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Abstract

Introduction: There is a proven role for hepcidin and the composition of gut microbiota and its derivatives in the pathophysiology of
liver fibrosis. Area covered: This review focuses on the literature search regarding the effect of hepcidin and gut microbiota on regulat-
ing liver physiology. We presented the regulating mechanisms of hepcidin expression and discussed the possible interaction between
gut microbiota and hepcidin regulation. Furthermore, we investigated the importance of the hepcidin gene in biological processes
and bacterial interactions using bioinformatics analysis. Expert Opinion: One of the main features of liver fibrosis is iron accumula-
tion in hepatic cells, including hepatocytes. This accumulation can induce an oxidative stress response, inflammation, and activation
of hepatic stellate cells. Hepcidin is a crucial regulator of iron by targeting ferroportin expressed on hepatocytes, macrophages, and
enterocytes. Various stimuli, such as iron load and inflammatory signals, control hepcidin regulation. Furthermore, a bidirectional
relationship exists between iron and the composition and metabolic activity of gut microbiota. We explored the potential of gut mi-
crobiota to influence hepcidin expression and potentially manage liver fibrosis, as the regulation of iron metabolism plays a crucial

role in this context.
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Article highlights

® Hepcidin is a hepatokine derived mainly from hepatocytes
that serves as a master regulator of iron. It controls both sys-
temic and intracellular iron levels.

® Gut microbiota affects liver function by modulation of the
gut-liver axis.

® Iron levels can influence gut microbiota composition and
metabolic activity.

¢ Iron availability may be a pivotal regulator in preserving the
symbiotic relationship between gut microbiota and the host.

® Iron storage and expression of intestinal iron
absorption/exporter-mediated proteins, such as DMT1,
DCYTB, and FPN, could be controlled by gut microbiota.

® Gut microbiota may modulate hepatocyte hepcidin gene ex-
pression, especially via direct and macrophage-mediating ef-
fects

® There is a possible interaction between gut microbiota and
hepcidin expression in determining normal liver function and
pathological fibrosis.

Introduction

The liver is a heterogeneous tissue composed of various cells
such as hepatocytes, hepatic stellate cells (HSCs), resident
macrophages (Kupffer cells), infiltrated immune cells, and Liver

Sinusoidal Endothelial Cells (LSECs). These cells undergo morpho-
logical and phonotypical changes during liver injury to partici-
pate in the liver fibrosis process by over-production of Extracel-
lular Matrix (ECM). Also, the crosstalk between the putative cells
is disrupted to induce profibrotic responses under liver injury. The
normal function and structure of the liver depend on the desired
functioning of cells, especially hepatocytes, HSCs, Kupffer cells,
and their cross-talk, to maintain liver structure and restore liver
damage. Under pathophysiological condition, the normal function
of liver is disrupted and could be followed by pathological fibro-
sis, cirrhosis and hepatocellular carcinoma (HCC) (Aydin and Ak-
cali 2018). It has been reported the important role of hepcidin, as
a systemic iron regulator, and gut microbiota on the onset and
development of liver fibrosis which we discussed their molecular
signaling and also possible interactions here.

Liver fibrosis and Hepcidin

One of the primary mechanisms for repairing liver injury is hep-
atic fibrosis mediated by activated HSCs and ECM proteins (Lu
et al. 2016, Kisseleva and Brenner 2021). HSCs are resident hep-
atic cells in quiescent phenotype, which transdifferentiate to acti-
vated cells in myofibroblast-like phenotype after exposure to liver
injury. Also, myofibroblast cells could originate from portal fibrob-
lasts and fibroblasts derived from bone marrow. Activated HSCs
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are the primary fibrogenic cells that restore injured tissue by pro-
ducing crosslinked collagen types I and III (Tsuchida and Fried-
man 2017). This prosses is a normal hepatic fibrosis that could
be reversed by apoptosis of activated HSCs, reversed transdiffer-
entiation to inactivated form, and activity of Matrix Metallopro-
teinases (MMPs) after elimination of liver injury (Fallowfield et al.
2007). In contrast, pathogenic liver fibrosis results from chronic
hepatotoxic damages (such as hepatitis B virus (HBV), hepatitis
C virus (HCV), alcoholic liver disease (ALD), and non-alcoholic
steatohepatitis (NASH)) or bile flow obstruction, and cholestatic
injury (such as biliary cholangitis, primary sclerosing cholangitis
(PSC) and biliary atresia) (Lu et al. 2016, Weiskirchen et al. 2018).

It has been demonstrated the main features of pathogenic fi-
brosis and cirrhosis include disruption of epithelial and endothe-
lial barriers and inflammatory mediators overproduction, such
as TGF-B, by macrophages and infiltrated bone marrow-derived
immune cells and accumulation of ECM proteins (Bataller and
Brenner 2005). Also, TGF-8, mainly produced by bone marrow-
derived macrophages, is the most potent fibrogenic cytokine in-
ducing ECM production through activating the main transcrip-
tional factors, Sma and Mother Against Decapentaplegic (SMADs)
(Khedr and Khedr). Unlike bone marrow-derived macrophages,
hepatic resident macrophages (Kupffer cells) dually act in liver
fibrosis pathology due to anti-inflammatory activity and produc-
tion of MMPs such as MMP2 and MMP9 to resolve ECM in re-
versible fibrosis. Therefore, inflammation has been considered as
critical inducer of HSCs activation and fibrotic scar formation (Ra-
machandran et al. 2012, Tsuchida and Friedman 2017).

