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Abstract-Disposition kinetics of Adriamycin (ADR), adriamycinol (AOL) and their 7- 
deoxyaglycones (ADR-DONE and AOL-DONE) h ave been studied in AKR mice bearing a S.C. 
growing ROS tumour after i.v. administration of IQmglkg. ADR and its metabolites were 
extracted from tissues by two different methods, separated and identtfïed by HPLC. Tissue 
‘I-deoxyaglycones were isolated, purifïed and then identrfíed by HPLC, TLC and mass spectrometv. 
Kinetic profîles of ADR showed rapid equilibration of the drug with wel1 perfused tissues but a 
slower and complex equilibration of the drug with the ROS tumour. Serum and tissue profiles of 
AOL were similar to the parent drug. From the kinetic projles of the 7-deoxyagbcones it appeared 
that in the tissues their formation was rapid, with ADR-DONE always appearing jrst. 
Maximum concentrations of ADR-DONE were reached in the Roer and heart only 10 min after 
drug administration. Estimated halfliues of ADR-DONE were in liver, 1.1 hr and in heart, 2.8 
hr andfor AOL-DONE in liver, 5.4 hr, in heart. 5.1 hr and in serum, 4.1 hr. 

INTRODUCTION 
A UNIQUE feature of thc in vitro biotransformation of 
Adriamycin (ADR), which only occurs undcr 
anacrobic conditions, is the formation of 7- 
deoxyaglyconc mctabolites by reductivc removal of 
thc C-7 linked daunosamine sugar group (ADR- 
DONE and AOL-DONE, 5 and 6, Fig. 1 [l]). 
ADR, and its C-13 carbonyl reduction product 
adriamycinol (AOL, 2, Fig. 1) and their 7- 
hydroxyaglyconcs (ADR-ONE and AOL-ONE, 3 
and 4, Fig. 1) can al1 act as substratcs for thc largc 
variety of cnzymes which can catalysc this ‘glycosi- 
dase’ reaction [2-41. In particular, ADR has an 
affinity for one clcctron transporting flavocnzymcs 
and this has been attributed to thc formation of a 
complex bctwcen thc drug and thc co-cnzymc 
nucleotidcs FAD and FMN [jl. Undcr acrobic 
conditions, in oitro, ADR is prcfcrcntially rcduccd 
by onc clcctron transporting flavoenzymes to a 
semi-quinone free radical intermediate, which has 
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the property of being able to continuously trans- 
port reducing equivalents to another donor molc- 
tule (in most incubations molccular oxygcn) with- 
out itself being altercd structurally [6, 71. Thc 
deleterious effccts of largc scale production of 
reactive oxygcn species on cells, in vivo, for cxamplc 
lipid peroxidation, has been strongly implicatcd in 
ADR induced toxicity [8, 91. 

The exact mechanism of anaerobic formation of 
a 7-deoxyaglycone metabolitc of ADR is not known 
but it is likely that it is a complex rcaction which 
can proceed eithcr through a onc or two clcctron 
rcduction pathway (Fig. la, [lol). Thc fìrst stagc 
in thc one electron rcduction pathway is formation 
of thc semi-quinonc intermediate, but it being 
unablc to transfer its frce electron to oxygcn rc- 
arranges to a lower cncrgy form by transferring thc 
radical centrc to position C-7 and eliminating thc 
daunosamine sugar group (Fig. 1 a). Protonation of 
thc C-7 aglycone radical may terminatc thc scqu- 
cncc and yicld the 7-dcoxyaglyconc [ 111. Thc C-7 
radical is dctcctcd during enzymatic reduction of 
ADR to a 7-dcoxyglycone by NADPH-cytochromc 
c rcductasc [ 121. A similar molecular rcarrangc- 
ment is bclicved to occur whcn aclacinomycin is 
rcduced anacrobically to thc aglyconc dimcr 7.7’- 
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bis (7-dcoxyaklavinone) [ 131. Thc two electron 

rcduction pathway envisages thc 7-deoxyaglycone 
formcd from long lived rcactivc intcrmediates, 

othcr than the semi-quinone, which can diffuse 
through thc cc11 and alkylatc DNA [ 141. Thcsc 
intermediates may bc involved with anthracyclincs 
which do not intercalate with DNA but which, 
nevcrthcless, inducc DNA strand scission and 
DNA/protein interactions [ 151. Two electron re- 
duction of ADR produces a hydroquinone in- 
tcrmediatr that on ionisation can eliminate 
daunosamine to leavr a C-7 carbocation aglyconc 
which dut to full resonance with a quinonc 

methidc aglyconc is sufficiently long lived to fulfil 
thc criteria of an active alkylating agent [ 161 (Fig. 
la). Thc 7-dcoxyaglyconc is derived from quinonc 
mcthidr by intramolccular proton transposition 

