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Abstract

Doxorubicin is one of the most effective chemotherapeutic agents available and
has gained widespread use in the treatment of numerous solid tumors and hematologic
malignancies. The therapeutic potential and use of doxorubicin, however, is limited by
its cumulative dose-dependent cardiotoxicity. There is a significant body of evidence
indicating that anthracycline-induced cardiotoxicity may be mediated by iron-based
oxygen free radical stress on the heart. Dexrazoxane attenuates anthracycline
cardiotoxicity and likely acts as a cardioprotective agent by diffusing into the cell and
hydrolyzing to its one-ring open intermediates B and C, and then to its fully rings-opened
metal ion-chelating form ADR-925. The objective of this project was to examine the
hydrolysis-activation of dexrazoxane, B and C, to ADR-925. In a rat model, ADR-925
was found to be rapidly formed in plasma following both a dexrazoxane and a B/C bolus,
indicating that the hydrolysis of B and C were enzymatically-mediated. This result was
also found in patients receiving dexrazoxane rescue from etoposide for cancer patients
with brain cancer metastasis from primary small cell lung cancer where ADR-925 was
formed rapidly after a dexrazoxane bolus. To further investigate the enzymatic role of B
and C hydrolysis in vitro, a purified dihydroorotase enzyme kinetic model showed that
both B and C were good substrates for dihydroorotase. To investigate the potential role
of dihydroorotase-mediated hydrolysis of B and C in vivo, dihydroorotase inhibitors
furosemide and S-aminoorotic acid were used in a rat model where significant decreases
in the formation of ADR-925 was observed. A suspension neonatal rat myocyte and
adult rat hepatocyte model also indicated that hydrolysis of C in the heart and liver was

dihydroorotase mediated. Dihydroorotase, in these cell models, was determined to be a



large contributor to the activation of C to ADR-925. Ultimately, dihydroorotase-

mediated hydrolysis of B and C provides a mechanism by which dexrazoxane may exert

its cardioprotective effects.

ii



Acknowledgments

I have been fortunate to interact with many people who have influenced me

greatly. One of the pleasures of finishing is this opportunity to thank them.

Firstly, I would like to thank my thesis advisor, Dr. Brian Hasinoff, for the advice,
support and encouragement that made this study possible. His enthusiasm, dedication
and enjoyment of the research is a true inspiration, and one I certainly did not take for
granted. His encouragement of my attending and presenting at international conferences
and participating in collaborations has truly enriched my program and developed my
appreciation of the vastness of the scientific community. My advisory committee
consisted of Dr. A. Mclntosh, Dr. C. Briggs, Dr. D. Sitar, and Dr. H. Perreault who
offered new insights to my work during our annual meetings of which I am also thankful.
I would also like to express my gratitude to Dr. Sitar who helped me fully appreciate the
complexities of pharmacokinetics through both course work and examination of my

thesis.

I also benefited greatly from my fellow graduate students, post doctoral fellows,
and visiting professors within our faculty. A special thank you to Dr. Rosemary Marusak
who showed me great kindness and personal generosity of spirit during her year long stay
in Winnipeg. Daywin Patel, Xing Wu, and Junzhi Yao were my sounding boards for new
ideas and went out of their way to encourage me. In particular, Daywin Patel was
consistently irreplaceable with an ability to fix anything, learn anything, and laugh at
everything. I have also been fortunate to meet people who I now consider great friends,

among them two truly special people, Kimi Guilbert and Debrah Keling.

I would also like to acknowledge the financial support of the Canadian Institute of

Health Research (CIHR) and the Manitoba Health Research Council (MHRC).

il



Table of Contents

ADSITACE. .. ... i
Acknowledgements. .. ................. 11
Table of COMENtS. ..o v
List OF FIGUI®S. .. ... ix
List of Tables............oooooi Xviii
List of Abbreviations......................... . XXV
1.0 Chapter 1: Introduction ... 1
1.1 Anthracyclines in the treatment of cancer......................................... 1
1.1.1 The clinical use of doxorubicin ... 1
1.12 Proposed mechanisms of anthracycline antitumor action......................... 3
113 Anthracycline-induced cardiotoxicity in patients................................. 3
1.1.4 Mechanism of anthracycline-induced cardiotoxicity: the role of iron............ 4
1.2 Protection against anthracycline-induced cardiotoxicity by dexrazoxane.............. 7
1.2.1 The synthesis and development of dexrazoxane......................................... 7
122 Preclinical studies of dexrazoxane-mediated cardioprotection against
anthracycline cardiotOXiCity ......... ..o 9
123 The clinical use of dexrazoxane......................c.ccococoioei 10
124 Hydrolysis activation and chemistry of dexrazoxane ............................ 11
1.2.5 Enzymatic activation of dexrazoxane ......................c.cccoiio 13
1.2.6 Mechanism of dexrazoxane-mediated cardioprotection: a case for iron
Chelation ... e 18
1.2.7 The current and future status of dexrazoxane in preventing anthracycline-
induced cardiotOXICItY ..........ocoi oo e 19
1.3 Protection against anthracycline-induced cardiotoxicity by other agents............. 21
1.4 Dexrazoxane as a topoisomerase II inhibitor: a new clinical application............. 21
1.4.1 Topoisomerase IT inhibition......................ccooooooooooee 22
1.42 Preventing systemic toxicity from topoisomerase II poisons with
AEXTAZOXANC ..ottt 22
1.5 Questions addressed in this WOTK ......................ocooooiii e 23
L6 REIEIONCOS ..ot 26
Chapter 2 The doxorubicin-cardioprotective drug dexrazoxane and its one-ring
open intermediates undergo metabolism in the rat to its metal ion-chelating form
ADR-I25 e 36

v



2.1 INtrOdUCHION ... e 36

2.2 Materials and Methods. ... 38
221 MALETIAlS ... 38
222 Animal handling and sur@ery ... 39
223 Dosing and sample collection...........................ooocooiiooie o 40
224 DHPase-mediated biosynthesis of the B/C mixture.................................... 41
225 Preparation of ADR-925 from dexrazoxane for ADR-925 infusion studies. 42
226 Precipitation of plasma proteins ..................c.occooeoiiioo 43
227 Preparation of liver, heart, and brain homogenates .................................. 43
228 Treatment of liver, heart, and brain homogenates to determine total

dexrazoxane, B, C, and ADR-925 tissue levels..................................... 44
229 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,

and ADR-O25 ... 44
2.2.10  HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-925 in

Tat PlASIA. ... 46
2211  Analysis of ADR-925 using the fluorescent dye calcein ............................ 47
2212  ADR-925 calibration plots using the fluorescent dye calcein..................... 50
2213 Data AnalysiS.......occoovoiioiiiiio oo 50

23 RESUIES ... 51

231 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,
and ADR-O25 . 51
232 HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-925 in
Tat PIASINA. ...t 57
233  Selectivity of Co™ for ADR-925........coccocoviimimooooooooeooe 64
234 ADR-925 calibration plots using the fluorescent dye calcein.................... 67
235 Metabolism of dexrazoxane to B and C after an i.v. bolus of dexrazoxane..70
23.6 Metabolism of B and C to ADR-925 after ani.v. bolusof B/C ................ 81
2.3.7 Distribution of ADR-925 after a 20 mg/kg ADR-925bolus........................ 91
238 Determination of ADR-925 bound to transition metals in rat plasma.......... 96

24 DISCUSSION ...ttt 97
24.1 Metabolism of dexrazoxane, B, C, and the distribution of ADR-925 .......... 97
242 Detection of ADR-925 in tissue homogenate supernatants of rats dosed with

dexrazoxane, B/C mixture, or ADR-925 ... oo 99
243 Iron chelation by ADR-925, the active form of dexrazoxane .................... 101
244 Enzymatic contribution of dexrazoxane and B/C hydrolysis to ADR-925.101

2.5 REETENCES ..ottt 104

Chapter 3: The metabolism of dexrazoxane used as a rescue agent in cancer

patients treated with high-dose etoposide....................................................... 108

3.1 INITOAUCHION ... 108

3.2 Materials and Methods. ... 109
321 Materials ... ..oooiiiiii e 109
322 Patient eligibility and characteristics ..., 110
323 TRETADY ..o 111
32.4 Sample collection and treatment......................oooooiiiiiiii e 111



2.5 Precipitation of plasma proteins ... 112

3.2.6 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,
and ADR-925 . e 113
327 HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-925 in
human plasma ... 115
328 Fluorescence flow injection analysis of ADR-925 .................................. 115
329 Precipitation of plasma proteins ... 116
3.2.10  Detection of etoposide in human plasma ..o, 116
3.2.11 HPLC quantitation of etoposide in human plasma ................................... 117
3212 Data analySiS.......cooiiiiiiii e 117
3.3 RESUIS oo 118
33.1 HPLC separation of etoposide, dexrazoxane, B, C, and ADR-925............ 118
332 Calibration plots: quantitation of etoposide, dexrazoxane, B, C, and ADR-
S e 124
333 Data analySIS.......ocoiiiiiiiiii oo 131
334 Dexrazoxane pharmacokinetics ................ocoiioiiiiiiioii e 132
335 Pharmacokinetics of the dexrazoxane metabolites .................................... 135
3.3.6 Pharmacokinetics of ADR-925 ..., 138
33.7 Etoposide pharmacokinetics ... 143
3.4 DHSCUSSION .ottt 148
3.4.1 Pharmacokinetics of dexrazoxane.............................cccoe 148
342 Dexrazoxane metabolism to intermediates Band C................................. 148
343 B and C metabolismto ADR-925 ... ..., 150
3.44 Pharmacokinetics of etoposide ..o 152
3.5 REIEINCES .....ooiiiiiiiiiii e 154

4.0 Chapter 4: Dihydroorotase catalyzes the ring opening of the hydrolysis

intermediates of the cardioprotective drug dexrazoxane................................ 159
4.1 INtrodUCHION ... 159
4.2 Materials and Methods.................ooiiiiiii o 162
42,17 MaLerialS .....oiiiiiiiiiiioi i 162
4.2.2 Preparation and separationof Band C...........................oo 162
4.2.3 Determination of the purity of Band Cby HPLC ....................................... 163
424 Kinetics of DHOase-catalyzed hydrolysis of B, C and dihydroorotate .......... 163
4.2.5 Inhibition of DHOase-mediated hydrolysis of C..........................o 165
4.2.6 Test to determine whether ADR-925-925 is a DHOase inhibitor.................. 165
4.2.7 Test to determine whether dexrazoxane is a substrate for DHOase ............... 165
4.2.8 Quantitation of ADR-925, the product of DHQase-catalyzed hydrolysis of B
ANA C Lo 165
4.2.9 HPLC analysis of B, C, ADR-925 .. ... .. i, 166
4.2.10 HPLC analysis of dihydroorotate .....................cc.ooooiioiiiii 167
4.2.11 HPLC calibration plots: quantitation of B, C, ADR-925, and dihydroorotate......
................................................................................................................ 167
4.2.12 Datad ANALYSIS....cocoiiiiiiiieie e 167
A3 RESUMS .o 168

vi



4.3.1 HPLC quantitation of dihydroorotate, B, C, and ADR-925........................ 168
4.3.2 HPLC calibration curves for dihydroorotate, B, C, and ADR-925 ... 173
4.3.3 Initial velocities of DHOase-catalyzed hydrolysis of dihydroorotate, B, and C ...
................................................................................................................... 178
4.3.4 Kinetics of DHOase-catalyzed hydrolysis of dihydroorotate, Band C.......... 182
4.3.5 ADR-925 does not cause product inhibition of DHOase............................... 185
4.3.6 Dexrazoxane is not a substrate for DHOGSE...............ooooooovoiooiio 185
4.3.7 ADR-925 is the product of DHOase mediated hydrolysis of Band C ........... 187
4.3.8 The effect of DHOase inhibitors on DHOQase-catalyzed hydrolysis of C ....... 187
4.4 DISCUSSION ...otiiiiiiiiii ittt 188
4.4.1 DHOase-mediated hydrolysis of Dihydroorotate ........................................ 188
4.42 DHOase-mediated hydrolysisof Band C.....................cccoooiii 188
4.43 Molecular modeling of Band Cin E. coli DHOaS€ ...........c..cc.oocvviivoi 189
444 DHOase-mediated hydrolysis of B and C: A basis for dexrazoxane protection
against anthracycline-induced cardiotoxicity ...............cocoeeeevioiioii 190
4.5 REETENCES ..ottt e 192
Chapter 5: The effect of DHPase and DHOase inhibition on the metabolism of
dexrazoxane and its one-ring open intermediates to ADR-925intherat ... . 195
5.1 INErOAUCHION ... 195
5.2 Materials and Methods...............ooo e 198
52.1 IMAEETIALS ... 198
522 Animal handling and surgery ... 198
523 Dosing and blood collection ..o 198
524 Precipitation of rat plasma proteins ... 200
525 Quantitation of dexrazoxane, B, C, and ADR-925 ................................. 200
526 Preparation of heart, liver, and brain tissue homogenates......................... 200
527 Data analysiS.........cooooiiiiiiiii i, 200
53 RESUILS ... 201
53.1 Pharmacokinetic analysis of the data.................................oo 201
532 Dexrazoxane metabolism to B, C, and ADR-925 after a 20 mg/kg i.v. bolus
of the DHPase and DHOase inhibitor furosemide (20 mg/kg).................. 203
533 Metabolism of dexrazoxane to ADR-925 after a 20 mg/kg i.v. bolus of the
DHOase inhibitor 5-aminoorotic acid ... 211
534 Metabolism of B/C to ADR-925 after a 20 mg/kg i.v. bolus of the DHOase
inhibitor 5-aminoorotic acid ...................oooiii o 219
54 DISCUSSION ..ottt 226
54.1 The effect of DHPase/DHOase inhibitor furosemide on dexrazoxane
metabolism inthe rat...................... 226
542 The effect of DHOase inhibition on dexrazoxane metabolism in the rat.... 229
543 The effect of DHOase inhibition on B/C metabolism to ADR-925............ 231
5.5 REIEIOMCES ..o 235

vil



6.0 Chapter 6: Metabolism of dexrazoxane and its one-ring opened

intermediates by the isolated neonatal rat myocytes and adult rat hepatocytes.....240
6.1 INErOAUCHION ... e 240
6.2  Materials and Methods. ... 243
6.2.1 MALETIALS ... 243
6.2.2 Neonatal rat cardiac myocytes isolation......................c.coooooeioi 243
6.2.3 Collagenase liver perfusion of adult rat hepatocytes................................. 244
6.2.4 Blood collection from adulit rats for in vitro dexrazoxane and dexrazoxane
metabolite hydrolysis studies......................ooii e 245
6.2.5 Blood collection from human volunteer for in vitro dexrazoxane and
dexrazoxane metabolite hydrolysis studies ..................c..ccoooii 246
6.2.6 Preparation of cell suspension media and physiological buffers................ 246
6.2.7 Hydrolysis of dexrazoxane, C or dihydroorotate in the presence of neonatal
rat myocytes and adult rat hepatocytes ... 247
6.2.8 Dexrazoxane hydrolysis in hepatocyte suspension buffer supernatant....... 249
6.2.9 Hydrolysis of dexrazoxane, C or dihydroorotate in blood, blood plasma, and
45 mg/ml HSA L 249
6.2.10  HPLC separation of dexrazoxane, C, and dihydroorotate from o-MEM ... 250
6.2.11  HPLC calibration plots: quantitation of dexrazoxane, C, and dihydroorotate
I O-MEM. 251
6.2.12  Data ANalySIS....c.ccooiiiiiiiii e 251
6.2.12.1 Determination of statistical significance between substrate hydrolysis rates
......................................................................................................... 251
6.2.12.2 Determination of the degree of inhibition .................................c.o. 252
6.3 ReSUMS ... 252
63.1 HPLC separation of dexrazoxane, C, and dihydroorotate from o-MEM ...252
632 HPLC calibration plots: quantitation of dexrazoxane, C, and dihydroorotate
I O-MEM. . 253
6.3.3 Dexrazoxane metabolism in neonatal rat myocyte suspensions................. 260
6.3.4 Dexrazoxane metabolism to ADR-925 in an adult rat hepatocyte suspensions
................................................................................................................ 264
6.3.5 Dexrazoxane hydrolysis in hepatocyte supernatant suspension buffer....... 268
6.3.6 The effect of DHOase inhibition on C metabolism in neonatal rat myocyte
SUSPEIISIONS ...ttt ettt et ettt e et et e et 270
6.3.7 Dihydroorotate metabolism in neonatal rat myocyte suspensions.............. 275
6.3.8 The effect of DHOase inhibition on the metabolism of C in a suspension of
primary adult rat hepatoCytes.............oocooviiiiiiiiiieeeeeee 280
6.3.9 Incubation of dexrazoxane, C, and dihydroorotate in rat and human blood/
and Plasma ... 285
6.3.10  The effect of metal ion chelation by DTPA on C hydrolysis in rat plasma 293
6.3.11  Hydrolysis of dexrazoxane and C by human serum albumin (HSA).......... 297
6.4 DISCUSSION ..ouiiiiiiiiii e, 300
6.4.1 Dexrazoxane metabolism in neonatal rat myocyte and adult rat hepatocyte

SUSPEIISIONS ...ttt 300

viii



6.4.2 The effect of DHOase inhibition on the hydrolysis of C in neonatal rat

6.4.3
6.5

myocyte and adult rat hepatocyte suspensions ....................c.oooeeveioii .
Hydrolysis of dexrazoxane and C in rat and human blood plasma
References

X



List of Figures

Figure 1.1 Structures of chemotherapeutic anthracyclines doxorubicin, daunorubicin, and
EPITUDICIIL Lot 2

Figure 1.2 Generation of free radicals via iron mediated redox cycling between quinone
and semiquinone form of doxorubicin. Where F/FH,, oxidized/reduced flavoproteins
(NADH cytochrome P450 reductase). ............c.oocoovooioeooeooeeoeoeeo 6

Figure 1.3 Chemical structures of razoxane (racemic), dexrazoxane, and levrazoxane. ... 8
Figure 1.4 Reaction scheme for the hydrolysis of dexrazoxane. ..................................... 13
Figure 1.5 Chemical structures of dexrazoxane, ADR-925, and EDTA. .................... 17

Figure 2.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,

and its strongly metal ion-chelating form ADR-925. ... 38
Figure 2.2 HPLC chromatograms of the separation of dexrazoxane in plasma from a rat
dosed with an 1.v. bolus of 40 mg/kg dexrazoxane hydrochloride. ...................... 52
Figure 2.3 HPLC chromatograms of the separation of Metabolite C in plasma from a rat
dosed with an 1.v. bolus of 40 mg/kg dexrazoxane hydrochloride. ......................... 53
Figure 2.4 HPLC chromatograms of the separation of Metabolite B in plasma from a rat
dosed with an 1.v. bolus of 40 mg/kg dexrazoxane hydrochloride. .......................... 54
Figure 2.5 HPLC chromatograms of the separation of ADR-925in plasma from a dosed
with an 1.v. bolus of 40 mg/kg dexrazoxane hydrochloride.....................cc.ccooi.. 55
Figure 2.6 HPLC chromatograms of the separation of Metabolite B and C in plasma
from a rat dosed with an i.v. bolus of 20 mg/kg B/C mixture. ..............c.ocooii . 56
Figure 2.7 HPLC calibration curve of dexrazoxane in rat plasma.................................. 61
Figure 2.8 HPLC calibration curve of C inrat plasma..........................ccccoein.. 61
Figure 2.9 HPLC calibration curve of B inrat plasma ..................c.ocoocoeioiioieeece e 62
Figure 2.10 HPLC calibration curve of ADR-925 inrat plasma ............ccococooeeveeieenn. 62
Figure 2.11 HPLC calibration curve of B in rat plasma for rats dosed with 20 mg/kg of a
B/C MIXTUTE Lo, 63
Figure 2.12 HPLC calibration curve of C in rat plasma for rats dosed with 20 mg/kg of a
B/C MIXTUTE L.t e, 63
Figure 2.13 Dexrazoxane, B, and C do not interfere with ADR-925 quantitation using
the fluorescent dye CalCein. ................ocoiiiiiii e, 66
Figure 2.14 Displacement of Mg”* and/or Ca** from the Mg*-ADR-925 or Ca**-ADR-
925 COmMPIEX DY CO™ ... oot 66
Figure 2.15 Fluorescence plate reader (A, 485 nm, A, 520 nm) ADR-925 calibration
CUIVE 1N TAL PIASITIA ..o, 69



Figure 2.16 Fluorescence flow injection (Aex 496 nm, Aep, 518 nm) ADR-925 calibration
CUrVe I Tat PIASMA ..o 69

Figure 2.17 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 1 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. ............................. 73

Figure 2.18 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 2 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. ...................................... 73

Figure 2.19 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 3 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. ..., 74

Figure 2.20 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 4 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. ................................ 74

Figure 2.21 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 5 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride........................................ 75

Figure 2.22 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 6 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride......................................... 75

Figure 2.23 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 7 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride......................................... 76

Figure 2.24 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 8 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. ......................................... 76

Figure 2.25 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 9 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride..............................c . 77

Figure 2.26 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 10 after an
i.v. dose of 40 mg/kg of dexrazoxane hydrochloride. .......................................... 77

Figure 2.27 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 11 afier an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride....................................... 78

Figure 2.28 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 12 after an
1.v. dose of 40 mg/kg of dexrazoxane hydrochloride. .......................................... 78

Figure 2.20 Average rat plasma concentrations of dexrazoxane (O), B (4A), C (V),
ADR-925 (<), and sum of the concentrations of dexrazoxane, B, C, and ADR-
925 (@) after an i.v. dose of 40 mg/kg of dexrazoxane hydrochloride................. 79

Figure 2.30 Ratio of the averaged B:C plasma concentrations as a function of time....... 79

Figure 2.31 Plasma concentrations of B, C, and ADR-925 for rat 1 after a 20 mg/kg dose
(1.v.bolus) of a B/C MIXtUIe. .......ccoooiiiiiiiiei e 85

Figure 2.32 Plasma concentrations of B, C, and ADR-925 for rat 2 after a 20 mg/kg dose
(1v. bolus) of a B/C MIXTUTe. ......ooooiiiiiiiii e 85

Figure 2.33 Plasma concentrations of B, C, and ADR-925 for rat 3 after a 20 mg/kg dose
(1.v. bolus) of a B/C MiXtUre. ............ccoooiiiiiiiiiiiii e 86

X1



Figure 2.34 Average plasma concentrations of B, C, and ADR-925 and the sum of the
concentrations of dexrazoxane, B, C, and ADR-925 after a 20 mg/kg dose ( i.v.
bolus) of @ B/C MIXtUIe. ... 86

Figure 2.35 Metabolite pharmacokinetic modeling of ADR-925 to equation 2.7 in rats
dosed with 20 mg/kg of a B/C mixture for the first 30 min. ................................ 90

Figure 2.36 Plasma concentrations of the distribution of ADR-925 for rat 1 after an ADR-
9251.v. dose of 20 MB/KE. .....voovieo e 94

Figure 2.37 Plasma concentrations of the distribution of ADR-925 for rat 2 after an ADR-
925 1.v. dose of 20 ME/KG. ..o 94

Figure 2.38 Plasma concentrations of the distribution of ADR-925 for rat 3 after an ADR-
9251.v. dose of 20 mg/KE. ....oooooiiiii 95

Figure 2.39 Average plasma concentrations of ADR-925 after dosing the rats with 20
ME/kg ADR-O25. ... oo 95

Figure 3.1. HPLC chromatogram of the separatlon of B in the plasma of patient 5 who

received an i.v. bolus of 1000 mg/m® dexrazoXane. ................ccoooovoveoevo 119
Figure 3.2. HPLC chromatogram of the separation of dexrazoxane in the plasma of

PALIENE 5. e 120
Figure 3.3. HPLC chromatogram of the separation of C in the plasma of patient 5. ..... 121
Figure 3.4. HPLC chromatogram of ADR-925 separation in human plasma. .............. 122
Figure 3.5. HPLC chromatogram of the separation of etoposide in the plasma of patient 4

who received an etoposide dose of 500 mg/.M............o.cococoviirreereoee, 123
Figure 3.6. Dexrazoxane calibration curve...........................coocoooioi i 128
Figure 3.7. B calibration CUIVe ..................cooiiiii e 128
Figure 3.8 € calibration CUIVE ..............c..ooiiiiiiieee e 129
Figure 3.9 ADR-925 calibration CUIVE...............cccooiiiiiioiic e, 129
Figure 3.10. ADR-925 calibration curve using the fluorescent dye calcein ................ 130
Figure 3.11. Etoposide calibration Curve.................ocooooioioooo oo 130

Figure 3.12. The ratio of the averaged intermediate B/C plasma concentrations as a
function of tMe. ... 138

Figure 3.13. Plasma levels of dexrazoxane and dexrazoxane metabolites for patient 1
dosed with 1500 mg/m> deXrazoXane. ..............o.cocooovvovoooooeeeeeeeeeoeee 140

Figure 3.14. Plasma levels of dexrazoxane and dexrazoxane metabolites for patient 2
dosed with 1500 mg/m® deXrazoXaANE. ..............cooooooeoooeo oo 140

Figure 3.15. Plasma levels of dexrazoxane and dexrazoxane metabolites for patient 3
dosed with 1500 m@/m® deXrazoXane. ..............ocovcvvoveeroveeeeeeseseeeeseeeeeeeeon. 141

x1i



Figure 3.16. Plasma levels of dexrazoxane and dexrazoxane metabolites for patient 4
dosed with 1500 mg/m® deXrazoXane. ...........cocoooovovooeeoeooooeooo 141

Figure 3.17. Plasma levels of dexrazoxane and dexrazoxane metabolites for patient 5
dosed with 1000 mg/m? deXIazoXane. ..............ococooooooooo oo 142

Figure 3.18.  Average plasma concentrations of dexrazoxane and dexrazoxane
metabolites (both normalized to 1500 mg/m?) and the sum of the concentrations of
dexrazoxane, B, C, and ADR-925 for all 5 patients after an i.v. dose of 1500 mg/m’
AEXTAZOXAIIE. ...ooveeee e e 142

Figure 3.19 Plasma concentration of etoposide for patient 1 after an i.v. dose of 650
ME/M? @EOPOSIAC. ... oo 145

Figure 3.20 Plasma concentration of etoposide for patient 2 after an i.v. dose of 500
/M BLOPOSIAC. ... oo oo, 145

Figure 3.21 Plasma concentration of etoposide for patient 3 after an i.v. dose of 500
MG/ GLOPOSIAC. (...t ettt et 146

Figure 3.22 Plasma concentration of etoposide for patient 4 after an 1.v. dose of 500
M/ @EOPOSIAC. ..o oo 146

Figure 3.23 Plasma concentration of etoposide for patient 5 after an 1.v. dose of 1000
MG/ @LOPOSIAC. ... oot 147

Figure 3.24 Average plasma concentration of etoposide (normalized to 500 mg/m?) for all
5 patients after an i.v. dose of 500 mg/m® etoposide. .............ccocveciiveoieieeeeeena. 147

Figure 4.1 a, reaction scheme for the hydrolysis of dexrazoxane to B and C and ADR-
925; b, DHOase-catalyzed reversible reaction of L-dihydroorotate to N-carbamoyl-
aspartate; ¢, structure of the DHOase inhibitors S-aminoorotic acid and fursemide.

................................................................................................................................. 161
Figure 4.2 HPLC chromatogram of the separation of metabolite B separation from CAD
protein stabilizing COMPONENTS ...........ccouiiiiiieiiiie e 169
Figure 4.3 HPLC chromatogram of the separation of metabolite C separation from CAD
protein stabilizing COMPONENtS .............cocooiiiiiiiiieie e 170
Figure 4.4 HPLC chromatogram of the separation of ADR-925 separation from CAD
protein stabilizing COMPONENTS ......cc.oiiiiiiiiii e 171
Figure 4.5 HPLC chromatogram of the separation of dihydroorotate separation from
CAD protein stabilizing COMPONENTS............ccooi it 172
Figure 4.6 HPLC calibration curve of B in 0.09 % DMSO (V/V) ..ccooooiiiiiiiie 176
Figure 4.7 HPLC calibration curve of C in 0.09 % DMSO (V/V).....ooooiiiiii 176
Figure 4.8 HPLC calibration curve of Dihydroorotate in 0.09 % DMSO (v/v) ............ 177
Figure 4.9 HPLC calibration curve of ADR-925 in 0.09 % DMSO (V/V)....ccooovnirnnn. 177
Figure 4.10 Initial velocity plots for the DHOase-catalyzed hydrolysisof B ................ 180
Figure 4.11 Initial velocity plots for the DHOase-catalyzed hydrolysisof C................ 181

xiii



Figure 4.12 Initial velocity plots for the DHOase-catalyzed hydrolysis of dihydroorotate
................................................................................................................................. 182

Figure 4.13 Initial velocities (v,) for the rate of loss of B by the action of DHOase. ... 183
Figure 4.14 Initial velocities (v,) for the rate of loss of C by the action of DHOase. ... 183

Figure 4.15 Initial velocities (v,) for the rate of loss of dihydroorotate by the action of
DHOBSE. ... 184

Figure 416 Initial velocity plots for the DHOase-catalyzed hydrolysis of C without
DHOase (o) and with DHOase(O) in the presence of 1 mM 5-aminoorotic acid (A),
furosemide ('¥), and 4-chlorobenzenesulfonamide (¢) in Tris buffer (pH 7.4) at 15

°C in the presences of 2 mg/ml DHOGSE. ..............ocoooovieeieeeeeeeeeeeeee 184
Figure 4.17 Initial velocity plots for the DHOase-catalyzed hydrolysis of dihydroorotate
by the action of DHOase with (O) and without () ADR-925......................... 186
Figure 4.18 Hydrolysis of dexrazoxane with (®) and without (O) DHOase................. 186

Figure 5.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,
and its strongly metal ion-chelating form ADR-925. ... 197

Figure 5.2 Structures of DHOase inhibitor 5-aminoorotic acid (a) and the DHPase and
DHOase mhibitor furosemide (D). ... 197

Figure 5.3 Plasma concentrations of dexrazoxane, B, C, and ADR-9235 for rat 1 after an
1.v. bolus of 40 mg/kg dexrazoxane hydrochloride 5 min after an i.v. bolus of the
DHPase mhibitor furosemide (20 mg@/Kg). ... iiioioioeeeeeeeee 207

Figure 5.4 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 2 after an
1.v. bolus of 40 mg/kg dexrazoxane hydrochloride 5 min after an i.v. bolus of the
DHPase inhibitor furosemide (20 m@/KE). ........ooooiioiio oo 207

Figure 5.5 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 3 after an
1.v. bolus of 40 mg/kg dexrazoxane hydrochloride 5 min after an i.v. bolus of the
DHPase inhibitor furosemide (20 m@/Kg)...........coococo oo 208

Figure 5.6 Average rat plasma concentrations of dexrazoxane, B, C, and ADR-925 after
an 1.v. bolus of 40 mg/kg of dexrazoxane hydrochloride following an i.v. dose of the
DHPase inhibitor furosemide (20 m@/KE). .......ocooiiiioioiee e 208

Figure 5.7 Average plasma concentrations of dexrazoxane (@) and ADR-925 (@) for
rats dosed with furosemide (20 mg/kg) 5 min prior to dexrazoxane hydrochloride
(40 mg/kg) compared to average plasma concentrations of dexrazoxane (O) and
ADR-925 (<) from rats dosed with dexrazoxane (40 mg/kg) alone. .................... 209

Figure 5.8 Average plasma concentrations of B (A) and C (V) for rats dosed with
furosemide (20 mg/kg) 5 min prior to dexrazoxane (40 mg/kg) compared to average
plasma concentrations of B (A) and C (V) dosed with dexrazoxane (40 mg/kg)
ALOME. ...t 209

Xiv



Figure 5.9 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 1 after an
1.v. dose of 40 mg/kg dexrazoxane hydrochloride following an iv. dose of the
DHOase inhibitor S-aminoorotic acid (20 m@/Kg) . .....c.oocvoviooeeeeieeeceee . 215

Figure 5.10 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 2 after an
1v. dose of 40 mg/kg dexrazoxane hydrochloride following an iv. dose of the
DHOase inhibitor 5-aminoorotic acid (20 mg/Kg) . ..., 215

Figure 5.11 Plasma concentrations of dexrazoxane, B, C, and ADR-925 for rat 3 after an
1v. dose of 40 mg/kg dexrazoxane hydrochloride following an i.v. dose of the
DHOase nhibitor S-aminoorotic acid (20 mg/Kg). ..o, 216

Figure 5.12 Average rat plasma concentrations of dexrazoxane, B, C, and ADR-925 after
an 1.v. dose of 40 mg/kg of dexrazoxane hydrochloride following an i.v. dose of the
DHOase 1nhibitor 5-aminoorotic acid (20 mg/kg) ..., 216

Figure 5.13 Average plasma concentrations of dexrazoxane (@) and ADR-925 (@) for
rats dosed with S5-aminoorotic acid (20 mg/kg) 5 min prior to dexrazoxane (40
mg/kg) compared to average plasma concentrations of dexrazoxane (O) and ADR-
925 (<) dosed with dexrazoxane (40 mg/kg) alone. ............cccococvovveceeeeereeeen, 217

Figure 5.14 Average plasma concentrations of B (&) and C (V) for rats dosed with 5-
aminoorotic acid (20 mg/kg) 5 min prior to dexrazoxane (40 mg/kg) compared to
average plasma concentrations of B (A) and C (V) dosed with dexrazoxane (40
MEIKE) AlONE. L. e e e 217

Figure 5.15 Plasma concentrations of B, C, and ADR-925 for rat 1 after an i.v. dose of
20 mg/kg of the B/C mixture following an i.v. dose of the DHOase inhibitor 5-
aminoorotic acid (20 M@/KE). .........ooovi i 222

Figure 5.16 Plasma concentrations of B, C, and ADR-925 for rat 2 after an i.v. dose of
20 mg/kg of the B/C mixture following an i.v. dose of the DHOase inhibitor 5-
aminoorotic acid (20 MG/KE).......ooooiii e, 222

Figure 5.17 Plasma concentrations of B, C, and ADR-925 for rat 3 after an i.v. dose of
20 mg/kg of the B/C mixture following an i.v. dose of the DHOase inhibitor 5-
aminoorotic acid (20 MG/KE). ..o 223

Figure 5.18 Average plasma concentrations of B, C, and ADR-925 for 3 rats dosed with
20 mg/kg of the B/C mixture following an 1.v. dose of the DHQase inhibitor 5-
aminoorotic acid (20 ME/KE). ......oooiiii e 223

Figure 5.19 Average plasma concentrations of ADR-925 (@) for rats dosed with 5-
aminnoorotic acid (20 mg/kg) 5 min prior to the B/C mixture (20 mg/kg) compared
to average plasma concentrations of ADR-925 () dosed with the B/C mixture (20
ME/KE) @lONE. ..o 224

Figure 5.20 Average plasma concentrations of B (&) and C (V) for rats dosed with 5-
aminoorotic acid (20 mg/kg) 5 min prior B/C mixture (20 mg/kg) compared to
average plasma concentrations of B (A) and C (V) dosed with B/C mixture (20
ME/KE) ALOMIE. ..o 224

XV



Figure 6.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,
and its strongly metal ion-chelating form ADR-925. ... ... 242

Figure 6.2 Structures of DHOase inhibitors S-aminoorotic acid, 6.2a and furosemide
6.2b, the DHPase inhibitor 4-chlorobenzenesulfonamide 6.2.c., and the metal ion
chelator diethylenetriaminepentaacetic acid (DTPA) 6.2.d. ..., 242

Figure 6.3 HPLC chromatograms of the separation of dexrazoxane from o-MEM
components for myocytes dosed with 10 uM dexrazoxane....................ocooviii. 254

Figure 6.4 HPLC chromatograms of the separation of C from a-MEM components for

myocytes dosed with SO UM C. ... 255
Figure 6.5 HPLC chromatograms of the separation of dihydroorotate from o-MEM
components for myocytes dosed with 50 uM dihydroorotate. ............................. 256
Figure 6.6 HPLC calibration curve of dexrazoxane in «-MEM ... 259
Figure 6.7 HPLC calibration curve of Cin ot-MEM ..., 259
Figure 6.8 HPLC calibration curve of dihydroorotate in «-MEM ... 260
Figure 6.9 Dexrazoxane loss from the myocyte suspension buffer (o-MEM) of
EXPETIMENT 1. . ittt 262
Figure 6.10 Dexrazoxane loss from the myocyte suspension buffer (a-MEM) of
EXPOTIMENT 2.ttt ittt 262
Figure 6.11 Dexrazoxane loss from the myocyte suspension buffer (a-MEM) of
EXPETIIMIEIE 3. ...ttt ettt ee e 263
Figure 6.12 Average dexrazoxane loss from the myocyte suspension buffer of
EXPETIMENtS -3 ..o e 263
Figure 6.13 Hydrolysis of 100 uM dexrazoxane to ADR-925 in a hepatocyte suspension,
SEUAY 1. 266
Figure 6.14 Hydrolysis of 100 pM dexrazoxane to ADR-925 in a hepatocyte suspension,
SEUAY 2. 266
Figure 6.15 Hydrolysis of 100 uM dexrazoxane in a hepatocyte suspension (7 x 10°
hepatocytes/ml), Study 3 ..o 267
Figure 6.16 Average hydrolysis of 100 pM dexrazoxane to ADR-925 in a hepatocyte
suspension for studies 1-3. ... 267
Figure 6.17 Formation of ADR-925 from dexrazoxane incubated with hepatocyte buffer
SUPEINALANT ... e 269
Figure 6.18 Disappearance of dexrazoxane in hepatocyte suspension buffer supernatant
................................................................................................................................. 269
Figure 6.19 The effect of DHOase inhibitors on the loss of C in a myocyte suspension for
SEUAY Lo 273
Figure 6.20 The effect of DHOase inhibitors on the loss of C in a myocyte suspension for
SEUAY 2 -ttt et 273



Figure 6.21 The effect of DHOase inhibitors on the loss of C in a myocyte suspension for

STUAY 3. 274
Figure 6.22 The average effect of DHOase inhibitors on the loss of C in myocyte
suspension StuAIes 1-3. ... e 274
Figure 6.23. The effect of DHOase inhibitors on dihydroorotate loss in a myocyte
SUSPENSION, EXPEriMent 1 .. ...t 278
Figure 6.24 The effect of DHOase inhibitors on dihydroorotate loss in a myocyte
SUSPENSION, EXPETIMENt 2 ..o oo 278
Figure 6.25 The effect of DHOase inhibitors on dihydroorotate loss in a myocyte
SUSPENSION, EXPETIMENTt 3 ...t 279
Figure 6.26 The average effect of DHOase inhibition on dihydroorotate loss in myocyte
SUSPENSION eXPerIMents 13 ... e 279
Figure 6.27 The effect of DHOase inhibition on the loss of C in the hepatocyte
suspension of StuAdY 1........ccoooii e 283
Figure 6.28 The effect of DHOase inhibition of the loss on C in the hepatocyte
suspension Of StUAY 2. 283
Figure 6.29 The effect of DHOase inhibition on the loss of C in the hepatocyte
suspension of StuAy 3 ... 284

Figure 6.30 The average effect of DHOase inhibition on the loss of C in a hepatocyte
suspension for studies 1-3 ... 284

Figure 6.31 Hydrolysis of dexrazoxane in human plasma and blood under physiological
CONAITIONS ..., 288

Figure 6.32 Hydrolysis of dexrazoxane in rat plasma and blood under physiological
COMAITIONS ...t 288

Figure 6.33 Dihydroorotate stability in human plasma and blood under physiological
CONAILIONS ...ttt et 289

Figure 6.34 Dihydroorotate stability in rat plasma and blood under physiological
COMAIEIONIS ...ttt et 289

Figure 6.35 Hydrolysis of C in human blood and plasma under physiological conditions
................................................................................................................................. 292

Figure 6.36 Hydrolysis of C in rat blood and plasma under physiological conditions .. 292
Figure 6.37 The effect of the metal ion chelator DTPA on the loss of C in rat plasma . 296

Figure 6.38 The effect of the metal ion chelator DTPA on the loss of C in artificial
PLASINA ..o 296

Figure 6.39 The effect of HSA (45 mg/ml) on dexrazoxane loss under physiological
CONAITIONS ...ttt ettt ettt et et 299

Figure 6.40 The effect the metal ion chelator DTPA on HSA (45 mg/ml) mediated
hydrolysis of C under physiological conditions .............ocoooooooooo 299

xvii



List of Tables

Table 2.1 Calcein assay standard ADR-925 curve to determine ADR-925 plasma levels.
49

Table 2.2 HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride. . 57

Table 2.3 HPLC calibration curve of metabolite C (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride. . 58

Table 2.4 HPLC calibration curve of metabolite B (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride. . 58

Table 2.5 HPLC calibration curve of ADR-925 (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride. 59

Table 2.6 ~ HPLC calibration curve of metabolite B (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 20 mg/kg B/C mixture. ......................... 59

Table 2.7 HPLC calibration curve of metabolite C (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 20 mg/kg B/C mixture. ........................ 60

Table 2.8  Flow injection calibration curve of ADR-925 (using the fluorescent dye
calcein, A, 496 nm and A, 518 nm) in precipitated rat plasma...................cococ...... 67

Table 2.9 Fluorescence plate reader calibration curve of ADR-925 (using the
fluorescent dye calcein, A, 485 nm and A, 520 nm) in precipitated rat plasma ..... 68

Table 2.10 Plasma concentrations (uM) of dexrazoxane after male Sprague-Dawley rats
were dosed (1.v. bolus) with 40 mg/kg dexrazoxane hydrochloride. ...................... 71

Table 2.11  Plasma concentrations (uM) of ADR-925 after male Sprague-Dawley rats
were dosed (1.v. bolus) with 40 mg/kg dexrazoxane hydrochloride. ........................ 71

Table 2.12  Plasma concentrations (WM) of B after male Sprague-Dawley rats were
dosed (1.v. bolus) with 40 mg/kg dexrazoxane hydrochloride. ................................. 72

Table 2.13  Plasma concentrations (uM) of C after male Sprague-Dawley rats were
dosed (i.v. bolus) with 40 mg/kg dexrazoxane hydrochloride................................ 72

Table 2.14 Brain, liver, and heart tissue homogenate supernatant concentrations of ADR-
925 as determined by the calcein assay. Rat tissues were removed and treated as
described in Section 2.2.7 and 2.2.8 at 2 — 3 h post-dexrazoxane infusion. ............. 81

Table 2.15 Plasma concentrations of B after dosing (i.v. bolus) male Sprague-Dawley rats
with 20 mg/kg of @ B/C MIXEUIE. ... 83

Table 2.16  Plasma concentrations of C after dosing (i.v. bolus) male Sprague-Dawley
rats with 20 mg/kg of @ B/C MIXTUIE. .........coiiiioiiiioieoe oo 83

Table 2.17 Plasma concentrations of ADR-925, as determined by the calcein
fluorescence assay, after dosing (i.v. bolus) male Sprague-Dawley rats with 20
mg/kg of @ B/C MIXLUTE. ..ot 84

xXviil



Table 2.18  Pharmacokinetic parameters for the elimination of B and C and apparent
elimmation half lives of ADR-925 in the rat following a B/C bolus (20 mg/kg)..... 84

Table 2.19 WinNonlin model for describing the concentration-time curve of ADR-925
after a 20 mg/kg B/C mixture bolus inthe rat. .............o.oooioii e 88

Table 2.20  Pharmacokinetic parameters for the formation of ADR-925 following a B/C
bOIUS (20 MG/KE) oo 89

Table 2.21 Brain, liver, and heart tissue homogenate supernatant concentrations of
ADR-925 as determined by the calcein assay. Rat tissues were removed and treated
as described in Section 2.2.7 at 90 min post-B/C infusion. ............c...c.oocooovviiii 91

Table 2.22 Plasma concentrations of ADR-925, as determined by the calcein
fluorescence assay, after dosing (i.v. bolus) male Sprague-Dawley rats with 20
mg/kg of ADR-O25. ..o 92

Table 2.23 Two-compartment pharmacokinetic parameters for the distribution and
elimination of ADR-925 in the rat following an ADR-925 bolus (20 mg/kg) ......... 93

Table 2.24 Brain, liver, and heart tissue homogenate supernatant concentrations of
ADR-925 as determined by the calcein assay. Rat tissues were removed and treated
as described in Section 2.2.7 at 90 min post-ADR-925 infusion. ................c........... 96

Table 3.1. HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in
precipitated human plasma for patients dosed with 1500 mg/m? dexrazoxane. ..... 125

Table 3.2. HPLC calibration curve of B (UV absorbance at 205 nm) in precipitated

human plasma for patients dosed with 1500 mg/m’ dexrazoxane. ........................ 125
Table 3.3. HPLC calibration curve of C (UV absorbance at 205 nm) in precipitated
human plasma for patients dosed with 1500 mg/m* dexrazoxane. ........................ 126

Table 3.4. HPLC calibration curve of ADR-925 (UV absorbance at 205 nm) in
precipitated human plasma for patients dosed with 1500 mg/m* dexrazoxane. ..... 126

Table 3.5. HPLC calibration curve of etoposide (UV absorbance at 230 nm) in
precipitated human plasma for patients dosed with 500 mg/m* etoposide. ............ 127

Table 3.6. Flow injection calibration curve of ADR-925 (using the fluorescent dye
calcein, A, 496 nm and A, 518 nm) in precipitated human plasma for patients dosed
with 1500 m@/m> deXTAZOXANE. ..............ooioiiooeoeeeeeee e, 127

Table 3.7. Plasma concentrations (uM) of dexrazoxane for patients treated with a 1500
mg/m™ bolus of dexrazoxane hydrochloride 15 min prior to a 90 min infusion of
EEOPOSIAC. ..ot 134

Table 3.8. Pharmacokinetic parameters for the distribution and elimination of
dexrazoxane following a 1500 mg/m* dexrazoxane hydrochloride bolus. ............ 135

Table 3.9. Plasma concentrations (uM) of B for patients treated with a 1500 mg/m™ bolus
of dexrazoxane hydrochloride. ..., 136

XIX



Table 3.10. Plasma concentrations (uM) of C for patients treated with a 1500 mg/m*

bolus of dexrazoxane hydrochloride. ... 137
Table 3.11. Pharmacokinetic parameters for the apparent half lives of B and C of
patients treated with a 1500 mg/m* dexrazoxane hydrochloride bolus................ 137
Table 3.12. Plasma concentrations (uM) of ADR-925 for patients treated with a 1500
mg/m™ bolus of dexrazoxane hydrochloride. ... 139
Table 3.13. Plasma concentrations (uM) of etoposide for patients treated with a 500
mg/m>*" 90 min infusion of €tOPOSIAE ..............cooovveveeereeeeeoee oo 143
Table 3.14. Pharmacokinetic parameters for the elimination of dexrazoxane following a
500 mg/m™ etoposide INfUSION................o.oereeeeeeeeeeeeeee oo 144
Table 4.1. HPLC Calibration curve of B in 0.09 % DMSO (V/V).....oovovoeeeioiereeeenn, 173
Table 4.2. HPLC Calibration curve of C in 0.09 % DMSO (V/V) ccoovveeeeeeieeeeren, 174
Table 4.3. HPLC Calibration curve of dihydroorotate in 0.09 % DMSO (v/v)............. 174
Table 4.4. HPLC Calibration curve of ADR-925 in 0.09 % DMSO (V/V) ....cccocvnnn.... 175
Table 4.5 Initial velocities for the rate of loss of Metabolite B by the action of DHOQase
............................................................................................................................... 178
Table 4.6 Initial velocities for the rate of loss of Metabolite C by the action of DHOase
................................................................................................................................. 178
Table 4.7 Initial velocities for the rate of loss of dihydroorotate by the action of DHOase
................................................................................................................................. 179
Table 4.8 Michaelis-Menten kinetic parameters for the DHOase-catalyzed hydrolysis of
dihydroorotate and Band C ... 185

Table 5.1 Plasma concentrations (M) of dexrazoxane following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHPase inhibitor furosemide......................o e 204

Table 5.2 Plasma concentrations (uM) of B following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHPase inhibitor furosemide...................ocoi e 204

Table 5.3 Plasma concentrations (uM) of C following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHPase inhibitor furosemide...... ... 205

Table 5.4 Plasma concentrations (uM) of ADR-925 following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHPase inhibitor furosemide..............o.ooooiioiiiiiiieieee e 205



Table 5.5 Comparison of the AUC, ,,, of dexrazoxane in rats dosed with the DHPase and
DHOase inhibitor furosemide prior to dexrazoxane relative to rats dosed with
deXTaZOXANE AIONE. ... .ooviiiiiiii i 206

Table 5.6 Comparison of the AUC, ,,, of ADR-925 in rats dosed with the DHPase and
DHOase inhibitor furosemide prior to dexrazoxane relative to dexrazoxane alone.
................................................................................................................................ 206

Table 5.7 Liver and heart tissue homogenate supernatant concentrations of ADR-925 as
determined by the calcein assay from rats dosed with furosemide 5 min prior to
dexrazoxane. Rat tissues were removed and treated as described in Section 2.2.7 at
120 min post-dexrazoxane INfUSION. .................cccoooiiiiii i 210

Table 5.8 Comparison of mean ADR-925 tissue levels in rats dosed with furosemide
prior to dexrazoxane relative to rats dosed with dexrazoxane alone. ..................... 210

Table 5.9 Plasma concentrations (tM) of dexrazoxane following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic acid...............ccoooiiiiiiiiii e 212

Table 5.10 Plasma concentrations (uM) of B following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic aCId..............oooveioiiioiieiieecceeceeeiie e 212

Table 5.11 Plasma concentrations (uM) of C following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic ACId...........cccoiiiiiiiiieiie e 213

Table 5.12 Plasma concentrations (LM) of ADR-925 following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotiC aCid..........ooov oo 213

Table 5.13 Comparison of the AUC; ,,, of dexrazoxane in rats dosed with the DHOase
inhibitor S-aminoorotic acid prior to dexrazoxane relative to rats dosed with
deXrazoXane AlOME. ... ...t e s 214

Table 5.14 Comparison of the AUC;,,, of ADR-925 in rats dosed with the DHOase
inhibitor 5-aminoorotic acid prior to dexrazoxane relative to rats dosed with
dexXrazoXane @lONE. .............oooiiiiiiiiie s 214

Table 5.15 Liver and heart tissue homogenate supernatant concentrations of ADR-925
from rats dosed with 5-aminoorotic acid 5 min prior to dexrazoxane as determined
by the calcein assay. Rat tissues were removed and treated as described in Section
2.2.7 at 120 min post-dexrazoxane mfusion. .................oocoeeieiiiiieieeie 218

