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Abstract The effect of gemfibrozil on the fine structure of pe-
roxisomes across the rat liver lobule was investigated by light and
electron microscopy using the alkaline diaminobenzidine (DAB)
medium for the visualization of catalase peroxidatic activity.
The oral administration of gemfibrozil for 2 weeks induces a
striking heterogeneity in the lobular distribution of peroxisomes.
The size and shape of peroxisomes, variety of matrix modifica-
tions, catalase content, and position within the cell, are func-
tions of the zonal localization of the hepatocytes. The largest and
most numerous peroxisomes were found in the centrilobular re-
gion indicating that these cells are most sensitive to peroxisome
proliferation. On the other hand, the greatest variety of peroxi-
some shapes and matrix alterations (tubules and plates) was seen
more peripherally in the mid-zonal and periportal regions. The
larger, round centrilobular peroxisomes stained less intensely
than the elongated peroxisomes found more peripherally, indi-
cating a discrepancy between peroxisome size and catalase con-
tent. A distinct population of small irregularly shaped peroxi-
somes, lacking matrix specializations and containing variable
catalase content, was found in the mid-zonal region. Peroxi-
somes in the centrilobular region were located within areas of
the cell containing SER and glycogen while those in the more
peripheral region were relegated to areas of the cytoplasm sepa-
rate from RER and SER. In addition to modifications of peroxi-
somes, gemfibrozil treatment resulted in a proliferation and for-
mation of whorled configurations of SER. This was particularly
evident in the mid-zonal region, where single peroxisomal pro-
files could be seen surrounded by whorls of SER membranes B

The results suggest that rat liver hepatocytes of the centrilobular
region are the most sensitive to peroxisome proliferation and
those of the periportal area are most susceptible to peroxisome
matrix alterations after gemfibrozil treatment. — Gorgas, K.,
and 8. K. Krisans. Zonal heterogeneity of peroxisome prolifer-
ation and morphology in rat liver after gemfibrozil treatment. J.

Lipid Res. 1989. 30: 1859-1875.

Supplementary key words diaminobenzidine ¢ subcellular orga-
nelles » catalase

The peroxisome proliferative potency of structurally
unrelated hypolipidemic drugs and industrial chemicals
has been the subject of numerous biochemical and mor-
phological investigations in the last decade using the liver
of laboratory animals and nonhuman primates as a pri-
mary screening system (for review see refs. 1 and 2). Male

rats demonstrate the most pronounced peroxisome re-
sponse and therefore serve as sensitive test models for ini-
tial toxicological studies. In this species several morpho-
logical studies provide convincing evidence that potent
peroxisome proliferators also induce a marked zonal hete-
rogeneity of the peroxisome compartment across the liver
lobule (3-5). Thus, in order to define the extent of peroxi-
some proliferation, the zonation within the liver lobule
must be carefully taken into consideration.

It is well documented that gemfibrozil (Lopid) induces
both an obvious proliferation of peroxisomes and a pro-
found morphological alteration of the organelle matrix in
the rat liver similar to other lipid-lowering agents classified
as fibric acid derivatives. The matrix compartment has
been shown to contain fibrillar inclusions in the form of
plates and tubules, the latter often exceeding 4 pm in length
(1, 6, 7). However, there is no information on the compo-
sition, function, and zone-dependent distribution pattern
of these matrical inclusions.

The present study was designed to analyze the effects
of gemfibrozil on the ultrastructural aspects of the rat liv-
er lobule in detail with respect to peroxisome prolifera-
tion, zone-dependent distribution, and morphology. Spe-
cial attention has been focused on the occurrence of fi-
brillar inclusions in the peroxisomal matrix in order to
gain a better understanding of the zonal heterogeneity
and plasticity of these cell organelles within the liver lo-
bule.

Our data show that the effects of gemfibrozil on peri-
portal cell layers differ considerably from those occurring
within the centrilobular region. The area surrounding the
afferent vessels (the terminal portal venule and the ter-
minal hepatic arteriole) that is exposed to the highest con-
centration of substrates and oxygen within the liver lobule
exhibits the most pronounced formation of matrical inclu-
sions accompanied by a marked peroxisome elongation.

Abbreviations: DAB, diaminobenzidine.
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The region adjacent to the efferent vessel (the hepatic
venule or central vein) shows a marked peroxisome prolif-
eration and a significant enlargement in the organelle dia-
meter, but only minor matrix alterations.

EXPERIMENTAL METHODS

Animals

Male Sprague-Dawley rats weighing 190-250 g were
used in this study. A standard laboratory diet and lab
chow supplemented with 0.2% gemfibrozil (Lopid, 5-(2,
5-dimethylphenoxy)-2,2-dimethylpentanoic acid, War-
ner-Lambert Company) were provided ad libitum for 14
days.

Perfusion fixation

Nonfasted animals were anesthetized with Vetalar (ket-
amine-HCI, 10 mg/100 g body weight) containing 0.1 mg
acepromazine. This was followed by perfusion via the ab-
dominal aorta, first with physiological saline containing
2.5% polyvinylpyrrolidone (PVP, 40,000 M. W.) for 15-
30 sec followed by an ice-cold solution of 1.5% glutaralde-
hyde and 1.5% formaldehyde (freshly prepared from pa-
raformaldehyde) in 0.1 M sodium phosphate (pH 7.6)
containing 2.5% PVP for 5 min. The right liver lobes
were excised immediately and 3-mm-thick tissue blocks
were immersed in a freshly prepared fixative for an addi-
tional 15 min at 4°C.

