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Abstract 
The DNA-binding benzonaphthyridine derivatives have demonstrated to have high and 

even curative activity against the Colon-38 murine adenocarcinoma. A homologous series 

of derivatives with, hydrogen, methyl, ethyl, propyl and butyl groups attached to the 2-

position of the chromophore, was used to investigate the role of physicochemical 

properties on the tissue pharmacokinetics and its contribution to anti-tumour activity. The 

methyl derivative, SN 28049, N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-1,2-

dihydrobenzo[b]-1,6-naphthyridine-4-carboxamide, was the most active of the series.  

 

A rapid and sensitive LC-MS/MS method with a run time of 7 min for the simultaneous 

measurement of the five analogues in a pooled sample was developed. The method was 

validated in mouse plasma and tissues and had a limit of quantitation of 0.001 µM and 

was linear over the range, 0.001 – 0.3 µM in all matrices with acceptable intra- and inter-

assay precision and accuracy. Plasma protein binding and metabolic stability was 

assessed by equilibrium dialysis. Plasma and tissue pharmacokinetics were assessed in 

mice after administration of each analogue (25 µmol/kg) to healthy, as well as mice with 

Colon-38, Lewis Lung and melanoma tumours. Antiproliferative activity (IC50) was 

assessed cultures by 3H-thymidine incorporation method. Intracellular concentrations 

were determined following exposures in vitro. Susceptibility to multi-drug resistance was 

performed in leukaemia cultures over-expressing P-gp and MRP1.  

 

Plasma pharmacokinetics conformed to a model where increasing lipophilicity was 

associated with a decreasing area under the concentration-time curve (AUC) and an 

increasing clearance and volume of distribution. In contrast, tumour tissue 

pharmacokinetics showed a very different relationship where the AUC of the methyl 

derivative (2334 µM.h) was 89-fold higher than the hydrogen derivative (26.3 µM.h) with 

other homologues having intermediate values. The tumour AUC correlated with the in vivo 

anti-tumour activity of the series. The methyl derivative had a 24 min in vitro microsomal 

half-life, while other analogues ranged from 1.6 - 12.2 min. The plasma free fraction 

decreased (17 - 5 %) significantly with lipophilicity. SN 28049’s pharmacokinetics were 

evaluated in mice with LLTC, NZM4, NZM10 and NZM52 tumours. The tumour AUCs 

were 2.7 to 36-fold greater than the plasma, but higher AUCs were observed in the 

kidney. Overall, the tumour exposures were significantly lower than the Colon-38 tumour. 
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Cellular uptake and retention varied widely with different cell lines and in general showed 

a parabolic dependence on lipophilicity, but not clearly related to antiproliferative activity. 

The analogues were only marginally susceptible to MRP1, 2.3-fold (methyl, ethyl and 

propyl) and P-gp (2-fold, hydrogen). 

 

The plasma pharmacokinetics of this series are related to changes in lipophilicity. 

However, the tumour pharmacokinetics reveal a strong dependence on the nitrogen 

substituent on the benzonaphthyridine chromophore, with the methyl group providing by 

far the best retention in tumour. 
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                  Introduction  

1.1 Cancer 

Cancer is a multifaceted disease sharing a common characteristic of poorly controlled cell 

proliferation and is one of the leading causes of death [1] and is continuing to increase 

each year [2]. According to the latest consensus figures available, cancer is a leading 

cause of death in New Zealand, accounting for 29.4 % of deaths [3]. This mortality rate is a 

compelling reason for the continued research to develop more effective treatments to 

combat cancer. The majority of cancers are solid tumours that can be treated by surgery, 

radiation and/or a combination including chemotherapy, but metastatic and inoperable 

cases of cancer require the systemic use of chemotherapy [4, 5]. 

1.2 Cancer chemotherapy 

The modern era of chemotherapy is believed to have started in 1865 with the use of 

potassium arsenite to treat chronic myelogenous leukaemia by Lissauer [6]. The first major 

advance in chemotherapeutic treatment was the discovery of the potential therapeutic 

applications of the chemical warfare agent, mustard gas, developed during World War I [7, 

8]. Mustard gas produced profound lymphoid hypoplasia and myelosuppression, which 

consequently led to the discovery of its anti-tumour effects [9]. In 1942, the first patients 

were treated with a nitrogen mustard, an analogue of sulphur mustard gas (1,5-dichloro-3-

thiapentane), with encouraging results [10]. Introduction of nitrogen mustard [11], was 

followed by methotrexate, chlorambucil and thioguanine leading eventually to more 

advanced agents such as cisplatin, gemcitabine, docetaxel, topotecan and irinotecan as 

some of the most commonly used cytotoxic drugs [12, 13]. 
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1.3 The solid tumour environment 

Solid tumours are complex heterogeneous organ-like structures, comprising cancer cells 

and stromal cells (such as fibroblasts and inflammatory cells) embedded in an 

extracellular matrix and nourished by a vascular network of varying quality within the 

tumour. As compared to normal tissues, the tumour stroma is associated with an altered 

extracellular matrix and increased number of fibroblasts that synthesize growth factors, 

chemokines and adhesion molecules, with varying compositions between tumours [14, 15]. 

The tumour stroma can influence malignant transformation and plays a vital role in the 

ability of tumours to invade and metastasize [16-18]. The composition and structure of the 

stromal components in tumours also contribute to an increase in interstitial fluid pressure, 

which hinders the penetration of macromolecules through tissue [19, 20]. 

1.4 Drug distribution in tumour 

Drugs must leave the tumour blood vessels efficiently and then penetrate tumour tissues 

to reach all of the cancer cells [21, 22]. Both processes depend on convection and/or 

diffusion. Convection depends on: the gradients of pressure (both hydrostatic and 

osmotic) between the vascular space and the interstitial space; vessel permeability; the 

surface area for exchange; and the volume composition and structure of the extracellular 

matrix. Drug diffusion is determined by its concentration gradient in the tumour tissue and 

by various physicochemical properties, including its molecular size, shape and its 

solubility in water and lipids [21, 22]. Sequestration of drugs in tumour cells and/or their 

binding to components of the extracellular matrix or at the target site may inhibit drug 

penetration to deeper regions of the tumour [23]. Impaired drug penetration due to binding 

in tissue may apply in particular to basic drugs (e.g., doxorubicin and mitoxantrone) that 

are sequestered in acidic organelles such as the perinuclear endosomes [24, 25] and to 

drugs that bind avidly to DNA [26, 27]. Sequestration in acidic organelles and avid binding to 

DNA has been implicated in the poor tissue penetration of doxorubicin, epirubicin and 

mitoxantrone [25, 27]. 
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1.4.1 Acidic environment of tumour 

The environmental acidity has a significant influence on oncogenesis, malignant 

transformation, metastasis and angiogenesis. The heterogeneity of the tumour vascular 

network causes insufficient oxygen supply to parts of tumours, leading to hypoxia. The 

resultant hypoxia forces glucose metabolism through the glycolytic pathway instead of 

respiration, thereby resulting in the formation of lactic acid [28-31]. Additionally, tumour cells 

convert glucose and other substrates preferentially to lactic acid and other acidic 

metabolites even under aerobic conditions, leading to acidification of the intra-tumour 

environment [30]. While the interstitial or extracellular pH (pHe) in tumours is acidic, the 

intracellular pH (pHi) in tumours has been found to be neutral, similar to the pHi of normal 

tissues [28-30, 32, 33]. Several studies have reported that the pHe of human tumours was 

lower than that in normal tissues [34-38]. This pH difference indicates the existence of 

powerful mechanisms to prevent acidification of the intracellular environment [39-42]. Such a 

significant gradient between pHe and pHi has been attributed to the existence of short-

term and long-term mechanisms for pHi control [39]. The short-term mechanisms include: 

physicochemical buffering of the acids; metabolic consumption of non-volatile acids; and 

the transfer of acids from the cytosol to the organelles. However, their capacity to 

maintain the intracellular environment at neutral pH for a prolonged period is limited. Most 

mammalian cells possess powerful systems to regulate pHi using long-term mechanisms, 

such as the exchange of Na+ ions for H+ ions using the Na+/H+ antiport, an ion 

exchanger in the plasma membrane [41, 43]. Additionally, bicarbonate-linked mechanisms 

such as: (a) Na+ dependent Cl–/HCO3– exchange, (b) Na+ independent Cl–/HCO3
– 

exchange; and (c) Na+/HCO3
– symport, play a role in regulating the pHi [39, 42-44]. 

 

It is well known that the influx of many drugs into tumour cells by passive diffusion may be 

influenced by the pKa value of the drug. In the acidic extracellular environment in the 

tumour weakly basic drugs will tend to be more ionized, thereby hindering their passive 

diffusion into cells; whereas weakly acidic drugs are less ionized [45, 46]. For example, the 

acidic pH environment increases the cellular uptake of 5-fluorouracil, a weak acid, where 

it is converted to the active moiety [47]. In contrast, doxorubicin is a primary amine with a 

basic pKa and thus, its cellular uptake may be reduced in an acidic medium. For example, 

the uptake of doxorubicin at pH 6.6 is only half that at pH 7.4 [45, 46]. Furthermore, 

doxorubicin is trapped and sequestrated in acidic vesicles within the cytoplasm, reducing 

the interaction with its target, DNA. A number of agents have been used to enhance the 

cytotoxicity of doxorubicin by inhibiting the formation of acidic vesicles, thereby releasing 

the doxorubicin into the cytoplasm [45, 46]. 
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1.5 Cellular uptake and efflux 

Several mechanisms exist by which substances may be translocated across the cell 

membrane. The two most common mechanisms for the absorption of drugs are passive 

transfer by diffusion across the lipid membranes (transcellular absorption) and passive 

diffusion through the aqueous pores at the tight junctions between cells (paracellular 

absorption). Additionally, the similarity in membrane structure between species tends to 

result in similar transcellular absorption across animal species and humans [48-52]. 

 

One mechanism of multi-drug resistance is characterized by reduced cellular 

accumulation of the anti-cancer agents, which are actively effluxed out of the cells by 

plasma membrane transporters, such as P-glycoprotein (P-gp), or multi-drug resistance 

transporter (MRP) [53]. One approach to overcome this problem is to develop drugs that 

inhibit P-gp mediated drug efflux (MDR modulators), while another was the identification 

of anti-cancer drugs devoid of cross-resistance with the original compounds [54]. Such 

drugs, which do not display cross-resistance to the classical anthracyclines, were mostly 

developed to circumvent multi-drug resistance [55]. Anthracyclines are considered to 

diffuse passively through the plasma membrane as unionized forms and are effluxed out 

of resistant cells by active transporters such as P-gp [56]. In theory, the new lipophilic 

anthracyclines could overcome multi-drug resistance either due to their high influx rate 

overwhelming P-gp’s efflux efficiency or because these drugs cannot be recognized and 

transported by P-gp, resulting in higher steady-state accumulation within the cell [57].  
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1.6 Lipophilicity and pharmacokinetics 

The body can be visualized as an infinite series of aqueous compartments bounded by 

lipid membranes. Membranes control the disposition of compounds and are therefore, 

involved in all the vital processes that determine the pharmacokinetics of a drug. The 

ability of a drug molecule to cross the membranes of the gastrointestinal tract controls the 

absorption. Tissue membranes control drug distribution and may determine the exposure 

of the drug to the target site. This same process also affects the accessibility of the drug 

to most of the drug metabolizing enzymes, the actual binding sites of which rely in part on 

hydrophobic forces. Finally, the ability of a molecule to cross the renal tubular membrane 

governs the urinary excretion of a compound. Following glomerular filtration or active 

secretion, molecules that cannot be reabsorbed across the tubular membrane will be 

excreted in the urine and thus irreversibly lost from the systemic circulation. The ability of 

molecules to partition into biological membranes is mainly governed by lipophilicity. 

Hence, lipophilicity is a major factor in determining a drug’s disposition processes, such 

as absorption, cell membrane permeation, membrane and protein binding and 

subsequently metabolism and clearance [58, 59]. The effects of altered lipophilicity on drug 

disposition and action have been known for over a century [60] and several reviews have 

summarised the effects of increased lipophilicity with various classes of drugs [58, 61-63]. 

Lipophilicity is determined as Log P (partition coefficient between n-octanol and water) or 

Log D (partition coefficient between n-octanol and phosphate buffered saline at pH 7.4) 
[64]. Several methods are available for determining these experimentally, such as shake-

flask method, potentiometric titrations and high throughput alternatives, such as reverse-

phase high performance liquid chromatography (RP)-HPLC, electrophoretic methods 

such as microemulsion electrokinetic chromatography (MEEKC) and immobilized artificial 

membrane (IAM) HPLC-columns. These methods are reviewed elsewhere in detail and 

are not repeated here in the interest of brevity [65-67]. 
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1.6.1 Absorption and permeability 

It is well recognised that the molecular size and lipophilicity are two important properties 

for membrane uptake of drugs [68]. Dissolution is a prerequisite for absorption as only the 

compound in solution is available for permeation across the gastrointestinal barrier. This 

is dependent of the aqueous solubility of the compound and was recognized as a limiting 

factor in the absorption process [69]. High lipophilicity is the major reason for poor solubility 

leading to poor absorption. Studies by Gleeson showed that the chances of achieving 

high solubility are increased significantly for a Log P < 3 with a set of 44,584 Glaxo 

SmithKline compounds [70]. Various strategies are available to improve the aqueous 

solubility of a compound including the incorporation of an ionisable centre, such as an 

amine or similar group. Dissolution testing has been used as a prognostic tool for oral 

drug absorption [71]. A biopharmaceutics classification scheme (BCS) has been proposed 

under which drugs can be categorized into four groups according to their solubility and 

permeability properties [72] and has been adopted as a regulatory guidance for 

bioequivalence studies. The relationship between permeability and lipophilicity has been 

reported to be linear [73], hyperbolic [74-76], sigmoidal [77, 78], parabolic [69] and bilinear [73, 79]. 

These relationships have indicated a moderate permeability at the lower end of the 

lipophilicity scale; while at the upper end (Log D > 3) these fluctuating relationships are 

likely due to their increased affinity for the phospholipid phase. However, this is likely to 

occur at very high Log D values and other issues with high lipophilicity are likely to impact 

on a molecule’s pharmacokinetic profile before this is observed. 

1.6.2 Distribution 

Lipophilicity is a key determinant in the distribution of compounds within the body and has 

profound effects on pharmacokinetic parameters such as clearance [80] and volume of 

distribution [81]. Since lipophilicity is likely to govern the extent of tissue and plasma protein 

binding, the balance between them may be the key determinant of the extent of 

partitioning. Another group of drugs which require a special consideration of their 

lipophilicity are those acting on the central nervous system (CNS). An additional obstacle 

is the presence of the blood-brain barrier [82]. A study of 50 marketed CNS drugs revealed 

that 75 % of these compounds have Log P values > 2 and their in situ rat brain 

permeability is related to Log P in a non-linear manner, reaching a maximum between 

Log P values of 2 and 3 [83]. Consistent with this, a summary of two studies has indicated 

that for compounds to cross the blood-brain barrier, they should optimally have a Log D 

between 1 and 3, similar to that for oral drug absorption in general [82]. 
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1.6.2.1 Protein binding 

Lipophilicity is well established to be a major determinant in the degree of plasma protein 

binding. Valko et al have shown a linear correlation between Log P and the Log K value 

for binding to human serum albumin for 135 diverse drugs and simpler organic 

compounds [84]. However, acidic compounds in particular tend to bind with greater affinity 

than would be expected from their Log D values. Additionally, when considering the 

distribution of various compounds within the body, (e.g., such as volume of distribution) 

and partitioning into specific effect compartments, protein binding may be a major 

determining factor. 

1.6.3 Lipophilicity and anti-cancer drug development 

There have been very few reports on the influence of lipophilicity on drug distribution into 

tumours. Early attempts were made to correlate increases in lipophilicity with anti-tumour 

activity for doxorubicin analogues [85, 86] and lipophilic analogues of anti-cancer agents 

were used to overcome multi-drug resistance [87]. Lipophilic formulations and analogues of 

several anti-cancer agents, such as chlorambucil [88], boronated DNA intercalating 

compounds [89], gimatecan, a camptothecin analogue [90] and platinum derivatives [91] have 

also been investigated with the aim of improving efficacy. 
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1.7 Topoisomerase inhibitors and poisons 

Topoisomerases catalyze DNA relaxation/supercoiling, catenation/decatenation and 

knotting and unknotting reactions. The mechanism by which topoisomerases resolve DNA 

topology problems, involves breaking the phosphodiester backbone of the DNA. Two 

broad types of topoisomerases are defined based on the differences in their mechanism 

of this reaction [92-95]. The drugs targeting topoisomerase I that are now currently in clinical 

use are derivatives of camptothecin [96]. Camptothecin induced DNA breaks are probably 

converted into double strand DNA breaks only when they occur on the leading strand 

during DNA replication [97]. 

 

Anti-cancer drugs targeting topoisomerase II include doxorubicin, etoposide, 

mitoxantrone, amsacrine and others [98-102]. A transient double strand DNA break is 

characteristic of the topoisomerase II enzymatic reaction. Topoisomerase II poisons 

increase the steady state levels of this transient intermediate. They do this either by 

increasing the rate of DNA cleavage (ellipticine, genistein) or by inhibiting the rate of DNA 

religation (etoposide, amsacrine, teniposide). In either case, these drugs convert the 

enzyme into a DNA damaging agent. This is a stoichiometric relationship because there is 

the potential for one DNA double strand break for every drug stabilized topoisomerase II 

enzyme. Thus sensitivity to the topoisomerase II poisons is dependent on high levels of 

enzyme; the more enzyme, the more DNA damage [103]. Topoisomerase poisons are 

reviewed in detail elsewhere [104-109].  
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1.8 Evolution of SN 28049 

The topoisomerase poisons have been the focus of a drug development programme at 

the Auckland Cancer Society Research Centre (ACSRC). Amsacrine was the first 

topoisomerase II poison developed in the 1970s, but had limited activity against solid 

tumours [110]. This stimulated the start of a synthesis programme to identify analogues with 

improved solid tumour activity. This led to the discovery of asulacrine [111], N-[2-

(dimethylamino)ethyl]acridine-4-carboxamide (DACA) [112] and a series of 

benzonaphthyridine derivatives, of which N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-

1,2-dihydrobenzo[b]-1,6-naphthyridine-4-carboxamide (SN 28049) was chosen as the 

lead compound for further development [113]. 

1.8.1 Amsacrine derivatives 

Amsacrine is a 9-aminoacridine derivative developed in the ACSRC [110] and is a DNA-

binding anti-cancer agent. It is active against a number of experimental tumours in mice, 

including L1210, P388 leukaemia and B16 melanoma [114]. Marginal activity was also 

found in Lewis Lung carcinoma [115]. However, a severe limitation of amsacrine was the 

lack of activity in solid tumours. Thus, the goal was to identify analogues of amsacrine 

that possess enhanced activity against solid tumours. 

1.8.1.1 4,5-disubstituted amsacrine derivatives 

Several analogues of amsacrine were synthesised with a goal of identifying analogues 

with activity against solid tumours implanted in mice subcutaneously and intracerbrally 
[116]. Analogues with substitutions at 4 and 5 position of the ring structure (Figure 1.1) with 

functional groups such a methyl (CH3) or methoxy (OCH3) or carbamoyl (CONH2) were 

tested for in vitro cytotoxicity, in vivo anti-tumour activity [(increased life span, (ILS %)] 

and DNA binding affinity. Another objective was to assess the activity of these analogues 

when administered orally (p.o.). Published data from selected analogues of this series are 

presented in Table 1-1. 
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Figure 1.1 Chemical structure of 4,5-disubstituted amsacrine derivatives. 
 
 
Table 1-1 Substituents of amsacrine, DNA binding constants(Log K), in vitro IC50 (L1210) 

and in vivo (mice with P388 tumours) anti-tumour activity data [116]. 

X R Log K# 
L1210 

IC50 (nM) 

Optimal 
dose 

(mg/kg)* 
ILS % 

  AT GC    

H H 5.57 5.65 35 13.3 78 

CH3 H 6.03 5.96 30 20 143 

OCH3 H 5.94 6.00 40 30 139 

CH3 CH3 6.91 6.14 110 45 135 

OCH3 OCH3 6.90 6.32 65 45 99 

CH3 CONH2 6.62 6.92 47 20 113 

 
*Drugs administered i.p. on days 1, 5 and 9; #Log K values for the binding of drugs to poly [d(A-T)] and 
poly[d(G-C)] were determined by the fluorometric method [117]. 

 

These structural modifications led to analogues with greater DNA binding properties than 

amsacrine. In vitro cytotoxicity in L1210 cultures revealed that none of the analogues 

were more potent than amsacrine. However, these analogues appeared less toxic in vivo 

allowing administration at higher doses (20 – 45 mg/kg) resulting in an increase in survival 

times (99 – 143 %) in mice with P388 tumours. However, p.o. activity was observed only 

with the 4-methyl-5-carbamoyl derivative and none of these progressed with their 

development as anti-cancer drugs [116]. 
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1.8.2 N-[2-(dimethylamino)ethyl]acridine-4-carboxamide 

N-[2-(dimethylamino)ethyl]acridine-4-carboxamide (DACA), (Figure 1.2) is a DNA binding 

topoisomerase poison developed in the ACSRC with an aim of treating solid tumours as 

its predecessors, amsacrine and asulacrine, which progressed to clinical trials were 

marginally active [112]. DACA was identified as the most active analogue in the class of 

acridine-4-carboxamides against subcutaneously implanted Lewis Lung tumours [112], in 

addition to its potent in vitro cytotoxic activity in L1210 leukaemia, human colon tumour 

(HCT-8) cultures [112] and Colon-38 tumours [118].  
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Figure 1.2 Chemical structure of N-[2-(dimethylamino)ethyl]acridine-4-carboxamide. 
 

The pharmacokinetics and tissue distribution of DACA were studied after i.v. 

administration (121 µmol/kg) to mice [119]. The concentration-time profiles in mouse 

plasma after i.v. administration exhibited biphasic kinetics. DACA was rapidly taken up by 

the tissues with the maximal concentrations in kidney, followed by brain, which was at 

least 10-fold higher than plasma concentrations [119]. Tumour distribution was studied in 

mice with s.c. LLTC tumours. Peak tumour concentrations were 3-fold greater than 

plasma and the area under the concentration-time curve (AUC) was 20-fold higher than 

plasma AUC and a longer half-life (T½), (16.3 h) than plasma and other tissues [120]. 

 

The favourable activity and pharmacokinetic profile led this drug to a Phase I clinical trial 

with a starting dose of 9 mg/m2 given daily on 3 successive days. An early phase II study 

of DACA was conducted to evaluate the anti-cancer activity and safety profile when given 

as second-line chemotherapy in patients with ovarian cancer who had relapsed within 1-

year after first-line chemotherapy with taxanes and platinum for advanced disease [121]. 

The complete lack of any objective response did not justify further evaluation of DACA in 

patients with advanced ovarian cancer using this dose and schedule, although the 

therapy was generally well tolerated.  
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DACA was also evaluated in patients with advanced non-small cell lung cancer (NSCLC) 

at the dose of 3010 mg/m2 (i.v. infusion over 120 h) [122]. The toxicities observed were 

granulocytopaenia, thrombocytopaenia, deep venous thrombosis, fatigue, epileptic 

seizures which led to death in 2 patients. With only 4 out of 12 patients reaching stable 

disease when using this dose and regimen, further evaluation of DACA in advanced 

NSCLC was not justified [122]. 

1.8.2.1 Acridine-4-carboxamide analogues 

Following on from DACA, several derivatives were synthesised by varying substituents on 

the acridine ring [123]. The intent was to identify potent and active analogues which can be 

used effectively to treat solid tumours. Small structural modifications were made on the 

acridine ring as shown in Figure 1.3, with substituents indicated in Table 1-2. 
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Figure 1.3 Chemical structure of DACA analogues. R indicates the position and substituent 

[123]. 
 
Table 1-2 In vitro and in vivo activity of DACA analogues. Data from Spicer et al [123]. 

R 
IC50 (nM) in 

LLTC culture 
Optimal dose 

(mg/kg) 
Growth delay in Colon-38 

tumours (days) 

H 189 200 11 

5-Me 6.4 20 11 

5-Et 18 ND* ND* 

5-Pr 650 ND* ND* 

7-Bu 4590 ND* ND* 

6-Br 160 200 Inactive 

6-NMe2 260 90 4 

7-Cl 250 200 4 

*Not determined 

Substitution at 5 position by a methyl group resulted in analogues more potent than the 

parent DACA in vitro. The in vivo activity in Colon-38 tumours was similar to DACA only 

with this analogue. Increase in chain length at this position only decreased the cytotoxic 

potency (5-Et, 5-Pr, 7-tBu). Other small substituents such as Cl, Br had lesser activity 
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than DACA in vivo. This resulted in the synthesis of bis-acridines and bis-phenazines 

which are discussed in the following sections. 

1.8.3 Bis(acridine-4-carboxamide) derivatives 

Bis(acridine-4-carboxamides) (Figure 1.4) were developed as a continuation of the 

programme for developing better DNA-binding drugs with activity in solid tumours [124]. 

Several analogues were synthesised and screened in a panel of cell lines in vitro and the 

in vivo activity of the selected analogues were tested for tumour growth delays in mice 

with Colon-38 tumours. These analogues were structurally related to DACA but were 

more lipophilic. Several analogues with substituents at various positions on the ring 

structure were tried. A few of the analogues relevant to this topic are presented in Table 

1-3. 

 

 

7

6

5

8

N
3

2
1

R

2'

3'

1'

N
5'

6'

7'
8'

R

O N
H

N

CH3

N
H

O

 
Figure 1.4 Chemical structure of Bis(acridine-4-carboxamide) derivatives. 
 
