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Abstract: Nonalcoholic fatty liver disease (NAFLD) is a major health issue. NAFLD can progress
from simple hepatic steatosis to nonalcoholic steatohepatitis (NASH). NASH can progress to cirrhosis
or hepatocellular carcinoma. Unfortunately, there is no currently approved pharmacologic therapy
for NAFLD patients. The six transmembrane protein of prostate 2 (STAMP2), a metalloreductase
involved in iron and copper homeostasis, is well known for its critical role in the coordination of
glucose/lipid metabolism and inflammation in metabolic tissues. We previously demonstrated that
hepatic STAMP2 could be a suitable therapeutic target for NAFLD. In this review, we discuss the
emerging role of STAMP?2 in the dysregulation of iron metabolism events leading to NAFLD and
suggest therapeutic strategies targeting STAMP2.
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1. Introduction

Nonalcoholic fatty liver disease (NAFLD) is the main cause of liver disease worldwide.
NAFLD is speculated to become the leading cause of end-stage liver disease in the future.
NAFLD affects both adults and children [1]. Nonalcoholic steatohepatitis (NASH) is an
aggressive form of NAFLD. NASH can progress to cirrhosis and hepatocellular cancer
(HCC). NASH is rapidly becoming the leading cause of end-stage liver disease or liver
transplantation [2,3]. Currently, no pharmacotherapies are approved for the treatment of
NAFLD. The current treatment is lifestyle modification, which is based on bodyweight and
exercise. Various novel therapeutic approaches are under clinical development. Despite
decades of intensive study on the pathogenesis of NAFLD, understanding the mechanism
underlying the pathogenesis of this disease is still incomplete.

Six transmembrane protein of prostate 2 (STAMP2) exerts a pivotal function in
metabolic and inflammatory pathways. Previous studies elucidated that altered STAMP2
expression disrupts metabolic homeostasis [4-7]. Additionally, various studies have shown
that dysregulation of STAMP?2 is associated with metabolic and inflammatory diseases,
such as obesity [8-10], rheumatoid arthritis [11-14], and atherosclerosis [15,16]. In addition,
recent epidemiological research has reported an association between single nucleotide
polymorphisms (SNPs) in the STAMP2 gene and metabolic syndrome [17-19]. Emerging
evidence has further demonstrated that knockdown or elimination of STAMP2 results in
various metabolic and inflammatory dysregulations. Adipose tissue of STAMP2-/- mice
exhibited the expression of inflammatory genes as well as impaired insulin action [10].
STAMP2 knockdown resulted in insulin-stimulated glucose uptake and GLUT4 transloca-
tion [20]. Elimination of STAMP2 using monoclonal antibody ameliorated high glucose and
5100B-induced effects in diabetic mouse kidney [21]. In contrast, the STAMP2 overexpress-
ing vector reduced inflammation and ameliorated glucose metabolism in a mouse model of
streptozotocin-induced diabetes [22]. Another study undertaken by adenoviral delivery
of STAMP?2 to diabetic ApoE-/-/LDLR-/- mice showed similar phenotypes. Adenoviral
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STAMP2 ameliorated insulin resistance through the reduced macrophage infiltration and
the reversal of the increased expression of proinflammatory cytokines in epididymal and
brown adipose tissue (BAT) [23].

We previously showed that hepatic STAMP?2 plays a pivotal role in alleviating either
high-fat-diet (HFD)- or environmental-pollutant (polychlorinated biphenyl, PCB)-induced
NAFLD and upregulation of STAMP2 using adenoviral STAMP2 ameliorates hepatic
steatosis, inflammation, and iron overload in NAFLD, in in vivo and in vitro models [24-28].
Structurally, STAMP2 has metalloreductase activity and functions in iron and copper
homeostasis [29,30]. However, how the metalloreductase action of STAMP2 is related to
the metabolic protective effect of STAMP?2 is still unknown. In this review, we discuss
the emerging role of STAMP?2 in the dysregulation of iron metabolism events leading to
NAFLD and suggest therapeutic strategies targeting STAMP2.

2. Nomenclature of STAMP2

Through multiple different approaches, the STAMP (six transmembrane protein of
prostate) protein family has been studied [31-33]. Initially, it was considered a prostate
cancer marker. Thus, the protein family was named STEAP (six transmembrane epithelial
antigen of the prostate) [32]. Other studies of prostate-specific antigens designated the
protein as STAMP [33,34]. Now, both STAMP and STEAP are being used: STAMP1,
STAMP2, and STAMP3 correspond to STEAP2, STEAP4, and STEAP3, respectively. A
previous study isolated a tumor necrosis factor « (TNF-x)-inducible protein in rat (Rattus
norvegicus) in adipose tissues and confirmed the involvement of a six transmembrane cell
surface protein, which was named TIARP (tumor necrosis factor a-induced adipose-related
protein) [31]. Subsequently, because of high homology between TIARP and its STEAP
counterparts in humans (Homo sapiens), it was renamed STEAP4. Although STAMP2,
STEAP4, and TIARP are being used interchangeably, TIARP, STEAP4, and STAMP?2 are
not completely identical in function. For example, whereas TIARP regulates preadipocyte
differentiation in vitro, STEAP4 does not [5]. Accordingly, further future study of these
species-specific differences is a challenging task.

3. Structure and Function of STAMP2

Molecular cloning revealed that the STAMP2 gene is located on chromosome 7q21
and contains five exons and four introns and that the genomic sequence is relatively
small (approximately 26 kb) because intron 1 is extremely large (22,516 bp). The study
also showed that the STAMP2 gene is transcribed into a single 4.0 kb mRNA with a 5'-
untranslated region (UTR) of approximately 1.7 kb [33]. The protein comprises 495 amino
acids and consists of an N-terminal cytoplasmic oxidoreductase domain (OxRD) and a
six-helical transmembrane domain (TMD) near the C-terminal domain. Furthermore, a
conserved domain search identified three motifs at the N-terminal domain: a dinucleotide
binding domain, an NADP oxidoreductase motif, and a motif similar to pyrroline 5-
carboxylate reductase [33].

3.1. Cellular Location

It was shown by quantitative time-lapse and immunofluorescence confocal microscopy
using STAMP2 labeled with an N-terminal green fluorescent protein (GFP) tag that STAMP2
was detected predominantly in the plasma membrane and also cytoplasmic vesicles as-
sociated with the Golgi apparatus. Therefore, STAMP2 appears to localize to plasma
membrane, the Golgi complex, and the trans-Golgi network [31,33]. Immunoblot analysis
using intracellular fractions showed that STAMP2 was localized in early endosomes and
mitochondria [11,35]. Recently, exon 3-spliced variant STEAP4 (v-STEAP4) has been found
to be highly expressed in porcine lung and in HepG2 cells derived from human liver carci-
noma cells [36]. Another group identified v-STEAP4 in CD14* monocytes from patients
with rheumatoid arthritis (RA) and suggested that v-STEAP4 was expressed in the nuclear
fraction of THP-1 cells overexpressing v-STEAP4 [12,37].
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3.2. Crystal Structures and Functional Motifs

The crystallographic and kinetic characterization of the murine Stamp?2 oxidoreduc-
tase domain demonstrated that STAMP2 utilizes an interdomain flavin-binding site to
shuttle electrons between the NADPH-utilizing oxidoreductase domain and the transmem-
brane heme group [38]. The single-particle cryo-electron microscopy on human STAMP2
demonstrated the trimeric structures reveal an aligned, inter-subunit NADPH-FAD-heme
arrangement, suggesting that chelated iron (III) binds in a cavity of basic residues to
facilitate reduction [39].

Even in the presence of various mutations, it is noticeable the STAMP2 K,, value is
stable. Presumably, the three-dimensional structure, not a single conserved residue, is
important for the protein’s activity. This is consistent with a previous epidemiological
study of insulin resistance syndrome (DESIR), which showed that common polymorphisms
(SNPs) of STAMP2 had little correlation with metabolic syndrome [18].

3.3. Metalloreductase Activity

The STAMP2 /STEAP4 protein is an integral membrane metalloreductase. STAMP2
moves electrons from intracellular NADPH to extracellular metal iron or copper through
FAD and a single heme [29,40]. For the transport of extracellular Fe** and Cu?" across
the membrane into the cell, reductions in these metals are required. The STEAP family
reduces Fe3* and Cu?* ions to facilitate metal-ion uptake by mammalian cells. Interestingly,
STEAPs are the only delineated eukaryotic cytochromes known to perform transmembrane
electron transport using a single-heme ligand.

STAMP2 shows the highest iron uptake values of any member of the STEAP family [40].
STAMP?2 exhibits ferric-reductase activity in the presence of its redox cofactors FAD and
heme and the electron donor NADPH. Based on these reports, the enzyme does not require
specific accessory proteins for catalysis [39]. Having employed cryo-electron microscopy,
the study revealed the molecular mechanism of iron reduction and the steps through which
STAMP?2 reduces metal iron. This strongly suggests that STAMP2 may be critical to both
iron and copper homeostasis at the cellular level and within the body [39].

