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Abstract—Electron microscopy of cardiomyocytes of patients with hypertrophic and alcoholic cardiomyopathies revealed
the presence of nuclei with mitochondria accumulated in their core. This was associated with chromatin displacement
to periphery of the nucleus. No large-scale intermixing of the nuclear content with the cytosol was found, although in
some sections there were disruptions in the nuclear envelop continuity. The entrance of mitochondria into the nucleus was
modeled in rats that were given ethanol and the catalase inhibitor aminotriazole for 12 weeks. It is suggested that the
entrance of mitochondria into the nucleus promotes both the attack of mitochondria by nuclear proteins and the attack of
nuclear DNA and proteins by proteins of the mitochondrial intermembrane space.
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In 1958 Australian specialists in electron microscopy,
H. Hoffman and G. W. Grigg, reported a striking finding.
In their studies on ultrathin sections of adult mouse lymph
nodes they found a mitochondrion inside the cell nucleus.
They suggested that mitochondria should be initially gen-
erated in the nucleus and leave for the cytosol only after-
wards [1]. This hypothesis was not confirmed. As to the
phenomenon itself, it seemed to be independently
reopened in 1960 by a Japanese scientist, H. Mori, who
described the presence of mitochondria in cells of four
types of ascitic cancer and also in cells of tongue and pan-
creas cancer and in regenerating liver cells of the newt [2].
The works cited were published in Exp. Cell Res. and in
Fukushima J. Med. Sci., respectively, and they failed to get
a broad response. The priority in mitochondria detection
inside the nucleus is usually ascribed to D. Brandes et al.
who published in 1965 in Science a brief note under the
title of “Nuclear Mitochondria?”, which was not supple-
mented with references. In this case the authors dealt with
leukemia cells L1210 [3]. During the next ten years a
number of publications appeared that showed the possibil-
ity of taking off the question mark from the title of the
Brandes article. Mitochondria have been found in blood
lymphocytes [4, 5], lymph nodes of patients with
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Hodgkin’s disease [6], leukemia myoblasts [7], and car-
diomyocytes of a patient with rheumatic carditis [8].

Several interpretations were suggested for these find-
ings. Usually it was assumed that the mitochondria are
captured by the nucleus during its formation within the
post-mitotic phase of the cell cycle or an artifact in tissue
preparation and fixation. The first explanation is not
acceptable in the case of cardiomyocytes, which extreme-
ly seldom if ever enter mitosis [9]. However, Norwegian
authors described a patient with rheumatic carditis with
mitochondria in 2-3% of the cardiomyocyte nuclei [8].
This work also cast doubt on the second interpretation
(the fixation artifact) because no mitochondria were
found in the cardiomyocyte nuclei of 11 other patients
subjected to cardiosurgery [8].

The idea on the appearance of mitochondria in the
nuclei of cardiomyocytes as a result of a particular heart
pathology was supported in 1993 by one of the authors of
this article (V. G. Tsyplenkova) by electron microscopy
data on heart biopsy material taken from patients with
hypertrophic cardiomyopathy [10]. A similar effect was
also described by Takemura et al. [11] five years later.

The present article describes cases of the appearance
of mitochondria in the cardiomyocyte nuclei of patients
with hypertrophic and alcoholic cardiomyopathies. An
experimental model of “alcoholic” rats is proposed for
studies on such phenomena in animals.
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Fig. 1a. Intranuclear location of mitochondria in cardiomyocytes of patients with heart failure: patient G. (hypertrophic cardiomyopathy);
x48,000.
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MATERIALS AND METHODS

Biopsy material from the left ventricle endomyo-
cardium was used that was taken during coronary
angiography and ventriculography in patients with a
clinical diagnosis of hypertrophic or alcoholic car-
diomyopathy.

Experimental alcoholic cardiomyopathy was mod-
eled in 160-180 g male Wistar rats by the method of Kino
[12]. The animals were maintained on a liquid ethanol
diet from which the alcohol provided 36% of the total
calorific value of the food consumed. Concurrently, the
animals were on alternate days injected intraperitoneally
with 3-amino-1,2,4-triazole, a specific inhibitor of cata-
lase activity, to increase the oxidative stress associated
with the alcoholic intoxication. The animals were sacri-
ficed 12 weeks after the experiment beginning. Ethanol
was excluded from the diet the day before.

The material was fixed with 2.5% glutaraldehyde in
phosphate buffer, post-fixed with osmic acid, dehydrated
in alcohol solutions of increasing concentrations, and
mounted in epoxide. Ultrathin serial sections were pre-
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pared using an LKB-1V microtome (Sweden), contrasted
with uranyl acetate and lead citrate, and scanned with
JEM-100CX and Hitachi-12 electron microscopes
(Japan) at accelerating voltage of 80 and 75 kV, respec-
tively.

RESULTS AND DISCUSSION

Figure 1 presents three patients’ cardiomyocyte
nuclei that contain mitochondrial clusters. Two patients
were with hypertrophic cardiomyopathy and the third
patient had alcoholic cardiomyopathy. One can see that
the mitochondria are not separated by the nuclear mem-
brane from the nuclear contents. This means that mito-
chondria are present in the nucleoplasm and not in a
nuclear envelop invagination. All three micropho-
tographs show the continuity of the nuclear membrane
that separates the nuclear interior (with the mitochon-
dria) from the cytosol.

