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Abstract-Eleven of 24 female Sprague-Dawlv rats given a single i.v. injection of daunorubicin 

(10 mg/kg) developed mammary tumors within 8 months after the injection. Four of 12 rats given 
an intramammary injection of daunorubicin (4 or 8 p.g) developed Jive mammary tumors in the 

injected area within 6.5 months of injection. Tissue distribution studies using tritiated daunorubicin 

revealed that the liver, kidney, lung, heart, and intestine had higher daunorubicin concentrations 
than mammary tissue during theJirst 24 h after i.v. injection. However, depletion of the drug from 

the internal organs was more rapid than from mammary tissue. Differences in ability to metaboliee 
daunorubicin were compared in homogenates of isolated mammary epithelial cells and hepatocytes 

b high-performance liquid chromatography: after 90 min, hepatotytes metabolized about JO% of 
daunorubicin, whereas mammary epithelial cells did not metabolize the drug. Tritiated daunorubicin 

injected directly into rat mammary gland showed no metabolism in 24 h, and the drug did not get 
into the circulation. These results suggest that retention of daunorubicin because of the inabilia of 

mammary tissue to metabolize the drug is a cause of drug-induced mammary tumors in female 
Sprague-Dawley rats. 

INTRODUCTION 
NUMEROUS antineoplastic agents are carcinogens, 
and second malignancies in cancer patients treated 
with single or multiple drugs have been documented 
[ 11. These drugs include doxorubicin, daunoru- 
bicin, actinomycin D, cyclophosphamide nitrosou- 
rea, procarbazine, and mitomycin C. The anthra- 
cycline antibiotics daunorubicin and doxorubicin 
(14-hydroxydaunorubicin) have been used exten- 
sively since 1970 for the treatment of human can- 
cers. The major toxicities of the anthracycline anti- 
biotics are cardiotoxicity and carcinogenicity. 
Sieber et al. [2] reported that one of 10 healthy 
monkeys studied died of acute myeloblastic leuke- 
mia after treatment with doxorubicin at a cumulat- 
ive dose of 324 mg/m’. The induction time for 
cancer development was 29 months. Bertazzoli et 
al. [3] reported a high incidence ofmammary tumors 
in a small group of Sprague-Dawley (SD) rats 
treated with single doses of doxorubicin. It was 
later confirmed by us and others [4-8] that tumor 
induction by anthracyclines in rats is common in 
the mammary gland. 

We have investigated the metabolism ofdaunoru- 
bicin in vitro and in uiuo and offer the results of 
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our metabolic studies as an explanation of the 
apparently selective tumorigenesis in mammary 
tissue by daunorubicin. To substantiate the carcino- 
genic capability of the drug, direct intramammary 
injection of daunorubicin was performed. 

MATERIALS AND METHODS 

Experimental animals 

Seven- to eight-week-old female noninbred SD 
rats were used throughout the study. The animals 
were barrier-reared and were purchased from a 
local vendor (Timco, Houston, Texas, U.S.A.). 
Daunorubicin at a dose of 10 mg/kg (60 mg/m2) 
was injected through a butterfly infusion set into 
the tail veins of 32 rats, and the vein injection was 
assured by return blood flow. Residual daunoru- 
bicin was flushed from the infusion set into the vein 
with an additional 0.5 ml of physiological saline. 
The 24 rats that did not die of acute renal toxicity 
were killed 244 days after i.v. injection of the 
drug. Sixteen rats injected with 1 .O ml physiological 
saline were also observed for 244 days as controls. 

Further, 12 rats were divided into two groups 
based on site of injection (Fig. 1). Daunorubicin 
was injected S.C. into these rats in the region of 
thoracic (2L, 2R) and abdominal (5L, 5R) mam- 
mary glands [9] at a concentration of 0, 2, 4, 
or 8 pg in 100 p,l of saline. These animals were 
observed for 6.5 months to study mammary carcino- 
genesis. At necropsy, samples ofpalpable mammary 
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Fig. 1. Localized injection of daunorubicin into mammary tissue infemale 
Sprague-Dawlty rats. There are six pairs of mammary glands in each 
rat, conventionally numbered 14 f ram the cervical region to the inguinal 
region. Daunorubicin was injected into the second andJiJih pairs of both 
right and left glands (2R, 2L, 5R, and 5L). The sites of injection were 
divided into these two groups to avoid the possibility that the cervical and 
thoracic regioru were more sensitive to daunorubicin than the inguinal 

region [26]. 

