to the active efflux by transporters (P-gp, MRPs and BCRP) in BBB, making 

CNS therapy much more difficult (Raza et al., 2005; Van Dorpe et al., 2012).  

1.3.2 The structure and evolution of ABC transporters  

Many transporters, including glucose transporters, nucleoside transporters, 

amino acid transporters, oligopeptide transporters, vitamins transporters, 
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organic ions transporters and ATP-binding cassette transports (ABC 

transporters) family have been extensively studied (Dean et al., 2001). Among 

these transporters, P-gp and BCRP are closely associated with the active efflux 

process found in the BBB (Goldstein et al., 1992; Krishna and Mayer, 2000; 

Raza et al., 2005).  

P-gp, MRP1 and BCRP belong to the same superfamily of ABC transporters. 

They have similar functional domains but contribute to different distinct 

physiological functions. P-gp, MRPs and BCRP are responsible for multi-drug 

resistance (MDR) in many types of cancer cells through their ATP-dependent 

drug efflux activity (Figure 1.3.2).  

One of the major function of ABC transporters is ABC-dependent efflux of 

substances out of the cell. Besides active efflux, ABC-transporters are also 

involved in the absorption and accumulation of many compounds, and play an 

important role in body defense by actively removing xenobiotics in liver, small 

intestine and placenta (Childs and Ling, 1994; Higgins, 1992).  

ABC transporters can be found in both animals and plants. Out of the 56 ABC 

transporters identified, 48 are present in human. They are divided into seven 

subtypes (ABCA~ABCG). ABCB1, ABCC1 and ABCG2 proteins are involved in 

the MDR of cancer cells (Dean et al., 2001). 

There are 12 ABCA subfamily members in human; 7 in zebrafish. The ABCB 

subfamily was found only in vertebrates; 11 ABCB genes have been found in 

human; 12 in rats and mice and 9 in zebrafish. P-glycoprotein (P-gp, ABCB1) 
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is the first ABC transporter found in human. ABCC subfamily contains 12 

complete transporters with the function of an ion transporter, cell surface 

receptor and has toxin secreting activity. Some ABCC family members are 

organic anion transporter (OAT). ABCD, ABCE and ABCF genes are so 

conserved in mammals and zebrafish that the number of gene is constant: 4 for 

ABCD, 1 for ABCE and 3 for ABCF (except for mouse, which is 4). ABCG 

subfamily has 5 members, wherein ABCG2 (BCRP) gene is important in multi-

drug resistant (Lander et al., 2001; Venter et al., 2001). ABCH is the least 

understood subfamily. Only one gene, Abch1, was found in zebrafish and 

blowfish but not in mice or human.  
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Figure 1.3.2 The model of P-glycoprotein (P-gp), multi-drug resistance 

related protein 1 (MRP1) and breast cancer resistance protein (BCRP).  

P-gp, MRP1 and BCRP are typical ABC transporters responsible for multi-drug 

resistance (MDR) in cancer cells. Generally, ABC transporters are composed 

of transmembrane domains (TMDs) and nucleotide binding domains (NBDs). 

The figure is adopted from (Hu, Li et al. 2016). 
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1.3.2.1 The general structure of ABC transporters  

The general structure of ABC transporters is similar. They are composed of 

dimer or monomer. Each monomer contains transmembrane domain (TMD) 

and nucleotide binding domain (NBD). P-gp is pseudo-dimeric in structure, i.e. 

it has two TMDs and two NBDs. It remains controversial whether BCRP works 

as a dimer or monomer, or both (Hyde et al., 1990; Ogura et al., 2015). The 

TMD is formed by six transmembrane alpha helices. It makes a transmembrane 

channel to transport the substrates, and also participates in the recognition of 

substrates. The NBD is made up of highly conserved Walker A, Walker B and 

Walker C, an ABC transporter specific binding site. Walker C is a specific 

structure of ABC transporters. The NBD is involved in nucleotide binding and 

hydrolysis, which provides energy to ABC transporters (Figure 1.3.2).  

1.3.2.2 The structure of P-glycoprotein (P-gp, ABCB1)  

P-glycoprotein (P-gp), encoded by ABCB1 (also known as MDR1) gene, is a 

functional transmembrane transporter using the energy from ATP hydrolysis to 

pump drugs outside the cell. Substrates include hydrophobic drugs such as 

vinblastine, anthracycline, etoposide and paclitaxel (Ferreira et al., 2012). 

Interestingly, purified P-gp proteins are not able to bind vinblastine while P-gp 

on membrane is able to, indicating P-gp function is associated with the structure 

of membrane. Expression level of P-gp is different from tissue to tissue. For 

example, P-gp is highly expressed in the brain, liver, adrenal, and testis tissue, 
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while it is expressed moderately in the lungs, stomach, pancreas and kidney. 

For ovaries, thymus and marrow, expression level of P-gp is very low or even 

absent (Ferreira et al., 2012; Thiebaut et al., 1987).  

Overexpression of P-gp transporter is a classic mechanism of MDR of cancer 

cells. It is also the most widely-studied mechanism of drug resistance (Nielsen 

and Skovsgaard, 1992). In 1976, Juliano RL and Ling V found that P-gp was 

amplified in colchicine-resistant Chinese hamster ovary (CHO) cell line (Reeve 

et al., 1987). P-gp is composed of 1280 amino acid residues, and its molecular 

weight is 170 kD.  

N-terminal and C-terminal halves of P-gp are similar to each other in structure. 

Both halves have a TMD and a highly conserved NBD. The TMD of N-terminal 

is located between residues 50 to 350, while the NBD of N-terminal is located 

at residues 426 - 433 / 541 - 551. The TMD of C-terminal is located between 

residues 700 to 1000, while the NBD of C-terminal is located at residues 1068 

– 1075 / 1184 - 1196. P-gp has eight N-terminal glycosylation sites located at 

residues 14, 73, 91, 96, 103, 702, 887 and 998, respectively (Figure 1.3.2) (Aller 

et al., 2009; Dean et al., 2001; Ueda et al., 1987).  

1.3.2.3 The structure of multidrug resistance related proteins (MRPs, 

ABCCs) 

The ABCC subfamily has 13 proteins and 9 of them have been found to be 

related to multidrug resistance (Chen and Tiwari, 2011). For example, MRP1 is 
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one of the major MRP proteins whose molecular weight is 190kD. MRP1 

contains three transmembrane domains (TMD).  

Two TMDs (TMD1 & TMD2) from C-terminal and two NBDs (NBD1 & NBD2) 

form the core structure of MRP1. Another TMD from N-terminal (TMD0) is linked 

to the TMD1 through the L0 Linker (Figure 1.3.2). It is believed that TMD0 

(amino acid residue 1 to 203) has nothing to do with MRP1 function because 

MRP1 without TMD0 still presents the same activity as the wild type MRP1. The 

L0 linker (amino acid residue 204 to 281) may be an important structure which 

is necessary for MRP1 to transport substrates (Cole et al., 1992).  

MRP1-mediated drug efflux is associated with the presence of glutathione 

(GSH). GSH regulates MRP1 mediated drug transport. The mechanism of MDR 

induced by MRP1 is probably due to MRP1’s efflux of the drugs-GSH complex 

(Cole et al., 1992; Cole and Deeley, 1993).  

So far, the cancers reported to be related to MRP1 include leukemia, multifocal 

myeloma, stomach cancer, esophageal cancer, breast cancer, lung cancer, 

fibrosarcoma, neuroblastoma and cervical cancer. Besides pumping out drugs, 

MRP1 can also induce MDR by changing the intracellular drug distribution. It 

has been reported that in cells with high expression of MRP1, anthracycline is 

concentrated in regions out of the nucleus and cytoplasm but not in the nucleus. 

MRP1 exists widely in normal human body as GS-X pump. It is mainly 

distributed in the cytoplasm and is slightly expressed on the plasma membrane. 

A normal expression level of MRP1 helps to maintain the function of body while 
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an abnormal expression may lead to MDR (Basselin et al., 1996).  

MRP2 is responsible for platinum resistance and is mainly expressed in liver 

cells and renal epithelial cells. MRP2 can mediate the secretion of a variety of 

organic anions. MRP2 may play a role different from that of MRP1 because 

most substrates of MRP2 are inhibitors of MRP1. 

MRP3 is mainly expressed in the liver, intestine and adrenal gland and is slightly 

expressed in other tissues. In the liver, MRP3 is concentrated in epithelial cells, 

and moderately expressed in liver cells. Substrates of MRP3 are different from 

those of MRP1 and MRP2. MPR3 is not able to transport GSH, but is specific 

to cholate in liver (Basselin et al., 1996; Begley, 2004; Cole et al., 1992; Cole 

and Deeley, 1993).  

1.3.2.4 The structure of breast cancer resistance protein (BCRP, 

ABCG2) 

Breast cancer resistance protein (BCRP), also known as MXR-1, is encoded by 

ABCG2 gene which belongs to the ABCG subfamily. BCRP monomer is 70 kD 

in size and contains one TMD and one NBD. It is widely reported that BCRP 

works as a homodimer (Allikmets et al., 1996; Doyle et al., 1998). For example, 

BCRP migrates at 70 kDa in reducing condition, but at 140 kDa in non-reducing 

condition, suggesting that BCRP dimerize via a cysteine linkage. Moreover, 

mutated BCRP-15 with defective disulfide linkage does not confer drug 

resistance, suggesting that BCRP works as a dimer through disulfide bond to 
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mediate drug resistance [98]. However, it has also been reported that formation 

of homodimer, which is linked by covalent bridge between BCRP monomers, 

may not be necessary for BCRP function (Shigeta et al., 2010).  

BCRP exists in normal human organs such as the placenta, bile duct, colon, 

intestine, and brain capillaries. Placental BCRP may protect the fetus. It also 

protects against poisonous compounds (Vlaming et al., 2009). BCRP is capable 

of transporting and conferring resistance to mitoxantrone, topotecan, 

doxorubicin, daunorubicin but not to vincristine, paclitaxel or cisplatin. Both 

acute granulocytic leukemia and acute lymphocytic leukemia show high levels 

of BCRP expression (Doyle et al., 1998; Vlaming et al., 2009).  

 

1.3.3 ABC transporters in BBB  

While cancer cells overexpress ABC transporters to pump out the anti-

cancer drugs for self-protection, endothelial cells of the BBB overexpress 

ABC transporters on the capillaries lumen to prevent compounds from 

crossing the BBB. Modulators originally designed to inhibit P-gp and BCRP, 

for reversing MDR in cancers, may also can be used to facilitate drug 

penetration through BBB.  

This concept stems from the observation that both Bcrp and P-gp knockout 

mice accumulated more sorafenib, with Bcrp being more important. Surprisingly, 

P-gp and BCRP double knockout mice accumulated disproportionately higher 

amounts of sorafenib than either P-gp- or BCRP-single knockout mice (Lagas 
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et al., 2010a; Lagas et al., 2010b). This result suggested that sorafenib is a 

stronger substrate of BCRP than P-gp (Agarwal et al., 2011). Coincidentally, 

trans-epithelial study using MDCKII cells transfected with human P-gp and 

BCRP as a model of BBB demonstrated that both P-gp and BCRP can transport 

sorafenib, topotecan and sunitinib, although mouse Bcrp is the major 

transporter responsible for restricting sorafenib penetration. The highest level 

of sorafenib accumulation in brain was obtained only when both mouse p-gp 

and bcrp were inhibited by a dual inhibitor elacridar (GF120918) (Lagas et al., 

2010a; Poller et al., 2011b).  

Neither monospecific BCRP inhibitor nor monospecific P-gp inhibitor can 

increase the brain concentration of sorafenib to a level found in P-gp and BCRP 

double knockout mice. On the other hand, GF120918 (a dual inhibitor of P-gp 

and BCRP) can increase the brain level of several TKIs, which is better than 

PSC833 (a well-known P-gp specific inhibitor) or Ko143 (a well-known BCRP 

specific inhibitor). GF120918, however, is too toxic to use. More potent and non-

toxic dual selective inhibitors of P-gp and BCRP are needed (Agarwal et al., 

2011; Lagas et al., 2010b; Poller et al., 2011a; Polli et al., 2009).  

 

1.3.4 Flavonoid dimers can reverse multidrug resistance (MDR)  

It has been reported by our research group that flavonoid dimers have potent, 

safe and specific modulating activity for P-gp, MRP1 and BCRP (Chan et al., 

2012; Chan et al., 2006; Chan et al., 2009; Yan et al., 2015). Flavonoid dimers 
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were synthesized by joining two flavonoid moieties together using a 

biocompatible polyethylene glycol (PEG) linker (Figure 1.3.4). Safety is one 

advantage of flavonoid dimers as they are composed of two naturally-occurring 

flavonoid moieties. Another advantage of flavonoid dimer is their high 

hydrophobicity, which can promote the binding affinity between flavonoid 

dimers and ABC-transporters in the BBB.  

 

 

Figure 1.3.4 The general structure of flavonoid dimer. 

Two flavonoids are linked together by an azide linker. Sub linker X and Y could 

be same or different. If the two flavonoids are same, then the dimer is called 

homo dimer. If the two flavonoids are different, then the dimer is called hetero 

dimer. 

 

Different flavonoid dimers have different specificities to particular transporters. 

Some are specific to P-gp, some to MRPs, and some to BCRP. Moreover, some 

flavonoid dimers have been found to be specific to more than one transporters. 

The dual or triple selectivity of some flavonoid dimers make them ideal for 

facilitating drugs across the BBB since many anti-cancer drugs can be 

transported by more than one transporters.   
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Section 1.4 Objectives and rationales of study  

The major objective of this project is to discover a TKI that can be used to treat 

GBM. The choices and effect of chemotherapy treatment to GBM are limited. 

As a standard treatment for GBM patients, TMZ is normally used along with 

radiotherapy after surgical resection. Although TMZ exhibits a powerful 

inhibitory effect to newly-diagnosed GBM patients, GBM relapse and TMZ 

resistance occurs quite often in GBM patients (Lee, 2016; Nagasawa et al., 

2012). Recurrent GBM patients cannot benefit any more from TMZ. A novel 

chemotherapy treatment for GBM is urgently needed. TKIs are an important 

kind of anti-cancer drugs which are used to treat many different cancers. None 

of TKIs is used for GBM so far, though TKIs has the potential to be used in 

treating many other cancers because of its multi-kinase inhibitory activities, 

which is different from that of TMZ. For example, sorafenib has been tried in 

treating GBM and exhibit extraordinary potency in killing GBM cells in vitro 

(Jakubowicz-Gil et al., 2014b), but has failed in clinical trials. It has been 

demonstrated that sorafenib is a substrate of P-gp and BCRP in 

pharmacokinetic studies in Balb/c mice and in knocked out mice (Lagas et al., 

2010a; Lagas et al., 2010b).  

