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Abstract 

A series of apigenin based novel flavonoid dimers were synthesized to tackle cancer 

MDR mediated by P-gp. Lead optimization through the introduction of an amine group 

within the PEG linker of parent compound 61 has led to the discovery of FD18. FD18 is 

more potent than 61, with an EC50 towards PTX decreased from 360 nM to 148nM and 

enhanced aqueous solubility. FD18, together with its derivatives, were characterized in 

vivo with the use of a newly established LCC6/MDR P-gp overexpressed human cancer 

nude mice model. This model is highly resistant to PTX treatment at 12 mg/kg (q.o.d. x 

4 for 2-cycle), making it favorable to become an ideal testing platform.  Subsequent 

treatment of these flavonoid compounds at 45 mg/kg together with PTX at 12 mg/kg 

(q.o.d. x 12) had demonstrated tumor inhibition effects, in which, FD18 was the most 

potent compound resulted in a promising %T-C of 54%.  The safety profile of FD18 

was also demonstrated through injections to healthy Balb/c mice and histopathological 

studies. No treated mice exerted toxicity deaths or weight loss >15% as well as cellular 

toxicities. DMPK study of FD18 has proposed one of its metabolite is an active P-gp 

inhibitor. This metabolite, namely FM04, has significantly increased in its aqueous 

solubility with a clogP value of 4.06 (clogP for FD18 is 7.07) and 50% more potent 

compared to FD18 in reversing PTX resistance from LCC6/MDR cells (EC50 = 70nM). 

It was compared with FD18 with essentially the same in inhibiting DOX transport and 

the role as a P-gp substrate. Finally, FM04 was better in in vivo P-gp modulating 

activity towards PTX treatment over FD18 with a %T-C of 57%. Together with its 

druggability as defined by the Lipinski Rule of 5, makes FM04 more favorable than 

FD18 as a drug candidate.    
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1.1 What is Cancer? 

Cancer is a disease where cells exhibit uncontrollable growth due to oncogenes or tumor 

suppressors; abnormal cells failed to go through apoptosis, having the ability of invading 

nearby tissues and expanding limitlessly through blood and lymphatic circulation.  

Malignant cancer is further divided into four major types: a) Carcinomas, arouse from 

cells that were located on body surfaces, on both internal and external surfaces, it is the 

most common type of cancer; b) Sarcomas, cancers arouse from supportive tissues such 

as bone, muscle and so on; c) Lymphomas, cancers that involve the lymphatic system and 

the immune system; and, d) Leukemia, cancer with abnormal growth in blood or bone 

marrow. (American Cancer Society, 2016) 

1.2 Cancer Resistance and Multidrug resistance (MDR) 

The cause of cancer resistance can be classified in two aspects: host factors and specific 

genetic alternations. (Gottesman, 2002) Host factors such as poor absorption to drugs with 

large molecular sizes, high metabolic rates or rapid excretion, led to low serum drug 

concentration and resulting the inability of anticancer agent being diffused into tumor.   

Overexpression of drug resistance genes, or suppressions in cell surface drug transporter 

genes can ultimately led to the overexpression of drug efflux pump (e.g. P-glycoprotein 

and the MDR-associating protein), causing drug resistance to structural related and 

unrelated drug or decreased in the transportation of certain drug into the cytoplasm of a 

cancer cell for the latter case.  
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The phenomenon of multidrug resistance was first described in 1970 during the selection 

of Actinomycin D (AD) resistance in Chinese Hamster Ovary Cells (CHO), where AD 

resistance CHO cells exert cross-resistance to more than five other agents that were 

structurally unrelated including Vincristine and Daunomycin in correlation with increased 

molecular weights with increased cross-resistances. (Biedler et. al, 1970) Elegant studies 

on the characterization of drug binding domains and mechanisms for P-gp were conducted 

by Loo and Clarke since 1995 through cysteine-less mutation and crosslinking studies, 

the drug binding mechanism “Substrate-induced fit” mechanism has been introduced. 

(Loo and Clarke, 2005) Under this model, drug substrates share a common drug binding 

domain by creating their own binding sites using different combination of transmembrane 

domain (TMD) amino acid residues.  This can explain -why such transporter is resistant 

to multiple drugs with different structures.  

1.2.1 P-glycoprotein and the adenosine triphosphate-binding cassette (ABC) 

transporter  

Since Biedler’s published work in 1970, extensive work has been done to identify possible 

cellular mechanisms and transporters associating with this phenomenon in human cancers.  

Pioneer researches have overexpressed and amplified genes that play important roles in 

multidrug resistance within CHO cell.  These genes, including a 170kDa overexpressed 

membrane protein came from multiple drug resistance CHO cell, namely Permeability 

glycoprotein (P-gp) (Juliano and Ling, 1976; Van der Bliek et al., 1986), MDR1 or the 

ABCB1 (Gottesman, 2002), referring to the affection in permeability on plasma 

membrane when exposed to cytotoxic drugs. (Juliano and Ling, 1976; Loo and Clarke, 

2005) Ueda and co-worker have successfully shown P-gp from multiple drug resistant 
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human KB carcinoma cell line is encoded by a gene called the mdr1 gene. (Ueda et. al, 

1986) The expression of this gene can be found on various cell types such as liver, kidney, 

intestinal cells as well as on the blood-brain-barrier, functioning as transporter for 

nutrients, biological important molecules and some harmful xenobiotics in and out from 

the cell, which apparently give protection and monitoring the survival for cells. 

(Gottesman 1988, Ling 1997, Gottesman 2002) In vivo gene knockout studies 

demonstrated that the loss of this gene product is not lethal nor influencing fertility; but 

causing hypersensitivities to drugs. (Loo and Clarke, 2005) In human, forty-nine ABC 

transporters have been identified and were being classified into 7 sub-families. Three of 

them have been confirmed for their involvement of MDR in cancer namely ABCB1 

(MDR1), ABCC3 (MRP1) and ABCG2 (BCRP). 

1.2.2 The structure and working mechanism of P-gp 

The primary structure of mdr1 was as an energy-efflux pump-liked transporter with about 

1280 residues found on chromosome 7; having two pseudo homologous parts found on 

the N- and C-terminus of the protein with six transmembrane domains (TMDs) on each 

half, containing two highly conserved cytosolic nucleotide-binding domains (NBDs). 

(Chen et al., 1986) (Figure 1.1) 
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Figure 1.1 Topology structure of P-gp. Topology of P-gp showed that it is a formed by a 

single protein strand with two homologous halves. Each half contain six transmembrane 

(TM) segments (green) and a nucleotide binding (NB) domain (blue) on the cytoplasmic 

side which can bind and hydrolyzes ATP. (Sharom, 2014) 

 

To understand the mechanisms of P-gp, its structure is essential, however, crystal 

structure P-gp from human is not available so far and was only observed under low 

resolution microscopy. The revelation of crystal structures from bacteria (Dawson and 

Locher, 2006), mouse (Aller et al., 2009), Caenorhabditis elegans (Jin et al., 2012) and 

Cyanidioschyzon merolae (Kodan et al., 2014) have provided further information to the 

functional mechanistic understandings for P-gp.  The crystal structure of a bacterial P-gp, 

Sav1866, was described by Dawson and Locher in 2006. With an overall shape that is 

consistent with human MDR1, Sav1866 was crystallized from Staphylococcus aureus at 

a resolution of 3Å in the presence of ADP. (Figure 1.2) 
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Figure 1.2 The crystal structure of Sav1866. Sav1866 was crystallized from 

Staphylococcus aureus and its structure was resolved at 3 Å. It was recognized as a 

homodimer with two subunits twisted and embraced with each other. TMDs: 

transmembrane domains; NBDs: nucleotide-binding domains; ICL: intracellular 

loops. (Dawson and Locher, 2006) 

 

Sav1866 is an outward facing homodimeric protein with dimensions of 120 Å long, 65 Å 

wide and 55 Å deep. Each halves of the transporter appeared to be twisted with each other 

and on each subunit, the two major domains, a transmembrane domain (TMD) at the 

amino-terminus and a nucleotide binding domain (NBD) at the carboxy-terminus were 

found to interact with each other. This led to the proposal of a transporting mechanism 

involving the binding and hydrolysis of ATP which induced conformational changes of 

the protein, with subsequent signal transduction occurred at the intracellular loops 1 and 

2 on the TMD interface, eventually allowing substrate binding and transport. (Dawson 

and Locher, 2006) 
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 Mouse P-gp structure was obtained subsequently, with an even higher resolution of 3.8Å.  

The mouse P-gp, unlike Sav1866, exists as an inward facing P-gp at pre-transport state. 

(Figure 1.3)  

The TMs helices from the two subunits (TMs 1 to 3, 6, 10, 11 and TMs 4, 5, 7 to 9, 12) 

spanned through the lipid bilayer, resulted in a large internal cavity of 6000Å open to both 

the cytoplasm and inner leaflet. (Aller et al., 2009) The presence of such cavity allow 

hydrophobic substrate to diffuse through and bind at different orientations, together with 

 

Figure 1.3 The crystal structure of mouse P-gp. Crystal structure of mouse P-gp 

shows an inward facing conformation at a resolution of 3.8Å. It has a pseudodimer 

arrangement where the two halves were distinguished in blue and yellow. Bundles 

of TM helices spanning through the lipid bilayer formed a cavity for substrate 

binding. Two NBDs separated by 30Å allows ATP binding and hydrolysis. (Aller 

et al., 2009) 
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the binding of ATP, causing conformational changes of the protein thus dimerization of 

the NBD followed by ATP hydrolysis. Substrates could either be released back to the 

cytoplasm by decreasing binding affinity caused by changes in amino residues that 

interact with the protein or facilitated by ATP hydrolysis. (Aller et al., 2009) Present 

structural analysis supported the notion that P-gp works as a “hydrophobic vacuum 

cleaner”, which refers to hydrophobic drugs being removed directly across the cell 

membrane. (Raviv et al., 1990; Gottesman and Ambudkar, 2009) 

The ABC transporter is an energy driven transporter and the efflux of their substrates 

requires the hydrolysis of ATP.  Binding of drug substrate to P-gp led to conformational 

change on the transporter which will stimulate the first ATP binding and hydrolysis, 

through ATPase activities. This will expel the drug molecule back to the extracellular 

space, subsequently followed by the hydrolysis of the second ATP at the other ATP 

binding domain to restore its original shape and orientation. (Horio et al., 1988; 

Gottesman 2002; Loo and Clarke, 2005)   

To become an appropriate drug substrate of P-gp, several criteria have to be fulfilled; first, 

the drug itself has to be relatively hydrophobic in order to be able to diffuse through the 

lipid bilayer from the plasma membrane and binds to the transporter.  Second, cationic 

drug ligands such as the vinca alkaloids (e.g. Vinblastine), or weak bases having positive 

charges when exposed to the environment under a neutral pH. (Gottesman, 1993) 

Numerous structurally unrelated natural anticancer drugs such as Paclitaxel and vinca 

alkaloids were reported as the substrate of P-gp. 
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1.3 The MDR1/P-gp Reversing Agents (P-gp Modulators) 

Three generations of MDR modulators have been identified with the ultimate goal of 

reversing clinical MDR. 

1.3.1 First generation MDR modulators 

The first generation of MDR modulators were generally non-specific and being used 

clinically for other purposes, examples including Verapamil (VER) (Figure1.4); a calcium 

channel blocker being used as vasodilator; and an immunosuppressor Cyclosporin A 

(CsA). 

 

Figure 1.4 Structure of Verapamil. (Tsuruo et al., 1981) 

 

Tsuruo et al in 1981 successfully demonstrated the complete reversal of Vinblastine (VBL) 

and Vincristine (VCR) resistance in resistant murine leukemia cell line P388/VCR using 

Verapamil (VER) at a nontoxic level in vitro. (Tsuruo et al., 1981) In the same study, they 

have also investigated the therapeutic effects on P388 and P388/VCR tumor bearing mice.  

The in vivo data suggested that Verapamil, when administrated together with a 3-fold 

higher VCR concentration, it can almost completely overcome the VCR resistance in 

P388/VCR tumor bearing mice with an increased life span up to 50%.  However, when 

the same animal model was treated with VBL and VER, it could only overcome the 
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resistance by increasing their life spans slightly. (Tsuruo et al., 1981; Krishna and Mayer, 

2000)  

Verapamil was evaluated later in clinical trials in both adults and children.  In one study 

conducted by Cairo’s group (Cairo et al., 1989), VER was used together with VBL and 

Etoposide (VP-16) in pediatric patient with advance stage cancer.  Due to past experiences 

of serious cardiac toxicity when higher concentration of VER was being used (Ozols et 

al., 1987), lowered doses of VER had been employed in this study.  Results had shown 

that 45% of the patients suffered from first degree heart block while close to half of them 

had hematological toxicity. These adverse effects, although acceptable, had only 

accompanied with partial treatment responses, which is far from satisfactory in drug 

safety and the requirement of sustainable treatment results.   

Another modulator, CsA (Figure1.5), is a naturally occurring cyclic peptide produced by 

fungus Tolypocladium inflatum Gams. (Twentyman et al., 1992; Loor et al., 2002) It is an 

anti-fungal agent as well as an immunosuppressant being used in organ transplantation 

patients for over forty years (Kahan, 2009). 

 

 

Figure 1.5 Structure of CsA. (Slater et al., 1986) 
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CsA was first shown to have reversal activities on Daunorubicin in Daunorubicin resistant 

Ehrlich ascites carcinoma in mice (Slater et al., 1986a) and Vincristine in human T cell 

acute lymphatic leukemia cells. (Slater et al., 1986b) Since then, different studies had 

been conducted to compare the potencies between Verapamil and CsA (Twentyman et al., 

1990, Leite et al., 2006) and to CsA analogues (Twentyman et al., 1987; Twentyman et 

al., 1992; Loor et al., 2002) on modifying P-gp activities.  One of these studies done by 

Twentyman (Twentyman et al., 1987) also shown that, apart from Vincristine and 

Daunorubicin, three other cytotoxic agents: Adriamycin (ADM), etoposide (VP-16) and 

Colchicines (COL) were also being sensitized by CsA, being used at 3-fold lesser 

concentration (2.1µM) than in Verapamil, in MDR variants mouse mammary 

carcinosarcoma cells and in MDR1 overexpressed Chinese Hamster Ovary cells CHO-

CHRC5 (de Bruijn et al., 1986).  CsA was subsequently taken into clinical trials because 

of the extensive use in organ transplantation and its comparable potency to Verapamil. In 

clinical trials, investigations were mainly done on cancer types with rapid growth kinetics 

such as hematological malignancies especially acute myeloid leukemia (AML), because 

CsA did not show satisfactory responses when it was used in patients having cancer with 

a slower growth kinetics (Toffoli et al., 1997).  Phase I trial focused on the combinatory 

use of CsA with existing chemotherapy drugs on patients who have no responses on 

previous conventional treatments and/or the development of refractory drug resistant 

tumors, the main objective from this stage was to determine the maximum tolerated dose 

for CsA.  Problem aroused when CsA was found to affect anticancer drug metabolism, 

especially on hindering the elimination of the anticancer drug. (Erlichmanet al., 1993) 

Beside drug metabolism, toxicities due to CsA treatment can further be classified into 
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hematological and non-hematological toxicities.  Hematological toxicity, although is not 

severe in some reported CsA combination treatments, is often associated with neutropenia 

which is the major dose limiting factor in CsA treatments.  Myelosuppression has also 

been observed in one the studies done by Stiff et al. (Stiff et al., 1995), causing high rate 

bacteremia and caused death in their test subjects.  Non hematological toxicity including 

vomiting, nausea, constipation, diarrhea, pain at tumor site, weight gain due to edema, 

hypertension and hyperbilirubin are occurring in approximately hundred percent on the 

patients.  Fortunately, these toxic effects can be restored once CsA treatment has ceased. 

(Erlichman et al., 1993; Chambers et al., 1996; Toffoli et al., 1997; Warner et al., 1995; 

Stiff et al., 1995) In phase II and phase III trials, CsA was being used in shortened duration 

at a higher dose, via alternative administration route or being used with multidrug 

treatment such as EVE/CsA treatment. (Warner et al., 1995; Bisogno et al., 1998; 

Davidson et al., 2002; Sonneveld et al., 2001) Results from these trials were mostly 

unsatisfactory with limitations on hematological toxicities major in myleosuppression and 

produced stable responses for a short period of time only.   

Other first generation MDR modulators including calmodulin inhibitors (Tsuruo et al., 

1983), quercetin and quinidine (Tsuruo et al., 1984) also showed modulating activities on 

P-gp, but of a lesser clinical interest and was not taken into clinical trials.  

The main problems of the first generation modulators are the low selectivity, therefore 

requiring a high dosage to be used (e.g. Verapamil was administrated at 50-100mg/kg in 

murine model (Tsuruo et al., 1981)).  Furthermore, cytotoxicities towards normal cells in 

vitro (Leite et al., 2006; Lopes et al., 2003) and dose limiting toxicity in combination 

therapy in clinical trials were observed.  
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1.3.2 Second generation MDR modulators 

Second generation non-toxic MDR modulators such as structural analog of VER: 

DexVerapamil and Emopamil, CsA analog SDZ PSC833 (PSC833 or Valspodar) 

(Figure1.6).  PSC833 was a marked discovery as it demonstrated superior MDR 

modulation activities in different cell lines in vitro and in vivo, it remains as one of the 

most powerful MDR modulators with its phase I clinical trials started in 2001. (Boesch et 

al., 1991; Watanabe et al., 1995; Krishna et al., 2000a; Krishna et al., 2000b; Advani et 

al., 2001; Atadja et al., 1998; Lee et al., 2004; Tan et al., 2000) 

 

Figure 1.6 Structure of PSC833. (Boesch et al., 1991) 

 

P833 is a highly lipophilic oral administrable Cyclosporin D analogue having much 

higher potency than CsA on P-gp modulation with no immunosupression effects.  PSC833 

is highly specific to P-gp but not to other resistance mechanisms such as platinum 

resistance. (Lopes de Menezes et al., 2003) Earlier studies already shown the reversing P-

gp activity at least ten fold higher than CsA without apoptotic effects.  (Watanabe et al., 

1995, Grey et al., 1997, Lopes et al., 2001) It was later shown to increase intracellular 

DOX and vinca alkaloids intracellular accumulation when used with PSC833. (Colombo 
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et al., 1996; Song et al., 1998) This results in the reversal of in vitro MDR of P388 murine 

leukemia cell and its MDR subtype towards various anticancer drugs. (Boesch et al., 1991) 

In vivo studies in different cancer models showed remarkable effects in prolonging animal 

life span, retarding tumor growth (Boesh et al., 1991; Watanabe et al., 1995; Lopes de 

Menezes et al., 2003) and reducing incident rate of chemically induced cancer (Kankesan 

et al., 2004).  Phase I trials suggested that dosage of anticancer agents used with PSC833 

should be reduced. PSC833 significantly altered the pharmacokinetics (PK) profiles of 

common cytotoxic drugs including Doxorubicin, Paclitaxel, mitoxantrone and etoposide. 