Metalloreductase is involved in a variety of biological processes, such as modulating
oxidative stress, reducing metals for cellular uptake, and functioning as a coenzyme (in
this case, for NADPH) in metabolic regulation. Previous studies indicate that STAMP2 per-
forms all of these functions [16,30,41]. Furthermore, STAMP?2 is associated with metabolic
diseases [7,10,25,42] and is overexpressed in several human cancers [32,43-45], underlining
its physiological function in the maintenance of cellular iron homeostasis [30,42].

3.4. Endocytic and Exocytic Pathway

Live cell imaging of GFP-tagged STAMP2 shows that it is present in vesiculo-tubular
structures (VTSs). VTSs are structures to shuttle between the plasma membrane and the
trans-Golgi network (TGN)/Golgi/ER. Some of the VTSs move in curvilinear paths and oth-
ers in straight ones [33]. STAMP2 also colocalizes with caveolin-1 in 3T3-L1 adipocytes [46].
Furthermore, GFP-STAMP?2 colocalizes significantly with an early endosome-associated
protein EEA1 [47]. STAMP2 could be active in intracellular organelles based on that it
exhibits a fairly stable K, value under acidic conditions [38]. Although the exact role of
STAMP2 in molecular trafficking is unknown, it may be involved in endocytic and/or
exocytic pathways. STAMP2, in an unfolded state, may reach the endoplasmic reticulum
and then acquire its active conformation.

4. Regulation of STAMP2 Expression

STAMP2 expression has been found in multiple tissues and is regulated by a number
of different stimuli. The STAMP2 gene is mainly expressed in adipose tissue, placenta, bone
marrow, lung, pancreas, and heart, followed by prostate, liver, skeletal muscle, pancreas,
testis, small intestine, and thymus, with no detectable expression in the central nervous
system [31,33]. Analysis of metabolic tissues revealed that STAMP?2 is found in adipose
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tissue, hepatocytes, and pancreatic islets/beta-cells [7,33]. Several studies have suggested
that STAMP?2 is highly expressed joints of patients with rheumatoid arthritis (RA) [33,48,49].
Accumulating evidence has indicated that STAMP?2 is regulated by multiple factors, including
cytokines, nutrients, hormones, and transcription factors (Table 1). In our previous study, we
performed high-throughput drug screening using small-molecule libraries consisting of 2000
diverse compounds to identify a STAMP2 enhancer and found 18 compounds as STAMP2
modulators: 13 upregulators and 5 downregulators [27]. Furthermore, we also showed that
cilostazol and recombinant FGF21 enhance the expression of hepatic STAMP2 [26,27].

Table 1. Stimuli/factors that can regulate expression of STAMP2.

Stimuli/Factors Effect Tissues/Cell Lines References
3T3-L1 murine adipocytes, mouse adipose tissue, human
TNFe T adipocytes, MH7A human synovial cell [5,10,11,51,50,51]
L6 3 3T3-L1 murine adipocytes, murine adipose and liver tissue, [5,49,51]
. human adipocytes
Cytokines _ : _ _
IL-1p 4 3T3-L1 murine adipocytes, differentiated human 52]
mesenchymal stem cells
1L-17 T Murine keratinocyte [53]
Leptin J Human adipocytes [5]
Human: Visceral and subcutaneous adipose tissueMurine:
T Liver of HFD or genetically induced miceRabbit: Prostate in [8,49,54,55]
Obese animals on high fat diet
Nutritional Human: Visceral adipose tissue, livers obtained from NAFLD
status J patients Murine: Liver, visceral and brown adipose tissue of [9,23,25-27,49,50]
HFD or genetically induced mice
Feeding T Murine: Liver, and visceral, subcutaneous and brown adipose tissue [10,49]
Fasting ! Murine: Liver, Skeletal Muscle{ and V.1sceral, subcutaneous [10,49]
and brown adipose tissue
Glucose 0 MES13 murine mesangial cells [22]
o T 3T3-L1 murine adipocytes [10]
Nutrient Oleic acid - - - -
utrients l Liver tissue of mice on HFD, primary hepatocyte, HepG2 cells [25-27]
High serum T 3T3-L1 murine adipocytes [10]
" Human prostate cancer cells: LNCaP, VCaP, 22Rv1 Visceral [33,43,56]
Androgen adipose tissue of rabbits on HFD T
Hormones J Prostate tissue of rabbits fed on high fat diet [55]
insulin J 3T3-L1 murine adipocytes [51]
Growth hormone T 3T3-L1 murine adipocytes [51]
C/EBP«x T Murine: Adipocytes, liver, HepG2 cells [10,49]
Transcription C/EBPj ) HepG2 cells [36]
factors STAT3 4 MES13 cells [22,49]
LXR« 0 3T3-L1 murine adipocytes [10]
AMPK T Murine: Liver, HepG2 cells [26,27]
. JNK T MES13 cells [22]
Kinases
PI3K T MES13 cells [22]
JAK2 T MES13 cells [22]
Environmental . . .
Fic. disruptors, PCBs { Murine: Liver, primary hepatocytes, HepG2 cells [28]
LPS 0 Primary peritoneal macrophages, HepG2 cells [16,36]
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5. STAMP2 in Type 2 Diabetes, Inflammatory Diseases, and Cancers

STAMP2 is a critical modulator for coordinating metabolism and inflammation [6,7,10].
STAMP2 is significantly downregulated in the adipose tissue of obese patients [4] and in ob/ob
mice or HFD-induced obese mice [10] and is involved in tissue metabolic regulation, such
as improving glucose uptake, decreasing the inflammatory response, and increasing insulin
sensitivity. Although STAMP2 has been widely studied focusing on the inhibitory role in
inflammation and metabolism, the underlying mechanism is not fully understood. In addition
to its role in metabolism and inflammation, STAMP?2 is also associated with tumorigenesis.
For example, STAMP2 overexpression may increase ROS, which may contribute to increased
mutational rates and further progression of prostate cancer [33,43,57].

Therefore, while STAMP2 may have a beneficial role associated with chronic metabolic
and inflammatory diseases [4,6,10], dysregulation of STAMP?2 expression may also promote
cancer cell proliferation and cancer progression [58,59]. These reports suggest various roles
for STAMP2 in health and disease.

5.1. STAMP?2 and Type 2 Diabetes

NAFLD is present in >70% of individuals with type 2 diabetes [60]. Impairment of
glucose and lipid metabolism, which has been accelerated by the worldwide increase in
the prevalence of obesity and type 2 diabetes, is most likely behind the increase in patients
with NAFLD [61]. Insulin resistance underlies both obesity and type 2 diabetes. Insulin
activates the PI3 K/Akt pathway, which is responsible for insulin-stimulated glucose
uptake. In response to insulin, phosphatidylinositol 3-kinase (PI3 K) is activated, which
leads to the phosphorylation of Akt. Phosphorylated Akt induces GLUT4 translocation to
the plasma membrane, which directly increases glucose transport into cells [62]. Previous
studies showed that STAMP?2 affects insulin-stimulated GLUT4 translocation and glucose
transport by targeting the PI3 K/Akt signaling pathway in human adipocytes [20,21].
Cheng et al. found that STAMP?2 deficiency significantly reduced GLUT4 translocation,
glucose uptake, and the phosphorylation levels of PI3 K (P85) and Akt [20]. A loss of
function study using a STAMP?2 antibody also showed a decrease in the insulin-stimulated
tyrosine phosphorylation of the insulin receptor substrate (IRS)-1, phosphorylation of P13
K (P85), and Akt [21]. JNK is an important mediator of insulin resistance too. Activation
of JNK decreases insulin activity [62]. In diabetic ApoE-/-/LDLR-/- mice, the phospho-
JNK/JNK ratio was increased in white adipose tissue (WAT) and BAT, but overexpression
of STAMP2 significantly decreased the ratio of phospho-JNK/JNK [23]. In our previous
study, while liver-specific knockdown of Stamp2 by in vivo siRNA delivery increased
insulin resistance, overexpression of hepatic STAMP2 improved HFD-induced insulin
resistance [25]. These results suggest that the STAMP2 gene is involved in the pathogenesis
of type 2 diabetes.