Table 1-3 Antiproliferative activity and in vivo growth delay data for substituted 

Bis(acridine-4-carboxamide) derivatives [124]. 

R 
In vitro Lewis Lung 

IC50 (nM) 
In vivo growth delay Colon-

38 tumours (days)* 

5,5'-Me 1.8 6 

5,5'-Et 27 ND# 

5,5'-Pr 1050 ND# 

5,5'-Br 6 5 

6,6'-Cl 13 2 

  
*Drugs were administered i.p. (90 mg/kg), single dose, #ND – not determined. 
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These analogues were more potent compared to DACA in vitro and a single dose (90 

mg/kg) with the most potent 5-methyl analogue was able to achieve growth delay of 6 

days in mice with s.c. Colon-38 tumours. The more lipophilic analogues in this series, 5,5'-

Et and 5,5'-Pr were far less potent with IC50 values of 27 and 1050 nM respectively, 

compared to the 5,5’-Me analogue. No in vivo activity data in this tumour model was 

available to confirm the effects of increasing the chain length. However, no further data 

was available on this series. 

1.8.4 Bis(phenazine-1-carboxamide) derivatives 

Bis(phenazine-1-carboxamide) derivatives (Figure 1.5) were synthesised in an attempt to 

discover improved and potent analogues to DACA [125]. These were structurally similar to 

the Bis(acridines-4carboxamides) (discussed previously), where the dimeric acridine ring 

was replaced by phenazine. Several analogues were synthesised and a few of them were 

found to be potent in vitro and had significant growth delays in mice with Colon-38 

tumours (Table 1-4). 
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Figure 1.5 Chemical structure of Bis(phenazine-1-carboxamide) derivatives.  
 
Table 1-4 Antiproliferative activity and in vivo growth delay data for substituted 

Bis(phenazine-4-carboxamide) derivatives [125]. 

R 
In vitro Lewis Lung 

IC50 (nM) 
In vivo growth delay Colon-

38 tumours (days)* 

8,8'-OMe 24 8 

9,9'-Me 1.6 12 

9,9'-Cl 8.8 7 

  
*Analogues were administered i.p. as single dose for 8,8'-OMe and 9,9'-Cl derivatives. 9,9'-Me 
was administered every 4 days x 3 (30 mg/kg). 
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Analogues with small, lipophilic substituents (e.g., Me, Cl) at the 9-position were the most 

potent inhibitors in the Lewis Lung culture in vitro and were superior to the corresponding 

dimeric bis(acridine-4-carboxamides) [124]. Several analogues produced significant growth 

delays in the relatively refractory subcutaneous Colon-38 tumour model in vivo. In 

particular, the 9,9'-Me analogue was more potent in this tumour model than the clinical 

dual topo I/II poison DACA (total dose: 90 versus 400 mg/kg) with comparable activity [118]. 

1.8.5 XR11576 

XR11576 (Figure 1.6) is an angular tetracyclic phenazine-1-carboxamide developed by 

Xenova which progressed to a Phase I clinical trial. This was an orally active dual 

topoisomerase poison [126]. 
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Figure 1.6 Chemical structutre of XR11576. 
 

In vitro cytotoxicity evaluation was performed in COR-L23/P, non-small cell lung 

carcinoma (NSCLC) and H69/P small cell lung carcinoma (SCLC) cell lines and their 

respective drug-resistant sublines H69/LX4 and L23/R, Jurkat cell lines, P388 and Lewis 

lung (LLTC) and MC26 mouse colon carcinoma cultures [127]. XR11576 was found to be 

cytotoxic in these cultures in nanomolar concentrations [5.6 (LLTC) to 23 (H69/P) nM] [127]. 

Susceptibility to multi-drug resistance was minimal with P-gp and MRP resistance factors 

of 1.2 as tested in H69/LX4 and L23/R sublines. 

 

In vivo anti-tumour activity was tested in mice with H69/P and the MDR H69/LX4 SCLC 

xenograft tumours. Significant growth delays were observed in mice with H69 tumours 

after i.v. (q7d x 3) and p.o. (q7d x 3) administration of XR11576 [i.v. - (30 mg/kg), T/C – 

58 %; p.o. – 50 and 65 mg/kg, T/C – 63 and 64%] (T/C: The percentage ratio of the mean 

relative tumour volume (RTVm) of treated mice (T) and the RTVm of the controls (C), 

calculated (T/C%) [127]. 

 

In vivo pharmacokinetic studies were performed in BALB/c healthy mice and CD1 nude 

mice with H69 SCLC tumours. In healthy mice, XR11576 was administered i.v. and p.o. 
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(50 mg/kg), (p.o. bioavailability of 72 %). After i.v. administration normal tissue levels also 

displayed biphasic kinetics with an elimination T½ (2.6 – 3.6 h) similar to that in plasma. 

Tumour XR11576 levels decreased at a much slower rate than in other tissues, with 

AUCs in tumours after i.v. (20 mg/kg) and p.o. (50 mg/kg) administration (150 and 100 mg 

µg.h/ml) were higher than in the liver (60 and 82 µg.h/ml) or heart (47 and 27 µg.h/ml), 

respectively [127]. 

 

Phase I clinical trial of XR11576 was undertaken in 22 patients with malignant solid 

tumours. XR11576 was formulated as gelatin capsules comprising 5, 20, 60 and 120 mg 

of active drug and administered on days 1 – 5 of a 3-weekly cycle with escalating doses 

of 30 – 80 mg/day. Maximum plasma concentrations occurred at 3.7 h post dose and 

declined with a mean terminal T½ of up to 70 h. Severe nausea and vomiting were the 

major dose limiting toxicities and this was considered a major drawback, leading to the 

cessation of further development of this drug [126]. 
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1.8.6 SN 28049 

SN 28049 (Figure 1.7) was developed in collaboration with Professor Les Deady at La-

Trobe University, Melbourne, VIC, Australia with all biological evaluation being carried out 

at the ACSRC [113, 128]. SN 28049 is thought to bind to DNA by intercalation, preventing the 

ligation step of topoisomerase II, as well as interfering with the action of topoisomerase I 
[129]. 
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Figure 1.7 Chemical structure of SN 28049. (N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-
1,2-dihydrobenzo[b]-1,6-naphthyridine-4-carboxamide). 

1.8.6.1 Activity of SN 28049 

SN 28049 is a dose potent analogue compared to other topoisomerase poisons. A 

comparison of the in vitro activity of SN 28049 with several other anti-cancer drugs shows 

it to be highly potent (Table 1-5) (B. Baguley, unpublished data). 

 
Table 1-5 IC50 values (nM) of topoisomerase II poisons. (B. Baguley, unpublished data). 

Cell line SN 28049 Etoposide Amsacrine DACA Doxorubicin 

P388 2.1 25 20 98 15 

LLTC 1.7 180 12 190 22 

HCT116p53+ 8.4 210 25 360 10.5 

HCT116p53- 16 390 52 510 21 

Jurkat 6.7 160 37 580 9.6 

JLA 38 2080 3100 1100 42 

JLD 53 14400 2700 2500 270 

 
P388 is a murine leukaemia; LLTC is a murine lung carcinoma line; HCT116 is a human carcinoma line 
that has either wild-type p53 function (p53+) or lacks p53 function (p53-); Jurkat is a human leukaemia 
line and JLA and JLD are multi-drug resistant derivatives of the Jurkat line with lowered topoisomerase 
I. 
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In vivo growth delay studies were performed in C57 Bl/6 female mice implanted with 

Colon-38 tumours. A single intraperitoneal (i.p.) dose of SN 28049 at 3.9 mg/kg induced a 

growth delay of 8 days and 8.9 mg/kg resulted in complete regressions of the tumour for a 

period of at least 20 days [113]. A comparison of tumour growth delays of SN 28049, 

etoposide and doxorubicin is shown in Figure 1.6. Doxorubicin (4 mg/kg) and etoposide 

(45 mg/kg) had to be administered once every three days to achieve partial remission. 

Additionally, SN 28049 was found to be orally active, with a single p.o. dose (8.9 mg/kg) 

inducing complete regression of Colon-38 tumours (Figure 1.8). 

 
Figure 1.8 Growth delay curves of SN 28049, Doxorubicin and Etoposide in murine Colon-38 

tumours after i.p. administration. (B. Baguley, unpublished data). 
 

1.8.6.2 In vivo pharmacokinetics of SN 28049 in mice 

SN 28049 was rapidly absorbed upon administration and had a high i.p. plasma 

bioavailability (86 %) and a moderate (55 %) p.o. bioavailability in mice. The biphasic 

concentration-time elimination profile observed in plasma after an i.v. bolus dose 

indicated that a two-compartment model was the most appropriate model to describe its 

pharmacokinetics. SN 28049 had a relatively high volume of distribution (VSS), 35 l/kg and 

a moderate clearance (CL) (12 l/h/kg). Distribution to tissues (brain, heart, liver, lung and 

kidney) was rapid and tissue concentrations were 12 to 120-fold higher than those in 

plasma but tended to follow the plasma profile [130]. However, the tumour profile was very 

different. The maximal concentrations were achieved more slowly (6 – 12 h) and tumour 

exposure was 658-fold greater than plasma. The elimination T½ and the mean residence 
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time (MRT) were also significantly longer (P < 1 x 10-3) compared to plasma and other 

tissues with SN 28049 measurable in tumour for up to 72 h following a single i.p. dose. 

This slow uptake and longer retention in tumour tissue is thought partly to be the reason 

for the greater efficacy of SN 28049. Preliminary studies on the identification of 

metabolites in urine, plasma and liver indicate that relatively high concentrations are 

excreted unchanged via urine. Four additional metabolites were identified with SN 28049-

N-oxide being the major metabolite in urine [131]. The potential enzymes involved are 

shown in Figure 1.9. 

 

 

N

N

O

O N

CH3

NH3C H

H3C

N

N

O

O N

CH3

NH3C
CH3

H3C

N

N

O

O N

CH3

NH3C H

H

N

N

O

O N

CH3

NHOH2C
CH3

H3C

N

N

O

O N

CH3

NH3C
CH3

H3C
O

SN 28049 N-Oxide

N-monomethyl SN 28049

6-hydroxymethyl SN 28049

N,N-demethylated SN 28049

FMOCYP

CYP

CYPCYP

 
Figure 1.9 Metabolites of SN 28049 identified in mice with possible enzymes involved. The 

latter are based on similar reactions with DACA [131]. 
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1.9 Aims 

The benzonaphthyridine derivatives incorporate a DNA-binding chromophore with a 

sequence selective carboxamide side chain. The ring structure with various substitutions 

at the N-2 position were synthesised in ACSRC. 
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        -C3H7, Propyl; SN 32116 
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Figure 1.10 Chemical structure of benzonaphthyridine with substitutions at N-2 position. 
 

The aim was to identify the factors responsible for the exceptional tumour 

pharmacokinetics of SN 28049. In particular, whether the latter is related to its lipophilicity, 

protein binding affinity, or possibly active cellular uptake/efflux rates. To achieve this, a 

series of benzonaphthyridine derivatives with minor structural modifications at the N-2 

position (Figure 1.10) were synthesised in the ACSRC. The chain length was increased 

by a methyl group to obtain a series (hydrogen – butyl) with increasing lipophilicity. 

Specific aims and approaches are listed in the chapters to follow. 
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A rapid LC-MS/MS method for the 

quantitation of a series of 
benzonaphthyridine derivatives 

2.1 Introduction 

N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-1,2-dihydrobenzo[b]-1,6-naphthyridine-4-

carboxamide (SN 28049) is a DNA intercalating topoisomerase II poison being tested for 

its anti-cancer activity. The latter (methyl analogue) along with hydrogen, ethyl, n-propyl 

and n-butyl substitutions at the N-2 position of the benzonaphthyridine ring structure were 

synthesised and utilised as a homologous series to study the effects of lipophilicity (as 

determined by their partition coefficient; Log D values) on their pharmacokinetics. SN 

28049 exhibited curative anti-tumour activity in a Colon-38 murine tumour model and was 

greatly superior to the standard topoisomerase II poisons such as etoposide and 

doxorubicin as demonstrated by Deady et al [113]. A previous study by Lukka et al [130] 

suggested that pharmacokinetics may play a major role in its superior anti-tumour 

properties. We have previously reported an ion-trap liquid chromatography – mass 

spectroscopy (LC-MS/MS) method [132] for the quantitation of SN 28049 and its application 

to a pharmacokinetic study in mice. The limit of quantitation of the latter method (0.062 

µM) was acceptable, but the sensitivity was in insufficient to measure the concentrations 

beyond 12 h post administration. In addition, no analytical method was available for the 

other four analogues to be investigated.  
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2.2 Aims and approach 

The aims were: 

 

1. To develop a selective and sensitive LC-MS/MS method to quantitate a series of 

benzonaphthyridine analogues simultaneously.  

 

2. Validation of the method in a variety of biological matrices such as human plasma, 

mouse plasma and tissue homogenates such as brain, heart, kidney, liver, lung 

and tumour. 
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2.3 Materials and methods 

The series of benzonaphthyridine analogues with substitutions at the N-2 position were 

used. SN 28101 (hydrogen) (free base, 99 % pure by LC; MW, 324); SN 28049 (methyl) 

(free base, 99 % pure by LC; MW, 338); SN 28668 (ethyl) (free base, 99 % pure by LC; 

MW, 352); SN 32116 (propyl) (free base, 99 % pure by LC; MW, 366); SN 28048 (butyl) 

(free base, 99 % pure by LC; MW, 380) and the deuterated internal standard (IS) SN 

32444 (free base, 98% pure by LC; MW, 374) were synthesized in the Auckland Cancer 

Society Research Centre using previously published methods [113]. Unless stated, all other 

chemicals were commercially available and of analytical grade. Water used in all 

experiments was purified by filtering through ion exchange columns and a 0.22 µ filter 

(Milli Q purification system, Millipore Corporation, Bedford, MA, USA). 

2.3.1 Mice 

C57 Bl/6 female mice (20 – 25 g; 8 – 12 week old) were housed under constant 

temperature, humidity and lighting (12 h light per day). All experiments which included 

blood collection in mice from the ocular sinus under isofluorane anaesthesia were 

approved by The University of Auckland Animal Ethics Committee and conformed to the 

Guidelines for the Welfare of Animals in Experimental Neoplasia, as set out by the United 

Kingdom Co-ordinating Committee on Cancer Research. 

2.3.2 Subcutaneous Colon-38 tumour transplantation 

The murine Colon-38 adenocarcinoma (obtained from the Mason Research Institute, 

Worcester, MA, USA) was maintained in vivo by serial passage in C57 Bl/6 mice. The 

tumour was surgically removed from the donor mice (after cervical dislocation) and 

transferred to a Petri dish (BD Falcon Labware, Franklin Lakes, NJ, USA) containing 10 

ml phosphate buffered saline (PBS). Viable tumour fragments (1 mm3) were isolated and 

transplanted subcutaneously into recipient mice previously anaesthetized by 

intraperitoneal (i.p.) administration (10 µl/g body weight) of a xylazine (10 mg/kg), 

ketamine (150 mg/kg) mixture. The incision was closed using a Michel wound clip 

(Aesculap, Tuttlingen, Germany). Experiments were carried out when tumours reached 8 

– 10 mm in diameter, 15 – 20 days after transplantation.  
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2.3.3 Preparation of mouse plasma and tissue homogenates 

Mouse plasma was prepared from the blood of anaesthetised C57 Bl/6 mice and stored at 

–80°C. To prevent coagulation, blood was collected in BD Vacutainer® (BD Biosciences, 

Franklin Lakes, NJ, USA) tubes coated with K2 EDTA and plasma was separated by 

centrifugation at 6000 × g for 10 min. Tissues (brain, heart, kidney, liver, lung and tumour) 

were collected after cervical dislocation of the anaesthetized mice. Collected tissues were 

washed with 1 ml phosphate buffered saline (PBS) to remove blood contamination, briefly 

dried, transferred to 2 ml nunc CryoTubes® (Thermo Scientific, Rochester, NY, USA) and 

stored at –80°C. Frozen tissues were thawed at room temperature (25°C) and transferred 

in to glass tubes, weighed and homogenized in PBS (4-volumes) using a tissue 

homogenizer (S/N TH-71, Omni TH homogenizer, Gainesville, VA, USA) operated at 

24000 rpm. 

2.3.4 Liquid Chromatograph – Mass Spectrometer 

The LC-MS/MS system was an Agilent 1200 Rapid Resolution liquid chromatograph (LC) 

and Agilent 6410 triple quadrupole mass spectrometer (QqQ) equipped with a multimode 

ionisation source (Agilent Technologies, Santa Clara, CA, USA). Chromatographic 

separation was achieved on an Agilent Zorbax SB-C18 (50 mm × 2.1 mm, 5 μm) column 

with a 0.2 μm in-line filter and was maintained at 35°C. The mobile phase consisted of 80 

% acetonitrile with 0.01 % formic acid (mobile phase A) and water containing 0.01 % 

formic acid (mobile phase B) with a fast gradient elution at a flow rate of 0.5 ml/min and 

run time of 7 min. The following gradient was applied: 0 min, 90 % B; 1 min, 90 % B; 2.5 

min, 10 % B; 5 min, 10 % B; 6 min, 90 % B; 7 min, 90 % B. The column was equilibrated 

for 1 min between injections. The eluent flow was led into the MS/MS starting 0.5 min 

after injection by switching the MS inlet valve. The sample volume injected was 25 μl and 

the autosampler was set at 4°C. The mass spectrometer was run in positive ion ESI-APCI 

combined mode using multiple reaction monitoring (MRM) to monitor the mass transitions. 

The retention times for the analogues were as follows: Hydrogen, 3.04 min; methyl, 3.60 

min; ethyl, 3.81 min; propyl, 4.05 min; butyl, 4.36 min; d7 IS, 4.05 min. The mass 

resolution was set at 0.7 u FWHM (unit mass resolution) for both quadrupoles. Other 

parameters of the mass spectrometer were: collision energy 15 V; fragmentor voltage 130 

V; gas flow 5.5 l/min; gas temperature 350°C; vaporizer temperature 225°C; nebulizer 

55 psi; capillary 3000 V, corona current positive 3 μA, charging voltage 1500 V. Data were 

acquired and analysed with Agilent MassHunter® software. 

24 

 



                                                                  Bioanalytical method development and validation

        

2.3.5 Stock solutions, calibrants and quality controls 

Stock solutions (1 mM) of all 5 benzonaphthyridine analogues were prepared individually 

in acetonitrile. Subsequent dilutions of individual analogues using a pooled approach 

resulted in a final concentration range of 0.001, 0.005, 0.01, 0.025, 0.05, 0.1 and 0.3 µM 

for the calibration curve for all 5 analogues in plasma and tissue homogenates. Freshly 

prepared working solutions of all 5 analogues from an independently weighed 1 mM stock 

were used to prepare quality control (QC) samples. Appropriate volumes were then added 

to freshly thawed particle-free human plasma, mouse plasma and mouse tissue 

homogenates to give concentrations of 0.001, 0.025 and 0.3 µM (5 ml of each 

concentration). Aliquots (200 µl) of each QC samples were stored at −80°C immediately 

after the preparation. During each subsequent analytical run, one set (triplicate) of each 

QC concentration was included (scattered in between the calibrants and the unknown 

samples) and processed with the calibrants and in vivo study samples. 

2.3.6 Sample preparation 

Aliquots (25 µl) of plasma or tissue homogenates (either calibrants, quality controls) were 

precipitated with 3-volumes (75 µl) acetonitrile:methanol (3:1) mixture containing 

deuterated (d7) internal standard (IS) (0.05 µM). For analysis of samples from the in vivo 

study, 25 µl samples of each analogue were pooled and precipitated with 3-volumes of 

the acetonitrile:methanol (3:1) mixture containing deuterated (d7) internal standard (IS) 

(0.05 µM). Samples were vortexed for 30 sec, followed by centrifugation at 13,000 × g 

(5 min, 4°C). A 50 µl aliquot of each supernatant was then diluted in 50 μl of mobile phase 

B and injected in to the LC-MS/MS (25 µl injection volume). Blank samples were prepared 

from plasma (human and mouse) and tissue homogenates using the same extraction 

procedure.  

2.3.7 Validation procedures 

Analytical specificity was tested by inspection of chromatograms of extracted drug-free 

plasma and tissue homogenate samples for interfering peaks. Extraction recoveries were 

assessed by comparing peak areas of each analyte and IS from extracted plasma QC 

samples, to standards prepared in blank matrix extract. All recovery studies were 

performed at three different concentrations and in triplicate. To determine intra-day 

reproducibility 5 – 6 replicates of the QC samples were analysed, including the LOQ. 

Inter-day precision was calculated from QC samples analysed on three or more different 
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days. At each concentration, precision was calculated as the relative standard deviation 

(RSD) and accuracy as the percentage of the true value. Acceptable precision was 

defined by a RSD within 15 % and accuracy within 85 – 115 % of the true value. The LOQ 

was defined to be the lowest concentration that could be measured with the minimum 

acceptable accuracy (within 80 – 120 % of the true value) and precision (RSD within 20 

%). Matrix effects on each analyte were assessed in triplicate by spiking the analytes in 

different batches of extracted (with 3 volumes of acetonitrile:methanol (3:1)) plasma 

(mouse and human) and mouse tissue homogenates. Each analytical run consisted of a 

single calibration curve, triplicate QC samples at three concentrations, one reagent blank, 

one plasma/tissue  blank and one zero-level (blank matrix sample with d7 IS) standard. 

The stability of all 5 analogues was measured in duplicate at room temperature over 24 h 

in plasma and tissue homogenates. At each time point, plasma/tissue samples containing 

all 5 analogues were removed and then extracted as described above. In addition, the 

stability of all 5 analogues in plasma and tissue homogenates was assessed at three 

different concentrations in triplicate when left on ice or on the benchtop for 0 – 24 h. 

Similarly, stability during storage in the autosampler was determined at three different 

concentrations in triplicate over 24 h at 4°C. Three freeze-thaw cycles at −80°C were 

used to test the stability all 5 analogues in plasma. Long-term plasma stability was 

assessed at −80°C over 1 year. For short–term/bench-top, long-term and freeze-thaw 

stability, mean concentrations of triplicate samples were compared to the initial values.  
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2.4 Results and discussion 

2.4.1 Specificity 

The product ion fragments of all the 5 analogues and the IS were monitored using MRM 

following extraction from the matrices. No interference was observed from the 

endogenous components of the matrices. A blank chromatogram (Figure 2.1) and 

extracted MRM traces for all mass transitions at the LOQ are shown in Figure 2.2. 

Additionally, precursor ions arising from possible metabolites (N-demethylation, 

hydroxymethylation and N-mono demethylation) were verified for each analogue and no 

interference from transitions was observed. 
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Figure 2.1 Blank traces of 5 benzonaphthyridine analogues (hydrogen – butyl).  
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Figure 2.2 MRM traces of 5 benzonaphthyridine analogues (hydrogen – butyl) at the LOQ. 

The d7 internal standard is co-eluted with the propyl analogue and had a 
retention time on 4.05 min.  
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2.4.2 Linearity 

The calibration curve was assessed based on a plot of the ratio of peak areas for each 

analogue/IS. A linear fit model with no weighting best described the concentration-

response relationship. A representative calibration curve is shown in Figure 2.3. The 

assay was found to be linear for all the analogues over the concentration range 0.001 – 

0.3 µM in all the matrices tested (r2 > 0.99). Plasma and tissue samples with 

concentrations > 0.3 µM were diluted accordingly. Accuracy and precision data obtained 

from the calibration curves of plasma and tissues matrices prepared on six different 

occasions over the concentration range were within the acceptable range (Precision, < 

7.0 % and Accuracy, 93.8 – 106.2 % of nominal values) as shown in Table 2-1. 
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Figure 2.3 A representative standard curve of each analogue (hydrogen – butyl) over the 

linear range of 0.001 – 0.3 μM. Each point is mean ± s.e (n = 3). 
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Table 2-1 Linearity, Accuracy and Precision of the calibrants (0.001 – 0.3 µM) of the benzonaphthyridine analogues. Results are mean ± s.e (n = 
10). 

