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Abstract—Adriamycin causes both glomerular and tubular lesions in kidney, which can be severe enough
to progress to irreversible renal failure. This drug-caused nephrotoxicity may result from the metabolic
reductive activation of Adriamycin to a semiquinone free radical intermediate by oxidoreductive enzymes
such as NADPH-cytochrome P-450 reductase and NADH-dehydrogenase. The drug semiquinone, in
turn, autoxidizes and efficiently generates highly reactive and toxic oxyradicals. We report here that the
reductive activation of Adriamycin markedly enhanced both NADPH- and NADH-dependent kidney
microsomal membrane lipid peroxidation, measured as malonaldehyde by the thiobarbituric acid
method. Adriamycin-enhanced kidney microsomal lipid peroxidation was diminished by the inclusion
of the oxyradical scavengers, superoxide dismutase and 1,3-dimethylurea, and by the chelating agents,
EDTA and diethylenetriamine-pentaacetic acid (DETPAC), implicating an obligatory role for reactive
oxygen species and metal ions in the peroxidation mechanism. Furthermore, the inclusion of exogenous
ferric and ferrous iron salts more than doubled Adriamycin-stimulated peroxidation. Lipid peroxidation
was prevented by the sulfhydryl-reacting agent, p-chloromercuribenzenesulfonic acid, by omitting
NAD(P)H, or by heat-inactivating the kidney microsomes, indicating the requirement for active
pyridine-nucleotide linked enzymes. Several analogs of Adriamycin as well as mitomycin C, drugs which
are capable of oxidation-reduction cycling, greatly increased NADPH-dependent kidney microsomal
peroxidation. Carminomycin and 4-demethoxydaunorubicin were noteworthy in this respect because
they were three to four times as potent as Adriamycin. In isolated kidney mitochondria, Adriamycin
promoted a 12-fold increase in NADH-supported (NADH-dehydrogenase-dependent) peroxidation.
These observations clearly indicate that anthracyclines enhance oxyradical-mediated membrane lipid
peroxidation in vitro, and suggest that peroxidation-caused damage to kidney endoplasmic reticulum
and mitochondrial membranes in vivo could contribute to the development of anthracycline-caused
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nephrotoxicity.

The anthracycline antitumor drug Adriamycin causes
severe nephrotoxicity in a variety of experimental
animals [1-5], and under certain conditions, Adria-
mycin may be nephrotoxic to humans [6]. Adria-
mycin-associated nephrotoxicity includes both glom-
erular and tubular lesions [7], and the resulting drug-
induced chronic glomerulonephritis may progress to
irreversible kidney failure [8]. Although renal tox-
icity in humans is not usually considered to be dose-
limiting to chemotherapy with Adriamycin, life-
threatening nephrotoxicity could result from aggress-
ive Adriamycin treatment in patients with underlying
kidney disease and compromised renal function.
Alternatively, it could become manifested by extend-
ing Adriamycin therapy beyond the cumulative car-
diotoxic dose threshold of 500-600 mg/m? [9)

* These results were presented in part at the Annual
Meeting of the American Society for Pharmacology and
Experimental Therapeutics. August 7-11, 1983, in Phi-
ladelphia. PA.
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through the use of cardioprotective agents such as
N-acetylcysteine [10] or a+tocopherol [11]. Fur-
thermore, other anthracyline antitumor drugs in
addition to Adriamycin appear to cause severe renal
toxicity. For example, carminomycin is a potent
nephrotoxin, causing biochemical and histological
evidence of nephrotoxicity in animals at com-
paratively low doses [12], and mitomycin C, another
quinone-containing anticancer drug, has been
reported to be nephrotoxic to both animals [13, 14]
and humans [15].

The molecular mechanisms by which anthra-
cyclines cause renal damage are unknown; however,
numerous studies support the suggestion that the
host toxicities of anthracyclines may be the conse-
quence of oxidative stress, that is, oxidation and
cross-linking of cellular thiols [16] and membrane
lipid peroxidation [17, 18]. We have reported pre-
viously that Adriamycin enhances the peroxidation
of unsaturated membrane phospholipids in hepatic
microsomal [19], mitochondrial [20] and nuclear sub-
cellular fractions [21], as well as in microsomes from
hearts [22]. Considerable evidence suggests that this
process results from the enzymatic half-reduction of
the Adriamycin quinone to a reactive semiquinone
free radical intermediate by membrane-bound
NADPH-cytochrome P-450 reductase (EC 1.6.2.4)



4328 E. G. MIMNAUGH, M. A,
[23-25] and by mitochondrial NADH-dehydro-
genase (EC 1.6.99.3) [26]. In the presence of oxygen,
the Adriamycin semiquinone radical spontaneously
autoxidizes and participates in an oxidation—
reduction cycle which generates superoxide free rad-
ical [27.28] and secondary reactive oxygen species
derived from superoxide including perhydroxyl rad-
ical [29]. hydrogen peroxide [30] and hydroxyl radical
[31]. This oxyradical cascade then accelerates the
peroxidation of polyunsaturated lipids [19. 32].

