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Ultrastructural changes in rat cardiomyocytes were studied after single administration
of cyclophosphamide in the therapeutic dose. The major signs of cyclophosphamide-
induced damage to cardiomyocytes included moderate lysis of myofibrils, dilation of
vesicles in the granular and agranular sarcoplasmic reticulum, and destruction of mito-
chondria with the formation of myelin-like residual bodies. Ultrastructural changes in
cardiomyocyte nuclei primarily manifested in variations of the shape, deep invaginations
of the nuclear membrane, and translocation into the subsarcolemmal region.
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Structur

Ultrastructural changes in cardiomyocytes (CMC)
induced by cytotoxic drugs reflect the molecular
and supramolecular events that occur during the
interaction of these substances and/or their meta-
bolites with various structures of the cell [4]. Stu-
dying the intracellular reorganization of CMC under
cytotoxic exposure is important to evaluate the type
and severity of damage and to determine the me-
chanism of injury and regeneration. Among a vari-
ety of cytotoxic drugs with cardiotoxic activity,
cyclophosphamide (CP) is of particular interest. CP
is used as a cytostatic in chemotherapy for malig-
nant neoplasms. CP serves as an immunosuppres-
sive drug in transplantation of organs, progenitor
cells, and stem cells and during autoimmune dis-
eases. Moreover, CP has antiangiogenic and anti-
vasculogenic properties [7,8,14].

Cardiotoxic activity of CP manifests in a de-
crease in contractile function of the heart, decom-
pensation, and development of congestive cardio-
myopathy. These effects of CP are dose-dependent.
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They occur in patients receiving CP in high doses
(120-270 mg/kg) [9,11]. CP in low doses has an
immunostimulatory effect [10] and increases proli-
ferative activity of epithelial cells [1]. Diffuse hemor-
rhagic necrosis of the myocardium, syndrome of
acute myopericarditis and, more rarely, congestive
heart failure are observed in the fatal outcome of
CP chemotherapy. However, the mechanisms for
heart sensitivity to this drug and development of
fatal heart failure in some patients remain unknown.
CP belongs to a group of prodrugs. Prodrug meta-
bolism by cytochromes P450 results in the for-
mation of bioactive substances with an unknown
range of activity. Therefore, studying cardiotoxic
activity of CP metabolites should include experi-
mental evaluation of structural changes [3]. Little
is known about the type of CP-induced ultrastruc-
tural changes in various cells (e.g., CMC).

Here we studied the type of CP-induced ultra-
structural changes in CMC. The major ultrastruc-
tural signs for CP-induced injury were evaluated.

MATERIALS AND METHODS

CP-induced damage to CMC was studied in 20
male Wistar rats. The animals received intraperito-
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neal injection of CP (Biokhimik) in a single dose
of 125 mg/kg. An equivalent volume of physio-
logical saline was injected intraperitoneally to con-
trol rats (n=12). The animals of both groups were
decapitated under ether anesthesia on days 3 and
14 after CP treatment.

Samples of the left ventricular myocardium were
fixed in 4% paraformaldehyde and postfixed in 1%
0s0O,. They were treated by the standard method,
impregnated, and embedded into a mixture of Epon
and araldite. Semithin and ultrathin sections were
obtained on a LKB III ultratome. Semithin sections
were stained with azure II. Ultrathin sections were
contrasted by uranyl acetate and lead citrate. Semi-
thin sections were subjected to a morphometric study.
The diameter of CMC was measured under a Leica
DM 4000B universal microscope using Leica QWin
software (not less than 100 CMC from each animal).
Ultrathin sections were examined under a JEM 1010
electron microscope (accelerating voltage 60 V).

RESULTS

Five rats died on days 7-10 after injection of CP in
a dose of 125 mg/kg. The weight of the heart
decreased by 11% on day 3 day after CP injection.
By the 14th day, the weight of the heart in treated
rats did not differ from than in control animals.
Myocardial architectonics remained practically un-
changed in all periods of the study (except for ve-
nous and capillary plethora and plasmorrhage). CP
causes a variety of circulatory disorders that are
manifested in plethora and hemorrhage, occur in
various organs and tissues (particularly in the uri-
nary bladder), and serve as one the major patho-
genetic stages in CP-induced injury [13].

