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The dynamics of intracellular reorganization of rat hepatocytes was studied after a single
injection of doxorubicin. The hepatocyte population is presented by three main ultra-
structural phenotypes. Quantitative ratio between these phenotypes changed during the
development of anthracycline hepatopathy. Ultrastructural changes in hepatocytes are
determined by the development of the regeneratory plastic insufficiency characterized
by segregation and annular reorganization of the nucleoli, destruction of the mito-
chondrial compartment, and the resultant lipid infiltration of the cytoplasm, as well as
intensification of autophagocytosis, all these changes persisting for a long time. This
was paralleled (in some hepatocytes) by signs of intracellular regeneration and com-
pensatory adaptive restructuring manifesting in pronounced hyperplasia of the Golgi
complex and remodeling of the biliary and sinusoidal hepatocyte poles reflecting activa-
tion of exo-, endo, and transcytosis. Disproportional changes in the volume density of
the granular and agranular endoplasmic reticulum indicate transitory predominance of
protein-producing processes over detoxifying ones in the hepatocyte population.
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The hepatotoxic effects of drugs always remain in
the focus of attention of scientists and clinicians as
one of the most intricate problems of modern medi-
cine. It is noteworthy that severe injuries to the liver
and lethal outcomes are noted mainly after over-
dosage of just some drugs (for example, acetamino-
phene) and are very rare events for the majority of
drugs [11,12]. On the other hand, the spectrum of
hepatotoxic effects of many drugs which are often
used is wide and variegated, particularly in chil-
dren [7]. Among most widely used drugs produ-
cing hepatotoxic effects are nonsteroid antiinflam-
matory, antihypertensive, and antidiabetic agents,
anticonvulsants, some psychotropic drugs, statins, efc.

Department of Cell Biology and Morphology, Institute of Regional
Pathology and Pathomorphology, Siberian Division of Russian Aca-
demy of Medical Sciences, Novosibirsk. Address for correspon-
dence: pathol@soramn.ru. O. P. Molodykh

Hepatotoxicity of cytostatics used in antitumor
therapy is less studied, as it is assumed that damage
to the hemopoietic and reproductive systems and
the myocardium (development of cardiomyopathy)
are the main side effects of antiblastoma therapy.
However, studies of the liver morphology after in-
jections of some cytostatics to animals showed that
even a single injection of these drugs caused a
significant structural reorganization of the organ
and modified its regeneratory potential [2,4].

The pathogenesis of drug-induced hepatopathy
is very intricate and in many cases unclear. Exoge-
nous cytotoxic agents [9,10] and metabolites for-
ming in hepatocytes as a result of drug biotrans-
formation and sometimes exhibiting even more
pronounced cytotoxic effects [13,14] play an im-
portant role in it. Liver ischemia resulting from
chronic cardiac insufficiency or sinusoidal obstruc-
tive syndrome of toxic genesis [4,8] are also signi-
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ficant. In order to clear out the mechanisms of to-
xic damage to hepatocyte, one has to study, in
addition to molecular biology, the ultrastructural
changes in hepatocytes and evaluate the intensity
of intracellular regeneratory reactions.

We studied the type and dynamics of intra-
cellular reorganization of hepatocytes and distin-
guished their main structural and functional types
(by the ultrastructural phenotypes) after a single
injection of doxorubicin to experimental animals.

MATERIALS AND METHODS

Electron microscopic study of hepatocytes was car-
ried out in 35 male Wistar rats aged 4 months recei-
ving intraperitoneal injection of doxorubicin hydro-
chloride in a single dose of 10 mg/kg. The animals
were kept at ambient temperature with free access
to water and food and were decapitated on days 1,
3,5, 7, 14, 21, and 30 postinjection. Controls were
injected with saline in the same volume.

Preparations for electron microscopy were fixed
in 4% paraformaldehyde, postfixed in 1% OsO,,
and processed routinely. Ultrathin sections sliced
on an LKB-III ultratome were contrasted with ura-
nyl acetate and lead citrate and examined under a
JEM 1010 electron microscope.

