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Sepsis and cholestasis: basic findings in the sinusoid
and bile canaliculus
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cells and immune cells concerned with the host defense
mechanisms. Moreover, under the overload condition
in sepsis, the functional performance of the liver criti-
cally regulates many interrelated elements of the sys-
temic inflammatory response. The liver plays an active
role in the clearance of systemic endotoxins, bacteria,
and the vasoactive byproducts of sepsis, and in the inac-
tivation and detoxification of these compounds through
interactions between liver macrophages (mainly
Kupffer cells) and hepatocytes. These phenomena may
be regulated by active or passive changes in sinusoidal
lining cells (e.g., sinusoidal endothelial cells, polymor-
phonuclear cells, and platelets). In addition, the acti-
vated liver simultaneously produces and releases
various cytokines, vasoactive lipids, and acute-phase
proteins. It is of interest to examine the effects of these
serial changes during sepsis on cholestasis.

Today’s knowledge of cholestasis

Hepatic dysfunction, a pathophysiologic condition in
sepsis, is induced by both macro- and microcirculatory
disturbances and by functional failure in intrahepatic
cellular systems. The stereotypical response of the liver
in the process of hepatic failure has been well reported.
However, little is known of its mechanisms; for ex-
ample, the developmental mechanism of cholestasis
that is characteristic as a result of hepatic failure.1

Cholestatic liver disease is one form of liver injury that
promotes cirrhosis, either following extrahepatic bile
duct obstruction or because of intrahepatic metabolic
abnormalities.2 The essential pathogenesis of choles-
tasis developing during sepsis arises from the latter con-
dition, and is based on disturbance of the intra- and
extracellular transportation system of bilirubin in hepa-
tocytes, influenced by the responses of hepatic paren-
chymal cells and sinusoidal lining cells. It is well known
that the structure of the liver sinusoid is characteristic
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Introduction

The liver is increasingly recognized as a key organ in the
initiation and the promotion of multiple organ failure
during sepsis, because it performs the main regulational
role in the cellular metabolism of functional epithelial
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for exchange between the bloodstream and the organ’s
functional cells, compared with the structure of capil-
lary vessels in other tissues or the sinusoid of the adre-
nal gland (Fig. 1). To investigate the pathogenesis of
cholestasis under conditions of severe infection may
contribute to the essential understanding of this condi-
tion, and to future therapy.

Clinical causes of inflammation-induced cholestasis

Clinically, inflammation-induced cholestasis is caused
by drug- and alcohol-induced liver injury, intra- and
extrahepatic infections, total parenteral nutrition, and
nonmetastatic neoplastic disorders (e.g., renal cell carci-
noma and malignant lymphoma); it also occurs post-
operatively (e.g., after major abdominal surgery).1 At a
glance, it seems that there are no relationships among
these conditions. But these conditions have a common
denominator in that they can induce proinflammatory
cytokines, which are potent inhibitors of hepatocellular
bile secretion.2

Morphological observations in the liver of the patient
with sepsis

In an early study, we showed that hepatic insufficiency
in rats with endotoxemia was induced following the
occurrence of significant changes in sinusoids.3 In a re-
cent report,4 a group of patients with clinically defined
sepsis was studied by light and electron microscopic
procedures. Most of these patients had undergone

hepatectomy or pancreatoduodenectomy and suffered
from cholestasis induced by severe infection as a post-
operative complication. In the hepatectomy group with
severe infection, poor regeneration was characteristi-
cally proven by computed tomography (CT) imaging,
with findings similar to those shown in patients with
cirrhosis.5

This phenomenon led us to take an interest in
the effect of pathophysiological sepsis on the well ob-
served phenomenon of hepatic regeneration after hepa-
tectomy in humans. Further research in this field will
help us to understand the pathogenesis of this mecha-
nism, and will, eventually, enable us control of hepatic
regeneration.