[161. 
7-Deoxyaglycone metabolites of ADR have been 

identified in the urine of cancer patients providing 
somc cvidcnce that formation of these reactivc 
intermediates may also occur in man [ 171. WC 
have rccently identificd 7-deoxyaglycones in thc 
serum of patients [ 181 and in this report we have 
attcmpted to study thc pattern of their tissue 
disposition, in uiuo, in tumour-bearing animals. The 
mouse was choscn as the model becausc its tissuc 
anacrobic glycosidase activities were shown to bc 
almost identical to man in z&o [4]. 

MATERIALS AND METHODS 

Chemicals and rejkence compounds 
NI solvents used for HPLC and al1 methanol, 

chloroform and propan-2-01 used were of HPLC 
reagent grade (Fisons Scientific Apparatus, Lough- 
borough, U.K.). Water was de-ioniscd and double 
distilled in a quartz glass still. Pure Adriamycin- 

HCI and adriamycinol-HCl were a gift from Dr. S. 
Pcnco (Farmitalia, Milan, Italy) and daunorubi- 
cin-HCI (DNR) was from May and Bakcr Ltd. 
(Dagcnham, U.K.). Four different aglyconc 

mctabolitcs wcrc used as rcferencc compounds for 
thc HPLC assay. Adriamycin aglyconc and 
Adriamycin 7-droxyaglycone wcrc from Dr. Pcnco 
and were also synthcsised. ADR-ONE and AOL- 
ONE wcrc synthcsised by mild acid hydrolysis 
with O.lM HCl at 55’C for 1 hr [ 191 and ADR- 
DONE and AOL-DONE were synthcsiscd by 
catalytic hydrogenation using a palladium catalyst 

[18]. Purity of al1 thc synthesised aglyconc stan- 
dards has already been reportcd [ 181. 

Animals 
Al1 thc animals used were from an inbred colony 

of AKR mice. The ROS tumour was kindly sup- 
plicd by Dr. F.M. Schabcl Jr. (Southcrn Rcscarch 
Institutc, Alabama, U.S.A.). It was maintaincd in 
thc Oncology Dcpartmcnt by scrial sub-cutancous 

passage of 100 mg tumour fragmcnts through 
female AKR mice. Tumour weight was cstimatcd 

by calipcr mcasuremcnts and micc bearing 
tumours of 1 .O-1.5 g were used in al1 the expcri- 
ments. The sensitivity of the ROS to ADR has 
been reported elsewhere [20]. Animals wcrc 
housed in plastic cages in conditions of hcating, 
lighting and feeding which were kcpt constant 
throughout. 

Sampling 
Micc were killed with an overdose of ether at 5 

min, 10 min, 20 min, 30 min, 45 min, 60 min, 90 
min, 2 hr, 4 hr, 6 hr, 8 hr and 24 hr aftcr i.v. 
administration of lOmg/kg Adriamycin-HCI. Drug 
was delivered to animals anaesthetised with 

halothane via a tail vcin. Preliminary studies 
showed that the initial period of anaesthesia did 

not alter metabolite profiles in liver, heart, kidney 
or tumour. At each time an aliquot of blood (0.8 ml 
approx.) was removed from thc vena cava with a 

syringc and hypodermic needle; the wholr liver, 
heart and tumour were collected and washcd with 
buffered sterile 0.9% NaCl (pH 7.4) bcforc bcing 

immediately frozen to -60°C with solid COU. 

Blood was allowed to clot then serum was sepa- 
rated by centrifugation and stored at -20°C. Tis- 
sue was also stored at -20°C. Prior to extraction 
hcart was chopped into smal1 pieces and washrd 
again in 0.9% NaCl to further removc blood. 
Neither blood nor tissues from individual animals 
were pooled. Four animals were killed at cach timc 
for four separate determinations of drug and 
metabolite concentrations. 