Because the peroxidation of membrane lipids
causes deleterious alterations in cellular membrane
structure and function that can ultimately lead to
cytotoxicity [33,34], we hypothesized that Adria-
mycin free radical-initiated, oxyradical-mediated
membrane lipid peroxidation could be a possible
biochemical mechanism of Adriamycin-caused neph-
rotoxicity. A recent report provided evidence that
the reperfusion of ischemic kidney resulted in the
production of toxic oxyradicals through the action of
xanthine oxidase on xanthine. and the resulting renal
injury was considered to be a consequence of mem-
brane lipid peroxidation [35].

To test the feasibility of the lipid peroxidation
mechanism of Adriamycin nephrotoxicity, we have
investigated the effects of Adriamycin in vitro on
enzyme-mediated peroxidation of unsaturated mem-
brane phospholipids in microsomes and mitochon-
dria isolated from kidney. Through the use of specific
chemical and enzymatic oxyradical scavengers, we
have implicated the obligatory participation of both
superoxide and hydroxyl free radicals in the drug-
enhanced peroxidation process.

METHODS

Animals and drugs. Adult male Sprague-Dawley
rats, 200-300 g (Taconic Farms, Germantown, NY ),
and male CDF| mice, 20-25 g (Flow Laboratories,
Dublin, VA), were fed Purina laboratory chow and
water ad lib. and were not used for at least 2 weeks
after delivery to the laboratory. All drugs used in
this study were obtained from the Division of Cancer
Treatment, NCI, NIH (Bethesda, MD). Just prior
to use, they were dissolved in oxygenated (bubbled
with 100% oxygen for at least 10 min) 150 mM KClI-
50 mM Tris-HClI buffer, pH 7.4 (KCl-Tris), and the
drug solutions were protected against light exposure
with aluminum foil.

Isolation of microsomes and mitochondria. Kid-
neys from three to four rats or ten to twelve mice
were removed from animals killed by cervical
fracture, rinsed in KCI-Tris buffer, decapsulated.
and combined to make one sample. In this study no
attempt was made to separate the renal cortex from
the medulia. For microsomal fractions, the kidneys
were homogenized in KCI-Tris buffer and isolated
by differential centrifugation as described by Gram
et al. [36]. Mitochondria were isolated by cen-
trifugation following homogenization in 0.25M
sucrose: 25mM Tris: 1 mM EDTA : 1% (w/v) BSA*

* Abbreviations: BSA, bovine serum  albumin:
DETPAC, dicthylenetriamine-pentaacetic acid: MDA,
malonaldehyde; and p-CMB, p-chloromercuribenzene sul-
fonic acid.
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isolation solution as previously described {20, 37].
Following the final pelleting of the kidney mito-
chondria in the isolation solution. they were resus-
pended and repelleted by  centrifugation
(11,500 g x 6min) in  KCI-Tris buffer three
additional times to remove the sucrose. EDTA and
bovine serum albumin.

Assay for lipid peroxidation. Kidney microsomes
or mitochondria (1 mg protein/ml) were incubated
in oxygenated KCl-Tris buffer with Adriamycin
(100 uM) or other drugs and either ascorbic acid
(0.5mM). NADH (2.5 mM). NADPH (2.5 mM) or
an NADPH-generating system consisting of NADP
(1.9 mM), glucose-6-phosphate (20 mM), glucose-6-
phosphate dehydrogenase (1.1 units/m}) and mag-
nesium chloride (4.3 mM), unless otherwise noted.
In several experiments, exogenous iron salts ( ferric
chloride and ferrous sulfate) were added to the reac-
tion mixtures subsequent to adding Adriamycin. The
iron salts were dissolved just before use in nitrogen-
bubbled glass distilled water. Incubations were con-
ducted under a 100% oxygen atmosphere in the dark
at 37°, usually for 60 min. This reaction mixture has
been described in detail previously for both Adria-
mycin-stimulated microsomal [22] and mitochon-
drial lipid peroxidation [20]. The reactions were
terminated by adding cold trichloroacetic acid, and
lipid peroxidation was quantitated spectrophoto-
metrically as malonaldehyde equivalents following
the addition of 2-thiobarbituric acid, as described
initially by Bernheim er al. [38] and subsequently
modified for use in our laboratory [19, 22].

Other assays. Protein was measured by the method
of Lowry er al. [39], with bovine serum albumin as
the standard. The rates of NADPH and NADH
oxidation were followed spectrophotometrically by
monitoring their absorption at 340 nm. NADPH-
cytochrome P-450 reductase activity was determined
by the method of Williams and Kamin [40] with
cytochrome ¢ as the acceptor substrate, NADH-
cytochrome b5 reductase activity was estimated by
measuring the reduction of ferricyanide [41], and
membrane a-tocopherol was determined fluoro-
metrically as described by Taylor et al. [42]. All
assays were performed on at least three samples of
kidney microsomes or mitochondria.

