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The clinical use of doxorubicin, an anthracycline chemotherapeutic agent, is limited by cardiotoxici-
ty, particularly when combined with herceptin, an antibody that blocks the HER2 receptor. Doxoru-
bicin induces cyclooxygenase-2 (COX-2) activity in rat neonatal cardiomyocytes. This expression of
COX-2 limits doxorubicin-induced cardiac cell injury, raising the possibility that the administration
of a prostaglandin may protect the heart during the in vivo administration of doxorubicin. Doxoru-
bicin (15 mg/kg) administered to adult male Sprague Dawley rats induced COX-2 expression and activ-
ity in cardiac tissue. Prostacyclin generation measured as the excretion of 2,3-dinor-6-keto-PGF; also
increased, and this was blocked by a COX-2 inhibitor, SC236. In contrast, administration of a COX-1
inhibitor SC560 at a dose that reduced serum thromboxane B, by more than 80% did not prevent the
doxorubicin-induced increase in prostacyclin generation. Doxorubicin increased cardiac injury, detect-
ed as arise in plasma cardiac troponin T, serum lactate dehydrogenase, and cardiomyocyte apoptosis;
this was aggravated by coadministration of SC236 but not SC560. The degree of injury in animals treat-
ed with a combination of doxorubicin and SC236 was attenuated by prior administration of the prosta-
cyclin analogue iloprost. These data raise the possibility of protecting the heart during the adminis-
tration of doxorubicin by prior administration of prostacyclin.

J. Clin. Invest. 108:585-590 (2001). DOI:10.1172/JC1200111334.

Introduction

Doxorubicin (DX) is an anthracycline that is a highly
effective chemotherapeutic agent used largely in the
treatment of solid tumors. However, the dose of DX is
limited owing to a dose-related cardiac toxicity (1-3). In
cardiac cells, DX is metabolized to the corresponding
semiquinone free radical by flavin reductases (4, 5). This
or a related species induces apoptosis in cardiomyocytes
and is prevented by free radical-scavengers (6) or by
chelating iron (7).

We have previously shown that DX induces cyclooxy-
genase (COX) activity in rat neonatal cardiomyocytes
(8). COX catalyzes the first step in the conversion of
arachidonic acid to prostaglandins (9). Two isoforms
of COX have been identified that are the products of
distinct genes. COX-1 is expressed in most cells and is
the only isoform found in normal cardiomyocytes.
COX-2 is largely absent from cells but is induced by a
number of factors (10, 11) including presence of free
radicals (8) and hypoxia (12). The differential expres-
sion of COX-1 and COX-2 in part reflects differences in
the promoter structure of the two genes, with the
COX-2 promoter containing the response elements of
an inflammatory or acute-phase gene (13, 14). COX-2
expression is also regulated by modulation of mRNA
stability (15, 16). In several types of cells, COX-2 expres-

sion has been shown to protect against apoptosis (17,
18). In rat neonatal cardiomyocytes, the induction of
COX activity by DX is due to COX-2 gene expression (9).
Inhibition of COX-2 aggravated the injury of the cells
by DX, detected as the release of LDH or as apoptosis,
and a prostaglandin prevented the injury. These find-
ings raise the possibility of protecting the heart during
treatment with DX by exogenous administration of a
prostaglandin. Here, we examine whether DX induces
cardiac injury in vivo in the rat and whether this is reg-
ulated by prostaglandins.

Methods

DX was from Pharmacia & Upjohn SpA (Milan, Italy).
The 3,3’-diaminobenzidine tetrahydrochloride (DAB),
Harris hematoxylin solution, Permount, and com-
monly used laboratory chemicals were obtained from
Sigma Chemical Co. (St. Louis, Missouri, USA).
Deuterated eicosanoid standards, NS-398, and arachi-
donic acid were obtained from Cayman Chemical Co.
(Ann Arbor, Michigan, USA). Goat polyclonal anti-
COX-1 antibody was from Oxford Biomedical
Research Inc. (Rochester Hills, Missouri, USA). Mon-
oclonal anti-mouse COX-2 antibody (R6), SC560, and
SC236 were gifts from P. Isakson (Pharmacia Corp.,
Skokie, Illinois, USA). Immunohistochemical analysis
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kits containing secondary antibodies and reagents
were from DAKO Corp. (Carpinteria, California, USA).
Iloprost was obtained from Schering Aktienge-
sellschaff (Berlin, Germany). Enzyme immunoassays
were obtained from R&D Systems Inc. (Minneapolis,
Minnesota, USA).

