and functional iron (~95%
of cell iron), cytosolic iron
and organelle catalytically-active iron loosely-bound to low molecular
weight compounds (so
called labile cellular iron,
LCI), are “strategically”
placed in key positions for
iron metabolism [2]. In the
presence of oxygen, LCI
promotes reactions that
yield reactive oxygen species (ROS), in the cytosol
and organelles. Low levels
of ROS play a role in pathways such as signal transduction, cell proliferation
and apoptosis.
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Under normal physiological conditions,
transferrin-bound iron (TBI) is taken up by
hepatocytes through an endocytic pathway
involving the serum transferrin/transferrin
receptor cycle. Once in the cytosol, iron is
rapidly directed to its functional sites, mainly
in cell organelles, where it catalyses essential reactions. Excess iron is stored within a
ferritin core. In addition to storage, endocytic
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which causes activation
of a classic fibrogenic
cascade first involving
Kupffer cells (KC) and
other resident and infiltrating inflammatory cells
that produce cytokines,
chemokines and other
fibrogenic mediators (6).
Hepatic
stellate
cells
(HSC) proliferate and
transform into collagen
producing HSC. Portal
(myo)fibroblasts
are
induced. Iron-generated
ROS and LP by-products
may stimulate nearby
HSC [11]. In a number of
chronic liver diseases the
hepatotoxic effect is mediated by oxidative-stress
phenomena, often involving mitochondria (7) [6,9].
Pro-oxidant LCI amplifies
oxidative stress driven by
the incident hepatotoxin
(alcohol; HCV; lipids etc)
and accelerates disease.
KC are resistant to iron
toxicity, but may enhance
the generation of ROS if
“primed” by other toxins or
ligands and contribute to
disease progression [11].
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During iron overload, excess
iron saturates serum transferrin and non-transferrin
bound iron (NTBI) appears
(1) [2]. Labile plasma iron
(LPI), an NTBI fraction with
high redox capability, is taken
up by liver parenchymal cells
by mechanisms likely to
involve
voltage-dependent
Ca2+ channels, VDCC and
2+
the Zn transporter ZIP14
(2). LPI fuels the LCI pools
and stimulates production of
highly reactive ROS, such
as hydroxyl (OH˙) radicals
(3). ROS damage macromolecules, such proteins or
plasma and organelle membrane lipids, resulting in lipid
peroxidation (LP) (4), and
formation of reactive, longlived aldehydic by-products
of LP (LP˙) [5-7]. LP˙ may
react with cellular and extracellular targets remote from
its site of generation (5).
Iron-driven oxidative stress
increases lysosomal fragility
[7], decreases cytochrome
activity [8] and impaires mitochondrial function. Irreversible hepatocellular damage
leads to (sidero)necrosis,
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Key facts
Iron is a vital micronutrient that is essential for fundamental cell functions.
However, due to its structural chemistry, water-soluble ferrous iron (Fe2+)
is able to exchange electrons with water-insoluble ferric iron (Fe3+), limiting its use and forming the basis of its toxicity. The human body has a
natural tendency to retain iron, which leaves it vulnerable to overload and
toxicity. Despite this, the liver is highly resilient to iron toxicity, and additional host and environmental factors are required for iron damage to fully
manifest. Excess hepatic iron is common to a number of diseases, both
hereditary (e.g., hemochromatosis (HC)) or acquired (e.g., chronic liver
diseases). In the former, accumulation of iron leads to direct liver damage
and slow progression to both micronodular cirrhosis and hepatocellular
carcinoma (HCC). In the latter, low to moderate grade excess iron is sufficient to cause an underlying liver disease to worsen and accelerate [1].

