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Morphological characteristics of mitochondria in normal
and malignant human breast epithelial cells correlate with
estrogen and progesterone receptors: a stereological analysis
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Summary. The biological and pathological effects of estrogen and progesterone in hormone-sensitive breast tissue
are due - on a molecular level - to estrogen and progesterone receptor signaling responses at the cell membrane,
nucleus and mitochondria of breast epithelial cells. The present study focuses on the involvement of mitochondria
in mammary gland carcinogenesis. Here we provide a quantitative comparison of mitochondria in normal vs.
malignant human breast epithelial cells. Using stereological analysis, the volume (Vvm), surface (Svm), specific
surface (Svm/Vvm) and numerical (Nvm) density of mitochondria were estimated for a total of 600 cells: 150 breast
cancer cells positive for estrogen and progesterone receptors (group 1C); 150 breast cancer cells negative for estrogen
and progesterone receptors (group 2C); and two compatible groups of 150 normal mammary epithelial cells (groups
1K and 2 K). Comparison of stereological parameters of mitochondria from complementary groups 1K and 1C
shows that the surface, specific surface and numerical density of mitochondria is significantly reduced (p < 0.000)
in cancer cells (1C). Comparison of complementary groups 2K and 2C shows that the numerical (p < 0.015) and
specific surface (p < 0.000) density was significantly reduced, while the surface (p < 0.009) and volume density (p <
0.000) increased in cancerous cells (2C). Comparison of complementary groups 2K and 2C shows that the numerical
(p < 0.015) and specific surface (p < 0.000) densities of the mitochondria were significantly reduced and the surface
(p < 0.009) and volume density (p < 0.000) increased in cancerous cells (2C). Based on stereological analysis, we
conclude that mitochondria in breast cancer cells are significantly different from mitochondria in normal cells in
breast glandular epithelia. In addition, differences in mitochondria were observed which correlate with the presence/
absence of estrogen and progesterone receptors.
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INTRODUCTION

The sex hormones, estrogen and progesterone play im-
portant roles in the development and function of mammary
glands in mammals. The molecular mechanisms underlying
the biological and pathological effects of these sex hormones
are due in part to their interactions with estrogen and pro-
gesterone receptors (Gilbert 2006; Brisk and O’Malley 2010).

Our present understanding of the influence of estrogen
and progesterone in normal and malignant human breast
epithelium has been achieved following years of careful col-
lection and analysis of data obtained by biochemical, im-
munohistochemical, and molecular methods on the function

of estrogen and progesterone receptors of breast epithelial
cells in bioptic material (Nadji et al. 2005; Arihiro et al. 2007;
Badve et al. 2008; Li et al. 2010; Oda et al. 2010), experimen-
tal animals (Cheng et al. 2005; Gilbert 2006; Beleuta et al.
2010; Brisken and O’'Malley 2010) and selected cell cultures
(Jacobsen et al. 2005). Due to their roles as mediators of hor-
mone action, assessment of the expression levels of hormone
receptors in cancer cells has become an important factor in
the selection of appropriate therapy and the prognosis of
breast cancer. For a long time, estrogen and progesterone
receptor expression was monitored almost exclusively in the
cytoplasm and nuclei of breast epithelial cells (Cordera and
Jordan 2006; Dowsett et al. 2006; Rhodes 2006; Varghese
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2007; Farzami et al. 2009; Hammond et al. 2011; Lonard and
O’Malley 2012). However, there is far less information about
the expression levels of estrogen receptors in mitochondria,
or their impact on normal vs. cancer cells: via the rapid, non-
genomic action of estrogen hormones (Chen et al. 2004; Felty
and Deodutta 2005). More recently however, special atten-
tion has been given to the direct and/or indirect effects of
estrogen on the biogenesis and function of mitochondria
(Klinge 2008; Mattingly et al. 2008), regulation of electron
transport chains and production of reactive oxygen species
(Chen et al. 2009), control of mitochondrial apoptosis times
(Pedram et al. 2006; Yager and Chen 2007), induction of mu-
tations of mitochondrial DNA (Radpour et al. 2009). In par-
ticular, the possibility of inhibiting mitochondrial estrogen
steroidogenesis as a means to prevent breast carcinogenesis
(Yager and Chen 2007; Elliot et al. 2012), or the application
of anti-mitochondrial therapies to block energy metabolism
and inhibit fast-growing tumors (Mandujano-Tinoco et al.
2013) has potential in cancer therapeutics.