Model. Male Sprague Dawley rats (6-8 weeks old,;
200-250 g) were studied. All experiments involving the
use of rats were conducted in accordance with proto-
cols approved by the institutional Biomedical Research
Committee and with a license granted under the Cru-
elty to Animals Acts of 1876 by the Department of
Health of Ireland. All study drugs were administered by
intraperitoneal injection.

A total of 15 mg/kg of DX or an equal volume of
DMSO (Sigma Chemical Co.) was injected into the
intraperitoneal space. Three hours after the injection,
general anesthesia was induced and maintained by
inhalation of halothane 1.5%-2% in an animal-specif-
ic anesthetic chamber. A transverse subdiaphragmatic
incision was made, and a section of diaphragm (~0.5 X
0.3 cm) was dissected and removed. The thoracic cage
was immediately opened, and the heart was dissected
from the thoracic cavity. The tissues were analyzed for
prostaglandin generation or fixed in formalin saline
solution (0.9% NaCl and 10% formaldehyde) for
immunohistochemistry. In additional experiments,
the animals were treated with the following: (a) Three
milligrams per kilogram of the selective COX-2
inhibitor SC236 3, followed 1 hour later by 3 mg/kg of
SC236 and 15 mg/kg of DX. (b) A total of 3-10 mg/kg
of the selective COX-1 inhibitor SC560, followed 1
hour later by 3-10 mg/kg of SC560 and 15 mg/kg of
DX. (c) Two milligrams per kilogram of indomethacin
(a nonselective cyclooxygenase inhibitor), followed 1
hour later by 2 mg/kg of indomethacin and 15 mg/kg
of DX. (d) A total of 9 pg/kg of iloprost in three divid-
ed doses at 12-hour intervals; after the third dose, the
animals were treated as above.

Immunobistochemistry. The tissue was processed and
embedded in wax using a Raymond Lamb Blockmaster
II. Sections (5-8 m) were cut onto silane-coated slides.
The slides were baked overnight at 37°C and then
deparaffinized and hydrated as follows: xylene (three
times for 5 minutes), 100% ethanol (3 minutes), 90%
ethanol (3 minutes), 70% ethanol (3 minutes), S0%
ethanol (3 minutes), 30% ethanol (5 minutes), Tris-
MgCl; (5 minutes), and PBS (5 minutes). The slides
were washed in PBS for 5 minutes and incubated in
0.3% hydrogen peroxide (H,O,) in methanol for 30
minutes, to quench endogenous peroxidase activity.
This was followed by three additional 5-minute wash-
es in PBS. After blocking for 1 hour in normal serum
from the species from which the secondary antibody
was raised (mouse serum for Cox-1; goat for Cox-2), the
slides were incubated in primary antibody (polyclonal
anti-Cox-1 antibody 1:500 or a monoclonal anti Cox-2
1: 1500 antibody) for 1 hour and again washed three
times for five minutes. All antibody incubations were

performed in a moist chamber at room temperature for
1 hour. The slides were incubated in the secondary
biotinylated antibody for 1 hour (ABC complex; Vec-
tastain Elite Kit; Vector Laboratories Inc., Burlingame,
California, USA), and the slides were washed in PBS.
The immunocomplex was visualized using DAB +
0.01% H,0, for less than 10 minutes at room tempera-
ture. The slides were counterstained with hematoxylin,
“blued” in running tap water for 5 minutes, cleared in
xylene, and mounted in DPX mountant (BDH Labora-
tory Supplies, Poole, United Kingdom). The slides were
visualized by a light microscope with color video
attachment for recording.

