
&p.1:Abstract Liver failure following major hepatectomy is
characterized pathologically by massive hepatic necrosis,
which is thought to begin with injury of sinusoidal endo-
thelial cells (SECs). To examine the early events of SECs
leading to hepatic damage, we performed time-course
analyses of the morphological and functional perturba-
tion of SECs after endotoxin administration to hepatec-
tomized rats. At 1.5 h after endotoxin injection, when
hepatocellular damage was not yet evident, SECs
showed augmented expression of intercellular adhesion
molecule-1, with frequent adherence of infiltrating leu-
cocytes and ultrastructural features of defenestration and
hypertrophied cytoplasm enriched with cell organelles.
The serum level of hyaluronate, as an indicator of the
functional state of SECs, was significantly elevated. At
3 h, SECs underwent necrosis and disruption, accompa-
nied by fibrin deposits with concomitant hepatocellular
necrosis. The morphological and functional alterations of
SECs precede necrotic changes in hepatocytes and SECs
in endotoxin-induced liver failure after partial hepatecto-
my.

&kwd:Key words Sinusoidal endothelial cells · Hyaluronate ·
Defenestration · Liver failure · Endotoxin&bdy:

Introduction

The hepatic failure often encountered after extensive sur-
gical resection of the liver has a high morbidity and mor-
tality, despite recent improvements in the care of patients

[22]. While the underlying mechanisms are not fully un-
derstood, the clinico-pathological state resembles that of
sepsis [19]. Recent clinical and experimental studies
have demonstrated that bacterial translocation into the
mesenteric lymph nodes and liver or endotoxaemia often
occurs immediately after major hepatectomy [36, 37]
and that the hepatic inflammatory response associated
with this event promotes liver failure [4]. These findings
suggest the involvement of endotoxin in the pathogenesis
of postoperative liver failure.

Low-dose endotoxin administration after two-thirds
hepatectomy causes massive hepatic necrosis in rats, re-
sembling human postoperative liver failure [20]. The se-
vere hepatic damage induced in this model is initiated by
destruction of sinusoidal endothelial cells (SECs), which
is provoked by endotoxin-activated hepatic macrophages
[10]. Previous ultrastructural analyses have demonstrated
that SEC destruction appears 5 h after endotoxin injection
with concomitant injury of hepatocytes [20]. However,
there have been no detailed studies on the relationship be-
tween morphological changes and functional perturbation
of SECs before the manifestation of liver injury.

The serum level of hyaluronate, a major extracellular
matrix component, has been used as an indicator of SEC
function, because SECs specifically incorporate hyaluro-
nate via binding to receptors and rapidly remove it from
the circulation [14]. Since normal SECs have the capaci-
ty to eliminate approximately 10 times the normal en-
dogenous amount of hyaluronate, serum hyaluronate lev-
els are not markedly influenced by increased input from
the tissue but depend predominantly on the scavenging
function of SECs [6, 14]. It has been shown that serum
hyaluronate levels are elevated in liver cirrhosis [34] and
liver grafts [27], which are accompanied by transforma-
tion and destruction, respectively, of SECs.

In order to examine the early morphological and func-
tional events in SECs before the manifestation of hepatic
injury in the development of liver failure, we investigated
the time-course of light and electron microscopic chang-
es in SECs and serum hyaluronate levels as an indicator
of the functional state of SECs in the rat model.
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Materials and methods

Male Sprague-Dawley rats weighing 160–220 g were purchased
from CLEA Japan (Tokyo, Japan). They were housed under spe-
cific pathogen-free conditions with a 12-h light/dark cycle and at a
constant temperature of 24°C, and fed standard chow pellets and
water ad libitum. Animals were allowed to acclimatize to our labo-
ratory conditions for 4–6 days before being used for experiments.
Experiments were performed in accordance with the standard
guidelines for animal experiments at Kagawa Medical University.

In all, 120 rats were used. Under anaesthesia with isoflurane
(Abbott Laboratories, North Chicago, Ill.), they were subjected to
two-thirds resection of the liver according to the method of Hig-
gins and Anderson [13]. Forty-eight hours later, 200µg/kg body
weight of endotoxin (Escherichia coli0127:B8; Difco Laborato-
ries, Detroit, Mich.) dissolved in saline at a concentration of
250µg/ml or saline alone (controls) was administered i.v. Then 80
rats were used for the studies reported below and the remaining 40
rats, for the survival study.

