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corresponding plasma AUC (2.9–5 μM h). Moreover, in 
vivo activity, as measured by tumour growth delay, var-
ied from 1 day (NZM4) to curative (Colon 38), consist-
ent with the tumour pharmacokinetic data. In cultured cell 
lines, SN 28049 was found in cytoplasmic bodies, sug-
gesting that drug sequestration could contribute to tumour 
pharmacokinetics.
Conclusion SN 28049 shows dramatic differences in 
both tumour AUC and antitumour activity against differ-
ent tumours. These differences point to the presence of a 
tumour-specific uptake and retention mechanism.

Keywords Antitumour · Benzonaphthyridine · 
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Introduction

DNA-intercalating compounds that poison the action of 
the enzyme topoisomerase II, causing it to induce DNA 
double-stranded breaks, have provided a rich source of 
experimental and clinical anticancer drugs. Amsacrine [1] 
and doxorubicin [2] were among the first such drugs to 
be characterised, but their discovery also raised important 
questions about tumour selectivity. Doxorubicin was active 
against a variety of carcinomas [3], but daunorubicin, a 
structurally highly similar congener, had a narrower spec-
trum of clinical activity encompassing mainly leukaemias. 
The basis for this difference in antitumour spectrum is not 
known, but an important clue was provided by pharmacoki-
netic studies of anthracycline derivatives, in which doxoru-
bicin was found to be taken up more effectively than dau-
norubicin by the murine Lewis lung tumour, particularly at 
early times, and was also more active against this tumour 

Abstract 
Purpose A variety of anticancer drugs, including doxoru-
bicin and mitoxantrone, have structures in which a DNA-
intercalating chromophore is linked to a positively charged 
side chain. These drugs generally inhibit tumour growth 
and survival by poisoning the enzyme DNA topoisomer-
ase II. SN 28049, a benzonaphthyridine derivative with 
these properties, has curative activity against the Colon 38 
tumour in mice. Previous pharmacokinetic studies have 
demonstrated tumour-selective retention with approxi-
mately 20-fold higher area under the concentration–time 
curve (AUC) for tumour tissue as compared to normal tis-
sues. We have investigated here whether such retention is 
tumour specific.
Methods Plasma and tissue pharmacokinetics were 
assessed in the murine Lewis lung (LL3) tumour in C57 
BL/6 mice and in xenografts of the NZM4, NZM10 and 
NZM52 human melanoma lines in Balb/c Rag-1 immu-
nodeficient mice. The in vitro cellular localisation of SN 
28049 in murine and human cell lines was studied by con-
focal fluorescence microscopy.
Results A 260-fold variation, from 8.9 μM h (NZM4) 
to 2,334 μM h (Colon 38), was found among the differ-
ent tumours. Only small variations were observed in the 
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[4]. This result suggested that differences in tumour tissue 
pharmacokinetics might be responsible for differences in 
antitumour activity.

The acridine derivative amsacrine is a synthetic topoi-
somerase II poison and its clinical activity, like that of 
daunorubicin, is restricted mainly to leukaemia [5]. Ana-
logues of amsacrine, as well as structurally related drugs 
that include a DNA-intercalating chromophore attached 
to a positively charged side chain, have been synthesised 
with the aim of developing broader clinical activity [6, 7]. 
In the course of testing these drugs, some benzonaphthy-
ridine derivatives, including the drug SN 28049 (structure 
in Fig. 1), were found to have outstanding activity against 
the murine Colon 38 tumour [8–10]. In vitro assessment 
of SN 28049 was carried out using a murine Colon 38 
tumour cell line and the human HCT116 colon tumour 
line [11], but did not produce a clear explanation for the 
observed high in vivo activity in comparison with other 
DNA-binding drugs [12]. However, a pharmacokinetic 
study in mice with subcutaneously implanted Colon 38 
tumours demonstrated selective and sustained retention of 
SN 28049 in tumour tissue [13]. The chromophore of SN 
28049 differs from that of earlier DNA-binding drugs in 
having a methyl-substituted ring amide (Fig. 1), raising the 
question of whether this motif contributes in some way to 
its high solid tumour activity. We therefore compared the 
pharmacokinetics of a homologous series of benzonaph-
thyridine derivatives in which the amide methyl group was 
replaced by hydrogen, ethyl, propyl or butyl. This study 
showed that small structural changes resulted in large dif-
ferences in tumour retention; for instance, changing the 
methyl group on the ring amide to hydrogen decreased the 
area under the concentration–time curve (AUC) in Colon 
38 tumour tissue by 89-fold, and changing it to an ethyl 
group decreased the AUC by 10-fold [14]. These structural 
alterations also decreased antitumour activity in vitro and 
in vivo but had little effect on DNA-binding properties. 