(Advani et al., 2001; Chico et al., 2001; Patnaik et al., 2000; Chauncey et al., 2000) As 

expected, most patients suffered from mild to moderate neutropenia and non-

hematological toxicities; however, these are reversible and can be tolerated.  The dose 

finding stage had suggested PSC833 may be used at 5 – 10 mg/kg with reduced level of 

cancer drugs. (Pataik et al., 2000; Covelli et al., 1997; Baekelandt et al., 2001) In more 

recent clinical trials, attempts had been done on more complicated treatment protocols by 

using several different cancer drugs on randomized studies. Although increased 

myleosuppression has been observed and some patient died of septic shocks, the overall 

treatment responses rate was improved.  (Tan et al., 2000; Baekelandt et al., 2001) Phase 

III study on untreated AML patients of age over 60 was conducted by Cancer and 

Leukemia Group B (Baer et al. 2002), the results were unsatisfactory and led to early 

closure of the trial due to unacceptable toxicities causing death. No significant 

improvements on treatment response rates was found. It was concluded that a less toxic 

regimen should be tested on these elderly patients when available.  Other phase III studies 

attempted to combine PSC833 with Vincristine-Doxorubicin-Dexamethasone (VAD) 
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(Friedenberg et al.,2006) and Paclitaxel-Carboplatin (Lhomme et al., 2008).  In the VAD/ 

VAD-PSC833 study, administration of PSC833 not significantly prolonged median 

survival time and treatment responses did in multiple myeloma patients when compared 

to patients who received VAD treatment.  Increased grade 3 toxicities were also observed 

and predominantly due to Doxorubicin since PSC833 increased Doxorubicin and its 

metabolite Doxorubicinol level from PK study.  

PSC833 was the most potent MDR modulator compared to the other second generation 

modulators like R-Verapamil and GF120918 (Elacridar). (Figure 1.7) It is not 

immunosppressing like CsA, and was highly specific to P-gp.  No significant 

improvement however; was found in clinical trials and for Elacridar.  (Planting et al., 

2004; Kuppens et al., 2007) 

 

Figure 1.7 Structure of GF120918. (Hyafil et al., 1993) 
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1.3.3 Third generation MDR modulators  

Third generation modulators, including LY 335979 (Zosuquidar) (Figure 1.8) and XR 

9576 (Tariquidar) (Figure1.9), have reversal effect at nanomolar levels. 

 

Dantzig and co-workers from Lily research laboratory in 1996 shows that LY 335979 

(former RS-33295-128 by Slate et al., 1995), which is a cyclopropyldibenzosuberane 

compound, was able to modulate Doxorubicin and; Paclitaxel resistance, LY335979 did 

 

Figure 1.8 Structure of LY335979. (Slate et al., 1995) 

 

 

 

Figure 1.9 Structure of XR9576. (Mistry et al., 1999) 
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not affect Doxorubicin AUC while CsA increased Doxorubicin AUC by 200%.  (Dantzig 

et al.,1996, Slapak et al., 2001) Similar observation was made in [99mTc]Sestamibi efflux 

studies (Slapak et al., 2001) by LY335979 can also modulate other transporters like MRP1, 

BCRP, MXR (Dantzig et al.,1996; Shepard et al., 2003).  Unlike CsA, which interacts 

with cytochrome P450 3A4 (CYP3A4) (Pal et al., 2006), LY335979 only inhibits to 4 

major CYP enzymes slightly. These suggests that LY335979 is highly selective and 

causes less pharmacokinetic interaction. (Dantzig et al., 1999; Dantzig et al., 2001) In 

phase I trials, zosuquidar was administrated with anthracyclines to advance, recurrent or 

resistant malignancies (Sandler et al., 2004, Lancet et al., 2009), docetaxel (Fracasso et 

al., 2004) and CHOP regimen for lymphoma patients. (Morschhauser et al., 2007) All 

studies showed that LY335979 have minimal effects on AUC and clearance of these 

anticancer agents. Only low grades toxicities including neutropenia and others tolerable 

non-hematological toxicities were observed.  The suggested doses for these anticancer 

drugs could be used as high as 100 mg/m2, in the case of Doxorubicin, which was a great 

improvement compared to previous studies when PSC833 or CsA were being used.  

Randomized phase II study by Ruff et al. in 2009 on breast cancer patients, suggested that, 

while was non-toxic, it did not improve its overall response rates. (Ruff et al., 2009)   

Similar results were generated in a recent study conducted by ECOG using standard 

induction therapy with or without zosuquidar on elderly AML patients with poor 

prognosis. (Cripe et al., 2010) 

Another modulator, XR9576, was improved from XR9051. XR9576 is approximately 15 

fold more potent than PSC833 and is very specific to P-gp. (Mistry et al., 1999; Mistry et 

al., 2001; Walker et al., 2004) Phase I clinical trials showed that XR9576 was bioavailable 
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and well tolerated in healthy human subjects. (Stewart et al., 2000) Unfortunately, results 

from phase II trial in advance breast cancer patients with P-gp expression suggested that 

XR9576, given at a dose of 150 mg/kg together with anthracyclines or taxanes has only 

resulted in a small benefit. (Pusztai et al., 2005) Due to poor performance statuses thus 

discontinuations from two concurrent phase III studies in non-small cell lung cancers with 

treatments of vinorelbine, Paclitaxel or carboplatin; this phase II study was also 

discontinued earlier than expected and it was not being investigated further. (Pusztai et 

al., 2005) 

Despite of the non-toxic nature and increased potencies from the third generation P-gp 

inhibitors, many of them failed to go through clinical trials. For this reason, new P-gp 

modulators must be developed in order to tackle this problem.  

1.4 Flavonoids and Their Reversal Activities in MDR Cancer Cells  

Flavonoid is a large group of polyphenolic chemicals which can be found abundantly in 

plants, vegetables and fruits.  There are five classes of flavonoids and more than 6500 

derivatives have been identified, exhibiting various beneficial effects on human health.  

Flavonoids act as metal ion chelator, antioxidant, anti-inflammatory agent and they also 

give antitumor activities. The first flavonoid derivative found to have chemosensitization 

properties was quercetin, which could restore the sensitivity in MDR cells to Adriamycin, 

inhibit ATPase activities and also preventing the binging and thus the transport of P-gp 

substrates such as fluorescent probe Hoechst 33342. (Boumendjel 2002; Di Pietro et al., 

2002) This class of compound was also found to be inhibitors towards BCRP mediated 

intrinsic resistance to mitoxantrone (MTX) in breast cancer. (Zhang et al., 2004) It has 
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been reviewed by Morris et al. in 2006 that the P-gp inhibitory effect mediates by 

flavonoid may be through the direct binding of flavonoids to the NBD at C-terminus as 

flavonoids can directly bind to recombinant NBD2; or in second case, by inhibiting 

CYP43A. Having little or no adverse pharmaco-interactions and cytotoxicities in animal 

models and possibly in the human body, synthetic and potent flavonoid modulators are 

being evaluated as the next in “semi-synthetic” MDR modulators. 

1.4.1 The synthetic flavonoid dimers as P-gp modulators 

The idea of synthetic chemicals with polyvalency was inspired by numerous biological 

systems demonstrating increased affinities and specificities towards their ligands-receptor 

bindings. These systems, for example, including interactions between multiple 

hemagglutinins on influenza virus and sialic acid molecules on bronchial epithelial cells; 

multiple bindings between antibodies, bacteria and macrophages, leading to specific 

recognition and triggering cell signaling for engulfment; and, polymeric DNA 

transcription factor gives great affinity towards the binding of DNA strand.(Mammen et 

al., 1998)  Polymeric approach in synthetic biological molecules successfully increase 

their binding affinities, as well as enhancing their receptor specificities.   

Polymeric biotin-avidin (Rao et al., 1998) was one of the examples with increased binding 

affinity by approximately 25 folds in its trivalent form.  Apart from this, studies with 

polyvalancies towards P-gp have also been perform by using Polyethleneglycol (PEG) 

ethers linker with different lengths in bivalent stipiamide. Bivalent stipiamide is a natural 

substrate towards P-gp that displayed dose-dependent relationships in inhibiting 

intracellular accumulation of bodipy-FL-prazosin. (Sauna et al., 2004)   
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1.4.2 Lead optimization of flavonoid dimers and previous work 

Previous study done by Chan et al. has led to the synthesis of a series of flavonoid dimers, 

these dimers, were synthesized from a common monomer: apigenin (Figure 1.10). (Chan 

et al., 2006) The first generation compound was synthesized by linking two apigenin 

moieties by PEG linkers in various lengths. One of these compounds, 9d (Figure 1.11), 

with four PEG monomers (n=4) at the linker position; was able to give the greatest 

modulation activity.  (Chan et al., 2006) Characterization of 9d showed that it has the 

ability to reverse resistance not only PTX but also other anticancer drug such as 

Doxorubicin and Vincristine in LCC6/MDR cells, having an EC50 of 900nM towards PTX. 

To understand the binding between 9d and P-gp, ATPase assay has been performed. Upon 

the binding of 9d to P-gp, ATPase was stimulated, suggesting that binding occurs at 

substrate-binding site and not on NBD.  

 

Figure 1.10 Structure of apigenin. (Chan et al., 2006) 

 

Figure 1.11 Structure of 9d. (Chan et al., 2006)   

Administrator
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Because 9d lost its potency below 5µM, a search for a more potent and selective 

modulator was started. A subsequent library was created in order to cope with such issues. 

(Chan et al., 2009) P-gp modulator that exerts higher lipophilicity would have a greater 

chance to become a good modulator. One simple approach to achieve this is by the 

substitution of all hydroxy groups from parent compound 9d to hydrogen. The resulted 

compound 1d-(5,7H) (Compound 61) (Figure 1.12) has dramatic improvement on its 

modulation activity. Compound 61, a 3-fold decrease in EC50 (360nM) against PTX 

compared with 9d (900nM). To further potentiate the modulation activity, more 

derivatives of 61 have been synthesized. The design of new compounds was based on 

three directions: 1) Replacing various substituent at different position on the A-ring on 

the flavonoid moiety; 2) changing linker position attached on B-ring and; C) making 

herterodimers for efficacy comparison.  The replacement of different substituent had led 

to the development of two potent compounds: 1d-(5,7H)-7F (Compound 62) (Figure 1. 

13) and 1d-(5,7H)-6Me (Compound 69) (Figure 1.14), which were tested in vivo. (Chan 

et al., 2009) 

 

Figure 1.12 Structure of 1d-(5,7H) (Compound 61) (Chan et al., 2006)  
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It was found that homodimer is superior over their respective monomers or heterodimers, 

implying that the binding sites on P-gp was somewhat similar.   

 

Figure 1.13 Structure of 1d-(5,7H)-7F (Compound 62) (Chan et al., 2009) 

 

Figure 1.14 Structure of 1d-(5,7H)-6Me(Compound 69) (Chan et al., 2009) 
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1.5 Objectives of this project 

1. The establishment of a P-gp mediated PTX-resistant human cancer xenograft for the in 

vivo efficacy evaluation of FD18.Two human cancer xenografts, LCC6 and 

LCC6/MDR, were constructed as a testing platform for the evaluation of treatment 

efficacy between FD18 and PTX.  

2. In vitro screening of FD18 derivatives and their in vivo characterizations.  Preliminary 

data shown that FD18 is a potent P-gp substrate with acceptable aqueous solubility that 

may be developed for clinical use, for this, a group of FD18 derivatives have been 

synthesized and tested for P-gp modulating and in vivo toxicity. Toxicity profile of 

FD18 and other derivatives will be studied by short term repeated dose toxicity study, 

followed by histopathological evaluations on vital organs. Lead compounds with low 

toxicity profiles were further tested for their in vivo modulation activity in reversing 

PTX resistance in mice xenograft models.  

3. Comparison study between FD18 and its metabolite, FM04, which is a potent P-gp 

modulator with EC50 at 70nM (EC50 of FD18 = 148 nM). Both FD18 and FM04 will 

be evaluated for their effect on intracellular DOX accumulation study, P-gp ATPase 

activity assay, intracellular accumulation and in vivo animal efficacy experiments.  
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2.1 Introduction 

2.1.1 The development of animal models for drug screening purposes 

Animal models such as insects (e.g. drosophila) (Miles, 2011), aquatic animals (e.g. zebra 

fish) (Feitsma, 2008; Tobia, 2011) and mammals (e.g. rodents, canine) (Rivera, 2011) 

have been used in cancer drug discovery research for decades.  Among them, mice, were 

widely employed in antitumor and metastasis studies during drug development.   

Early efficacy studies mainly relied on spontaneous rare and difficult-to-reproduce tumor 

models. This led to the search on reliable animal models since the 1940s.  During that 

period, the National Cancer Institute (NCI) began their work with murine leukemia cell 

line L1210 to characterize in vivo properties such as growth pattern and to study the in 

vivo curability with different anticancer drugs. (Law et.al., 1949) Subsequently, they have 

developed another ascite tumor model with murine leukemia P388, a leukemia that is 

more drug sensitive than L1210. The use of these animal models facilitated the cure of 

childhood leukemia and further expanded the use of animal models in studying cancer 

therapeutics. (Laszlo, 1995) 

In following years, the NCI begun to study series of anticancer drug activities in the 

previously described ascitic tumor models and later on moved forward to solid tumor with 

major histotype occurring within the US territory. Subsequent to the discovery of 

immunodeficient athymic nude mice by SP Flanagan in 1966 (Pantelouris, 1970; Spang-

Thomsen, 1976; Mecklenburg, 2005), followed by the successful transplantation of 

human tumors on nude mice in 1969 by Rygaard and co-workers (Rygaard, 1969), tumor 

models such as B16 melanoma, human breast carcinoma MX-1, human Lewis Lung 
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carcinoma and human Colon carcinoma (Suggitt, 2005; Teicher, 2004) had been 

transplanted for drug screening works in preclinical trials.  

2.1.2 Human tumor xenograft models and their importance in anticancer drug 

research 

A xenograft refers to the transplantation of cultured human tumor cells or its explants into 

immunodeficient mice which do not reject the grafted material. (Brakebusch, 2011) 

Before the description of the “nude” gene (also known as the Foxn1 gene) by Flanagan in 

1966 (Rygaard et al., 1969), Cattanach’s laboratory published their observations on two 

hairless mutants and successfully created tumors on these mutants using human cancer 

cell lines in 1962. (Spang-Thomsen, 1976; Kim, 2004) Thymus dysgenesis and 

immunodeficient property is the major reason why nude mice can allow foreign tissue to 

grow on them. (Rygaard, 1969; Pantelouris, 1970; Kindred, 1971; Spang-Thomsen, 1976; 

Mecklenburg, 2005) Followed by the first human malignant tumor xenograft in athymic 

nude mice created by Rygaard in 1969 using primary tumor sample from a 74-year-old 

cancer patient, and the introduction of B16 melanoma xenograft model (Teicher, 2002); 

the use of nude mice as efficacy evaluation tool in cancer therapeutic research has gained 

its popularity. Another popular mouse strain for xenograft is the Severe Combined 

Immunodeficiency (SCID) mice, which is lacking of T and B cells. (Jacob, 2004; Shultz, 

2007) Subsequently, the NCI has set up a large panel of xenografts using some major 

histotype of human cancer (breast, lung and colon cancer) within the US, serving as a 

screening and filtering system for anticancer drug already. (Suggitt et al., 2005)  
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Among different xenograft models available, human breast cancer is one of the most 

difficult tumor to be transplanted and maintained in immunodeficient mice, 

predominately due to its hormonal dependency, histological changes when xenografted 

and variable growth kinetics that are different to predict. (Bao, 1994; Kim, 200; Clarke, 

1997) Kim and co-workers have conducted a survey with more than 50 current mammary 

tumor models. Many of these models were derived from the MCf-7 and MCF-10AT 

systems, possibly owing to its long history and adequate supportive information available 

for in vitro studies. The difficulties of transplantation was partially overcome by co-

inoculating with extracellular-like matrix calls the Matrigel (Bao, 1994), Price et. al. also 

found that injection at the mammary fat pad gives a higher take rate. (Price et al., 1990) 

However, whether s.c. xenograft is the optimal model for drug screening that can predict 

clinically relevant response remains debated because tumor xenograft is not the same as 

human tumor, especially on its histology or growth pattern; for example, human breast 

cancer tumor xenografts generally have short tumor doubling times (Td) compared cancer 

patients. (Clarke, 1997) Apart from this, stromal material which is important for 

metastasis may not be present in xenografts. Other considerations also include the 

defective immune system and possible overestimation on drug response. (Kim, 2004; 

Rangarajan, 2003; Brakebusch, 2011; Suggitt, 2005) 

Despite the above shortcomings, murine xenograft remains one of the most important 

tools in primary and secondary drug screening.  Fiebig et al. has set up 300 human tumor 

xenografts and form a strong correlation between in vivo drug response and in vitro soft 

agar assay. (Fiebig, 2004) Apart from this, one drug that enter Phase I clinical trial usually 

have unknown mechanisms and have poorly defined pharmacological properties, 
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xenograft models at this time could provide readily accessible information such as dose-

scheduling, toxic responses from combinative drug test and on efficacies, which facilitates 

future pharmacokinetics and pharmacodynamics studies. (Kelland, 2004) Human tumor 

xenografts will remain valuable in primary screen of lead anticancer compounds if careful 

considerations were given to experimental design, ensuring the molecular drug target is 

expressed and combining with principles of pharmacokinetics during investigation. 