Second objective of this project is to identify a flavonoid dimer with both P-gp 

and BCRP modulating activity from a newly synthesized triazole-linked 

flavonoid dimers library. As mentioned before, sorafenib is a substrate of P-gp 

and BCRP, therefore, inhibiting P-gp or BCRP alone is not enough to increase 
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the accumulation of sorafenib in brain. A dual modulator for both P-gp and 

BCRP is needed. It is suggested that P-gp and BCRP work together in a 

synergistic manner to limit the penetration of TKIs. An inhibitor which can inhibit 

both P-gp and BCRP will be ideal for improving the penetration of TKIs passing 

through BBB.  

This project also aims to establish an orthotopic GBM model in nude mice. 

Compared to subcutaneous xenograft model, orthotopic xenograft model can 

provide a similar kind of tissue microenvironment similar to that of patient. Since 

GBM is protected by the BBB, an orthotopic model is needed to mimic the 

limited distribution of cancer drugs by BBB.  

This study also tries to understand the in vivo efficacy of the combination of 

candidate TKI and flavonoid dimer using the orthotopic GBM model. For proof 

of concept, the efficacy study of candidate TKI in treating orthotopic GBM will 

be carried out in the presence or absence of selected flavonoid dimer. 

To further expand the impact of this project, this thesis will also develop a 

recurrent and TMZ-resistant orthotopic GBM model in nude mice, and treat it 

with a combination of TKI and flavonoid dimer. Since relapse and TMZ-

resistance are two major problem for GBM patients clinically, it is important to 

develop effective treatment for recurrent and TMZ-resistant GBM.  

The long-term aim of this study is to develop novel chemotherapy treatment for 

GBM. Few drugs are used to treated GBM clinically due to the limitation of BBB 

which imposes restrictions on most of anti-cancer drugs passing through 
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capillaries in the brain. It is suggested that BBB restricts compounds out of brain 

by active efflux, and BCRP and P-gp overexpressed on BBB are responsible 

for such efflux. This study hypothesizes that a dual selective flavonoid dimer for 

both P-gp and BCRP can increase the brain penetration of sorafenib and 

thereby improving the effectiveness of sorafenib in treating GBM. To establish 

a treatment strategy by inhibiting the efflux of P-gp and BCRP to overcome the 

BBB may make it possible to treat GBM by using other anti-cancer drugs which 

are approved for other cancers in clinical use.  
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CHAPTER 2: METHODOLOGY  

2.1 Chemicals and drugs  

All TKIs, TMZ, topotecan, GF120918 and paclitaxel used in this study were pure 

compound in powder form, and were purchased from commercial company. 

PSC833 (powder) was kindly provided by Novartis. Afatinib (powder, purity > 

99%), axitinib (powder, purity > 99%), gefitinib (powder, purity > 99%), lapatinib 

(powder, purity > 99%), erlotinib (powder, purity > 99%), temozolomide (powder, 

purity > 99%) and GF120918 (Elacridar; powder, purity > 99%) were purchased 

from MedChem Express (China), Shanghai, China. Sorafenib (powder, 

purity >98%), topotecan (powder, purity >98%) and paclitaxel (powder, purity > 

98%) were purchased from Wuhan Hezhong Biochemical Manufacture Co, Ltd, 

Wuhan, China. Dulbecco's Modified Eagle Medium (DMEM), Roswell Park 

Memorial Institute (RPMI) 1640 medium, trypsin/EDTA acid and 

penicillin/streptomycin (P/S) were obtained from Gibco. Fetal bovine serum 

(FBS) was obtained from HyClone. All other drugs and common reagents were 

of high performance liquid chromatography (HPLC) grade or reagent grade and 

were purchased from Sigma-Aldrich. 
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2.2 In vitro studies  

2.2.1 Cell lines  

The passages of all cell lines used in this study were within 5 to 15 from thawing 

them on. L929, LCC6, LCC6MDR, HEK293, HEK293-R2, MCF7, MCF7-MX100, 

MDCKII-WT, MDCKII-P-gp, MDCKII-GFP-BCRP, U87MG and U87MG-RedFluc 

cell lines were used in these experiments. The human breast cancer cell lines 

LCC6 and LCC6MDR were kindly provided by Dr. Robert Clarke from 

Georgetown University (U.S.A.). The MDCKII-WT, MDCKII-P-gp cells were 

generously provided by Prof. Piet Borst (the Netherlands Cancer Institute, 

Amsterdam, Netherlands). MDCKII-GFP-BCRP was kindly provided by Dr. 

Laszlo Homolya from Semmelweis University (Budapest, Hungary). U87MG-

RedFluc is a human glioblastoma cell line purchased from PerkinElmer.  

 

2.2.2 Cell culture   

L929, LCC6, LCC6MDR, 2008MRP1, MDCKII and MDCK subtypes were 

cultured in supplemented DMEM media with 10% heat inactivated FBS, 

penicillin (100 U/mL) and streptomycin (100 µg/mL). HEK293, HEK293-R2, 

MCF7 and MCF7-MX100 cell lines were cultured in supplemented RPMI media 

with 10% heat inactivated FBS, penicillin (100 U/mL) and streptomycin (100 

µg/mL). U87MG-RedFluc cells were cultured in supplemented MEM-α media 
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with 10% heat inactivated FBS, penicillin (100 U/mL) and streptomycin (100 

µg/mL).All cells were maintained at 37℃ with 5% CO2 in a humidified incubator 

(Chan et al., 2009).  

 

2.2.3 Cell proliferation assay 

LCC6MDR, HEK293-R2 or MCF7-MX100 cells were seeded in each well of a 

96-well plate at a density of 4500 cells/well. A series of concentrations (a serial 

dilution from 1000μM to 1 μM) of anticancer drugs, including paclitaxel and 

topotecan, were added into wells previously seeded with cells, with different 

concentrations (a serial dilution from 100 μM to 0.01 nM) of modulators 

(verapamil, PSC833, GF120918, Ko143 or flavonoid dimer 12-9 (FD 12-9)). 

After 5 days of incubation at 37℃ with 5% CO2 in a humidified incubator, MTS 

assay was carried out to determine the percentage of survival (Chan et al., 

2012). And the MTS assays were carried out as the following protocol:  

1. MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-

sulfophenyl)-2H-tetrazolium)) and PMS (phenazine methosulfate) solution 

were prepared in PBS separately prior to the experiment to a concentration 

of 4 mg/ml (MTS) and 0.92 mg/ml (PMS), respectively.  

2. Medium in 96-well plate was discarded and another 50 µL of warm medium 

was added in to each well with cells and blank control wells for background 

subtraction.  
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3. 10 µL of MTS/PMS mixture (V/V=100:5) was added into each well to a final 

volume of 60 µL.  

4. 96-well plate was place in a 37°C chamber for incubation for 1-2 hours.  

5. Absorbance was recorded at 490 nm.  

 

2.2.4 Cytotoxicity assay  

About 4,500 cells were seeded in each well of a 96-well plate with a series of 

concentrations (a serial dilution from 1000μM to 1 μM) of anticancer drugs or 

modulators including verapamil, PSC833, GF120918, Ko143, FD 12-9 at 37℃ 

with 5% CO2 in a humidified incubator for 3 days. Percentage of survival was 

determined by MTS assay as mentioned in 2.2.3.  

 

2.2.5 Western blot analysis  

LCC6, LCC6MDR, MCF7, MCF7-MX100, MDCKII-WT, MDCKII-P-gp, MDCKII-

GFP-BCRP and U87MG-RedFluc cells were washed with PBS (phosphate 

buffered saline, pH 7.2-7.4) and harvested with trypsin/EDTA solution (0.15% 

trypsin, 0.06% EDTA), followed by centrifugation at 1,500 rpm for 5 minutes. 

Cell pellets were washed by PBS, and lysed with 100 μL lysis buffer (50 mM 

Tris-HCl pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% 

SDS, and 0.2 mM PMSF) for 30 minutes at 4℃. Cells were centrifuged at 14000 
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rpm for 10 minutes at 4℃. Supernatant was collected to measure the protein 

concentration by using Bio-Rad Bradford reagent.  

Ten microgram cell lysate of each cell line was mixed with Laemmli’s sample 

buffer for 10 minutes at room temperature. Samples were analyzed by SDS-

PAGE followed by electroblotting. The transferred membranes were cut into two 

parts at the size of 55 kDa. Both parts of the membrane were incubated with 5% 

non-fat powdered milk (dissolved in TBST buffer: 0.05% Tween-20, 10 mM Tris, 

and 150 mM NaCl, pH 7.5) at room temperature for 60 minutes. The part of the 

membrane with a lower molecular weight was incubated with β-actin antibody 

(C4, mouse monoclonal, 1:3000, Santa Cruz Biotechnology) at room 

temperature for 60 minutes. The other part of the membrane with a higher 

molecular weight was incubated with P-gp antibody (D-11, mouse monoclonal, 

1:1000, Santa Cruz Biotechnology) or BCRP antibody (BXP-21, mouse 

monoclonal, 1:3000, Santa Cruz Biotechnology) at room temperature for 60 

minutes. After the incubation with primary antibodies, all membranes were 

washed with TBST buffer three times, followed by incubation with a secondary 

antibody (Goat anti-mouse, 1:3000, IgG HRP conjugated, Santa Cruz 

Biotechnology) for one hour at room temperature. After three washes with TTBS 

for 5 to 15 minutes, signal was generated using chemiluminescent HRP 

substrate (Immobilon Western) and detected by Azure C600 (Azure Biosystems, 

Inc.) (Yan et al., 2015).  
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2.2.6 Immunofluorescence labeling  

Sterilized circular glass coverslips (diameter = 12 mm, thickness = 0.27 mm) 

were placed in 24-well plates. 100,000 cells were seeded to each well with 

coverslip. After 24 hours of incubation (37℃ with 5% CO2 in a humidified 

incubator), cells were rinsed with PBS. Cells on the coverslips were fixed with 

4% paraformaldehyde in PBS for 15 minutes at room temperature, followed by 

washes with PBS for three times (5 minutes for each time). Non-specific binding 

was blocked by incubation with 3% bovine serum albumin (BSA) and 0.1% 

Triton X-100 in PBS (W/V) for 30 minutes at room temperature. After aspirating 

the blocking solution (Bovine Serum Albumin (BSA) and 0.1% Triton X-100 in 

PBS (W/V)), cells were incubated with primary antibodies (D-11 or BXP-21, 

1:500 in blocking solution) at 4℃ overnight, and washed with PBS three times 

(5 minutes for each time). Cells on the coverslips were then incubated with 

secondary antibodies (Alexa Flour® 594, 1:500 in blocking solution) for one hour 

at room temperature. After three washes (5 minutes for each time), cells were 

incubated with Hoechst dye (10 mg/ml) by dilution of 1/1500 for 10 minutes at 

room temperature. After washes by PBS and distilled water respectively, all 

coverslips were placed on kimwipes for more than 30 minutes to dry. One drop 

of FluorSave Reagent (CALBIOCHEM) was placed on the coverslip, and put 

up-side down the coverslip on a slide to seal the edges. All these slides were 

stored at 4℃ until use (Litman et al., 2002).  
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2.2.7 Confocal fluorescence microscopy studies  

A Leica TCS SPE inverted microscope (lasers: 405nm, 488nm, 561nm and 

635nm) was used to study the expression and localization of P-gp or BCRP in 

MDCKII cells. Laser of 405 nm was used to excite Hoechst dye, 488 nm for 

GFP and 561 nm for Alexa Fluor® 594 (secondary antibody of D-11 and BXP-

21). Image processing was done on the Leica Application Suite X (LAS X) 

control software.  

 

2.2.8 Directional transport assay  

About 200,000 MDCKII cells were seeded on the membrane of each well of a 

six-well trans-well plate (24mm diameter, 0.4μm polyester membrane, tissue 

culture treated; Costar, Corning, NY). The six-well plate was incubated at 37℃ 

with 5% CO2 in a humidified incubator for 4-5 days until a confluent tight 

monolayer was formed with transepithelial electrical resistance (TEER) > 200 

ohm.cm2 (Ω .cm2). Two different directional transport experiments may be 

performed: apical side-to-basal side (A-to-B) and basal side-to-apical side (B-

to-A) (Figure 2.2.8).  
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Figure 2.2.8 The trans-well model of directional transport assay.  

Drugs or substrates were added in the donor side, and samples were collected 

in the receiver side at different time points. The concentration of drugs and 

substrates in the samples were measured by LC-MS/MS.  

 

Prior to the transport assay, the monolayers were washed with warm medium. 

Ten μg/mL of sorafenib in the medium (total volume = 2 mL) was added to the 

donor side, and control medium without sorafenib was added to the receiver 

side. Trans-well plates were kept in incubator at 37°C with 5% CO2. Twenty 

microliter of sample from the receiver compartment was collected at various 

time points (15, 30, 45, 60, 90, 120, 150, 180 min). For assays using inhibitors 

(FD 12-9 or GF120918), 1 μM of inhibitor was simultaneously added to both 

donor and receiver side when sorafenib was added. Samples were stored at -

20℃ before they were quantified (Agarwal et al., 2011).  

The concentration of sorafenib was determined by liquid chromatography 

tandem mass spectrometry (LC-MS/MS). Samples collected were thawed first 
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and 20 μL of internal standard (carbanilide, 10 μg/mL) was added to each 

sample. One hundred and sixty microliter of methanol was added, followed by 

vigorous vortex for 30 seconds. After samples were left to stand for 1 minute, 

they were centrifuged at 7500 rpm for 10 minutes at 4°C. Supernatant was 

collected and filtered with a 0.22 μm pore size nylon filter. Samples were 

transferred into glass vials with micro-volume inserts (Agarwal et al., 2011; 

Chan et al., 2012; Chan et al., 2006; Chan et al., 2009).  

Ten microliter of each sample was injected into a liquid chromatography system 

(AcQuity, Waters) by auto-sampler (4°C), separated by a BEH C18 column (2.1 

X 50 mm, 1.7μm; AcQuity UPLC, Waters) fitted with a BEH C18 guard column 

(2.1 X 5 mm, 1.7μm; VanGuard, AcQuity UPLC, Waters). The mobile phase 

was composed of MilliQ water (containing 0.1% formic acid) (A) and methanol 

(containing 0.1% formic acid) (B). The flow rate of mobile phase was 0.3 ml/min. 