 Hydrogen Methyl Ethyl 

Matrix Linearity (r2) Precision 
(RSD %) 

Accuracy 
(%) 

Linearity 
(r2) 

Precision 
(RSD %) 

Accuracy 
(%) Linearity (r2) Precision 

(RSD%) 
Accuracy 

(%) 
Human Plasma >0.99 <3.5 96.1 ± 4.1 >0.99 <6.2 95.2 ± 5.6 >0.99 <2.5 94.7 ± 2.4 
Mouse Plasma >0.99 <4.1 98.2 ± 2.5 >0.99 <3.5 94.1 ± 4.1 >0.99 <1.6 100.4 ± 4.3 

Brain >0.99 <5.6 97.3 ± 3.5 >0.99 <4.1 97.3 ± 2.3 >0.99 <4.6 105.2 ± 3.4 
Heart >0.99 <6.1 94.6 ± 2.9 >0.99 <5.3 96.2 ± 1.8 >0.99 <5.1 94.8 ± 6.2 

Kidney >0.99 <2.8 100.2  ±5.7 >0.99 <2.3 97.1 ± 4.2 >0.99 <2.6 95.7 ± 3.2 
Liver >0.99 <3.9 98.6 ± 5.1 >0.99 <3.8 98.1 ± 3.5 >0.99 <6.1 98.1 ± 6.4 
Lung >0.99 <4.6 97.2 ± 4.3 >0.99 <7.0 95.2 ± 6.1 >0.99 <5.6 94.3 ± 5.6 

Tumour >0.99 <3.1 95.4 ± 4.6 >0.99 <5.6 99.3 ± 4.2 >0.99 <4.8 93.7 ± 4.2 
 
 

 Propyl Butyl 

Matrix Linearity (r2) Precision 
(RSD %) 

Accuracy 
(%) Linearity (r2) Precision 

(RSD %) 
Accuracy 

(%) 
Human Plasma >0.99 <4.1 94.5 ± 5.1 >0.99 <6.2 97.1 ± 2.3 
Mouse Plasma >0.99 <3.5 94.1 ± 6.2 >0.99 <1.5 94.3 ± 1.7 

Brain >0.99 <2.6 99.4 ± 3.4 >0.99 <2.6 93.4 ± 3.5 
Heart >0.99 <5.1 97.2 ± 4.6 >0.99 <4.2 92.4 ± 4.6 

Kidney >0.99 <3.4 96.4 ± 5.2 >0.99 <3.8 106.2 ± 3.8 
Liver >0.99 <6.1 95.4 ± 3.5 >0.99 <2.6 96.2 ± 2.9 
Lung >0.99 <4.5 96.1 ± 4.3 >0.99 <4.6 95.1 ± 3.2 

Tumour >0.99 <3.8 97.1 ± 1.8 >0.99 <5.6 97.4 ± 5.4 
  

32 

 



                                                                  Bioanalytical method development and validation

        

2.4.3 Fragmentation patterns 

SN 28101 (hydrogen) ionizes in the positive ionization mode, gaining a proton and 

entering the metastable state of [M+H]+ and can be seen in the spectrum as m/z 325. The 

latter can then be fragmented and characterized in MS2 mode ([M+H]+ – C2H7N) to give a 

MS2 ion at m/z 280. The other analogues in this series (methyl, ethyl, propyl and butyl) 

and the d7 also fragment in the similar fashion producing product ions as follows: methyl, 

339^294; ethyl, 353^308; propyl, 367^322; butyl, 381^366; d7 IS, 374^329. The structure of 

these fragments were simulated and established with the help of ACD/MS fragmenter 

(ver. 12, ACD Labs, Toronto, Ontario, Canada). The fragmentation pattern and the mass 

spectra are shown in Figure 2.4. 
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Figure 2.4 Fragmentation spectra and simulated structures of the fragments of the 

benzonaphthyridine analogues (hydrogen – butyl) and the d7 internal standard. 
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2.4.4 Recovery and matrix effects 

The extraction recovery was determined by comparing peak areas of standards prepared 

in Milli Q water containing 0.01 % formic acid to those extracted from spiked plasma and 

tissue homogenates. Authentic standards, spiked plasma and tissue homogenates were 

prepared in triplicate in the same manner over three concentrations 0.001, 0.025 and 0.3 

µM. The absolute recoveries for all analogues (0.001 – 0.3 µM) were > 82.0 ± 1.5 % and 

the IS (0.05 µM) > 87.1 ± 2.5 %, respectively. Matrix effects tested by spiking the analytes 

in extracted plasma and tissue homogenates and comparing them standards prepared in 

Milli Q water containing 0.01 % formic acid indicated a lack of ion suppression by matrix 

components. 

2.4.5 Limit of quantitation 

The lower limit of quantitation (LOQ) in plasma and tissue matrices analysed by LC-

MS/MS was found to be 0.001 µM. Concentrations below the LOQ were detected with 

unacceptable accuracy and precision (i.e., RSD > 20%, accuracy < 80 % and > 120% of 

the nominal values).  

2.4.6 Precision and accuracy 

The intra-assay precision was determined by calculating the RSD of 8 repeat 

measurements at three different concentrations (0.001, 0.025 and 0.3 µM) of all 

analogues in plasma and tissue homogenates on 1 day and was found to be < 7.1% for 

all concentrations. The intra-assay accuracy was determined by comparing the means of 

the measured concentrations to their true concentrations on the same day. The intra-

assay accuracy was also acceptable over the three concentrations, varying between 92.1 

± 5.5 % and 102.1 ± 3.8 % of the true values as shown in Table 2-2. 

 

The inter-assay precision was determined by replicate measurements performed on ten 

different occasions over 1-year for three concentrations in plasma and tissue 

homogenates. The inter-assay precision was less than 6.5 %. The inter-assay accuracy 

was calculated over 10 different occasions and was between 92.1 ± 5.5 % and 102.1 ± 
5.5 % of the nominal values as shown in Table 2-3. 
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Table 2-2 Intra-assay precision and accuracy data for benzonaphthyridine analogues (hydrogen – butyl) over three concentrations (0.001, 0.025 
and 0.3 µM) for plasma and tissue homogenates. Results are mean ± s.e (n = 8). 

 
 

  

 Hydrogen Methyl Ethyl 
Concentration 

(µM) 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 

Matrix Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) 

Human Plasma <6.5 <2.5 <4.1 96.1 ± 
7.2 

95.1 
± 5.2 

98.1 
± 5.2 <6.5 <2.8 <5.9 98.1 ± 

6.4 
97.1 
± 6.4 

95.1 
± 5.4 <6.0 <2.3 <5.4 103.1 

± 7.7 
93.1 
± 7.2 

93.1 
± 7.7 

Mouse Plasma <5.8 <3.8 <3.6 94.1 ± 
6.3 

94.4 
± 3.3 

94.4 
± 3.8 <5.4 <4.9 <2.9 97.3 ± 

7.6 
98.3 
± 4.6 

101.3 
± 1.6 <5.5 <7.3 <5.3 95.1 

± 4.9 
96.1 
± 4.9 

102.1 
± 4.9 

Brain <7.1 <5.4 <5.3 98.1 ± 
6.4 

97.1 
± 6.4 

95.1 
± 5.4 <4.6 <4.8 <2.5 96.1 ± 

7.2 
95.1 
± 5.2 

98.1 
± 5.2 <5.7 <6.3 <5.1 94.1 

± 6.3 
101.4 
± 3.3 

101.4 
± 3.8 

Heart <6.5 <4.9 <4.6 96.1 ± 
5.5 

96.1 
± 5.5 

97.1 
± 2.5 <5.9 <3.8 <5.4 96.1 ± 

5.5 
96.1 
± 5.5 

97.1 
± 2.5 <5.6 <4.5 <5.0 96.3 

± 3.8 
102.1 
± 3.8 

102.1 
± 3.2 

Kidney < 6.4 < 4.8 <5.9 97.3 ± 
7.6 

98.3 
± 4.6 

101.3 
± 1.6 <2.9 <4.6 <4.6 96.1 ± 

3.8 
102.1 
± 3.8 

102.1 
± 3.2 <3.5 <1.8 <4.9 92.1 

± 5.5 
96.1 
± 5.5 

97.1 
± 2.5 

Liver <5.8 <3.8 <2.9 101.1 ± 
7.7 

93.1 
± 7.7 

93.1 
± 7.7 <2.5 <5.9 <4.9 94.1 ± 

6.3 
94.4 
± 3.3 

94.4 
± 3.8 <5.4 <3.6 <4.7 94.1 

± 7.2 
99.1 
± 5.2 

102.1 
± 5.2 

Lung <4.5 <5.1 <2.7 96.1 ± 
3.8 

102.1 
± 3.8 

102.1 
± 3.2 <6.1 <2.9 <4.8 94.1 ± 

4.9 
96.1 
± 4.9 

102.1 
± 4.9 <4.2 <2.5 <4.6 97.3 

± 7.6 
96.3 
± 4.6 

101.3 
± 1.6 

Tumour <5.8 <2.9 <6.1 94.1 ± 
4.9 

96.1 
± 4.9 

102.1 
± 4.9 <5.8 <4.1 <5.4 101.1 ± 

7.7 
93.1 
± 7.7 

93.1 
± 7.7 <5.1 <3.4 <4.5 99.1 

± 6.4 
97.1 
± 6.1 

95.1 
± 5.4 
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         Table 2-2 continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Propyl Butyl 
Concentration 

(µM) 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 

Matrix Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) 

Human Plasma <3.5 <1.8 <4.9 96.3 ± 
3.8 

92.1 
± 5.5 

94.1 
± 7.2 <5.1 <3.4 <4.5 96.1 ± 

4.9 
94.3 
± 3.8 

93.1 
± 7.2 

Mouse Plasma <5.4 <3.6 <4.8 102.1 ± 
3.8 

96.1 
± 5.5 

99.1 
± 5.2 <5.6 <4.5 <5.0 102.1 ± 

4.9 
96.1 
± 3.8 

95.1 
± 7.7 

Brain <4.2 <2.5 <4.6 102.1 ± 
3.2 

97.1 
± 2.5 

102.1 
± 5.2 <3.5 <1.8 <4.9 96.3 ± 

4.6 
102.1 
± 3.2 

101.3 
± 1.6 

Heart <5.1 <3.4 <4.5 103.1 ± 
7.7 

95.1 
± 4.9 

94.1 
± 6.3 <5.4 <3.6 <4.8 101.3 ± 

1.6 
93.1 
± 7.7 

92.1 
± 5.5 

Kidney <5.6 <4.5 <5.0 93.1 ± 
7.2 

96.1 
± 4.9 

101.4 
± 3.3 <4.2 <2.5 <4.6 92.1 ± 

5.5 
93.1 
± 7.2 

96.1 
± 5.5 

Liver <3.5 <1.8 <4.9 93.1 ± 
7.7 

102.1 
± 4.9 

101.4 
± 3.8 <3.5 <1.8 <4.9 96.1 ± 

5.5 
95.1 
± 7.7 

97.1 
± 2.5 

Lung <5.4 <3.6 <4.8 99.1 ± 
5.2 

96.3 
± 4.6 

97.1 
± 6.1 <5.4 <3.6 <4.8 97.1 ± 

2.5 
99.1 
± 5.2 

102.1 
± 4.9 

Tumour <4.2 <2.5 <4.6 102.1 ± 
5.2 

101.3 
± 1.6 

95.1 
± 5.4 <4.2 <2.5 <4.6 101.4 ± 

3.8 
102.1 
± 5.2 

96.3 
± 4.6 
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Table 2-3 Inter-assay precision and accuracy data for benzonaphthyridine analogues (hydrogen – butyl) over three concentrations (0.001, 0.025 
and 0.3 µM) for plasma and tissue homogenates. Results are mean ± s.e (n = 10). 

 Hydrogen Methyl  
Concentration 

(µM) 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 

Matrix Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) 

Human Plasma <3.2 <4.5 <4.5 96.3 
± 3.8 

102.1 
± 3.8 

102.1 
± 3.2 <6.4 <4.8 <5.9 96.1 

± 5.5 
96.1 
± 5.5 

97.1 
± 2.5 <3.4 <4.6 <5.0 98.1 

± 3.8 
96.1 
± 5.5 

99.1 
± 5.2 

Mouse Plasma <3.4 <4.6 <5.0 92.1 
± 5.5 

96.1 
± 5.5 

97.1 
± 2.5 <5.8 <3.8 <2.9 97.3 

± 7.6 
98.3 
± 4.6 

101.3 
± 1.6 <4.5 <4.8 <4.8 101.1 

± 3.2 
97.1 
± 2.5 

102.1 
± 5.2 

Brain <4.5 <4.8 <4.9 94.1 
± 7.2 

99.1 
± 5.2 

102.1 
± 5.2 <4.5 <5.1 <2.7 94.1 

± 6.3 
94.4 
± 3.3 

94.4 
± 3.8 <1.8 <4.9 <6.5 103.1 

± 7.7 
95.1 
± 4.9 

94.1 
± 6.3 

Heart <1.8 <4.9 <6.5 96.1 
± 3.8 

102.1 
± 3.8 

102.1 
± 3.2 <5.7 <6.3 <5.1 98.1 

± 6.4 
97.1 
± 6.4 

95.1 
± 5.4 <5.4 <3.6 <4.8 93.1 

± 7.2 
96.1 
± 4.9 

101.4 
± 3.3 

Kidney <3.6 <5.0 <6.4 94.1 
± 6.3 

94.4 
± 3.3 

94.4 
± 3.8 <5.6 <4.5 <5.0 94.1 

± 7.2 
99.1 
± 5.2 

102.1 
± 5.2 <5.6 <4.5 <5.0 93.1 

± 7.7 
102.1 
± 4.9 

101.4 
± 3.8 

Liver <4.9 <5.1 <5.8 94.1 
± 4.9 

96.1 
± 4.9 

102.1 
± 4.9 <3.5 <1.8 <4.9 97.3 

± 7.6 
96.3 
± 4.6 

101.3 
± 1.6 <4.5 <5.1 <2.7 92.1 

± 5.5 
93.1 
± 7.2 

96.1 
± 5.5 

Lung <4.8 <5.3 <1.8 98.1 
± 6.4 

97.1 
± 6.4 

95.1 
± 5.4 <5.4 <3.6 <4.8 101.3 

± 1.6 
93.1 
± 7.7 

92.1 
± 5.5 <5.7 <6.3 <5.1 96.1 

± 5.5 
95.1 
± 7.7 

97.1 
± 2.5 

Tumour <4.6 <5.4 <3.6 96.1 
± 5.5 

96.1 
± 5.5 

97.1 
± 2.5 <5.6 <4.5 <5.0 92.1 

± 5.5 
93.1 
± 7.2 

96.1 
± 5.5 <5.6 <4.5 <5.0 97.1 

± 2.5 
99.1 
± 5.2 

102.1 
± 4.9 
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Table 2-3 continued. 

 

 

 

 Propyl Butyl 
Concentration 

(µM) 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 0.001 0.025 0.3 

Matrix Precision (RSD %) Accuracy (%) Precision (RSD %) Accuracy (%) 

Human Plasma <5.6 <4.5 <5.0 101.3 
± 1.6 

93.1 
± 7.7 

92.1 
± 5.5 <5.6 <4.5 <5.0 94.1 

± 6.3 
94.4 
± 3.3 

94.4 
± 3.8 

Mouse Plasma <3.5 <1.8 <4.9 92.1 
± 5.5 

93.1 
± 7.2 

96.1 
± 5.5 <4.5 <5.1 <2.7 98.1 

± 6.4 
97.1 
± 6.4 

95.1 
± 5.4 

Brain <5.4 <3.6 <4.8 96.1 
± 5.5 

95.1 
± 7.7 

97.1 
± 2.5 <5.7 <6.3 <5.1 94.1 

± 7.2 
99.1 
± 5.2 

102.1 
± 5.2 

Heart <5.6 <4.5 <5.0 95.1 
± 4.9 

96.1 
± 4.9 

102.1 
± 4.9 <1.8 <4.9 <6.5 97.3 

± 7.6 
96.3 
± 4.6 

101.3 
± 1.6 

Kidney <1.8 <4.9 <6.5 94.1 
± 6.3 

101.4 
± 3.3 

101.4 
± 3.8 <5.4 <3.6 <4.8 93.1 

± 7.2 
96.1 
± 4.9 

101.4 
± 3.3 

Liver <5.4 <3.6 <4.8 96.3 
± 3.8 

102.1 
± 3.8 

102.1 
± 3.2 <5.6 <4.5 <5.0 93.1 

± 7.7 
102.1 
± 4.9 

101.4 
± 3.8 

Lung <5.6 <4.5 <5.0 101.1 
± 7.7 

93.1 
± 7.7 

93.1 
± 7.7 <5.6 <4.5 <5.0 92.1 

± 5.5 
93.1 
± 7.2 

96.1 
± 5.5 

Tumour <4.5 <5.1 <2.7 96.1 
± 3.8 

102.1 
± 3.8 

102.1 
± 3.2 <3.5 <1.8 <4.9 101.1 

± 3.2 
97.1 
± 2.5 

102.1 
± 5.2 
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2.4.7 Stability 

2.4.7.1 Freeze-thaw stability 

All analogues in plasma and tissue homogenates were tested for stability by subjecting to 

multiple freeze-thaw cycles over 48 h. Three concentrations (0.001, 0.025 and 0.3 µM) 

were prepared in human plasma and tissue homogenates and frozen at −80ºC. These 

samples were then thawed and frozen three times at 24, 36 and 48 h after preparation. 

Samples were analysed in triplicate after the third freeze-thaw cycle and concentrations 

were determined from the calibration curve. The mean accuracies were in the range of 

96.0 ± 0.3 % to 103.1 ± 4.1 % of the nominal values for all the analogues, indicating 

acceptable stability over 3 freeze-thaw cycles. 

2.4.7.2 Long term storage stability  

All analogues were stable in plasma and tissue homogenates over the 1-year validation 

period when stored at −80°C. QC samples prepared during the intra-assay analysis were 

stored for one year and subsequently analysed. The results showed an acceptable 

precision < 6.2 % and an accuracy of 102.1 ± 5.5 %. 

2.4.7.3 Stock solution stability 

Stock solutions were prepared in acetonitrile over a concentration range of 0.02 – 6.0 µM 

which were then diluted 20-fold in water containing 0.01 % formic acid leading to a 

concentration range of 0.001 – 0.3 µM. The stability of these solutions was then tested at 

room temperature as well as 4°C for 24 h. These solutions were found to be stable at 

room temperature (97.4 ± 0.2 % to 102.4 ± 0.4 %) as well at 4°C (95.1 ± 0.6 % to 104.4 ± 

0.2 %). 

2.4.7.4 Bench top stability 

The analogue mix was spiked in to plasma and tissue homogenates at three 

concentrations (0.001, 0.025 and 0.3 µM) and left at room temperature. Triplicate aliquots 

of each concentration were analysed at 0, 12 and 24 h and found to be in the range of 

94.5 ± 3.1 % to 103.2 ± 1.7 % and was acceptable.    
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2.4.7.5 Post preparative stability  

Post preparative stability of the analogue mix was determined by processing the quality 

control samples in plasma and tissue homogenates (0.001, 0.025 and 0.3 µM) in triplicate 

and were held in the autosampler (4ºC) for 24 h. These samples were then analysed at 0, 

12 and 24 h. All samples demonstrated accuracies in the range of 93.2 ± 0.7 % to 102.1 ± 

1.3 %. 

2.5 Conclusion 

A relatively rapid and sensitive LC-MS/MS method was developed which allowed the 

simultaneous measurement of five benzonaphthyridine analogues down to a 

concentration of 0.001 µM in plasma and mouse tissues with acceptable precision and 

accuracy with a run time of 7 min. The method utilised the superior performance of the 

QqQ mass spectrometer in terms of selectivity and sensitivity to make sample pooling 

practicable. This feature is a more sophisticated development of our previously reported 

methodology for one of the analogues, SN 28049, using an ion-trap LC-MS [132]. 

 

Altogether, this sensitive validated method may further aid in more detailed mouse 

pharmacokinetic and tissue distribution studies required at the preclinical drug 

development stage. 
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In vitro pharmacological assessment of 

a series of benzonaphthyridine 
derivatives 

3.1 Introduction 

Microsomal stability is most commonly used to identify compounds susceptible to 

oxidation, thus facilitating the process by which they are selected for further screening 
[133]. It is well established that most of the oxidative reactions are catalysed by enzyme 

systems in the endoplasmic reticulum of the hepatocytes which can be monitored in vitro 

using microsomal preparations [134, 135]. Determination of in vitro pharmacological 

properties such as microsomal stability, may aid in the prediction of in vivo 

pharmacokinetic properties of some drugs [136]. 

 

Plasma proteins are major contributors to drug binding in blood and it is generally 

accepted that the fraction of drug that is unbound by blood and tissue components is 

available for pharmacological interaction. The two methods generally used to determine 

the extent to which compounds bind to plasma proteins are ultrafiltration and equilibrium 

dialysis. While ultrafiltration offers an advantage of short experimental times, the major 

concern with this method is non-specific binding to the filtration matrix. Equilibrium dialysis 

using a Spectrum Dialyzer is considered a better alternative, despite requiring longer 

equilibration times and higher volumes of plasma (or other matrices). It is quite common 

when using this experimental technique for protein concentrations to be diluted during the 

dialysis, but this may be corrected by either measuring the protein concentrations before 

and after the dialysis using a bicinchoninic acid (BCA) assay [137], or using a mathematical 

correction as employed in the Boudinot equation [138]. Advances in this field have led to 

the development of a 96-well format high-throughput equilibrium dialysis apparatus [139] 

which was utilised in these studies to determine the binding of benzonaphthyridine 

analogues to plasma proteins, microsomes and tumour homogenates. 

 

Partition coefficients are mostly determined by computational methods using software 

packages such as ACD/LogP (ACD Labs, Toronto, Ontario, Canada) and are calculated 
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using an atom-based approach [140]. The accuracy of such methods may be of concern as 

they usually require large training data sets. Experimental determination with n-

octanol/PBS partition method may offer better precision and accuracy. A low volume 

shake-flask method was used to determine the Log D values of the compounds [141]. 

These in vitro assessment techniques can be utilised for high throughput screening of 

new chemical entities for their drug-like properties and the less favourable ones can be 

eliminated early from the development programmes. 

 

The benzonaphthyridine derivatives are a potent series of DNA binding topoisomerase 

poisons (anti-cancer agents) [113] synthesised as a part of an on-going drug development 

programme in the Auckland Cancer Society Research Centre. Preliminary evaluation with 

the methyl (SN 28049) analogue in this series demonstrated favourable in vivo anti-

tumour activity [113]. A series of analogues with minor structural modifications (hydrogen – 

butyl) at the N-2 position of the benzonaphthyridine ring were synthesised. These in vitro 

evaluation studies, such as lipophilicity, hepatic microsomal stability and plasma protein 

binding were considered fundamental to the prediction of the plasma clearance and 

distribution of these compounds in vivo. 

 

3.2 Aims and approach 

The aims were to: 

 

1. Determine the partition coefficients (Log D) of this series of benzonaphthyridine 

analogues. 

 

2. Assess their stability in vitro using mouse liver microsomes. 

 

3. Utilising a low volume, high throughput equilibrium dialysis method, determine the 

free fraction of these analogues in mouse plasma, mouse liver microsomes and 

tumour tissue.   
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3.3 Materials and methods 

3.3.1 Chemicals and reagents 

Magnesium chloride (MgCl2.6H2O), β-nicotinamide adenine dinucleotide 2′-phosphate 

reduced tetrasodium salt (NADPH), propranolol hydrochloride and lidocaine were 

purchased from Sigma-Aldrich, St. Louis, MO, USA. Water used in all experiments was 

purified by filtering through an ion exchange column and a 0.22 µ filter (Milli Q purification 

system, Millipore Corporation, Bedford, MA, USA). Drug-free human plasma was obtained 

from the Regional Blood Transfusion Centre, Auckland Healthcare, NZ and was 

centrifuged (3000 × g for 10 min) prior to use to remove any fibrin clumps. Mouse plasma 

was prepared from the blood of anaesthetised C57 Bl/6 mice and stored at –80°C. To 

prevent coagulation, blood was collected in BD Vacutainer® (BD Biosciences, Franklin 

Lakes, NJ, USA) tubes coated with K2 EDTA and plasma was separated by centrifugation 

at 3000 × g for 10 min. 

3.3.2 Log D measurement 

Partition coefficients (Log D) of this benzonaphthyridine series were determined by a low-

volume octanol/PBS (pH 7.4) shake-flask method [141]. Saturated solutions of n-octanol 

and PBS were prepared by mixing equal volumes of n-octanol and PBS and leaving for 

four days. The octanol and PBS phases were then carefully separated and left to stand 

for a day. Stock solutions (25 µM) of each analogue were prepared in PBS saturated with 

octanol. Aliquots (500 µl) of the latter were then taken in triplicate and 500 µl of octanol 

saturated with PBS was added. The tubes were then wrapped in tin foil and rotated for 3 h 

at 1 rpm to equilibrate. After centrifugation at 13000 × g for 5 min, the octanol and the 

PBS phases were separated into different tubes, diluted 5-times with methanol and 

analysed by HLPC. The results were then expressed as the log ratio of peak areas 

obtained from the octanol and PBS phases. 
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3.3.3 Preparation of mouse liver microsomes 

Mouse liver microsomes were prepared by differential centrifugation modified from a 

previously published method [142]. Livers from healthy C57 Bl/6 female mice weighing 20 – 

23 g were collected, rinsed in phosphate buffer and homogenised in 3-volumes of ice cold 

0.1 M sodium phosphate buffer with 0.67 M KCl at pH 7.4 (homogenisation medium). The 

resultant homogenates were transferred to centrifuge tubes and centrifuged at 9000 × g 

for 20 min at 4°C using a Beckman centrifuge (Beckman Coulter, Fullerton, CA). The 

supernatant (S9) was collected and centrifuged at 105000 × g for 1 h at 4°C using a L8-

70 Beckman ultracentrifuge (Beckman Coulter, Fullerton, CA). The microsomal pellet was 

resuspended with homogenisation medium. Hepatic microsomal suspensions were 

aliquoted (0.5 ml) and stored at −80°C until used. Microsomal protein concentration was 

determined by the BCA assay [137]. 

3.3.4 In vitro microsomal stability assay 

Microsomes (C57 Bl/6 mouse liver) were thawed on ice, diluted using 4 parts of 400 mM 

phosphate buffer, 1 part of Milli Q water with 1 part of microsomes, resulting in a protein 

concentration of 2.5 mg/ml in 300 mM phosphate buffer. NADPH (5 mM) was used as a 

co-factor. A 5 µM concentration of each of the analogues was prepared in Milli Q water. 

All the above solutions except NADPH were added to individual wells in triplicate (96-well) 

and were allowed to equilibrate for 5 min at 37°C. NAPDH was then added and 25 µl 

aliquots were drawn from the incubation mixture at 0, 5, 10, 15 and 20 min. Details of the 

concentrations and volumes of the reagents used is given in Table 3-1. These samples 

were processed and analysed by LC-MS/MS as previously described (see section 2.3.4). 