Light microscopy revealed the appearance of
CMC with lysis of the sarcoplasm and vacuole-like
dilations. The number of these cells increased by
the end of study. It should be emphasized that the
diameter of CM remained practically unchanged in
CP-receiving rats. The diameter of CM in rats of
the treatment group was 16.14+0.58 and 16.05%
0.24 p on days 3 and 14 after CP injection, respec-
tively (vs. 15.80+0.13 p in the control). These data
indicate that administration of CP is not followed
by inhibition of intracellular regeneration in CMC.
A decrease in the weight of the heart over the first
3 days after treatment is mainly related to the re-
duction of CMC [3].

Electron microscopy of rat myocardium was
performed on day 3 after CP injection. We revealed
the presence of CMC with severe lytic and destruc-
tive changes in major organelles. CMC with a well-
preserved intracellular organization were also found.
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CP had a strong effect on myofibrillar bundles,
Golgi complex, mitochondrial compartment, and
agranular sarcoplasmic reticulum (ASR). Various
CMC were characterized by isolated or combined
ultrastructural changes.

A specific feature of CMC with insignificant
ultrastructural changes was the presence of con-
siderable amounts of glycogen granules in the sar-
coplasm. Tinctorial properties of these granules dif-
fered in treated and control animals. Glycogen gra-
nules were located not only in the interfibrillar and
subsarcolemmal region and perinuclear space, but
also between myofilaments in myofibrillar bundles.
The increase in the content of glycogen in CMC
was accompanied by its sequestration (formation of
light rings around glycogen granules). These chan-
ges were particularly pronounced in the subsarco-
lemmal and perinuclear regions (Fig. 1, a). High
content of glycogen in CMC of CP-receiving rats
reflects the impairment or changes in energy sup-
ply to cells.

The ultrastructure of CMC on day 3 after CP
injection did not differ from the control. However,
deep invaginations of the nuclear membrane were
often found. The elongated nuclear processes were
sometimes observed. The nuclei were translocated
into the subsarcolemmal region. The nucleoli were
large and looped. They mainly included the fibrillar
component of the nucleolonema. Several nucleoli
were dispersed. The amount of marginal chromatin
significantly increased in nuclei with deep inva-
ginations of the nuclear membrane. Changes in the
perinuclear region of CMC were more significant.
The Golgi complex with a well-developed vacuolar
apparatus was often identified. The bordered vesi-
cles were present. Sometimes we observed an irre-
gular widening of dictyosomes and disintegration
of their membranes (Fig. 1, b). Autophagosomes
(residual bodies) and lipid inclusions were located
near the Golgi complex in some cells. Glycogen
sequestration was often observed. Fragments of the
Golgi complex were also found in other regions of
well-preserved CMC.

Change in myofibrillar bundles manifested in
focal or diffuse lysis of myofibrils (Fig. 1, ¢). Nu-
merous polysomes and chaotic newly-formed myo-
filaments were always revealed in the site of myo-
fibrillar lysis on day 3 after CP injection. These
changes reflect activation of intracellular regenera-
tion. The dilated vesicles of ASR were often present
in the myofibrillar region of CMC with severe lytic
changes of myofibrils. They looked like vacuoles.
However, dilation of ASR after CP injection was
less pronounced than that in doxorubicin-induced
damage to CMC [2].
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Fig. 1. Ultrastructure of rat CMC on day 3 after single injection of CP. Sequestration of glycogen in the subsarcolemmal festoons
(x20,000, a); destructive changes in dictyosomes and formation of residual bodies in the perinuclear region (x20,000, b); lytic changes
in myofibrillar bundles and appearance of polyribosomes in the site of lysis (x15,000, c); and formation of myelin-like structures near
mitochondria (x20,000, d).
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Fig. 2. Ultrastructure of rat CMC on day 14 after single injection of CP. Dilation of the intermembrane perinuclear space (x15,000, a);
subsarcolemmal nucleus of unusual shape (x12,000, b); focal destruction of mitochondrial cristae with vacuole formation (x12,000, c); and
mitochondria with reduced number of cristae and loosened matrix, dilated cisternae of the granular sarcoplasmic reticulum (x15,000, d).
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We studied the type and severity of ultrastruc-
tural changes in mitochondria. Severe destruction or
lysis of these organelles was not revealed. However,
numerous myelin-like structures were always present
in the site of their location (particularly, in the myo-
fibrillar region; Fig. 1, d). These residual bodies were
formed during degradation of mitochondria.