(Suggitt, 200; Kelland, 2004) 
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2.2 Materials and methods  

2.2.1 Cell lines and reagents 

MDA-MB-435/LCC6 (LCC6) cell line is an estrogen receptor negative, invasive and 

metastatic human melanoma cell lines originated from M14 melanoma collected from the 

pleural effusion of a 31 years old Caucasian woman (previously thought to be derived 

from the MDA-MB-435 breast carcinoma) (Prasad et al., 2015). Whereas, MDA-MB-

435/LCC6MDR (LCC6/MDR) was generated by retroviral transduction of human mdr1 

gene, with a constant overexpression of P-gp transporter. These two cell lines were used 

in this project (generous gifts from R. Clarke from Georgetown University, Washington 

D.C., USA). Dulbecco's Modified Eagle Medium (DMEM) was purchased in powdered 

from and was prepared according to the user manual. Fetal bovine serum (FBS) was 

purchased from Gibco. Penicillin-streptomycin solution and Trypan blue stain was 

purchased from HyClone. Paclitaxel (PTX) was purchased from Hubei Yuancheng 

Saichuang Technology Company Limited. CellTiter 96® AQueous MTS Reagent Powder 

was purchased from Promega. Cell culture flasks and plates were purchased from Sterilin. 

Bradford solution was purchased from Bio-rad. MiliQ Water system was purchased from 

Merck. SuperSignal West Pico Chemiluminescent Substrate and Thermo Scientific 

Prestained Protein Molecular Weight Marker were purchased from Pierce. 25 gauge, 30 

gauge hypodermic needles and 1cc syringe were purchased from Becton, Dickinson and 

Company. All other chemicals were purchased from Sigma. 
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2.2.2 Cell culturing methods and conditions 

LCC6, LCC6/MDR and L929 cells were cultured in supplemented DMEM media with 

10% heat inactivated FBS and 100 U/mL penicillin and 100 µg/mL of streptomycin. All 

cell lines were maintained at 37 oC in a humidified atmosphere with 5% CO2. The LCC6 

cell lines were split constantly after a confluent monolayer has been formed. 

2.2.3 Cell counting and trypan blue exclusion assay for viable cells 

Trypsinized and PBS-washed cells from previous section were being resuspended in 1mL 

serum-free DMEM and pending for trypan blue exclusion assay to check the cells 

viabilities. Trypan blue is a diazo stain which can only be absorbed through the cell 

membrane by a dead cell; therefore giving these cells a distinct blue color thus excluded 

them from living cells. Trypan blue stain was diluted to 0.4% (w/v) with PBS and the 

assay performed by the addition of 50 µL stain to an equal volume of 5-fold diluted cell 

suspension, a development time of five minutes was allowed before loading the sample 

to a grid haemocytometer for cell counting. The total number of cells (cells/mL) from a 

sample can be mathematically computed by using the following equations.  

 

Equation 2.1 Mathematical equation for the calculation of cell number 

 

Equation 2.2 Mathematical equation for calculating the percentage of viable cells 
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Equation 2.3 Mathematical equation for calculating the total number of cells within a 
sample 

 

2.2.4 Preparation of Drug and flavonoid dimers for cell proliferation assay 

PTX, Verapamil, PSC833 and all flavonoid dimers were dissolved in pure DMSO at a 

final concentration of 10 mM. Dilutions were prepared according to subsequent assay 

conditions and being adjusted to a final DMSO concentration of 0.05%. Doxorubicin 

(DOX) was dissolved in water at 4 mM.  

2.2.5 Cell proliferation assay (MTS assay) 

LCC6 or LCC6/MDR cells survival was checked with trypan blue exclusion assay and 

then seeded onto a 96-well plate (4000 cells/well) for 24-hour at 37 ºC, 5% CO2 in 75 µL 

DMEM (10% FBS, 100 U/mL penicillin and 100 µg/mL of streptomycin). Anticancer 

drug, Paclitaxel, was added and serial dilution in concentrations of 500, 250, 125, 62.5, 

37.125, 15.625, 7.8125 and 0 nM for a final volume of 200 µL.  The reaction system was 

then incubated at 37 ºC, 5% CO2 for 72-hour before the addition of MTS:PMS reagent 

mixture.  After the incubation period, medium-drug mixture was removed from each well 

by vacuum suction and replaced with 100µL of unsupplied DMEM.  The CellTiter 96® 

AQueous MTS Assay was used to measure the cell proliferation according to the 

manufacturer’s instructions. MTS at 2mg/mL and PMS at 0.92 mg/mL were freshly 

prepared as a mixture in a ratio of 50:1, the mixture was then added into each well at 10 

µL. The plate was again incubated at complete darkness for 2-hour at 37 oC. Cell 

proliferation results were checked at 490 nM and the optical density data obtained by 
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using an absorbance reader (Bio-Rad). Data was subsequently being converted to 

percentage of survival against log concentration of PTX in a sigmoidal dose response 

curve for finding the IC50 towards different modulators. (Prism 4.0) All experiments were 

performed in triplicate and repeated at least thrice and the results were represented as 

mean ± standard error of mean. 

2.2.6 Animal husbandry  

Balb/c nu/nu female athymic mice at 4 to 6-week old, weighing between 15-23 g, were 

purchased from the Laboratory Animal Unit, The University of Hong Kong, Animal and 

Plant Care Facilities, University of Science and Technology and Hong Kong, The 

Laboratory Animal Services Centre, The Chinese University of Hong Kong, Laboratory 

Animal Unit, The University of Hong Kong and Vital River Laboratories, Beijing, P.R.C. 

Animals were quarantined for 7 days before housing in a germ-free environment with a 

12 hours of light and 12 hours of dark cycle. All consumables including food and water 

were sterilized prior for supply.  Investigations were performed under the Cap 340 Animal 

License from the Department of Health (HKSAR Government), ethical approval from 

Animals Ethics Sub-committee of The Hong Kong Polytechnic University as well as 

Laboratory Animal Ethics Committee of The Hong Kong Polytechnic University 

Shenzhen Research Institute.  

2.2.7 Establishment of LCC6 and LCC6/MDR Ascitic Model  

To allow adaptation of cultured cells in animal host, ascitic models were set up as follows:  

LCC6 and LCC6/MDR cells were harvested individually from monolayer culture when 

they reach confluences. Cells within the monolayer culture were first being trypsinized 
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and then centrifuged at 250 g for five minutes to collect cell pallet, the cell pallet is then 

being washed by warmed PBS; the above procedures were repeated thrice. Washed cells 

were then being resuspended in 1mL serum-free DMEM and trypan blue exclusion was 

performed by using equal volume of trypan blue stain to 50 µL of 5-fold diluted cell 

suspension for viability check and cell counting. Cell counting was done by using a 

haemocytometer and the concentration of cell (cells/mL) was calculated by the equations 

listed in section 2.2.3. 

Dilutions with cell density of 1 x 107 cells/mL were prepared by resuspending the required 

volume of cells in 200 µL of phosphate buffered saline (PBS). It was then being injected 

intraperitoneally (i.p.) to each quarantined Balb/c nu/nu athymic mice aged 5 to 7-week 

old at different concentrations of 0.8 to 3.6 x 107 cells/injection. When ascite was being 

formed, the abdomen of the mouse will be swollen and a subcutaneous tumor would 

usually being form near the injection site. To maintain the ascite model, 50 to 100 µL of 

ascite will be aspirated from the mouse and then inoculated into a new host. New ascitic 

cell model should be set up when ascitic passage reached its tenth.  

2.2.8 Confirmation of PTX resistance in ascitic cells by cell proliferation assay  

Aspirated ascites of LCC6/MDR and LCC6 from section 2.2.7 was cultured in 

supplemented DMEM media with 10% heat inactivated FBS and 100 U/mL penicillin and 

100 µg/mL of streptomycin. After one day of cell seeding, cell culture media was removed 

carefully and the anchored cells were washed gently by warmed PBS to get rid of normal 

cells and red blood cells. Fresh supplemented DMEM media is being replaced into the 

washed cells to allow the formation of monolayer. When a confluence was reached, cells 
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were split according to section 2.2.2. Cell proliferation assay can be carried out after the 

third passage according to section 2.2.5.   

2.2.9 Construction of LCC6 and LCC6/MDR xenografts from ascitic fluid 

Ascitic LCC6 and LCC6MDR cells from section 2.2.7 were maintained peritoneally in 

nude mice and being aspirated by a 25 gauge hypodermic injection needle during passage. 

Upon reaching its third passage (P3), 100µL of PBS diluted aspirated ascitic fluid (final 

concentration 1.5 x 106 cells LCC6 or LCC6/MDR cells) is being injected subcutaneously 

into the rear flank of another nude mouse. A solid tumor will begin to form in 

approximately two weeks. When a solid tumor is formed and reached the size of 300-400 

mm3, the mouse will be euthanized and surgically remove the tumor.  The excised tumor 

will be separated into halves, followed by the removal of necrotic tissues from the core; 

tumor chunks of approximately 1mm3 will be prepared and being transplanted 

subcutaneously into another nude mice. The subcutaneous xenograft will be ready for use 

after the third passage.  

2.2.10 Maintenance of LCC6 and LCC6/MDR subcutaneous xenograft model 

Subsequent solid tumor model will be maintained by using a solid tumor previously 

generated by the injection of ascite cells harvested. The advantage of using such method 

is that tumor raised would have a uniformed shape with a predictable growth rate, in 

addition, tumor induction rate would also be enhanced. When a solid tumor is formed and 

reached the size of 300-400 mm3, the mouse will be euthanized and surgically remove the 

tumor.  The excised tumor will be separated into halves, followed by the removal of 

necrotic tissues from the core; tumor chunks of approximately 1mm3 will be prepared and 
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being transplanted subcutaneously into another nude mice. Animals will be monitored for 

their mortalities, appetites, weight changes and activity levels on every other day 

excluding weekends. In case of weight loss exceeding 15% from its start off body weight 

for three consecutive days, such mouse will be euthanized by CO2 euthanasia followed 

by cervical dislocation.   

2.2.11 Sample preparation for P-gp level analysis on LCC6 and LCC6/MDR ascitic 

cells and its solid tumor  

LCC6 or LCC6/MDR cells obtained from monolayer culture and ascitic fluid were 

centrifuged at 250g for five minutes to obtain cell pellets. For LCC6 and LCC6/MDR 

tumors, each tumor was snap frozen in liquid nitrogen and beaten by a hammer to create 

chunks; 0.1 g of tumor chunks was used. Cell lysis buffer was prepared by the addition of 

NP40 lysis buffer, 50x protease inhibitor cocktail and 50x phenylmethylsulfonyl fluoride 

(PMSF) to a final concentration of 1x. To each sample tubes, 200 µL of cell lysis buffer 

was added, tumor samples was further mortared by a glass rod and all samples were 

vortexed afterwards to a suspension form and being incubated in ice for 30 minutes. 

Followed by the incubation period, samples were centrifuged at 500g for five minutes for 

the removal of cell debris; supernatants (lysate) were used and were transferred to a new 

sample tube. To check the total protein concentration within each sample, a portion (10 

µL) of cell lysate was being mixed into 990 µL miliQ water for create a 100-fold diluent, 

40µL of such diluent was then mixed with 160 µL of Bradford solution followed by the 

measurement of optical absorbance at 595 nm and the protein concentration was 

expressed in µg per milliliter (µg/mL). The samples were subjected to western blot 

analysis.  
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2.2.12 P-gp expression analysis by Western Blotting 

Cell lysates were loaded at 30µg per sample and resolved in a 9% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and subsequently electrotransferred to 

a polyvinylidene fluoride (PVDF) membrane buffered in transfer buffer (25 mM Tris, 193 

nM Glycine, 10% methanol) at 125V for 1 hour at 4°C. After electrical transfer, the 

membrane is blocked with 5% fat free milk in tween 20 tris-buffered saline (TTBS) at 

room temperature for 1 hour, followed by washing with TTBS at room temperature for 3 

cycles at 10-minute each with gentle agitation. The membrane was then incubated with 

either 1:500 rabbit anti-Pgp antibody or 1:10000 mouse anti-β-actin antibody overnight 

at 4°C with gentle agitation followed by washing with TTBS at room temperature for 3 

cycles at 10 minutes each. Subsequently, the membrane was incubated with a secondary 

antibody, either 1:3000 horseradish peroxidase-conjugated goat anti-mouse antibody or 

1:300 horseradish peroxidase-conjugated goat anti-rabbit antibody at room temperature 

for 1 hour with gentle agitation. After the secondary antibodies incubation, the membrane 

is washed 3 times at 10 minutes each at room temperature by TTBS. Finally, 

chemiluminescent substrates were added to the membrane in 1:1 manner (stable 

peroxide:lumini enhancer) and the western signal was detected by Bio-Rad  ChemiDocTM 

XRS+ system. 

2.2.13 Preparation of Drugs for PTX efficacy studies 

PTX was prepared at 40 mg/mL in 50% (v/v) ethanol, 50% (v/v) Cremophor EL as follow.  

First, dissolve 40 mg of PTX powder in 500 µL absolute ethanol. The suspension is then 

placed in 80 °C water bath for 3-minute, with subsequent agitation by a vortex until a 



 

Ch. 2 Establishment of MDA435/LCC6, MDA435/LCC6MDR Human Breast Cancer Xenograft Models 

 

37 

 

clear drug solution is formed.  Equal volume of Cremophor EL is then added into the drug 

solution, vortex until it became clear. This stock solution is stable for over one month at 

room temperature. Prior to injection, stock solution is being diluted 1:10 by normal saline. 

Diluted drug solution should be consumed within 15-minute to avoid drug precipitation.  

Solvent of PTX is being prepared by mixing 5% (v/v) ethanol, 5% (v/v) Cremophor EL 

and 95% (v/v) normal saline in final volume of 1 mL.  

2.2.14 In vivo reversal activities on LCC6 and LCC6/MDR xenografts towards PTX 

Female Balb/c nu/nu mice xenografted with LCC6 or LCC6/MDR were randomized into 

six to eight per group for efficacy studies.  Treatment began when tumor volume reached 

100 to 200 mm3. Animals were divided into two treatment groups: 1) Vehicle control and 

2) PTX. All animals were first administered with dimethyl sulfoxide (DMSO) 

intraperitoneally (i.p.) at 0-minute with an injection volume equivalent to 45 mg/kg of our 

flavonoid modulators, followed by an intravenous (i.v.) injection of PTX at 12 mg/kg or 

its solvent at equivalent volume at 60-minute on every other day in total of 4 times for 2 

cycles [(q.o.d. x 4) x 2] with a 4-day drug free recovery period in between.  To evaluate 

the therapeutic efficacy, tumor volumes, relative body weight changes, and survivals were 

monitored. Tumor volume and relative body weight change were being calculated by 

Equation 2.4 and 2.5:  

 

Where, � = Longest diameter of the tumor;  � = Diameter perpendicular to � 

Equation 2.4 Mathematical equation for the calculation of tumor volume 
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Equation 2.5 Mathematical equation for the calculation of relative body weight 
change. 

 

 

Treatment induced toxicity were defined as toxicity deaths or weight loss >15%.  

Treatment efficacies were analyzed in terms of % of tumor inhibition (T-C value, % T-

C), and tumor doubling time (Td).  The data were further analyzed statistically by student’s 

t-test. The mathematical equations for %T-C and Td were listed below:(Bissery 1991, 

Clarke 1997) 

 

   

 
Equation 2.6 Mathematical equations for the calculation of percentage of tumor 

inhibition (%T-C) 

 

 

Equation 2.7 Mathematical equations for the calculation of tumor doubling time (Td) 
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2.3 Results 

2.3.1 Establishment of LCC6 and LCC6/MDR Ascitic Model 

Various concentrations of MDA435/LCC6 or MDA435/LCC6MDR cell (0.08 – 2 x 108) 

has been injected to female Balb/c nude mice to investigate the probability for the 

induction of ascite as described in section 2.2.7. Animals received either cell injection 

intraperitoneally has an uptake rate greater than ninety-five percent.  Cell concentration 

per animal, ascite formation and their survival status were summarized in Table 2.1.  
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Table 2.1 Summary of ascitic model with LCC6 and LCC6/MDR cell line.  

Cell line 
Number of passage  
(n=1, unless stated) 

Number of Cell injected  Ascite formation Days of death post passage 

MDA435/LCC6 

P0
* 0.8 x 107 Yes ND# 

P0
* 1.5 x 107 Yes ND# 

P1 ~ 1 x 107 Yes ND# 

P2 ~ 1 x 107 Yes ND# 

P3 ~ 1 x 107 Yes ND# 

MDA435/LCC6MDR 

P0
* 0.1 x 107 Yes ND# 

P0
* (n=2) 0.5 x 107 Yes ND# 

P0
* 1 x 107 Yes ND# 

P1 1.5 x 107 Yes 64 

P2 (n=2) 3x 107 Yes 34 and 38 

P3 3.6 x 107 Yes 46 

P4 2.3 x 108 Yes 31 

P5 3.8 x 107 Yes 33 

P6 2 x 107 Yes 40 

* P0; Passage from cell culture to animal. 
# ND = Not determined. 

Various cell numbers of LCC6 and LCC6/MDR were injected intraperitoneally in 5 – 7 weeks old female athymic nude mice. Time was 

allowed for the development of ascites and was subsequently aspirated for the next passage for the maintenance of model and 

construction of solid tumor xenografts. 
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2.3.2 Confirmation of PTX resistance in ascitic LCC6/MDR cancer cells 

To confirm the resistance towards PTX in ascitic cells prior to the construction of the 

mouse xenograft, LCC6/MDR ascite was aspirated from the animal and transferred back 

into cell medium for MTS assays according to section 2.2.9. The IC50 obtained towards 

PTX in ascitic cell was 139 ± 2.1 nM versus Paclitaxel + DMSO control 115.8 ± 19.8 nM 

(mean ± SEM, Figure 2.1), which was comparable to the IC50 from cultured cells (148nM).  
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Figure 2.1 Confirmation of PTX resistance in ascitic LCC6/MDR cancer 
cells. Aspirated ascites of LCC6/MDR was cultured in cell medium. After 
the third passage, cytotoxicity assay (n=4) were performed with various 
concentrations of PTX and modulator vehicle. LCC6/MDR cells was 
seeded at 2000 cell per well, PTX or DMSO were added 24 hours after in a 
final volume of 200 µL with subsequent incubation of 72 hours. To measure 
the cell proliferation, the CellTiter 96® AQueous MTS Assay was 
employed. IC50 values were calculated from the dose-response curves of 
MTS assays. All experiments were performed in quadruplicate and the 
results were presented in mean ± SEM. 
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2.3.3 P-glycoprotein (P-gp) expression analysis on LCC6 and LCC6/MDR ascitic 

cells and their solid tumors 

P-gp expression level was confirmed by using western blotting. Lysates of LCC6 and 

LCC6/MDR cells, ascitic fluids and tumors were collected and prepared for the analysis. 