Table 5.16 Comparison of mean ADR-925 tissue levels in rats dosed 5-aminoorotic acid
prior to dexrazoxane relative to rats dosed with dexrazoxane alone. ..................... 219

Table 5.17 Plasma concentrations (uM) of B following a 20 mg/kg B/C bolus in male
Sprague-Dawley rats pre-dosed with 20 mg/kg of the DHOase inhibitor 5-
AMINOOTOLIC ACIA. ...ttt e 220

xxi



Table 5.18 Plasma concentrations (uM) of C following a 20 mg/kg B/C bolus in male
Sprague-Dawley rats pre-dosed with 20 mg/kg of the DHOase inhibitor 5-
AMINOOTOTIC ACIA. .. oottt et 220

Table 5.19 Plasma concentrations (uM) of ADR-925 following a 20 mg/kg B/C bolus in
male Sprague-Dawley rats pre-dosed with 20 mg/kg of the DHOase inhibitor 5-
AMINOOTOLIC ACTA. ....oi ittt 221

Table 5.20 One-compartment pharmacokinetic parameters for the first-order elimination
of B and C and apparent elimination half lives of ADR-925 in the rat following a 20
mg/kg S-aminoorotic acid bolus followed by a B/C bolus (20 mg/kg).................. 221

Table 5.21 Liver and heart tissue homogenate supernatant concentrations of ADR-925 as
determined by the calcein assay from rats dosed with S-aminoorotic acid 5 min prior
to the B/C mixture. Rat tissues were removed and treated as described in Section
2.2.7 at 120 min post-B/C mixture bolus. ... 225

Table 5.22 Comparison of mean ADR-925 tissue levels in rats dosed with 5-aminoorotic
acid prior to the B/C mixture relative to rats dosed with the B/C mixture alone. .. 226

Table 6.1 Typical volumes of drug and inhibitors/saline for neonatal rat myocyte and

adult rat hepatocyte cell suspension Studi€s...............cc.cooooiioiiiiiieii 248
Table 6.2 HPLC calibration curve of C (UV absorbance at 205 nm) in o-MEM for C
metabolism studies in neonatal rat myocytes and adult rat hepatocytes................ 257

Table 6.3 HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in o-
MEM for metabolism studies in neonatal rat myocytes and adult rat hepatocytes. 257

Table 6.4 HPLC calibration curve of dihydroorotate (UV absorbance at 205 am) in o-
MEM for dihydroorotate metabolism studies in neonatal rat myocytes................. 258

Table 6.5 Dexrazoxane hydrolysis in the presence of 2 x 10° myocytes/ml in o-MEM
SUSPENSION DUSTET ...t e 261

Table 6 6 Dexrazoxane hydrolysis control (in the myocyte suspension buffer, a-MEM)
261

Table 6.7 Dexrazoxane loss in the presence of 7 x 10° hepatocytes/ml in hepatocyte
suspension buffer dosed with 100 pM dexrazoxane.............cccoccoveiiiieeiieicc e 264

Table 6.8 Dexrazoxane loss in suspension buffer dosed with 100 uM dexrazoxane. .... 265

Table 6.9 ADR-925 formation in the presence of 7 x 10° hepatocytes/m] dosed with 100

LML AEXTAZOXAME. .....iiiiie ittt ettt et e e ettt e e e e estaeeaeen et ee e eeieaeen 265
Table 6.10 ADR-925 formation in suspension buffer dosed with 100 pM dexrazoxane.
................................................................................................................................. 265
Table 6.11 The effect of DHOase inhibition on C hydrolysis in neonatal rat myocyte
SUSPEIISIONS ......viiiiieiieiiteeeteeeseeeettsaeesseeeeaseeeaeseeeasseaenseeeas e eeesneeeanseeeanreeeanmeeeasnnseeres 271
Table 6.12 Metabolite C hydrolysis in «-MEM suspension buffer alone................... 271

xxii



Table 6.13 Metabolite C hydrolysis in the presence of myocytes (2x10° cells/ml) in o-
MEM suspension buffer.................... e 271

Table 6.14 Metabolite C hydrolysis in myocytes (2x10° cells/ml) in the presence of 1
mM S-aminoorotic acid in a-MEM suspension buffer..................................... 272

Table 6.15 Metabolite C hydrolysis in myocytes (2x10° cells/ml) in the presence of 1
mM 4-chlorobenzenesufonamide in a.-MEM suspension buffer....................... 272

Table 6.16 Metabolite C hydrolysis in myocytes (2x10° cells/ml) in the presence of 1

mM furosemide in o.-MEM suspension buffer ... 272
Table 6.17 The effect of DHOase inhibition of dihydroorotate hydrolysis in the presence
OF MIYOCYLES ..o, 275
Table 6.18 Dihydroorotate loss in o-MEM suspension buffer alone........................... 276

Table 6.19 Dihydroorotate hydrolysis in the presence of myocytes (2x10° cells/ml) in o.-
MEM suspension buffer.. ... 276

Table 6.20 Dihydroorotate hydrolysis in myocytes (2x10° cells/ml) in the presence of 1
mM 5-aminoorotic acid in «-MEM suspension buffer..................................... 276

Table 6.21 Dihydroorotate hydrolysis in myocytes (2x10° cells/ml) in the presence of 1

mM 4-chlorobenzenesufonamide in a.-MEM suspension buffer.......................... 277
Table 6.22 Dihydroorotate hydrolysis in myocytes (2x10° cells/ml) in the presence of 1
mM furosemide in a-MEM suspension buffer ... 277
Table 6.23 The effect of DHOase inhibition on C hydrolysis in an adult rat hepatocyte
suspension (2x10° CellS/MI). ... 280
Table 6.24 Metabolite C hydrolysis in the presence of «-MEM alone dosed with 50 pM
e 281
Table 6.25 Metabolite C hydrolysis in the presence of hepatocytes (2x10° cells/ml)
dosed with SO UM €. ..o, 281

Table 6.26 Metabolite C hydrolysis in hepatocytes (2x10° cells/ml) in the presence of 1
mM 5-aminoorotic acid dosed with SO UM C. ... 281

Table 6.27 Metabolite C hydrolysis in hepatocytes (2x10° celis/ml) in the presence of 1
mM 4-chlorobenzenesufonamide dosed with 50 uM C. ..o 282

Table 6.28 Dexrazoxane hydrolysis in human blood and plasma under physiological
CONAITIONS. ..ottt 286

Table 6.29 Dexrazoxane hydrolysis in rat blood and plasma under physiological
COMAILIONS. ...ttt ettt 286

Table 6.30 Comparisons of dexrazoxane loss in the presence of plasma and blood of the
rat and BUMAN . ... e 287

Table 6.31 Dihydroorotate hydrolysis in human blood and plasma under physiological
COMAITIONS. ..ottt et 287

xxiii



Table 6.32 Metabolite C hydrolysis in rat blood and plasma under physiological

CONAITIONS ...t 290
Table 6.33 Metabolite C hydrolysis in human blood and plasma under physiological
COMAITIONS. ..ottt ettt ettt 290
Table 6.34 Comparisons of C loss in the presence of plasma and blood of the rat and
RUMAN e 291
Table 6.35 C hydrolysis in rat plasma under physiological conditions in the presence of
metal 1on chelator DTPA ... 294
Table 6.36 C hydrolysis in artificial plasma under physiological conditions in the
presence of metal ion chelator DTPA ... 294

Table 6.37 Comparisons of C loss in the presence of plasma and blood of the rat and
BIUINANL. e 295

Table 6.38 Dexrazoxane and C hydrolysis in human serum albumin (HSA) under
physiological conditions in the presence of metal ion chelator DTPA.................. 297

Table 6.39 Comparisons of dexrazoxane and C loss in the presence of 45 mg/ml human
serum albumin...........o e 298

XK1V



Abbreviations

4, zero time intercept of alpha line (2-compartment model)
ATCase, aspartate transcarbamylase

B, zero time intercept of beta line (2-compartment model)
Cinax, maximum concentration

CAD, trifunctional protein containing CPSase, ATCase, and DHOase
CPSase, carbamyl phosphate synthetase

DHOase, dihydroorotase

DHPase, dihydropyrimidine amidohydrolase or dihydropyrimidinase
ECOG, Electrocorticographic

EDTA, ethylenediaminetetraacetic acid

HPLC, high-pressure liquid chromatography

k0, elimination rate constant

ke, distribution rate constant (2-compartment model)

kp, beta rate constant (2-compartment model)

K, equilibrium formation constant

K, Michaelis-Menten constant

Aex, €Xcitation wavelength

Aem, €mission wavelength

LOD, limit of detection

LOQ, limit of quantitation

PBS, phosphate buffered saline

SE, standard error

XXV



t,, retention time
1., half-time
Vimax, maximum velocity

V,, initial velocity

XXVi



1.0 Chapter 1: Introduction
1.1 Anthracyclines in the treatment of cancer

1.1.1 The clinical use of doxorubicin

The anthracyclines, doxorubicin, epirubicin, and daunorubicin (Figure 1.1) are
among the most effective chemotherapeutic agents available and have gained widespread
use in the treatment of numerous solid tumors and hematologic malignancies (Comstock,
1995). Doxorubicin, first isolated over 30 years ago from Streptomyces peucetius, is the
most successful anthracycline and has become the most utilized chemotherapeutic agent
for the treatment of breast cancer.

Anthracycline use, however, is limited by dose-dependent acute and chronic
cardiotoxicity (Bonadonna et al., 1969; Lefrak et al., 1973) which is thought to be
independent from its mechanism of antitumor activity. Where acute toxicity, such as
arrhythmias and hypotension, are typically clinically manageable, chronic toxicity can
evolve into congestive heart failure and can manifest itself up to 20 years after
completion of anthracycline treatment (Steinherz et al., 1991). Chronic toxicity occurs
most frequently in patients who have received a cumulative doxorubicin dose of 550
mg/m’ (maximum recommended cumulative dose for the 21-day schedule) or more

(Keizer et al., 1990).
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Figure 1.1 Structures of chemotherapeutic anthracyclines doxorubicin, daunorubicin,
and epirubicin.



1.1.2 Proposed mechanisms of anthracycline antitumor action

A number of different mechanisms have been proposed for the cytostatic and
cytotoxic antineoplastic mechanism of action of anthracyclines. As reviewed by Gewirtz,
these include a) DNA intercalation, b) free radical formation causing DNA damage
and/or lipid peroxidation ¢) DNA binding and alkylation d) DNA cross-linking, e)
interference with DNA unwinding or DNA strand separation and helicase activity, f)
direct membrane effects, and g) topoisomerase II inhibition causing DNA damage
(Gewirtz, 1999). The clinically significant antitumor mechanism, however, has yet to be
completely resolved. After a bolus dose of doxorubicin (typically 60 mg/m?) the initial
doxorubicin plasma concentration (Cay) is approximately 11 uM (Hochster et al., 1992)
followed by a rapid distribution phase (alpha #;, 5.2 £ 2.3 min). This pharmacokinetic
concentration-time profile suggests that in vifro cell culture work at doxorubicin
concentrations exceeding 2 uM may not describe the clinical mechanism of doxorubicin
cytotoxicity (Gewirtz, 1999). When examined in this context, topoisomerase II
inhibition and DNA intercalation remain the primary mechanisms of anthracycline

antitumor activity at clinically relevant concentrations (Gewirtz, 1999).

1.1.3 Anthracycline-induced cardiotoxicity in patients

The therapeutic potential of anthracyclines is limited by their cumulative dose-
dependent cardiotoxicity. Cases of anthracycline-induced cardiomyopathy involving
doxorubicin where the incidence of congestive heart failure has been found to range from
7 to 15 percent in patients receiving cumulative doxorubicin doses of greater than 450 to
500 mg/m2 (Von Hoff et al., 1977; Von Hoff et al., 1979). Also, for patients who

received a cumulative doxorubicin dose of greater than 500 mg/m? the incidence of



congestive heart failure increased to greater than 25% (Schwartz et al., 1987). While
cumulative dose is the most important risk factor of anthracycline cardiotoxicity; age,
prior irradiation, concomitant administration of other chemotherapeutics, and underlying
heart disease are all considered risk factors for anthracycline cardiotoxicity (Schimmel et

al., 2004).

1.1.4 Mechanism of anthracycline-induced cardiotoxicity: the role of iron

The exact mechanism of anthracycline-induced cardiotoxicity is not yet fully
understood. However, there is an increasing body of evidence to support the view that an
increase in oxidative stress, as evidenced by increase in free radical formation, lipid
peroxidation, as well as decreases in antioxidants and sulfthydryl groups, play an
important role in the pathogenesis of doxorubicin cardiotoxicity (Schimmel et al., 2004).
The heart, more so than other organs, is particularly vulnerable to free radical damage
because protective antioxidant enzymes such as superoxide dismutase and catalase are
present at lower levels (Myers, 1998). Also, while doxorubicin has been shown to
accumulate in the heart to a lesser extent relative to other organs (Terasaki et al., 1984),
cardiomyocytes are rich in mitochondria (Page and McCallister, 1973) which are a target
of anthracycline damage.

The increase in oxidative stress by doxorubicin is due to its chemical structure
where the quinine ring can undergo redox cycling between quinone and semiquinone.
Doxorubicin itself can be reduced by enzymes including cytochrome c¢ reductase,
xanthine oxidase, glutathione reductase, and NADPH cytochrome P450 reductase
forming the semiquinone radical that can reduce molecular oxygen (reaction 1.1) and

further participate in reactions 1.2 and 1.3.



DOX -+ 0, —» DOX + Oy (1.1)

Superoxide dismutase catalyzes the dismutation reaction of superoxide to hydrogen
peroxide (reaction 1.2), a reaction that can also be chemically catalyzed through the
reduction of Fe** to Fe**.
207+ 2H—» H,0, + 0, (1.2)
In the presence of Fe**, hydrogen peroxide is reduced in the Fenton reaction (reaction
1.3) producing the highly reactive hydroxyl radical (OH).
Fe** + H,0, —» Fe’* + OH + OH' (1.3)
Doxorubicin is a powerful generator of oxygen radicals through the formation of
an iron-anthracycline complex. The Fe**-doxorubicin complex, in tern, can be reduced to
the Fe?*-doxorubicin complex by superoxide (reaction 1.4). Upon which the Fe*'-
doxorubicin complex can reduce hydrogen peroxide to the highly reactive hydroxyl
radical (Zweier et al., 1986) through the Fenton reaction (reaction 1.5).
Fe*-(DOX) + 0, —» Fe**-(DOX) + O, (1.4)
Fe*'-(DOX) + H,0, — Fe*'<(DOX) + OH + OH: (1.5)
It is during this process that generated electrons reduce oxidizing agents (such as
molecular oxygen) thereby initiating a chain reaction leading to the generation of free
radical species that anthracyclines are thought to exert their cardiotoxic effects as shown

in Figure 1.2 (Thornalley and Dodd, 1985; Costa et al., 1988; Alegria et al., 1989).
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Figure 1.2 Generation of free radicals via iron mediated redox cycling between quinone
and semiquinone form of doxorubicin. Where F/FH,, oxidized/reduced flavoproteins

(NADPH cytochrome P450 reductase).



1.2 Protection against anthracycline-induced cardiotoxicity by dexrazoxane

1.2.1 The synthesis and development of dexrazoxane

Razoxane (Figure 1.3), a racemic mixture of dexrazoxane (Zinecard®, ICRF-187)
and levrazoxane (ICRF-186), is a bisdioxopiperazine synthesized in the late 1960s by
Creighton as an antitumor agent (Creighton et al., 1969). Razoxane was found to have
antitumor activity in animals (Creighton et al., 1969) and initial clinical trails showed
razoxane antineoplastic activity in sold tumors and leukemia (Bakowski, 1976).
However, upon further investigation, clinical trials have revealed that razoxane does not
possess any clinically significant antineoplastic effects (Koeller et al., 1981; Liesmann et
al., 1981; Vogel et al.,, 1987). Razoxane was, however, found to ameliorate the acute
toxicity of daunorubicin in both Syrian golden hamsters and monkeys (Herman et al.,

1974).

Dexrazoxane (Figure 1.3), the (+)-(S)-enantiomer of razoxane, was found to be
significantly more water soluble (Repta et al,, 1976), turning attention to its further
development as a cardioprotective agent. Dexrazoxane undergoes stepwise hydrolysis
(Figure 1.4) of the two piperazine rings to form one-ring open intermediates B and C;
where the latter eventually hydrolyzes to give ADR-925, a diacid-diamide structural
analog of EDTA, and chelates iron bound to low-molecular-weight cellular ligands or

iron from the iron-anthracycline complex.
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Figure 1.3 Chemical structures of razoxane (racemic), dexrazoxane, and levrazoxane.



1.2.2 Preclinical studies of dexrazoxane-mediated cardioprotection against
anthracycline cardiotoxicity

Cardiotoxicity induced by the chronic exposure of anthracyclines is of greatest
clinical relevance. The long term cardioprotective effects of dexrazoxane from
anthracyclines have been examined in rabbits (Herman and Ferrans, 1986), dogs (Herman
et al., 1985b; Herman and Ferrans, 1993), and miniature swine (Herman and Ferrans,
1983) where significant cardioprotection was realized when dexrazoxane was given prior
to doxorubicin. Animal models have also been developed to test the effects of repeated
exposure to anthracyclines and the protective role of dexrazoxane. In a rat model,
dexrazoxane was most effective in reducing doxorubicin-induced cardiotoxicity when
administered with the first dose of doxorubicin (Agen et al., 1992). The cardioprotective
effects of dexrazoxane in the rat was also found to persist for over 6 months after the last
doxorubicin dose (Della Torre et al., 1996). Herman et al. determined that in
spontaneously hypertensive rats, sensitive to doxorubicin-induced cardiotoxicity (Herman
et al, 1985a), dexrazoxane reduced doxorubicin-induced cardiotoxicity and
nephrotoxicity (Herman et al., 1988).

Cardioprotective effects were also observed in a rat model with iron chelators
such as desferrioxamine (Herman et al., 1994). While dexrazoxane provided superior
cardioprotection, the differences in their in vivo protective effects were thought to be
related to their cellular uptake and intracellular distribution and to the relative availability
of different intracellular iron pools to these agents. In in vifro cardiac myocytes,
dexrazoxane has been shown to prevent the acute effects of doxorubicin (Doroshow et
al., 1990) and has been shown to protect against anthracycline-induced lethality in

animals (Herman et al., 1979). The dexrazoxane dose-response curve which evaluates



the cardiomyopathy (mean total scores) as a function of dexrazoxane:doxorubicin ratio
was determined to be a ratio of 10:1, with only a slight improvement in mean total scores
above that ratio (Imondi et al., 1996). These preclinical animal studies helped form the
basis for the initial evaluation for human use of dexrazoxane to prevent anthracycline-

induced cardiotoxicity (Speyer et al., 1988).

1.2.3 The clinical use of dexrazoxane

Over the last 15 years, several clinical trials have demonstrated the
cardioprotective effects of dexrazoxane in patients treated with doxorubicin (Speyer et
al., 1988; Speyer et al, 1992; Swain et al., 1997a; Swain et al., 1997b; Swain, 1998),
epirubicin (Venturini et al.,, 1996; Lopez et al., 1998), and doxorubicin in combination
with paclitaxel (Sparano et al., 1999). As was the case in the animal models,
dexrazoxane was found to be protective against doxorubicin-induced cardiotoxicity at
both dexrazoxane:doxorubicin dose ratios of 10:1 (Swain et al., 1997b) and 20:1 (Speyer
et al, 1988; Swain et al., 1997b). The dose ratio of dexrazoxane to doxorubicin to
achieve cardioprotection while keeping dexrazoxane side effects tolerable is 10:1 with an
exacerbation of myelotoxicity (usually in the form of grade 3 or 4 neutropenia) as the
dose-limiting toxicity (Hochster et al., 1992). However, as clinical studies have
indicated, while higher doses of dexrazoxane have been associated with a risk of
developing neutropenia, the incidence of fever, infections, alopecia, nausea, vomiting, or
therapy-related deaths is not increased when dexrazoxane is given with doxorubicin
(Speyer et al., 1988; Speyer et al., 1992). It was also found that dexrazoxane provided
significant cardioprotection when given in patients who had already received a

cumulative doxorubicin dose of 300 mg/m? (Swain et al., 1997a).
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In a clinical trial (Speyer et al., 1992) 50 % of patients with advanced breast
cancer receiving fluorouracil/doxorubicin/cyclophosphamide (FDC) withdrew due to
cardiotoxicity compared to only 8 % of patients receiving FDC and dexrazoxane. Also in
a randomized, double-blind study described by Swain e a/ (Swain et al., 1997b) 31% of
patients receiving FDC plus placebo reported cardiac events, relative to only 14 % in the
FDC and dexrazoxane arm. Similar protective results were found in breast cancer
patients (Venturini et al., 1996) and breast cancer or soft tissue sarcomas (Lopez et al.,
1998) receiving a fluorouracil/epirubicin/cyclophosphamide protocol, where patients
receiving dexrazoxane had significant cardioprotection versus patients receiving the
control. Clinical studies in humans have also shown that dexrazoxane diminished the
dose-dependent decrease in cardiac ejection fraction associated with anthracycline
therapy (Green et al., 1990). In a randomized clinical trial of breast cancer patients,
patients who received dexrazoxane prior to doxorubicin could be treated with more
cycles and higher cumulative doses of doxorubicin (700-1000 mg/m* or more) than
patients in the control intervention group (Speyer et al., 1992). Moreover, significant
reduction in anthracycline-induced cardiotoxicity was observed in patients treated with
dexrazoxane prior to doxorubicin relative to those treated with doxorubicin alone (Speyer

etal., 1992).

1.2.4 Hydrolysis activation and chemistry of dexrazoxane

The hydrolysis of dexrazoxane has been followed over a wide pH range by HPLC
(Hasinoff, 1994a) and spectrophotometrically (Hasinoff, 1990). The reaction was shown
to undergo base-catalyzed hydrolysis, making the rate of dexrazoxane, B, and C

hydrolysis highly pH dependant. Under physiological conditions (pH 7.4 at 37 °C), first
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order rate constants for dexrazoxane hydrolysis to B and C are 0.05 h™ and 0.024 b,
respectively and the hydrolysis of B and C to ADR-925 are 0.043 h'' and 0.094 h,
respectively, and the half life of ADR-925 formation was found to be 23 h (Hasinoff,
1994b).

It was also found that the Fe**-doxorubicin complex facilitated the hydrolysis of
dexrazoxane and its one-ring open intermediates B and C (Buss and Hasinoff, 1993).
Both Fe’* and Fe** were found to promote the ring-opening hydrolysis of B and C by
6000- and 18-fold, for Fe*" and Fe** respectively (Buss and Hasinoff, 1995). The ferrous
ion which reduces H,O, (as shown in reaction 1.6) to the highly reactive hydroxyl radical
strongly promotes the hydrolysis of B and C to ADR-925.

ADR-925 has been found to quickly (f5, 1.8 min) remove iron from the Fe**
doxorubicin complex (Buss and Hasinoff, 1993), indicating that ADR-925 is a stronger
chelator then doxorubicin for Fe’*. Dexrazoxane removes Fe** far more slowly (5 315
min) than ADR-925 (Buss and Hasinoff, 1995), however B and C were also shown to
rapidly (¢4 2.2 min) displace Fe’* from the Fe**-doxorubicin complex.  These
intermediates which are formed in vivo (through enzymatic or non enzymatic
mechanisms) chelate iron away from the Fe-doxorubicin complex almost as rapidly as
ADR-925, making the one ring-open hydrolysis products of dexrazoxane potentially
pharmacologically active. Thus, B, C, or ADR-925 may act by chelating the Fe*" ion
from the Fe-doxorubicin complex and thereby reduce or limit the site specific hydroxyl

radical damage to the cell.
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Figure 1.4 Reaction scheme for the hydrolysis of dexrazoxane.
1.2.5 Enzymatic activation of dexrazoxane

In vitro studies with adult heart myocytes in the presence of radio-labeled
dexrazoxane indicate that dexrazoxane cellular uptake is rapid, approaching its maximum
level within 1 min (Doroshow, 1995). Two brief reports by Doroshow et al. have
indicated that dexrazoxane uptake into a primary culture of isolated adult rat myocytes is
rapid and that dexrazoxane is also rapidly metabolized to ADR-925 (Doroshow et al.,
1990, 1991). These studies, however, did not determine whether the hydrolysis of
dexrazoxane, B, and C was enzymatically mediated. It has been previously shown that
dexrazoxane hydrolysis was promoted in homogenate supernatants of porcine liver and

kidney, but not the heart (Hasinoff et al., 1991). It was determined that the enzyme
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primarily responsible for this hydrolysis was dihydropyrimidine amidohydrolase, EC
3.5.2.2, (DHPase) which, in a purified enzyme study, showed Michaelis-Menton
saturation kinetics for dexrazoxane with a V. exceeding that of its natural substrates
dihydrouracil and dihydrothymine (Hasinoff et al., 1991). Primary isolations of adult rat
hepatocytes also indicated that the hydrolysis of dexrazoxane and levrazoxane to B and C
was DHPase-mediated (Hasinoff et al., 1994). DHPase, however, showed no activity

toward the hydrolysis of B or C (Hasinoff et al., 1991; Hasinoff, 1993).

1.2.6 Mechanism of dexrazoxane-mediated cardioprotection: a case for iron
chelation

There is significant evidence indicating that anthracycline-induced cardiotoxicity
may be mediated by iron-based oxygen free radical stress on the heart. Cardiac cells are
specifically more susceptible to oxidative stress due to lower levels of antioxidant
enzymes (Doroshow et al., 1980). Also, studies in rat hearts indicate that doxorubicin is
able to further reduce antioxidant enzymes in the heart (Li and Singal, 2000). ADR-925,
like its structural analogue EDTA (Figure 1.5), is also a strong metal ion chelator and
binds the biological metal ions Ca®*, Fe** and, Mg”" with formation constants of 10%°
mol/l, 10'® mol/, and 10> mol/l, respectively (Huang et al., 1982). At physiological pH
dexrazoxane is uncharged and is permeable to cells (Dawson, 1975). The dexrazoxane
mechanism of protection may involve diffusing into the cell and hydrolyzing to its metal
ion binding form, ADR-925, and chelating either free iron or iron bound to the iron-
anthracycline complex.

A substantial body of evidence suggests that anthracycline-dependent free radical

generation resulting in DNA or membrane damage is the most probable cause for
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anthracycline-induced cardiotoxicity (Myers, 1998; Singal and Iliskovic, 1998). In an in
vitro heart microsomal model, Fe’"-mediated oxidative damage was significantly reduced
by ADR-925 (Vile and Winterbourn, 1990) relative to dexrazoxane, suggesting that the
hydrolysis of dexrazoxane to ADR-925 is necessary to limit the role of iron in
doxorubicin-mediated free radical production (Vile and Winterbourn, 1990). Another
study of neonatal rat myocytes showed that although dexrazoxane provided protection
against mitoxantrone cadiotoxicity it did not protect against a nonchelating mitoxantrone
analogue, further suggesting the dexrazoxane’s mechanism of action is metal chelation
(Shipp et al., 1993). Strong evidence exists from isolated primary adult and neo natal rat
myocyte models that dexrazoxane’s mechanism of protection involves inhibition of
doxorubicin-dependant hydroxyl radical production (Rajagopalan et al, 1988) and
nhibition of lipid peroxidation and thiol oxidation (Thomas et al., 1993). Thus while the
Fe?*-ADR-925 complex is able to produce hydroxyl radicals (Thomas et al., 1993;
Malisza and Hasinoff, 1995), dexrazoxane’s cardioprotective nature may be in
complexing of iron away from the iron-doxorubicin complex and thereby preventing site-
specific oxygen radical damage.

A study where spontaneously hypertensive rats were dosed with either the
sulthydryl agent amifostine (S-2-(3-aminopropylamino)ethylphosphorothioic acid;
WR2721) or dexrazoxane prior to doxorubicin found that while both agents exerted
cardioprotective effects relative to the doxorubicin control, dexrazoxane was found to be
significantly more cardioprotective (Herman et al, 2000). This result ultimately
concluded that the superior protection seen in animals dosed with dexrazoxane was due

to dexrazoxane’s ability to prevent oxygen radical generation through iron chelation as
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opposed to amifostine’s scavenging mechanism of protection (Herman et al., 2000). Ina
mouse model, mitochondrial damage and a disruption in myofibrillar organization was
observed in the doxorubicin control group where a normal cardiac tissue morphology was
observed in the dexrazoxane treated group (Alderton et al., 1990). Furthermore, there
was no significant difference in antioxidant enzyme levels between the two groups,
suggesting that dexrazoxane’s cardioprotective nature was not related to the antioxidant
enzymes in the heart (Alderton et al., 1990).

In vitro studies indicate that myocytes dosed with doxorubicin undergo apoptotic
cell death (Arola et al., 2000). Anthracycline-induced apoptosis was attenuated by
dexrazoxane in in vitro cardiomyocyte models using doxorubicin (Hasinoff et al., 2003a;
Hasinoff et al., 2003b) and daunorubicin (Sawyer et al., 1999). However, an in vivo rat
mode] found that while dexrazoxane attenuated doxorubicin-induced apoptosis in
intestinal epithelial and renal cells from spontaneously hypertensive rats, it was not
observed in cardiomyocytes (Zhang et al, 1996). This suggests that dexrazoxane
cardioprotection against doxorubicin-induced cardiotoxicity is not mediated by the
prevention of cardiac cell apoptosis but by other mechanisms such as prevention of iron
mediated generation of oxygen radicals (Zhang et al., 1996). Additional studies are
required to fully resolve the role of doxorubicin-induced apoptosis with the loss of

myocardial function.
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Figure 1.5 Chemical structures of dexrazoxane, ADR-925, and EDTA.
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1.2.7 The current and future status of dexrazoxane in preventing anthracycline-
induced cardiotoxicity

An integral part of the preclinical development of dexrazoxane was the
determination of whether dexrazoxane interferes with anthracycline antineoplastic
activity. On a cellular level, dexrazoxane has shown to have no effect on doxorubicin
cytotoxicity in a variety of tumor cell lines (Imondi, 1998). Also, dexrazoxane does not
change the pharmacokinetics of doxorubicin in clinical trials (Hochster et al., 1992). An
analysis of all randomized trials examining the possibility of dexrazoxane antagonism of
tumor response to doxorubicin found that dexrazoxane does not alter the efficacy of the
anthracycline chemotherapy protocols (Seymour et al., 1999). However, there is one
trial that indicates that dexrazoxane may interfere with the antitumor activity of
doxorubicin (Swain et al., 1997b) as the response rate to doxorubicin was significantly
higher (p = 0.007) in the doxorubicin arm relative to the doxorubicin in combination with
dexrazoxane arm. In this trial the placebo arm response rate to doxorubicin far exceeded
the expected response, indicating that the anomaly most likely lies with the placebo arm.
The report showing that dexrazoxane may reduce response rates in women receiving
doxorubicin for treatment of advanced breast cancer (Swain et al, 1997b) is still
controversial as it exists in only this clinical trial and the potential mechanisms of
dexrazoxane antagonism of doxorubicin clinical activity have not be established.
Mistaken dissemination of this result has slowed the use of dexrazoxane (Hellmann,
1999). Despite its promising protective cardiovascular effects, clinical use of
dexrazoxane has been seriously limited because of the associated severe
myelosuppression, which is potentiated by doxorubicin (Curran et al., 1991). In addition,

it is not yet known whether any protection that dexrazoxane provides against early
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doxorubicin-induced cardiotoxicity also extends to late cardiovascular -effects.
Additional clinical trials are required to fully appreciate these issues.

The conclusions of an expert panel review on use of anthracyclines stated that, in
spite of their well-documented cardiotoxicity, anthracyclines are a valuable option in
chemotherapy (Swain and Vici, 2004). Also, recent interest in combining anthracyclines
with other chemotherapeutic agents indicates that anthracycline dose-dependant
cardiotoxicity will continue to be a growing clinical concern. The panel concluded that
there is overwhelming evidence that dexrazoxane does not interfere with doxorubicin
anti-tumor activity and there is a great potential for its more widespread use (Swain and
Vici, 2004). However, despite overwhelming preclinical and clinical evidence for the use
of dexrazoxane prior to any anthracycline chemotherapy regimen, the guidelines for
clinical use of dexrazoxane set by the American Society of Clinical Oncology,
Chemotherapy, and Radiotherapy Expert Panel (Schuchter et al., 2002) are still quite
conservative. According to the Expert Panel, the use of dexrazoxane is recommended in;
patients who have received more than 300 mg/m’ of doxorubicin for metastatic breast
cancer and who may benefit from continued doxorubicin treatment; patients who have
received more than 300 mg/m’ doxorubicin for treatment of malignancies other than
breast cancer; and patients who responded to previous anthracycline-based chemotherapy

for advanced breast cancer and who may benefit from continued therapy with epirubicin.

1.3 Protection against anthracycline-induced cardiotoxicity by other agents

Most protective strategies to prevent anthracycline-induced cardiotoxicity involve
protecting cardiomyocytes from anthracycline-induced free radical generation. Also,

there is strong evidence that a free radical mechanism is not the primary mechanism of
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doxorubicin-mediated antineoplastic activity, as in vitro studies have shown that the
addition of various antioxidants such as vitamin C (Cervantes et al., 1988), N-
acetylcysteine (Myers et al., 1983) , glutathione (Yoda et al., 1986), superoxide dismutase
(Cervantes et al, 1988), and catalase (Cervantes et al., 1988) did not compromise
doxorubicin cytotoxicity in various tumor cell lines. In vivo murine models treated with
vitamin E and thiol-containing rescue agents (N-acetylcysteine, glutathione, amifostine)
showed positive results in the reduction of both acute and chronic anthracycline
cardiotoxicity (Dorr, 1996). However, these antioxidants have shown disappointing
results in dog models (Van Vleet et al., 1980; Herman et al., 1985b) as well as in clinical
trials where vitamin E (Legha et al., 1982) and N-acetylcysteine (Myers et al., 1983) were
given to patients to attenuate doxorubicin cardiotoxicity.

Probucol, a lipid-lowering drug, was found to possess strong antioxidant
properties (Mao et al.,, 1991) and has been shown to prevent doxorubicin-induced
cardiotoxicity in animal models (Siveski-Iliskovic et al., 1994; Siveski-Iliskovic et al.,
1995) while not affecting doxorubicin antineoplastic activity. However, a more recent
animal study revealed that probucol caused a rapid and significant increase in plasma
doxorubicin clearance and a decrease in area under plasma doxorubicin concentration-
time curve (50% reduction), in rats pretreated with probucol (El-Demerdash et al., 2003).
Considering the evidence indicating that doxorubicin efficacy may be more dependent on
the total area-under-plasma-doxorubicin-concentration-time-curve as opposed to initial
plasma concentrations (Berrak et al., 2001), more rigorous preclinical animal studies on
tumor response rates should be examined prior to application in a clinical context.

Despite this one study, probucol has the unique ability to raise endogenous antioxidants
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(Siveski-Iliskovic et al., 1995) while having no apparent effect on the antitumor efficacy
of doxorubicin. This has lead to calls for clinical trials in cancer patients (Singal et al.,

1997).

1.4 Dexrazoxane as a topoisomerase Il inhibitor: a new clinical application

1.4.1 Topoisomerase II inhibition

Mammalian DNA topoisomerase II (EC 5.99.1.3) is a nuclear enzyme responsible
for the changes in the topological conformation of DNA. Topoisomerase II alters DNA
topology by catalyzing the passing of an intact DNA double helix through a transient
double-stranded break made in the second helix (Corbett and Osheroff, 1993). In
addition to the essential roles of topoisomerase in DNA metabolism, the enzyme is also a
target for several anticancer agents. There are two classes of topoisomerase II inhibitors
that interfere with the different aspects of the enzyme cycle. Topoisomerase II poisons,
such as doxorubicin and etoposide act by stabilizing the enzyme-DNA cleavable complex
that leads to irreversible DNA breaks and cell death (Corbett and Osheroff, 1993).
Topoisomerase II catalytic inhibitors, such as the bisdioxopiperazines, inhibit
topoisomerase II without the promotion of the cleavable complex formation (Ishida et al.,
1991; Sehested et al., 1993). Thus, a topoisomerase Il poison acts at a stage of the
catalytic cycle of the enzyme where the gate DNA strand is open or cleaved, where as a
catalytic inhibitor interacts with the enzyme at a stage where there are no DNA breaks

(Burden and Osheroff, 1998).
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1.4.2 Preventing systemic toxicity from topoisomerase II poisons with dexrazoxane

Etoposide has antitumor activity against a range of neoplasms including lung
cancer, leukemias, neuroblastoma, germ-cell malignancies, non-Hodgkin’s lymphomas,
and sofi-tissue sarcomas (Hande, 1998). Etoposide is thought to exert its cytotoxicity
effects by inhibiting the resealing of the DNA breaks created by topoisomerase II.
Catalytic inhibitors, such as dexrazoxane, are able to inhibit a topoisomerase II poison by
interfering with the catalytic cycle in such a way as to reduce the amount of cleavable
complex formation, or in other words, to decrease the available target of the poison (Roca
et al, 1994; Ishida et al., 1995; Sehested and Jensen, 1996). The bisdioxopiperazines
may lock topoisomerase II at its ATP binding site at the stage of the catalytic cycle where
the homodimeric enzyme is thought to exist in the form of a closed clamp surround the
DNA (Roca et al., 1994), a mechanism thought to be responsible for hindering the
topoisomerase II poisons from their cytotoxicity. Dexrazoxane has been found to
eliminate both DNA breaks and the cytotoxicity caused by etoposide (Sehested et al.,
1993).

Where etoposide crosses the blood-brain barrier resulting in cytotoxic
concentrations when administered at high doses (Postmus et al., 1984; Donelli et al.,
1992), dexrazoxane most likely does not (von Hoff et al., 1980). Preclinical animal
models where mice were inoculated with L1210 tumor cells resulted in a 3.6-fold
escalation in etoposide dose (Holm et al., 1996) and a significant increase in life span
(Holm et al., 1998) relative to mice dosed with etoposide alone, indicating that
dexrazoxane was a promising lead compound for the development of schedules using

high-dose topoisomerase Il poisons in the treatment of brain tumors and metastases.
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These preclinical cell and animal findings led to the proposal that dexrazoxane used in
combination with etoposide could be used in a clinical setting to selectively limit

systemic etoposide-mediated toxicity.

1.5 Questions addressed in this work

Previous spectrophotometric and HPLC studies (Hasinoff, 1994b; Hasinoff, 1994a)
have shown that under physiological conditions dexrazoxane is only slowly hydrolyzed
to B and C (#; of 9.3 hr at 37°C and pH 7.4), and the final hydrolysis product ADR-925
(t» of 23 h). Given the slow rate of the hydrolysis-activation in vitro it was unclear how
sufficient amounts of ADR-925 could be present in heart tissue to chelate iron and
prevent oxygen radical damage before dexrazoxane was eliminated (B #, 0f4.2 £2.9 hin
humans (Hochster et al., 1992)). ADR-925 is likely the pharmacologically active
metabolite of dexrazoxane. Thus it was decided to determine whether the active metal
ion binding form of dexrazoxane (ADR-925) was formed in vivo using a rat model as
discussed in Chapter 2. The formation of ADR-925 afier a dexrazoxane bolus was
determined in both blood and tissue for rats dosed with dexrazoxane such that a greater
understanding of the metabolism and cardioprotective effect of dexrazoxane could be
obtained. The hydrolysis activation of dexrazoxane metabolite intermediates B and C to
ADR-925 was also investigated in a rat model, as described in Chapter 2.

Prior to this work, there has been no published report concerning the
pharmacokinetics of dexrazoxane metabolites in humans. Thus it was decided to
measure the blood plasma levels of dexrazoxane, and dexrazoxane metabolites in a
patient population receiving high dose etoposide with dexrazoxane rescue for the

treatment of brain metastases from small cell lung cancer in order to obtain a greater
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understanding of the metabolism and the mechanism of the protective effects of
dexrazoxane. While the pharmacokinetics of etoposide and dexrazoxane (parent drug
only) have been studied in detail, this study also examined whether the pharmacokinetics
of etoposide and dexrazoxane differed significantly when the two drugs were co-
administered. The in vivo hydrolysis activation of dexrazoxane to ADR-925 began to
describe a pharmacodynamic explanation for dexrazoxane-mediated protection against
anthracycline cardiotoxicity in humans.

The hydrolysis activation of dexrazoxane by metal ions (Buss and Hasinoff, 1995;
Buss and Hasinoff, 1997) and enzymatic catalysis (Hasinoff et al., 1991; Hasinoff, 1993)
have been examined; however very little is known about the enzymatic contribution to
the hydrolysis of B and C to ADR-925. DHPase has been identified as an enzyme that
would likely hydrolyze the ring opening of dexrazoxane to B and C, given the structural
similarity of dexrazoxane to dihydrouracil and dihydrothymine. Likewise, given the
structural similarity of B and C to dihydroorotate, the endogenous substrate of DHOase,
it was decided to test the hypothesis that B and C could be enzymatically hydrolyzed to
ADR-925 by DHOase. In Chapter 4, DHOase-mediated hydrolysis activation of B and C
to ADR-925 was examined and Michaelis-Menton enzyme kinetics were derived.

Further in regards to the work done in Chapter 4, Chapter 5 investigates the in
vivo inhibition of the hydrolysis activation of dexrazoxane to B, C, and ADR-925 was
examined in an effort to determine the contribution of DHPase and DHOase in the
hydrolysis activation of dexrazoxane and B and C, respectively. An enzymatically
mediated mechanism of cardioprotection from anthracycline-induced cardiotoxicity was

hypothesized for dexrazoxane that included DHPase-mediated hydrolysis of dexrazoxane
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to B and C, and DHOase mediated hydrolysis of B and C to ADR-925. A rat model was
used to determine the contribution of DHPase and DHOase in the hydrolysis of
dexrazoxane to ADR-925 in vivo. The DHPase and DHOase inhibitor furosemide
(Schroeder et al., 2002) and the DHOase inhibitor 5-aminoorotic acid (Christopherson
and Jones, 1980; Krungkrai et al, 1992) were administered to the rat prior to
dexrazoxane where the effect of DHPase and DHOase inhibition on ADR-925 plasma
and tissue levels were determined.

In Chapter 6 primary cells from both neonatal rat myocyte and adult rat
hepatocyte isolations were used to further investigate the role of DHOase-mediated
metabolism of C. In addition, the DHOase inhibitors 5-aminoorotic acid and furosemide
and the DHPase inhibitor 4-chlorobenzenesulfonamide were chosen to further define the
contribution of DHPase and DHOase in the metabolism of dexrazoxane and C in primary
cell suspensions. The hydrolysis of C in blood was also examined where the metal ion
chelator diethylenetriaminepentaacetic acid was used to investigate the role of metal ions

in the hydrolysis of C in an in vitro blood model.
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Chapter 2 The doxorubicin-cardioprotective drug dexrazoxane and its one-ring

open intermediates undergo metabolism in the rat to its metal ion-chelating form
ADR-925

2.1 Introduction

Dexrazoxane (ICRF-187, Figure 2.1) is clinically used to reduce doxorubicin-
induced cardiotoxicity (Swain et al., 1997a; Swain et al., 1997b; Hasinoff, 1998; Hasinoff
et al., 1998). The clinical use of dexrazoxane arose as a result of a series of careful
preclinical animal studies that have been described in recent reviews (Hasinoff et al.,
1998; Herman and Ferrans, 1998). Dexrazoxane likely acts as a cardioprotective agent by
diffusing into the cell and hydrolyzing to its one-ring open intermediates B and C, and
then to it fully rings-opened metal ion-chelating form ADR-925 (Figure 2.1), which has a
structure similar to EDTA. ADR-925 may act by chelating free iron or displacing iron
bound to the iron-doxorubicin complex (Hasinoff, 1989b; Buss and Hasinoff, 1993;
Hasinoff, 1998; Hasinoff et al., 1998), thereby reducing iron-based oxygen radical
formation.

Considerable evidence has accumulated that the cardiotoxicity of doxorubicin is
due to iron-based oxygen radical-induced oxidative stress on the heart muscle which is
relatively low in antioxidant enzymes (Gianni et al., 1985; Malisza and Hasinoff, 1995;
Myers, 1998). The Fe**—doxorubicin complex is able to be reductively activated and
redox cycle to produce the extremely damaging hydroxyl radical in a Fenton-type
reaction (Zweier et al., 1986; Hasinoff, 1989b; Hasinoff, 1990b; Malisza and Hasinoff,
1995; Myers, 1998). Previous spectrophotometric and HPLC studies (Hasinoff, 1994b;

Hasinoff, 1994a) showed that under physiological conditions dexrazoxane is only slowly
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hydrolyzed to B and C (£, of 9.3 hr at 37°C and pH 7.4), and the final hydrolysis product
ADR-925 (1, of 23 h) according to the kinetic scheme shown in Figure 2. 1. Given the
slow rate at which hydrolysis-activation occurs in vifro it was, thus, unclear how
sufficient amounts of ADR-925 could be present in heart tissue to chelate iron and
prevent oxygen radical damage before dexrazoxane was eliminated (4,3 of 4.2 +2.9 hin
humans) (Hochster et al., 1992). Considering ADR-925 is likely the pharmacologically
active metabolite of dexrazoxane, and because ADR-925 has not previously been
determined in an in vivo model, it was decided to develop a sensitive fluorescence assay
to measure its levels in plasma and tissues of rats dosed with dexrazoxane, a B/C
mixture, and ADR-925, such that a greater understanding of the metabolism and
cardioprotective effect of dexrazoxane could be obtained. Part of the work detailed in

this chapter has been accepted for publication (Schroeder and Hasinoff, 2002).
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Figure 2.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,
and its strongly metal ion-chelating form ADR-925.

2.2 Materials and Methods

2.2.1 Materials

Dexrazoxane hydrochloride and ADR-925 were gifts from Adria Laboratories
(Columbus, OH). Calcein (“high purity”) was from Molecular Probes (Eugene, OR).
HPLC-grade methanol, phosphoric acid and cobalt chloride hexahydrate were from
Fisher (Nepean, Canada) and heparin, reagent grade catalase, and 1-heptanesulfonic acid

sodium salt were from Sigma (St. Louis, MO).
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2.2.2 Animal handling and surgery

The male Sprague-Dawley (300-350 g) rats used for these experiments were held
at the University of Manitoba Animal Holding Facility (UMAHF) in the department of
Zoology where the animals were allowed food and water ad libitum prior to the study.
The rats were transported to the Faculty of Pharmacy immediately prior to the
commencement of the study and, thus, were not acclimatized prior to surgery. A
combination of ketamine (90 mg/kg) and xylazine (10 mg/kg), administered as an
intraperintoneal (i.p.) injection, was used to anaesthetize the rats. The surgical plane of
anaesthesia was established and monitored through the pedal reflex of each foot where
surgery was only performed after both pedal reflex responses were negative. The degree
of anaesthesia was monitored every 5 min until the experiment was finished and the rat
was euthanized. If the pedal reflex response was positive during surgery, a top up dose
of anaesthetic (20 % of original dose) was administered i.p. Throughout the duration of
the study, the rat was kept warm through an insulated electric heading pad. The rat was
euthanized with Euthanol if at any point during the surgery or blood collection the animal
appeared to be in pain, distress, or displayed an apparent resistance to the anaesthetic.

Once the surgical plane of anaesthesia was reached, a 2 cm incision was made
through the skin above the left jugular vein. Once at least 1 cm of the jugular vein was
completely separated from surrounding connective tissue, two 10 cm pieces of surgical
silk were loosely tied 1 cm apart around the vein. Throughout the surgery, sterile saline
(0.9 % wt/v NaCl) was liberally added to gauze and applied to the open wound to prevent
dehydration. A 0.5 cm x 5 cm piece of flat stainless steel was inserted underneath the

isolated jugular vein. The surgical silk furthest from the heart was tied tightly and double
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knotted. The vein was cut such that the incision was diagonal and approximately half
the width of the vein. One end of the cannula (Intramedic™ non-radiopaque
polyethylene tubing, 1.D. 0.58 mm O.D. 0.965 mm, obtained from Fisher, Canada) was
inserted into a 23 G needle (Becton Dickinson, Fisher, Canada) and then attached to a 3-
way valve (Becton Dickinson, Fisher, Canada) attached to a 10 ml Luer-Lok™ syringe
(Becton Dickinson, Fisher, Canada) containing 10 ml of sterile saline containing heparin
(10 units/ml). The other end of the cannula was cut at a slight angle with a dulled edge to
prevent ripping the vein and inserted in the direction of the heart where light pressure was
applied until resistance was felt (typically 2 — 3 cm). Blood was drawn into a 1 ml Luer-
Lok™ syringe connected to the 3-way valve to determine if the appropriate flow rate was
achieved or if the vein had collapsed on the cannula when adjustments could be easily
made. Once the blood flow rate was satisfactory, the second piece of surgical silk was
tied around the cannulated vein to secure the cannula. After the surgery was complete, a
generously moistened piece of gauze was placed on the open wound for the duration of
the experiment to prevent excessive dehydration. For every 1 ml of blood removed from
the animal, 2 ml of sterile saline was infused. Typically surgery related blood loss did
not exceed 100 pl. In an instance where surgery alone resulted in an estimated blood loss
which exceeded 1 ml, the animal was not used for an in vivo metabolism study and the
blood and tissue samples were collected for control studies. This protocol was approved

by the University of Manitoba Animal Care Committee.

2.2.3 Dosing and sample collection
Dexrazoxane hydrochloride (freshly prepared, 10 mg/ml in sterile saline) was

filtered using a sterile Fisherbrand™ 0.22 pm syringe filter (Fisher, Canada) and
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administered at a dose of 40 mg/kg as an i.v. bolus infusion (2 ml/min) through the tail
vein. Blood samples (500 pl) were removed from the left jugular vein from a group of 6
rats at times 5, 30, 60, 120, and 180 min post-dexrazoxane infusion, and at 60, 80, 100,
120, and 140 min post-dexrazoxane infusion from a second group of 6 rats. B/C
(prepared as described in Section 2.2.4) and ADR-925 (prepared as described in Section
2.2.5) were administered at a dose of 20 mg/kg (as a 5 mg/ml solution in saline solution)
as an i.v. bolus infusion (2 ml/min) through the tail vein. Blood samples (300 pl) were
removed from the left jugular vein from a group of 3 rats at times 2, 15, 30, 45, 60, and
90 min. One 300 pl blood sample was drawn from each rat prior to the administration of
B/C or ADR-925 as a control. The blood samples were added to heparin (10 pl of 1000
units/ml) and centrifuged for 5 min at 500 g. The plasma was removed and 20 pl of 5 M
HC1 per ml of plasma was added. The samples were stored at -80 °C to prevent further

hydrolysis (Hasinoff, 1994b).

