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The liver plays a pivotal role in the regulation of iron metabolism through its ability to sense and
respond to iron stores by release of the hormone hepcidin. Under physiologic conditions, regulation
of hepcidin expression in response to iron status maintains iron homeostasis. In response to tissue
injury, hepcidin expression can be modulated by other factors, such as inﬂammation and oxidative
stress. The resulting dysregulation of hepcidin is proposed to account for alterations in iron
homeostasis that are sometimes observed in patients with liver disease. This review describes the
effects of experimental forms of liver injury on iron metabolism and hepcidin expression. In general,
models of acute liver injury demonstrate increases in hepcidin mRNA and hypoferremia, consistent
with hepcidin’s role as an acute-phase reactant. Conversely, diverse models of chronic liver injury are
associated with decreased hepcidin mRNA but with variable effects on iron status. Elucidating the
reasons for the disparate impact of different chronic injuries on iron metabolism is an important
research priority, as is a deeper understanding of the interplay among various stimuli, both positive
and negative, on hepcidin regulation. Future studies should provide a clearer picture of how
dysregulation of hepcidin expression and altered iron homeostasis impact the progression of liver
diseases and whether they are a cause or consequence of these pathologies. (Am J Pathol 2021, 191:
1165e1179; https://doi.org/10.1016/j.ajpath.2021.04.005)

The liver is the primary source of numerous proteins involved in
the regulation of iron metabolism, including hepcidin, ferritin,
and transferrin. In addition to their roles in iron metabolism,
these proteins are acute-phase reactants whose expression can be
altered in response to hepatic or systemic injury or inﬂammation.
Several common human liver diseases, including alcoholic liver
disease, nonalcoholic fatty liver disease (NAFLD), and chronic
hepatitis C, are often accompanied by increases in serum iron,
transferrin saturation, and/or ferritin levels. Less commonly,
hepatic iron content is increased in these conditions. These alterations in iron metabolism have been linked to adverse clinical
outcomes.1e4 Thus, there is substantial interest in understanding
the mechanisms responsible for dysregulation of iron metabolism in liver disease. The aim of this article is to provide an
overview of studies that have examined hepcidin expression and
dysregulation of iron metabolism in various forms of experimental liver injury.

Hepcidin and Regulation of Iron Metabolism
The existence of a physiologic mechanism that maintains
iron homeostasis by enhancing absorption of dietary iron
when iron stores are low and diminishing absorption when
iron stores are replete has been known for many decades.
The identity of the primary regulator of these phenomena
was revealed in 2001 with the discovery of hepcidin (gene
name Hamp).5,6 A small peptide produced by the liver,
hepcidin causes degradation of the iron export protein ferroportin, which is required for the transfer of iron from
enterocytes and macrophages to the systemic circulation.7
Numerous investigators using a variety of methods of iron
administration have demonstrated increases in Hamp
mRNA in response to iron.5,8,9 These results support the
prevailing paradigm whereby hepcidin expression is upregulated by increased iron stores. Conversely, low hepcidin
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enhances iron absorption from the gut, leading to restoration of iron stores. The observations that the liver is the
primary source of hepcidin and that many forms of iron
overload are characterized by hepcidin levels that are
inappropriately low relative to iron stores form the basis for
the hypothesis linking aberrant regulation of hepcidin
expression to dysregulated iron metabolism in the context
of liver disease.
Regulation of Hamp expression is surprisingly complex
and remains incompletely understood. A comprehensive
review of this topic is beyond the scope of this article, but
basic knowledge of the mechanisms that regulate hepcidin
gene expression is needed to understand the potential means
by which liver injury can alter iron metabolism. At a
fundamental level, members of the bone morphogenetic
protein (BMP) family play key roles in integrating signals
that regulate hepcidin expression in response to iron status.
This process is achieved by the binding of speciﬁc BMPs to
BMP type II receptors, which phosphorylate BMP type I
receptors, activating the SMAD 1/5/8 pathway and leading
to the formation of a heteromeric complex with Smad4 that
translocates to the nucleus to stimulate hepcidin gene
expression.10,11
BMPs appear to modulate hepcidin expression by two
separate pathways. The ﬁrst of these accounts for the
ability of hepatocytes to increase Hamp mRNA in
response to increases in serum iron. Serum iron circulates
bound to transferrin (Tf), forming holo-Tf. HFE, the
product of the gene whose mutations are responsible for
the most common form of hereditary hemochromatosis
(HH), forms a complex with transferrin receptor 1 (TFR1)
on the plasma membrane of hepatocytes. The interaction
of holo-Tf with TFR1 has been suggested to cause
dissociation of HFE from its complex with TFR1,
allowing HFE to bind to transferrin receptor 2 (TFR2),
followed by binding of the HFE-TFR2 complex to the
BMP coreceptor, membrane-bound hemojuvelin.10,12
Subsequent steps in this signaling pathway that lead to
modulation of hepcidin gene expression are proposed to
involve BMP2.13 The second mechanism by which hepcidin expression is modulated by iron status is mediated
by paracrine production of BMP6 by hepatic nonparenchymal cells. Although studies that used different
rodent species and different methods provided conﬂicting
data regarding the cell type or types responsible for
expression of BMP6 in the liver, conditional knockout of
Bmp6 in sinusoidal endothelial cells (SECs) was associated with reduced hepcidin expression and increased hepatic iron content, indicating a key role for SEC BMP6 in
iron metabolism.14e17 BMP6 levels increase in response
to increases in liver iron, a phenomenon that has been
linked to enhanced nuclear factor erythroid-2erelated
factor 2 signaling in SECs resulting from oxidative
stress.18,19
The requirement for these components for normal
regulation of iron metabolism is illustrated by studies in

1166

which they have been genetically ablated in mice. As
noted above, most cases of HH in humans are caused by
mutations in the HFE gene, which causes hepatic iron
overload because of inappropriately low hepcidin expression. Hfe knockout mice have lower Hamp mRNA than
their wild-type counterparts despite threefold to eightfold
greater hepatic iron content.20,21 These mice also fail to
induce hepcidin in response to iron administration.22
Expression of a hepcidin transgene reverses the iron
overload phenotype of Hfe-/- mice.23 Complete or conditional knockout of Tfr2 results in increases in hepatic iron,
ranging from approximately twofold to >20-fold
compared with wild-type controls.24,25 Tfr2 mutant mice
(TfR2 Y245X mutant) demonstrate lower baseline levels of
hepcidin and a markedly attenuated induction of Hamp
mRNA in response to iron overload.24 Hjv-/- mice develop
heavy hepatic iron deposition (approximately 20-fold increase), lack of hepcidin expression, and an inability to
induce hepcidin in response to iron administration.26 Liver
iron is increased approximately 10-fold in Bmp6 knockout
mice, in which hepcidin expression is greatly attenuated
(<10% of wild-type controls).27 Consistent with these
observations, mutations in TFR2, HJV, and BMP6 are rare
causes of HH in humans.28e30