Propranolol was included as a positive control. Negative controls for each analogue were 

made and analysed at 0 and 20 min and were assessed with the addition of equal volume 

of water instead of NADPH to account for non-specific binding and any heat instability 

issues. In the determination of the T½, the concentrations of the analytes were calculated 

and converted to remaining percentage drug. The slope of the natural log-linear 

regression was used to calculate the T½ as shown in Equation 3-1. Intrinsic clearance 

(CLint) from the microsomes was calculated using Equation 3-2. For the propyl and butyl 

analogues, the curves were fitted using a three parameter single-phase exponential 

decay equation with SigmaPlot®. The free fractions of the drug in microsomal preparations 

were used to estimate the unbound clearance using mathematical corrections.   
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T½ = 
0.693

k
 

k is the slope of the natural log-linear regression (– gradient) 
 
Equation 3-1 Calculation of elimination half-life equation from liver microsomes. 
 

 

 

CLint =
 volume of incubation (µl) × 0.693

protein in incubation (mg) × T½ (min)
 

 
Equation 3-2 Intrinsic clearance (CLint) equation in microsomes. 
 

 

 
Table 3-1 Reagents for microsomal stability assay. 
 

Initial concentration Volume (µl) Final concentration 

Test compound (5 µM) 32 1 µM 

NADPH (5 mM) 32 1 mM 

Microsomes (2.5 mg/ml) in 

phosphate buffer (300 mM 

at pH 7.4) 

64 
1 mg/ml in 100 mM phosphate 

buffer 

MgCl2.6H2O (24 mM) – 

EDTA (5 mM) mixture 
32 

MgCl2.6H2O (6 mM) – EDTA (1 

mM) 
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3.3.5 High throughput equilibrium dialysis - plasma protein 
binding 

Protein bound fractions of the benzonaphthyridine analogues in human and mouse (C57 

Bl/6) plasma were determined using a high throughput 96-well equilibrium dialysis method 

with an HT Dialysis apparatus, model HTD96b (HTDialysis, LLC, Gales Ferry, CT) [139]. 

Mouse plasma was adjusted to pH 7.5 by adding 1 M phosphoric acid. Prior to use, each 

dry dialysis membrane [Molecular weight cut off (MWCO): 12 – 14 kDa] was hydrated by 

soaking in distilled water for 60 min, followed by 20 min in 20 % ethanol and rinsed twice 

in distilled water prior to loading. Drug solutions (1 µM) were spiked in the pH adjusted 

plasma and loaded in triplicate (a volume of 100 µl) to the sample side. A similar volume 

of phosphate buffer was loaded on the receiving side of the dialysis well. After the 96-well 

dialysis unit was loaded with sample and buffer, an easily removable adhesive/piercible 

cover was placed over the top of the wells to prevent evaporation and pH change during 

the incubation. The unit was then sealed in a plastic wrap and initially incubated in a water 

bath at 37°C with shaking at 80 rpm for 4, 6 and 24 h to determine the equilibration rate 

and then for 6 h for all subsequent experiments (n = 3). The stability of all five analogues 

in human and mouse plasma at 37°C was assessed (at 0, 6 and 24 h) and no degradation 

was observed over a 24 h time-course. Samples were collected from plasma and buffer 

sides and processed for analysis by LC-MS/MS. The Boudinot equation (Equation 3-3), 

which corrects for volume shifts during dialysis was used to calculate the fraction bound in 

plasma [138]. Lidocaine was used as a positive control. 

 

𝐟𝐟𝐟𝐟 =
𝐃𝐃𝐃𝐃𝐃𝐃 − 𝐃𝐃𝐃𝐃 ∗ 𝐕𝐕𝐕𝐕𝐃𝐃

𝐕𝐕𝐕𝐕𝐕𝐕

�(𝐃𝐃𝐃𝐃𝐃𝐃 − 𝐃𝐃𝐃𝐃) ∗ 𝐕𝐕𝐕𝐕𝐃𝐃
𝐕𝐕𝐕𝐕𝐕𝐕 � + 𝐃𝐃𝐃𝐃

 

 

fb – Bound fraction of drug 

Dte – Total plasma concentration at equilibrium (sample side) 

DF – Concentration on the buffer/dialysate side) 

Vpi – Initial plasma volume 

Vpe – Final plasma volume 

 
Equation 3-3 Boudinot formula to calculate bound fraction of drug.  
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3.3.6 In vitro microsomal binding 

C57 Bl/6 mouse liver microsomes were prepared as described previously (section 3.3.3). 

Microsomal binding was determined at 20 min using the dialysis apparatus and a similar 

procedure was followed as for plasma. Equilibration was carried up to 120 min and an 

optimal time of 20 min was chosen for further experiments. The experiments were 

repeated (n = 3) for precision. Drugs (1 µM) spiked in microsomal (1 mg/ml) mixture 

containing phosphate buffer, MgCl2 – EDTA were loaded on the sample side. To the 

buffer side, 100 µl aliquot of phosphate buffer with MgCl2 – EDTA was added and 

equilibrated at 37°C for 20 min. Samples from both microsomal and buffer sides were 

collected in triplicate and analysed by LC-MS/MS. Aliquots of drug-microsomal mix were 

added to empty wells (no dialysis membrane) to assess for the non-specific binding to the 

Teflon block. 

3.3.7 Prediction of hepatic clearance by in vitro – in vivo 
extrapolation 

Microsomal intrinsic clearance (CLint) was calculated as shown in equation 3-2. These 

clearances were scaled to the whole liver CLint using reported scaling factors for 

microsomal protein per gram of liver (MPPGL); 49 mg/g of liver [143], liver weight; 87.5 g/kg 

and hepatic blood flow for mouse; 90 ml/min/kg of mouse body weight [144]. In vivo hepatic 

clearance, CLH, was predicted using the expression for well-stirred model [145] as shown in 

the Equation 3-4 below. 

 

 

CLH =
QH * fu * CLint

QH + (fu * CLint)
 

CLH – Hepatic clearance 

fu – fraction unbound in plasma 

CLint – intrinsic microsomal clearance 

QH – hepatic blood flow 

 
 Equation 3-4 Well-stirred model for prediction of in vivo hepatic clearance. 
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3.3.8 Tumour binding studies 

Colon-38 tumours were implanted subcutaneously as described previously in section 

2.3.2. Tumours were collected from these untreated mice and homogenised in 4-volumes 

of PBS (previously described in section 2.3.3). 1 µM concentration of each 

benzonaphthyridine analogue is spiked in to the homogenate individually and a 100 µl 

aliquot is loaded in triplicate in to each well of the dialysis apparatus. A similar volume of 

phosphate buffer was loaded on the receiving side of the dialysis well. After sealing the 

apparatus with an adhesive/piercible cover the unit was incubated at 37°C in a water bath 

for 12 h. To account for the nonspecific binding, 100 µl aliquots in triplicate were loaded to 

separate wells without the dialysis membrane. Samples from both the buffer and the 

homogenate side are collected at 0 and 12 h and analysed with LC-MS/MS. 

3.3.9 Statistical analysis 

The statistical differences between the groups were calculated using either One Way or 

Two Way ANOVA by SigmaPlot® 11 (Systat Software Inc., San Jose, CA, USA). In all 

analysis, a P value less than 5 x 10-2 was considered statistically significant. Correlation 

(represented by ‘r’) analysis was performed by Spearman’s rank order method with P 

values less than 5 x 10-2 considered significant. Post hoc analysis were performed using 

Holm-Sidak multiple pairwise comparison method.  
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3.4 Results 

3.4.1 Octanol – PBS partition coefficients 

Partition coefficients (Log D) of this benzonaphthyridine series were determined by a low-

volume octanol/PBS (pH 7.4) shake-flask method and were: 1.25 ± 0.003 (hydrogen); 

1.82 ± 0.005 (methyl); 2.24 ± 0.08 (ethyl); 2.56 ± 0.03 (propyl); and 2.91 ± 0.03 (butyl). 

3.4.2 Optimal plasma protein binding time 

Solutions of each benzonaphthyridine analogue (1 µM) were prepared using human and 

mouse plasma and equilibrated for 24 h. Aliquots were taken in triplicate at 4, 6, 12 and 

24 h from individual wells corresponding to each analogue and measured to establish the 

optimal equilibration time for binding to occur. The plots for human and mouse plasma are 

shown in Figure 3.1 and Figure 3.2. The optimal equilibration time was determined as 6 h 

for all analogues in both human and mouse plasma. 
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Figure 3.1 Bound fraction in human plasma. Each point is mean ± s.e. (n = 3). 
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Figure 3.2 Bound fraction in mouse plasma. Each point is mean ± s.e. (n = 3). 
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3.4.3 Plasma protein binding 

The fraction bound of each analogue in human and mouse plasma was calculated after 

equilibration for 6 h (see Figure 3.3 and Figure 3.4) and the results are shown in Table 

3-2. There was a significant positive correlation between the % bound (r = 0.96, P = 2 x 

10-7) in both human and mouse plasma and lipophilicity as represented by Log D (Figure 

3.3 and Figure 3.4). Lidocaine was used as a positive control and gave a % plasma 

bound values of 68.1 ± 2.1 % (human) and 49.6 ± 1.4 % (mouse) which is in agreement 

with the reported literature values [139]. Small but significant differences (P < 2 x 10-2) were 

observed between the fraction bound of each analogue to the proteins found in human 

and mouse plasma except in the case of the hydrogen analogue (P = 98 x 10-1). 

 

 
Table 3-2 Bound fraction (%) in human and mouse plasma of benzonaphthyridine analogues 

(hydrogen – butyl). Results are mean ± s.e (n = 3). 

Analogue Human plasma Mouse plasma 

Hydrogen 84.0 ± 1.1 83.4 ± 2.1 

Methyl 91.0 ± 0.9 87.3 ± 0.4 

Ethyl 96.1 ± 0.1 91.2 ± 0.7 

Propyl 97.6 ± 0.3 93.0 ± 0.3 

Butyl 98.4 ± 0.1 95.0 ± 0.1 
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Figure 3.3 Bound fraction of benzonaphthyridine analogues (hydrogen – butyl) in human 

plasma vs their Log D. Results are mean ± s.e. (n = 3). 
 

Log D
1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

B
ou

nd
 fr

ac
tio

n 
in

 p
la

sm
a 

(%
)

70

75

80

85

90

95

100

Hydrogen

Methyl

Ethyl
Propyl

Butyl

 
Figure 3.4 Bound fraction of benzonaphthyridine analogues (hydrogen – butyl) in mouse 

(C57 Bl/6) plasma vs their Log D. Results are mean ± s.e. (n = 3). 
  

53 

 



                                                                                                 In vitro pharmacology   

3.4.4 Murine hepatic microsomal stability in vitro 

Half-lives of the benzonaphthyridine derivatives upon incubation with the C57 Bl/6 mouse 

liver microsomes were calculated from the log concentration-time plots shown in Figure 

3.5. They were: 7.0 ± 0.2 (hydrogen); 24.3 ± 1.6 (methyl); 11.3 ± 0.5 (ethyl); 4.6 ± 0.01 

(propyl); and 1.7 ± 0.001 min (butyl). The relationship between microsomal half-life and 

Log D is shown in Figure 3.6. 
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Figure 3.5 Concentration-time profiles of benzonaphthyridine analogues (hydrogen – butyl) 

following incubation in mouse (C57 Bl/6) liver microsomes. Results are mean ± 
s.e. (n = 3). 
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Figure 3.6 In vitro microsomal half-life of the benzonaphthyridine analogues (hydrogen – 

butyl) vs their Log D. Results are mean ± s.e. (n = 3).  
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3.4.5 Murine hepatic microsomal binding 

Solutions of each benzonaphthyridine analogue (1 µM) were prepared using mouse liver 

microsomes and were equilibrated for 120 min. Aliquots were taken in triplicate at 5, 10, 

20, 60 and 120 min from individual wells corresponding to each analogue and measured 

to establish the optimal equilibration time for binding to occur. The plots are shown in 

Figure 3.7. The bound fractions of each benzonaphthyridine derivatives were calculated in 

triplicate after 20 min of equilibration and their relationship to lipophilicity is shown in 

Figure 3.8. In addition, unbound fraction values were used to correct the total microsomal 

intrinsic clearance (CLint) values generated from the concentration-time data shown in 

Figure 3.5 to produce the corresponding unbound clearance values for each analogue. 

The results are shown in Figure 3.9 and Table 3-3. 
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Figure 3.7 Bound fractions of benzonaphthyridine analogues (hydrogen – butyl) in mouse 

liver microsomes. Results are mean ± s.e. (n = 3). 
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Figure 3.8 Bound fraction in mouse (C57 Bl/6) liver microsomes vs Log D for the 

benzonaphthyridine analogues (hydrogen – butyl). Results are mean ± s.e. (n = 
3). 
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Table 3-3 Bound and unbound intrinsic clearances of the benzonaphthyridine analogues 
(hydrogen – butyl). Results are mean ± s.e. 

Analogue 
CLint                  

(µl/min/mg) 
Unbound CLint 

(µl/min/mg) 

Hydrogen 15.8 ± 0.3 8.1 ± 0.2 

Methyl 4.6 ± 0.2 4.1 ± 0.2 

Ethyl 9.9 ± 0.3 6.5 ± 0.3 

Propyl 24.6 ± 0.4 13.5 ± 0.1 

Butyl 67.4± 0.3 32.3 ± 0.3 
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Figure 3.9 Total and unbound clearance of benzonaphthyridine analogues in mouse liver 

microsomes. Results are mean ± s.e (n = 3). 
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3.4.6 In vitro – in vivo extrapolation 

The hepatic clearances (CLH) were calculated by extrapolation for all the five analogues 

utilising a well-stirred model as previously described (section 3.3.7). The clearances are 

as shown in Table 3-4. 

 
Table 3-4 Predicted in vivo hepatic clearances for benzonaphthyridine analogues (hydrogen 

– butyl). Results are mean ± s.e. (n =3). 

Analogue CLH (l/h/kg) 

Hydrogen 4.1 ± 0.04  

Methyl 2.1 ± 0.1 

Ethyl 3.4 ± 0.1 

Propyl 7.2 ± 0.2  

Butyl 16.6 ± 0.6  

 

3.4.7 Tumour binding in vitro 

Bound fraction in tumour was calculated using Equation 3-3 after a 12 h equilibration. A 

significant correlation with increasing lipophilicity (r = 0.86; P = 2 x 10-7) was observed as 

shown in Figure 3.10. 
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Figure 3.10 Bound fractions of benzonaphthyridine analogues in tumour homogenate after 

12 h of equilibration. Results are mean ± s.e (n = 3). 
  

60 

 



                                                                                                 In vitro pharmacology   

3.5 Discussion 

The evaluation of in vitro stability along with the determination of physicochemical 

properties, such as Log D, are well known factors in facilitating the selection of drugs with 

favourable properties for further development. Plasma protein binding is also another 

important factor in the screening of compounds in drug development as the free 

(unbound) drug is the available fraction for activity. The results demonstrated that all five 

analogues are highly bound to plasma proteins and that the degree to which they are 

bound increased with their increasing lipophilicity. This is consistent with other reported 

findings regarding the relationship between increases in protein binding and lipophilicity 
[146]. Overall, plasma protein binding of these analogues was greater in human compared 

to mouse plasma. In comparison to the other DNA binding drugs (Table 3-5) the methyl 

analogue was found be less bound to the plasma proteins with the exception of 

doxorubicin. 

 
Table 3-5 Bound fractions (%) of the DNA binding drugs in mouse and human plasma. 

Drug Mouse plasma Human plasma 

Amsacrine 93.3 ± 0.7 [147] 97.0 ± 0.5 [148] 

Amsalog 99.3 ± 0.2 [147] 99.9 ± 0.001 [149] 

Doxorubicin 65.0 ± 0.1 [150] 72.4 ± 2.8 [151] 

DACA  85.2 ± 0.8 [152] 96.7 ± 0.6 [152] 

SN 28049/ methyl 87.3 ± 0.4  91.0 ± 0.9 

 

Microsomal binding was evaluated using the high throughput (96-well format) 

methodology and was used to correct for the free fraction of the CLint estimated the 

concentration-time data of the analogues in the microsomes. The unbound CLint appears 

to increase with the lipophilicity (r = 0.70, P = 4 x 10-3). This along with the microsomal 

stability data indicates the higher lipophilic analogues in the series (propyl and butyl) have 

higher clearance. 

 

Tumour binding studies presented used the similar high throughput approach, but were 

performed with a 12 h equilibration time, as the maximal concentrations were observed in 

previous studies [130]. The bound fraction in tumour homogenates was significantly less 

when compared to plasma and liver microsomal preparations (Figure 3.11). This may 

possibly indicate that higher fractions of benzonaphthyridine derivatives are available for 

activity. 
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Figure 3.11 Comparison of bound fractions in mouse plasma, liver microsomes and Colon-

38 tumour homogenate. Results are mean ± s.e. 
 

The hepatic microsomal half-life was calculated for these analogues and subsequently, 

their intrinsic clearance, allows the prediction of in vivo clearance. SN 28049 (methyl) 

analogue had the longest half-life (24 min) compared to the others. It is important to note 

that minor structural changes may result in substantial changes in the pharmacokinetic 

properties of the drug. This is consistent with other reports where increasing chain length 

(i.e., increased lipophilicity) results in increased metabolic clearance and hence, a shorter 

elimination half-life. The microsomal intrinsic clearance data was further used to predict in 

vivo hepatic clearance, which correlated with lipophilicity (r = 0.70; P = 4 x 10-3) and 

allowed selection of favourable analogues. The validity of this approach needs further 

verification by comparing these to the experimentally determined in vivo clearances (see 

chapter 4) as it is well known, that these models based on microsomal kinetics usually 

under-estimate the in vivo  clearances [153].   

 

To summarise, the results from these studies of in vitro screening may aide partially in 

selecting a suitable candidate for further evaluation. The most important factor was the 
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microsomal stability study which suggests the methyl analogue is the most suitable with 

its longer half-life and moderate intrinsic clearance from the microsomes. While, on the 

other hand, the protein binding studies in human and mouse plasma serve as proof-of-

concept that an increase in the chain length (lipophilicity) an increases protein binding, but 

does not provide a clear insight into whether protein binding is an important factor that 

can be used in predicting in vivo tumour pharmacokinetics. 
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In vivo pharmacokinetics of 

benzonaphthyridine derivatives in mice 

4.1 Introduction 

The benzonaphthyridine derivative N-[2-(dimethylamino)ethyl]-2,6-dimethyl-1-oxo-1,2-

dihydrobenzo[b]-1,6-naphthyridine-4-carboxamide (SN 28049) is a DNA intercalating drug 

that binds selectively to GC-rich DNA and exhibits poisoning to varying degrees of both 

topoisomerase I and II [129]. In addition, SN 28049 shows curative activity against the 

Colon-38 adenocarcinoma in mice, a tumour model which is relatively resistant to DNA 

intercalating topoisomerase poisons such as amsacrine, doxorubicin and etoposide. It 

was superior in this respect to all other analogues within the same benzonaphthyridine 

series [113]. We have previously reported that SN 28049 exhibited selective in vivo tumour 

retention in the murine Colon-38 tumour, resulting in a tumour tissue AUC approximately 

30-fold higher than the healthy normal tissues [130]. 

 

As part of on-going studies to establish why this compound exhibited exceptional tumour 

retention, analogues have been synthesised with differing substituents at N-2 position of 

the benzonaphthyridine ring. Alteration of this substituent affected not only anti-tumour 

activity but also dose potency [113, 128]. The compounds selected for this study were 

hydrogen, ethyl, propyl and butyl N-2 analogues of SN 28049. Results from the in vitro 

studies reported in chapter 3 demonstrated that the methyl analogue (SN 28049) was the 

most metabolically stable when exposed to mouse microsomes, suggesting perhaps that 

this compound had a pharmacokinetic advantage when compared to the other derivatives 

in the series. In contrast in vitro studies of plasma protein and tumour binding indicated 

that the degree of binding correlated with lipophilicity with no individual compound 

exhibiting atypical binding. The influence of lipophilicity and these in vitro characteristics 

on the in vivo pharmacokinetics in healthy and tumour-bearing mice were examined in 

this chapter. 
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4.2 Aims and approach 

The aims were: 

 

1. Pharmacokinetic evaluation of each of the benzonaphthyridine analogues in 

healthy and Colon-38 tumour mouse (C57 Bl/6) model. 

 

2. Relate tumour exposure to anti-tumour activity and to explore the role played by 

lipophilicity in plasma and tumour disposition. 
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4.3 Materials and methods 

4.3.1 Chemicals and reagents 

Acetonitrile (MeCN; LC-MS grade) and formic acid were purchased from Merck, KGaA, 

Darmstadt, Germany. Ethylene disodium tetra acetic acid (EDTA) was from Bio Chemed 

(Winchester, VA, USA). Water used in all experiments was purified by filtering through an 

ion exchange column and a 0.22 µ filter (Milli-Q purification system, Millipore Corporation, 

Bedford, MA, USA). 

4.3.2 Animal model 

C57 Bl/6 female mice (20 - 25 g; 8 - 12 week old) were bred by the Vernon Jansen Unit at 

The University of Auckland and housed under constant temperature (20 ± 2ºC) with a 12 

h light/dark cycle. Mice were fed ad libitum UV-treated Milli-RO water (Millipore 

Corporation, Billerica, MA, USA) and a sterilized rodent diet (Harlan Teklad, Madison, WI, 

USA). Healthy and tumour-bearing mice were used for pharmacokinetic and distribution 

studies. All experimental procedures, which included blood collection in mice from the 

ocular sinus under isofluorane anaesthesia, were approved by The University of Auckland 

Animal Ethics Committee and conformed to the Guidelines for the Welfare of Animals in 

Experimental Neoplasia, as set out by the United Kingdom Co-ordinating Committee on 

Cancer Research.  

4.3.3 Subcutaneous Colon-38 tumour transplantation 

Refer section 2.3.2.  

4.3.4 Formulation and dosing 

All analogues (hydrogen – butyl) were dissolved in PBS (dose: 25 µmol/kg) and injected 

(10 µl/g of body weight) via intravenous (i.v.) and intraperitoneal (i.p.) routes to mice (n = 

3 per time point). Healthy female mice were used for the i.v. and i.p. pharmacokinetic and 

tissue distribution studies. Blood and tissue samples were collected at various time points 

(0.08, 0.5, 1, 2, 4, 8, 12 and 24 h). Female tumour-bearing mice were used to study the 

pharmacokinetics and distribution in the tumour after i.p. injection. Blood and tissue 

samples were collected at various time points up to 72 h (0.08, 0.5, 1, 2, 4, 8, 12, 24, 48 

and 72 h). 
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4.3.5 Mouse plasma and tissue homogenates 

Refer section 2.3.3. 

4.3.6 Mass spectral analysis 

All analytes were measured by a validated LC-MS/MS assay as previously described 

(section 2.3.4) 

4.3.7 Pharmacokinetic methodology and data analysis 

The concentration-time course (plasma and tissues) was fitted to a non-compartmental 

model using WinNonlin® version 5.3 (Pharsight, Sunnyvale, CA, USA). Area under the 

concentration-time profile curve (AUC) was calculated by the log trapezoidal rule by log-

linear regression and was extrapolated to infinity by addition of the value Ct/λZ, where Ct 

is the concentration at the last time point and λZ, the terminal slope (determined by linear 

regression) of the log concentration-time curve. The terms Cmax and Tmax represent the 

maximum concentration achieved and the time to maximum concentration respectively 

and were determined from the concentration-time profiles. The bioavailability (F) was 

calculated as the ratio of the AUC after i.p. dosing to the AUC after i.v. dose (all at the 

same dose, 25 µmol/kg). The elimination half-life (T½) was calculated by the equation T½ 

= ln(2)/λZ. The model-independent pharmacokinetic parameters, clearance (CL), volume 

of distribution at steady state (VSS) and mean residence time (MRT) were calculated by 

the following equations: CL = F x Dose/AUC; VSS = (F x Dose x AUMC)/(AUC)2 and MRT 

= AUMC/AUC; where AUMC represents the total area under the first moment of the 

concentration-time curve, computed in a similar fashion to that used for AUC. All results 

were expressed as mean ± s.e. Statistical analysis procedures were previously described 

(section 3.3.9). 

  

67 

 



                                                                                          In vivo pharmacokinetics   

4.4  Results 

4.4.1 Plasma pharmacokinetics, bioavailability and tissue 
distribution in healthy mice 

Plasma concentration-time profiles of the 5 benzonaphthyridine analogues after i.v. and 

i.p. administration to healthy mice are shown in Figure 4.1 and the pharmacokinetic 

parameters are reported in Table 4-1. After i.v. administration the least lipophilic hydrogen 

analogue produced the highest plasma AUC and this parameter decreased with 

increasing lipophilicity (Log D) in this series of analogues (r = –0.95, P = 2 x 10-7). Both 

plasma CL and VSS showed a significant positive correlation with Log D (r = 0.95, P = 2 x 

10-7 and r = 0.95, P = 2 x 10-7, respectively). Similar correlations were observed between 

these pharmacokinetic parameters and Log D values after i.p. administration. The 

bioavailability after i.p. administration varied considerably with values of 37.6 ± 1.7 %, 

84.6 ± 1.8 %, 60.4 ± 4.1 %, 46.1 ± 5.4 % and 38.8 ± 2.1 % corresponding to the 

hydrogen, methyl, ethyl, propyl and butyl analogues respectively. 