The results showed some similarity to the earlier data with 
doxorubicin and daunorubicin, where a small structural 
change affected both in vivo activity and in vivo pharma-
cokinetics [4].

An important question arising from the studies with 
SN 28049 is whether the high degree of SN 28049 reten-
tion observed in Colon 38 tissue is tumour specific. In 
this report, we have compared plasma, normal tissue and 
tumour tissue pharmacokinetics for Colon 38 with that for 
another murine tumour, Lewis lung, as well as for three 
human melanoma cell lines, grown as xenografts in immu-
nodeficient mice. We have also measured tumour growth 
delays induced by SN 28049 in these tumours and deter-
mined whether they are related to drug retention. Finally, 
we have compared the subcellular distribution of SN 28049 
in cultured, unfixed cells using fluorescence microscopy.

Materials and methods

Tumour cell lines

The Colon 38 tumour was obtained in 1981 from the 
Mason Research Institute, Worcester, MA, USA, and the 
Lewis lung tumour was obtained in 1977 from the Devel-
opmental Therapeutics Program of the National Cancer 
Institute. Both were maintained as transplanted subcutane-
ous tumours as described in [15]. The Co38P cell line was 
derived from the in vivo Colon 38 tumour as described in 
[11], while the LLTC cell line, obtained from Dr. R.C. Jack-
son (Warner-Lambert Company, Ann Arbor, MI, USA), had 
been developed from the in vivo Lewis lung tumour at the 
Southern Research Institute, Birmingham, AL, USA [16]. 
The NZM4, NZM10 and NZM52 melanoma cell lines 
were cultured from clinical samples from patients with 
metastatic melanoma as described in [17–19]. The Co38P 
and LLTC cell lines were maintained in α-modified mini-
mal essential medium (αMEM) (Gibco Life Technologies, 
Grand Island, NY, USA) supplemented with 100 units/mL 
of penicillin, 100 μg/mL of streptomycin (Sigma-Aldrich, 
St Louis, MO, USA) and 10 % foetal bovine serum (FBS) 
and grown at 37 °C in humidified conditions and 5 % CO2. 
The NZM cell lines were maintained in αMEM supple-
mented with insulin (5 μg/mL), transferrin (5 μg/mL) and 
sodium selenite (5 ng/mL) (Roche Applied Sciences, Pen-
zberg, Germany), 100 units/mL of penicillin, 100 μg/mL 
of streptomycin and 5 % FBS and were grown under low 
(5 %) oxygen conditions.

Tumour inoculation in mice

C57 BL/6 female mice were used for the inocula-
tion of Lewis lung, LLTC and Colon 38 tumours, while 

Fig. 1  Structure of SN 28049. The circle shows the cyclic amide 
region
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immunodeficient Balb/c Rag-1 female mice were used for 
inoculation of the human melanoma lines (NZM4, NZM10 
and NZM52). All experimental procedures, including 
blood collection in mice from the ocular sinus under iso-
flurane anaesthesia, were approved by the University of 
Auckland Animal Ethics Committee and conformed to 
the Guidelines for the Welfare of Animals in Experimen-
tal Neoplasia, as set out by the United Kingdom Co-ordi-
nating Committee on Cancer Research [20]. The in vivo 
Colon 38 and Lewis lung cell lines were transplanted 
subcutaneously as described in [15] except that C57 BL/6 
recipient mice were used. Cultured cell lines were grown 
in tissue culture flasks, recovered using 0.05 % trypsin 
(Gibco Life Technologies, Grand Island, NY, USA) in 
phosphate buffered saline (PBS), collected by centrifuga-
tion and the cell density quantitated using a Coulter coun-
ter. The growth medium was replaced by medium with-
out FBS and adjusted to give a cellular concentration of 
108 cells/mL. A 100 μL aliquot was injected subcutane-
ously into each mouse.