High performance liquid chromatogruphy 
Thc HPLC method used in this work has 

already been described in detail [ 181. Although 
thc method was originally developcd to analyse 
human serum, retention timcs (tH) and column 
capacity factors (k’) of ADR and metabolites cx- 
tractcd from untrcated tissuc homogcnatcs wcrc 
identical to tH and k’ of standard rcfcrence com- 
pounds. Without loss of rcsolution tR could be 
modificd by changing thc proportions of thc consti- 
tuents of the mobile phase. 

Serum exlraction 
Rapid extraction from serum was pcrformcd as 

prcviously dcscribed [ 181. Esscntially, thc mcthod 
was thc samc as tissue extraction method 1 (sec 

below). 

Tissue extraction: method 1, direct extraction 
Prior to extraction sera and tissues were allowcd 

to thaw at room tempcraturc. Onc to two grams of 
liver, hcart and tumour were suspendcd in 3 vol of 
buffcred 0.9% NaC and fincly minced with an 
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Ultra Turrex electrically drivcn rotating cutting 
blade for 30 sec. A homogenatc was produccd with 
five up and down strokes with a Pottcr Elvehjem 
homogeniser. Light microscopy confirmed that 
cells were disrupted by this procedure. To 1 ml of 
homogenate was added DNR as an intcrnal stan- 
dard. Drug and metabolitcs were extracted by 
adding 5 vol of chloroform/propan-2-01 (2 : 1) and 
vortexing for 30 min in a Buchlcr vortex evaporator 
(supplied by Gallenkcmp, East Kilbride, U.K.). 
Centrifugation at 1000 gfor 15 min separated three 
phases: an upper aqueous phase, a middle tissue 
pellet and a lower organic phase. The upper 
aqueous phase was discarded by aspiration and thc 
lower organic phase was decanted over the tissue 
pellet and transferred to a clean test tube to be 
evaporated to dryness in the vortex evaporator at 
40°C and 25mm Hg of vacuum. The dry extracts 
were reconstituted in a smal1 volume of methanol 
and were ready for HPLC separation. 

Tissue extraction: method 2, pretreatment of tissue 
homogenates with silver ions 

Mcthod 2 was modified from the extraction 
method of Schwartz [ 2 11. Tissue was homogenised 
as in the previous extraction method and DNR was 
again the internal standard. One ml of tissue 
homogenate was treated with 33% (w/v) silver 
nitrate (0.2 ml per ml homogenate) for 10 min at 
4°C in the vortex evaporator with vigorous shak- 
ing. The vigorous shaking was important for a 
good recovery. Immediately, 5 vol. of chloroform/ 
propan-2-01 (2 : 1) was added to the homogenatc 
mixture and ADR and its metabolites were ex- 
tracted by vortexing for a further 30 min. Threc 
phases were separated by centrifugation at 1000 g 
for 15 min. The upper aqueous phase was dis- 
carded by aspiration, the lower organic phase was 
decanted over the middle tissue pellet into a clean 
test tube and evaporated to dryness in thc vortex 
evaporator as before. Thc samples were then ready 
for HPLC. 

Mathematica1 analysis 
The area under the curve (AUCe_j4t,r) was 

calculated by the trapezoidal rule. Pharmacokine- 
tic parameters were calculatcd from an extendcd 
least squarcs computer fit to the cxperimentally 
determined serum concentrations of ADR. 

Mass spectrometry 
A mass spectrum of mcthanolic solutions of 

AOL-DONE isolatcd from livcr, hcart and serum 
extracts during HPLC using a Gilson Microcol 
TDC 80 fraction collector (Gilson, Villicrs-lc-Bel, 
France) was obtaincd by direct probc injcction 
mass spcctrometry using a Kratos MS 902s mass 
spectrometer and a DS 55C data system (Kratos 
Analytical Instruments, Urminston, U.K.) set at 