 

The tissue concentrations were determined after i.p. administration in healthy mice 

(Figure 4.2) and the tissue to plasma AUC ratios are shown in Figure 4.3. Overall, tissue 

concentrations were much greater than those in plasma for all 5 analogues, with tissue to 

plasma AUC ratios ranging from 1.6 to 53 with the exception of the hydrogen analogue 

whose brain AUC was less than plasma (0.5-fold). There was a significant positive 

correlation (r = 0.91, P = 2 x 10-7) between the brain to plasma AUC ratios and Log D 

values, indicating an increasing brain exposure with increasing lipophilicity of these 

compounds. With the other tissues examined, the tissue to plasma ratios were several 

fold greater than those for the brain and there was a tendency for the tissue to plasma 

ratio to be smallest for the hydrogen analogue and greatest for the butyl, with the 

exception of the lung where the hydrogen analogue had by far the greatest ratio. 
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Figure 4.1 Plasma concentration-time profiles after i.v. and i.p. administration of benzonaphthyridine analogues (hydrogen – butyl; 25 µmol/kg) 

to healthy female mice (n = 3 per time point). Results are mean ± s.e. 
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Table 4-1 Pharmacokinetic parameters calculated using non-compartmental analysis from concentration-time profiles of plasma after i.v. and 
i.p. administration of benzonaphthyridine analogues (hydrogen – butyl; 25 µmol/kg) to C57 Bl/6 female mice (n=3 per time point). 
Results are mean ± s.e. 

 
* For i.p. administration CL and VSS values are uncorrected for bioavailability (i.e. represent CL/F and VSS/F).  

Analogue 
(route) 

AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence Time 

(h) 
CL 

(l/h/kg) 
VSS 

(l/kg) 
Bioavailability (F %) 

Hydrogen (i.v.) 5.7 ± 0.1 1.2 ± 0.02 0.08 4.2 ± 0.1 5.6 ± 0.2 4.2 ± 0.1 22.0 ± 0.9 -- 

                 (i.p.) 2.2 ± 0.1 0.5 ± 0.1 0.5 3.2 ± 0.1 3.9 ± 0.1 11.4 ± 0.6* 53.0 ± 2.2* 37.6 ± 1.7 

Methyl (i.v.) 3.3 ± 0.2 0.9 ± 0.04 0.08 4.8 ± 0.3 5.3 ± 0.2 7.5 ± 0.2 37.0 ±1.2 -- 

            (i.p.) 2.8 ± 0.15 0.6 ± 0.01 1 3.2 ± 0.04 5.0 ± 0.1 9.3 ± 0.5* 42.6 ± 2.6* 84.6 ± 1.8 

Ethyl (i.v.) 2.3 ± 0.03 0.7 ± 0.02 0.08 4.3 ± 0.02 4.4 ± 0.02 10.6 ± 0.2 47.3 ± 2.0 -- 

         (i.p.) 1.4 ± 0.1 0.6 ± 0.05 0.5 2.7 ± 0.07 2.4 ± 0.02 18.0 ± 1.0* 83.8 ± 15.3* 60.4 ± 4.1 

Propyl (i.v.) 0.9 ± 0.1 0.4 ± 0.01 0.08 2.5 ± 0.1 3.2 ± 0.14 29.7 ± 0.8 108.8 ± 8.1 -- 

           (i.p.) 0.4 ± 0.05 0.4 ± 0.03 0.08 2.5 ± 0.01 1.8 ± 0.6 65.7 ± 8.1* 194.5 ± 5.1* 46.1 ± 5.4 

Butyl (i.v.) 0.7 ± 0.02 0.4 ± 0.03 0.08 2.0 ± 0.01 2.5 ± 0.1 32.6 ± 0.9 172.7 ± 3.7 -- 

         (i.p.) 0.3 ± 0.005 0.3 ± 0.01 0.08 2.3 ± 0.03 1.1 ± 0.07 84.0 ± 2.1* 305.3 ± 25.9* 38.8 ± 2.1 
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Figure 4.2 Concentration-time profiles in female (n = 3 mice per time point) healthy and 

tumour-bearing (Colon-38) mouse tissues after i.p. administration (25 µmol/kg) 
of benzonaphthyridine analogues (hydrogen – butyl). Results are mean ± s.e. 
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Figure 4.3 Tissue to plasma AUC ratios after i.p. administration of benzonaphthyridine 

analogues (hydrogen – butyl; 25 µmol/kg) to healthy female mice (n = 3 per time 
point). Results are mean ± s.e. 
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4.4.2 Plasma pharmacokinetics and tissue distribution in tumour-
bearing mice 

Plasma and tumour concentration-time profiles following i.p. administration of the 

benzonaphthyridine analogues in tumour-bearing mice are shown in Figure 4.4 and the 

corresponding pharmacokinetic parameters are reported in Table 4-2. Tissue 

concentration-time profiles are shown in Figure 4.3. As observed in the previous study in 

healthy mice, plasma CL and VSS increased significantly with increasing lipophilicity, r = 

0.97, P = 2 x 10-7 and r = 0.85, P = 2 x 10-7, respectively. This resulted a significant 

decrease in the AUC with increasing lipophilicity (r = –0.96; P = 2 x 10-7). Comparison of 

the pharmacokinetic parameters between healthy and tumour-bearing mice after i.p. 

administration of these analogues indicated a significant reduction in CL/F (P < 1 x 10-3) 

and VSS/F (P < 1 x 10-3) in tumour-bearing mice, resulting in a significant increase in the 

plasma AUC (P < 1 x 10-3) in the latter. This was particularly noticeable for the more 

lipophilic analogues (i.e. propyl and butyl), but was much less for the hydrogen and 

methyl analogues. 

 

Despite having the largest plasma AUC, the hydrogen analogue exhibited the smallest 

tumour AUC (26.3 ± 3.5 µM.h). In contrast, the methyl analogue exhibited the greatest 

tumour AUC (2334 ± 60 µM.h) with an 825-fold tumour to plasma ratio. The ethyl, propyl 

and butyl had tumour to plasma AUC ratios of 150, 80 and 142-fold respectively. Uptake 

into the tumour tissue was relatively rapid achieving maximal concentrations (Tmax) by 1 h 

for the most lipophilic analogue (butyl) followed by the propyl and ethyl at 2 h and the 

hydrogen and methyl, the slowest at 8 h. Of all the analogues, the methyl had the longest 

tumour elimination half-life (17.5 ± 1.5 h) with ethyl, the least (7.9 ± 0.3 h). The tumour T½ 

for the hydrogen, propyl and butyl were 11.2 ± 1.1, 13.2 ± 1.6 and 13.2 ± 2.6 h, 

respectively with no correlation with lipophilicity (r = 0.04; P = 87 x 10-1). The tumour T½s 

however were significantly longer than those observed in plasma (P < 1 x 10-3). Tissue to 

plasma ratios of brain, heart, liver, lung and kidney were of similar magnitude to those 

observed in healthy mice (Figure 4.5). With all analogues, brain tissue had the least 

uptake. Highly vascularised organs such as heart, kidney, liver and lung were found to 

have higher uptake but were less than the tumour with the exception of the hydrogen 

analogue, which had the highest uptake in kidney. 
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Figure 4.4 Plasma and tumour concentration-time profiles after i.p. administration of benzonaphthyridine analogues (hydrogen – butyl; 25 

µmol/kg) to female tumour-bearing mice (n = 3 per time point). Results are mean ± s.e.  
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Table 4-2 Pharmacokinetic parameters calculated using non-compartmental analysis from concentration-time profiles of tumour and plasma 

after i.p. administration of benzonaphthyridine analogues (hydrogen – butyl; 25 µmol/kg) to tumour-bearing female mice (n = 3 per 
time point). Values are means ± s.e. CL and Vss values are uncorrected for bioavailability. 

  

Analogue (matrix) 
AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence Time 

(h) 
CL/F 

(l/h/kg) 
VSS/F 
(l/kg) 

Hydrogen tumour 26.3 ± 3.5 0.9 ± 0.1 8 11.2 ± 1.1 21.5 ± 0.3 -- -- 

                 plasma 3.3 ± 0.1 0.8 ± 0.1 2 3.7 ± 0.1 4.0 ± 0.3 8.0 ± 0.5 47.3 ± 7.5 

Methyl       tumour 2334.6 ± 60.2 58.4 ± 0.7 8 17.5 ± 1.5 23.2 ± 1.3 -- -- 

                 plasma 2.9 ± 0.2 0.6 ± 0.01 1 3.2 ± 0.1 5.1 ± 0.1 9.3 ± 0.5 42.3 ± 2.6 

Ethyl         tumour 315.0 ± 24.0 17.2 ± 2.1 2 7.9 ± 0.3 14.8 ± 0.8 -- -- 

                 plasma 2.1 ± 0.1 0.8 ± 0.06 0.08 2.3 ± 0.4 2.5 ± 0.02 14.3 ± 0.3 49.6 ± 1.2 

Propyl       tumour 96.0 ± 5.0 10.2 ± 0.9 2 13.2 ± 1.6 12.6 ± 0.6 -- -- 

                 plasma 1.2 ± 0.03 0.9 ± 0.03 0.08 2.1 ± 0.1 1.8 ± 0.1 20.1 ± 0.3 86.6 ± 7.2 

Butyl         tumour 128.1 ± 15.1 15.0 ± 1.0 1 13.2 ± 2.6 11.4 ± 1.1 -- -- 

                 plasma 0.9 ± 0.03 0.6 ± 0.07 0.5 1.8 ± 0.1 1.1 ± 0.1 23.3 ± 0.9 105.3 ± 2.4 
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Figure 4.5 Tissue to plasma AUC ratios after i.p. administration of benzonaphthyridine analogues (hydrogen – butyl; 25 µmol/kg) to female 

tumour-bearing (Colon-38) mice (n = 3 per time point). Values are mean ± s.e. 
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4.5 Discussion 

This study has employed a homologous series of benzonaphthyridine derivatives to show 

that while plasma and normal tissue pharmacokinetics are related to lipophilic character, 

tumour pharmacokinetics for the Colon-38 murine adenocarcinoma show a non-linear 

relationship which is highly dependent on the nature of the N-2 substituent of the 

benzonaphthyridine ring structure. For instance, the tumour to plasma AUC ratio for the 

methyl analogue is 825-fold, but only 8-fold for the hydrogen analogue. The 

corresponding ratio in the Colon-38 tumour for the anthracycline antibiotic, such as 

doxorubicin [154] is 164-fold respectively. The relative degree of uptake and retention of 

these drugs in Colon-38 adenocarcinoma tumour tissue, particularly when compared to 

that of other DNA intercalating topoisomerase poisons, is likely to be a major factor 

contributing to the high cure rate in this tumour model. There was a significant correlation 

(r = –0.98; P = 2 x 10-7) between tumour exposure and the dose required for a 14-day 

tumour regression observed upon treatment with these analogues in the murine Colon-38 

tumour model [113, 128]. The ethyl and butyl analogues had greater exposures than the 

hydrogen analogue but had similar anti-tumour activity. The hydrogen analogue had the 

least tumour exposure (26.3 ± 3.5 µM.h) and had significantly less anti-tumour activity (no 

cures at 30 mg/kg) compared to the other analogues. The non-linear relationship between 

lipophilicity and anti-tumour activity bears some similarity to the parabolic relationship 

reported for another series of DNA binding anticancer drugs [110]. 

 

The results indicate that within this series, the methyl analogue exhibited the most 

outstanding tumour pharmacokinetic characteristics. These were not apparent from its 

plasma pharmacokinetics and could not have been predicted from the physicochemical 

properties such as lipophilicity. 

 

No correlation was observed between lipophilicity and i.p. bioavailability across this 

series. SN 28049 exhibited the greatest i.p. bioavailability and the most prolonged 

microsomal elimination T½, perhaps suggesting that this increased microsomal stability 

may lead to a reduction in first-pass metabolism after i.p. administration, which may be an 

important factor contributing to its enhanced bioavailability. It was also of interest that a 

significant reduction in CL/F and VSS/F was observed with these analogues (particularly 

the more lipophilic, propyl and butyl analogues) in the tumour-bearing compared to 

healthy mice. Many mechanisms may be responsible for the latter, including down-
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regulation of various drug metabolising enzymes resulting from the increased production 

of pro-inflammatory cytokines and nitric oxide, or reduction of blood flow to the liver and 

other tissues [155-157]. 

 

Comparison of CL after i.v. administration with the extrapolated hepatic clearance (CLH) 

(section 3.4.6), the extrapolated predictions were 2.0 to 4.1-fold less than the observed 

CLH while, the predicted value for the hydrogen analogue is similar. It can be inferred that 

other clearance mechanisms such as, renal elimination of these analogues may account 

for these differences. 

 

In conclusion, these results clearly support the concept that while lipophilicity is an 

important determinant for plasma pharmacokinetics and blood brain barrier penetration of 

these analogues, other factors appear to influence tumour exposure. The study also 

illustrates the potential limitations of plasma pharmacokinetic studies in selecting and 

optimizing anti-cancer drug development and is in agreement with previously reported 

anti-cancer agents like N-[2-(dimethylamino)ethyl]acridine-4-carboxamide (DACA) [158]. 

Very little is known on transport-mediated drug uptake on intracellular concentrations in 

tumours and their role in determining anti-tumour response at the cellular level. Further 

work needs to be undertaken to investigate the mechanisms involved in the uptake of SN 

28049’s outstanding anti-tumour properties in this Colon-38 tumour model. 
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Pharmacokinetics of the methyl 
derivative in murine and human 

xenograft tumour models 

5.1 Introduction 

The methyl benzonaphthyridine derivative (SN 28049) exhibited a more favourable 

tumour pharmacokinetic profile with an apparent selective uptake and retention in a 

syngeneic murine Colon-38 tumour, compared to the other benzonaphthyridine analogues 

(chapter 4). This raised the question of whether this behaviour was specific to the Colon-

38 tumour or occurred with other tumours in vivo in the mouse. 

 

Establishing xenograft tumour models from patient-derived tumour tissue is believed to 

conserve original tumour characteristics such as heterogeneous histology, clinical 

biomolecular signature, malignant phenotypes and genotypes, tumour architecture and 

tumour vasculature. Based on this prevalent hypothesis, patient-derived tumour grafts are 

believed to offer relevant predictive insights into clinical outcomes when evaluating the 

efficacy of novel cancer therapies. However, successful xenografting of human tumours in 

mice requires immunodeficiency in the host animal to prevent rejection of the transplanted 

foreign tissues and this was accomplished with nude mice in the late 1960s [159, 160]. Since 

the discovery of the ragged mouse, many strains of immunodeficient mice containing 

single mutations (e.g. nude, scid, beige, xid, rag-1 null, rag-2 null) or combined mutations, 

(e.g. bg/nu, bg/nu/xid, nude/scid, nod/scid) were developed and extensively used in 

cancer research [161, 162]. 

 

In vitro evaluation of the methyl derivative in cell lines developed from murine LLTC 

tumour and human melanomas (NZM4, NZM10 and NZM52) indicated potent activity with 

growth inhibitory concentrations (IC50) of 1.0 nM (LLTC), 19.0 nM (NZM4), 2.3 nM 

(NZM10) and 0.97 nM (NZM52) (B. Baguley, unpublished data). Assessment of in vivo 

anti-tumour activity of the methyl derivative in Rag-1 mice inoculated with NZM4, NZM10 

and NZM52 (17.4 µmol/kg i.p. on day 0 and 7) and C57 Bl/6 mice inoculated with LLTC 
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tumours (26.3 µmol/kg dosed on day 0) gave growth delays of 14 (NZM10), 21 (NZM52) 

and 9 days (LLTC), but no activity in NZM4 (B. Baguley, unpublished data). Potent in vitro 

and in vivo anti-tumour activity of SN 28049 in these tumour models provided the basis for 

further pharmacokinetic evaluation of SN 28049. The rationale was to determine whether 

the tumour pharmacokinetics of SN 28049 in these models correlated with the observed 

in vivo activity, and whether the 825-fold tumour to plasma AUC ratio detected with the 

Colon-38 tumours was also found in other tumour models. 

 

5.2 Aims and approach 

The aims were: 

 

1. Pharmacokinetic evaluation of the methyl derivative in C57 Bl/6 mice inoculated 

with LLTC tumours and comparison with Colon-38 tumours. 

 

2. Pharmacokinetic evaluation of the methyl derivative in immunodeficient Balb/c 

Rag-1 mice inoculated with various human melanoma xenograft tumours (NZM4, 

NZM10, NZM52 and LOX IMVI). 
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5.3 Materials and methods 

5.3.1 Tumours 

The LLTC cell line, developed from the Lewis lung tumour at the Southern Research 

Institute, Birmingham, AL, USA, was obtained from Dr R.C. Jackson (Warner-Lambert 

Company, Ann Arbor, MI, USA) [163]. The melanoma cell lines, NZM4, NZM10 and NZM52 

were cultured from tumour samples collected from patients and have been previously 

described [164]. Procedures involved in the collection and development of LOX IMVI 

(human amelanotic melanoma tumour) tumours have been previously described [165].  

5.3.2 Cell culture 

All cell lines were cultured in alpha minimal essential medium (α-MEM) supplemented 

(Gibco, Life Technologies, Grand Island, NY, USA) with 10 % v/v foetal bovine serum 

(Gibco, Life Technologies, Grand Island, NY, USA) (FBS), penicillin (60 μg/ml) and 

streptomycin sulfate (100 μg/ml), (Sigma-Aldrich, St Louis, MO, USA) and maintained in a 

humidified chamber containing 5 % carbon dioxide (CO2) and air, at 37°C. 

5.3.3 Animal model 

C57 Bl/6 mice were used for the inoculation of LLTC cell line. Immunodeficient Balb/c 

Rag-1 female mice were used for inoculating the human melanoma xenograft (NZM4, 

NZM10, NZM52 and LOX IMVI) tumours. All experimental procedures, which included 

blood collection in mice from the ocular sinus under isoflurane anaesthesia, were 

approved by the University of Auckland Animal Ethics Committee and conformed to the 

Guidelines for the Welfare of Animals in Experimental Neoplasia, as set out by the United 

Kingdom Co-ordinating Committee on Cancer Research. 

5.3.4 Tumour inoculation in mice 

Cultured cells were trypsinised (0.05 %, Gibco, Grand Island, NY, USA) in phosphate 

buffered saline (PBS) and collected by centrifugation. Cells were quantitated by Coulter 

counter. The medium was replaced by medium without FBS to give a concentration of 108 

cells/ml. A 100 µl volume of cells was injected subcutaneously into each mouse. 
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Experiments were carried out when tumours reached 8-10 mm in diameter, 15 - 20 days 

after inoculation. 

5.3.5 Pharmacokinetic studies 

C57 Bl/6 female mice with LLTC tumours received a 25 µmol/kg dose. Immunodeficient 

Rag-1 female mice inoculated with NZM4, NZM10, NZM52 or LOX IMVI tumours were 

administered i.p. with the methyl derivative (17.4 µmol/kg). This lower dose (17.4 µmol/kg) 

was the maximum tolerated dose in Rag-1 mice. 

5.3.6 Sample collection and analysis 

Blood and tissues (heart, kidney and liver) from anaesthetised mice were collected at 

predetermined time points (0.08, 0.5, 1, 2, 4, 8, 16 and 24 h). Tumour was collected for an 

additional two time points, 48 and 72 h from C57 Bl/6 mice with LLTC tumours; 0.08 (only 

NZM4), 1, 4 and 24 h for Rag-1 mice (n = 3 mice per time point)]. Fewer time points were 

chosen for the latter due to limited supply of Rag-1 mice. Plasma was separated from 

blood by centrifugation and tissues (washed with PBS) were homogenised in PBS as 

described previously (section 2.3.3). Sample deproteination was performed as described 

in section 2.3.6. Concentrations were measured using a validated LC-MS/MS method 

(section 2.3.4). 

5.3.7 Pharmacokinetic and statistical analysis 

Non-compartmental analysis was performed on the plasma and tissue concentration-time 

data following procedures previously described (see section 4.3.7). AUC in tumour tissue 

was extrapolated to infinity from time points up to 72 h for murine tumours (LLTC and 

Colon-38) and only up to 24 h for the melanoma xenografts. Statistical analysis 

procedures were previously described (section 3.3.9). 
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5.4 Results – Murine tumours 

5.4.1 Plasma pharmacokinetics 

Plasma concentration-time profiles after i.p. administration of the methyl derivative (25 

µmol/kg) to C57 Bl/6 tumour-bearing female mice are shown in Figure 5.1 and the 

pharmacokinetic parameters calculated from these profiles are presented in Table 5-1. 

 

The plasma AUCs were similar, 2.7 ± 0.02 (LLTC) vs 2.9 ± 0.2 µM.h (Colon-38) (P = 8 x 

10-1). Maximal concentrations [0.9 ± 0.05 (LLTC) vs 0.6 ± 0.01 µM (Colon-38)] were 

achieved within 1 h. There was no significant difference in the total plasma i.p. CL/F 

between the mice with LLTC or Colon-38 tumours, but in the former, the plasma T½ and 

the VSS/F were significantly greater (P = 9 x 10-3; 4.6 ± 0.4 vs 3.2 ± 0.1 h and P < 1 x 10-3; 

96.5 ± 4.6 vs 42.3 ± 2.6 l/kg). 

 

Comparison of plasma pharmacokinetic parameters between mice with LLTC tumours 

and healthy C57 Bl/6 mice administered 25 µmol/kg of the methyl derivative i.p. (data in 

Table 5-1) demonstrated that the AUCs, CL/F were not significantly different (P = 8 x 10-

1). Significant differences were observed with T½s (P = 9 x 10-3; 4.6 ± 0.4 vs 3.2 ± 0.04) 

and VSS/F (P < 1 x 10-3) which were 1.4 and 2.3-fold greater than those observed in 

healthy and Colon-38 tumour-bearing (C57 Bl/6) mice.  
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Figure 5.1 Plasma concentration-time profiles after i.p. administration of the methyl 

derivative (25 µmol/kg) to female tumour-bearing C57 Bl/6 mice (n = 3 per time 
point). Values are mean ± s.e. 
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Table 5-1 Plasma pharmacokinetic parameters calculated using non-compartmental analysis from concentration-time profiles after i.p. 

administration of the methyl derivative (25 µmol/kg) to C57 Bl/6 tumour-bearing mice (n = 3 per time point). Values are mean ± s.e. 
Data from healthy mice (C57 Bl/6) after i.p. administration of the methyl derivative (25 µmol/kg) included for comparison 

 

 
*CL/F and VSS/F values are uncorrected for bioavailability. 

 

Tumour  
 

AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence Time 

(h) 
CL/F* 

(l/h/kg) 
VSS/F* 

(l/kg) 

LLTC                2.7 ± 0.02 0.9 ± 0.05 1 4.6 ± 0.4 5.5 ± 0.2 10.3 ± 0.1 96.5 ± 4.6 

Colon-38 2.9 ± 0.2 0.6 ± 0.01 1 3.2 ± 0.1 5.1 ± 0.1 9.3 ± 0.5 42.3 ± 2.6 

Healthy C57 
mice 

2.8 ± 0.2 0.6 ± 0.01 1 3.2 ± 0.04 5.0 ± 0.1 9.3 ± 0.5 42.6 ± 2.6 
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5.4.2 Tissue and tumour distribution 

Tissue (heart, kidney, liver and tumour) concentration-time profiles after i.p. administration 

of the methyl derivative (25 µmol/kg) to C57 Bl/6 mice are shown in Figure 5.2 and the 

pharmacokinetic parameters are presented in Table 5-2. 

 

The tissues AUCs were 21 to 94-fold greater than the plasma. The uptake into tissues 

(heart, liver and kidney) was rapid in these mice with Colon-38 (Tmax, 0.08 h) compared to 

mice with LLTC tumours (0.5 h). Highest AUCs in normal tissues (heart, kidney and liver) 

were observed in mice with LLTC tumours (Table 5-2). The AUCs in liver and heart were 

2.5 and 3.2-fold higher in mice with LLTC tumours compared to mice with Colon-38 

tumours while differences in kidney were moderate (1.1-fold) and the variations were 

significant (P < 1 x 10-3). 

 

In mice with LLTC tumours, tumour AUC was 83-fold higher (P < 1 x 10-3) than plasma 

and similar in magnitude to the heart (84-fold; P = 8.1 x 10-1), while liver was 1.1-fold 

greater (P < 1 x 10-3) than tumour. The tumour T½ was 2-fold greater than plasma and 

was significantly different (P < 1 x 10-3). Tissue to plasma ratio (TPR) in Colon-38 tumour 

(Figure 5.3) was 825-fold greater than plasma and 34-fold higher than the other tissues 

and 11-fold higher than LLTC tumour demonstrating selectivity to a greater magnitude 

which was unique to this tumour model. 
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Figure 5.2 Tissue (heart, kidney, liver and tumour) concentration-time profiles after i.p. administration of the methyl derivative (25 µmol/kg) to 

tumour-bearing C57 Bl/6 female mice (n = 3 per time point). Plasma profiles included for comparison. Values are mean ± s.e. 
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Table 5-2 Pharmacokinetic parameters calculated using non-compartmental analysis from 

concentration-time profiles of heart, kidney, liver and tumour after i.p. 
administration of the methyl derivative (25 µmol/kg) to tumour-bearing C57 Bl/6 
female mice (n = 3 per time point). Values are mean ± s.e. 