tumors and major organs, including the lungs, liver, 
kidneys, spleen, and lymph nodes from rats given 
i.v. or S.C. injections ofdaunorubicin, were removed 
and placed in neutral phosphate-buffered 10% for- 
malin. The tissues were processed for light 
microscopy by standard methods. Paraffin-embed- 
ded tissues were sectioned at 3-6 pm and stained 
with hematoxylin and eosin. The mammary tumors 
were classified according to published criteria [9]. 
In addition, four rats divided similarly into two 
groups were injected S.C. with [3H]daunorubicin at 
the same concentrations. These four rats were killed 
24 h after drug injection for studies of drug distri- 
bution. 

Metabolism and distribution of daunorubicin 
[3H]Daunorubicin, ( [3H] (G)daunorubicin, 1.5 

Ci/mmol, New England Nuclear, Boston, MA, 
U.S.A.), purified by high-performance liquid chro- 
matography, was given iv. to investigate the metab- 
olism of the drug in vivo. Fifteen animals, three at 
each time point, were killed 0.5, 1, 4, 12 and 
24 h after the injection of daunorubicin (10 mg/kg, 
10 l&i). Tissues were collected and homogenized 
prior to quantitation of the radioactivity. The analy- 
sis of [3H]daunorubicin distribution was obtained 
by oxidation of approximately 0.25 g of each tissue 
sample with a Packard Tri-Carb tissue oxidizer 
(Packard Instrument, Downers Grove, IL, U.S.A.). 
Scintillation counting was accomplished with a 
Beckman LS 7500 scintillation counter (Beckman 
Instruments, Irvine, CA, U.S.A.) equipped with a 
quench-corrected counting program. 

The radioactive drug was used to determine 
the location and the concentration-radioactivity 

relationship after S.C. injection of the drug in the 
four rats, as described above. For mammary tissues, 
the radioactivity was counted in tissues harvested 
in the immediate injected areas (averaging 0.2 g 
wet tissue) and the surrounding areas (averaging 
0.5 g wet tissue). One gram of liver tissue and 
l-2 ml of serum were obtained 24 h after drug 
injection. The tissues were homogenized prior to 
the quantitation of radioactivity. 

The in vitro metabolism of daunorubicin was 
compared with the homogenate of isolated mam- 
mary epithelial cells and hepatocytes or perfused 
rat liver. Rat hepatocytes were obtained from virgin 
female rats as described elsewhere [lo], and 
2 X lo* viable cells were routinely isolated from 
10 g of liver from each animal. Mammary epithelial 
cells were isolated from virgin female SD rats using 
a modification of the procedures of Moon et al. [ 1 l] 
and Wiepjes and Prop [ 121 as described previously 
[ 131. The purity of the mammary epithelial cells 
was estimated to be 80%. Approximately 1 X 10s 
cells could be obtained from 5 g of the mammary 
fat. Usually, 90-94% of these cells were alive by 
trypan blue exclusion for over a 24-h period in 
Hank’s balanced salt solution. The protein concen- 
tration in cell homogenates was determined by using 
the Bio-Rad (Richmond, CA, U.S.A.) protein assay 
based on increased visible light absorption at 
595 nm of protein-bound dye. 

Quantitation of daunorubicin and metabolites 
High-performance liquid chromatographic (HPLC) 

quantitation of daunorubicin and metabolites was 
a modification of previously published procedures 
[ 14, 151. Gradient elution and detection were ach- 
ieved with two Constrametric pumps, a gradient 
master programmer, and Spectromonitor III ultra- 
violet monitor (Laboratory Data Control, Riviera 
Beach, FL, U.S.A.) and mini-lab integrator (Colum- 
bia Scientific Industries, Austin, TX, U.S.A.). The 
separations were achieved using a Whatman Partisil 
10 pm octadecylsilane (ODS) 250 X 4.5 mm col- 
umn (Whatman, Clifton, NJ, U.S.A.) equipped with 
nine pellicular ODS precolumns. The initial eluant 
was 26% acetonitrile (Burdick and Jackson Labs, 
Muskegon, MI, U.S.A.), 74% 0.01 M phosphoric 
acid, pH 3.5, increasing over 22 min at 2.0 ml/min 
to 38% acetonitrile and 62% 0.01 M phosphoric 
acid. Peaks were monitored at 254 nm and 
0.1 AUFS. 