Prostacyclin formation by the cardiac tissue. Three hours
after intraperitoneal injection with 15 mg/kg of DX, or
an equal volume of saline or DMSO, the thoracic cage
was opened and the heart was removed under anesthe-
sia as described above. Each heart was then sectioned
into three segments. The first segment was placed into
a test tube with Hanks’ HEPES (H/H) solution and 50
UM arachidonic acid; the second segment was placed
into a test tube with H/H solution, arachidonic acid,
and 1 UM of a specific COX-2 inhibitor, NS 398; the
third segment was placed into a test tube with H/H
solution, arachidonic acid, and 200 uM of aspirin (a
nonselective COX inhibitor). After 15 minutes, the
supernatant in each tube was aspirated and stored at
-20°C. The samples were analyzed for 6-keto-
prostaglandin Fj, (6-keto-PGFy,), the stable hydrolysis
product of PGI, by enzyme immunoassay.

Urinary excretion of prostaglandin metabolites. After injec-
tion, urine was collected over 24 hours in a metabolic
cage and stored at -20° C until analyzed for 2,3-dinor-6-
keto-PGFj,, the principal enzymatic metabolite of
prostacyclin (PGL); for PGF,4; and for the isoprostane
8-150-PGF;, by gas chromatography/mass spectrome-
try. Two milliliters of urine were spiked with deuterat-
ed internal standards and allowed to equilibrate for 15
minutes. The sample was deprotonated by lowering the
pH to 3.0 using 10% formic acid (100 pl), and the sam-
ples were equilibrated for a further 30 minutes. The
sample was applied to c-18 SPE cartridges, washed, and
then eluted with 1.5 ml of 10% MeOH in ETOAc. The
methoxylamine derivative was formed by adding 50 pl
of 0.5% methoxylamine in pyridine and was then incu-
bated overnight at room temperature. The sample was
dried under vacuum, resuspended in 25 pl of MeOH,
and separated by thin layer chromatography (TLC) with
a developing solvent of 36 ml of ETOAc, 4 ml of MeOH,
and 0.04 ml of concentrated acetic acid. The sample was
derivatized as the pentaflourobenzyl ester, trimethylsi-
Iyl ether for 2,3-dinor-6-keto-PGFj,, or t-butyl ether for
8-150-PGF,. The samples were redried under vacuum
and finally resuspended in 20 ul of dodecane. Quanti-
tation was performed on a Varian 3400 gas chromato-
graph linked to a Finnigan Incos XL mass spectrometer
(Thermo Finnigan, Whythenshawe, United Kingdom)
operated in the negative ion, chemical ionization mode.
The results were corrected for urinary creatinine levels.
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Figure 1

DX-induced COX-2 expression in cardiac tissue (representative of six
to nine experiments for each treatment). COX-1 is constitutively
expressed in cardiomyocytes in vehicle-treated control animals (a)
and after DX injection (b), and in the myocytes of the diaphragm (c).
COX-2 is not detected in hearts from vehicle-treated controls (d) but
is induced 4 hours after administration of DX (e). COX-2 is not
detected in the diaphragm after DX administration (f).

Serum thromboxane B,. A dose response of SC560-
induced inhibition of serum thromboxane By, an assay of
COX-1 activity, was established before the experiments.
Animals were injected intraperitoneally with 3 mg/kg of
SC560 (n = 3), 10 mg/kg of SC560 (n = 6), 3 mg/kg of
SC236 (n = 3), or vehicle alone (n = 3). Four hours after
injection, 1-ml aliquots of blood were sampled from the
jugular vein into glass tubes and allowed to clot at 37°C
for 1 hour. The plasma was separated by centrifugation
(900 g for 10 minutes) and stored at -70°C until assayed
for thromboxane B, by enzyme immunoassay.

Serum cardiac troponin T. Myocardial injury was detect-
ed by measuring cardiac troponin T (CTnT) and lactate
dehydrogenase (LDH) levels in serum from venous
blood samples. Blood from the jugular vein was sam-
pled at 4 hours. The blood samples were centrifuged,
and the serum was stored at -20°C until analyzed.
CTnT levels were measured by enzyme immunoassay
using an ES300 troponin T assay kit (Boehringer
Mannheim Immunodiagnostics, Mannheim, Ger-
many), with a lower limit of detection of 0.01 ng/ml.
LDH levels were measured by ultraviolet photometric
assay (Roche Diagnostics Ltd., Lewes, United King-
dom) with a lower detection point of 6 U/I.