2.2.4 DHPase-mediated biosynthesis of the B/C mixture

Milligram quantities of B/C were biosynthetically prepared using the enzyme
dihydropyrimidinase (DHPase, EC 3.5.2.2), for the animal studies where a bolus of a B/C
mixture was used. It has been previously determined that DHPase can rapidly hydrolyze
dexrazoxane to B and C but not to ADR-925 (Hasinoff et al., 1991; Hasinoff, 1993).
DHPase-mediated biosynthesis of B and C from dexrazoxane resulted in relatively large
quantities of a B/C mixture (20 mg per preparation as described in this Section). DHPase
is present as a contaminant of catalase (obtained from Sigma, C-30). The catalase was
dialyzed for 24 h at 4 °C using a Cellu Sep ™ regenerated cellulose tubular membrane

(Fisher, Canada) with a molecular weight cut off of 12,000 - 14,000. The dialysis
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membrane was filled with approximately 4 - 5 ml of crystaline catalase suspension and
sealed by tying both ends with surgical silk. The catalase was dialyzed for 24 hin 4 1 of
distilled water.

Dexrazoxane hydrochloride was dissolved in water (30 mg/ml), titrated with 5 M
NaOH to pH 7, and added to the dialyzed catalase/DHPase such that the final
dexrazoxane solution concentration was 10 mg/ml. The reaction, carried out at room
temperature, was monitored by HPLC (as described in Section 2.2.9) and typically
reached completion in 45 to 60 min. The reaction was deemed complete when the
dexrazoxane levels were less then 10 uM (or less then 0.03 mol % of initial dexrazoxane
concentration). Acetonitrile (2:1, v/v) was used to precipitate proteins from the catalase
and B/C mixture (as described in Section 2.2.6). Under these reaction conditions,
dexrazoxane was hydrolyzed to B and C with a B/C ratio of 4.14:1, which is consistent
with previous published enzyme kinetic reports of DHPase-mediated hydrolysis of
dexrazoxane (Hasinoff, 1993). Once the B/C mixture was obtained, it was also analyzed
for ADR-925 content via the calcein assay (as described in Section 2.2.11) and was found

to contain less then 0.1 mol % ADR-925.

2.2.5 Preparation of ADR-925 from dexrazoxane for ADR-925 infusion studies

ADR-925 used for the animal experiments was prepared by adding 50 pl of 5 M
NaOH per ml of 10 mg/ml dexrazoxane hydrochloride solution for 48 h. At 48 h, the
reaction was quenched with 45 pl of 5 M HCl. The ADR-925 solution was titrated to pH
7 using 5 M NaOH. A sample was analyzed by HPLC (as described in Section 2.2.9) to
ensure that the hydrolysis of dexrazoxane to ADR-925 was complete. ADR-925

prepared in this fashion contained less then 0.003, 0.006, and 0.006 mol % of
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dexrazoxane, B, and C, respectively. The ADR-925 was filter sterilized using a

Fisherbrand™ (.22 pum syringe filter prior to animal use.

2.2.6 Precipitation of plasma proteins

Plasma samples to be analyzed for dexrazoxane and dexrazoxane metabolites
were rapidly thawed in a 37 °C water bath, vortexed for 30 s, and titrated to a pH range of
5-6 with 5 M NaOH. To precipitate plasma proteins, a 300 pl aliqﬁot of acetonitrile was
added to 150 pl of plasma (2:1 acetonitrile/plasma, v/v) which was followed by 30 s of
rapid vortex. The sample was then centrifuged at 10,000 g for 5 min upon which the
supernatant was removed from the plasma protein pellet and placed in a 1.5 ml
microcentrifuge tube and acidified with 5 pul of 5 M HCl. The acidified acetonitrile
supernatant was evaporated to dryness by a stream of nitrogen gas at room temperature.
Samples to be analyzed for dexrazoxane, B, and C analysis were dissolved in 10 mM
HCl/500 pM NayEDTA reconstituted to their original volume just prior to analysis.
Samples to be analyzed for ADR-925 by the calcein assay were dissolved in 10 mM HCl
prior to analysis. Absolute recoveries from spiked plasma ranged from 90% to 100%
over a 10 to 200 pM dexrazoxane range. Similarly, the recovery of B and C ranged from
77-98%, and 81-100%, respectively, over the range of 5-50 pM. Absolute recoveries

from spiked plasma ranged from 90% to 98% over a 5 to 50 uM ADR-925 range.

2.2.7 Preparation of liver, heart, and brain homogenates

After the last blood collection time point (2 to 3 h post dexrazoxane or 90 min
post B/C infusion), the heart, brain, and section of liver, were removed and weighed.

Using surgical scissors, the organs were cut into small pieces (< 5 mm’) and washed three

43



times in a 50 ml centrifuge tube by adding 30 ml of 10 mM HCI (pH 3) and swirling
rapidly for about 1 min upon which the wash solution was drained. By the third wash the
majority of organ blood was removed and the wash solution appeared clear. The washed
minced organs were homogenized using a Polytron homogenizer (Kinematica GmbH,
Switzerland) for 5 min. The homogenate was centrifuged at 0 °C for 2 h at ~18,000 g.
The supernatant was removed and placed in 1.5 ml microcentrifuge tube and stored at
-80°C until analysis. Homogenate supernatant proteins were precipitated as described in

Section 2.2.6 and ADR-925 levels were subsequently measured via the calcein assay (as

described in Section 2.2.11).

2.2.8 Treatment of liver, heart, and brain homogenates to determine total
dexrazoxane, B, C, and ADR-925 tissue levels

In the case where rats were dosed with 40 mg/kg dexrazoxane hydrochloride, an
experiment was done to determine the total concentration of dexrazoxane, B, C, and
ADR-925. A 950 pl sample of tissue homogenate supernatants was treated with 50 ul of
5 M NaOH (such that the final NaOH concentration was 250 mM) for 15 hours to
hydrolyze dexrazoxane, B, and C to ADR-925. Homogenate supernatant proteins were
precipitated as described in Section 2.2.6 and ADR-925 levels were subsequently

measured via the calcein assay (as described in Section 2.2.11).

2.2.9 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,
and ADR-925

2.2.9.1 Instrumentation

The HPLC apparatus consisted of a programmable Varian (Walnut Creek, CA)

9010 pump, Varian 9050 variable wavelength absorbance detector (detection wavelength
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205 nm), Varian Star integrator software (Version 4.0), and a Gilson 234 autoinjector
(Paris, France) with a 20 pl stainless steel sample loop. Prior to each injection, the
sample loop was rinsed with 500 pl of 500 uM EDTA (pH 4.5). The column was a 10
um pBondapak 3.9 X 300 mm reverse phase Cig-column (Waters, Mississauga, Canada).
All HPLC solutions, with the exception of HPLC grade methanol, were filtered using a
Millipore 0.4 pm cellulose filter (Fisher, Canada).

2.2.9.2 HPLC separation of dexrazoxane and C from peaks present in the
acetonitrile-treated plasma sample

Ion-pair reverse phase HPLC was used to separate dexrazoxane and C from
plasma peaks on the same run. The elution profile began with 500 uM Na,EDTA/2 mM
heptanesulfonic acid (pH 3.5) isocratically pumped through the column at a rate of 1
ml/min for 5 min. From 5 to 7 min, the methanol concentration was linearly increased to
20 % upon which a 500 uM Na;EDTA in 2 mM heptanesulfonic acid/methanol (80:20
v/v) solution was isocratically pumped for 5 min. After the dexrazoxane peak eluted, at
about 13 min, the methanol concentration was linearly increased from 20 to 80 % over 1
min and maintained for 20 min to remove any late eluting peaks present in the
acetonitrile-treated plasma sample. The initial mobile phase of 500 uM Na,EDTA/2 mM
heptanesulfonic acid was isocratically pumped through the column for 30 min prior to the

next injection to equilibrate the column.

2.2.9.3 HPLC separation of B from protein plasma peaks

Under the conditions described in Section 2.2.9.2, B co-eluted with a peak present
in the acetonitrile-treated plasma sample and was thus determined separately under

isocratic conditions. 500 uM Na,EDTA (pH 3.5) was isocratically pumped through the
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column at a rate of 1 ml/min for 6 min. From 6 to 8 min, the methanol concentration was
linearly increased to 80 % and maintained for 20 min to remove any late eluting peaks.
The initial mobile phase was isocratically pumped through the column for 20 min prior to

the next injection.

2.2.9.4 Separation of ADR-92S from co-eluting plasma peaks

In order to compare the amount of ADR-925 obtained by HPLC and by the flow
injection method (as described in section 2.2.11), ADR-925 was determined (» = 4) in
the plasma of one rat by HPLC under isocratic conditions (500 pM Na,EDTA/2 mM
heptanesulfonic acid, pH 3.5, 1 ml/min). After ADR-925 eluted, the column was washed
with 500 uM Na,EDTA/methanol (20:80 v/v) for 20 min followed by re-equilibration

with the initial mobile phase for 25 min.

2.2.9.5 HPLC separation of B and C from rats dosed with a B/C mixture

In the instance where rats were dosed with a B/C mixture, B and C were
separated using a new 10 pm pBondapak 3.9 X 300 mm reverse phase Cg-column
(Waters, Mississauga, Canada) with the same elution profile as outlined in Section
2.2.9.3 with the exception that the mobile phase of 500 uM Na,EDTA was titrated to a

pH of 4.5.

2.2.10 HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-92S5 in
rat plasma

The HPLC calibration (10 to 500 pM dexrazoxane, 2 to 50 pM B and C, and 20 to
100 uM ADR-925) were prepared by adding standards containing known amounts of

dexrazoxane, B, C and ADR-925 (prepared as previously described (Hasinoff, 1994b)) to
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blank rat plasma. The calibration plots for dexrazoxane, B, C, and ADR-925 were
constructed by plotting arbitrary unit integration peak areas (as shown in Tables 2.2-2.7)
as a function of drug or drug metabolite concentration as shown in Figures 2.7 through
2.12.  Each concentration point of the calibration curves, prepared prior to sample

analysis, was an average of two injections.

2.2.11 Analysis of ADR-925 using the fluorescent dye calcein

The low molar absorptivity of ADR-925 (Hasinoff, 1990a) lead to the necessity to
develop a highly sensitive flow injection method of analysis for ADR-925. An assay was
developed using the fluorescent metal ion-chelating indicator calcein (which does not
bind calcium or magnesium at neutral pH). Calcein fluorescence is strongly quenched by
Co?" with which it forms a strong 1:1 (Kr= 10%% M™) complex (Kendall and MacDonald,
1983). In this assay the free Co*" not bound to ADR-925 in plasma was reacted with
calcein. The free calcein remaining was then determined fluorometrically by either flow
injection or fluorescence plate reader analysis or fluorescence analysis. As shown in
equation 2.1 and 2.2, the free calcein is representative of ADR-925.

1 Co*" +x ADR-925 —p x Co’"-ADR-925 + (1-x) Co** 2.1

1 calcein + (1-x) Co*" ——» (1-%) Co**-calcein + x calcein (2.2)

2.2.11.1 Experimental conditions for the calcein assay

Calibration plots of integrated fluorescence peak areas (z = 6) in the range 0 to 1.0
uM ADR-925 (as described in Table 2.1) were prepared as follows. A stock solution of
100 uM ADR-925 was prepared in blank plasma. To prepare blank plasma, blood

samples were removed from a rat prior to dosing with any drug and plasma proteins were
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precipitated with acetonitrile as described in Section 2.2.6. A stock solution of 50 pl of
Co®" (20 uM in 50 mM Tris buffer, pH 5.5) was added to 0 — 10 pl of 100 pM ADR-925
(prepared in blank plasma) in a Fisherbrand™ 3 ml glass test tube (Fisher). As noted in
Table 2.1, the amount of plasma added to the reaction was kept constant at 10 pul. Thus
for ADR-925 standards 0 to 0.8 pM, 10 to 2 pl of blank plasma was added to each
standard. Samples were rapidly vortexed for 5 min to allow the reaction of ADR-925
with Co®* to proceed to completion. Calcein (10 pl of 100 pM in distilled water) was then
added and mixed for 30 s to allow for the reaction of the free Co®" and calcein. Tris
buffer (940 pl, 50 mM, pH 7.5) was added such that the final Co*" concentration was 1.0
uM and the ADR-925 concentration ranged from 0 to 1.0 pM (as shown in Table 2.1).
Samples to be analyzed for ADR-925 in rats dosed with dexrazoxane, the B/C
mixture, or ADR-925 were treated as described above and assessed for ADR-925 content
relative to the standard curve. If the ADR-925 concentration exceeded 0.9 puM, as
determined from the fluorescence signal, the plasma sample was diluted to bring it into
the working range (0.2 — 0.9 uM). In order to reduce interfering heavy metal
contaminants, the Tris buffer and calcein stock solutions were stirred with the chelating
resin Chelex (Sigma, 1 g/100 ml) for 24 h prior to use. Calcein was also stored over
Chelex (1 g/5 ml) at 4 °C. Care was also taken to ensure that the plasma samples only

came in contact with plastic to prevent heavy metal contamination.
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Table 2.1 Calcein assay standard ADR-925 curve to determine ADR-925 plasma levels.

Std# | Volume of | Volume of | Volume | Volume | Volume Final
20 uM 100 uM ofblank | 100 uM 50 mM ADR-925
Co**in50 | ADR-925 | plasma calcein Tris concentration
mMTris | (u) (uD) (PH 7.5) (M)
(pH 5.5) (uD) (ud)
()

1 50 0 10 10 930 0

2 50 2 8 10 930 02

3 50 4 6 10 930 04

4 50 6 4 10 930 0.6

5 50 8 2 10 930 0.8

6 50 10 0 10 930 1.0

2.2.11.2 Instrumental

2.2.11.2.1 Flow injection analysis of ADR-925

Once the plasma samples were prepared for ADR-925 analysis (as described in

Section 2.2.11.1) 50 pl was injected into a Rheodyne (Cotati, CA) injector with a 20 pl

Upchurch (Oak Harbor, WA) PEEK sample loop using a Teflon needle (Rheodyne).

PEEK tubing (Upchurch) was used between the injector, a programmable Varian (Walnut

Creek, CA) 9010 pump, and the Shimadzu (Columbia, MD) RF-551 fluorescence

detector (Aex 496 nm, Aey 517 nm). Aqueous Na;EDTA (20 pM, 1 ml/min) was used as

the mobile phase to complex metal ions present in the flow system. This concentration of

EDTA was shown not to affect the assay because the brief time that the injected sample

was in contact with EDTA was too short to allow any significant reaction to occur with

the Co**—calcein complex. Samples were analyzed in triplicate.

49




2.2.11.2.2 Fluorescence plate reader analysis of ADR-925

The fluorescence measurements were also conducted on a BMG Lab
Technologies Inc. (Durham, NC) Fluostar Galaxy fluorescence plate reader (Aex 485 nm,
Aem 520 nm) with excitation and emission probes directed to the bottom (bottom/bottom
read) of a black plastic 96-well plate (obtained from Corning, NY). A gain was set such
that 100 pl of 1 pM calcein would be 90 % of the maximum fluorescence value (which
typically resulted in a gain range of 20 — 22). Preparation of the calibration curve and
samples to be analyzed for ADR-925 were done exactly as described in Section 2.2.11.1
and 100 pl of prepared sample was added to each well. Samples were analyzed in

duplicate.

2.2.12 ADR-925 calibration plots using the fluorescent dye calcein

Calibration plots of integrated peak areas (n = 6) in the range 0 to 1.0 uM ADR-925
(as shown in Tables 2.8 - 2.9) were repeated every 3 h during ADR-925 analysis for the
calcein assay using the flow injection method (Section 2.2.11.2.1). In the instance where
the fluorescence plate reader was used (Section 2.2.11.2.2), a standard curve was
prepared for each individual plate containing samples to be analyzed for ADR-925
content. The limit of quantitation of ADR-925 in plasma was estimated to be 1 uM. This
was determined by adding known amounts of ADR-925 to blank plasma samples
(prepared as described in Section 2.2.11.1) and comparing the resulting fluorescence
signal to the predicted signal based on the standard curve.
2.2.13 Data Analysis
Pharmacokinetic data were analyzed using the pharmacokinetic/pharmacodynamic

modeling program WinNonlin (Pharsight, Mountain View, CA) for an i.v. bolus.
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2.3 Results

2.3.1 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,
and ADR-925

Under the column conditions described in Section 2.2.9, dexrazoxane, B, C, and
ADR-925 were all well separated from peaks present in the acetonitrile-treated plasma
sample with retention times of 13.5, 4.9, 5.7, and 3.6 min, respectively. Representative
chromatograms of the separation of dexrazoxane and its hydrolysis products are shown in
Figures 2.2 to 2.5. In the instance Where rats were dosed with a B/C mixture, B and C
were well resolved on the same run with retention times of 4.8 min and 5.9 min,

respectively, as shown in Figure 2.6.
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Figure 2.2 HPLC chromatograms of the separation of dexrazoxane in plasma from a rat
dosed with an i.v. bolus of 40 mg/kg dexrazoxane hydrochloride.

Dexrazoxane was separated on a C;s reverse-phase column. A blank plasma sample is

shown in chromatogram I. HPLC chromatograms II and III were obtained after 15 and

120 min post dexrazoxane bolus (40 mg/kg), respectively.
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Figure 2.3 HPLC chromatograms of the separation of Metabolite C in plasma from a
rat dosed with an i.v. bolus of 40 mg/kg dexrazoxane hydrochloride.

Metabolite C was separated on a Cjg reverse-phase column. A blank plasma sample is

shown in chromatogram I. HPLC chromatograms II and III were obtained after 15 and

90 min post dexrazoxane bolus (40 mg/kg), respectively.
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Figure 2.4 HPLC chromatograms of the separation of Metabolite B in plasma from a
rat dosed with an i.v. bolus of 40 mg/kg dexrazoxane hydrochloride.

Metabolite B was separated on a C;s reverse-phase column. A blank plasma sample is

shown in chromatogram I. HPLC chromatograms II and III were obtained after 15 and

60 min post dexrazoxane bolus (40 mg/kg), respectively.
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Figure 2.5 HPLC chromatograms of the separation of ADR-925in plasma from a dosed
with an i.v. bolus of 40 mg/kg dexrazoxane hydrochloride.

ADR-925 was separated on a C;g reverse-phase column. A control sample of 500 uM

ADR-925 is shown in HPLC chromatogram I. A blank plasma sample is shown in

chromatogram II. HPLC chromatograms III was obtained after 120 min post

dexrazoxane bolus (40 mg/kg), where the integrated ADR-925 peak area corresponds to

52 uM ADR-925.
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Figure 2.6 HPLC chromatograms of the separation of Metabolite B and C in plasma
from a rat dosed with an i.v. bolus of 20 mg/kg B/C mixture.

Metabolite B and C were separated on a new C;g reverse-phase column. A blank plasma

sample is shown in chromatogram I. HPLC chromatograms II and III were obtained after

10 and 30 min post B/C mixture bolus (20 mg/kg), respectively.
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2.3.2 HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-925 in
rat plasma

The calibration plots for dexrazoxane, B, C, and ADR-925 were constructed by
plotting arbitrary integration peak areas (as shown in Tables 2.2-2.7) as a function of drug
or drug metabolite concentration as shown in Figures 2.7 through 2.12.  Each
concentration point of the calibration curves, prepared prior to sample analysis, was an
average of two injections. The day-to-day variation of the slopes was found to be small
and is expressed as a percent difference at the end of Tables 2.2-2.9.  The limit of
quantitation, estimated from three times the limit of detection, of dexrazoxane, B, C, and
ADR-925 in plasma was 0.5, 1.0, 1.0, and 10 puM, respectively. The limit of detection
was made through an estimate of drug/metabolite peak heights that exceeded the

background noise three-fold.

Table 2.2 HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride.

Concentration Average Peak Area
(LM) (Arbitrary Units)
400 1324489
300 953100
200 667646
100 324312
50 152916
25 91418
10 45671
Slope® 3261
Y-intercept 3115
v 0.998

2 Between-day variation in the slopes of the calibration plots was 11%.
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Table 2.3 HPLC calibration curve of metabolite C (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride.

Concentration Average Peak Area

(uM) (Arbitrary Units)
50 76388
30 42579
20 27292
10 16102
5 8272
2 3104
Slope? 1495
Y-intercept -199
r 0.996

? Between-day variation in the slopes of the calibration plots was 2%.

Table 2.4 HPLC calibration curve of metabolite B (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride.

Concentration Average Peak Area
(uM) (Arbitrary Units)
50 80543
30 49987
20 27041
10 14246
5 7978
2 3039
Slope ® 1633
Y-intercept -1375
0.994

? Between-day variation in the slopes of the calibration plots was 2%.
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Table 2.5 HPLC calibration curve of ADR-925 (UV absorbance at 205 nm) in

precipitated rat plasma for rats dosed with 40 mg/kg dexrazoxane hydrochloride.

Concentration Average Peak Area
(uM) (Arbitrary Units)
100 30241
70 19546
50 13954
35 11024
20 6124
10 3024
Slope 293
Y-intercept 20.6
v 0.994

Table 2.6

HPLC calibration curve of metabolite B (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 20 mg/kg B/C mixture.

Concentration Average Peak Area
(uLM) (Arbitrary Units)
500 773812
200 330132
100 159981
50 84046
25 40672
10 14294
5 6688
2 3028
Slope 1555
Y-intercept 3244
r 0.999
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Table 2.7 HPLC calibration curve of metabolite C (UV absorbance at 205 nm) in
precipitated rat plasma for rats dosed with 20 mg/kg B/C mixture.

Concentration Average Peak Area
(uM) (Arbitrary Units)
200 337383
100 158267
75 115942
50 75824
25 37877
10 16564
5 7338
2 3127
Slope® 1677
Y-intercept -3866
v 0.998
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Figure 2.7 HPLC calibration curve of dexrazoxane in rat plasma Figure 2.8 HPLC calibration curve of C in rat plasma
HPLC calibration plots using integrated peak areas were prepared by adding standards containing known amounts of dexrazoxane and

C to blank rat plasma. A mobile phase of 500 uM Na,EDTA/2 mM heptanesulfonic acid (pH 3.5) (as described in Section 2.2.9.2)
separated dexrazoxane (f. 13.8 min) and C (¢, 5.8 min) from peaks present in the acetonitrile-treated plasma sample.
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Figure 2.9 HPLC calibration curve of B in rat plasma

HPLC calibration plot using integrated peak areas was prepared
by adding standards containing known amounts of B to blank rat
plasma. A mobile phase of 500 uM Na,EDTA (pH 3.5) (as
described in Section 2.2.9.2) separated B (7 4.9 min) from peaks
present in the acetonitrile-treated plasma sample.
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Figure 2.10 HPLC calibration curve of ADR-925 in rat plasma
HPLC calibration plot using integrated peak areas was prepared
by adding standards containing known amounts of ADR-925 to
blank rat plasma. A mobile phase of 500 pM Na;EDTA/2 mM
heptanesulfonic acid (pH 3.5) (as described in Section 2.2.9.4)
separated ADR-925 (¢, 3.8 min) from protein peaks.
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Figure 2.11 HPLC calibration curve of B in rat plasma for rats Figure 2.12 HPLC calibration curve of C in rat plasma for rats
dosed with 20 mg/kg of a B/C mixture dosed with 20 mg/kg of a B/C mixture

HPLC calibration plots using integrated peak areas were prepared by adding standards containing known amounts of B and C to blank

rat plasma. A mobile phase of 500 uM Na,EDTA (pH 4.5) (as described in Section 2.2.9.5) separated B (¢, 4.8 min) and C (¢, 5.9 min)
from peaks present in the acetonitrile-treated plasma sample.
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2.3.3 Selectivity of Co’* for ADR-925

The calcein assay was shown to selectively detect only ADR-925 in the presence
of a mixture of dexrazoxane, B, C and ADR-925 as shown in Figure 2.13. The added
Co** was shown not to detectably promote the ring opening of B and C (Buss and
Hasinoff, 1997) over 20 min, under the experimental conditions outlined in Section
2.2.11.1.  All ADR-925 calibration curves were done in precipitated plasma (detailed in
Section 2.2.6) and precipitated plasma components were shown not to interfere with the
assay as the slopes of the calibration plots in water and reconstituted plasma were
unchanged. Over the time the assay was conducted both the Co**~ADR-925 and Co*"—
calcein complexes were stable. The ADR-925 in plasma is likely complexed with Ca*
and Mg®" (K; of 10%° and 10°! M, respectively (Huang et al., 1982)). It was shown in
control experiments containing typical plasma concentrations of Ca>* and Mg®*, that the
added Co”" was able to displace the Ca** and Mg®* from their complexes with ADR-925
within 3 min, as seen in Figure 2.14. Figure 2.14 also shows that free calcein was not to
be able to displace ADR-925 from Co**~ADR-925 over the time the assay was
conducted.

While the calcein assay was not sensitive to either dexrazoxane, B, or C, the
possibility existed that other dexrazoxane-derived chelating metabolites that the calcein
assay might detect were formed. In order to test this possibility an experiment was
carried out on a single rat in which a single large blood sample, sufficient to measure the

ADR-925 level both by HPLC (as described in Section 2.2.9.4 and shown in Figure 2.5)

and by the calcein assay (as described in Section 2.2.11), was taken at 120 min post-
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dexrazoxane infusion. The plasma concentration of ADR-925 was measured to be 52 and
49 pM using the HPLC and calcein assays, respectively. The close agreement of these
two values indicates that there were no other detectable dexrazoxane-derived Co®*

chelating metabolites formed in vivo.
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Figure 2.13 Dexrazoxane, B, and C do not interfere with ADR-925
quantitation using the fluorescent dye calcein.

The calcein fluorescence of a mixture of dexrazoxane, B, C, and
ADR-925 (8:3:3:1, mol ratio) was compared to that of ADR-925 to
determine whether dexrazoxane, B, or C interfered with the calcein
assay. The standard curve from standards containing dexrazoxane,
B, C, and ADR-925 mixture (®) and ADR-925 alone (A) were
shown not to be statistically different (p > 0.5) indicating that B, C,
and dexrazoxane did not interfere with the calcein assay.
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Figure 2.14 Displacement of Mg and/or Ca’™ from the Mg -
ADR-925 or Ca’*-ADR-925 complex by Co™",

The time measurement is the duration that 1 pM Co®* was

incubated with 1 uM ADR-925 (pre-incubated with rat plasma

for 5 min) prior to calcein addition. ADR-925 content was

determined through the calcein assay as described in Section

2.2.11.



2.3.4 ADR-925 calibration plots using the fluorescent dye calcein

Calibration plots of integrated peak areas (r = 6) in the range 0 to 1.0 pM ADR-925
(as shown in Tables 2.9 - 2.10) were repeated every 3 h during ADR-925 analysis for the
calcein assay using the flow injection method (Section 2.2.11.2.1). In the instance where
the fluorescence plate reader was used (Section 2.2.11.2.2), a standard curve was
prepared for each individual plate containing samples to be analyzed for ADR-925
content. The limit of quantitation of ADR-925 in plasma was estimated to be 1 pM. At
ADR-925 concentrations of 1 uM or larger, the observed and predicted fluorescence
signal were in strong agreement (95 % or more). However, once ADR-925 concentration
decreased to 0.5 pM or less, the agreement between the observed and predicted
fluorescence values decreased dramatically. ADR-925 plasma concentrations were all

above 5 uM and, thus, all above the limit of quantitation for this assay.

Table 2.8 Flow injection calibration curve of ADR-925 (using the fluorescent dye
calcein, Aex 496 nm and Aem 518 nm) in precipitated rat plasma

Concentration Average Peak Area (Arbitrary Units)
(M)
0 548036
0.2 899273
0.4 1321833
0.6 1808228
0.8 2339384
1.0 2711249
Slope® 2231 827
Y-intercept 488753
r 0.996

* Between-day variation in the slopes of the calibration plots was 3 %.
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Table 2.9 Fluorescence plate reader calibration curve of ADR-925 (using the
fluorescent dye calcein, Aex 485 nm and Aem 520 nm) in precipitated rat plasma

Concentration Average Peak Area (Arbitrary Units)

M)

0 15640

0.2 22953

0.4 30591

0.6 40553

0.8 52070

1.0 57727

Slope? 43 964

Y-intercept 14 607

Y 0.993

* Between-day variation in the slopes of the calibration plots was 2 %.
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Figure 2.15 Fluorescence plate reader (Aox 485 nm, Aew 520 nm) Figure 2.16 Fluorescence flow injection (Aex 496 nm, Aeym 518
ADR-925 calibration curve in rat plasma nm) ADR-925 calibration curve in rat plasma

Calibration plots using the calcein assay on either a Flowstar Galaxy fluorescence plate reader (Figure 2.15) or flow injection (Figure
2.16). Calibration curves were prepared by adding standards containing known amounts of ADR-925 to blank rat plasma as described
in section 2.2.11. A mobile phase of 20 uM Na,EDTA (pH 4.5) was used for the flow injection method to chelate potential metal
ions.
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2.3.5 Metabolism of dexrazoxane to B and C after an i.v. bolus of dexrazoxane

The results shown in Figures 2.17 — 2.28 represent the dexrazoxane and
dexrazoxane metabolite concentration-time profile for all 12 rats. The results shown in
Figure 2.29 represent the average concentration-time data (shown in Tables 2.10-2.13)
for all 12 rats. The results shown in Figure 2.29 for dexrazoxane, B, and C are very close
to those previously obtained for rats likewise dosed at 40 mg/kg of dexrazoxane
hydrochloride (Hasinoff and Aoyama, 1999a). The intermediates B and C appeared in the
plasma very quickly after dexrazoxane administration and then remained almost constant
after a rapid decrease over 30 min. It can also be seen from the data in Figure 2.30 that
the concentration of B was always larger than that of C (by a nearly constant 4 fold) as
previously observed (Hasinoff and Aoyama, 1999a). The peak plasma concentration of
dexrazoxane of 529 + 41 pM shown in Table 2.10 can be compared to that seen in
humans of 340 + 80 uM at a dose of 600 mg/m’ (Hochster et al., 1992). ADR-925 also
appeared in the plasma very quickly, increased with time, and its concentration exceeded
B and C at 30 min. ADR-925 plasma levels peaked at about 80 min, and exceeded the
concentration of dexrazoxane at that time, and then slowly decreased with time to 180
min. The sum of the plasma concentrations of dexrazoxane and its three metabolites is
also plotted in Figure 2.29. The sum decreases rapidly over the first 60 min and then

slowly decreases with time.
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Table 2.10

Plasma concentrations (WM) of dexrazoxane after male Sprague-Dawley rats were dosed (i.v. bolus) with 40 mg/kg
dexrazoxane hydrochloride.

Time Rat number Average SE
(min) 1 2 3 4 5 6 7 8 9 10 11 12 M) | (& uM)
5 489 646 451 589 391 609 529 41
30 297 96 120 80 178 205 163 33
60 70.0  63.1 50.5 50.3 76.7  80.1 694  64.1 49.5 51.3 75.7 81.5 65.2 5.0
80 60.5 55.5 45,5 479 629 746 57.8 4.4

100

120 52.1 524 402 436 502 705 51.5 4.3

140 55.3 50.3 41.3 48.9 2.9

165 50.1 49.5 37.5 39.5 50.5 60.5 47.9 3.4

180 56.4  46.1 375 40.8 465  65.7 48.8 4.3
Table 2.11 Plasma concentrations (uM) of ADR-925 after male Sprague-Dawley rats were dosed (i.v. bolus) with 40 mg/kg

dexrazoxane hydrochloride.

100
120
140
165
180

Rat number Average SE

1 2 3 4 5 6 7 8 9 10 11 12 (uM) | (& uM)
5.0 5.0 5.0 5.0 9.0 10.8 6.6 1.1
269 253 19.4 19.6 9.6 18.2 19.8 2.5
880 477 506 699 229 473 40.7  38.8 604 693 30.5 653 52.6 7.6
100.5 84.5 755  60.5 60.5 882 783 6.5
64.9  60.5 909 505 455 759 64.7 6.8
60.5 80.5 655 509 575 597 605 455 75.5 305 15.5 60.5| 552 7.3
50.5 69.5 249 50.1 1 48.8 7.5
39.8 335 455 40.5] 39.8 2.0
30.3  40.5 36.2 279 335 29.7 4.3
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Table 2.12  Plasma concentrations (uM) of B after male Sprague-Dawley rats were dosed (i.v. bolus) with 40 mg/kg dexrazoxane

hydrochloride.
Time Rat number Average SE
(min) 1 2 3 4 5 6 7 8 9 10 11 12 M) | EuM)
5 314 423 483 376 819 484 48.3 7.2
30 15.9 18.2 13.3 8.6 104 134 13.3 1.4
60 15.0 16.5 13.5 10.5 12.0 13.9 17.0 155 14.5 9.5 13.0 12.9 13.7 0.9
80 14.1 14.8 13.8 8.6 13.6 15.5 13.4 1.0
100
120 14.6 14.5 144 120 15.5 13.9 14.2 0.5
140 16.4 14.1 13.1 14.5 0.7
165 14.1 13.9 14.2 14.5 13.0 12.9 13.8 0.3
180 16.3 15.0 16.1 8.3 12.2 10.4 13.0 1.3
Table 2.13  Plasma concentrations (uM) of C after male Sprague-Dawley rats were dosed (i.v. bolus) with 40 mg/kg dexrazoxane
hydrochloride.

Time Rat number Average SE
(min) 1 2 3 4 5 6 7 8 9 10 11 12 uM) | EuM)
5 13.5 205 12.5 15.7 12.5 18.9 15.6 1.4
30 33 7.5 4.6 3.5 2.5 3.5 4.2 0.7
60 3.0 4.5 3.5 4.0 2.8 3.1 2.0 5.5 2.5 5.0 1.8 4.5 3.5 0.5
80 2.5 3.0 3.0 2.6 2.2 3.0 2.7 0.1

100

120 2.0 5.0 3.8 3.0 3.7 4.7 3.0 4.0 3.8 3.7 0.4
140 5.0 1.5 1.5 2.7 0.8
165 3.0 2.5 2.0 3.0 2.0 3.9 2.7 0.3
180 2.0 4.0 2.4 5.4 2.1 3.2 3.2 0.5
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Figure 2.17 Plasma concentrations of dexrazoxane, B, C, and Figure 2.18 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 1 after an iv. dose of 40 mg/kg of ADR-925 for rat 2 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.19 Plasma concentrations of dexrazoxane, B, C, and Figure 2.20 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 3 after an iv. dose of 40 mg/kg of ADR-925 for rat 4 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.21 Plasma concentrations of dexrazoxane, B, C, and Figure 2.22 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 5 after an iv. dose of 40 mg/kg of ADR-925 for rat 6 after an iv. dose of 40 mg/kg of

dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.23 Plasma concentrations of dexrazoxane, B, C, and Figure 2.24 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 7 after an iv. dose of 40 mg/kg of ADR-925 for rat 8 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.25 Plasma concentrations of dexrazoxane, B, C, and Figure 2.26 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 9 after an iv. dose of 40 mglkg of ADR-925 for rat 10 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.27 Plasma concentrations of dexrazoxane, B, C, and Figure 2.28 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 11 after an iv. dose of 40 mg/kg of ADR-925 for rat 12 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride. dexrazoxane hydrochloride.
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Figure 2.29 Average rat plasma concentrations of dexrazoxane
(), B (4), C (V), ADR-925 (), and sum of the
concentrations of dexrazoxane, B, C, and ADR-925 (e)
after an iv. dose of 40 mglkg of dexrazoxane

hydrochloride.
Error bars represent the SEMs from 6-12 rats per concentration-
time point, except for 140 min data which are averaged from 3

rats.
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2.3.5.1 ADR-925 levels in tissue homogenate supernatants from rats dosed with 40
mg/kg dexrazoxane hydrochloride

ADR-925 levels in the heart, liver, and brain tissue homogenate supernatants of
rats dosed with 40 mg/kg dexrazoxane hydrochloride are shown in Table 2.14. ADR-925
concentrations were approximately two-fold higher in liver homogenates relative to that
of the heart, with average ADR-925 tissue concentrations of 0.0971 and 0.0515 umol/g
wet tissue, respectively. Interestingly, no detectable amounts of ADR-925 were found in
brain homogenate (< 0.002 pmol/g wet tissue) suggesting that dexrazoxane does not cross
the blood brain barrier of the rat in detectable levels. A significant 2-fold increase in the
ADR-925 tissue levels was found in the heart (p < 0.0001) and liver (p < 0.002) after
NaOH treatment (as shown in Table 2.14, described in Section 2.2.8), which strongly
indicates that ADR-925 comprises approximately half of the total amount of dexrazoxane,
B, C, and ADR-925 found in tissues. Also, no detectable amount of ADR-925 was found
in the brain homogenates of rats likewise treated with NaOH, indicating that detectable
amounts (< 0.002 pmol/g wet tissue) of dexrazoxane, B, or C, are not present in the brain

after a dexrazoxane hydrochloride bolus.
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Table 2.14 Brain, liver, and heart tissue homogenate supernatant concentrations of ADR-
925 as determined by the calcein assay. Rat tissues were removed and treated as
described in Section 2.2.7 and 2.2.8 at 2 — 3 h post-dexrazoxane infusion.

Rat ADR-925 (umol/g wet tissue) Total ADR-925 (NaOH treated)
Number (umol/g wet tissue)
Heart Liver Brain Heart Liver Brain
1 0.0281 0.0812 <LOD 0.118 0.344 <LOD
2 0.0405 0.0660  <LOD 0.090 0.186 <LOD
3 0.0384 0.0665 <LOD 0.070 0.167 <LOD
4 0.0650 0.1674 <LOD 0.107 0.215 <LOD
5 0.0728 0.1215 <LOD 0.168 0.251 <LOD
6 0.0507 0.0842 <LOD 0.116 0.246 <LOD
7 0.0651 0.0926 <LOD 0.101 0.232 <LOD
Ave 0.0515 0.0971 -- 0.100 0.232 --
SE 0.0063 0.0137 -- 0.0074 0.0255 --

2.3.6 Metabolism of B and C to ADR-925 after an i.v. bolus of B/C

2.3.6.1 Pharmacokinetic analysis of B, C, and ADR-925 from rats dosed with an i.v.
bolus of B/C mixture (20 mg/kg)

The plasma pharmacokinetics for the iv. bolus of a B/C mixture was fitted to an
iv. bolus one-compartment model (equation 2.1 and 2.2, WinNonlin Model 1)
(WinNonlin 4.0, Pharsight, Mountain View, CA). The one-compartment model was used
to describe the entire plasma concentration (C) versus time (t) curve fitted by a single
exponential term where Cpand Cc refer to the zero-time intercepts and k;, and £, refer to
the elimination rate constants of the concentration-time curve of B (equation 2.1) and C,

(equation 2.2.) respectively.

Ct = CB-e'kb't 2.1

Ct = C’C-e-kc-t 2.2

The elimination half life (f4) for B and C is defined by equations 2.3 and 2.4,
respectively.
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b =In2 23

tV:kc = m; 2'4

The apparent elimination rate of ADR-925 (k4pr) was also determined by fitting the data

to a two-parameter single-exponential decay function (equation 2.5) where the apparent

elimination half life is estimated by equation 2.6.

C, = Cypre™o" 2.5
Lapapr =102 2.6
kADR

The pharmacokinetic parameters for B and the apparent pharmacokinetic
parameters for ADR-925 were determined from the concentration-time data for the first
30 min after the B/C bolus where the concentration-time profile of B and ADR-925 was
linear. The pharmacokinetic parameters for C were determined from the concentration-
time data for the first 20 min after the B/C bolus as plasma concentrations for C were
lower then the limit of quantitation after 20 min.

The results in Tables 2.15 - 17 and in Figures 2.31-2.33 show that when a B/C
mixture is given as an i.v. bolus both metabolites are rapidly eliminated with half-lives of
4.9 £ 0.84 and 3.2 £ 0.96 min, respectively, as shown in Table 2.18. The C, for B and C
was determined to be 417 £ 39 and 73.7 + 12.7, respectively, as shown in Table 2.18.
The peak plasma concentration of ADR-925 of 134 + 10.3 uM is shown in Figure 2.34.
ADR-925 appeared in the plasma very rapidly and was found to be at a maximum value

at 2 min post B/C bolus, the first data collection time point. Unlike the ADR-925
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concentration-time profile after a dexrazoxane infusion, when B/C was infused the ADR-
925 levels rapidly decrease with an apparent half life of elimination of 8.5 + 1.2 min
(shown in Table 2.18). The sum of the plasma concentrations of B, C, and ADR-925

metabolites is also plotted in Figure 2.34. The sum decreases rapidly over the first 30 min

and then slowly decreases with time.

Table 2.15 Plasma concentrations of B after dosing (i.v. bolus) male Sprague-Dawley rats

with 20 mg/kg of a B/C mixture.

Time Rat number Average SE

(min) 1 2 3 (M) (& pM)
2 249.5 306.3 390.0 315.3 41.6
10 55.2 120.6 108.3 94.7 20.4
20 13.6 38.3 56.8 36.2 12.7
30 4.0 1.4 19.8 8.4 5.9
45 1.2 <LOD 7.0 4.1 --
60 <LOD <LOD 6.6 6.6 --
90 <LOD <LOD 2.3 2.3 --

Table 2.16

Plasma concentrations of C after dosing (i.v. bolus) male Sprague-Dawley

rats with 20 mg/kg of a B/C mixture.

Time Rat number Average SE
(min) 1 2 3 (uM) (= M)
2 35.6 62.8 45.5 48.0 8.1
10 5.6 6.1 11.9 7.9 2.1
20 3.6 1.4 4.3 2.1 1.1
30 23 <LOD 2.3 -- --
45 2.6 <LOD 2.0 -- --
60 <LOD <LOD <LOD -- --
90 <LOD <LOD <L.OD -- --
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Table 2.17 Plasma concentrations of ADR-925, as determined by the calcein
fluorescence assay, after dosing (i.v. bolus) male Sprague-Dawley rats with 20

mg/kg of a B/C mixture.

Time Rat number Average SE
(min) 1 2 3 (uM) (£ uM)
2 140 89.2 114.0 114 14.8
10 54.4 62.3 59.1 58.6 2.3
20 17.6 36.6 254 26.5 5.6
30 1.8 21.3 12.9 12.0 5.8
45 7.1 10.0 4.0 7.0 1.8
60 4.3 3.8 3.4 3.8 0.2
90 4.3 5.6 6.8 5.6 0.7

Table 2.18 Pharmacokinetic parameters for the elimination of B and C and apparent
elimination of ADR-925 in the rat following a B/C bolus (20 mg/kg)

Rat B C ADR-925

number | n ks r Cp |n k. y Cc |n aoe . Capr
) yp| @D gy @) v

1 4 0.18 360 |3 022 54314 0.12 177

2 4 0.12 389 {3 0.29 111 {4 0.050 995

3 4 0.14 512 |3 016 624 (4 0.082 134
Mean® | - 0.15 420 |- 022 759 |-- 0.084 137
SE - 0.019 47 |-~ 0.038 18 |-- 0.020 22.8
Ave’ |4 0.14 417 {3 022 73714 0.082 134
SE - 0.024 39 {-- 0065 12.7 {-- 0.011 103

n, is the number of plasma concentration-time points for each rat used to obtain the
pharmacokinetic parameters.

* Average pharmacokinetic parameters for the individual concentration-time data of B, C,
and ADR-925 for the first 30 min from rats 1-3 where errors are expressed as standard
errors.

> Pharmacokinetic parameters for the individual concentration-time data of rats 1-3 over

the first 30 min where standard errors were obtained from modeling data to equation
2.1,2.2,and 2.5.
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Figure 2.31 Plasma concentrations of B, C, and ADR-925 for rat  Figure 2.32 Plasma concentrations of B, C, and ADR-925 for rat

1 after a 20 mg/kg dose (i.v. bolus) of a B/C mixture. 2 after a 20 mg/kg dose (i.v .bolus) of a B/C mixture.
After 45 min, B and C concentration-time data were below the After 30 min for B and 20 min for C concentration-time data were
limit of quantitation (LOQ). below the limit of quantitation (LOQ).
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Figure 2.33 Plasma concentrations of B, C, and ADR-925 for rat  Figure 2.34 Average plasma concentrations of B, C, and ADR-

3 after a 20 mg/kg dose (i.v. bolus) of a B/C mixture. 925 and the sum of the concentrations of dexrazoxane, B,
After 45 min C concentration-time data was below the limit of C, and ADR-925 after a 20 mg/kg dose ( i.v .bolus) of a
quantitation (LOQ). B/C mixture.

Error bars represent the relative S.E. from B, C, and ADR-925
concentration-time determinations of 3 rats. The smooth line
through B, C, and ADR-925 concentration-time data was
calculated from eqn. 2.1.
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2.3.6.2 Description of the ADR-925 concentration-time curve following a 20 mg/kg
B/C bolus.

A linear two-compartment model, where the parent compounds (B and C) are
eliminated solely by metabolism to ADR-925 through a first-order process, was used to
describe ADR-925 plasma levels following a 20 mg/kg bolus of the B/C mixture.
Because of the rapid appearance of ADR-925, this model assumes B and C are
eliminated exclusively through metabolism, where the formation of ADR-925 is
dependent on both B and C and where C, is the concentration of ADR-925 as a function
of time. Thus, kg is defined as the formation rate constant of B to ADR-925 and k is
defined as the formation rate constant of C to ADR-925. It is assumed that because the
ADR-925 formed is highly polar it is, subsequently, completely eliminated via a first-
order process with a rate constant &, (Jackson et al., 2004). These assumptions for the
initial first order formation of ADR-925 can be described for the first 30 min by equation

2.7 (Jackson et al., 2004). Where Cp is the zero time intercept of B (defined from

Ci=  IkpCpe™'—e™") + kyCoe*'— e 2.7
(kfb’kmld (kfc" mu)

equation 2.8, data from the first 30 min) and Cc is the zero time intercept of C (defined
from equation 2.9, data from the first 20 min).

Ct = CB 'e_k/”‘t 2.8
C, = Cc ekt 2.9

The primary parameters; kp, ks, kmu, Cp, and Ce, were derived through modeling the

whole concentration data set (as shown in Tables 2.15-2.17) to all three functions

87



simultaneously (equations 2.7, 2.8, and 2.9 with a 1/yhat weighting, where 1/yhat is the
reciprocal of the predicted or fitted value) in WinNonlin using the model described in

Table 2.19.

Table 2.19  WinNonlin model for describing the concentration-time curve of ADR-925
after a 20 mg/kg B/C mixture bolus in the rat.

MODEL

remark LR RS EES R SRS R SRR R SR R R R R R R R R A I R e S e g e R &
remark Developer:

remark Model Date: 11-18-2004

remark Model Version: 1.0

remark LRSS SR A SRR SRR RS R EEE SRR EE R R R R R I R I I R A R e S R ]
remark

remark - define model-specific commands

COMMANDS

NFUNCTIONS 3

NPARAMETERS 5

PNAMES 'Cb', 'Cc', 'kfb', 'kfc', 'kmu’
END

remark - define temporary variables
TEMPORARY

t=x

END

remark - define algebraic functions
FUNCTION 1

t=x

F=Cb*exp (-kfb*t)

END

FUNCTION 2

t=x

F=Cc*exp (-kfc*t)

END

FUNCTION 3

t=x

F=((kfb*Cb)/ ((kfb~kmu)))* { ( (exp (-kmu*t))- (exp (~kfb*t))) )+ ((kfc*Cc/ ( (kfc-
kmu) ) ) * {( (exp (-kmu*t))-(exp(-kfc*t)))))
END

remark - define any secondary parameters
remark - end of model

EOM

Equation 2.7 describes the formation of ADR-925 as being dependent on both B
(with formation rate constants kg and zero-point intercept Cp) and C (with formation rate
constants k. and zero-point intercept Cc). Therefore the elimination rate constants, &
and k. from equations 2.1 and 2.2, respectively, are assumed to be equal to the formation

rate constants (kg and k) for B and C, respectively. From Table 2.18, the elimination
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half life of B and C determined (using equation 2.1 and 2.2) to be 4.9 + 0.84 and 3.2 +
0.96 min, respectively, is in good agreement with the formation rate constants of B and C
(as defined by equation 2.7) of 5.2 + 0.42 and 3.4 + 0.88 min, respectively as shown in
Table 2.20. Due to the polar nature of ADR-925, the model also assumes complete
elimination via a first-order process with a rate half life %, (determined to be 2.2 + 0.3
min, as shown in Table 2.20) which is an estimate of the rate of total elimination and is
not equivalent to the apparent elimination of ADR-925, kypg, as described by equation
2.5. The elimination of ADR-925 over the first 30 min is essentially paralle] to that of
the B and C, indicating that the appearance of ADR-925 is formation rate limited. The
smooth lines in Figure 2.35 show the predicted values of the concentration-time curve of
B, C, ADR-925 following a B/C mixture bolus when data are modeled to equations 2.7,

2.8, and 2.9 using the model shown in Table 2.19.

Table 2.20  Pharmacokinetic parameters for the formation of ADR-925 following a B/C
bolus (20 mg/kg)

B C ADR-925
]ffb_l Cs |n /ffc_1 Cec | n k-'"".l
(min) | @D | (min)
Ave’ |3 013 442 [2 020 757 |3 032
SE |- 0.012 401 |-- 0051 21.7 |-- 0.044

n, is the number of plasma concentration-time points for each rat used to obtain the
pharmacokinetic parameters.

* Pharmacokinetic parameters for the individual concentration-time data of 3 rats where
standard errors were obtained from modeling data to equation 2.7, 2.8, and 2.9 over the
first 30 min.
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Figure 2.35 Metabolite pharmacokinetic modeling of ADR-925 to

equation 2.7 in rats dosed with 20 mg/kg of a B/C mixture for

the first 30 min.
The smooth lines were calculated from eqn. 2.7, 2.8, and 2.9. The

best fit to this data yielded Cp 442 pM, kg, 0.132 min™, Ce 75.7 uM,
Kz 0.206 min™, and &, 0.312 min™.

2.3.6.3 Determination of ADR-925 levels in tissues from rats dosed with 20 mg/kg
B/C mixture

ADR-925 levels in the heart, liver, and brain tissue homogenates of rats dosed
with 20 mg/kg B/C are shown in Table 2.21. As in the case when rats were dosed with
dexrazoxane, ADR-925 concentrations found in the liver were greater then those found in
the heart for rats dosed with B/C. ADR-925 was not detected in brain homogenate (<
0.002 pmol/g wet tissue, where the LOD is 0.002 umol/g wet tissue) suggesting that

neither B nor C crosses the blood brain barrier of the rat at detectable levels.
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Table 2.21 Brain, liver, and heart tissue homogenate supernatant concentrations of
ADR-925 as determined by the calcein assay. Rat tissues were removed and
treated as described in Section 2.2.7 at 90 min post-B/C infusion.