Sinusoidal changes

In sepsis, intracellular bile congestion is observed in
hepatocytes, with sinusoidal dilatation and the appear-
ance of increasing numbers of infiltrating cells in the
sinusoid (Fig. 2A). These phenomena are thought to
cause cell aggregations of sinusoidal lining cells, result-
ing in obstruction of the sinusoidal lumen. This obstruc-
tion was induced by the aggregation of Kupffer cells,
polymorphonuclear cells, eosinocytes, platelets, exfoli-
ated endothelial cells, and so on, with an interposing
fibrin appearance (Fig. 2B), and there was detection of
endotoxin-like materials on the Kupffer cell membrane
(Fig. 2C). Such structural findings suggest hypoper-
fusion in sinusoids, which induces dilatation of Disse’s
space. The structure of the hepatocytic membrane
microvilli facing Disse’s space becomes irregular, but
that on other sides does not. However, with clinical

Fig. 1. Schema of the capillary structures
in three kinds of tissues, i.e., peripheral
capillary in general tissue (a), sinusoids of
the adrenal gland (b), and sinusoids of
the liver (c). The characteristics of hepatic
sinusoids are absence of basement mem-
brane and of smooth muscle cells; there
are also many pores, arranged in sieve
plates, in the hepatic sinusoidal endo-
thelial cells
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cholestasis, the microvilli of the bile canaliculi mostly
disappear, and dense materials are detected in the
bile canaliculi. In areas with such sinusoidal changes,
hepatocyte degeneration and/or apoptosis is observed.
Sinusoidal endothelial cells present an irregular
arrangement of sieves and pores on the cell surfaces,
with cell swelling, and, rarely, there is complete
exfoliation.

Kinetics of Kupffer cells

The responsiveness of Kupffer cells to external stimula-
tion (mechanical and/or infectious stimuli) has been
recognized as a reaction to the host defense mechanism,
paralleling the reactions of other macrophages in sinu-
soids. Finally, the Kupffer cells interact, in the manner
of autocrine or paracrine systems, with hepatic
parenchymal cells according to specific or nonspecific

induction by external stimuli (Fig. 3). As the first
morphological step in Kupffer cell activation, an in-
crease in intracellular lysosomes and in cell size are
characteristically found. Subsequently many regulatory
signal transport phenomena follow in the Kupffer cells,
and these phenomena occur repeatedly until the cell
shows apoptosis or a resting condition. The interac-
tions between Kupffer cells and other cells are regu-
lated by signal transmission or autostimulation in each
cell, under the control of gene determination. Regula-
tion of protein levels, via the release of several signal
molecules (e.g., interleukins, interferons, tumor necro-
sis factor, transforming growth factor, prostaglandins,
thromboxane A2, prostacyclin, leucotriene B, and
platelet activating factor), as well as inorganic mol-
ecules, participates in the processing of Kupffer cell
reactions. As a result of the continuity of such phenom-
ena, Kupffer cells are induced to regulate the structures
of many kinds of liver cells, as shown in the schema in
Fig. 3. Initial morphological changes occur as platelets
surround activated Kupffer cells and are activated
themselves. In these platelets, the characteristic original
form disappears, because of, for example, the develop-
ment of pseudopods and the disappearance of typical
granules.

Kinetics of sinusoidal endothelial cells5

The hepatic microcirculation can be best recognized in
terms of the lobule, the basic anatomical unit of the
liver. The bloodstream in the lobule starts at its periph-
ery via the hepatic artery and the portal vein. It enters
the sinusoids, the specialized capillaries of the liver, and
flows into the central vein located in the center of the
lobule. As the blood circulates through the sinusoids,
the removal of nutritional elements, oxygen consump-
tion, and several metabolic processes are constantly re-
peated. These unique functions depend mainly on the
characteristic sinusoidal structure, which, mainly, con-
sists of sinusoidal endothelial cells. In contrast to the
walls of capillaries in other tissues, the hepatic sinusoi-
dal endothelial walls have no basement membrane, and
there are no muscle cells beneath the endothelial cells;
these cells possess pores approximately 0.1µm in diam-
eter, which are arranged in clusters of sieve plates (Fig.
1). Through these fenestrations, the endothelial cells
influence the filtration of particles from the blood to
parenchymal cells and vice versa. Recent investigations
have suggested that the sizes of sieve plates and/or
pores are influenced by the cytokines in the sinusoid
and in Disse’s space, or by the direct contact of
intrasinusoidal macrophages with endothelial cells. By
such regulation, selective exchanges of nutritional sub-
stances between the sinusoid and the space of Disse
are controlled. However, such selective autoregulation,
paralleling the function of the defense system, is easily