Ultrastructural stereological analysis of hepato-
cytes was carried out on negatives at a final mag-
nification of 20,000 (initial magnification 8000).
The volume densities of mitochondria, agranular
endoplasmic reticulum (AER), and granular endo-
plasmic reticulum (GER) were evaluated. Surface
density was evaluated for the mitochondria and
GER. Based on the primary stereological parame-
ters, the secondary ones (volume and surface/vo-
lume) ratios between the main ultrastructures were
calculated.

Statistical processing of the results included
calculation of the means for parameters, dispersion,
and errors of the means. The significance of differ-
ences was evaluated using Student’s ¢ test.

RESULTS

Ultrastructural phenotypes of hepatocytes after doxo-
rubicin injection can be divided into 3 main types:
hepatocytes with well-developed GER (packed in
heaps predominantly at the sinusoidal pole) and
mitochondrial compartment (orthodox phenotype);
hepatocytes with modified topography of ultrastruc-
tures (massive depositions (fields) of glycogen and
discomposition of the main organelles forming
functional blocks) — mitochondria and GER; and
hepatocytes with pronounced AER hyperplasia.
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The phenotypical heterogeneity of hepatocytes re-
flects their different functional specialization linked
with predominantly secretory or detoxifying acti-
vity [1]. Functional specialization of cells with mas-
sive glycogen depositions seems to consist in crea-
tion of depots of this polysaccharide for its sub-
sequent use in accordance with requirements of the
body. Destructive changes in the organelles were
detected in hepatocytes of all types, but differed by
type and severity.

One day after doxorubicin injection, the hepa-
tocytes with the orthodox phenotype and with mo-
dified topography of ultrastructures were equally
incident. The most significant ultrastructural chan-
ges in the nuclei were detected in hepatocytes with
massive deposition of glycogen and organelle dis-
composition. Euchromatin predominated in the he-
patocyte nuclei, sometimes vacuole-like dilatations
(optically empty or containing floccular substance)
and lipid incorporations were seen. Segregation of
the granular and fibrillar components was seen in
many nucleoli (Fig. 1, a), annular nucleoli appear-
ed (Fig. 1, b). Segregation of the nucleolonema and
its annular reorganization are the ultrastructural
markers of inhibited formation of ribosomes and
hence, inhibition of the regeneratory plastic pro-
cesses in cells [3]. Changes in the cytoplasmic com-
partment manifested mainly in small focal lysis and
glycogen sequestration.

Large looped nucleoli, in which the nucleo-
lonema sequestration processes were also observed,
predominated in the nuclei of hepatocytes with the
orthodox phenotype. Uneven dilatation of the GER
cisterns, partial destruction of some mitochondria,
and formation of myelin-like structures were seen
at the sinusoidal pole of hepatocytes. The most
significant changes were observed in the hepato-
cyte biliary pole, where hyperplastic Golgi com-
plex and numerous secondary lysosomes with lipo-
fuscsin incorporation were located (Fig. 2, a). Hyper-
plasia of Golgi complex was paralleled by even
dilatation of the terminal compartments of the cis-
terns with floccular contents. An important aspect
in reorganization of the hepatocyte biliary pole was
significant extension of close contacts (zonula oc-
cludens) between the neighboring hepatocytes (Fig.
2, a). Numerous microvilli were seen in the biliary
capillary lumens, osmiophilic myelin-like structures
were sometimes detected.

Hepatocytes with pronounced AER hyperplasia
were scanty (Fig. 1, ¢). Vesicles of AER predomi-
nated in these cells, which rendered them a “foamy”
look. The mitochondria were small, GER tubules
short, o-glycogen granules were evenly distributed
between organelles in the cytoplasm.
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Fig. 1. Rat hepatocyte ultrastructure after a single injection of doxorubicin. a) segregation of nucleolar fibrillar and granular compartments
in hepatocyte nucleus with massive glycogen deposition 1 day after injection, x5000; b) annular nucleolus 1 day postinjection, x8000; c)
hyperplasia of agranular endoplasmic reticulum 1 day postinjection, x20,000; d) significant dilatation of granular endoplasmic reticulum
cisterns after 5 days, x20,000; e) perinuclear location of organelles in a hepatocyte with massive glycogen deposition after 7 days,
%x4000.