Standards for daunorubicin and its metabolites 
were generously supplied by Dr. John A. Benvenuto 
of the Department of Medical Oncology at this 
institute. The capacity factors (K’) ofdaunorubicin, 
daunorubicinol, daunorubicin aglycone, 7-deox- 
ydaunorubicinol aglycone, and 7-deoxydaunoru- 
bicin aglycone were 8.1, 10, 12, 13, and 16, respect- 
ively, in this system. 
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Table 1. Mammary tumors in female Sprague-Dawly ratsgiven intravenous daunorubicin* 

No. NO. No. No. Mean Rats with 

rats 
injected 

32 

rats with of induction severe 
surviving tumors tumors Adenocarcinoma Fibroadenoma time (days) glomerulonephrosis 

24 11 (46%)t 13 11 (85%): 2 (15%) 122 16 (67%)9 

*A single daunorubicin injection of 10 mg/kg. In addition, 16 rats were injected with 1 .O ml of saline and observed for 244 days. None 
had any tumor. Eight out of 32 rats died of kidney failure. 
tpercentage ofsurviving animals with tumors. 
ZPercentage of number of this classification. 
$Percentage of surviving animals with this condition. 

RESULTS 

Mammary tumor induction by i.v. or intramammary injection 
of daunorubicin 

Eight of 32 rats given i.v. daunorubicin (10 mg/ 
kg) died with drug-induced kidney toxicity the first 
8 weeks after receiving the drug. None of these had 
mammary tumors. The remaining 24 animals were 
killed at 244 days after injection, and mammary 
tumors were present in 11 of 24 (Table 1). Among 
these 24 animals, one had multiple tumors-two 
adenocarcinomas and one fibroadenoma. Tumor 
induction time ranged from 56 to 224 days. In 
two animals with mammary adenocarcinomas, the 
tumors invaded subjacent muscle; however, no 
metastatic disease was found in any animal. There 
were four animals with marked lymphoid hyper- 
plasia in their lymph nodes and spleens. Sixteen 
(67%) of the surviving animals had severe glomeru- 
lonephritis. In the 16 animals receiving intravenous 
physiological saline only, no tumors developed 
throughout the experimental period. 

Table 2 illustrates the incidence of mammary 
tumors in the 12 rats that received intramammary 
daunorubicin. Five tumors developed in four of the 
12 rats. The animal with two tumors had one at 
the site of 4 Kg injection and the other where 8 Fg 
was given. The five tumors observed were three 
adenocarcinomas (one with 4 pg and two with 
8 kg) and two fibroadenomas (both with 8 pg). 
One adenocarcinoma, after the injection of 8 p,g 
daunorubicin, was in the thoracic area (2R), and 
the four others were in the abdominal regions (one 

Table 2. Mammary tumors in ratsgiven intramammary daunoru- 
bicin 

Daunorubicin (kg) 

Dose (kg) 

No tumors/No. animals 

0 0112 
2 o/12 
4 l/12 
8 4112 

at 5R and three at 5L). The incidence of tumor 
induction correlated well with the drug dosage. 
There was a significant difference by 2 X 2 contin- 
gency table analysis [16] in the incidence of tumor 
induction between the drug dosage of 0 or 2 pg 
compared with 8 pg (P < 0.005). There was no 
statistical difference between 4 and 8 kg or between 
0 or 2 pg when compared with 4 pg. 

Daunorubicin distribution and metabolism after i.v. and 
intramammary injection 

Tissue levels of [3H]daunorubicin were deter- 
mined in rats after i.v. injection of 10 mg/kg of the 
drug. Figure 2 presents tissue levels in various 
organs as daunorubicin equivalents oftritium radio- 
activity and expressed as micrograms per gram of 
tissue wet weight. A wide variation in tissue levels 
of daunorubicin was noted. Mammary tissue exhi- 

I 1 
01 4 12 24 

Time.hr. 