Light and electron microscopy

Sections of 50-150 um thickness were obtained either
with an Oxford vibratome or razor blades and immersed in
freshly prepared 2.5% glutaraldehyde solution in 0.1 M so-
dium cacodylate buffer (pH 7.6) containing 4% PVP and
0.05% calcium chloride for 10 min at 4°C. After rinsing in
cacodylate buffer, the slices were postfixed for 60 min at 4°C
in either a) 1% osmium tetroxide buffered with 0.1 M
sodium cacodylate (pH 7.6), b) 1% osmium ferrocyanide
(8), or c) a mixture of 1% osmium tetroxide and 2.5%
potassium dichromate in 0.1 M cacodylate buffer. The
samples were washed twice in cacodylate and 0.05 M
maleate buffer (pH 5.2) and stained en bioc with 1% uranyl
acetate in maleate buffer for 30-60 min at 4°C. The spe-
cimens were then dehydrated and embedded either in Epon
812 or in Araldite. Serial semithin sections of each specimen
were used for orientation and examined either unstained or
stained with Methylene Blue-Azur II (9). Central veins and
portal triads were identified and serial ultrathin sections
were stained with alkaline lead citrate for 30-60 sec (10) and
analyzed in a Zeiss EM 10 electron microscope.
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Cytochemistry

Catalase peroxidatic activity was visualized using the al-
kaline diaminobenzidine (DAB) medium of Le Hir et al.
(11), consisting of 2 mg/ml of 3,3'-diaminobenzidine tetrahy-
drochloride (Merck, Sigma) and 0.15% hydrogen peroxide
in 0.01 M Teorell-Stenhagen buffer at pH 10.0. The incuba-
tion was carried out for 15, 30, and 60 min at 37°C in a
shaking waterbath. The shortest period of incubation was
sufficient to obtain an adequate DAB staining which did not
mask matrical inclusions and crystalline cores by reaction
deposits.

Following incubation, selected thin tissue slices were post-
fixed in the above-mentioned osmium tetroxide solutions (a,
b, ¢) and carefully processed for light and electron microsco-
py as described above.

RESULIS

Light microscopical findings

Gemfibrozil administration induces a pronounced perox-
isome proliferation in the male rat liver as compared to con-
trols (Figs. 1a and 1b). After visualization of the catalase
peroxidatic activity with the alkaline DAB-medium, an
analysis of the peroxisomal compartment within the liver
lobule reveals a stepwise numerical increase of peroxisomes
per hepatocyte from the periportal towards the centrilobular
region which coincides with gradual changes in organelle
size, shape, and catalase content. The highest density of per-
oxisomal profiles is always found in cell layers adjacent to

Fig. 1. Light micrographs of the male rat liver treated for 2 weeks with
gemfibrozil (a, c-f ) and control liver (b). Unstained semithin Araldite sec-
tions (0.75 pm) incubated in the alkaline diaminobenzidine medium (DAB)
for the visualization of the catalase peroxidatic activity (a, c-f: DAB-
buffered osmium tetroxide; b: DAB-reduced osmium tetroxide). a) A re-
markable shift in peroxisome density and diameter from the periportal
towards the centrilobular area is dlearly seen. Giant and round peroxisomes
are most abundant in the cell layer adjacent to the central vein. The areas
marked with rectangles are enlarged in figures d, ¢, and { x 205. b} Con-
trol liver hepatocytes of the periportal region display few peroxisomes when
compared to those of gemfibrozil treated rats (¢ and d). In the centrilobular
zone (data not shown) the number of peroxisomes differs only slightly from
that in the periportal area. x 1200. ¢) In a limited number of rats treated
with gemfibrozil, hepatocytes of the periportal cell layers contain only a few
needle-like peroxisomes (compare with d). ibd-interlobular duct. x 1200. d)
The periportal zone of the liver lobule exposed to gemfibrozil is normally
characterized by numerous thin needle- or rod-shaped peroxisomes lining
large glycogen areas (large arrowhead); tpiv, inlet venule of the terminal
portal venule; small arrowhead, nucleus of a fat-storing cefl. x 1200. ¢) The
highest frequency of both typical phi-bodies with long protrusions (small ar-
rowhead) and prominent, well-developed SER-whorls is found in the outer
midzonal region of the liver lobule. The latter appear as moderate electron-
dense, ring-like structures which often enclose peroxisomes (large arrow-
head); cv, central vein. x 1200. ) In the centrilobular region only a few
phi-bodies with one or two short and thin projections (arrowhead) are nter-
mingled within the huge population of round peroxisomes which occupy
large areas of the cytoplasm. x 1200. Bars, (a) 100 gm, (b)~(f) 10 um.
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the central vein (Figs. la and If ), whereas the greatest fre-
quency of thin needle- and rod-shaped organelles exceeding
10 wm in length is seen in the periportal area (Fig. 1d). The
number of so-called phi-bodies, peroxisomal profiles that ex-
hibit a large round or elliptical central portion and two long
axial protrusions, is greatest in the outer midzonal region
(Fig. le). They can reach a length of up to 12.5 um.
Phi-bodies with short projections and a length of approxi-
mately 4 um are characteristic for the inner midzonal re-
gion. Their number decreases remarkably towards the outer
centrilobular region, and in hepatocytes of the perivenous
limiting plate, one or two mostly racket-shaped peroxisomes
equipped with only one thin process occur. Thus, the inner
centrilobular cell layers contain a uniform peroxisomal pop-
ulation comprised almost exclusively of round particles with
a large mean diameter and a slightly decreased catalase ac-
tivity (Fig. 1f ).

A remarkable variation among the treated animals is ob-
served in the number of needle-like peroxisomes and phi-
bodies. In a limited number of rats, these atypical orga-
nelles are comparatively sparse and confined to the outer
lobular regions (compare Figs. 1d with Ic).

In addition to the peroxisome proliferation, moderately
electron-dense ring-like structures appear within the cells,
often enclosing one to three peroxisomes (Fig. le, arrow-
head). Such whorls of SER appear to be randomly distri-
buted in the periportal limiting plate as well as throughout
the outer periportal area. However, in the inner periportal
region, a remarkable increase in size and frequency of these
SER-lamellar bodies can be demonstrated. They are most
abundant and best developed in the outer midzonal region.
In the inner midzonal region the SER-lamellar bodies de-
crease remarkably in number and size, and in the centrilo-
bular zone these concentrically arranged membrane aggre-
gates are rarely observed.

Electron microscopical findings

The fine structural analysis of the liver lobule of gemfib-
rozil-treated rats reveals marked morphological alterations
in the peroxisome and endoplasmic reticulum compart-
ments and less extensive changes in mitochondria and lyso-
somes (data not shown) as well as in the nuclear matrix.