A

Fig. 2A–C. High magnification of hepatic sinusoids in sepsis.
A Cell aggregations composed of Kupffer (Kp) cells,
polymorphonuclear (PMN) cells, red cells, platelets (P), etc,
with B the appearance of fibrin (Fb). C Particles recognized as
bacterial endotoxin were observed on the surface of Kupffer
cells. Hp, Hepatocytes. Arrowheads indicate the particles of
endotoxins
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disturbed by, for example, molecular changes on the
endothelial cell surface. Thus, the sinusoidal endothelial
cells have important roles in facilitating exchange and
transport from and into the bloodstream and also in the
maintenance of sinusoidal wall elasticity and blood vis-
cosity. These factors strongly influence the condition of
the hepatic microcirculation, which determines the
exact hepatic functions. However, it is well known that
the capillarization of hepatic sinusoids, characterized by
deposits just beneath the endothelial cell basal lumen,
influences the auto-regulatory system in cirrhotic liver
(Fig. 4).

Bile canaliculi

Bile canaliculi, the smallest components of the biliary
tree, lie between the apical surfaces of adjacent hepato-
cytes (Fig. 5). Collections of bile canaliculi finally form
the biliary ducts in the interlobular space. The biliary
duct is regulated by the bloodstream of the peribiliary
plexus arising from the hepatic artery flow and the por-
tal vein flow. The peribiliary plexus forms a regular
network in normal liver, but significant irregular
changes of vessel arrangement are observed in cirrhotic
liver (data not shown). Such a distored peribiliary

Fig. 3. Schema of cell-cell interactions in
regard to cytokines and chemical modu-
lators in sinusoids and Disse’s space.
Kupffer cells (KC) are activated by va-
rious stimulants, such as lipopolysac-
charide (LPS), complement, immune
complex (IC), and bacteria. Kupffer cells
secrete various cytokines and chemical
modulators, and stimulate sinusoidal
lining cells, such as endothelial cells (EC),
polymorphonuclear cells (PMN), lym-
phocytes (Lym), platelets (PLAT), pit
cells (PC), Ito cells (IC), and others.
Cytokines and chemical modulators are
further secreted from these cells and they
cause sinusoidal changes and injuries to
hepatocytes (HC) and endothelial cells
(EC). IL, Interleukin; PG, prostoglandin;
PAF, platelet activating factor; IFN,
interferon; TNF, tumor necrosis factor;
TGF, transforming growth factor; HGF,
hepatocyte growth factor; PMN-E, PMN-
polymorphonuclear cells; Fc, fragment c;
NO, nitric oxide

Fig. 4. Proposed effect of capillarization on hepatic sinusoids.
Significant decreases in pores and sieve plates in sinusoidal
endothelial cells, and the appearance of deposits just beneath

the endothelial cells are observed. These changes are
recognized as “sinusoid capillarization”. TPV, Total portal
vein; THV, total hepatic vein
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plexus may have a detrimental effect on the function of
biliary duct cells and on the local defense.

Bile canaliculi are surrounded by actin and myosin
microfilaments and possess contractile activity, which
has a major role in facilitating the transport of bile
through the canalicular route (Fig. 6). Treatment of rats
with drugs that impair the polymerization and depoly-
merization of actin results in bile secretory failure
and defective bile canalicular contraction. The control
mechanism, via upstream regulation, depends on the
prompt formation of inositol 1,2,4-triphoshate (IP3) by
the activation of phospholipase C, which opens Ca21

channels and induces the release of Ca21 into the
hepatocytic cytoplasm. The increase of cytoplasmic
Ca21 activates myosin light chain kinase, leading to con-
traction. The detailed mechanism of the impairment of
prompt formation of IP3 has been partially elucidated.
The main extrahepatocytic effects of this impairment
are a disturbance in sinusoidal blood flow3 and the diffu-

sion of NO or CO produced in neutrophils or endothe-
lial cells,6 as well as the diffusion of some interleukins.