No detectable P-gp was found in wild type or ascite LCC6 cells. In contrast, higher level 

of P-gp was observed in MDR1 samples. (Figure 2.2A and B)  
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Figure 2.2 P-glycoprotein (P-gp) expression analyses by western blotting. 

A) P-gp levels comparing between cell lysates from monolayer culture and 

lysates obtained from peritoneal ascites. B) P-gp levels comparing between 

cell lysates from monolayer culture and lysates obtained from subcutaneous 

tumor. (Loading amount: 30µg, rabbit anti-P-gp antibody: 1:500, mouse 

anti- β-actin antibody: 1:10000) 

 

2.3.4 Efficacy of LCC6 and LCC6/MDR tumor model towards PTX treatment 

We determined a dose regimen that is safe and produce no or modest antitumor effects 

when PTX was used alone. Female athymic nude mice implanted with LCC6 or 

LCC6/MDR tumor xenografts were randomized for the assessment of PTX efficacy 

according to section 2.2.14.  
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Twelve mg/kg PTX resulted in a maintenance effects to LCC6 tumors (Figure 2.3A) 

from 190 ± 7 mm3 on Day 0 to 248 ± 78 mm3 on Day 27. On the other hand, 4–fold 

increase in average tumor size was observed in solvent control group. In LCC6/MDR 

xenografts, tumors from both treated and control group have similar growth rate. No 

therapeutic response was found in PTX-treated group. Tumor inhibition (%T-C) for 

sensitive and resistant xenografts were 49% and 16% respectively. (Figure 3.3B) We 

can conclude that intravenous injection of Paclitaxel at 12 mg/kg resulted in moderate 

efficacy in sensitive model and no effects towards treating resistant tumors. In addition, 

no animal deaths were observed during and post treatment, further suggesting the 

present treatment design is safe and suitable for further efficacy study.  
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Figure 2.3 Tumor response curve for LCC6 and LCC6/MDR human cancer 
xenograft. A) LCC6 xenografts were treated with DMSO (Empty Square) or 
DMSO + PTX (12 mg/kg) (Filled Square). B) LCC6/MDR xenografts were 
treated with DMSO (Empty Triangle) or DMSO + PTX (12 mg/kg) (Filled 
Triangle). All animals were treated under a schedule of q.o.d x 4 for two cycles 
with a four days drug free holiday. Tumor volumes were measured on treatment 
days and animals were monitored for any abnormal behaviors or deaths. 
Statistical analysis was performed by one-way-ANOVA. (*p<0.05).  
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2.4 Discussion 

In this chapter, two human tumor xenografts LCC6 and LCC6/MDR have been developed 

for subsequent in vivo efficacy evaluation between PTX and synthetic flavonoid dimers. 

Validations of model P-gp resistances have been conducted to confirm their usefulness 

and consistencies.  

In previous study done by the laboratory of R. Clarke, LCC6 and LCC6/MDR ascite 

models were highly reproducible, with an induction rate of 100% and a median survival 

at 30 days. Apart from this, the origin of these ascitic cells as human cells was confirmed 

by karyotyping analysis; none of these cells have been contaminated with other murine 

cells. (Leonessa et.al., 1996) We have reproduced both ascite models through the injection 

of monolayer culture into mice peritoneum.  The only difference was a prolonged survival 

(40 days) in the MDR model, even after an injection of a large amount of cells (>107).  

Such phenomenon was possibly due to strain differences between Balb/c nu/nu mice 

(inbreed) in here and NCr nu/nu mice (Outbreed) in Clarke’s group, as well as changes in 

husbandry condition. (Leonessa et.al., 1996) 

MTS assay and western blotting analysis were performed to see if aspirated ascitic cells 

were capable of conferring PTX resistance and maintaining the expression of P-gp. Since 

ascitic fluid is a mixture of blood cells, normal epithelial cells and malignant cells, 

therefore, it was essential to isolate targeted malignant cells from other unwanted cells by 

growing back into growth medium before these in vitro assays. (Easty et. al., 1957; 

Leonessa et.al., 1996) Results from cytotoxicity assay suggested these isolated ascitic 

LCC6/MDR cells can maintain their resistance toward PTX with an IC50 result of 139 nM, 
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comparable to previous data. (Chan et al., 2006) Notable decrease of P-gp level from 

ascitic LCC6/MDR cells was observed and expected possibly due to the samples were 

freshly obtained from animal without prior isolation in vitro. As mentioned previously, 

ascite is a mixture of cells, the presence of other normal cells would likely dilute the 

population of MDR1 overexpressed malignant cells from the loaded sample. Nevertheless, 

enrichment of P-gp from solid tumor sample was monitored, indicating the expression of 

P-gp did not forfeit during animal passage and the model is valid to be utilized.  

Paclitaxel was chosen in this project because it is an effective chemotherapeutic agent for 

treating various human solid tumors and it is a substrate for P-gp transporter.  (Rowinsky 

and Donehower, 1993, Jang et al., 2001) From the drug development’s point of view, 

safety is the most important issue, therefore, an effective yet least toxic dose and schedule 

is preferred.  As the maximum tolerated dose (MTD) of a single intravenous injection on 

PTX with Cremophor EL formulation was found to be at 20 mg/kg, for repeated dosage, 

there is a need to adjust either the dose concentration or the treatment frequency to avoid 

possible toxicity. (Kim et al., 2001) With reference to a few studies working on P-gp 

modulators with repeated treatments of PTX, the dose regimen was compromised at 12 

mg/kg for 8 times in total with a drug free recovery period as a preliminary scheme. 

(Dantzig, 1996, Jin, 2005, Mistry, 2001, Rose, 1992) Preliminary antitumor study 

demonstrated that the present dose regimen design was efficacious only in LCC6 

xenografts and were safe for all animals. Further investigation of antitumor effects in 

combinatory treatments with PTX will be performed. Optimization of treatment regimens 

and dosing frequency will be performed and discussed in chapter 3.  
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Chapter 3  

Pharmacokinetics, toxicity and efficacy studies of FD18 

and its derivatives 
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3.1 Introduction  

Due to previous successful approach in synthesizing potent flavonoid dimers 9d then 61, 

62 and 69. (Table 4.1; compound 2 - 4) More derivatives with different linker positions 

has been synthesized for characterizations. The amendment of linker positions from C4’ 

to C2’ and C3’ on B-ring resulted in a lowered potency, suggesting linker at C4’ position 

is still being optimal. Further to this, another batch of compounds with linkers attached 

other than C4’, 2’ and 3’ position were synthesized and will be tested in follow section 

within this chapter.  

Compounds those were highly hydrophobic often associated with poor aqueous solubility. 

Despite of their brilliant P-gp modulation feature, were difficult to proceed further. Such 

phenomenon has been observed with preliminary in vivo dose finding assays, the injection 

of 1d-(5,7H) (Compound 61), 1d-(5,7H)-7F (Compound 62) or 1d-(5,7H)-6Me 

(Compound 69) have resulted in precipitation within the peritoneal cavities of treated 

animals (data not shown). This urged the development of compounds that possess a higher 

aqueous solubility yet not losing their potencies.  With the use of compound 61 as parent 

compound, subsequent introduction of an amine group within the PEG linker allowed the 

creation of another new library with series of amine linked dimers. (Chan et al., 2012) In 

vitro cytotoxicity screening suggested that 1d-(5,7H)-NBn (FD18) and its parent 1d-

(5,7H)-NH (Table 4.1; compound 13 and 14) were the best compounds from this series. 

These compounds have improved hydrophilicity and having even higher reversing 

activities. 1d-(5,7H)-NH was being abandoned eventually as for its cell killing effects in 

normal fibroblasts.  An extensive mechanistic study has been done to understand the 

working mechanism of FD18. Findings suggested that FD18 behave at a competitive 
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inhibitor to other P-gp substrates and binding directly to the substrate binding site. The 

solubility and potency of FD18 allowed it to took one step further for in vivo 

characterization. In this chapter, in vivo characterization of FD18 and its derivatives will 

be performed.  

3.2 Materials and methods 

3.2.1 In vitro P-gp reversing activities towards PTX 

A few flavonoid homodimers were synthesized and being listed in Table 3.1. To measure 

their reversing activities in LCC6/MDR cells towards PTX, MTS assay was performed as 

follow.  

LCC6 or LCC6/MDR cells survival was checked with trypan blue exclusion assay and 

then seeded onto a 96-well plate (4000 cells/well) for 24-hour at 37 ºC, 5% CO2 in 75 µL 

DMEM (10% FBS, 100 U/mL penicillin and 100 µg/mL of streptomycin). Anticancer 

drug, Paclitaxel, was added and serial dilution in concentrations of 500, 250, 125, 62.5, 

37.125, 15.625, 7.8125 and 0 nM for a final volume of 200 µL.  The reaction system was 

then incubated at 37 ºC, 5% CO2 for 72-hour before the addition of MTS:PMS reagent 

mixture.  After the incubation period, medium-drug mixture was removed from each well 

by vacuum suction and replaced with 100µL of unsupplied DMEM.  The CellTiter 96® 

AQueous MTS Assay was used to measure the cell proliferation according to the 

manufacturer’s instructions.  MTS at 2mg/mL and PMS at 0.92 mg/mL were freshly 

prepared as a mixture in a ratio of 50:1, the mixture was then added into each well at 10 

µL. The plate was again incubated at complete darkness for 2-hour at 37 oC.  Cell 

proliferation results were checked at 490 nM and the optical density data obtained by 
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using an absorbance reader (Bio-Rad). Data was subsequently being converted to 

percentage of survival against log concentration of PTX in a sigmoidal dose response 

curve for finding the IC50 and EC50 (Half maximal effective concentration; a concentration 

for each modulator required to demonstrate its half maximal activity) that towards 

different modulators. (Prism 4.0) All experiments were performed in triplicate and 

repeated at least thrice and the results were represented as mean ± standard error of mean. 

Table 3.1 Structures of modulators.  

ID Compound Structures 

1 PSC 833 

 

2 1d-(57H) (61) # 

 

3 1d-(57H)-7F (62) # 

 

4 1d-(57H)-6Me (69) # 
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5 2'-1d-(57H) # 

 

6 3-1d-(57H) # 

 

7 3'-1d-(57H) # 

 

8 5-1d-(57H) 

 

9 7-1d-(57H) 

 

10 
1d-(5,7H)-linker 

2NMe 

 

11 1d-(57H)-linker NMs 

 

12 1d-(57H)-linker NTs 
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13 1d-(57H)-NH ^§ O

O

O O N O O

O

O

H

 

14 1d-(57H)-N-Bn ^§ O

O

O O N O O

O

O

 

15 1d-(57H)-N-(4PhBn) 

 

16 1d-(57H)-N-(2FBn) 

 

17 1d-(5,7H)-N-(4ClBn) 

 

18 
1d-(57H)-N-
(4MeOBn) 

 

19 
1d(5,7H)-N-(2-,6-

diFBn) 
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20 1d-(57H)-N-Piperonyl 

 

 
Three series of flavonoid dimers have been synthesized. Compound 3 – 9 were 
synthesized based on compound 2, differed in linker positions. Compound 10 – 12 and 14 
were synthesized based on 13, with an amine linker and various functional groups 
substituted. Compound 15 – 20 were synthesized by adding different functional group 
from their parent compound, 14. (Published data: #(Chan et al., 2009), ̂ (Chan et al., 2012),  
§(Yan et al., 2016)) 
 

3.2.2 Cytotoxicities of flavonoid modulators 

In vitro toxicity of flavonoid dimers were determined by using L929 murine fibroblast 

cell line. Cells were first seeded in a 96-well plate with 100 µL growth medium for 24-

hours at a cell concentration of 10000 cells/well. A concentration range of dimers were 

added into the cell suspension with a final concentration of 200 µL. To determine the 

percentage of survivors, MTS assay was carried out as described in Chapter 2 at section 

2.2.5. 

3.2.3 Drug preparation for animal experiments 

PTX was prepared at 40 mg/mL in 50% (v/v) ethanol, 50% (v/v) Cremophor EL as follow.  

First, dissolve 40 mg of PTX powder in 500 µL absolute ethanol. The suspension is then 

placed in 80 °C water bath for 3-minute, with subsequent agitation by a vortex until a 

clear drug solution is formed.  Equal volume of Cremophor EL is then added into the drug 

solution, vortex until it became clear. This stock solution is stable for over one month at 

room temperature. Prior to injection, stock solution is being diluted 1:10 by normal saline. 

Diluted drug solution should be consumed within 15-minute to avoid drug precipitation.  
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Solvent of PTX is being prepared by mixing 5% (v/v) ethanol, 5% (v/v) Cremophor EL 

and 95% (v/v) normal saline in final volume of 1 mL. PSC833 solution is made up of 

cremophor:ethanol (65:35 v/v) and formulated at 10 mg/mL. Stock solution of flavonoid 

dimers 1d-(5,7H)-N-BnHCl (FD18), 1d-(5,7H)-N-(4MeOBn)HCl (4MeO), 1d-(5,7H)-N-

(4ClBn)HCl (4Cl), 1d-(5,7H)-N-2,6-diFBn (diF), 1d-(5,7H)-N-4PhBnHCl (4Ph), 1d-

(5,7H)-N-2FBnHCl (2F) and 1d-(5,7H)-N-Piperronyl (N-Pip) stock solutions were 

formulated in 13.6% cremophor EL, 13.6% Ethanol and 72.8% physiological saline (0.9%; 

w/v) at 4mg/mL (or 3 mg/mL for 4Ph, 2F and N-Pip) and prepared as follow. Weight and 

dissolve 4 mg flavonoid powder (3 mg for 4Ph, 2F and N-Pip) into 136 µL of 

physiological saline (0.9%; w/v), heat up to 80 °C in a water bath for 5-minute, with 

subsequent agitation by a vortex until the suspension became milky.  The milky solution 

was brought to room temperature, 136 µL of Cremophor EL and 136 µL Ethanol were 

added with continuous agitation until a clear viscous solution is formed. Finally, top up 

this solution to 1 mL with 592 µL of 0.9% (w/v) saline, vortex until a uniform clear 

solution is formed. Solvent of the above modulators is being prepared by simple mixing 

of 13.6% cremophor EL, 13.6% Ethanol and 72.8% physiological saline (0.9%; w/v) in 

final volume of 1 mL. All modulator solutions were freshly prepared on the day of 

injection.  

3.2.4 Pharmacokinetic study of FD18 

The preparation of FD18 was described in previous section of 3.2.3. FD18 at 45 mg/kg 

were administered to female Balb/c mice through i.p. injection. At various time points 

(10, 30, 60, 120, 240, 420, 840, 720 and 960-minute), blood samples were collected in a 

heparinized eppendorf tube via cardiac puncture after deep anesthesia by ethyl ether. The 
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samples were centrifuged at 16100 g for 10-minute immediately for the separation of 

blood plasma. Plasma sample collected was transferred to a new eppendorf tube and 

stored at -20°C until analysis. Pharmacokinetics data analysis was done by utilizing a non-

compartmental model. Area under the plasma concentration-time curve (AUC), half-life 

for elimination (t1/2β), half-life for absorption (t1/2α), clearance (CL), maximum plasma 

concentration (Cmax) and time to maximum plasma concentration (Tmax) were calculated 

by PK Solutions 2.0 (Summit Research Service, Ashland, U.S.A). (Yan et al., 2016; 

appendix 1)  

3.2.5 In vivo short term toxicity study 

The objective of this study is to determine whether the designed treatment dose and 

schedule is usable thus safe to animals. Flavonoid modulators listed in section 3.2.1 were 

tested for their in vivo toxicities. Due to the maximum solubility of FD18 and the injection 

limit; FD18 was dosed at a maximum usable dosage (MUD) of 45 mg/kg. A lower dose 

of 30 mg/kg were included as a safety net. The rest of the modulators were tested at 45 

mg/kg similar to FD18. Treatment schedule of these modulators were set on every other 

day in total of 12 injections (q.o.d. x 12). Under all settings, modulators were tested with 

either PTX at 12 mg/kg or 8 mg/kg or its solvent (equivalent volume to 12 mg/kg). 

PSC833, a more potent P-gp modulator compared to FD18 in vitro, were tested in various 

concentrations (10, 5, 2.5, 1.6 mg/kg) with or without PTX at 8 or 4 mg/kg. Treatment 

schedule of PSC833 is eight injections in 17 days (q.o.d. x 4 for 2 cycles, with 4 days drug 

free period between each cycle). The following parameters were used to indicate whether 

drug related toxicity during or post-treatment (10 days after dosing cycle) have occurred.  

A) Mortality. B) Weight changes. A more stringent definition herein applied. Weight loss 
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should not exceed 15% (normally 20%) compared to day 0 of treatment for more than 3 

or more consecutive days. C) Other observable parameters. Reduced or loss of activity 

levels, abnormal posture and loco moments, reduced or loss of appetites, hypothermia, 

skin abnormities such as inflammation or rashes and so on will be monitored closely. 

Animal with the above symptoms were euthanized. 

3.2.6 Tissue processing and embedding for histopathological studies 

All animals were sacrificed after the short-term toxicology studies by overdose of CO2 

and then by cervical dislocation for necropsy.  Vital organs (liver, heart, kidneys and 

spleen) were collected, weighted, gross checked and then fixed in 10% neutral buffered 

formalin (NBF) for 8 to 10 hours.  The organs were further trimmed into cubes with a 

thickness of 3mm.  These trimmed tissues were fixed under NBF for another 2-hour, then 

processed in an automatic tissue processor (Leica ASP 200) and embedded in paraffin.  

Tissue blocks were sectioned by a rotary microtome to give 3-micron-thick cut sections.  

They were mounted onto clean slides and then stained with Gill’s 3 hematoxylin for 

45minutes and 1% eosin Y in 1% calcium chloride (CaCl2) for 10 minutes followed by 

microscopic morphological investigations.  

3.2.7 Histopathological evaluation of selected flavonoid modulators 

Pathological grading was evaluated by a registered pathologist. Symptoms such as 

polymorphism of cells, degenerative features, and disappearance of nucleus were 

examined under a light microscope of 100x. A scoring system of 0 to 5 was applied, where 

5 indicated severe condition and 0 represented negative incidence. Scoring of condition 

was based on comparison to treatment controls. To quantify, samples were observed under 
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a high power field (400x) with a light microscope, 10 random fields within hot spot areas 

(areas that most likely observed to have adverse changes) were selected and manually 

counted for the number of abnormal cells.  Evaluations were done based on the following 

criteria listed in Table 3.2.  