For the measurement of intrahepatic blood flow, at 0, 1.5, 3
and 5 h after endotoxin or saline administration the abdomen was
opened under isoflurane anaesthesia. The intrahepatic blood flow
per unit square of the liver surface was quantitated with a laser-
Doppler flowmeter (ALF21 N, Advance, Tokyo, Japan) [2, 24].
Averages of the blood flow in the three unresected lobes (the cau-
date process, papillary process and right lobe) were generated and
expressed as percentages of the values obtained before hepatecto-
my.

Immediately after the measurement of intrahepatic blood flow,
peripheral blood was collected from the inferior vena cava and se-
rum hyaluronate levels were measured with a sandwich binding
protein assay system (Chugai Pharmaceutical Co., Tokyo, Japan)
[5]. Serum levels of aspartate aminotransferase, alanine amino-
transferase and total bilirubin were determined using a Hitachi
7050 automatic analyser (Hitachi, Tokyo, Japan). The determina-
tion of tumour necrosis factor-α (TNF-α) in plasma was per-
formed in a 96-well microtiter plate using a TNF-α test kit (Gen-
zyme, Cambridge, Mass.) based on an enzyme-linked immunosor-
bent assay. All samples were tested in duplicate. The plate was
read on a microplate reader MTP-120 (Corona Electric Co., Ibar-
agi, Japan) at 450 nm. The concentration of TNF-α was calculated
from a standard curve.

After perfusion with saline via the portal vein for 1 min, the
liver was taken out, immersed in OCT compound (Miles, Elkhart,
Ind.) and frozen in liquid nitrogen. Cryosections 5µm thick were
cut on a cryostat (Bright Instrument Co., Huntingdon, UK) and
air-dried immediately. Sections were fixed in absolute acetone at
4°C for 10 min, and stained using the labelled streptavidin-biotin
method (Dako LSAB Kit, HRP, Dako, Carpinteria, Calif.). Endog-
enous peroxidase activity was blocked by incubating the sections
in methanol containing 0.03% hydrogen peroxide for 5 min at
room temperature. Nonspecific staining was blocked by the treat-
ment with 1% bovine serum albumin for 5 min at room tempera-
ture. Sections were then incubated with mouse anti-rat intercellu-
lar adhesion molecule-1 (ICAM-1) monoclonal antibody (1:1000,
Seikagaku, Tokyo, Japan) for 30 min [32], followed by sequential
10-min incubations with biotinylated anti-mouse IgG1 antibody
and peroxidase-labelled streptavidin. Reaction products were de-
veloped by 3,3′-diaminobenzidine tetrahydrochloride solution
containing 0.01% hydrogen peroxide (Dako, Carpinteria, Calif.).
Nuclei were counterstained with haematoxylin.

For light and electron microscopy the liver was perfused first
with saline via the portal vein with a perfusion pressure of
20 cmH2O and then with fixative containing 1.5% glutaraldehyde
in 0.062 M cacodylate buffer, pH 7.4, plus 1% sucrose or fixative
containing 2.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.4, for transmission electron microscopy (TEM) or scanning
electron microscopy (SEM), respectively. Materials were obtained
from several different portions of the caudate process and right
lobe, and cut into small pieces of approximately 1 mm3. They
were postfixed in 1% OsO4 in 0.1 M cacodylate buffer, pH 7.4, at
4°C for 2 h. They were then dehydrated in ethanol series and em-

bedded in polybed (Polyscience, Warrington, Penn.). Sections
0.5 µm thick were cut and stained with toluidine blue and ob-
served by light microscopy (LM). For TEM, thin sections were
stained with saturated uranyl acetate and lead citrate and observed
in a JEM-1200EX-II electron microscope (JEOL, Tokyo, Japan).