Data were analyzed statistically by Student’s r-
test [43], and differences between mean values at
P < 0.05 were considered to be significant.

RESULTS

Kidney microsomal oxidoreductase activities. En-
zyme-catalyzed NAD(P)H-dependent lipid peroxi-
dation in kidney subcellular fractions has not been
studied extensively, but several reports have indi-
cated NADPH-induced lipid peroxidation in renal
microsomes to be qualitatively similar to, although
quantitatively less than, peroxidation in hepatic
microsomes [44. 45]. It is also known that NADPH-
cytochrome P-450 reductase activity in kidney micro-
somes from common laboratory species varies from
30 to 70% of the corresponding activity found in
liver microsomes [46]. Therefore, at the outset. we
measured the activities of several kidney microsomal
oxidoreductase enzymes which could potentially acti-
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Table 1. Comparison of oxidoreductase enzyme activities in kidney microsomes from mice and rats*

NADPH-Cytochrome P-450 NADH-Cytochrome bs NADH-Cytochrome ¢

reductaset reductase reductaset
Mouse 172 = 118 3920 = 190 1070 = 82
Rat 75+ 8 2170 + 260 206 = 3

1 Microsomes were incubated with the appropriate cofactors and substrates, and the enzyme
activities were measured spectrophotometrically using the initial reaction rates. Adriamycin at
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100 uM did not alter significantly the enzyme activities.
+ Expressed as nmoles of cytochrome ¢ reduced/mg protein/min at 37°.
+ Expressed as nmoles of ferricyanide reduced/mg protein/min at 37°.
§ Data are expressed as the mean + SD for N = 3-6.

vate Adriamycin. A comparison of the activities of
several oxidoreductases in mouse and rat kidney
microsomes is shown in Table 1. NADPH—cyto-
chrome P-450 reductase, NADH-cytochrome b5
reductase and NADH-cytochrome c¢ reductase
activities were found to be from 2- to 5-fold higher
in mouse kidney microsomes than in microsomes
from rats. Uniformly, the measurements of the
reductase enzyme activities were not altered sig-
nificantly by the presence of Adriamycin at 100 uM
(data not presented).

NAD(P)H oxidation. The effects of Adriamycin
on the abilities of rat and mouse kidney microsomes
to catalyze NADPH and NADH oxidation are shown
in Table 2. The endogenous rate of NADPH oxi-
dation in the presence of kidney microsomes from
either species was increased 6-fold by Adriamycin
(100 uM). In contrast, in the presence of Adriamy-
cin, there was an apparent trend in the rate of NADH
oxidation toward lower values, but the difference
was not significant. Adriamycin did not oxidize either
NADPH or NADH in the absence of kidney micro-
somes or in the presence of heat-denatured micro-
somes (data not shown).

Source of reducing equivalents for lipid peroxi-
dation. The data in Table 3 show that the preferred
biological reducing agent for enzyme-catalyzed lipid
peroxidation in kidney microsomes from either rats
or mice was NADPH. (In this experiment con-
centration of the cofactors was arbitrarily set at
2.5mM.) In incubations conducted in the absence
of NAD(P)H or in reaction mixtures that included

NAD(P)H but were stopped at zero time, there was
negligible malonaldehyde measured with either rat
or mouse kidney microsomes (0.5 to 2 nmoles MDA/
mg protein). All lipid peroxidation data have been
corrected for zero-time values under the various
experimental conditions. The inclusion of Adria-
mycin (100 uM) resulted in a 3- to 7-fold enhance-
ment of NADPH-dependent lipid peroxidation in
kidney microsomes, which correlated well with the
nearly proportional increase which was measured in
the rate of NADPH oxidation caused by Adriamycin.
The effects of NADPH and NADH in combination
(both pyridine nucleotides at 2 mM) had additive
rather than synergistic effects on peroxidation, in
either the absence or presence of Adriamycin (data
not presented). Although NADH supported lipid
peroxidation in mouse kidney microsomes reason-
ably well, in contrast, it was ineffective as a source
of reducing equivalents with rat kidney microsomes
(Table 3). The NADPH-generating system, which
maintained the concentration of NADPH through-
out the incubation period, was superior to NADPH
alone.

Ascorbic acid-promoted microsomal lipid per-
oxidation, a nonenzymatic chemical process which
is believed to depend upon the reduction of trace
amounts of ferriciron [47, 48] to generate superoxide
anion radical [49], was inhibited by Adriamycin
(Table 3). Ascorbate-dependent peroxidation of kid-
ney microsomes was nearly abolished by Adriamycin
at 200 uM.