The gradient elution program was: 90% A / 10% B at 0 min, 90% A / 10% B at 

1 min, 15% A / 85% B at 6 min, 15% A / 85% B at 7 min, 90% A / 10% B at 8 

min and 90% A / 10% B at 9 min. Effluent was detected by a triple-quadrupole 

mass spectrometer (Waters Quattro Ultima). For data acquisition, the capillary 

voltage was set at 3.0 kV and the cone voltage was set at 30 V. The precursor 

ions of sorafenib (m/z 465) and carbanilide (m/z 213) were allowed to pass from 

first quadrupole (Q1) to the collision cell (Q2). Precursor ions were fragmented 

under a collision energy of 30 eV. Only desired product ion (daughter ion) of 

sorafenib (m/z 252) and carbanilide (m/z 94) were detected and recorded 
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through the third quadrupole (Q3). Analysis and quantification was performed 

using MassLynx Mass Spectrometry Software (Waters) (Agarwal et al., 2011; 

Yan et al., 2015).  

Based on the concentration of sorafenib in the samples, the apparent 

permeability (Papp) was calculated as follows:  

 

Where dQ/dt is mass transport rate of sorafenib, A is the surface area of cell 

monolayer which is equal to the insert membrane area (4.67 cm2), and C0 is 

the initial concentration of sorafenib at the donor side (10 μg/ml) (Agarwal et al., 

2011).  
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2.3 In vivo studies  

2.3.1 Animals  

Female Balb/c mice between 6 to 8 weeks old were used in pharmacokinetics 

and in vivo toxicity evaluation studies. Balb/c nu nu athymic mice, aged from 6 

to 8 weeks weighing from 18 to 25 grams, were used in in vivo efficacy studies. 

These studies were approved by the Animal Subjects Ethics Sub-committee 

(ASESC) of The Hong Kong Polytechnic University. Ethics approvals by ASESC 

have been obtained with the following reference number: 14-15/02-ABCT-R-GRF and 

15-16/82-ABCT-R-HMRF.  

 

2.3.2 Pharmacokinetic studies of sorafenib in plasma and brain  

For the pharmacokinetic studies of TKIs: 

Each TKI (1.5 mg/ml) was freshly prepared using N-Methyl-2-pyrrolidone 

(NMP), Cremophor EL, and 5%-Tween 80 (5: 5: 90). For those treatment 

groups with inhibitors (FD 12-9 or GF120918), the inhibitors were prepared 

together with TKI in the same solution and same concentration to be co-injected 

to mice.  

Mice were fasted for 15 hours prior to receiving different doses of TKI (10, 20 

or 30 mg/kg) by tail vein intravenous (I.V.) injection with or without different 

inhibitors. Blood and whole brain samples were collected by cardiac puncture 
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and craniotomy respectively at various time points (15, 30, 60, 120, 240 and 

360 min). Blood samples were centrifuged at 3000rpm for 10 minutes at 4°C to 

obtain plasma. Whole brains were frozen in liquid nitrogen immediately after 

washing in cold PBS buffer. Plasma and brain tissue samples were stored at -

80°C before they were used for quantification.  

On the day of analysis, plasma and brain samples collected were thawed first 

in room temperature. For plasma samples, 90 μL of plasma of each sample was 

added with 10 μL of internal standard (carbanilide, 10 μg/ml). Three hundred 

microliter of methanol was added, followed by vigorous vortex for 30 seconds. 

For brain samples, each weighed brain was added with three-fold (V/W) of ice-

cold 5%-FBS-contained PBS, and homogenized by using a homogenizer. 

Ninety microliter of homogenized mixture was added with 10 μL of internal 

standard (carbanilide, 10 μg/ml). Three hundred microliter of methanol was 

added, followed by vigorous vortex for 30 seconds. After all samples were left 

to stand for 1 minute, they were centrifuged at 7500 rpm for 10 minutes at 4°C. 

Supernatant was collected and filtered with a 0.22 μm pore size nylon filter. 

Samples were transferred into glass vials with micro-volume inserts.  

The concentration of sorafenib in plasma and brain was determined by liquid 

chromatography tandem mass spectrometry (LC-MS/MS) as described in 

Section 2.2.8 (Agarwal et al., 2011; Chan et al., 2012; Chan et al., 2006; Chan 

et al., 2009; Yan et al., 2015).  
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For the pharmacokinetic studies of paclitaxel and topotecan:  

Paclitaxel (1.5 mg/ml) and topotecan (1.5 mg/ml) was freshly prepared using 

N-Methyl-2-pyrrolidone (NMP), Cremophor EL, and 5%-Tween 80 (5: 5: 90). 

For those treatment groups with FD 12-9, FD 12-9 were prepared together with 

sorafenib in the same solution to be co-administered to mice. Mice were fasted 

for 15 hours prior to pharmacokinetic studies. Mice were administered with a 

dose of paclitaxel (80 mg/kg) or topotecan (30 mg/kg) by tail vein intravenous 

(I.V.) injection with or without FD 12-9 (30 mg/kg) orally (P.O.) Blood samples 

were collected by cardiac puncture at various time points (15, 30, 60, 120, 240 

and 360 min). Blood samples were centrifuged at 3000rpm for 10 minutes at 

4°C to obtain plasma. Plasma samples were stored at -80°C before they were 

used for quantification.  

On the day of analysis, plasma samples collected were thawed first in room 

temperature. Ninety microliter of plasma of each sample was added with 10 μL 

of internal standard ([13C6] paclitaxel for PTX, 10 μg/ml; tetracycline for TPT, 10 

μg/ml). Three hundred microliter of methanol was added, followed by vigorous 

vortex for 30 seconds. After all samples were left to stand for 1 minute, they 

were centrifuged at 7500 rpm for 10 minutes at 4°C. Supernatant was collected 

and filtered with a 0.22 μm pore size nylon filter. Samples were transferred into 

glass vials with micro-volume inserts.  

The concentration of PTX and TPT in plasma were determined by liquid 

chromatography tandem mass spectrometry (LC-MS/MS). Ten microliter of 
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each sample was injected into a liquid chromatography system (AcQuity, 

Waters) by auto-sampler (4°C), separated by a BEH C18 column (2.1 X 50 mm, 

1.7μm; AcQuity UPLC, Waters) fitted with a BEH C18 guard column (2.1 X 5 

mm, 1.7μm; VanGuard, AcQuity UPLC, Waters). The mobile phase was 

composed of MilliQ water (containing 0.1% formic acid) (A) and methanol 

(containing 0.1% formic acid) (B). The flow rate of mobile phase was 0.3 ml/min. 

The gradient elution program was: 90% A / 10% B at 0 min, 90% A / 10% B at 

1 min, 15% A / 85% B at 6 min, 15% A / 85% B at 7 min, 90% A / 10% B at 8 

min and 90% A / 10% B at 9 min. Effluent was detected by a triple-quadrupole 

mass spectrometer (Waters Quattro Ultima). For data acquisition, the capillary 

voltage was set at 3.0 kV and the cone voltage was set at 30 V. The precursor 

ions of paclitaxel (m/z 876), topotecan (m/z 422), [13C6] paclitaxel (m/z 882) and 

tetracycline (m/z 445) were allowed to pass from first quadrupole (Q1) to the 

collision cell (Q2). Precursor ions were fragmented under a collision energy of 

40, 20, 40 and 20 eV respectively. Only desired product ion (daughter ion) of 

paclitaxel (m/z 308), topotecan (m/z 377), [13C6] paclitaxel (m/z 314) and 

tetracycline (m/z 410) were detected and recorded through the third quadrupole 

(Q3). Analysis and quantification was performed using MassLynx Mass 

Spectrometry Software (Waters).  
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2.3.3 In vivo toxicity studies  

Twenty-four 6-8-week-old Balb/c mice were divided into six groups (n = 4 per 

group). Groups 1 to 6 were treated with (1) solvent control (NMP: Cremophor 

EL: 5% Tween-80 = 5: 5: 90), (2) sorafenib (10 mg/kg), (3) FD 12-9 (10 mg/kg), 

(4) sorafenib (10 mg/kg) + FD 12-9 (10 mg/kg), (5) GF120918 (10 mg/kg), and 

(6) sorafenib (10 mg/kg) + GF120918 (10 mg/kg) respectively. All treatments 

were carried out through tail vein intravenous injection (I.V.). Each group 

received ten injections every other day from day 0 to day 18 (QoD X 10). From 

day 0 onwards, all mice were monitored for toxicity symptoms like loss of weight, 

loss of appetite, slowness in activity, and treatment-related mortality. A weight 

loss of more than 15% would be considered a result of treatment-related toxicity, 

and such mice would be euthanized. After the last treatment, animals were 

monitored for ten more days to observe any toxicity response. Remaining mice 

were euthanized (Yan et al., 2015).  

 

2.3.4 Orthotopic xenograft model of glioblastoma in mice  

Balb/c nu nu athymic mice aged from 6 to 8 weeks old and weighing from 18 to 

25 grams were purchased from Laboratory of Animal Unit (LAU) of The 

University of Hong Kong. Ethics approval has been obtained from the 

Committee on the Use of Live Animals in Teaching and Research (CULATR) of 

The University of Hong Kong with the reference number of CULATR 4378-17 
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and CULATR 4018-16. All mice were maintained in a germ-free environment 

with unlimited supply of sterilized food and water and a 12-hour light/dark cycle. 

All studies were performed in accordance with the Cap 340 Animal License of 

Department of Health in Hong Kong. All experiments were approved by Animal 

Subjects Ethics Sub-committee (ASESC) of The Hong Kong Polytechnic 

University. Ethics approvals by ASESC have been obtained with the following 

reference number: 14-15/02-ABCT-R-GRF and 15-16/82-ABCT-R-HMRF.  

One hundred thousand of U87MG-RedFluc cells with luciferase marker were 

implanted intracranially in the striatum of each Balb/c nu nu mouse. Pre-

operative skin disinfection was performed by applying iodophor (Betadine® 

scrub) alternating with 70% alcohol for 3 times, followed by a final soaking with 

a disinfectant solution (Betadine® solution) at the incision area. Under general 

anesthesia of ketamine (100mg/kg) and xylazine (10mg/kg), the mice were 

placed in a stereotactic apparatus (RWD Life Science Co., Ltd) and a burr hole 

was made 3mm lateral and 1mm anterior to the bregma using an electric drill 

(1mm diameter). Tumor cell implantation was performed using a 10-μL 

Hamilton syringe with a 26-gauge needle to a depth of 3.5mm from dura. The 

needle was left in place for one more minute after inoculation to minimize reflux. 

After intracranial implantation, the burr hole was closed with bone wax, and the 

scalp was sutured with a size 5-0 polypropylene non-absorbable suture. Tumor-

bearing mice were returned to their home cage (Baumann et al., 2012; Ozawa 

and James, 2010).   
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2.3.5 Monitoring of tumor growth by bioluminescent imaging  

The size of the intracranial tumors was monitored by IVIS® in vivo imaging 

system (IVIS Lumina III, PerkinElmer). Four to seven days after the implantation 

of U87MG-RedFluc cells, the mice were anaesthetized with ketamine (100 

mg/kg; i.p.) and xylazine (10 mg/kg; i.p.). When the mice were completely under 

anesthesia (usually 5-10 minutes after anesthesia was applied), they were 

placed in the imaging station of the IVIS® system on a heat pad (37°C). Before 

image acquisition, black dividers were positioned between each mouse to 

prevent signal interference from adjacent mice. Thirty sequential images were 

taken in 30 minutes after injection of D-luciferin (150 mg/kg; i.p.). The highest 

signal among the 30 images was taken as the BLI signal (Baumann et al., 2012; 

Clark et al., 2016; Ozawa and James, 2010).  

 

2.3.6 In vivo efficacy studies of sorafenib on U87MG-RedFluc 

orthotopic xenograft glioblastoma in Balb/c nu nu mice with or 

without modulators  

Balb/c nu nu mice with previously-implanted tumor were randomly assigned 

into different groups (n = 4 - 9 mice per group) to receive different treatments 

(1) untreated control, (2) solvent control (NMP: Cremophor EL: 5% Tween-80 = 

5: 5: 90), (3) sorafenib (10 mg/kg), (4) FD 12-9 (10 mg/kg), (5) sorafenib (10 

mg/kg) + FD 12-9 (10 mg/kg), (6) GF120918 (10 mg/kg), and (7) sorafenib (10 
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mg/kg) + GF120918 (10 mg/kg). From day 0 onwards, the tumor growth of all 

mice was monitored every few days by a bioluminescent in vivo imaging system 

(PerkinElmer). Bioluminescent imaging (BLI) signal of each mouse at each time 

point was normalized to the initial BLI signal of this mouse on day 0. At the 

same time, toxicity symptoms were also monitored during and after the 

treatments. Mice with more than 15% weight loss in three consecutive days 

would be euthanized. The rest of mice were euthanized when all experiments 

were completed.   
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CHAPTER 3: THE POTENTIAL OF SORAFENIB 

TO TREAT GBM AND THE POTENTIAL OF 

FLAVONOID DIMER AC12AZ9 (FD 12-9) TO 

MODULATE P-GP AND BCRP IN BBB  

3.1 Introduction  

Glioblastoma multiforme (GBM) is the most common form of brain tumor. 

Overall survival rate of GBM patients has not been improved for more than 30 

years (1973-2004) (Barnholtz-Sloan et al., 2003; Tait et al., 2007). A few brain 

cancer drugs have been developed in the past four decades. The only widely-

used first line drug for GBM is temozolomide (TMZ). It was approved for treating 

GBM together with radiotherapy in 2005 (Cohen et al., 2005). Resistance to 

TMZ, however, is frequently found in GBM patients. TMZ is an DNA alkylating 

agent which methylates DNA and triggers apoptosis of GBM cells. It is believed 

that TMZ resistance is mainly due to the elevated expression of O-6-

methylguanine-DNA methyltransferase (MGMT), which demethylates and 

repairs the TMZ-induced DNA damage.  

To re-sensitize GBM to TMZ, many clinical trials have been carried out but few 

has succeeded (Kyte et al., 2011; Narayana et al., 2012; Prados et al., 2008). 

There is an urgent need to develop new chemotherapeutic agents for GBM. 