Morphology of peroxisomes

Across the liver lobule, peroxisomes exhibit a conspicuous
zonal heterogeneity not only in their number, shape, and
length as seen in light microscopy, but also with respect to
their diameter, catalase content, and intracellular compart-
mentation. In addition, a marked gradient of matrical inclu-
sions, small peroxisomal profiles, and organelle stacking
patterns from the periportal towards the centrilobular region
is observed.

Diameter, catalase activity and intracellular distribution. Hep-
atocytes of the periportal limiting plate contain intensely
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stained, needle- and rod-shaped peroxisomes. that appear
round to oval with a characteristic scalloped outline in
cross sections (Fig. 2a). They exhibit a diameter between
25-750 nm with a mean of 350 nm, the majority ranging
from 200 to 500 nm. The organelles are mostly located at
the periphery of small glycogen areas facing cytoplasmic
regions which consist of stacks of parallel cisternae of
rough endoplasmic reticulum (RER) and large micto-
chondria.

In typical periportal hepatocytes, the needle- and rod-
shaped peroxisomes often occur in clusters. The strongly
DAB-positive organelles display a wavy appearance of their
limiting membrane (Fig. 2b and Fig. 3) and exhibit a mean
diameter of 375 nm. They line not only large glycogen
areas, but also tend to encase aggregates of anastomosing
profiles of smooth endoplasmic reticulum (SER) not seen in
control animals. RER-stacks increased in number as com-
pared to controls, and radiating individual smooth cisternae
partially or completely surround mitochondria as well as
peroxisomes.

In hepatocytes of the midzonal region, peroxisomes un-
dergo striking proliferation and display marked heterogenei-
ty with respect to their size, shape, and amount of reaction
deposit (Figs. 2c, 4, 5a, d). They range from 25 to 1050 nm
in diameter with a mean of 475 nm exhibiting two peaks:
a) 250-500 and &) 500-800 nm. The majority of peroxi-
somes show distinct but less intense DAB-staining when
compared to those of periportal cells. In addition to round
organelles, numerous phi-bodies and irregularly shaped
particles are observed (Fig. 4). They are all densely packed
and occupy distinct cytoplasmic areas separated from those
containing RER-stacks and SER-membrane aggregates.

A marked variation in peroxisome size and DAB-staining
intensity is also seen in centrilobular cells. However, in this
region peroxisomes show a moderate amount of DAB reac-
tion deposit, a preferential round shape, and an almost even

Fig. 2. Low power electron micrographs of the male rat liver treated for
2 weeks with gemfibrozil. DAB-buffered osmium tetroxide containing 2.5%
potassium dichromate. x 6200. a) Hepatocytes of the periportal limiting
plate display small intensely stained peroxisomes which show a scalloped
outline and preferentially face small glycogen areas. In the latter a few elec-
tron-lucent (L) or moderately osmiophilic lipid droplets (arrowheads) can be
observed. b) In the typical periportal liver cells, strongly DAB-positive per-
oxisomes appear in clusters which line and extend towards large glycogen
areas. Note the abundance of anastomosing tubular profiles of smooth en-
doplasmic reticulum (SER) at the cell periphery. The arrow designates a
racket-shaped peroxisome. L and arrowhead, electron-lucent and moderate-
ly osmiophilic lipid droplets. c) In the outer midzonal region enlarged,
moderate to intensely stained peroxisomes accumulate in distinct cytoplas-
mic areas which are separated from those consisting of RER-arrays or
SER-membrane aggregates (SER, SER-whorl large arrowhead). The perox-
isomes exhibit a specific close association with one another (small arrow-
heads). d) Peroxisomes exhibiting the largest diameters are found in the
perivenous limiting plate. They preferentially appear round and the majori-
ty contain comparatively moderate amounts of reaction deposit. Although
most organelles are evenly distributed throughout the SER-areas, a few
cluster in chain-like arrangements (small arrowheads). A limited number of
peroxisomes contain matrical inclusions (large arrowheads). Bar, 3 pm.
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Fig. 3. Electron micrographs of periportal hepatocytes of the male rat liver 2 weeks after gemfibrozil treatment. Short DAB-incubation (15 min)-reduced
osmium tetroxide. a) In periportal hepatocytes the majority of peroxisomal profiles contain one to four matrical tubules, the latter of which exhibit only
weak catalase activity in their lumen. Note a tubule-containing peroxisome with a tail-like extension lacking catalase activity (small arrowhead). Large arrow-
head, nucleoid-containing peroxisomal profile. x 25,500. b) and d) In periportal hepatocytes the dimensions of the cross-sectioned peroxisomes correlate
with the number of enclosed straight tubules. The organelles display an intimate spatial relationship to profiles of the endoplasmic reticulum (ER) and glyco-
gen particles. b) x 80,000; d) x 69,500. c) Needle- and rod-shaped peroxisomal profiles equipped with longitudinally arranged matrical tubules are character-
istic for hepatocytes of the periportal zone. x 22,000. e) and f) In hepatocytes of the inner periportal zone peroxisomal profiles containing more than four
matrical tubules are often partially or completely surrounded by nonfenestrated SER-cisternae. Organelles ranging from 145 to 200 nm in diameter normally
contain one matrical tubule. Occasionally, the latter may also be absent (compare the peroxisomal profile in the upper right corner in (e) with those in
(d) or that in the lower right corner in (g)). x 80,000. g) Towards the inner periportal zone, the thin, tube-like portions of the rod-shaped peroxisomes which
exhibit mostly less than four matrical tubules are enmeshed by an anastomosing network of SER-profiles. x 80,000. Bars, (a) (c) 1 pm, (b)-(g) 250 nm.
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distribution throughout the glycogen-SER areas. In some
hepatocytes the SER-regions are completely devoid of glyco-
gen. The peroxisomal profiles display a mean diameter of
630 nm, most ranging from 500 to 800 nm. In hepatocytes
of the perivenous limiting plate, a number of large peroxi-
somes exceeding a diameter of 1200 nm are present (Fig.
2d).

