
Abstract. Normal breast development is controlled by a
balance between cell proliferation and apoptosis. The balance
between the two parameters is crucial for determining the
growth or regression of breast tumours in response to therapies
and treatments. Therefore, it is necessary to understand the
role of apoptosis in tumour progression. Active caspases
participate as essential elements in the execution of apoptotic
mechanisms. In the present study, we analysed the activities
of caspase-3, -8 and -9 as well as cytochrome c release in
N-methyl-nitrosourea (NMU)-induced rat mammary tumours,
in order to establish the apoptotic events that occur in tumour
growth in this animal model. Forty female virgin Wistar rats
were randomly divided into two groups. One group was
injected intraperitoneally with three doses of 50 mg/kg body
weight of NMU. The control group received the vehicle only.
After 122 days of NMU injection, the rats were sacrificed and
the tumours were excised and processed. Results showed that
in mammary tumours induced by NMU, the apoptotic death
receptor-mediated pathway is activated through caspase-3
and -8, but the apoptotic mitochondrial pathway is suppressed
through a non-activating process of caspase-9 activity, despite
the release of cytochrome c. In conclusion, these findings
have demonstrated a suppression of the apoptotic mitochon-
drial pathway through a non-activating process of caspase-9
activity, despite the release of cytochrome c in mammary
tumours induced by NMU. Although the apoptotic death

receptor-mediated pathway is activated, it is not enough to
maintain the balance between proliferation and apoptosis,
and thus determine the overall growth of the tumour.

Introduction

Animal models of breast cancer constitute a useful tool for
dissecting the several processes of carcinogenesis. In the N-
methyl-nitrosourea (NMU)-induced rat model, mammary
tumours are estrogen-dependent, aggressive and locally
invasive, in a similar degree to that observed in the human
disease (1-8). Breast cancer is the most common malignancy
in women, and comprises 18% of all cancers in women (9-11).
The poor survival rates from breast cancer have decreased by
>25% due to the improved use of adjuvant tamoxifen and
chemotherapy. Therefore, current research is focused on a
greater understanding of the response and resistance to
treatment, including the role of apoptosis (12-14).

Normal breast development is controlled by a balance
between cell proliferation and apoptosis. The balance
between the two parameters is crucial in determining the
overall growth or regression of the tumour (15-17) in response
to therapies and treatments. Therefore, it is necessary to
better understand the role of apoptosis in tumour progression.

Active caspases participate as essential elements in the
execution of apoptotic mechanisms (18). Caspases have widely
been defined as intracellular cysteine-containing proteases
that cleave different cytoplasmic, structural and nuclear
proteins after an aspartate residue (19). Caspases are synthe-
sized as inactive zymogens, which become proteolytically
cleaved during apoptosis to generate active enzymes. Thus,
caspase activation can be initiated by two different pathways:
one mediated by a cell surface receptor (exogenous pathway),
and the other executed by the release of mitochondrial factors
(endogenous pathway). Caspase-8 acts as the most upstream
caspase in apoptotic signaling initiated by Fas (CD95),
tumour necrosis factor (TNF) receptor (TNFR), and TNFR-
related death receptors including TRAIL (TNF-related
apoptosis-inducing ligand) receptors (TRAIL-R1 and -R2)
and death receptors (DRs; e.g., DR3) (20-22). Two pathways
of the Fas death receptor have been defined depending on the
participation of cytochrome c (23,24). The first involves the
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direct activation of caspase-3 by caspase-8 without the
contribution of cytochrome c release. The second involves the
release of this mitochondrial factor by caspase-8 via Bid.
Physical or chemical factors may be involved in the initiation
of apoptosis through the mitochondrial release of cytochrome c
as well as of other products. Cytochrome c binds to the adaptor
molecule apoptosis protease-activating factor 1 (Apaf-1), and
this complex induces the activation of pro-caspase-9 (25).

The present study analysed the activities of caspase-3, -8
and -9 as well as the cytochrome c release in NMU-induced
rat mammary tumours, in order to establish the apoptotic
events that occur in tumour growth in this animal model.