There is a crucial interaction between iron homeostasis and
oxidative stress due to the favor of Fe*? in the chemistry of the
Fenton-Haber-Wiess reaction. This reaction yields extremely re-
active oxygen species (ROS) from hydrogen peroxide by Fe*? ox-
idation (Sousa et al. 2020). In a physiologic state, the deleteri-
ous effects of ROS which is released normally during cellular
metabolisms, are counteracted by the activity of the cellular anti-
oxidant system. Furthermore, to inhibit the toxic potential of
iron (Fe*?) to induce oxidative stress by the Fenton reaction, it is
tightly bound to ferritin and transferrin in the intracellular and
extracellular spaces, respectively (Dongiovanni et al. 2011). Under
the iron overloading condition, the accelerated Fenton reaction
and unquenchable consequence radicals occur by the availabil-
ity of Fe*? due to the elevated iron level of circulation resulting
from hepcidin downregulation and also increased free iron (non-
transferrin bind iron, NTBI) and loosely iron bonded to agents
such as albumin, citrate and acetate in serum. The excessive ROS
generation causes damage to the cellular macromolecules, lipids,
protein, and nucleic acids, cell apoptosis followed by cytochrome
c release resulting from mitochondrial membrane damage, and
also ferroptosis, an iron-dependent regulated cell death. It has
been demonstrated the pathological role of ROS and iron overload
in the liver diseases (Capelletti et al. 2020). Indeed, iron overload
and its accumulation in hepatocytes have recently been reported
as common features of liver fibrosis, which could induce oxidative
stress by proceeding of Fenton reaction, inflammation, and acti-
vation of HSCs. Also, iron deposition in Kupffer cells results in the
production of pro-inflammatory cytokines, leading to liver fibrosis
(Mehta et al. 2019). Iron overload occurs due to reducing or sup-
pressing the maser systemic iron regulator, hepcidin. Iron plays
a vital role in the viability of organisms due to its involvement in
biological processes such as respiration, cell growth, and differen-
tiation (Lu et al. 2016). Hence, a regulating iron level mechanism
is mediated by hepcidin to control iron load via interaction with
ferroportin (FPN), expressed by the leading iron stores such as en-

terocytes, macrophages, and hepatocytes (Atanasiu et al. 2007).
This evidence implies that the altered gene expression profile of
hepatocytes, especially hepcidin, can induce fibrogenic processes
(such as activation of HSCs) beyond the inflammatory stimuli.

Hepcidin is a master iron regulator hepatokine derived mainly
from hepatocytes, first identified by antimicrobial activity as
Hepcidin Antimicrobial Peptide (HAMP) or Liver-expressed An-
timicrobial Peptide-1 (LEAP-1). Hepcidin can inhibit Escherichia
coli, Salmonella typhimurium, and Mycobacterium tuberculosis growth
(Park et al. 2001, Sow et al. 2007, Nairz et al. 2008). It has been re-
ported that a decrease in iron level in serum resulting from hep-
cidin induction, reduces the expression of outer membrane pro-
tein A (OmpA) of Aeromonas hydrophila in zebrafish model. OmpA
which is induced by iron acts as a strategy to escape from the
complement system in A. hydrophila invasion. These findings im-
plicated the importance of iron to bacterial growth and expres-
sion of virulence factors such as OmpA. Therefore, the combined
antibacterial and iron regulatory effects of hepcidin on bacterial
defense against innate immunity can reduce bacterial invasion
(Smith et al. 2007, Xiong et al. 2010, Michels et al. 2015, Jiang et al.
2017).

Furthermore, hepcidin levels are inversely related to iron
load due to its ability to degrade ferroportin (FPN), encoded by
SLC40A1, the principal iron efflux pump expressed on enterocytes,
macrophages, and hepatocytes (Rice et al. 2009).

Hepcidin could regulate iron absorption mediated by entero-
cytes, primarily through regulating FPN stability on these cells.
Enterocytes mediate iron absorption and circulation via several
proteins, including duodenal cytochrome B (DCYTB) to reduce fer-
ric iron to ferrous, divalent metal transporter 1 (DMT1) to transfer
ferrous iron to enterocytes, FPN to export ferrous iron to circula-
tion, hephaestin (HEPH) to oxidize ferrous iron to ferric, and trans-
ferrin (TF) as an iron plasma carrier (Fuqua etal. 2012). Itis noticed
that FPN is necessary for iron absorption. It has been showed that
iron body load affects FPN expression so that it is inversely ex-
pressed in response to iron deficiency in enterocytes. Meanwhile,
the expression of FPN in other tissues is differently regulated by
the iron load. For example, liver-expressed FPN is decreased and
increased by iron deficiency and iron overload, respectively. This
is a protective regulatory mechanism against intracellular toxic
iron accumulation (De Domenico et al. 2006, Bogdan et al. 2016,
Link et al. 2021).

Macrophages and hepatocytes are also the targets of hepcidin
to control iron efflux due to their roles in hemoglobin recycling
and primary storage of iron, respectively. The intracellular over-
load of iron in hepatocytes results from the downregulation of
hepcidin, which is followed by the incensement of iron efflux from
macrophages and enterocytes to circulation due to lacking in-
hibitory function on FPN activity (Kessler et al. 2015, Mehta et al.
2019).