5.2. STAMP2 and Inflammatory Diseases

Dysregulation of STAMP2 has been implicated in various inflammatory diseases,
including obesity [8-10,18], rheumatoid arthritis (RA) [11,14,48], and atherosclerosis [15,16].
The expression of TNF« in the synovia correlates with the progression of joint swelling in
both murine models and arthritis patients. STAMP2 expression is observed in the synovium
of rheumatoid arthritis. STAMP?2 is induced in synovia by TNF« [11,14,48]. In addition,
RA-like pathology was observed in Stamp2 knockout mice [11]. A marked increase in
atherosclerotic lesion area was demonstrated in the aortas of Stamp2-/-ApoE-/- mice, a model
system to study atherosclerosis. Stamp?2 is detected in mouse and human atherosclerotic
plaques and its deficiency promotes atherosclerosis in mice. These findings suggest a role
for STAMP2 in protecting against atherosclerosis [16]. STAMP2 expression was previously
detected in circulating monocytes and its expression correlated with the macrophage marker
CDe68 [8]. Furthermore, adenoviral overexpression of Stamp2 in ApoE-/-LDLR-/- diabetic
mice suppressed atherosclerosis by preventing macrophage apoptosis [15].
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STAMP?2 integrates inflammatory and nutritional signals with metabolism, which is
supported by the loss of STAMP?2 function, both in vitro and in vivo results, in elevated
inflammatory markers, diminished insulin sensitivity, and dysfunctional glucose uptake.
Stamp2 knockout mice also exhibit an increased number of macrophages [6,10,63]. STAMP2
may counter-regulate insulin resistance through regulating macrophage polarization in
visceral adipose tissue (VAT) and BAT [23]. In contrast, STAMP?2 overexpression actively
protects adipocytes against inflammatory challenges. STAMP2 overexpression reduces
rates of atherosclerosis and plaque formation in diabetic mice, while STAMP2 deficiency
promotes atherosclerosis [15]. Similarly, STAMP2 overexpression reduces the migration
of neutrophil-like HL60 cells [64] and reduces IL-6 and IL-8 cytokine expression, whereas
siRNA knockdown of STAMP2 increases cytokine signaling in patients with rheumatoid
arthritis (RA) [11], again, consistent with a role for STAMP2 in a negative feedback loop.
These protective effects have also been observed at the systemic level. STAMP?2 also exerts
anti-inflammatory activity in other tissues, most notably, the liver. Hepatic STAMP2 appears
to be a target of STAT3, which is known for negatively regulating hepatic gluconeogenic
gene expression, thus, playing a protective role in hepatic insulin signaling [52,65]. This
suggests that STAMP2 conducts protective activity in maintaining insulin signaling in
the presence of obesity and inflammation signals. STAMP2 also controls macrophage
inflammation by controlling NADPH homeostasis [16].

5.3. STAMP? and Cancers

STAMP?2 was originally identified as a gene that had sequence similarity to STAMP1
and high expression in the prostate. It was then found to be regulated by androgens, with
increased mRNA levels in PCa cells compared with normal prostate cells [33]. Several
studies revealed the association of STAMP2 with prostate cancer. STAMP2 overexpression
induced an increase in number and size of the PC-3 cell line and increased growth of
COS7 and DU145 cells [33]. STAMP2 knockdown induced apoptosis and cell cycle arrest
and markedly inhibited the growth of PCa cell lines, including LNCaP, VCaP, and 22 Rv1,
both in vitro and in vivo [43]. Additionally, another recent study suggested that STAMP2
knockdown inhibits the proliferation of prostate cancer cells through the activation of the
c¢GMP-PKG pathway in an inflammatory microenvironment [66].

STAMP?2 has been recently reported to be involved in other cancers as well. Wu
et al. found in keratinocytes that STAMP2 expression is regulated by IL-17 to be known
to promote cancer [53]. STAMP2 was critical for IL-17-induced proliferation in cultured
keratinocytes. STAMP2 was required for IL-17-dependent sustained activation of the
TRAF4-ERKS axis for keratinocyte proliferation and tumor formation. Further work is
needed to understand the details of how STAMP?2 affects keratinocyte biology and tumori-
genesis. Orfanou et al. found that STEAP4 expression was obvious only in malignant breast
tissues, whereas all benign breast cases had no detectable levels. Furthermore, knockdown
of STEAP4 also suppressed cell proliferation and enhanced the pharmacological effect
of lapatinib (HER?2 inhibitor) in HER2-overexpressing breast cancer [45], confirming its
potential oncogenic role in breast cancer. These results in various cancers demonstrate that
the growth-inducing and anti-apoptotic roles of STAMP2 are needed for carcinogenesis.
On the other hand, another study investigated RNA-seq in hepatocellular carcinoma (HCC)
between GSE54503 and TCGA datasets and showed that STAMP?2 expression was reduced
in HCC tissues and that STAMP?2 inhibited the proliferation and metastasis of HCC cells.
These findings indicate that STAMP2 functions as a tumor suppressor gene in HCC [67].

Therefore, the differential expression of STAMP2 in normal and cancer tissue makes
STAMP2 a potential candidate as a biomarker or a therapeutic target for cancer.

6. Pathogenesis of NAFLD and Therapeutic Approaches

The pathogenesis of NAFLD is a multifactorial and complex process. The altered
intrahepatic regulation of free fatty acid uptake, synthesis, degradation, and secretion
leads to the accumulation of triglycerides in hepatocytes. Changes cause the liver to be
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susceptible to injury from inflammatory responses, which aid in the progression of the
disease. Additionally, there is a strong relationship between NAFLD and the components
of metabolic syndrome, including type 2 diabetes mellitus (T2DM). Up to 70% of patients
with T2DM may have concurrent NAFLD. These patients are at higher risk of progression
to NASH and advanced fibrosis [3,68-70].

6.1. Prevalence of NAFLD

The estimated prevalence of NAFLD is approximately 25% of the world population.
The global prevalence of NAFLD is highly reported in the Middle East (32%) and South
America (31%), followed by Asia (27%), the USA (24%), and Europe (23%); however, it
is less common in Africa (14%) [71]. The estimated prevalence of steatosis is 45% in the
Hispanic population, 33% in the Caucasian population, and 24% in the African-American
population. In terms of gender differences, the prevalence is approximately 42% for men
and 24% for women [72]. Remarkably, children are recognized to be at risk of developing
NAFLD as well: the prevalence is almost 3-10% in lean children and approximately 53%
in obese pediatric populations [73]. In addition, from a pathological point of view, given
the increasing global epidemic of obesity and T2DM, a recent model has estimated a 178%
increase in liver deaths related to NASH by 2030 [71].

6.2. Pathogenesis of NAFLD

Recently, international consensus has proposed the term metabolic-associated fatty
liver disease (MAFLD) [74], as the presence of hepatic steatosis plus one of the following;:
overweight/obese, T2DM, or evidence of two or more features of metabolic dysfunction.
Day and James first proposed the “two-hit” hypothesis in 1998 [75]. Essentially, the “first
hit” occurs when hepatic steatosis is induced via lipid accumulation in the hepatocytes due
to IR, which increases the liver vulnerability to “second hits” that subsequently initiate the
development of the inflammatory, fibrosis, and cellular death characteristics of NASH. The
second hit can be a variety of factors, such as oxidative stress, proinflammatory cytokines,
endoplasmic reticulum (ER) stress, and gut-derived bacterial endotoxin [2,3,69]. The
initial “two-hit” theory can no longer completely explain the pathogenesis of NAFLD,
which involves multiple factors. Thus, the historical “two-hit” pathogenic theory has been
switched to a multifactorial model, the “multiple parallel hits theory”, which more precisely
summarizes the complex features of NAFLD pathogenesis [76-78].

The global epidemic of NAFLD has largely been attributed to endogenous factors,
such as diet, genetics, lifestyles, and aging. However, there is also increasing evidence of the
contributing role of environmental exposure [79,80]. The coined term toxicant-associated
steatohepatitis (TASH) has emerged to reflect the fact that a form of NAFLD/NASH
observed in workers with high exposure to toxic pollutants is not rare [81].

6.3. Current Therapeutic Approaches to NAFLD

Therapeutic approaches for NAFLD are difficult due to the complex etiology, problem-
atic diagnosis, divergent spectrum of its stages, and possibility for coexisting diseases. As
our understanding has progressed through recent studies focusing on epidemiology, diag-
nosis, and treatments, novel biomarkers and treatment strategies have begun to emerge.

Both genetic and lifestyle factors appear to contribute to the pathogenesis of NAFLD.
Further, at least at the early stages of the disease, lifestyle changes—namely, improved
diet, increased physical activity, and weight management—can be an effective strategy
to manage NAFLD [82]. In many cases, however, pharmacological intervention may be
necessary. A number of the reported therapeutic strategies have designated insulin sensitiz-
ers, lipid-lowering agents, antioxidants, and cytoprotective agents as therapeutic measures
against multifaceted NAFLD pathways. However, to date, no pharmacological therapy has
been approved for the treatment of NAFLD. All the proposed potential pharmacotherapies
are prescribed for NAFLD management, including treating the associated obesity, oxidative
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stress, T2DM, hyperlipidemia, and inflammation (Table 2). Therefore, advances in targeted
drug therapy are a priority.

Table 2. Current pharmacotherapeutic strategies in NAFLD treatment.

Therapeutic Agents MOA Therapeutic Agents MOA
Vitamin E antioxidant Statins hypohP idemic
action
UDCA cytoprotective agent Fibrates hYPOhPldemIC
Anti- action
Antioxidants SAMe antioxidant hyperlipidemic Fenofibrate hypohpldemlc
agents action
Betaine antioxidant Gemfibrozil hYPOhP idemic
action
N-acetylcysteine protects against . hypolipidemic
(NAQ) oxidative stress Ezetimibe action
. . . OCA, Cilofexor, .
Metformin biguanide Anti-inflammatory | EDP-305, EYP 001 FXR agonists
Thlazo(lr}dzlge)dlones PPARy agonist drugs Cenicriviroc CCR2/5 antagonist
Pioglitazone PPARYy agonist Aramchol SCD1 inhibitors
Insulin sensitizers i
Elafibranor dual PPA.R(X/ ® Firsocostat, ACC 1/2 inhibitors
agonist Metabolic enzyme PF-05221304
Saroglitazar dual PPA.ROC/é inhibitors PF-06835919 Ket'oh(?x'okmase
agonist inhibitors
s : . . phosphodiesterase,
lanifibranor pan-PPAR agonist cilostazol PDE3 inhibitor
Liraglutide, GLP-1 receptor VK28.09’ .
Semaglutide agonist (GLP-1 RA) resmetirom THRp agonists
(MGL-3196)
Mitochondrial
Anti- . Tirzepatide Dual GLP-1/GIP RA Modulators of MSDC-0602 K pyr'uve}te' carrier
hyperglycemic . inhibitors
agents SitacTiotn energy metabolism
8 S DPP-4 inhibitors NGM-282 FGF19 analogs
Vildagliptin
Empagliflozin, .
Canagliflozin, SGLT2 inhibitors Pegbelfermin FGF21 analogs
P (BMS-986036)
Dapagliflozin

MOA, Mechanism of action; UDCA, Ursodeoxycholic acid; SAMe, S-adenosyl-L-methionine; OCA, Obeticholic
acid; GLP-1, Glucagon-like peptide-1; DPP-4, Dipeptidyl peptidase-4; SGLT-2, Sodium glucose cotransporter-2;
THR, Thyroid hormone receptor; FGF, Fibroblast growth factor.