Materials and methods

Animals and treatment. Forty female virgin Wistar rats
(164.7±4.7 g body weight) were used in this study. The
animals were provided from the animal house-care of the
University of Jaén, and maintained in an environment
controlled under constant temperature (25˚C) with a 12 h-
light/12 h-dark cycle. All animals were allowed access to
water and food ad libitum. The experimental procedures for
animal use and care were in accordance with the European
Community Council directive (86/609/EEC). The rats were
randomly divided into two groups. One group was injected
intraperitoneally with three doses of 50 mg/kg body weight
of NMU dissolved in distilled water (10 mg/ml) at 50, 80 and
110 days after birth. Tumours induced by this method are
oestrogen-dependent (26). The rats were in estrus at the first
NMU injection, verified by daily vaginal smears. The control
group received the vehicle only. For tumour detection and
growth control, the rats were examined by palpation 2 days
each week after the second NMU injection. The following
tumour growth parameters were determined: latency period
(LP), as the number of days between the first NMU injection
and the appearance of the first tumour, with a value of
113.0±4.2 days (mean ± SEM); tumour incidence (TI), as the
percentage of the rats that developed at least one tumour,
with a value of 60%; and the mean tumour number per rat
(n/t), as the number of tumours per rat in those animals deve-
loping at least one tumour, with a value of 1.93±0.4 tumours
(mean ± SEM).

Tissue sample preparation. After 122 days following the first
NMU injection, animals were sacrificed under equithensin
anaesthesia (2 ml/kg body weight). Samples from normal
breast or mammary tumours were quickly removed and frozen
at -80˚C, until use. The tissue samples were homogenized in
10 volumes of 10 mM HCl-Tris buffer (pH 7.4) and centri-
fuged for clarification at 10,000 rpm for 10 min at 4˚C. The
resulting supernatants were used to measured enzyme activities
and the protein content (see below), and were assayed in
triplicate.

Caspase-3 activity assay. Caspase-3 (CPP32/apopain) activity
in cell lysates was measured using a fluorometric assay kit
(EnzChek Caspase-3 assay kit, Molecular Probes, Eugene,
OR, USA), as described in the manufacturer's instructions.
Briefly, tissue homogenates were added with 50 μl of substrate
working solution with dithiothreitol (DTT) and 10 μl of 5 mM

fluorescent substrate Z-DEVD-R110. Fluorescence was
measured from cleavage of the substrate Z-DEVD-R110
[bis-(N-CBZ-L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid
amide)] in which rhodamine 110 is generated from the Z-
DEVD-E110 substrate by caspase action. Samples were
transferred to individual wells of a 96-well plate and incu-
bated at room temperature for 30 min. Caspase-3 activity was
quantified on a fluorescence spectrophotometer (Varian Cary
Eclipse, Mulgrave, Victoria, Australia) at an excitation wave-
length of 488 nm and at an emission wavelength of 530 nm.

Caspase-8 and -9 activity assay. The activities of caspase-8
(also known as FLICE) and caspase-9 (also known as ICE-
LAP-6) were examined using colorimetric assay kits accor-
ding to the manufacturer's instructions (R&D Systems Inc.,
USA). The assay is based on the spectrophotometric detection
of the chromophore p-nitroanilide (pNA) after cleavage from
the labelled substrate that recognizes an optimal tetrapeptide
sequence of the individual activation sites. Briefly, tissue
homogenates (200 μg of total protein, as determined by the
BioRad protein assay, BioRad, Hercules, CA, USA) were
incubated with 5 μl of the substrates Ac-IETD-pNA
(caspase-8) or Ac-LEHD-pNA (caspase-9) in 50 μl caspase
assay buffer. After incubation at 37˚C for 2 h, the release of
pNA was measured at 405 nm using a microplate spectro-
photometer (BioRad).

Measurement of cytochrome c release. Cytosolic cytochrome c
was quantified using an ELISA kit that employs the sandwich
enzyme immunoassay technique (Rat/Mouse Cytochrome c
Quantikine ELISA Kit, R&D Systems, Inc.). The assays were
performed following the manufacturer's instructions. All
assays were measured in triplicate.

Statistical analysis. To analyse the differences between the
control group and animals with mammary tumours induced by
NMU injections, we used the unpaired Student's t-test. A
simple regression analysis was used to analyse the relation
between the tumour number and cytochrome c. The data and
statistics obtained are given in Table I. Caspase-3 and -8 levels
were used to explain the changes of the dependent variable
tumour volume ( major diameter x minor diameter2). A step-
wise regression was carried out to select the best independent
variables, following as a criterion the minimum value for
Mallows'Cp. Then, with the 9R program in the BMDP
statistical package, the best regression was selected. The data
and statistics obtained are given in Tables II-IV. Comparisons
with P<0.05 were considered to be statistically significant.