Mechanisms of iron toxicity
The basic mechanisms of hepatic iron toxicity and fibrogenesis have
been mainly identified through animal studies, and are summarized in the
figure. However, there are no animal models that reproduce the full pathologic picture of HC or the development of liver cirrhosis in response to
iron alone. Regression of biopsy-proven liver fibrosis and cirrhosis has
been reported in phlebotomized HC patients, indicating a key pathogenic
role of iron [1]. The primary pathogenic event during iron overload is the
appearance of non-transferrin bound iron (NTBI) in the blood. NTBI are
low molecular weight forms of iron that are not tightly associated with
transferrin. Their labile fraction (labile plasma iron (LPI)), has a high
propensity for redox activities [2]. Different mechanisms and transporters have been implicated in NTBI/LPI uptake by the cells, including voltage-dependent Ca2+ channels, VDCC and the Zn2+ transporter ZIP14 [3].
Once in the cell, LPI enters the cytosolic transit iron pool (now known as
labile cell iron, LCI) [4]. In non-disease conditions, low amounts of cytosolic and organelle LCI take part in fundamental biochemical reactions.
Through the reduction of oxygen, these reactions yield highly reactive
chemical entities called reactive oxygen species (ROS). In turn, ROS are
engaged in important physiologic activities. Enzymic and nonenzymic antioxidants are required to keep ROS within a narrow physiologic range by
disposing of unwanted ROS and ferritin (a multimeric iron-binding protein),
which sequesters excess LCI. When these mechanisms are overcome by
uncontrolled expansion of LCI, oxidative stress arises. Iron-induced oxidative damage of macromolecules by ROS (particularly the highly reactive hydroxyl radical, OH , produced by Fenton chemistry) leads to lipid
peroxidation (LP) of cell membranes. Toxic, long-lived LP by-products [5]
are then released, which bind and damage proteins (by oxidation of amino acid side chains, especially cysteine, with formation of protein–protein
cross–links and oxidation of polypeptide backbones resulting in protein
fragmentation) and DNA by forming adducts. This may be followed by
damage to plasma membranes [6], an increase in lysosome fragility [7], a
decrease in cytochrome activities [8], damage to mitochondria [6,9], the
main targets of iron toxicity, and genotoxicity [10]. Reported mitochondria
abnormalities include:
·

- Reduction in the synthesis or inactivation of respiratory chain enzymes
by LP-protein adducts
- Peroxidative damage of inner membrane phospholipids, especially cardiolipin
- Alterations in the transport of solutes and ions with hydroperoxide–
induced release of Ca2+ due to opening of Ca2+ pore in inner membranes
- Swelling and lysis [6,9].
Altogether these events lead to hepatocellular necrosis (so called
sideronecrosis). At this stage, Kupffer cells (KC) become iron-laden by
phagocytosing sideronecrotic hepatocytes. This activates hepatic stellate cells (HSC), portal (myo)fibroblasts and/or resident and infiltrating
inflammatory cells, which promotes fibrogenesis. In addition, iron-generated ROS and their by-products are likely to induce collagen production
in HSC, through a “paracrine” effect even at pre-necrotic stages [11]. Although KC are normally rather resistant to iron toxicity, whenever they
are activated by a concomitant necrogenic event or “primed” by other
toxins or ligands, excess iron promotes production of ROS. Synthesis of

cytokines and other fibrogenic or hepatotoxic mediators is then stimulated. In human HC, modest but chronic necro-inflammatory events lead to
portal and periportal fibrosis, portal–portal bridging fibrosis, micronodular
cirrhosis and HCC. HCC may also develop in the absence of cirrhosis due
to a number of mechanisms. These may include: a direct mutagenic effect
of iron, interference with immunologic tumor surveillance and disposal of
transformed cells by iron-laden KC, and iron-promotion of tumor growth.
More pronounced, though less apparent pathogenic effects of iron occur
when iron hits the liver in concomitance with other hepatotoxins. This is
the case in a number liver diseases, including alcoholic steatohepatitis
(ASH) and non-alcoholic steatohepatitis (NASH) or viral hepatitis. Under
these circumstances, pro-oxidant LCI, associated with low-grade hepatic
iron excess, greatly amplifies oxidative stress. This phenomena is either
driven by the incident hepatotoxin alone (such as in alcoholic, viral or
metabolic liver diseases), or in combination (for instance, in porphyria
cutanea tarda, where iron may act as coincidental toxin with alcohol and
hepatitis C virus infection). As a result, disease progression is accelerated.
© 2016 European Association for the Study of the Liver. Published by
Elsevier B.V. All rights reserved.

Conclusions
Iron is one of the most vital but most toxic elements found in the human
body. An uncontrolled rise of the catalytically-active forms of iron in the
blood (LPI) and in parenchymatous organs (LCI) drives oxidative damage
and disease. In addition, genetic (HFE and non-HFE hemochromatotic
gene mutations) and non-genetic factors (alcohol, hepatitis C virus, etc.)
cause extra iron to accumulate in the liver. This is due to the impairment
of the capacity of the livers to produce hepcidin, the iron hormone. As
a result, the course of underlying disease is affected [1]. In the future,
specifically designed cell-permeable iron-chelators that block excess LPI
may offer a tool to cure a number of inherited or acquired disorders of the
liver associated with excess iron.
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