Peroxisomes and mitochondria in hepatocytes of the peri-
portal and perivenous limiting plate show a marked inverse
relationship with respect to their diameters (compare Fig. 2a
with 2d). Periportal liver cells contain remarkably large
mitochondria and small peroxisomal profiles, whereas the
opposite is true for centrilobular hepatocytes. Furthermore,
a marked alteration in the pattern of organelle distribution
is evident. In periportal hepatocytes a compartmentation of
peroxisomes with mitochondria and RER-cisternae can be
observed, whereas in the centrilobular cells peroxisomes ex-
hibit a close spatial relationship to the SER-profiles.

Mairical inclusions. Following gemfibrozil treatment, perox-
isomes exhibit a well-developed crystalline core and either
distinct straight matrical tubules or curled matrical plates,
the presence and number of which differ greatly depending
on the localization of hepatocytes within the liver lobule.

In the majority of treated rats, representative of the peri-
portal zone are peroxisomes containing exclusively densely
packed double-walled matrical tubules (Fig. 3a). The tu-
bules are aligned in parallel along the major axis of the
needle- and rod-shaped organelles separated from the limit-
ing membrane by a narrow space of 10-12.5 nm in width
(Figs. 3e-g). The peroxisomal profiles exhibit a scalloped or
wavy contour in cross sections (Figs. 2a, b; 3a, b, e-g),
whereas a regular rectangular shape is seen in longitudinal
sections. The tubule length may vary considerably creating
the typical staircase-like conformation in the majority of or-
ganelles (Fig. 3c). Therefore, in cross sections the number
of matrical tubules, even within a single organelle, may
range from 1 to 12 (Figs. 3a, b, d-g).

The dimensions and fine structure of the matrical tubules
resemble those described in detail by Hruban and coworkers
(12) in rat liver treated with dimethrin. The tubular struc-
tures exhibit a uniform outer diameter of 112.5 nm. They
consist of an outer and an inner tubule composed of helical-
ly arranged fibrils (Fig. 4C). The catalase activity appears
to be concentrated between the fibrils, whereas the lumen
of the double-walled tubules displays variable DAB-
staining (compare Figs. 2a-d and Fig. 7b: 60 min DAB-
incubation with Figs. 3 a~-g and 4 a, b, d-g: 15 min DAB-
incubation).

In hepatocytes of the midzonal region, peroxisomes exhi-
bit an abundance of matrical tubules or matrical plates,
with tubules predominating in peripheral cells and plates
being most prominent in more centrally located cells of this
region (Fig. 4a). Among the tubule-containing peroxisomes,

a marked variation in shape is observed based on the
number, length, and arrangement of the double-walled in-
clusions. A preponderance of typical phi-bodies is seen in
the outer midzonal region (Figs. 4b, d) and irregular, dis-
coid, and racket-shaped organelles are representative of the
inner midzonal area (Figs. 4f-h).

In agreement with light microscopical findings, typical
phi-bodies exhibit an enlarged round to elliptical central
portion of variable size and two long axial protrusions which
often display the same length and diameter (Figs. 4b, d).
The double-walled tubules are usually oriented in parallel
and extend from pole to pole tightly attached to the mem-
brane apex (Fig. 4d). Cross sections of the dilated portions
of phi-bodies can easily be identified as large round to oval
profiles frequently containing more than a dozen of densely
packed, centrally located matrical tubules separated from
the limiting membrane by a distance exceeding at least 20
nm in width (Figs. 4a, e, and Fig. 5e). In contrast, cross
sections of the tube-like, straight axial protrusions exhibit a
wavy outline and contain mostly 1-4 matrical tubules close-
ly attached to the peroxisomal membrane (Figs. 4a, b, €).

Several phi-bodies exhibit protrusions which are not
aligned along the major axis but form an angle of 145° or
less. Thus, matrical tubules traverse in the central dilated
portion (Fig. 4b) and cross sections of the latter exhibit
densely packed groups of matrical tubules distinctly sepa-
rated from each other (Fig. 4a, large arrowhead). Occasion-
ally, enlarged pleomorphic organelles are found containing
bundles of matrical tubules running in various directions,
such that transverse, oblique, and longtitudinal sections of
as many as 20 tubules may be present within the same or-
ganelle (Figs. 4f, g).

Towards the centrilobular region, double-walled tubules
within the hepatocytes decrease considerably in number and
length. However, even in the perivenous limiting plate the
majority of gemfibrozil-treated rats develop a small popula-
tion of spindle-shaped phi-bodies with short protrusions as
well as discoid and racket-shaped organelles. The latter are
composed of elliptical dilated portions and thin, single
tubule-containing protrusions radiating into the SER-
glycogen areas (Fig. 4h).

In the majority of treated rats the formation of matrical
plates is most prominent in the midzonal region (Figs. 4a,
b, ). Concomitant with the decrease of tubule-containing
peroxisomes, the percentage of profiles exhibiting matrical
plates within a hepatocyte increases. However, in the inner
centrilobular region the number of matrical plates is
remarkably reduced (Fig. 6c) and in the perivenous limiting
plate only a few organelles displaying these inclusions can be
identified. In a limited number of treated rats matrical
plates are rare throughout the liver lobule. The fine struc-
ture of the matrical plates is identical to those previously
reported by Hruban and coworkers (12) in the rat Liver
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treated with dimethrin. The fibrillar plates form a loose net-
work of small curled or slightly bent inclusions which follow-
ing DAB-incubation appear as irregularly shaped,
filamentous densities located mainly in the centre of the
peroxisomal matrix (Figs. 3a, b, e, 6¢). Thus, the reaction
deposit obscures their fibrillar organization as similarly seen
within matrical tubules.

Crystalline nucleoids are regularly encountered in peroxi-
somes of the periportal region. They are displaced towards
the periphery of the elongated organelles lying between the
limiting membrane and the double-walled tubules creating
slight local protusions. With respect to the organelle length
only a few round peroxisomal profiles in cross section con-
tain a crystalline core (Fig. 3a, large arrowhead). In the
midzonal region nucleoids can easily be identified. They are
exclusively located in the enlarged central portions of phi-
bodies as well as in peroxisomes containing matrical plates
(Figs. 4b, d-f, 5e). In random thin sections the highest fre-
quency of nucleoids is observed in the centrilobular region.