For SEM, postfixed materials were freeze-fractured in liquid
nitrogen, stained with 2% tannic acid for 1 h and then with 1%
OsO4 for 2 h, dehydrated in ethanol series, and subjected to criti-
cal-point drying (HCP-2 critical point dryer, Hitachi) with dimeth-
yl sulfoxide. After being mounted on brass studs with colloidal
graphite with iso-propanol (Ted Pella, Redding, Calif.), the sam-
ples were ion-sputter-coated with Pt/Pd (E-1030, Hitachi) and ob-
served under a Hitachi S-900 scanning electron microscope.

We examined toluidine-blue-stained sections at ×400 magnifi-
cation for morphometric study and counted the numbers of hepa-
tocytes and nonparenchymal cells that showed mitotic figures in
ten microscopic fields (=0.84 mm2). During mitosis, Kupffer cells
and SECs were difficult to differentiate from one another by LM,
so they were counted together as nonparenchymal cells. Four or
five sections obtained from two or three livers were analysed at
each time period after endotoxin administration, and the average
density of cells (average number per 0.84 mm2 of liver parenchy-
ma) was calculated.

A quantitative analysis of endothelial fenestration in untreated
rats and hepatectomized rats 1.5 h after administration of saline
or endotoxin was performed. Eight to twelve rats were used for
each group. Under SEM, the liver lobes possessing both portal
tracts and central veins on the fractured surface were chosen; the
portal tract was identified by the presence of abundant connective
tissue, and the central vein was identified by the presence of a
limited amount of connective tissue and numerous sinusoidal con-
nections giving the appearance of perforated vein walls [38].
Eight different SECs situated in the intermediate position relative
to the portal and central veins were chosen from each rat: 64–96
cells in total for each group. Between 107 and 717 (average
289.6±28.2) fenestrae were analysed for each rat, or a total of
1,882–4,276 fenestrae for each group. Pictures were taken at a
magnification of ×10,000. The diameter and area of each fenestra
were measured and recorded using a Kontron IBAS-1 Image
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Fig. 1 a Serum alanine aminotransferase (ALT) and b total biliru-
bin (TBil) levels before partial hepatectomy (PH) and at various
time points after i.v. injection of saline (-●●-) or 200µg/kg body
weight of endotoxin (-●-). Hepatectomy was performed 48 h be-
fore saline or endotoxin administration. Eight rats were examined
at each time point. Data are means±standard errors. *P<0.05,
†P<0.005 versus the value for saline-treated rats at each time point&/fig.c:



Analysis System (Kontron Bildanalyse, Munich, Germany). The
average diameter and density of fenestrae and porosity of the si-
nusoidal walls (percentage of the total sinusoidal wall fenestrat-
ed) were then calculated.

All results were expressed as mean values±standard errors.
The Mann-Whitney U-test and Wilcoxon’s signed-rank test were
used for the analysis of unpaired and paired samples, respectively.

Results

In this study, we used a rat model of liver failure in-
duced by i.v. injection of low-dose endotoxin into he-
patectomized rats 48 h after operation. While all 20 of
the hepatectomized rats subjected to saline injection sur-
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Fig. 2a–f Light micrographs of the livers from hepatectomized
rats. Hepatectomy was performed 48 h before saline or endotoxin
administration. a Immediately after endotoxin administration (Oh).
b, e In the liver 1.5 h after endotoxin injection, neutrophils (N),
monocytes (M) and platelets (small arrowheads) are apparent in the
sinusoids, the neutrophils often being aggregated and phagocytosed
by Kupffer cells (K), as indicated by large arrowheads. Some sinu-
soids in the midseptal region of intermediate or periportal zones are
occluded by infiltrating leucocytes and swollen Kupffer cells. c, f
At 3 h, some hepatocytes in the midseptal region exhibit vacuola-
tion (large arrow). The sinusoids around vacuolated hepatocytes
are occluded by neutrophils (N) and demonstrate neutrophil aggre-
gation (arrowhead), macrophages (M) and fibrin deposits (small
arrow). d At 5 h, hepatocytes demonstrate many blebs, which fill
the space of Disse and sinusoids (asterisks; P portal veins, v vacu-
oles). Toluidine blue stain. a–d×290, e, f ×720&/fig.c:

vived, 12 out of 20 (60%) hepatectomized rats given en-
dotoxin died within 12 h, mostly 8–10 h, after the injec-
tion. To examine the pathogenesis of this experimental
liver failure, the time-course of the morphological and
functional alterations in SECs and hepatocytes were
studied.