Furthermore, the role of hepcidin in the intercellular commu-
nication of liver cells, especially hepatocytes and HSCs, was iden-
tified in a fantastic study. Han Yeob Ch et al. showed the inhibitory
role of hepcidin in the activation of HSCs by degradation of FPN
(expressed on HSCs) and improvement of liver fibrosis. Indeed,
FPN deficiency in activated HSCs suppresses the phosphorylation
of SMAD3, induced by TGF-8 signaling via hepcidin overexpres-
sion in CCl4-induced fibrotic mice. As a result, the suppression of
HSC activity disrupts the production of ECM and inflammatory cy-
tokines, elevating hepatocytes’ injury and fibrosis (Han et al. 2016).
On the other hand, disrupted iron homeostasis contributes to HSC
activation. Unlike quiescent, activated HSCs express two iron-
related receptors, including a specific receptor for the H-ferritin
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Figure 1. The effects of downregulated hepcidin in induction of liver
fibrosis.

receptor and transferrin receptor-1 (TFR-1) (Mehta et al. 2019). H-
ferritin, released from Kupffer cells after hemoglobin recycling
from senescent RBC (erythrophagocytosis), binds to the H-ferritin
receptor and internalizes to activated HSCs (Mao et al. 2015). Sub-
sequently, proinflammatory and profibrogenic effects are exerted
by activating nuclear factor-kappa B (NF-«B) and elevated IL-6 and
IL-1B8 due to free radical production. Also, TFR-1 activation of acti-
vated HSCs with transferrin increases the transcripts of ECM com-
ponents, such as a-smooth muscle actin (¢-SMA) and procolla-
gen a1 (Bridle et al. 2003, Mehta et al. 2018). Interestingly, HSCs
produce excessive ECM and cross-linked mature collagens during
liver fibrosis, which are more resistant to MMP degradation. It has
been demonstrated that iron overload may enhance fibrogenesis
due to acting as a cofactor for hydroxylase enzymes catalyzing
crosslinking collagens (Risteli and Kivirikko 1974). Generally, we
presented the main effects of downregulated of hepcidin in liver
fibrosis (Fig. 1).

Regulation of Hepcidin Expression

According to the pivotal role of hepcidin in managing iron home-
ostasis and pathological consequences, its gene expression is
tightly controlled by several mechanisms, including iron load and
inflammation. Iron deficiency and increased erythropoiesis can
decrease hepcidin expression, which is followed by the eleva-
tion of iron absorption and efflux of iron from storing cells to
circulation. In contrast, iron overload upregulates hepcidin ex-
pression, decreasing iron absorption and keeping excess iron in
macrophages and hepatocytes (Ganz and Nemeth 2012). Hered-
itary hemochromatosis is a known iron loading disorder due
to HAMP mutations, emphasizing hepcidin’s crucial role in re-
sponding to iron status. The severe form of iron overload is
called juvenile hemochromatosis, resulting from mutation in the
hemojuvelin (HJV) gene. HJV mediates one of the main induc-
ing hepcidin expression signaling by bone morphogenetic proteins
(BMP)/SMAD pathway against iron load. HJV acts as a BMP core-
ceptor (Xia et al. 2008). BMP6 is predominantly released by Liver
Sinusoidal Endothelial Cells (LSECs) and HSCs in response to iron
overload for the regulation of iron hemostasis through HAMP in-
duction in hepatocytes. After BMP6 binds to its receptor and core-
ceptor, a complex of phosphorylation of SMAD 1/5/8 incorporated
with SMAD4 is formed and translocated to the nucleus to induce
HAMP promoter (Parrow and Fleming 2014, Xiao et al. 2020). In ad-
dition, Hemochromatosis Protein (HFE) and Transferrin Receptor
2 (TFR2), which are expressed on the plasma membrane of hepa-
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tocytes, sense plasma iron levels. Iron overload induces HFE and
TFR2 to upregulate HAMP by influencing the BMP/SMAD signaling
for controlling the iron circulation. The hemochromatosis may re-
sult from HFE and TFR2 mutations in relatively mild phenotypes
(Chen et al. 2016).

Another main regulatory hepcidin expression is mediated by
JAK (Janus kinase)-STAT3 (signal transducer and activator of tran-
scription 3) pathway activated via inflammatory stimuli for re-
ducing serum iron levels. Since iron is a pivotal element for the
survival and replication of microorganisms, its suppression dur-
ing infection is a defense strategy to sequester iron from micro-
bial agents (Wang and Babitt 2016). In the inflammatory state,
macrophages, monocytes, and Dendritic Cells (DCs) preserve in-
tracellular iron as a form binding to ferritin and inhibiting iron
export meditated by hepcidin (Cairo et al. 2011). Therefore, hep-
cidin acts as innate immunity and is categorized as a type Il acute-
phase protein. Elevated hepcidin during infection causes anemia
of inflammation (Al) to diminish the viability of infectious agents.
Hence, patients with a high iron level have a poor disease progno-
sis and a higher mortality rate (Lan et al. 2018). The main inducer
cytokine to hepcidin expression is IL-6, which interreacts with
IL-6 receptor GP-130 and induces phosphorylation and nucleus
translocation of STAT-3. This role of IL-6 depends on macrophages
expressing toll-like receptors (TLRs) but not released from Kupf-
fer cells since depletion of the liver from Kupffer cells does not
affect hepcidin expression by IL-6 exposure (Lou et al. 2005). In-
terestingly, hepcidin expression reduction was reported in biliary
atresia (cholestatic injury). Hydrophobic bile acid disrupted the
IL-6-STAT3 pathway to induce HAMP in hepatocytes by inhibiting
STAT-3 phosphorylation (Huang et al. 2009).