O. P. Molodykh, E. L. Lushnikova, et al.

Three days after doxorubicin injection, the nu-
clei shifted to the biliary area in many hepatocytes;
this shift reflected damage to hepatocyte cytoske-
leton characteristic of anthracycline antibiotics [3].
Lythic processes were intensified in virtually all
hepatocytes. Total swelling of mitochondria, rup-
tures of the external membrane, focal lysis of the
matrix, and myelin-like transformation were ob-
served in some cells. Degranulation and dilatation
of GER cisterns, development of diffuse lysis of
glycogen with the formation of small and large
focal sequestra, sometimes separated by a fine mem-
brane, were seen in hepatocytes with ultrastructure
decomposition. Autophagocytosis processes were
intensified; myelin-like structures and giant auto-
phagosomes released into Disse’s space appeared
at the sinusoidal pole. Hyperplasia of the sinusoidal
pole microvilli and activation of hepatocyte exo-
and endocytosis were noted (Fig. 2, b). The majo-
rity of bile capillaries were dilated and contained
floccular substance and osmiophilic structures; hyper-
plastic Golgi complex, secretory granules, primary
lysosomes (Fig. 3, @), and numerous secondary
lysosomes with lipofuscin granules were located
peribiliarly.

Starting from day 5, destruction and lysis of
organelles increased and these changes persisted
until the end of the experiment. Glycogen lysis in
the cytoplasm of hepatocytes with pronounced dis-
composition of organelles resulted in the appear-
ance of extensive electron-transparent spaces, in
which destructured mitochondria, solitary AER ve-
sicles, and few heaps of GER vesicles with local
dilatations were seen. Significant dilatation of GER
cisterns and perinuclear intermembrane spaces were
seen in hepatocytes with the orthodox phenotype
(Fig. 1, d). Hepatocyte nuclei formed significant
invagination of the caryolemma, fan-like nuclei
appeared. Hyperplastic Golgi complex was located
in the perinuclear zone; secretory granules, primary
lysosomes and peroxisomes were located near it
(Fig. 3, b). The ultrastructure of the biliary pole did
not change much in comparison with the previous
period; enlarged zonula occludens was retained
(Fig. 2, ¢). In parallel with this, normal ultrastruc-
ture and topography of organelles were observed in
some hepatocytes, with numerous polysomes, bound
and free ribosomes in the cytoplasm, indicating
intracellular regeneration. A sharp reduction in the
number of hepatocytes with predominating AER
was noted starting from this period.

By day 7 of the experiment, the hepatocyte
population was presented mainly by cells with mas-
sive glycogen deposition and organelle decom-
position (Fig. 1, e). It is noteworthy that by this
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term the main organelles in these hepatocytes were
located around the nuclei. Pronounced lysis of gly-
cogen was observed in zones of its concentration,
with the formation of large electron-transparent
fields and sequestra. Lipid infiltration of the majo-
rity of hepatocytes manifested starting from this
term of the experiment; lipid droplets varied in
size, being sometimes comparable to the size of the
nuclei. This infiltration was caused by damage to
the mitochondrial compartment resultant from more
intensive generation of free radicals under the ef-
fect of intoxication [6,11]. “Fusion” of lipid drop-
lets with the mitochondria and osmiophilic trans-
formation of the mitochondria were observed. A
characteristic feature of this period was radial loca-
tion of small glycogen granules around lipid drop-
lets (Fig. 3, c¢). Autophagocytosis processes were
activated in some hepatocytes in the presence of
significant mitochondrial destruction (total lysis of
the matrix, ruptures of external membrane, vesi-
cular dilatation of cristae). It is noteworthy that
destructive changes in the mitochondria were most
pronounced in hepatocytes in the hyperplastic AER.

These changes persisted by day 14. Significant
hyperplasia of Golgi complex is worthy of note for
this period. Elements of the complex were located
not only at the biliary, but also at the sinusoidal
pole. Lipid infiltration of hepatocytes persisted.
Giant myelin-like concentric structures appeared in
the hepatocyte cytoplasm starting from this period
(Fig. 3, d). More pronounced remodeling of the
hepatocyte sinusoidal pole and Disse’s space was
noted: the number of microvilli increased, plasma-
lemma invaginations formed, with bundles of colla-
gen fibers. Hepatocytes with manifest processes of
intracellular regeneration and active protein syn-
thesis (significantly increased number of poly-
somes, well-developed GER) were often seen.