Formulation and dosing

SN 28049 as the free base (99 % pure by liquid chromatog-
raphy; MW 338) was synthesised in the Auckland Cancer 
Society Research Centre using published methods [8]. It 
was dissolved in PBS and injected intraperitoneally (i.p.) 
into female tumour-bearing mice (n = 3 per time point) at 
a dose of 17.4 (Balb/c Rag-1 mice) or 25 μmol/kg (C57 
BL/6 mice) (10 μL/g of body weight). This lower dose 
(17.4 μmol/kg) was the maximum tolerated dose in Rag-1 
mice. For reasons of economy, pharmacokinetic experi-
ments were carried out in tumour-bearing but not in non-
tumour-bearing mice.

Analysis of mouse plasma and tissue homogenates

Experiments were carried out when tumour volumes 
reached 0.3–0.5 ml, 15–20 days after inoculation. Blood 
and tissues (heart, kidney, liver and tumour) were col-
lected from anaesthetised mice at various time points after 
drug administration up to 72 h (0.08, 0.5, 1, 2, 4, 8, 12, 
24, 48 and 72 h) from C57 BL/6 mice with LLTC tumours 
and up to 24 h (1, 4 and 24 h) for the tumour xenografts 
(n = 3 mice per time point). Fewer time points were cho-
sen for the latter due to limited supply of Balb/c Rag-1 
mice. Plasma was separated from blood by centrifugation, 
and tissues, after washing with PBS, were homogenised 
in PBS. Samples were deproteinised and drug concen-
trations were measured using a validated LC–MS/MS 
method as described in [21].

Liquid chromatography–mass spectrometry (LC–MS/MS) 
analysis

The analyte and its deuterated internal standard (d7) were 
measured using a validated LC–MS/MS assay [21]. Sam-
ples (plasma and tissues) were deproteinised with 3 vol-
umes of ice-cold acetonitrile:methanol (3:1). The organic 
phase was separated by centrifugation (13,000×g, 5 min) 
and diluted (1:1) in mobile phase (0.01 % formic acid in 
water) prior to injection into the LC–MS/MS. The LC–
MS/MS system was an Agilent 1200 Rapid Resolution 
HPLC and Agilent 6410 triple quadrupole mass spectrom-
eter equipped with a multimode ionisation source (Agi-
lent Technologies, Santa Clara, CA, USA). Analytes were 
chromatographically separated using an Agilent Zorbax 
SB-C18 (50 × 2.1 mm, 5 μm) column. A gradient elution 
(flow rate 0.5 mL/min) was employed with a run time of 
7 min per sample. The assay had a lower limit of quantita-
tion (LLOQ) of 1 nM and was linear from 1 to 300 nM. 
Validation using plasma and mouse tissues showed accept-
able intra- and inter-assay precision (<7.1 %; <6.5 %), 
intra-assay accuracy (92.1 ± 5.5 %) and inter-assay accu-
racy (102.1 ± 5.5 %).

Pharmacokinetic data analysis

Concentration–time courses for plasma and tissues were fit-
ted to a non-compartmental model using Phoenix WinNonlin 
(Pharsight, Sunnyvale, CA, USA). Area under the concen-
tration–time curve was calculated by the log trapezoidal rule 
with extrapolation of the terminal slope to infinity by log-
linear regression (AUC 0–∞). Cmax (maximum concentra-
tion achieved) was derived and the elimination half-life (t½) 
and calculated from the equation t½ = ln(2)/λZ, where λZ 
is the rate constant associated with the terminal elimination 
phase for concentration data. The model-independent phar-
macokinetic parameters, clearance (CL) and volume of dis-
tribution at steady state (VSS), were calculated by the equa-
tions CL = F × Dose/AUC; VSS = (F × Dose × AUMC)/
(AUC)2, 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, and F is the bioavail-
ability after i.p. administration. Results were expressed as 
mean ± SEM. The statistical differences between the groups 
were calculated using two-way ANOVA by SigmaPlot 11 
(Systat Software Inc., San Jose, CA, USA). p values of <0.05 
were considered significant.