Regulation of Hepcidin Expression by Inﬂammation
Classic experiments showing that lipopolysaccharide
administration causes hypoferremia demonstrated that
inﬂammation modulates iron metabolism.31 The mechanism of inﬂammation-driven hypoferremia is now understood to involve the effects of inﬂammatory cytokines
(particularly IL-6) via STAT-3 on hepcidin gene expression.32,33 An acute-phase protein, hepcidin is also regulated by other cytokines, including tumor necrosis factor
(TNF)-a and IL-1b, which can contribute to the hypoferremic response but seem to be less important than
IL-6.34e36 Increases in hepcidin mRNA are driven by
increased hepatic expression of inﬂammatory cytokines
during the acute-phase response, but hepatic hepcidin
expression is upregulated by circulating cytokines that
arise from inﬂammation distant to the liver in some
models.37 Endoplasmic reticulum stress that results from
the acute inﬂammatory response also contributes to induction of hepcidin via the cAMP response
elementebinding protein H, which activates the hepcidin
promoter.38 In addition to blocking intestinal iron uptake,
hepcidin-mediated degradation of ferroportin in macrophages impairs the constitutive export of iron from these
cells, augmenting hepcidin’s hypoferremic effect. Hypoferremia and reticuloendothelial cell iron retention ensue
rapidly after injection of hepcidin or IL-6 in experimental
animals.39e41 This retention is presumed to serve an
adaptive function, lowering plasma iron to limit its availability to pathogens and thus limiting their proliferation.
Although inﬂammation-induced hypoferremia may be
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protective in the context of bacterial infection, in chronic
inﬂammatory states, sequestration of iron caused by
persistent induction of hepcidin results in the anemia of
chronic disease, also known as the anemia of
inﬂammation.
Another important transcription factor that regulates the
expression of hepcidin is CCAAT enhancer-binding protein
a (C/EBPa), which modulates responses to both inﬂammatory stimuli and to changes in hepatic iron. The Hamp
promoter region contains binding sites for both STAT-3 and
C/EBPa, indicating convergence of these two pathways
during inﬂammatory responses.42e44 Liver-speciﬁc
knockout of C/EBPa results in marked attenuation of hepcidin expression and hepatic iron overload.43 Furthermore,
chronic hepatic iron overload is associated with upregulation of C/EBPa and Hamp expression.44,45 C/EBPa-mediated regulation of hepcidin is itself modulated by the
upstream regulator CCAAT enhancer-binding protein homologous protein (CHOP), which inhibits C/EBPa DNAbinding activity. In chronic iron overload that results from
exogenous iron administration, CHOP protein levels were
reduced and C/EBPa protein and hepcidin mRNA
increased.45

Other Modulators of Hepcidin Expression:
Erythropoiesis
Conversely, anemia and hypoxia upregulate iron absorption
and reticuloendothelial efﬂux of iron via suppression of
hepcidin. Under these conditions, the kidney releases
erythropoietin (EPO), which stimulates increased incorporation of iron into red blood cell precursors in the bone
marrow, lowering transferrin iron saturation and thus
inhibiting the expression of hepcidin by the pathway
described above. However, EPO exerts an additional
hepcidin-lowering effect via the stimulation of the production of erythroferrone (ERFE) in bone marrow erythroblasts.46 ERFE suppresses hepcidin expression in
hepatocytes by interfering with SMAD signaling.11 Hamp
mRNA and plasma hepcidin are rapidly downregulated in
response to phlebotomy or EPO; both stimuli reduced
hepcidin mRNA expression threefold within 12 hours, along
with an approximate 90% reduction in plasma hepcidin at
the same time point. These responses were attenuated in
Fam132b (the ERFE gene) knockout mice and Fam132b
haploinsufﬁcient mice.46 Thus, short-term stimulation of
erythropoietic activity depresses hepcidin expression, leading to enhanced intestinal iron absorption, thereby restoring
homeostasis. EPO is also an acute-phase reactant, and
enhanced hepatic Epo expression after acute inﬂammatory
stimuli is dependent on induction of IL-6.35 In addition to
tissue-protective effects unrelated to its hematopoietic
function, induction of EPO has been proposed to serve as a
compensatory response to limit the anemia of inﬂammation
induced by hepcidin.47
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Hepcidin and Iron Metabolism in Models of
Liver Injury
Models of Acute Liver Injury
Various models have been used to examine the effect of
acute liver injury on hepcidin (Table 1).48e53 In an early
study, Goss et al48 examined the effects of liver ischemiareperfusion on hepcidin. These authors observed that
either 45 minutes of hepatic ischemia without reperfusion
(IO) or 45 minutes of ischemia followed by 60 minutes of
reperfusion (I-R) resulted in signiﬁcant increases in Hamp
mRNA compared with animals undergoing sham operations. Serum hepcidin levels paralleled the changes in gene
expression, and in both the IO and I-R groups, serum iron
decreased, consistent with the expected effect of increased
hepcidin. Serum IL-6 levels were unchanged in the IO and
I-R groups versus controls undergoing sham operations.
Thus, the mechanism responsible for induction of hepcidin
in this study was not identiﬁed.
Several groups have assessed the effects of partial hepatectomy (PH) on hepcidin expression.49e51 Despite minor
variations in experimental design, they consistently
demonstrated a biphasic effect of PH on Hamp mRNA, with
an increase in the ﬁrst 24 hours, followed by suppression to
levels below that of controls undergoing sham operations
for as long as 1 week after PH. Transient increases in serum
IL-6 after PH appeared to account for the early induction of
hepcidin expression. Serum iron levels decreased rapidly
after PH, in some cases preceding the increase in Hamp
expression. Furthermore, Sheikh et al49 observed hypoferremia after PH that persisted for at least 48 hours without
signiﬁcant change in serum prohepcidin levels.
The same study49 found that the effects of acute toxic
liver injury on iron metabolism and hepcidin expression
were similar to those seen after PH. Hepcidin transcript
levels increased modestly but signiﬁcantly within 3 hours
after administration of a single dose of carbon tetrachloride
(CCl4), returning to control values by 24 hours. Hepatic IL6, IL-1b, TNF-a, and IFN-g mRNA levels increased
markedly after CCl4, whereas changes in the serum levels of
these mediators were delayed and of lesser magnitude,
suggesting that local cytokine production was the primary
factor driving early increases in hepcidin expression. As in
the PH model, serum iron levels decreased signiﬁcantly 3
hours after CCl4 treatment and remained low up to 48 hours
afterward, with no change in serum prohepcidin levels for
the ﬁrst 24 hours. The mechanism of hypoferremia in the
absence of increased Hamp mRNA and/or serum prohepcidin in these models remains unexplained.
Christiansen et al52 evaluated iron metabolism and hepcidin expression in rats after a single 25-Gy dose of radiation to the liver. Hamp mRNA increased signiﬁcantly 24
hours after liver irradiation and was preceded by elevated
levels of transcripts for several inﬂammatory mediators (IL1 b, IL-6, and TNF-a) in the livers, peaking at 6 hours after
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Table 1