Fig. 3 Time course of mitosis of hepatocytes (-●-) and nonparen-
chymal cells (-▲-) as represented by the density of mitotic cells
(no. per 0.84 mm2 of liver parenchyma) after endotoxin adminis-
tration. Partial hepatectomy (PH) was performed 48 h before en-
dotoxin administration. Toluidine-blue-stained sections were ob-
served at ×400. Ten microscopic fields were analysed for each sec-
tion. Four to five sections from two or three animals were exam-
ined. Data are means±standard errors. *, †P<0.01 versus the value
at 0 h&/fig.c:



In the regenerating liver immediately after endotoxin
administration there was no hepatocellular injury, as
shown by normal serum levels of aminotransferases and
total bilirubin (Fig. 1a, b) and normal LM features of he-
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Fig. 4a, b Immunohistochemistry of the livers from hepatectomi-
zed rats for ICAM-1 expression. a Immediately after endotoxin
administration (0 h). (b) At 1.5 h after endotoxin administration.
Sinusoidal endothelial cells, vascular endothelial cells of portal
veins (P) and central veins (C) are intensely stained for ICAM-1.
LSAB-method, ×340&/fig.c:

Fig. 5 Plasma TNF-α levels before partial hepatectomy (PH) and
at various time points after endotoxin injection in hepatectomized
rats. Hepatectomy was performed 48 h before endotoxin adminis-
tration. Four rats were used for each time point. Data are
means±standard errors. *P<0.01 versus the value at 0 h&/fig.c:

patocytes (Fig. 2a). Both hepatocytes and nonparenchy-
mal cells, including Kupffer cells and endothelial cells,
frequently underwent mitosis (Fig. 3). There were no ap-
preciable inflammatory changes such as leucocyte infil-
tration in the sinusoids (Fig. 2a). In agreement with this
finding, ICAM-1 expression by SECs was only slight
(Fig. 4a), and the plasma TNF-α level was not elevated
(Fig. 5). The hepatic blood flow per unit square mea-
sured on the liver surface increased slightly (Fig. 6). The

Fig. 6 Intrahepatic blood flow per unit square measured on the
liver surface with a laser-Doppler flowmeter immediately before
and after partial hepatectomy (PH) and at various time points after
endotoxin (-●-) or saline (-●●-) administration. Data are expressed
as percentages of the values obtained before hepatectomy. Eight
rats were examined at each time point. Data are means±standard
errors. *P<0.05 versus saline-treated rats at each time point&/fig.c:
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Fig. 7a–d Scanning electron micrographs of hepatic sinusoids in
the intermediate zone of the liver lobule. a Nonhepatectomized
liver. Sinusoidal endothelial cells show typical features of fenes-
tration. b Hepatectomized rat liver immediately after endotoxin
administration. The architecture of the sieve plates resembles that
observed in a, although the frequency of fenestrae is decreased.

c Hepatectomized rat liver 1.5 h after endotoxin administration.
The characteristic sieve-plate pattern is lost, and the number of
fenestrae is significantly reduced. d Hepatectomized rat liver 3 h
after endotoxin administration. Endothelial cells are disrupted and
detached in places, and hepatocellular microvilli are directly ex-
posed to the sinusoidal lumen. a, b ×14,000, c, d ×13,000&/fig.c:



SEM analysis demonstrated that, compared with normal
features in nonhepatectomized rats (Fig. 7a), SECs in the
hepatectomized rats had morphological modifications.
Although the architecture of the sieve plates was well
preserved, the number and diameter of fenestrae and po-
rosity of the sinusoidal walls were significantly de-
creased (Fig. 7b, Table 1). The serum level of hyaluro-
nate as a measure of the functional state of SECs showed
a mild increase (Fig. 8).