Tumour 
 

Tissue AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence 

Time (h) 

LLTC Heart 220.1 ± 6.1 45.1 ± 0.2 0.5 4.7 ± 0.3 6.1 ± 0.3 

 Kidney 78.3 ± 2.3 25.5 ± 5.8 0.5 5.4 ± 0.4 6.1 ± 0.5 

 Liver 246.3 ± 13.3 54.1 ± 1.4 0.5 4.5 ± 0.2 6.5 ± 0.1 

 Tumour 216.5 ± 7.2* 23.1 ± 0.6 1 9.3 ± 0.3 11.6 ± 0.2 

Colon-38 Heart 87.8 ± 10.8 39.3 ± 1.7 0.08 3.7 ± 0.03 5.7 ± 0.3 

 Kidney 68.7 ± 8.3 22.8 ± 1.8 0.08 3.5 ± 0.2 4.7 ± 0.2 

 Liver 76.1 ± 5.1 39.2 ± 0.8 0.08 3.1 ± 0.02 4.7 ± 0.2 

 Tumour 2334.6 ± 60.2* 58.4 ± 0.7 8 17.5 ± 1.5 23.2 ± 1.3 

 
*AUC was calculated using concentrations up to 72 h and extrapolated to infinity (∞). 
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Figure 5.3 Tissue to plasma AUC ratios after i.p. administration of the methyl derivative (25 

µmol/kg) to C57 Bl/6 tumour-bearing female mice (n = 3 per time point). Values 
are mean ± s.e. 
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5.5 Results – Human xenograft tumours 

5.5.1 Plasma pharmacokinetics 

Plasma concentration-time profiles for the four xenograft tumours (NZM4, NZM10, NZM52 

and LOX IMVI) in Rag-1 mice are shown in Figure 5.4 and the pharmacokinetic 

parameters calculated from these profiles are presented in Table 5-3. There was 

considerable variation between the plasma AUCs observed in Rag-1 mice with melanoma 

tumours, varying from 3.3 ± 0.2 (NZM4) to 5.0 ± 0.1 µM.h (NZM52). Plasma CL/F ranged 

from 3.5 (NZM52) to 5.3 (NZM4) l/h/kg and were significantly different (P = 4 x 10-3). 

Similarly, VSS/F varied from 16.7 ± 1.0 (NZM52) to 24.9 ± 3.4 (NZM4) l/kg (P = 4 x 10-3). 

Moderate T½s - 3.0 ± 0.1 (LOX IMVI) to 3.7 ± 0.2 (NZM10) h were observed. 

 

Despite receiving a smaller dose (17.4 vs 25 µmol/kg in C57 mice) the total plasma AUCs 

in Rag-1 mice were significantly higher (P < 1 x 10-3) than those observed in C57 mice 

with either Colon-38 or LLTC tumours. Consequently, the tumour-bearing Rag-1 mice had 

plasma i.p. clearance and volume of distribution values approximately 50 % of those 

observed in tumour-bearing C57 mice (CL/F: 3.5 – 5.3 vs 9.3 – 10.3 l/h/kg; VSS/F: 16.7 – 

24.9 vs 42.3 – 96.5 l/kg). Despite this, the elimination T½s were of similar magnitude, 3.0 

– 3.7 in Rag-1 mice vs 3.2 – 4.6 h in C57 mice.    
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Figure 5.4 Plasma concentration-time profiles after i.p. administration of the methyl 

derivative (17.4 µmol/kg) to female tumour-bearing Rag-1 mice (n = 3 per time 
point). Values are mean ± s.e. 
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Table 5-3 Plasma pharmacokinetic parameters calculated using non-compartmental analysis from concentration-time profiles after i.p. 

administration of the methyl derivative (17.4 µmol/kg) to Rag-1 tumour-bearing mice (n = 3 per time point). Values are mean ± s.e. 
Data from C57 Bl/6 with Colon-38 tumours after i.p. administration of the methyl derivative (25 µmol/kg) included for comparison. 

Tumour  
 

AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence Time 

(h) 
CL/F 

(l/h/kg) 
VSS/F 

(l/kg) 

NZM4             3.3 ± 0.2 0.4 ± 0.002 0.08 3.3 ± 0.5 3.4 ± 0.3 5.3 ± 0.3 24.9 ± 3.4 

NZM10            4.0 ± 0.3 0.6 ± 0.03 1 3.7 ± 0.2 3.6 ± 0.2 4.7 ± 0.3 24.3 ± 1.1 

NZM52            5.0 ± 0.1 0.6 ± 0.03 1 3.3 ± 0.2 3.6 ± 0.1 3.5 ± 0.1 16.7 ± 1.0 

LOX IMVI                 4.3 ± 0.2 0.8 ± 0.02 1 3.0 ± 0.1 3.1 ± 0.1 4.2 ± 0.2 18.3 ± 1.1 

 

Colon-38 2.9 ± 0.2 0.6 ± 0.01 1 3.2 ± 0.1 5.1 ± 0.1 9.3 ± 0.5 42.3 ± 2.6 

 

CL/F and VSS/F values are uncorrected for bioavailability. 
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5.5.2 Tissue and tumour distribution 

Tissue (heart, kidney, liver and tumour) concentration-time profiles after i.p. administration 

of the methyl derivative (17.4 µmol/kg) are shown in Figure 5.5 and the pharmacokinetic 

parameters are presented in Table 5-4. Rag-1 mice with LOX IMVI tumours had the 

greatest uptake and retention into kidney (AUC: 674.5 ± 8.5 µM.h) with a Cmax, 77.6 ± 1.3 

µM. This trend of higher kidney AUC was consistent with other tumour models and was 

significant between the tumour model (P = 1 x 10-3). The methyl derivative was also 

concentrated in heart and liver to a greater extent than plasma with all the tumour models. 

Heart AUCs were the higher in NZM10 (217.4 ± 8.1 µM.h) and NZM52 (197.8 ± 6.4 µM.h) 

followed by NZM4 (182.8 ± 14.8 µM.h) and LOX IMVI (136.2 ± 3.5 µM.h). These 

differences in accumulation were significant (P = 1 x 10-3). The liver AUCs varied from 

67.5 ± 2.2 (NZM4) to 220.4 ± 29.6 µM.h (NZM10) and were significantly different (P = 1 x 

10-3). The order of AUCs in these xenograft models can be given as follows: NZM4: 

kidney>heart>liver; NZM10: kidney>liver>heart; NZM52: kidney>heart>liver; LOX IMVI: 

kidney>liver>heart. T½s were 2.3 ± 0.1 (heart, NZM52) to 4.6 ± 0.3 h (kidney, NZM52 and 

LOX IMVI). Overall, the tissue AUCs were 20 (liver, NZM4) to 165-fold (kidney, LOX IMVI) 

higher than the plasma. 

 

Tumour AUCs were very variable, ranging over 36-fold, from a high of 320.7 ± 33.1 µM.h 

in NZM10 down to a low of 8.9 ± 0.3 µM.h in the NZM4 tumour. As with the LLTC and 

Colon-38 tumours, tumour concentrations were much greater than plasma, with 

tumour/plasma AUC ratios ranging from 86 in NZM10 down to 2.8 in NZM4. Tumour T½s 

(6.3 ± 0.4 – 8.8 ± 0.4 h) were approximately 2-fold greater compared to plasma (3.0 ± 0.1 

– 3.7 ± 0.2 h) and the other tissues (2.3 ± 0.1 – 4.6 ± 0.3 h). The TPRs for the individual 

tumours and all tissues investigated are illustrated in Figure 5.6. The greatest ratios were 

observed in the kidney, followed by the heart and liver (similar magnitude), with the 

smallest ratio in the tumour (with the exception of NZM10).  
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Figure 5.5 Tissue (heart, kidney, liver and tumour) concentration-time profiles after i.p. administration of the methyl derivative (17.4 µmol/kg) to 

tumour-bearing Rag-1 female mice (n = 3 per time point). Values are mean ± s.e. 
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Table 5-4 Pharmacokinetic parameters calculated using non-compartmental analysis from 

concentration-time profiles of heart, kidney, liver and tumour after i.p. 
administration of the methyl derivative (17.4 µmol/kg) to tumour-bearing Rag-1 
female mice (n = 3 per time point). Values are mean ± s.e. 

Tumour 
 

Tissue AUC 

(µM.h) 
Cmax 
(µM) 

Tmax 

(h) 
T½ 

(h) 
Mean Residence 

Time (h) 

NZM4 Heart 182.8 ± 14.8 27.5 ± 1.0 1 4.3 ± 0.1 4.5 ± 0.4 

 Kidney 502.0 ± 41.0 67.3 ± 6.3 0.08 4.3 ± 0.1 4.0 ± 0.1 

 Liver 67.5 ± 2.2 12.1 ± 1.3 0.08 3.6 ± 0.2 3.5 ± 0.1 

 Tumour 8.9 ± 0.3 0.6 ± 0.03 1 7.9 ± 0.3 8.6 ± 0.5 

NZM10 Heart 217.4 ± 8.1 26.5 ± 1.0 1 3.7 ± 0.1 3.7 ± 0.2 

 Kidney 441.0 ± 6.5 44.2 ± 0.7 1 4.3 ± 0.1 4.6 ± 0.05 

 Liver 220.4± 29.6 38.1 ± 0.3 1 4.1 ± 0.3 3.9 ± 0.3 

 Tumour 320.7 ± 33.8 19.1 ± 2.0 4 8.8 ± 0.4 9.7 ± 0.8 

NZM52 Heart 197.8 ± 6.4 26.3 ± 1.2 1 2.3 ± 0.1 3.2 ± 0.02 

 Kidney 517.7 ± 6.1 59.6 ± 0.8 1 4.6 ± 0.05 4.6 ± 0.1 

 Liver 354.2 ± 41.5 46.8 ± 5.9 1 3.4 ± 0.1 3.5 ± 0.1 

 Tumour 98.8 ± 10.4 6.9 ± 0.8 4 6.3 ± 0.4 11.4 ± 1.1 

LOX IMVI Heart 136.2 ± 3.5 21.0 ± 1.0 1 3.9 ± 0.2 3.5 ± 0.02 

 Kidney 674.5 ± 8.5 77.6 ± 1.3 1 4.6 ± 0.3 4.6 ± 0.03 

 Liver 151.7 ± 11.9 29.6 ± 1.3 1 3.9 ± 0.2 3.6 ± 0.1 

 Tumour 77.2 ± 5.7 9.7 ± 1.0 1 7.3 ± 0.2 8.6 ± 0.3 

94 

 



                             Xenograft studies

   

Heart Kidney Liver Tumour

Ti
ss

ue
/p

la
sm

a 
A

U
C

 ra
tio

0

100

200

300

400

500

600

700

800

900

NZM4 
NZM10 
NZM52 
LOX IMVI 

 
Figure 5.6 Tissue to plasma AUC ratios after i.p. administration of the methyl derivative 

(17.4 µmol/kg) to Rag-1 tumour-bearing female mice (n = 3 per time point). 
Values are mean ± s.e. 
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5.6 Discussion 

These studies indicated that both the plasma CL/F and VSS/F of the methyl derivative 

pharmacokinetic parameters in Rag-1 mice with melanoma tumours are approximately 

50% of the same parameters in tumour-bearing C57 mice (Figure 5.7). As the 

pharmacokinetics of the methyl derivative were not investigated in healthy Rag-1 mice, it 

is not known whether these pharmacokinetic differences are due to the strain of mice or to 

the tumour. Earlier studies with benzonaphthyridine series (chapter 4) have demonstrated 

that the tumour had an influence on the pharmacokinetics of these analogues, although 

this more or less disappeared with the methyl derivative. Further evidence for the 

modulation of plasma pharmacokinetics by the presence of a tumour is given by the 

observation of the more than doubling of the VSS/F parameter in C57 mice with the LLTC 

tumours, compared to C57 mice with Colon-38 tumours. 

 

As with previous studies, tissue and tumour concentrations in Rag-1 mice were 

considerably greater than plasma. However, in contrast to C57 mice, Rag-1 mice 

exhibited the greatest concentrations in the kidney, even greater than their tumour 

concentrations. Lack of immune system in the Rag-1 mice, while promoting tumour 

growth, may also lead to reduced renal function due to inflammation [166]. This may result 

in the higher AUCs in kidney and plasma despite a lower dose. These increases in 

circulating concentrations may possibly be a reason for the lower maximum tolerated 

dose of the methyl derivative (17.4 vs 26.3 µmol/kg). Another notable feature of the tissue 

profiles of the methyl derivative in Rag-1 mice was the great variability in the liver and in 

particular the tumour AUCs. Within these melanoma tumours, there was a 36-fold 

difference in tumour exposure from the same i.p dose of drug. Interestingly this appeared 

to correlate with anti-cancer activity in these melanoma tumour models as the methyl 

derivative had no in vivo activity against NZM4 which had the lowest tumour AUC of 8.9 ± 

0.3 µM.h, compared to growth delays of 21 and 14 days for NZM52 (AUC, 98.8 ± 10.4) 

and NZM10 (AUC, 320.7 ± 33.8) respectively. The mean residence times were at least 2 

to 4.5-fold greater in tumour than plasma and other tissues indicating a selective and 

longer retention in tumour (P < 1 x 10-3; Figure 5.8). Additionally the mean residence time 

of the methyl derivative in Colon-38 tumour was at 2-fold longer compared to the other 

tumours. The tissue to plasma AUC ratio (Figure 5.9) in the Colon-38 tumour was far 

greater than any other tumour tested confirming the unique retention of the methyl 

derivative in this tumour. 
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Figure 5.7 Plasma AUC, CL/F and VSS/F plots after i.p. administration of the methyl 

derivative to Rag-1 (17.4 µmol/kg) or C57 Bl/6 (25 µmol/kg) female tumour-
bearing mice (n = 3 per time point). Values are mean ± s.e. 
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Figure 5.8 Mean residence times after i.p. administration of the methyl derivative to Rag-1 

(17.4 µmol/kg) or C57 Bl/6 (25 µmol/kg) tumour bearing female mice (n = 3 per 
time point). Values are mean ± s.e. 
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Figure 5.9 Tissue to plasma AUC ratios after i.p. administration of the methyl derivative to 

Rag-1 (17.4 µmol/kg) or C57 Bl/6 (25 µmol/kg) tumour-bearing female mice (n = 3 
per time point). Values are mean ± s.e. 

99 

 



                                      Tumour cell kinetics and cytotoxicity

   
 

  
Tumour cell kinetics and cytotoxicity of 

the benzonaphthyridine derivatives 

6.1 Introduction 

Pharmacological evaluation of the benzonaphthyridine series (as described in chapter 4) 

demonstrated an apparent greater tumour uptake and longer retention in Colon-38 

tumours in mice compared to the lipophilic variants in the series (ethyl – butyl). The 

selectivity of Colon-38 tumours for the methyl derivative was confirmed by the 

pharmacokinetic studies in other human and murine xenograft tumour models (chapter 5). 

However the reasons for the apparent greater uptake and retention of the methyl 

derivative in the Colon-38 tumours in vivo are unknown. The in vivo tumour 

microenvironment which is influenced by factors such as blood flow, the tumour acidity, 

the number of stromal cells and the composition of the extracellular matrix, all of which 

vary from tumour to tumour, may influence tumour drug distribution and retention to 

varying degrees [36, 167-170]. In addition, such selective uptake and retention may occur at 

the tumour cellular level. To answer this question, further in vitro studies were undertaken 

using the individual cell lines from the tumours utilised in the in vivo evaluation of these 

derivatives (chapters 4 and 5). An indication of differences in uptake/retention at the 

individual cell line level would provide a basis for further studies to identify the transport 

mechanism, which may be responsible for such uptake/retention of these 

benzonaphthyridine derivatives. One of the objectives here was to obtain evidence for or 

against the hypothesis that differences in vivo tumour pharmacokinetics were caused by 

differences in cell kinetics. 

 

Transporter molecules in the cell membranes may limit or enhance drug entry in to the 

tumour cell, thus modifying drug action. Multi-drug resistance (MDR) of cancer cells to 

chemotherapeutic drugs may occur by numerous mechanisms, including increased drug 

efflux or decreased drug uptake, activation of detoxifying systems, activation of DNA 

repair mechanisms, and evasion of drug-induced apoptosis. These mechanisms are 

reviewed in detail elsewhere [171-174]. The modulation of the cellular  efflux  of lipophilic 

drugs mediated by energy-dependent transporters, known as ATP-binding cassette (ABC) 
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transporters, such as P-gp, MRP1 and BCRP [175, 176] may play a role in the different 

degrees of uptake and retention observed for these lipophilic benzonaphthyridines. Colon 

carcinomas are known to express transporters such as P-gp and MRP1 which are actively 

involved in the efflux of anti-cancer drugs [177, 178]. Since variants of Colon-38 tumour cell 

lines overexpressing multi-drug resistant transporters were not available, alternative cell 

cultures over-expressing P-gp, (human lymphoblastic leukaemia cell line resistant to 

vinblastine), CEM/VLB100 and MRP1 (resistant to epirubicin), CEM/E1000 were used for this 

evaluation [179-181]. 

 

Thus in vitro studies were performed to further investigate the cellular accumulation of the 

benzonaphthyridine derivatives in Colon-38, CCRF-CEM, CEM/VLB100 and CEM/E1000 cell 

cultures. Cellular uptake and retention of the methyl derivative was further evaluated in 

Colon-38, LLTC and New Zealand melanoma (NZM) cultures (NZM4, NZM10 and 

NZM52). 

 

6.2 Aims and approach 

The aims were: 

 

1. To assess the cell uptake, retention and antiproliferative activity of the methyl 

derivative following short-term drug exposure up to 48 h in Colon-38, Lewis Lung 

(LLTC) and melanoma (NZM4, NZM10 and NZM52) cell cultures. 

 

2. To estimate the antiproliferative activity and cellular retention of 

benzonaphthyridine derivatives (hydrogen – butyl) in the human leukaemia cell 

line (CCRF-CEM) and its drug resistant variants (CEM/VLB100 and CEM/E1000) and 

determine their susceptibility to efflux transporters. 
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6.3 Materials and methods 

6.3.1 Cell culture maintenance 

6.3.1.1 Cell lines 

Cultures from murine tumours including, Colon-38 [182], LLTC [163] and human melanoma 

cell lines, NZM4, NZM10 and NZM52 (cultured from tumour samples collected from 

patients were previously described [164]) were maintained as adherent cultures. The 

leukaemia cell line, CCRF-CEM (developed from tumour samples collected from patients 

with lymphoblastic leukaemia) [179] and the two drug resistant sub-lines (of CCRF-CEM) 

were developed by treatment with either vinblastine, CEM/VLB100 [180] or epirubicin, 

CEM/E1000 [181]. The latter were maintained as suspension cultures. The leukaemia cell 

lines, CCRF-CEM, CEM/VLB100 and CEM/E1000 were kindly provided by Professor R. A. 

Davey, University of Sydney, NSW, Australia. 

6.3.1.2 Culture medium 

α-MEM was prepared by dissolving α-MEM powdered medium in Milli Q water and adding 

sodium bicarbonate (NaHCO3) (2.2 g/l). The pH was adjusted to 7.2 using 12 N 

hydrochloric acid (HCl) or 5 M sodium hydroxide (NaOH). The medium was filter-sterilized 

under pressure and aliquoted into sterile Schott Duran bottles (Schott AG, Mainz, 

Germany). Medium was stored at 4°C and used within 1-month of preparation. Medium 

was warmed in a 37°C water bath prior to use and was supplemented with 10 % (v/v) 

FBS and penicillin and streptomycin (60 μg/ml and 100 μg/ml respectively). Cultures were 

maintained in T75 (75 cm2) flasks (BD Falcon, Bedford, MA, USA) in a humidified 

incubator (Thermo Scientific, Asheville, NC, USA) at 37°C with 5 % CO2. 
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6.3.1.3 Growth and maintenance of cell cultures 

Cell cultures were propagated by weekly passage. Prior to harvesting, cells were checked 

for fungal or bacterial contamination by an inverted phase-contrast microscope (Olympus, 

Tokyo, Japan). For adherent cultures, the medium was aspirated and the surface of the 

T75 flask was coated with 1 ml of trypsin-EDTA (0.05 % / 1X) (Gibco, Grand Island, NY, 

USA) and placed in the incubator for 5 min to detach the cells from the flask. Following 

this, 7 ml of α-MEM was added to the flask, mixed gently and cells were collected in a 15 

ml tube. Cell density was assessed by a Coulter Counter (Z2 Coulter Particle Counter and 

Size Analyzer, Beckman Coulter Inc, Miami, FL, USA). After centrifugation, cells (106/ml) 

were seeded in T75 flasks containing 15 ml supplemented culture medium (α-MEM + 10 

% FBS + penicillin/streptomycin). For suspension cultures, 0.1 ml aliquots of cell 

suspension were pipetted and diluted with 9.9 ml of PBS in a plastic cuvette. The cell 

count for all cultures was determined by Coulter Counter and viability by trypan blue (0.4 

%) incorporation method by Countess Auto cell counter (Invitrogen, Carlsbad, CA, USA). 

Aliquots of the suspension (0.1 to 0.5 ml) were transferred into a new T75 flask containing 

20 ml supplemented culture medium as needed. 

6.3.1.4 Cryopreservation and recovery of cells 

Cells were cultured in T75 flasks until confluent to maintain them in an exponential growth 

phase. Adherent cells were trypsinised (see section 6.3.1.3). For suspension cultures, the 

contents were transferred to a 40 ml tube and centrifuged. Medium was aspirated and the 

cell pellet was suspended in fresh medium.  A volume of (0.9 ml) was placed into 

cryovials (Nunc A/S, Roskilde, Denmark) at a concentration of 106 cells/ml, containing 0.9 

ml of freezing mixture [90 % FBS, 10 % dimethyl sulfoxide (DMSO) in α-MEM] .These 

cryovials  were placed in a Nalgene Mr Frosty freezing container, (Nalgene, Thermo 

Scientific, Rochester, NY, USA) and chilled overnight in a –80°C freezer allowing the 

cryovials to freeze at a slow rate, about 1°C/min. These vials were then transferred to a 

liquid nitrogen (–196°C) for long-term storage. To reconstitute cells from liquid nitrogen 

storage, each vial of cells was thawed in a 37°C water bath. Contents were transferred to 

15 ml tubes containing 10 ml supplemented culture medium and centrifuged at 1000 × g 

for 5 min. The supernatant was aspirated and cells were resuspended in culture medium 

and seeded into a T25 flask. Medium was replaced the next day. Subcultures were 

maintained in T75 flasks as needed.  
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6.3.2 IC50 assay 

Growth inhibition data were expressed as the IC50 value for each drug, where IC50 is 

defined as the drug concentration required to reduce cell growth to 50 % of control drug-

free cultures. The (tritiated) [3H]-thymidine incorporation assay [183, 184], which measures 

the amount of radioactive thymidine incorporated into cellular DNA during DNA 

replication, was used to determine the growth inhibitory potencies of cytotoxic drugs. 

Each treatment group was tested in triplicate in each experiment for consistency. 

 

Drugs were prepared as 2 mM stock solutions solution in 50 % ethanol and subsequent 

dilutions were done using α-MEM. Supplemented culture medium (100 µl) was added to 

each well in a 96-well culture plate. 50 µl of drug (2700 nM) was added to the top 

concentration well. A set of five serial dilutions were performed by pipetting 50 µl from 

each well and adding to the subsequent well. Finally, 50 µl of cell suspension (1000 

cells/well) was added to each well containing drug and were incubated for 72 h. This 

yields a top drug concentration of 600 nM serially diluted (5 sets) 3-fold across the 96-well 

plate. Two sets of triplicates were left untreated and 25 μl of culture medium were added 

instead. Each 96-well plate was used to assay 4 compounds. 

 

[3H]-thymidine incorporation was determined 72 h after adding drug. For the final 6 h of 

drug incubation, an aliquot (20 μl) of medium containing 5-Methyl-[3H]-thymidine (20 

Ci/mM, 0.04 μCi per well), unlabelled thymidine (TdR) (0.1 μM final concentration) and 5-

fluoro-2’-deoxyuridine (FUdR) (0.1 μM final concentration) was added to each well. Cells 

were harvested using an automated multi-well harvester and transferred to a sheet of filter 

paper. Filter paper was dried overnight and sealed in a plastic bag with 10 ml scintillation 

fluid (Wallac, OY, Finland). The amount of tritium retained on the filter paper was 

measured by the beta (β)-plate liquid scintillation counter (Wallac, OY, Finland). The 

output was obtained as counts per min and plotted against the corresponding 

concentration of each drug. The IC50 value was calculated from the fitted curve (using a 

four parameter logistic curve) by SigmaPlot® 11. Experiments with adherent cultures were 

previously performed and data is included for comparison (Y. Chen & B. Baguley, 

unpublished data). Resistance factor was calculated by dividing the IC50 obtained for the 

resistant subline (CEM/VLB100 or CEM/E1000) by the IC50 obtained for the parental cell line 

(CCRF-CEM).  
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6.3.3 Drug release after repeated washes following a 1 h 
exposure 

Cultures (Colon-38) were used to verify the retention of the benzonaphthyridine 

derivatives (hydrogen – butyl) following repeated washes after a brief exposure (1 h). 

Experiments with other cultures (LLTC, NZM4, NZM10 and NZM52) were limited to the 

methyl derivative. Cells were seeded into P100 culture dishes (5 x 104 cells/ml; 15 ml) and 

incubated (37°C) overnight to attach. For each culture, 12 dishes (4 sets; triplicate for 

each set) were maintained and 0.5 µM drug (final concentration in each dish) was added 

and incubated for 1 h. After the incubation period, media from the first set (triplicate) was 

carefully removed and the cells were washed with 2 - 3 ml of supplemented α-MEM. For 

the second and the third set, cultures dishes were washed twice or thrice respectively. 