Rat ADR-925 (umol/g wet tissue)
Number | Heart Liver Brain

1 0.03459  0.05533 <LOD
2 0.02411 0.03929 <LOD
3 0.02365 0.02396 <LOD

Average | 0.02745  0.03953 --
SE 0.00618 0.01569 --

2.3.7 Distribution of ADR-925 after a 20 mg/kg ADR-925 bolus

2.3.7.1 Pharmacokinetic analysis ADR-925 from rats dosed with an i.v. bolus of
ADR-925 (20 mg/kg)

The plasma distribution and elimination curve for ADR-925 plasma levels after a
20 mg/kg ADR-925 iv. bolus was fitted to an iv. bolus two-compartment model
(equation 2.10) (WinNonlin 4.0, Model 7). The two-compartment model was used to
describe the entire plasma ADR-925 concentration (C) versus time (t) curve fitted by the
sum of two exponential terms where 4 and B refer to the corresponding zero-time
intercepts (equation 2.10). The first term describes the disposition of ADR-925 (where
o is the disposition rate constant) while the second term describes dexrazoxane

C,=Ae% + BePt 2.10

elimination (where f describes the terminal phase rate constant). Once the alpha and beta
rate constants are determined, the secondary pharmacokinetic parameters; alpha half life
(t1 equation 2.11), beta half life (1, equation 2.12), maximum concentration (Cy,
equation 2.13), elimination rate constant (ks equation 2.14), and elimination half life

(t1/2x10, €quation 2.15) can be determined.
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The results shown in Figure 2.38 and Table 2.23 show that ADR-925 is rapidly
distributed with a alpha half life of 3.3 + 0.1 min with a relatively slow terminal phase

with a beta half life of 26.2 =+ 1.5 min. The elimination half-life of ADR-925 was

the=In2

determined to be 7.2 + 1.4 min (as described by equation 2.15).

2.11

2.12

2.13

2.14

2.15

Table 2.22 Plasma concentrations of ADR-925, as determined by the calcein
fluorescence assay, after dosing (i.v. bolus) male Sprague-Dawley rats with 20
mg/kg of ADR-925.

Time Rat number Average SE
(min) 1 2 3 (1M) (= uM)
2 357 361 467 395 62.4
10 92.2 184 114 130 47.9
20 62.3 61.2 68.0 63.8 3.6
30 34.9 38.7 55.9 43.2 11.2
45 24.5 27.5 29.9 273 2.7
60 11.6 22.9 24.0 19.5 6.9
90 <LOD 11.0 9.3 10.1 1.2°

? error calculated as average deviation
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Table 2.23 Two-compartment pharmacokinetic parameters for the distribution and
elimination of ADR-925 in the rat following an ADR-925 bolus (20 mg/kg)

Rat ADR-925
number | n k-“’-1 Co @ B 1
(min™) (uvp (min") - (min”)
1 6 026 1210  0.77 0.041
2 7 0.042 440 0.10  0.0032
3 7 0.13 820 0.34 0.028
Mean® | --  0.14 820 0.40 0.024
SE - 0.064 226 0.20 0.011
Ave® | - 0.096 557 0.21 0.026
SE - 00019 48 0.0064 0.0015

n, is the number of plasma concentration-time points for each rat used to obtain
the pharmacokinetic parameters.

* Average pharmacokinetic parameters for the individual concentration-time data
of ADR-925 from rats 1-3 where errors are expressed as standard errors.

® Pharmacokinetic parameters for the individual concentration-time data of 3 rats
where standard errors were obtained from modeling data to equation 2.15.
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Figure 2.36 Plasma concentrations of the distribution of ADR-
925 for rat 1 after an ADR-925 i.v. dose of 20 mg/kg.
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Figure 2.37 Plasma concentrations of the distribution of ADR-
925 for rat 2 after an ADR-925 i.v. dose of 20 mg/kg.
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Figure 2.38 Plasma concentrations of the distribution of ADR-
925 for rat 3 after an ADR-925 i.v. dose of 20 mg/kg.
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Figure 2.39 Average plasma concentrations of ADR-925 after

dosing the rats with 20 mg/kg ADR-9235.
Error bars represent the relative S.E. from ADR-925
concentration-time determinations of 3 rats (with the exception of
the 90 min time point which is an average of 2 rats). The smooth
line was calculated from eqn. 2.10. The best fit to this data
yielded #;, 3.3 min, #4; 25.4 min, and Cy 559 uM. Error bars on
data points present the SEs.



2.3.7.2 ADR-925 accumulation in tissues from rats dosed with 20 mg/kg ADR-925

ADR-925 levels in the heart, liver, and brain tissue homogenates of rats dosed
with 20 mg/kg ADR-925 are shown in Table 2.24. As when the rat was given
dexrazoxane and B/C infusions, ADR-925 levels were highest in liver tissue (0.011 +
0.0007 umol/g wet tissue) and greater than that of the heart (0.0074 + 0.0016 umol/g wet
tissue). ADR-925 was not detected in brain homogenate (< 0.002 umol/g wet tissue,
where the LOD is 0.002 pmol/g wet tissue) suggesting that ADR-925 does not cross

blood brain barrier of the rat at detectable levels.

Table 2.24 Brain, liver, and heart tissue homogenate supernatant concentrations of
ADR-925 as determined by the calcein assay. Rat tissues were removed and
treated as described in Section 2.2.7 at 90 min post-ADR-925 infusion.

Rat ADR-925 (umol/g wet tissue)
Number | Heart  Liver Brain
1 0.00891 0.00985 <LOD
2 0.00852 0.01118 <LOD
3 0.00630 0.01078 <LOD
Average | 0.00741 0.01061 --
SE 0.00157 0.00068 --

2.3.8 Determination of ADR-925 bound to transition metals in rat plasma

Experiments were done to determine the relative amount of free ADR-925 in
plasma as the calcein assay measures only free ADR-925. In preliminary experiments it
was shown that stirring Chelex with preformed Fe**~ADR-925 at pH 5.5 resulted in
complete displacement of Fe’* from its complex with ADR-925 within 20 min. The
amount of free ADR-925 in plasma samples collected from a rat at 5, 60, and 180 min

where found to be 5.0, 88, and 30 uM, respectively. After a 20 min Chelex treatment,
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ADR-925 levels were found to be 6.1, 84, and 32 uM, for the 5, 60, and 180 min sample
time points, respectively. This indicates that there is not a measurable increase in ADR-
925 levels after Chelex treatment which further suggests that the relative amount of

transition metal ion-complexed ADR-925 in plasma was very small.

2.4 Discussion

2.4.1 Metabolism of dexrazoxane, B, C, and the distribution of ADR-925

The presence of ADR-925 in vivo, the presumably active metabolite of
dexrazoxane, has not been measured before. The rapid appearance of ADR-925 in plasma
suggests that either B or C, or both, were rapidly metabolized to ADR-925. The relative
slow elimination in plasma levels of ADR-925 after 80 min suggests that this metabolite
was in a steady state. ADR-925, when given as an i.v. bolus as shown in Figure 2.38, has
a rapid disposition and elimination (alpha and beta half lives of 3.3 and 26.2 min,
respectively, as shown in Table 2.23). Also, when metabolites B/C are given as a
mixture, as shown in Figure 2.34, their disposition is also very rapid with apparent
elimination half lives of 4.9 £ 0.31 and 3.1 + 0.26 min, respectively (as shown in Table
2.18). Thus, the slow elimination of ADR-925 after a dexrazoxane bolus (Figure 2.29) is
a good indication that, throughout the 3 h duration of this study, both metabolites B and
C as well as ADR-925 are being continually produced, eliminated, and in the case of
dexrazoxane, B, and C, metabolized. This could occur through distribution and excretion
and possibly even further metabolism of ADR-925. The relatively small changes in either

B or C after 30 min indicate that the one-ring open intermediates were also produced in a
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manner close to that expected for a dynamic steady-state due to their rapid metabolism
and excretion.

A study (Sadee et al., 1975) utilizing "*C-razoxane at 120 mg/kg i.v. in the rat
found that intact razoxane (Figure 1.3) accounted for 46% of the total radioactivity at 2 h
in the plasma which suggested that a rapid metabolism of razoxane had occurred. For
comparison the results of Figure 2.29 show that dexrazoxane accounted for 41% of the
total of the concentrations of dexrazoxane and its three metabolites. The good agreement
between these two values strongly suggests that all of the major circulating metabolites of
dexrazoxane have been accounted for. The elimination of B/C (as described by equation
2.1 and 2.2) is very rapid with elimination half lives of 4.9 £ 0.84 and 3.2 £ 0.96 min
(Table 2.18), for B and C respectively. The rapid appearance of ADR-925 in plasma
suggests that B, C, or both, were rapidly metabolized to ADR-925. The B/C mixture
(prepared as described in Section 2.2.4) was synthesized at a 4:1 ratio for B and C,
respectively. The initial plasma concentrations, estimated by equations 2.1 and 2.2, were
determined to be a 5.5:1 ratio (417 £ 39 and 73.7 & 12.7, respectively, as shown in Table
2.18). Considering the rapid elimination half life of B and C, this initial plasma
concentration estimate is in fair agreement with the starting dose ratio.

Unlike the ADR-925 plasma levels of the dexrazoxane study (Figure 2.29) the
B/C study has maximum ADR-925 levels occurring immediately following the B/C
bolus. Interestingly, ADR-925 is also very rapidly eliminated with an apparent
elimination half life of 8.5 = 1.2 min (Table 2.18) differing from the slow apparent
elimination of ADR-925 after a dexrazoxane bolus (Figure 2.29). The relatively rapid

elimination in plasma levels of ADR-925 suggests that B and C are being rapidly
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metabolized, either in the blood or in tissue, and releasing ADR-925 which, in turn, is
rapidly eliminated. The ADR-925 found in plasma is probably a combination of tissue
enzyme and blood mediated hydrolysis of B and C. The rate of ADR-925 formation was
determined by assuming that B and C were eliminated exclusively through metabolism,
and is mathematically described using equation 2.7. Using this model, it was also
determined that the appearance of ADR-925 in plasma was formation dependant where
all ADR-925 is eliminated through the kidneys.

The concentration-time profile of ADR-925 following a B/C mixture bolus is
formation dependent, thus the apparent elimination of ADR-925 (as determined by
equation 2.5) is not a good estimate of the elimination of ADR-925 by the kidney. As
seen when rats are given a bolus of ADR-925 (Figure 2.38), the alpha phase is very rapid
with a 77, of 3.3 = 0.1 min (as shown in Table 2.23). After a B/C mixture bolus,
modeling the ADR-925 concentration-time data of the first 30 min to equation 2.7 yields
an elimination (defined as k) half life of 2.2 + 0.3 min. The agreement between these
two values indicates that equation 2.7 is a reasonable model to estimate the elimination of
ADR-925 following a B/C mixture bolus. Thus, the relatively slow decrease in ADR-
925 plasma levels in rats dosed with dexrazoxane alone strongly suggests that the ADR-
925 plasma levels in rats dosed with dexrazoxane is the result of the continuous and rapid

metabolism of dexrazoxane to B and C which are further metabolized to ADR-925.

2.4.2 Detection of ADR-925 in tissue homogenate supernatants of rats dosed with
dexrazoxane, B/C mixture, or ADR-925

ADR-925 levels in the heart, liver, and brain tissue homogenates of rats dosed

with dexrazoxane, a B/C mixture, and ADR-925 are shown in Tables 2.14, 2.21, and
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2.24. In all dosing cases, ADR-925 was not found in rat brain homogenate at detectable
levels (< 0.002 pmol/g wet tissue). Although this is an interesting result, it is consistent
with the hydrophilic nature of dexrazoxane that has been previously thought not to cross
the blood brain barrier, an assumption that has been paramount to a variety of preclinical
and clinical work (and also a key hypothesis for work described in Chapter 4). Thus,
considering the hydrophilic (log P, —1.8 (Hasinoff et al., 1995)) nature of dexrazoxane
and the very preliminary observation that ADR-925 does not collect in brain tissue, an
argument can be made that dexrazoxane does not (in detectable quantities) cross the
blood brain barrier.

The dexrazoxane, B/C mixture, and ADR-925 bolus infusions resulted in ADR-
925 levels being highest in the liver homogenate supernatant. It has been previously
determined that dexrazoxane underwent an enzymatic ring-opening hydrolysis by the
105,000 g soluble supernatant fraction of porcine liver homogenates (Hasinoff et al.,
1991) and in adult rat primary hepatocytes (Hasinoff et al., 1994). However, the same
study found that there was no significant hydrolysis of dexrazoxane in the supernatant
fraction of the heart. In animals dosed with dexrazoxane and the B/C mixture, there are
detectable levels of ADR-925 in the heart homogenate supernatant leading to the
conclusion that B and C are very likely permeable to heart tissue. Also, there is likely an
enzyme present in the heart which hydrolyses B and/or C to ADR-925 considering the
relatively substantial levels of ADR-925 in the heart. ADR-925 heart tissue levels
obtained with the B/C mixture infusion are approximately half of those obtained after an

i.v. bolus of dexrazoxane which is consistent with the rapid elimination of B and C (4.9

100



and 3.1 min, respectively) and rapid apparent elimination of ADR-925 (8.5 min),

following the B/C mixture bolus.

2.4.3 Iron chelation by ADR-92S, the active form of dexrazoxane

ADR-925, the rings-opened hydrolysis product of dexrazoxane and analog of
EDTA, is a strong chelator of Fe** (K; 10'% M1 (Huang et al., 1982) and of Fe** (K¢
108 M1 (Diop et al., 2000). It has been previously shown that ADR-925 is able to
quickly (¢, 1.7 min) and efficiently remove Fe’* from its complex with doxorubicin
(Hasinoff, 1989a; Buss and Hasinoff, 1993; Hasinoff, 1998; Hasinoff et al., 1998) and,
thus, prevent iron-based doxorubicin mediated free radical oxidative stress on the heart
muscle (Gianni et al., 1985; Malisza and Hasinoff, 1995; Myers, 1998). The free iron or
non-transferrin-bound iron concentration is very low (< 0.4 pM) in human plasma
(Durken et al., 2000). The ADR-925 plasma levels measured, even 5 min post-
dexrazoxane infusion, greatly exceeded this value and thus, these results which showed
that no detectable fraction of ADR-925 was complexed to iron is consistent with this
result. This result also indicates that if ADR-925 complexes iron in tissues it is not being

measurably transported to the plasma.

2.4.4 Enzymatic contribution of dexrazoxane and B/C hydrolysis to ADR-925
DHPase, which is present in the liver and the kidney, has been shown to
efficiently hydrolyze dexrazoxane (Hasinoff et al., 1991; Hasinoff, 1993; Hasinoff,
1994c¢; Hasinoff et al., 1994; Hasinoff and Aoyama, 1999b) and is likely the enzyme that
is primarily responsible for the metabolism of dexrazoxane to B and C. DHPase is

unable to convert the one-ring open intermediates B and C into ADR-925 (Hasinoff et al.,
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1991). Thus, the rapid appearance of ADR-925 in the plasma (Figure 2.29) suggests that
there is another unknown enzyme that metabolically converts B and C into ADR-925.

Dexrazoxane undergoes a slow base-catalyzed hydrolysis (Figure 2.1) to B and C
(. 01 9.3 h) and then to ADR-925 (1, of 23 h) under physiological conditions (37 °C and
pH 7.4) (Hasinoff, 1994b; Hasinoff, 1994a). Given the slow rate of the in vitro hydrolysis
of dexrazoxane under physiological conditions, little of the B, C, or ADR-925 seen in
vivo could have been formed from base-catalyzed hydrolysis (Hasinoff, 1994b; Hasinoff,
1994a), and therefore must have resulted from rapid metabolism. Previous animal studies
have shown that the timing of dexrazoxane dosing is critical for it to exert it protective
effects (Herman et al., 1983; Herman and Ferrans, 1993). Maximal protective effects
were seen when dexrazoxane was given between 3 h before and 3 h after daunorubicin
treatment of Syrian golden hamsters (Herman et al., 1983). Likewise, doxorubicin-
induced cardiomyopathy was greater in beagle dogs receiving dexrazoxane
simultaneously than those that received dexrazoxane 2 h after doxorubicin (Herman and
Ferrans, 1993). These results were the basis for the recommendation that in a clinical
setting after completing the infusion of dexrazoxane and prior to a total elapsed time of
30 min (from the beginning of the dexrazoxane infusion), the intravenous injection of
doxorubicin should be given. The results of this study that shows that ADR-925 rapidly
appeared in the plasma after dexrazoxane administration now provides a
pharmacodynamic basis for this dosing schedule.

This study does not directly address how dexrazoxane exerts its cardioprotective
effects in the heart. While rat primary hepatocytes (Hasinoff, 1994c) and supernatants of

liver and kidney homogenates did hydrolyze dexrazoxane, that of heart did not (Hasinoff
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et al, 1991). Dexrazoxane is, however, permeable to cells (Dawson, 1975). Thus, it
follows that even if dexrazoxane is not metabolized in the heart, the metabolites are
probably cell permeable enough and present at high enough concentrations to chelate free
iron in the heart and prevent the formation of the Fe**-doxorubicin complex. One
enzyme that may be responsible for the conversion of B and C into ADR-925 in the heart
is dihydroorotase (DHOase, EC 3.5.2.3). The continuation of this study, to identify the
Michaelis-Menten enzyme kinetics of DHOase-mediated hydrolysis of B and C, is fully

described in Chapter 4.
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Chapter 3: The metabolism of dexrazoxane used as a rescue agent in cancer

patients treated with high-dose etoposide

3.1 Introduction

The Laboratory of Experimental Medical Oncology, in Copenhagen, Denmark,
initiated a phase I/II clinical trial in order establish whether dexrazoxane can increase the
maximum tolerable dose of etoposide in patients with brain metastases from primary
small cell lung cancer. Preclinical studies have shown that dexrazoxane can antagonize
etoposide and daunorubicin DNA strand breaks and cytotoxicity (Sehested et al., 1993;
Jensen and Sehested, 1997) and doxorubicin cytotoxicity (Hasinoff et al, 1996).
Dexrazoxane-mediated antagonism of etoposide has been found to extend to an in vivo
mouse model where dexrazoxane in combination with etoposide allowed for a 3.6-fold
dose escalation (Holm et al., 1996). Furthermore, mice inoculated with L1210 or EHR2
cells into the central nervous system (CNS) and treated with dexrazoxane and etoposide
had a significant increase in life span relative to mice treated with an equitoxic dose of
etoposide alone (Holm et al., 1998).

These preclinical findings led to the hypothesis that dexrazoxane can be used in
combination with etoposide in a clinical setting to protect against etoposide-mediated
systemic toxicity and ultimately allow for significant escalations of etoposide dose. It is
proposed that the hydrophilic dexrazoxane (log Po., of 1.8, (Hasinoff et al., 1995)) does
not cross the blood-brain barrier, in contrast to the lipophilic etoposide. Thus,
dexrazoxane-mediated antagonism of etoposide would be systemic and not extend to the

CNS, which could possibly allow for significant escalations in etoposide dose. The
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Laboratory of Experimental Medical Oncology evaluated this concept in an early phase
I/IT study where patients with brain metastases from primary small cell lung cancer
provided the patient population for the study. The objectives of this study were; to
establish the maximum tolerable dose of etoposide in combination with dexrazoxane, to
evaluate the toxicity and tolerability of the drug combination, and to determine the
response rate of the patient population.

There has been no published report concerning the pharmacokinetics of
dexrazoxane metabolites other than the report on the metabolism of the conversion of
dexrazoxane to B and C (Hasinoff and Aoyama, 1999) and the conversion of B and C to
ADR-925 (Figure 1.4) (Schroeder and Hasinoff, 2002) in the rat. Thus, it was decided to
measure the blood plasma levels of dexrazoxane, and dexrazoxane metabolites in this
patient population in order to obtain a greater understanding of the metabolism and the
mechanism of the protective effects of dexrazoxane. Plasma samples have also been
analyzed for etoposide. The pharmacokinetics of etoposide and dexrazoxane (parent drug
only) have been studied in detail; however, this study also examined whether the
pharmacokinetics of etoposide and dexrazoxane differed significantly when the two drugs
were co-administered. This work has been accepted for publication (Schroeder et al.,

2003a; Schroeder et al., 2003b).

3.2 Materials and Methods

3.2.1 Materials

Dexrazoxane hydrochloride (Cardioxane®) for the clinical studies was obtained

from Chiron (Amsterdam, The Netherlands) as a lyophilized powder in 500 mg vials. It
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was reconstituted in 25 ml sterile water, and then mixed with isotonic glucose to a total
volume of 250 ml. Etoposide was obtained from Bristol-Myers Squibb (Vepesid®, New
York, NY) as a ready-to-administer liquid solution (100 mg etoposide in 5 ml).
Dexrazoxane hydrochloride and ADR-925 used in the HPLC assays were gifts from
Adria Laboratories (Columbus, OH). Calcein (“high purity”) was from Molecular Probes
(Eugene, OR). Cobalt chloride hexahydrate and HPLC-grade methanol were from Fisher
(Nepean, Canada), and the 1-heptanesulfonic acid and 1-octanesulfonic acid sodium salts

were from Sigma (St. Louis, MO).

3.2.2 Patient eligibility and characteristics

The trial inclusion criteria that the Laboratory of Experimental Medical Oncology
(Copenhagen, Denmark) stipulated were: histologically verified small-cell lung cancer
together with CT- or MR-evaluable brain-metastasis and age > 18 y. In addition, only one
prior chemotherapy regimen which included etoposide was allowed, and which was
terminated no later than 3 weeks prior to inclusion, was permitted. The ECOG
performance score had to be < 2, and life expectancy > 3 months. Adequate organ
function to enter the trial was defined as: WBC > 3.0 x 10/], platelets > 100 x 10°/1, total
bilirubin < 1.25 X upper normal limit, aspartate aminotransferase < 2 X upper normal
limit, or < 5 X upper normal limit in the presence of verified liver-metastases and serum
creatinine < 1.5 X upper normal limit. The patient had to understand the objective of the
study, and must have signed an informed consent. The study was approved by the Danish
Medical Authorities and by the local ethics committee. Three males and two females
were included in this pharmacokinetic study. They had a median age of 67 y (range 58-74

y). They had a median weight of 68 kg (range 53-80 kg). Four patients had received one
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prior chemotherapy regimen consisting of etoposide, carboplatin and vincristine, while
the fifth patient had been treated with one series of topotecan, carboplatin, cisplatin,

etoposide and vincristine.

3.2.3 Therapy

Patients in the study group were treated every 3 weeks. The pharmacokinetic
studies were done only on the first day of treatment, except for one patient dosed with
500 mg/m’ etoposide and 1500 mg/m® dexrazoxane who was studied for 5 consecutive
treatments at 3-week intervals. Three patients were dosed with 500 mg/m® etoposide and
1500 mg/m® dexrazoxane. One patient was dosed with 1000 mg/m’ etoposide and 1000
mg/m’ dexrazoxane, and one patient was dosed with 650 mg/m’ etoposide and 1500
mg/m’ dexrazoxane.

Both etoposide and dexrazoxane were administered through a vascular port
catheter. Dexrazoxane was administered over 15 min, followed by the infusion of
etoposide over 90 min. The etoposide was infused undiluted within 15 min of the
completion of the infusion of dexrazoxane. All patients were treated intravenously 30
min prior to the infusion of dexrazoxane and etoposide with 80 mg Solu-Medrol®
(methylprednisolone sodium succinate, Pharmacia & Upjohn, Kalamazoo, MI) and 2 mg
Tavegyl® (clemastine, Novartis, Basel, Switzerland) for prevention of anaphylactic
reactions to the infusion of etoposide and 100 mg Nizax® (nizatidine, Eli Lilly,

Indianapolis, IN) for protection of the gastric mucosa.

3.2.4 Sample collection and treatment
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Blood samples were withdrawn at predetermined times (0, 0.25, 0.50, 1.0, 2, 3, 4,
8, 12, 16 and 24 h) starting directly after the completion of the infusion of dexrazoxane
(defined as time zero). A blood sample was also taken as an HPLC control before the
infusion of any drugs. Blood (5 ml) was collected in BD (Franklin Lakes, NJ)
Vacutainers® containing lithium heparin (143 1. U.). Blood sampling was from a
peripheral vein during infusion of drugs and after completion of treatment the blood was
withdrawn from a vascular port catheter (Port-4-Cath, PAC®). The plasma was separated
by centrifugation at 650 g for 5 min and then split in two. The portion for analysis of
dexrazoxane and its metabolites were generally treated with 10 pl of 5 M HCl/ml of
plasma in order to bring the pH to 3 to reduce hydrolysis of dexrazoxane and its
metabolites (Hasinoff, 1994a). The portion to be analyzed for etoposide was not treated

with HCl. Both portions were stored at —80 °C.

3.2.5 Precipitation of plasma proteins

Plasma samples to be analyzed for dexrazoxane and dexrazoxane metabolites
were thawed for 2 min in a 37 °C water bath and rapidly vortexed for 30 s. 200 pl
aliquots of plasma were removed and placed in a 1.5 ml microcentrifuge tube. The pH of
the sample (typically pH ~ 3) was titrated to a pH range of 5-6 with 5SM NaOH. A 400
ul aliquot of acetonitrile (2:1 acetonitrile/plasma, v/v) was added to precipitate plasma
proteins. The samples were vortexed at rapid speed for 30 s and allowed to settle for 5
min prior to centrifugation at 10,000 g for 5 min. The supernatant was removed from the
plasma protein pellet and placed in a 1.5 ml microcentrifuge tube with 5 ul of 5 M
HCVper 475 pl supernatant. The acidified acetonitrile supernatant was evaporated to

dryness by a stream of nitrogen gas at room temperature. Samples to be analyzed for
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dexrazoxane, B, and C analysis were reconstituted in 10 mM HCI/500 uM Na;EDTA to
their original volume just prior to analysis. Samples to be analyzed for ADR-925 were
reconstituted in 10 mM HCI prior to analysis. Absolute recoveries from spiked plasma
ranged from 90% to 100% over a 10 to 200 pM dexrazoxane range. Similarly, the
recovery of B and C ranged from 77-98%, and 81-100%, respectively, over the range of
5-50 uM. Absolute recoveries from spiked plasma ranged from 90% to 98% over a 5 to

50 uM ADR-925 range.

3.2.6 HPLC separation of dexrazoxane, its one-ring open intermediates B and C,
and ADR-925

The HPLC apparatus and software set up for the analysis of dexrazoxane and its
metabolites using a reversed phase Cjg-column has been previously described in Section
2.2.9. The separation of B, C, and dexrazoxane from plasma peaks involved two separate
HPLC column conditions, one to separate dexrazoxane and B from plasma peaks and one
to separate C from co-eluting plasma peaks. To separate B and dexrazoxane from the
plasma peaks 2 mM heptanesulfonic acid in 500 uM EDTA (pH 3.5) was isocratically
pumped through a 10-um pBondapak 3.9 x 300 mm reversed-phase Cj;3 column
connected to an absorbance detector (205 nm) at a rate of 1 ml/min for 5 min to elute B
with a retention time, #,, of 5.4 min (as shown in Figure 3.1). The HPLC grade methanol
concentration was linearly increased over 1 min from 0 to 20% (v/v) to elute the
dexrazoxane peak, ¢, of 12.1 min (as shown in Figure 3.2). After the dexrazoxane peak
eluted, the methanol was linearly increased from 20 to 80% (v/v) over 2 min and
maintained for 20 min to remove any late eluting plasma protein peaks. 2 mM

heptanesulfonic acid in 500 uM EDTA (pH 3.5) was isocratically pumped through the
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column for 30 min prior to the next sample to equilibrate the column. To separate C
from plasma peaks, 500 uM of EDTA (pH 3.5) was isocratically pumped through a 10-
pm pBondapak 3.9 x 300 mm reversed-phase C;g column connected to an absorbance
detector (205 nm) at a rate of 1 ml/min. As shown in the HPLC chromatogram (Figure
3.3), C was separated from early eluting plasma protein peaks with a #. 6.2 min. After the
elution of C, the column was washed with methanol/500 uM EDTA (80:20, v/v) for 10
min to remove remaining plasma proteins from the column. The column was then re-
equilibrated in 500 uM EDTA (pH 3.5) for 15 min prior to the next sample injection.
Samples were run in duplicate. In order to compare the amount of ADR-925 obtained by
HPLC and by the flow injection method (as described in section 3.2.9), ADR-925 was
determined (n = 4) in the plasma of one patient by HPLC (# 3.6 min) under isocratic
conditions (500 uM Na,EDTA/10 mM octanesulfonic acid, pH 2.8, 1 ml/min). As shown
in Figure 3.4, the ADR-925 peak is relatively well separated from the solvent front
plasma peaks. The limit of quantitation, estimated from three times the limit of detection,
of dexrazoxane, B, C, and ADR-925 in plasma was 1, 1.5, 1.5, and 10 uM, respectively.
The limit of detection was made through a conservative estimate of drug/metabolite peak
heights that exceeded the background noise five fold. A 5 mM stock solution of
Cardioxane® (dexrazoxane hydrochloride, obtained from Chiron) was prepared to
determine the mol% of B, C, and ADR-925. Dexrazoxane, B, and C concentrations
were determined by the HPLC assay mentioned above. The ADR-925 concentration was
determined using the calcein fluorescence flow injection assay described in Section 3.2.8.
The dexrazoxane hydrochloride that was infused into the patients was found to contain

less than 0.49% B, 0.20% C, and 0.29% ADR-925 (mol%).
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3.2.7 HPLC calibration plots: quantitation of dexrazoxane, B, C, and ADR-925 in

human plasma

The HPLC calibration plots using integrated peak areas (10 to 400 pM
dexrazoxane, 2 to 70 uM B, 2 to 30 pM C, and 10 to 70 uM ADR-925) were prepared by
adding standards containing known amounts of dexrazoxane, B, C and ADR-925
(prepared as previously described (Hasinoff, 1994a)) to blank plasma. The calibration
plots were constructed by plotting arbitrary integration peak areas (as shown in Tables
3.1-3.4) as a function of drug or drug metabolite concentration as shown in Figures 3.6
through 3.9. Calibration curves were prepared prior to each series of sample analysis and
each concentration point is an average of two injections. A total of three calibration
curves for dexrazoxane, two calibration curves for B and C, and one calibration curve for
ADR-925 were performed. The day to day variation of the slopes was found to be small

and is expressed as a percent difference at the end of each table.

3.2.8 Fluorescence flow injection analysis of ADR-925

The flow injection apparatus, experimental protocol and software set up has been
previously described in Section 2.2.9. The samples treated for analysis were injected
(n=3) into a Rheodyne (Cotati, CA) injector with a 20 pl PEEK sample loop (Upchurch,
Oak Harbor, WA) using a Teflon needle (Rheodyne). PEEK tubing (Upchurch) was used
between the injector and the Shimadzu (Columbia, MD) RF-551 fluorescence detector
(Aex 496 nm, A, 517 nm). Aqueous Na,EDTA (20 pM, 1 ml/min) was used as the mobile
phase to complex metal ions present in the flow system. Human plasma components
were shown not to interfere with the assay as the slopes of the calibration plots in water

and reconstituted plasma were not significantly different. Because the calcein assay
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measures only free ADR-925, experiments were also done to determine the relative
amount of free ADR-925 in plasma. In preliminary experiments it was shown that
stirring the chelating resin Chelex (Sigma), with preformed Fe’*~ADR-925 at pH 5.5
resulted in complete displacement of Fe®* from its complex with ADR-925 within 20
min. Thus, the ADR-925 levels reported here are representative of Chelex treated plasma
samples and are thus representative of the total plasma ADR-925 levels. The limit of
detection in plasma was estimated to be 1 uM (concentration of ADR-925 in plasma) and

was estimated from the loss of linearity in the concentration-fluorescence relationship.

3.2.9 Precipitation of plasma proteins

Plasma samples were treated as previously described in Section 3.2.5. Etoposide
is stable in plasma (over 99 % protein bound) (Robieux et al., 1996). However, once
acetonitrile is added to precipitate plasma proteins, etoposide is no longer stable and
undergoes isomerisation of frams-etoposide to the inactive compound cis-etoposide
(Mader et al., 1991; Cai et al., 1999). Therefore, to ensure the stability of etoposide after
the acetonitrile  protein  precipitation, samples were reconstituted in
methanol/ddH,O/glacial acetic acid (49/50/1 (v/v/v), pH 3.5) after they were dried under

nitrogen to ensure etoposide stability.

3.2.10 Detection of etoposide in human plasma

The HPLC apparatus and software set up has been previous described in Section
2.2.9. To separate etoposide from plasma peaks, methanol/ddH,O/glacial acetic acid
(49/50/1, v/v/v) titrated with 5M NaOH to pH 3.5, was isocratically pumped through a

120 A10-pm pBondapak 3.9 x 300 mm reversed-phase phenyl column connected to an
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absorbance detector (235 nm) at a rate of 1 ml/min. The chromatogram in Figure 3.5
shows that under these conditions, etoposide is well separated from early eluting plasma
peaks with a £ of 16.3 min. The column was washed with 100% methanol every 25 runs

to remove the late eluting plasma proteins and ensure reproducibility.

3.2.11 HPLC quantitation of etoposide in human plasma

The HPLC calibration plot using integrated peak areas (2 to 300 uM etoposide,
Table 3.5) is shown in Figure 3.11. Standards for the calibration curve were prepared by
adding known amounts of etoposide to blank plasma. Absolute recoveries from spiked
plasma ranged from 80 to 97% over a 10 to 300 uM etoposide concentration range. The
limit of detection was determined by an estimate of etoposide peak heights that exceeded
the background noise three fold. The limit of quantitation was determined to be three

times the limit of detection and found to be 2 pM.

3.2.12 Data analysis

The plasma distribution and elimination curve for dexrazoxane was fit to
an iv. bolus two-compartment model (Model 7 WinNonlin 4.0, Pharsight,
Mountain View, CA) as previously described for dexrazoxane (Earhart et al,
1982; Jakobsen et al., 1994). The etoposide concentration-time curves were
fitted to an iv. infusion one-compartment model (Model 201 WinNonlin 4.0,
Pharsight, Mountain View, CA) where the elimination kinetic parameters were

derived.
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3.3 Results

3.3.1 HPLC separation of etoposide, dexrazoxane, B, C, and ADR-925

The separation of dexrazoxane, B, C, and ADR-925 from plasma peaks involved
three separate HPLC column conditions, all on a 10-pm pBondapak 3.9 x 300 mm
reversed-phase C;s column as described in Section 3.2.6. Under the previously described
conditions, dexrazoxane, B, C, and ADR-925 were separated with retention times of
12.1, 5.4, 6.2, and 3.6 min, respectively as shown in Figures 3.1 to 3.4. Etoposide was
separated on a 120 A10-um pBondapak 3.9 x 300 mm reversed-phase phenyl column (as

described in Section 3.2.10) and was well separated from early eluting plasma peaks, #, of

16.3 min as shown in Figure 3.5.
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Figure 3.1. HPLC chromatogram of the separation of B in the plasma of patient 5 who
received an i.v. bolus of 1000 mg/m’ dexrazoxane.

Integrated B peak areas at 15 min and 1 h corresponds to 12.9 uM and 9.4 pM B,

respectively.
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Figure 3.2. HPLC chromatogram of the separation of dexrazoxane in the plasma of
patient 5.

Integrated dexrazoxane peak areas at 15 min, 1 h, and 8 h corresponds to 130 uM, 90
pM, and 12.5 pM dexrazoxane, respectively.
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Figure 3.3. HPLC chromatogram of the separation of C in the plasma of patient 5.

Integrated C peak areas at 15 min and 1 h corresponds to 8.6 pM and 4.1 pM C,
respectively.
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Figure 3.4. HPLC chromatogram of ADR-925 separation in human plasma.

The plasma ADR-925 concentration obtained by HPLC was compared to the ADR-925
concentration found by the fluorescence assay (see Section 3.2.8) to determine whether
any other Co®" chelating dexrazoxane metabolites were formed that would lead to an
overestimation of ADR-925 plasma levels determined through the calcein assay.
Integrated ADR-925 peak areas at 30 min corresponds to an ADR-925 concentration of
34 uM.
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Figure 3.5. HPLC chromatogram of the separation of etoposide in the plasma of patient
4 who received an etoposide dose of 500 mg/.m’.

Integrated etoposide peak areas at 2 h, and 24 h corresponds to 173 pM and 15 pM
etoposide plasma concentrations, respectively.
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3.3.2 Calibration plots: quantitation of etoposide, dexrazoxane, B, C, and ADR-

925

The calibration plots were constructed by plotting arbitrary integration peak areas
(as shown in Tables 3.1-3.6) as a function of drug or drug metabolite concentration as
shown in Figures 3.6 through 3.11. Calibration curves were prepared prior to each series
of sample analysis and each concentration point is an average of two injections. A total
of three calibration curves for dexrazoxane, two calibration curves for B and C, and one
calibration curve for ADR-925 were performed. The day-to-day variation of the slopes
was found to be small and is expressed as a percent difference at the end of each table.
The HPLC calibration plot using integrated peak areas (2 to 300 uM etoposide, Table
3.5) 1s shown in Figure 3.11. Standards for the calibration curve were prepared by adding
known amounts of etoposide to blank plasma. Absolute recoveries from spiked plasma
ranged from 80 to 97% over a 10 to 300 uM etoposide concentration range. The limit of
detection was determined by an estimate of etoposide peak heights that exceeded the
background noise three fold. The limit of quantitation was determined to be three times
the limit of detection and found to be 2 uM.

The fluorescence calibration plot using integrated peak areas (0 to 1 uM ADR-
925, Table 3.6) is shown in Figure 3.10. Calibration plots of integrated peak areas (n = 6)
in the range 0 to 1.0 pM ADR-925 were repeated every 3 h during analysis and were

found to be linear (+* > 0.997).
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Table 3.1. HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in
precipitated human plasma for patients dosed with 1500 mg/m* dexrazoxane.

Concentration Average Peak Area (Arbitrary Units)
(M)
400 1324489
300 953100
200 667646
100 324312
50 152916
25 91418
10 45671
Slope * 3261
Y-intercept 3115
v 0.9982

? Between-day variation in the slopes of the calibration plots was 7 %.

Table 3.2. HPLC calibration curve of B (UV absorbance at 205 nm) in precipitated
human plasma for patients dosed with 1500 mg/m’ dexrazoxane.

Concentration Average Peak Area (Arbitrary Units)
(M)

70 109350

50 82538

30 48390

20 37461

10 21206

5 13026
2 9150
Slope* 1487
Y-intercept 6149
¥ 0.998

? Between-day variation in the slopes of the calibration plots was 2%.
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Table 3.3. HPLC calibration curve of C (UV absorbance at 205 nm) in precipitated

human plasma for patients dosed with 1500 mg/m’ dexrazoxane.

Concentration Average Peak Area (Arbitrary Units)
u©M)

30 48457

20 36760

15 26349

10 18856

5 11545

2 7254
Slope ? 1511
Y-intercept 4222
r 0.991

? Between-day variation in the slopes of the calibration plots was 0.3%.

Table 3.4. HPLC calibration curve of ADR-925 (UV absorbance at 205 nm) in
precipitated human plasma for patients dosed with 1500 mg/m’ dexrazoxane.

Concentration Average Peak Area
(M) (Arbitrary Units)
70 21546
50 14232
35 10542
20 6256
10 3365
Slope 297
Y-intercept 190
r 0.995
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Table 3.5. HPLC calibration curve of etoposide (UV absorbance at 230 nm) in
precipitated human plasma for patients dosed with 500 mg/m’ etoposide.

Concentration Average Peak Area
(uM) (Arbitrary Units)
500 795770
200 316867
100 174659
50 82855
25 41605
10 21491
5 12940
2 6375
Slope 1583
Y-intercept 5021
v 0.995

Table 3.6. Flow injection calibration curve of ADR-925 (using the fluorescent dye

calcein, Aex 496 nm and Aeym 518 nm) in precipitated human plasma for patients
dosed with 1500 mg/m’ dexrazoxane.

Concentration Average Peak Area
(M) (Arbitrary Units)

0 539,159

0.2 912,234

0.4 1,231,389

0.6 1,573,033

0.8 2,015,882

1.0 2,298,371
Slope * 1,792,205
Y-intercept 496,747

¥ 0.997

? Between-day variation in the slopes of the calibration plots was 2%.
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Figure 3.6. Dexrazoxane calibration curve Figure 3.7. B calibration curve

HPLC calibration plots using integrated peak areas were prepared by adding standards containing known amounts of dexrazoxane and
B to blank human plasma. A mobile phase of 2 mM heptanesulfonic acid/500 uM EDTA (as described in Section 3.2.6) separated
dexrazoxane (t, 12.1 min) and B (¢, 5.4 min) from co-eluting plasma protein peaks.
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Figure 3.8 C calibration curve Figure 3.9 ADR-925 calibration curve

HPLC calibration plot was prepared by adding standards HPLC calibration plot was prepared by adding standards

containing known amounts of C to blank human plasma. A containing known amounts of ADR-925 to blank human plasma.

mobile phase of 500 uM EDTA (as described in Section 3.2.6) 500 pM EDTA/10 mM octanesulfonic acid was used to separate

separated C (¢ 6.4 min) from co-eluting plasma peaks. ADR-925 (¢, 2.8 min) from co-eluting plasma protein peaks (as
described in Section 3.2.6).
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Figure 3.10. ADR-925 calibration curve using the fluorescent dye
calcein

Flow injection calibration plot of ADR-925 using -calcein
fluorescence integrated peak areas were prepared by adding
standards containing known amounts of ADR-925 to blank
human plasma (as described in Section 3.2.8).

Figure 3.11. Etoposide calibration curve

HPLC etoposide calibration plot using integrated peak areas was
prepared by adding standards containing known amounts of
etoposide to blank human plasma. A mobile phase of
methanol/ddH,0O/glacial acetic acid (49/50/1, v/v/v) (as described
in Section 3.2.10) separated etoposide (¢, 16.3) from co-eluting
plasma protein peaks.
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3.3.3 Data analysis

The plasma distribution and elimination curve for dexrazoxane was fitted to an
i.v. infusion two-compartment model (equation 3.1) (WinNonlin 4.0, Pharsight, Mountain
View, CA) as previously described for dexrazoxane (Earhart et al., 1982; Jakobsen et al.,
1994). A two-compartment model was used to describe the entire plasma dexrazoxane
concentration (C) versus time (t) curve that was fitted by the sum of two exponential
terms where A and B refer to the corresponding zero-time intercepts (equation 3.1). The

C,=A4€"+ Be” 3.1

first term describes the disposition of dexrazoxane (where « is the disposition rate
constant) while the second term describes dexrazoxane elimination (where f partially
describes the elimination). Once the alpha and beta rate constants are determined, the
secondary pharmacokinetic parameters; total area under the concentration-time curve
(AUCy., equation 3.2), alpha half life (¢1.,, equation 3.3), beta half life (¢, equation 3.4),
maximum concentration (Cy, equation 3.5), and total clearance (Cly,, equation 3.6) can be

determined from:

AUCy=4 + B 3.2
a p
the,=In2 3.3
o
try=In2 3.4
p
Cop=A+B 3.5
Cliot = Dose 3.6
AUCp.o
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The apparent elimination half-lives for intermediates B and C were determined by fitting
the combined data from all patients to a two-parameter single-exponential decay function
(equation 3.7) where the beta half life is estimated by equation 3.4.
Ci=Cp-e” 3.7

The etoposide concentration-time curves were fitted to an iv. infusion one-
compartment model (Model 201 WinNonlin 4.0, Pharsight, Mountain View, CA) where
the elimination kinetic parameters were derived from equation 3.8.  Where t; is the
mfusion time and t« = t-t;, at all times less then the infusion time (t < t-t;). At times
greater then the infusion time (t > t-t;), t*=0 and the concentration-time curve is estimated
as a monoexponential equation (equation 3.7).

Ci=Cp (e~ &™) 3.8
ti - kp

3.3.4 Dexrazoxane pharmacokinetics

The plasma levels of dexrazoxane for the 5 patients obtained after dexrazoxane
infusion are tabulated in Table 3.7. Dexrazoxane displayed first order elimination kinetics
as has been well described before (Earhart et al., 1982; Hochster et al., 1992; Jakobsen et
al., 1994; Tetef et al., 2001) and shown in Figures 3.13 to 3.18. Analysis of the data from
five individual patients for which there was sufficient data gave an average f4q of 0.8 %
0.3 h (range 0.51 — 1.3 h ) and #45 of 9.1 + 5.4 h (range 4.3 - 16.4 h). Analysis of the
averaged data from all 5 patients treated gave a f4,0f 0.4+ 0.1 hand a t430f5.8 £ 1.0 h.
All patients but one were dosed at 1500 mg/m’® of dexrazoxane. The data for the one
patient that was dosed at 1000 mg/m* of dexrazoxane were included in the data set by

multiplying the concentration of dexrazoxane and its metabolites by 1.5 as previous
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studies have shown that dexrazoxane plasma concentration is dose-linear. (Hochster et
al., 1992; Jakobsen et al., 1994; Tetef et al., 2001). The post-infusion Cj for the averaged
data was 226 uM (range 152-314 uM). The post-infusion concentration-time area-under-
the-curve AUCy.«., calculated as described (Earhart et al., 1982), had a value of 609 pM-h

(range 350-1210).
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Table 3.7. Plasma concentrations (uM) of dexrazoxane for patients treated with a 1500 mg/m?® bolus of dexrazoxane hydrochloride
15 min prior to a 90 min infusion of etoposide.

Time Patient number Average® | SE
(hr) 1 2 3° 3° 3° 3 4 5 5° uM + uM
0 230 359 460 333 191 130 195 295 43.9
0.25 171 295 126 201 198 35.7
0.5 131 249 73.0 148 123 185 157 29.2
1 99.7 159 65.0 118 90.0 135 115 15.9
2 66.8 114 21.0 80.6 41.9 62.9 69.1 15.0
3 36.5 52.9 44,7 8.2
4 51.2 9.0 15.6 23.4 27.9 12.4
8 12.5 18.7 18.7 NA
12 7.9 11.9 11.9 NA
16 3.3 5.0 5.0 NA
24 1 2 15 1.0 1 4.8 34

? Initial dexrazoxane concentrations for patient 3 obtained from 3 separate treatments.

® The concentration-time data for patient 5 has been normalized to a dexrazoxane dose of 1500 mg/m’.

® Average dexrazoxane plasma concentrations of all 5 patients where the normalized concentration-time points for patient 5 is
included.
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Table 3.8. Pharmacokinetic parameters for the distribution and elimination of
dexrazoxane following a 1500 mg/m* dexrazoxane hydrochloride bolus.

Patient Dexrazoxane Sex fu, Iy Co AUCpo Clyor
number  (mg/m’) h ) @M @Mh) (@-m*min’)
1 1500 F 07 43 210 460 202
2 1500 M 13 ND® 314 580 161
3 1500 F 05 98 165 270 345
4 1500 M 09 164 215 1210 77
5 1000 M 0.8 59 152 350 266
Mean 0.8 9.1 226° 609° 210
SD 03 54 54 355 101
Ave® 1500 04 5.8 280 617 151
SE¢ 0.1 1.0 16 48 12

® Mean where the dose-linear parameters Cy and AUC j., were normalized to a
dose of 1500 mg/m* of dexrazoxane for patient 5.

® Not determined as plasma concentration-time points were only collected to 4 h.

¢ Pharmacokinetic parameters obtained from the combined concentration-time
points of all 5 patients (where patient 5 concentration-time points were
normalized to a dexrazoxane dose of 1500 mg/m?). Also includes patient 3 whose
time-concentration data was obtained for t=0 from a total of four treatment
schedules.

¢ Standard errors obtained from modeling data to equation 3.1.

3.3.5 Pharmacokinetics of the dexrazoxane metabolites

The plasma levels of B and C are shown in Tables 3.9 and 3.10, respectively. The
intermediates B and C appeared in the plasma very quickly after dexrazoxane
administration and then continuously decreased to below detectable limits (1.5 pM) by 4
h and 16 h, respectively (Figures 3.13-3.18). The level of C was a nearly constant 3-5%
of dexrazoxane plasma levels. The level of B increased from an initial 8% to maximally
29% of the dexrazoxane plasma levels at 3 h. As can be seen from Figure 3.18 the semi-
log plots of the B and C data are approximately linear and thus, the data was empirically
fit to a two-parameter exponential decay equation. The apparent half-lives for the

disappearance of intermediates B and C had values of 2.5 = 1.1 and 0.6 £ 0.2 h,
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respectively. The apparent Cy values for intermediates B and C were 19.3 £ 5.2and 9.1 +
3.0 uM, respectively. These are apparent values only because B and C are intermediates
that are both being formed, distributed, metabolized and eliminated simultaneously. It can
also be seen from the data in Figure 3.18 that the concentration of B was always larger
than that of C. The ratio B/C (Figure 3.12) increased from an initial value of 2.4 to 6.4 at

3h

Table 3.9. Plasma concentrations (uM) of B for patients treated with a 1500 mg/m* bolus
of dexrazoxane hydrochloride.

Time (hr) Patient number Average® | SE
1 2 3 4 5 5?2

0 12.0 25.7 8.6 12.9 16.87 | 4.42

0.25 159 194 185 275 20.33 |2.50

0.5 145 193 152 204 7.7 11.5 16.18 | 1.63

1 125 157 164 184 6.3 9.4 14.48 |1.59
2 7.0 122 129 125 3.7 5.6 10.04 [ 1.55
3 10.0 157 1.6 2.1 9.27 3.94
4 74 <LOD 7.40

8 1.9 2.9 2.90

12

16 <LOD <LOD
24 <LOD <LOD 2.8 <LOD <LOD 2.80

 The concentration-time data for patient 5 has been normalized to a dexrazoxane
dose of 1500 mg/m’.

® Average B plasma concentrations of all 5 patients where the normalized
concentration-time points for patient 5 is included.

<LOD, below the limit of detection
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Table 3.11.

bolus of dexrazoxane hydrochloride.