Small peroxisomal profiles. The most prominent population
of small peroxisomal profiles can be demonstrated in hepa-
tocytes of the inner midzonal region (Figs. 5a, f ). The orga-
nelles range from 25 to 175 nm in diameter and never
contain matrical inclusions. They exhibit a weak to intense
DAB-staining depending on their size. The majority are
located in close proximity to large, strongly DAB-reactive
organelles and intimately related to terminal portions of
RER-stacks and SER-membrane aggregates (Figs. 5a, b, f ).
They often occur in clusters forming rows and beaded strings
(Figs. 5a, c). In appropriate planes of sections, branching
sites of tubular organelles (Fig. 5a, inset) as well as inter-
connections between peroxisomal profiles of different sizes
are frequently observed (Figs. 5b, ¢, f, 6d). These short
and thin channels (25-50 nm in diameter) exhibit a pat-
chy distribution of reaction deposit or totally lack catalase
activity. Thus, in cross sections the channels are confus-
ingly similar to vesicular SER-profiles and can be une-
quivocally identified only in serial sections (Fig. 5c¢, large
arrowhead). The same is true for numerous slender, tail-
like extensions which occur throughout the liver lobule
but are most abundant in the midzonal region (Figs. 3a,
5d, f). Their terminal membrane portions often exhibit
a myelin-like appearance (Fig. 4e). In cross section, this
criterion helps to define the origin of these vesicles and es-
timate the number of ‘tails’ per hepatocyte in random thin
sections.

Stacking of peroxisomes. Another feature observed in hepato-
cytes of the male rat liver exposed to gemfibrozil is the deve-
lopment of a distinct stacking or packing pattern of
peroxisomes. A gradual increase in the dense packing of
peroxisomes can be demonstrated from the periportal to-
wards the centrilobular region which is most pronounced in
the inner midzonal and outer centrilobular region (Figs. 2c,
d, 6a, c). In random thin sections, as many as 12 organelles
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with or without matrical inclusions are stacked one upon the
other forming undulating rouleau- or chain-like struc-
tures. The organelles are closely apposed and constitute
straight and parallel, junction-like contact zones of con-
siderable length (Figs. 6a-d). Occasionally, small perox-
isomal profiles bulge into larger ones (Fig. 6d). Numerous
fine filaments traverse the intermembraneous space (8-9
nm) in the region of the most intimate membrane contact.
They appear to insert into the outer membrane leaflets
linking the two adjacent membrane faces (Fig. 6b).

Membrane aggregates of smooth endoplasmic reticu-
lum

The smooth endoplasmic reticulum undergoes a marked
proliferation from the periportal towards the centrilobular
region, (compare Figs. 2a, b with ¢, d). In addition, lamel-
lar cisternae as well as branching and anastomosing tu-
bules constitute large membrane aggregates which display
a zone-dependent variation with respect to size, organiza-
tion, and degree of complexity.

Two types of concentric lamellar formations can be distin-
guished mainly ranging from 1 to 10 gm in diameter: mye-
lin-like bodies and fingerprint-whorls. The myelin-like bod-
ies are preferentially located adjacent to the nucleus and
consist of 3-30 paired layers of densely packed, nonfenes-
trated SER-cisternae. They are arranged in paralle] arrays
and often surround a core of variable size which may con-
tain lipid droplets, liposomes (located within dilated cister-

Fig. 4. Electron micrographs of hepatocytes of the midzonal region of the
male rat liver treated for 2 weeks with gemfibrozil. a), b), d-g): short
DAB-incubation-reduced osmium tetroxide, c): buffered osmium tetroxide,
h): reduced osmium tetroxide. a) Low power electron micrograph of a typi-
cal midzonal hepatocyte showing numerous enlarged peroxisomal profiles
which contain either densely packed matrical tubules or curled matrical
plates in their centre. Infrequently, the tubules are arranged in groups dis-
tinctly separated from each other (arrowhead). RER, stack of rough endo-
plasmic reticulum. x 13,000. b) A phi-body with two protrusions forming
an angle of 145°. A nonfenestrated ER-cisterna is closely related to the ellip-
tical central body of the organelle. SER, network of smooth endoplasmic re-
ticulum; arrowhead, crystalline nuclecid. x 19,000. ¢) The fibrillar structure
of the double-walled matrical tubules is clearly visible. The crystalline nu-
cleoid is mostly eccentrically located. x 66,000. d) A typical phi-body with
two long protrusions of approximately the same length displays matrical tu-
bules which are arranged in parallel throughout the long axis of the central
elliptical region. Arrowhead, crystalline nucleoid. x 15,000. €) Independent
of organelle size and type of matrical inclusions (plates or tubules), peroxi-
somes exhibit a great variation in DAB-staining intensity. A few display only
small amounts of reaction deposit and the crystalline nudleoid (large arrowhead)
is easily recognizable (compare with g-d and f ). Small arrowhead, tail-like ex-
tension exhibiting a modified membrane structure at the apex. x 42,000. {)
Enlarged polymorphic peroxisomes display numerous matrical tubules which
run in different directions. Arrowhead, crystalline nudleoid. x 33,000. g) A Y-
shaped peroxisome is filled with matrical tubules radiating into the protru-
sions. Note the closely attached nonfenestrated ER-cisternae on both
sides of the central organelle region. x33,000. h) A racket-shaped per-
oxisome located in the ner midzonal region displays only one matrical
tubule. The elongated protrusion exhibits contact zones at the distal por-
tion to three adjacent peroxisomal profiles. Arrowhead, cross section of
a thin, one tubule-containing protrusion. x 33,000. Bars, (a) (b) (d) 1
wm, (c) (e) 250 nm, (f }-(h) 500 nm.
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nae), a few mitochondria and lysosomes as well as
peroxisomes (Figs. le, 2¢). The paired membranes display
a compact stacking in the inner layers and thus appear in
light microscopy as moderately stained ring-like structures
(Fig. le). A variable number of peripheral paired lamellae
radiate into the cytoplasm and form small stacks of variable
length frequently in the vicinity of the perinuclear cisterna
(Fig. 2¢).