The fourth set was treated as control (no wash). The medium was discarded (after 

washes) and the cells were harvested by trypsinisation (section 6.3.1.3). Cells were 

collected in 1.5 ml tubes and centrifuged (1000 × g, 5 min). Cell pellets were separated by 

removal of extracellular medium and were extracted by adding 3-volumes of 

MeCN:MeOH mixture containing 0.05 µM d7 internal standard. These were then 

centrifuged 13000 × g (5 min, 4°C) and a 25 µl supernatant was diluted with equal volume 

of mobile phase B (0.01 % formic acid in Milli Q water) and were analysed by LC-MS/MS 

(section 2.3.4). 

6.3.4 Drug efflux over 48 h 

These experiments with Colon-38, NZM4, NZM10 and NZM52 cultures were limited to the 

methyl derivative. Cells were seeded into P100 culture dishes (5 x 104 cells/ml; 15 ml) and 

incubated (37°C) overnight to attach. For each culture, 21 dishes (6 sets; triplicate for 

each set) were exposed to 0.5 µM drug (final concentration in each dish) for 1 h. After this 

period, the culture dishes were washed thrice with 2 - 3 ml supplemented α-MEM and 

cultured with fresh medium for the duration of the time-course (up to 48 h). One set of 

untreated controls (no drug; triplicate) were processed similarly and harvested at the first 

time point (1 h). At pre-determined time points (1, 4, 8, 16, 24 and 48 h) triplicate dishes 

withdrawn, medium was removed and cells were harvested by trypsinisation (section 

6.3.1.3). Cells collected in 1.5 ml tubes were centrifuged to separate the cell pellets from 

extracellular medium. Sample preparation and analysis was performed as described 

previously (sections 6.3.3 and 2.3.4). Area under the concentration-time curve (AUC) was 

calculated from the concentration-time data up to 48 h using a similar approach as 

described previously (section 4.3.7). 
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6.3.5 Cell uptake studies 

Cell uptake was assessed with the benzonaphthyridine derivatives (hydrogen – butyl) in 

CCRF-CEM, CEM/VLB100 and CEM/E1000 cultures. Cell densities at 107/ml were achieved 

by propagating in T175 flasks at least four days prior to the experiment. Drugs were 

prepared as 2 mM stocks prepared in 50 % ethanol and diluted in α-MEM. Cell 

suspensions (107/ml; 12 ml) in α-MEM were maintained in sterilised glass bottles with 

magnetic stirrers and the suspension was stirred at 5 rpm to maintain a homogenous 

suspension. The glass bottles were sealed with screw caps with perforations for sampling 

and gas ports. The gas supply had mixture of 5 % CO2, 95 % O2, passed through a 

Dreschel bottle (AM Glassware, Aberdeen, Scotland) with Milli Q water to humidify the 

gas before its entry into each glass bottle. The entire assembly was immersed in a 

temperature controlled (37°C) water bath. Drug (50 µl, 0.3 µM; final concentration) was 

added to the stirred suspension and samples (0.5 ml) were collected at various time 

points (5, 10, 15, 20, 30 and 60 min). DMSO was added to the control bottle. Each drug 

was measured in triplicate. Cell viability was determined by trypan blue (0.4 %) 

incorporation method as described previously (section 6.3.1.3) in samples collected at 

each time point. Samples were immediately centrifuged (13,000 × g, 45 sec) and cell 

pellets was separated by aspirating the extracellular medium into separate tubes. Cell 

pellets were subjected to another brief centrifugation to remove any residual medium 

adhering to the tube wall [185]. Both cell pellets and extracellular medium were precipitated 

by 3-volumes of ice cold MeCN:MeOH (3:1) containing 0.05 µM d7 internal standard. 

These separated samples were further centrifuged and a 25 µl volume was diluted with 

equal volume of mobile phase B (0.01 % formic acid in Milli Q water) and injected into 

LC–MS/MS. The extracellular concentrations and the cell-associated drug concentrations 

were measured by LC-MS/MS (section 2.3.4). Traces of extracellular medium stuck to the 

walls of the tube in addition to the medium trapped within the actual cell pellet were 

corrected for by measuring the phenol red peak area by diode array detector. 

6.3.6 Statistical analysis 

Statistical analysis procedures were previously described (section 3.3.9).  
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6.4 Results – Evaluation in Colon-38, LLTC, NZM cultures 

6.4.1 Cellular uptake and retention by Colon-38, LLTC and NZM 
cultures 

The cell-associated drug was measured after a 1 h exposure of the benzonaphthyridine 

series (hydrogen – butyl) to Colon-38 cultures and for the methyl derivative in melanoma 

(NZM4, NZM10 and NZM52) and LLTC cultures. (Figure 6.1). The concentration 

measured was expressed as the percentage of drug remaining following each wash 

(Table 6-1). The methyl derivative was taken up in the cells to a greater extent compared 

to hydrogen and the more lipophilic ethyl – butyl analogues. The loss after each wash 

from the culture was significant for all the derivatives (P = 1 x 10-3 to 1 x 10-2) except for 

the methyl indicating the greatest retention in this culture. However, the percentage of 

drug retained after each wash correlated poorly with drug lipophilicity (Log D) over the 

series (r = –0.54; P = 3 x 10-2), Figure 6.2. 

 

 
Table 6-1 Percentage of cell-associated drug remaining after each wash from Colon-38 

culture following a 1 h incubation with the benzonaphthyridine derivatives 
(hydrogen – butyl). Values are mean ± s.e. Significance calculated by One Way 
ANOVA between no wash and the third wash (n = 3). 

Analogue % remaining P value 
 Wash 1 Wash 2 Wash 3 Significance (P < 5 x 10-2) 

Hydrogen 93.8 ± 11.0 85.3 ± 10.5 57.5 ± 5.7 2 x 10-3 

Methyl 98.0 ± 1.3 94.4 ± 2.2 92.0 ± 2.0 7 x 10-2 

Ethyl 86.5 ± 1.0 65.0 ± 6.0 63.7 ± 7.8 1 x 10-2 

Propyl 85.2 ± 4.1 75.4 ± 4.9 62.5 ± 3.3 1 x 10-3 

Butyl 75.2 ± 3.6 66.5 ± 5.5 47.0 ± 6.5 1 x 10-3 
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Figure 6.1 Cell-associated drug (hydrogen – butyl) after each wash from Colon-38 culture in 
vitro. Values are mean ± s.e (n = 3). 
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Figure 6.2 Cell-associated drug (pmol/106cells) at equilibrium vs Log D in Colon-38 cultures 

upon incubation with 0.5 µM of benzonaphthyridine (hydrogen – butyl) 
derivatives. Values are mean ± s.e (n = 3).  
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The percentage of the methyl derivative remaining after each wash was compared across 

Colon-38, LLTC and NZM (4, 10 and 52) cultures (Table 6-2). The drug uptake was 

maximal for the LLTC cultures (90.3 ± 0.4 µmol/106 cells). However, the loss of drug 

following each wash was more pronounced in this cell line (P < 1 x 10-3) than the Colon-

38 culture (Table 6-2). The melanoma cultures also did not appear to retain the methyl 

derivative as effectively as the Colon-38 culture. The retention following the third wash 

was in the order: Colon-38 > LLTC > NZM10 > NZM4 > NZM52. 

 
Table 6-2 Percentage of the methyl derivative retained after each wash from Colon-38, 

LLTC, NZM4, NZM10 and NZM52 cultures following a 1 h incubation. Values are 
mean ± s.e. (n = 3). Significance calculated by One Way ANOVA between no wash 
and the third wash. 

Cell line % remaining P value 
 Wash 1 Wash 2 Wash 3 Significance (P < 5 x 10-2) 

Colon-38 98.0 ± 1.3 94.4 ± 2.2 92.0 ± 2.0 = 7 x 10-2 

LLTC 92.3 ± 0.6 89.6 ± 0.5 75.0 ± 0.9 < 1 x 10-3 

NZM4 72.4 ± 4.3 61.8 ± 5.0 54.7 ± 3.0 < 1 x 10-3 

NZM10 74.5 ± 9.7 68.7 ± 8.3 66.9 ± 5.7 < 1 x 10-3 

NZM52 61.7 ± 2.1 57.4 ± 3.7 44.2 ± 1.3 < 1 x 10-3 
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Figure 6.3 Cell-associated drug (methyl derivative) after each wash following a 1 h exposure 

in Colon-38, LLTC, NZM4, NZM10 and NZM52 cultures in vitro. Values are mean ± 
s.e. (n = 3). 
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6.4.2 Retention of the methyl derivative after 48 h exposure in 
Colon-38 and NZM cultures 

Retention of the methyl derivative in Colon-38, NZM4, NZM10 and NZM52 cultures was 

examined over 48 h (Figure 6.4). Maximal concentrations were found in Colon-38 (73.2 ± 

8.4 µM) at the first time point (1 h) which rapidly decreased by 2-fold over 8 h. These 

concentrations were significantly greater than those in the melanoma cultures (NZM4, 

NZM10 and NZM52) (P < 1 x 10-3). Among the melanoma cultures, the maximum 

retention was in NZM4 at the first time point (1 h) then NZM10 and NZM52 (P = 1 x 10-2), 

but the concentrations beyond 4 h were similar (P = 8 x 10-1). The AUCs calculated from 

these concentration-time curves as a measure of relative retention are presented in 

Figure 6.5 and Table 6-3. The AUC in Colon-38, (1143 ± 38 µM.h; P < 1 x 10-3) was the 

greatest while NZM52 (235 ± 8.7 µM.h) had the lowest. 
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Figure 6.4 Retention of the methyl derivative in Colon-38, NZM4, NZM10 and NZM52 cell 

cultures over 48 h. Values are mean ± s.e. (n = 3). 
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Figure 6.5 AUC values calculated from the concentration-time profiles after incubating 0.5 

µM of the methyl derivative in Colon-38, NZM4, NZM10 and NZM52 cell cultures. 
Values are mean ± s.e. (n = 3). 

 

 
Table 6-3 AUC values calculated from the concentration-time profiles after incubating with 

0.5 µM of the methyl derivative in Colon-38, NZM4, NZM10 and NZM52 cell 
cultures. Values are mean ± s.e (n = 3). 

Cell line AUC (µM.h) 

Colon-38 1143 ± 38 

NZM4 386 ± 7.4 

NZM10 300 ± 8.3 

NZM52 235 ± 8.7 
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6.4.3 Relationship between lipophilicity and antiproliferative 
activity in Colon-38, LLTC and NZM cultures 

The in vitro sensitivities of various cultures to the benzonaphthyridine series were 

assessed and data are presented in Table 6-4. The IC50 values plotted against lipophilicity 

(Log D) are shown in Figure 6.6. The methyl derivative was the most potent and had the 

lowest IC50 values in Colon-38 and LLTC cultures (1.3 ± 0.4 and 1.0 ± 0.1 nM in Colon-38 

and LLTC, respectively). There were no significant differences between the IC50 values for 

the two cultures (P = 5.4 x 10-1). The trend was non-linear across the series and poor 

correlations with Log D were observed (Colon-38, r = 0.49; P = 6 x 10-2 and LLTC, r = 

0.69; P = 2 x 10-2). 

 

The IC50 values in the melanoma cultures (NZM4, NZM10 and NZM52) are only available 

for the methyl derivative and are included in Table 6-4. The NZM52 (0.97 nM) and NZM10 

(2.3 nM) were found to be more sensitive to the methyl derivative compared to the NZM4, 

(19.0 nM). 

 
Table 6-4 IC50 values (nM) of benzonaphthyridine analogues (hydrogen – butyl) in patient 

derived and murine cell cultures in vitro. Values are mean ± s.e. (n = 3). 

Drug Colon-38 LLTC Cell line Methyl 

Hydrogen 8.6 ± 2.1* 5.5 ± 1.6* NZM4 19.0# 

Methyl 1.3 ± 0.4* 1.0 ± 0.1* NZM10 2.3# 

Ethyl 3.8 ± 0.9* 3.5 ± 0.6* NZM52 0.97# 

Propyl 9.9 ± 1.6* 8.1 ± 0.3*   

Butyl 12.9 ± 3.3* 12.3 ± 1.6*   

 
*Y. Chen, unpublished data. 
#B. Baguley, unpublished data. 
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Figure 6.6 IC50 (nM) vs Log D of the benzonaphthyridine derivatives (hydrogen – butyl) in Colon-38 and LLTC cultures in vitro. Values are mean ± 

s.e. (n = 3). 
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6.5 Results - Evaluation in CCRF – CEM, CEM/VLB100 and 
CEM/E1000 cultures 

6.5.1 Cellular uptake of benzonaphthyridines in CCRF-CEM and 
its drug resistant sublines 

The cell-associated drug concentrations of the benzonaphthyridine derivatives (hydrogen 

– butyl) were measured in a leukaemia cell line (CCRF-CEM) along with the two drug 

resistant variants (CEM/VLB100, expressing P-gp and CEM/E1000, expressing MRP1) over 

a time course of 60 min (5, 10, 15, 20, 30 and 60 min). The cell-associated drug was 

plotted against time (Figure 6.7). The hydrogen analogue in CCRF-CEM was the slowest 

to reach equilibrium at 10 min compared to the rest of the series which had the highest 

cell-associated drug in the first time point sampled (5 min). Significant variability in uptake 

was only observed with the hydrogen analogue (P < 1 x 10-3; 5 min vs time points up to 60 

min). The cell-associated drug of hydrogen, methyl and the ethyl derivatives were 

significantly lower in CEM/E1000 than those observed in the CCRF-CEM and CEM/VLB100 

(P < 1 x 10-3). The cell-associated drug in all the three cell lines (CCRF-CEM, CEM/VLB100 

and CEM/E1000) at equilibrium (10 min) for all 5 analogues (hydrogen – butyl) was plotted 

against their lipophilicity (Figure 6.8). All analogues in the series differed significantly (P < 

1 x 10-3) and demonstrated a parabolic pattern of association with increasing order of 

lipophilicity for all three cultures. The CEM/E1000 culture expressing MRP1 had the least 

cell-associated drug concentrations compared to CCRF-CEM and CEM/VLB100, P < 1 x 

10-3. 
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Figure 6.7 Cell-associated drug concentrations of benzonaphthyridine analogues (hydrogen 

– butyl) over 60 min in CCRF-CEM and the two drug resistant sublines, 
(CEM/VLB100 and CEM/E1000). Values are mean ± s.e. (n = 3). 
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Figure 6.8 Cell-associated drug at equilibrium vs Log D of the benzonaphthyridine 

analogues (hydrogen – butyl) in CCRF-CEM and the two resistant sublines, 
CEM/VLB100 and CEM/E1000. Values are mean ± s.e. (n = 3).  

116 

 



                                      Tumour cell kinetics and cytotoxicity

   

6.5.2 Antiproliferative activity of benzonaphthyridine derivatives 
in CCRF- CEM, CEM/VLB100 and CEM/E1000 cultures 

IC50 values for the CCRF-CEM and its two drug resistant sublines (CEM/VLB100 and 

CEM/E1000) are presented in Table 6-5. With the CCRF-CEM cell line, the IC50 values 

ranged from 12.8 ± 0.3 (hydrogen) to 67.0 ± 2.0 nM (butyl) correlated significantly with the 

increasing order of lipophilicity of these analogues (r = 0.95; P = 2 x 10-7). A similar trend 

was observed with the epirubicin resistant variant (CEM/E1000), (r = 0.85; P = 2 x 10-7). A 

non-linear trend was observed with the drug resistant variant, CEM/VLB100 where the 

hydrogen analogue was higher than the methyl (25.5 ± 0.9 vs 18.3 ± 0.4 nM) and yet 

correlated significantly with Log D (r = 0.86; P = 2 x 10-7) (Figure 6.9). 

 

 
Table 6-5 IC50 values (nM) of benzonaphthyridine analogues (hydrogen – butyl) in patient 

derived cell cultures in vitro. Values are mean ± s.e. (n = 3). 

Drug CCRF-CEM CEM/VLB100 CEM/E1000 

Hydrogen 12.8 ± 0.3 25.5 ± 0.9* 17.2 ± 1.5* 

Methyl 18.8 ± 1.5 18.3 ± 0.4 41.8 ± 1.2* 

Ethyl 24.1 ± 1.5 32.6 ± 0.9* 52.3 ± 0.9* 

Propyl 54.9 ± 3.4 63.0 ± 0.6 110.9 ± 3.0* 

Butyl 67.0 ± 2.0 74.4 ± 1.1* 91.3 ± 1.5* 

 
*Significantly different from the IC50 value of the CCRF-CEM culture, P < 1 x 10-3. 

117 

 



                                      Tumour cell kinetics and cytotoxicity

   
  

CCRF - CEM

Log D

1.0 1.5 2.0 2.5 3.0 3.5

IC
50

 (n
M

)

0

20

40

60

80

100

120 CEM/VLB100

Log D

1.0 1.5 2.0 2.5 3.0 3.5

IC
50

 (n
M

)

0

20

40

60

80

100

120

CEM/E1000

Log D

1.0 1.5 2.0 2.5 3.0 3.5

IC
50

 (n
M

)

0

20

40

60

80

100

120

r ² 0.94 r ² 0.93

r ² 0.81

Hydrogen

Hydrogen

Hydrogen
Methyl

Methyl

Methyl

Ethyl
Ethyl

Ethyl

Propyl

Propyl

Propyl

Butyl
Butyl

Butyl

 
Figure 6.9 IC50 values (nM) vs Log D of the benzonaphthyridine derivatives (hydrogen – 

butyl) in leukaemia cultures in vitro. Values are mean ± s.e. (n = 3). 
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6.5.3 Resistance to P-gp and MRP1 

The resistance factors (RF) (Table 6-6) of the 5 benzonaphthyridine derivatives were 

calculated for the two resistant variants, CEM/E1000 (epirubicin resistant) and CEM/VLB100 

(vinblastine resistant) cultures of CCRF-CEM and plotted against Log D values (Figure 

6.10). A non-linear correlation was observed in both the cultures with increasing 

lipophilicity. Significant differences were observed between the resistance factors of all 

the analogues between CEM/VLB100 and CEM/E1000 (P = 3 x 10-3). 

 

 
Table 6-6 Resistance factors of benzonaphthyridine analogues (hydrogen – butyl) in 

CEM/VLB100 and CEM/E1000 cell cultures. Values are mean ± s.e. (n = 3). 

Drug Resistance factor (CEM/VLB100)* Resistance factor (CEM/E1000)* 

Hydrogen 2.0 ± 0.06 1.3 ± 0.1 

Methyl 1.0 ± 0.09 2.3 ± 0.2 

Ethyl 1.4 ± 0.08 2.2 ± 0.2 

Propyl 1.2 ± 0.05 2.0 ± 0.2 

Butyl 1.1 ± 0.04 1.4 ± 0.02 

* Drug resistance calculated relative to the parent cell line (CCRF-CEM). 
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Figure 6.10 Resistance factors calculated from CEM/VLB100 and CEM/E1000 vs Log D of the benzonaphthyridine derivatives (hydrogen – butyl). 

Values are mean ± s.e. (n = 3). 
 

 

 

  

120 

 



                                      Tumour cell kinetics and cytotoxicity

   

6.6 Discussion 

The cell-associated drug concentrations of the benzonaphthyridine derivatives were 

determined after a 1 h exposure to the Colon-38 cultures. Following the repeated washes, 

the concentrations of the hydrogen analogue and the more lipophilic derivatives (ethyl, 

propyl and butyl) decreased significantly (P < 1 x 10-3), while the methyl was retained in 

the cells. Among the panel of cell lines (Colon-38, LLTC, NZM4, NZM10 and NZM52) 

tested for retention of the methyl derivative, LLTC appeared to have the highest retention 

initially (first wash) but the loss was more pronounced upon repeated wash (third wash) 

compared to the loss in Colon-38 culture. A poor correlation was observed with the % of 

drug remaining following the third wash vs in vivo tumour AUCs. Comparing the cell-

associated drug for the methyl derivative across the panel of cultures after 1 h incubation, 

the Colon-38 culture had the maximum while the leukaemia culture, CCRF-CEM and its 

two drug resistant sublines had the lowest (Figure 6.11). The higher retention of the 

methyl derivative correlated with the higher tumour AUC in the Colon-38 tumour in vivo in 

mice, while a correlation between lipophilicity and the IC50 values among the series was in 

conclusive. Drug efflux over 48 h, demonstrated that the exposure of the methyl derivative 

in Colon-38 cultures was significantly greater extent than the NZM (4, 10 and 52) resulting 

in the highest AUC in vitro which correlated significantly with the in vivo tumour AUCs 

(Figure 6.12, Table 6-7). 
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Figure 6.11 Cell-associated drug (methyl derivative) following a 1 h exposure to cultures. 

Values are mean ± s.e. (n = 3). 
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Table 6-7 In vitro (IC50, AUC) and in vivo (tumour AUC, growth delay) in mice of the methyl 

derivative in Colon-38, NZM4, NZM10 and NZM52. 

Cell line 
In vitro IC50 

(nM) 
AUC in vitro 

(µM.h) 
Tumour AUC 
in vivo (µM.h) 

In vivo growth 
delay (days) 

Colon-38 1.3 ± 0.4 1143 ± 38 2334 ± 60 Curative 

NZM4 19 386 ± 7.4 8.9 ± 0.3 Inactive 

NZM10 2.3 300 ± 8.3 220.4 ± 9.6 14 

NZM52 0.97 235 ± 8.7 98.8 ± 10.4 21 
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Figure 6.12 Correlation of the in vitro AUCs of the methyl derivative in Colon-38 and NZM (4, 

10 and 52) cultures with the corresponding in vivo AUCs upon i.p. 
administration to tumour-bearing mice. 

 
Both Colon-38 and LLTC cultures were sensitive to all analogues of the 

benzonaphthyridine series and the methyl derivative was the most potent in the series. A 

parabolic relationship was observed with increase in lipophilicity (Figure 6.6) and the IC50 

values. Sensitivity of the methyl derivative in the melanoma cultures (NZM4, 10 and 52) 

varied 21-fold (0.97 – 19 nM) and correlated with the growth delays in vivo but had no 

correlation with the in vitro tumour AUCs (Table 6-7).  
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Susceptibility of benzonaphthyridine derivatives to multi-drug resistance was tested in 

leukaemia cultures transporters over-expressing either P-gp, or MRP1. The resistance 

factors were up to 2.3-fold higher than the corresponding sensitive culture (CCRF-CEM) 

and correlated with lipophilicity in a non-linear fashion. Comparing these results with the 

clinical topoisomerase poisons, these analogues were at least 4 to 34-fold less 

susceptible to P-gp or MRP1 (Table 6-8). Similar susceptibility to resistance with the drug-

resistant variants of Jurkat Leukaemia cultures (amsacrine and doxorubicin) was 

observed with the methyl derivative; was moderately susceptible to both amsacrine and 

doxorubicin variants (resistance factors – 5.6 and 7.9 respectively) [113]. Susceptibility to 

other transporters such as BCRP [186], MRP5 [187] and solute carrier transporters such as 

OCT1, OCTN1 [188] expressed in the tumours may influence the uptake and/or retention as 

well as efflux of these derivatives. However, these tumour models (used in both in vivo 

and in vitro; chapters 4 and 5) are not characterised for overexpression of these 

transporters and is an avenue for future research.   

 

 
Table 6-8 Resistance factors of benzonaphthyridine analogues (hydrogen – butyl) in 

CEM/VLB100 and CEM/E1000 cultures. Previously published data on resistance 
factors of the other topoisomerase poisons included for comparison [181, 189]. 

Drug 
Resistance factor 

(CEM/VLB100) 
Resistance factor 

(CEM/E1000) 

Hydrogen 2.0 ± 0.06 1.3 ± 0.1 

Methyl 1.0 ± 0.09 2.3 ± 0.2 

Ethyl 1.4 ± 0.08 2.2 ± 0.2 

Propyl 1.2 ± 0.05 2.0 ± 0.2 

Butyl 1.1 ± 0.04 1.4 ± 0.02 

DACA 1.1 ± 0.2*  1.1 ± 0.2* 

Daunorubicin 59 ± 19* 52 ± 14* 

Doxorubicin 68 ± 0.1# 60 ± 0.1# 

Amsacrine 8.6 ± 3.2* 16 ± 8.8* 

 
*Refer Davey et al, 1997 [189]. 
#Refer Davey et al, 1995 [181]. 

 

Cell-associated drug at equilibrium in Colon-38 and the leukaemia cultures were plotted 

against the IC50 values of this series (Figure 6.13). The Colon-38 and CCRF-CEM 

cultures appeared to correlate in a parabolic fashion while a poor correlation was 

observed with the drug-resistant variants (CEM/VLB100 and CEM/E1000). Further analysis 
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on this data comparing the cell-associated drug vs the resistance factors in CEM/VLB100 

and CEM/E1000 demonstrated a lack of correlation (Figure 6.14). 
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Figure 6.13 Cell-associated drug at equilibrium vs IC50 values of the benzonaphthyridine 

derivatives (hydrogen – butyl) in Colon-38, CCRF-CEM, CEM/VLB100, CEM/E1000 
cultures. Values are mean ± s.e (n = 3). 

 

In conclusion, the methyl benzonaphthyridine derivative exhibited the greatest in vitro 

cellular retention among the series, in the Colon-38 cell line displaying the greatest 

retention from the panel of cultures tested. 
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Figure 6.14 Cell-associated drug at equilibrium vs resistance factors of the benzonaphthyridine derivatives (hydrogen – butyl) in CEM/VLB100 

and CEM/E1000 cultures. Values are mean ± s.e. (n = 3). 
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Concluding discussion 

The aim of this research was to identify the factors responsible for the exceptional tumour 

pharmacokinetics of the methyl benzonaphthyridine derivative (SN 28049). In particular, 

we wished to determine whether the differences in tumour pharmacokinetics were related 

to differences in lipophilicity and protein binding affinity, or possibly active cellular 

uptake/efflux rates. 

