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Liver injury, and frequent consequent fibrosis, is the focus of a number of research groups ranging from
molecular biologists to clinicians. It encompasses many aspects and approaches. Among biochemical events the
role of Kupffer cells, oxidative stress and pro-inflammatory mediators are eminent. In this review we focus on
recent findings into use of natural substances for the modulation of oxidative burst as well as production of

inflammatory mediators by Kupffer cells.

INTRODUCTION

Extensive liver injury of various aetiology, mani-
fested as hepatocyte damage and associated with inflam-
matory and immune responses, is the starting point for
events which may result in fibrosis, often followed by
cirrhosis. Liver inflammation is initiated by Kupffer
cells, the resident macrophages of the liver, and it
involves the formation and release of many inflam-
matory mediators thereby recruiting neutrophils,
lymphocytes, and other inflammatory cells into dama-
ged regions'. It is a complex and multifactorial process
in which hepatocytes, other nonparenchymal cells, and
infiltrating inflammatory cells interact with one another
through soluble mediators, surface receptors, and adhe-
sion molecule expression’.

The largest organ in the human body, the liver
consists of parenchymal cells, i.e. hepatocytes which
constitute approximately 80% of total cell number, and
nonparenchymal cells of the sinusoids: Kupffer cells,
endothelial cells, hepatic stellate cells (HSC) and Pit
cells’.

The majority of Kupffer cells are found in the liver
periportal regions either in the gaps between adjacent
sinusoidal endothelial cells or on their surface*. They
are larger than endothelial cells and have an irregular
stellate shape. Their cytoplasm is rich in organelles and
projects in the form of pseudopodia and microvilli into
the lumina of sinusoids. The cytoplasm contains pha-
gocytic vesicles, which in turn can contain cellular
fragments and haemosiderin coming from phagocytosis
and destruction of old erythrocytes’. A notable feature
of Kupffer cells are worm-like tubules located in their
cytoplasm probably representing reservoirs of cell mem-
brane available for rapid phagocytic response to parti-
culate matter®. Although all macrophages are ultimately

derived from the stem cells of the bone marrow, Kupffer
cells can also propagate in the liver sinusoids. In the rat
liver Kupfter cells represent about 15% by cell number
and 3% by mass’.

KUPFFER CELL FUNCTIONS

Kupffer cells, as well as other macrophages, are
unique cells for their role in both the innate and acqui-
red immunity. The primary functions of Kupffer cells
are phagocytosis, processing of ingested material, antigen
presentation and secretion of biologically active pro-
ducts?. For these purposes they contain receptors on
their surface and binding sites in the cytosol for specific
ligands of phagocytosable particles and for many soluble
substances (Table 1).

The contact between receptor and a respective par-
ticle can activate or stimulate Kupffer cells. Full macro-
phage activation is a two-stage process, which requires
a cytokine, e.g. interferon-y (IFN-y) and an elicitor like
lipopolysaccharide (LPS)” (Fig 1). In this model IFN-y
primes macrophages and the elicitor converts them to
the fully activated form. Primed macrophages are cha-
racterised by increased secretion of reactive oxygen
species (ROS), expression of Class II major histo-
compatibility (MHC) molecules and lymphocyte
function-associated antigen-1 molecules, and by
decreased expression of the transferrin receptor. These
cells also have the capacity to bind tumour cells in the
absence of antibody. Primed macrophages are activated
for presentation of antigen to T lymphocytes. Fully
activated macrophages are characterised by intense
secretion of cytolytic proteinase and tumour necrosis
factor o (TNF-a), and are activated for the destruction
of tumour cells. Their capacity for presentation of antigen
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Table 1. Ligands and activators of Kupffer cells
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Ligands