500 FA and 70 ev. Source temperature was set at 
220°C. 

RESULTS 
In control experiments liver, heart and ROS 

tumour homogenatcs were spiked with 20 ng or 2 
pg of ADR, AOL, AOL-DONE and ADR-DONE 
and extracted using thc two methods described. 
Recoveries ranged from 68 to 9 1 %, were indepcn- 
dent of the concentration and the four compounds 
were extracted with similar efficiency. Also, there 
were no statistically significant differences in recov- 
ery when the two methods were compared. Both 
methods did not extract endogenous compounds 
which interfered with the idcntification of ADR 
and its metabolites by HPLC. Method 1 cxtracted 
only one endogenous fluorescent peak (peak 1, see 
Fig. 3) and it always eluted before ADR and its 
metabolites, close to the solvent front. Method 2 
did not extract this peak or any othcr fluorescent 
endogenous peak (not shown). 

Metabolite identification by high performance liquid 
chromatography 

Serum and tissue metabolites were identified by 
comparing their k’ values with k’ values of chemi- 
cally pure reference metabolites of ADR. Figure 2 
shows a chromatographic scparation of ADR and 
al1 the reference metabolites used in this work and 

TIME ( mln8 1 
Fig. 2. Separation of reference standards of Adriaqcin end its 
metabolites b_v HPLC. Peaks ore iden@ed as: 1, AOI.; 2, AOLON& 
3, ADR; 4, ADR-ONE; 5, AOLDONE; 6, DNR; 7, ADR-L)ONE 
and 8, DNR ag(vcone. Chromatographic conditions were: stationaq 
phase, CL-Bondapok Cl8 (rolumn dimensions 25 cm x 4.6 mm 1.11.); 
mobile phaJe, 5mM (/inal concentration) phosphoric arid, 62.5% in 
methanol: acetonitrile: propan-2-01 (12.5%: 12.5%: 12..5%), pH 3.2 
andjlom rate 2.5 mlimin. (Reproduced b_v kind permission of ElseselGer 

Scientibc Pubiishing Companv. Amsterdam from [ 181.) 
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in a series of chromatograms Fig. 3 shows the 
metabolite species which were cxtracted and scpa- 
ratcd from various tissues, thc ROS tumour and 
serum of AKR micc. In cach chromatogram of Fig. 
3 chromatographic conditions were optimised to 
best resolve al1 thc species detected and arc de- 
scribed in the legend to Fig. 3. In the liver fivc 
metabolites were dctected, three co-eluted with thc 
reference metabolites of AOL, AOL-DONE and 
ADR-DONE and the other two remain uniden- 
tified. The first of the unidentified metabolites 
eluted near ADR (k’ = 6, Fig. 3) and is believed to 
be an intact glycoside, the second eluted close to 
ADR-DONE (k’ = 20) and is believed to be an 
aglyconc. Al1 the peaks separated from al1 othcr 
tissues, the ROS tumour and serum co- 
chromatographed with reference metabolites: in 
the kidney these were, AOL, AOL-DONE and 
ADR-DONE; in the heart, AOL-DONE and 
ADR-DONE; in the ROS tumour, AOL-DONE 
and in serum, AOL and AOL-DONE (Fig. 3). 

IdentiJication of the 7-deoxyaglycone metabolites 
The chromatographic peaks corresponding to 

AOL-DONE and ADR-DONE were collected 

HEART 

during several HPLC analyses of livcr, heart and 
serum extracts and concentratcd. Both compounds 
were re-chromatographcd using TLC and three 
different ascending solvent systems (techniqucs 
described in [18]). The isolatcd mctabolitcs chro- 
matographed as single spots implying purity cvcn 
though they were collected from different tissues 
and serum, with RJ (retardation factors) valucs 
identical to the referencc compounds of AOL- 
DONE and ADR-DONE. Direct probe mass spcc- 
trometry of isolated AOL-DONE confirmcd the 
identity of the metabolite. Its spectrum showed 
that the most abundant ion (100%) was thr parent 
ml<, mass 400 corresponding to thc molccular 
weight of AOL-DONE. The most abundant frag- 
ment (96%) was ml< 339 which corresponds to a 
recognisable fragment of AOL-DONE (M- 
CHOH and CHPOH). 