Tyrosine kinase inhibitors (TKIs) have caught the attention of many researchers 
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in recent years. Different TKIs can inhibit different tyrosine kinases to suppress 

protein phosphorylation in different signaling pathways. In fact, many TKIs have 

been approved by the U.S. FDA for treating different cancers, for examples, 

erlotinib and afatinib for non-small cell lung carcinoma (NSCLC) (Miller et al., 

2012; Zhou et al., 2011), lapatinib for breast cancer (Blackwell et al., 2010), 

gefitinib for breast cancer and lung cancer (Gettinger et al., 2014; Tryfonidis et 

al., 2016), axitinib for renal cell carcinoma (RCC) (Rini et al., 2007), and 

sorafenib for advanced RCC and unresectable hepatocellular carcinoma (HCC) 

(Kane et al., 2009; Llovet et al., 2008). Most clinical trials of using a combination 

of TKIs and TMZ to treat GBM did not show significant improvement (Amaravadi 

et al., 2007; Karavasilis et al., 2013; Prados et al., 2008; Zustovich et al., 2013). 

Most clinical trials used TKIs together with TMZ. In fact, some TKIs can kill GBM 

cells by themselves. It is possible that TKI alone can be used to treat GBM.  

Although some TKIs can kill GBM cells in vitro, they cannot reach brain tumor 

in vivo due to BBB. It has been reported that the distribution of sorafenib in the 

brain is mainly limited by the P-gp and BCRP expressed on the endothelial cells 

present in BBB. Knockout studies in mice showed that absence of both mouse 

P-gp and BCRP can induce a dramatic increase of the brain-to-plasma ratio of 

sorafenib (Agarwal et al., 2011; de Vries et al., 2007).  

Here we will investigate if flavonoid dimers can block P-gp and BCRP in the 

BBB to restore the accumulation of TKIs in the brain. Our research group has 

previously synthesized a series of flavonoid dimers that specifically modulate 
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P-gp or BCRP. Here, these flavonoid dimers will be tested for their effect in the 

pharmacokinetics of TKIs in both mice plasma and brain.  

 

3.2 Results  

3.2.1 In vitro cytotoxicity of several TKIs and TMZ towards 

U87MG-RedFluc cells 

To explore the possibility of using TKIs to treat GBM, the cytotoxicity of various 

TKIs towards a GBM cell line U87MG-RedFluc cells was determined. 

Compared to TMZ, TKIs like erlotinib, afatinib, lapatinib, gefitinib, axitinib and 

sorafenib were more cytotoxic to U87MG-RedFluc cells (IC50 = 9, 6, 6, 12, 12 

and 8 μΜ, respectively) than TMZ (564 μM) (Table 3.2.1). This result suggested 

that TKIs might be good alternatives to treat GBM. 

Table. 3.2.1 The IC50 of different TKIs towards U87MG-RedFluc. 

Cytotoxicity of TKIs against U87MG-RedFluc 

TKIs / 

TMZ  

Clinical use Molecular Weight IC50 

(By FDA) (g/mol) (μM) 

Erlotinib Pancreatic cancer, NSCLC 393.436 9.2±0.4 

Afatinib NSCLC 485.937 5.8±2.5 

Lapatinib Breast cancer 581.058 5.9±1.8 

Gefitinib Breast cancer, Lung cancer 446.902 12.3±5.2 

Axitinib RCC 386.469 12.1±3.1 

Sorafenib  Advanced RCC, Advanced primary HCC 464.825 8.0±5.7 

Temozolomide Newly diagnosed GBM, Recurrent astrocytoma  194.151 563.9±60 

IC50 of TKIs and TMZ towards U87MG-RedFluc cells were measured by using 

MTS assay. TKIs listed in this table are used clinically for different kinds of 

cancers including breast, lung, pancreatic, kidney, liver and brain cancers as 

indicator. Mean±S.D. (n=3-6).  
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3.2.2 In vitro effect of FD 12-9 in modulating P-gp- and BCRP- 

mediated resistance in different cell lines  

Flavonoid dimers were synthesized by joining two flavonoid moieties together 

using a biocompatible polyethylene glycol (PEG) linker (Chan et al., 2012; Chan 

et al., 2006; Chan et al., 2009; Yan et al., 2015). They have been demonstrated 

to have potent P-gp and MRP1 modulating activities. Recently, ‘click chemistry’ 

has been utilized to generate a structurally-diversified triazole-containing 

flavonoid dimer library. The new flavonoid monomers containing alkyne (A) and 

the other containing azide (B) are joined together by copper-(I)-catalysed 1,2,3-

triazole formation to become a triazole-containing flavonoid dimer (C) (Figure 

3.2.2A). By using different flavonoids and varying the linkers X and Y, different 

flavonoid dimers were obtained. These flavonoid dimers were investigated for 

their modulating effect on three ABC-transporters (P-gp, MRP1 and BCRP) 

(Figure 3.2.2B). Two flavonoid dimers were found to be specific towards BCRP 

only (FD 15-8 and FD 15-9) whereas four of them are dual selective towards 

both BCRP and P-gp (FD 5-5, FD 5-9, FD 12-5, and FD 12-9).  
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Figure 3.2.2A Synthesis of flavonoid dimers.  

One flavonoid moiety contains alkyne (A) and the other containing azide (B) 

were joined together by copper-(I)-catalysed 1,2,3-triazole formation (‘click 

chemistry’ reaction) to become triazole-linked flavonoid dimer (C). FlA / FlB = 

flavonoid moiety; X / Y = linker. Both FlA, FlB linker X and Y could be different, 

resulting in a library of triazole-linked flavonoid dimers (C).  

 

 

Figure 3.2.2B Modulating effect of triazole-containing flavonoid dimers 

towards P-gp, MRP1 and BCRP. 

Cytotoxicity of 3 cell lines, namely LCCMDR (overexpressing P-gp), 

2008MRP1(overexpressing MRP1) and HEK293-R2 (overexpressing BCRP) 

towards paclitaxel, doxorubicin and topotecan were measured with or without 

modulators (1 μM). The percentage of reversion (% reversion) is defined as the 

ability of a modulator (1 μM) to lower the IC50 of an anti-cancer drug. All IC50 

were measured by MTS assay. Higher % reversion represents a more potent 

modulating activity.  
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% reversion is defined as:  

% reversion =
IC50 (without 1μM modulator) –  IC50 (with 1μM modulator)

IC50 (without 1μM modulator)
 

 

This project aims to identify a dual selective modulator towards P-gp and BCRP. 

FD 12-9 (Flavonoid dimer Ac12Az9, Figure 3.2.2C) exhibited extremely potent 

BCRP and P-gp modulating effect in a concentration of 1 μM. FD 12-9 was 

therefore selected as a dual selective inhibitor to determine its EC50 in 

modulating P-gp and BCRP in different cell lines (Table 3.2.2).  

 

 

Figure 3.2.2C Chemical structure of flavonoid dimer AC12AZ9 (FD 12-9).  

FD 12-9 is a hetero dimer from the flavonoid dimer library synthesized in our 

group. ‘Click chemistry’ was applied to link an alkyne-containing flavonoid 

moiety and a azide-containing flavonoid moiety to generate FD 12-9.  
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Table. 3.2.2 Effects of different compounds in modulating P-gp and BCRP 

mediated resistance in different cell lines in vitro.  

Compounds 

Cytotoxicity  

of L929 

 Paclitaxel resistance 

 of LCC6MDR 

Topotecan resistance 

 of HEK293/R2 

 Topotecan resistance 

 of MCF7-MX100 

IC50 (μM) EC50 (nM)  EC50 (nM) EC50 (nM) 

FD 12-9 >100 285.0±25.1 0.9±0.1 1.4±0.6 

Verapamil  89.2±8.2 445.7±40.7 >5000 ND 

PSC833 >100 2.3±0.5 2800.0±458.8 ND 

GF120918 >100 1.1±0.1 20.0±7.1 47.0 

Ko143 29.2±1.6 1060.0±120.1 11.4±2.4 9.0±1.5 

Flavonoid dimer FD 12-9 was characterized for its P-gp modulating activity in 

LCC6MDR (a breast cancer cell line with overexpressing P-gp) and BCRP 

modulating activity in HEK293/R2 (a human embryonic kidney cell line with 

transfected BCRP) and MCF7-MX100 (a breast cancer cell line selected by a 

BCRP-specific substrate called mitoxantrone). The IC50 of LCC6MDR cells 

towards paclitaxel (PTX), HEK293/R2 cells towards topotecan (TPT) and 

MCF7-MX100 cells towards TPT were measured in the presence of serial 

dilutions of FD 12-9 or other modulators including P-gp modulators (verapamil 

and PSC833), P-gp and BCRP modulator (GF120918) and BCRP modulator 

(Ko143). EC50 is defined as the concentration of FD 12-9 or modulators needed 

to reduce the IC50 by 50%. Toxicity of FD 12-9 towards normal mouse 

fibroblasts L929 was also measured. ND means the EC50 is too high to 

determine. Mean ± S.D. (n = 3-6). 

 

FD 12-9 can modulate P-gp-mediated paclitaxel resistance in P-gp-

overexpressing human breast cancer LCC6MDR cells with an EC50 at 285 nM. 

It can also reverse BCRP-mediated topotecan resistance in HEK293/R2 and 

MCF7-MX100 cells with EC50 at 0.9 nM and 1.4 nM, respectively. HEK293/R2 
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cells were BCRP-transfected human embryonic kidney cells 293. MCF7-

MX100 was obtained by selecting human breast cancer cell line MCF7 with 100 

μM mitoxantrone, a BCRP substrate. Unlike verapamil and PSC833 which are 

P-gp selective or Ko143 which is BCRP-specific, FD 12-9 is dual selective 

towards P-gp and BCRP. FD 12-9 is about 2-fold more potent than verapamil. 

FD 12-9 is 12-fold more potent than Ko143. In addition, FD 12-9 was less toxic 

towards normal L929 fibroblasts (IC50 > 100 μM) than Ko143 (IC50 = 29 μM) or 

verapamil (IC50 = 89 μM). Even when compared with the gold standard of dual 

selective inhibitor of both P-gp and BCRP, elacridar (GF120918), FD 12-9 has 

lower EC50 in reversing BCRP-mediated topotecan resistance in HEK239/R2 

(EC50 = 0.9 nM vs 20 nM) and MCF7-MX100 (EC50 = 1.4 nM vs 47 nM) (Table 

3.2.2). All these showed that FD 12-9 is a promising dual selective inhibitor of 

P-gp and BCRP. 

 

3.2.3 In vivo modulating activity of FD 12-9 on P-gp and BCRP  

3.2.3.1 Effect of FD 12-9 on the oral bioavailability of paclitaxel (PTX) 

and topotecan (TPT) in GI tract  

Although FD 12-9 can modulate P-gp- and BCRP-mediated drug resistance in 

vitro, its effect of FD 12-9 on in vivo drug delivery remains to be confirmed.  

Here, a model that is considered to be similar to BBB was used, namely 

gastrointestinal tract (GI tract). In the process of oral absorption, many drugs 
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are kept out of the blood circulation by P-gp and BCRP located on the luminal 

side of intestinal epithelial cells (Estudante et al., 2013). An effective dual 

modulator of P-gp and BCRP is expected to increase the oral bioavailability of 

PTX and TPT, which are typical substrate of P-gp and BCRP, respectively.  

To determine the effect of FD 12-9 in inhibiting P-gp and BCRP in GI tract, mice 

were orally fed with PTX, a P-gp substrate, (80 mg/kg) and TPT, a BCRP 

substrate, (80 mg/kg) with or without FD 12-9 (30 mg/kg). In parallel, PTX and 

TPT were injected intravenously to another group of mice to calculate oral 

bioavailability. Blood samples were collected at different time points and plasma 

concentrations of PTX and TPT were quantified by LC-MSMS. It was found that 

Cmax of PTX was increased by 2.5-fold when PTX was co-fed with FD 12-9. Tmax 

was postponed from 30 to 60 minutes. Area under curve (AUC0-360min) and oral 

bioavailability of combination group (40.0%) was increased by more than 4-fold 

compared to PTX alone (9.1%) (Figure 3.2.3.1A, Table 3.2.3.1). Similarly, Cmax 

of TPT was increased by two folds when TPT was co-fed with FD 12-9 with Tmax 

remaining the same. AUC0-360min and oral bioavailability of TPT with FD 12-9 

(14.2%) was increased by 3-fold compared to TPT alone (4.9%) (Figure 

3.2.3.1B, Table 3.2.3.1). These results suggest that FD 12-9 can modulating P-

gp and BCRP in the GI tract.  
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Figure 3.2.3.1A The effect of FD 12-9 on oral bioavailability of PTX.  

Balb/c mice were divided into three groups and received one of following 3 

treatments: oral PTX (80 mg/kg) with or without oral FD 12-9 (30 mg/kg) and 

intravenous PTX (80 mg/kg). Plasma PTX was measured by LC-MS/MS at 

different time points up to 600 minutes. Each time point had 3 Balb/c mice (n = 

3).  
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Figure 3.2.3.1B Effect of FD 12-9 on the pharmacokinetics studies of TPT.  

Balb/c mice were divided into three groups and received one of following 3 

treatments: oral TPT (30 mg/kg) with or without oral FD 12-9 (30 mg/kg) and 

intravenous TPT (30 mg/kg). Plasma TPT was measured by LC-MS/MS at 

different time points up to 600 mins. Each time point had 3 Balb/c mice (n = 3).  

 

Table. 3.2.3.1 Effect of FD 12-9 on the pharmacokinetics studies of PTX 

and TPT by oral administration in vivo. 

   Paclitaxel (PTX)  Topotecan (TPT) 

  Dose of PTX / TPT  mg/kg 80 80 80  30 30 30 

 Dose of FD 12-9 mg/kg -- -- 30  -- -- 30 

  Administration  I.V. P.O. P.O.  I.V. P.O. P.O. 

 

AUC0-360min ng·min/ml 1,749,000 158,776 700,588  7,778,000 383,911 1,105,000 

Cmax ng/ml -- 1,726 4,483  -- 7,194 14,087 

Tmax Min -- 30 60  -- 30 30 

Half-life Min 15 80 140  20 45 60 

Half-life (D/A) Min 90 50 80  90 15 30 

AUC0-360min/dose ng·min·ml-1/(mg·kg-1) 21,863 1,985 8,757  25,927 12,797 36,833 

  Bioavailability  % -- 9.1 40.0  -- 4.9 14.2 

Plasma level of PTX and TPT from pharmacokinetic experiments shown in 

Figure 3.2.3.1A&B were analyzed by GraphPad Prism® 5. Bioavailability (F) 

was calculated by normalizing the dose-normalized AUC0-360min to that oral ones.  
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3.2.3.2 Effect of FD 12-9 in improving the brain penetration of 

various TKIs  

Here pharmacokinetic experiments were used to investigate whether FD 12-9 

can enhance TKIs to cross BBB. Brain accumulation of 6 TKIs (erlotinib, afatinib, 

lapatinib, gefitinib, axitinib and sorafenib) were studied with or without co-

administration of FD 12-9. The dosage of all six TKIs and FD 12-9 used in these 

experiments were 10 mg/kg (I.V.).  