Results

Caspase activities. In the present study, we measured the
enzymatic activity of the effector caspase-3, as well as the
enzymatic activities of the two regulatory or initiator caspases
-8 and -9 in rat mammary tumours induced by NMU and
breast tissue from the control rats (Fig. 1). Caspase-3 and -8
from NMU-treated rats significantly increased (P<0.001 and
P<0.01, respectively) when compared with the control group
(Fig. 1A and B). However, caspase-9 activity was not modified
(Fig. 1C). A multiple regression analysis showed a signifi-
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cant relationship between caspase-3 and -8 activities and
tumour volume in this animal model of breast cancer. Multiple
regression analysis statistics are given in Tables II-IV. Table II
illustrates the observed versus the predicted values for the
dependent variable tumour volume. It can be used to detect

cases in which the variance is not constant. Table III shows
the results of fitting a multiple linear regression model to
describe the relationship between tumour volume and the two
independent variables. The equation of the fitted model is:
tumour volume = 17.025 x caspase-3 - 3497.01 x caspase-8 +
12.894. Since the P-value in the ANOVA table is <0.01,
there is a statistically significant relationship between the
variables at the 99% confidence level. The R2 statistic
indicates that this model explains 81.25% of the variability in
tumour volume. The mean absolute error of 2.75 is the average
value of the residuals. Table IV shows estimated correlations
between the coefficients in the fitted model. These correlations
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Table I. Values of experimental and calculated tumour number from the simple regression analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Tumour no. Tumour no.
Rat no. (experimental values) (calculated values) Variation (%)a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 6 4.42 35.740
2 1 2.38 -57.980
3 1 2.32 -56.890
4 1 0.68 47.059
5 4 1.45 175.860
6 5 5.00 0.000
7 2 1.70 17.650
8 1 2.38 -57.980
9 2 2.64 -24.240

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aVariation (%) = 100 x (tumour number experimental - tumour number calculated)/tumour number calculated.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Values of experimental and calculated tumour volume (cm3) from the multiple regression analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Tumour volume Tumour volume
Rat no. (experimental values) (calculated values) Variation (%)a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1 5.36 5.69 -5.80
2 9.37 4.03 132.50
3 0.50 1.36 -63.23
4 21.43 22.32 -3.98
5 24.50 19.49 25.70
6 2.11 6.65 -68.27
7 7.81 12.58 -37.92
8 9.37 10.36 -9.55
9 4.00 1.98 102.02

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aVariation (%) = 100 x (tumour volume experimental - tumour volume calculated)/tumour volume calculated.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Multiple regression model for tumour volume.a

–––––––––––––––––––––––––––––––––––––––––––––––––
Regression Standard Contribution

Variable coefficient error to R-SQ
–––––––––––––––––––––––––––––––––––––––––––––––––
Constant 12.894 8.14 -
Caspase-3 17.028 3.67 0.6698
Caspase-8 -3497.010 936.00 0.4360
–––––––––––––––––––––––––––––––––––––––––––––––––
an=9; Mallows'Cp = 3.0; mean absolute error: 2.75; standard error
of estimation: 4.157; R=0.9013; R2=0.8125; F (2,6)=13.01 and
P=0.0066.
–––––––––––––––––––––––––––––––––––––––––––––––––

Table IV. Correlation matrix for the variables used.
–––––––––––––––––––––––––––––––––––––––––––––––––
Constant 1
Caspase-3 -0.3349 1
Caspase-8 -0.7302 -0.3796 1
–––––––––––––––––––––––––––––––––––––––––––––––––
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can be used to detect the presence of serious multicollinearity,
i.e., correlation amongst the predictor variables. Fig. 2 shows
the component effects of caspase-3 (Fig. 2A) and caspase-8
(Fig. 2B) on tumour volume, according to the proposed model.
Fig. 3A shows the relationship between the experimental and
expected values obtained using the regression equation. This
plot allows for the detection of cases in which the variance is
not constant. Fig. 3B shows the graph between the residuals
versus the experimental tumour volume values. This plot helps
to identify sequential correlations among the residuals.

Finally, the activity of caspase-9 is statistically related
neither to the number nor the size of mammary tumours
induced by NMU in this animal model.

Cytochrome c release. Normally, the released cytochrome c
binds Apaf-1, activates caspase-9, which activates caspase-3.
In our laboratory, cytochrome c released from mitochondria
was significantly increased (P<0.05) in NMU-induced
mammary tumours when compared with the control group
(Fig. 4). Furthermore, the simple regression analysis demon-
strates a significant (P<0.05) negative relationship between
the cytochrome c release and tumour number (R=-0.705)
(Fig. 5).

Discussion

Programmed cell death represents an essential strategy for the
regulation of the dynamic balance in living systems. Normal
breast development is regulated by the equilibrium between
cell proliferation and apoptosis. Evidence from numerous
investigations has demonstrated that tumour growth is not
only a consequence of uncontrolled proliferation of cells, but
also the result of a reduced or inhibited apoptosis (16). In
the present study, we analysed the activity of caspase-3, -8
and -9, as well as the release of cytochrome c in mammary
tumours induced in rats by NMU. These factors constitute
upstream regulatory elements in apoptosis pathways. Our
results demonstrate that this animal model of breast cancer is
accompanied by increased levels of caspase-8 and -3 activities,
and an increased release of cytochrome c. The caspase-9
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Figure 2. Component effects of (A) caspase-3 and (B) -8 on tumour volume
in the multiple regression model proposed.