Activators

Fc part of immunoglobulins

IFN-y (macrophage-activating factor)

mannose/N-acetylglucosamine LPS (endotoxin)

fucose

TNF a (cachectin)

galactose/N-acetylgalactosamine

virus (Sendai, Newcastle disease)

platelet-activating factor

platelet-activating factor

apolipoprotein C (high density lipoproteins)

muramy! dipeptide

scavenger receptor for modified lipoproteins

nucleotide triphosphates and diphosphates

complement PMA

cytokines: 1L-1, -4, -6, -10, IFN, TNF, TGF-$

ionophores (H" and Ca

2+)

hormones: insulin, prostaglandins

List of substances is based on Refs. 7.
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Fig. 1. Macrophage activation steps. Activation of macrophages may
be one or two step process elicited by ligands or activators
noted above arrows. MP, maleylated proteins; LFA-1,
lympocyte function-associated antigen-1 molecule; TFA, trans-
ferrin receptor. Adapted from ®.
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Fig. 2. Signalling pathway for oxidative burst. Thin arrows repre-

sent stimulatory actions, thick arrows represent reactions
mediated by particular enzyme. Ca**_, cytosolic free cal-
cium; ROS, reactive oxygen species; H*, | intracellular pro-
ton; PLA,, phospholipase A,. Adapted from’.

Table 2. Biologically active substances produced by Kupffer cells:

—  Cytokines:

TNF-a, TGF-o, TGF-8, IFN-o, IFN-3?
IL-1o, IL-1B%

IL-6, IL-10, CSFs, PDGF?

MIP-2%

— Lipid substances:

a) Platelet-activating factor
b) Derivatives of arachidonic acid (eicosanoids):
prostanoids: prostacyclin, prostaglandins (D2, E2, F2),
thromboxane A2
leukotrienes: 5-HETE, leukotrienes (B4, C4, D4)

Inorganic compounds:
a) Reactive oxygen species
b) Nitric oxide’

CSE colony-stimulating factor; PDGE platelet-derived growth factor;
MIP, macrophage-inflammatory protein; 5-HETE, 5-hydroxyeicosate-
traenoic acid

is reduced in comparison with primed macrophages®.
Interspecies differencies exist for Kupffer cell behavior
towards activators. For example mouse Kupffer cells
require a two-stage activation in order to become cyto-
toxic and to release eicosanoids, whereas rat Kupffer
cells are in the primed state already and need an elicitor
such as LPS or muramyl dipeptide only’.

Activated Kupffer cells produce several groups of
biologically active substances (Table 2), which confer
many functions including clearance and destruction of
bacteria, yeast, parasites, endotoxins, tumour cells and
particular cell debris, defence against viruses, modulation
of immune and inflammatory responses, tissue and
matrix remodelling, control of hepatocyte functions,
metabolism of iron and bilirubin, and regulation of
haematopoiesis and clotting?®.

Specific ligand-receptor interaction may be trans-
duced to the site of realization in some cases by GTP-
binding proteins (Fig. 2). These proteins activate phos-
pholipase C° and adenylate cyclase’. Phospholipase C
hydrolyzes phosphatidylinositol to inositol-1,4,5-triphos-
phate (InsP3) and diacylglycerol. The former can mediate
calcium ion mobilization from the endoplasmic reticulum
while the latter activates cytosolic protein kinase C (PKC)
with translocation to the membrane’. Experiments with
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rat Kupffer cells indicate that PKC is involved in the
activation of the Na*/H* antiporter and the NADPH
oxidase leading to oxidative burst whereas Ca** influx is
necessary for phospholipase A activation and eicosanoid
synthesis. The formation of cyclic AMP leads to colla-
genase synthesis and release by rat Kupffer cells’, and to
activation of protein kinase A and tyrosine kinase’.

Pro-inflammatory cytokines produced by Kupffer cells and
modulation of their expression/activity

The main pro-inflammatory cytokines released by
Kupffer cells in response to hepatocellular stress, inter-
leukin-1 (IL-1), interleukin-6 (IL-6), and TNF-a, sti-
mulate hepatocytes and other nonparenchymal cells in
a paracrine manner. Stimulated sinusoidal endothelial
cells express cell adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1) and mediate immi-
gration of neutrophils and blood monocytes supported
by chemokines released by HSCs. Deteriorated hepa-
tocytes may then be removed by mononuclear pha-
gocytes!C.