Mpyelin-like bodies exhibiting a limited number of paired
lamellae occasionally occur in hepatocytes of the periportal
limiting plate. Their number and size remarkably increase
towards the midzonal region. In random thin sections hepa-
tocytes of the outer midzonal area frequently contain 3-4
large myelin-like bodies consisting of 15-30 paired lamellae
encasing distinct cytoplasmic portions. Concomitant with
the decrease of myelin-like bodies towards the inner lobular
regions, fingerprint-whorls increase proportionately. The
latter are composed of 20-50 concentrically arranged, irreg-
ularly fenestrated cisternae (Fig. 5e). Both the inter- and in-
tra-cisternal spacing as well as the concentric organization
of the layers are relatively uniform and regular throughout
the aggregate. The central cisterna is often nonfenestrated
and surrounds cell organelles, such as mitochondria or per-
oxisomes, without an intervening cytoplasmic strand (Fig.
5e). Fingerprint-whorls rarely occur in the outer periportal
and inner centrilobular cell layers. They are most abundant
in the midzonal region.

Branching and anastomosing SER-tubules form loose
membrane systems in all hepatocytes of the liver lobule.
However, their extent markedly increases towards the mid-
zonal and centrilobular regions (compare Fig. 3a with Figs.
4a, 5a, and 6a). In addition, dense packing of branching
tubular SER-profiles and formation of large membrane ag-
gregates mostly occurs in the inner midzonal and outer
centrilobular regions (Fig. 5f ).

Changes in the nuclear structure

Gemfibrozil treatment induces morphological altera-
tions in the nuclear structure of hepatocytes and elicits the
mitogenic potency of this drug in male rat liver.

Nuclear lipid inclusions. An increase in the number of small
lipid droplets regularly encountered in the periportal and
outer midzonal hepatocytes (Figs. 2a, b and Fig. 7b) paral-
lels the occurrence of intranuclear lipid inclusions in corre-
sponding cell layers. In random thin sections nuclei contain
a variable number of lipid droplets (1-4) which often closely
approximates the nucleolus (Fig 7b) but not the nuclear en-
velope. The inclusions range from 500 to 1200 nm in di-
ameter. They are enveloped by a thin electron-dense lipid
leaflet followed by a distinct zone measuring up to 175 nm
in width. The latter displays a regular filamentous texture
clearly distinguishable from the chromatin-containing re-
gions, the finely granular nuclear matrix and the nucleolus
(Fig. 7¢, arrowheads).
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Cell division. Gemfibrozil induces a pronounced liver cell
proliferation as demonstrated by an increased number of
mitotic figures, predominantly within the midzonal region.
In contrast to controls, various stages of the mitotic cycle
can easily be demonstrated (Fig. 7a). It is of interest that the
stacking of peroxisomes typical for the organelle compart-
ment in hepatocytes of the midzonal region is not expressed
in mitotic liver cells.

DISCUSSION

The findings presented in this study demonstrate that
gemfibrozil treatment of male rats results in significant mor-
phological alterations in the liver: I) peroxisome prolifera-
tion as demonstrated by both a remarkable increase in orga-
nelle number and size; and 2) proliferation of smooth endo-
plasmic reticulum. These results are consistent with
previous fine structural studies of the rat liver exposed to
gemfibrozil and to a variety of other compounds, structural-
ly related as well as unrelated (for review see 1, 2, 13, 14).
In addition to these well-characterized hepatic responses,
our observations also reveal that gemfibrozil elicits a cascade
of subcellular changes not as yet described. The most marked
effects include A) a conspicuous zonal heterogeneity in per-

Fig. 5. Electron micrographs of hepatocytes of the inner midzonal region
of the male rat liver 2 weeks after gemfibrozil administration. a) A charac-
teristic feature of the inner midzonal hepatocyte is the remarkable heteroge-
neous peroxisomal population with respect to size and amount of reaction
deposit. Small peroxisomal profiles never contain matrical tubules and fre-
quently occur in clusters (large arrowheads) or in tightly packed rows (small
arrowheads). lys, lysosomes; mit, mitochondria. DAB-buffered osmium
tetroxide containing 2.5% potassium dichromate. x 19,500. Inset: Branch-
ing peroxisomal profiles frequently occur (arrowhead). DAB-reduced os-
mium tetroxide. x 20,000. b} Small peroxisomal profiles (small arrowhead)
often appear in close proximity to large intensely stained organelles and ex-
hibit a patchy distribution of reaction deposits. The short interconnecting
channels between peroxisomal segments display very weak catalase activity
(large arrowhead). DAB-buffered osmium tetroxide containing 2.5% potas-
sium dichromate. x 62,500. c) Beaded strings with more than three strongly
DAB-positive peroxisomal segments are frequently observed. The thin in-
terconnecting channels (small arrowheads) often lack catalase activity and
in cross sections resemble adjacent SER-vesicles (large arrowhead). DAB-
buffered osmium tetroxide containing 2.5% potassinm dichromate.
x 62,000. d) The central region of a phi-body with short axial protrusions
is equipped with a tail-like extension. The transition zone is demarcated by
a slight constriction (large arrowhead). Reduced osmium  tetroxide.
x 38,750. ) The central region of a phi-body with densely packed matrical
tubules and an eccentrically located crystalline core (small arrowhead) is
enveloped by a nonfenestrated cisterna followed by more than a dozen of
irregularly fenestrated SER-lamellae forming a whorl. Short DAB-incuba-
tion-reduced osmium tetroxide. x 19,500. f) Towards the centrilobular re-
gion, densely packed anastomosing tubular SER-profiles form large mem-
brane aggregates which are surrounded by peroxisomes and mitochondria.
In the latter, dilated cristae are occasionally identified (asterisk) containing
helically arranged filaments in a paracrystalline array (not shown). Large
arrowheads, clusters of small peroxisomal profiles; small arrowheads, a nu-
cleoid-containing peroxisomal profile connected to a small tubular segment;
RER, cisternae of rough endoplasmic reticulum. Short DAB-incuba-
tion-reduced osmium tetroxide. x 19,500. Bars, (a) (e) (f ) 500 nm, (b) (c)
(d) 250 nm.
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oxisome proliferation and morphology, B) a lobular gradient
in peroxisome stacking, C) the formation of myelin-like bod-
ies and fingerprint-whorls of smooth endoplasmic reticulum,
and D) the occurrence of nuclear lipid inclusions.