Fis. 2. Clearance of tritium radioactiviti in kidney (M), heart (0), 
intestine (A), liver (A) and mammary fat pad (0) after the injection of 
[3H]daunorubicin (10 mg/kg) into o tail vein offemale rats. The pun’& 
of”H daunorubicin rangedfrom 82 to 85% according to HPLC. The peak 

corresponding to daunombicin was collected and lyophilired prior to drug 

injection, and the material thus obtained had a puri@ greater than 99%. 
The points represent the means ofthe determinationsfrom three animals t 

1 S.D. 
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bited the lowest levels of daunorubicin at all times 
sampled after i.v. injection of daunorubicin. Liver, 
along with kidney and lung, exhibited one of the 
highest tissue radioactivity levels, with 14 pg dau- 
norubicin equivalent/g at 30 min after drug injec- 
tion. Tissue depletion of daunorubicin was rapid in 
the liver, while mammary tissue levels varied little 
after 24 h. Less than 40% of radioactivity of 
[3H]daunorubicin was eliminated from the mam- 
mary tissue area, as compared with more than 90% 
from liver 24 h after drug administration. The 
estimated drug elimination rate constant (K,,) in 
liver (0.746 h-l) was 60 times greater than that 
observed in the mammary fat pad (0.012 h-l). The 
estimated areas under the curves based upon an 
open two-compartment model in mammary fat pad 
was 1.5 times greater than that in liver [ 171. 

The nonlinear drug clearance in vivo suggested a 
rapid metabolism of daunorubicin in the liver. The 
linear drug clearance in mammary tissue areas 
indicated insignificant metabolism ofdaunorubicin. 
The extent of metabolism of daunorubicin in vivo 
was analyzed using HPLC. The two major metab- 
olites of the liver were daunorubicinol and 7-deox- 
ydaunorubicinol aglycone. A high quantity of dau- 
norubicinol was detected in the liver 24 h after drug 
administration (Table 3), but no daunorubicin was 
seen at this time. The presence of metabolites was 
confirmed by tritium radioactivity. No metabolic 
products of daunorubicin in mammary tissue could 
be found 1 h after the injection. Because of the low 
levels of drug present, results of drug metabolism at 
4-24 h could not be obtained. 

In an effort to confirm that the drug was not 
metabolized, [3H]daunorubicin was injected into 
the mammary tissues of an additional four rats. 
These four rats were killed 24 h after the injection. 
The mammary tissue areas where [3H]daunoru- 

bicin was injected were scraped off, and the radioac- 
tivity was counted. The radioactivity increased in 
proportion to the increase in the amount of drug 
injected (n = 16 areas, r = 0.6164, P < 0.01) in 
the mammary tissue area. The radioactivity was 
exclusively associated with daunorubicin by HPLC 
(data not shown). Daunorubicin was localized in a 
tissue mass less than 1 g surrounding the mammary 
gland area 24 h after the drug injecion. There was 
no detectable radioactivity in the liver or serum 
24 h after drug injection. 

Metabolism of daunorubicin in isolated hepatocytes and 
mammary cells 

Metabolism of daunorubicin was investigated in 
the homogenates of enzymatically isolated hepato- 
cytes or perfused liver and mammary epithelial 
cells. Figure 3 shows the drug and metabolite clear- 
ance from hepatocyte and mammary epithelial cell 
homogenates incubated with daunorubicin. Metab- 
olism ofdaunorubicin in the hepatocyte homogenate 
was extensive, with only 3 1% of the original dauno- 
rubicin present after 90 min. The major metabolites 
were daunorubicinol, 7-deoxydaunorubicinol agly- 
cone, and 7-deoxydaunorubicin aglycone. The pres- 
ence of metabolites was verified utilizing [3H]dau- 
norubicin in some incubations. The observed drug 
metabolism level was much lower in mammary 
cell homogenates than in liver at equal protein 
concentrations. Ninety-nine per cent of the original 
daunorubicin was still present after 90 min incu- 
bation with mammary cell homogenates. 

DISCUSSION 
The anthracycline antibiotics daunorubicin and 

doxorubicin are mutagens [18], and the metabolism 
of anthracycline antibiotics alters the mutagenicity 
of doxorubicin. The latter is evident in that the 

Table 3. Daunorubicin and metabolites in liver and mammary tissuefollowing an intravenous injection of 10 mglkg 

Tissue 
Time after 

injection 

(h) 

Total all 
compounds* 

(mg) 

Percentage of total daunorubicin and metabolites 

7-Deoxydaunorubicinol Daunorubicin 
Daunorubicin Daunorubicinol aglycone aglycone 

Liver 0.5 18 72 14 11 2 
1 9.1 78 14 6 NQ. 
4 4.0 42 36 8 8 

24 0.4 N.Q. 78 18 N.Q. 