By days 21-30 the number of hepatocytes with
modified topography of ultrastructures (massive
deposition of glycogen and organelle decomposi-
tion) increased; pronounced lysis of glycogen with
the formation of extensive areas of sequestration
(Fig. 2, d) and giant concentric myelin-like struc-
tures were observed. Hepatocyte nuclei contained
mainly euchromatin and, as a rule, large looped
nucleoli with segregated fibrillar and granular com-
ponents (Fig. 3, e); dislocation of the nuclei per-
sisted. Focal destruction of the mitochondria was
noted in some hepatocytes, their giant forms ap-
peared. The size and number of lipid droplets in-
creased, radial location of glycogen around lipids
was retained; membrane transformation of lipids
with formation of giant myelin-like structures pro-
gressed. In some cases, giant lipid droplets com-
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Fig. 2. Ultrastructural changes in the sinusoidal and biliary poles of the rat hepatocyte after a single injection of doxorubicin. a) secondary
lysosomes with lipofuscin incorporation at the biliary pole and extension of the zonula occludens 1 day after injection, x12,000; b)
hepatocyte exo- and endocytosis activation, hyperplasia of microvilli at the sinusoidal pole after 3 days, x8000; c) increased extension
of the zonula occludens after 5 days, x20,000; d) glycogen lysis in hepatocytes with discomposition of organelles, abundant secondary
lysosomes at the biliary pole after 21 days, x6000.
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Fig. 3. Ultrastructural changes in the rat hepatocyte nucleus and cytoplasm after a single injection of doxorubicin. a) dilatation of terminal
portions of Golgi complex 3 days after injection, x20,000; b) hyperplastic Golgi complex, secretory granules and peroxisomes after 5
days, x20,000; c) lipid droplets with glycogen granules located radially around them after 7 days, x10,000; d) large myelin-like structure
after 14 days, x8000; e) segregation of fibrillar and granular components of the nucleolus after 30 days, x10,000.
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pressed and squeezed the nuclei to the periphery.
Abundant secondary lysosomes with lipofuscin gra-
nules were detected peribiliarly; osmiophilic mye-
lin-like structures were seen in the lumen of some
bile capillaries (Fig. 2, d).

Ultrastructural stereological analysis of hepato-
cytes after a single dose of doxorubicin detected a
trend to an increase in the volume density of mito-
chondria on days 1-14 of the experiment (Table 1).
Mitochondrial surface/volume ratio decreased by
11.5% by day 5 (p<0.05), indicating an increase in
the size of these organelles. Volume densities of
GER and AER changed most significantly: AER
volume density decreased significantly from day 3
to day 7 (by 63-70%), while GER volume density
increased (by 39-55%) during the same period.
Starting from day 7, the volume density of lipid
droplets increased significantly (4-5-fold); volume
density of lysosomes increased significantly (2.2-5
times) on days 14-21 of the experiment. A charac-
teristic feature of intracellular reorganization of he-
patocytes was retention of the GER/mitochondria
volume ratio and a significant increase of GER/
AER volume ratio (5-11-fold 5-7 days after injec-
tion of doxorubicin). These changes can indicate a
transitory reduction of the detoxifying function in
the hepatocyte population (mainly at the expense
of elimination of cells with well-developed AER)
and predominance of protein production.

Hence, cells with modified topography of ultra-
structures and massive deposition of glycogen pre-
dominate in doxorubicin intoxication of the liver,
while hepatocytes with well-developed AER are
scanty. At the ultrastructural level the cytotoxic
effect of doxorubicin on hepatocytes manifests in
segregation and annular reorganization of the nu-
cleoli, destructive changes in the mitochondrial
compartment, lipid infiltration of the cytoplasm,
dilatation of cisterns of granular endoplasmic reti-
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culum, and intensification of autophagocytosis. Pro-
nounced hyperplasia of the Golgi complex and re-
modeling of the biliary and sinusoidal poles re-
flecting exo- and endocytosis activation can be
regarded as a compensatory adaptive reorganiza-
tion of hepatocytes aimed at transcytosis stimula-
tion and elimination of secreted products [5]. An
important feature of hepatocyte intracellular reor-
ganization is increased GER/AER volume ratio in-
dicating transitory reduction of the detoxification
processes and predominance of protein synthesis in
the hepatocyte population.
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