7. Role of STAMP2 in NAFLD Pathogenesis and Therapeutic Strategies

The pathogenesis of NAFLD/NASH is considered to be a two-hit result of hepatic
steatosis and inflammation [77,83]. In adipocytes, STAMP2 has been identified as a coun-
terregulatory protein of inflammation and insulin resistance [4,6,7]. STAMP2-/- mice
display elevated expression of proinflammatory mediators in WAT and impairment of
insulin-stimulated glucose transport in adipocytes [10]. Knockdown of STAMP?2 inhibits
insulin-stimulated glucose transport and GLUT4 translocation through attenuated phospho-
rylation of Akt [20]. In hepatocytes, Wellen et al. found that the lack of STAMP2 correlates
with dysfunctional responses to fat and nutrient influx and the onset of NAFLD [10]. On
the other hand, the expression of STAMP?2 in hepatocytes has been suggested to suppress
lipogenesis and gluconeogenesis [36]. In our previous study, we found that the expression
level of STAMP?2 protein was significantly reduced in the livers obtained from NAFLD
patients and HFD-induced NAFLD mice. In these mice, liver-specific deletion of Stamp2 by
in vivo siRNA delivery accelerated hepatic steatosis, as indicated by markedly increased
vacuolization, increased liver weight, elevated plasma total cholesterol, triglyceride and
nonesterified fatty acid levels, and increased insulin resistance. Conversely, overexpression
of hepatic Stamp2 using adenoviral delivery improved these effects. Hepatic STAMP2
alleviated HFD-induced steatosis through downregulation of lipogenic and adipogenic
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transcription factors, sterol response element binding protein 1 (SREBP1), and peroxisome
proliferator-activated receptor (PPARy) [25]. Overall, it was thought that STAMP2 prevents
NAFLD development by repressing lipogenic and adipogenic factors and modulating
insulin signaling. Additionally, hepatic STAMP2 overexpression decreases hepatitis B virus
X-protein signaling and subsequent metabolic dysfunction [24]. Thus, STAMP2 appears to
play a protective role against metabolic and inflammatory stresses. We previously demon-
strated that hepatic STAMP2 plays a pivotal role in preventing HFD-induced NAFLD and
that both cilostazol and recombinant fibroblast growth factor 21 (FGF21) ameliorate HFD-
induced hepatic steatosis by enhancing hepatic STAMP2 expression through AMPK [25-27].
These studies demonstrate that STAMP2 could be a suitable target for NAFLD patients.

8. STAMP2 Is a Hepatic-Iron-Overload-Targeted Modulator of NAFLD
8.1. Iron Homeostasis and NAFLD

Several metabolic components involved in glucose and lipid metabolism require iron
as a cofactor [84,85]. The dysregulation of iron may cause insulin resistance and lipid
imbalances in the liver. Recent studies suggest that dysregulation of iron metabolism is in-
volved in the development of insulin resistance, dyslipidemia, and NAFLD/NASH [84-86].
Furthermore, various studies have reported an association of iron with more advanced
stages or a higher incidence of NAFLD/NASH [87-89]. The liver is one of the most critical
organs for iron storage. Approximately 25-30% of total iron in the body is stored in ferritin
in the liver and the intrahepatic iron content [90].

In terms of the disruption of iron homeostasis in NAFLD, there have been some con-
flicting reports [91-93]. Dysmetabolic iron overload syndrome (DIOS) can be found in up
to one-third of patients with NAFLD and is characterized by metabolic syndrome and high
serum ferritin (SF) and transferrin-iron saturation (TS) levels, but normal serum iron lev-
els [94]. In NAFLD/NASH animal models, mice that develop hepatic iron overload (HIO)
after being fed dietary iron can exhibit hepatic oxidative stress, inflammasome activation,
upregulation of inflammatory and immune mediators, and hepatocellular ballooning [95].
In humans, the pattern of HIO has been associated with NAFLD severity [96]. Moreover,
some reports have demonstrated that iron reduction therapies, such as phlebotomy and
iron chelation, improve insulin resistance and liver function in patients with NAFLD [97,98].
However, other reports have failed to find an increase in hepatic iron deposition in NAFLD
and studies of phlebotomy in patients with NAFLD have been generally negative [99-102].

8.2. STAMP? and Iron Homeostasis

In mammals, iron mainly exists in its oxidized form (Fe3*) bound to the carrier protein
transferrin in serum. However, iron uptake by cells requires ferrous iron (Fe?*) because
metal transporters specifically import divalent cations [84]. STAMP?2, as a ferrireductase,
can reduce Fe®* to Fe?*, which allows its transport out of the endosome by divalent metal
transporter 1 (DMT1) [40]. Overexpression of mouse STAMP2 in HEK-293 cells stimulates
cellular uptake of ferrous iron. According to this assay, STAMP2 shows the highest iron
uptake values of any member of the STEAP family [40,103]. This strongly indicates that
STAMP2 plays a role in the cellular uptake of iron. Accordingly, STAMP2 seems to be critical
to both iron homeostasis at the cellular level and within the body. Several other regulatory
genes in iron metabolism, such as lipocalin-2 [104], hepcidin, and ferritin [105], have been
recognized as important to both inflammation and metabolic disorders. However, how
STAMP?2 itself or in cooperation with these factors regulates metabolic homeostasis has not
yet been elucidated.

8.3. STAMP? as a Potential Therapeutic Target for NAFLD Accompanying HIO

STAMP? is an iron-metabolism-related protein that functions as a metalloreductase
involved in cellular iron and copper homeostasis and its expression is modulated in re-
sponse to inflammatory stimuli. NAFLD may proceed to NASH characterized by steatosis,
inflammation, and oxidative stress [83]. Our previous study demonstrated that hepatic
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STAMP2 mediates recombinant FGF21-induced improvements in hepatic iron overload in
nonalcoholic fatty liver disease through the upregulation of expression of the iron exporter,
ferroportin [26]. In addition, we have also shown that hepatic STAMP?2 alleviates polychlo-
rinated biphenyl (PCB)-induced steatosis in NAFLD in in vivo and in vitro models [28].
These studies support that STAMP?2 targeting could be a potential strategy for NAFLD
accompanying HIO.

9. Concluding Remarks and Future Perspectives

An important aspect in recent NAFLD research is the elucidation of links between
glucose/lipid metabolism and inflammatory signaling pathways. STAMP2 has emerged as
a key player in glucose/lipid metabolism and inflammatory responses in metabolic tissues.
The STAMP?2 protein has metalloreductase activity, which may be important for STAMP2
function. Despite this apparent link, the function of STAMP?2 as a metalloreductase has not
been extensively investigated in the context of metabolic diseases. A better understanding
of STAMP? and its interaction with other important pathways in all types of cells involved
in the NAFLD spectrum may lead to the development of new diagnostic or prognostic
biomarkers or therapeutic targets for NAFLD.