Zonal heterogeneity

FPeroxisome prolsferation and catalase activity. In all rats treated
with gemfibrozil a remarkable zone-dependent shift in the
peroxisome number, size, and catalase activity from the per-
iportal to the centrilobular regions can be observed. These
zonal differences in the peroxisomal organization after
gemfibrozil treatment are comparable to those previously
described in the rat liver after treatment with perfluoroocta-
noate (5). Earlier observations demonstrated a larger num-
ber of peroxisomes in the more centrally located cells of the
normal rat liver lobule (15, 16). Our data support the con-
cept that potent peroxisome proliferators markedly enhance
the zonal heterogeneity of the peroxisomal compartment
and exert the greatest proliferating potency in the centrilob-
ular region (for detailed discussion see 5).

In human liver, gemfibrozil and various other fibric acid
derivatives are reported to elicit marginal or no peroxisome
proliferation (for review see refs. 1 and 2). The marked vari-
ation in peroxisome number and volume densities described
in human liver after gemfibrozil exposure (17, 18) and the
significant increase in peroxisome number in patients after
long-term clofibrate treatment (19, 20) should not be over-
looked. The increased clinical use of lipid-lowering com-
pounds for the effective control of hyperlipoproteinemias
may deem it necessary to reinvestigate human liver biop-
sies with special reference to alterations of the peroxiso-
mal compartment in the centrilobular region to assess
potential human health and cancer risk. It is noteworthy,
however, that results from the Helsinki Heart Study using
gemfibrozil showed a 34% reduction in cardiac end point
compared to placebo with no clinically significant adverse
events involving liver function (21).

Our results also reveal that there is a disparity between
peroxisome volume and the intensity of DAB reactivity
across the liver lobule. High levels of cytochemically
demonstrable catalase activity are confined to the smaller
organelles in the periportal region whereas the large perox-
isomes found in the inner cells stained only moderately. The
decrease in DAB reaction deposit coincides with a marked
increase in the number of peroxisomes per cell. Our obser-
vations are consistent with data showing that treatment with
peroxisome proliferators does not result in an elevation of
catalase activity proportional to the increase in peroxisome
volume. (For review see refs. 1, 22, 23).

Matrical inclusions. Double-walled tubules. Qur observations
confirm earlier reports that double-walled tubules with a
uniform diameter of approximately 100 nm represent typi-
cal inclusions of the peroxisomal compartment in the rat liv-
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er after exposure to gemfibrozil (1, 6, 7, 24). Identical or
similar double-walled inclusions have been described in rat
liver peroxisomes after treatment with various structurally
related and diverse drugs. However, a high frequency of
double-walled inclusions seems to be easily induced only in
response to gemfibrozil, dimethrin (12, 25), and RMI-14,
514 (26), whereas clofibrate, bezafibrate, and aspirin exclu-
sively elicit these specific alterations in the peroxisome ma-
trix after severe metabolic stress situations, for example
hypophysectomy (27), long-term and high dosage treatment
(28), or additional exposure to hepatocarcinogens (29-32).
Furthermore, corresponding tubular inclusions have also
been reported in peroxisomes of very slow-growing Morris
7787 hepatoma cells (33, 34) as well as in highly differenti-
ated hepatomas treated with clofibrate (30). As yet, the
composition and functional significance of these matrical in-
clusions are unknown. It is interesting to note that rat kid-
ney peroxisomes in the proximal tubule (P3-segment) nor-
mally exhibit both tubular inclusions with a crystalline sub-
structure (35-37) and a specific distribution pattern of ma-
trix proteins as demonstrated by cytochemistry and immu-
noelectron microscopy. Catalase, L-a-hydroxy acid oxidase,
and serine:pyruvate aminotransferase as well as the 3-oxida-
tion enzymes are found to be preferentially located in the
peripheral matrix portions dispersed between the tubular
structures. In contrast, D-amino acid oxidase is exclusively
confined to the central matrix area (38, 39).

Matrical plates. Our observations confirm findings re-
ported by Fukuda and coworkers (6) that gemfibrozil in-
duces the formation of matrical plates within the perox-
isome matrix in addition to the development of tubular in-
clusions. However, the distribution pattern of matrical plates
differs markedly from that of matrical tubules. The greatest
concentration of plate-containing peroxisomes is regularly
found in the midzonal and outer centrilobular regions.
Similar structures have previously been described in peroxi-
somes of rat liver exposed to a variety of drugs and experi-

Fig. 6. Electron micrographs of centrilobular hepatocytes of the male rat
liver 2 weeks after gemfibrozil administraton. Short DAB-incubation-re-
duced osmium tetroxide. a) Portion of a centrilobular hepatocyte showing
close packing of peroxisomes which are exclusively located within the
SER-glycogen areas, Note the compartmentation of the cytoplasm: numer-
ous mitachondria define the border between well-developed stacks of paral-
lel RER—cisternae and the peroxisome-containing SER-glycogen areas.
x 19,000. b) The closely apposed membranes within a peroxisome stack are
flattened and separated by a uniform distance (arrowhead) which is consis-
tently traversed by numerous fine filaments linking the outer membrane
leaflets. x 123,000. ¢) The contact zone between the apposed peroxisomal
membranes exhibits a considerable length and straight course. Note the ma-
trical plates (arrowheads) which appear as curled densities in the peroxiso-
mal matrix. x 53,000. d) Two large peroxisomal profiles are linked by a
small, moderately stained organelle segment which is closely apposed and
creates slight impressions upon their limiting membranes (small arrow-
head). The large arrowhead demarcates the eccentrically located crystal-
line nucleoid. x 58,000. Bars, (2) 1 pm, (b) 100 nm, (c) (d) 250 nm.
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Fig. 7.  Electron micrographs of hepatocytes of the midzonal region of the male rat liver treated for 2 weeks with gemfibrozil. a) During the late anaphase
stage of mitosis the reconstitution of the nuclear envelope on the chromosome surface is clearly seen. Note the intranuclear membrane vesicles (arrowheads)
and the close association of peroxisomes to the reassembling nuclear envelope. lys, lysosome. Short DAB-incubation-reduced osmium tetroxide. x 12,500.
b) In random thin sections one or two intranuclear lipid inclusions (arrowheads) can be frequently demonstrated. SER, network of smooth endoplasmic
reticulum. DAB-reduced osmium tetroxide. x 7,000. ¢) The intranuclear lipid droplets are surrounded by both an electron-dense leaflet and a concentric
zone composed of a fine network of interconnected filaments (arrowheads). mit, mitochondrion. Short DAB-incubation-buffered osmium tetroxide. x 38,000.
Bars, (a) 1 pm, (b) 2 pm, (c) 500 nm.