Various compounds may inhibit the formation of
pro-inflammatory cytokines thus offering a means for
modulation of the process and possibly avoiding exten-
sive damage (inflammation) of the surrounding tissue
by invading neutrophils and lymphocytes. TNF-a release
from LPS-stimulated rat Kupffer cells requires inter-
nalization of LPS, acidification of endosomes, elevation
of intracellular calcium, PKC activation, and protein
tyrosine kinase activation. Thus, TNF-a production in
rat Kupffer cells may be suppressed by: i) inhibitors of
internalization such as cytochalasin B and monodansyl-
cadaverine; ii) inhibitors of endosomal acidification such
as bafilomycin A and monensin; iii) calcium channel
blocker nisoldipine; iv) PKC inhibitor H-7"'; and v) pro-
tein tyrosine kinase inhibitors tyrphostin'''2, lavendustin,
and genistein. Tyrphostin also inhibits phagocytosis of
latex beads by LPS-stimulated rat Kupffer cells in vivo'>.
Broad spectrum protein kinase inhibitors, staurosporine
and K252a, and PKC specific inhibitors, calphostin Cand
chelerythrine, diminish TNF-o production in human peri-
pheral blood monocytes stimulated with either LPS or
zymosan. These data suggest that an initial step in TNF-
o production in human monocytes challenged with LPS
or zymosan involves a PKC dependent mechanism'.
Amaryllidaceae alkaloids, lycorine and lycoricidinol,
inhibit TNF-a production in murine macrophages sti-
mulated in vitro with LPS or treated by Gram-positive
bacteria Enterococcus faecalis. Although the inhibition
of TNF-a production by lycoricidinol was mainly due to
the inhibition of protein biosynthesis, lycorine showed
inhibition against TNF-a production at lower con-
centrations than in the case of inhibition of cysteine/
methionine incorporation into macrophages. It suggests
the inhibition of TNF-a production is not due to the
inhibitory activity against protein translation, at least at
lower concentrations'®. Biscoclaurine alkaloid cepha-
ranthine suppresses the production of TNF-a, IL-1p,
and IL-8 in human monocytic cell line U937 stimulated

with phorbol myristylacetate (PMA) and in human
primary monocyte/macrophage cultures stimulated with
LPS. In the latter case cepharanthine also suppresses
the production of IL-6%. Microtubule disrupting agent
colchicine and its derivative, colcemide, reduce pro-
duction of IFN-y in human peripheral blood mono-
nuclear cells with and without prestimulation by LPS.
Pretreatment with colchicine inhibits LPS-induced pro-
duction of granulocyte-macrophage colony-stimulating
factor (GM-CSF) and IL-6, but does not affect LPS-
stimulated induction of inducible nitric oxide synthase
in the murine macrophage cell line RAW 264. Studies
using stable transfectants reveal that colchicine impairs
the transcriptional responsiveness of a reporter gene
driven by a GM-CSF promoter sequence. Colchicine
inhibition of the GM-CSF response correlates with
decrease in the mRNA levels of 3-tubulin. Microtubule
agents, colchicine, nocodazole, and podophyllotoxin,
inhibit LPS induction of TNF-a in RAW 264 cells. LPS
stimulation of macrophages down-regulates levels of 3-
tubulin transcripts. The ability of both colchicine and
LPS to modulate transcription of B-tubulin suggests
that this event does not underlie the inhibitory effect of
colchicine on LPS-induced GM-CSF expression. Colchi-
cine probably inhibits LPS induction of GM-CSF by
affecting microtubule-dependent costimulatory signaling
pathways that synergize with primary LPS-triggered
responses'’.

Oxidative burst in Kupffer cells

ROS include superoxide anion (O, "), hydroxyl ra-
dical (HO), and their by-products (e.g., hydrogen pero-
xide H,0,)". They do not act in specific ways through
receptors or binding sites rather they exploit their
chemical reactivity to any suitable compounds with which
they collide’. ROS are capable of causing oxidative
damage to macromolecules encompassing lipid peroxi-
dation, oxidation of amino acid side chains, formation
of protein-protein cross-links, oxidation of polypeptide
backbones resulting in protein fragmentation, DNA
damage, and DNA strand breaks!s.

Hydroxyl radical is probably the most reactive and
cytotoxic oxygen radical, but has a very short half-life of
10~ seconds and can diffuse less than 2 nm from the site
of the formation. H,O, and superoxide are less reactive
and have a longer half-life. Only H,O, can easily diffuse
across plasma membrane and into the cell”.