Tumour growth delay experiments

Experiments were carried out as described in [15] with 
treatment initiated when tumour diameters were 3–4 mm 
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(Colon 38 and Lewis lung), 4–5 mm (NZM4 and NZM52) 
or 3–5 mm (NZM10). Tumour diameters were measured 
with callipers three times weekly and volumes calculated 
as 0.52 × a2 × b, where a and b are the minor and major 
tumour axes. Mean tumour diameters in these experi-
ments did not exceed 12 mm, as recommended by guide-
lines [20].

Confocal microscopy of drug distribution in cultured cells

Cells were incubated for 1 h with SN 28049 (10 μM) at 
37 °C under humidified conditions. Growth medium was 
removed, and plates were washed three times with PBS 
supplemented with 10 % FBS and then re-suspended in 
PBS. Fluorescent images of live cells were obtained using 
a confocal laser scanning microscope (Leica TCS SP2; 
Leica Microsystems, Wetzlar, Germany) fitted with a water 
immersion UV objective with a numerical aperture of 0.9 
(HCX APO L 63 × 0.9 W UV). SN 28049 fluorescence 
emission was detected 400–586 nm with UV laser exci-
tation at 351 nm/364 nm. Transmitted light images were 

captured using the same objective. Images were acquired 
and processed using the Leica Confocal Software (LCS) 
version 2.61.

Results

Comparison of SN 28049 pharmacokinetics in murine 
tumours

Plasma and tissue pharmacokinetic data for Lewis lung 
tumour-bearing mice are shown in Fig. 2. Plasma, heart, 
kidney, liver and tumour pharmacokinetics are presented 
and compared with published data for Colon 38 tumour-
bearing mice [14], in Tables 1 and 2. The tumour AUC for 
Lewis lung (217 μM h) was less than one-tenth of that for 
Colon 38 (2,334 μM h) even though the plasma AUC val-
ues were similar. It was of interest that the AUC values for 
heart and liver tissue (but not kidney) in mice with Lewis 
lung tumours were significantly higher (p < 0.001) than the 
corresponding values for mice with Colon 38 tumours.

Fig. 2  Tissue concentrations of SN 28049 (mean ± SEM) for tumour, plasma, kidney, liver and heart after i.p. drug administration (25 μmol/
kg) to tumour-bearing C57 BL/6 female mice (n = 3 per time point)
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Comparison of SN 28049 pharmacokinetics in human 
tumour xenografts

Tissue pharmacokinetic data are shown in Fig. 3, and a 
comparison of plasma, heart, kidney, liver and tumour 
pharmacokinetics for the four tumours is shown in Tables 1 
and 3. The average AUC values are also compared graphi-
cally to the murine tumour data in Fig. 4. The tumour AUC 
values varied widely from 8.9 μM.h (NZM4) to 321 μM.h 
(NZM10) and the latter overlapped with the values for the 
murine tumours.

Relationship of SN 28049 pharmacokinetics to antitumour 
activity

In order to compare drug uptake/retention with antitumour 
activity, the effect of intraperitoneal administration of SN 
28049 on growth of subcutaneously implanted tumours in 
mice was tested. Tumour growth data for the Lewis lung 
tumour (Fig. 5) indicate that a single drug dose (26.3 μmol/
kg) induced a growth delay of 8 days but did not cause a 

complete remission, in contrast to the data for the murine 
Colon 38 tumour [10]. The lower activity in Lewis lung is 
consistent with the lower tumour tissue AUC (Figs. 2, 4). 
Three melanoma lines (NZM4, NZM10 and NZM52) were 
grown as subcutaneous xenografts and treated with SN 
28049. Because a dose of 26.3 μmol/kg was toxic to the 
Balb/c Rag-1 host, two intraperitoneal doses of 17.4 μmol/
kg were administered 7 days apart. The NZM4 xenograft 
showed minimal response to the drug, consistent with its 
very low tumour tissue AUC. In contrast, the NZM10 xeno-
graft showed a tumour tissue AUC of 321 μM h and was 
responsive to drug with a tumour growth delay of 12 days. 
The NZM52 xenograft showed a lower tumour tissue AUC 
of 99 μM h but showed an even longer tumour growth 
delay of 35 days (Fig. 5).