Table 3.10. Plasma concentrations (uM) of C for patients treated with a 1500 mg/m®

Time (hr) | 1 2 3 4 5 5% | Average’ | SE
0 7.6 5.0 5.7 8.6 7.07 | 1.07
0.25 48 <LOD <LOD 10.0 7.40
0.5 27 <LOD <LOD 7.2 4.8 7.2 570 | 1.50
1 <LOD <LOD <LOD 5.0 2.7 4.1 455 |0.64
2 <LOD <LOD <LOD 21 <LOD <LOD| 2.10
3 2.0 <LOD <LOD <LOD| 2.00
4 <LOD <LOD <LOD
8 <LOD <LOD | <LOD
12
16 <LOD <LOD| <LOD
24 <LOD <LOD <LOD <LOD <LOD| <LOD

? The concentration-time data for patient 5 has been normalized to a dexrazoxane

dose of 1500 mg/m™.

® Average C plasma concentrations of all 5 patients where the normalized
concentration-time points for patient 5 is included.
<LOD, below the limit of detection

patients treated with a 1500 mg/m’® dexrazoxane hydrochloride bolus.

Patient B C
number n tup Co n typ Co
(h) @M () M)
1 6 3.9 14.4 4 0.5 6.3
2 5 2.6 21.1 - ND ND
3 5 2.1 22.1 - ND ND
4 6 2.9 254 4 0.8 12.2
5 5 0.9 13.3 3 0.5 8.9
Mean 2.5 19.3 0.6 9.1
SD 1.1 5.2 0.2 3.0

n, is the number of plasma concentration-time points for each patient used to
obtain the pharmacokinetic parameters.

Pharmacokinetic parameters for the apparent half lives of B and C of

? Mean where the dose-linear parameters Cy and ¢;,, were normalized to a dose of
1500 mg/m’ of dexrazoxane for patient 5.

ND, not determined
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Figure 3.12. The ratio of the averaged intermediate B/C plasma concentrations as a
function of time.

Metabolite concentrations for patient 5 was normalized to an initial infusion dose of 1500
mg/m’ by multiply the metabolite concentrations by 1.5.

3.3.6 Pharmacokinetics of ADR-925

The ADR-925 plasma levels are tabulated in Table 3.12. The total ADR-925
levels are also plotted in Figure 3.13-3.18. ADR-925 was already detectable (9.5 £ 2.8
uM) in the plasma at the end of the dexrazoxane infusion period when the first sample
was taken at = 0 (Figure 3.18). ADR-925 then rapidly increased nearly three-fold to 29

+ 9 uM at 15 min post-infusion, remained relatively constant for the next 2-4 h and
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then slowly deceased by about half at 24 h. By 16 h total ADR-925 levels exceeded that
of dexrazoxane, B or C.

Table 3.12. Plasma concentrations (uM) of ADR-925 for patients treated with a 1500

mg/m”® bolus of dexrazoxane hydrochloride.

Time Patient number Average® | SE
(hr) 1 2 3 4 5 5°

0 12.5 12.0 27 4.0 9.5 2.8
025 | 20.6 163 450 8.7 28.7 8.6

05 | 266 194 340 408 173 259 30.6 4.3

1 233 189 405 409 154 23.1 29.3 4.7

2 29.5 239 406 323 11.0 16.5 28.6 4.0

3 26.9 346 198 29.7 31.7 2.0

4 30.8 355 13.7  20.5 233 4.5

8 10.1 151 15.1

12

16 6.8 102 10.2

24 7.6 10.0 356 55 83 17.2 8.0
* The concentration-time data for patient 5 has been normalized to a dexrazoxane
dose of 1500 mg/m’.

® Average ADR-925 plasma concentrations of all 5 patients where the normalized
concentration-time points for patient 5 is included.

While the calcein assay was not sensitive to either dexrazoxane, B, or C, the
possibility existed that other dexrazoxane-derived chelating metabolites that the calcein
assay might detect were formed. In order to test this possibility an experiment was
carried out on a single plasma sample obtained at 0.5 h post-dexrazoxane infusion, which
when concentrated contained sufficient ADR-925 to measure both by HPLC and by the
calcein assay. The plasma concentration of ADR-925 was measured to be 34 (as shown
in Figure 3.4) and 40 pM using the HPLC and calcein assays, respectively. The
agreement of these two values indicates that there were no other major detectable

dexrazoxane-derived chelating metabolites formed in vivo.
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Figure 3.13.  Plasma levels of dexrazoxane and dexrazoxane Figure 3.14. Plasma levels of dexrazoxane and dexrazoxane
metabolites for patient 1 dosed with 1500 mg/m’ metabolites for patient 2 dosed with 1500 mg/m’
dexrazoxane. dexrazoxane.

The smooth line was calculated from eqn. 3.1. The best fit to this The smooth line was calculated from eqn. 3.1. The best fit to this

data yielded 4, 0.7 h, 1, 4.3 h, Cp 210 uM, AUCy.., 460 uM'h, data yielded ¢4, 1.3 h, Cy 314 pM, AUCy.. 580 pM-h, and Cl,,,
and Cly, 202 mlmin™-m?. 161 ml'min"m® The #,, for this patient was not calculated due
to limited sampling (out to 4 h)
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Figure 3.15. Plasma levels of dexrazoxane and dexrazoxane
metabolites for patient 3 dosed with 1500 mg/m’
dexrazoxane.

The smooth line was calculated from eqn. 3.1. The best fit to this

data yielded 4, 0.5 h, t1; 9.8 h, Cp 165 uM, AUCj.., 270 pM-h,

and Cly,; 345 ml'min”m?,
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Figure 3.16. Plasma levels of dexrazoxane and dexrazoxane
metabolites for patient 4 dosed with 1500 mg/m’
dexrazoxane.

The smooth line was calculated from eqn. 3.1. The best fit to this
data yielded ¢y, 0.9 h, 5, 16.4 h, Cp 215 uM, AUCyp., 1210
uM-h, and Cl,,, 77 mlmin -n?.
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Figure 3.17. Plasma levels of dexrazoxane and dexrazoxane Figure 3.18. Average plasma concentrations of dexrazoxane and

metabolites for patient 5 dosed with 1000 mg/m’ dexrazoxane metabolites (both normalized to 1500 mg/m°)
dexrazoxane. and the sum of the concentrations of dexrazoxane, B, C,
The smooth line was calculated from eqn. 3.1. The best fit to this and ADR-925 for all 5 patients after an i.v. dose of 1500
data yielded 4, 0.8 h, #,,5 5.9 h, Cp 152 uM, AUCq.o 350 uM-h, mg/m’ dexrazoxane.
and Cly,; 266 ml'min™ -m?. The smooth line was calculated from eqn. 3.1. The best fit to this

data yielded 1y, 0.4 h, ¢, 5.8h, Cp 280 uM, AUCj... 617 uM-h,
and Cli; 151 ml'min"-m? Error bars on data points present the
SEs. Least squares calculated straight lines are drawn through the
averaged B and C data.
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3.3.7 Etoposide pharmacokinetics

Plasma etoposide levels are shown in Table 3.13. The concentration-time curves
of etoposide is shown in Figures 3.19 - 3.24 and is well described by a one-compartment
model defined by a monoexponential decay. Describing the concentration-time data
biexponentially, did not significantly improve the fit of the data for any patient.

Table 3.13. Plasma concentrations (uM) of etoposide for patients treated with a 500
mg/m**® 90 min infusion of etoposide

Time (hr) Patient number Ave | SE
1 1? 2 3 4 5 5°
0.25 33.6 447 11.7 30.0 | 9.7

0.5 4.8 3.7 728 98.6 406 192 9.6 | 45.1 1é.2

65.8 50.6 1213 145.0 79.7 620 31.0| 855 |21.3
148.8 1144 773 89.7 1732 190.6 95.3]110.0| 16.9
654 503 166.9 108.6 | 82.4

62.7 66.6 155.7 77.81 69.0 | 4.5

1152 57.6| 57.6
71.6  35.8 | 35.8
46.2 23.1| 23.1
1.7 1.3 22 150 3.1 1.6 | 50 | 3.3

RNaDwoswn—

? The concentration-time data for patient 1 (650 mg/m’) has been normalized to an
etoposide dose of 500 mg/m” by multiplying the concentration by 0.77.
® The concentration-time data for patient 5 (1000 mg/m®) has been normalized to
an etoposide dose of 500 mg/m* by multiplying the concentration by 0.5.
¢ Average etoposide plasma concentrations of all 5 patients where the normalized
concentration-time points for patient 1 and 5 is included.
Three patients were dosed at 500 mg/m’, one was dosed at 650 mg/m” and one was dosed
at 1000 mg/m’ of etoposide.  Etoposide plasma levels are dose-linear (Hande et al.,
1984; Holthuis et al., 1986; Green et al., 1988; Newman et al., 1988; Schwinghammer,
1994; Wurthwein and Boos, 2002), thus pharmacokinetic analysis involving the average

of all patients was accomplished by normalizing the etoposide dose to 500 mg/m’. For

the patients dosed with 1000 mg/m* and 650 mg/m’® of etoposide the observed plasma
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concentrations were multiplied by 0.5 and 0.77, respectively. Table 3.14 contains the
pharmacokinetic parameters for the individual patients. The maximum plasma etoposide
concentration ranged from 85 to 180 pM with a mean value of 133 + 43 pM. The 14,
ranged from 2.6 to 7.4 h with a mean value of 5.2 + 24 h. The plasma etoposide
clearance ranged from 8.0 to 25 ml-min”*m’ with a mean value of 16.2 + 7.0 ml-min™-m?.
Because blood sampling after completion of etoposide infusion from some patients was
sparse, deriving the pharmacokinetic parameters from the combination of all the patients’
concentration-time points was deemed appropriate. For this determination, patients
dosed with 650 and 1000 mg/m” were normalized to 500 mg/m®. The etoposide #,,, and
plasma clearance derived from the concentration-time curve of from all the patients
concentration-time data was 5.9 h and 12 ml'min™-m?, respectively.

Table 3.14. Pharmacokinetic parameters for the elimination of dexrazoxane following a
500 mg/m™ etoposide infusion.

Patient | Etoposidedose Sex ty; Cp  AUCio Cliot
number (mg/m?) ® @M @M ml'min™-m?
1® 650 F 38 88 560 25
2 500 M ND 150 ND ND
3 500 F 26 180 820 17
4 500 M 72 160 1770 8.0
5° 1000 M 74 85 980 15
Mean’ 52 133 1030 16.2
SE 24 43 520 7.0
Average® 500 59 125 1150 12.0
SE* 1.2 122 203 2.1
? Etoposide plasma concentration-time data for patients 1 and 5 were normalized
to 500 mg/m’.

® Mean Value of Cy and AUC,.ins for patients 1 and 5 have been normalized to 500
mg/m” by multiplying parameters Cyand AUC., by 0.77 and 0.5 respectively.

¢ Pharmacokinetic parameters obtained from the individual concentration-time
points of all 5 patients (where patients 1 and 5 concentration-time points were
normalized to an etoposide dose of 500 mg/m’) modeled to equation 3.8.

4 Standard errors obtained from modeling data to equation 3.8.
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Figure 3.19 Plasma concentration of etoposide for patient I after
an 1.v. dose of 650 mg/m’ etoposide.

The best fit to this data yielded 74, 3.8 h, Cp 88 pM, AUC).» 560
uM-h, and Cl, 25 ml'min’-m?.
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Figure 3.20 Plasma concentration of etoposide for patient 2 after
an i.v. dose of 500 mg/m’ etoposide.

The best fit to this data yielded Cp 150 pM. Other
pharmacokinetic parameters where not determined due to limited
sampling times (to 4 h).
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Figure 3.21 Plasma concentratzon of etoposide for patient 3 after Figure 3.22 Plasma concentratzon of etoposide for patient 4 after

an i.v. dose of 500 mg/m’ etoposide. an i.v. dose of 500 mg/m’ etoposide.
The best fit to this data ylelded ty;2.6 h, Cp 180 uM, AUCy... 820 The best fit to this data ylelded Z:/,; 7.2 h, Cy 160 uM, AUCy.o
uM-h, and Clie 17 ml'min’ -me. 1770 uM-h, and Cl,pe 8 ml-min™-m?.
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Figure 3.23 Plasma concentration of etoposide for patient 5 after
an i.v. dose of 1000 mg/m’ etoposide.

The best fit to this data yielded ¢, 7.4 h, Cy 85 uM, AUC)., 980
uM-h, and Cly, 15 ml'min”-m?.
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Figure 3.24 Average plasma concentration of etoposide
(normalized to 500 mg/m’) for all 5 patients after an i.v.
dose of 500 mg/m’ etoposide.

The best fit to this data yielded #, 5.9 h, Cp 125 uM, AUCy.,
1150 uM-h, and Clye, 12 ml'min™ -m?®.
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3.4 Discussion

3.4.1 Pharmacokinetics of dexrazoxane

The values of £, 0 0.8 = 0.3 h and a £, of 9.1 £ 5.4 h determined in this study
agreed well with those of Hochster (Hochster et al., 1992) in which a #,,, 0f 0.46 + 0.30 h
and a fyg of 4.2 = 2.9 h was obtained. A variety of other studies found #y,, values ranging
from 0.17 to 0.47 h and #yg values ranging from 1.1 to 13.9 h, determined with (Hochster
et al., 1992; Jakobsen et al., 1994), and without (Earhart et al., 1982; Myers, 1998; Tetef
et al.,, 2001) anthracycline treatment. While this study was not specifically designed to
test whether high-dose etoposide treatment affected dexrazoxane pharmacokinetics, the
agreement of our results with these other studies suggest that etoposide treatment did not

affect dexrazoxane pharmacokinetics.

3.4.2 Dexrazoxane metabolism to intermediates B and C

No other study in humans has shown the presence of dexrazoxane intermediates B
and C after dexrazoxane treatment, though it was previously demonstrated that B and C
rapidly appeared in the plasma of the dexrazoxane-treated rat (maximally reaching 24 and
9%, respectively, of the dexrazoxane concentration at 2 h) (Hasinoff and Aoyama, 1999).
The results of this study that showed that the percentage B ranged from an initial value of
8 to 29% of the dexrazoxane value at 4 h, and that the percentage C was a nearly constant
3 to 5% of dexrazoxane levels, are not greatly different from that found in the rat,
suggesting that the two species have common dexrazoxane metabolic pathways. The B/C
ratio (Figure 3.12) seen at time zero of 2.4 and its increase with time to 6.4 at 3 h is also

similar to that seen previously in a rat model in which an initial value of 2.7 at 5 min and
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6.5 at 3 h was seen (Hasinoff and Aoyama, 1999). While sampling was sparse for these
time points, these results tentatively suggest that the metabolism in these two species was
similar.

Dihydropyrimidinase (DHPase) is the second enzyme in the breakdown of
the pyrimidine bases, catalyzing the degradation of dihydrouracil and dihydrothymine to
B-ureidopropionic acid and f-ureidoisobutyric acid (Kikugawa et al., 1994), respectively,
and has been shown to enzymatically hydrolyze dexrazoxane (Hasinoff et al., 1991;
Hasinoff, 1993; Hasinoff, 1994c). Purified DHPase has been shown to catalyze the ring
opening of dexrazoxane to give a B/C ratio of 2.9-6.1 depending upon the pH (Hasinoff,
1993). In primary rat hepatocytes treated with dexrazoxane, the initial B/C ratio was
found to be 2.7 (Hasinoff et al., 1994). Thus the initial B/C ratio of 2.4 seen in this study
is consistent with dexrazoxane being metabolized by DHPase as previously concluded in
the in vivo rat model (Hasinoff and Aoyama, 1999) and rat hepatocyte model studies
(Hasinoff et al., 1994). The increase in the B/C ratio with time seen here (Figure 3.12)
and in the rat (Hasinoff and Aoyama, 1999) suggests that C was metabolized to ADR-
925 at a faster rate than B by some unknown enzyme. This enzyme cannot be DHPase as
DHPase is unable to convert the one-ring open intermediates B and C into ADR-925
(Hasinoff et al., 1991; Hasinoff, 1993). The increase in the B/C ratio with time is unlikely
due to differences in distribution or elimination rates of B and C as their structures are so
similar.

Dexrazoxane undergoes a slow base-catalyzed hydrolysis to B and C (z,
of 9.3 h) and then to ADR-925 (#,, of 23 h) under physiological conditions (37 °C and pH

7.4) (Hasinoff, 1990a; Hasinoff, 1994a). Given the slow rate of the in vitro hydrolysis of
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dexrazoxane under physiological conditions little of the B and C seen in vivo could have
been formed from base-catalyzed hydrolysis of dexrazoxane ((Hasinoff, 1990a),
(Hasinoff, 1994a). Therefore, the appearance of metabolites B and C must have resulted

from rapid metabolism of dexrazoxane.

3.4.3 B and C metabolism to ADR-925

The presence of ADR-925, the presumably active iron-chelating metabolite of
dexrazoxane, in the plasma of patients administered dexrazoxane has not been previously
determined. The data of Figure 3.18 show that ADR-925 was rapidly produced after
dexrazoxane administration, which suggests that either B or C, or both, were rapidly
metabolized to ADR-925. The relative lack of change in the level of ADR-925 after 10 h
suggested that ADR-925 was in a dynamic steady state.

ADR-925, the rings-opened hydrolysis product of dexrazoxane and analog of
EDTA, is a strong chelator of Fe?* (K¢ 10'%° M) (Huang et al., 1982) and of Fe’* (K¢
102 M) (Diop et al., 2000). ADR-925 is able to quickly (# 1.7 min) and efficiently
remove Fe®™ from its complex with doxorubicin (Hasinoff, 1989a; Buss and Hasinoff,
1993; Hasinoff, 1998; Hasinoff et al., 1998), and thus prevent iron-based doxorubicin-
mediated free radical oxidative stress on the heart muscle (Gianni et al., 1985; Malisza
and Hasinoff, 1995; Myers, 1998).

Previous animal studies have shown that the timing of dexrazoxane dosing is
critical for it to exert its protective effects (Herman et al., 1983; Herman and Ferrans,
1993). Maximal protective effects are seen when dexrazoxane is given between 3 h
before and 3 h after daunorubicin treatment of Syrian golden hamsters (Herman et al.,

1983). Likewise, doxorubicin-induced cardiomyopathy was reduced in beagle dogs
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receiving dexrazoxane simultaneously compared to those that received dexrazoxane 2 h
after doxorubicin treatment (Herman and Ferrans, 1993). These results were the basis for
the recommendation that in a clinical setting after completing the infusion of
dexrazoxane, and prior to a total elapsed time of 30 min (from the beginning of the
dexrazoxane infusion), the intravenous injection of doxorubicin should be given. The
results of this study show that ADR-925 rapidly appeared in the plasma after
dexrazoxane administration and now provide a pharmacodynamic basis for this dosing
schedule.

This study did not directly address how dexrazoxane exerts its doxorubicin
cardioprotective effects in the heart. It has been previously shown that while a suspension
of rat primary hepatocytes (Hasinoff et al., 1994) and supernatants of liver and kidney
homogenates did enzymatically hydrolyze dexrazoxane, that of heart did not (Hasinoff et
al., 1991). DHPase was shown to be responsible for this enzymatic hydrolysis (Hasinoff
et al., 1991; Hasinoff, 1993; Hasinoff, 1994b; Hasinoff et al., 1994). Dexrazoxane is
cellular permeable (Dawson, 1975) and should thus be readily taken up by tissues. The
fact that dexrazoxane was not metabolized in vitro in plasma, and that B, C, and ADR-
925 rapidly appeared in the plasma (Figure 3.18), indicated that dexrazoxane was rapidly
metabolized in tissues and that B and C were cell permeable enough to be rapidly
released into the blood. Thus, it follows that even if dexrazoxane is not metabolized in
the heart, B and C are probably cell permeable enough to be taken up by heart tissue and
to be present at high enough concentrations to chelate free iron in the heart and prevent
the formation of the Fe’'—doxorubicin complex or remove Fe’* from the Fe'—

doxorubicin complex. Thus, it remains difficult to determine whether the ADR-925
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blood plasma levels are representative of ADR-925 that was released from tissues or

hydrolysis of C in the blood.

3.4.4 Pharmacokinetics of etoposide

The pharmacokinetic parameters of etoposide at the doses studied here did not
differ significantly from those cited in the literature (Hande et al., 1984; Holthuis et al.,
1986; Green et al., 1988; Newman et al., 1988; Kohl et al., 1992). However, the alpha
phase in the concentration-time curve, which is generally reflective of etoposide
distribution, was not significantly observed in any patient. This was probably due to a
combination of a relatively long infusion time of 90 min and sparse blood sampling
during the theoretical alpha phase of the etoposide distribution curve.

The average values of 5, determined in this study are comparable to 7, values
cited in the literature ranging from 3 to 8 h (Hande et al., 1984; Holthuis et al., 1986;
Green et al., 1988; Newman et al., 1988; Kohl et al., 1992). The mean plasma clearance
of etoposide, found in this study to be 16.2 ml'min” m?, was also consistent with that
found in the literature ranging from 17.7 to 28.0 ml'min™"-m? (Hande et al., 1984; Sinkule
et al., 1984; Holthuis et al., 1986; Newman et al., 1988). These results are also consistent
with previously published data concluding that these parameters are independent of dose
and are comparable between high and low etoposide dose regimens (Hande et al., 1984;
Holthuis et al., 1986; Newman et al., 1988).

| This study also does not directly address how dexrazoxane exerts its extracerebral
etoposide rescue effects. There is considerable in vivo evidence that doxorubicin-induced
cardiotoxicity is due to iron-based oxidative stress (Gianni et al., 1985; Hasinoff, 1989b;

Hasinoff, 1990b; Malisza and Hasinoff, 1995; Myers, 1998). Likewise, there is also some
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evidence that etoposide toxicity may also be due to oxidative stress as it has been shown
that etoposide can be activated by peroxidase (Kagan et al., 1999; Kagan et al., 2001) and
tyrosinase (Usui and Sinha, 1990; Tyurina et al., 1995) to form etoposide phenoxyl free
radicals. These radicals have been shown to deplete antioxidant cellular sulthydryl
compounds, the oxidation of which can lead to superoxide and H,0O, formation, leading
to iron-based oxygen radical damage. Alternatively, the etoposide rescue effect of
dexrazoxane may be due to the fact that it is a strong catalytic inhibitor of topoisomerase
II (Hasinoff et al., 1995) which is able to antagonize (Sehested et al., 1993; Hasinoff et
al., 1996; Jensen and Sehested, 1997) etoposide-induced cytotoxicity and cellular
damage.

The premise behind this treatment schedule is that etoposide, a relatively
lipophilic drug, will cross the blood brain barrier, where the hydrophilic drug,
dexrazoxane will not, lending the possibility of dexrazoxane-mediated protection against
extracerebral etoposide toxicity. Although this Phase I/Il study does not explain the
mechanism of dexrazoxane rescue, it does indicate that etoposide pharmacokinetics are
not affected by dexrazoxane co-administration. This, along with encouraging preclinical
animal studies, lends a potential for the clinical use of dexrazoxane as a rescue agent in

the future.
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4.0 Chapter 4: Dihydroorotase catalyzes the ring opening of the hydrolysis
intermediates of the cardioprotective drug dexrazoxane
4.1 Introduction

Spectrophotometric and HPLC studies (Hasinoff, 1994a; Hasinoff, 1994b) show
that, under in vitro physiological conditions, dexrazoxane is slowly hydrolyzed to B and C
(t of 9.3 h at 37 °C and pH 7.4), and the final hydrolysis product ADR-925 (¢, of 23 h)
according to the kinetic scheme shown in Figure 4.1a Clinical pharmacokinetic trials,
where dexrazoxane was administered with and without anthracycline, show that the beta
phase half life of dexrazoxane elimination (#,5) ranged from 2.6 to 4.2 h (Earhart et al.,
1982; Hochster et al., 1992; Jakobsen et al., 1994; Vogel et al., 1987). Given the slow
rate of in vitro hydrolysis-activation of dexrazoxane to ADR-925, it is unclear how
sufficient amounts of ADR-925 could be present in heart tissue to chelate iron and prevent
oxygen radical damage.

Cells are permeable to dexrazoxane (Dawson, 1975) and has been shown to
rapidly hydrolyze to B and C in both an in vitro primary rat hepatocyte suspension
(Hasinoff et al., 1994), and in an in vivo rat model (Hasinoff & Aoyama, 1999). In the
hepatocyte model, it was determined that the conversion of dexrazoxane to B and C did
not account for all the metabolites formed, strongly suggesting the presence of the third
dexrazoxane metabolite, ADR-925 (Hasinoff et al, 1994), where B and C were
hydrolyzed to ADR-925 by some unknown enzyme. These results were both consistent
with dexrazoxane being metabolized by dihydropyrimidine amidohydrolase (DHPase, EC

3.5.2.2 ) which has been shown to hydrolyze dexrazoxane to B and C, but did not
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enzymatically hydrolyze B and C to ADR-925 (Hasinoff, 1993; Hasinoff et al., 1991). A
previous pharmacokinetic study in the rat showed that B and C reached relatively low
steady state levels (Hasinoff & Aoyama, 1999). Preliminary pharmacokinetic studies in
the rat (Chapter 2) and humans (Chapter 3) showed that dexrazoxane was rapidly
hydrolyzed to ADR-925 in vivo, suggesting that the conversion of B and C to ADR-925 is
enzymatically mediated.

The first three steps of de novo synthesis of the pyrimidines, uracil and thymine,
are carried out by the multifunctional protein called CAD (Davidson et al., 1993; Simmer
et al, 1990). In mammals CAD is a trifunctional protein which contains carbamyl
phosphate synthetase, (CPSase, EC 6.3.5.5), aspartate transcarbamylase (ATCase, EC
2.1.3.2) and the zinc hydrolase dihydroorotase, (DHOase, EC 3.5.2.3) (Davidson et al.,
1981; Kelly et al., 1986; Simmer et al., 1990). DHOase catalyzes the reversible cyclization
of N-carbamyl-L-aspartate to form L-5,6-dihydroorotate (Figure 4.1b) which is the third
reaction in the de novo pyrimidine biosynthetic pathway (Carrey, 1993; Evans et al.,
1993).

DHPase has been identified as an enzyme that would likely hydrolyze the ring
opening of dexrazoxane to B and C, given the structural similarity of dexrazoxane to
dihydrouracil and dihydrothymine (Hasinoff et al., 1991). Likewise, given the structural
similarity of B and C to dihydroorotate (Figure 4.1 b), the endogenous substrate of
DHOase, it was decided to test the hypothesis that B and C could be enzymatically
hydrolyzed to ADR-925 by DHOase, and thus, that DHOase might be ultimately

responsible converting dexrazoxane metabolites B and C to ADR-925. In this chapter,
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DHOase-catalyzed hydrolysis of B and C to ADR-925 was determined and Michealis
Menten parameters were established. Results from this chapter have been accepted for

publication (Schroeder et al., 2002).
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Figure 4.1 a, reaction scheme for the hydrolysis of dexrazoxane to B and C and ADR-
925; b, DHOase-catalyzed reversible reaction of L-dihydroorotate to N-
carbamoyl-aspartate; c, structure of the DHOase inhibitors 5-aminoorotic acid
and furosemide.
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4.2 Materials and Methods

4.2.1 Materials

Dexrazoxane hydrochloride and ADR-925 were gifts from Adria Laboratories
(Columbus, OH). HPLC-grade methanol was from Fisher (Nepean, Canada). Tris, Chelex
resin, 5-aminoorotic acid, furosemide, L-dihydroorotic acid and 1-octanesulfonic acid
were from Sigma (St. Louis, MO). 4-Chlorobenzenesulfonamide was from Aldrich
(Milwaukee, WI). Six-histidine-tagged CAD protein (198 pg/ml, stored in 30 % (v/v)
DMSO, 5% (wt/v) glycerol, 12 mM Tris buffer, pH 7.9, 0.3 M NaCl, 0.6 M imidazole,
and 1 mM 1,4-dithiothreitol.) purified from transfected hamster cells (Qiu & Davidson,

2000) was a gift from J. Davidson (University of Kentucky, Lexington, Kentucky).

4.2.2 Preparation and separation of B and C

Microgram quantities of B and C were prepared by hydrolyzing 5 mg/ml
dexrazoxane with NaOH (8 pl/ml of 5 M NaOH) at 25 °C for 40 min and quenching the
reaction with HCI (10 pl/ml of 5 M HCI) to pH 3 as described (Hasinoff, 1994a). Under
these conditions a mixture of dexrazoxane, B, C and ADR-925 are produced with a
typical mole ratio of 0.2, 0.3, 0.3, and 0.2, respectively. Dexrazoxane was efficiently
removed from the mixture by loading 1 ml of the mixture on a Sep-Pak Plus C18 cartridge
(Waters, Mississauga, Canada) with a plastic 1 ml syringe at a flow rat of 1 ml/min and
eluting B, C, and ADR-925 with 2 % (v/v) methanol with a 5 ml plastic syringe at a flow
rate of 5 ml/min. While dexrazoxane was highly retained on the cartridge, B, C and ADR-

925 eluted together and were collected at elution volumes between 1.5 and 2.5 ml. This
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fraction was then analyzed by HPLC to confirm that dexrazoxane was not present at
detectable levels. This 1 ml fraction (pH 6) was loaded on three Sep-Pak Accell Plus
QMA (Waters, Mississauga, Canada) ion exchange cartridges connected in series and
eluted with 2 % (v/v) methanol at a flow rate of 5 ml/min. Fractions containing B were

collected at elution volumes between 3 and 4.5 ml, and those containing C between 5 and

15 ml.

4.2.3 Determination of the purity of B and C by HPLC

After the synthesis and separation of B and C (as described in Section 4.2.2) the
fractions were brought to pH 2 with 5 M HCl and evaporated to dryness under a stream of
nitrogen. Fractions containing B and C were reconstituted in 10 mM HCI (pH ~ 3) and
analyzed by HPLC (Section 4.2.9) to determine metabolite concentration and purity. B
and C stock solutions were also analyzed for ADR-925 via the calcein assay (as described
in Section 2.2.11). Under these conditions the B stock solution contained less than 0.1
mol % and 0.01 mol % of C and ADR-925, respectively. The C stock solution contained
less than 0.1 mol % B and 0.05 mol % of ADR-925, respectively. Both fractions had
undetectable amounts of dexrazoxane (less then 0.001 mol %). Typical yields of B and C

were 50 pg and 20 pg, respectively.

4.2.4 Kinetics of DHOase-catalyzed hydrolysis of B, C and dihydroorotate

The DHOase-catalyzed hydrolysis of B, C, and dihydroorotate was determined by
measuring the decrease of substrate concentration by HPLC as a function of time in order

to obtain the initial velocities (v,). The 60 ul reaction mixture contained Chelex-treated 10
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mM Tris buffer (pH 7.4 at 15 °C), 2 pg/ml DHOase, and substrate (B, C, or
dihydroorotate) at 15 °C. DHOase (198 pg/ml in 30 % (v/v) DMSO, 5% (wt/v) glycerol,
12 mM Tris buffer, pH 7.9, 0.3 M NaCl, 0.6 M imidazole, and 1 mM 1,4-dithiothreitol)
was thawed for one min at 37 °C, vortexed briefly, and diluted with distilled H,O to a
stock solution concentration of 12 pug/ml. DHOase (10 pl of the 12 pg/ml stock) was
added to 35 ul of Tris buffer (17.2 mM, pH 7.4 at 15 °C) such that the final DHOase
concentration was 2 pg/ml. Lastly, 15 pl of substrate (B, C, or dihydroorotate in distilled
H,0) was added to the reaction mixture and then mixed two times with a 200 ul pipette
upon which a sample was immediately taken (defined as t = 0). Tris buffer was incubated
in a 15 °C water bath at least 15 min prior to the start of the experiment. A reaction
temperature of 15 °C was found to greatly minimize the background hydrolysis of B and C
while retaining good DHOase activity. Under these conditions, non-enzymatic hydrolysis
of either B or C was not detectable at 45 min. After incubation periods of 0, 10, 20, 30,
and 45 min post-DHOase addition, aliquots (10 pl) were removed and added to 25 pl of 3
mM HCI (pH 2) and stored at -80 °C to stop the reaction and prevent further hydrolysis of
B or C (Hasinoff, 1994a). The initial velocities of the reaction for the decrease of B and C
concentrations were calculated from a linear least squares fit of the above mentioned 5
substrate concentration-time data points as shown in Figures 4.10 — 4.11. The initial
velocities of the reaction for the decrease in dihydroorotate concentration were calculated

from 4 concentration-time data points as shown in Figure 4.12.

4.2.5 Inhibition of DHOase-mediated hydrolysis of C

When inhibitors were used 1 mM of either 5-aminoorotic acid, furosemide, or 4-
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chlorobenzenesulfonamide were incubated with DHOQase in the reaction buffer for 1 min

prior to addition of C, upon which samples were treated as described in Section 4.2.4.

4.2.6 Test to determine whether ADR-925 is a DHOase inhibitor

An experiment was done to determine if ADR-925, the rings fully open hydrolysis
product of B and C, inhibited DHOase. To test this 100 uM ADR-925 was added to the
DHOase reaction mixture (15 °C, pH 7.4, as described in Section 4.2.4) and incubated for
5 min prior to the addition of the 25 pM dihydroorotate. A control experiment where the
initial velocity of 25 puM dihydroorotate was monitored in the absence of ADR-925 was

run under the same experimental conditions.

4.2.7 Test to determine whether dexrazoxane is a substrate for DHOase

An experiment was also done to determine if dexrazoxane was a substrate for
DHOase (Figure 4.18). The hydrolysis of 500 uM dexrazoxane in the presence of 2 pg/ml
DHOase was followed for 2 h (15 °C, pH 7.4, as described in Section 4.3.4). A control
experiment followed the hydrolysis of dexrazoxane under the same reaction conditions and

during the same time in the absence of 2 pg/ml DHOase.

4.2.8 Quantitation of ADR-925, the product of DHOase-catalyzed hydrolysis of B

and C

The initial velocities were derived by measuring the decrease in the amount of B or
C as a function of time. It was therefore necessary to determine whether the product of
DHOase-catalyzed hydrolysis of B and C was ADR-925. In order to test this B and C (1

mM) were separately incubated with 2 pg/ml DHOase for 120 min (10 mM Tris, pH 7.4 at
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15 °C, as described in Section 4.2.4). The change in the amount of B and C (as
determined by HPLC and described in Section 4.2.9) over two hours was compared to the

amount of ADR-925 produced (as determined by HPLC and described in Section 4.2.9).

4.2.9 HPLC analysis of B, C, ADR-925

The HPLC analysis of B and C using an ion-pair reagent with the reversed phase
Cis-column (detection wavelength 205 nm) has been described in Section 2.2.9. Briefly,
2 mM heptanesulfonic acid in 500 uM EDTA (pH 4.5) was isocratically pumped through
a 10-um pBondapak 3.9 x 300 mm reversed-phase C;s column (Waters) connected to an
absorbance detector (205 nm) at a rate of 1 ml/min for 7 min to elute B or C with a
retention time, #,, of 6.5 and 9.5 min, respectively (as shown in Figures 4.2 and 4.3). At 7
min, HPLC grade methanol (Fisher) concentration was linearly increased over 2 min from
0 to 80% (v/v) 2 and maintained for 15 min. To equilibrate the column, 2 mM
heptanesulfonic acid in 500 uM EDTA (pH 4.5) was isocratically pumped through the
column for 30 min prior to the next sample injection. = ADR-925 was determined
separately under isocratic conditions (500 pM Na,EDTA/2 mM octanesulfonic acid, pH
3.5, 1 mI/min). After ADR-925 eluted (# 3.5 min, as shown in Figure 4.4) the column was
washed with 500 pM Na,EDTA/methanol (20:80 v/v) for 20 min followed by re-
equilibration with the initial mobile phase for 25 min. Duplicate determinations were

carried out on each sample.

4.2.10 HPLC analysis of dihydroorotate

An ion-pair HPLC assay was developed to determine (wavelength of 205 nm)
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dihydroorotate using a 10 mm pBondapak 3.9 x 300 mm reversed phase Cs-column
(Waters). The elution profile was 10 mM 1-octanesulfonic acid (pH 2.5, 1 ml/min) for 5
min after which the methanol concentration was linearly increased over 1 min from 0 to
40% (v/v) and maintained for 20 min. The column was re-equilibrated with the initial
mobile phase of 10 mM 1-octanesulfonic acid for 30 min prior to the next injection. Under
these conditions dihydroorotate eluted at 2.5 min as seen in Figure 4.5. Duplicate

determinations were carried out on each sample.

4.2.11 HPLC calibration plots: quantitation of B, C, ADR-925, and

dihydroorotate

The HPLC calibration plots using integrated peak areas (100 pM to 10 mM B and
C, 20 to 140 uM ADR-925, and 5-25 pM dihydroorotate) were prepared by adding
standards containing known amounts of B, C and ADR-925 (prepared as previously
described (Hasinoff, 1994a)) and dihydroorotate in 0.09 % DMSO (v/v). As shown in
Figure 4.2 I, the major peak (. 4 min) was DMSO (0.09 % DMSO (v/v) as the
concentration-time samples had been diluted 3.5 fold for HPLC analysis). Because of the
possibility of integration interference from DMSO tailing (especially with metabolite B, ¢,

6.5), standard curves were constructed with DMSO.

4.2.12 Data Analysis

The initial velocities for the reaction of B and C to ADR-925, and dihydroorotate
to N-carbamoyl aspartate were determined from the linear least-squares fit of five and four

substrate concentration-time data points, respectively.  Michaelis-Menten kinetic
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parameters for the DHOase-catalyzed hydrolysis of B, C, and dihydroorotate were
achieved through the dependence of the initial velocities on the concentration of the
respective substrate and fit to equation 4.1 by nonlinear least-squares analysis (SigmaPlot;

Jandel Scientific, San Rafael, CA).

V=_VnalS] (4.1)
(&n +[SD)

4.3 Results

4.3.1 HPLC quantitation of dihydroorotate, B, C, and ADR-925

The HPLC analysis of B and C using an ion-pair reagent as described in Section
4.2.9 eluted B and C with a retention time, ., of 6.5 and 9.5 min, respectively (as shown
in Figures 4.2 and 4.3). ADR-925, determined separately under isocratic conditions (500
uM Na;EDTA/2 mM octanesulfonic acid, pH 3.5, 1 ml/min).], eluted at £ 3.5 min, as
shown in Figure 4.4. Dihydroorotate was separated using the ion-pair agent 1-
octanesulfonic acid and these conditions dihydroorotate eluted at 2.5 min as seen in Figure

4.5.
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Figure 4.2 HPLC chromatogram of the separation of metabolite B from CAD protein
stabilizing components

B was separated on a Cjz reverse-phase column. A blank 2 pg/ml DHOase protein

chromatogram is shown in chromatogram I. HPLC chromatograms II and III were

obtained at t = 0 for initial velocity studies of 500 and 5000 pM B, respectively, in the
presence of 2 pg/ml DHOase.
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Figure 4.3 HPLC chromatogram of the separation of metabolite C from CAD protein
stabilizing components
C was separated on a Cis reverse-phase column. A blank 2 pg/ml DHOase protein
chromatogram is shown in chromatogram I. HPLC chromatograms II, III, and IV were
obtained at t = 0 for initial velocity studies of 100, 1000, and 10,000 pM B, respectively,
in the presence of 2 pg/ml DHOase.
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Figure 4.4  HPLC chromatogram of the separation of ADR-925 from CAD protein
stabilizing components
ADR-925 was separated on a C;s reverse-phase column. A blank 2 pg/ml DHOase protein
chromatogram is shown in chromatogram I. ADR-925 (200 uM) in distilled water is
shown in chromatogram II. Chromatogram III was obtained at t = 120min after 1 mM C
was added 2 pg/ml DHOase.
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Figure 4.5 HPLC chromatogram of the separation of dihydroorotate from CAD protein
stabilizing components
Dihydroorotate was separated on a C,s reverse-phase column. A blank 2 pg/ml DHOase
protein chromatogram is shown in chromatogram I. HPLC chromatogram II was
obtained at t = 30 min after 20 pM dihydroorotate was incubated with 2 pg/ml DHOase.
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4.3.2 HPLC calibration curves for dihydroorotate, B, C, and ADR-925

The calibration plots were constructed by plotting arbitrary integration peak areas
(as shown in Tables 4.1-4.4) as a function of substrate or metabolite concentration as
shown in Figures 4.6 through 4.9. Calibration curves for B, C, ADR-925, and
dihydroorotate were performed once prior to the analysis of the B, C, and dihydroorotate
concentration-time samples. All concentration points were run in duplicate. The limit of
quantitation was estimated to be three times the limit of detection (that was determined
through an estimate of drug/metabolite or substrate peak heights that exceeded the
background noise 3-fold). The limit of quantitation for B, C, ADR-925, and
dihydroorotate was estimated to be 1.5, 1.5, 10, and 0.5 uM respectively.

Table 4.1. HPLC Calibration curve of B in 0.09 % DMSO (v/v)

Concentration Average Peak Area

(M) (Arbitrary Units)
10,000 15933414
7000 10221372
5000 7054806
3000 4044684
1000 1072368

700 680112

500 498584

100 130565
slope 1585

intercept -42012
¥ 0.9982
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Table 4.2. HPLC Calibration curve of C in 0.09 % DMSO (v/v)

Concentration Average Peak Area

(M) (Arbitrary Units)
10,000 16033414
7000 11165206
5000 7013432
3000 4022444
1000 1158378

700 658082

500 485376

100 129224
slope 1627

intercept -48315
¥ 0.997

Table 4.3. HPLC Calibration curve of dihydroorotate in 0.09 % DMSO (v/v)

Concentration Average Peak Area
(M) (Arbitrary Units)
25 37827
20 31369
15 22507
10 17702
7 13961
5 10956
slope 1333
intercept 4064
r 0.994
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Table 4.4. HPLC Calibration curve of ADR-925 in 0.09 % DMSO (v/v)

Concentration Average Peak Area
(uM) (Arbitrary Units)
200 56852
140 37655
110 26452
90 23123
70 17546
50 13232
20 6256
slope 294
intercept -1246
r 0.991
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Figure 4.6 HPLC calibration curve of B in 0.09 % DMSO (v/v)  Figure 4.7 HPLC calibration curve of C in 0.09 % DMSO (v/v)
The HPLC calibration plot was prepared by adding standards The HPLC calibration plot was prepared by adding standards
containing known amounts of B to 0.09 % DMSO (v/v). A containing known amounts of C to 0.09 % DMSO V). A
mobile phase of 2 mM heptanesulfonic 500 uM Na,EDTA, pH 4.5 mobile phase of 2 mM heptanesulfonic 500 pM Na,EDTA, pH 4.5
(as described in Section 4.2.9) was used to separate B (#. 6.5 min). (as described in Section 4.2.9) was used to separate C (7, 9.5 min).
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Figure 4.8 HPLC calibration curve of Dihydroorotate in 0.09 % Figure 4.9 HPLC calibration curve of ADR-925 in 0.09 % DMSO
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The HPLC calibration plot was prepared by adding standards The HPLC calibration plot was prepared by adding standards

containing known amounts of dihydroorotate to 0.09 % DMSO containing known amounts of ADR-925 to 0.09 % DMSO (v/v).

(v/v). A mobile phase of 10 mM octanesulfonic acid, pH 4.5 (as A mobile phase of 2 mM heptanesulfonic/500 pM Na,EDTA, pH

described in Section 4.2.10) was used to separate dihydroorotate 4.5 (as described in Section 4.2.9) was used to separate ADR-925
(. 3.5 min). (t, 3.5 min).
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4.3.3 Initial velocities of DHQase-catalyzed hydrolysis of dihydroorotate, B and C

The DHOase-catalyzed hydrolysis of B, C, and dihydroorotate was determined by
measuring the decrease of substrate concentration as a function of time to obtain the initial

velocities (v,) as shown in Tables 4.5-4.7 and in Figures 4.10-4.12.

Table 4.5 Initial velocities for the rate of loss of Metabolite B by the action of DHOase

Time Metabolite B Concentration
(min) (uM)
500 700 1000 3000 5000 7000 10,000
0 500 713 1134 3034 4992 7024 10,034
10 490 704 1110 3017 4928 6954 10,004
20 478 697 1092 2983 4888 6873 9915
30 453 684 1076 2938 4829 6841 9805
45 428 673 1053 2906 4805 6797 9775
Vo
(uM-min™) 1.66 0.91 1.77 3.04 4.23 5.06 6.43

¥ 0.981 0.994 0.991 0.981 0.954 0.944 0.940

Table 4.6 Initial velocities for the rate of loss of Metabolite C by the action of DHOase

Time Metabolite C Concentration
(min) (uM)
100 500 700 1000 3000 5000 7000 10,000
0 97 522 690 983 2994 4935 7032 10,032
10 94 517 679 951 2924 4859 6877 9933
20 90 513 660 941 2877 4842 6740 9858
30 86 507 642 915 2837 4768 6683 9696
45 77 492 626 887 2807 4646 6567 9619
(uM-Vr(r)ﬁn'l) 0.40 0.64 1.47 2.05 4.09 6.15 10.1 9.57
¥ 0.985 0.963 0990 0983 0921 0969 0960 0.974
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Table 4.7 Initial velocities for the rate of loss of dihydroorotate by the action of DHOase

Time Dihydroorotate Concentration
(min) (uM)
7 10 15 20 25
0 7.0 10.0 15.0 209 24.9
10 4.6 7.46 11.4 16.6 19.2
20 3.1 4.09 8.08 12.1 15.6
30 1.2 1.60 3.59 8.63 11.3
(qu’r;jn oy | 019 0286 0377 0412 0444
¥ 0.991 0.996 0.996 0.997 0.991
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Figure 4.10 Initial velocity plots for the DHOase-catalyzed hydrolysis of B

The initial velocities of the reaction for the DHOase mediated decrease of B were
calculated from a linear least squares fit of 5 substrate concentration-time data points
with initial B concentrations ranging from 500 to 10,000 uM.  The reaction was
carried out in Tris buffer (pH 7.4 at 15 °C ) in the presence of 2 pg/ml DHOase with
500 (a), 1000 (b), 5000 (c), and 10,000 (d) uM B.
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Figure 4.11 Initial velocity plots for the DHOase-catalyzed hydrolysis of C

40

50

The initial velocities of the reaction for the DHOase mediated decrease of C were
calculated from a linear least squares fit of 5 substrate concentration-time data
points with initial C concentrations ranging from 500 to 10,000 uM. The reaction
was carried out in Tris buffer (pH 7.4 at 15 °C ) in the presence of 2 pg/ml
DHOase with 500 (a), 1000 (b), 5000 (c), and 10,000 (d) uM C.
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Figure 4.12 Initial velocity plots for the DHOase-catalyzed hydrolysis of
dihydroorotate

The initial velocities of the reaction for the DHOase mediated decrease of
dihydroorotate were calculated from a linear least squares fit of 4
substrate concentration-time data points with initial dihydroorotate
concentrations ranging from 7 to 25 pM.  The reaction was carried out

in Tris buffer (pH 7.4 at 15 °C ) in the presence of 2 pg/ml DHOase with
7 (a) and 25 (b) uM dihydroorotate.

4.3.4 Kinetics of DHOase-catalyzed hydrolysis of dihydroorotate, B and C
The dependence of the initial velocity on the concentration of dihydroorotate, B
and C are shown in Figure 4.13-4.15 and show that DHOase catalyzes the ring-opening
reaction of B and C. The initial velocities were fit to Michaelis-Menten kinetics by
nonlinear least squares analysis (SigmaPlot, Jandel Scientific, San Rafael, CA) of the data
in the following equation:
V= Vuax[S]/(Kn + [S]) 4.1)

The specific Vi and K, values are given in Table 4.8.
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Figure 4.13 Initial velocities (v,) for the rate of loss of B by the Figure 4.14 Initial velocities (v,) for the rate of loss of C by the
action of DHOase. action of DHOase.

Solid line is obtained from the nonlinear least squares fit of the Solid line is obtained from the nonlinear least squares fit of the
data to the Michaelis-Menten kinetics (eqn. 4.1). The best fit to data to the Michaelis-Menten kinetics (eqn. 4.1). The best fit to
this data yielded Vi 4.35 pmolemin’emg”’, K, 4800 pM, and this data yielded Vs 10.9 pmolsminemg”, K, 11,000 pM, and
Viax/Km 0.9 lemin’sg”. DHOase-catalyzed hydrolysis of B was Vpay/Km 0.98 lemin’sg”'. DHOase-catalyzed hydrolysis of C was
measured in 10 mM Tris buffer (pH 7.4) at 15 °C with a DHOase measured in 10 mM Tris buffer (pH 7.4) at 15 °C with a DHOase
concentration of 2.0 pg/ml. concentration of 2.0 pg/ml.
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Figure 4.15  Initial velocities (v,) for the rate of loss of Figure 4.16 Initial velocity plots for the DHOase-catalyzed

dihydroorotate by the action of DHOase. hydrolysis of C without DHOase (®) and with
Solid line is obtained from the nonlinear least squares fit of the DHOase(O) in the presence of 1 mM 5-aminoorotic acid
data to the Michaelis-Menten kinetics (eqn. 4.1). The best fit to (A), furosemide (V), and 4-chlorobenzenesulfonamide
this data yielded Viux 0.41 pmolemin’'emg”, K, 20 uM, and (%) in Tris buffer (pH 7.4) at 15 °C in the presences of 2
VoK~ 20.6 lemin’eg”’.  DHOase-catalyzed hydrolysis of mg/ml DHOase.
dihydroorotate was measured in 10 mM Tris buffer (pH 7.4) at 15 5-aminoorotic acid and furosemide inhibited DHOase-catalyzed
°C with a DHOase concentration of 2.0 pg/ml. hydrolysis of C by 91 and 80 %, respectively. 4-

chlorobenzenesulfonamide was not inhibitory.
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Table 4.8 Michaelis-Menten kinetic parameters for the DHOase-catalyzed hydrolysis of
dihydroorotate and B and C

Substrate Vinax Kn Vinax/ Km
(pmolmin™ *mg) (nM) (l'min"+g™)
dihydroorotate 0.41+£0.07 20+ 6 20.6
B 4.35+0.70 4800 + 1700 0.9
C 10.9+3.8 11,000 = 6300 0.98

The reaction was carried out in 10 mM Tris buffer (pH 7.4) at 15 °C and substrate
concentrations were assayed by HPLC. The errors shown are standard errors
obtained from the non-linear least squares analysis of the data in the Michaelis-
Menten equation (equation 4.1).

4.3.5 ADR-925 does not cause product inhibition of DHOase

An experiment was done to determine if ADR-925 inhibited DHOase. To test this
100 pM ADR-925 was added to the DHOase reaction mixture prior to the addition of the
25 pM dihydroorotate. The initial velocity of the DHOase-catalyzed hydrolysis of
dihydroorotate was measured in the presence and absence of 100 pM. The ADR-925
slopes were not significantly different (¢-test p > 0.5, n = 5), which indicated that ADR-

925 did not inhibit DHOase (as seen in Figure 4.17).