It was found that the effect of FD 12-9 was TKI-dependent. FD 12-9 has 

insignificant impact on modulating erlotinib and axitinib to cross the BBB (Figure 

3.2.3.2A, B). On the contrary, FD 12-9 can elevate the brain concentration of 

afatinib, lapatinib, gefitinib and sorafenib, with the effect on sorafenib most 

significant (Figure 3.2.3.2C - F).  

Brain levels of afatinib, lapatinib and gefitinib were still lower than their 

individual IC50 against U87MG-RedFluc cells after the enhancement effect by 

co-administration of FD 12-9 (Figure 3.2.3.2C - E), suggesting that the 

potentiation effect of FD 12-9 is not strong enough. In contrast, the increased 

brain concentration of sorafenib was above its in vitro IC50 against U87MG-

RedFluc cells and could last for 60 minutes (Figure 3.2.3.2F) suggesting that 

FD 12-9 can increase the concentration of sorafenib in brain to treat GMB.  
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Concentration of Erlotinib in Plasma
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Figure 3.2.3.2A Chemical structure of erlotinib and the pharmacokinetic 

study of erlotinib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of erlotinib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of erlotinib 

was measured by LC-MS/MS at different time points up to 240 minutes post 

administration. The brain-to-plasma ratio was calculated by dividing brain 

concentration by plasma concentration (n = 3).  
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Figure 3.2.3.2B Chemical structure of axitinib and the pharmacokinetic 

study of axitinib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of axitinib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of axitinib 

was measured by LC-MS/MS at different time points up to 240 minutes post 

administration. The brain-to-plasma ratio was calculated by dividing brain 

concentration by plasma concentration (n = 3).  
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Figure 3.2.3.2C Chemical structure of afatinib and the pharmacokinetic 

study of afatinib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of afatinib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of afatinib 

was measured by LC-MS/MS at different time points up to 240 minutes post 

administration. The brain-to-plasma ratio was calculated by dividing brain 

concentration by plasma concentration (n = 3).  
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Figure 3.2.3.2D Chemical structure of lapatinib and the pharmacokinetic 

study of lapatinib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of lapatinib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of lapatinib 

was measured by LC-MS/MS at different time points up to 240 minutes post 

administration. The brain-to-plasma ratio was calculated by dividing brain 

concentration by plasma concentration (n = 3).  
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Figure 3.2.3.2E Chemical structure of gefitinib and the pharmacokinetic 

study of gefitinib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of gefitinib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of gefitinib 

was measured by LC-MS/MS at different time points up to 240 minutes post 

administration. The brain-to-plasma ratio was calculated by dividing brain 

concentration by plasma concentration (n = 3).  
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Figure 3.2.3.2F Chemical structure of sorafenib and the pharmacokinetic 

study of sorafenib with or without FD 12-9.  

Balb/c mice were administered with 10 mg/kg of sorafenib with or without co-

administration of 10 mg/kg FD 12-9. Plasma and brain concentration of 

sorafenib was measured by LC-MS/MS at different time points up to 240 

minutes post administration. The brain-to-plasma ratio was calculated by 

dividing brain concentration by plasma concentration (n = 6).  
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3.3 Summary  

The above results suggested that the in vitro cytotoxicity activity of TKIs against 

GBM cell line U87MG-RedFluc cell was better than TMZ, suggesting that TKIs 

might be used to treat GBM.  

FD 12-9 can modulate P-gp and BCRP-mediated drug resistance in three cell 

lines including LCC6MDR, HEK293/R2 and MCF7/MX100. FD 12-9 is highly 

potent against BCRP with EC50 of 0.9 to 1.4 nM and moderately potent against 

P-gp with EC50 of 285 nM. It is also non-toxic to L929 fibroblasts with IC50 > 100 

µM. These properties compare favorably against the gold standard dual 

inhibitor of P-gp and BCRP, elacridar (GF120918).  

Among six TKIs tested, sorafenib was most sensitive to the modulating effect 

of FD 12-9 in pharmacokinetic experiments. FD 12-9 can increase the brain 

concentration of sorafenib significantly and such increased brain level of 

sorafenib can be maintained above its in vitro IC50 (8.0 μM) by 60 minutes. This 

encouraging data suggesting that sorafenib in combination with FD 12-9 might 

be effective in treating GBM model in vivo. Further pharmacokinetic studies on 

different doses of sorafenib with or without different modulators would be 

discussed in another chapter.  
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CHAPTER 4: TRANS-EPITHELIAL MOVEMENT 

OF SORAFENIB IN MIMIC BBB MODEL USING 

MDCKII CELLS OVEREXPRESSING P-GP OR 

BCRP  

4.1 Introduction  

To mimic the BBB for in vitro studies, different models have been tried including 

bovine, porcine or rat brain micro vessel from brain tissue (Culot et al., 2008; 

Nakagawa et al., 2009; Zhang et al., 2006), Madin-Darby canine kidney (MDCK) 

cells transfected with human P-gp (Agarwal et al., 2007; Wang et al., 2013) and 

Caco-2 cells model (Lundquist et al., 2002). Among these models, brain 

capillary models are too costly to maintain. Whereas, MDCK cells and Caco-2 

cells are readily available and easy to maintain.  

MDCK is a dog renal epithelial cell line. MDCK cells have been used to mimic 

different trans-epithelial models (Agarwal et al., 2007; Hansson et al., 1986; 

Pan et al., 2010; Wang et al., 2013). They can form a confluent and tight 

monolayer with electrical resistance of 100 ohm/cm2 in 3 - 4 days, which is 

much shorter than another intestinal mucosa model, Caco-2 cells (around 21 

days) (Sambuy et al., 2005). 

Here, we have employed 3 MDCKII models, namely MDCKII-GFP-BCRP, 

MDCKII-P-gp and MDCKII-WT cells, to mimic directional transport of sorafenib 
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in the BBB. The effect of FD 12-9 on such transport was also studied.  

 

4.2 Results  

4.2.1 Expression level and localization of P-gp and BCRP in 

MDCKII-P-gp and MDCKII-GFP-BCRP cells  

Among the three MDCKII cell lines used, P-gp and BCRP are overexpressed 

in MDCKII-P-gp and MDCK-GFP-BCRP, respectively. MDCKII-WT is 

untransfected control. To confirm the expression level and the localization of P-

gp and BCRP in these three cell lines, both western blot and confocal 

microscopy were used.  

Western blot results indicated that the MDCKII-P-gp cells overexpressed P-gp 

at a level similar to that of LCC6-MDR cells, a human breast cancer cell line 

transfected with P-gp (Figure 4.2.1A, top panel). MDCKII-WT, MDCKII-GFP-

BCRP and U87MG-RedFluc, as well as LCC6, showed very low expression of 

P-gp (Figure 4.2.1A, top panel). MDCKII-GFP-BCRP cells are MDCKII cell line 

transfected with GFP-BCRP fusion. Expression of GFP-BCRP fusion or BCRP 

was confirmed by western-blot (Figure 4.2.1 bottom panel). Expression level of 

BCRP in MDCKII-GFP-BCRP was even higher than that of a mitoxantrone-

selected MCF7-MX100 cell line which is known to be expressing BCRP (Figure 

4.2.1A, bottom panel).  
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Figure 4.2.1A Expression level of P-gp and BCRP in MDCKII-WT, MDCKII-

P-gp and MDCKII-GFP-BCRP cells.  

The expression level of P-gp and BCRP in MDCKII-WT, MDCKII-P-gp and 

MDCKII-GFP-BCRP cells were characterized by western-blot. LCC6 is a 

human breast cancer cell line, and LCC6-MDR is a P-gp-transfected LCC6 cell 

line. U87MG-RedFluc is a human glioblastoma cell line. MCF7 is a human 

breast cancer cell line and MCF7-MX100 is a mitoxantrone selected MCF7 cell 

line known to overexpress BCRP.  

 

Confocal microscopy results showed that P-gp and BCRP are mainly 

overexpressed on the surface of MDCKII-P-gp and MDCKII-GFP-BCRP cells, 

respectively. GFP signal was colocalized with BCRP (Figure 4.2.1B & C).  

The above result confirmed that P-gp and BCRP are expressed in MDCKII-P-

gp and MDCKII-GFP-BCRP cells and they are localized in the expected cell 

surface location: plasma membrane.  
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Figure 4.2.1B Expression level and localization of P-gp in different MDCKII 

cells.  

Expression and localization of P-gp in MDCKII cells was detected by confocal 

microscopy. Nucleus was stained with Hoechst dye (Blue); P-gp was detected 

by monoclonal anti-mdr-1 (D-11), followed by an Alexa Fluor® 594 donkey anti-

mouse IgG secondary antibody (Red).  
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Figure 4.2.1C Expression level and localization of BCRP in different 

MDCKII cells.  

Expression and localization of BCRP in MDCKII cells was detected by confocal 

microscopy. Nucleus was stained with Hoechst dye (Blue); BCRP was detected 

by monoclonal anti-BCRP (BXP-21), followed by an Alexa Fluor® 594 donkey 

anti-mouse IgG secondary antibody (Red). GFP was detected in the green 

channel.  

 

4.2.2 Directional transport assay of sorafenib across MDCKII 

monolayer  

To measure the directional transport across MDCKII monolayers, sorafenib was 

added on one side (donor side) and concentration of sorafenib in receiver side 

was measured at different time points. Two different directional experiments 
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were conducted: apical-to-basal side (A-to-B) and basal-to-apical side (B-to-A). 

Three subtypes of MDCKII cell lines were employed for the sorafenib transport 

assays with or without modulators of FD 12-9 or GF120918.  

As expected, all 3 MDCKII cell lines showed very low transport rate of sorafenib 

in A-to-B direction because P-gp and BCRP are localized on the apical side of 

MDCK monolayer (dotted lines in Figure 4.2.2A). There was a low level of B-to-

A transport of sorafenib in MDCKII-WT cells and such rate was slightly 

increased in MDCKII-P-gp cells suggesting sorafenib is not a good P-gp 

substrate (Figure 4.2.2A). In contrast, B-to-A transport of sorafenib in MDCKII-

GFP-BCRP monolayer was significantly higher, suggesting that sorafenib is a 

good BCRP substrate (Figure 4.2.2A).  

Neither FD 12-9 nor GF120918 has significant inhibitory effect on the B-to-A 

transport of MDCKII-P-gp monolayer (Figure 4.2.2B). In contrast, FD 12-9 (and 

less so for GF12-0918) can significantly inhibit B-to-A transport of sorafenib in 

MDCKII-GFP-BCRP monolayer, suggesting that FD 12-9 is a stronger 

modulator of BCRP in sorafenib transport than GF120198 (Figure 4.2.2C).  
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Figure 4.2.2A Directional transport assay of sorafenib across MDCKII-WT, 

MDCKII-P-gp and MDCKII-GFP-BCRP monolayers. 

MDCKII monolayers were grown to form tight junction with TEER > 200 

ohm.cm2 (Ω.cm2). Sorafenib (10 μg/ml) was added to the donor side of MDCKII 

monolayers and the concentration of sorafenib at the recipient side was 

measured at the indicated time points (n = 3 - 4) using LC-MS/MS. Donor side 

can be either apical (A-to-B) or basal (B-to-A).  
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Figure 4.2.2B Transport of sorafenib across MDCKII-P-gp monolayer with 

or without FD 12-9 or GF120918.  

Directional transport assay was performed as in Figure 4.2.2A, except that FD 

12-9 or GF120918 (1 μM) was added to donor side and recipient side of 

MDCKII-P-gp monolayer (n = 4 - 6).  
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Figure 4.2.2C Transport of sorafenib across MDCKII-GFP-BCRP 

monolayer with or without FD 12-9 or GF120918.  

Directional transport assay was performed as in Figure 4.2.2A, except that FD 

12-9 or GF120918 (1 μM) was added to donor side and recipient side of 

MDCKII-GFP-BCRP monolayer (n = 4 - 6). 

 

Transport rates of sorafenib were quantified in terms of apparent permeability 

(Papp , cm∙sec-1 x 106). Papp A-to-B was low in all three MDCKII cells (white bars in 

Figure 4.2.2D). Papp B-to-A in MDCKII-WT, MDCKII-P-gp and MDCKII-GFP-BCRP 

(grey bars in Figure 4.2.2D) were 2.7-, 4.8- and 18.4-fold higher than the 

corresponding Papp A-to-B. This suggests that sorafenib is a weak substrate of P-

gp but a strong substrate for BCRP. FD 12-9 reduced Papp B-to-A in MDCKII-P-gp 

by only 8% whereas GF120918 reduced it by 45%, suggesting that GF120918 

is a better modulator of P-gp in transporting sorafenib. FD 12-9 reduced Papp B-
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to-A in MDCKII-GFP-BCRP by 81% (P < 0.01) whereas GF120918 reduced it by 

52% (P < 0.01), suggesting that FD 12-9 is a better modulator of BCRP in 

transporting sorafenib. Both FD 12-9 and GF120918 are dual selective inhibitor 

for P-gp and BCRP to transport sorafenib. Since sorafenib is a better substrate 

of BCRP than P-gp, a good modulator like FD12-9 is expected to have a larger 

impact on the overall sorafenib transport in BBB where both P-gp and BCRP 

are expressed.  

 

 

Figure 4.2.2D Apparent permeability (Papp) of sorafenib across MDCKII-WT, 

MDCKII-P-gp and MDCKII-GFP-BCRP monolayers with or without 

modulators (FD 12-9 and GF120918).  