TUNEL assay. TUNEL assay was performed to detect
apoptosis in cardiac sections. Briefly, after pretreat-
ment with proteinase K (20 pg/ml) and 3.0% hydrogen

peroxide, paraffin-fixed slides were treated with a
digoxigenin-dNTP complex for 1 hour at 37°C (Apop-
Tag; Intergen Co., Oxford, United Kingdom). This
complex binds to free 3-OH termini of nucleosome-
sized DNA fragments that are formed during apopto-
sis, and it is detected by anti-digoxigenin conjugate
antibody. The bound complex stained with a DAB-
based substrate. The slides were counterstained with
0.5% methyl green in 0.1 M sodium acetate, dehydrat-
ed in xylene, and mounted and examined by light
microscopy. Examination of the slides was performed
by two observers (one blinded) who counted the total
number of apoptotic and normal cells over 25 high-
powered fields for each slide using an ocular grid (0.25
mm? area of field). The number of apoptotic cells was
expressed as the percent of the total number of cells.
Statistical analysis. All quantitative data are expressed
as mean + SEM. The data were analyzed by ANOVA and
subsequently, where appropriate, by paired analysis.

Results

DX induces COX-2 isoform expression in the heart. Immuno-
histochemistry showed constitutive expression of COX-
1 in cardiac cells and in the myocytes of the diaphragm.
COX-2 was absent from the normal heart but was
induced 4 hours after the administration of DX (Figure
1). In contrast, COX-2 expression was absent in the
diaphragm of DX-treated rats. These findings were con-
firmed by assay of COX activity, detected as the genera-
tion of PGI,, the main product in myocardial tissue.
Myocardial biopsies from DX- and vehicle-treated rats
were exposed to arachidonic acid ex vivo, and the levels
of 6-keto-PGFjy, the hydrolysis product of PGI;, was
measured in the supernatant. The concentration of 6-
keto-PGF;qwas higher in the DX-treated rats compared
with vehicle-treated controls (P = 0.02; Figure 2). The
increase in 6-keto-PGF;,, formation was reduced in the
presence of NS 398, the selective COX-2 inhibitor, or
aspirin, the nonselective COX inhibitor. NS 398 had no
effect on the generation of 6-keto-PGF;, by myocardial
tissue from vehicle-treated animals.

250 ﬁ
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O Vehicle ~ DX  DX+NS 398 DX+ASA
Figure 2

Generation of prostacyclin-measured 6-keto-PGF, in cardiac tissue
after DX administration. The increase in 6-keto-PGF; formation after
DX administration was reduced by 1 UM of the selective COX-2
inhibitor NS 398 and by 200 nM of aspirin (ASA) (data are expressed
as the mean + SEM of six separate experiments per treatment).
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Dose-dependent inhibition of serum thromboxane B, by SC560 (the
data are expressed as the mean + SEM of n = 3 for each treatment).
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Generation of prostaglandins in vivo. To determine
whether DX increased eicosanoid generation in vivo
and identify the COX isoform responsible, we exam-
ined their urinary excretion of prostaglandins in the
presence and absence of selective inhibitors SC236 (for
COX-2) and SC560 (for COX-1). Given that SC560 is
highly selective but not specific for COX-1 in some
species, a dose response for SC560-induced inhibition
of serum thromboxane B,, an assay of COX-1 activity,
was established before the experiments (Figure 3).
Administration of 10 mg/kg SC560 reduced the serum
thromboxane B, by more than 80% (290 + 42 to 18.5 +
9.8 ng/ml; P < 0.001), and this dose was used in subse-
quent experiments. In contrast, the COX-2 inhibitor
SC236 had no effect on serum thromboxane B, (290 +
42 to 224 + 90 ng/ml; P = NS). PGI, production in vivo
was quantified as the excretion of 2,3-dinor 6-keto-
PGFiq, its major enzymatic metabolite. Urinary 2,3-
dinor 6-keto-PGF;y increased after the administration
of DX (Figure 4). The increase in 2,3-dinor 6-keto-
PGF, was abolished by the administration of the selec-
tive COX-2 inhibitor SC236. A similar effect was seen
with the nonselective COX inhibitor indomethacin.
The selective COX-1 inhibitor SC560 induced a small
reduction in urinary 2,3-dinor 6-keto-PGFj, probably
reflecting inhibition of PGI, generated by constitutive-
ly expressed COX-1. However, SC560 did not prevent
the increase in PGI; induced by DX (Figure 4). A simi-
lar trend was seen with urinary PGF,, although none
of the changes were statistically significant. There was
asmall, although not significant, increase in the excre-
tion of the isoprostane 8-iso-PGF;, (from 2.02 £ 0.2 to
3.3 + 2.1 ng/mg creatinine), a marker of gross free-rad-
ical-induced injury.