4.3.6 Dexrazoxane is not a substrate for DHQase

An experiment was also done to determine if dexrazoxane was a substrate for
DHOase. The hydrolysis of 500 pM dexrazoxane in the presence and absence of 2 pg/ml
DHOase was followed for 2 h (15 °C, pH 7.4). No statistically significant (z-test p > 0.1, n

= 5) enzymatic hydrolysis (as measured by their respective slopes) was detected above
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Figure 4.17  Initial velocity plots for the DHOase-catalyzed Figure 4.18 Hydrolysis of dexrazoxane with (®) and without (O

hydrolysis of dihydroorotate by the action of DHOase with

(O) and without (®) ADR-925.
Hydrolysis of 25 uM dihydroorotate in the presence of 2 pg/ml
DHOase buffered with 10 mM Tris (pH 7.4 at 15 °C). The
hydrolysis rate of dihydroorotate with and without ADR-925, as
measured by their respective slopes, was found not to be
significant (p > 0.5).

DHOase
Hydrolysis of 500 uM dexrazoxane in the presence of 2 pg/ml
DHOase buffered with 10 mM Tris (pH 7.4 at 15 °C). The
hydrolysis rate of dexrazoxane with and without ADR-925, as
measured by their respective slopes, was found not to be
significant (p > 0.5).
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that observed for the dexrazoxane control (as seen in Figure 4.18) which indicated that

neutral dexrazoxane was not a substrate for DHQase.

4.3.7 ADR-925 is the product of DHOase mediated hydrolysis of B and C

Experiments were also done to prove that the product of the DHOase-catalyzed
hydrolysis of 1 mM B and C was ADR-925. The concentrations of ADR-925 were
determined by HPLC at 2 h were found to be 137 pM and 184 uM for B and C,
respectively. The amount of B and C in the DHOase reaction mixture at two hours was
also assayed and found to be 870 and 774 pM, respectively. Thus, by subtraction, the
amount of ADR-925 produced was 130 uM and 226 pM, respectively for B and C. The
agreement with the ADR-925 concentration measured directly by HPLC and the ADR-
925 concentration measured through subtraction indicated that DHOase catalyzed the

hydrolysis of B and C to ADR-925.

4.3.8 The effect of DHOase inhibitors on DHOase-catalyzed hydrolysis of C

Given that DHOase is only one of the three activities of the multifunctional CAD
enzyme, the kinetics of DHOase-catalyzed hydrolysis of C was determined in the presence
of specific inhibitors of DHOase in order to determine if the hydrolysis of B and C was
due to the DHOase domain. 5-Aminoorotic acid is an inhibitor (K; of 6 uM) of mammalian
DHOase-catalyzed hydrolysis of dihydroorotate, though 4-nitrobenzenesulfonamide did
not (Christopherson & Jones, 1980). 4-Chlorobenzenesulfonamide and 4-
nitrobenzenesulfonamide, are however, non-competitive inhibitors (X; 200 and 1100 pM,

respectively) of bacterial DHOase (Pradhan & Sander, 1973). Furosemide (Fig. 4.1) was
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included because it is a sulfonamide with a carboxylate group. As shown in Fig. 4.16, 1
mM 4-chlorobenzenesulfonamide did not inhibit DHOase. However, 1 mM 5-aminoorotic

acid and furosemide inhibited DHOase by 91 and 80 %, respectively.

4.4 Discussion

4.4.1 DHOase-mediated hydrolysis of Dihydroorotate

The specific Vi value of 0.41 pmolemin'emg™ (10 mM Tris buffer, pH 7.4, 15
°C) for the hydrolysis of dihydroorotate by the recombinant 6-histidine tagged hamster
DHOase (Qiu & Davidson, 2000) used in this study is smaller than the recombinant
hamster DHOase specific ¥y values of 1.2 - 2.1 pmolemin'emg™ (50 mM HEPES buffer,
pH 7.4, 37 °C, 100 uM ZnCl,) (Huang et al., 1999; Williams et al., 1995) and 1.2
pmolemin'emg™ (100 mM Tris buffer, pH 7.4, 37 °C, 25 mM MgCl, 0.1 M KC], 3.3 mM
glutamine, 15 mM L-aspartate, DTT, 7.5 % DMSO) (Kelly et al., 1986). However, given
the different reaction conditions (buffer, presence of activating ZnCl,, and temperature)
and that a histidine-tagged DHOase was used in this study, the agreement is reasonable.
The K, of 20 uM determined in this study is in the range of previously observed K, values
of 4-20 uM (Christopherson et al., 1989; Huang et al., 1999; Kelly et al., 1986; Williams

et al., 1995).

4.4.2 DHOase-mediated hydrolysis of B and C

The results of Table 4.8 show that both B and C are good substrates for DHOase.
The specific Viax values for B and C are 11- and 27-fold higher than the endogenous

substrate dihydroorotate. The reason for the high V;,x for B and C probably lies with the
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fact that the imide bond in B and C is much more easily hydrolyzed than is the imide bond
in dihydroorotate. It has been previously shown that B and C underwent non-enzymatic
hydrolysis (pH 7.4, 37 °C) with #,, of 17 and 8.4 h, respectively (Hasinoff, 1994a), whereas
dihydroorotate is very stable under these conditions. The K, values for both B and C are,
however, 240- and 550-fold larger than for dihydroorotate. This result suggests that
neither B nor C is a good fit in the active site of DHOase. A comparison of the Via/Km
values of Table 4.8 indicates that under non-saturating conditions ([S] < Kp)
dihydroorotate is still a 23-fold better substrate than either B or C. Given that the Viay/Kn
values for B and C are similar, under non-saturating conditions DHOase would act on B

and C at about the same rate.

4.4.3 Molecular modeling of B and C in E. coli DHOase

The x-ray structure of homodimeric bacterial E. coli DHOase with dihydroorotate
bound has recently been determined (Thoden et al., 2001). Each subunit contains a
binuclear zinc center and dihydroorotate is bound to one subunit with the negatively
charged carboxylate group of dihydroorotate forming a salt bridge with the positively
charged guanidinium group of Arg20. The protein sequences of DHOase from E. coli and
humans that code for the lysine residue, that functions as the bridging ligand for zinc, is
well conserved. Thus it has been predicted that DHOase from mammalian CAD, like
DHOase from E. coli, will also contain a binuclear metal center. Assuming mammalian
DHOase has a similar structure to E. coli DHOase, the positively charged arginine in the

active site is the probable reason that B and C, with their negatively charged carboxylate
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groups, are substrates for DHOase, but neutral dexrazoxane is not. A mechanism was
proposed in which a bridging hydroxide group attacks the re-face of dihydroorotate
(Thoden et al., 2001). Given the structural similarity of dihydroorotate to B and C, a
similar mechanism is likely. While the sequence identity homology of the hamster DHOase
domain of CAD with that of E. coli DHOase is only 20%, there are clusters of highly
conserved amino acids (Simmer et al., 1990). The Arg20 is, however, conserved in human
DHOase (Thoden et al., 2001). The presence of the guanidinium salt bridge had been
predicted earlier based on the homology of DHOase with carbonic anhydrase II (Williams
et al., 1995).

The ability of furosemide, but not 4-chlorobenzenesulfonamide, to inhibit DHOase
is probably due to the presence of a negatively charged carboxylate group on furosemide
(Fig. 4.1c) allowing for stronger binding to the positively charged arginine in the active
site of DHOase (Thoden et al., 2001; Williams et al., 1995). Furosemide is a diuretic
widely used in the treatment of congestive heart failure. Given that only micromolar peak
plasma levels of furosemide are achieved after a typical 40 mg dose (Straughn et al.,
1986), it is unlikely that furosemide inhibition of DHOase has any significant

pharmacological effects at clinically relevant diuretic doses.

4.4.4 DHOase-mediated hydrolysis of B and C: A basis for dexrazoxane protection

against anthracycline-induced cardiotoxicity

DHOase is present in a variety of tissues including the heart, liver, and kidney

(Kennedy, 1974) and in erythrocytes and leukocytes (Smith and A., 1959). The level of
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DHOase activity in heart homogenate is 23% of that found in the liver (Kennedy, 1974).
The presence of DHOase in the heart suggests that B and C may be enzymatically
hydrolyzed by DHOase to ADR-925 in the heart tissue. Hydrolysis would likely be
occurring in other tissues and in the blood as well. The presence of DHOase in the heart,
in particular, may explain the cardioprotective effect of dexrazoxane. The ADR-925 thus
formed may either remove iron from the iron-doxorubicin complex (Buss & Hasinoff,
1993), or bind free iron, thus preventing oxygen radical formation.

The rapid appearance of ADR-925 in preliminary pharmacokinetic studies in the
rat (Schroeder & Hasinoff, 2002) and humans (Schroeder et al., 2003) is consistent with a
DHOase-catalyzed conversion of B and C to ADR-925. It has been previously shown that
B and C were present at relatively low steady state levels in a rat pharmacokinetic study
(Hasinoff & Aoyama, 1999; Schroeder & Hasinoff, 2002). This result is consistent with
the subsequent metabolism of B and C to ADR-925 by DHOase. We also previously
showed that the zinc hydrolase DHPase, which is present in the liver and kidneys, but not
in the heart (Hasinoff et al., 1991), converted dexrazoxane to B and C, but did not
convert these intermediates to ADR-925 (Hasinoff, 1993). Previous studies have also
shown that B and C were permeable enough to be taken up by attached neonatal rat
myocytes suggesting that B and C, despite being negatively charged, may be permeable to
cell membranes (Hasinoff et al., 2002). Thus, DHPase and DHOase, acting in succession
on the parent drug and its metabolites B and C, provide a mechanism by which

dexrazoxane may exert its cardioprotective effects.
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Chapter 5: The effect of DHPase and DHOase inhibition on the metabolism of

dexrazoxane and its one-ring open intermediates to ADR-925 in the rat

5.1 Introduction

Dexrazoxane (Figure 5.1) is clinically used to reduce doxorubicin-induced
cardiotoxicity (Swain et al., 1997; Hasinoff, 1998; Hasinoff et al., 1998; Swain and Vici,
2004). The clinical use of doxorubicin, a highly effect antitumor agent (Gianni et al.,
1983), is limited by its cumulative dose cardiotoxicity. Dexrazoxane attenuates
anthracycline cardiotoxicity (Herman and Ferrans, 1987; Blum et al,, 1990) and likely
acts as a cardioprotective agent by diffusing into the cell and hydrolyzing to its one-ring
open intermediates B and C, and then to it’s fully rings-opened metal ion-chelating form
ADR-925 (Figure 5.1). ADR-925, a structural analogue to EDTA, may act by chelating
free iron or displacing iron bound to the iron-doxorubicin complex (Hasinoff, 1989; Buss
and Hasinoff, 1993; Hasinoff, 1998; Hasinoff et al., 1998), thereby reducing iron-based
oxygen radical formation.

Dihydropyrimidine amidohydrolase, EC 3.5.2.2, (DHPase) catalyzes the
reversible hydrolysis of 5,6-dihydrouracil to N-carbamoyl-f-alanine and is the second
enzyme in the pyrimidine synthesis pathway (Lee et al., 1986; Kikugawa et al., 1994).
DHPase, which is present in the liver and the kidney, has been shown to efficiently
hydrolyze dexrazoxane (Hasinoff et al., 1991; Hasinoff, 1993; Hasinoff, 1994c; Hasinoff
and Aoyama, 1999b) and is likely the enzyme that is primarily responsible for the
metabolism of dexrazoxane to B and C. While DHPase did not detectably hydrolyze B

or C to ADR-925 (Hasinoff, 1993), B and C were shown to be enzymatically hydrolyzed
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by dihydroorotase, EC 3.5.2.2 (DHOase), as described in Chapter 4 (Schroeder et al.,
2002). DHOase catalyzes the reversible cyclization of N-carbamyl-L-aspartate to form
L-5,6-dihydroorotate which is the third reaction in the de novo pyrimidine biosynthetic
pathway (Christopherson and Jones, 1980; Carrey, 1993). Unlike DHPase (Hamajima et
al., 1996), DHOase has been shown to have good activity in the heart (Kennedy, 1974).
An enzymatically mediated mechanism of cardioprotection from anthracycline-
induced cardiotoxicity was hypothesized for dexrazoxane that included DHPase-mediated
hydrolysis of dexrazoxane to B and C, and DHOase-mediated hydrolysis of B and C to
ADR-925. A rat model was used to determine the contribution of DHPase and DHOase
in the hydrolysis of dexrazoxane to ADR-925 in vivo. The DHPase and DHOase inhibitor
furosemide (Schroeder et al, 2002) (Figure 5.2a) and the DHOase inhibitor 5-
aminoorotic acid (Christopherson and Jones, 1980; Krungkrai et al., 1992; El Kolli et al,,
1998) (Figure 5.2 b) were administered to the rat prior to dexrazoxane where the effect of
DHPase and DHOase inhibition on ADR-925 plasma and tissue levels were determined.
The effect of 5-aminoorotic acid mediated DHOase inhibition on plasma and tissue levels
of ADR-925 following a B/C mixture bolus was also investigated. These in vivo studies
further describe how the mechanism of dexrazoxane protection is linked to enzymatic

activation.
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Figure 5.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,
and its strongly metal ion-chelating form ADR-925.
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Figure 5.2 Structures of the DHPase and DHOase inhibitor furosemide (a) and the
DHOase inhibitor 5-aminoorotic acid (b).
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5.2 Materials and Methods

5.2.1 Materials

Dexrazoxane hydrochloride and ADR-925 were gifts from Adria Laboratories
(Columbus, OH). Calcein (“high purity”) was from Molecular Probes (Eugene, OR).
HPLC-grade methanol and cobalt chloride hexahydrate were from Fisher (Nepean,
Canada) and heparin, Tris, EDTA, furosemide, 5-aminoorotic acid, reagent grade catalase
(Catalogue #: C-30), Coomassie Brilliant Blue Dye, and 1-heptanesulfonic acid sodium

salt were from Sigma (St. Louis, MO).

5.2.2 Animal handling and surgery

The animals were handled and anaesthetized as described in Section 2.2.2 of
Chapter 2 and the protocol was approved by the University of Manitoba Animal Care

Committee.

5.2.3 Dosing and blood collection

A furosemide solution was prepared by slowly adding (1 pl/sec) 10 pl of 5 M
NaOH to 1 ml of a freshly prepared 10 mg/ml furosemide solution in sterile saline (0.9 %
NaCl, w/v) followed by rapid vortex until dissolved. The pH was titrated to 6-7 with 1 M
HCL The solution was kept in a 37 °C water bath until used. The furosemide solution
was not filter sterilized to prevent furosemide loss due to precipitation. After the animal
was anesthetized and the jugular vein cannulated (as described in Section 2.2.2) the rat

was dosed with a 20 mg/kg furosemide bolus (2 ml/min) through the tail vein.
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Dexrazoxane hydrochloride (freshly prepared, 10 mg/ml in sterile saline) was filtered
using a Fisherbrand™ 0.22 pm syringe filter (Fisher, Canada) and administered at a dose
of 40 mg/kg as an i.v. bolus infusion (2 ml/min) through the tail vein. Blood samples
(300 pl) were removed from the left jugular vein from a group of 3 rats at times 5, 10, 30,
60, 90, and 120 min post-dexrazoxane infusion.

A 10 mg/ml 5-aminoorotic acid solution was prepared in sterile saline (0.9 %
NaCl, w/v) by adding 10-20 ul of 5 M NaOH with rapid vortex. Once dissolved, the pH
was titrated to the range of 6-7.5 with 1 M HCl and stored at 37 °C until use. As in the
case of furosemide, 5-aminoorotic acid solution was not filter sterilized to avoid loss
through precipitation. The rat was dosed with 20 mg/kg of 5-aminoorotic acid as an i.v.
bolus infusion (2 ml/min) through the tail vein. Dexrazoxane hydrochloride (freshly
prepared in 10 mg/ml sterile saline) was administered at a dose of 40 mg/kg as an iv.
bolus infusion (2 ml/min) through the tail vein. In the case where the B/C mixture was
used (prepared as described in Section 2.2.4, with a B/C mole ratio of 4.2:1, determined
by HPLC as described in Section 2.2.9), rats were dosed with 20 mg/kg of 5-aminoorotic
acid as a 0.5 ml i.v. bolus infusion (2 ml/min) through the tail vein 5 min prior to a 20
mg/kg B/C mixture bolus (0.5 ml, also through the tail vein). Blood samples (300 pl)
were removed from the left jugular vein from a group of 3 rats for both dexrazoxane and
B/C mixture at times 2, 10, 20, 30, 45, 60, and 90 min. One 300 pl blood sample was
drawn from each rat prior to the administration of dexrazoxane or B/C as a control.

The blood samples from all experiments were added to heparin (10 pl of 1000

units/ml) and centrifuged for 5 min at 500 g. The plasma was immediately removed,
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acidified to a pH of 3 with 20 ul of 5 M HCI per ml of plasma, and stored at -80 °C to

prevent further hydrolysis (Hasinoff, 1994a).

5.2.4 Precipitation of rat plasma proteins

Plasma proteins were precipitated with acetonitrile (2:1 (v/v)) as described in

Section 2.2.6.

5.2.5 Quantitation of dexrazoxane, B, C, and ADR-925

Dexrazoxane, B, and C, were separated and quantified using HPLC as described
in Chapter 2 Section 2.2.9. ADR-925 was determined in plasma and tissue homogenate

supernatants using the calcein assay as described in Section 2.2.11.

5.2.6 Preparation of heart, liver, and brain tissue homogenates

In order to compare the effect of the DHPase and DHOase inhibition on ADR-925
accumulation in tissues, the heart and liver were removed immediately following the last

acquired data point and treated as described in Section 2.2.7.

5.2.7 Data analysis

Pharmacokinetic parameters were obtained using the pharmacokinetic and
pharmacodynamic modeling program WinNonlin (WinNonlin 4.0, Pharsight, Mountain
View, CA) for an iv. bolus. The effect of DHOase or DHPase inhibition on
pharmacokinetic parameters for dexrazoxane, B, C, and ADR-925 were statistically
compared by an independent-samples #-fest where p is the probability of rejecting the null

hypothesis (Jones, 2002).
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5.3 Results

5.3.1 Pharmacokinetic analysis of the data

5.3.2.1 Determination of dexrazoxane distribution and ADR-925
formation by AUCs.;129

The dexrazoxane and ADR-925 concentration-time curve was compared in rats
dosed with either 5-aminoorotic acid or furosemide prior to dexrazoxane relative to the
concentration-time curve of rats dosed with dexrazoxane alone. The limited sampling in
the alpha (or distribution) phase of the concentration-time curve made compartmental
analysis of dexrazoxane (as described in Chapter 2 and Chapter 3) inappropriate. It was
decided to compare the concentration-time curves for dexrazoxane for rats treated with
DHOase or DHPase inhibitors prior to dexrazoxane relative to rats dosed with
dexrazoxane alone through non-compartmental analysis of the area-under-the-curve
AUCs5.129 of the concentration-time data of dexrazoxane or ADR-925 from the first time
point (5 min) to the last time point (120 min). Therefore, values for the maximum plasma
concentration were obtained directly from the observed data, at 5 min. The area under
the plasma concentration-time curve to the last observed concentration was calculated
using the linear/log linear trapezoidal method (Winnonlin Model 201 for non-

compartmental analysis) with the observed data.

5.3.2.2 Pharmacokinetics of B, C, and ADR-925 in rats dosed with a B/C
mixture following a 5-aminoorotic acid bolus

The plasma pharmacokinetics for the iv. bolus of a B/C mixture was fitted to an
iv. bolus one-compartment model (equation 5.1 and 5.2, WinNonlin Model 1)

(WinNonlin 4.0, Pharsight, Mountain View, CA). The one-compartment model was used
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to describe the entire plasma concentration (C) versus time (t) curve fitted by a single
exponential term where Cp and C¢ refer to the zero-time intercepts and &, and 4. refer to
the elimination rate constants of the concentration-time curve of B (equation 5.1) and C,

(equation 5.2) respectively.

Ct = CB-e'kb't 5.1

Ct = CC-e_kc.t 5.2

The elimination half life (f4;) for B and C is defined by equations 5.3 and 5.4,

respectively.
Iy =02 53
ky
Tige = M 5.4
ke

The apparent elimination rate of ADR-925 (k4pr) was also determined by fitting
the data to a two-parameter single-exponential decay function (equation 5.5) where the

apparent elimination half life is estimated by equation 5.6.

C, = Cypre™o 5.5
Iarr = _h_l_z 5.6
kADR

The pharmacokinetic parameters for B and the apparent pharmacokinetic
parameters for ADR-925 were determined from the concentration-time data for the first
30 min after the B/C bolus. The pharmacokinetic parameters for C were determined

from the concentration-time data for the first 10 min after the B/C bolus.
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5.3.2 Dexrazoxane metabolism to B, C, and ADR-925 after a 20 mg/kg i.v. bolus of
the DHPase and DHOase inhibitor furosemide (20 mg/kg)

The results shown in Figures 5.3-5.5 show the individual rat concentration-time
plasma levels (as shown in Tables 5.1-5.4) for dexrazoxane, B, C, and ADR-925. Figure
5.6 is the average dexrazoxane and metabolite concentration-time data for all three rats.
As shown in Figure 5.7 the disposition kinetics of dexrazoxane is similar to that
previously obtained for rats (Chapter 2, Section 2.3.6 (Schroeder and Hasinoff, 2002))
likewise dosed with 40 mg/kg of dexrazoxane hydrochloride (Hasinoff and Aoyama,
1999a; Schroeder and Hasinoff, 2002). The peak plasma concentration of dexrazoxane
(observed data at 5 min) following an i.v. bolus of furosemide was found to be 603 + 8.7
1M, which was consistent with the maximal dexrazoxane concentration of 529 + 41 pM
after a dexrazoxane bolus alone (as shown in Figure 5.7). Furthermore, the AUCs.120 of
dexrazoxane in rats treated with furosemide 5 min prior to dexrazoxane was not
significantly different from rats dosed with dexrazoxane alone (p > 0.5, Table 5.5). As in
the case where dexrazoxane was given alone (as shown in Figure 5.7 and 5.8, data from
Chapter 2, Section 2.3.6 (Schroeder and Hasinoff, 2002)), the intermediates B and C
immediately appeared in plasma (5 min post dexrazoxane infusion) when furosemide was
given 5 min prior to dexrazoxane. The peak concentrations for B and C were also found
to be at a maximum 5 min post dexrazoxane infusion, with plasma concentrations of 12.4
+ 1.3 and 2.4 = 1.1 uM, for B and C respectively. After dexrazoxane administration (5
min post furosemide infusion), the initial maximum of B and C levels was followed by a
rapid decrease where, at 30 min, the low metabolite levels remained essentially constant
or below the limit of detection (1.5 uM). As is the case when dexrazoxane is given

alone, it can also be seen from the data in Figure 5.6 that the concentration of B was
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typically larger than that of C. While peak B and C concentrations occurred immediately
following the dexrazoxane bolus, the maximum concentrations of these metabolites (at 5
min post dexrazoxane infusion) were 5- and 3-fold less for B and C (p < 0.05),
respectively, when furosemide was given prior to dexrazoxane relative to dexrazoxane
alone. The initial concentration-time curve of ADR-925 plasma levels of rats dosed with
furosemide and dexrazoxane mirrored those of rats dosed with dexrazoxane alone (as
shown in Figure 5.7) however, after 45 min ADR-925 levels are less in rats dosed with
furosemide prior to dexrazoxane versus rats dosed with dexrazoxane alone. The AUCs.;29
of ADR-925 in rats dosed with furosemide 5 min prior to dexrazoxane was 1.8-fold lower

(p < 0.03) relative to rats dosed with dexrazoxane alone.

Table 5.1 Plasma concentrations (M) of dexrazoxane following a 40 mg/kg dexrazoxane

hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the

DHPase inhibitor furosemide
Time Rat 1 Rat 2 Rat3 Average SE
Dexrazoxane, | Dexrazoxane, | Dexrazoxane, | Dexrazoxane, (FuM)
uM uM uM uM
5 590 619 600 603 8.7
10 440 384 458 427 22.7
30 140 75.7 105 110 18.9
60 75 65 62 67.3 4.0
90 57 57 40 51.3 5.8
120 41 38 34 37.7 2.1

Table 5.2 Plasma concentrations (uM) of B following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the

DHPase inhibitor furosemide
Time Rat 1 Rat 2 Rat 3 Average SE
B, uM B, uM B, uM B, uM (FuM)

5 11.5 10.8 15 12.4 1.3
10 7.9 3.9 7 6.3 1.2
30 <LOD 8 2.5 3.9 --
60 7.1 2.7 2 3.9 1.6
90 6.2 2.6 <LOD 4.4 --
120 2 <LOD <LOD <LOD --
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Table 5.3 Plasma concentrations (uM) of C following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the

DHPase inhibitor furosemide

Time Rat 1 Rat 2 Rat 3 Average SE
C,uM C,uM C,uM C, M (FuM)

5 4.6 1 1.7 2.4 1.1

10 2.1 3.4 2 2.5 0.5

30 <LOD <LOD 4.2 <LOD --

60 <LOD 6.5 <LOD <LOD --

90 <LOD 7.1 <LOD <LOD --

120 <LOD <LOD <LOD <LOD --

Table 5.4 Plasma concentrations (uM) of ADR-925 following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the

DHPase inhibitor furosemide
Rat 1 Rat 2 Rat 3 Average SE
Time | ADR-925, ADR-925, ADR-925, ADR-925, (#uM)
uM uM uM pM
5 7.5 13.6 4.3 8.5 2.8
10 8.1 2.2 13.1 7.8 3.2
30 11.1 40.8 17.4 23.1 9.2
60 36.8 43.6 29.9 36.8 4.0
90 12.1 29.2 334 24.9 6.6
120 5.1 12.3 20.2 13.1 5.4
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Table 5.5 Comparison of the AUCs.;,9 of dexrazoxane in rats dosed with the DHPase and
DHOase inhibitor furosemide prior to dexrazoxane relative to rats dosed with
dexrazoxane alone.

Rat AUC5_;29 of dexrazoxane
Number
Dexrazoxane?, Furosemide +
(uM-min) Dexrazoxane,
(WM-min)
1 21,567 18,502
2 19,099 16,512
3 15,010 16,885
4 16,785 --
5 16,851 --
6 22.389 --
Average 18,617 17,300
SE 1,192 611
p - p>0.5

® Reanalysis of data obtained from rats dosed with dexrazoxane alone (complete data set
found in Chapter 2 Section 2.3.1)

Table 5.6 Comparison of the 4UCs.;2 of ADR-925 in rats dosed with the DHPase and
DHOase inhibitor furosemide prior to dexrazoxane relative to dexrazoxane alone.

Rat AUCj5.129 of ADR-925
Number
Dexrazoxane®, Furosemide +
Dexrazoxane,
(UM min) (M-min)
1 6602 1978
2 5344 3694
3 4863 2833
4 5299 --
5 3177 -
6 4609 --
Average 4982 2835
SE 457 496
)7 p<0.03

2 Reanalysis of data obtained from rats dosed with dexrazoxane alone (complete data set
found in Chapter 2 Section 2.3.1)
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Figure 5.3 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 1 after an iv. bolus of 40 mg/kg
dexrazoxane hydrochloride 5 min after an i.v. bolus of the
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DHPase inhibitor furosemide (20 mg/kg).

After 10 min, C concentration-time data was below the limit of

quantitation (LOQ).
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Figure 5.4 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 2 after an iv. bolus of 40 mg/kg
dexrazoxane hydrochloride 5 min after an i.v. bolus of the
DHPase inhibitor furosemide (20 mg/kg).

After 90 min, B and C concentration-time data were below the

limit of quantitation (LOQ).
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Figure 5.5 Plasma concentrations of dexrazoxane, B, C, and Figure 5.6 Average rat plasma concentrations of dexrazoxane, B,
ADR-925 for rat 3 after an iv. bolus of 40 mgkg C. and ADR-925 after an iv. bolus of 40 mg/kg of
dexrazoxane hydrochloride 5 min after an i.v. bolus of the dexrazoxane hydrochloride following an iv. dose of the
DHPase inhibitor furosemide (20 mg/kg). DHPase inhibitor furosemide (20 mg/kg).

After 60 and 30 min, the concentration-time data was below the Error bars represent the SEMs from 3 rats per concentration-time

limit of quantitation for B and C, respectively. point. After 30 and 10 min, the concentration-time data was

below the limit of quantitation for B and C, respectively, in at

least one rat.
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Figure 5.7 Average plasma concentrations of dexrazoxane (@)
and ADR-925 (®) for rats dosed with furosemide (20 mg/kg)
5 min prior to dexrazoxane hydrochloride (40 mg/kg)
compared to average plasma concentrations of dexrazoxane
(O) and ADR-925 (<) from rats dosed with dexrazoxane
(40 mg/kg) alone.

Error bars for solid symbols represent the SEMs from 3 rats per

concentration-time point and error bars for outlined symbols

represent the SEMs from 6 rats (data from Chapter 2 Section

2.3.1).
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Figure 5.8 Average plasma concentrations of B (M) and C (V)
for rats dosed with furosemide (20 mg/kg) 5 min prior to
dexrazoxane (40 mg/kg) compared to average plasma
concentrations of B (4) and C (V) dosed with dexrazoxane
(40 mg/kg) alone.

Error bars for solid symbols represent the SEMs from 3 rats per

concentration-time point and error bars for outlined symbols

represent the SEMs from 6 rats (data from Chapter 2). After 30

and 10 min, the concentration-time data was below the limit of

quantitation for B and C, respectively, in at least one rat.
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5.3.2.3 ADR-925 levels in tissues from rats dosed with 20 mg/kg furesemide S min
prior to a 40 mg/kg dexrazoxane bolus

ADR-925 levels in heart and liver tissue homogenate supernatant of rats dosed
with furosemide 5 min prior to the 40 mg/kg dexrazoxane hydrochloride bolus are shown
in Table 5.7. ADR-925 levels found in the liver were approximately 3 fold greater than
those found in the heart. Also, as shown in Table 5.8, ADR-925 levels in the heart were
found to be 3-fold lower (p < 0.02) in rats dosed with furosemide 5 min prior to
dexrazoxane relative to rats dosed with dexrazoxane alone. As shown in Table 5.8, no
significant difference was found in liver homogenate supernatants between rats dosed
with furosemide 5 min prior to dexrazoxane or dexrazoxane alone.

Table 5.7 Liver and heart tissue homogenate supernatant concentrations of ADR-925 as
determined by the calcein assay from rats dosed with furosemide 5 min prior to

dexrazoxane. Rat tissues were removed and treated as described in Section 2.2.7
at 120 min post-dexrazoxane infusion.

Rat ADR-925 (umol/g wet tissue)
Number Heart Liver
1 0.0132 0.0648
2 0.0210 0.0728
3 0.0214 0.0507
Average 0.0185 0.0628
SE 0.0027 0.0066

Table 5.8 Comparison of mean ADR-925 tissue levels in rats dosed with furosemide
prior to dexrazoxane relative to rats dosed with dexrazoxane alone.

Study Heart homogenate Liver homogenate
ADR-925, p-Value ADR-925, p-Value
pmol/g wet tissue pmol/g wet tissue
(= SE) (= SE)

Dexrazoxane® (n=7) 0.0515 (0.0063) -- 0.0971 (0.0137) --
Furosemide + p<0.02 p>0.1
Dexrazoxane

(n=3) 0.0185 (0.0027) 0.0628 (0.0066)

2 Obtained from rats dosed with dexrazoxane alone (complete data set found in
Chapter 2 Section 2.3.1.1)
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5.3.3 Metabolism of dexrazoxane to ADR-925 after a 20 mg/kg i.v. bolus of the
DHOase inhibitor S-aminoorotic acid

The results shown in Figures 5.9-5.11 show the individual rat concentration-time
plasma levels (as shown in Tables 5.9-5.12) for dexrazoxane, B, C, and ADR-925, where
Figure 5.12 is the average dexrazoxane and metabolite concentration-time data for all
three rats dosed with 5-aminoorotic acid 5 min prior to dexrazoxane. As shown in Figure
5.13 the concentration-time dexrazoxane plasma levels from rats dosed with 5-
aminoorotic acid 5 min prior to dexrazoxane is similar to that previously obtained for rats
(Chapter 2, (Schroeder and Hasinoff, 2002)) likewise dosed at 40 mg/kg of dexrazoxane
hydrochloride (Hasinoff and Aoyama, 1999a; Schroeder and Hasinoff, 2002). The peak
plasma concentration of dexrazoxane for rats dosed with 5-aminoorotic acid 5 min prior
to dexrazoxane was found to be 515 £ 38.5 pM (Table 5.9), which is consistent with the
initial dexrazoxane concentration of 529 = 41 puM (Table 2.12) found immediately
following a dexrazoxane bolus alone (as shown in Figure 5.7).  Also, the AUCs.;29 of
dexrazoxane in rats dosed with 5-aminoorotic acid is not significantly different (p > 0.5)
than that of rats dosed with dexrazoxane alone as shown in Figure 5.16 and in Table 5.13.
As in the case where dexrazoxane was given alone (as shown in Figure 5.13), the
intermediates B and C immediately appeared in plasma (5 min post dexrazoxane
infusion) and also had apparent maximum concentrations at the earliest measured time
point (5 min). The initial maximum concentrations of B and C were not significantly
different (p > 0.2) in rats dosed with 5-aminoorotic acid prior to dexrazoxane, relative to
dexrazoxane alone. After dexrazoxane administration, the B and C levels rapidly fell
and, as shown in Figure 5.12, the concentration of C fell below the limit of quantitation.

As is the case when dexrazoxane is given alone, the data in Figure 5.12 shows the
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concentration of B was always larger than that of C over the duration of the study. ADR-

925 also immediately appeared in the plasma of rats dosed with 5-aminoorotic acid 5 min

prior to dexrazoxane.

As shown in Figure 5.13, plasma concentrations of ADR-925

were essentially maintained at low levels throughout the duration of the experiments

when S-aminoorotic acid was given prior to dexrazoxane. The formation of ADR-925 in

rats treated with S5-aminoorotic acid was 5.3 fold lower (p < 0.001) than when

dexrazoxane was given alone, as measured by their respective AUCs.20 (as shown in

Table 5.14).

Table 5.9 Plasma concentrations (WM) of dexrazoxane following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
Dexrazoxane, | Dexrazoxane, | Dexrazoxane, | Dexrazoxane,
uM uM uM uM + uM
5 493 589 464 515 38.5
15 332 346 156 278 62.3
30 147 148 89.6 128 19.7
45 75.6 74.7 67.0 72.4 2.8
60 46.1 57.5 58.8 54.1 4.1
90 31.8 35.1 57.5 41.5 8.2
120 26.1 29.7 40.9 353 4.7

Table 5.10 Plasma concentrations (uM) of B following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
B, uM B, uM B, uM B, uM + uM
5 108.0 89.0 14.0 70.3 29.2
15 46.8 63.8 6.3 39.0 17.4
30 20.1 51.5 4.4 253 14.1
45 19.3 40.0 2.0 20.4 11.2
60 9.9 33.8 4.0 15.9 9.3
90 23 20.5 <LOD 11.4 --
120 <LOD 20.8 <LOD -- --
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Table 5.11 Plasma concentrations (uM) of C following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
C,uM C, uM C, uM C, uM + uM

5 15.0 34.9 2.2 17.4 9.7

15 9.6 5.7 1.6 5.6 2.4
30 <LOD 4.8 <LOD -- --
45 <LOD 5.8 <LOD - -
60 <LOD 7.5 <LOD - -
90 <LOD 5.1 <LOD - -
120 <LOD 5.5 <LOD -- --

Table 5.12 Plasma concentrations (uM) of ADR-925 following a 40 mg/kg dexrazoxane
hydrochloride bolus in male Sprague-Dawley rats pre-dosed with 20 mg/kg of the
DHOase inhibitor 5-aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
ADR-925, uM | ADR-925, uM | ADR-925, uM | ADR-925, uM + uM

5 11.3 14.4 7.4 11.0 2.1
15 35.5 25.8 12.3 24.5 6.9
30 21.9 13.1 10.2 15.1 3.6
45 8.8 3.6 5.2 59 1.6
60 12.6 1.1 2.3 5.3 3.7
90 2.0 1.2 2.2 1.8 0.3
120 2.3 1.7 2.8 2.3 0.3
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Table 5.13 Comparison of the 4UCs.;29 of dexrazoxane in rats dosed with the DHOase
inhibitor 5-aminoorotic acid prior to dexrazoxane relative to rats dosed with
dexrazoxane alone.

Rat AUCs. ;59 of dexrazoxane
Number
Dexrazoxane?, 5-aminoorotic acid
(UM-min) + Dexrazoxane,
(uM-min)
1 21,567 15,071
2 19,099 16,796
3 15,010 13,441
4 16,785 --
5 16,851 --
6 22,389 --
Average 18,617 15,103
SE 1,192 970
P - p> 0.5

? Obtained from rats dosed with dexrazoxane alone (complete data set found in Chapter 2
Section 2.3.6)

Table 5.14 Comparison of the AUCs.;29 of ADR-925 in rats dosed with the DHOase
inhibitor 5-aminoorotic acid prior to dexrazoxane relative to rats dosed with
dexrazoxane alone.

Rat AUC5.120 of ADR-925
Number
Dexrazoxane?, 5-aminoorotic acid
(uM-min) + Dexrazoxane
(pM-min)
1 6602 1395
2 5344 803
3 4863 618
4 5299 -
5 3177 --
6 4609 --
Average 4982 939
SE 457 235
p -- p<0.001

2 Obtained from rats dosed with dexrazoxane alone (complete data set found in Chapter 2
Section 2.3.6)
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Figure 5.10 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 2 after an iv. dose of 40 mg/kg
dexrazoxane hydrochloride following an iv. dose of the
DHOase inhibitor 5-aminoorotic acid (20 mg/kg) .

Figure 5.9 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 1 after an iv. dose of 40 mglkg
dexrazoxane hydrochloride following an iv. dose of the
DHOase inhibitor 5-aminoorotic acid (20 mg/kg) .

After 90 and 15 min, the concentration-time data was below the

limit of quantitation for B and C, respectively.
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Figure 5.12 Average rat plasma concentrations of dexrazoxane,
B, C, and ADR-925 after an iv. dose of 40 mg/kg of
dexrazoxane hydrochloride following an i.v. dose of the
DHOase inhibitor 5-aminoorotic acid (20 mg/kg) .

Error bars represent the SEMs from 3 rats per concentration-time

point After 90 and 15 min, the concentration-time data was below

the limit of quantitation for B and C, respectively, in at least one

rat.

Figure 5.11 Plasma concentrations of dexrazoxane, B, C, and
ADR-925 for rat 3 after an iv. dose of 40 mgrkg
dexrazoxane hydrochloride following an iv. dose of the
DHOase inhibitor 5-aminoorotic acid (20 mg/kg).

After 60 and 15 min, the concentration-time data was below the

limit of quantitation for B and C, respectively.
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Figure 5.13 Average plasma concentrations of dexrazoxane (®)
and ADR-925 (@) for rats dosed with 5-aminoorotic acid
(20 mg/kg) 5 min prior to dexrazoxane (40 mg/kg) compared
to average plasma concentrations of dexrazoxane (O) and
ADR-925 () dosed with dexrazoxane (40 mg/kg) alone.
Error bars for solid symbols represent the SEMs from 3 rats per
concentration-time point and error bars for outlined symbols
represent the SEMs from 6 rats (data from Chapter 2).
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Figure 5. 14 Average plasma concentrations of B (&) and C (V)
for rats dosed with 5-aminoorotic acid (20 mg/kg) 5 min
prior to dexrazoxane (40 mg/kg) compared to average
plasma concentrations of B (4) and C (V) dosed with
dexrazoxane (40 mg/kg) alone.

Error bars for solid symbols represent the SEMs from 3 rats per

concentration-time point and error bars for outlined symbols

represent the SEMs from 6 rats (data from Chapter 2). After 90

and 15 min, the concentration-time data was below the limit of

quantitation for B and C, respectively, in at least one rat.
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5.3.3.1 ADR-925 levels in tissues from rats dosed with 20 mg/kg S5-aminoorotic acid
5 min prior to a 40 mg/kg dexrazoxane bolus

ADR-925 levels in the heart and liver tissue homogenates of rats dosed with 5-
aminoorotic acid 5 min prior to a 40 mg/kg dexrazoxane hydrochloride bolus are shown in
Table 5.15. ADR-925 concentrations found in the heart and liver were not found to be
significantly different (p > 0.2) with concentration of 0.0123 and 0.0122 umol/g wet
tissue, respectively. However, as shown in Table 5.16, ADR-925 levels in heart tissue
homogenate supernatant of rats dosed with S-aminoorotic acid 5 min prior to dexrazoxane
were found to be 4.1 fold lower (p < 0.005) than heart tissue levels of rats dosed with
dexrazoxane alone. The ADR-925 levels in liver tissue homogenate supernatant between
rats dosed with 5-aminoorotic acid prior to dexrazoxane were also significantly less (p <
0.005) relative to rats dosed with dexrazoxane alone.

Table 5.15 Liver and heart tissue homogenate supernatant concentrations of ADR-925
from rats dosed with 5-aminoorotic acid 5 min prior to dexrazoxane as determined

by the calcein assay. Rat tissues were removed and treated as described in
Section 2.2.7 at 120 min post-dexrazoxane infusion.

Rat ADR-925 (umol/g wet tissue)
Number Heart Liver
1 0.01385 0.01104
2 0.01323 0.01230
3 0.00978 0.01338
Average 0.01229 0.01224
SE 0.00129 0.00069
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Table 5.16 Comparison of mean ADR-925 tissue levels in rats dosed 5-aminoorotic acid
prior to dexrazoxane relative to rats dosed with dexrazoxane alone.

Study Heart homogenate Liver homogenate
ADR-925, p-Value ADR-925, p-Value
pmol/g wet tissue pmol/g wet
(£ SE) tissue
(£ SE)
Dexrazoxane * 0.0515 - 0.0971 -
(+ 0.0063) (£ 0.0137)
5-aminoorotic 0.0123 p <0.005 0.0122 p <0.005
acid + (£0.0013) (+ 0.0069)
Dexrazoxane

* Obtained from rats dosed with dexrazoxane alone (complete data set found in Chapter 2
Section 2.3.6.1)

5.3.4 Metabolism of B/C to ADR-925 after a 20 mg/kg i.v. bolus of the DHOase
inhibitor S-aminoorotic acid

The results shown in Figures 5.15-5.17 show the individual rat concentration-time
profiles (as shown in Tables 5.17-5.19) for B, C, and ADR-925 when rats are dosed with
5-aminoorotic acid 5 min prior to the B/C mixture, where Figure 5.18 is the average
concentration-time data for all three rats. The results in Tables 5.20 and in Figures 5.15-
5.18 show that when 5-aminoorotic acid is given 5 min prior to a B/C mixture bolus both
metabolites are rapidly eliminated with half lives of 5.2 + 0.8 and 3.0 £+ 1.0 min for B and
C, respectively. As seen in Figure 5.20 and in Table 5.20, the elimination of B and C in
rats dosed with S-aminoorotic acid is not significantly different from that obtained when
the B/C mixture is given alone. In 5-aminoorotic acid treated rats, the Cy for B and C
was determined to be 414 + 31.3 and 66.3 + 13.4, respectively, as shown in Table 5.20
and the peak plasma concentration of ADR-925 of 48.7 + 0.7 uM is shown in Figure
5.18. As in the case in rats dosed with the B/C mixture alone, ADR-925 appeared in the

plasma very rapidly in rats treated with 5-aminoorotic and was found to be at a maximum
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value at 2 min post B/C bolus, the first data collection time point. The C,,, plasma
concentration of ADR-925 was 2.4 fold lower in rats treated with 5-aminooroitc acid
relative to rats dosed with the B/C mixture alone. Also, unlike the ADR-925
concentration-time profile after a B/C infusion, when B/C was infused following a 5-
aminoorotic acid bolus, the ADR-925 plasma levels show a slower apparent elimination
half life of 25.5 min relative to 8.5 min when the B/C mixture was administered alone.

Table 5.17 Plasma concentrations (uM) of B following a 20 mg/kg B/C bolus in male

Sprague-Dawley rats pre-dosed with 20 mg/kg of the DHOase inhibitor 5-
aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
B, uM B, uyM B, uM B, uM

2 349 323 285 319 19.0

10 56.7 130 114 100 22.6

20 15.7 15.9 77.9 36.5 211

30 4.5 5.9 57.9 22.8 17.9

45 2.0 2.0 333 12.4 10.6
60 3.7 <LOD <LOD -- --
90 2.0 <LOD <LOD -- --

Table 5.18 Plasma concentrations (uM) of C
Sprague-Dawley rats pre-dosed with

aminoorotic acid

following a 20 mg/kg B/C bolus in male
20 mg/kg of the DHOase inhibitor 5-

Time Rat 1 Rat 2 Rat 3 Average SE
C, uM C, uM C, uM C, uM

2 46.9 46.7 31.8 41.8 5.1

10 5.1 12.7 2.0 6.6 3.2
20 5.2 2.6 <LOD - --
30 2.0 <LOD <LOD -- --
45 <LOD <LOD <LOD -- --
60 <LOD <LOD <LOD -- --
90 <LOD <LOD <LOD -~ --
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Table 5.19 Plasma concentrations (uM) of ADR-925 following a 20 mg/kg B/C bolus in
male Sprague-Dawley rats pre-dosed with 20 mg/kg of the DHOase inhibitor 5-
aminoorotic acid

Time Rat 1 Rat 2 Rat 3 Average SE
ADR-925, uM | ADR-925, uM | ADR-925, uM | ADR-925, uM

2 50.1 47.7 48.2 48.7 0.74

10 36.7 32.7 36.9 354 1.39
20 30.3 12.2 33.5 25.3 6.76
30 16.6 10.1 24.7 17.1 4.30
45 13.9 9.1 16.6 13.2 2.23
60 17.7 14.2 10.3 14.1 2.18
90 16.8 7.5 4.4 9.6 3.80

Table 5.20 One-compartment pharmacokinetic parameters for the first-order elimination
of B and C and apparent elimination half lives of ADR-925 in the rat following a
20 mg/kg S-aminoorotic acid bolus followed by a B/C bolus (20 mg/kg)

B C ADR-925
n L Co n Ltao Co n Utso Co
(min) _ (uM) (min)  (uM) (min) | (uM)
Average® | 4 52 414 | 2 3.0 66.3 7 25.5 | 48.0
SE 0.8 33.1 1.0 13.4 3.6 3.4

n, is the number of plasma concentration-time points for each rat used to obtain the
pharmacokinetic parameters.

* Pharmacokinetic parameters for the combined individual concentration-time data of B,
C, and ADR-925 from rats 1-3 where errors were obtained from modeling data to
equations 5.1, 5.2, and 5.5 (Section 5.3.2.2).
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Figure 5.15 Plasma concentrations of B, C, and ADR-925 for rat  Figure 5.16 Plasma concentrations of B, C, and ADR-925 for rat
1 after an i.v. dose of 20 mg/kg of the B/C mixture following 2 after an i.v. dose of 20 mg/kg of the B/C mixture following
an i.v. dose of the DHQase inhibitor 5-aminoorotic acid (20 an i.v. dose of the DHOase inhibitor 5-aminoorotic acid (20
mg/kg). mg/kg).

After 30 min, C concentration-time data was below the limit of After 60, 10, and 60 min, the concentration-time data was below

quantitation (LOQ). the limit of quantitation for B, C, and ADR-925, respectively.
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Figure 5.17 Plasma concentrations of B, C, and ADR-925 for rat Figure 5.18 Average plasma concentrations of B, C, and ADR-
3 after an i.v. dose of 20 mg/kg of the B/C mixture following 925 for 3 rats dosed with 20 mg/kg of the B/C mixture
an i.v. dose of the DHOase inhibitor 5-aminoorotic acid (20 following an iv. dose of the DHOase inhibitor 5-
mg/kg). aminoorotic acid (20 mg/kg).
After 45 and 20 min, the concentration-time data was below the Error bars for solid symbols represent the SE from 3 rats per
limit of quantitation for B and C, respectively. concentration-time point and error bars for outlined symbols
represent the SE from 6 rats (data from Chapter 2). After 45 and
20 min, the concentration-time data was below the limit of
quantitation for B and C, respectively, in at least one rat.
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Figure 5.19 Average plasma concentrations of ADR-925 (®) for
rats dosed with 5-aminnoorotic acid (20 mg/kg) 5 min prior
to the B/C mixture (20 mg/kg) compared to average plasma
concentrations of ADR-925 () dosed with the B/C mixture
(20 mg/kg) alone.

Error bars for solid symbols represent the SEMs from 3 rats per

concentration-time point and error bars for outlined symbols

represent the SEMs from 6 rats (data from Chapter 2).
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Figure 5.20 Average plasma concentrations of B (M) and C (V)
for rats dosed with 5-aminoorotic acid (20 mg/kg) 5 min
prior B/C mixture (20 mg/kg) compared to average plasma
concentrations of B (4) and C (V) dosed with B/C mixture
(20 mg/kg) alone.

Error bars for solid symbols represent the SEMs from 3 rats per

concentration-time point and error bars for outlined symbols

represent the SEMs from 6 rats (data from Chapter 2).

Concentration-time data that is not shown identifies

concentrations below the limit of quantitation (1.5 uM).
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5.3.4.1 ADR-925 detection in tissues from rats dosed with 20 mg/kg 5-aminoorotic
acid 5 min prior to a 20 mg/kg B/C mixture bolus

ADR-925 levels in the heart and liver tissue homogenates of rats dosed with 5-
aminoorotic acid 5 min prior to the 20 mg/kg B/C mixture bolus are shown in Table 5.21.
As in the case when rats were dosed with B/C mixture alone, ADR-925 concentrations
found in the liver were approximately 2-fold greater than those found in the heart for rats
dosed with B/C. 5-aminoorotic acid did not appear to have an effect on the tissue
accumulation of ADR-925 in the rat as no significant difference was noted in ADR-925
levels in heart and liver tissue of rats dosed with 5-aminoorotic acid relative to rats dosed
with the B/C mixture alone.

Table 5.21 Liver and heart tissue homogenate supernatant concentrations of ADR-925 as
determined by the calcein assay from rats dosed with 5-aminoorotic acid 5 min

prior to the B/C mixture. Rat tissues were removed and treated as described in
Section 2.2.7 at 120 min post-B/C mixture bolus.