Mediators of inflammation-induced cholestasis

Regardless of its etiology, inflammation-induced
cholestasis is mediated by the cholestatic effects of en-
dotoxins (e.g., lipopolysaccharide [LPS] in the outer
membrane of Gram-negative bacteria) and/or by
LPS-induced proinflammatory cytokines.1 Endotoxins
stimulate Kupffer cells to produce proinflammatory
cytokines (e.g., tumor necrosis factor [TNF]-α,
interleukins (IL)-1, -6, and -8), and these cytokines
directly affect hepatocyte function.2,7 Endotoxins
may be derived from intestinal translocation promoted
by various factors, such as alcohol, drugs (e.g., nonste-
roidal anti-inflammatory drugs [NSAIDs]), and total
parenteral nutrition (TPN).8–11 Plasma endotoxin
concentrations are increased in patients with chronic
hepatitis C,13 and serum/plasma concentrations of
proinflammatory cytokines (e.g., TNF-α and IL-6) are
elevated in patients with chronic hepatitis B or C.13

Cholestatic effects of endotoxin and
inflammatory cytokines

Cholestasis is a side-effect of cytokine therapy
with TNF-α14 and IL-215 in humans. Parenteral adminis-
tration (intravenous or intraperitoneal) of LPS to rats
produces cholestasis, as has been demonstrated in the
isolated perfused liver,16–18 and in isolated and iso-
lated hepatocytes.19,20 Some studies have suggested that
TNF-α inhibits bile flow and bile salt uptake in the
rat.21,22

Molecular changes in inflammation-induced
cholestasis

The hepatocyte is a polarized epithelial cell with distinct
features in its basolateral (sinusoidal) and apical
(canalicular) plasma membrane domains. Some hepato-
cellular membrane transporters play an important part
in the excretion of bile salts. Two major sinusoidal bile
salt uptake systems have been cloned (Fig. 7): an Na1-
dependent Na1/taurocholate cotransporter (Ntcp) and
an Na1-independent organic anion transporting protein
(Oatp1).

The canalicular membrane has two kinds of transport
systems — adenosine triphosphate (ATP)-dependent
transport (e.g., the multidrug export pump [Mdr 1a, b],
the phospholipid export pump [Mdr 2], the canalicular
conjugate export pump [Mrp 2], and the canalicular bile

Fig. 5A,B. Scanning electron-micrographs of A normal liver
and B hepatic failure. Regular arrangement of the bile
canaliculus between two hepatocytes in normal liver, and
abnormally dilated bile canaliculus with diminished microvilli
on its lumen side, which looks uncontractable, are clearly
observed. A definite difference in bile canaliculus condition
between A and B is recognized. A 32700; B 35100



Fig. 6. Mechanisms of bile canalicular
(BC) contraction. Receptor-mediated
conversion of phosphatidyl inositol
bisphosphate (PIP2) into diacyl glycerol
(DAG) and inositol trisphosphate (IP3)
leads to the activation of protein kinase C
(PKC) and increased cytosolic CA21.
Cytosolic Ca21 is increased by both the
influx of extracellular Ca21 (through
receptor-coupled Ca21 channels) and the
release of IP3-sensitive endogenous stores.
Increased cytosolic Ca21 results in the
contraction of pericanalicular micro-
filaments. ER, endoplasmic reticulum

Fig. 7. Hepatocellular transport system. Both an Na1-
dependent Na1/taurocholate cotransporter (Ntcp) and an
Na1-independent organic anion transporting protein (Oatp 1)
transport bile salt (BS2), organic anions (OA2), and organic
cations (OC1). Bile salts are excreted into bile via a
canalicular bile salt export pump (Bsep). Organic anions (e.g.,
conjugated bilirubin) and reduced glutathione (GSH) are
excreted via a canalicular conjugate export pump (Mrp 2).
The multidrug export pump (Mdr 1a, b) mediates the

canalicular excretion of bulky lipophilic cations (e.g.,
anticancer drugs). The phospholipid export pump (Mdr 2)
mediates the canalicular excretion of phosphatidyl choline.
The canalicular membrane also contains several adenosine
triphosphate (ATP)-independent transport systems, including
a Cl2/HCO3

2 anion exchanger (AE2) for bicarbonate secre-
tion and a canalicular GSH transporter. Biliary excretion of
GSH (via Mrp2) and HCO3