Table 3.2 Histopathological grading criteria. 

Organ Assessment Criteria 

Liver 

1) Hepatitis 
2) Polymorphism of nucleus 
3) Regenerative hepatocytes 
4) Necrosis 
5) Infiltration of white blood cells 

Kidney 
1) Changes in glomerulus, proximal and distal convoluted tubule structures 
2) Necrosis 

Heart 
1) Necrosis 
2) Regenerative cardiac cells 

Spleen 1) Splenic atrophy on white and red pulp  

 
Vital organs obtained from autopsy were fixed and process, then perform H&E staining.  
Pathological evaluation was done by a registered pathologist based on the above criteria.  

 

3.2.8 In vivo modulating activity towards PTX in LCC6/MDR xenografts 

LCC6/MDR xenograft models were setup as described previously in Chapter 2 at section 

2.2.10. Treatment of LCC6/MDR-xenografted Balb/c female nu/nu mice begin when 

tumor volume reached about 100-150 mm3. Animals were randomized into groups of 7 to 

11. Treatment dosage and schedule were selected from the toxicity study according to 

section 3.2.5. Detailed study plan is being described below in Table 3.3. Animals were 

assessed for treatment efficacies, survivals and toxicities according to sections 3.2.5 and 
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3.2.9. Upon termination on day 32, animals will be dissected for postmortem studies. 

Gross checking of vital organs was conducted. Statistical analysis on tumor volumes 

between control and treatment group was performed by using one-way ANOVA with 

Bonferronoi post test.  

Table 3.3 Treatment groups and schedules.  

A Group n Dosing schedule Treatment 

1 8 

q.o.d. x 12 

Solvent Control 

2 9 FD18 (45 mg/kg; i.p.) + PTX solvent 

3 8 FD18 solvent + PTX (12 mg/kg; i.v.) 

4 11 FD18 (45 mg/kg; i.p.)  + PTX (12 mg/kg; i.v.) 

5 7 

 
Day 0, 2, 4, 6 

and 
11, 13, 15, 17 

PSC 833 (2.5 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 

 

 

B 

 

Group n Dosing schedule Treatment 
1 8 

q.o.d. x 12 

Solvent control 

2 8 Modulator solvent + PTX (12 mg/kg; i.v.) 

3 8 4MeO (45 mg/kg; i.p.) + PTX solvent 

4 8 4Cl (45 mg/kg; i.p.) + PTX solvent 

5 7 N-Pip (45 mg/kg; i.p.) + PTX solvent 

6 8 4MeO (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 

7 7 4Cl (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 

8 8 N-Pip (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 
 

 
Two separated experiments have been conducted. (A) In vivo modulation activity study 
in LCC6/MDR xenografts towards PTX. FD18, together with PTX at 12 mg/kg (group 4) 
or its solvent (group 2); were compared to solvent control (group 1) and PTX control 
(group3). A positive control of PSC833 at 2.5 mg/kg was included (group 5) and treatment 
at a less frequent schedule of 8 injections in a 17-day treatment period. (B) In vivo 
modulation study towards PTX. Another batch of LCC6/MDR xenograft was created for 
the study of FD 18 derivatives. Same dosing and scheduling strategy were employed with 
reference to (A). All groups consisted of 7 – 11 animals (n=7-11). Tumor volumes, weight 
changes and survival were constantly monitored during and after treatment. Tumor 
volume data obtained were statistically analyzed by one-way ANOVA.   
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3.2.9 Evaluation of treatment efficacy 

To evaluate the therapeutic efficacy, tumor volumes, relative body weight changes, and 

survivals were monitored. Tumor volume and relative body weight change were being 

calculated as referred to Chapter 2, section 2.2.14, equations 2.4 and 2.5:  

The indication of treatment induced toxicity were listed in Chapter 2, section 2.2.13.  

Treatment efficacies were analyzed in terms of % of tumor inhibition (T-C value, % T-

C), and tumor doubling time (Td).  The data were further analyzed statistically by one-

way-ANOVA with Bonferroni post test. The mathematical equations for %T-C and Td 

were listed in Chapter 2, section 2.2.14, equations 2.6 to 2.7. (Bissery et al. 1991, Clarke 

1997) 

3.2.10 In vivo Paclitaxel accumulation study 

LCC6/MDR xenograft models were setup as described previously. Experiment was 

conducted when tumors reached 100 -120 mm3. FD18 injection (45 mg/kg; i.p.) was made 

at 0-hour followed by PTX treatment (40 mg/kg; i.v.) 1-hour after. Tumor samples were 

collected 7-hour post-PTX administration.  

3.2.11 Extraction of PTX from LCC6/MDR tumors for HPLC analysis 

Tumor samples were homogenized with 1 mL of water with the addition of 50 µL 

docetaxel at 60 µg/mL as an internal standard.  The homogenate was extracted thrice for 

PTX by using 3 mL of diethyl ether, vortexed then centrifuged at 2,700 g for 5-minute. 

Supernatant was collected and dried at 80°C. The extracted PTX samples were stored at 

-20°C until HPLC analysis.  Prior to HPLC analysis, the samples were reconstituted by 
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adding 50 µL acetonitrile, followed by the removal of unwanted debris by filtering the 

samples through a 0.2 µm nylon filter. HPLC analysis was performed subsequently 

according to previous published methods. (Yan et al., 2016; appendix 1)  

3.2.12 Dose optimization of FD18 in reversing P-gp mediated PTX resistance in 

LCC6/MDR xenografts 

A higher dosage of FD18 (90 mg/kg) was tested as described section 3.2.8 Table 3.3A 

(Group 1 - 4) to see if modulating effects could be potentiated. Due to the previous 

mentioned MUD for FD18; it was administrated via two injections at 45 mg/kg at 0 and 

9-hour on the same day. Formulation of FD18, evaluation and assessment guidelines can 

be referred to sections 3.2.3, 3.2.5 and 3.2.9 respectively.   

3.3 Results 

3.3.1 In vitro screening of flavonoid dimers for their P-gp modulating activities 

towards PTX 

Three series of flavonoid dimers were examined as listed in section 3.2.1. The first series 

was derived from parent compound 1d-(5,7H) (compound 2), having four polyethylene 

glycol (PEG) molecules as linker at C4 position. Based on this compound, derivatives 

were synthesized with PEG linker at different positions. Previous published data 

suggested that compounds 2 - 4 were the most potent compounds (Chan et al., 2009), 

therefore, they were used to compared to the newly synthesized compounds. (Table 3.4, 

compound 5-9) Linker positioned at C5 (IC50 of 42.8 nM) weakened the activity, whereas, 

linker at C2’, C3, C3’ and C7 enhanced it (IC50 of 19.3 ± 3.2, 16.5, 20.13 ± 5.1 and 10.6 
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respectively).  Therefore, linker at C4 position (i.e. compound 2) is still the best modulator 

from this series.  

Although compounds 2 – 4 were potent, they have poor aqueous solubility. To increase 

aqueous solubility, a nitrogen-containing PEG linker was used. Protonation of nitrogen 

can increase aqueous solubility (Table 3.4; compound 10 – 14) Among these amine-linked 

compounds, 13 and 14 were the most potent (IC50 = 1.1) EC50 of compound 13 was 219 

nM, almost the same as the parent compound 2 (222 nM). Compound 13 was relatively 

toxic to normal fibroblasts (IC50 = 6 µM), Compound 14, has an EC50 of 148 nM, and 

was non-toxic to fibroblast (IC50 towards L929 cells at 85 µM), different dimers were 

created. Further structural substitution of various functional groups on the benzyl ring at 

linker can maintain their efficacies. (Table 3.4; compound 15 - 20) They were active 

within a nanomolar range without significant toxicities to fibroblast. Among all 

compounds, 4Ph has highest selective index of >962 whereas diF was the lowest at >422. 

FD18, the lead compound, has 574. (Table 3.5) These compounds were subsequently 

further characterized by in vivo through pharmacokinetic, toxicity and in vivo efficacy 

study.  
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Table 3.4 Summary of P-go modulating activities of flavonoid dimers towards PTX.  

ID Compound 
Linker 

position  
[Compound] 

Modulation activities on LCC6/MDR 
EC50 towards PTX  

(nM ± SEM) 

Cytotoxicity to L929 
cells  

(IC50; µM ± SEM) 
IC50 towards PTX 

(nM ± SEM) 
RF 

 Control  - 126.2 ± 6.1 1.0 - - 

 DMSO Control  0.05% 127.0 ± 4.4 1.0 - - 

 Cremophor EL Control  0.08% 104.3 1.2 - - 

1 PSC 833  1µM 2.6 ± 0.4 48.8 2.3 ± 0.5 >100 

2 1d-(57H) # 4 1µM 8.9  ± 2.6 14.3 222 ± 71 >100 

3 1d-(57H)-7F # 4 1µM 10.6 ± 4.9 11.6 ND ND 

4 1d-(57H)-6Me # 4 1µM 4.9 ± 2.1 25.9 ND ND 

5 2'-1d-(57H) # 2' 1µM 19.3 ± 3.2 6.5 ND ND 

6 3-1d-(57H) # 3 1µM 16.5 12.1 ND ND 

7 3'-1d-(57H) # 3' 1µM 20.1 ± 5.1 6.3 ND ND 

8 5-1d-(57H) 5 1µM 42.8 2.9 ND ND 

9 7-1d-(57H) 7 1µM 10.1 12.5 ND ND 

10 1d-(5,7H)-linker 2NMe  1µM 29.1 ± 10.0 4.3 ND ND 

11 1d-(57H)-linker NMs  1µM 16.3 ± 1.9 7.8 ND ND 
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12 1d-(57H)-linker NTs  1µM 7.6 ± 1.6 16.7 ND ND 

13 1d-(57H)-NH ^§  1µM 1.1 ± 0.1 115.5 219 ± 53 6 ± 1 

14 1d-(57H)-N-Bn ^§  1µM 1.1 ± 0.1 115.5 148 ± 18 85 ± 5.0 

15 1d-(57H)-N-(4PhBn)  1µM 4.8 ± 0.5 26.5 72 ± 21 >69.3 

16 1d-(57H)-N-(2FBn)  1µM 1.5 ± 0.2 84.7 179 ± 44 >100 

17 1d-(5,7H)-N-(4ClBn)  1µM 4.4 ± 0.6 28.9 177 ± 14 >78.2 

18 1d-(57H)-N-(4MeOBn)  1µM 1.3 ± 0.0 32.6 104 ± 7.0 >100 

19 1d(5,7H)-N-(2-,6-diFBn)  1µM 1.7 ± 0.3 74.7 237 ± 91 >100 

20 1d-(57H)-N-Piperonyl  1µM 3.4 ± 0.1 37.4 204 ± 20 >100 

 
Series of flavonoid dimers were tested for their in vitro P-gp modulating activities towards PTX. Compound ID 2-4 were lead 
compounds previously established. ID 5-9 were differed in linker positions. Modulators 10-14 were linked with different linkers 
to enhance their aqueous solubility. The lead amine linked compound,14, was modified further to compounds 15 -20, with 
different functional groups substituted on the amine linker group. All modulators were tested at 1µM and were compared to 
PSC833 as positive control. Apart from the determination of IC50 (nM) on PTX, some of these modulators with high relative 
fold (RF) (ratio of IC50 of LCC6MDR cells without modulator to LCC6MDR cells with modulator) values suggesting they 
have higher sensitivities to PTX. They were taken into further investigations for their EC50 (nM) on PTX (a dose of modulator 
that gives its half maximal effects towards PTX) and cytotoxicity towards normal cells (L929; murine fibroblasts). ND; Not 
determined. (Published data: #(Chan et al., 2009), ^(Chan et al., 2012),  §(Yan et al., 2016)) 
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Table 3.5 Selective indices for selected modulators.  

ID Compound Selective Index 

14 1d-(57H)- N-Bn (FD18) 574 

15 1d-(57H)-N-(4PhBn) (4Ph) > 962 

16 1d-(57H)-N-(2FBn) (2F) > 559 

17 1d-(5,7H)-N-(4ClBn) (4Cl) > 442 

18 1d-(57H)-N-(4MeOBn) (4MeO) > 961 

19 1d(5,7H)-N-(2-,6-diFBn) (diF) > 422 

20 1d-(57H)-N-Piperonyl (N-Pip) > 490 

 
Selective index is ratio defined by the IC50 towards fibroblast L929 
divided by the EC50 for reversing PTX resistance. The higher the value, 
the more potent and less toxic it is.  

 

3.3.2 Pharmacokinetic study of FD18 

Results obtained from this section were performed by Kan from Chow’s group. (Kan, 

PhD thesis, 2015; Yan et al., 2016) Since FD18 was the first candidate synthesized among 

other modulators listed in Table 3.5, it was treated as a model for pharmacokinetic study. 

The pharmacokinetic properties of FD18 were summarized as follows. When FD18 was 

administered to mice through i.p. injection at 45 mg/kg, and monitored for 16 hours. 

(Figure 3.1), it exhibited a rapid absorption phase and reached a Cmax of 2350 ng/mL at 

120-minute (Tmax). FD18 was also able to maintained at a plasma concentration above its 

EC50 (148nM; 107 ng/mL) for more than 10 hours.  
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Figure 3.1 Plasma concentration of FD18 against time. FD18 was 
injected intraperitoneally to mice and was monitored from 0 to 16 hours. 
The dotted line at 107 ng/mL represents the EC50 of FD18 at 148 nM. 
(Yan, 2016) 

 

Oral bioavailability of FD18 was also studied in rat, Cmax from oral feeding was half of 

that of i.p. injection with a low bioavailability (F) of 2.4% (by calculating from the AUCs 

arisen from i.v. injection, data not shown). In view of this, subsequent studies of FD18 

was prepared using i.p. route.   

3.3.3 Evaluation of in vivo short-term toxicity of selected dimers 

Pharmacokinetics studies showed that i.p. injection of FD18 can enter the systemic 

circulation and maintain at a level above its EC50 for a reasonable period. Modulators 

FD18 
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listed in Table 3.5 were tested for their in vivo toxicities. These modulators were tested at 

30 and/or 45 mg/kg (i.p.) in combination of PTX at 12 mg/kg (i.v.). A new treatment 

protocol was implemented here with 12 injections (q.o.d. x 12) instead of 8. Data from 

this study were summarized and shown in Table 3.6. FD18, when used alone or with PTX 

at either 30 and 45 mg/kg, causes no toxicity.  Nevertheless, derivatives of FD18 (diF, 

4Ph and 2F), caused toxicities in mice as reflected by their weight loss. Interestingly, 4Ph 

and 2F treated mice were observed with auricular chondritis (Figure 3.2), leading to the 

loss or damage of ear pinna (Figure 3.2) PSC 833, served as a positive control, was tested 

from 1.6 to 10 mg/kg with PTX at 8 or 4 mg/kg for 8 treatments. Results suggested that 

the toxic symptoms potentiate when dose concentration increases, therefore it should be 

kept below 2.5 mg/kg. Current results led to the selection of FD18 and its derivatives 

(4MeO, 4Cl and N-Pip) for further in vivo efficacy study in section 3.3.5.  
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Table 3.6 Summary of toxicity data.  

Group n 
Treatment No. of 

death(s) 
Weight loss 

>15% 
Other observation(s) 

(if stated) Schedule Dosage 

1 5  Modulator vehicle (eqv. to 3 mg/mL stock) + PTX vehicle 0/5 0/5  

2 5 

q.o.d. x 12 

Modulator vehicle (eqv. to 4 mg/mL stock) + PTX vehicle 0/5 0/5  

3 5 FD18 (30 mg/kg; i.p.) + PTX vehicle 0/5 0/5  

4 5 FD18 (30 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 0/5  

5 5 FD18 (30 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 0/5 0/5  

6 5 FD18 (45 mg/kg; i.p.) + PTX vehicle 0/5 0/5  

7 5 FD18 (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 0/5  

8 5 FD18 (45 mg/kg; i.p.) + Paclitaxel (8 mg/kg; i.v.) 0/5 0/5  

9 5 diF (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 1/5  

10 5 4Ph (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 1/5 Auricular chondritis 

11 5 2F (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 2/5 Auricular chondritis 

12 5 4MeO (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 0/5  

13 5 4Cl (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 0/5  

14 5 N-Pip (45 mg/kg; i.p.) + PTX (12 mg/kg; i.v.) 0/5 0/5  

15 2 

Day 0, 2, 4, 6 

and 

11, 13, 15, 17 

PSC 833 (1.6 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 0/2 0/2  

16 2 PSC 833 (1.6 mg/kg; i.p.) + PTX (4 mg/kg; i.v.) 0/2 0/2  

17 2 PSC 833 (2.5 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 0/2 0/2  

28 2 PSC 833 (2.5 mg/kg; i.p.) + PTX (4 mg/kg; i.v.) 0/2 1/2  

29 2 PSC 833 (5 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 0/2 2/2  

20 2 PSC 833 (5 mg/kg; i.p.) + PTX (4 mg/kg; i.v.) 0/2 2/2  

21 2 PSC 833 (10 mg/kg; i.p.) + PTX (8 mg/kg; i.v.) 1/2 2/2  

22 2 PSC 833 (10 mg/kg; i.p.) + PTX (4 mg/kg; i.v.) 2/2 2/2  

 
Mice in groups of 5 (or 2 for PSC833) were tested for the toxicities from different modulators at 45 mg/kg with or without PTX. 
FD18, the lead compound was test for another dosage of 30 mg/kg. Treatment induced toxicity was evalutated by observations 
of deaths and weight loss >15% for three more consecutive days. 
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A 

 

B 

 

Figure 3.2 Images of animals with auricular chodritis (arrows). A) 
Treatment of 4Ph; B) Treatment of 2F. Ear pinnae of mice were lost or 
damaged.  