At 1.5 h after endotoxin administration hepatocellular
injury was not evident, as demonstrated by the absence
of any significant elevation of serum aminotransferases
and total bilirubin levels (Fig. 1a, b) and of degenerative
features in hepatocytes on LM (Fig. 2b). Mitotic figures
in hepatocytes decreased strikingly in frequency, and
none at all were found in nonparenchymal cells (Fig. 3).
There was marked infiltration of neutrophils and mono-
cytes, particularly in the sinusoids of the midseptal re-
gions of intermediate and periportal zones (Fig. 2b).
Neutrophils, which were often aggregated in the sinu-
soids, were phagocytosed and digested by enlarged
Kupffer cells (Fig. 2e). Platelets were also observed ad-

hering to the sinusoidal wall (Fig. 2e). Transmigration of
neutrophils and platelets into the space of Disse was also
seen. The expression of ICAM-1 by SECs was profound-
ly augmented throughout the liver lobule (Fig. 4b), and
the plasma TNF-α concentration increased considerably
and reached a peak at an average value of 1.8×104 pg/ml
(Fig. 5). The hepatic blood flow dropped by approxi-
mately 10% (Fig. 6). In SECs, the sieve-plate arrange-
ment of fenestrations disappeared, and the frequency of
fenestrae and porosity of the sinusoidal walls were sig-
nificantly decreased at 1.5 h (Fig. 7c, Table 1). In TEM
observations, SECs often exhibited acute swelling; the
cell volume was increased and the cytoplasm became
pale (Fig. 9a, c). Cellular hypertrophy was often accom-
panied by a moderate to high degree of increase in cell
organelles such as vesicles, polysomes and dense bodies,
indicative of SEC activation (Fig. 9b). While mitochon-
dria sometimes exhibited degenerative signs (loss of ma-
trix or vacuolation; Fig. 9c), most of the cell organelles
had intact profiles. Neither Weibel-Palade bodies nor
complete basement membranes characteristic of capillar-
ies were found. There were no fibrin deposits along the
sinusoidal lining cells. The serum hyaluronate level was
significantly elevated to approximately 2.5-fold that at
0 h (Fig. 8).

At 3 h, serum transaminases and total bilirubin levels
were significantly increased (Fig. 1a, b). On LM, the ini-
tial morphological evidence of hepatocellular degenera-
tion (vacuolation) was found (Fig. 2c, f). Mitosis of he-
patocytes and nonparenchymal cells remained entirely
suppressed (Fig. 3). Leucocyte infiltration became more
extensive in the midseptal region of intermediate and
periportal zones (Fig. 2c). Fibrin deposits appeared along
the sinusoidal walls (Fig. 2f). Plasma TNF-α levels re-
turned to normal at this time point (Fig. 5). The hepatic
blood flow dropped further to about 80% of the value
measured at 0 h (Fig. 6). On SEM, the sieve plates of
SECs were often seen to be disrupted, resulting in the di-
rect exposure of hepatocellular microvilli to the sinusoi-
dal lumen (Fig. 7d). Analysis by TEM demonstrated that
SECs became necrotic in appearance, with their cyto-
plasm dissolved (Fig. 10a). Furthermore, SECs were dis-
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Table 1 Diameter and density of endothelial fenestrae and porosi-
ty of sinusoidal walls in nonhepatectomized and hepatectomized
rats 1.5 h after saline or endotoxin administration. Rats were sub-
jected to an i.v. injection of saline or endotoxin 48 h after two-
thirds partial hepatectomy, and 90 min after the injection their liv-

ers were analysed by scanning electron microscopy. We examined
4276, 1882 and 2168 fenestrae from the indicated numbers of non-
hepatectomized and of saline-treated and endotoxin-treated he-
patectomized rats, respectively. The values are means±standard er-
rors&/tbl.c:&tbl.b:

Treatments No. of rats Fenestrae

Diameter (nm) Density (No./µm2) Porosity (%)

Nonhepatectomized
+ Saline 11 108.7±0.6 8.97±0.75 5.72±0.50

Hepatectomized
+ Saline 8 105.4±1.0* 6.11±0.75* 3.66±0.44*
+ Endotoxin 12 100.2±1.0*,† 4.18±0.47*,† 2.14±0.21*,†