Furthermore, a macrophage-independent manner has been
described to induce hepcidin expression in hepatocytes. In this
way, the activation of TLR-4 expressed on hepatocytes (instead
of macrophages) induces the HAMP promotor. Lipopolysaccharide
(LPS) has a proinflammatory activity on macrophages expressing
TLR-4 to induce NF-kB and its targeted proinflammatory genes,
such as IL-6, which is the main inflammatory inducer of hepcidin
expression as a macrophage-mediated pathway (Lee et al. 2017).
Also, LPS could interact with hepatocyte-expressed TLR-4 to in-
duce the myeloid differentiation factor 88 (MyD88) pathway by
activating c-Jun N-terminal kinase (JNK) and activator protein-1
(AP-1). The binding site to AP-1 is identified on the HAMP promo-
tor. Therefore, LPS induces HAMP via the TLR-4-JNK-AP-1 axis in
hepatocytes. In contrast, the suppression of liver hepcidin expres-
sion was reported by alcohol through TLR-4 and activation of NF-
kB even in the presence of inflammatory stimuli (Zmijewski 2014).
Also, LPS can elevate SMAD signaling to induce HAMP promot-
ers by activating SMAD4, followed by the TLR-4-MyD88 pathway
(Kowdley et al. 2021). Different adaptor molecules and transcrip-
tion factors located downstream of TLR-4 explain different signal-
ing pathways by various stimuli.

Hepcidin Role in Chronic Liver Disease and
Hepatocellular Carcinoma

Chronic Liver Disease (CLD) includes alcoholic/non-alcoholic liver
disease and viral hepatitis, resulting in the dysfunction of inflam-
matory response and liver structure and progressing into fibro-
sis, cirrhosis, and Hepatocellular Carcinoma (HCC). Hepatic iron
overloading is a common feature of CLD (Milic et al. 2016). Al-
coholic Liver Disease (ALD) is a threat to global public health. In
ALD, ethanol abuse promotes hepatic iron overload by inhibiting
hepcidin gene expression. This inhibition is caused by inhibiting
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enhancer-binding protein (C/EBP), which results from alcohol and
iron-mediated oxidative stress (Ferrao et al. 2022, Li et al. 2022).
Also, alcohol can upregulate enterocyte DMT-1 and FPN, increas-
ing serum iron and promoting liver fibrosis (Harrison-Findik et al.
2007).

Non-alcoholic Fatty Liver Disease (NAFLD), characterized by
increased liver fat accumulation, is the most common liver dis-
ease worldwide. It consists of intracellular fat accumulation and
steatosis, from simple to progressive, called non-alcoholic steato-
hepatitis (NASH), possibly progressing into liver fibrosis, cirrhosis,
HCC, and death. There are pathogenic factors to the onset and de-
velopment of NAFLD, including metabolic syndrome-related fea-
tures such as obesity, insulin resistance, hypertension, hyperlipi-
demia, and hepatic iron overload (Younossi et al. 2020, Pantano
et al. 2021). Iron overload can promote hepatic fibrosis, which is
a NASH character. According to the complexity of NASH pathoge-
nies and the proven role of iron load in liver fibrosis, reducing iron
load can be a strategy to reduce steatosis, inflammation, and fi-
brosis in NASH treatment. In this regard, Chen et al. demonstrated
a potential therapeutic role for hepcidin in alleviating steatohep-
atitis and fibrosis in NASH-induced animal models via recombi-
nant adeno-associated virus genome 2 serotype 8 vector express-
ing Hamp (rAAV2/8-Hamp)-mediated hepcidin intervention. They
reported that the overexpression of HAMP significantly improved
liver fibrosis by suppressing proinflammatory response, infiltra-
tion of macrophages, and HSCs activation in a mouse model of
NASH induced by a choline-deficient I-amino acid-defined (CDAA)
diet (Chen et al. 2022). Furthermore, several studies demonstrated
a significant correlation between serum hepcidin level, hepatic
iron, and fibrosis in NAFLD/NASH patients (Valenti et al. 2010, Nel-
son et al. 2011, Nelson et al. 2012). Lu et al. emphasized the role of
iron and hepcidin in the severity of NAFLD. They reported the role
of hepcidin in regulating metabolic processes and lipid and carbo-
hydrate metabolism in high fat-fed and high sucrose-fed Hamp1
knockout mice (Lu 2016).

Hepatitis B Virus (HBV) and Hepatitis C Virus (HCV) are
causative infectious factors in liver fibrosis, demonstrating dis-
rupted hepcidin levels. Interestingly, HCV is a stronger oxidative
stress inducer than other viral hepatitis agents. Also, HCV-induced
liver fibrosis inhibits hepcidin expression by binding impairing
C/EBP and STAT3 hepcidin promoters. Furthermore, HCV-induced
hepcidin suppression is due to the antiviral activity inhibiting HCV
replication. Therefore, antiviral therapy, which increases STAT3
expression level, could effectively restore hepcidin levels and de-
crease viral loads (Barry et al. 2009, Vela 2018).