Literature data on the morphological and morphomet-
ric characteristics of mitochondria in normal vs. malignant
human breast epithelial cells is scarce (Stenger et al 1983;
Wolf et al 1985; Stegner et al 1986; Beneduci et al 2005; El-
liot and Barnett 2011). Therefore, in the present study we
tested the hypothesis that mitochondria differ in normal vs.
malignant human breast epithelia with respect to morpho-
logical and morphometric characteristics. In addition, we
also examined whether these differences in mitochondrial
morphology reflect differences in estrogen and pogesterone
receptor status (positive or negative). These hypotheses are
based on the fact that the function and morphology of sub-
cellular units, such as mitochondria, are closely linked, and
that study of their morphological characteristics may enable
assessment of their functional status.

To enable quantitative, objective data analysis, quantita-
tive stereological analysis of volume density (Vvm), surface
density (Svm), the specific surface density (Svm/Vvm) and
numerical density (Nvm) of mitochondria in the reference
area of the cells of normal and malignant human breast epi-
thelium were performed.

MATERIALS AND METHODS

In the present study, breast tissue samples were obtained
from women of reproductive age, who had been biopsied for
primary invasive cancer. This study includes determination
of the status of estrogen and progesterone receptor (positive
or negative) in cancerous mammary epithelial cells, and ste-
reological analysis of morphological changes in mitochon-
dria in malignant vs. normal breast epithelial cells.

In order to determine the relationship between the
amount of estrogen and progesterone receptors and stereo-
logical mitochondrial parameters, tissue samples were di-
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vided into 4 different groups of cells.

First group (150 cells): normal mammary epithelial
cells from the environment around cancer cells positive for
estrogen and progesterone receptors (group 1K). Second
group (150 cells): normal mammary epithelial cells from the
environment around carcinomas negative for estrogen and
progesterone receptors (group 2K). Third group (150 cells):
estrogen/progesterone receptor positive malignant epithelial
cells (ER+PR+) (group 1C). Fourth group (150 cells): estro-
gen and progesterone receptor negative malignant epithelial
cells (ER-PR-) (group 2C).

Histological analysis of breast tissue was performed
using a Leitz Wetzlar Orthoplan light microscope.

Determination of estrogen and progesterone
receptor status

For immunohistochemical detection of estrogen and
progesterone receptors, monoclonal mouse anti-human Es-
trogen Receptor a (ER a), Clone 1D5 and monoclonal mouse
anti-human Progesterone Receptor, clone 1A6 (Dako, Dako-
Cytomation, Ink, Carpinteria, USA) were used. Visualization
was performed by standard protocols using the LSAB meth-
od and DAB chromogen (all reagents from DakoCytomation,
Ink, Carpinteria, USA).

Quantification of estrogen and progesterone receptors
was performed using the Allred scoring system (Qureshi
and Pervez 2010). Qualitative and stereological analyses of
mitochondria were performed on micrographs of malignant
and normal breast epithelium cells.

Electron microscopy

For electron microscope examinations, five to ten
samples of normal and malignant human breast tissue, were
used. Samples, 1 mm 3 were prefixed in 4% glutaraldehyde
and postfixed in 1% osmium tetroxide (Serva, Heidelberg,
Germany), then dehydrated with acetone and embedded in
Araldite resin (Ciba-Geigy, Basel, Swiss). Semithin sections
were cut at a thickness of 500 nm and stained with tolu-
idine blue (Merck, Darmstadt, Germany). These sections
were used for the selection of regions of interest for electron
microscope analysis. Ultrathin sections of 80 nm were con-
trasted with 2% uranyl acetate (Merck, Darmstadt, Germany)
and lead citrate prepared after Reynolds.

Ultrastructural analysis and photography of cells
with the most representative mitochondria was performed
on a transmission electron microscope (OPTON 9S-2,
Oberkochen, Germany). Electron micrographs were used
for qualitative and stereological analysis of mitochondria.

Stereological analysis

Stereological analysis of mitochondria was performed



on electron micrographs of normal vs. malignant human
breast epithelia using a transparent test system (mesh) with
an unlimited number of test points and test lines. Using
stereological point-counting methods, the volume density
(Vvm), surface density (Svm), specific surface density (Svm/
Vvm) and numerical density (Nvm) of mitochondria in the
reference area were calculated (Weibel 1969; Rigoglio et al
2012).

Statistical analysis

The significance of differences between the mean values
of all examined stereological parameters of mitochondria
among the studied cells was analyzed by t-test with p-values
set at 0.05. The contribution of each parameter to discrimi-
nation between groups was determined by the coefficient of
discrimination. All tests were carried out using STATISTICA
10.0 software.