*P<0.01 versus nonhepatectomized rats; †P<0.01 versus saline-treated, hepatectomized rats
&/tbl.b:

Fig. 8 Serum hyaluronate levels before partial hepatectomy (PH)
and at various time points after i.v. injection of saline (-●●-) or
200µg/kg body weight of endotoxin (-●-). Hepatectomy was per-
formed 48 h before saline or endotoxin administration. Elevation
of serum hyaluronate levels is apparent at 1.5 h after endotoxin ad-
ministration, preceding increase of alanine aminotransferase and
total bilirubin. Eight rats were examined at each time point. Data
are means±standard errors. †P<0.005 versus the value for saline-
treated rats at each time point&/fig.c:



rupted, being accompanied by prominent fibrin deposits
(Fig. 10b). The serum hyaluronate level showed a further
increase (Fig. 8).

At 5 h, serum levels of transaminases and total biliru-
bin were considerably elevated (Fig. 1a, b). Hepatocytes
underwent extensive degeneration (pale and swollen cyto-
plasm and generation of abundant blebs were seen, but
there were no typical apoptotic bodies; Fig. 2d). The sinu-
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Fig. 9a–c Transmission electron micrographs of the livers from
hepatectomized rats 1.5 h after endotoxin administration. Hepatec-
tomy was performed 48 h before endotoxin injection. a Endotheli-
al cells (arrows) are pale and swollen (H hepatocytes, S stellate
cells, asterisksparts of Kupffer cells). b An endothelial cell en-
riched with cell organelles. It has several dense bodies (d), Golgi
apparatuses (g) and vesicles at the luminal aspect of the nucleus
and exhibits an undulating cell surface. c Swelling of endothelial
cells (E) with rough endoplasmic reticulum (e) and dense bodies
(d). A cluster of polysomes (p) is also seen. A small number of
fenestrae (small arrowheads) is present. A part of endothelial cell
is undergoing degeneration, as indicated by the occurrence of vac-
uoles (v). Some of the mitochondria (large arrowheads) are
swollen and moderately vacuolated. Fibrin deposits, however, are
not seen on the surface of endothelial cells. A Kupffer cell (K)
nearby has a large phagosome (arrow; H hepatocytes, S stellate
cells). a ×3,400, inset×5,100, b ×9,200, c ×8,600&/fig.c:

Fig. 10a, b Transmission electron micrographs of the livers from
hepatectomized rats 3 h after endotoxin administration. Hepatecto-
my was performed 48 h before endotoxin injection. a Endothelial
cells (E) are necrotic, with the cytoplasm dissolved out and mito-
chondria vacuolated (v). Fibrin deposits (arrows) are evident on
the surfaces of endothelial cells (H hepatocytes, Sstellate cells). b
In some portions, endothelial cells (E) are disrupted with promi-
nent fibrin deposits (arrows; H hepatocytes, M extrasinusoidally
migrating macrophages). a ×6,500, b ×6,400&/fig.c:



soidal lumen was occupied by abundant infiltrating leu-
cocytes and the blebs released from hepatocytes (Fig. 2d),
and the hepatic blood flow was kept low (Fig. 6).

Discussion

In the rat model of liver failure, the serum hyaluronate lev-
el had risen significantly by 1.5 h after endotoxin adminis-
tration, preceding the elevation of serum aminotransferas-
es and bilirubin, suggesting that monitoring of this in-
dicator may be useful in prediction of postoperative liver
failure prior to clinical manifestation of liver injury, al-
though hepatectomy itself elevates serum hyaluronate to
some extent owing to decreased total hepatic flow via
shunting of blood past the sinusoid [11, 15]. We have ac-
tually observed a significant increase in serum hyaluronate
levels in all of 36 patients who underwent major hepatec-
tomy (S. Yachida et al., unpublished data). In particular,
those patients who developed postoperative hepatic failure
showed a steep elevation in the early period after surgery.