Effects of Acute Liver Injury on Hepcidin and Iron Metabolism
Experimental
animal

Effect on liver
histologic ﬁndings

Effect on hepatic
iron
content
Effect on hepcidin

I-R

Male SpragueDawley rats

Not reported

Not reported

PH or CCl4, 3
mL/kg gavage
1

Male Wistar rats

Not reported

Not reported

PH

Male Fischer 344
rats

Not reported

Not reported

PH

Male BALB/c mice

Not reported

Not reported

Selective liver
irradiation (IR; 25 Gy 1)

Male Wistar rats

Not reported

Not reported

Acetaminophen
toxicity (300
mg/kg body
weight)

Male and female
C57BL/6N mice

Centrilobular necrosis Not reported

Model

Increase in
hepcidin mRNA

Comments

Serum iron
decreased in
animals treated
with either
ischemia alone or
with I-R
Hepcidin mRNA
PH and CCl4
significantly
decreased serum
increased 4, 8,
iron for up to 48
16, and 24 hours
hrs; serum
after PH;
pro-hepcidin not
hepcidin mRNA
altered after PH,
significantly
but increased
increased 3, 6,
approximately
and 12 hours
40% after CCl4
after CCl4
only at 48 hrs
Serum iron
Hepcidin mRNA
significantly
significantly and
lower in both
progressively
the PH and
increased from
sham-operated2 to 8 hours after
on group for 24
PH; lower than
hours after
in the shamintervention
operated-on
group at 72 hours
and 1 week
Hepcidin mRNA
significantly
increased at 4, 6,
or 12 hours after
PH; significantly
decreased at 48
and 72 hours
after PH
Hepcidin mRNA
Trend for a decrease
significantly
in serum iron
increased
levels after I-R;
(29-fold) 24
serum
hours after I-R
prohepcidin
levels increased
significantly
(twofold)
after I-R
Hepcidin mRNA
unchanged vs
controls; serum
hepcidin
significantly
decreased in
acetaminophentreated mice

Reference
48

49

50

51

52

53

CCl4, carbon tetrachloride; I-R, ischemia-reperfusion; PH, partial hepatectomy.
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irradiation. Serum iron levels tended to decrease after irradiation, but the difference between the irradiated animals
and controls was not statistically signiﬁcant. Serum prohepcidin levels increased signiﬁcantly 3 hours after irradiation before returning to control levels at 6 hours and
subsequently. Notably, this increase preceded the increase in
Hamp mRNA.
In contrast to the models discussed above, Spivak et al53
found that Hamp mRNA levels in mice were unchanged 18
hours after acetaminophen overdose. It is difﬁcult to
compare these results directly with the other acute injury
models discussed above because in the latter cases hepcidin
expression generally peaked early (12 hours) after injury,
in some instances returning to baseline or below by 18
hours. Despite the lack of change in Hamp mRNA levels,
serum hepcidin in the acetaminophen-treated group was
approximately half that of the control group, and serum iron
levels were approximately 40% higher.
These studies demonstrate that acute liver injury is often
associated with transient increases in hepcidin expression
(Figure 1). In some models, increases in Hamp mRNA
levels were preceded by elevations in inﬂammatory mediators, such as IL-6, suggesting that induction of hepcidin in
these circumstances typiﬁes its behavior as an acute-phase

Figure 1 Factors involved in the regulation of hepatic hepcidin
expression in response to liver injury. In several forms of acute liver injury,
hepcidin expression is upregulated via activation of STAT3 driven by inﬂammatory cytokines, in particular IL-6. Hypoferremia is commonly reported in these models and is presumed to be at least in part due to
increased secretion of hepcidin, leading to enhanced degradation of the
iron transporter ferroportin, which results in diminished iron efﬂux from
macrophages and enterocytes. In contrast, Hamp mRNA is downregulated
in a number of models of chronic liver injury. In some cases, this has been
linked to oxidative stressemediated upregulation of CCAAT enhancerbinding protein homologous protein (CHOP). CHOP inhibits the DNAbinding activity of CCAAT enhancer-binding protein a (C/EBPa), the
major transcription factor governing hepcidin expression. Oxidative stress
can also upregulate hepcidin by means of enhanced expression of bone
morphogenetic protein 6 (BMP6), but the relevance of this to liver injury
models has not been assessed. Although decreases in Hamp mRNA are
commonly seen in models of chronic liver injury, effects on iron status are
inconsistent for reasons that are currently unknown. gp130, glycoprotein
130; Nrf2, nuclear factor erythroid-2erelated factor 2; ROS, reactive oxygen species.
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reactant.49,51,52 In keeping with this interpretation, most of
the models discussed here are characterized by hypoferremia. However, the frequent instances in which hypoferremia was observed to precede increases in Hamp mRNA
and/or to occur in the absence of measurable increases in
circulating hepcidin levels, as described above, suggests that
additional factors are involved in regulating iron levels in
these acute-phase models.