Author Contributions: Conceptualization, H.Y.K. and Y.H.Y.; writing—original draft preparation,
H.Y.K,; writing—review and editing, H.Y.K. and Y.H.Y,; supervision, Y.H.Y.; funding acquisition,
Y.H.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea grant funded by the
Korean government (No. NRF-2019R1A2C2002266).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, ].; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef] [PubMed]

2. Farrell, G.C.; Larter, C.Z. Nonalcoholic fatty liver disease: From steatosis to cirrhosis. Hepatology 2006, 43, S599-S112. [CrossRef]
[PubMed]

3.  Byrne, C.D.; Targher, G. NAFLD: A multisystem disease. |. Hepatol. 2015, 62, 547-S64. [CrossRef] [PubMed]

4. Chen, X.; Huang, Z.; Zhou, B.; Wang, H.; Jia, G.; Liu, G.; Zhao, H. STEAP4 and insulin resistance. Endocrine 2014, 47, 372-379.
[CrossRef] [PubMed]

5. Chen, X,; Zhu, C; Ji, C,; Zhao, Y.; Zhang, C.; Chen, F; Gao, C.; Zhu, J.; Qian, L.; Guo, X. STEAP4, a gene associated with insulin
sensitivity, is regulated by several adipokines in human adipocytes. Int. ]. Mol. Med. 2010, 25, 361-367. [PubMed]

6. Waki, H.; Tontonoz, P. STAMPing out Inflammation. Cell 2007, 129, 451-452. [CrossRef]

7. Sikkeland, J.; Sheng, X,; Jin, Y.; Saatcioglu, F. STAMPing at the crossroads of normal physiology and disease states. Mol. Cell
Endocrinol. 2016, 425, 26-36. [CrossRef]

8. Arner, P; Stenson, B.M.; Dungner, E.; Naslund, E.; Hoffstedt, J.; Ryden, M.; Dahlman, I. Expression of six transmembrane
protein of prostate 2 in human adipose tissue associates with adiposity and insulin resistance. J. Clin. Endocrinol. Metab. 2008,
93, 2249-2254. [CrossRef]

9. Moreno-Navarrete, ].M.; Ortega, E; Serrano, M.; Perez-Perez, R.; Sabater, M.; Ricart, W.; Tinahones, F; Peral, B.; Fernandez-Real, ].M.
Decreased STAMP?2 expression in association with visceral adipose tissue dysfunction. J. Clin. Endocrinol. Metab. 2011, 96, E1816-E1825.
[CrossRef]

10. Wellen, K.E.; Fucho, R.; Gregor, M.F.,; Furuhashi, M.; Morgan, C.; Lindstad, T.; Vaillancourt, E.; Gorgun, C.Z.; Saatcioglu, F,;
Hotamisligil, G.S. Coordinated regulation of nutrient and inflammatory responses by STAMP2 is essential for metabolic home-
ostasis. Cell 2007, 129, 537-548. [CrossRef]

11. Tanaka, Y.; Matsumoto, I.; Iwanami, K.; Inoue, A.; Minami, R.; Umeda, N.; Kanamori, A.; Ochiai, N.; Miyazawa, K,

Sugihara, M.; et al. Six-transmembrane epithelial antigen of prostate4 (STEAP4) is a tumor necrosis factor alpha-induced protein
that regulates IL-6, IL-8, and cell proliferation in synovium from patients with rheumatoid arthritis. Mod. Rheumatol. 2012,
22,128-136. [CrossRef] [PubMed]


http://doi.org/10.1038/nrgastro.2017.109
http://www.ncbi.nlm.nih.gov/pubmed/28930295
http://doi.org/10.1002/hep.20973
http://www.ncbi.nlm.nih.gov/pubmed/16447287
http://doi.org/10.1016/j.jhep.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25920090
http://doi.org/10.1007/s12020-014-0230-1
http://www.ncbi.nlm.nih.gov/pubmed/24627165
http://www.ncbi.nlm.nih.gov/pubmed/20127040
http://doi.org/10.1016/j.cell.2007.04.022
http://doi.org/10.1016/j.mce.2016.02.013
http://doi.org/10.1210/jc.2008-0206
http://doi.org/10.1210/jc.2011-0310
http://doi.org/10.1016/j.cell.2007.02.049
http://doi.org/10.3109/s10165-011-0475-y
http://www.ncbi.nlm.nih.gov/pubmed/21633911

Biomedicines 2022, 10, 2082 11 of 14

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Ebe, H.; Matsumoto, I.; Kawaguchi, H.; Kurata, I.; Tanaka, Y.; Inoue, A.; Kondo, Y.; Tsuboi, H.; Sumida, T. Clinical and functional
significance of STEAP4-splice variant in CD14(+) monocytes in patients with rheumatoid arthritis. Clin. Exp. Immunol. 2018,
191, 338-348. [CrossRef] [PubMed]

Khare, M.V.N.; Mathur, R.; Pandey, EK.; Jha, A.K. The effect of rosmarinic acid against metalloreductase steap-4 for the treatment
of rheumatoid arthritis disease: A bioinformatic approach. Gis Sci. . 2021, 7, 347-360.

Noh, R.; Park, S.G.; Ju, ].H,; Chi, S.; Kim, S.; Lee, C.; Kim, J.; Park, B.C. Comparative proteomic analyses of synovial fluids and
serums from rheumatoid arthritis patients. J. Microbiol. Biotechnol. 2014, 24, 119-126. [CrossRef] [PubMed]

Wang, J.; Han, L.; Wang, Z.H.; Ding, W.Y.; Shang, Y.Y.; Tang, M.X.; Li, W.B.; Zhang, Y.; Zhang, W.; Zhong, M. Overexpression
of STAMP?2 suppresses atherosclerosis and stabilizes plaques in diabetic mice. ]. Cell Mol. Med. 2014, 18, 735-748. [CrossRef]
[PubMed]

ten Freyhaus, H.; Calay, E.S.; Yalcin, A.; Vallerie, S.N.; Yang, L.; Calay, Z.Z.; Saatcioglu, F.; Hotamisligil, G.S. Stamp2 controls
macrophage inflammation through nicotinamide adenine dinucleotide phosphate homeostasis and protects against atherosclerosis.
Cell Metab. 2012, 16, 81-89. [CrossRef] [PubMed]

Sharma, PR.; Mackey, A.].; Dejene, E.A.; Ramadan, J.W.; Langefeld, C.D.; Palmer, N.D.; Taylor, K.D.; Wagenknecht, L.E.;
Watanabe, R.M.; Rich, S.S. An islet-targeted genome-wide association scan identifies novel genes implicated in cytokine-mediated
islet stress in type 2 diabetes. Endocrinology 2015, 156, 3147-3156. [CrossRef]

Miot, A.; Maimaitiming, S.; Emery, N.; Bellili, N.; Roussel, R.; Tichet, J.; Velho, G.; Balkau, B.; Marre, M.; Fumeron, F. Genetic
variability at the six transmembrane protein of prostate 2 locus and the metabolic syndrome: The data from an epidemiological
study on the Insulin Resistance Syndrome (DESIR) study. J. Clin. Endocrinol. Metab. 2010, 95, 2942-2947. [CrossRef]

Qi, Y; Yu, Y,; Wu, Y,; Wang, S.; Yu, Q.; Shi, ].; Xu, Z.; Zhang, Q.; Fu, Y.; Fu, Y. Genetic variants in six-transmembrane epithelial
antigen of prostate 4 increase risk of developing metabolic syndrome in a Han Chinese population. Genet. Test. Mol. Biomark.
2015, 19, 666—672. [CrossRef]

Cheng, R.; Qiu, J.; Zhou, X.Y.; Chen, X.H.; Zhu, C.; Qin, D.N.; Wang, ] W.; Ni, YH.; Ji, C.B.; Guo, X.R. Knockdown of STEAP4
inhibits insulin-stimulated glucose transport and GLUT4 translocation via attenuated phosphorylation of Akt, independent of
the effects of EEA1. Mol. Med. Rep. 2011, 4, 519-523.

Qin, D.; Kou, C,; Ni, Y;; Zhang, C.; Zhu, J.; Zhu, C.; Wang, Y.; Zhu, G.; Shi, C.; Ji, C. Monoclonal antibody to the six-transmembrane
epithelial antigen of prostate 4 promotes apoptosis and inhibits proliferation and glucose uptake in human adipocytes. Int. J. Mol.
Med. 2010, 26, 803-811. [PubMed]

Chuang, C.T.; Guh, J.Y,; Lu, C.Y;; Wang, Y.T.; Chen, H.C.; Chuang, L.Y. Steap4 attenuates high glucose and S100B-induced effects
in mesangial cells. J. Cell Mol. Med. 2015, 19, 1234-1244. [CrossRef] [PubMed]

Han, L.; Tang, M.X,; Ti, Y.; Wang, Z.H.; Wang, ].; Ding, W.Y.; Wang, H.; Zhang, Y.; Zhang, W.; Zhong, M. Overexpressing STAMP2
improves insulin resistance in diabetic ApoE(-)/(-)/LDLR(-)/(-) mice via macrophage polarization shift in adipose tissues. PLoS
ONE 2013, 8, €78903. [CrossRef]

Kim, H.Y.; Cho, HK,; Yoo, S.K.; Cheong, ].H. Hepatic STAMP2 decreases hepatitis B virus X protein-associated metabolic
deregulation. Exp. Mol. Med. 2012, 44, 622-632. [CrossRef]

Kim, H.Y;; Park, S.Y.; Lee, M.H.; Rho, ].H.; Oh, Y.J.; Jung, H.U.; Yoo, S.H.; Jeong, N.Y.; Lee, H].; Suh, S.; et al. Hepatic STAMP2
alleviates high fat diet-induced hepatic steatosis and insulin resistance. J. Hepatol. 2015, 63, 477-485. [CrossRef]

Kim, H.Y,; Kwon, W.Y;; Park, ].B.; Lee, M.H.; Oh, Y].; Suh, S.; Baek, YH.; Jeong, ].S.; Yoo, Y.H. Hepatic STAMP2 mediates recombinant
FGF21-induced improvement of hepatic iron overload in nonalcoholic fatty liver disease. FASEB J. 2020, 34, 12354-12366. [CrossRef]
Oh, YJ.; Kim, H.Y,; Lee, M.H,; Suh, S.H.; Choi, Y.; Nam, T.G.; Kwon, W.Y.; Lee, S.Y.; Yoo, Y.H. Cilostazol Improves HFD-Induced
Hepatic Steatosis by Upregulating Hepatic STAMP2 Expression through AMPK. Mol. Pharmacol. 2018, 94, 1401-1411. [CrossRef]
Kim, H.Y;; Park, C.H.; Park, ].B.; Ko, K.; Lee, M.H.; Chung, J.; Yoo, Y.H. Hepatic STAMP2 alleviates polychlorinated biphenyl-
induced steatosis and hepatic iron overload in NAFLD models. Environ. Toxicol. 2022, 37, 2223-2234. [CrossRef]

Knutson, M.D. Steap proteins: Implications for iron and copper metabolism. Nutr. Rev. 2007, 65, 335-340.