Cardiac injury. Myocardial injury was evaluated by
measuring CTnT in venous blood. No measurable CTnT
was detected in animals treated with vehicle, SC236, or
SCS560 alone. CTnT levels increased in the DX-treated
rats, and the levels increased further when DX was com-
bined with the COX-2 inhibitor SC236 (Figure 5). Simi-
lar results were seen with plasma LDH, which increased

with DX (578 + 227 U/L; n = 6) and was further increased
when DX was combined with SC236 (1,552 + 58 U/l;
n=3,P=0.02),versus 156 + 28 U/I (n = 6) in untreated
controls. The CTnT levels were not further increased
when DX was combined with the COX-1 inhibitor
SC560. We examined whether the enhanced injury seen
when DX was combined with SC236 could be offset by
PGI,, administered as its stable analogue iloprost. No
measurable concentrations of CTnT were detected in
seven of 12 rats injected with iloprost combined with DX
(Figure 5). DX also increased the percentage of apoptot-
ic cells detected as TUNEL-positive cells (Figure 6). A fur-
ther increase was seen when DX was combined with
SC236, and the effect of the combination was attenuat-
ed by prior treatment with iloprost.

Discussion

COX-2 expression in several cells, but particularly
cancer cell lines, appears to protect against apoptosis
and to promote cell growth (17, 18). Thus, COX-2
inhibition suppresses the growth of tumor cells in
vitro (19) and inhibits tumor formation in the APC-
knockout mouse model of colon cancer (20) and in
human familial polyposis coli (21). COX-2 is
expressed in areas of infarction in the human heart
(22), and myocardial COX-2 expression has been
reported in the rat heart during cardiac transplant
rejection (23). In addition, cardiac fibrosis has been
reported in the COX-2-knockout mouse (24). Togeth-
er, these findings prompted us to examine whether
COX-2 was protective in cardiomyocytes in vitro. Car-
diomyocytes only express COX-1 under normal cir-
cumstances, but COX-2 was induced on exposure to
free radicals or DX (9). DX also provoked the release
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Figure 4

Urinary excretion of 2,3-dinor 6-keto-PGF1, 8-is0-PGFyq, and PGFyq,
after the administration of DX. The increase in 2,3-dinor 6-keto-
PGF;4 was inhibited by the administration of the selective COX-2
inhibitor SC236 and by indomethacin (Indo), whereas the selective
COX-1 inhibitor SC560 had little effect. A similar trend was seen with
urinary PGFyq, although none of the changes were statistically sig-
nificant. (The results are the mean + SEM of five separate experi-

ments for each treatment.)
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Cardiac injury detected as an increase in CTnT of more than 0.01
ng/ml, after DX administration alone and combined with the selec-
tive COX-2 inhibitor SC236. DX induced cardiac injury, and this was
aggravated by SC236 but not SC560. The increase in injury seen with
the combination of DX and SC236 was attenuated by prior admin-
istration of iloprost, a stable analogue of PGl,.

of LDH and increased the rate of apoptosis (S.R.
Adderley and D J. Fitzgerald, unpublished data), and
this was aggravated by a COX-2 inhibitor.