Figure 2 presents another microphotograph of a sec-
tion through a cardiomyocyte of the patient with alco-

Fig. 1b. Intranuclear location of mitochondria in cardiomyocytes of patients with heart failure: patient Sh. (hypertrophic cardiomyopathy);
x52,300.
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Fig. 1c. Intranuclear location of mitochondria in cardiomyocytes of patients with heart failure: patient Kh. (alcoholic cardiomyopathy);
x73,400.
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Fig. 2. A section across the nucleus of a cardiomyocyte of the patient with alcoholic cardiomyopathy; x58,700.
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holism. In this case the section clearly shows a large dis-
ruption of the nuclear envelop continuity and the mito-
chondria directed into the nucleus. One can also see that
the nucleus contents still retains its characteristic mor-
phology, as if it has not yet splashed out into the cytosol,
being held inside the nucleus by certain forces despite the
loss in the nuclear envelop continuity.

Figure 3 presents a section of a cardiomyocyte from
a rat that was given ethanol and the catalase inhibitor
aminotriazole for 12 weeks. Two mitochondria are clearly
seen inside the nucleus. It should be emphasized that this
model is well reproducible: five animals were treated as
described above, and in four of them mitochondria were
found inside the nuclei. This allows one to analyze the
mechanism of such a phenomenon because in the previ-
ous studies the uniqueness of the object of study was a sig-
nificant obstacle: the phenomenon was observed only in
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single cases. It should also be added that even in cases
when intranuclear mitochondria were detected, the over-
whelming majority of sections across nuclei did not reveal
mitochondria. Thus, it is easy to understand why the
mechanism and probable functional implications of this
phenomenon remained virtually unexplored for more
than 40 years.

It seems virtually doubtless that mitochondria are
undesirable guests for the nucleus. Mitochondria are a
source of reactive oxygen species that are capable of oxi-
dizing DNA. Moreover, they are a depot of apoptosis-
activating proteins that initiate the reaction cascade final-
ly resulting in the degradation of nuclear DNA and also of
lamin and some other proteins of the nucleus. However, it
is likely that just the last circumstance can be the clue for
understanding the intranuclear mitochondria phenome-
non.

Fig. 3. Intranuclear location of mitochondria in cardiomyocytes of an “alcoholic” rat; x95,200.
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Examination of microphotographs of the mitochon-
dria-containing nuclei shows that in most cases we are
dealing with the cells that are entering apoptosis. Thus,
most of the figures in the present article show chromatin
margination (the accumulation at the edges of the nucle-
us) that is typical for apoptosis.

From our data and the data of other laboratories [13,
14], apoptosis is associated with the disintegration of ini-
tially long mitochondrial filaments and their networks to
small rounded mitochondria that move towards the
nucleus. This movement is associated with a selective
inactivation of kinesin, a motor protein responsible for
the centrifugal movement of intracellular particles,
whereas dynein, a motor providing particle movement to
the center remains active [14]. One may suggest that at
least in some cases the penetration of mitochondria into
the nucleus should be the concluding stage of their cen-
tripetal movement. In the nucleus, the mitochondria are
likely to release the apoptosis-inducing factor (AIF),
which activates a special nuclease attacking nuclear
DNA. The releasing of this factor, which is normally
sequestered in the mitochondrial intermembrane space,
seems to be stimulated by the translocation of nuclear
proteins p53 [15] and TR3 [16] from the nucleus into the
mitochondria. The nuclear proteins cause the opening of
pores in the mitochondrial inner membrane, the swelling
of their matrix, and, as a consequence, disruption of the
outer mitochondrial membrane with the releasing of the
proteins of the intermembrane space into the cytoplasm.
Thus, the movement of mitochondria towards the nucle-
us and then into the nucleus can be considered to be a
manner of (a) transfer into the nucleus of apoptosis-acti-
vating proteins of AIF type and (b) promotion of the
attack of mitochondria by nuclear proteins such as p53
and TR3. In this connection, it seems interesting to study
apoptosis during early embryogenesis; the latter was
recently shown [17] to be specifically activated by AIF,
i.e., by the intermembrane space protein that does not
need cytosolic proteins to realize its proapoptotic effect.
(This is the difference of AIF from cytochrome ¢, anoth-
er protein of the intermembrane space, which activates
apoptosis through cytoplasmic proteins Apaf-1 and cas-
pase 9 and 3 [18]).

In remains unclear how the nuclear membrane is
opened to allow the entrance of mitochondria into the
nucleus ([8, 11] and Fig. 2 of this article). It is unlikely to
be the result of a simple mechanical injury to the nucleus
due to blebbing, which the cell undergoes during apopto-
sis, because the contents of the nucleus and the cytoplasm
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are not intermixed, as mentioned above. We suggest more
likely a short-term opening of a small area of the nuclear
envelope with a subsequent “healing” of the hole occur-
ring after the mitochondria have entered the nucleus and
formed a cluster in its central part.
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