Lysis of myofibrillar bundles and dilation of
ASR vesicles in CMC were revealed on day 14
after CP injection. The intermembrane perinuclear
space was dilated in some CMC (Fig. 2, a). Their
nuclei were translocated into the subsarcolemmal
region. The presence of nuclei with unusual shape
was probably related to damage to cytoskeletal pro-
teins (Fig. 2, b). Lysis of myofibrillar bundles was
rarely observed (primarily, in the region of inter-
calated discs). Numerous polysomes were located
in the region of myofibrillar lysis (similarly to the
previous stage).

Mitochondrial damage was more pronounced
in this period. We often revealed focal lysis of the
matrix, destruction of cristae, and appearance of
vacuoles with the flake-like content in organelles
(Fig. 2, ¢). In some CMC, nearly all mitochondria
had lightened matrix and reduced number of cris-
tae. They differed from organelles of normal CMC
(Fig. 2, d). Dilated cisternae of the granular sarco-
plasmic reticulum with the flake-like content were
often found in the sarcoplasm. The sarcoplasm of
CMC included a considerable number of glycogen
granules. Residual bodies and autophagosomes were
present in the myofibrillar region and near interca-
lated discs.

The type and severity of ultrastructural changes
in CMC were studied after injection of CP in a
single dose of 125 mg/kg. Under these conditions
the severity of ultrastructural changes in CMC were
less significant than after treatment with doxoru-
bicin or rubomycin in cardiotoxic doses [2,4]. Our
findings are consistent with the fact that CP has
lower toxicity than doxorubicin. The patients recei-
ving CP in high doses are characterized by milder
signs of cardiac dysfunction and lower mortality
rate from heart failure.

The major ultrastructural signs of CP-induced
damage to CMC include moderate lysis of myo-
fibrils, dilation of vesicles in the granular sarco-
plasmic reticulum and ASR, and destruction of mito-
chondria with the formation of myelin-like residual
bodies. Dilation of cisternae in the granular sarco-
plasmic reticulum and destruction of mitochondria
were also found in thyrocytes of CP-receiving ani-
mals [6]. These data illustrate the general mecha-
nism of damage to various types of cells under the
influence of CP. Significant dilation of vesicles in
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ASR of CMC serves as one of the major signs for
doxorubicin-induced damage to these cells, which
is detected by a light optical study. Reorganization
of the sarcoplasmic reticulum is probably associa-
ted with abnormalities of the cytoskeleton in CMC
and/or transport and metabolic dysfunction of ASR
due to macromolecular injury.

The cardiotoxic effect of CP is related to low
selectivity for proliferating cells. Genotoxic activity
of CP and its metabolites is associated with the
ability to alkylate structural elements of DNA (puri-
nes and pyrimidines). Cytotoxic properties of these
compounds result from activation of free radical
processes [5] due to accumulation of a cytotoxic CP
metabolite phosphoramide in the cytoplasm [11]
and induction of apoptosis [12]. Activation of lipid
peroxidation determines mitochondrial alteration
and impairment of energy metabolism in the cell.
This hypothesis is confirmed by fine structural chan-
ges in mitochondria (lysis of the matrix, decrease
in the number of cristae, and formation of vacuoles
in organelles).

Changes in the nuclear apparatus during CP-
induced damage to CMC are of particular import-
ance. They include a change in the shape of nuclei
(formation of elongated processes and deep inva-
ginations of the nuclear membrane) and transloca-
tion into the subsarcolemmal region. Subsarcolem-
mal translocation of CMC nuclei is usually obser-
ved during the impairment of plastic processes of
different genesis (e.g., administration of anthra-
cycline antibiotics, starvation, and genetically de-
termined structural defects of cytoskeletal proteins).
Nuclear translocation into the subsarcolemmal re-
gion was revealed in CMC with insignificant lytic
changes. Otherwise, this sign was observed in cells
with normal ultrastructure. The significance and
mechanisms of nuclear reorganization in CMC du-
ring cytotoxic exposure and other types of cardiac
dysfunction require further investigations.
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