Models of Alcoholic and Nonalcoholic Fatty Liver
Disease
Alcoholic liver disease in humans is frequently accompanied by evidence of dysregulated iron metabolism.
Accordingly, a number of experiments have been performed in an attempt to reproduce this phenomenon
(Table 2).54e61 From these studies, considerable evidence
has accumulated showing that relatively short-term exposure to alcohol suppresses hepcidin expression in rodents.
Bridle et al54 were the ﬁrst to report a marked reduction in
Hamp mRNA levels in rats fed a liquid diet that contained
ethanol for 12 weeks. Shortly thereafter, Harrison-Findik
et al55 found that ingestion of 20% ethanol in the drinking water for 7 days potently suppressed hepcidin
expression in mice; Ohtake et al56 made similar observations in mice after only 4 days of ethanol gavage. Both
Bridle et al54 and Harrison-Findik et al55 implicated
downregulation of C/EBPa in ethanol-mediated suppression of hepcidin expression, with the former observing that
C/EBPa mRNA was signiﬁcantly decreased in ethanoltreated rat livers,54 whereas the latter demonstrated that
C/EBPa DNA-binding activity and protein levels were
reduced in livers of mice exposed to ethanol.55 HarrisonFindik et al55also found that vitamin E reversed the suppression of C/EBPa-binding activity and restored hepcidin
expression in ethanol-treated mice, suggesting that
oxidative stress was involved in the suppression of hepcidin by ethanol.55 Additional support for this concept was
provided by Tang et al,57 who observed that coadministration of the ﬂavonoid antioxidant quercetin with an
ethanol-containing liquid diet prevented the modest suppression of Hamp, Bmp6, and Smad4 mRNAs in mouse
liver. Notably, however, oxidative stress in these models
occurred in the absence of signiﬁcant histologic liver
injury apart from steatosis in some cases.54,55,57
In contrast to the rapid changes in hepcidin expression
described above, Heritage et al58 found a signiﬁcant
reduction in Hamp mRNA after only 4 weeks of ethanol in a
murine model. However, its mechanism was not identiﬁed
because phosphorylated STAT3 was increased by ethanol,
whereas C/EBPa was unchanged. Additional variability in
this phenomenon was noted in a study59 that showed that
20% ethanol in drinking water for 14 days decreased Hamp
mRNA in 129  1/SvJ mice but not in mice of the C57BL/6
or AKR/J strains.59 Because the studies by Ohtake et al,56
Tang et al,57 and Heritage et al58all used C57BL/6
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Table 2

Effects of Alcohol and Nonalcoholic Fatty Liver on Hepcidin and Iron Metabolism

Model

Experimental
animal

Lieber-DeCarli diet Male SpragueDawley rats
(ethanol: 36% of
calories) 12 wk

Ethanol (10%
e20%) drinking
water 7 d

Male and female
129/Sv mice

Effect on liver
histologic ﬁndings

Effect on hepatic
iron content

Macrovesicular
steatosis

Sixfold decrease Hepatic C/EBPa
No difference
mRNA decreased in
in hepcidin
between ethanolethanol-treated
mRNA in
treated and
livers
ethanolcontrol
treated livers
C/EBPa protein and
Not reported
Significant
DNA binding
reduction in
reduced in
hepcidin
ethanol-treated
mRNA
livers
Not reported
Significant
reduction in
hepcidin
mRNA

54

Ethanol decreased
BMP6 and SMAD4
mRNA and
intranuclear SMAD4
protein
Levels of C/EBPa and
Significant
phosphorylated C/
reduction in
EBPa not altered
hepcidin
by ethanol
mRNA at 4 wk
Significant
decrease in
hepcidin
mRNA only in
ethanoltreated
129  1/SvJ
Significant
reduction in
hepcidin
mRNA only at
12 wk
No change in
Expression of several
hepcidin
oxidative stressmRNA
responsive
transcripts
unaltered by
ethanol
Hepcidin mRNA Spleen iron
significantly lower
significantly
in HF/HE group;
lower in HF/
hemoglobin and
HE group
plasma transferrin
higher in HF/HE
group, transferrin
saturation reduced
vs controls
Significant
Serum amyloid A
reduction in
levels significantly
HFD group
increased in HFD
(<50% of
experimental and
control)
control group

57

No steatosis or
injury

Male C57BL/6 mice Mild steatosis, no
Ethanol gavage
stainable iron
every
12 hours  4 d,
dose varying from
5 to 10 g/kg
Macrovesicular
Lieber-DeCarli diet Male C57BL/6J
mice
steatosis
(ethanol: 30% of
calories) 15 wk

Lieber-DeCarli diet Male C57BL/6 mice Macrovesicular
(ethanol: 21% of
steatosis, no
calories)  8 wk
stainable iron

Not reported

Not reported

No difference
between ethanoltreated and
control
No difference
between ethanoltreated and
control in any
strain

Lieber-DeCarli diet Male Swiss albino
mice
(ethanol: 20% of
calories) for up to
12 wk

Focal fatty
change; no
stainable iron

Significant
decrease with
ethanol at 12 wk

Ethanol (10%
Female C57BL/6
e20%) in
BALB/c mice
drinking water for
42e44 wk

Mild steatosis, mild Significant increase
increase in
in ethanolstainable iron
treated C57BL/6;
NS in BALB/c

HF/HE 6 wk

Male Wistar rats

Not reported; livers Trend toward
reduction in HF/
of rats fed HF/HE
HE group but not
diet with
significant
macroscopic
steatosis

HFD 16 wk

Male C57BL/6 mice Not reported

Ethanol (20%) in
drinking water
14 d

129  1/C57BL/6
and AKR/J mice

Significant
reduction in HFD
(<50% of
control)

Effect on
hepcidin

Comments

Significant
reduction in
hepcidin
mRNA

Reference

55

56

58

59

60

61

62

63

(table continues)
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Table 2

(continued )

Model

Experimental
animal

Effect on liver
histologic ﬁndings

Effect on hepatic
iron content

Effect on
hepcidin

Not different from
control

Nonsignificant
decrease in
hepcidin
mRNA and
serum
hepcidin in
HFD group

HFD 8 wk

Male C57BL/b mice Steatosis; no
stainable iron

HFD 12 wk

Significant
Male C57BL/6 mice Steatosis in HFD
decrease in HFD
group; stainable
(44% of control
iron not assessed
value)

AD 6 or 18 wk

Female C57BL/6
BALB/c
C3H/HeJ mice

Comments

Reference

Plasma iron,
intestinal iron
absorption lower in
HFD group;
hemoglobin, RBC
counts, and splenic
iron content
unchanged
Modest but
significant
decrease in
transferrin
saturation in HFD
group; hepatic
TFR1 protein levels
increased in HFD
group