The elevation of serum hyaluronate seen at 1.5 h
strongly suggests functional perturbation of SECs [6, 7,
27, 31], although there might be some contribution of en-
dotoxin-induced reduction of hepatic blood flow to this
elevation. Morphological analyses demonstrated that
SECs examined at this time point exhibited the features
representative of SEC activation (they were swollen and
enriched with cell organelles, and expressed ICAM-1
strongly). It is not probable that these features are related
to SEC proliferation because mitosis of nonparenchymal
cells was not found at this time point. Endothelial cell ac-
tivation is generally seen in various tissues during acute
inflammation: for example, in the skin TNF induces en-
dothelial hypertrophy and augments the expression of ad-
hesion molecules in vascular endothelial cells, resulting
in intravascular accumulation of leucocytes [21]. In the
liver, TNF-α elicits hepatic microvascular responses such
as leucocyte adhesion to SECs and swelling of SECs,
leading to narrowing of the sinusoidal lumen and impair-
ment of sinusoidal blood flow [17, 18]. We observed here
a prominent elevation of plasma TNF-α levels at 1.5 h, as
previously reported [30]. TNF-α is a primary mediator of
endotoxic events [33], and endothelial cells activated by
TNF-α release interleukin (IL)-8, which promotes neutro-
phil transmigration [3]; it seems, then, that the inflamma-
tory reactions of sinusoids seen here (endothelial swell-
ing, intrasinusoidal infiltration and transluminal migra-
tion of leucocytes) are most probably mediated by TNF-
α. Apart from TNF-α, various cytokines, such as IL-1
and IL-6, or vasoactive substances, such as nitric oxide
and endothelin, are induced by endotoxin administration;
they may also be involved in the modulation of inflamma-
tory reactions [16, 23, 29]. Defenestration of SECs, as
observed by SEM at 1.5 h, may be also a feature relevant
to cytokine-induced activation of SECs, because cyto-
kines such as TNF-α and leukotrienes released from en-
dotoxin-activated Kupffer cells mediate endothelial de-
fenestration [26] by rearrangement of the cytoskeleton

[28]. These cytokines and leukotrienes have been also
shown to suppress hyaluronate scavenging [7, 8]. It is re-
ported that, in capillarized sinusoids, SECs show reduced
binding and degradation of hyaluronate by decrease of
hyaluronate receptors, resulting in an elevation of serum
hyaluronate [31, 34]. The present study has demonstrated
that sinusoidal defenestration induced by acute inflamma-
tory reactions is similarly associated with the elevation of
serum hyaluronate.

The necrosis and disruption of SECs, together with fi-
brin deposits, observed following SEC activation have
also been reported in rats treated with Propionibacterium
acnes/endotoxin and considered to be attributable to the
toxic effects of superoxide and TNF-α released from en-
dotoxin-activated Kupffer cells [1, 39]. Neutrophils
primed by TNF-α may be also responsible for produc-
tion of superoxide anions [30]. Furthermore, TNF-α en-
hances the susceptibility of vascular endothelial cells to
neutrophil-mediated attack [35]. In the present study,
prominent infiltration of neutrophils was observed in the
sinusoids of hepatectomized rats 1.5 h after endotoxin
administration, which is consistent with a previous report
[30]. Taking these data into account, the features of SEC
activation at 1.5 h and SEC injury at 3 h may reflect two
different stages of sequential changes induced by cyto-
kines and superoxide anions released from endotoxin-ac-
tivated Kupffer cells. Pober [25] has noted that distinc-
tion of endothelial cell activation from injury or dysfunc-
tion is complex, because activation can produce dysfunc-
tion with or without injury.

In the present study, hepatic necrosis preferentially
occurred in the “midseptal region” [9] of the intermedi-
ate and periportal zones, in which sinusoidal blood flow
is considered to be lower than in other regions [40], sug-
gesting that in addition to toxic effects of TNF-α and su-
peroxide, the impairment of hepatic blood flow induced
by both local and systemic effects of endotoxin may be
important for the development of hepatic necrosis. He-
patic stellate cells, or pericytes of sinusoids, will subse-
quently be activated in the post-necrotic region and in-
volved in the pathogenesis of acute liver failure [12].

In conclusion, SECs undergo morphological and
functional alterations representative of cellular activation
as their earliest inflammatory response. This is followed
by degenerative changes of SECs and hepatocytes in en-
dotoxin-induced liver failure after partial hepatectomy.
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