These in vitro data raise the possibility of protecting
the heart in patients during the administration of DX
by coadministration of a prostaglandin. Here, we show
that DX induces COX-2 in the adult rat heart when
administered exogenously and enhances the genera-
tion of PGI,, the principal product generated in car-
diac cells. The isoform responsible for the increased
product formation was assessed using specific
inhibitors of COX isoforms (25). We have confirmed
the selectivity of the compounds using COS cells
expressing either COX-1 or COX-2 (data not shown).
In addition, at the dose used SC236 had no effect on
serum thromboxane B,, an assay of COX-1 activity. In
contrast, SC560 induced a greater than 80% inhibition
of serum thromboxane B,. SC236 prevented the rise in
urinary 2,3-dinor-6-keto-PGFq seen with DX, demon-
strating a role for COX-2 in the enhanced generation
of PGI, after administration of the anthracycline. In
contrast, SC560 had very little effect.

DX administered alone induced cardiac injury meas-
ured as the increase in serum CTnT and by the number
of apoptotic cells detected on TUNEL assay, as reported
previously (26, 27). Coadministration of SC236 aggra-
vated the cardiac injury, whereas the COX-1 inhibitor
did not. There is evidence that COX-2 inhibitors enhance
apoptosis in some cell lines in a prostaglandin-inde-
pendent manner (28). Moreover, some NSAIDs
(although not COX-2 inhibitors) inhibit a multidrug-
resistance protein responsible for transporting DX out
of cells (29). However, administration of an analogue of
PGI,, the major product of the cardiomyocytes, prevent-
ed the injury. Further, in five of the 12 animals, there was
still evidence of cardiac injury despite treatment with ilo-
prost. This may reflect additional mechanisms of cell

death induced by DX that are not reversed by iloprost,
although, in the absence of dose-response data, the
mechanism is unclear. Mass spectrometry of cell super-
natants show that cardiomyocytes largely generate PGI,
in addition to PGF,qand PGE,. In vitro, only PGI, pro-
tected against DX-mediated injury (8), suggesting that
this may be the product responsible for the cytoprotec-
tive effect of COX-2 expression. Prostaglandins, howev-
er, can have the opposite effect. Thus, expression of
COX-2 enhances apoptosis in neuronal cells (30) and the
PGD; metabolite 15-deoxy PGJ, provokes endothelial
cell death (31). Thus, the effect may be specific to prosta-
cyclin or its analogues.

Prostaglandins act on two classes of receptors (a)
surface transmembrane-spanning, G-protein-coupled
receptors and (b) PPARs, which are nuclear membrane
receptors. Prostaglandins and their precursors are lig-
ands for several PPARs including PPARa (polyunsatu-
rated fatty acids), PPARS (PGL,), and PPARY (PGD,, 15-
deoxy PGJ,) (31). PPARa and PPARS are widely
expressed in tissues including the heart, whereas
PPARyis found particularly in adipocytes (32). PPARs
heterodimerize with other proteins, such as the
retinoid X receptor and ARA70, to act as transcription
factor complexes for a wide number of genes, particu-
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Figure 6

Cardiac injury detected as apoptosis (TUNEL-positive cells) after
DX treatment alone and combined with the selective COX-2
inhibitor SC236. DX increased the percentage of cells that were
apoptotic at 4 hours, and this was further aggravated by SC236.
The increase in apoptosis seen with the combination of DX and
SC236 was attenuated by prior administration of iloprost. Similar
results were seen at 12 hours after DX administration (data not
shown). The data are the mean (+ SEM) of 25 high-power fields
from three to four experiments per treatment.
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larly those involved in lipid metabolism (33, 34). Alter-
natively, the effects of iloprost may be mediated
through surface membrane receptors, transcripts for
which have been identified in the adult human heart
(35). Moreover, we cannot exclude the possibility that
a vasodilator response to iloprost may have provided
some degree of protection. However, the dose used was
low relative to that reported to reduce blood pressure
and increase heart rate in the rat (36).

In the rat model of DX-induced cardiotoxicity,
COX-2 expression may provide some degree of pro-
tection against the injury induced by the anthracy-
cline. Our experiments suggest that administration
of a prostacyclin analogue may afford cardiac pro-
tection in this setting.
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