 

3.3.4 Histopathological study of FD18, 4MeO, 4Cl and N-Pip 

Histopathological effects of modulators on vital organs were evaluated (Table 3.7 and 

Figure 3.4 A to C). One common toxicity-induced observation was regeneration of cells, 

characterized by hyperplasia and polymorphism. This serves to compensate for the loss 

of cells due to toxicity. PTX was found to increase the number of regenerative cells in 
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cardiac and hepatic tissues. (Table 3.7) Surprisingly, co-treatment of PTX and selected 

modulators displayed protective effects. (Table 3.7, column 5 - 8) PTX also caused 

necrosis in hepatocytes and modulation offered protective effect.  In addition, structural 

distortions of glomerulus, proximal and distal convoluted tubules and necrosis in renal 

tissue were also seen within the same treatment group. On the other hand, whilst PTX 

caused the loosening or shrinkage of glomerulus, co-treatment with 4Cl and N-Pip was 

protective. (Table 3.7) 
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Table 3.7 Summary of histopathological grading. 

Organ Abnormity 
Control PTX FD18 + PTX 4MeO + PTX 4Cl + PTX N-Pip + PTX 

Scoring 
 0 (negative incidence) � 5 (severe)  

Liver 
Necrosis 0 2 - 3 1 - 1.5 0 - 1 0 0 - 2 

Regeneration 0 3 - 4 1 - 3 1 - 2 0 - 1 2 

Heart Regeneration 0 2 1 - 2 1 1 - 2 1 - 1.5 

Kidney 
Distortion of  
glomerulus 
structure 

0 2 1 - 2 0 - 2 0 - 0.5 0.5 - 1 

 
Scoring from 0 to 5 was assigned. Vital organs from each group were compared 
individually to their controls. (Control versus PTX and PTX versus various modulator 
groups). Independent experiments N=2. 

 
 

To quantify these findings, tissues were observed at 400x magnification. Ten random hot 

spots of incidence (necrosis, binucleated cells and hyperplastic cells) were observed. PTX 

slightly increased necrosis in hepatic tissue. (Figure 3.3A I) Co-treatment with modulators 

slightly exacerbated it, although not significant except N-Pip. Regenerative features of 

hepatocytes were classified into binucleation (Figure 3.3A III) and hyperplasia (Figure 

3.3A IV).  PTX treatment provoked the incidence of binucleated cells, but has no effect 

on the enlargement of hepatocytes.  Similar degree of binucleation cells were found after 

treatment with 4MeO and N-Pip, indicating that such observation was purely due to PTX 

treatment. Interestingly, co-administration of FD18 (p = 0.06) and 4Cl resulted in 

protective effect on hepatocytes. Number of hyperplasic cells was increased. Treatment 

of N-Pip was the most severe followed by FD18 (p = 0.07). Other modulators gave 

comparable results as control or PTX-treated groups.  

Effect on cardiac tissues were displayed in Figure 3.3B I, with white arrows representing 

regenerative cells. Regenerative cells were significantly increased after PTX treatment, 
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but selected modulators gave significant protection to cardiac cells. (Figure 3.3B II) 

Changes in renal structures were often found if any drugs or their metabolites were toxic 

upon clearance. Since systemic blood flow enters from afferent arteriole, the first site that 

encounter these chemicals would be the glomerulus.  It was shown in Figure 3.3C I and 

II that PTX treatment, but not with any modulators, has promoted (although not 

significant) structural changes of glomerulus. Other observations such as widening of 

proximal and distal convoluted tubules were not found in any of the tissue samples. In 

summary, histopathological evaluation of organ samples obtained from previous toxicity 

studies supported the safe use of selected modulators. Any of the adverse effects shown 

at present were most likely due to PTX treatment that was not harmful to the animals. As 

a result, the present dose regimens and schedule would be used in efficacy studies in the 

next section.  
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A III Liver (Regenerative features A: Binucleated cells)
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A IV Liver (Regenerative features B: Hyperplastic cells)
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C I 
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Figure 3.3 Histopathological evaluations of vital organs. Results obtained from 

examination of liver (A), heart (B) and kidney (C) were presented accordingly. 

Abnormities of hepatocytes were found to be as monocellular necrosis (AI; black arrows) 

and regenerative features (binucleation of cells (A I; yellow arrows) and hyperplasia (AI; 

white arrows)). In cardiac tissue, regenerative cells were the only abnormities being found 

(BI; white arrows). Structural distortion on glomerulus was the predominant feature being 

found in abnormal renal tissue (CI; black circle). Total counts of these abnormal features 

were analyzed in bar charts. ((A) II – IV, (B) II and (C) II) 
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3.3.5 In vivo modulating activity of FD18 towards P-gp mediated PTX resistance 

Two separate experiments have been conducted to compare the efficacy between FD18, 

4MeO, 4Cl and N-Pip. (Figure 3.4A and B, Table 3.8 and 3.9) In efficacy study of FD18, 

treatment of FD18 or PTX alone did not cause any inhibitory effects when compared to 

solvent control. Dosing FD18 at 45 mg/kg 1-hour before PTX was able to resensitize 

LCC6/MDR tumors towards PTX resistance. Tumor volumes obtained on day 32 was 648 

± 84, compared to solvent treated tumors at 1422 ± 174; giving a tumor inhibitory 

percentage of 54%(p<0.01).  

Apart from tumor volume, treatment of FD18 + PTX also significantly prolonged the 

tumor doubling time from 9 (PTX control) to 13 days (p<0.01). (Table 3.8) No animal 

death or weight loss greater than 15% was observed during the whole treatment and post-

treatment period for PTX alone, FD18 alone or FD18 + PTX group. (Figure 3.4C) The 

death incidence from FD18 control on day 30 was probably due to tumor burden from the 

animal per se. (Figure 3.4D) At postmortem study, the wet weight of vital organs in all 

treated animals were similar to that of control. (Figure 3.4E)  

As a positive control, PSC833 was used at a much lower dosage of 2.5 mg/kg with reduced 

PTX dosage of 8 mg/kg. Previous experimental data suggested that PSC833 is quite toxic 

compared to FD18 (data not shown), therefore, instead of dosing the animals for 12 times 

on every other day, a less frequent treatment protocol was employed (q.o.d. x 4 for 2 

cycles with 4 days recovery period in between).  Tumor volume of 430 ± 60 was obtained 

on day 30. However, severe toxicity was observed. Animals experienced weight loss at 

15% right after the first injection and were further worsen to 30% on next measurement 
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day. Although toxic effects were reduced in the end of treatment period, its toxic level 

reached at nearly 25%. (Figure 3.4C) Treatment related deaths were also being noted (5 

out of 7 died) constantly during and after treatment. (Figure 3.4D) These findings 

suggested that the combinatorial use of PSC833 with PTX, even at a low dose, is not 

feasible and should be avoided. In vivo modulating activity by FD18 is summarized in 

Table 3.8.  
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Figure 3.4 In vivo modulating activity of FD18 towards P-gp mediated PTX resistance. 
(A) Estimated tumor volume curve. Tumor volumes were being measured on every other 
day and data obtained was plotted against day post treatment of tumor growth trend 
analysis. (B) Tumor image. Tumors obtained on day 32 after termination were aligned 
according to their sizes and photographed. (C) Percentage of body weight change. Weight 
of each animal was monitored on every other day, change of weight were expressed in 
percentage and plotted against days. (D) Survival curve. Survival of animals were 
monitored every day, expressed in survival percentage and analyzed by plotting against 
days. (E) Wet weight of organs. Upon autopsy, vital organs were grossed checked and 
weighted. They were compared individually to control groups to see if there are any 
treatment related adverse effects. 
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Table 3.8 Summary of in vivo modulating activity of FD18. 

Treatment 
Tumor volume 
(mm3 ± SEM) 

Tumor doubling time 
(Td) (days ± SEM) 

Tumor inhibition (%) 
(VS solvent control) 

FD18 solvent + PTX solvent 1422 ± 174 9 ± 0.5 - 

FD18 (45 mg/kg) + PTX solvent  1225 ± 84 10 ± 0.4 14 
FD18 solvent + PTX (12 mg/kg) 1201 ± 118 9 ± 0.3 16 
FD18 (45 mg/kg) + PTX (12mg/kg)  648 ± 84 13 ± 0.7 54 
PSC833 (2.5 mg/kg) + PTX (8 mg/kg) 430 ± 60 a ND ND 

 

 
Data obtained from Figure 4.5 were summarized and statistically compared in terms of 
tumor volumes, tumor doubling days. %T-C was calculated to evaluate treatment 
efficacies. aData obtained from the survivors. (n=2) (** p<0.01) 

 

The same experimental approach was used to study other FD18 derivatives in modulating 

PTX resistance caused by P-gp expression. 4MeO, 4Cl and N-Pip were administrated 

alone at 45 mg/kg or with together with PTX at 12 mg/kg. (Figure 3.5A) Treatment of 

PTX (12 mg/kg) or modulators alone did not cause any significant inhibitory effects when 

compared to solvent control group.  When xenografts were being treated with 4MeO, 4Cl 

or N-Pip in the presence of PTX (12 mg/kg); tumor volume was reduced by 40% (4MeO 

+ PTX; 1017 ± 98), 36% (4Cl + PTX; 1078 ± 71) and 47% (N-Pip + PTX; 890 ± 82) 

respectively (Table 4.9). Co-treatment with FD18 derivatives and PTX, however caused 

treatment related weight loss (Figure 3.5C) and deaths (Figure 3.5D). The trend of weight 

changes in these combination group were very similar. Initial treatments caused weight 

loss in all animals, although not to a toxic level. However, when it approached to the mid-

course, the weight loss exceeded 15%; with the greatest weight loss for 4MeO at 25%, 

4Cl at 30% and N-Pip at 35% compared to day 0. Weight loss stabilized after day 22 and 

animals slowly regain their body weights. At the end, only 4MeO + PTX treated animals, 

but not the other two groups, was able to restore their body weights back to the non-toxic 

level before termination. Drug induced toxicity from these modulators were also reflected 

** ** 
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by toxic deaths in 4MeO + PTX and N-Pip + PTX treatment groups. In summary, FD18 

has similar in vivo efficacy as other derivatives but the former is much safer to use in vivo. 
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Figure 3.5 In vivo modulating activities of FD18 derivatives towards P-gp mediated PTX 
resistance. (A) Estimated tumor volume curve. Tumor volumes were measured on every 
other day. (B) Tumor image. Tumors obtained on day 32 after termination were arranged 
according to their sizes. (C) Weight changes curve. Weight of each animals were 
monitored on every other day, change of weight were expressed in percentage and plotted. 
(D) Survival curve. Survival of animals were monitored on every day, expressed in 
survival percentage and analysed plotting. (E) Wet weight of organs. Upon autopsy, vital 
organs were grossly checked and weighted. They were compared individually to control 
groups to see if there are any treatment related adverse effects.   
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Table 3.9 Summary of in vivo modulating activity of FD18 derivatives. 

Treatment Tumor volume 
(mm3 ± SEM) 

Tumor doubling time 
(Td) (days ± SEM) 

Tumor inhibition (%) 
(VS solvent control) 

Modulator solvent + PTX solvent 1683 ± 151 8.5 ± 0.3 - 

Modulator solvent + PTX (12 mg/kg) 1481 ± 115 9.8 ± 0.3 12 
4MeO (45 mg/kg) + PTX solvent 1643 ± 155 8.6 ± 0.3 2 
4Cl (45 mg/kg) + PTX solvent 1682 ± 90 8.4 ± 0.2  0 
N-Pip (45 mg/kg) + PTX solvent 1427 ± 143 9 ± 0.4 15 
4MeO (45 mg/kg) + PTX (12 mg/kg) 1017 ± 98 10.9 ± 0.6 40 
4Cl (45 mg/kg) + PTX (12 mg/kg) 1078 ± 71 9.9 ± 0.5 36 
N-Pip (45 mg/kg) + PTX (12 mg/kg) 890 ± 82 11.8 ± 1.2 47 

 

 
Data obtained from Figure 4.5 were summarized and statistically compared in terms of 
tumor volumes, tumor doubling days. %T-C was calculated to evaluate treatment 
efficacies.  

 

3.3.6 In vivo accumulation of PTX in LCC6/MDR tumors 

Results obtained with the assistance of Chong from Chow’s group. The possible 

working mechanism for FD18 in reversing PTX resistance in P-gp mediated tumors in 

vitro has been demonstrated in previous studies. (Chan et al., 2009) Flavonoid dimers 

resensitized P-gp mediated resistance through inhibiting P-gp transport of drugs. To 

further study this proposed mechanism, an in vivo PTX accumulation study was 

performed. LCC6/MDR xenografts were pretreated with 45 mg/kg FD18 in 0-hour 

followed by treatment of PTX at 40 mg/kg at 1-hour. A relatively higher amount of 

PTX was used to ensure a detectable level of PTX in the tumor within a short period of 

time. Animals were terminated and tumors were excised at 7-hour. Excised tumors were 

homogenized and extracted for PTX for HPLC measurements. Treatment with PTX 

alone, PTX + FD18 solvent and PTX + FD18 resulted in 4347 ± 398, 3847 ± 720 and 

7861 ± 701 (ng PTX/g of tissue ± SEM) respectively. (Figure 3.6) 

* 
** 

** 
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Figure 3.6 In vivo PTX accumulation in tumor after FD18 treatment. PTX (40 mg/kg), 

together with FD18 solvent or FD18 at 45 mg/kg were administered to LCC6/MDR 

tumor bearing mice at 0 and 1-hour respectively. Mice were sacrificed and tumors were 

excised for PTX level measurement through HPLC analysis. Independent experiment 

N=3.  

 

3.3.7 Dose optimization of FD18 in reversing P-gp mediated PTX resistance in 

LCC6/MDR xenografts 

A dose escalation of FD18 was performed using 90 mg/kg administered twice. (Figure 

3.7 and Table 3.10) Treatment of solvent, FD18 and PTX alone has no significant 

modulating effect with tumor volumes on day 32 at 1415 ± 104, 1221 ± 99 and 1560 ± 

106 mm3 respectively. Tumor doubling times from these controls were about 9 days. On 
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the contrary, when LCC6/MDR tumors were treated with FD18 at 90 mg/kg together with 

PTX at 12 mg/kg, tumor growth on day 32 was significantly reduced to 686 ± 60mm3 

(p<0.01). Tumor doubling time was also from 9 to 12 days. (Figure 3.7A, Table 4.10) 

%T-C value of FD18 (90 mg/kg) + PTX treatment group was 51% (Table 3.10), which 

was highly comparable FD18 (45 mg/kg) + PTX (Table 3.8) (%T-C = 54%). In addition, 

treatment of FD18 at 90 mg/kg induced toxicity. Although body weight changes were not 

affected (Figure 3.7C); two out of ten animals died on day 12 and 14 accordingly. (Figure 

3.7D) Results in here implied that, FD18, even though acting as a safe and promising P-

gp inhibitor; should not be used at such a high dose. Besides, with only a slight 

improvement in treatment outcome, the usage of FD18 at 45 mg/kg but not 90 mg/kg in 

combination of PTX 12 mg/kg seemed to be optimal under current setting.  
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Figure 3.7 Dose optimization of FD18 in treating LCC6/MDR xenografts towards PTX. 
(A) Estimated tumor volume curve. Tumor volumes were measured on every other day. 
(B) Tumor image. Tumors obtained on day 32 after termination were arranged according 
to their sizes. (C) Percentage of body weight change. Weight of each animal was 
monitored on every other day and expressed in percentage. (D) Survival curve. Survival 
of animals were monitored every day and expressed in survival percentage.  

 

Table 3.10 Summary of dose optimization of FD18 in treating LCC6/MDR towards PTX.  

Treatment Tumor volume 
(mm3 ± SEM) 

Tumor doubling time(Td)  
(days ± SEM) 

Tumor inhibition (%) 
(VS solvent control) 

FD18 solvent + PTX solvent 1415 ± 104 9 ± 0.4 - 

FD18 (90 mg/kg) + PTX solvent  1221 ± 99 9 ± 0.4 14 
FD18 solvent + PTX (12 mg/kg) 1560 ± 106 9 ± 0.3 ND 
FD18 (90 mg/kg) + PTX (12mg/kg)  686 ± 60 12 ± 0.5 51 

 
Data obtained from Figure 4.8 were summarized and statistically compared in terms of 
tumor volumes, tumor doubling days. %T-C was calculated to evaluate treatment 
efficacies. (** p<0.01), ND: Not determine 

 

** ** 
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3.4 Discussion 

Extensive flavonoid homodimer candidate screening process and lead optimization work 

have been done by Chow’s laboratory previously. (Chan et al., 2006; Chan et al., 2009; 

Chan et al., 2012) An obstacle from the original selected compounds (compound 2 – 4) is 

their poor aqueous solubility; this resulted in precipitation in vivo (data not shown).  In 

here, the lead compound, FD18, together with its derivatives; had great improvements 

towards solubility. Such improvement was done by the introduction of amine group to the 

PEG linker. These newly-synthesized compounds were first compared for their in vitro 

reversing activities and their toxicities. Derivatives of FD18, unlike other tested 

modulators, were able to maintain their activities on P-gp inhibition. In addition, it has 

been reported that a good P-gp inhibitor should possess a higher hydrophobicity. (Pe´rez-

Victoria et al., 1999) The benzyl group attached on the amine group in FD18 is very 

hydrophobic, yet not too bulky, making it ideal as a desirable P-gp inhibitor.  

Pharmacokinetics study was one of the approaches to study the pharmacological 

properties of these dimers using FD18 as a model. After an i.p. injection of 45 mg/kg; it 

was found to be bioavailable. Plasma concentration of FD18 exceeded its EC50 level (148 

nM) for almost 10-hour. The toxicity of FD18 and its derivatives were evaluated through 

short term toxicity study and histopathological study. Modulators at 45 mg/kg together 

with PTX treatment at 12 mg/kg, did not cause severe toxicities in general. Nevertheless, 

modulators 4Ph, diF and 2F showed toxic responses as revealed by weight loss greater 

than 15% for three or more consecutive days. Interestingly, the 4Ph and 2F were found 

causing auricular chondritis in treated animals. Auricular chondritis is associated with 

clinical symptoms of redness and swelling of ear cartilage and sometimes causing pain to 
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animals. Such condition would ultimately lead to the deformation of both ear pinnae. 

Studies have shown that this pathological condition could occur spontaneously in mice or 

rats due to nearby metal ion release from metal ear tags or arouse from autoimmune 

disease. (Kitagaki and Hirota, 2007; Meingassner, 1991; Prieur et al., 1984; Cremer et al., 

1981) Since metal ear tags were not used in all animal studies and the study of drug 

treatment leading to any autoimmune responses was beyond the scope of study.  The only 

observation could be noted in here was the attachment of a phenyl group at C4 position 

or a fluoride group at C2 position on the benzyl ring at the linker resulted in such 

observation. Present toxicological results suggested 4Ph, diF and 2F are too toxic for 

further studies.  