64

Decreased by AD in No differences
Steatosis,
in hepcidin
all strains at both
inflammation of
mRNA with AD
time points
varying severity
at 6 wk;
in AD-fed mice;
significantly
no stainable iron
decreased in
AD-fed
C57BL/6 mice
and increased
in BALB/c vs
controls at 18
wk
Serum iron and
Significant
HFD for up to 24 wk Male C57BL/6 mice Mild steatosis at 12 Significant
ferritin levels were
reduction in
reduction in HFD
wk, moderate
not affected by the
hepcidin
from 16 wk
steatosis at 16
diet; markers of
mRNA and
onward
and 20 wk, severe
inflammation were
serum
steatosis at 24
not affected by the
hepcidin in
wk, no stainable
diet
HFD group at
iron
24 wk
Significant increase Hepcidin mRNA Hepcidin mRNA
High-fat, highMale C57BL/6J
Mild steatosis in
increased eightfold
assessed only
in HFD at weeks 2
fructose diet for
mice
HFD at week 4,
in controls
at weeks 2
e12; not
up to 16 wk
increasing to
between weeks 2
and 8; no
different from
week 16;
e8; hepcidin
difference
control at week
stainable iron
mRNA in
between HFD
16
not assessed
experimental group
group and
doubled in the
controls at
same interval; no
week 2;
data on hepcidin
significant
mRNA at 16 weeks
reduction in
when HICs were
HFD at week 8
similar between
experimental and
control group

66

Hepcidin mRNA
levels
decreased by
60% in HFD
group

65

67

68

AD, atherogenic diet; BMP6, bone morphogenetic protein; C/EBPa, CCAAT enhancer-binding protein a; HFD, high-fat diet; HFHE, high-fat, high-energy diet;
HICs, hepatic iron concentrations; NS, non-signiﬁcant; RBC, red blood cell; TFR1, transferrin receptor 1.
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Table 3

Effects of Chronic Liver Injury Models on Hepcidin and Iron Metabolism

Model

Experimental
animal

Effect on liver
histologic ﬁndings

Effect on hepatic
iron content

Effect on hepcidin

Stable reduction of
Male C57BL/6 mice Increased stainable Increased 30%
approximately
e40% vs noniron; no
30% in hepcidin
transgenic mice
inflammation
mRNA and
at 8 and 14 mo of
hepatic
age
prohepcidin at 8
and 14 mo
Not reported
Hepcidin mRNA
BDL
Male SpragueIron-laden
livers decreased
Dawley rats
macrophages in
by 6 hours after
areas of necrosis
BDL, remained
in BDL livers
significantly
lower for at least
2 wk
Hepcidin mRNA
Hepatic congestion Lewis rats
Severe congestion; Increased in IVCsignificantly
ligated animals;
(IVC ligation)
hemosiderinreduced in IVCcontribution
laden
ligated group;
from increased
macrophages
serum hepcidin
RBC content was
in IVC-ligated
not determined
group higher only
at day 4
129/SvEvTac mice Patchy increase in Significant increase Significant
Hereditary
reduction in
iron staining
in Fah-/- versus
tyrosinemia type
/
hepcidin mRNA
1 model (Fah
control
in Fah-/- preceded
mouse)
increase in HICs
TAA i.p. 3 times per Female FVB/N mice Mild inflammation, Significant increase Hepcidin mRNA
in TAA but not
similar extent of
significantly
week 15 wk,
CCl4 vs control
fibrosis with TAA
lower in TAA than
CCl4 i.p. 2 times
and CCl4; iron in
control; CCl4 not
per week 12 wk
macrophages
different from
adjacent to septa
control
in both; iron in
hepatocytes only
in TAA
TAA or CCl4 i.p.
Male Albino rats
Not reported
Not reported
Hepcidin mRNA
twice a wk for 8
levels
wk
significantly
decreased in TAA
group,
significantly
increased in CCl4
Transgenic mice
expressing fulllength HCV
polyprotein

Comments

Reference

Decreased C/EBPa
DNA-binding
activity linked to
increased CHOP,
increased ROS

73

Decreased gp130
mRNA and
phosphorylated
STAT3 protein
and nuclear
translocation
after BDL
Hepatic IL-6 and
BMP6 mRNA
levels and serum
IL-6 significantly
higher in IVC
group

74

Reduction in
hepcidin mRNA
mediated in part
by decreased
TFR2 expression
CHOP mRNA
upregulated in
TAA group with
no change in
CCl4; IL- 6 mRNA
upregulated in
CCl4 with no
change in TAA

76

Hemoglobin, serum
iron, transferrin
saturation
significantly
decreased in CCl4

78

75

77

BDL, bile duct ligation; BMP6, bone morphogenetic protein; CCl4, carbon tetrachloride; C/EBPa, CCAAT enhancer-binding protein a; CHOP, CCAAT enhancerbinding protein homologous protein; gp130, glycoprotein 130; HCV, hepatitis C virus; HICs, hepatic iron concentrations; IVC, inferior vena cava; RBC, red
blood cell; ROS, reactive oxygen species; TAA, thioacetamide; TFR2, transferrin receptor 2.