Thus, oxidative burst, i.e. the rapid uptake of mole-
cular oxygen and its transformation into ROS, repre-
sents both host defence mechanisms at the site of injury
and the possibility of damage for adjacent healthy tissue’.
It is an early event in Kupffer cell activity: increased
ROS production in response to a stimulus takes place
within seconds while increased production of cytokines
and other factors takes several hours. Also, the respi-
ratory burst itself, and the accompanying oxidative stress,
is one of the stimuli involved in increased expression of
cytokines.
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Oxidative burst and hepatitis

Small amounts of ROS, produced as a consequence
of electron transfer reactions in mitochondria, pero-
xisomes, and cytosol, are scavanged by the cellular
defence system including enzymatic antioxidants (e.g.,
catalase, superoxide dismutase, aldehyde dehydrogenase,
GSSG reductase) and non-enzymatic antioxidants (e.g.,
a-tocopherol, glutathione, B-carotene, bilirubin)'s 1.
High doses of ROS, often generated during acute and
chronic inflammatory diseases, are cytotoxic's. The term
oxidative stress refers to the outcome of oxidative
damage to biologically relevant macromolecules such as
nucleic acids, proteins, lipids and carbohydrates. Oxi-
dative stress occurs when oxidative stress-related mo-
lecules, generated in the extracellular environment or
within the cell, exceed intracellular antioxidant defences.
Most of the hepatic antioxidant defences are essentially
confined to parenchymal cells. Kupffer cells, HSCs, and
endothelial cells are potentially more exposed or sensitive
to oxidative stress-related molecules. Oxidative stress
represents a key feature of hepatitis induced by various
conditions, including anoxic/reoxygenation injury, auto-
immune hepatitis, viral hepatitis and alcoholic hepatitis.
Activated neutrophils, macrophages and Kupffer cells,
are a major source of ROS during inflammation. If
oxidative stress is severe, all the major cellular structures
(particularly mitochondria and cytoskeletal proteins),
macromolecules (DNA, lipids, enzymatic proteins) and
metabolic pathways can be oxidized, damaged and then
blocked or inactivated, leading to necrotic cell death.
Severe oxidative stress, which can be elicited by several
pro-oxidants and hepatotoxic agents or drugs, leads to
steady state concentrations of approx. 0.15 uM for H,O,
and 0.25 uM for total ROS. Less severe oxidative stress,
not sufficient to irreversibly impair mitochondrial func-
tions or to inactivate caspases, has been suggested to
cause liver cell apoptosis®. It is reasonable to think that
only mild levels of ROS may be generated in vivo during
chronic liver disease. These relatively low levels of
oxidative damage may sustain progression of fibrosis by
the activation and phenotypical modulation of HSCs
towards the so-called myofibroblast-like phenotype.
Phenotypic responses of activated HSCs include pro-
liferative status, synthesis and degradation/remodelling
of extracellular matrix, chemotaxis, contractility, pro-
inflammatory activity and retinoid loss. Oxidative stress
may modulate collagen synthesis through the activation
of Na*/H* exchanger and the increase in intracellular
pH. H,O, and O,” may induce the activation of collagen
type I gene also by up-regulating cyclooxygenase 2
(COX2) and then, possibly, through the action of me-
tabolites of arachidonic acid. H,O, may further act as an
intracellular signal mediator of the pro-fibrogenic action
of tumour growth factor-B (TGF-B) or of acetaldehyde
and may up-regulate collagen type I gene by activation
and binding of p35C/EBPS protein to a specific region of
the promoter of the collagen a1 (I) gene”.
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Management of oxidative burst by extrinsic biologically
active compounds

Different approaches are taken to modulate the
oxidative burst by establishing an equilibrium shift in
oxidant versus antioxidant status. Complete stoppage of
the oxidative burst may defeat its purpose, i.e. dealing
with injurious agents and the consequences of their
presence, while attenuation could help to minimize
damage to surrounding tissue.

The simplest approach, and one often used, is a diet
supplemented with antioxidants. These are not limited
to well-known antioxidants such as ascorbic acid or
a-tocopherol. Many natural compounds have the ability
to scavenge ROS, thereby reducing oxidative stress
directly, or they may offer an indirect protection by
activating endogenous defense systems?'. Induction of
enzymes relevant in cell defense system, e.g. superoxide
dismutase, catalase, glutathione peroxidase etc., seems
conceivable because fully functional cells are more likely
to respond as opposed to necrotic and damaged cells?.