As mentioned above, hepatic iron overload could lead to fibro-
sis, cirrhosis, and HCC due to the hepatocarcinogenic potential
of iron. Contrary to other types of cancer in which the hepcidin
level elevates, hepcidin is downregulated in HCC (Fan et al. 2021,
Joachim and Mehta 2022). Evidence shows that an iron supple-
mentation diet correlates with neoplastic hepatic nodules and
HCC in animal and clinical models (Bothwell et al. 1964, Asare
et al. 2006). Although the increased level of hepcidin inducer is
seen in HCC, various mechanisms can be considered for down-
regulated HAMP expression in HCC. They may include the hyper-
methylation of HAMP promoters and BMP6 as potent hepcidin in-
ducers, which are down-regulated in HCC (He et al. 2014, Udali et
al. 2018). Additionally, there may be downregulation of TFR2 and
HJV as iron sensing mediators that induce hepcidin (Maegdefrau
etal. 2011, Joachim and Mehta 2022). Iron overload can lead to the
downregulation of the tumor suppressor P53, which in turn de-
creases HAMP expression due to the presence of P53 response on
HAMP promoters. Another possible factor is a mutation on TP53,

the gene encoding P53, which activates HAMP transcription (Hus-
sain et al. 2007, Shen et al. 2014). Also, there may be an elevation
of matriptase-2 expression, which acts as a negative regulator for
hepcidin expression (Lofft et al. 2020).

The downregulation of hepcidin in HCC can affect HCC patho-
genesis by promoting the growth of cancerous cells by activat-
ing the cyclin-dependent kinase-1/STAT3 (CDK1/STAT3) pathway
(Shen et al. 2019). Liver fibrosis and cirrhosis are significant fac-
tors in HCC development. Therefore, the downregulation of hep-
cidin in HCC can eliminate the protective effect of hepcidin be-
cause it lacks the inhibitory effect on TGF-B-induced smad3 phos-
phorylation, which inhibits HSC activation (Joachim and Mehta
2022). Also, increased BMP expression and activated BMP-SMAD
signaling can influence HCC metastasis and invasion by promot-
ing cancer cell migration (Maegdefrau and Bosserhoff 2012). The
potential of hepcidin as a diagnostic, prognostic, and therapeu-
tic factor has been suggested (Joachim and Mehta 2022). There
is a challenge concerning HCC diagnosis, which affects prognosis,
treatment, and cost burden. HCC is mainly diagnosed by assessing
serum Alpha-fetoprotein (AFP) levels and imaging techniques. Ap-
proximately half of HCC patients exhibit AFP-negative tests, em-
phasizing the lack of comprehensive HCC biomarkers (Wang and
Zhang 2020).Joachim JH et al. highlighted the potential of hepcidin
as a new diagnostic biomarker for HCC (Joachim and Mehta 2022).
Nahon P et al. reported an association between low levels of hep-
cidin and higher risks for HCC and poor prognosis in alcoholic cir-
rhotic patients (Nahon et al. 2016). Furthermore, a study reported
the beneficial role of deferasirox (DFX) iron chelating against HCC
(Saekiet al. 2016). Therefore, the modulation of iron level and hep-
cidin could be a target for HCC treatment.

Microbiota-Gut-liver Axis and Liver Fibrosis

Gut microbiota is a co-evolved complex microbial population that
colonizes the gastrointestinal (GI) tract. Currently, the pivotal role
of gut microbiota in determining health and disease state has
well been known (Fan and Pedersen 2021). Many studies impli-
cate the involvement of the dysbiotic gut microbiota in the pathol-
ogy of a wide range of diseases, including the most common liver
diseases such as chronic hepatitis B (CHB), chronic hepatitis C
(CHCQ), alcoholic liver disease (ALD), non-alcoholic fatty liver dis-
ease (NAFLD), non-alcoholic steatohepatitis (NASH), liver cirrho-
sis, and hepatocellular carcinoma (HCC) (Lin et al. 2014, Wieland
et al. 2015, Wang et al. 2018, Alvarez-Mercado et al. 2019). Besides
the regulatory role of gut microbiota in the modulation of various
mechanisms, such as immune and metabolism pathways in the
GI tract, it bi-directionally communicates with extraintestinal or-
gans, especially the liver named the gut-liver axis. According to
the anatomical and functional similarities between the GI tract
and liver, their bidirectional interaction has been established to be
primarily mediated via portal circulation (Adolph et al. 2018). The
role of gut microbiota in the maintenance of normal liver func-
tion could be summarized in several main mechanisms, includ-
ing (i) the modulation of systemic inflammatory responses due
to the presence of nearly 70% of immune cells in lamina pro-
pria that is educated by lumen sampling of microbiota-derived
immunological components (Ahmadi Badi et al. 2021), (ii) regula-
tion of permeability of intestinal epithelium layer that determines
pathogenic and symbiotic bacteria and their immunological com-
ponents’ translocation to lamina propria and circulation (Régnier
et al. 2021), (iii) the influence on the bile acids (BAs) composi-
tion and pool size through deconjugation of primary to secondary
BAs and BAs-farmesoid X receptor (FXR) interaction modulating
metabolic and immune pathways and BAs production (Sayin et al.



2013) and (iv) the control of HSCs transdifferentiation by modu-
lating the intrahepatic immune microenvironment (composition
of immune cells and cytokines/chemokines profile) (Liang et al.
2020).