mice,56e58 the reason for these variable results is not known,
although it is possible that the speciﬁcs of the ethanol
regimen and duration of treatment may be important
variables.
These data suggest that downregulation of hepcidin
expression by alcohol ingestion may be linked to dysregulated iron metabolism in humans with alcoholic liver
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disease, but there are caveats regarding this conclusion.
First, few investigations have addressed ethanol-induced
alterations in hepcidin expression within the larger
context of iron metabolism. An exception is a study from
Varghese et al60 in which mice ingesting an ethanolcontaining liquid diet were examined at 2, 4, 8, and 12
weeks. These investigators found that Hamp mRNA and
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serum levels were downregulated after only 12 weeks of
ethanol consumption. At that same timepoint, hepatic iron
and ferritin levels were signiﬁcantly lower in ethanol-fed
mice, whereas duodenal ferroportin protein and serum
iron levels were elevated versus controls. Although these
data suggest that the ethanol-mediated reduction in hepatic iron may be the initial event that triggers the subsequent alterations, the mechanism for the decrease in
liver iron in response to ethanol remains obscure. It is
likewise unclear why TFR1 levels were lower in the livers
of the ethanol-fed animals despite the reduction in iron
stores.
Second, the lack of iron accumulation in response to
suppression of hepcidin in these models has not been
adequately explained. The studies Bridle et al,54 Heritage
et al,58and Flanagan et al59 found no change in hepatic iron
concentrations (HICs) resulting from ethanol treatment;
HICs were not assessed in the short-term experiments of
Harrison-Findik et al55 and Ohtake et al.56 Data regarding
intestinal iron uptake in these models are scarce, but Flanagan et al59 found no effect of ethanol on iron absorption,
even in the strain in which Hamp mRNA was downregulated by ethanol.59 These results are unsurprising in
light of experiments performed decades before the discovery
of hepcidin that found no effect of ethanol on hepatic iron
content in rodents.69e71 Nonetheless, the reproducible
reduction in Hamp mRNA without an obvious effect on
liver iron content in these models is perplexing. Some authors have proposed that iron does not increase in these
models because hepatic iron accumulation is a slow process.
This rationale is based on an analogy with HFE-linked HH,
in which iron increases incrementally as a result of the
relatively modest effect of HFE mutations on HAMP
expression. However, the reductions in Hamp mRNA in
some of these models are large, and one might reasonably
predict that they would have greater effects on iron absorption than do the HFE mutations. In any event, the
assumption that, given sufﬁcient time, ethanol-mediated
suppression of hepcidin would lead to hepatic iron accumulation in these models needs to be veriﬁed experimentally. In one of the few long-term studies on this topic,
Bloomer et al61 observed modest increases in HICs with no
change in Hamp mRNA levels in mice consuming ethanol
in their drinking water for >10 months. There was no histologic inﬂammation or evidence of oxidative stress in the
livers of the ethanol-treated mice in this study; thus, additional research is needed to clarify the mechanism of
ethanol-induced alterations in iron metabolism in this
model.
NAFLD is another common condition associated with
dysregulated iron metabolism. Similar to ethanol treatment, downregulation of hepcidin expression has been
observed in several rodent models of fatty liver
(Table 2)62e68; however, in some instances, this downregulation has occurred in the context of decreased hepatic
iron stores and/or increased iron utilization. In the ﬁrst
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study examining this question, Le Guenno et al62 fed rats a
high-fat/high-energy (HFHE) diet to create a state of insulin resistance, which is commonly associated with
NAFLD. Although liver histologic ﬁndings were not reported this study, the livers of animals on the HFHE diet
were described as macroscopically steatotic, and both
hepatic and splenic iron content decreased in the HFHEfed rats. Hamp mRNA levels decreased signiﬁcantly in
the livers of animals fed the HFHE diet at the same time
that their hemoglobin concentrations were higher and
transferrin saturations lower. Taken together, these ﬁndings suggest that the reduction in hepcidin expression was
a response to increased iron utilization resulting from
enhanced erythropoiesis. Similarly, Chung et al63
observed reductions in both Hamp mRNA and HICs in
mice fed a high-fat diet (HFD) for 16 weeks. In that study,
the HFD was associated with an inﬂammatory response, as
shown by elevated levels of the major murine acute-phase
reactant serum amyloid A in the HFD-fed mice. The authors noted that despite the reduction in Hamp mRNA
compared with controls, hepcidin transcript levels were
high relative to the iron stores of the HFD mice, presumably because its expression was driven by
inﬂammation.
Likewise, Sonnweber et al64 found that Hamp mRNA
levels were reduced in mice fed a HFD for 8 weeks, but they
observed no change in hepatic iron or hemoglobin concentrations. These investigators demonstrated that both intestinal iron absorption and plasma iron levels were
decreased with the HFD. Furthermore, the addition of dietary carbonyl iron failed to augment HICs in mice fed the
HFD versus a nearly threefold elevation in mice fed the
standard diet with carbonyl iron, reinforcing the conclusion
that the HFD impaired intestinal iron uptake. The authors
proposed that the net effect of the HFD was to cause systemic iron deﬁciency, which suggests that HICs in the HFDfed mice might have decreased had the experiment been
performed for a longer period. The early reduction in Hamp
mRNA may thus represent a response to low plasma iron,
but the mechanism initiating this cascade of events (ie,
reduced iron absorption) was not identiﬁed in this study.
Moreover, the reduction in intestinal iron uptake in the face
of decreased hepcidin expression implies either a disjunction between the level of hepcidin transcripts and its biological activity or the existence of a mechanism for
modulation of iron uptake that supersedes or opposes the
effects of hepcidin.
Similar to the work discussed above, Padda et al65 found
that mice fed a HFD for 12 weeks exhibited hypoferremia,
decreases in transferrin saturation and HICs, and increases
in TFR1 levels. Together with the observed reduction in
hepcidin expression, these ﬁndings indicate that the HFD
resulted in a state of iron deﬁciency. Contrary to the ﬁndings
of Sonnweber et al,64 these authors reported that supplementation of the HFD with carbonyl iron resulted in increases in serum iron, transferrin saturation, and HICs and
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reduced TFR1 levels. The reason for the differing outcomes
of these experiments is not clear.
In a different model of fatty liver, Bloomer et al66 reported that an atherogenic diet decreased HICs in three
different strains of mice after 6 weeks; this difference was
less prominent after 18 weeks on the atherogenic diet, but
the change in HICs was not accompanied by signiﬁcant
alterations in Hamp mRNA at either time point. In addition
to steatosis, this model elicits an inﬂammatory response of
variable intensity in the different strains, but no correlation
was observed between hepcidin and markers of inﬂammation in any of the strains.
The models discussed above suggest that inﬂammation
modulates the effects of steatosis on hepatic iron metabolism. A recent study from Varghese et al67 demonstrated
that fatty liver per se alters liver iron content and hepcidin
expression in the absence of an inﬂammatory response.
These investigators examined the effects of an HFD on iron
homeostasis in mice at multiple timepoints and found that
HICs were reduced at 16 weeks, followed by decreased
Hamp mRNA and serum levels at 24 weeks in the mice fed
the HFD. Markers of inﬂammation (serum C-reactive protein and hepatic expression of serum amyloid A and IL-6)
were unaltered at all timepoints in the mice fed the HFD.
These data suggest that the reduction in hepcidin expression
in the HFD-fed mice was a physiologic response to the
change in liver iron stores, but the reason for the latter remains obscure.
The ﬁndings68 in a model of insulin resistance elicited by
a high-fat, high-fructose (HFHFr) diet stand in contrast to
the studies discussed above. Despite lower dietary iron
intake (resulting from the lower iron content of the HFHFr
diet and reduced intake), HICs were modestly elevated at 2,
4, 8, and 12 weeks on the HFHFr diet but similar to control
levels at 16 weeks. Hamp mRNA levels did not differ between HFHFr-fed mice and controls at 2 weeks; thus, the
increase in HICs was not preceded by an alteration in
hepcidin expression. Although hepcidin transcript levels
were signiﬁcantly lower in the HFHFr mice versus controls
at 8 weeks, this ﬁnding was driven by a large increase in
Hamp mRNA in the control mice between weeks 2 and 8,
which was itself independent of a major change in HICs in
that group, making the changes in hepcidin expression