Comparative tissue contents of Adriamycin and metabolites 
A total tissue content was calculated by integrat- 

ing the area under concentration/timc profilcs from 
0 time to 24 hr (AUC). Results for ADR, AOL, 
AOL-DONE and ADR-DONE in livcr, heart, 
tumour and serum are in Tablc 1. In thc livcr 

RETENTION TIME. MINS 

LIVER 

Fig. 3. Ident{jication ofAdriam_vcin and its metabolites in AKR mire bearing a S.C. ROS tumour ofter adminittrntion qf 10 mgikg I.?‘. 
Lach chromatogram represents a sample taken 20 min after drug administration. I’eakr are ident$ed os: 1, endogenous: 2. .J OI.: 3, rtDR: 
4, AOL-DONE; 5, DNR (internal standard) and 6, ADR-DONE. In the liuer tu’o peaks did not elute against know .rtnndord~ and 
were ascribed names according to their column capaci!v factors (k’). Chromatographic conditions were: .rtationqa phose n.c in I.‘i,.que 2: 
mobile phase, 5mM (Jinal concentration) phosphoric acid. 62.5% in methanol:acetoonitrile:propan-2-01. 18%: 18%: 1.5% ,jor liz,er. 

12.5%:12.5%:12.5% for kidnq, 16.5%:16.5%:4.5% for heart. ROS tumour nnd rerum. pH 3.2 andflou, rate 2..ï mllmin. 
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Table 1. Comparative total tissue concentrations of Adriamycin (ADR), adriamycinol 
(AOL), adriamycinol ‘I-deoxyaglycone (AOL-DONE) and Adriamycin 7-deoxyagbcone 
(ADR-DONE) expressed as the AUC sp+hr of their serum and tissue concentration/time 

projïles 

*ADR AOL AOL-DONE ADR-DONE 
t1 t2 1 2 1 2 1 2 

Liver 21.9 30.9 1.8 7.6 10.3 13.7 5.3 5.2 
Heart 36.5 38.4 0.0 0.0 1.1 1.3 0.6 0.7 
Tumour 1.6 ll.4 0.0 0.0 0.1 0.1 0.0 0.0 
Serum 2.3 - 0.04 1.4 - 0.0 - 

* Tissue AUC, pg/g tissue X hr, serum AUC, kg/ml serum X hr. 
t Results obtained using dinerent tissue extraction techniques: 
1, extraction method 1 (direct extraction of homogenates with chloroform/propan-2-61 
(2:l)); 2, extraction method 2 (pretreatment of homogenates with 33% (wiv) silver nitrate 
before extraction with organic solvent, sec Materials and Methods). 

where additional unidentified metabolites of ADR 
were detected k’6 was quantitated assuming molar 
fluorcscence equal to ADR and k’20 assuming 
molar fluorescente equal to ADR-DONE. Their 
AUCs were 0.4 (k’6) andl.3 (k’20) p.g/g X hr, 
which accounted for 3% of the total AUC of al1 thc 
ADR species detected in the liver. 

Total concentration of the drug and its metabo- 
lites extracted by method 2 was always slightly 
higher than by method 1 with two apparent excep- 
tions: AOL in the liver and the parent drug in thc 
ROS tumour (Table 1). Here, method 2 recovered 
several times more than method 1. Total content of 
ADR and metabolites identified in the liver was 
59.1 pg/g X hr of which 52% was ADR, 23% 
AOL-DONE, 12% AOL and 9% ADR-DONE; 
in the heart 40.4 pg/g X hr of which 95% was 
ADR, 3% AOL-DONE and 2% ADR-DONE 
and in the ROS tumour ll.5 p,g/g X hr of 
which 99% was ADR and 1% AOL-DONE 
(Table 1). 

Kinetic projïles of Adriamycin and its metabolites in serum, 
liver, heart and ROS tumour of AKR mice after 10 mg/kg 
i.v. 

The serum (Fig. 4), liver (Fig. 5) and heart (Fig. 
6) profiles refer to the results obtained with tissuc 
cxtraction method 2. The results obtained with 
tissue extraction method 1 were similar, although 
thc lcvels were always slightly lowcr, and yielded 
identical half lives. Only with thc ROS tumour did 
the profilcs differ significantly when the two diffc- 
rent extraction mcthods wcrc used and both arc 
shown in Fig. 7. Each point in Figs. 4-7 rcprcscnts 
the mcan valuc of four separate detcrminations. 
Cocfficients of variation in al1 thc mean valucs 
rangcd from 6 to 21%. 