Paclitaxel, although acting as a potent anticancer agent; was known to be associated with 

animal toxicities including cardiotoxicity, manifested by hypotension and arrhythmias 

(Menna et al., 2008); nephrotoxicity, resulting in atrophy at glomerulus and surrounding 

tubular structures (Rabah, 2009); and hepatotoxicity such as hepatitis, polymorphism of 

hepatocytes and necrosis of cells. (Ermolaeva et al., 2008) Some of these toxicological 

features may only be revealed by studying the histological changes on cells from organ 

tissue samples. For this, histological studies of vital organs were performed. Treatment of 

PTX induced some histological changes to liver, heart and kidney, yet not to a severe 

extent. Additional treatments by selected modulators did not potentiate these effects, but 

providing an overall protection to these organs, reflecting these flavonoid dimers were 

safe to be used.  

Herein, in vivo P-gp modulation activities of selected modulators have been compared. 

FD18, being the most potent candidate among these flavonoid dimers, was very safe to 
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animals even under such frequent dosing schedule. Contrary to its derivatives which gave 

comparable activities, all of them shown either toxicity weight loss or deaths. It was 

surprising that these treatment-induced toxicity symptoms were not shown in non-tumor 

bearing mice; however, xenografted animals had become more sensitive to treatments. 

Same phenomenon was also observed in PSC833 treated animals, with a little toxicity in 

non-tumor bearing mice but then a severe toxicity has been developed in xenografted 

mice.  

Because in vitro study suggested that the working mechanism of FD18 was through 

competitive inhibition to P-gp, leading to intracellular accumulation of anticancer drugs 

and thus exerts killing effects. (Chan et al., 2012) To explore if FD18 would share the 

same mode of action, an in vivo tumor accumulation study was conducted. It was observed 

that FD18 co-treatment also increase PTX accumulation in tumor. FD18 enters the 

systemic circulation and traveled to tumor site, modulated these P-gp overexpressed 

tumor cells and caused intracellular deposition of PTX, resulted in tumor growth 

inhibition.  

Having shown that FD18 at 45 mg/kg treated with PTX has given promising results, an 

attempt of using FD18 at double dose was applied. It was initially expected that a better 

treatment response would be observed under such dose regimen.  Unfortunately, overall 

treatment improvement was only modest, together with the induction of toxicity responses, 

making such idea not feasible. 

In comparison to other P-gp inhibitors, such as XR9576 (Tariquidar) (Martin er al., 1999) 

and LY335979 (Zosuquidar) (Dantzig et al., 2001); FD18 exerts similar modulating 
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activity. Tariquidar was used to treat MDR overexpressed human ovarian carcinoma at 

10 mg/kg (i.v.) and PTX at 15 mg/kg in three injections; with an inhibitory effect of tumor 

growth at approximately 50%. Zosuquidar, being used at 30 mg/kg (i.p.) together with 20 

mg/kg PTX in 5 days treatment, has produced a less potent inhibitory effect of 40% 

towards MDR resistance human non-small cell lung cancer. FD18, administered at 45 

mg/kg (i.p.) with a decreased amount of PTX (12 mg/kg) for twelve injections, was 

effective in treating LCC6/MDR tumors, within a tumor inhibition percentage of 54%. It 

was debatable that the results obtained from FD18 was only at a moderate level when 

compared to these two modulators, however, clinical studies revealed that there were 

rooms left for the development of FD18. Zosuquidar was once being tested in Acute 

Myeloid Leukemia (AML) and recurrent breast cancer patients, unfortunately clinical 

study showed no improvements on disease progression. (Cripe et al., 2010, Ruff et al., 

2009) Tariquidar, also displays limited ability in treating breast cancer which failed to 

give treatment response with anthracyclines or taxanes.  (Puztai et al., 2005) By and large, 

FD18 is a safe, bioavailable and a promising novel P-gp modulator when it was used at 

45 mg/kg with PTX.  
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Activity characterization of FD18 metabolite, FM04 
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4.1 Introduction 

Understanding the in vivo properties of potential drug candidates is essential in drug 

discovery and development prior to clinical trials. These properties, including absorption, 

distribution, metabolism and excretion (ADME), were equally important as potency. Drug 

candidates involved in clinical trials often failed or delayed for commercialization due to 

poor efficacy, toxicity and inadequate characterizations of drug metabolism and 

pharmacokinetics (DMPK). (White, 2000) Therefore, the study of ADME, in particular 

DMPK would provide important information in selection of lead compounds for clinical 

trials.  

Metabolism is the mechanism of elimination of foreign and undesirable compounds from 

the body and the control of levels of desirable compounds in the body (Gunaratna, 2001) 

It governed the performance and safety of a drug by modifying the physicochemical, 

pharmacological, physiological and toxicological properties, resulting in drug metabolites 

became either activated (in the case of prodrug) or deactivated, toxification or detoxified. 

(Kirchmair et al., 2015) The process of drug metabolism involved two steps, phase I and 

II. In phase I metabolic reactions, drug molecules will undergo modifications such as 

oxidation, reduction and hydrolysis, aiming to increase aqueous solubility of a drug for 

the ease of elimination. These modifications usually require a number of catalytic 

enzymes such the cytochrome P450 (CYP) and flavin-containing monooxygenases 

(FMOs) (Baranczewski et al. 2006) Phase II metabolic reactions referred to the addition 

of functional groups by conjugation for example glucuronidation, sulfation, the 

conjugation with amino acid or glutathione. The conjugation process usually further 
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enhance the aqueous solubility thus facilitate the excretion process via urination and bile 

production. (Gunaratna, 2000) By understanding the metabolic properties of a drug, it can 

help to optimize the stability thus affect the in vivo risk-benefit ratio. (Kirchmair et al., 

2015) 

4.1.1 In vitro working mechanism of FD18 and its metabolic study 

In chapter 4, FD18 was proven to give effective P-gp modulations in vivo towards PTX 

resistant xenografts. Toxicological and histopathological studies also supported that FD18 

is a safe P-gp inhibitor suitable for further investigations. Subsequent studies of possible 

working mechanism and metabolism of FD18 have been conducted understand further. 

(Chan et al., 2012; Kan, PhD thesis, 2015)  

First, FD18 was tested for its P-gp ATPase activity. It was hypothesized that if FD18 is 

binding to the substrate recognition site of P-gp, ATPase would be stimulated. In the 

contrary, if it binds to the NBD, ATPase activity would be diminished. Result showed 

that FD18 was able to stimulate P-gp ATPase activity, suggesting FD18 is binding to the 

substrate recognition site. (Chan et al., 2012) In subsequent kinetic assays, FD18 was 

demonstrated as a competitive inhibitor to DOX with a Ki of 0.3µM. Further to this, FD18 

was also able to inhibit DOX transport through intracellular DOX accumulation assay. 

Intracellular accumulation of FD18, however, resulted in the retention in LCC6 cells but 

not LCC6MDR, suggesting the expression of P-gp can eliminate the accumulated FD18; 

supporting FD18 as a substrate to P-gp. (Chan et al., 2012) 

Metabolic study of FD18 was conducted by incubation in rat and human liver microsomes 

in the presence of NADPH followed by mass spectrometry analysis. The metabolic 
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pathway of FD18 has resulted in three metabolites namely, 14a, FM327 and FM04. 

(Figure 4.1)  

Figure 4.1 A proposed metabolic pathway for FD18. (Kan, PhD thesis, 2015) 

 

The three metabolites were tested for their in vitro P-gp modulating potencies and 

cytotoxicities towards a series of anticancer drugs. A summary of results is shown in 

Table 4.1. with the metabolite 14a has an EC50 towards PTX at 305 ± 35 nM, which is 

less active than the parent compound FD18. (Chan et al., 2012) Another metabolite, 

FM327 was also found to be inactive in reversing PTX resistance in LCC6/MDR cells 

therefore was not investigated further. It was surprising that the third metabolite, FM04, 

was more potent with an EC50 of 70 ± 26 nM compared to the parent compound FD18 

(148 ± 18 nM). Apart from this, cytotoxicity study in L929 fibroblast also suggests FM04 

is less toxic than FD18. This led to a greater selective index of >471, compared to FD18 
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(574). It is possible that FD18 exerts dual effects can either modulates P-gp directly, and 

or after metabolism in the hepatic system, became metabolized to FM04 and continue to 

modulate P-gp., FM04 may once again enters the blood circulation and modulate P-gp. 

Having a wider therapeutic window with enhanced aqueous solubility, FM04 was being 

investigated further for its PK properties here.      
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Table 4.1 Summary table for in vitro P-gp modulation activity studies of FD18 and its metabolites. 

EC50 in reversing resistance of LCC6/MDR towards various anticancer drugs  
(nM ± SEM)   Cytotoxicity in L929 cells 

 (µM ± SEM)  
Selective Index 

Compound  PTX VBL VCR DOX DNR MTX 

FD18   148 ± 18     173 ± 27     179 ± 32       131 ± 13  95 ± 25   90 ± 20   85 ± 5  574.3 

14a 305 ± 35   ND ND ND ND ND   5.9 ± 0.6  19.3 

FM327   >1000 ND ND ND ND ND ND ND 

FM04  70 ± 26 61 ± 13     83 ± 11   153 ± 39   88 ± 52     64 ± 27  > 33   >471   

 

FD18 and its metabolites were tested at 1µM for its in vitro reversal activities in LCC6/MDR human cancer cells with a selection of 
anticancer drugs. Cytotoxicity of each compound was tested in L929 murine fibroblasts. Selective index was determined by the ratio 
between the IC50 of L929/EC50 of LCC6/MDR towards PTX. Independent experiment of N=1-7; ND; Not determined.  
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4.1.2 Pharmacokinetic properties of FM04 

Herein, the pharmacokinetic properties of FM04 were studied with the use of Balb/c mice 

model. (Figure 4.2) Intraperitoneal injection of FM04 at 28 mg/kg (identical molar 

concentration as FD18 at 45 mg/kg) resulted in a Cmax of 3400 ng/mL at 5-minute (Tmax). 

Plasma level exceeds its EC50 of 76nM (32ng/mL) for about 4 hours. Bioavailability of 

i.p. injection of FM04 was 24.3%.  In view of the enhanced aqueous solubility, FM04 was 

able to formulate in aqueous solution (5% ethanol, 95% saline; v/v), which favored both 

injection and oral gavage.  Oral dosing of FM04 at 100 mg/kg in mice was found to be 

absorbable and bioavailable, resulted in a Cmax of 1500 ng/mL at 30-minute (Tmax) and a 

bioavailability of 5.3%. Similarly, it was also found to have plasma concentration 

exceeding the EC50 of FM04 for more than 10 hours. A notable delay of Tmax was probably 

due to the CYP450 metabolism in gastrointestinal tract. (Kan, PhD thesis, 2015)  
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Figure 4.2 Pharmacokinetic profile of FM04. FM04 was administrated via oral (100 
mg/kg), intraperitoneal (28 mg/kg) and intravenous (10 mg/kg) route into Balb/c 
mice. At each time point, blood samples were obtained through cardiac puncture 
followed by mass spectrometry analysis with deuterium-FM04 as internal standard. 
Data on the plot were expressed in mean ± SEM; independent experiments N=4-7. 
(Kan, PhD thesis, 2015) 

 

In comparison with i.p. administration of FD18 at 45 mg/kg, the same molar concentration 

of FM04 at 28 mg/kg generated an even higher Cmax compared to FD18 (2354 ng/mL). 

Although the retention time for the plasma concentration exceeding EC50 for FM04 is 

shorter than FD18 at 600 minutes, the greatly-improved in vitro P-gp modulation 

activities and increased aqueous solubility would compensate for the shorter half-life.  

4.2 Materials and methods 

4.2.1 In vitro P-gp ATPase activity study 

P-gp ATPase activity was measured with the P-gp Glo assay system (Promega) with 

human P-gp membrane, the experimental procedures and conditions were carried out 

according to manufacturer’s protocol. Briefly, recombinant human P-gp (25 µg) was 
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incubated in the presence of 5 mM MgATP with various treatments: (1) No treatment 

control, (2) 100 µM Na3VO4 (3) 1% DMSO (4) 200 µM Verapamil (5) - (8) 20 to 80 µM 

FD18 and (9) – (12) 20 to 80 µM FM04 at 37 °C for 40-minute. After the incubation 

period, the reaction was quenched and the remaining level of unmetabolized ATP reacted 

was by the addition of ATP detection reagent followed by an additional 20-minute 

incubation time at room temperature. The luminescence signal was subsequently 

measured with CLARIOstar multimode microplate reader (BMG Labtech).  ATPase 

activity was presented as a difference in luminescence of samples compared to that treated 

with sodium vanadate and expressed in relative luminescence unit (RLU). A net increase 

or decrease of luminescence signal indicates the stimulation and inhibition of P-gp 

ATPase respectively.  

4.2.2 Effect of FD18 and FM04 on intracellular DOX accumulation in LCC6/MDR 

cells 

In a 6-well plate, 1 x105 cells of LCC6 or LCC6/MDR cells were seeded in each well in 

2 mL with DMEM medium with 10% FBS. After 24-hour, medium from each well was 

removed and 2 mL of fresh DMEM medium (without FBS) with various concentrations 

of FM04 or FD18 were added. The cells were then incubated for 30-minute at 37 oC. A 

final concentration of 20 µM DOX and various concentrations of flavonoid dimer (final 

concentration 0.015 to 10 µM) were then added and incubated for 2-hour at 37oC. The 

cells were then harvested by trypsinization. Trypsinized cells were transferred to a 2 mL 

eppendorf tubes wrapped by foil and washed thrice with ice cold PBS. Cell lysis was 

performed by using 450 µL of 0.3 M HCl in 50% ethanol and vortexed for 30 to 60-

second. To remove any cell debris, each lysed samples were centrifuged at 6000g for 3 
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min, followed by preserving the supernatant for fluorescence measurement of DOX using 

a spectrofluorometer with an excitation wavelength (λexcite) of 470nm and an emission 

wavelength (λemit) of 585 nm.   

4.2.3 Intracellular accumulation of FM04 

In an eppendorf tube, 1 x106 cells of LCC6 or LCC6/MDR were suspended in 1 mL 

DMEM medium with 10% FBS together with 1, 2.5, 5, 7,5 10, 25 and (or) 50 µM of 

FM04 followed by an incubation period of 2-hour at 37 oC with agitation. After incubation, 

cells were harvested and washed thrice by ice cold-PBS. Cell lysis was performed by 

repeated freeze and thaw cycles. To remove cell debris, the sample was centrifuged at 

16000 g for 10-minute. Supernatant was transferred to a new eppendorf and stored at -20 

oC until analysis. Samples were brought to mass spectrometry (LC-MS triple quadrupole) 

analysis for FM04 concentrations.  

4.2.4 Drug preparation for animal studies 

PTX was prepared at 40 mg/mL in 50% (v/v) ethanol, 50% (v/v) Cremophor EL as follow.  

First, dissolve 40 mg of PTX powder in 500 µL absolute ethanol. The suspension is then 

placed in 80 °C water bath for 3-minute, with subsequent agitation by a vortex until a 

clear drug solution is formed.  Equal volume of Cremophor EL is then added into the drug 

solution, vortex until it became clear. This stock solution is stable for over one month at 

room temperature. Prior to injection, stock solution is being diluted 1:10 by normal saline. 

Diluted drug solution should be consumed within 15-minute to avoid drug precipitation.  

Solvent of PTX is being prepared by mixing 5% (v/v) ethanol, 5% (v/v) Cremophor EL 

and 95% (v/v) normal saline in final volume of 1 mL. Stock solution of FD18, was 
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formulated in 13.6% cremophor EL, 13.6% Ethanol and 72.8% physiological saline (0.9%; 

w/v) at 4mg/mL. Solvent of FD18 was being prepared by simple mixing of 13.6% 

cremophor EL, 13.6% Ethanol and 72.8% physiological saline (0.9%; w/v) in final 

volume of 1 mL. FM04 was formulated in 5% Ethanol and 95% physiological saline 

(0.9%; w/v) at 4 mg/mL. Solvent of FM04 was prepared by mixing 5% Ethanol with 95% 

physiological saline (0.9%; w/v) in 1 mL. All modulator solutions were freshly prepared 

on the day of injection.  

4.2.5 Comparison study of FD18 and FM04 in vivo modulation activity 

FM04, metabolite from FD18, was compared to FD18 for in vivo modulation activity in 

LCC6/MDR xenografts. FD18 at 45 mg/kg and FM04 at 28 mg/kg were used in this study. 