Papp was calculated according to Papp = (dQ/dt)/A·C0, where dQ/dt is mass 

transport rate of sorafenib, A is the surface area of cell monolayer which is 

equal to the insert membrane area (4.67 cm2), and C0 is the initial concentration 

of sorafenib at the donor side (10 μg/ml). Mean ± S.D. (n = 3-6). *, p < 0.05; **, 

p < 0.01.  
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4.3 Summary  

MDCKII cells transfected with P-gp or BCRP have been demonstrated to 

overexpress P-gp and BCRP respectively. Surface localization of both P-gp and 

BCRP are confirmed to be present on the expected location on the plasma 

membrane. Directional transport of sorafenib in MDCKII monolayers have been 

established with a low Papp A-to-B transport of sorafenib whereas Papp B-to-A of 

MDCKII-WT, MDCKII-P-gp and MDCKII-GFP-BCRP monolayers were 2.7-, 

4.8- and 19- fold higher than the corresponding Papp A-to-B suggesting that both 

P-gp and BCRP can mediate a directional (B-to-A) transport of sorafenib with 

BCRP a significantly better transporter than P-gp. Both FD 12-9 and GF120918 

are dual selective inhibitor of P-gp and BCRP with FD 12-9 being a better BCRP 

modulator whereas GF120918 is a better P-gp modulator. As both P-gp and 

BCRP are expressed on the capillary side of endothelial cells in BBB, it is 

expected that either FD 12-9 or GF120918 can inhibit both P-gp and BCRP to 

increase the brain accumulation of sorafenib in brain. For further study, co-

transfection with more than one transporter into MDCKII cells may mimic the 

real BBB better. Such efforts have been tried in this project but failed to yield 

double P-gp and BCRP transfectants of MDCKII cells with unknown reasons.  
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CHAPTER 5: PHARMACOKINETIC STUDIES OF 

SORAFENIB WITH OR WITHOUT 

MODULATORS  

5.1 Introduction  

Previous chapters demonstrated that sorafenib is active against GBM cell line 

U87MG-RedFluc with an IC50 of 8 μM which is much more potent than the 

current GBM drug, temozolomide (IC50 = 564 μM). In addition, sorafenib is a 

substrate of BCRP and P-gp as demonstrated in the trans-epithelial transport 

experiments using MDCKII-P-gp and MCDKII-GFP-BCRP monolayer to mimic 

BBB. FD 12-9 can inhibit both P-gp and BCRP to transport sorafenib. Putting 

together, it was hypothesized that co-treatment of FD 12-9 with sorafenib may 

overcome the BBB by inhibiting P-gp and BCRP there and increasing the brain 

accumulation of sorafenib to treat GBM.  

In this chapter, a series of pharmacokinetic experiments were used to study 

whether FD 12-9 can increase the brain level of sorafenib in rodents in vivo.  
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5.2 Result  

5.2.1 Selection of suitable formulation for FD 12-9 for 

pharmacokinetic studies  

Since formulation could have a significant impact on the solubility, stability and 

metabolism in vivo, a suitable formulation is needed. Here, six formulations 

were tested to determine which one could yield the best pharmacokinetics 

profile (Figure 5.2.1A, B). Six formulations were studied, including Formulation 

A (Ethanol : Cremophor : 5%-Tween80 = 5 : 5 : 90), Formulation B (NMP : 

Cremophor : 5%-Tween80 = 5 : 5 : 90), Formulation C (NMP : 20%-Tween80 = 

5 : 95), Formulation D (NMP : Solutol : 5%-Tween80 = 5 : 10 : 85), Formulation 

E (NMP : Solutol : Saline = 5 : 10 : 85) and Formulation F (DMSO : Cremophor : 

5%-Tween80 = 5 : 5 : 90).  

It was found that formulation B and C can maintain the highest brain level of FD 

12-9. Formulation C, however, was too toxic in mice since mice died in 180 

mins after injection of formulation C, which suggested that 20% Tween-80 in 

such formulation is intolerable to mice. As brain accumulation of FD 12-9 in 

formulation D (with 5% Tween-80) was higher than that in formulation E (with 

saline), suggesting that 5% Tween-80 was suitable and non-toxic). In addition, 

brain accumulation of FD 12-9 in formulation B (with Cremophor) was higher 

than that in formulation D (with Solutol), suggesting that Cremophor is more 

suitable than Solutol (Figure 5.2.1A). Plasma profile of FD 12-9 dissolved in 
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different formulations followed similar pattern as in brain profile, except for 

formulation C, which exhibited a relative high concentration of FD 12-9 in 

plasma (Figure 5.2.1B). Taken together, formulation B (NMP: Cremophor: 5% 

Tween-80 = 5: 5: 90) was selected for subsequent pharmacokinetics studies.  
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Figure 5.2.1A Effect of formulations on the accumulation of FD 12-9 in 

brain.  

FD 12-9 was prepared in six different formulations with the same concentration 

(1.5 mg/ml). FD 12-9 (10 mg/kg) from these six formulations was administered 

intravenously to mice (groups A-F) via tail vein. Brain concentration of FD 12-9 

at different time points was measured by LC-MSMS and the pharmacokinetic 

profiles were plotted. Each time point has 3 animals (n = 3).   
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Figure 5.2.1B Effect of formulations on the plasma pharmacokinetics of 

FD 12-9.  

FD 12-9 was prepared in six different formulations with the same concentrations 

(1.5 mg/kg). FD 12-9 (10 mg/kg) from these six formulations was administered 

intravenously to mice (groups A-F) via tail vein. Plasma concentration of FD 12-

9 at different time points was measured by LC-MSMS and the pharmacokinetic 

profiles were plotted. Each time point has 3 animals (n = 3).  
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5.2.2 Pharmacokinetics of sorafenib with or without 

modulators  

Before in vivo efficacy experiments were carried out, pharmacokinetic studies 

were conducted to determine the effect of FD 12-9 on the distribution of 

sorafenib in mice brain and plasma. Sorafenib (10, 20 or 30 mg/kg) was 

administered with or without FD 12-9 (10 mg/kg) or GF120918 (10 mg/kg). 

Brain and plasma level of sorafenib was determined up to 360 minutes post 

administration (Figure 5.2.2A and B) as well as the brain-to-plasma ratio (B-to-

P ratio) (Figure 5.2.2C). It was found that brain concentration of sorafenib 

(10mg/kg) was significantly increased by co-administration of either FD 12-9 or 

GF120918. Such level was even higher than sorafenib (20 mg/kg) or sorafenib 

(30 mg/kg) (Figure 5.2.2A). In addition, it was found that when sorafenib (10 

mg/kg) was co-injected with FD 12-9 (10 mg/kg) or GF120918 (10 mg/kg), 

plasma concentration of sorafenib (10mg/kg) is higher than that without 

modulators (Figure 5.2.2B). Pharmacokinetic parameters were summarized in 

Table 5.2.2. Area under curve (AUC) from 15 to 360 minutes (AUC15-360) in brain 

(AUCbrain) and plasma (AUCplasma) were measured to calculate the ratio 

(AUCbrain/ AUCplasma) as a measure of the movement from the plasma to the 

brain.  
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Figure 5.2.2A Pharmacokinetic studies of brain level of sorafenib with or 

without FD 12-9 or GF120918. 

Brain concentration of sorafenib after a single intravenous injection of sorafenib 

(10, 20 or 30 mg/kg) in the presence or absence of FD 12-9 (10 mg/kg) or 

GF120918 (10 mg/kg) was measured up to 360 minutes post administration (n 

= 3 – 6).  
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Figure 5.2.2B Pharmacokinetic studies of plasma level of sorafenib with 

or without FD 12-9 or GF120918.  

Plasma concentration of sorafenib after a single intravenous injection of 

sorafenib (10, 20 or 30 mg/kg) in the presence or absence of FD 12-9 (10 mg/kg) 

or GF120918 (10 mg/kg) was measured up to 360 minutes post administration 

(n = 3 – 6).  

 

 

 

 

 

 

 



 

88 
 

 

 

0 60 120 180 240 300 360
0.001

0.01

0.1

1

Sorafenib (30 mg/kg)

Sorafenib (20 mg/kg)

Sorafenib (10 mg/kg)

Sorafenib (10 mg/kg) + FD 12-9 (10mg/kg)

Sorafenib (10 mg/kg) + GF120918 (10mg/kg)

Sorafenib (20 mg/kg) + FD 12-9 (10mg/kg)

Sorafenib (30 mg/kg) + FD 12-9 (10mg/kg)

Time/mins

S
o

ra
fe

n
ib

 B
ra

in
-t

o
-P

la
s

m
a

 r
a

ti
o

 

Figure 5.2.2C Effect of FD 12-9 and GF120918 on the Brain-to-Plasma (B-

to-P) ratio of sorafenib.  

Brain level of sorafenib (from Figure 5.2.2A) was normalized to that of plasma 

level (from Figure 5.2.2B) to yield the brain-to-plasma (B-to-P) ratio and plotted 

here (n = 3 – 6).  

 

Dose-normalized AUC of sorafenib in the brain (AUCbrain/dose) of 10, 20 and 

30 mg/kg sorafenib are 10458, 5417 and 11270 ng·min·g-1/mg·kg-1 respectively, 

suggesting that AUCbrain/dose cannot be increased by simple increase in the 

sorafenib used (Table 5.2.2). Dose-normalized AUC of sorafenib in plasma 

(AUCplasma/dose) was 167800, 179700 and 281267 ng·min·ml-1/mg·kg-1, 
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respectively. These results indicated that increasing the dosage of sorafenib 

can only improve the AUCplasma/dose but not the AUCbrain/dose.  

When FD 12-9 (10 mg/kg) was co-administered with sorafenib (10, 20 or 30 

mg/kg), AUCbrain/dose can be increased to 96515 ng·min·g-1/mg·kg-1 (9.2-fold 

over sorafenib alone), 41,655 (7.7-fold) and 34,133 (3.0-fold) respectively. 

These results demonstrated that 10 mg/kg of sorafenib benefited most from the 

FD 12-9.  

Taken together, co-administration with FD 12-9 (10 mg/kg) with sorafenib 

resulted in an increase in brain-to-plasma ratio (AUCbrain/AUCplasma) when 

sorafenib was used at 10 mg/kg (3.0-fold increase from 0.06 to 0.18), 20 mg/kg 

(6.3-fold increase from 0.03 to 0.19) and 30 mg/kg (2.3-fold increase from 0.04 

to 0.09) (Figure 5.2.2C and Table 5.2.2). Co-treatment with positive control 

GF120918 (10 mg/kg) can increase AUCbrain/AUCplasma by 7.0-fold when 

sorafenib was used at 10 mg/kg (Figure 5.2.2C and Table 5.2.2). 
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Distribution of FD 12-9 and GF120918 in brain and plasm was also determined 

after they were co-administered with 10 mg/kg of sorafenib (Figure 5.2.2D, E). 

Brain AUC15-360 min of GF120918 (454984 ng·min·g-1) was 6-fold higher than that 

of FD 12-9 (74355 ng·min·g-1). Plasma AUC15-360 min of GF120918 (939617 

ng·min·ml-1) was 13-fold higher than that of FD 12-9 (72824 ng·min·ml-1). 

GF120918, therefore, exhibited a much higher concentration in both brain and 

plasma, suggesting that GF120918 might penetrate BBB faster than FD 12-9. 

This may account for the 7-fold increase of AUCbrain/AUCplasma of sorafenib 

versus 3-fold increase caused by FD 12-9 co-treatment.  
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Figure 5.2.2D Pharmacokinetic studies of FD 12-9 and GF120918 in brain.  

Sorafenib (10 mg/kg) was co-administered with FD 12-9 (10 mg/kg) or GF 

120918 (10mg/kg) as in Figure 5.2.2A and Figure 5.2.2B. Brain level of FD 12-

9 or GF120918 was determined by LC-MS/MS at up to 360 minutes post 

administration (n = 3 – 6).  
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Figure 5.2.2E Pharmacokinetic studies of FD 12-9 and GF120918 in 

Plasma.  

Sorafenib (10 mg/kg) was co-administered with FD 12-9 (10 mg/kg) or GF 

120918 (10mg/kg) as in Figure 5.2.2A and Figure 5.2.2B. Plasma level of FD 

12-9 or GF120918 was determined by LC-MS/MS at up to 360 minutes post 

administration (n = 3 – 6).  

 

5.3 Summary  

By comparing different formulations as carriers for FD 12-9, it was found that 

formulation B (NMP : Cremophor : 5%-Tween80 = 5 : 5 : 90) can be used safely 

to increase the brain concentration of FD 12-9 to the highest extent (Figure 
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5.2.1A). This formulation was used in all subsequent pharmacokinetic studies. 

Co-treatment of FD 12-9 (10 mg/kg) with sorafenib (10 mg/kg) can increase 

AUCbrain/dose to a level of 96,515 ng·min·ml-1/mg·kg-1 with a 3-fold increase in 

AUCbrain/AUCplasma from 0.06 to 0.18 (Table 5.2.2). Combination of GF120918 

(10 mg/kg) and sorafenib (10 mg/kg) exhibited an even stronger activity in 

increasing AUCbrain/dose of sorafenib (214,200 ng·min·ml-1/mg·kg-1), which 

might due to the higher brain accumulation of GF120918 (Figure 5.2.2D). 

GF120918 penetrated into the brain before the FD 12-9 and perhaps had a 

longer impact on elevating brain level of sorafenib than FD 12-9.  
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CHAPTER 6: THE IN VIVO EFFICACY STUDIES 

OF SORAFENIB ON U87MG-REDFLUC 

ORTHOTOPIC XENOGRAFT GLIOBLASTOMA IN 

BALB/C NUDE MICE  

6.1 Introduction  

Most human cancer models are established in immunocompromised mice like 

Balb/c nude (nu nu) mice and NOD-SCID (non-obese diabetic-severe 

combined immunodeficiency) mice. Depending on the implantation location in 

the mouse host, xenograft model can be classified as subcutaneous or 

orthotopic. Subcutaneous xenograft tumor model is obtained by transplanting 

human cancer cells subcutaneously in nude mice. Changes in the tumor 

volume can be easily monitored in subcutaneous xenograft model. Such model, 

however, cannot reflect the real situation of tumors in human patients as the 

site of transplantation is different from the location where the tumor was 

originally derived. This is particularly problematic for GBM model which is 

protected by the BBB and in the subcutaneous xenograft model cannot reflect 

such situation. In contrast, orthotopic xenograft model is another xenograft 

model in which human cancer cells are injected into a mouse organ that in the 

same as the human origin. For example, human lung cancer cells are injected 

into the lung of a mouse. The major advantage of such orthotopic xenograft 
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cancer model is that it can provide a similar kind of tissue microenvironment 

similar to that of patient origin. As a result, the problems that may occur in 

patients will also be reflected in the orthotopic xenograft cancer model. The 

disadvantages of the orthotopic model are obvious: complicated implantation 

procedure, low success rate and difficulty in monitoring.  

As a well-established GBM cell line, U87MG-RedFluc cells are often used to 

evaluate the effectiveness of anti-cancer drugs for brain cancers both in vitro 

and in vivo. U87MG-RedFluc cell line was established by stable transfection 

with red-shifted firefly luciferase gene. In this chapter, an orthotopic xenograft 

GBM model was established by inoculating U87MG-RedFluc cells into the brain 

of Balb/c nude mice according to the protocol mentioned in Chapter 2. When 

injected with luciferin in animal bearing an orthotopic U87MG-RedFluc 

xenograft, the tumor size can be determined by monitoring the luciferase 

activity at the wavelength of 620 nm. This orthotopic GBM animal model will be 

used to assess the effectiveness of FD 12-9 in enhancing sorafenib penetration 

cross the BBB.   