levels difﬁcult to interpret.
Taken together, reductions in Hamp mRNA and hepatic
iron content are observed in different models of fatty liver,
several of which are associated with evidence of iron deﬁciency. In some cases, the effects of fatty liver on hepcidin
appear to be modulated by inﬂammatory responses, but
most of these reports lack data on inﬂammation and few
assessed oxidative stress. Although generally uninformative
with respect to the mechanisms leading to elevated iron
markers and hepatic iron accumulation in NAFLD, these
models may be useful to study the pathogenesis of iron
deﬁciency in fatty liver, which is common, especially in
patients with morbid obesity.72
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Other Models of Chronic Liver Injury
Effects of several other forms of chronic liver injury on
hepcidin and iron metabolism have been reported
(Table 3).73e78 Nishina et al73studied the effects of hepatitis
C infection on iron metabolism using a transgenic mouse
expressing the full-length hepatitis C polyprotein coding
region under the control of the albumin promoter. Although
the presence of the transgene did not result in hepatic
inﬂammation or other histologic signs of injury, Hamp
mRNA and prohepcidin were reduced by approximately
30% in the livers of transgenic mice versus nontransgenic
controls at 8 and 14 months of age, and these changes were
accompanied by an increase in liver iron content of comparable magnitude. The decrease in hepcidin expression in
the livers of transgenic mice was associated with diminished
DNA-binding activity of C/EBPa; this diminished activity
was attributed to an increase in CHOP, which in turn was
linked to higher levels of reactive oxygen species production. Whether suppression of reactive oxygen species production was able to reverse or mitigate this series of events
was not reported.
In a model of cholestatic liver injury,74 hepcidin expression decreased signiﬁcantly 3 days and 2 weeks after bile
duct ligation (BDL), whereas plasma hepcidin levels
decreased as early as 6 hours after BDL. Although hepatic
IL6 mRNA levels were increased, expression of gp130 (the
IL-6 receptor) and phosphorylated STAT3 immunoreactivity were reduced after BDL, likely accounting for the
decrease in hepcidin expression. Despite the reduction in
Hamp mRNA, stainable iron in the BDL rats was localized
to macrophages. Because low hepcidin favors mobilization
of iron from macrophages, this ﬁnding may represent iron
accumulation resulting from the ingestion of necrotic cells
by macrophages. These authors also found that HAMP
mRNA levels were signiﬁcantly lower than controls in a
small group of patients with chronic cholestatic liver disease. Interestingly, this ﬁnding was not associated with an
increase in hepatic iron content, which is consistent with
other studies that have found that secondary iron overload is
less common in cholestatic liver disease than in other forms
of chronic liver disease in humans.79
Suzuki et al75 used inferior vena cava (IVC) ligation to
evaluate the effects of hepatic congestion on iron metabolism. Hemoglobin levels decreased sharply in IVC-ligated
rats 1 week after surgery but gradually increased during the
next 11 weeks. Despite the improvement, hemoglobin levels
remained signiﬁcantly lower in the IVC-ligated animals
where it was accompanied by signs of iron deﬁciency
(microcytosis and decreased serum iron and transferrin
saturation). Although Hamp mRNA levels in the IVCligated animals were higher than in rats with similar degrees of anemia resulting from phlebotomy or
phenylhydrazine-induced hemolysis, serum hepcidin levels
were elevated in the IVC-ligated rats only on day 4. Hepatic
iron content was not evaluated quantitatively, but iron stains
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highlighted hemosiderin-laden macrophages. Hepatic Bmp6
and IL6 mRNA and serum IL-6 levels were signiﬁcantly
increased in the IVC-ligated rats versus controls, presumably accounting for the persistent increase in hepcidin
expression. These ﬁndings suggest that this model of
congestive hepatopathy reproduces features of anemia of
chronic inﬂammation or chronic disease.
Bao et al76 studied iron metabolism in Fah knockout
mice, a model of hereditary tyrosinemia type 1. Fah-/- mice
treated
with
2-(2-nitro-4-triﬂuoromethylbenzoyl)-1,3cyclohexanedione (NTBC), a drug that blocks tyrosine
catabolism upstream of fumarylacetoacetate hydrolase, have
prolonged liver injury-free survival; withdrawal of NTBC
leads to development of phenotypic manifestations of
tyrosinemia. In Fah-/- mice, Hamp mRNA levels decreased
signiﬁcantly 1 week after withdrawal of NTBC; liver iron
content doubled at 3 weeks and more than tripled at 5 weeks
after NTBC withdrawal compared with animals maintained
on NTBC. Notably, the reduction in hepcidin expression
preceded overt manifestations of liver injury, such as
elevated aminotransferases and increased hepatocyte
apoptosis. These authors found that TfR2 expression
decreased in Fah-/- mice withdrawn from NTBC with a time
course similar to that of Hamp; administration of a TfR2overexpressing adenovirus to Fah-/- mice rescued hepcidin
expression and mitigated but did not completely prevent
iron accumulation.
Thioacetamide (TAA) and CCl4 are commonly used to
induce hepatic ﬁbrosis in rodents. The contrasting effects of
repeated administration of these agents on iron metabolism
have been addressed in 2 studies.77,78 Mueller et al77 were
the ﬁrst to report that long-term TAA treatment resulted in a
modest decrease in Hamp transcripts with a larger decrement in hepatic prohepcidin and an approximately twofold
elevation in hepatic iron content. In contrast, iron content,
Hamp mRNA, and protein were unaffected by long-term
CCl4 treatment despite comparable stages of hepatic
ﬁbrosis to the TAA-treated mice. In both models, macrophages were the predominant site of iron deposition with
mild hepatocellular iron seen in the TAA model. The
reduction in hepcidin expression in TAA livers was associated with greatly diminished binding of C/EBPa to the
hepcidin promoter in extracts from TAA livers compared
with CCl4-treated livers, an effect attributed to the higher
levels of CHOP in the former. Notably, IL6 expression was
unaffected by TAA but robustly increased by CCl4
treatment.
The latter ﬁnding was conﬁrmed in another study
comparing these agents. Gheith and El-Mahmoudy78 did not
evaluate hepatic iron metabolism but instead examined the
effects of TAA and CCl4 on hematologic parameters,
providing important context to the changes in hepatic iron
metabolism. They demonstrated that although long-term
TAA treatment did not affect hemoglobin levels or red
blood cell indexes, rats treated with CCl4 developed a
microcytic anemic with signiﬁcantly decreased serum iron
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and transferrin saturation. Serum ferritin increased in both
models, although to a lesser degree in the CCl4-treated animals. In agreement with the study by Mueller et al,77 they
found that TAA modestly depressed Hamp mRNA, but in
contrast with the earlier work, they observed a twofold
upregulation of Hamp mRNA by CCl4, consistent with the
induction of IL6 in that model. These results suggest that the
predominant effect of long-term CCl4 treatment on iron
metabolism involves the development of anemia of
inﬂammation or chronic disease. In this instance, the results
of long-term treatment are similar to those of short-term
CCl4 administration discussed above. The effects of longterm TAA treatment on iron homeostasis have not been
examined in detail, but Mueller et al77 reported modest
suppression of Hamp mRNA for >6 days after a single dose
of TAA. Interestingly, this ﬁnding was associated with iron
accumulation in macrophages but not hepatocytes. As discussed earlier, this pattern of iron accumulation presumably
reﬂects the ingestion of necrotic cells and debris rather than
lowered levels of hepcidin. Thus, the signiﬁcance of the
suppression of hepcidin in this context remains to be
determined.
These studies demonstrate that although hepcidin
expression is suppressed in several models of chronic liver
injury, the effect of decreased levels of Hamp mRNA on
iron status is inconsistent. Conversely, some of models of
chronic liver injury are characterized by alterations in iron
metabolism that are in keeping with anemia of chronic
disease. Whether this variability is the consequence of
differing mechanisms of injury or differing levels of
opposing inﬂuences on hepcidin, such as inﬂammation and
oxidative stress, is unclear. It is especially noteworthy that
ostensibly similar models of toxic liver injury (TAA and
CCl4) have contrasting effects on hepcidin and iron metabolism. Elevated levels of CHOP resulting from oxidative
stress have been linked to suppression of hepcidin expression (Figure 1). The ﬁndings in mice receiving long-term
TAA administration and in the hepatitis C virus transgenic
mice discussed above are consistent with this mechanism.
However, one might expect CHOP to increase in CCl4
administration as well, given that the toxicity of CCl4 is
known to involve the generation of free radicals. The reason
it does not and why different forms of liver injury have
different impacts on hepcidin expression remain to be
determined.