When rat and mouse kidney lipid peroxidation

Table 2. Effects of Adriamycin on the rates of NADPH and NADH oxidation catalyzed by kidney
microsomes™

(nmoles NADPH oxidized/mg

protein/min)

(nmoles NADH oxidized/mg
protein/min)

Source of Adriamycin Adriamycin
microsomes Endogenous (100 uM) Endogenous (100 uM)
Mouse 6.3+ 0.4 39 + 17 159 = 37 107 = 8
Rat 3.9 £0.5 26 = 1T 193 * 41 145 = 33

* Microsomes and either NADPH or NADH were incubated at 37° in KCI-Tris buffer. pH
7.4, and the oxidation of the pyridine nucleotides was monitored spectrophotometrically at

340 nm.

+ Significantly different from values (mean = SD) measured in the absence of Adriamycin at

P < (.05, N = 3-6.
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Table 3. Comparison of the source of reducing equivalents for Adriamycin-stimulated kidney
microsomal lipid peroxidation*

Microsomal lipid peroxidation
(nmoles MDA equivalents/mg protein/

60 min)

Adriamycin

Species Reducing agent Endogenous (100 uM)
Mouse NADPH (2.5 mM) 4.7 £ 0.5+ 432 + 2.1%
NADPH-generating system§ 11.4 £ 0.7 74.6 £ 1.9%
NADH (2.5 mM) 29+03 12.9 = 0.63

Ascorbic acid (0.5 mM) 34515 28.0 =22
Rat NADPH (2.5 mM) 3303 1.1 = 1.1z
NADPH-generating system 5.1 =04 204 = 1.1z
NADH (2.5 mM) 0.2 0.3 2.0 = 0.1z

* Mouse or rat kidney microsomes were incubated at 37° in KCI-Tris buffer, pH 7.4, in
the absence or presence of Adriamycin at 100 uM. Reactions were started by adding the
various reducing agents, and lipid peroxidation was measured by the 2-thiobarbituric acid

method.

+ Values are expressed as the mean = SD, N = 3-4.

} Significantly greater than values without Adriamycin, P < 0.001.

§ The NADPH-generating system consisted of NADP (1.9 mM), glucose-6-phosphate
(20 mM), glucose-6-phosphate dehydrogenase (1.1units/ml) and magnesium chloride
(4.3 mM) in 0.3 M Tris—HCI buffer. pH 7.4. A 250-ul aliquot of the generating system was
added to the incubation mixtures which had a final volume of 1.0 ml.

[l Neither NADPH nor NADH was included in the reaction mixtures with ascorbic acid.
Adriamycin at 200 uM nearly abolished ascorbate-promoted lipid peroxidation (4.0 =

1.0 nmoles MDA /mg protein/60 min).

activities were normalized to either the microsomal
NAD(P)H-dependent oxidoreductase activities
(Table 1) or to the rates of NADPH and NADH
oxidation (Table 2), it was found that microsomal
lipid peroxidation, in general, correlated best with
NADPH-cytochrome P-450 reductase activity. In
the presence of Adriamycin, lipid peroxidation
values for rat kidney ranged from 30 to 80% of the
corresponding values for mouse kidney microsomes.
This suggests that the magnitude of Adriamycin-
enhanced peroxidation in this model system may
predominantly depend upon the activities of the
enzymes which are capable of reductively activating
the drug.

Characterization of lipid peroxidation incubation
conditions. To further study the enhancement of
kidney microsomal lipid peroxidation by Adriamy-
cin, the incubation conditions were varied with
respect to time, the protein and cofactor con-
centrations, and the concentration of Adriamycin.
In these optimization experiments, mouse kidney
microsomes were used because they were more sus-
ceptible to lipid peroxidation than kidney micro-
somes from rats (Table 3).

The concentration-dependent effects of Adria-
mycin and the extent of lipid peroxidation are shown
in Fig. 1. In this experiment, the NADPH-generating
system was used to ensure that the microsomal fla-
voprotein, NADPH-cytochrome P-450 reductase,
was saturated with respect to NADPH. Although
NADPH-dependent kidney microsomal peroxi-
dation was maximally stimulated by Adriamycin at
100 uM, it should be noted that a concentration of
the drug as low as 25 uM increased lipid peroxidation
3-fold (P < 0.05). A time—course study revealed that

Adriamycin caused a progressive increase in per-
oxidation for as long as 90 min. It was also observed
that Adriamycin-stimulated peroxidation was opti-

NMOLES MDA EQUIVALENTS/mg PROTEIN/60 MIN
3 8 8 g 8 s 8 8
T T [ T T I T
*
* ]
-

3
T

0 25 80 75 100 150 200
ADRIAMYCIN {uM)
Fig. 1. Concentration-dependent stimulation of mouse kid-
ney microsomal lipid peroxidation by Adriamycin. Micro-
somes were incubated for 60 min with an NADPH-gen-
erating system and various concentrations of Adriamycin.
Data are expressed as nanomoles of malonaldehyde
equivalents/mg protein/60 min (mean = SD for three
samples). Values significantly different from control values
as determined by Student’s t-test are shown by an asterisk
(P < 0.05).
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mal at 1mg of microsomal protein/ml and with
NADPH at 2.0 to 2.5 mM, and that heat-inactivated
kidney microsomes did not peroxidize beyond zero-
time values (data not presented). Under optimized
incubation conditions, the maximum enhancement
of mouse kidney microsomal peroxidation by
Adriamycin approached 10-fold.