Rat ADR-925 (umol/g wet tissue)
Number Heart Liver
1 0.02862 0.04481
2 0.03011 0.04013
3 0.02765 0.05418
Average 0.02880 0.04638
SE 0.000726 0.00421
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Table 5.22 Comparison of mean ADR-925 tissue levels in rats dosed with 5-aminoorotic

acid prior to the B/C mixture relative to rats dosed with the B/C mixture alone.

Heart homogenate Liver homogenate
Study ADR-925, p-Value ADR-925, p-
pmol/g wet tissue pmol/g wet tissue | Value
(£ SE) (+ SE)
B/C mixture® 0.0275 -- 0.0395 --
(£ 0.0062) (£ 0.015)
5-aminoorotic 0.0288 p>0.5 0.0464 p>0.5
acid + B/C (= 0.00073) (= 0.0042)
mixture

* Obtained from rats dosed with the B/C mixture alone (complete data set found in
Chapter 2 Section 2.3.7.1)

5.4 Discussion

5.4.1 The effect of DHPase/DHOase
metabolism in the rat

inhibitor furosemide on dexrazoxane

Under physiological conditions (37 °C and pH 7.4) dexrazoxane undergoes slow
base-catalyzed hydrolysis in vitro to B and C (2 9.3 h) and then to ADR-925 (¢;,; 23 h)
(Hasinoff, 1994b; Hasinoff, 1994a). Dexrazoxane pharmacokinetics have been studied in
a variety of preclinical animal models (Herman and Ferrans, 1998) as well as clinical
studies (Earhart et al., 1982; Vogel et al., 1987; Hochster et al., 1992; Jakobsen et al.,
1994), where the elimination of dexrazoxane was found to be rapid (B phase #, 4.16 £
2.94 h, (Hochster et al., 1992)). Given the slow rate of the in vitro dexrazoxane
hydrolysis to ADR-925, the question arises how significant quantities of ADR-925 can be
formed in the heart to prevent doxorubicin-induced iron mediated cardiotoxicity.

DHPase, which is present in the liver and the kidney (Hamajima et al., 1996), has been

shown to efficiently hydrolyze dexrazoxane (Hasinoff et al., 1991; Hasinoff, 1993;
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Hasinoff, 1994c; Hasinoff and Aoyama, 1999b) and is likely the enzyme that is primarily
responsible for the metabolism of dexrazoxane to B and C in vivo.  Furthermore,
dexrazoxane hydrolysis to B and C in the presence of isolated hepatocytes has been
previously shown to be enzymatically mediated by DHPase (Hasinoff et al., 1994).
However, a purified DHPase study showed that while dexrazoxane was a substrate for
DHPase, its one-ring open hydrolysis products B and C were not (Hasinoff et al., 1991).
Furosemide, a DHPase and DHOase inhibitor, is clinically used as an adjunct
therapy in the treatment of chronic heart failure due to its diuretic properties that were
found to be effective in relieving symptoms and improving cardiovascular hemodynamics
(Dikshit et al., 1973; Benet, 1979; Silke, 1994; Kramer et al., 1999). Furosemide is one of
the most powerful diuretics available and works by inhibiting the active reabsorption of
chloride in the diluting segment of the loop of Henle, thereby preventing the reabsorption
of sodium (Benet, 1979). The pharmacokinetics of furosemide have been well studied in
humans (Benet, 1979; Straughn et al., 1986; Yagi et al., 1996; Vree and van der Ven,
1999) as well as in rats (Lambert et al., 1982; Christensen et al, 1987). When
furosemide was give 5 min prior to dexrazoxane the plasma concentration of furosemide
was not monitored. However, the pharmacokinetics of an i.v. bolus of furosemide were
investigated in male Sprague Dawley rats (at two doses of 10 and 40 mg/kg) where the
best fit to the data was a three-compartment open model (tri-exponential decay)
(Hammarlund and Paalzow, 1982). This study also found a dose-dependent decrease in
metabolic clearance and an increase in the terminal half-life of furosemide (from 29 min
to 49 min for the 10 mg/kg dose and 40 mg/kg dose, respectively), suggesting saturable

metabolism of furosemide (Hammarlund and Paalzow, 1982). Considering the data from
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Hammarlund and Paalzow, it may be postulated that furosemide tissue levels reach
sufficient concentrations (142 puM, Hasinoff unpublished result) to inhibit DHPase and
DHOase activity, at least for the first 60 min of the study where the greatest effects on B
and C formation are seen.

ADR-925 plasma levels, as measured by AUCjs._j2, in rats dosed with furosemide
prior to dexrazoxane was significantly (p < 0.03) less by 1.4 fold relative to rats dosed
with dexrazoxane alone as shown in Table 5.6. Furosemide’s diuretic mechanism is not
associated with inhibition of DHPase. One potential concern in using an inhibitor with
diuretic properties is the potential influence on the disposition kinetics of dexrazoxane
and its metabolites. The disposition kinetics (as measured by the non-compartmental
AUCs.120) of dexrazoxane were not found to be significantly different (p > 0.5) in rats
dosed with furosemide 5 min prior to dexrazoxane relative to rats dosed with
dexrazoxane alone. While furosemide diuretic properties cannot be ruled out completely
for being responsible for the change in ADR-925 formation and disposition kinetics, the
dexrazoxane disposition kinetics were not detectably affected, indicating that the effect of
furosemide on ADR-925 formation and disposition kinetics is most likely DHPase-
mediated.

ADR-925 levels measured in heart tissue homogenate supernatants (as shown in
Table 5.7) of rats dosed with furosemide 5 min prior to dexrazoxane were 2.7 fold less (p
< 0.05) relative to ADR-925 heart tissue levels of rats dosed with dexrazoxane alone.
ADR-925 levels in the liver tissue homogenate supernatants were not found to be
significantly different (p > 0.2) in rats dosed with furosemide 5 min prior to dexrazoxane

relative to rats dosed with dexrazoxane alone. Inhibition of DHPase by furosemide was
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unlikely the reason for decreased ADR-925 levels in the heart as DHPase is not found in
the heart (Dudley et al., 1974; Hamajima et al., 1996) and dexrazoxane has been shown
not to be detectably hydrolyzed in porcine heart homogenate supernatant (Hasinoff et al.,
1991). However, B and C have been shown to be permeable to heart cells (Hasinoff et
al., 2003). Thus, the decrease in circulating B and C could result in less metabolite
uptake into the heart. Furosemide, shown to inhibit DHOase-mediated hydrolysis of C in
a purified enzyme model (Chapter 4, (Schroeder et al., 2002)), could further inhibit the
hydrolysis of B and C to ADR-925 in the heart.

Furosemide is approximately 99 % protein-bound in the rat (Hammarlund and
Paalzow, 1982) and studies with human patients has shown that human serum albumin
(HSA) was the only blood protein responsible for furosemide binding (Prandota and
Pruitt, 1975). In vitro studies (fully described in Chapter 6) show that serum albumin
significantly hydrolyzes C.  Thus, furosemide-bound albumin may prevent albumin
mediated hydrolysis of B or C to ADR-925 in the blood and may, therefore, also be

partially responsible for decreased ADR-925 levels in plasma (Figure 5.7).

5.4.2 The effect of DHOase inhibition on dexrazoxane metabolism in the rat
5-Aminoorotic acid is a strong inhibitor of DHOase (Krungkrai et al., 1992; El

Kolii et al.,, 1998) with a K; of 6 uM (Christopherson and Jones, 1980) and in a purified

DHOase enzyme study (Schroeder et al., 2002), 5-aminoorotic acid was also found to

inhibit the DHOase mediated hydrolysis of C. The AUC5.;29 of ADR-925 in rats dosed

with 5-aminoorotic acid 5 min prior to dexrazoxane was found to be 5.3 fold lower (p <
0.001) than that of rats dosed with dexrazoxane alone. ADR-925 tissue levels in the heart

were found to be 4.1 fold lower (p < 0.005) in rats dosed with 5-aminoorotic acid 5 min
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prior to dexrazoxane relative to rats dosed with dexrazoxane alone. The ADR-925
plasma levels found at the end of the study (120 min) were 12.9 fold lower in rats dosed
with S-aminoorotic acid prior to dexrazoxane relative to rats dosed with dexrazoxane
alone, a result consistent with the 4.1 fold lower ADR-925 levels in the heart tissue. The
AUCs.jy9 of dexrazoxane in rats dosed with 5-aminoorotic acid 5 min prior to
dexrazoxane and rats dosed with dexrazoxane alone was not found to be significantly
different (p > 0.5), indicating that 5-aminoorotic acid does not change the disposition
kinetics of dexrazoxane. Thus, the significant decrease in ADR-925 plasma and tissue
levels in rats dosed with 5-aminoorotic acid 5 min prior to dexrazoxane relative to rats
dosed with dexrazoxane alone are most likely due to 5-aminoorotic acid mediated
DHOase inhibition.

It has previously been determined that dexrazoxane is not metabolized in plasma
((Hasinoff and Aoyama, 1999b) and Chapter 6) and is, therefore, most likely metabolized
to B or C extravascularly. Dexrazoxane is a small, neutral molecule that is permeable to
cells (Dawson, 1975), and should be easily taken up by tissue. The rapid appearance of B
and C in the plasma of rats dosed with 5-aminoorotic acid prior to dexrazoxane strongly
indicates that 5-aminoorotic acid is not significantly interfering with the enzymatic
conversion of dexrazoxane to B and C by DHPase (or another dexrazoxane hydrolyzing
enzyme). The results of this study clearly show that when 5-aminoorotic acid is given to
rats prior to dexrazoxane, the formation of ADR-925 in plasma is significantly reduced (p
<0.001) by 5.3 fold as shown in Table 5.14. It has been previously shown that DHOase,
which is present in the liver, kidney, and heart (Kennedy, 1974), can hydrolyze both B

and C (as detailed in Chapter 4 (Schroeder et al.,, 2002)). The decrease in ADR-925
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formation, as found in the plasma (Figure 5.13) and in tissues (Table 5.16) is most likely
due to S-aminoorotic acid mediated inhibition of DHOase. These results are also
consistent with the hypothesis of B and C in vivo metabolism mediated, at least in part,

by DHOase.

5.4.3 The effect of DHOase inhibition on B/C metabolism to ADR-925

The maximum plasma concentration and elimination rate constant, Cy and k;9, of
B and C were found to be unchanged between rats dosed with 5-aminoorotic acid prior to
B/C mixture and rats dosed with the B/C mixture alone. With Cy of 414 + 31.1 and 66.3
+ 13.4 uM for B and C, respectively (Table 5.20), for rats were dosed with 5-aminoorotic
acid 5 min prior to B/C mixture relative to 416 + 14.8 and 74.6 pM =+ 3.6 for B and C,
respectively (Table 2.20), for rats dosed with B/C mixture alone. Also, the elimination
rate half life for B and C were essentially unchanged, 5.2 and 3.0 min respectively for
rats dosed with 5-aminoorotic acid 5 min prior to the B/C mixture (as shown in Table
5.20) relative to 4.9 and 3.1 min for rats dosed with the B/C mixture alone (Table 2.20).
It was found that the initial plasma levels (apparent Cy) of ADR-925 in rats dosed with 5-
aminoorotic acid prior to B/C mixture were 2.8 fold less (p < 0.01) than those in rats
dosed with B/C mixture alone. The apparent half life of elimination was found to be
greater in rats treated with S-aminoorotic acid prior to dexrazoxane (25.5 min, Table
5.20)) relative to rats dosed with the B/C mixture alone (8.5 min, Table 2.19). Despite
the change in the apparent elimination of ADR-925 in rats dosed with 5-aminoorotic acid
prior to the B/C mixture, there was no significant change (p > 0.2) in the amount of
ADR-925 found in heart and liver tissue of relative to rats dosed with the B/C mixture

alone. This is not entirely inconsistent upon closer examination of the ADR-925
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concentration-time plasma data. Figure 5.19 shows that, at the end of the experiment (90
min) the ADR-925 plasma levels of in rats dosed with 5-aminoorotic acid prior to the
B/C mixture and rats dosed with the B/C mixture alone were approximately the same. At
90 min post B/C bolus, there is no significant difference (p > 0.3) in the ADR-925
plasma levels of rats dosed with 5-aminoorotic acid 5 min prior to the B/C mixture
relative to the rats dosed with the B/C mixture alone. This correlates well with the tissue
homogenate data which indicate no significant difference in ADR-925 levels in either the
heart (p > 0.5) or liver tissues (p > 0.5) of rats dosed with 5-aminoorotic acid prior to B/C
mixture or rats dosed with the B/C mixture alone.

The greatest inhibition of in vivo ADR-925 formation resulted when 5-
aminoorotic acid was given prior to dexrazoxane as opposed to the B/C mixture. While
the hydrolysis of dexrazoxane is not accelerated in the presence of Ca’" and Mg®*, the
hydrolysis of B and C are (Buss and Hasinoff, 1997). A major contribution for the
hydrolysis of C to ADR-925 in blood plasma was determined to be the high
concentrations of Ca®* and Mg®* (as described in Chapter 6). Both Ca** and Mg®* have
been found to increase the hydrolysis of C between 2.5 and 18 fold, respectively (Buss
and Hasinoff, 1997). Blood typically contains millimolar concentrations of both calcium
and magnesium (Luquita et al., 2001) and these metal ions are a potential contributor to
the rapid hydrolysis of B and C to ADR-925 in vivo. Thus, dexrazoxane, being
essentially stable in blood, can diffuse into the cell (Dawson, 1975) where it is
enzymatically hydrolyzed to ADR-925 (Doroshow et al., 1991). When the B/C mixture
is given alone, peak ADR-925 plasma levels are seen immediately following the infusion.

This is most likely due to a combination of metal ion-catalyzed hydrolysis in the blood
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and B and C uptake by cells followed by DHOase-mediated enzymatic hydrolysis in
tissue. In the case where rats were dosed with 5-aminoorotic acid prior to B/C initial
apparent Cy plasma levels of ADR-925 were 2.8 fold lower than when B/C was given
alone. While inhibition of ADR-925 formation was not as great as when 5-aminoorotic
acid was give 5 min prior to dexrazoxane, the changes in ADR-925 disposition when 5-
aminoorotic acid was given prior to the B/C mixture is still a significant result. Metal ion
catalysis of B and C is independent of 5-aminoorotic acid mediated DHOase inhibition,
thus the changes in ADR-925 disposition kinetics are most likely DHOase mediated. So
while B and C are distributed into the tissues, they are not enzymatically hydrolyzed to
ADR-925 which will slow the rate of ADR-925 formation, possibly explaining the lower
apparent Cyp of ADR-925.

Rats treated with 5-aminoorotic acid resulted in an extended elimination half life
(3 fold greater, Table 5.20) relative to rats dosed with the B/C mixture alone. Typically,
the rate of elimination of a drug should not be dose-dependent or, in the case of a
metabolite, formation dependent. This indicates that there are other contributing
metabolic and pharmacokinetic processes involved. It is difficult to fully describe the
increase in the elimination half life with the data provided other then to recognize that 5-
aminoorotic acid may influence other physiological processes resulting in an extended
apparent half life of elimination. Despite this, the non-DHOase mediated hydrolysis of B
and C, by either plasma metal ions or other proteins, can begin to explain the
concentration-time curve ADR-925 formation after a B/C mixture bolus in rats dosed
with the DHOase inhibitor 5-aminoorotic acid. The rapid appearance of ADR-925 in rats

dosed with 5-aminoorotic acid prior to the B/C mixture also indicates that metal ion
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catalysis in the blood may be a lead contributor to the formation of ADR-925 in rats

dosed with a B/C mixture.
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6.0 Chapter 6: Metabolism of dexrazoxane and its one-ring opened intermediates

by the isolated neonatal rat myocytes and adult rat hepatocytes

6.1 Introduction

Dexrazoxane likely acts as a cardioprotective agent by diffusing into the cell and
hydrolyzing to its one-ring open intermediates B and C, and then to it’s fully rings-
opened metal ion-chelating form, ADR-925 (Figure 6.1). Dihydropyrimidine
amidohydrolase, EC 3.5.2.2, (DHPase) catalyzes the reversible hydrolysis of 5,6-
dihydrouracil to N-carbamoyl-p-alanine and is the second enzyme in the pyrimidine
synthesis pathway (Kikugawa et al., 1994). DHPase, which is present in the liver and the
kidney, has been shown to hydrolyze dexrazoxane (Hasinoff et al., 1991; Hasinoff, 1993;
Hasinoff, 1994b; Hasinoff and Aoyama, 1999b) and is likely the primary enzyme
responsible for the metabolism of dexrazoxane to B and C. It has been previously
determined that dexrazoxane underwent an enzymatic ring-opening hydrolysis by the
105,000 g soluble supernatant fraction of homogenates of porcine liver and kidney, but
not of heart (Hasinoff et al., 1991). DHPase, present in the supernatant, was shown to be

responsible for this enzymatic hydrolysis (Hasinoff et al., 1991).

However, a purified DHPase study showed that while dexrazoxane was a
substrate for DHPase, its one-ring open hydrolysis products B and C were not (Hasinoff
et al, 1991). Dexrazoxane metabolites B and C were, however, shown to be
enzymatically hydrolyzed by dihydroorotase EC 3.5.2.2 (DHOase) as described in
Chapter 4 (Schroeder et al., 2002). DHOase catalyzes the reversible cyclization of N-

carbamyl-L-aspartate to form L-5,6-dihydroorotate which is the third reaction in the de
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novo pyrimidine biosynthetic pathway (Carrey, 1993; Evans et al., 1993). Unlike
DHPase which is not present in heart tissue, DHOase has shown to have good activity in
the heart (Kennedy, 1974). Thus, although dexrazoxane may not be detectably
hydrolyzed in the heart, the enzyme DHOase could contribute to the hydrolysis of B and
C to ADR-925, thereby lending an enzymatic mediated mechanism of protection by
dexrazoxane in the heart.

To further investigate the role of DHOase-mediated metabolism of C, primary
cells from both neonatal rat myocyte and adult rat hepatocyte isolations were used. In
addition, the DHOase inhibitors 5-aminoorotic acid (Figure 6.2 a) and furosemide (Figure
6.2 b) and the DHPase inhibitor 4-chlorobenzenesulfonamide (Figure 6.2 ¢) were chosen
to further define the contribution of DHPase and DHOase in the metabolism of
dexrazoxane and C in primary cell suspensions. The hydrolysis of C in blood was also
examined where the metal ion chelator diethylenetriaminepentaacetic acid (DTPA, Figure
6.2.d) was used to investigate the role of metal ions in the hydrolysis of C in an in vitro

blood model.
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Figure 6.1. Reaction scheme for the hydrolysis of dexrazoxane to intermediates B and C,
and its strongly metal ion-chelating form ADR-925.
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Figure 6.2 Structures of DHOase inhibitors 5-aminoorotic acid, 6.2a and furosemide
6.2b, the DHPase inhibitor 4-chlorobenzenesulfonamide 6.2.c., and the metal ion
chelator diethylenetriaminepentaacetic acid (DTPA) 6.2.d.
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6.2 Materials and Methods

6.2.1 Materials

Dexrazoxane hydrochloride and ADR-925 were gifts from Adria Laboratories
(Columbus, OH). HPLC-grade methanol, NaHCO3, KH,PO4, NapSOy4, NaCl, CaCl, and
HEPES were from Fisher (Fair Lawn, NJ). MgClL was from Mallinckrodt (Paris,
Kentucky) and KCI was from Anachemia (Montreal, Canada). 1-Heptanesulfonic acid
sodium salt, Chelex, EDTA, DTPA, Tris, and human serum albumin (~99 % fatty acid
free, Cat # A3782, Lot # 120K7603) were obtained from Sigma (St. Louis, MO). PBS-
glicose, D-MEM, a-MEM, fetal bovine and horse serum, penicillin, streptomycin, and
fungizone and antibiotic-antimycotic were from Invitrogen (Burlington, ON, Canada).
Trypsin, collagenase, and DNAase were from Worthington Biochemicals (Lakewood NIJ,
USA). Calcein was from Molecular Probes (Eugene, OR). Metabolite C was prepared
from NaOH-hydrolyzed dexrazoxane and isolated as described in Chapter 4 Section

4.2.2.

6.2.2 Neonatal rat cardiac myocytes isolation

Neonatal rat pups (2-3 days old) were obtained from University of Manitoba
Animal Holding Facility (UMAHF) and transported to the Faculty of Pharmacy
immediately prior to surgery. Ventricular myocytes were isolated using a modified
procedure as previously described (Kirshenbaum and Schneider, 1995). The rat pups
were placed on a sterilized surface and a cervical dislocation was performed with forceps
to instantly euthanize the animal. The hearts were immediately removed and placed in a

sterile 50 ml tube of PBS-glucose and kept on ice. Typically, 12 — 16 rat pups were

243



sacrificed per isolation. The hearts were washed twice with 40 ml of cold PBS-glucose
after which they were minced in 5 ml of cold PBS-glucose. The minced heart pieces
were washed twice with 40 ml of cold PBS-glucose upon which the volume was decanted
to 5 ml. The minced heart pieces were transferred with a sterile, cut-opened end pipette
tip in 3-4 ml of warm (37 °C) PBS-glucose to a sterile digestion flask.

The digestion process consisted of adding PBS-glucose, 200 pl Trypsin (2 %
w/v), 100 ul Collagenase (2 % w/v in PBS-glucose), and 40-80 pl DNAse (1 % w/v in
PBS-glucose) to a sterile digestion flask for approximately 8.5 min. After each 8.5 min
digestion period, the supernatant containing isolated heart cells was removed and placed
in cold plating media. Once the digestions were complete (typically 6-8 digestions) the
isolated cells were centrifuged for 10 min at 150 g and re-suspended in 20 ml of cold
plating media (DF-12 with 7.5 % horse serum and 7.5 % fetal bovine serum). The cells
were then filtered using a 0.4 um cell strainers obtained by Becton Dickenson (Lincoln
Park, NJ) into 50 ml sterile centrifuge tubes. Cells were centrifuged again for 10 min at
150 g upon which media was decanted to 12 ml. To separate myocytes from fibroblasts,
the cells were plated into a Falcon 3025 tissue plate and incubated at 37 °C (5% CO,) for
1 hour. Within 1 h the majority of the fibroblasts attached to the plate and the myocytes
that remained suspended in plating media were collected into a sterile 50 ml centrifuge
tube, centrifuged for 10 minutes at 150 g and re-suspended in 20 ml of plating media,
which was filtered using a 40 um filter basket. The preparation typically resulted in a

viability of greater than 90 % by trypan blue exclusion.

6.2.3 Collagenase liver perfusion of adult rat hepatocytes

Studies were performed in accordance with the principles and guidelines of the
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Canadian Council on Animal Care and the University of Manitoba Animal Care
Committee. Hepatocytes were isolated by Guqi Wang and were a gift from the
laboratory of Dr. Frank Burczynski (University of Manitoba, Faculty of Pharmacy).
Female Sprague-Dawley rats (200-250 g), purchased from University of Manitoba
breeding stock, were housed in a temperature-light controlled room and allowed food and
water ad libitum. Hepatocyte suspensions were prepared by the collagenase perfusion
described previously (Burczynski and Cai, 1994). Briefly, animals were anaesthetized
with an intraperitoneal injection of pentobarbital (50 mg/kg). A midline incision was made
upon which the portal vein was isolated and cannulated. Livers were perfused in situ at 20
ml/min with oxygenated Swim’s S-77 medium containing 5 mM EDTA for the first 8 min,
and thereafter with Swim’s S-77 medium containing 25 mg/dl collagenase and 5 mM CaCl,
for approximately 10 min. Perfused livers were excised, combed free of connective tissue,
and filtered through 150 mesh followed by 50-mesh stainless steel filters (Sigma Chemical
Company, St. Louis, MO). Parenchymal cells were separated from nonparenchymal cells
by centrifugation at 55 g for 3 min. The isolated hepatocytes, which comprised greater than
95% of the isolated cell population, were stored at room temperature and used within 1 h
of the completed perfusion. Cell viability was visually assessed to be greater than 90% by

the trypan blue exclusion method.

6.2.4 Blood collection from adult rats for in vitro dexrazoxane and dexrazoxane
metabolite hydrolysis studies

Animal handling and surgery for blood collection is described in Section 2.2.2 of
Chapter 2. As in the case with the in vivo metabolism studies described in Chapters 2 and

5, the animals were euthanized with Euthanol after the blood collection. Typically, 15 ml
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of blood was removed per adult rat (300-350 g) from the jugular vein following
cannulation. The blood was collected in two 15 ml sterile centrifuge tubes containing
100 wl heparin (1000 units/ml) and centrifuged at 500 g for 5 min. The plasma was

removed and used for a metabolism experiment within one hour of collection.

6.2.5 Blood collection from human volunteer for in vitro dexrazoxane and
dexrazoxane metabolite hydrolysis studies

Blood was withdrawn from a 27 year old female at the Victoria General Hospital
(Winnipeg, MB) into standard 5 ml heparinized tubes (Fisher, Canada). Two 5 ml
samples were taken per visit. All in vifro human whole blood and blood plasma
experiments began less than one hour after collection. This protocol was approved by the
University of Manitoba Health Research Ethics Board.

6.2.6 Preparation of cell suspension media and physiological buffers

Cells were incubated in a~-MEM suspension buffer for hepatocyte and myocyte
suspension studies where the loss of dexrazoxane or C was measured. One package of a-
MEM was dissolved in 1 1 of distilled water buffered with 40 mM HEPES, titrated to pH
of 7.2 with 5 M HCVNaOH, and filter sterilized using a 20 pm bottle top filter (Sarstedt,
St. Leonard, PQ). 10 ml of antibiotic (penicillin and streptomycin) was aseptically added
after sterilization. o-MEM was stored at 4 °C for no longer then 30 days after
preparation.

For cell suspension studies where ADR-925 was measured by the calcein assay, a
physiological hepatocyte suspension buffer was prepared as a-MEM interfered with the
calcein assay. The hepatocyte suspension buffer, in which dexrazoxane metabolism to

ADR-925 was studied, was prepared as previously described (Hasinoff et al., 1994) and
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contained 137 mM NaCl, 5.4 mM KCl, 1.2 mM CaCl,, 0.64 mM MgChL, 1.1 mM
KH,POy4, 0.7 mM NaySOs, 34 mM HEPES, and titrated to a pH of 7.4 with 5 M NaOH.
Artificial plasma was made as previously described (Luquita et al., 2001) and
contained 130 mM NaCl, 4.9 mM KCl, 2.5 mM CaCl,, 1.2 mM MgCL, 5 mM KH,POq,
34 mM HEPES, and titrated to a pH of 7.4 with 5 M NaOH. The Tris/saline buffer was
used in blood, plasma, and HSA studies. 2 M Tris was dissolved in water, titrated to a
pH of 7.4 (at 37 °C) and stirred with 2 g Chelex resin per 100 ml for 24 h prior to use. To
buffer blood and plasma, 50 pl of 2 M Tris was added per 950 pl such that the final Tris
concentration was 100 mM. Likewise, the control Tris/saline buffer was made by added

50 pl of 2 M Tris to 950 pl of saline (0.9 % NaCl w/v).

6.2.7 Hydrolysis of dexrazoxane, C or dihydroorotate in the presence of neonatal
rat myocytes and adult rat hepatocytes

Immediately following the primary cell isolation (for both neonatal rat myocytes
and adult rat hepatocytes) cell densities were determined using a hemocytometer and cell
viability was determined using the trypan blue exclusion method (Haugland, 1996). The
cells were then centrifuged at 400 g for 5 min and re-suspended in «—MEM such that the
cell density was 2 x 10% cells/ml (with the exception of the hepatocyte metabolism of
dexrazoxane study where the cell densities were 7 x 10° cells/ml and cells were re-
suspended in the hepatocyte suspension buffer). Cells were then added to a 6-well plate
for suspension cells (Sarstedt, St. Leonard, PQ) and placed in an incubator (37 °C,5 %
CO,) for 15 min to allow media to equilibrate. For the entire duration of the experiment,
the 6-well plates were placed on a Thermolyne Slow Speed Roto Mix (obtained from
Fisher) where they were very gently agitated on the lowest setting.

Dexrazoxane, C, or dihydroorotate was dissolved in a-MEM, and added to
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suspension cells in a total volume of 2 — 4 ml. In the case where inhibitors were used,
cells were pre-incubated with the inhibitor (dissolved in sterile saline, 0.9 % NaCl (w/v))
for 30 min prior to the addition of substrate (dexrazoxane, C, or dihydroorotate). As
shown in Table 6.1, the combined volume of drug and saline/inhibitor was consistently
4.5 % of the total suspension volume. Aliquots (100-150 pl) of the cell suspension were
removed at timed intervals and centrifuged at 500 g for 5 min. The supernatant was
removed and acidified to pH 3.0 with 10 pl of 50 mM HCI and stored at -80 °C until
analyzed, to prevent further hydrolysis (Hasinoff, 1994a). Aliquots were also removed at
various intervals during the experiment in order to monitor cell viability by the trypan
blue exclusion method. Only myocytes from cell isolation preparations that had an initial
viability of greater than 90 % and a viability of greater than 80 % at the end of the
metabolism study were considered for analysis in this chapter. Likewise, only
hepatocytes with an initial viability of greater than 80 % and an end of experiment

viability of greater than 70 % were considered.

Table 6.1 Typical volumes of drug and inhibitors/saline for neonatal rat myocyte
and adult rat hepatocyte cell suspension studies.

Experiment Volume of | Volume Volume
cell of drug inhibitor or
suspension (ny) saline
in a-MEM (D
(1D
Drug Control 3820 80 100
(saline)
Drug + Cell suspension 3820 80 100
(saline)
Inhibitor + cell 3820 80 100
suspension (inhibitor)

6.2.8 Dexrazoxane hydrolysis in hepatocyte suspension buffer supernatant
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An experiment was done to determine whether non-viable hepatocytes, that may
have leaked dexrazoxane metabolizing enzymes, were facilitating extra-cellular
dexrazoxane hydrolysis over the duration of the experiment. In order to test this,
hepatocytes were incubated for 3 h in suspension buffer, upon which the cell suspension
was centrifuged at 500 g for 5 min and the supernatant was collected. Dexrazoxane was
added to the supernatant (free of hepatocytes) and samples were removed and acidified at
timed intervals. Samples were acidified to pH 3 and stored at -80 °C until analyzed.

6.2.9 Hydrolysis of dexrazoxane, C or dihydroorotate in blood, blood plasma, and
45 mg/ml HSA

Experiments were also carried out to determine whether whole blood or plasma
could facilitate the hydrolysis of dexrazoxane, C, or dihydroorotate. In these
experiments, whole blood and plasma were buffered with Tris to a pH of 7.4 such that the
final Tris concentration was 100 mM. Tris buffer was treated with Chelex (2 g/100 ml)
for 24 hr prior to use to chelate any heavy metal jon that could facilitate the hydrolysis of
dexrazoxane or C as described in Section 6.2.6 (Buss and Hasinoff, 1995; Buss and
Hasinoff, 1997). Blood and blood plasma were incubated with Tris at 37 °C with 5 %
CO, for 30 min in a 6-well plate prior to the addition of substrate. After the substrate was
added, aliquots were removed at timed intervals. Plates were gently agitated by hand
every 15 min throughout the duration of the experiment. In the case where whole blood
was used, aliquots were removed, centrifuged at 500 g, upon which the plasma was
collected. Samples were acidified to a pH of 3 with 5 M HCl and stored at -80 °C until

analyzed (Hasinoff, 1994a).

In the case were dexrazoxane, C, or dihydroorotate was incubated with 45 mg/ml
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human serum albumin (HSA). HSA (fatty acid free) was dissolved in 100 mM
Tris/saline (0.9 % NaCl w/v) buffer (Chelex treated (2 g/100 ml) for 24 h prior to use).
Prior to the addition of substrate, the Tris buffered HSA solution was placed in a 37 °C 5
% CO, incubator for 30 min. Samples were removed at timed intervals and acidified to a

pH of 3 with 5 M HCI and shored at -80 °C until analyzed.

6.2.10 HPLC separation of dexrazoxane, C, and dihydroorotate from a-MEM

The HPLC instrumentation for the analysis of dexrazoxane and C on a reversed
phase Cis-column (detection wavelength 205 nm) has been described in Chapter 2
Section 2.2.9. Briefly, dexrazoxane was separated using 500 pM NaEDTA/2 mM
heptanesulfonic acid (pH 4.5) isocratically pumped through a 10 mm pBondapak 3.9 x
300 mm reversed phase Cjs-column (Waters, Mississauga, Canada) at a rate of 1 ml/min
for 3 min. From 3 to 4 min, the methanol concentration was linearly increased to 15 %
and maintained for 10 min to elute dexrazoxane (¢, 7.8 min, as shown in Figure 6.3) and
to remove any late eluting peaks. The initial mobile phase was isocratically pumped
through the column for 30 min prior to the next injection. C was separated using 500 uM
Na,EDTA (pH 4.5) that was isocratically pumped through the column at a rate of 1
ml/min for 5 min. From 5 to 6 min methanol was linearly increased from 0 to 50% and
maintained for 10 minutes to remove any late eluting peaks. Under these conditions C
eluted with a retention time of 6.1 min (as shown in Figure 6.4). HPLC analysis of
dihydroorotate has been described in detail in Chapter 4 (Section 4.2.10). Briefly,
dihydroorotate was separated (¢, 2.9 min, Figure 6.5) on a 10 mm pBondapak 3.9 x 300
mm reversed phase Cig-column with an elution profile of 10 mM 1-octanesulfonic acid

(pH 2.5, 1 ml/min) for 5 min after which the methanol concentration was linearly
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increased over 1 min from 0 to 40% (v/v) and maintained for 20 min. The column was re-
equilibrated with 10 mM 1-octanesulfonic acid (pH 2.5, 1 ml/min) for 30 min before the

next injection. All samples were analyzed in duplicate.

6.2.11 HPLC calibration plots: quantitation of dexrazoxane, C, and dihydroorotate

in a-MEM

The HPLC calibration curves (5 to 100 uM dexrazoxane, 5 to 200 uM C, and 10
to 75 pM dihydroorotate) were prepared by adding standards containing known amounts
of dexrazoxane, C (prepared as previously described (Hasinoff, 1994a)), and
dihydroorotate to a-MEM. The calibration plots for dexrazoxane, C, and dihydroorotate
were constructed by plotting integration peak areas (as shown in Tables 6.2 — 6.4) as a
function of concentration as shown in Figures 6.6 through 6.8. Calibration curves were

prepared prior to each series of samples to be analyzed where each concentration point is

an average of two injections.

6.2.12 Data Analysis

6.2.12.1 Determination of statistical significance between substrate hydrolysis
rates

The rate of hydrolysis (or disappearance) of substrate in the presence of cells,
blood, plasma, or buffer can be described mathematically using a linear regression model
of the independent variable (time) and the dependent variable (substrate concentration).
The regression parameter of slope was used as a means to compare the effect of substrate
loss in cells, blood, or plasma with the substrate loss of the control under the same
experimental conditions and design. Thus, the slopes of the best fit lines associated with
treatment versus control can be statistically compared by an independent-samples ¢-fest

(Jones, 2002) where p is the statistical significance obtained from linear least squares fit.
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6.2.12.2 Determination of the degree of inhibition

In the case where inhibitors were used the degree of inhibition was expressed as a
percentage value relative to the control hydrolysis rate in suspension buffer. The percent

inhibition was described using the following equation.

% inhibition = 1 - net rate hydrolysis (inhibitor) x 100
net rate hydrolysis

The net rate of hydrolysis (inhibitor) refers to the rate of hydrolysis of the substrate in the
presence of an inhibitor and the experimental conditions (cells, blood, or plasma). The
net rate of hydrolysis refers to the hydrolysis of the substrate in the presence of
experimental control conditions (cells, blood, or plasma without an inhibitor present).
The background hydrolysis of C (Hasinoff, 1994a) was corrected for by subtracting the
rate of substrate loss (-slope) of the C control from the slope of the hydrolysis in the

presence of cells, blood, or plasma with and without inhibitors.
6.3 Results

6.3.1 HPLC separation of dexrazoxane, C, and dihydroorotate from o-MEM

Dexrazoxane, C, and dihydroorotate were separated using a 10 mm pBondapak
3.9 x 300 mm reversed phase Cig-column with column conditions described in Section
6.2.10. Under these conditions, dexrazoxane, C, and dihydroorotate were separated with
retention times of 7.8, 6.1, and 2.9 min, respectively (as seen in Figures 6.3 — 6.5). Also,
as seen in Figures 6.3 — 6.5, dexrazoxane, C, and dihydroorotate were well resolved and
separated from o-MEM peaks. The limit of quantitation in o-MEM, estimated from

three times the limit of detection, of dexrazoxane, C, and dihydroorotate was 0.5, 1.0, and
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2 uM, respectively. The limit of detection was made through an estimate of
drug/metabolite peak heights that exceeded the background noise of a-MEM control

three-fold.

6.3.2 HPLC calibration plots: quantitation of dexrazoxane, C, and dihydroorotate
in ac-MEM
The calibration plots for dexrazoxane, C, and dihydroorotate were constructed by
plotting integration peak areas (as shown in Tables 6.2 — 6.4) as a function of
concentration as shown in Figures 6.6 through 6.8.  Calibration curves were prepared
prior to each series of samples to be analyzed where each concentration point is an
average of two injections. The day-to-day variation of the slopes was small and is

expressed as a percent difference at the end of Tables 6.2-6.4.
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Figure 6.3 HPLC chromatograms of the separation of dexrazoxane from o-MEM

components for myocytes dosed with 10 yM dexrazoxane.

Dexrazoxane was separated on a C;s reverse-phase column. Blank a-MEM is shown in
chromatogram I. HPLC chromatograms II and III were obtained after 0 and 90 min after

dexrazoxane was added to the myocyte cell suspension.
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Figure 6.4 HPLC chromatograms of the separation of C from a-MEM components for

myocytes dosed with 50 uM C.
C was separated on a Cig reverse-phase column. Blank o-MEM is shown in
chromatogram I. HPLC chromatograms II and III were obtained after 0 and 60 min after

C was added to the myocyte cell suspension.
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Figure 6.5 HPLC chromatograms of the separation of dihydroorotate from a-MEM
components for myocytes dosed with 50 uM dihydroorotate.

Dihydroorotate was separated on a Cs reverse-phase column. Blank o-MEM is shown in

chromatogram I. HPLC chromatograms II and III were obtained after 0 and 90 min after

dihydroorotate was added to the myocyte cell suspension.
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Table 6.2 HPLC calibration curve of C (UV absorbance at 205 nm) in a-MEM
for C metabolism studies in neonatal rat myocytes and adult rat

hepatocytes.
Concentration Average Peak Area (Arbitrary Units)
©M)
200 306521
100 152421
60 91991
40 59951
30 49164
20 28788
10 15264
5 7728
Slope® 1535
Y-intercept -75
¥ 0.995

? Between-day variation in the slopes of the calibration plots was 2%.

Table 6.3 HPLC calibration curve of dexrazoxane (UV absorbance at 205 nm) in
o-MEM for metabolism studies in neonatal rat myocytes and adult rat

hepatocytes.
Concentration Average Peak Area (Arbitrary Units)
(eM)
100 354023
75 272180
50 182218
25 98624
15 50899
5 25395
Slope*® 3508
Y-intercept 6012
r 0.998

? Between-day variation in the slopes of the calibration plots was 3%.
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Table 6.4 HPLC calibration curve of dihydroorotate (UV absorbance at 205 nm)
in o-MEM for dihydroorotate metabolism studies in neonatal rat

myocytes.
Concentration Average Peak Area (Arbitrary Units)

©M)
10 15893
20 25543
30 46864
50 73254
75 112048

Slope® 1499

Y-intercept -761

¥ 0.996

? Between-day variation in the slopes of the calibration plots was 1%.
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Figure 6.6 HPLC calibration curve of dexrazoxane in o-MEM
HPLC calibration plots using integrated peak areas were prepared
by adding standards containing known amounts of dexrazoxane to
o-MEM. A mobile phase of 500 pM Na,EDTA/2 mM
heptanesulfonic acid and methanol (85/15, v/v) (as described in
Section 6.2.10) was used to separate dexrazoxane (¢ 7.8 min).
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Figure 6.7 HPLC calibration curve of C in o-MEM

HPLC calibration plots using integrated peak areas were prepared
by adding standards containing known amounts of C to a-MEM.
A mobile phase of 500 uM NaEDTA (pH 4.5) (as described in
Section 6.2.10) was used to separate C (¢ 5.8 min).
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Figure 6.8 HPLC calibration curve of dihydroorotate in o-MEM

HPLC calibration plots using integrated peak areas were prepared by
adding standards containing known amounts of dihydroorotate to a-MEM.
A mobile phase of 10 mM 1-octanesulfonic acid (pH 2.5, 1 ml/min) was
used to separate dihydroorotate (4 2.9 min, Figure 6.5).

6.3.3 Dexrazoxane metabolism in neonatal rat myocyte suspensions

Figure 6.9 — 6.11 show the concentration-time profile after myocytes are dosed
with 10 uM dexrazoxane. Figure 6.12 shows the average of the three studies of the
disappearance of dexrazoxane from o-MEM (suspension buffer) both in the presence and
absence of neonatal rat myocytes. The loss of dexrazoxane from the a-MEM buffer
control experiment is consistent with the base-catalyzed hydrolysis of dexrazoxane to B
and C under physiological conditions (Buss and Hasinoff, 1997; Hasinoff, 1994a).

Dexrazoxane incubated in the presence of myocytes shows a greater overall loss of
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dexrazoxane relative to the a-MEM control (where myocytes are not present) at 90 min.
The disappearance of dexrazoxane in the presence of myocytes had two distinct phases.
For the first 20 min incubation period, as shown in Figure 6.12 the rate of loss of
dexrazoxane was 7.6-fold greater (p < 0.001) in the presence of myocytes then the control
(absence of myocytes), as measured by their respective slopes. Also, after 30 min, the
rate of dexrazoxane loss in the presence of myocytes is not significantly different than

that of the control experiment (as measured by their respective slopes, p > 0.2).

Table 6.5 Dexrazoxane hydrolysis in the presence of 2 x 10® myocytes/ml in o-

MEM suspension buffer
Time Experiment number Average, SE,
(min) 1 2 3 uM + M
0 9.9 10.0 9.8 9.9 0.06
2.5 9.5 9.4 9.6 9.5 0.06
5 8.8 9.1 9.3 9.1 0.14
7.5 8.3 9.2 9.3 8.9 0.31
15 8.2 8.7 9.2 8.7 0.28
20 8.0 8.4 9.1 8.5 0.34
30 8.3 8.0 8.6 8.3 0.16
45 7.3 7.8 7.7 7.6 0.17
60 7.1 7.8 7.6 7.5 0.21
90 6.6 7.5 7.8 7.3 0.38
120 5.9 7.2 7.5 6.9 0.49
Table 6 6 Dexrazoxane hydrolysis control (in the myocyte suspension buffer, o-
MEM)

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
0 10.0 9.9 9.8 9.9 0.02
30 9.7 9.6 9.5 9.6 0.05
60 9.4 9.3 9.5 9.4 0.04
90 9.1 9.2 9.1 9.1 0.03
120 8.8 9.0 9.1 9.0 0.08
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Figure 6.9 Dexrazoxane loss from the myocyte suspension buffer
(a-MEM) of experiment 1
Loss of 10 uM dexrazoxane in the presence of myocytes (2 x 10°
myocytes/ml) in a-MEM suspension buffer; ®, dexrazoxane loss
in a-MEM suspension buffer alone; 4, dexrazoxane loss in the
presence of myocytes. The loss of dexrazoxane was determined
by HPLC as described in Section 6.2.10
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Figure 6.10 Dexrazoxane loss from the myocyte suspension
buffer (-MEM) of experiment 2
Loss of 10 uM dexrazoxane in the presence of myocytes (2 x 10
myocytes/ml) in o-MEM suspension buffer; ®, dexrazoxane loss
in a-MEM suspension buffer alone; 4, dexrazoxane loss in the
presence of myocytes. The loss of dexrazoxane was determined
by HPLC as described in Section 6.2.10
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Figure 6.11 Dexrazoxane loss from the myocyte suspension buffer
(a-MEM) of experiment 3

Loss of 10 uM dexrazoxane in the presence of myocytes (2 x 10°

myocytes/ml) in o-MEM suspension buffer; ®, dexrazoxane loss

in a-MEM suspension buffer alone; #, dexrazoxane loss in the

presence of myocytes. The loss of dexrazoxane was determined

by HPLC as described in Section 6.2.10.
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Figure 6.12 Average dexrazoxane loss from the myocyte

suspension buffer of experiments 1-3
Loss of 10 uM dexrazoxane in the presence of myocytes (2 x 10°
myocytes/ml) in o-MEM suspension buffer; ®, dexrazoxane loss
in o-MEM suspension buffer alone; ¢, dexrazoxane loss in the
presence of myocytes. The loss of dexrazoxane was determined
by HPLC as described in Section 6.2.10.
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6.3.4 Dexrazoxane metabolism to ADR-925 in an adult rat hepatocyte suspensions

The results in Figure 6.13-15 clearly show that dexrazoxane rapidly disappeared
from hepatocyte suspension buffer in the presence of adult rat hepatocytes relative to the
suspension buffer control. ADR-925 is also rapidly formed in the presence of
hepatocytes and was found at detectable levels in the hepatocyte suspension buffer within
seconds of adding dexrazoxane. At 5 h, ADR-925 levels were responsible for
approximately one third of all dexrazoxane and dexrazoxane metabolites present in the
suspension buffer, as shown in Figure 6.16 and Table 6.9. Dexrazoxane hydrolysis to
ADR-925 in control experiments (in suspension buffer alone) found that at 5 h, ADR-925

was responsible for less then 5 % of the total dexrazoxane and dexrazoxane metabolites

in the suspension buffer.

Table 6.7 Dexrazoxane loss in the presence of 7 x 10° hepatocytes/ml in
hepatocyte suspension buffer dosed with 100 pM dexrazoxane

Time Experiment number Average, SE,

(min) 1 2 3 uM + uM
Dexrazoxane, Dexrazoxane, Dexrazoxane,
uM uM uM

0 100 103 99.6 101 1.0

15 89.1 90.8 ND 89.9 0.7

30 83.6 83.7 83.5 83.6 0.1

60 60.1 60.5 60.8 60.5 0.2

120 31.3 33.0 32.0 32.1 0.5

180 15.3 15.8 15.5 15.5 0.1

240 8.7 9.2 8.9 8.9 0.2

300 6.0 6.5 6.2 6.2 0.1

ND, Data point not determined.
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Table 6.8 Dexrazoxane loss in suspension buffer dosed with 100 pM

dexrazoxane.
Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
Dexrazoxane, Dexrazoxane, Dexrazoxane,
uM pM uM

0 100 103 102 102 0.8
15 99.5 98.8 99.1 0.3
30 97.1 96.7 96.5 96.8 0.2
60 97.5 97.5 94.8 96.6 0.9
120 92.9 96.0 93.0 94.0 1.0
180 86.1 92.8 85.5 88.1 2.4
240 84.0 89.2 78.9 84.1 3.0
300 83.1 86.5 76.2 81.9 3.1

Table 6.9 ADR-925 formation in the presence of 7 x 10° hepatocytes/ml dosed
with 100 pM dexrazoxane.