Cellular localisation studies

Preliminary solution studies found that SN 28049 was 
weakly fluorescent, but that fluorescence was quenched 
by the presence of DNA. To detect cell-associated SN 
28049 in cultured cells, a relatively high drug concentra-
tion (10 μM) was required. Studies were carried out using 
the LLTC and Co38P murine lines and the NZM4, NZM10 
and NZM52 human cell lines, using 1 h exposure time. The 
results (Fig. 6) indicated that all cells showed evidence of 
drug localisation in cytoplasmic bodies or vesicles.

Discussion

The results clearly demonstrate that SN 28049 accumu-
lates in vivo to different extents in different tumours. Since 
two of the tumours are syngeneic while three are xeno-
grafts, it is not possible to make complete comparisons. 
However, as measured by tissue AUC values, the Colon 38 
tumour showed a 262-fold higher drug exposure than the 
NZM4 xenograft, with other tumours showing intermedi-
ate values. The tumour AUC values in mice with Colon 38 

Table 1  Plasma pharmacokinetic parameters calculated from concentration–time profiles after i.p. administration of SN 28049 to C57 Bl/6 
(25 μmol/kg) or Balb/c Rag-1(17.4 μmol/kg) tumour-bearing female mice (n = 3 per time point)

Values are expressed as mean ± SEM
a From published data [21]

Host Tumour AUC (0–∞) (μM h) Cmax (μM) t½ (h) CL/F (l/h/kg) Vss/F (l/kg)

C57 BL6a None 2.8 ± 0.2 0.6 ± 0.01 3.2 ± 0.04 9.3 ± 0.5 42.6 ± 2.6

C57 BL6 LLTC 2.7 ± 0.02 0.9 ± 0.05 4.6 ± 0.4 10.3 ± 0.1 96.5 ± 4.6

C57 BL6a Colon 38 2.9 ± 0.2 0.6 ± 0.01 3.2 ± 0.1 9.3 ± 0.5 42.3 ± 2.6

Rag-1 NZM4 3.3 ± 0.2 0.4 ± 0.02 3.3 ± 0.5 5.3 ± 0.3 24.9 ± 3.4

Rag-1 NZM10 4.0 ± 0.3 0.6 ± 0.03 3.7 ± 0.2 4.7 ± 0.3 24.3 ± 1.1

Rag-1 NZM52 5.0 ± 0.1 0.6 ± 0.03 3.3 ± 0.2 3.5 ± 0.1 16.7 ± 1.0

Table 2  Tissue pharmacokinetic parameters calculated from concen-
tration–time profiles after i.p. administration of SN 28049 (25 μmol/
kg) to C57 BL/6 female mice with murine Colon 38 or Lewis lung 
tumours (n = 3 per time point)

Values are expressed as mean ± SEM
a From published data [21]

Tumour Tissue AUC (0–∞) 
(μM h)

Cmax (μM) t½ (h)

Lewis lung Tumour 216.5 ± 7.2 23.1 ± 0.6 9.3 ± 0.3

Liver 246.3 ± 13.3 54.1 ± 1.4 4.5 ± 0.2

Kidney 78.3 ± 2.3 25.5 ± 5.8 5.4 ± 0.4

Heart 220.1 ± 6.1 45.1 ± 0.2 4.7 ± 0.3

Colon 38a Tumour 2,334 ± 60 58.4 ± 0.7 17.5 ± 1.5

Liver 76.1 ± 5.1 39.2 ± 0.8 3.1 ± 0.02

Kidney 68.7 ± 8.3 22.8 ± 1.8 3.5 ± 0.2

Heart 87.8 ± 10.8 39.3 ± 1.7 3.7 ± 0.03
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and NZM10 tumours were higher than those for the cor-
responding normal tissues (Tables 2, 3). This was surpris-
ing because tumour tissue has a lower vascular density than 

normal tissue and a low rate of tissue diffusion, particularly 
for a DNA-binding drug [22]. For example, a study of the 
DNA-binding drug doxorubicin in mice bearing the murine 
Colon 26 tumour showed that the AUC for tumour tissue 
was 27 μM h, as compared to that for liver (110 μM h), 
kidney (207 μM h) and heart (67 μM h) [23]. Thus, the 
normal tissue AUC values for SN 28049 are comparable to 
those for doxorubicin, but the tumour tissue AUC values 
are much higher.