The extent of peroxidation in the presence of
Adriamycin appeared to be maximal at 20-25 and
80-90 nmoles of malonaldehyde/mg protein for rat
and mouse kidney microsomes respectively. The
apparent resistance of rat kidney microsomes to lipid
peroxidation could not be attributed to a higher
content of the membrane antioxidant, a-tocopherol,
because it was found that rat and mouse kidney
microsomal a-tocopherol levels were equivalent
(0.16 = 0.01 and 0.14 = 0.01 ug a-tocopherol/mg
protein respectively). It is possible that substantial
differences in the polyunsaturated fatty acid com-
position of mouse and rat kidney microsomes could
have contributed to the differential susceptibility to
peroxidation.

Inhibition of Adriamycin-stimulated lipid per-
oxidation by reactive oxygen scavengers and chelating
agents. We next evaluated the involvement of reac-
tive oxygen species in the stimulation of kidney
microsomal lipid peroxidation by Adriamycin (Table
4). In these experiments NADPH was used in place
of the NADPH-generating system, and the effects
of specific scavengers of superoxide and hydroxyl
radical were studied. The enzyme superoxide dis-
mutase (EC 1.15.1.1) caused a significant decrease
(>50%) in both endogenous and Adriamycin-
enhanced peroxidation. Neither heat-inactivated
superoxide dismutase nor intact nor heat-denatured
bovine serum albumin caused any inhibition of per-
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oxidation (intact bovine serum albumin slightly
enhanced endogenous peroxidation).

The hydroxyl radical scavenger, 1,3-dimethylurea
[50]. diminished kidney microsomal peroxidation by
more than 90% in either the absence or the presence
of Adriamycin, strongly implicating an important
role for hydroxyl free radical in the peroxidation
process. Hydroxyl radical was most likely generated
from the reaction of hydrogen peroxide (the dis-
mutation product of superoxide) with trace amounts
of endogenous ferrous iron ions (Fenton reaction)
[51]. To verify this mechanism, we examined the
effect of chelators of transition metal ions on the
peroxidation reactions. Both EDTA and DETPAC
were strongly inhibitory to endogenous and Adria-
mycin-enhanced lipid peroxidation (Table 4), most
likely by preventing ferrous iron (or other reduced
metal ions) from catalyzing the generation of
hydroxyl radical.

The effect of catalase (EC 1.11.1.6) was not as
clear-cut. Paradoxically, endogenous NADPH-
dependent mouse kidney microsomal lipid per-
oxidation was increased to 850% by catalase
(1073 M), and Adriamycin-stimulated peroxidation
was augmented to 150%. These results were unex-
pected because we have reported previously that
catalase inhibits both liver microsomal [19] and liver
mitochondrial lipid peroxidation [20]. Heat-inac-
tivated catalase (107 M, immersed in a boiling water
bath for 10min) did not increase peroxidation
(3.6 = 0.4 nmoles MDA/mg protein/60 min), and
the catalase-stimulated peroxidation could be
blocked by DETPAC (1073 M) and 1,3-dimethylurea
(1072>M) yielding 5.9 = 0.3 and 4.7 = 0.2 nmoles
MDA /mg protein/60 min respectively.

Finally, the sulfhydryl-reactive reagent, p-chloro-

Table 4. Inhibition of mouse kidney microsomal lipid peroxidation by scavengers of oxy-
radicals, chelators of metal ions and a sulfhydryl-reacting agent*

Microsomal lipid peroxidation

(nmoles MDA equivalents/mg protein/60 min)

Additions to incubationst

Adriamycin-stimulated

(concn) Endogenous (100 uM)
None 4.8 = 0.4% 36
Superoxide dismutase (6 X 107° M) 2.1 £ 0.28 23 £ 1§
Superoxide dismutase (107* M) 1.2 = 0.5% 19 = 1§
BSA (3 mg/ml) 7.5 + 0.3§ 39 + 4
Catalase (107° M) 41 = 2§ 59 = 4§
1.3-Dimethylurea (1072 M) 0.3 = 0.2§ 2.4 = 0.28
EDTA (107° M) 0.2 £ 0.18 2.3 = 0.48
DETPAC (1075 M) 0.0 = 0.08§ 1.2 £ 0.48
p-CMB (5 x 107* M) 1.1 = 0.58 1.9 = 0.18

* Microsomes were incubated for 60 min with NADPH at 2.5 mM in the absence or
presence of Adriamycin (100 uM), and lipid peroxidation was measured by the thiobarbituric

acid method.