 

7.1 Major findings 

 Microsomal stability studies of this series demonstrated the methyl derivative to 

have the longest elimination T½ (24 min). 

 Plasma CL and VSS after i.v. administration of the benzonaphthyridine series to 

healthy mice increased with increase in chain length and correlated with Log D 

resulting in a decrease in their AUCs. 

 Reduced plasma CL/F and VSS/F for this series in tumour-bearing mice compared 

to healthy mice. 

 Tumour (Colon-38) AUCs of all the derivatives were greater than the 

corresponding plasma and tissue AUC. 

 Exceptionally high tumour exposure and longer retention of the methyl derivative 

in vivo in mice is unique to Colon-38 tumour. 

 Relatively high uptake and retention of the methyl derivative in melanoma and 

Lewis Lung tumour xenografts. 

 Longer retention of the methyl derivative in Colon-38 cultures compared to 

melanoma (NZM4, 10 and 52) and LLTC cultures in vitro. 

 Lack of susceptibility of the methyl derivative to cultures over-expressing P-gp, 

while moderately susceptible to MRP1 over-expression. 
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These findings strongly suggest that minor modifications in the chemical structure, which 

lead to changes in lipophilicity, cause a small but expected impact on plasma 

pharmacokinetics, but large unexpected effects on tumour pharmacokinetics. Plasma 

protein binding increased with lipophilicity. The highlights are presented in Figure 7.1. The 

binding constants for DNA copolymer poly (dG-dC)·poly (dG-dC) had no association with 

increasing chain length (B. Baguley, unpublished data). Several studies have previously 

reported the role of lipophilicity and its effects on cellular uptake and antiproliferative 

activity [86, 190]. However, there are no reports of an evaluation of tumour disposition of a 

series in an in vivo mouse tumour model.  
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Figure 7.1 Log D vs plasma or tumour AUC and bound fraction (%) of the 

benzonaphthyridine derivatives in mouse plasma. 
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7.2 LC-MS/MS assay 

Members of the benzonaphthyridine series were active at nanomolar plasma 

concentrations in mouse and human tumours inoculated in mice. A sensitive and high 

throughput method was required for investigating these compounds in vivo. A previously 

reported ion-trap LC-MS/MS method [132] for the measurement of the methyl derivative 

had an LOQ of 0.062 µM. The latter while acceptable, had insufficient sensitivity to 

measure the concentrations in samples of mouse plasma beyond 12 h post 

administration. Hence, improved sensitivity was needed to quantitate the methyl 

derivative for longer time points in the samples from the pharmacokinetic studies. The 

method developed (described in chapter 2) had a quantitation limit of 0.001 µM (1 nM), 

62-fold more sensitive than the previously published method and was linear over a 300-

fold range. 

 

Samples from plasma and mouse tissue homogenates were collected after administration 

of different analogues in mice. The latter were pooled and processed as a single sample, 

allowing the simultaneous quantitation of 5 analogues in 7 min compared to the 12 min 

run time with the previous method. The extra sensitivity of the QqQ also aided in the rapid 

sample preparation where plasma or tissue homogenate samples from different 

analogues were pooled, precipitated with MeCN:MeOH and injected into the LC-MS/MS. 

In contrast, a 3 h drying and reconstitution of the dried extracts was needed with the ion-

trap LC-MS/MS to even achieve the lower sensitivity of 0.062 µM.  

 

This analytical method was successfully applied to the measurement of 

benzonaphthyridine derivatives in samples from studies ranging from in vivo mouse 

pharmacokinetics, in vitro protein binding, microsomal stability studies to microsomal and 

tumour binding and could be potentially utilised to analyse samples from a clinical trial. 
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7.3 In vivo pharmacokinetics 

The pharmacokinetics of members of this series was determined in both healthy and 

tumour-bearing mice. Decreased plasma AUCs correlated negatively with increase in 

lipophilicity, which has been reported for a number of compounds [70]. Elimination half-

lives were similar between plasma and tissues but, tumour half-lives were significantly 

longer, suggesting the presence of specific drug retention mechanisms for these 

benzonaphthyridine compounds in tumour tissue. Tumour tissue concentrations may be 

determined by a variety of factors, including blood perfusion, the presence of 

physiological barriers, tissue clearance, binding to proteins and the tumour matrix, the 

presence of specific receptors which may be tumour specific and the action of intracellular 

and extracellular influx and efflux transporters, both on cancer and stromal cells. 

 

The use of a series of analogues of SN 28049 allowed the investigation of whether 

plasma and tissue pharmacokinetics were related to Log D as a measure of lipophilicity. 

Interestingly the AUCs in brain correlated with Log D, even though brain tissue had much 

smaller AUCs than other normal tissues and tumour. In general, more lipophilic 

compounds are thought to cross the blood brain barrier (BBB) via passive permeation. 

Although active efflux pumps such as P-gp and MRP1 are present, in the BBB previous 

studies with CNS drugs, demonstrated that the role of these efflux pumps may be 

moderate at best [191]. Hence, it can be hypothesised that benzonaphthyridines may enter 

the brain by passive diffusion and are not susceptible to these efflux mechanisms in the 

BBB. Further studies utilising P-gp or MRP knock-out mouse models may aid the 

confirmation or rejection of this hypothesis [192]. 

 

There are a few reported studies in the literature that examine the relationship between 

lipophilicity and drug exposure using a compound series. A previous study in rats reported 

increases in brain exposure with more lipophilic analogues of chlorambucil, an anti-cancer 

alkylating agent effective against chronic lymphocytic leukaemia, Hodgkin's and non-

Hodgkin's lymphomas, as well as carcinomas of the breast and ovaries [193]. In this study, 

chlorambucil ester derivatives (Figure 7.2) with increasing lipophilicity were tested for their 

accumulation in brain [88]. The rationale was that esterification increases their lipid 

solubility and allows for better entry and diffusion across cellular membranes and 

biological barriers, such as the BBB [194, 195]. The plasma and brain pharmacokinetics of 

these esters after i.v. administration to female rats are summarised in Table 7-1. Brain to 

plasma ratios of the chlorambucil derivatives (Figure 7.3) demonstrated that increasing 
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lipophilicity resulted in an increased exposure in brain, while the plasma AUCs decreased. 

The results are consistent with our observations with the benzonaphthyridine series (see 

chapter 4).  

 

N

Cl

ClO

O-R R = H
    = CH3; Methyl ester
    = C3H7; Propyl ester
    = C4H9; Butyl ester

 
Figure 7.2 Chemical structure of chlorambucil and its ester derivatives. 
 
 
Table 7-1 Pharmacokinetic parameters for chlorambucil derivatives after i.v. administration 

to female Wistar rats. Data from Genka et al [88]. 

Chlorambucil derivative 
(µmol/kg) 

AUC (µM.h) 
Brain to plasma AUC 

ratio 

Methyl ester (31.4) 
Plasma 

0.18 -- 

Brain 0.01 0.05 

Propyl ester (28.9) 
Plasma 

0.14 -- 

Brain 0.02 0.14 

Butyl ester (27.7) 
Plasma 

0.10 -- 

Brain 0.08 0.80 
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Figure 7.3 Brain to plasma AUC ratios after i.v. administration of chlorambucil ester derivatives [88], or benzonaphthyridine derivatives to rats or 

mice respectively. 
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Tissue distribution in normal tissues in healthy and tumour-bearing mice after i.p. 

administration of this series demonstrated that the tissue concentrations were greater 

than plasma concentrations. This has been observed with other DNA binding drugs such 

as doxorubicin and daunorubicin [196]. However, no patterns with increase in lipophilicity 

were identified except for brain tissue (discussed in chapter 4). Overall tissue 

accumulation of the benzonaphthyridines was a far less than tumour tissue, in contrast to 

doxorubicin which accumulated in heart tissue resulting in cardiotoxicity, a detrimental 

side effect of this drug [197]. 

 

Colon-38 tumour tissues in mice exhibited the greatest AUCs for all the 

benzonaphthyridine derivatives, as compared to plasma and other normal tissues. In 

particular, the methyl derivative had the greatest uptake and retention in tumour and this 

could be a potential reason for the observed high cure rates in this tumour model in mice. 

These results can be compared to the pharmacokinetic evaluation of doxorubicin and its 

two more lipophilic derivatives, 4-demethoxy-4'-O-methyldoxorubicin and 4-deoxy-4'-

iododoxorubicin (Figure 7.4), in mice with Colon-38 tumours [154, 198]. The plasma and 

tumour AUCs after administration of these analogues (at optimal doses) are presented in 

Table 7-2. The tumour/plasma AUC ratio of this series of doxorubicin analogues showed 

a parabolic relationship (Figure 7.5), where a moderately lipophilic derivative, 4-

demethoxy-4'-O-methyldoxorubicin had a more selective exposure in tumour resulting in 

the highest TPR. This ratio is similar to that of the methyl benzonaphthyridine derivative 

(moderately lipophilic among the series), which had the highest tumour AUC and TPR. It 

can be speculated that tumour uptake and retention mechanisms are unique and the 

selectivity of a tumour for a given analogue may partially depend on lipophilic/hydrophilic 

balance, but also may be affected by minor structural modifications. Also, it is known that 

the cellular uptake of primary amines, such as doxorubicin, may be reduced by 50 % with 

small changes in pH from 7.4 to 6.6 similar to what might be expected in the extracellular 

environment of tumours [45, 46]. Thus the degree of ionisation and pKa values for this 

weakly basic benzonaphthyridine series may be one of the physicochemical 

characteristics which may influence their cellular uptake and also their sequestration and 

entrapment in acidic vesicles such as lysosomes and endosomes within the cell. The 

intracellular distribution of anti-cancer drugs into such organelles and its relationship with 

their intended target and their function/toxicity is an area of limited knowledge but with 

advancing technology, such as confocal microscopy, will become a very active area of 

research. 
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Figure 7.4 Chemical structures of doxorubicin derivatives. 
 
Table 7-2 Plasma and tumour AUC of doxorubicin derivatives after i.v. administration to 

mice with Colon-38 tumours [154, 198]. 

Drug (µmol/kg) 
Plasma AUC 

(µM.h) 
Tumour AUC 

(µM.h) 
TPR* 

Doxorubicin (17.3) 2.4 414 173 

4-demethoxy-4'-O-methyldoxorubicin (1.8) 0.3 105 350 

4-deoxy-4'-iododoxorubicin (9.2) 5.1 335 66 

 
*TPR – tumour to plasma AUC ratio. 
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Figure 7.5 Tumour to plasma AUC ratios after i.v. or i.p. administration of doxorubicin or 

benzonaphthyridine derivatives to mice. Previously published data from 
doxorubicin analogues was summarised for comparison [154, 198]. 
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7.4 In vitro pharmacology 

A high-throughput 96-well equilibrium dialysis apparatus [139] was utilised to determine the 

plasma protein binding, microsomal and tumour binding of the benzonaphthyridine 

derivatives. While the traditional equilibrium dialysis [199-201] with 20-cell Dianorm Dialyser 
[202] is a well-established method, the volume of plasma or tissue homogenates needed 

are substantial (1 ml per cell) and the small number of dialysis cells limited the number of 

experiments possible. Longer equilibration times and associated volume shifts from the 

dialysate to the plasma side due to differences in osmotic pressure were major 

disadvantages. Another approach, ultrafiltration is a rapid way of estimating plasma 

protein binding with a potential disadvantage of non-specific binding of the drug to the 

filtration apparatus [203]. The volume of plasma or homogenates used in this high-

throughput 96-well approach was reduced to 125 µl per sample providing a significant 

reduction in the costs as well as increasing the output per run. 

 

The plasma protein binding for this benzonaphthyridine series correlated with Log D, but 

did not appear to have a major role in predicting the tumour pharmacokinetics in vivo [146]. 

Increasing lipophilicity typically results in increased protein binding as the hydrophobic 

forces drive interactions with plasma proteins. Basic compounds are known to have high 

affinity for alpha1-acid glycoprotein [204] due to their electrostatic interaction with acidic 

residues [205]. Elevated levels of alpha1-acid glycoprotein, which commonly occurs in 

cancer inflammatory diseases, may be partially responsible for the reduced VSS/F 

observed in tumour-bearing mice [206, 207]. 

 

The in vitro microsomal stability was greatest for the methyl derivative, which had the 

longest T½ (24 min) compared to the other derivatives in the series. The stability in liver 

microsomes was assessed by microsomal oxidation only, while other metabolic pathways 

such as glucuronidation may be involved. Further work needs to be done to determine the 

various metabolic pathways and excretory routes for the benzonaphthyridine derivatives 

and whether major differences exist between them. It could be speculated that the methyl 

derivative is less susceptible to metabolism within the tumour and the apparent increases 

metabolic stability may be partially responsible for its higher AUC and longer tumour 

retention in vivo. Little is known about the drug metabolising enzymes present or 

metabolic capacity of the Colon-38 tumour and this should be investigated further.   
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7.5 Pharmacokinetics in other tumour models 

The pharmacokinetics of the methyl derivative in mice were evaluated in a s.c. Lewis 

Lung murine tumour as well as in human melanoma xenografts inoculated in mice. The 

tumour/plasma ratios in these tumours were lower than those for the Colon-38 tumour, 

while concentrations in the normal tissue such as kidney were greater in mice with 

melanoma xenografts than tumour. Comparing the tumour (LLTC) pharmacokinetics to 

previously published results of other DNA binding anti-cancer agents such as doxorubicin, 

daunorubicin, asulacrine and DACA. SN 28049’s TPR was significantly higher (P < 1 x 10-

3) than these other drugs (see Table 7-3). This may be anomalous to the in vivo activity 

(growth delay or increase in life span) of SN 28049 in this tumour model, as shown in 

Table 7-4, which was also observed with doxorubicin, which had an insignificant ILS % of 

25 despite a high TPR of 26.1. On the contrary, asulacrine and DACA had high activity in 

mice with LLTC tumour and the yet the tumour exposures were only 2.2 and 18.5-fold 

greater than the corresponding plasma exposures, as compared to doxorubicin (26.1). 

Hence, higher AUCs in this tumour model may not necessarily translate to a superior anti-

tumour activity as SN 28049 is only less active (growth delay – 9 days) and other 

underlying cellular mechanisms may play a role. 

 

Differences in tumour vascularity are known to influence concentrations of the drug within 

a similar tumour type and may ultimately lead to a differential accumulation of the drug. 

This inter-tumour heterogeneity well known with human melanoma xenografts, may be 

attributed to tumour specific vascular networks [168, 208, 209]. These differences are most 

likely due to the differences in the production of angiogenic factors by the tumour cells, 

and/or in their ability to attract and stimulate normal cells to produce angiogenic factors 
[210]. It has also been shown that tumours derived from the same tumour when 

transplanted to different organs may develop highly different vascular networks [209, 211]. 

While there is no data supporting such differences in tumour vasculature among the 

various murine (Colon-38 and LLTC) and xenografted melanoma (NZM4, NZM10, NZM52 

and LOX IMVI) tumours used in this study; it may be speculated that vascular casting 

techniques and window chamber preparations to identify the structural basis for such 

inhomogeneities [212-214] may aid in explaining the differential retention of SN 28049. 

 

The highest tumour AUC was in the C57 mice with Colon-38 tumour (825-fold higher than 

plasma, Table 7-3) and was 5-fold greater than doxorubicin (438 µM.h). Comparing the in 

vivo activity, SN 28049 was curative after a single i.p. dose, while the other drugs tested 
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required repeated administration resulting in only a marginal to no activity (Table 7-4). 

The selective tumour uptake and longer retention of SN 28049 as determined by its 

pharmacokinetics may explain this correlation with its curative activity in this tumour 

model. 

 

 
Table 7-3 Plasma and tumour AUC after administration of DNA binding agents to either 

Lewis Lung or Colon-38 tumour-bearing mice. 

Lewis Lung Plasma AUC Tumour AUC TPR* Data Source 
Drug (µmol/kg) (µM.h) (µM.h)   

Doxorubicin (17.3) 6.4 167 26.1 [196] 
Daunorubicin (17.7) 28.1 62 2.2 [196] 

Amsacrine (57.7) 6 37 6.0 [147] 
Asulacrine (57.7) 31 68 2.2 [147] 

DACA (410.0) 23.4 431 18.5 [120] 
SN 28049 (25.0) 2.7 217 80.4 P. Lukka, unpublished data 

  

Colon-38 Plasma AUC Tumour AUC TPR* Data Source 
Drug (µmol/kg) (µM.h) (µM.h)   

Doxorubicin (17.3) 2.4 414 173 [154] 
SN 28049 (25.0) 2.8 2334 833 [215] 

 
*TPR – tumour to plasma AUC ratio. 
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Table 7-4 In vivo activity data of DNA binding anti-cancer agents in mice with LLTC and 

Colon-38 tumours. 

Lewis Lung, s.c.  Growth delay Data Source 
Drug (µmol/kg) (days)  

SN 28049 (26.3)a 9 B. Baguley, unpublished data 
      

a mice were dosed i.p. on days 0 and 7. 
 

Colon-38, s.c. Growth delay Data Source 
Drug (µmol/kg) (days)  

Doxorubicin (12.3)b 8 [118] 
Daunorubicin (7.2)b inactive [118] 
Amsacrine (31.0)b 2 [113] 
Asulacrine (33.8)b 8 [118] 

DACA (547.0)c 19 [118] 
SN 28049 (26.3)d curative (>20) [113] 

      
b mice were dosed i.p. on days 0, 4 and 8. 
c mice were given two doses (273.5 µmol/kg) 1 h apart. 
d mice were dosed i.p., single dose. 

 

Lewis Lung, i.v. ILS Data Source 
Drug (µmol/kg) (%)  

Doxorubicin (4.7)e 25 [111] 
Daunorubicin (7.4)e 12 [111] 
Amsacrine (31.0)e 42 [111] 
Asulacrine (33.8)f curative [111] 

DACA (274.0)f curative [112] 
   

e mice were dosed i.p. on days 5, 9 and 13. 
f mice were dosed i.p. on days 1, 5 and 9.
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7.6 Retention and antiproliferative activity in culture 

Retention of the benzonaphthyridine derivatives in Colon-38 cultures following washes 

with drug-free medium was quite high with the methyl derivative showing lower drug loss 

compared to the hydrogen and other more lipophilic analogues in this series. Additionally, 

experiments with other cell cultures (LLTC, NZM4, NZM10 and NZM52) confirmed this 

longer retention of the methyl derivative within tumour cells. 

 

Comparing the retention of the methyl derivative to DACA, a topoisomerase poison 

previously developed in the ACSRC, the uptake in LLTC cultures was rapid (20 sec) with 

more than 90 % of the drug washed out by the third wash [216]. It is inconclusive from 

these studies whether lipophilicity is responsible for this phenomenon as a more 

hydrophilic DACA derivative, 9-amino-5-methylsulfonyl DACA (Log P, 1.62) demonstrated 

a similar washout pattern from the cultures [217]. Another study with 

bis(carboxylato)dichlorido(ethane-1,2-diamine)platinum(IV) complexes (Figure 7.6) 

demonstrated that an increase in lipophilicity of the platinum compound increased their 

cellular accumulation (Figure 7.7, Table 7-5) [190]. 

 

In the benzonaphthyridine series, the IC50 values for Colon-38 cultures appeared to 

correlate in a non-linear fashion with lipophilicity, with the methyl derivative as the most 

potent. These results are not in agreement with a previous study with anthracycline 

analogues, where an inverse correlation between IC50 and lipophilicity was observed (i.e. 

more lipophilic analogues had lower IC50 values). Lipophilic analogues of doxorubicin and 

daunorubicin were also tested for their cytotoxicity in LoVo (doxorubicin sensitive) and 

Lovo/Dx (doxorubicin resistant) human colon adenocarcinoma cultures [86, 218]. Structural 

modifications were made either on: a) aglycone moiety; b) sugar moiety; or c) both sugar 

and aglycone moiety. Six analogues with varying lipophilicity (Figure 7.8) were chosen 

and their IC50 against LoVo cells determined as shown in Table 7-6. The increase in 

lipophilicity of the analogues decreased the IC50 values in the human colon 

adenocarcinoma (LoVo) cultures. The cellular uptake as measured by intracellular 

concentration was 10-times higher with the most lipophilic compound. 
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Figure 7.6 Chemical structure of platinum (IV) complexes. 
 

Table 7-5 Antiproliferative activity (IC50) and cellular accumulation of platinum (IV) 
complexes in human colon carcinoma (SW480) culture. Data summarised from 
Reithofer et al [190]. 

Compound Log P IC50 (µM) 
Pt accumulation 

(fg/cell) 

1 -- 95.0 6.6 

2 –0.8 16.0 19.7 

3 –0.3 4.1 59.8 

4 0.7 0.6 197.3 

5 1.7 0.2 541.4 
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Figure 7.7 Cell-associated benzonaphthyridine (hydrogen – butyl) concentrations, IC50 

values in Colon-38 culture, Pt accumulation and IC50 values of platinum (IV) 
complexes in human colon carcinoma (SW480) culture. Platinum complexes 
data from Reithofer et al [190]. 
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Figure 7.8 Chemical structures of anthracycline derivatives. 
 
Table 7-6 Lipophilicity and IC50 values of doxorubicin analogues in human colon 

adenocarcinoma (LoVo) cell line. Data from Facchetti et al [86]. 

Compound Log D IC50 (LoVo) 
Doxorubicin –0.3 60.0 ± 12.0 

Daunorubicin 0.2 42.0 ± 14.0 
Epirubicin 0.05 61.0 ± 2.0 

4'-deoxydoxorubicin 0.004 12.0 ± 0.7 
4'-demethoxydaunorubicin 0.9 5.4 ± 3.0 

4'-deoxy-4'-iododoxorubicin 1.5 6.0 ± 2.0 
 

Increasing lipophilicity was also thought to be advantageous to overcome multi-drug 

resistance. In a study by Bennis et al, more lipophilic analogues of daunorubicin, 4'-

demethoxydaunorubicin and pirarubicin were compared to doxorubicin [219] in doxorubicin 

resistant variants of MCF7, a human breast cancer cell line [220] and K562 leukaemia 

cultures [221]. In these cultures, (Table 7-7), pirarubicin and 4'-demethoxydaunorubicin 

were more potent than doxorubicin and had a much lower resistance factor. 
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Table 7-7 Resistance factors of doxorubicin, 4'-demethoxydaunorubicin and pirarubicin. 

[219]. 

Drug 
Log D Resistance 

factor (MCF7) 
Resistance 

factor (K562) 

Doxorubicin –0.3 1225 15 

4'-demethoxydaunorubicin 0.9 182 2.8 

Pirarubicin 2.3 345 3.3 

 
Table 7-8 Intracellular accumulation (nmol/106cells) of doxorubicin, 4'-

demethoxydaunorubicin and pirarubicin in doxorubicin-resistant MCF7 and 
K562 cells after a 2 h exposure [219]. 

Drug MCF7/doxR K562/doxR 

Doxorubicin 0.2 0.6 

4'-demethoxydaunorubicin 2.9 3.0 

Pirarubicin 9.7 19.1 

 

Cellular accumulation of pirarubicin and 4'-demethoxydaunorubicin was rapid, with the 

maximum concentration being reached after 1 h (Table 7-8). The greatest accumulation 

was observed for pirarubicin than 4'-demethoxydaunorubicin and doxorubicin. On the 

contrary, with the benzonaphthyridine series, the accumulation and the retention in Colon-

38 cultures did not correlate with lipophilicity. The methyl derivative (SN 28049) was 

observed to have unique properties (higher accumulation and longer retention) in culture, 

which supports the high exposure and retention observed in the tumours in vivo. While 

the mechanism for the unique uptake and retention of the methyl derivative is unkown, it 

can be speculated that greater sequestration into intracellular acidic vesicles or organelles 

compared to the other analogues, may be partially responsible. However this 

compartmentalisation of the compound within the cell may divert a drug from its intended 

target in the nucleous and thus reduce its activity. With the benzonaphthyridines, it is 

speculated that such sequestration may act as an intracellular pool for the active moiety, 

with a slow leaching out, or release of drug, prolonging its exposure to the nuclear taget 

and thus resulting in greater anti-tumour activity. 
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7.7 Future research 

 Since tumour retention and selectivity of the methyl derivative were demonstrated 

with the Colon-38 tumours in mice, in addition to moderate selectivity for 

melanoma xenografts and Lewis Lung tumours. It would be of interest to analyse 

in vivo drug retention in tumours with other sites of origin, such as brain. 

 Tumour concentrations measured in vivo represent an average measurement of 

the drug as the matrix was homogenised and it would be of interest to determine 

the tumour distribution of drug. Improved techniques utilising micro dialysis probes 

may allow sampling from different regions of tumour which may allow quantitating 

the diffusion efficiency of this drug more accurately. 

 Results from the experiments assessing the cell-associated drug revealed that 

each of the benzonaphthyridine derivatives was retained in culture (chapter 6). 

The intracellular disposition of these derivatives should be studied by techniques, 

such as confocal microscopy, imaging mass spectrometry such as secondary ion 

mass spectrometry (SIMS) [222, 223] to determine their subcellular localisation and 

whether differences between the analogues or between different tumour types are 

observed. 

 Tumour retention studies of the methyl derivative using cell lines may be extended 

to the primary cultures developed from tumour samples collected from cancer 

patients as well as in other colon cancer cell lines of both murine and human 

origin. 

 A small but significant susceptibility of each of the derivatives to multi-drug 

resistance was observed utilising cultures of CCRF-CEM leukaemia cultures over-

expressing MRP1 and P-gp. Further studies are required to complement the cell 

association studies (chapter 6) with retention/drug efflux studies.  

 The routes of excretion, metabolic pathways, metabolism within tumour and 

tumour cultures are not yet fully understood for this series and require further 

study.
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