 

6.2 Results  

6.2.1 In vivo toxicity studies in Balb/c mice  

Before the in vivo efficacy experiments were carried out, the toxicity of various 

treatments was evaluated. Six different treatments, 1) solvent control (i.v.), 2) 
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sorafenib (10 mg/kg, i.v.) alone, 3) FD 12-9 (10 mg/kg, i.v.) alone, 4) sorafenib 

(10 mg/kg, i.v.) + FD 12-9 (10 mg/kg, i.v.), 5) GF120918 (10 mg/kg, i.v.) alone, 

and 6) sorafenib (10 mg/kg, i.v.) + GF120918 (10 mg/kg, i.v.), were 

administered to six groups of Balb/c mice every other day (q.o.d.) for 10 times 

respectively (Figure 6.2.1). All treatments were prepared in the same 

formulation freshly on treatment day. Toxicity symptoms like loss of weight and 

appetite, slowness in activity or treatment-related mortality, if there were any, 

were recorded during treatment from day 0 to 18 and for 10 days after treatment 

from day 18 to 28 (Figure 6.2.1).  
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Figure 6.2.1 In vivo toxicity evaluation studies in Balb/c mice with different 

treatments.  

Twenty-Four Balb/c mice were divided into six groups. Different treatments 

were made to different groups every other day for ten times respectively. Weight 

changes were recorded from day 0 to day 28 and showed in mean ± SEM (n=4). 
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It was found that animals in all treatment groups gained body weight by 13.4 % 

to 15.0 % with similar rate. No mice died during or after the treatments in the 

whole experiment from day 0 to 28 (Table 6.2.1). These results suggested that 

the repeated administration of sorafenib (10 mg/kg) were safe to Balb/c mice 

with or without modulators (10 mg/kg; q.o.d x 10).  

 

Table. 6.2.1 In vivo toxicity evaluation studies in BALB/c mice with 

different treatments.  

 

Twenty-Four Balb/c mice were divided into six groups. Treatments were given 

every other day for ten times. All treatment mixtures were prepared using the 

same solvent as solvent control. Loss of weight, loss of appetite, slowdown of 

activity or treatment-related mortality was monitored and recorded as toxicity 

symptoms from day 0 to day 28. Weight changes were showed in mean ± SEM 

(n=4).  
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6.2.2 In vivo efficacy studies of sorafenib on U87MG-RedFluc 

orthotopic xenograft GBM in Balb/c nude (nu nu) mice with or 

without modulators  

To establish an orthotopic GBM model, human GBM U87MG-RedFluc cells 

were implanted intracranially in the striatum of Balb/c nude (nu nu) mouse as 

described in the protocol in Chapter 2. (Figure 6.2.2A). Tumor-bearing nude 

mice were monitored by IVIS after the implantation.  

 

 

Figure 6.2.2A Implantation of U87MG-RedFluc cells in the brain of nude 

mice to establish orthotopic model of GBM.  

U87MG-RedFluc cells were implanted into the brain of Balb/c nude mice. The 

major procedures included anesthesia, fixation, cranium drilling, cells 

implantation, and suture. Tumor growth was monitored by IVIS. Only mice with 

suitable size of tumor would be used for efficacy studies.  
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In the first efficacy study, Balb/c nu nu mice with intracranial U87MG-RedFluc 

orthotopic xenograft (2-3 X 108 photons/s) were randomly divided into 4 

treatment groups (n = 3 - 4 mice per group), namely (1) untreated control, (2) 

solvent control (NMP: Cremophor EL: 5% Tween-80 = 5: 5: 90), (3) sorafenib 

(10 mg/kg) and (4) sorafenib (10 mg/kg) + FD 12-9 (10 mg/kg). A total of seven 

injections (I.V.) were administered to each group every other day from day 0 to 

day 12 (q.o.d. X 7). Bioluminescent imaging (BLI) signal, which correlated to 

the tumor growth, was monitored during and after the treatment period till day 

20 (Figure 6.2.2B, C). It was found that sorafenib treatment (10mg/kg/injection; 

q.o.d. X 7) resulted in no growth inhibition of U87MG-RedFluc orthotopic 

xenograft compared to untreated or solvent control. In contrast, combination of 

sorafenib (10 mg/kg/injection; q.o.d. X 7) and FD 12-9 (10 mg/kg/injection; q.o.d. 

X 7) resulted in a strong inhibitory effect on the tumor growth (Figure 6.2.2B, 

C). It also prolonged overall survival of mice (Figure 6.2.2D). All treatment 

groups have a gradual decrease in body weight during the treatment period 

with the combination group (sorafenib + FD 12-9) slower than others. The 

average body weight of the mice in the untreated control group increased again 

on day 14 because of the death of some mice (Figure 6.2.2E). These results 

suggested that sorafenib alone cannot control GBM orthotopic xenograft model 

whereas co-administration of FD 12-9 with sorafenib can, likely because FD 12-

9 allow sorafenib to pass through BBB.  
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Figure 6.2.2B In vivo efficacy of sorafenib against orthotopic model of 

GBM with or without FD 12-9.  

Nude mice with orthotopically-implanted U87MG-RedFluc cells were monitored 

for their luminescence level using IVIS. Four treatment groups included 

untreated control, solvent control, sorafenib (I.V. 10 mg/kg) and combination of 

sorafenib (I.V. 10 mg/kg) and FD 12-9 (I.V. 10 mg/kg) with a frequency of 

q.o.d.x7 (indicated as arrow head). Each group has 3-4 animals. Relative 

bioluminescent imaging (BLI) signals of each mouse was normalized to its BLI 

signal on the first day of treatment.  
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Figure 6.2.2C In vivo efficacy of sorafenib against orthotopic model of 

GBM as monitored by IVIS technique.  

Nude mice from Figure 6.2.2B were monitored on the days indicated using IVIS. 

On the day of imaging, all mice were treat with ketamine/xylazine solution for 

anesthesia (100 mg/kg: 10 mg/kg; I.P.), followed by an injection of D-luciferin 

(150 mg/kg; I.P.). After thirty images were taken in 30 minutes by IVIS, the 

highest signal among the 30 images was taken as the BLI signal. All images 

were presented in the same range of color scale for comparison (n = 3 - 4).  
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Figure 6.2.2D Survival curve of orthotopic GBM-bearing mice after 

receiving treatment of sorafenib with or without FD 12-9.  

Animal survival from the previous experiment in Figure 6.2.2B were recorded 

and shown here (n = 3 - 4).  

 

 

Figure 6.2.2E Body weight changes in U87MG-RedFluc-bearing mice 

receiving treatment of sorafenib with or without FD 12-9.  

Body weight was normalized to day 0 and recorded every other day. Animal 

death might induce sudden increase in the average of body weight. Data were 

shown in mean ± SEM (n = 3 - 4).  
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To further improve the efficacy, the treatment frequency was increased from 7 

to 10. In addition, GF120918 was included for comparison. Six groups of Balb/c 

nu nu mice (6-9 mice/group) with similar intracranial U87MG-RedFluc xenograft 

(1 - 2 X 108 photons/s) were treated for 10 times every other day (q.o.d. X 10). 

The six treatment groups were (1) untreated control, (2) sorafenib (10 mg/kg), 

(3) sorafenib (10 mg/kg) + FD 12-9 (10 mg/kg), (4) FD 12-9 (10 mg/kg), (5) 

sorafenib (10 mg/kg) + GF120918 (10 mg/kg) and (6) GF120918 (10 mg/kg). 

Increasing the treatment frequency to 10 times allowed sorafenib to have a 

slight effect on suppressing tumor growth (Tukey test, P = 0.004) (Figure 6.2.2F, 

G). Co-treatment of sorafenib with FD 12-9 has a strong inhibitory effect on 

tumor growth in comparison to both untreated control group (Tukey test, P < 

0.001) and sorafenib alone group (Tukey test, P = 0.005) (Figure 6.2.2F, G). 

Meanwhile, FD 12-9 alone (10 mg/kg; I.V.; q.o.d. X 10) did not show any 

suppressive effect on tumor growth (Figure 6.2.2F, G). Sorafenib combined with 

GF120918 also manifested very potent inhibitory effect on tumor growth (Figure 

6.2.2F, G).  

Median overall survival of sorafenib alone group (26.1 days) and FD 12-9 alone 

group (24.8 days) showed no significant difference compared to untreated 

control group (25.2 days) (Log-Rank test, P = 0.364 and P = 0.712 respectively) 

(Figure 6.2.2G, H). In contrast, the median overall survival of treatment group 

of sorafenib with FD 12-9 was significantly different from the untreated control 
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(Log-Rank test, P < 0.001) (Figure 6.2.2H). No animals died at the end of the 

treatment period, suggesting that co-treatment of FD 12-9 and sorafenib was 

safe to use. Although GF120918 can also enhance the sorafenib in the efficacy 

experiments, mice in that group started to die earlier and suffered from 

bodyweight loss sooner than other groups (Figure 6.2.2G, H). GF120918 alone 

(10 mg/kg; I.V.; q.o.d.x10) demonstrated even more severe toxicity effect on 

mice than the co-treatment group of GF120918 and sorafenib (Figure 6.2.2G, 

H).  
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Figure 6.2.2F Relative BLI signal changes of U87MG-RedFluc tumors in 6 

different groups of mice receiving sorafenib with or without FD 12-9 or 

GF120918.  

Six groups of mice (6-9 mice/group) with implanted U87MG-RedFluc cells were 

treated with sorafenib (10 mg/kg), sorafenib (10 mg/kg) + FD 12-9 (10 mg/kg), 

FD 12-9 (10 mg/kg), sorafenib (10 mg/kg) + GF120918 (10 mg/kg) and 
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GF120918 (10 mg/kg) or no treatment. Treatment groups involving GF120918 

ended abruptly because animals were all dead in those treatment groups. A 

total of ten treatments (q.o.d. x 10) were given. Fold changes were shown in 

mean ± SEM (n = 6 - 9).  

 

 

Figure 6.2.2G In vivo efficacy of sorafenib with or without different 

modulators against orthotopic model of GBM as monitored by IVIS 

technique.   

Nude mice from Figure 6.2.2F were monitored on the days indicated using IVIS. 

On the day of imaging, all mice were treat with ketamine/xylazine solution for 

anesthesia (100 mg/kg: 10 mg/kg; I.P.), followed by an injection of D-luciferin 

(150 mg/kg; I.P.). After thirty images were taken in 30 minutes by IVIS, the 

highest signal among the 30 images was taken as the BLI signal. All images 

were presented in the same range of color scale (n = 6 - 9).  
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Figure 6.2.2H Survival curve of orthotopic GBM-bearing mice after 

receiving treatment of sorafenib with or without different modulators.  

Animal survival from the previous experiment in Figure 6.2.2F were recorded 

and shown here. Mice in treatment group of sorafenib combined FD 12-9 

survive for the longest period. Treatment of GF120918 alone has the shortest 

survival span. The Log-Rank test was used to evaluate the significances of 

different survival curves (n = 6 - 9).  
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Figure 6.2.2I Body weight changes of U87MG-RedFluc-bearing mice after 

receiving sorafenib with or without FD 12-9 or GF120918.  

The body weight of mice receiving treatments of sorafenib combined with FD 

12-9 decrease slower than that of other treatment groups. Treatment of 

sorafenib plus GF120918 and GF120918 alone demonstrated severe toxicity 

effect. Weight changes were shown in mean ± SEM (n = 6 - 9).  

 

The body weight measurements also indicated that the group with co-

administration of FD 12-9 and sorafenib can maintain a steady body weight gain 

and has the highest body weight among all treatment groups. On the contrary, 

sickness behaviors, including decrease of motor activity, decrease of body 

temperature and loss of appetite, were found in the treatment group with 

GF120918, resulting in the highest drop in body weight. This result suggests a 

potential toxicity of GF120918.  
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6.2.3 The in vivo efficacy study of sorafenib combined with FD 

12-9 in mice with TMZ-resistant recurrent GBM tumor 

As a first-line anti-cancer drug for GBM, TMZ has become the standard 

treatment for GBM patients. Unfortunately, relapse has been observed in most 

GBM patients treated with TMZ. TMZ does not work anymore in recurrent GBM 

patients. To understand the efficacy of the combination sorafenib and FD 12-9 

in recurrent GBM which is TMZ-resistant, a TMZ-resistant animal model was 

developed by in vivo selection with TMZ.  

To mimic the standard treatment of TMZ, a group of Balb/c nude mice with 

orthotopic implantation of U87MG-RedFluc cells was treated with TMZ (10 

mg/kg; I.V.) every other day for ten times (q.o.d. x 10) (Figure 6.2.3A). The 

efficacy of TMZ in the first round treatment was monitored by IVIS every few 

days. After the completion of the first round treatment, mice were monitored 

further (Figure 6.2.3A, B). Once relapse was observed in any mouse, it would 

be selected and assigned to one of three groups of second round treatment (1) 

untreated control, 2) sorafenib + FD 12-9 (10 + 10 mg/kg; I.V.) or 3) TMZ (10 

mg/kg; I.V.)). The second round treatment was similar to the first round: every 

other day for ten times (q.o.d. x 10). Mice were monitored for another 26 days 

from the relapse (Figure 6.2.3A, B). At the same time, the body weight change 

and animal death were also recorded (Figure 6.2.3B, C).  

It was found that, in the first round treatment, TMZ (10 mg/kg; I.V., q.o.d.x10) 

could effectively inhibit the tumor growth (Figure 6.2.3A, B). Relapse, however, 
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occurred in almost all mice. Second round of TMZ treatment (10 mg/kg; I.V., 

q.o.d.x10) failed to suppressed tumor growth suggesting that the relapse 

U87MG xenograft was TMZ-resistant. The growth rate of TMZ-treated group 

was similar to that of the untreated group. On the contrary, when mice were 

treated with sorafenib combined with FD 12-9 (10 +10 mg/kg; I.V., q.o.d.x10), 

tumor growth of recurrent GBM were inhibited significantly (Figure 6.2.3A, B). 

These results indicated that the strong inhibitory effect of TMZ on GBM was 

only limited to newly diagnosed GBMs which have not been treated with TMZ. 

But once GBM recurred, TMZ showed very limited inhibition on GBM. This 

animal model closely resembled the clinical picture. In contrast, the combination 

of sorafenib and FD 12-9 remained effective in treating TMZ-resistant GBM.  
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Figure 6.2.3B Establishment of TMZ-resistant relapse model of GBM and 

its response to combination treatment of TMZ and FD 12-9 (IVIS signals).  