2 (via AE 2) are the major deter-
minants of bile salt-independent bile flow. PL, Phospholipid



26 K. Hirata et al.: Sepsis and cholestasis

salt export pump [Bsep]), ATP-independent transport
(e.g., a Cl2/HCO3

2 anion exchanger [AE 2] and the
reduced glutathione [GSH] transporter). Gene expres-
sion of these transport systems reflects hepatocellular
uptake capacity and the canalicular excretion of bile
salts and other organic anions (e.g., bilirubin diglu-
curonide). Administration of a nonlethal dose of LPS to
rats results in a marked reduction in the mRNA and
protein levels of Ntcp20,22,23 and Oatp 1,24 as well as
canalicular Mrp 225–28 and Bsep.26,28 Administration of
TNF-α or IL-1â also produces a time-dependent de-
crease in Ntcp mRNA levels,23 and IL-6 reduces the
Na1-K1-ATPase activity of hepatocytes.29

Summary

Severe inflammatory conditions such as sepsis are usu-
ally associated with prominent mediator production,
which often leads to shock. Regardless of its etiology,
inflammation-induced cholestasis results from the
downregulation of hepatocellular transport systems by
inflammatory cytokines that have been activated
by various infections (e.g., bacteria and viruses) and
non-infectious stimuli (e.g., drugs and ischemia/
reperfusion).1

References

1. Trauner M, Fickert P, Stauber R (1999) Inflammation-induced
cholestasis. J Gastroenterol Hepatol 14:946–959

2. Crawford JM, Boyer JL (1988) Clinicopathology conferences:
inflammation-induced cholestasis. Hepatology 28:253–260

3. Hirata K, Kaneko A, Ogawa K, Hayasaka H, Onoe T (1980)
Effect of endotoxin on rat liver. Analysis of acid phosphatase
isozymes in the liver of normal and endotoxin-treated rats. Lab
Invest 43:165–171

4. Smets D, Spapen H, Diltoer M, Nguyen DN, Hubloue I,
Huyghens L (1999) Liver perfusion and hepatocellular inflamma-
tory response in sepsis. Acta Clin Belg 54:201–206

5. Hirata K, Ohmura T, Yamaguchi H, Furuhata T, Yamashiro K,
Katsuramaki T, Mukaiya M, Denno R (1994) The role of mac-
rophage and sinusoidal endothelial cells on hepatic failure. Ther
Res 15:1866–1875

6. Shinoda Y, Suematsu M, Wakabayashi Y, Suzuki T, Goda N,
Saito S, Yamaguchi T, Ishimura Y (1998) Carbon monoxide as a
regulator of bile canalicular contractility in cultured rat hepato-
cytes. Hepatology 28:286–295

7. Crawford JM (1997) Cellular and molecular biology of the
inflamed liver. Curr Opin Gastroenterol 13:175–185

8. Latham PS, Menkes E, Philips MJ, Jeejeebhoy KN (1985)
Hyperalimentation-associated jaundice: an example of a serum
factor inducing cholestasis in rats. Am J Clin Nutr 41:61–65

9. Nolan JP (1989) Intestinal endotoxins as mediators of hepatic
injury: an idea whose time has come again. Hepatology 10:887–
891

10. Moseley RM (1997) Sepsis associated cholestasis. Gastroenterol-
ogy 112:302–306

11. Bird GLA, Sheron N, Goka AKJ, Alexander GJ, Williams RJ
(1990) Increased plasma tumor necrosis factor in severe alcoholic
hepatitis. Ann Intern Med 112:917–920

12. Fukui H, Tsujita S, Matsumoto M, et al (1998) Endotoxemia in
chronic hepatitis and cirrhosis: epiphenomenon or of pathological

relevance? Gut and the liver. Kluwer Academic, Lancaster, pp
251–262

13. Simpson KJ, Lukacs NW, Colletti L, Striter RM, Kunkel SL
(1997) Cytokines and the liver. J Hepatol 27:1120–1132

14. Jones A, Selby PJ, Viner C, Hobbs S, Gore ME, McElwain TJ
(1990) Tumor necrosis factor, cholestatic jaundice, and chronic
liver disease. Gut 31:938–939