Summary and Future Directions
A few general observations emerge from this review. First,
models of acute liver injury in rodents are often associated
with elevated inﬂammatory mediators, upregulation of hepcidin gene expression, and hypoferremia (Figure 1). Although
these events appear typical of an acute-phase response, the
precise relationship between levels of hepcidin transcripts and
changes in serum iron in these models deserves further
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attention. Reductions in serum iron that are not preceded by
increases in Hamp mRNA have been termed hepcidinindependent hypoferremia.8,36,80,81 This phenomenon is not
well understood, but its existence highlights the fact that little
is known about the means by which the synthesis and
secretion of hepcidin are regulated, whether there are factors
that modulate the activity of hepcidin at the cellular level, and
so on. A detailed understanding of these processes might shed
light on the reasons that hepcidin transcript levels sometimes
do not correspond with measurements of the peptide or propeptide in the blood and why serum iron levels sometimes
decrease in the absence of changes in the latter. These are
important questions for future study because of their implications for understanding not only the regulation of iron
metabolism broadly but also speciﬁcally in the area of liver
disease, where much of the existing data that implicate hepcidin in the dysregulation of iron metabolism is limited to
measurements of hepcidin mRNA.
Second, this review shows that hepcidin expression is
uniformly reduced in diverse models of chronic liver injury
that span a wide spectrum of histologic severity. These studies
support the concept that chronic liver injury is associated with
suppression of hepcidin, but whether this is the primary or
sole mechanism accounting for the dysregulation of iron
metabolism in humans with chronic liver disease requires
additional study. Caveats regarding the correlation or lack
thereof between Hamp mRNA and its effects on iron metabolism apply equally to the chronic injury models reviewed
here, which do not consistently demonstrate the alterations in
iron metabolism that would be predicted to occur in response
to reductions in hepcidin expression.
In a few instances, the apparent discrepancy between
changes in hepcidin transcript levels and HICs was
resolved when the effects of the chronic liver injury on
iron metabolism at a systemic level were evaluated.
Without data on serum iron parameters, red blood cell
numbers and indexes, and/or rates of intestinal iron absorption, it is possible to misconstrue the signiﬁcance of
decreases in Hamp mRNA. The studies that found evidence of iron deﬁciency resulting from chronic liver injury
cast reductions in Hamp mRNA in a far different light
than might be assumed in the absence of this information.
Furthermore, the fact that some models of liver injury are
causes of iron deﬁciency is itself an intriguing ﬁnding that
is deserving of investigation.
Future studies should examine how alterations in
mechanisms that regulate iron metabolism evolve over
time in response to liver injury. Any form of liver injury
potentially involves the activation of multiple pathways,
some of which have opposing effects on hepcidin
expression. Information regarding the net effect of
opposing inputs on hepcidin is limited, and even less is
known about how the response to these inputs may change
over time.66,82,83 For example, several of the models of
acute liver injury (I-R, CCl4, and ionizing radiation) are
classic examples of injuries caused by excessive free
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radical production. Why then do the effects of inﬂammation predominate over the hepcidin-suppressive effects of
oxidative stress in the short-term setting, whereas in
chronic liver injury downregulation of hepcidin expression is attributed to oxidative stress, notwithstanding the
fact that inﬂammation and oxidative stress may also
coexist in the latter? Whether this is explicable entirely
because of the intensity of the signal remains to be
determined, as does further information concerning the
binary role of oxidative stress as both a positive regulator
of hepcidin expression (via stimulation of BMP6 expression by SECs) and a negative regulator (based on its effects on CHOP, C/EBPa, and so on). Additional
information on these topics will help to clarify relationships among injury, hepcidin, and iron metabolism in
chronic liver disease.
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