Antioxidants isolated from plant and animal sources
have been found within most natural substance classes,
e. g. flavonoids, tannins, coumarins, xanthones or alka-
loids. Flavonoids are by far the most comprehensively
investigated natural products. Silymarin is a standardized
extract of Silybum marianum and contains as the main
active compounds the flavonoids silibinin, silychristine
and silydianin. Silymarin suppresses expression of pro-
collagen al (I) most likely via down-regulation of
TGF-631 mRNA in rats with biliary fibrosis. The anti-
fibrotic effect of silymarin may result from its anti-
oxidant and radical scavenging properties*. The fla-
vonoid rutin is an efficient suppressor of oxygen radical
overproduction by neutrophils of rheumatoid arthritis
patients®. Some results demonstrate that various fla-
vonoids induce the cellular antioxidant system. The
flavonoids quercetin, kaempferol and apigenin, as well
as onion extract increase the y-glutamylcysteine synt-
hetase heavy subunit promoter activity in COS-1 cells.
Quercetin and onion extract also increase the intra-
cellular concentration of glutathione in these cells?..

The use of antioxidant resveratrol or specific inhi-
bitors of the Na*/H* exchanger, amiloride and
5-N-ethyl-N-isopropylamiloride (EIPA), inhibit colla-
gen synthesis by activated HSCs in vitro and in vivo and
HSC proliferation. a-Tocopherol suppresses release of
TNF-o and IL-6 in Kupffer cells, inhibits in vivo TGF-31
and MCP-1 expression and reduces the recruitment of
leukocytes by inhibiting hydroxyalkenal-stimulated
chemotaxis".

Baicalin, baicalein and wogonin, polyphenolic com-
pounds isolated from the Chinese herb Huang Qui,
inhibit LPS-induced NO production in RAW 264.7
macrophages through inhibition of inducible NO synt-
hase (iNOS) gene expression, but not the activity of
iINOS?.

A second approach, aimed more at the aftermath of
inflammation rather than the process itself, is support
of healthy tissue repair by e.g. phospholipid supply.
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Bulk doses of up to a gram of phospholipids may be
administered but the efficacy of treatment is disputed
due to preferred use of phospholipids as an energy
source. Some beneficial effects though were reported
for certain hepatic disorders?®.

Affecting the oxidative burst by inhibiting the signal-
ling cascade(s) leading to ROS production or NADPH
oxidase is an area infrequently explored. Surprisingly
s0, since some features of signalling pathways are shared
with the increased expression of pro-inflammatory cy-
tokines to which much attention is paid (vide supra). It
appears then that a modulation of respiratory burst
offers the advantage of concomitant or consequent
modulation of cytokine production.

NADPH oxidase, due to its role as the final step in
superoxide formation, may be considered as the primary
target for modulation. Highly intriguing data connecting
NADPH oxidase and early ethanol-induced injury come
from an in vivo study in rats¥. It is in agreement with
a hypothesis of the central role of NADPH oxidase in
early liver injury.

An important crosspoint upstream from NADPH
oxidase, and involved in many intracellular processes, is
PKC. It is, in our view, the target of choice for the
respiratory burst as well as cytokine production mo-
dulation. Indeed, this is an area under wide research
scrutiny yielding many broad spectrum as well as specific
inhibitors. Further upstream in the signalling pathway
are calcium channels, phospholipase C, G-proteins, and
cell receptors in that order (Fig. 2). Modulation of
these, however, may have only limited effect or be
relevant to a single stimulus.

Due to tentative dependence of the intracellular
signals and multiprotein complexes assembly on cyto-
skeleton, agents exhibiting cytoskeleton disruption may
be thought of as universal modulators. The downside is
their toxicity because vital cell functions are frequently
affected as well, resulting not only in oxidative burst
inhibition but cell death. This is certainly the case for
colchicine, a potent respiratory burst inhibitor, which
causes both apoptosis and necrosis of neutrophil-like
cells®.

CONCLUSION

Kupffer cells stand at the turning point of the “vi-
cious circle”, a series of events which cause inflammation,
especially chronic inflammation. Modulation of Kupffer
cell functions, many of which are shared with neutrophils,
may break the vicious circle thus delaying or preventing
chronic inflammation and consequent liver fibrosis. It
may even stop significant inflammation from occurring
in the first place. Despite extensive data available on
mechanisms involved in oxidative burst and cytokines
expression, modulation of these has been no simple task
to date. Future research will focus, as is the case with
cancer cells, in finding an effective and specific modulator

and, simultaneously, finding a way to deliver it solely to
Kupffer cells.
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