+ Inhibitors were added to incubation mixtures just prior to NADPH. BSA was added to
control for any nonspecific protein-related effect of superoxide dismutase and catalase.
Heat-inactivated (boiling water bath for 1 min) superoxide dismutase (10 * M) did not inhibit
lipid peroxidation; heat-inactivated catalase (10> M, boiling water bath for 10 min) did not

stimulate peroxidation.

1 Values are expressed as the mean = SD, N = 3-6.
§ Significantly different from values without added inhibitors, P < 0.05.
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mercuribenzenesulfonic acid (p-CMB), potently pre-
vented endogenous and Adriamycin-stimulated per-
oxidation, presumably by inhibiting the oxido-
reductive enzymes that were obligatory for oxygen
activation (Table 4).

Further enhancement of Adriamycin-stimulated
lipid peroxidation by exogenous ferric and ferrous
iron. The addition of exogenous ferrous sulfate (2—
20 uM) increased NADPH-supported erndogenous
kidney microsomal lipid peroxidation 8-fold in a
concentration-dependent manner.  Adriamycin-
enhanced lipid peroxidation was doubled by ferrous
iron at an optimal concentration of 10 uM (Fig. 2).
With ferric chloride in the range of 10-100 uM,
endogenous peroxidation was increased 3-fold and
Adriamycin-stimulated peroxidation 2-fold (Fig. 2).
In the absence of NADPH, only a small amount of
peroxidation was measured in the presence of either
ferrous or ferric iron, with or without Adriamycin,
indicating the obligatory requirement for a source of
reducing equivalents. It is clear from the data in Fig.
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Fig. 2. Effects of exogenous ferrous (A) and ferric (B) iron
ions on endogenous (O) and Adriamycin-stimulated (@)
kidney microsomal lipid peroxidation. Values in the
absencc and presence of Adriamycin but without NADPH
arc shown by (. W). Data are expressed and were stat-
istically analyzed as in the preceding figure. Values sig-
nificantly different from control values are shown by an
asterisk (P < 0.05).
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Fig. 3. Comparison of several quinonec-containing anti-
cancer agents for their ability to enhance NADPH-depen-
dent (NADPH-generating system) mouse kidney micro-
somal lipid peroxidation. The drugs were added to
incubation mixtures in a range of concentrations: however,
only the concentrations that caused maximal enhancement
of peroxidation are shown. Values (mean = SD) sig-
nificantly different from controls are shown by an asterisk.
P < 0.05, N = 3-6.

2 that NADPH-dependent. ferrous or ferric iron-
promoted lipid peroxidation was increased by Adria-
mycin at each of the iron concentrations that were
studied.

Stimulation of kidney microsomal peroxidation by
other anticancer drugs. Several other quinone-con-
taining anthracyclines (4-demethoxydaunorubicin,
carminomycin, and aclacinomycin A) and mitomycin
C were capable of increasing kidney microsomal
NADPH-dependent lipid peroxidation several-fold
(Fig. 3). Among these drugs. carminomycin was
conspicuous in that at 30 ¢M it was more potent than
Adriamycin at 100 yM. Mitomycin C, which has been
reported to be nephrotoxic in mice [13]. dogs and
rhesus monkeys [14] and humans [15]. increased
peroxidation 4-fold, albeit at a high drug concen-
tration. Thus, Adriamycin was not unigue in its
ability to stimulate lipid peroxidation in kidney
microsomes.

Mitochondrial NADH-dependent lipid peroxidu-
tion. Adriamycin-enhanced membrane lipid peroxi-
dation was not limited to kidney microsomal
fractions. The unsaturated membrane lipids of puri-
fied mouse and rat kidney mitochondria were sus-
ceptible to greatly increased NADH-dependent per-
oxidation in the presence of Adriamycin (Table 5).
Mouse kidney mitochondrial lipid peroxidation was
stimulated more than 12-fold by Adriamvcin at
50 uM. The enhancement of mitochondrial lipid per-
oxidation by Adriamycin may result from the inter-
action of the drug with mitochondrial NADH-
dehydrogenase (EC 1.6.99.3) [26] which can reduce
Adriamycin to the free radical intermediate. Such
an interaction has been demonstrated previously to
result in greatly increased oxyradical production
[30. 52. §3] and to stimulate lipid peroxidation in
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Table 5. Enhancement by Adriamycin of mouse and rat kidney mitochondrial
NADH-dependent lipid peroxidation™

Lipid peroxidation
(nmoles MDA equivalents/mg

Species Additions protein/60 min)

Mouse None 2.2 £ 0.3+
Adriamycin {50 uM) 28.4 + 1.8%
Adriamycin (100 uM) 30.2 = 0.9¢

Rat None 32x04
Adriamycin (50 uM) 147 = 1.2%
Adriamycin (100 uM) 16.2 = 1.7%

* Mitochondria were incubated at 1.0 mg protein/ml in the presence of NADH
(2.5 mM) in KCI-Tris buffer, pH 7.4, for 60 min in the absence and presence of
Adriamycin. Reactions were started by adding NADH, and lipid peroxidation
was measured by the thiobarbituric acid method.