The liver continuously is exposed to antigen-derived nutri-
ents, pathogens, microbiota, and their metabolites (such as short-
chain fatty acids (SCFAs)), which reach the liver by the portal
vein. In normal conditions, LPS derived from Gram-negative mem-
bers of gut microbiota is translocated to the liver (by portal vein)
and detoxified and cleared through the phagocytic activity of
Kupffer cells in the reticuloendothelial system (RES) (Leber et
al. 2012). Under liver injury conditions, the mentioned mecha-
nism is disrupted due to the dysfunction of the gut barrier and
the reduction of RES activity, finally resulting in the dominancy
of proinflammatory responses. On the other hand, increased gut
microbiota-derived LPS promotes HSCs transdifferentiation by ac-
tivating TLR-4 expressed on HSCs, followed by the incensement of
cytokines and chemokines (Zheng and Wang 2021). In addition, in
the normal state, SCFAs derived from gut microbiota help main-
tain the normal liver function through several routes including
the reinforcement of gut barrier integrity and control of bacte-
rial translocation to the liver, acting as a signaling molecule to in-
teract with G-protein-coupled receptor (GPR) 41, GPR43 and per-
oxisome proliferator-activated receptor y (PPAR-y), which medi-
ate immune and metabolic homeostasis, having the epigenetic
potential to the improvement of regulatory T-cells (Treg) by in-
hibiting histone deacetylase (HDAc) (Koh et al. 2016, Zheng and
Wang 2021). In liver injury, the optimal concentration of SCFAs
is disrupted, followed by the dysbiosis of gut microbiota com-
position, especially Bacteroidetes and Firmicutes phyla, includ-
ing Ruminococcaceae, Lachnospiraceae, and Clostridiales, which
are the main SCFAs producers (Furusawa et al. 2013, Zhang et
al. 2021). Therefore, the gut-liver axis is negatively influenced by
a liver injury that induces dysbiosis of gut microbiota and vis
versa, which, in turn dysbiosis of gut microbiota could cause liver
damage.

Interplay between Gut Microbiota and Iron
Homeostasis from Intestinal Iron absorption to
Hepatic Hepcidin Expression
Iron derived from diet and hem could influence gut microbiota
composition and metabolic activity. It has been demonstrated
that very low iron condition negatively affects gut microbiota
health by decreasing butyrate-producing bacteria, such as Rose-
buria spp. and Bacteroides spp. because Fe acts as a cofactor for
enzyme involvement in the fermentation pathway (Dostal et al.
2013). Furthermore, Firmicute abundance, the main gut micro-
biota phylum, has been reported to increase and decrease under
iron supplementation and iron deficiency conditions, respectively
(Dostal etal. 2012, Dostal et al. 2013). Also, hem enriched intestinal
lumen resulting from a hem-rich diet or intestinal bleeding may
induce dominancy of bacteria containing the heme-uptake cod-
ing genes (Constante et al. 2017). There is an ongoing competition
for iron acquisition between microbes and hosts mainly mediated
by the release of iron-chelating proteins to the intestinal lumen,
including siderophore and lipocalin-2, respectively (Chieppa and
Giannelli 2018). Therefore, iron availability may be a pivotal regu-
lator in preserving the symbiotic relationship between gut micro-
biota and the host.

Evidence emphasizes the role of gut microbiota in liver patho-
physiology concentrated on iron homeostasis mediated by hep-
cidin. Hence, it is necessary to consider the mechanisms influ-
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enced by gut microbiota to modulate iron metabolism and hep-
cidin regulation for liver fibrosis control. On the one hand, the gut
microbiota could affect iron metabolism due to the absorption
of dietary iron in the GI tract colonized by this microbial com-
munity. Although the duodenum is the primary site for iron ab-
sorption (nearly 15% absorption rate), the rest of the iron reaches
the colon, which is the leading site for the gut microbiota popu-
lation (Yilmaz and Li 2018). The availability and valency of iron
could be influenced by microbiota composition via the produc-
tion of siderophores (chelating molecules for the acquisition of
iron for bacterial cells) and SCFAs that can increase iron absorp-
tion by several mechanisms, including the supply of energy for
the proliferation of epithelial cells, reduction of iron to the fer-
rous form, pH dropping of GI tract, and increment of iron solubility
(Salovaara et al. 2003, Yilmaz and Li 2018). There is a correlation
between gut microbiota-derived vitamins including vitamin B12
(cobalamin) and folate with erythropoiesis since their deficiency
can lead to anemia (Koury and Ponka 2004). Furthermore, it has
been reported that Vitamin B such as cobalamin affects gut micro-
biota composition and its capacity to produce SCFAs (Wan et al.
2022). Therefore, gut microbiota-derived vitamins such as vitamin
B12 can influence the crosstalk between iron homeostasis and
gut microbiota by the mentioned effects. The iron storage and ex-
pression of intestinal iron absorption/exporter-mediated proteins,
such as DMT1, DCYTB, and FPN, could be controlled by gut micro-
biota. A study demonstrated that germ-free (GF) mice had signif-
icantly higher and lower levels of absorptive iron proteins (DMT1
and DCYTB) and iron efflux FPN than those colonized with micro-
biota. Also, Bacteroides thetaiotaomicron, Faecalibacterium prausnitzii,
and probiotic strains (Streptococcus thermophilus LMD-9) could in-
duce ferritin storage in the colon (Deschemin et al. 2016). Further-
more, it has been reported that Lactobacillus species are the main
gut microbiota to sense iron levels and reduce host iron absorp-
tion. Gut microbiota metabolites, such as 1,3-diaminopropane
(DAP) and reuterin, regulate iron homeostasis and ameliorate tis-
sue iron overload by acting as a suppressor of hypoxia-inducible
factor 2a (HIF-2a), a transcription factor of three key intesti-
nal iron transporters (DMT1, DCYTB, and FPN), and increament
of iron storage ferritin (Das et al. 2020). Interestingly, intestinal
HIF-2a activation has been shown that is in association with
the hepcidin/FPN axis to control iron absorption (Schwartz et al.
2019).