FM04 was used at 28 mg/kg as identical molar concentration as FD18 at 45 mg/kg. (Molar 

mass of FD18 = 724 g/mol; FM04 = 416 g/mol) Treatment schedule, assessment criteria 

were identical as described in chapter 3.   
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4.3 Results 

4.3.1 In vitro P-gp ATPase activity assay  

The P-gp ATPase activity study was performed first in order to examine if FM04 is a 

substrate of P-gp. If FM04 behave similarly to FD18 and acting as a substrate to P-gp, it 

shall stimulate ATPase activity by binding itself towards the substrate recognition site at 

the substrate binding region on the transmembrane helices. Conversely, P-gp ATPase 

activity would be inhibited if FM04 binds to the ATPase at the NBD region. The effects 

of FM04 and FD18 towards P-gp ATPase is shown in Figure 4.3, with Verapamil at 200 

µM as positive control and 1% DMSO as solvent control. In previous report, FD18 acted 

as a stimulator to P-gp ATPase (Chan et al., 2012), the stimulatory effect of FD18 in here 

was reproducible. (Figure 4.3) FM04; is less potent than FD18 in stimulating P-gp 

ATPase. This result implies that FM04 may bind to the substrate binding site of P-gp and 

similar to FD18. FM04 is therefore very likely to be a substrate of P-gp.  
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Figure 4.3 In vitro P-gp ATPase activity study of FM04 and FD18. Microsomes 
containing recombinant human P-gp were incubated for 2-hour at 37 °C under a series 
of FD18 or FM04 concentration, with Verapamil at 200 µM and 1% DMSO as positive 
and solvent control respectively. Subsequent to incubation, the level of the remaining 
ATP within the reaction system was measure through luminescence changes. Changes 
in signals represents either a stimulatory (positive gain) or an inhibitory (negative loss) 
actions to P-gp ATPase. Results were normalized to the basal activity and presented as 
stimulation fold (SF). Data expressed in mean ± SEM; N = 1-2 independent 
experiments.   
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4.3.2 Effect of FD18 and FM04 on intracellular DOX accumulation in LCC6/MDR 

cells 

Effect of FM04 on intracellular DOX accumulation assay was investigated. (Figure 4.4) 

LCC6 cells accumulated 2.3-fold more DOX than LCC6/MDR cells. Co-treatment with 

VER, FD18 or FM04 can increase DOX accumulation in LCC/MDR in a dose dependent 

manner. (Figure 4.4) This comparable to previous study of FD18.   
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 Figure 4.4 Effect of FD18 and FM04 on intracellular DOX accumulation in 
LCC6/MDR cells. LCC6/MDR cells were incubated under various 
concentrations of FD18, FM04 or Verapamil (VER) for 2 hours in the 
presence of 20 µM DOX. Cells were washed and lysed after the incubation 
period. Supernatant after cell lysis was collected for the measurement of DOX 
level. All modulators were dissolved in 1% DMSO. DMSO (1%) was served 
as negative control. DOX level were expressed in fluorescence ±  SEM; 
independent experiments N=2-3.  
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4.3.3 Intracellular accumulation of FM04  

It would be ideal that FM04 is not effluxed by P-gp, thereby allowing it to accumulate to 

exert its inhibitory effect. It was found that FM04 accumulated at a higher level in both 

LCC6 and LCC6/MDR cells (Figure 4.5), suggesting that FM04 is not effluxed by P-gp.   
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Figure 4.5 Intracellular accumulation of FM04 in LCC6 and LCC6/MDR cells. 
LCC6 or LCC6/MDR cells were incubated with a series of concentration of FM04 
for 2-hourat 37 °C. Subsequent to incubation, cells were washed and lysed. The 
concentration of FM04 from the supernatant was measured by mass spectrometry 
and expressed in ng/106 cells. Fold changes of each sample was calculated by 
dividing the concentration of FM04 measured in treated samples to the 
concentration of FM04 measured from sample treated with 1 µM of FM04. Fold 
change between LCC6 and LCC6/MDR under the same treated concentration was 
also being calculated by dividing the concentration of FM04 in LCC6 cells by the 
concentration of FM04 in LCC6/MDR cells. Data expressed in mean ± SEM; 
N=2-6 independent experiments. Statistical analysis was done by using Student’s 
t-test, * p<0.05; ** p<0.01; *** p<0.001. 
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4.3.4 In vivo comparison study of FD18 and FM04 in treating PTX resistance tumor 

bearing mice  

In vivo efficacy of FM04 was measured. (Figure 4.6 A to D) Untreated tumor size reached 

1761 ± 443 mm3 on the day of termination (day 34). Treatments with 12 or 18 mg/kg of 

PTX resulted in tumor sizes of 1824 ± 453 mm3 and 1347 ± 503 mm3 respectively, 

indicating PTX under these dose regimens were relatively ineffective. Animals treated at 

higher dosages of PTX (24 mg/kg) resulting in tumor volume of 716 ± 151 mm3 at the 

end of experiment. Co-treatment with FM04 or FD18 with PTX at 12 mg/kg resulted in a 

significant tumor growth inhibition with tumor volume of 778 ± 91 mm3 and 863 ± 112 

mm3 on day 34.  Tumor doubling time were also extended from 10 days (in PTX 12 mg/kg 

group) to 12 days. (Table 4.2) Comparing the efficacy between FM04 and FD18, the %T-

C from FM04 treatment was calculated as 57%, which is 4% higher than FD18 treatment. 

In summary, FM04 at the same molar concentration to FD18, is demonstrating a slightly 

better potency.  

No significant weight loss (Figure 4C) or animal deaths (Figure 4D) was recorded for 

FD18 + PTX or FM04 + PTX groups. Current results suggested that PTX, even up to the 

MTD level, could not overcome the PTX resistance arisen from LCC6/MDR tumors and 

causes toxicity in the animals. In contrast, treatments comprised of same molar 

concentration of FD18 (45 mg/kg) or FM04 (28 mg/kg) together with PTX as low as 12 

mg/kg has successfully demonstrated promising outcomes. PTX resistant tumors were 

resensitized towards PTX treatment without causing any treatment related toxicities. This 

result suggests that both FD18 and FM04 are effective in vivo with no noticeable toxicity 

effect. FM04 would be better than FD18, in term of its solubility and dosing amount.  



 Ch. 4 Activity characterization of FD18 metabolite, FM04 

 

117 

 

A Estimated tumor growth curve

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
0

250

500

750

1000

1250

1500

1750

2000

2250

2500

Termination

FM04 (28 mg/kg) + PTX (12 mg/kg) (n=8)

FD18 (45 mg/kg) + PTX (12 mg/kg) (n=7)

PTX (24 mg/kg) (n=2)

No Treatment (n=7)

PTX (12 mg/kg) (n=8)

PTX (18 mg/kg) (n=4)

*

Dosing Day

*p<0.05, **p<0.01

*

*
*

*

*
*

*
*

*
*

*
*

*
*

Day post treatment (d)

E
st
im

a
tr
e
d
 t
u
m
o
r
 v
o
lu
m
e
 (
m
m

3
±± ±±
 S
E
M
)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 Ch. 4 Activity characterization of FD18 metabolite, FM04 

 

118 

 

B  

No Treatment 

PTX (12 mg/kg) 

PTX (18 mg/kg) 

PTX (24 mg/kg) 

FD18 (45 mg/kg) +PTX (12 
mg/kg) 

FM04 (28 mg/kg) + PTX (12 
mg/kg) 

 



 Ch. 4 Activity characterization of FD18 metabolite, FM04 

 

119 

 

C Percentage of body weight change
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D Percentage of survival
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 Figure 4.6 In vivo modulating activity of FM04 towards P-gp mediated PTX 
resistance. (A) Estimated tumor volume curve. Tumor volumes were measured on 
every other day. (B) Tumor image. Tumors obtained on day 32 after termination 
were aligned according to their sizes. (C) Percentage of body weight change. 
Weight of each animal was monitored on every other day, change of weight were 
expressed in percentage and plotted against days. (D) Survival curve. Survival of 
animals were monitored every day, expressed in survival percentage. Data 
expressed in mean ± SEM.N=6-8 per treatment group.  
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Table 4.2 Summary of in vivo modulating activity of FM04.  

Treatment 
Tumor 
volume  

(mm3 ± SEM) 

Tumor doubling time (Td)  
(days ± SEM) 

Tumor inhibition (%)  
(VS no treatment) 

No Treatment 1761 ± 443 9 ± 0.7 - 

PTX 12 mg/kg 1824 ± 453 10 ± 0.9 - 

PTX 18 mg/kg 1347 ± 503 12 ± 0.5 24 

PTX 24 mg/kg 716  14 ND 

FD18 45 mg/kg+ PTX 12 mg/kg 863 ± 112 12 ± 0.8 53 

FM04 28 mg/kg + PTX 12 
mg/kg 

778 ± 91 12 ± 0.8 56 

 
Data obtained from Figure 4.5A were summarized and statistically compared in terms of 
tumor volumes, tumor doubling days. %T-C was calculated to evaluate treatment 
efficacies. Statistical analysis was done by one-way-ANOVA *p<0.05, NS; Not 
significant, ND; Not Determine. 

 

4.4 Discussion 

ADME properties of a novel drug candidate can provide information to predict its safety 

profile. Metabolites may be either inactive with increased hydrophilicity which promotes 

excretion through urination (phase I reactions) or became conjugated for bile or urine 

elimination (phase II reaction). In some cases, drug metabolites might have different 

pharmacological properties compared to its parental compound. They may become a new 

and less toxic drug. (Gunaratna, 2000)  

FD18 is metabolized into 14a, FM327 and FM04. (Kan, PhD thesis, 2015) These 

metabolites have decreased hydrophobicity and manifested distinct pharmacological 

attributes.  Compound 14a was a direct metabolite of FD18 (Chan et al., 2012) with 

reduced P-gp activity and displayed cellular toxicity in L929 fibroblasts. Metabolite 

FM327 has a poor pharmacological efficacy when compared to FD18. Interestingly, 

metabolite FM04 was more potent and water soluble.  

* 
* 

NS 
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In this chapter, FM04 was studied in more details. FM04 is likely to be a substrate of P-

gp because it can stimulate P-gp ATPase and was able to inhibit the transport of DOX in 

LCC6/MDR cells. FM04 accumulated to the same level in both LCC6 and LCC6/MDR 

cells. Base on this result, FM04 appears to be a substrate of P-gp yet cannot be pumped. 

In a separate study done by Kan from Chow’s laboratory in searching how FM04 may 

influence cellular uptake of PTX in transwell assay over 120 minutes (data not shown); it 

was observed that FM04 was able to be uptaken rapidly (> 80%) from apical side. On the 

other hand, only a small percentage (< 25%) of FM04 was being absorbed by the Caco-2 

cells from basal side and only about 5% of it was effluxed back into the apical side. 

Results from this study support the notion that FM04 cannot by pumped by P-gp once it 

has been uptaken. In addition, it was previously illustrated by Clark’s research team that 

cellular confinement of small molecules in P-gp substrate binding side can cause constant 

stimulation of P-gp ATPase. (Loo et al., 2003) As a result, it is possible for FM04 may be 

trapped in LCC6/MDR cells and continuously stimulate P-gp ATPase.  

FM04 produced a slightly better in vivo efficacy in reversing PTX resistance compared to 

its parent compound (FD18). In addition, animals from FM04 + PTX treatment group 

were as healthy as in FD18 + PTX treatment group as reflected by animal body weight 

changes and animal survival. Animals receiving co-treatment of either FM04 or FD18 

with PTX resulted in comparable efficacies to that of PTX treatment at 24 mg/kg. 

Nonetheless, the latter caused severe toxicities with marked weight loss of greater than 

15% during treatment period and a death incidence of nearly 65%. This result illustrates 

the safety advantage of using co-treatment of FD18 or FM04 + PTX over higher doses of 

PTX. FM04 has several advantages, namely improved potency and metabolic stability 
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and increased hydrophilicity, allowing FM04 to become water soluble (in 5% ethanol) 

and the use of CreEL is not necessary.  

To investigate the druggability of FM04 and FD18, one can use the popular Linpinski’s 

rules of 5 (Ro5). (Lipinski et al., 1997)   A lead chemical which is has a potential to 

become a drug relies on the following: (1) Molecular weight (MW) is smaller than 500; 

(2) A calculated logarithm of the octanol–water partition coefficient (clogP) is smaller 

than 5; (3) Less than 5 hydrogen bond (H-bond) donor (expressed in –OHs and –NHs) 

and (4) Less than 10 H-bond acceptors (expressed in –Os and –Ns). (Lipinski et al., 1997)   

With reference to these guidelines, FM04, which has a MW of 416 g/mol (724 g/mol for 

FD18); clogP at 4.06 (7.07 for FD18); only 1 H-bond donor (same as FD18) and 5 H-

bond acceptors (9 for FD18) (Kan, PhD thesis, 2015), FM04 seemed to be more druggable 

than FD18. Kan has demonstrated the inhibition of GI tract P-gp through p.o. 

administration of FM04. This resulted in a 7-fold increase of PTX absorption through 

Balb/c mice GI tract and giving therapeutic responses to wild type LCC6 nude mice 

xenografts. (Kan, PhD thesis, 2015)  

The current findings suggested that FM04 can be used in the form of injections, targeting 

P-gp overexpressing tumors directly and resensitize it towards certain anticancer drugs 

(PTX in our case); or to be administered orally as an inhibitor to GI tract P-gp, leading to 

the absorption of drug that were previously not bioavailable through oral dosing. Together 

with the non-toxic and water soluble nature of FM04, it has high potential to be further 

developed.    
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5.1 Summary of work 

The major obstacle in cancer treatment is the emergence of MDR mediated by P-gp 

especially in recurrent tumors. Lots of efforts have been spent in searching for solutions 

to overcome such phenomenon but to no avail. Some P-gp inhibitors had excellent 

preclinical potency however failed in subsequent clinical trials thus dashing hope in the 

community. (Cripe et al., 2010; Pusztai et al. 2005; Planting et al., 2004; Kuppens et al., 

2007; Ruffet al., 2009) The aim of current study is an extension to previous work in 

searching for a new class of P-gp inhibitor based on synthetic flavonoid dimer. (Chan et 

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

Because of the puesdodimeric structure of P-gp (Aller et al., 2009), libraries of flavonoid 

dimers have been synthesized with the goal of improving its potency and specificity. Not 

only can these dimers reverse MDR mediated by P-gp in human cancer cells, they also 

have anti-leishmanial activities.  (Wong et al., 2012; Wong et al., 2014) A number of these 

compounds had gone through series of in vitro high throughput screenings for the 

selection of suitable candidates in reversing P-gp mediated MDR. 

In early generations, such as 9d (Chan et al., 2006), 61, 62 and 69 (Chan et al., 2009), lead 

compounds were having good in vitro P-gp modulation activities. However, due to high 

hydrophobicities thus difficulties of solubilizing in aqueous formulation, they could not 

be proceeded further for in vivo characterizations. A major breakthrough has been 

achieved after the modification of 61 at the PEG linker position by the introduction of an 

amine group. The resulting compound, FD18, has great improvement in aqueous 

solubility and an increased biological activity (EC50 = 148nM towards PTX). Apart from 
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these, the safety of FD18 has been revealed by in vitro cytotoxicity that FD18 did not 

cause toxicity in murine fibroblasts (IC50 >85 µM), leading to a selective index of 574. 

(Chan et al., 2012) Further pharmacokinetic study also showed that FD18 can achieve a 

plasma concentration higher than EC50 for nearly 10 hours. (Kan, PhD thesis, 2015; Yan 

et al., 2016)  

To characterize FD18 in vivo, two human cancer xenografts of LCC6 and LCC6/MDR 

have been established as assay platforms. Validation of these xenografts has been done 

through the examination of P-gp expression in tumors and the treatment of PTX at 12 

mg/kg (q.o.d. x4 for 2-cycle). LCC6 xenograft P-gp negative and therefore PTX-sensitive. 

On the other hand, LCC6/MDR tumor are positive and resistant PTX treatment, such 

model can be used as a P-gp-mediate MDR animal model.  

Hereafter, a series of derivatives were synthesized based on FD18 and were tested for in 

vivo toxicity and efficacies. Some of these derivatives were excluded due to the induction 

of toxicities in healthy Balb/c mice, including severe weight loss of >15% (diF, 2F, 4Ph) 

and auricular chodritis in some cases (2F, 4Ph). The remaining derivatives (4MeO, 4Cl 

and N-Pip), together with FD18, were investigated further for their in vivo efficacies. 

Results obtained from efficacy suggested that FD18, at a dosage of 45 mg/kg in 

combination with PTX at 12 mg/kg (q.o.d. x 12), was the most potent candidate (% T-C 

= 54%) among all lead compounds and did not cause toxicities in tumor bearing mice. 

Doubling the dose of FD18 to 90 mg/kg, however, proved to be too toxic.  

FM04is an active metabolite of FD18. In vitro characterization of FM04 demonstrated a 

50% increase in potency with EC50 towards PTX at 70 nM. Moreover, FM04 behaves 
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similarly to FD18 in LCC6/MDR cell line which displayed reversing abilities to a panel 

of anticancer drugs and inhibition to DOX transport. FM04 was also a P-gp substrate 

although it cannot by pumped by P-gp, making it an even better modulator. Not to mention 

that FM04 is smaller and more water soluble.  

FM04 at 28 mg/kg, when used together with 12 mg/kg PTX, demonstrated slightly better 

tumor growth inhibition (56%) than FD18 at 45 mg/kg (53%), comparable to that of 

treatment with PTX at 24 mg/kg, but without causing any observable treatment related 

toxicity. Apart from this, the degree of druglikeness from FM04 suggests that it is a better 

drug candidate than FD18.  

In summary, lead optimizations of flavonoid compounds have resulted in the production 

of FD18 which exhibits promising in vivo P-gp modulation in a safe manner. The possible 

working mechanism of FD18 is through direct binding to the substrate binding site of P-

gp, therefore inhibited the transport of accumulated intracellular drug back into 

cytoplasmic region and eventually sensitized resistant cells and tumors. (Chan et al., 2012) 

DMPK studies revealed FD18 was able to be maintained within the systemic circulation 

at EC50 level for more than 10 hours. One of its metabolites, FM04, was found to be a P-

gp modulator concomitant with significant improvements of P-gp reversing ability 

compared to FD18. The current study was completed with an in vivo efficacy comparison 

between FM04 and FD18, showing FM04 was able to resensitize LCC6/MDR tumors 

towards PTX and resulted in better efficacy than FD18 at the same molar concentration.  
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5.2 Importance of current study 

P-gp inhibitors have failed in clinical trials, new P-gp inhibitors are needed. Up to date, 

the use of flavonoid dimers as P-gp modulators is a feasible approach. The discovery of 

novel flavonoid dimer FD18 has opened up a new gateway in the field of P-gp inhibitor 

research. With subsequent discovery of FM04, an even more potent P-gp inhibitor with 

improved aqueous solubility. It offered a two-way usage in P-gp inhibition by reversing 

cancer MDR and facilitating oral absorption of non-bioavailable drugs.  

5.3 Future work 

Current mechanistic study of FM04 is still far from completed, further studies are needed; 

including kinetics study to provide further information to understand the mode of action 

and to identify the exact binding site of FM04 on P-gp.  

Only one xenograft model of LCC6/MDR was used to evaluate the in vivo potency of 

FM04 in this project. To uncover the potential usage of FM04 in treating other resistant 

cancer types conferred by P-gp, additional xenograft models can be setup. Combination 

of FM04 with other first line chemotherapeutic agents such as docetaxel for non-small 

cell lung cancer and DOX for breast cancer treatment may help in expanding the 

application spectrum of FM04.  

5.4 Conclusion 

Current work demonstrated that FD18, as a dimeric flavonoid P-gp modulator, can reverse 

P-gp mediated PTX resistance in vitro and in vivo with the use of a human breast cancer 

xenograft model. It may become a new class of safe and potent P-gp modulator to be used 
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clinically for reversing MDR in cancer. The metabolite FM04 was a druggable metabolite 

of FD18. It maintains treatment efficacy as FD18, it can also be used orally to inhibit GI 

tract P-gp in order to facilitate the absorption of chemotherapeutic agents that could not 

be orally absorbed.  
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