Nude mice from Figure 6.2.2B were monitored on the days indicated using IVIS. 

All images were presented in the same range of color scale.  

 

In the second round treatment, no death was observed in the combination 

group of sorafenib and FD 12-9. Mice in untreated control group started to die 

early on day 17, and half of them died by the end of the experiment. One mouse 

in TMZ group also die early on day 11 (Figure 6.2.3C). Body weight of untreated 

control group dropped rapidly for more than 15% weight on day 14. TMZ-treated 

group also have a significant weight loss. Conversely, only slight body weight 

decrease (smaller than 5%) was observed in combination group (Figure 6.2.3D). 

These data suggested that TMZ did not inhibit the tumor growth in 2nd round 
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treatment, while sorafenib in combination with FD 12-9 did, which was reflected 

on the body weight loss and survival rate.  
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Figure 6.2.2C Survival curve of TMZ-resistant GBM animal model in 

response to TMZ or combination.  

Survival data for the second-round treatment of TMZ-resistant GBM animal 

model in Figure 6.2.3A was recorded here (n = 6). 
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Figure 6.2.3D Body weight changes of TMZ-resistant GBM-bearing mice 

in response to TMZ or combination (FD 12-9 + sorafenib) treatment.  

Body weight changes for the second-round treatment of TMZ-resistant GBM 

animal model in Figure 6.2.3A was recorded here. Weight changes were shown 

in mean ± SEM (n = 6).  
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6.3 Discussion and summary  

The annual incidence of malignant gliomas in Hong Kong (1 case per 100,000) 

is much lower than that of United States (5.97 cases per 100,000) (Chan et al., 

2017; Pu, 2016). Among these malignant gliomas, GBM is the most aggressive 

brain cancer constituting 42% of all malignant gliomas in Hong Kong. The 

incidence of GBM (primary and secondary) in the U.S.A. is 3.2 per 100,000 

(Ostrom et al., 2014), which is 7-fold higher than that of Hong Kong. In the past 

four decades, no significant improvement of prognosis has been found and few 

treatments have been developed. The most widely-used anti-cancer drug for 

GBM is still temozolomide (TMZ) approved in 2000.  

In this project, sorafenib is selected as the candidate to treat GBM, though 

clinical trials of using sorafenib to treat GBM did not yield significant difference 

compared with controls (Table 1.2.3) in the past ten years. It is hypothesized 

that the failure of clinical trials for GBM involving sorafenib is possibly due to 

the limited penetration of sorafenib to pass through BBB. Based on the 

knocked-out mice experiments (Lagas et al., 2010b), BCRP and P-gp 

expressing in BBB are working together to restrict the penetration of sorafenib 

synergistically. Although co-administration of GF120918 can inhibit the efflux of 

sorafenib by inhibiting both P-gp and BCRP, its use is limited by severe toxicity. 

Nevertheless, this demonstrated the possiblity of using a dual selective inhibitor 

to modulate BCRP and P-gp for treating GBM.  

Taking the advantage of the large library of synthetic flavonoid dimers 
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discovered in our group, a series of flavonoid dimers with dual selective 

modulating effect against P-gp and BCRP was synthesized and used in this 

project for discovering new dual inhibitors of P-gp and BCRP. Among those 

flavonoid dimers, FD 12-9 was selected as the candidate for subsequent 

pharmacokinetic studies and in vivo efficacy studies because of its potent 

BCRP modulating effect (at sub-nanomolar range) and strong P-gp modulating 

effect (at around 200 nM range) and low toxicity to human fibroblast cells (Table 

3.2.2). Pharmacokinetics studies of sorafenib in the presence and absence of 

FD 12-9 suggested that the brain accumulation of sorafenib can be improved 

by FD 12-9 as well as the brain-to-plasma ratio (Figure 5.2.2A&C).  

Together with the potency of sorafenib against U87MG cells in vitro (Table 3.2.1) 

and the modulating effect of FD 12-9 against P-gp and BCRP in vitro (Table 

3.2.2) and in vivo (Figure 5.2.2A-C), a combination of FD 12-9 and sorafenib 

was used to inhibit P-gp and BCRP in BBB to potentiate the accumulation of 

sorafenib in brain to treat GBM in subsequent animal model.  

Before the efficacy studies were conducted, an experiment focusing on the 

toxicity of different treatments had been done and result showed that all 

treatments were safe to Balb/c mice under the treatment protocol (10 mg/kg; 

I.V.; q.o.d. X 10) (Figure 6.2.1).  

Three efficacy experiments were performed using U87MG-RedFluc tumor-

bearing Balb/c nude mice in this chapter. The objective of the first experiment 

is to prove that FD 12-9 can enhance the penetration of sorafenib in the brain, 
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thereby increasing its potency against GBM. The combination treatment of 

sorafenib and FD 12-9 displayed a potent inhibitory effect on GBM tumor growth 

in nude mice, while sorafenib alone did not. The GBM xenograft tumor in the 

combination group, however, grew back from day 14 onwards after a total of 7 

injections (Figure 6.2.2B, E). As the combination treatment was safe, resulting 

in a relatively small decrease in body weight (Figure 6.2.2C) and the survival 

rate was high (Figure 6.2.2D), it was possible to increase the dosing frequency 

from 7 to 10 in the second trial (q.o.d. x 10). In addition, a positive control, 

GF120918 was included for comparison. Combination treatment of sorafenib 

and FD 12-9 displayed an even more potent inhibitory effect on tumor growth 

(Figure 6.2.2F, G). Interestingly, sorafenib alone, when dosed at q.o.d X10 also 

showed a small, but significant effect compared to untreated control. However, 

the effect was not as potent as that in the combination group (Figure 6.2.2F, G). 

The mice in the sorafenib alone group started to lose body weight from day 16 

and lost more than 15% of their initial body weight from day 24 onwards when 

animal deaths also appeared (Figure 6.2.2G, H). These results suggested that 

sorafenib had a modest inhibitory effect on GBM tumor when administered 

alone. Only when it was combined with FD 12-9 (q.o.d. X 10) will a significant 

inhibition of tumor growth be observed. No body weight loss or death can be 

achieved. These results indicated that sorafenib alone was not effective in 

treating GBM due to the limited accumulation in brain. With the modulating 

effect of FD 12-9 on P-gp and BCRP in BBB, the efficacy of sorafenib could be 
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significantly improved.  

GF120918 was more effective than FD 12-9 in elevating sorafenib level in the 

brain in pharmacokinetic experiment. It was, however, found to be too toxic 

compared to FD 12-9 in GBM orthotopic model. Indeed, GF120918 alone was 

significantly more toxic than FD 12-9. This result suggested that FD 12-9 was 

the most potent dual inhibitor in the literature and the safest one in rodents.  

Combination of sorafenib and FD 12-9 also showed potent inhibitory effect on 

suppressing tumor growth in recurrent TMZ-resistant GBM model. Mice with 

GBM were treated with TMZ at the beginning (first round treatment) and then 

monitored until relapse occurred. Mice with recurrent GBM were assigned into 

three groups for different treatments. Without any treatment, recurrent GBM 

grew fast in mice (Figure 6.2.3A, B) and induced severe body weight loss and 

low survival rate (Figure 6.2.3C, D). TMZ did not show any significant inhibitory 

effect in the second-round treatment on tumor growth. Whereas the 

combination of sorafenib and FD 12-9 demonstrated striking effect on 

suppressing the growth of TMZ-resistant GBM. This encouraging result 

probably stems from the fact that TMZ and sorafenib have a different 

mechanism of action.  

This recurrence and TMZ resistance in the recurrent model clearly reflect the 

clinical situation. This relapsed and TMZ-resistant GBM animal model might be 

useful in the future for drug screening studies. Overall, our data provides a 

possible treatment for recurrent and TMZ-resistant GBM.   
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CHAPTER 7: CONCLUSIONS AND 

PERSPECTIVES 

As a first-line treatment for GBM patients, TMZ resistance has occurred in many 

cases. In vitro data suggest that sorafenib is much more potent than TMZ in 

treating U87MG-RedFluc cells (31-fold lower in term of IC50, Table 3.2.1). The 

fact that sorafenib has already been approved for treating kidney cancer and 

hepatocellular carcinoma makes it more convenient to be developed as a drug 

for GBM. However, sorafenib has been tried in treating GBM but with 

unsatisfactory results (Amaravadi et al., 2007; Den et al., 2013; Hottinger et al., 

2014a; Siegelin et al., 2010). Due to the unsatisfactory results in clinical trials, 

sorafenib is currently not considered as a viable therapeutic strategy for treating 

GBM (Hottinger et al., 2014b; Jakubowicz-Gil et al., 2014a).  

One hypothesis is that the distribution sorafenib is restricted in the brain by the 

BBB. The in vitro MDCKII directional transport assay has proved that two ABC-

transporters, BCRP and P-gp, play a major role in the efflux of sorafenib in this 

model. Addition of FD 12-9 or GF120918 to MDCKII cells expressing P-gp or 

BCRP can significantly inhibit the efflux of sorafenib back to the level of wild-

type monolayer. These results indicate that sorafenib is a substrate for both P-

gp and BCRP, and FD 12-9 and GF120918 are capable of inhibiting both P-gp 

and BCRP at the same time. Considering that the MDCKII monolayer is a well-

established in vitro model for BBB, dual inhibitors like FD 12-9 and GF120918 
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for P-gp and BCRP are potential candidates to overcome the obstacle of the 

BBB to improve the accumulation of sorafenib in the brain.  

To further confirm that FD 12-9 or GF120918 can help sorafenib to penetrate 

through BBB, pharmacokinetic studies of sorafenib with or without modulators 

have been carried out. The pharmacokinetic profiles of sorafenib in the brain 

was similar when mice were administered with a dose of 10 mg/kg or 20 mg/kg 

of sorafenib. Even when administered with 30 mg/kg of sorafenib, the AUCbrain 

of sorafenib could only be increased slightly, and the pharmacokinetic profile 

was similar to that of 10 mg/kg or 20 mg/kg alone. When sorafenib (10 mg/kg) 

was co-administered with FD 12-9 (10 mg/kg) or GF129118 (10 mg/kg), 

however, the AUCbrain of sorafenib was dramatically increased as well as the 

pharmacokinetic profile curve. The half-life of sorafenib was also prolonged. 

Meanwhile, the plasma concentration of sorafenib in the combination group was 

only moderately higher than those in sorafenib alone groups (10, 20 and 30 

mg/kg). The brain-to-plasma ratios (AUCbrain/AUCplasma) of sorafenib in two 

combination groups (sorafenib + FD 12-9 and sorafenib + GF120918), which 

were 0.18 and 0.42, respectively, were much higher than those of 20 mg/kg or 

30 mg/kg of sorafenib alone, which were 0.03 and 0.04, respectively. GF120918 

was more effective than FD 12-9. GF120918 also stayed longer in the brain 

with a higher concentration than FD 12-9. The pharmacokinetic studies of 

sorafenib with or without modulators clearly indicate that FD 12-9 can inhibit 

both P-gp and BCRP transporters in the BBB to elevate the accumulation of 
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sorafenib in the brain. Considering the potent cytotoxicity effect of sorafenib 

towards U87MG-RedFluc cancer cells, FD 12-9 is a promising modulator to be 

used together with sorafenib to treat GBM.  

In vivo efficacy studies using U87MG-RedFluc orthotopic xenograft GBM model 

in Balb/c nude mice indicated that sorafenib alone displayed no inhibitory effect 

on tumor growth whereas co-administration of FD 12-9 and sorafenib resulted 

in strong inhibitory effect on tumor growth with only a few injections (q.o.d. X 7). 

In addition, once the number of injections was increased to 10 (q.o.d. X 10), the 

combination treatment of FD 12-9 and sorafenib worked even better. Treatment 

of FD 12-9 alone did not show any inhibitory effect on tumor growth. Although 

combination group of GF120918 and sorafenib did exhibit quite good inhibitory 

effect, such combination was toxic in the mice as indicated in reduced survival 

and body weight loss. This was possibly due the toxicity of GF120918 alone as 

such GF120918 alone group also suffered from significant body weight loss, 

and mice in this group died early.  

Overall survival of combination treatment group of FD 12-9 and sorafenib 

achieved the longest survival span under both treatment frequency (q.o.d X 7 

and q.o.d. X 10). Both GF120918 alone or in combination with sorafenib 

presented serious toxicity to mice. The longer survival span of the group of 

GF120918 plus sorafenib might have benefited from the shrinkage of tumor, 

because GF120918 did help sorafenib to get into the brain.   

The third in vivo efficacy experiment used TMZ-treated GBM-bearing mice to 
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mimic the relapse of GBM in patients who took TMZ as the standard treatment. 

Without any treatment, tumor size in the mice grew very fast with severe weight 

loss and low survival rate. With TMZ alone, no significant effect was observed 

suggesting TMZ-resistance once relapse occurred. The combination treatment 

group of FD 12-9 and sorafenib, however, not only showed potent suppressing 

effect on tumor growth but also induced no death and no significant decrease 

in body weight. These results suggested that sorafenib combined with FD 12-9 

can inhibit GBM growth even in TMZ-resistant mice. Sorafenib combined with 

FD 12-9 might be a promising second-line therapy for GBM patients, for both 

newly-diagnosed and recurrent GBM patients. 

In summary, FD 12-9 can reverse P-gp and BCRP mediated active efflux in the 

BBB. As expected, FD 12-9 can not only elevate the accumulation of sorafenib 

in the brain but also help sorafenib to suppress GBM tumor growth in mice 

model significantly. Unlike GF120918, FD 12-9 showed no toxicity effect, which 

confers FD 12-9 a significant safety advantage.  

This project can be further developed in two directions. First one is the search 

of more potent modulators for the BBB and more potential clinically-used anti-

cancer drugs for treating GBM. The second one is to set up a patient-derived 

tumor xenograft which will have more clinical significance.  

Modulators for the BBB is the most important part in this study. Once we find a 

safe and reliable way to overcome the BBB, the choices of anti-cancer drugs 

will increase enormously as many of them are excluded from BBB due to the 
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efflux by P-gp and BCRP. Furthermore, recurrence of GBM occurs in most GBM 

patients. Even though a novel treatment is proved effective to GBM in nude 

mice, it remains uncertain whether it would work in recurrent GBM because the 

tumor model used in this study was established by implanting naïve U87MG-

RedFluc cells in nude mice. This is why we also established an in vivo model 

of recurrent GBM to compare the effect of TMZ and sorafenib combined with 

FD 12-9.  
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