On the other hand, a study reported the inducing effect of gut
microbiota on hepatocyte hepcidin expression. It identified the
ability of Bifidobacterium longum and Bacteroides fragilis to upregu-
late hepcidin in a macrophage-stimulated manner which is me-
diated by activation of BMP/SMAD signaling with IL-18. Also, the
novel association between IL-18 and BMP/SMAD signaling to in-
duce hepcidin and possibly different hepcidin induction mech-
anisms between humans and mice (the role of IL-18) were sug-
gested (Shanmugam et al. 2015).

Also, a fantastic study reported the effect of gut microbiota on
the induction of hepcidin produced by non-hepatocyte sources.
Bessman NJ reported a protective effect of gut microbiota on
mucosal healing through the induction of hepcidin production
from conventional dendritic cells (cDCs), which are essential to
repair tissue by hepcidin production in the inflamed intestine.
The cDCs produce hepcidin in response to gut microbiota stim-
uli. This limits the availability of local intestinal iron by seques-
tering it by targeting intestinal phagocytes that express FPN. It
also helps to limit tissue infiltration. This hepcidin, produced from
cDC, has been characterized and compared with hepcidin de-
rived from the liver, which is induced by inflammatory responses
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Figure 2. The bar plot of the HAMP gene in A) biological processes and B) pathogenic phenotypes. In biological processes, iron metabolism, positive
and negative self-regulation in the formation of hemoglobin by this gene are highly evident. Also, in diseases related to liver fibrosis, there has been a

more significant observation of liver mass and iron metabolism in the liver.

and provides protection against systemic infection (Bessman et al.
2020).

The bidirectional crosstalk between gut microbiota members
and the host for iron acquisition and metabolism plays an impor-
tant role in shaping the metabolism of both the host and the gut
microbiota. As discussed above, the potential crosstalk is medi-
ated by the influence of bacterial species on iron metabolism and
the impact of nutrient-derived iron on gut microbiota composi-
tion. This interaction affects iron levels and storage, the immune
system, and glucose metabolism, which is related to metabolic
syndrome (Mayneris-Perxachs et al. 2022). Therefore, there is a
correlation between iron and glucose metabolism due to dis-
rupted iron homeostasis and changes in gut microbiota compo-
sition in patients with metabolic disease and insulin resistance
(Fillebeen et al. 2020). Several studies have reported that iron
overload is a risk factor for diabetes (Simcox and Mcclain 2013,
Ferndndez-Real and Manco 2014). There is an interconnection be-

tween iron and glucose metabolism, which are hormonally reg-
ulated by hepcidin and insulin, respectively. In this regard, docu-
ments represent the direct induction effect of hepcidin via STAT3
on hepatocytes. Additionally, there is evidence of increased hep-
cidin levels due to glucose intake in healthy subjects (Aigner et al.
2013, Wang et al. 2014). Accordingly, metabolic syndrome, such as
type 2 diabetes, is associated with altered gut microbiota and iron
metabolism. A study supports that the improvement of glucose
levels may be controlled by Salidroside (SAL), a Chinese herbal
compound with the potential to affect gut microbiota composi-
tion and protect against iron overloading. This is achieved by tar-
geting gut microbiota and iron metabolism in diabetic mice (Shi
et al. 2022). Therefore, considering the putative correlation could
be useful for designing therapeutic strategies for metabolic syn-
drome.

Using primary and integrated bioinformatics analysis, we in-
vestigated the HAMP gene and identified its role in biological pro-
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Figure 3. The scatter plot of the degree of accumulation and the correlation of HAMP expression with various bacterial strains and microbes.

cesses and the types of diseases caused by defects in this gene.
Next, we represented the bacteria interacting with the HAMP gene
as a scatter diagram. These findings revealed that this gene plays
a significant role in iron-dependent metabolic processes and is as-
sociated with diseases such as thalassemia, liver fibrosis, immune
system disorders in the liver, iron metabolism disorders, and apla-
sia in red blood cells (Fig. 2).

In the next part of the analysis, we found that the HAMP
gene is significantly associated with bacterial strains such
as Mycobacterium tuberculosis and Brucella suis. Addition-
ally, HAMP is related to other microorganisms such as Cox-
sackievirus, Human Immunodeficiency Virus, and Leishmania
(Fig. 3).

According to the crucial role of gut microbiota in driving the
gut-liver axis, bacterial translocation to the liver and possible in-

fluential direct and macrophage-mediated effects on hepcidin ex-
pression could be rationally based on the stimulation of systemic
immunity and continued exposure of the liver to gut microbiota
components and metabolites. Taken together, we summarized the
possible crosstalk between gut microbiota and hepcidin expres-
sion to determine the physiology and pathophysiology of liver fi-
brosis (Fig. 4).