Mammary fat 0.5 0.5 98 0 0 N.Q. 
Dad 1 1.0 98 0 0 N.Q. 

*Expressed as micrograms of daunorubicin equivalents per gram of wet tissue. This quantity was obtained by the summation of the 
quantities of all daunorubicin-related compounds detected by HPLC. The identification of the peak was by co-clution of authentic 
compounds and by tritium radioactivities. 
N.Q., peak area not quantifiable. The peak area was below the reliable limit for quantitation, the <15,000 integrated area units at 0.01 
AUFS. 
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Hepatocytes Mammary Epithelial Cells 

0 20 45 90 0 20 45 

Fig. 3. Daunorubicin and metabolites in mammary epithelial cells 

(n = 2-4) and hepatocytes (n = 2-5) homogenates. Incubation con- 

ditions were: protein, 4.0 mglml; daunorubicin, 8.0 X lo-” M; 
NADPH, 8.3 X lo-+ M; and Tris, 0.05 M in a total of3.0 ml at 

37°C. At each time point, 0.5 ml wa$ taken out for analysis. In two 

experiments, 2 pCi [“Hldaunorubicin (HPLC-@@ied) was added into 

the incubates of hepatoqtes or mammary epithelial cell homogenates. There 

were&peaks containing tritium radioactivib; four of them are listed in the 

Jisures. Thefifth wasfound to be daunorubicin agbcone an autodegradation 

product of daunorubicin. Less than 1% radioactivity accounted for this 
product. 

presence of rat liver microsomal or rat liver postmi- 
tochondrial fractions have reduced the drug’s 
capacity to induce mutagenesis and malignant 
transformation [ 191. Furthermore, inhibitors ofmic- 
rosomal enzyme activity in mouse cells increased the 
drug-induced microbial transformants. Microsomal 
NADPH cytochrome P-450 reductase [20], xan- 
thine oxidase [2 I], and NADH-oxidoreductase 
[22]-all flavin-containing enzymes-catalyze the 
reductive glycoside cleavage of the anthracycline 
antibiotics. The reductive cleavage of the anthracy- 
clines proceeds by a single electron transfer to form 
an anion-free radical intermediate. The free radicals 
may react directly with susceptible molecules such 
as DNA or indirectly generate other toxic free 
radicals, such as O2 or OH. These free radicals may 
play important roles in toxicity. The biochemistry 
of mammary epithelial metabolism is not yet clear. 
However, the quantitation of enzyme activities in 

mammary glands [23] and cells [24] may eventually 
lead to a satisfactory explanation of the inability of 
mammary cells to catabolize daunorubicin. 

Ourresults [13] 1 a so suggested that daunorubicin 
in the dose range of 1.5-10 p,g per 1 X lo6 cells 
induces single-strand DNA breaks in isolated mam- 
mary epithelial cells of female SD rats. The same 
drug dosages were unable to induce similar strand 
breaks in 3.5 X lo5 to lo6 single rat hepatocytes. 
The mechanism of this difference is yet unknown. 
However, it is not due to the difference in cellular 
transport or DNA repair [ 131. 

In the current study, a dose of up to 8 kg dauno- 
rubicin was injected directly into the vicinities of 
nipples in the area of 2R, 2L and 5R, 5L [9]. Three 
considerations were made regarding the selections 
of the dosages: the first was that daunorubicin could 
induce skin lesions in rats [25], the second was that 
0.9 p.g daunorubicinlg of wet tissue was found 
30 min after i.v. drug administration (Table 2), and 
the third was that drug concentration of 1.5 to 
10 kg can induce DNA lesions in isolated mammary 
epithelial cells [ 131. The direct injection procedure 
offers two distinct advantages to help avoid early 
death of the animals from systemic toxicity (Table 
1) and immunosuppression induced by the drug. 
The results obtained by this approach further 
strengthen the data derived from the i.v. injection 
of the drug. From these results and those from 
the investigation of drug metabolism in isolated 
hepatocytes and mammary epithelial cells, it is clear 
that the mammary cells were unable to metabolize 
daunorubicin in vitro and in uivo and that this 
inability to metabolize and eliminate the carcinogen 
daunorubicin is the basis for the drug-induced mam- 
mary tumors in the animal. 
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