RESULTS

Malignant cells with high levels of estrogen and pro-
gesterone receptors (Allred score, ER = 8/PR = 8, 150 cells)
were selected for analysis and grouped into phenotypicaly
differentiated, ER+PR+ cancer cells (group 1C).

In contrast, breast cancer cells lacking estrogen and pro-
gesterone receptor (Allred score, ER = 0/PR = 0, 150 cells)
were grouped as undifferentiated phenotype ER-PR- cancer
cells (group 2C).

In addition to cancer cells (group 1C and group 2C),
normal cells were collected from the respective surrounding
environments and were also analyzed. These cells served as
control groups (group 1K and group 2K).

Stereological analysis of all 600 selected cells revealed
differences in volume density, surface density, specific surface
density and the numerical density of the respective mito-
chondria. The significance of differences for each parameter
between the groups of normal and cancerous cells was ana-
lyzed by the t-test (Table 1). Results presented in this Table
show that there are significant differences in the stereological
parameters between the examined cells groups. Stereological
analysis of the volume density of mitochondria in cells from
groups 1K and 2K show that volume density is significantly
higher (p < 0.0001) in the control group 1K (normal breast
epithelial cells surrounding carcinomas positive for estrogen
and progesteron receptors) compared to control group 2K
(normal breast epithelial cells from the environment sur-
rounding carcinomas negative for estrogen and progesterone
receptors).

In addition, as can be seen, the volume density of mi-
tochondria in cells from group 2C (ER-PR- cancer cells) was
significantly higher (p < 0.000) compared to the appropri-
ate control group (2K). Stereological analysis of the surface
density of mitochondria from control cells in groups 1K and
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2K revealed significantly higher values for this parameter in
group 1K compared to group 2K. Comparison of these pa-
rameters between control groups (1K, 2K) and cancer cells
(1C, 2C) suggests that the surface density of mitochondria in
group 1K are significantly higher (p < 0.001) than in group
1C, while between groups 2K and 2C this relationship is
inverted: the surface density of mitochondria is higher in
group 2C (ER-PR- cancer cells) than in the corresponding
control group 2K. Comparison between groups of cancer
cells (1C and 2C) shows significantly higher (p < 0.000) sur-
face density of mitochondria in cells from group 1C than
those from group 2C. According to these stereological analy-
ses of the specific surface density, which indicate changes in
mitochondrial shape or changes in the ratio between sur-
face area and volume, higher values of this parameter were
observed in mitochondria from cells in 1K group (normal
mammary epithelial cells surrounding invasive cancer cells
positive for estrogen and progesterone receptors) compared
to group 2K (normal mammary epithelial cells surround-
ing cancer cells negative for estrogen and progesteron re-
ceptors) (p < 0.001), as well as in mitochondria from group
1C (ER+PR+ cancer cell) vs. mitochondria from group 2C
(ER-PR- carcinoma cells). In addition, larger values for this
parameter were observed in mitochondria from the 2K cell
group compared to group 2C (ER-PR- carcinoma cells); and
in mitochondria from group 1C (ER+PR+ cancer cell) vs.
group 2 C (ER-PR- carcinoma cells). These numerical density
values indicate that the number of mitochondria per refer-
ence area is higher in the control groups of cells (1K and
2K) compared to the cancer cell groups (1C and 2C). The
numerical density of mitochondria was also higher in the
control cells (2K) compared to those from group 2C. Among
groups of cancer cells, significantly higher values of this pa-
rameter (p < 0.000) were observed in mitochondria from
group 1C compared to group 2C (p < 0.000).

In order to more clearly determine the ability of each
stereological parameter to discriminate between different
groups, a coefficient of discrimination was calculated for
each monitored stereological parameter. Analyses of the co-
efficient of discrimination (Table 2) reveal that the largest
contributions to the significant differences between the stud-
ied groups of cells stem primarily from numerical density
(kd = 0.124) and specific surface density (kd = 0.082), with
less of a contribution from surface (kd = 0.028) and volume
density (kd = 0.004).

Based on the above results, we observed that in normal
human breast epithelial cells (groups: 1K and 2K) there are
on average a higher number of mitochondria of homoge-
neous structure: elliptical shaped, with conserved membrane
and parallel oriented christae and transparent intra-mito-
chondrial matrix with no signs of swelling. In contrast, breast
cancer cells (group 1C and group 2C) displayed altered mito-
chondrial morphology characterized by swollen mitochon-
dria with short and disoriented christae, and with a “pale”
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Table 1. The statistical significance of differences in the investigated stereological mitochondrial parameters: volume (Vvm), surface (Svm),

specific surface (Svm/Vvm) and numerical (Nvm) density between the two groups of normal, and two groups of breast cancer cells.