Scarl, R.T.; Lawrence, C.M.; Gordon, H.M.; Nunemaker, C.S. STEAP4: Its emerging role in metabolism and homeostasis of cellular
iron and copper. . Endocrinol. 2017, 234, R123-R134. [CrossRef]

Moldes, M.; Lasnier, F.; Gauthereau, X.; Klein, C.; Pairault, J.; Feve, B.; Chambaut-Guerin, A.M. Tumor necrosis factor-alpha-
induced adipose-related protein (TIARP), a cell-surface protein that is highly induced by tumor necrosis factor-alpha and adipose
conversion. J. Biol. Chem. 2001, 276, 33938-33946. [CrossRef] [PubMed]

Hubert, R.S.; Vivanco, I.; Chen, E.; Rastegar, S.; Leong, K.; Mitchell, S.C.; Madraswala, R.; Zhou, Y.; Kuo, J.; Raitano, A.B.; et al.
STEAP: A prostate-specific cell-surface antigen highly expressed in human prostate tumors. Proc. Natl. Acad. Sci. USA 1999,
96, 14523-14528. [CrossRef] [PubMed]

Korkmaz, C.G.; Korkmaz, K.S.; Kurys, P; Elbi, C.; Wang, L.; Klokk, T.I.; Hammarstrom, C.; Troen, G.; Svindland, A;
Hager, G.L.; et al. Molecular cloning and characterization of STAMP2, an androgen-regulated six transmembrane protein that is
overexpressed in prostate cancer. Oncogene 2005, 24, 4934-4945. [CrossRef] [PubMed]

Korkmaz, K.S.; Elbi, C.; Korkmaz, C.G.; Loda, M.; Hager, G.L.; Saatcioglu, F. Molecular cloning and characterization of STAMP1, a
highly prostate-specific six transmembrane protein that is overexpressed in prostate cancer. J. Biol. Chem. 2002, 277, 36689-36696.
[CrossRef] [PubMed]


http://doi.org/10.1111/cei.13076
http://www.ncbi.nlm.nih.gov/pubmed/29080328
http://doi.org/10.4014/jmb.1307.07046
http://www.ncbi.nlm.nih.gov/pubmed/24105271
http://doi.org/10.1111/jcmm.12222
http://www.ncbi.nlm.nih.gov/pubmed/24467451
http://doi.org/10.1016/j.cmet.2012.05.009
http://www.ncbi.nlm.nih.gov/pubmed/22704678
http://doi.org/10.1210/en.2015-1203
http://doi.org/10.1210/jc.2010-0026
http://doi.org/10.1089/gtmb.2015.0104
http://www.ncbi.nlm.nih.gov/pubmed/21042773
http://doi.org/10.1111/jcmm.12472
http://www.ncbi.nlm.nih.gov/pubmed/25817898
http://doi.org/10.1371/annotation/39606c88-c2a1-45e7-8b2d-9b8f7df6f05f
http://doi.org/10.3858/emm.2012.44.10.071
http://doi.org/10.1016/j.jhep.2015.01.025
http://doi.org/10.1096/fj.202000790R
http://doi.org/10.1124/mol.118.113217
http://doi.org/10.1002/tox.23589
http://doi.org/10.1530/JOE-16-0594
http://doi.org/10.1074/jbc.M105726200
http://www.ncbi.nlm.nih.gov/pubmed/11443137
http://doi.org/10.1073/pnas.96.25.14523
http://www.ncbi.nlm.nih.gov/pubmed/10588738
http://doi.org/10.1038/sj.onc.1208677
http://www.ncbi.nlm.nih.gov/pubmed/15897894
http://doi.org/10.1074/jbc.M202414200
http://www.ncbi.nlm.nih.gov/pubmed/12095985

Biomedicines 2022, 10, 2082 12 of 14

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yadetie, F.; Oveland, E.; Doskeland, A.; Berven, F.; Goksoyr, A.; Karlsen, O.A. Quantitative proteomics analysis reveals perturba-
tion of lipid metabolic pathways in the liver of Atlantic cod (Gadus morhua) treated with PCB. Aquat. Toxicol. 2017, 185, 19-28.
[CrossRef]

Wang, S.B.; Lei, T.; Zhou, L.L.; Zheng, H.L.; Zeng, C.P; Liu, N.; Yang, Z.Q.; Chen, X.D. Functional analysis and transcriptional
regulation of porcine six transmembrane epithelial antigen of prostate 4 (STEAP4) gene and its novel variant in hepatocytes. Int.
J. Biochem. Cell Biol. 2013, 45, 612-620. [CrossRef]

Ebe, H.; Mmoto, I.; Osada, A.; Kurata, I.; Kawaguchi, H.; Kondo, Y.; Tsuboi, H.; Sumida, T. Splice variant of STEAP4 localizes in
the nucleus, making it a possible transcriptional regulator of IL-6 production. Mod. Rheumatol. 2019, 29, 714-716. [CrossRef]
Gauss, G.H.; Kleven, M.D.; Sendamarai, A.K.; Fleming, M.D.; Lawrence, C.M. The crystal structure of six-transmembrane
epithelial antigen of the prostate 4 (Steap4), a ferri/cuprireductase, suggests a novel interdomain flavin-binding site. J. Biol. Chem.
2013, 288, 20668-20682. [CrossRef]

Oosterheert, W.; van Bezouwen, L.S.; Rodenburg, R.N.; Granneman, ].; Forster, F.; Mattevi, A.; Gros, P. Cryo-EM structures of
human STEAP4 reveal mechanism of iron (III) reduction. Nat. Commun. 2018, 9, 4337. [CrossRef]

Ohgami, R.S.; Campagna, D.R.; McDonald, A.; Fleming, M.D. The Steap proteins are metalloreductases. Blood 2006, 108, 1388-1394.
[CrossRef]

Zhou, |.; Ye, S.; Fujiwara, T.; Manolagas, S.C.; Zhao, H. Steap4 plays a critical role in osteoclastogenesis in vitro by regulating
cellular iron/reactive oxygen species (ROS) levels and cAMP response element-binding protein (CREB) activation. J. Biol. Chem.
2013, 288, 30064-30074. [CrossRef] [PubMed]

Nanfang, L.; Yanying, G.; Hongmei, W.; Zhitao, Y.; Juhong, Z.; Ling, Z.; Wenli, L. Variations of six transmembrane epithelial
antigen of prostate 4 (STEAP4) gene are associated with metabolic syndrome in a female Uygur general population. Arch. Med.
Res. 2010, 41, 449-456. [CrossRef] [PubMed]

Jin, Y.; Wang, L.; Qu, S.; Sheng, X.; Kristian, A.; Maelandsmo, G.M.; Pallmann, N.; Yuca, E.; Tekedereli, I.; Gorgulu, K,; et al.
STAMP?2 increases oxidative stress and is critical for prostate cancer. EMBO Mol. Med. 2015, 7, 315-331. [CrossRef]

Xue, X.; Bredell, B.X.; Anderson, E.R.; Martin, A.; Mays, C.; Nagao-Kitamoto, H.; Huang, S.; Gyorffy, B.; Greenson, J.K.; Hardiman,
K.; et al. Quantitative proteomics identifies STEAP4 as a critical regulator of mitochondrial dysfunction linking inflammation and
colon cancer. Proc. Natl. Acad. Sci. USA 2017, 114, E9608-E9617. [CrossRef] [PubMed]

Orfanou, I.M.; Argyros, O.; Papapetropoulos, A.; Tseleni-Balafouta, S.; Vougas, K.; Tamvakopoulos, C. Discovery and Pharmaco-
logical Evaluation of STEAP4 as a Novel Target for HER2 Overexpressing Breast Cancer. Front. Oncol. 2021, 11, 608201. [CrossRef]
[PubMed]

Chambaut-Guerin, A.M.; Pairault, . Tumour necrosis factor alpha-induced adipose-related protein (TITARP): Co-localization with
caveolin-1. Biol. Cell. 2005, 97, 339-347. [CrossRef] [PubMed]

Stenmark, H.; Aasland, R.; Toh, B.; D’Arrigo, A. Endosomal localization of the autoantigen EEA1 is mediated by a zinc-binding
FYVE finger. |. Biol. Chem. 1996, 271, 24048-24054. [CrossRef]

Inoue, A.; Matsumoto, I.; Tanaka, Y.; Iwanami, K.; Kanamori, A.; Ochiai, N.; Goto, D.; Ito, S.; Sumida, T. Tumor necrosis factor
a-induced adipose-related protein expression in experimental arthritis and in rheumatoid arthritis. Arthritis Res. Ther. 2009,
11, R118. [CrossRef]