+ Values are expressed as the mean = SD for N = 4.

+ Significantly greater than control values at P < 0.001.

mitochondria isolated from liver [20]. As noted
above in the comparison of peroxidation in rat and
mouse kidney microsomal fractions (Table 1), kidney
mitochondria from mice were much more susceptible
to membrane lipid peroxidation than were mito-
chondria isolated from rat kidney.

DISCUSSION

Following acute treatment with Adriamycin or
daunorubicin, susceptible species develop a neph-
rotic syndrome characterized by proteinuria, hyper-
lipemia, peripheral edema and glomerular damage
which leads to chronic glomerulonephritis [4, 54] and
eventually kidney failure [8]. Morphological exam-
ination of Adriamycin-damaged rat or rabbit kidneys
reveals extensive vacuolar destruction of juxta-
medullary glomeruli with focal dilation of cisternae
of the endoplasmic reticulum and marked invagi-
nation of the plasma membrane [8]. There is also
cortical and medullary tubular dilation and degener-
ation, thickening of the basement membrane in Bow-
man’s capsule and prominent interstitial fibrosis in
advanced lesions [7,55]. It is clear that many of
the Adriamycin-caused morphological alterations in
kidney, observed at the light microscopic and ultra-
structural levels, are associated with extensive cellu-
lar membrane damage.

The biochemical mechanisms by which Adria-
mycin causes nephrotoxicity have not been defined
clearly. Bristow er al. [4] have suggested that Adria-
mycin nephrotoxicity was mediated by the release of
vasoactive histamine and catecholamines, and Bert-
ani et al. [56] concluded that loss of glomerular fixed
polyanion charges proceeded ultrastructural changes
and proteinuria in Adriamycin-induced glomerulo-
nephropathy, but these proposed mechanisms of
anthracycline renal toxicity have not been inves-
tigated further. In a recent published study {57], it
was observed that Adriamycin treatment raised lipid
peroxide (malonaldehyde) levels 2-fold in mouse
heart, liver and kidney 4 days after Adriamycin
administration. Fajardo er al. [7] observed the fre-
quent presence of fine lipofuscin pigment granules

in the cytoplasm of renal proximal tubular cells in
rabbits treated with Adriamycin; lipofuscin is an
accumulation product of membrane lipid peroxi-
dation [58]. The report that oxygen free radicals
resulting from the action of xanthine oxidase caused
lipid peroxidation which led to renal failure [35] also
indicates that membrane lipid peroxidation can be
associated with biochemical insults in kidney irn vivo.
It is also relevant that immune complex-mediated
acute glomerular injury and kidney endothelial cell
damage may be related to superoxide and hydrogen
peroxide production by activated neutrophils [59].
Several previous studies have demonstrated that
lipid peroxidation occurs in heart tissue in vivo fol-
lowing the administration of Adriamycin [17, 60],
and greatly stimulated oxyradical-mediated lipid per-
oxidation occurs in isolated subcellular fractions
from various tissues incubated in vitro with Adria-
mycin and appropriate pyridine nucleotide cofactors
[18, 19, 53]. Considerable evidence suggests that, in
microsomal or mitochondrial in vitro model systems,
Adriamycin augments membrane lipid peroxidation
as a consequence of enzymatic activation of the drug
to the semiquinone free radical followed by the
efficient generation of oxyradicals. We have reported
previously that Adriamycin-enhanced microsomal
and mitochondrial membrane lipid peroxidation
could be potently inhibited by the antioxidants a-
tocopherol and reduced glutathione as well as the
reactive oxygen scavengers superoxide dismutase,
catalase and 1,3-dimethylurea [19, 20, 22]. We there-
fore postulated that Adriamycin activation and oxy-
radical generationinkidney could cause oxidant stress
in that organ which would manifest as membrane-
damaging lipid peroxidation. Indeed, in the kidney
microsome model system, this biochemical mech-
anism of toxicity appears to function as outlined.
In kidney microsomes, the activation of Adria-
mycin to a free radical intermediate is most likely
catalyzed by the membrane-bound flavoproteins
NADPH-cytochrome P-450 reductase and NADH-
cytochrome b5 reductase [61], based on the capability
of either NADPH or NADH to support Adriamycin-
enhanced peroxidation. Pederson er al. [62] have
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demonstrated the microsomal enzyme, NADPH-
cvtochrome P-450 reductase, to be intimately
involved in NADPH-dependent lipid peroxidation
in liver microsomes. NADH-dependent peroxi-
dation of liver microsomal lipids appears to involve
electron transfer through NADH-cytochrome by
reductase [63]. It is likely that enzyme-mediated
peroxidation in kidney microsomes is at least quali-
tatively similar to that occurring in liver microsomes.