15. Fisher B, Keenan AM, Garra BS, Steinberg SM, White DE,
DiBisceglie AM, Hoofnagle JH, Yolles P, Rosenberg SA, Lotze
MT (1989) Interleukin-2 induces profound reversible cholestasis:
a detailed analysis in treated cancer patients. J Clin Oncol 7:1852–
1862

16. Roelofsen H, Van der Veere C, Ottenhoff R, Schoemaker B,
Jansen PLM, Oude Elferink RPJ (1994) Decreased bilirubin
transport in the perfused liver of endotoxemic rats. Gastro-
enterology 107:1075–1084

17. Bolder U, Ton-Nu HT, Schteingart C, Frick E, Hofmann AF
(1997) Hepatocyte transport of bile acid and organic anions in
endotoxemic rats: impaired uptake and secretion. Gastroenterol-
ogy 112:214–225

18. Trauner M, Nathanson MH, Rydberg SA, Koeppel TA, Gartung
C, Sessa WC, Boyer JL (1997) Endotoxin impairs biliary glu-
tathione and HCO3-excretion and blocks the cholestatic effect of
nitric oxide in rat liver. Hepatology 25:1184–1191

19. Roelofsen H, Schoemaker B, Bakker C, Ottenhoff R, Jansen
PLM, Oude Elferink RPJ (1995) Impaired hepatocanalicular
organic anion transport in endotoxemic rats. Am J Physiol
269:G427–434

20. Trauner M, Arrese M, Lee H, Boyer JL, Karpen SJ (1998)
Endotoxin downregulates rat hepatic ntcp gene expression via
decreased activity of critical transcription factors. J Clin Invest
101:2092–2100

21. Whiting JF, Green RM, Rosenbluth AB, Gollan JL (1995) Tumor
necrosis factor-alpha decreases hepatocyte bile salt uptake and
mediates endotoxin-induced cholestasis. Hepatology 22:1273–
1278

22. Moseley RH, Wang W, Takeda H, Lown K, Shick L,
Ananthanarayanan M, Suchy FJ (1996) Effect of endotoxin
on bile acid transport in rat liver: a potential model for sepsis-
associated cholestasis. Am J Physiol 271:G137–146

23. Green RM, Beier D, Gollan JL (1996) Regulation of hepatocyte
bile salt transporters by endotoxin and inflammatory cytokines in
rodents. Gastroenterology 111:193–198

24. Trauner M, Gartung C, Schlosser SF, Boyer JL (1996) Role of
nitric oxide in the transcriptional regulation of bile acid trans-
porters in endotoxin-induced cholestasis (abstract). Gastroenter-
ology 110:1349

25. Trauner M, Arrese M, Soroka CJ, Ananthanarayanan M,
Koeppel TA, Schlosser SF, Suchy FJ, Keppler D, Boyer JL (1997)
The rat canalicular conjugate export pump (mrp2) is down-
regulated in intrahepatic and obstructive cholestasis. Gastroen-
terology 113:255–264

26. Vos TA, Hooiveld GJEJ, Koning H, Childs S, Meijer DK,
Moshage H, Jansen PL, Muller M (1998) Up regulation of
the multidrug resistance genes, mrp1 and mdr1b, and down-
regulation of the organic anion transporter, mrp2, and the bile
salts transporter, spgp, in endotoxemic rat liver. Hepatology
28:1637–1644

27. Kubitz R, Wettstein M, Warskulat U, Haeussinger D (1999)
Regulation of the multidrug resistance protein2 in the rat liver
by lipopolysaccharide and dexamethasone. Gastroenterology 116:
401–410

28. Lee JM, Trauner M, Soroka CJ, Stieger B, Meier PJ, Boyer JL
(1998) The molecular expression of the bile salt export pump,
sister of P-glycoprotein, is selectively preserved in cholestatic liver
injury (abstract). Hepatology 28:429

29. Green RM, Whiting JF, Rosenbluth AB, Beier D, Gollan JL
(1994) Interleukin-6 inhibits hepatocyte taurocholate uptake and
sodium-potassium-adenosine triphosphate activity. Am J Physiol
267:G1094–1100