Group 1 Group 2 mean t p

= norm.cell/+phen.ca.(1K) norm.cell/-phen.ca. (2K) 0.148 0.116 3.541 0.000
g norm.cell/+phen.ca.(1K) cell ca./-phen. (2C) 0.148 0.163 2.170 0.031

§ norm.cell/-phen. ca. (2K) cell ca./+phen. (1C) 0.116 0.152 3.810 0.000

= norm.cell/-phen. ca. (2K) cell ca./-phen. (2C) 0.116 0.163 5.438 0.000
norm.cell/+phen.ca.(1K) norm.cel./-phen.ca. (2K) 0.542 0.325 9.077 0.000

= norm.cell/+phen.ca. (1K) cell ca./+phen. (1C) 0.542 0.450 3.373 0.001

g_ norm.cell/+phen.ca. (1K) cell.ca./-phen (2C) 0.542 0.369 7.379 0.000

g norm.cell/-phen.ca. (2K) cell ca./+phen. (1C) 0.325 0.450 5.703 0.000

N norm.cell/-phen.ca. (2K) cell ca./-phen. (2C) 0.325 0.369 2.616 0.009
cell ca./+phen.ca. (1C) cell ca./-phen. (2C) 0.450 0.369 3.779 0.000
norm.cell/+phen.ca.(1K) norm.cell./-phen.ca. (2K) 3.807 3.119 5.620 0.000

§ —~ norm.cell/+phen.ca. (1K) cell ca./+phen. (1C) 3.807 3.100 5.807 0.000
E g norm.cell/+phen.ca. (1K) cell ca./-phen. (2C) 3.807 2.337 13.296 0.000
A norm.cell/-phen.ca. (2K) cell ca./-phen. (2C) 3.119 2.337 8.056 0.000
cell ca./+phen.ca. (1C) cell ca./-phen. (2C) 3.100 2.337 7.916 0.000
norm.cell/+phen.ca. (1K) norm. cell/-phen.ca. (2K) 0.939 0.316 8.920 0.000

& norm.cell/+phen.ca. (1K) cell ca./+phen. (1C) 0.939 0.451 6.749 0.000
E_ norm.cell/+phen.ca. (1K) cell ca./-phen. (2C) 0.939 0.261 9.774 0.000

§ norm.cell/-phen.ca. (2K) cell ca./+phen. (1C) 0.316 0.451 4453 0.000

z norm.cell/- phen. ca. (2K) cell ca./-phen. (2C) 0.316 0.261 2439 0.015
cell ca./+phen.ca. (1C) cell ca./-phen. (2C) 0.451 0.261 6.507 0.000

norm.cell/+phen.ca. (1K) - normal breast epithelial cells taken from the environment of cancer tissue positive for estrogen and progesterone receptors (+ phenotype); norm.
cell/-phen.ca. (2K) - normal breast epithelial cells taken from the environment of invasive cancer tissue negative for estrogen and progesterone receptors (- phenotype);
cell ca./+phen.ca. (1C) - cells from breast cancer positive for estrogen and progesterone receptors (ER+PR+ cancer cells); cell ca./-phen. (2C) - cells from breast cancer

negative for estrogen and progesterone receptors (ER-PR- cancer cells).

Table 2. The coefficients of discrimination between the four
studied groups of cells compared to individual stereological
mitochondrial parameters.

Stereological mitochondrial param-  Coefficient of discrimination
eters

Nvm (um?3) 0.124
Svm/Vvm (um™) 0.082
Svm (um™) 0.028
Vvm (um°®) 0.004

Nvm - numerical density; Svm/Vvm - specific surface density; Svm - surface
density; Vvm - volume density.

intra-mitochondrial matrix (group 1C). These cells are also
characterized by the appearance of irregularly shaped, giant
mitochondria with tubular christae and with pronounced
crystallization of the inner mitochondrial membrane (2C).

DISCUSSION

Previous studies conducted over the last few decades
in connection with the malignant transformation of human
breast epithelial cells undoubtedly confirmed the connection
of this process with the presence/absence of receptors for
estrogen or progesterone, which essentially determines the
biological potential of a breast tumor (Dowsett et al. 2006;
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Farzam et al. 2009; Hammond et al. 2010; Dobrescu et al.
2011). Previous studies of the morphological characteristics
of mitochondria in various physiological and pathophysi-
ological conditions have indicated that there is an obvious
variability in their number, size and shape, depending on
their functional state, but that these changes cannot be con-
sidered specific for certain tumors (Collins et al. 2002; Elliot
and Barnett 2012).