Conclusion

We can illustrate the potential pathways for their interactions
based on the role of gut microbiota in liver pathophysiology and
iron metabolism, as well as the complexity of iron homeosta-
sis and its prominent role in liver fibrosis. Gut microbiota may
modulate hepatocyte hepcidin gene expression, especially via di-
rect and macrophage-mediated effects. Furthermore, the intesti-
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Figure 4. The possible interaction between gut microbiota and hepatic hepcidin expression in the determination of normal liver function and
pathological fibrosis; in a symbiosis state, the liver has normal functioning due to fine-tuning of hepcidin gene expression in hepatocytes. Hepcidin
controls liver physiology by suppressing HSCs activation (by degrading FPN and suppressing SMADs signaling to produce ECM) and inhibiting
intracellular hepatic iron overload through inhibiting iron over-efflux from enterocytes and macrophages to circulation. Also, intestinal iron
absorption could be desired by the normal function of DMT-1 and DCYTB and an intact gut barrier to inhibit the over-translocation of immunological
components to lamina propria and circulation, which control inflammatory signals in the liver. Gut microbiota components, such as LPS, could
regulate hepcidin expression by direct (stimulation of TLR-4) and macrophage-mediated (activation of IL-6 receptor) effects in hepatocytes. Under a
dysbiotic state, the perturbed gut barrier function increases bacterial translocation, inducing pro-inflammatory responses, and exacerbating hepatic
fibrogenic reactions. The inhibitory hepcidin effect on the activated HSCs is disrupted which results to elevated activation of HSCs and excessive
accumulation of ECM. On the other hand, the plasma iron level and hepatic intracellular iron overload could be affected by gut microbiota, their
components, and metabolites via influencing the expression of iron abortive proteins, such as DMT-1 and DCYTB, and iron efflux pump, FPN.

nal expression of proteins mediating iron absorption and expor-
tation may be regulated by gut microbiota composition. These
data suggest the potential of the gut microbiota as hepatoprotec-
tive bacteria in controlling and modulating liver fibrosis by reg-
ulating hepcidin, which controls iron homeostasis. However, it is
necessary to elucidate the molecular signaling pathways related
to the fine-tuning control of iron levels and preserve the sym-
biotic relationship between the host and gut microbiota in liver
fibrosis.

Expert Opinion

Pathological liver fibrosis occurs due to chronic liver injury. Hep-
atotoxic and cholestatic liver injuries resulting from chronic viral
infections, metabolic syndrome, and obstructive bile flow, such as
biliary atresia, can progress to fibrosis, cirrhosis, and Hepatocel-
lular Carcinoma (HCC). One of the main features of liver fibro-
sis is iron accumulation in hepatic cells, including hepatocytes.
This accumulation can induce an oxidative stress response, in-
flammation, and activation of Hepatic Stellate Cells (HSCs), ul-
timately leading to the onset and development of fibrogenic re-

sponses. There is a proven role for hepcidin as the main regu-
lator of iron in the pathophysiology of liver fibrosis by targeting
FPN. The FPN activity involves the efflux of iron from the main
iron donor and storage cells, including enterocytes, macrophages,
and hepatocytes, into circulation. Hepatocyte iron accumulation
is considered the starting point for the induction of inflamma-
tory and fibrogenic responses resulting from decreased hepcidin
levels.

In addition, fine-tuning intercellular communication between
hepatic cells, such as hepatocytes, Kupffer cells, and HSCs, pre-
serves the liver's normal function, which could be disrupted by
hepcidin dysregulation. In contrast, it has been demonstrated that
gut microbiota plays a pivotal role in regulating liver function
through the gut-liver axis. Also, iron levels could alter gut micro-
biota composition and metabolic activity, affecting liver function.
Some studies report the alteration of gut microbiota composition
in liver injuries, such as liver fibrosis, which could be followed by
cirrhosis and hepatocellular carcinoma. Therefore, the gut-liver
axis is negatively influenced by liver injury, which can induce dys-
biosis of the gut microbiota. Conversely, dysbiosis of the gut mi-
crobiota can also cause liver damage. Furthermore, the iron level,



which is regulated by the hepcidin-FPN axis and proteins involved
in iron uptakes, such as DCYTB and DMT1, could be influenced
by the composition of gut microbiota, which can be altered by
changes in iron levels.

Hepcidin expression is controlled by various factors, especially
iron levels and the inflammatory response, which are correlated
with maintaining the symbiotic relationship between the host and
gut microbiota. Therefore, we can consider a powerful interplay
between hepcidin and gut microbiota as two key factors in liver
fibrosis. This delicate perspective could be considered when de-
signing a gut microbiota-targeted intervention for regulating iron
levels influenced by hepcidin activity. By considering the potential
role of gut microbiota in modulating inflammation and hepato-
protective activities, itis necessary to understand the interplay be-
tween gut microbiota and hepcidin during liver fibrosis. Further-
more, we should consider that antifibrotic drugs may have side
effects on normal hepatic cells. On the other hand, restoration
of intercellular crosstalk between hepatic cells through modula-
tion of hepcidin levels may offer a promising therapeutic strat-
egy for preventing, controlling, and treating liver fibrosis. It has
been documented that gut microbiota is pivotal in determining
health and disease status, such as liver complications. There-
fore, we should consider gut microbiota members as important
actors in liver fibrosis therapeutic strategies to restore dysbiotic
gut microbiota-host interactions. Targeted interventions for the
gut microbiota and the discovery of novel components derived
from the gut microbiota have shown promising potential in this
field.
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