mental conditions known to cause proliferation of these
organelles (12, 25, 29, 31). Among these compounds only
aspirin seems to induce a high incidence of plate- contain-
ing peroxisomes (40). Recently, Furukawa and coworkers
(40, 41) have demonstrated that matrical plates also occur
in cultured rat hepatocytes obtained from carcino-
gen-induced preneoplastic lesions treated either with or
without clofibrate. The data imply that the development
of matrical plates is not necessarily associated with peroxi-
some proliferation and, furthermore, not specifically in-
duced by peroxisome proliferators.
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Peroxisome “stacking”

The data presented clearly demonstrate that gemfibro-
zil induces a specific packing or stacking pattern of perox-
isomes in the form of rouleau- or chain-like structures
which are most abundant and best developed in the inner
midzonal and outer centrilobular regions of the liver
lobule and less pronounced or absent during mitosis.
Thus, peroxisome linking does not seem to be a random
phenomenon but reflects a specific functional compart-
mentation of the organelle, particularly in nondividing
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hepatocytes of the inner lobular regions. As compared to the
marked effects produced by gemfibrozil, compounds such
as clofibrate, nafenopin, or perfluorooctanoate only elicit
minimal peroxisome packing in rat liver {data not
shown).

The structural maintenance of peroxisome coupling
seems to be established by filaments or cross-bridges within
the intermembranous space linking different organelles and/
or segments of the same organelle. In view of the fusion con-
cept of peroxisomes, it is interesting to note that peroxiso-
mal profiles are intimately attached to each other but do not
seem to fuse. The observation of numerous pearl-like and
tubular profiles extending from large organelles mostly lo-
cated in the midzonal region assumes that chain-like peroxi-
some structures arise from individual pre-existing organelles
by elongation, segmentation, and enlargement, thereby
creating a dense peroxisomal network throughout the cyto-
plasm.

Striking peroxisome stacking and uniform organelle spac-
ing have also been demonstrated in various lipid-synthe-
sizing epithelia during increased lipid biosynthesis and ini-
tial lipid storage (for review see ref. 42). The current func-
tional significance of peroxisome coupling with the con-
comitant development of enlarged tight membrane contact
zones is to date unknown. Liver peroxisomes of gemfibrozil-
treated rats offer a unique possibility to elucidate the
cross-bridging mechanisms of intracellular membrane-to-
membrane linkages.

Miyelin-like bodies and fingerprint-whorls of smooth
endoplasmic reticulum

The present study indicates that gemfibrozil induces a
marked proliferation of smooth endoplasmic reticulum with
the development of concentric myelin-like bodies and
fingerprint-whorls which are easily recognizable by light
microscopy. The lamellar structures are preferentially
located adjacent to the nucleus and consist of either densely
packed paired membranes or irregularly fenestrated cister-
nae. The greatest concentration of lamellar bodies is found
in the lobular regions, whereas hepatocytes within the outer
midzonal cell layers frequently contain both myelin-like
bodies and fingerprint-whorls. Most recently, the assembly
and formation of lamellar paired membrane stacks of SER
have been reported to result in overproduction of 3-hy-
droxy-3-methylglutaryl-coenzyme A reductase in yeast
strains and in Chinese hamster ovary-derived UT-1 cells as
well as in rat hepatocytes. Using immunoelectron micros-
copy, the protein is clearly concentrated in the lamellar
stacks surrounding the nucleus in yeast (43) and UT cells
(44) as well as in whorled SER in rat hepatocytes (45).
However, myelin-like bodies and fingerprint-whorls have
previously been described also in rat hepatocytes in response
to a variety of drugs and toxins unrelated to cholesterol syn-
thesis. Thus, the function of these whorled SER membrane

aggregations and the significance of their distinct portal-
central distribution after gemfibrozil exposure remain to be
elucidated.

Nuclear lipid inclusions

Administration of hypolipidemic drugs, industrial plasti-
cizers, and diverse chemicals to rodents results not only in
a marked proliferation of peroxisomes and the smooth en-
doplasmic reticulum, but also in a periportal accumulation
of fine lipid droplets (46-48). These findings are in agree-
ment with our observations showing the identical distri-
bution pattern of small lipid droplets in the rat liver
lobule. treated for 2 weeks with gemfibrozil. However, the
concomitant occurrence of nuclear lipid inclusions, to our
knowledge, has not yet been reported. Only one study de-
scribes nuclear lipid inclusions in the liver of two hyper-
lipoproteinemic patients under long-term gemfibrozil
treatment, suggesting a positive correlation between spe-
cific drug treatment and nuclear alterations in humans as
well (18).

The nuclear lipid droplets of treated rats are not derived
from the cytoplasm by invagination of the nuclear envelope.
They are surrounded by a thin electron-dense lipid leaflet
and an adjacent filamentous zone which continuously ex-
tends into the nuclear matrix. Recently, we observed identi-
cal nuclear lipid droplets in the rat liver treated with per-
fluorooctanoate which belongs to the group of potent perox-
isome proliferators (5). These agents, therefore, seem to
trigger a common reaction pattern in the nuclear lipid/ pro-
tein metabolism. To date, the origin, composition, and func-
tional significance of these nuclear lipid droplets are
unknown. The questions remain to be elucidated as to
whether this results from de novo and excess nuclear lipid
synthesis or more probably from increased lipid transfer
from the cytoplasm. B
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