Ramadoss, P.; Chiappini, F; Bilban, M.; Hollenberg, A.N. Regulation of hepatic six transmembrane epithelial antigen of prostate 4
(STEAP4) expression by STAT3 and CCAAT/enhancer-binding protein «. J. Biol. Chem. 2010, 285, 16453-16466. [CrossRef]
Zhang, C.M.; Chi, X.;; Wang, B.; Zhang, M.; Ni, YH.; Chen, RH.; Li, X.N.; Guo, X.R. Downregulation of STEAP4, a highly-
expressed TNF-alpha-inducible gene in adipose tissue, is associated with obesity in humans. Acta Pharmacol. Sin. 2008, 29, 587-592.
[CrossRef]

Fasshauer, M.; Klein, J.; Krahlisch, S.; Lossner, U.; Klier, M.; Bluher, M.; Paschke, R. GH is a positive regulator of tumor necrosis
factor alpha-induced adipose related protein in 3T3-L1 adipocytes. ]. Endocrinol. 2003, 178, 523-531. [CrossRef] [PubMed]
Kralisch, S.; Sommer, G.; Weise, S.; Lipfert, J.; Lossner, U.; Kamprad, M.; Schrock, K.; Bluher, M.; Stumvoll, M.; Fasshauer, M.
Interleukin-1£ is a positive regulator of TTARP/STAMP2 gene and protein expression in adipocytes in vitro. FEBS Lett. 2009,
583, 1196-1200. [CrossRef] [PubMed]

Wu, L,; Chen, X.; Zhao, ].; Martin, B.; Zepp, ].A.; Ko, ].S.; Gu, C.; Cai, G.; Ouyang, W.; Sen, G. A novel IL-17 signaling pathway
controlling keratinocyte proliferation and tumorigenesis via the TRAF4-ERKS axis. . Exp. Med. 2015, 212, 1571-1587. [CrossRef]
Catalan, V.; Gomez-Ambrosi, J.; Rodriguez, A.; Ramirez, B.; Rotellar, F,; Valenti, V,; Silva, C.; Gil, M.J.; Salvador, J.; Fruhbeck, G.
Six-transmembrane epithelial antigen of prostate 4 and neutrophil gelatinase-associated lipocalin expression in visceral adipose
tissue is related to iron status and inflammation in human obesity. Eur. |. Nutr. 2013, 52, 1587-1595. [CrossRef] [PubMed]
Vignozzi, L.; Morelli, A.; Sarchielli, E.; Comeglio, P.; Filippi, S.; Cellai, I.; Maneschi, E.; Serni, S.; Gacci, M.; Carini, M. Testosterone
protects from metabolic syndrome-associated prostate inflammation: An experimental study in rabbit. J. Endocrinol. 2012,
212, 71-84. [CrossRef]

Maneschi, E.; Morelli, A.; Filippi, S.; Cellai, I.; Comeglio, P.; Mazzanti, B.; Mello, T.; Calcagno, A.; Sarchielli, E.; Vignozzi, L.; et al.
Testosterone treatment improves metabolic syndrome-induced adipose tissue derangements. J. Endocrinol. 2012, 215, 347-362.
[CrossRef]

Pihlstrom, N.; Jin, Y.; Nenseth, Z.; Kuzu, O.F,; Saatcioglu, F. STAMP2 Expression Mediated by Cytokines Attenuates Their
Growth-Limiting Effects in Prostate Cancer Cells. Cancers 2021, 13, 1579. [CrossRef]


http://doi.org/10.1016/j.aquatox.2017.01.014
http://doi.org/10.1016/j.biocel.2012.12.011
http://doi.org/10.1080/14397595.2018.1484415
http://doi.org/10.1074/jbc.M113.479154
http://doi.org/10.1038/s41467-018-06817-7
http://doi.org/10.1182/blood-2006-02-003681
http://doi.org/10.1074/jbc.M113.478750
http://www.ncbi.nlm.nih.gov/pubmed/23990467
http://doi.org/10.1016/j.arcmed.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21044749
http://doi.org/10.15252/emmm.201404181
http://doi.org/10.1073/pnas.1712946114
http://www.ncbi.nlm.nih.gov/pubmed/29078383
http://doi.org/10.3389/fonc.2021.608201
http://www.ncbi.nlm.nih.gov/pubmed/33842315
http://doi.org/10.1042/BC20040062
http://www.ncbi.nlm.nih.gov/pubmed/15836432
http://doi.org/10.1074/jbc.271.39.24048
http://doi.org/10.1186/ar2779
http://doi.org/10.1074/jbc.M109.066936
http://doi.org/10.1111/j.1745-7254.2008.00793.x
http://doi.org/10.1677/joe.0.1780523
http://www.ncbi.nlm.nih.gov/pubmed/12967343
http://doi.org/10.1016/j.febslet.2009.03.015
http://www.ncbi.nlm.nih.gov/pubmed/19289123
http://doi.org/10.1084/jem.20150204
http://doi.org/10.1007/s00394-012-0464-8
http://www.ncbi.nlm.nih.gov/pubmed/23179203
http://doi.org/10.1530/JOE-11-0289
http://doi.org/10.1530/JOE-12-0333
http://doi.org/10.3390/cancers13071579

Biomedicines 2022, 10, 2082 13 of 14

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Gomes, I.M.; Maia, C.J.; Santos, C.R. STEAP proteins: From structure to applications in cancer therapy. Mol. Cancer Res. 2012,
10, 573-587. [CrossRef]

Lindstad, T.; Jin, Y.; Wang, L.; Qu, S.; Saatcioglu, F. STAMPs at the crossroads of cancer and nutrition. Nutr. Cancer 2010,
62, 891-895. [CrossRef]

Lee, C.; Lui, D.T.; Lam, K.S. Non-alcoholic fatty liver disease and type 2 diabetes: An update. J. Diabetes Investig. 2022, 13, 930-940.
[CrossRef]

Stefan, N.; Cusi, K. A global view of the interplay between non-alcoholic fatty liver disease and diabetes. Lancet Diabetes Endocrinol.
2022, 10, 284-296. [CrossRef]

Saltiel, A.R. Insulin signaling in health and disease. ]. Clin. Investig. 2021, 131, e142241. [CrossRef] [PubMed]

Abedini, A.; Shoelson, S.E. Inflammation and obesity: STAMPing out insulin resistance? Immunol. Cell Biol. 2007, 85, 399-400.
[CrossRef]

Tanaka, Y.; Matsumoto, I.; Iwanami, K.; Inoue, A.; Umeda, N.; Sugihara, M.; Hayashi, T.; Ito, S.; Sumida, T. Six-transmembrane
epithelial antigen of prostate 4 (STEAP4) is expressed on monocytes/neutrophils, and is regulated by TNF antagonist in patients
with rheumatoid arthritis. Clin. Exp. Rheumatol. 2012, 30, 99-102. [PubMed]

Inoue, H.; Ogawa, W.; Ozaki, M.; Haga, S.; Matsumoto, M.; Furukawa, K.; Hashimoto, N.; Kido, Y.; Mori, T.; Sakaue, H. Role
of STAT-3 in regulation of hepatic gluconeogenic genes and carbohydrate metabolism in vivo. Nat. Med. 2004, 10, 168-174.
[CrossRef]

Li, W.; Yin, X;; Yan, Y,; Liu, C,; Li, G. STEAP4 knockdown inhibits the proliferation of prostate cancer cells by activating the cGMP-
PKG pathway under lipopolysaccharide-induced inflammatory microenvironment. Int. Immunopharmacol. 2021, 101, 108311.
[CrossRef]

Tang, Y.; Wang, Y,; Xu, X.; Sun, H.; Tang, W. STEAP4 promoter methylation correlates with tumorigenesis of hepatocellular
carcinoma. Pathol. -Res. Pract. 2022, 233, 153870. [CrossRef]

Snyder, H.S.; Sakaan, S.A.; March, K.L.; Siddique, O.; Cholankeril, R.; Cummings, C.D.; Gadiparthi, C.; Satapathy, S.K.; Ahmed, A;
Cholankeril, G. Non-alcoholic Fatty Liver Disease: A Review of Anti-diabetic Pharmacologic Therapies. J. Clin. Transl. Hepatol.
2018, 6, 168-174. [CrossRef]

Birkenfeld, A.L.; Shulman, G.I. Nonalcoholic fatty liver disease, hepatic insulin resistance, and type 2 diabetes. Hepatology 2014,
59, 713-723. [CrossRef]

Firneisz, G. Non-alcoholic fatty liver disease and type 2 diabetes mellitus: The liver disease of our age? World |. Gastroenterol.
2014, 20, 9072-9089.