Plasma AUC values varied only over a 1.85-fold range 
for the five tumours (Table 1). Plasma AUC values for C57 
BL/6 mice and Rag-1 mice were comparable, even though 
a lower dose was used for the xenograft study. This is con-
sistent with the lower clearance in Rag-1 mice (Table 1) and 
the increased drug toxicity in these mice. It was of interest 
that kidney AUC values for the Rag-1 mice were on aver-
age 7.3-fold higher than those for the C57 BL/6 host mice, 
perhaps reflecting reduced renal clearance (Tables 2, 3). 
This could be a consequence of the mouse strain difference, 
including immunodeficiency status. Another feature of the 
tissue pharmacokinetics was that the presence of a tumour 
altered the pharmacokinetic profile of normal tissue; the 
liver tissue AUC in non-tumour-bearing C57 BL/6 mice 

Fig. 3  Tissue concentrations of SN 28049 (mean ± SEM) for tumour, kidney, liver and heart after i.p. drug administration (17.4 μmol/kg) to 
tumour-bearing Balb/c Rag-1 female mice (n = 3 per time point)

Table 3  Tissue pharmacokinetic parameters calculated from 
concentration–time profiles after i.p. administration of SN 28049 
(17.4 μmol/kg) to Balb/c Rag-1 female mice with NZM4, NZM10 or 
NZM52 tumour xenografts (n = 3 per time point)

Values are expressed as mean ± SEM

Tumour Tissue AUC (0–∞) (μM h) Cmax (μM) t½ (h)

NZM4 Tumour 8.9 ± 0.3 0.6 ± 0.03 7.9 ± 0.3

Liver 67.5 ± 2.2 12.1 ± 1.4 3.6 ± 0.2

Kidney 502.0 ± 41.0 67.3 ± 6.3 4.3 ± 0.1

Heart 183.0 ± 15.0 27.5 ± 1.0 4.3 ± 0.1

NZM10 Tumour 321.0 ± 34.0 19.1 ± 2.0 8.8 ± 0.4

Liver 220.0 ± 30.0 38.1 ± 0.3 4.1 ± 0.3

Kidney 441.0 ± 7.0 44.2 ± 0.7 4.3 ± 0.1

Heart 217.0 ± 8.0 26.5 ± 1.0 3.7 ± 0.1

NZM52 Tumour 99.0 ± 10.0 6.9 ± 0.8 6.3 ± 0.4

Liver 354.0 ± 42.0 46.8 ± 5.9 3.4 ± 0.1

Kidney 518.0 ± 6.0 59.6 ± 0.8 4.6 ± 0.05

Heart 198.0 ± 6.0 26.3 ± 1.2 2.3 ± 0.1
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was 174 ± 2.8 μM h [13], while that in Colon tumour-
bearing mice was significantly lower (76.1 ± 5.1 μM h; 
p < 0.001). A non-tumour-bearing control was not tested 
in the case of the Balb/c Rag-1 mice, but inspection of the 
data for the different tumour xenografts shows a range of 
AUC values in the liver from 67.5 ± 2.2 to 354 ± 42 μM h 

(Table 3). Only minor differences were observed for heart 
and lung tissue pharmacokinetics for the xenograft study, 
suggesting tissue-selective differences. A possible explana-
tion for this result is that the growth of tumour is known 
to be associated with increased cytokine activity [24], and 
cytokines are known to act on liver and other tissues to 
modulate the activity of drug-metabolising enzymes and 
drug transporters [25, 26].

Comparison of tumour pharmacokinetics and induced 
tumour growth delay are difficult, firstly because of widely 
different tumour growth rates; the approximate volume 
doubling times for Colon 38, Lewis lung, NZM4, NZM10 
and NZM52 tumours were 3.0, 1.0, 12, 5 and 7 days, 
respectively. Furthermore, the LLTC tumour utilised for 
the pharmacokinetic studies was a derivative of the Lewis 
lung tumour used in the growth delay studies and may not 
respond in the same way. Nevertheless, the lower activity 
of SN 28049 against the Lewis lung tumour is consistent 
with a lower tumour AUC, and the lack of activity of SN 
28049 against the NZM4 xenograft is consistent with its 
low tumour tissue AUC (Fig. 4).