Adriamycin 
Thc serum decay profile of ADR (Fig. 4) was 

best fitted by the tri-cxponcntial cxprcssion: serum 
concentration (c) = 164~-~‘.~’ + 0.83~~‘.‘“’ + 

I 1 I 1 I I 
u1 2 3 4 5 6 7 8 

, 
%4 

Time ( hr ) 

Fig. 4. Concentration/time projíles of Adriamycin and its metabolites in 
the serum of AKR mice hearing a S.C. ROS tumour after administration of 
10 mg/kg i.o. W-m, ADR; 0----0, AOL-DONE and 13-0, 
AOL. Each point represents the mean offour separate determinations urith 

coef,cients of uariation runging from 6 to 21%. 

0. 1 2c-0.038/, whcrc the constants 164,0.83 and 0.12 
are in pg units. Thc.14 (Y was 1.3 min, indicating 
rapid initial distribution: ti p, imagined as reprc- 
scnting distribution into a lcss wel1 pcrfuscd body 
compartmcnt and or a mctabolic process was 18.2 
min and the t+ y, thc half lift of thc drug was 18.2 
hr. 

Rapid cquilibration of ADR with both thc livcr 
(Fig. 5) and thc hcart (Fig. 6) was achicvcd only 10 
min after drug administration. Equilibration of 
ADR with thc ROS tumour was biphasic (Fig. 7). 
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10 

i 

Fig. 5. Concentration/time profiles of Adriamycin and its metabolites in 
thc liver of AKR mice hearing a S.C. ROS tumour after administration of 
10 mg/kg i.o. Lm, ADR; 0----0, AOL-DON& u, 
ADR-DONE and Cl---Cl, AOL. Each points represents the mean of 
four separate deteninations with coefJicients of variation ranging from 6 

to 21%. 

Time ( hr ) 

Fig. 6. Concentratioru’time projïies of Adriamycin and its metabolites in 
the hwrt of AKR mice hearing a S.C. ROS tumour after administration of 
10 mg/kg i.u. W--W, ADR; 0----0, AOL-DONEand U, 
ADR-DONE. Each point represents the mean offour separate determina- 

tions with coeJJicients of uariation ranging from 6 to 2 1%. 

I 

1 2 3 4 5 6 7 8 24 

TIME (hr) 

Fig. 7. Concentratiodtime projle of Adriamvcin in the S.C. ROS tumour 
after administration of 10 mglkg i.v. ??-m, Results obtained using 
tissue extraction method 2 (sec Materials and Methods). ??- - -0, 
Re.tults obtained using tissue extraction method 1, Each point represents 
the mean of four separate determinations with roefjcients qf uariation 

rangiqfrom 6 to 21%. 

According to method 1 thc fìrst phasc reachcd 
equilibration with serum aftcr 20 min and thc 
sccond phase reached equilibration aftcr 90 min. 
According to method 2 the first phasc reachcd 
equilibration with serum after only 10 min and thc 
second phase reachcd equilibration with serum 
after 90 min. From the linear terminal phase of 
ADR tissue profiles a half lift was calculatcd by 
non-linear regression data fitting. The half lift in 
thc livcr was estimated to bc 13 hr, in the hcart 9 hr 
and in thc ROS tumour 7 hr according to cxtrac- 
tion mcthod 1 and 30 hr according to cxtraction 
mcthod 2. 

Adriamycinol 
AOL was dctectcd in serum for only 20 min 

during which time its conccntration declincd simi- 
larly to thc (Y phase of ADR’s serum profilc and 
with an apparent half lift cquivalcnt to 2 min (Fig. 
4). In thc liver it rcachcd a maximum concentra- 
tion of 480 ng/g tissuc by 45 min aftcr which timc 
its leve1 rcmaincd virtually constant (Fig. 5) with a 
half lift grcatcr than 50 hr. 