In the stepwise reduction of molecular oxygen,
the sequence of partially reduced oxygen species
is: superoxide, hydrogen peroxide, hydroxyl radical
and, finally, water [64, 65] with the formation of the
perhydroxyl radical from superoxide at acidic pH
(pK,=4.8) [29]. Results presented here indicate
that a similar oxyradical cascade mechanism of
Adriamycin-enhanced lipid peroxidation occurs in
microsomes from rodent kidney. The inhibition of
kidney peroxidation by superoxide dismutase
strongly implicates a role for superoxide as the initial
product of oxygen reduction. Likewise. the dimi-
nution of peroxidation by 1.3-dimethylurea points
toward the participation of hydroxyl radical in the
peroxidation mechanism. Hydroxyl free radical is
the most reactive oxygen species {66], and Fong et
al. [67] have suggested hydroxyl radical to be a potent
initiator of lipid peroxidation in vitro.

When we probed the kidney microsomal per-
oxidation reactions for hydrogen peroxide involve-
ment by adding catalase. surprisingly we found that
catalase enhanced the rate of lipid peroxidation.
We observed previously that catalase significantly
decreases endogenous and Adriamycin-stimulated
peroxidation in liver microsomes [17] and mito-
chondria [18]. The addition of bovine serum albumin
had no marked effect on endogenous or Adriamycin-
augmented peroxidation in kidney microsomes. sug-
gesting that the stimulation of peroxidation by cata-
lase was not due to a nonspecific protein effect.
Further experiments indicated that the enhancement
of peroxidation by catalase could be blocked by the
inclusion of DETPAC or 1,3-dimethylurea or be
prevented by prior heat-inactivation of the catalase.
At this time we have no solid explanation for this
anomalous catalase effect other than to suggest that
the enzyme was converted to an intermediate form
with peroxidase-like activity [68]. Such a catalase
intermediate. under the conditions of assay might
augment the peroxidation of membrane unsaturated
lipids by catalyzing lipid alkoxy radical formation
from fatty acid hydroperoxides. This interesting and
potentially toxicologically relevant observation is
currently under further investigation.

The inhibition of endogenous and Adriamycin-
stimulated lipid peroxidation by the metal ion chel-
ators EDTA and DETPAC implies that metal ions,
most likely iron or copper, have an important role
in the peroxidation process. In addition. the
enhancement of Adriamycin-stimulated peroxida-
tion by exogenous ferric and ferrous iron salts sup-
ports this contention. The effects of the combination
of Adriamycin with ferric or ferrous iron ions on
kidney microsomal peroxidation was not strictly
additive. At low concentrations of iron (2-4 M
Fe’™: 1020 uM Fe'") a pronounced synergy was
observed with Adriamycin. These results may indi-
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cate that Adriamycin-complexed iron was involved.
as has been suggested previously in other per-
oxidation systems [69, 70]. In our experiments. the
iron was added to the reaction mixtures separately
and subsequent to Adriamycin: however, the possi-
bility exists that an iron-Adriamycin complex of
unknown stoichiometry was formed. At all ferrous
or ferric iron concentrations studied. Adriamycin
greatly increased lipid peroxidation (compare for
example the effects of Adriamycin at 3 uM Fe** or
at 50 uM Fe'™). What is unclear is whether iron
salts (or an iron-Adriamycin complex) enhanced the
initiation and propagation of lipid peroxidation by
increasing hydroxyl radical generation. accelerated
the decomposition of fatty acid hydroperoxides. or
simply increased the proportion of malonaldehvde
that was produced as a by-product of peroxidation.
It may also be premature to conclude that exogenous
and endogenous iron ions function in the same
manner. even in the absence ot Adriamycin. Further
experiments are called for to understand the role or
roles for metal ions in Adriamycin-enhanced micro-
somal lipid peroxidation. The situation in vivo is
undoubtedly much more complex.

The differential effects of the anthracycline ana-
logs on kidney microsomal peroxidation may be attri-
buted to their relative ability to interact with the
flavin  moiety of NADPH-cytochrome P-450
reductase [53]. to differences in their oxidation—
reduction potentials or to the rates of reaction of the
free radical intermediates with molecular oxygen.
Presumably. in this model system. the oxyradical
cascade beyond supe1 Hxide would be the same in the
presence of each agent. It is also possible that the
ability of these drugs to bind iron ions could influence
their ability to stimulate lipid peroxidation. Careful
mechanistic studies with anthracvcline analogs are
required to characterize these factors.

In conclusion. it is clear from the work presented
here that Adriamycein and other anthracycline anti-
tumor drugs are capable of greatly enhancing the
peroxidation of membrane unsaturated hipids in virro
in isolated subcellular fractions from mouse and rat
kidney by an oxyradical-mediated process. These
observations warrant the consideration that oxy-
radical-mediated peroxidative damage to cellular
membrane structure and function may play a role in
the pathogenesis of anthracveline nephrotoxicity.
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