It is apparent from the fluorescence images in Fig. 6 
that SN 28049 is concentrated in cytoplasmic bodies, 
probably vesicles, in a manner that have been observed 
previously with anthracycline antitumour drugs [27]. 
Further work on the quantitation and time course of drug 
uptake in cultured cells is in progress. No SN 28049 flu-
orescence was observed in the nucleus (Fig. 6), but this 

Fig. 4  a AUC values for murine tumours Lewis lung (LLTC) and 
Colon 38, as well as kidney, liver and heart of tumour-bearing C57 
BL/6 mice (25 μmol/kg). Data averaged from Fig. 2. b AUC values 
for xenografted tumours (NZM4, NZM10 and NZM52), as well as 
kidney, liver and heart of tumour-bearing Balb/c Rag-1 female mice 
(17.4 μmol/kg). Data averaged from Fig. 3

Fig. 5  Tumour growth delay data. C57 BL/6 mice with Lewis lung 
murine tumours were treated i.p. with SN 28049 at a single dose 
(26.3 μmol/kg). Published data for Colon 38 at the same dose [10] 
are shown for comparison. Balb/c Rag-1 mice with tumour xenografts 

(NZM4, NZM10 and NZM52) were treated i.p. with SN 28049 at two 
doses (17.4 μmol/kg) administered 7 days apart. Vertical bars indi-
cate SEM
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is likely to be a consequence of the strong quenching by 
DNA of SN 28049 fluorescence. Cells were also exposed 
to doxorubicin, whose fluorescence is not quenched by 
DNA, and fluorescence was found in both the nucleus and 
cytoplasm (data not shown), in agreement with reported 
data [27]. The cytotoxic activity of SN 28049, like that of 
doxorubicin, is thought to arise from its association with 
DNA and consequent induction of DNA damage [12]. 
Hence, the results suggest that SN 28049, like doxoru-
bicin, is present in at least two cellular sites: the nucleus, 
where DNA-bound drug generates cytotoxicity, and cyto-
plasmic vesicles, which may contribute to tissue distribu-
tion and pharmacokinetics. The results in Fig. 6 show a 
trend for tumours with the highest tissue-associated drug 
(AUC) to show the biggest therapeutic response. However, 
the observed large differences in the concentrations of tis-
sue-associated drug will not necessarily be directly related 
to cytotoxic activity because of sequestration in the cyto-
plasm. On the other hand, cytoplasmic drug may also con-
tribute to overall activity by trafficking within the tumour 
tissue; drug that is eliminated from the cell by exocytosis 
may be taken up by other cells distal to the blood supply, 

thus enhancing drug distribution and lengthening tumour 
exposure.

The tumour selectivity of topoisomerase II poisons is 
often regarded as being a function of the cellular enzyme 
activity, which dictates the degree of drug-induced DNA 
damage [28]. The present results suggest that tumour-selec-
tive cellular uptake mechanisms could play a key role in the 
selective action of at least some topoisomerase II poisons. 
A previous study [10] has shown that substitution of the 
methyl group on the N-2 position of SN 28049 with hydro-
gen results in an approximately fivefold decrease in growth 
inhibitory activity in culture but a 330-fold decrease in 
Colon 38 tumour tissue AUC, underlining the importance 
of pharmacokinetic factors in activity. The present results 
indicate that the selective action of SN 28049 is highly 
tumour dependent, suggesting that drug transport mecha-
nisms may be responsible for this selectivity. It is known 
that transporters for biological molecules can act on anti-
cancer drugs; for instance, the choline transporter has been 
shown to be involved in the uptake of nitrogen mustard 
[29], and expression of the carnitine transporter OCTN1 
has been shown in a study of the NCI-60 cell line panel 

Fig. 6  Subcellular distribution of SN 28049 in murine (Co38P and LLTC) and human cell lines (NZM4, NZM10 and NZM52), as determined 
by fluorescence microscopy. Drug images (orange) are overlaid with transmitted light images



1021Cancer Chemother Pharmacol (2013) 72:1013–1022 

1 3

to be a potential transporter for the topoisomerase II poi-
sons doxorubicin and mitoxantrone [30]. Identification of 
the transporter or other mechanism responsible for tumour-
selective retention of SN 28049 would provide the foun-
dation for a treatment strategy in which patients could be 
selected on the basis of having tumours with a high poten-
tial for SN 28049 retention.
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