Time Experiment number Average, | Average
(min) 1 2 uM deviation,
ADR-925, ADR-925, + uM
uM uM
0 5.5 2.0 3.7 2.4
15 13.1 11.2 12.1 1.3
30 16.0 10.2 13.1 4.1
60 17.3 15.5 16.4 1.2
120 19.7 18.5 19.1 0.8
180 24.2 22.4 23.3 1.2
240 29.8 24.9 273 3.5
300 334 27.8 30.6 3.9

Table 6.10 ADR-925 formation in suspension buffer dosed with 100 uM

dexrazoxane.
Time Experiment number Average, Average
(min) 1 2 uM deviation,
ADR-925, ADR-925, +uM
uM uM

0 0.0 0.0 0.0 0.0

15 0.0 0.0 0.0 0.0

30 0.7 0.0 0.4 0.5

60 1.4 1.1 1.3 0.2

120 1.2 1.5 1.4 0.2

180 3.2 2.0 2.6 0.8

240 5.7 4.0 4.8 1.2

300 8.0 7.1 7.6 0.6
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Figure 6.13 Hydrolysis of 100 (M dexrazoxane to ADR-925 in a
hepatocyte suspension, study 1

Hydrolysis of 100 uM dexrazoxane in the presence of hepatocytes
(7 x 10° hepatocytes/ml) in hepatocyte suspension buffer; ®,
dexrazoxane loss in the presence of hepatocytes; A, ADR-925
formation in the presence of hepatocytes; ¥, dexrazoxane loss in
suspension buffer alone; ¢, ADR-925 formation in suspension
buffer alone. The loss of dexrazoxane was measured by HPLC as
described in Section 6.2.10. ADR-925 formation was measured
by the calcein assay as described in Section 2.2.11.
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Figure 6.14 Hydrolysis of 100 1M dexrazoxane to ADR-925 in a
hepatocyte suspension, study 2

Hydrolysis of 100 uM dexrazoxane in the presence of hepatocytes
(7 x 10° hepatocytes/ml) in hepatocyte suspension buffer; @,
dexrazoxane loss in the presence of hepatocytes; A, ADR-925
formation in the presence of hepatocytes; ¥, dexrazoxane loss in
suspension buffer alone; ¢, ADR-925 formation in suspension
buffer alone. The loss of dexrazoxane was measured by HPLC as
described in Section 6.2.10. ADR-925 formation was measured
by the calcein assay as described in Section 2.2.11.
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Figure 6.15 Hydrolysis of 100 uM dexrazoxane in a hepatocyte

suspension (7 x 10° hepatocytes/ml) study 3
Hydroly51s of 100 uM dexrazoxane in the presence of hepatocytes
(7 x 10° hepatocytes/ml) in hepatocyte suspension buffer;®,
dexrazoxane loss in the presence of hepatocytes; V¥, dexrazoxane
loss in suspension buffer alone. The loss of dexrazoxane was
measured by HPLC as described in Section 6.2.10.
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Figure 6.16 Average hydrolysis of 100 uM dexrazoxane to ADR-

925 in a hepatocyte suspension for studies I1-3.
Hydroly51s of 100 uM dexrazoxane in the presence of hepatocytes
(7 x 10° hepatocytes/ml) in hepatocyte suspension buffer;®,
dexrazoxane loss in the presence of hepatocytes; A, ADR-925
formation with hepatocytes; ¥, dexrazoxane loss suspension
buffer alone; ¢, ADR-925 formation in suspension buffer alone.
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6.3.5 Dexrazoxane hydrolysis in hepatocyte supernatant suspension buffer

In order to determine whether dexrazoxane hydrolysis was facilitated by
components/enzymes released from non-viable hepatocytes, an experiment was done
using hepatocyte suspension buffer supernatant after a 3 h hepatocyte incubation period
as described in Section 6.2.8. As shown in Figure 6.17 ADR-925 levels at 5 h, as
measured by the calcein assay, were also not notably different from those of the control at
5 hours, with ADR-925 concentrations of 8 and 12 pM, for the control and hepatocyte
supernatant respectively. Compared to ADR-925 levels found in the presence of
hepatocytes, found to be 30 uM, the hydrolysis of dexrazoxane, B, and C, from extra-
cellular components was, thus, not considered to be the primary contributor of ADR-925
appearance in the presence of hepatocytes. As shown in Figure 6.18, dexrazoxane
hydrolysis in the hepatocyte supernatant suspension buffer was not significantly different

(p > 0.1) then that of the dexrazoxane control (as measured by their respective slopes).
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Figure 6.17 Formation of ADR-925 from dexrazoxane incubated

with hepatocyte buffer supernatant
Hydrolysis of 100 uM dexrazoxane to ADR-925 in the presence
of the hepatocyte suspension buffer supernatant; ®, ADR-925
formation from dexrazoxane in suspension buffer; A, ADR-925
formation from dexrazoxane in the presence of hepatocyte
suspension buffer supernatant. The formation of ADR-925 was
measured by the calcein assay as described in Section 2.2.11.
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Figure 6.18 Disappearance of dexrazoxane in hepatocyte

suspension buffer supernatant
Disappearance of 100 pM dexrazoxane in the presence of the
hepatocyte suspension buffer supernatant; ®, dexrazoxane
disappearance in the presence of hepatocyte suspension buffer;
A, dexrazoxane disappearance in the presence of hepatocyte
suspension buffer supernatant. The loss of dexrazoxane was
determined by HPLC as described in Section 6.2.10.
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6.3.6 The effect of DHOase inhibition on C metabolism in neonatal rat myocyte
suspensions

The rate of loss of C in the presence of myocytes was found to be 2.1-fold greater
(p <0.001) than the control experiment in a-MEM alone, as measured by their respective
slopes, shown in Figures 6.19-21. It was also determined that the loss of C was inhibited
by DHOase inhibitors 5-aminoorotic acid (Krungkrai et al., 1992) and furosemide, both
of which were shown to inhibit the DHOase-mediated hydrolysis of C in an enzyme
kinetic model described in Chapter 4 (Schroeder et al., 2002). S5-aminoorotic acid and
furosemide were found to inhibit the loss of C by 81 and 92 %, respectively relative to
the control (Figure 6.22). Also, as noted in Table 6.11, there was no statistical difference
between the hydrolysis rate of C in the presence of myocytes when either 5-aminoorotic
acid or furosemide were present relative to the control (in the absence of myocytes).
Myocytes incubated in the presence of 4-chlorobenzesulfonamide also showed a decrease
in the hydrolysis rate of C of approximately 50%, however, the degree of inhibition was
found to be significantly less (p < 0.01) than the inhibition seen when either 5-

aminoorotic acid or furosemide were used, as detailed in Table 6.11.
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Table 6.11
myocyte suspensions

The effect of DHOase inhibition on C hydrolysis in neonatal rat

Experiment n | Rate of loss p° % inhibition °
(uM-min™)
C Buffer Control 3 0.179 -- --
Myocyte Control 3 0.378 p <0.001 --
5-Aminoorotic Acid 3 0.216 p>0.2 81.4
4- 3 0.277 p <0.01 50.8
Chlorobenzenesulfonamide
Furosemide 3 0.194 p>0.5 92.5

? The slope (rate of loss) of the C buffer control was compared to that of the rate

of loss of C in the presence of myocytes or myocytes and inhibitors.

® o4 inhibition is relative to the background hydrolysis (C Buffer Control) as

detailed in Section 6.2.12.2.

Table 6.12 Metabolite C hydrolysis in a-MEM suspension buffer alone

Time Experiment number Average, SE,
(min) 1 2 3 uM + puM
C, C, C,
uM uM uM
0 50.1 50.0 50.2 50.1 0.07
15 47.4 46.8 47.8 47.4 0.31
30 43.3 45.0 46.7 45.0 1.00
45 36.9 42.1 43.7 40.9 2.07
60 31.9 39.8 41.5 37.8 3.02
90 28.0 38.1 38.2 34.8 3.44

Table 6.13 Metabolite C hydrolysis in the presence of myocytes (2x10° cells/ml)
in a-MEM suspension buffer

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
uM uM uM
0 48.6 50.0 49.1 49.2 0.41
15 40.5 38.8 42.9 40.8 1.21
30 32.1 33.0 40.4 35.2 2.66
45 26.3 26.1 34.7 29.0 2.87
60 194 22.3 28.9 23.5 2.86
90 7.8 18.2 18.2 14.8 3.52
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Table 6.14 Metabolite C hydrolysis in myocytes (2x10° cells/ml) in the presence
of 1 mM 5-aminoorotic acid in a-MEM suspension buffer

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
uM uM uM
0 50.8 49.7 50.2 50.2 0.31
15 47.5 47.9 47.0 47.5 0.26
30 41.3 44.7 43.0 43.0 1.01
45 35.9 43.9 40.2 40.0 2.37
60 32.8 34.9 37.6 35.1 1.40
90 26.9 33.0 35.6 31.8 2.60

Table 6.15 Metabolite C hydrolysis in myocytes (2x10° cells/ml) in the presence
of 1 mM 4-chlorobenzenesufonamide in o-MEM suspension buffer

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
pM uM uM
0 50.8 50.9 49.6 50.4 0.40
15 47.0 55.1 48.2 50.1 2.55
30 43.8 49.0 42.5 45.1 2.03
45 34.4 42.1 40.1 38.8 2.33
60 31.5 37.1 354 34.7 1.67
90 24.1 29.1 29.3 27.5 1.74

Table 6.16 Metabolite C hydrolysis in myocytes (2><106 cells/ml) in the presence

of 1 mM furosemide in a-MEM suspension buffer

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
uM uM uM
0 49.7 50.1 49.0 49.6 0.33
15 43.3 49.3 48.9 47.2 1.98
30 36.0 46.6 47.5 43.4 3.74
45 32.7 42.3 44.4 39.8 3.68
60 29.4 40.2 44.0 37.9 4.47
90 21.7 37.7 37.8 32.4 5.45
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Figure 6.19 The effect of DHOase inhibitors on the loss of C in a

myocyte suspension for study 1
Hydroly51s of 50 pM C in the presence of a myocyte suspension
(2 x 10° myocytes/ml); O, C in o-MEM alone; ®, C with
myocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; ¥, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide and; ¢, furosemide. The loss of C
was determined by HPLC as described in Section 6.2.10.
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Figure 6.20 The effect of DHOase inhibitors on the loss of C in a

myocyte suspension for study 2
Hydroly51s of 50 uM C in the presence of a myocyte suspension
2 x 10° myocytes/ml); O, C in a-MEM alone; ®, C with
myocytes; A, C with 1 "mM of the DHOase inhibitor 5-
aminoorotic acid; ¥, C with 1 mM of the DHPase inhibitor 4-
clﬂorobenzene—sulfonannde and; ¢, furosemide. The loss of C
was determined by HPLC as described in Section 6.2.10.

273



N w 1N (9)]
(@] (@] o o
1 1 L

Metabolite C, uM

Y
(]
1

0 | 1 1 T
40 60 80

Time (min)

100

Figure 6.21 The effect of DHOase inhibitors on the loss of C in a
myocyte suspension for study 3

Hydroly51s of 50 uM C in the presence of a myocyte suspension
(2 x 10° myocytes/ml); O, C in o-MEM alone; ®, C with
myocytes; A, C with 1 mM of the DHOase 1nh1b1t0r 5-
aminoorotic acid; ¥, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide and; 4, furosemide. The loss of C
was determined by HPLC as described in Section 6.2.10.
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Figure 6.22 The average effect of DHOase inhibitors on the loss
of C in myocyte suspension studies 1-3

Hydrolysis of 50 uM C in the presence of the myocyte
suspension (2 x 10° myocytes/ml); O, C in a-MEM alone; ®, C
with myocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; V, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide and; ¢, furosemide. The loss of C
was determined by HPLC as described in Section 6.2.10.
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6.3.7 Dihydroorotate metabolism in neonatal rat myocyte suspensions

Dihydroorotate, the endogenous substrate of DHOase (Christopherson and Jones,
1980; Brown and Collins, 1991; Davidson et al., 1993), was incubated with neonatal rat
myocytes to determine whether dihydroorotate is metabolized in a neonatal rat myocyte
suspension. Dihydroorotate is very stable under physiological conditions and does not
hydrolyze (Kelly et al., 1986), as confirmed by control experiments where dihydroorotate
was incubated with a-MEM alone. However, in the presence of myocytes, there is a
significant loss (p < 0.001) in concentration of dihydroorotate relative to the
dihydroorotate control (shown in Table 6.17), as measured by their respective slopes.
Also, in the presence of the dihydroorotase inhibitor 5-aminoorotic acid, there was 88 %
inhibition of dihydroorotate hydrolysis, relative to the dihydroorotate control. 4-
chlorobenzenesulfonamide and furosemide were also found to significantly inhibit

dihydroorotate metabolism, with a percent inhibition of 62 and 41 %, respectively.

Table 6.17 The effect of DHOase inhibition of dihydroorotate hydrolysis in the
presence of myocytes

Experiment n Rate of loss p° %
(uMemin™) inhibition °
Dihydroorotate control 3 0 -- --
Myocyte control 3 0.201 p <0.001 --
5-aminoorotic acid 3 0.024 p>0.1 88.1
4-chlorobenzenesulfonamide 3 0.076 p <0.001 62.2
Furosemide 3 0.118 p <0.001 41.3

*The slopes (rate of loss) of the dikydroorotate control was compared to that of
the rate of loss of dihydroorotate in the presence of myocytes or myocytes and
inhibitors.

® 94 inhibition is relative to the background hydrolysis (dihydroorotate control) as
detailed in Section 6.2.12.2.
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Table 6.18 Dihydroorotate loss in a-MEM suspension buffer alone

Time Experiment number Average, | SE,
(min) 1 2 3 uM + uM
dihydroorotate, dihydroorotate, dihydroorotate,
uM uM uM
0 51.4 50.4 49.6 50.5 0.54
15 49.5 49.2 50.5 49.8 0.34
30 49.1 49.7 48.6 49.2 0.34
45 49.3 49.8 48.6 49.2 0.37
60 49.6 493 49.6 49.5 0.11
90 50.3 50.5 48.5 49.7 0.63

Table 6.19 Dihydroorotate hydrolysis in the presence of myocytes (2x10°
cells/ml) in a-MEM suspension buffer

Time Experiment number Average, | SE,
(min) 1 2 3 uM + uM
dihydroorotate, dihydroorotate, dihydroorotate,
pM puM uM
0 514 50.2 49.4 50.3 0.59
15 48.7 47.6 45.8 47.4 0.85
30 46.3 45.6 41.4 44.4 1.56
45 42.7 42.2 37.9 40.9 1.55
60 39.3 39.6 35.0 37.9 1.52
90 35.8 30.3 31.4 32.5 1.71

Table 6.20 Dihydroorotate hydrolysis in myocytes (2><106 cells/ml) in the
presence of 1 mM 5-aminoorotic acid in a.-MEM suspension buffer

Time Experiment number Average, | SE,
(min) 1 2 3 uM + uM
dihydroorotate, dihydroorotate, dihydroorotate,
uM uM uM
0 51.1 49.6 50.2 50.3 0.45
15 51.6 50.7 49.2 50.5 0.71
30 50.9 48.7 499 49.8 0.66
45 50.0 48.0 48.5 48.8 0.60
60 50.7 473 48.2 48.7 1.04
90 49.8 47.1 48.8 48.5 0.80
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Table 6.21 Dihydroorotate hydrolysis in myocytes (2x10° cells/ml) in the
presence of 1 mM 4-chlorobenzenesufonamide in o-MEM suspension

buffer
Time Experiment number Average, | Average
(min) 1 2 uM deviation,
dihydroorotate, dihydroorotate, + puM
uM uM
0 49.1 50.2 49.6 0.75
15 48.3 49.6 48.9 0.86
30 47.6 48.6 48.1 0.65
45 46.2 48.1 47.1 1.34
60 44.8 46.6 45.7 1.27
90 42.1 43.6 42.8 1.05

Table 6.22 Dihydroorotate hydrolysis in myocytes (2x10° cells/ml) in the

presence of 1 mM furosemide in a-MEM suspension buffer

Time Experiment number Average, Average
(min) 1 2 uM deviation,
dihydroorotate,  dihydroorotate, +uM
uM pM
0 49.3 49.6 49.4 0.21
15 46.1 46.6 46.3 0.34
30 44.1 43.6 43.8 0.34
45 42.7 41.9 423 0.58
60 40.1 41.7 40.9 1.13
90 36.5 40.6 38.6 2.88
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Figure 6.23. The effect of DHOase inhibitors on dihydroorotate

loss in a myocyte suspension, experiment 1
Hydrolysis of 50 uM dihydroorotate in the presence of a myocyte
suspension (2 x 10° myocytes/ml); O, dihydroorotate in a-MEM
alone; ®, dihydroorotate in the presence of myocytes; A,
d1hydr00r0tate with 1 mM of the DHOase inhibitor 5-aminoorotic
acid; V¥, dihydroorotate with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonanﬁde and; #, furosemide. The loss of
dihydroorotate was determined by HPLC as described in Section

6.2.10.
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Figure 6.24 The effect of DHOase inhibitors on dihydroorotate

loss in a myocyte suspension, experiment 2
Hydrolysis of 50 uM dihydroorotate in the presence of a myocyte
suspension (2 x 10° myocytes/ml); O, dihydroorotate in a-MEM
alone; ®, dihydroorotate in the presence of myocytes; A,
dlhydroorotate with 1 mM of the DHOase inhibitor 5-aminoorotic
acid; V¥, dihydroorotate with 1 mM of the DHPase inhibitor 4-
c}ﬂorobenzene-su]fonarrﬁde and; ®, furosemide. The loss of
dihydroorotate was determined by HPLC as described in Section

6.2.10.
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Figure 6.25 The effect of DHOase inhibitors on dihydroorotate

loss in a myocyte suspension, experiment 3
Hydrolysis of 50 uM dihydroorotate in the presence of a myocyte
suspension (2 x 10° myocytes/ml); O, dihydroorotate in a-MEM
alone; ®, dihydroorotate in the presence of myocytes; A,
dihydroorotate with 1 mM of the DHOase inhibitor 5-aminoorotic
acid. The loss of dihydroorotate was determined by HPLC as
described in Section 6.2.10.
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Figure 6.26 The average effect of DHOase inhibition on

dihydroorotate loss in myocyte suspension experiments 1- 3
Hydrolysis of 50 uM dihydroorotate in the presence of a myocyte
suspension (2 x 10° myocytes/ml); O, dihydroorotate in o-MEM
alone; ®, dihydroorotate in the presence of myocytes; A,
dlhydroorotate with 1 mM of the DHOase inhibitor 5-aminoorotic
acid; V¥, dihydroorotate with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide and; 4, furosemide.
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6.3.8 The effect of DHOase inhibition on the metabolism of C in a suspension of
primary adult rat hepatocytes

The hydrolysis of C in the presence of hepatocytes was found to be significantly
greater than the hydrolysis of C in a-MEM alone, as shown in Figure 6.30. The rate of
loss of C in the presence of hepatocytes was found to be 3 fold greater (p < 0.001) then
the hydrolysis of C in a-MEM alone, as measured by their respective slopes. As in the
case with suspension neonatal rat myocytes, the DHOase inhibitor 5-aminoorotic acid
(Krungkrai et al., 1992) was found to be a strong inhibitor of C hydrolysis in hepatocytes
and decreased the rate of hydrolysis by 68 %  (shown in Table 6.23). 4-
chlorobenzesulfonamide, was also found to inhibit the hydrolysis of C by 52 %. Neither
5-aminoorotic acid nor 4-chlorobenzenesulfonamide inhibited the loss of C completely,
as shown in Table 6.23. As i the case with neonatal rat myocytes, 4-

chlorobenzenesulfonamide was the weakest inhibitor.

Table 6.23 The effect of DHOase inhibition on C hydrolysis in an adult rat
hepatocyte suspension (2x10° cells/ml).

Experiment n Rate of loss p° % inhibition °
(uMmin™)

C buffer control 3 0.217 -- --
hepatocyte control 3 0.525 p <0.001 --
5-aminoorotic acid 3 0.315 p>0.2 68.2

4- 2 0.364 p>02 52.3
chlorobenzenesulfonamide

?The slopes (rate of loss) of the C buffer control (a-MEM) was compared to that
of the rate of loss of C in the presence of hepatocyte or hepatocyte and inhibitors.

® 94 inhibition is relative to the background hydrolysis (C Buffer Control) as
detailed in Section 6.2.12.2.
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Table 6.24 Metabolite C hydrolysis in the presence of a-MEM alone dosed with

50 uM C.
Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
M uM uM
0 51.5 50.0 50.0 50.5 0.51
15 48.0 474 48.4 48.3 0.12
30 45.6 42.7 41.7 43.7 0.98
60 40.6 38.3 38.5 39.1 0.73
90 37.3 32.1 34.3 34.5 1.51

Table 6.25 Metabolite C hydrolysis in the presence of hepatocytes (2x10°

cells/ml) dosed with 50 uM C.

Time Experiment number Average, SE,
(min) 1 2 3 uM + uM
C, C, C,
uM pM uM
0 51.5 49.2 49.1 50.0 0.78
15 40.3 38.9 33.8 37.7 1.98
30 33.9 27.6 25.6 29.0 2.53
45 25.1 18.3 14.3 19.2 3.19
60 12.7 11.7 7.7 10.7 1.57
90 7.9 2.1 <LOD 3.3

Table 6.26 Metabolite C hydrolysis in hepatocytes (2x10° cells/ml) in the
presence of 1 mM 5-aminoorotic acid dosed with 50 uM C.

Time Experiment number Average, SE,
(min) 1 2 3 uM +uM
C, C, C,
uM uM uM
0 51.5 50.0 50.0 50.5 0.51
15 47.1 40.6 46.6 44.8 2.12
30 42.3 353 41.3 39.6 2.23
45 37.4 27.2 35.3 33.3 3.18
60 33.0 19.1 29.6 27.3 4.26
90 28.7 15.0 26.7 23.4 4.34
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Table 627 Metabolite C hydrolysis in hepatocytes (2x10° cells/ml) in the
presence of 1 mM 4-chlorobenzenesufonamide dosed with 50 uM C.

Time Experiment number Average, SE,
(min) 1 2 3 uM +uM
C, C, C,
uM uM uM
0 51.5 504 50.4 50.8 0.36
15 47.1 41.8 39.8 42.9 2.23
30 43.6 39.6 29.6 37.6 4.25
45 40.3 24.2 25.6 30.0 5.24
60 38.7 19.2 20.7 26.2 6.39
90 30.4 7.6 15.6 17.8 6.82
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Figure 6.27 The effect of DHOase inhibition on the loss of C in

the hepatocyte suspension of study 1
Hydrolysis of 50 uM C in the presence of the hepatocyte
suspension (2 x 10° hepatocytes/ml); O, C in a-MEM alone; ®,
C with hepatocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; V¥, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide. The loss of C was determined by
HPLC as described in Section 6.2.10.
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Figure 6.28 The effect of DHOase inhibition of the loss on C in

the hepatocyte suspension of study 2
Hydrolysis of 50 uM C in the presence of the hepatocyte
suspension (2 x 10° hepatocytes/ml); O, C in a-MEM alone; ®,
C with hepatocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; V¥, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide. The loss of C was determined by
HPLC as described in Section 6.2.10.

283



50

Metabolite C, uM
) W N
Q Q (@]

-
(]
1

0 | l T |
40 60 80

Time (min)

100

Figure 6.29 The effect of DHOase inhibition on the loss of C in

the hepatocyte suspension of study 3
Hydrolysis of 50 uM C in the presence of the hepatocyte
suspension (2 x 10° hepatocytes/ml); O, C in a-MEM alone; @,
C with hepatocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; V, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide. The loss of C was determined by
HPLC as described in Section 6.2.10.
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Figure 6.30 The average effect of DHOase inhibition on the loss
of C in a hepatocyte suspension for studies 1-3

Hydrolysis of 50 pM C in the presence of the hepatocyte
suspension (2 x 10° hepatocytes/ml); O, C in a-MEM alone; @,

C with hepatocytes; A, C with 1 mM of the DHOase inhibitor 5-
aminoorotic acid; V, C with 1 mM of the DHPase inhibitor 4-
chlorobenzene-sulfonamide. The loss of C was determined by
HPLC as described in Section 6.2.10.
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6.3.9 Incubation of dexrazoxane, C, and dihydroorotate in rat and human blood/
and plasma

Experiments were also done to determine if either whole blood or blood plasma
could promote the hydrolysis of dexrazoxane, dihydroorotate, or C. As shown in Figure
6.31-6.32 neither plasma nor whole blood of either humans or rats significantly promoted
the hydrolysis of dexrazoxane over 4 h compared to Tris/artificial plasma buffer controls
(as prepared in Section 6.2.6), a result consistent with previously published results
(Hasinoff and Aoyama, 1999a). It was found that in the presence of the blood and
plasma of both the human and rat, as shown in Figure 6.35-6.36, the hydrolysis of C was
significantly greater then in Tris/Saline buffer (Section 6.2.6) by nearly 4-fold (p <
0.001). Also, for both the rat and human, there was no significant difference (p > 0.5) in
the hydrolysis rate of C in whole blood or plasma. DHOase is found in the blood
(Fairbanks et al., 1995). Thus, it was decided to determine whether either rat or human
blood could hydrolyze the endogenous substrate of DHOase, dihydroorotate, at a fast
enough rate to explain the hydrolysis of C. Dihydroorotate, as shown in Figures 6.33-34,
was not significantly hydrolyzed in either human (p > 0.5) or rat blood (p > 0.5) (as

shown in Table 6.30).
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Table 6.28 Dexrazoxane hydrolysis in human blood and plasma under physiological

conditions.
Dexrazoxane loss in Dexrazoxane loss in Dexrazoxane loss in
Tris/saline buffer whole human blood human plasma buffered
buffered in 100 mM in 100 mM Tris/Saline
Tris/Saline
Time Average Average Average Average Average Average
(min) (uM) deviation, (uM) deviation, (uM) deviation,
+puM + puM + uM)
0 207 12.4 207 3.0 201 6.7
15 203 10.5 206 3.6 197 5.5
30 202 13.3 203 4.3 195 9.7
45 200 13.1 197 4.2 195 6.1
60 198 14.5 193 4.3 194 6.7
90 194 114 188 3.0 188 5.8
120 187 15.4 183 2.9 183 7.7
180 171 14.4 178 3.9 167 59
240 166 16.4 164 6.7 161 8.6
Table 6.29 Dexrazoxane hydrolysis in rat blood and plasma under physiological
conditions.
Dexrazoxane loss in Dexrazoxane loss inrat | Dexrazoxane loss in rat
Tris/saline plasma buffered in 100 blood buffered in 100
' mM Tris/saline mM Tris/saline
Time Average Average Average Average Average Average
(min) (uM) deviation, M) deviation, (uM) deviation,
+ uM + uM + uM
0 201 3.39 199 9.06 201 4.95
60 194 2.48 190 491 192 4.95
120 183 2.29 180 6.58 186 1.41
180 176 7.99 172 2.39 174 4.24
240 171 12.26 167 0.73 163 0.71
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Table 6.30 Comparisons of dexrazoxane loss in the presence of plasma and blood of the
rat and human

Human n Rate of loss p°
(p.M-min'l)
Physiological buffer control 2 0.180 --
Human plasma 2 0.170 p>0.5
Human blood 2 0.174 p>0.S5
Rat n Rate of loss p°
(uM-min™?)
Physiological buffer control 2 0.134 --
Rat plasma 2 0.156 p>0.2
Rat blood 2 0.142 p>0.5

* The slopes (rate of loss) of the physiological buffer control was compared to
that of the rate of loss of dexrazoxane in the presence of blood or plasma.

Table 6.31 Dihydroorotate hydrolysis in human blood and plasma under physiological

conditions.
Plasma Blood
Time Human Rat Human Rat
(min) (uM) (uM) (M) (M)
0 210 206 202 209
15 213 211 201 205
30 208 207 198 202
45 213 208 201 200
60 206 204 202 204
90 208 204 199 209
120 210 206 202 209
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Figure 6.31 Hvdrolvsis of dexrazoxane in human plasma and
blood under phvsiological conditions
Hydrolysis of 200 uM dexrazoxane in the presence of human
blood and blood plasma (buffered with 100 mM Tris to a pH 7.4
at 37 °C), O, dexrazoxane hydrolysis in the presence of
physiological buffer (100 mM Tris, pH 7.4 at 37 °C) alone; ®,
dexrazoxane hydrolysis in the presence of human blood; A,
dexrazoxane hydrolysis in human blood plasma. No significant
(p > 0.5) hydrolysis was found in human blood or plasma relative
to the control. The loss of dexrazoxane was determined by HPLC
as described in Section 6.2.10.
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Figure 6.32 Hydrolysis of dexrazoxane in rat plasma and blood
under physiological conditions

Hydrolysis of 200 uM dexrazoxane in the presence of rat blood
and blood plasma (buffered with 100 mM Tris to a pH 7.4 at 37
°C); O, dexrazoxane hydrolysis in the presence of physiological
buffer (100 mM Tris, pH 7.4 at 37 °C) alone; ®, dexrazoxane
hydrolysis in the presence of rat blood; A, dexrazoxane
hydrolysis in rat blood plasma. No significant (p > 0.5)
hydrolysis was found in rat blood or plasma relative to the
control. The loss of dexrazoxane was determined by HPLC as
described in Section 6.2.10.
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Figure 6.33 Dihydroorotate stability in human plasma and blood
under physiological conditions

200 uM dihydroorotate in the presence of human blood and blood

plasma (buffered with 100 mM Tris to a pH 7.4 at 37 °C); O,

dihydroorotate in the presence of human blood; ®, dihydroorotate

hydrolysis in the presence of human plasma.
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Figure 6.34 Dihydroorotate stability in rat plasma and blood
under physiological conditions

200 uM dihydroorotate in the presence of rat blood and blood

plasma (buffered with 100 mM Tris to a pH 7.4 at 37 °C); O,

dihydroorotate in the presence of rat blood; ®, dihydroorotate

hydrolysis in the presence of rat plasma.
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Table 6.32 Metabolite C hydrolysis in rat blood and plasma under physiological

conditions
C loss in 100 mM C loss in rat plasma C loss in rat blood
Tris/saline buffered in 100 mM buffered in 100 mM
Tris/saline Tris/saline

Time Average SE Average SE Average Average
(min) @M | @M | @M | @EpM) | M) | deviation

(& uM)
0 204 1.30 198 3.20 202 2.42
15 197 1.12 152 10.64 169 9.80
30 190 2.52 116 12.22 134 0.50
45 183 3.51 83 14.35 106 2.99
60 179 5.98 54 13.79 77.1 6.20
90 168 4.79 21 7.08 33.5 3.54

Table 6.33 Metabolite C hydrolysis in human blood and plasma under physiological

conditions.
C loss in 100 mM C loss in human C loss in human blood
Tris/saline plasma buffered in 100 buffered in 100 mM
mM Tris/saline Tris/saline
Time Average Average Average Average Average Average
(min) (uM) deviation (uM) deviation, (uM) deviation,
(M) & uM) & puM)
0 197 1.3 194 3.0 198 2.6
15 186 0.4 123 0.5 135 8.9
30 175 2.4 94 0.2 103 1.3
45 162 - 4.0 76 1.6 84 2.1
60 155 1.3 49 0.9 55 53
90 151 1.2 20 0.7 23 1.2
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Table 6.34 Comparisons of C loss in the presence of plasma and blood of the rat

and human
Human n’ Rate of loss p°
(uM-min™)
Tris/saline buffer 2 0.537 -~
Human plasma 2 1.79 p <0.002
Human blood 2 1.84 p <0.002
Rat n” | Rate of loss p’
(uM-min™)
Tris buffer 3 0.394 --
Rat plasma 3 1.96 p<0.001
Rat blood 3 1.89 p <0.001

*The slopes (rate of loss) of the Tris/saline buffer was compared to that of the rate
of'loss of C in the presence of plasma or blood.
® 1, blood drawn on separate dates
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Figure 6.35 Hydrolysis of C in human blood and plasma under Figure 6.36 Hydrolysis of C in rat blood and plasma under
physiological conditions physiological conditions

Hydrolysis of 200 uM C in the presence of human blood and Hydrolysis of 200 uM C in the presence of rat blood and plasma
plasma (pH 7.4 at 37 °C); O, C hydrolysis in the presence of 100 (pH 7.4 at 37 °C); O, C hydrolysis in the presence of 100 mM
mM Tris in saline (0.9 % NaCl, w/v) alone; ®, C hydrolysis in Tris in saline (0.9 % NaCl, w/v) alone; ®, C hydrolysis in the
the presence of human plasma (buffered with 100 mM Tris in presence of rat plasma (buffered with 100 mM Tris in saline (0.9
saline (0.9 % NaCl, w/v); A, C hydrolysis in the presence of % NaCl, w/v); A, C hydrolysis in the presence of rat blood
human blood (buffered with 100 mM Tris in saline (0.9 % NaCl, (buffered with 100 mM Tris in saline (0.9 % NaCl, w/v).

w/v).
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6.3.10 The effect of metal ion chelation by DTPA on C hydrolysis in rat plasma

Experiments were done to determine whether the hydrolysis of C in plasma and
blood were enzymatically mediated or metal ion mediated. The hydrolysis of C in the
presence of Tris buffered artificial plasma (prepared as described in Section 6.2.6) shown
in Figure 6.38 was significantly (p < 0.001) greater then the background hydrolysis of C
in 100 mM Tris saline (0.9 % NaCl, w/v) pH of 7.4 at 37 °C, as measured by their
respective slopes. In plasma, a 30 min pre-incubation with the metal ion chelator DTPA
(5 mM), decreased the hydrolysis rate of C by 97 % as shown in Table 6.37. Also, as
noted in Table 6.37, there was no significant difference (p > 0.5) between the hydrolysis
of C in plasma with 5 mM DTPA to that of physiological buffer suggesting that metal
ions contribute greatly to C hydrolysis in blood and plasma. In the case where artificial
plasma (prepared as described in Section 6.2.6) was incubated with 5 mM DTPA, there
was also no significant difference (p > 0.5) between the hydrolysis of C Tris saline (0.9
% NaCl, w/v) and that of artificial plasma containing 5 mM DTPA. Also, there was no
significant difference between the hydrolysis of C in the presence of 5 mM DTPA in

either rat plasma or artificial plasma.
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Table 6.35 C hydrolysis in rat plasma under physiological conditions in the presence of

metal ion chelator DTPA
C loss in rat plasma C loss 100 mM C loss in rat plasma | C loss in rat plasma
buffered in 100 Tris/saline with 100 pM with 5 mM DTPA
mM Tris/saline DTPA buffered in buffered in 100
100 mM Tris/saline mM Tris/saline
Time | Average | Average | Average | Average | Average | Average | Average | Average
(min) | (uM) | deviation | (uM) | deviation | (uM) |deviation| (uM) | deviation
M) EpM) EpM) EpM)
0 201 3.86 203 2.12 206 5.66 199 0.94
15 173 4.31 198 0.71 176 7.07 197 17.5
30 140 8.05 191 1.41 169 4.95 188 17.7
45 102 9.14 184 0.71 149 2.12 181 21.1
60 76 7.90 179 2.12 118 2.83 170 14.4
90 27 11.4 171 1.41 59 9.90 157 4.24

Table 6.36 C hydrolysis in artificial plasma under physiological conditions in the
presence of metal ion chelator DTPA

C loss in artificial plasma C loss in artificial plasma
buffered in 100 mM with 5 mM DTPA buffered in

Tris/saline 100 mM Tris/saline

Time Average Average Average Average

(min) (uM) deviation (uM) deviation

& pM) (= uM)

0 203 6.43 206 0.30
15 180 10.03 201 0.80
30 168 10.88 195 1.08
45 157 11.29 192 1.17
60 146 7.35 186 5.02
90 123 4.24 183 2.96
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Table 6.37 Comparisons of C loss in the presence of plasma and blood of the rat and

human

Rat Plasma n Rate of loss p’ %
(uM-min'l) inhibition

Tris/saline buffer 2 0.36 -- --

Plasma control 2 1.98 p <0.001 --

Plasma with 100 uM DTPA 2 1.58 p <0.001 27

Plasma with 5 mM DTPA 2 0.50 p>02 97

Artificial plasma n Rate of loss p° Y%
(uM-min™) inhibition

Artificial plasma control 2 0.85 -- --

Artificial plasma with 5 mM DTPA 2 0.26 p <0.001 --

* The slopes (rate of loss) of the Tris/saline buffer was compared to that of the rate of loss
of C in the presence of blood or plasma.

® 04 inhibition is relative to the background hydrolysis (physiological buffer) as detailed
in Section 6.2.12.2.
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Figure 6.37 The effect of the metal ion chelator DTPA on the loss

of C in rat plasma

Hydrolysis of 200 uM C in rat plasma (buffered with 100 mM
Tris at 37 °C) in the presence of DTPA; O, C hydrolysis in the
presence of rat plasma alone; ®, C hydrolysis in physiological
buffer; A, C hydrolysis in the presence of plasma and 100 pM
DTPA; ¢, C hydrolysis in the presence of plasma and 5 mM
DTPA. The loss of C was determined by HPLC as described in
Section 6.2.10.
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Figure 6.38 The effect of the metal ion chelator DTPA on the loss
of C in artificial plasma

Hydrolysis of 200 uM C in rat plasma (buffered with 100 mM

Tris at 37 °C) in the presence of DTPA and artificial plasma (as

prepared in Section 6.2.6); O, C hydrolysis in artificial plasma

alone; ®, C hydrolysis in artificial plasma and 5 mM DTPA. The

loss of C was determined by HPLC as described in Section 6.2.10
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6.3.11 Hydrolysis of dexrazoxane and C by human serum albumin (HSA)

Experiments were done to determine whether the hydrolysis of dexrazoxane and
C could be mediated by human serum albumin (HSA). HSA is the most abundant protein
in the blood and is found in human blood at concentrations of 45 mg/ml (Kragh-Hansen
et al., 2002; Kratochwil et al., 2002). As shown in Figure 6.39, under physiological
conditions (pH 7.4 at 37 °C) HSA did not detectably hydrolyze dexrazoxane relative to
the Tris/saline buffer control (p > 0.5). However HSA did significantly (p < 0.001)
increase the hydrolysis rate of C, relative to Tris/saline buffer, by over 2 fold, as shown
in Figure 6.40. In order to determine the possibility that HSA-mediated C hydrolysis was
metal ion based, further studies were done including incubating the metal ion chelator
DTPA (5 mM) with HSA in Tris/saline buffer for 30 min prior to the addition of C. As
shown in Figure 6.40, DTPA significantly decreased the rate of loss of C by nearly 2 fold

(p <0.001) resulting, in 75 % decrease in the loss of C.

Table 6.38 Dexrazoxane and C hydrolysis in human serum albumin (HSA) under
physiological conditions in the presence of metal ion chelator DTPA

Hydrolysis in 100 mM | Hydrolysis in 45 mg/ml C hydrolysis in 45

Tris/saline buffer HSA in 100 mM mg/ml HSA with 5

Tris/saline buffer mM DTPA in 100

mM Tris/saline buffer
Time Dexrazoxane C Dexrazoxane C C

(min) uM) (uM) uM) uM) (uM)
0 198 197 204 198 205
15 199 196 203 189 199
30 198 194 204 180 187
45 198 189 200 168 180
60 200 186 204 155 170
90 202 170 199 138 168
120 198 166 197 128 161
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Table 6.39 Comparisons of dexrazoxane and C loss in the presence of 45 mg/ml human
serum albumin

Dexrazoxane n Rate of loss p’ %
(pM-min™) inhibition

Tris/saline buffer control 1 0.05 -- --

45 mg/ml HSA 1 0.03 p>0.5 --

C n Rate of loss p’ %
(uM-min™) inhibition "

Tris/saline buffer control 1 0.290 -- --

45 mg/ml HSA 1 0.613 p <0.001 --

45 mg/ml HSA and 5 mM DTPA 1 0.371 p>02 75

? The slopes (rate of loss) of the Tris/saline buffer control was compared to that of the
rate of loss of dexrazoxane or C in the presence of human serum albumin.

® 04 inhibition is expressed relative to the background hydrolysis (physiological buffer)
as detailed in Section 6.2.12.2.
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Figure 6.39 The effect of HSA (45 mg/ml) on dexrazoxane loss
under physiological conditions

Hydrolysis of 200 uM dexrazoxane in the presence of 45 mg/ml
HSA under physiological conditions (100 mM Tris/saline, pH 7.4 at
37 °C); O, dexrazoxane hydrolysis in the presence of 100 mM
Tris/saline (pH 7.4 at 37 °C) alone; ®, dexrazoxane hydrolysis in
the presence of 45 mg/l HSA in 100 mM Tris/saline (pH 7.4 at 37
°C). The loss of dexrazoxane was determined by HPLC as
described in Section 6.2.10
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Figure 6.40 The effect the metal ion chelator DTPA on HSA (45

mg/ml) mediated hydrolysis of C under physiological conditions
Hydrolysis of 200 pM C in the presence of HSA (45 mg/l) under
physiological conditions; O, C hydrolysis in the presence of 100
mM Tris/saline buffer (pH 7.4 at 37 °C) alone; ®, C hydrolysis in
the presence of 45 mg/l HSA in 100 mM Tris/saline (pH 7.4 at 37
°C); ¢, C hydrolysis in 45 mg/l HSA with 5 mM DTPA in 100
mM Tris/saline buffer. The loss of C was measured by HPLC as
described in Section 6.2.10



6.4 Discussion

6.4.1 Dexrazoxane metabolism in neonatal rat myocyte and adult rat hepatocyte
suspensions

A substantial body of evidence suggests that anthracycline-dependent free radical
generation resulting in DNA or membrane damage is the most probable cause for
anthracycline-induced cardiotoxicity (Myers, 1998; Singal and Iliskovic, 1998). Strong
evidence exists from isolated primary adult and neonatal rat myocyte models that
dexrazoxane’s mechanism of protection involves inhibition of doxorubicin-dependant
hydroxyl radical production (Rajagopalan et al, 1988) and inhibition of lipid
peroxidation and thiol oxidation (Thomas et al., 1993). In an in vitro heart microsomal
model, Fe** mediated oxidative damage was significantly reduced by ADR-925 (Vile and
Winterbourn, 1990) relative to dexrazoxane, suggesting that the hydrolysis of
dexrazoxane to ADR-925, the metal ion chelating form, is necessary to limit the role of
iron in doxorubicin-mediated free radical production. In vitro primary culture of neonatal
rat myocytes has also shown that, depending on concentration, doxorubicin caused both
apoptotic and necrotic damage (Hasinoff et al., 2003a), suggesting that doxorubicin
toxicity may be caused by mitochondrial damage and dexrazoxane may be protective by
preventing iron-based oxidative damage. Dexrazoxane was also shown to prevent the
anthracycline daunorubicin-induced apoptosis in primary cultures of neonatal and adult
rat myocytes (Sawyer et al., 1999). Dexrazoxane pharmacokinetics have been studied in
a variety of preclinical animal models (Herman and Ferrans, 1998) as well as clinical
studies (Earhart et al., 1982; Vogel et al., 1987; Hochster et al., 1992; Jakobsen et al.,

1994), where dexrazoxane’s elimination was found to be rapid (B t, 4.16 + 2.94 h,
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(Hochster et al., 1992)) thereby eliminating base catalyzed hydrolysis of dexrazoxane
(Hasinoff, 1994a) as a mechanism for dexrazoxane’s in vivo activation. In Chapters 2
and 3, it was discovered that significant ADR-925 plasma levels were rapidly achieved
and sustained following an i.v. bolus dose of dexrazoxane, lending a pharmacodynamic
explanation of dexrazoxane cardioprotective action through its fully hydrolyzed metal ion
chelating form ADR-925.

In order to fully describe dexrazoxane’s mechanism of action through enzymatic
activation, a series of in vitro studies were performed using tissue homogenate
supernatants (Hasinoff, 1990), purified enzyme kinetic studies (Hasinoff, 1993; Hasinoff,
1994b), and adult rat hepatocytes (Hasinoff et al., 1994). It has previously been
determined that while DHPase can hydrolyze dexrazoxane to B and C, it is not active
toward the conversion of B or C to ADR-925 (Hasinoff et al., 1991; Hasinoff, 1993).
Furthermore, dexrazoxane hydrolysis to B and C in the presence of isolated hepatocytes
has been previously shown to be enzymatically mediated by DHPase (Hasinoff et al,,
1994). In the same experiment, it was also found that DHPase inhibitor 4-
chlorobenzenesulfonamide strongly inhibited the hydrolysis of dexrazoxane to B and C
by 82 %, which indicated that DHPase was primarily responsible for the hydrolysis of
dexrazoxane in the liver (Hasinoff et al., 1994). The above mentioned study, however,
did not address if the third active metal-ion chelating metabolite, ADR-925, was formed
in hepatocytes. The results in Figure 6.16 show that ADR-925 is formed almost
immediately after dexrazoxane is administered. Figure 6.16 also shows that ADR-925
levels increase rapidly over the entire 300 min duration of the study relative to control

experiment. Thus, the rapid appearance of ADR-925 suggests that B and C are being
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enzymatically hydrolyzed to ADR-925 in adult rat hepatocytes. Also, the data shown in
Figure 6.16 are ADR-925 levels measured from the hepatocyte supernatant, which
indicate that ADR-925 can be released from viable hepatocyte cells. ADR-925 release
from viable cells may begin to explain the plasma levels of ADR-925 following an iv.
bolus in a rat model (Schroeder and Hasinoff, 2002) and human patients (Schroeder et al.,
2003). A control study (described in Section 6.2.8) confirmed that dexrazoxane
hydrolysis in the presence of suspension hepatocytes was not the primary result of
dexrazoxane, B, or C hydrolyzing enzymes or components that leaked from non-viable
cells.

The ADR-925 produced from hepatocytes, as shown in Figure 6.16, could be the
result of ADR-925 that was released from the hepatocytes after the enzymatic conversion
of B and C to ADR-925. However, while the hydrolysis of dexrazoxane is not greatly
accelerated in the presence of Ca** and Mg?**, the hydrolysis of B and C are (Buss and
Hasinoff, 1997). Therefore, the ADR-925 found in the hepatocyte supernatant
suspension buffer is most probably the combined result of the metal ion mediated
hydrolysis of intermediates B and C, and the cellular release of ADR-925 preformed in
hepatocyte cells. Thus, it is unclear as to how much of the ADR-925 is enzymatically
formed and released, and how much is formed by Ca** and Mg®" mediated hydrolysis in
the suspension buffer.

Dexrazoxane was found to be enzymatically hydrolyzed in liver and kidney
supernatant, but not that of the heart (Hasinoff et al.,, 1991). The results of suspension
neonatal rat myocytes exposed to dexrazoxane (Figure 6.12) are generally consistent with

the observation that dexrazoxane is not detectably hydrolyzed in the heart. However
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there is an initial significant rate of loss of dexrazoxane from the suspension buffer which
is 7.6-fold greater then the suspension buffer control for the first 20 min. The total loss
of dexrazoxane is small, with an average net dexrazoxane loss of approximately 3 pM
greater then that of the control at 90 min, a result that was likewise observed at
dexrazoxane doses of 100 uM. It is therefore most likely that dexrazoxane is not being
enzymatically hydrolyzed to B or C once it diffuses into the myocyte. No detectable
amounts of B or C were found for any time point of the experiment which is most likely
because B and C levels never exceeded the detection limit (1.5 uM). Dexrazoxane,
which is permeable to cells (Dawson, 1975), may be diffusing into the myocyte and
hydrolyzing to B and C not only by enzymatic means but, also by base-catalyzed
hydrolysis (Hasinoff, 1990) and metal ion catalysis (Buss and Hasinoff, 1993; Buss and
Hasinoff, 1995). Also, this experiment quantifies the loss of dexrazoxane in myocyte
suspension buffer and, therefore, cannot directly comment whether metabolism, if any,
occurs in the myocyte cell itself where metabolites are not being released into the a-

MEM suspension buffer at detectable amounts.

6.4.2 The effect of DHOase inhibition on the hydrolysis of C in neonatal rat
myocyte and adult rat hepatocyte suspensions

The hydrolysis of C was found to be significantly increased in the presence of
neonatal rat myocytes. Unlike DHPase, DHOase has been found to have very good
activity in the heart (Kennedy, 1974). In an enzymatic study, as detailed in Chapter 4
(Schroeder et al., 2002), DHOase was found to hydrolyze C. Dihydroorotate, the
endogenous substrate of DHOase (Mori et al., 1975; Kelly et al., 1986; Musmanno et al.,

1992), was also hydrolyzed in the presence of myocytes (Figure 6.26). DHOase activity
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in primary neonatal rat myocytes was further confirmed when pre-incubation with the
DHOase inhibitor 5-aminoorotic acid resulted in a 88 % inhibition of dihydroorotate loss,
as shown in Table 6.17. Also, the degree of inhibition by 5-aminoorotic acid in myocytes
is similar for C and dihydroorotate, 82 and 88 %, respectively. Interestingly, while
furosemide was found to inhibit C hydrolysis in myocytes by 92%, furosemide showed
only moderate inhibition (41 %) of dihydroorotate hydrolysis in myocytes. While 5-
aminoorotic acid has been found to be a relatively strong and specific inhibitor of
DHOase, with a K; of 8 uM (Christopherson and Jones, 1980) the inhibitory nature of
furosemide toward DHOase has not been closely examined. In Chapter 4 (Schroeder et
al., 2002), it was determined that DHOase-mediated hydrolysis of C was inhibited by 90
and 80 % in the presence of 1 mM 5-aminoorotic acid and furosemide, respectively. The
hydrolysis of C in the presence of neonatal rat myocytes is shown in Figure 6.22. A
previous result indicated that B and C, and ADR-925 are permeable to attached rat
myocytes (Hasinoff et al., 2003b). The results of Figure 6.22 clearly show that C is
rapidly metabolized by myocytes, and is thus permeable to neonatal rat myocytes in a
suspension model, as well.

DHOase inhibitors 5-aminoorotic acid and furosemide inhibit the hydrolysis of C
to ADR-925 in both myocyte and hepatocyte models (Figure 6.22 and 6.30), confirming
that this hydrolysis is, at least in part, enzymatically mediated by DHOase. Previous
studies of DHOase content and activity in rat tissue found DHOase activity in the liver is
approximately twice that of the heart (Kennedy, 1974). This correlates well with the
hydrolysis of C in hepatocytes and neonatal myocytes, where the net hydrolysis in

hepatocytes was 1.5 fold greater then that of myocytes, providing further evidence that
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the hydrolysis of C is likely mediated by DHOase. Also, the hydrolysis of C in both
myocytes and hepatocytes were strongly inhibited in the presence of 1 mM 5-aminoorotic
acid, a strong DHOase inhibitor (Christopherson and Jones, 1980; Krungkrai et al.,
1992). 5-aminoorotic acid has also been shown to inhibit DHOase mediated hydrolysis
of C in the presence of purified enzyme (Schroeder et al., 2002). Thus, these results
suggest that the hydrolysis of C to ADR-925 in adult rat hepatocytes and neonatal rat

myocytes is most likely mediated by DHOase.

6.4.3 Hydrolysis of dexrazoxane and C in rat and human blood plasma

Dexrazoxane was not hydrolyzed at a faster rate in blood or plasma then the saline
control (Figure 6.31-6.32). However, C was found to hydrolyze rapidly in the presence
of both human and animal plasma as shown in Figures 6.35-6.36. A major contribution
for the hydrolysis of C to ADR-925 in blood plasma was determined to be the high
concentrations of Ca®* and Mg**. Both Ca®* and Mg?* have been found to hydrolyze C
with a rate of 0.0043 and 0.0089 min™, respectively (Buss and Hasinoff, 1997) relative to
a hydrolysis rate of 0.00174 min” without Ca** and Mg?*. Blood and blood plasma
typically contains concentrations of approximately 2.5 and 1.2 mM for Ca** and Mg”*,
respectively (Luquita et al., 2001), and these metal ions are a potential contributor to the
rapid hydrolysis of B and C to ADR-925 in vivo. Dexrazoxane, on the other hand, is very
stable in the presence of Ca®* and Mg**, with a hydrolysis rate constant of 0.0442 and
0.0410 h', respectively (Buss and Hasinoff, 1997) relative to a hydrolysis rate of 0.0411
h! without Ca®" and Mg**. The hydrolysis of C in plasma is not completely accounted
for by the calcium or magnesium mediated hydrolysis of C. The Ca** and Mg”" —

mediated hydrolysis of C only accounts for approximately 40 % of the plasma hydrolysis
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of C relative to the saline (0.9% NaCl, pH 7.4) control.

Human serum albumin, found at high concentrations in the blood (45 mg/ml,
(Kratochwil et al., 2002)) was found to facilitate the hydrolysis of C (Figure 6.40), but
not dexrazoxane (Figure 6.39). The HSA mediated hydrolysis of C was significant (p <
0.001, Table 6.39) relative to the Tris/saline buffer and suggests that HSA does contribute
towards the hydrolysis of C in blood. Zinc(Il) and copper(Il) both bind to HSA, at
different sites, with specific high affinity sites 107>* and 10'"'3, respectively (Masuoka et
al., 1993). Also, it has been determined that 5 mM of the metal chelator DTPA
effectively reduces the HSA-mediated hydrolysis of C to that of the control, as shown in
Table 6.39. It has also been previously determined that both zinc and copper rapidly
facilitate the hydrolysis of C (Buss and Hasinoff, 1997). Thus, it is possible that HSA-
mediated hydrolysis of C is due to interaction with either the zinc or copper bound to
HSA. Although DHOase has been found in blood cells such as leukocytes (Smith and
Baker, 1959; Smith, 1960; Fairbanks et al., 1995), incubation of dihydroorotate (the
endogenous substrate of DHOase (Simmer et al., 1990)) did not result in any measurable
metabolism of dihydroorotate as seen in Figure 6.33 and 6.34. At physiological pH,
dihydroorotate is negatively charged which may hinder its entrance into blood cells. This
suggests that DHOase does not detectably contribute to ADR-925 formation in the case

of B and C hydrolysis in the blood.
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