Adriam_ycin 7-deoxyaglycone 
The profilcs of ADR-DONE in the livcr and 

heart showcd a stecp rise in conccntration to carly 
peak lcvels coinciding with parent drug cquilibra- 
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tion in thc livcr (Fig. 5) and shortly after parcnt 
drug equilibration in thc heart (Fig. 6). Calculated 
from thc terminal phasc of the tissuc profilcs (Figs. 
5 and 6) the half lift of ADR-DONE was cstimated 
to be 1.1 hr in the liver and 2.8 hr in thc heart. 

Adriamycinol 7-deoxyaglycone 
Thc tissue profiles of AOL-DONE were also 

charactcrised by an initial steep rise in conccntra- 
tion, always following close aftcr the appearancc of 
ADR-DONE but achieving greater maximum 
levels (Figs. 5 and 6). Estimated half lives were 5.4 
hr in the liver, 5.1 hr in the heart and 4.1 hr in 
serum. The serum profile of AOL-DONE was 
similar to its tissue profiles and between 20 min 
and 8 hr its serum concentrations were grcater 
than the serum concentrations of ADR (Fig. 4). A 
secondary peak concentration of AOL-DONE was 
observed in the liver profile at 4 hr (Fig. 5). 

DISCUSSION 
Cytofluorescence microscopy and sub-cellular 

fractionation studies have shown that ADR almost 
entirely localises in the nucleus of cells [22-241. 
Furthermore, the concentration of ADR found in 
animal tissues after i.v. administration correlated 
with the number of nuclei present in a particular 
tissue on a gram for gram basis [24, 251. It appears 
that the nucleus of the cel1 can both influence the 
intracellular distribution and in vivo tissue distribu- 
tion of the drug. One possible explanation why it 
can is that ADR has a high affinity for binding to 
nucleic acids cither by intercalation with the dou- 
ble helix or through covalent or ionic linkage [26] 
resulting in it becoming physically immobilised 
within the nucleus [27]. Efflux of an ADR analogue 
from cultured human CCRF-CEM cells followed 
first order kinctics with a terminal phase half lift of 
20-74 hr [28] indicating that ADR is probably only 
slowly released from its binding sitcs within thc 
nucleus. The human pharmacokinetics of ADR are 
also characterised by a long terminal phase half lift 
of thc samc order as the slow cfllux of drug 
anthracyclines from cells [29] suggcsting that its 
climination in man may also be govcrned by slow 
release of nuclear bound drug from thc tissues. 

In AKR micc we have shown that thc climina- 
tion phasc calculated from serum kinctics (t+ 18.2 
hr) reflects relativcly long retention of the drug in 
the tissues: for example liver 11 13 hr; heart ~4 9 hr 
and thc ROS tumour tt 30 hr. Thc valuc of thc half 
life for the tumour is sten to represent cither a 
greater degree or higher affinity of intracellular 
binding. This conclusion may also bc implicd from 
the results obtained using two diffcrcnt tissuc 
extraction techniques. Extraction method 1 is a 
non-destructive technique which extracts ADR 
and its metabolites from homogenatcs directly with 

an excess of an organic solvent mixturc. Extraction 
method 2 diffcrs from 1 in that homogenatcs arc 
pretreated with silver ions bcfore organic solvent 
extraction. Silver nitrate precipitates protcins but 
also interacts with nucleotides releasing ADR (and 
presumably its metabolites) which are intercalatcd 
with thc double helix of DNA and RNA [21]. 
Non-destructive, direct tissue extraction techni- 
ques like method 1 recovered only a fraction of 
DNR present in rat liver tissue slices and have been 
criticised due to their inability to release bound 
anthracyclines [30-321. We uscd such a method to 
estimate what we believe is a freely extractable 
fraction of ADR and metabolites in tissues and 
pretreatment with silver ions to release drug re- 
versibly complexed with cellular macromolecules, 
especially nucleic acids. Thus, an increase in recov- 
ery due to method 2 should indicate drug being 
released from intracellular binding sites. Prctreat- 
ment of homogenates with silver ions increased the 
yield of ADR from the ROS tumour by 7-fold 
compared to direct extraction whilst only impro- 
ving yield from the liver by 40% and not improving 
yield from the heart. Also, ADR extracted from the 
tumour by method 2 had a half lift 4 times longer 
than ADR extracted by method 1. Both these 
results, the increased yield and longer half lift, we 
interpret to reflect the greater binding of ADR in 
the ROS tumour. 