The morphological changes in mitochondria observed
in the present study are in agreement with the changes in
these organelles observed by other authors who have exam-
ined the correlation between the structure and function of
mitochondria and the status of estrogen and progesterone
receptors (Stenger et al. 1983; Stenger et al. 1986; Beneduce
et al. 2005).

The results of the present study reveal statistically sig-
nificant differences in the analyzed stereological parameters
between all groups of cells examined. In control cells (1K
and 2K), numerical, specific surface, surface and volume
density of mitochondria were significantly higher in normal
epithelial cells surrounding cancers positive for estrogen and
progesterone receptors (1K) than in normal epithelial cells
surrounding cancers negative for estrogen and progesterone
receptors (2K). These differences indicate that, in normal



cells (group 1K) there are a greater number of mitochondria
occupying a larger area and volume of the cells than in nor-
mal cells surrounding cancer cells negative for the estrogen
and progesterone receptors (group 2K).

However, comparison of the investigated stereological
mitochondrial parameters between breast cancer cells with
estrogen and progesterone receptors (group 1C) vs. control
cells (1K) shows that the numerical, surface and specific
surface density of mitochondria is significantly reduced in
cancer cells. In contrast, comparison of stereological mito-
chondrial parameters in breast cancer cells without estro-
gen and progesterone receptors (group 2C) showed a sig-
nificant decrease of numerical and specific surface density,
and increase their surface and volume density vs. controls
(group 2K); suggesting that cancer cells from group 2C have
a smaller number of mitochondria occupying a larger area
and volume in the cell reference area.

In particular, interesting differences were found in the
values of stereological parameters of mitochondria between
the two groups of cancer cells (groups 1C and 2C). In cancer
cells negative for estrogen and progesterone receptors (group
2C) we observed that numerical, surface and specific surface
density are significant reduced comparing to cells with a high
content of these receptors.

The observed differences in volume density between the
mitochondria of receptor positive/negative cancerous cells
may be due to several factors. For example, because they are
receptor negative, cells from group 2C are not exposed to
hormonal activity, but, due to their rapid proliferation are
more exposed to the effects of oxygen reduction and lack
other necessary elements for reproduction. This indicates
that the tumor mass in tumors negative for estrogen and pro-
gesterone receptors increase faster. In fact, previous studies
have shown that receptor negative cancers are poorly differ-
entiated, have a poorer prognosis, and are more difficult to
treat (Dowsett et al. 2006).

In contrast, in cancer cells positive for estrogen and pro-
gesterone receptors (which show better responses to estro-
genic stimulation) mitochondria are more numerous, more
uniform in shape, and occupy a larger area and smaller vol-
ume. Hormonal influence on mitochondria is undoubtedly
a factor, because clear differences between cancer cell groups
in all measured stereological mitochondrial parameters were
observed.

The increased mitochondrial volume in cancer cells vs.
normal cells may be explained by the fact that cancers (both
receptor positive and negative) increase in cellular mass rela-
tively quickly (with receptor negative cells growing faster
than receptor positive cells). However, this fast growing cel-
lular mass is very vulnerable because of poor vascularization.
The vascular neogeneza in tumors that quickly increase in
mass does not adequately follow the growth of the tumor,
resulting in different morphological signs of hypoxia. These
earliest morphological changes expressed in mitochondria
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could be monitored. However, changes in the number and
volume of mitochondria caused by lack of oxygen at the ear-
liest stages of cancer are very difficult to distinguish, even at
the ultrastructural level, from mitochondria which a priori
possess these characteristics. For these reasons, it is possible
that this phenomenon can be explained by a faster increase
in tumor mass and compromised circulation in the cancer
tissue.

Based on the coefficient of discrimination for the inves-
tigated stereological mitochondrial parameters, we conclude
that observed differences between the analyzed groups of
cells are mostly due to changes in numerical density (kd =
0.124) and specific surface density, which determines the
shape of the mitochondria (kd = 0.082), and that surface (kd
= 0.028) and volume density (kd = 0.004) are more minor
contributing factors. This suggests that the number and
shape of mitochondria in the reference area are the most
important indicators of morphological differences in normal
vs. malignant cell groups.

Taken together, our results suggest that mitochondria
in breast cancer cells are significantly different from the mi-
tochondria of normal cells in breast glandular epithelia. In
addition, mitochondrial differences observed between breast
cancer cell types correlate with the status of estrogen and
progesterone receptors.
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