Figure 1. Determination of caspase-3, -8 and -9 activities in rat mammary
tumours. Caspase-3 activity was assessed by using a fluorometric assay that
measures the cleavage of the substrate Z-DEVD-R110 as described in
Materials and methods (A). Caspase-8 (B) and -9 (C) were evaluated with a
colorimetric assay based on the spectrophotometric detection of the chromo-
phore p-nitroanilide (pNA). The data are expressed in relative units of the
fluorescence (RFU)/μg protein for caspase-3 determination and the optical
density (OD)/μg protein for caspase-8 and -9 determinations. Each
experimental or control treatment was performed in triplicate (mean ± SEM;
**P<0.01; ***P<0.001).
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activity, however, was surprisingly not modified. These results
agree with those obtained in human breast cancer, where
caspases-3, -6 and -8 are associated with higher levels of
apoptosis and histological grade (27).

Caspase-3 (an effector caspase) and caspase-8 and -9
(initiator caspases) play key roles in apoptosis. Normally,
initiator caspases, once triggered, will activate the downstream
effector caspases in a cascade-like pattern (28). The effector
caspases will then cleave their substrates, such as poly(ADP-
ribose) polymerase (PARP), and the cleavage of the proteins
results ultimately in cellular, morphological and biochemical
alterations characteristic of apoptosis (29).

In addition, early investigations reported that cytochrome c
is released from the mitochondria during apoptosis (30-32).
Thus, cytochrome c constitutes a sensitive apoptotic marker
of considerable importance. The mechanisms that regulate the
release of cytochrome c include pore formation in the outer
mitochondrial membrane and opening of the permeability
transition pore (33). The pore opening and rupture of the outer
mitochondrial membrane cause a collapse of the mitochondrial
membrane potential. The cytosolic release of cytochrome c
interacts with ATP, Apaf-1 and pro-caspase-9, leading to the
transformation of pro-caspase-9 to caspase-9, followed by
the activation of caspase-3 and initiation of a proteolytic

cascade (30). In addition to its actions in preventing the release
of cytochrome c, Bcl-xl has been shown to form a ternary
complex with Apaf-1 and caspase-9, possibly inhibiting the
ability of Apaf-1 to activate caspase-9 (34). Therefore, it is
possible that the activation of caspase-3 appears to be an
independent feature of the cytochrome c release and caspase-9
activation. In contrast, the phosphorylation of caspase-9 by a
protein kinase promotes cell survival and contributes to
tumorigenesis (35). Therefore, cytochrome c released from
mitochondria is an essential co-factor for the activation of
caspase-3-like proteases. Nevertheless, several lines of
evidence have suggested that the release of cytochrome c
occurs independently of the alteration of mitochondrial
membrane permeability (36). However, the precise sequence
of events occurring in the disruption of mitochondrial function
followed by cytochrome c release is not exactly determined
in carcinogen-induced tumours. Our data also revealed a
negative relationship between cytochrome c release and the
tumour number, indicating that despite the increase of cyto-
chrome c release from rats treated with NMU, an increase of
the tumour number is related to a reduction of cytochrome c
production.
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Figure 3. (A) Plot of the experimental vs. expected values of the tumour
volume, showing the linear model that describes the relationship between
the variables. (B) Plot of residuals vs. experimental values of the tumour
volume, showing that the model adequately describes the observed data.

Figure 4. Analysis of cytochrome c release after an NMU-induced mammary
tumour. Cytochrome c release was measured by using an ELISA kit
following the manufacturer's recommendations. Values are expressed in an
optical density (OD)/μg protein (mean ± SEM; *P<0.05).

Figure 5. Simple regression found between the mean tumour number and
cytochrome c, indicating the correlation coefficient (R) and significance
level (P).
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We suggest that the non-activation of caspase-9 activity
constitutes a critical event for the suppression of apoptosis,
due to its being responsible for the cell growth and develop-
ment of tumours in this animal model. We have found no
correlation between caspase-9 activity and the number and
size of tumours, whereas the release of cytochrome c correlates
significantly with the tumour number. Similarly, caspase-3 and
-8 activities correlate with tumour size. We hypothesize that
in mammary tumours induced by NMU, suppression of the
the apoptotic mitochondrial pathway occurs through a non-
activating process of caspase-9 activity, despite the release of
cytochrome c. Although the apoptotic death receptor-mediated
pathway is activated, it is not enough to maintain the balance
between proliferation and apoptosis, and thus determine the
overall growth of the tumour.
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