Kinetic profiles of the C-13 carbonyl reduced 
glycosidic mctabolite AOL are also consistent with 
a high affinity/slow release binding mechanism. 
These data include: rapid disappearance from 
serum; prolonged retention in thc liver with a half 
lift of greater than 50 hr and 4-fold increase in yield 
from liver after silver prctreatment. 

Schwartz [33] has proposed that the aglycone 
metabolites of ADR may also bc retained in thc 
tissues, trapped in lipid membrancs, not becausc of 
high affinity binding but due to thcir relatively 
greater lipophilicity than thc parcnt glycosides. 
The tissue profiles of two aglycones ADR-DONE 
and AOL-DONE show that they arc not rctained 
to thc same dcgree as their parent glycosidcs ADR 
and AOL. It has been shown that alterations in thc 
daunosaminc sugar group of anthracyclincs greatly 
reduces their association with DNA (34) highlight- 
ing thc importante of thc sugar moiety for binding. 

Under anaerobic conditions, in vitro, enzymatic 
reductive glycosidic cleavage of ADR to 7- 
deoxyaglycones procecds at high rates of catalysis 
[4]. Howevcr, becausc 7-deoxyaglyconc metabo- 
lites have been rarely dctectcd in substantial con- 
centrations, in thc tissues of a numbcr of animal 
species [35-371, it has been concluded that glycosi- 
dasc activity is not normally exprcsscd in vivo [4]. 
In tumour bearing AKR micc WC have dcmons- 
tratcd evidcncc of significant tissuc glycosidasc 
activity operating in vivo. 
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Formation of 7-dcoxyaglyconc mctabolitcs of 
DNR by anacrobic rat livcr microsomes was shown 
to proceed through a linear sequentia1 pathway 
and obcy first order kinctics: DNR to DNR 7- 
deoxyaglyconc (DNR-DONE), DNR-DONE to 
daunorubicinol 7-deoxyaglyconc [38]. Later, a 
similar pathway was rcportcd for ADR biotrans- 
formation by anaerobic rat liver microsomcs [39]. 
Anaerobic rat liver microsomes convcrted as much 
as 80% of ADR to ADR-DONE within the first 2 
min of incubation [40]. Thcnafter, the concentra- 
tion of ADR-DONE fcll to a rclativcly low leve1 as 
thc concentration of AOL-DONE increased to a 
maximum value by 30 min. The kinctic profiles of 
ADR-DONE and AOL-DONE, although com- 
plcx, are consistent with the above pathway of 
formation occurring in the tissues of tumour bear- 
ing AKR mice in vivo. Livcr and heart conccntra- 
tions of ADR-DONE incrcased almost simul- 
tancously with the influx of ADR into these tissues 
and then fel1 sharply, presumably due to both 
immobilisation of the parent drug by binding and 
utilisation of the aglycone as the substratc for 
AOL-DONE formation. Changes in AOL-DONE 
concentrations always followed shortly after 

changcs in ADR-DONE conccntrations but highcr 
levels of the formcr were always attained. In fact, 
convcrsion of ADR-DONE to AOL-DONE in thc 
tissues may proceed to complction as ADR-DONE 
was not detectcd in serum. In thc ROS tumour, 
wherc only AOL-DONE was dctectcd, we belicvc 
that thc aglycone could not have been produced 
locally but was probably deposited thcrc by thc 
circulation. Our own in vitro studies (unpublished 
observations) support this view. Here anaerobic 

AKR mouse livcr and heart microsomal and 
mitochondrial fractions convcrted ADR to 7- 
deoxyaglycones in the presence of NADPH and 
NADH but microsomal and mitochondrial fractions 
prepared from the ROS tumour did not. 

In conclusion: 7-deoxyaglyconcs arc important 
metabolites of ADR becausc they are thc end 
products of biotransformations that imrolvc rcac- 
tive intcrmediates which can participatc in both 
the anticancer action and toxicity of thc drug. WC 
have demonstrated evidente that 7-dcoxyaglycones 
are formed in animal tissues in vivo and describcd 
their kinctics. Finally, thc AKR mouse would 
appear to be a good model to further study factors 
which affect 7-deoxyaglycone production in tissues. 
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