Younossi, Z.; Tacke, E; Arrese, M.; Chander Sharma, B.; Mostafa, I.; Bugianesi, E.; Wai-Sun Wong, V.; Yilmaz, Y.; George, J.;
Fan, ]J. Global perspectives on nonalcoholic fatty liver disease and nonalcoholic steatohepatitis. Hepatology 2019, 69, 2672-2682.
[CrossRef] [PubMed]

Hernandez-Pérez, E.; Leén Garcia, P.E.; Lopez-Diazguerrero, N.E.; Rivera-Cabrera, E.; del Angel Benitez, E. Liver steatosis and
nonalcoholic steatohepatitis: From pathogenesis to therapy. Medwave 2016, 16, 6535. [CrossRef] [PubMed]

Fargion, S.; Porzio, M.; Fracanzani, A.L. Nonalcoholic fatty liver disease and vascular disease: State-of-the-art. World |. Gastroen-
terol. 2014, 20, 13306-13324. [CrossRef] [PubMed]

Eslam, M.; Sanyal, A.J.; George, ].; Sanyal, A.; Neuschwander-Tetri, B.; Tiribelli, C.; Kleiner, D.E.; Brunt, E.; Bugianesi, E.;
Yki-Jarvinen, H. MAFLD: A consensus-driven proposed nomenclature for metabolic associated fatty liver disease. Gastroenterology
2020, 158, 1999-2014.el. [CrossRef]

Day, C.P; James, O.F. Steatohepatitis: A tale of two “hits”? Gastroenterology 1998, 114, 842-845. [CrossRef]

Tilg, H.; Adolph, T.E.; Moschen, A.R. Multiple parallel hits hypothesis in nonalcoholic fatty liver disease: Revisited after a decade.
Hepatology 2021, 73, 833-842. [CrossRef]

Pouwels, S.; Sakran, N.; Graham, Y.; Leal, A,; Pintar, T.; Yang, W.; Kassir, R.; Singhal, R.; Mahawar, K.; Ramnarain, D. Non-
alcoholic fatty liver disease (NAFLD): A review of pathophysiology, clinical management and effects of weight loss. BMC Endocr.
Disord. 2022, 22, 63. [CrossRef]

Spiers, ].; Brindley, J.H.; Li, W.; Alazawi, W. What’s new in non-alcoholic fatty liver disease? Frontline Gastroenterol. 2022,
13, €102—e108. [CrossRef]

Costello, E.; Rock, S.; Stratakis, N.; Eckel, S.P.; Walker, D.I.; Valvi, D.; Cserbik, D.; Jenkins, T.; Xanthakos, S.A.; Kohli, R. Exposure
to per-and polyfluoroalkyl substances and markers of liver injury: A systematic review and meta-analysis. Environ. Health
Perspect. 2022, 130, 046001. [CrossRef]

Sun, J.; Fang, R.; Wang, H.; Xu, D.; Yang, J.; Huang, X.; Cozzolino, D.; Fang, M.; Huang, Y. A review of environmental metabolism
disrupting chemicals and effect biomarkers associating disease risks: Where exposomics meets metabolomics. Environ. Int. 2022,
158, 106941. [CrossRef]

Cave, M.; Falkner, K.C.; Ray, M.; Joshi-Barve, S.; Brock, G.; Khan, R.; Bon Homme, M.; McClain, C.J. Toxicant-associated
steatohepatitis in vinyl chloride workers. Hepatology 2010, 51, 474-481. [CrossRef] [PubMed]

Zelber-Sagi, S.; Godos, J.; Salomone, F. Lifestyle changes for the treatment of nonalcoholic fatty liver disease: A review of
observational studies and intervention trials. Ther. Adv. Gastroenterol. 2016, 9, 392—407. [CrossRef] [PubMed]

Brunt, E.M.; Wong, V.W.; Nobili, V.; Day, C.P; Sookoian, S.; Maher, ].J.; Bugianesi, E.; Sirlin, C.B.; Neuschwander-Tetri, B.A;
Rinella, M.E. Nonalcoholic fatty liver disease. Nat. Rev. Dis. Primers 2015, 1, 1-22. [CrossRef]


http://doi.org/10.1158/1541-7786.MCR-11-0281
http://doi.org/10.1080/01635581.2010.509836
http://doi.org/10.1111/jdi.13756
http://doi.org/10.1016/S2213-8587(22)00003-1
http://doi.org/10.1172/JCI142241
http://www.ncbi.nlm.nih.gov/pubmed/33393497
http://doi.org/10.1038/sj.icb.7100107
http://www.ncbi.nlm.nih.gov/pubmed/22244520
http://doi.org/10.1038/nm980
http://doi.org/10.1016/j.intimp.2021.108311
http://doi.org/10.1016/j.prp.2022.153870
http://doi.org/10.14218/JCTH.2017.00050
http://doi.org/10.1002/hep.26672
http://doi.org/10.1002/hep.30251
http://www.ncbi.nlm.nih.gov/pubmed/30179269
http://doi.org/10.5867/medwave.2016.08.6535
http://www.ncbi.nlm.nih.gov/pubmed/27690306
http://doi.org/10.3748/wjg.v20.i37.13306
http://www.ncbi.nlm.nih.gov/pubmed/25309067
http://doi.org/10.1053/j.gastro.2019.11.312
http://doi.org/10.1016/S0016-5085(98)70599-2
http://doi.org/10.1002/hep.31518
http://doi.org/10.1186/s12902-022-00980-1
http://doi.org/10.1136/flgastro-2022-102122
http://doi.org/10.1289/EHP10092
http://doi.org/10.1016/j.envint.2021.106941
http://doi.org/10.1002/hep.23321
http://www.ncbi.nlm.nih.gov/pubmed/19902480
http://doi.org/10.1177/1756283X16638830
http://www.ncbi.nlm.nih.gov/pubmed/27134667
http://doi.org/10.1038/nrdp.2015.80

Biomedicines 2022, 10, 2082 14 of 14

84.

85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Datz, C.; Felder, TK.; Niederseer, D.; Aigner, E. Iron homeostasis in the metabolic syndrome. Eur. |. Clin. Investig. 2013,
43,215-224. [CrossRef]

Dongiovanni, P.; Fracanzani, A.L.; Fargion, S.; Valenti, L. Iron in fatty liver and in the metabolic syndrome: A promising
therapeutic target. J. Hepatol. 2011, 55, 920-932. [CrossRef] [PubMed]

Britton, L.J.; Subramaniam, V.N.; Crawford, D.H. Iron and non-alcoholic fatty liver disease. World ]. Gastroenterol. 2016, 22, 8112-8122.
[CrossRef] [PubMed]

Datz, C.; Muller, E.; Aigner, E. Iron overload and non-alcoholic fatty liver disease. Minerva Endocrinol. 2017, 42, 173-183.
[CrossRef]

Kowdley, K.V. Iron Overload in Patients With Chronic Liver Disease. Gastroenterol. Hepatol. 2016, 12, 695-698.

Mehta, K.J.; Farnaud, S.J.; Sharp, P.A. Iron and liver fibrosis: Mechanistic and clinical aspects. World |. Gastroenterol. 2019,
25,521-538. [CrossRef]

Feng, G.; Byrne, C.D,; Targher, G.; Wang, F.; Zheng, M. Ferroptosis and metabolic dysfunction-associated fatty liver disease: Is
there a link? Liver Int. 2022, 42, 1496-1502. [CrossRef]

George, D.K.; Goldwurm, S.; Macdonald, G.A.; Cowley, L.L.; Walker, N.I.; Ward, PJ.; Jazwinska, E.C.; Powell, L.W. Increased
hepatic iron concentration in nonalcoholic steatohepatitis is associated with increased fibrosis. Gastroenterology 1998, 114, 311-318.
[CrossRef]

Boga, S.; Alkim, H.; Alkim, C.; Koksal, A.R.; Bayram, M.; Yilmaz Ozguven, M.B.; Tekin Neijmann, S. The Relationship of Serum
Hemojuvelin and Hepcidin Levels with Iron Overload in Nonalcoholic Fatty Liver Disease. J. Gastrointestin Liver Dis. 2015,
24,293-300. [CrossRef] [PubMed]

Sumida, Y.; Nakashima, T.; Yoh, T.; Furutani, M.; Hirohama, A.; Kakisaka, Y.; Nakajima, Y.; Ishikawa, H.; Mitsuyoshi, H.; Okanoue,
T. Serum thioredoxin levels as a predictor of steatohepatitis in patients with nonalcoholic fatty liver disease. J. Hepatol. 2003,
38, 32-38. [CrossRef]

Milic, S.; Mikolasevic, I; Orlic, L.; Devcic, E.; Starcevic-Cizmarevic, N.; Stimac, D.; Kapovic, M.; Ristic, S. The Role of Iron and
Iron Overload in Chronic Liver Disease. Med. Sci. Monit. 2016, 22, 2144-2151. [CrossRef] [PubMed]

Handa, P.; Morgan-Stevenson, V.; Maliken, B.D.; Nelson, J.E.; Washington, S.; Westerman, M.; Yeh, M.M.; Kowdley, K.V. Iron
overload results in hepatic oxidative stress, immune cell activation, and hepatocellular ballooning injury, leading to nonalcoholic
steatohepatitis in genetically obese mice. Am. J. Physiol.-Gastrointest. Liver Physiol. 2016, 310, G117-G127. [CrossRef] [PubMed]
Nelson, J.E.; Wilson, L.; Brunt, E.M.; Yeh, M.M.; Kleiner, D.E.; Unalp-Arida, A.; Kowdley, K.V. Relationship between the pattern
of hepatic iron deposition and histological severity in nonalcoholic fatty liver disease. Hepatology 2011, 53, 448-457. [CrossRef]
[PubMed]

Iwasa, M.; Hara, N.; Iwata, K.; Ishidome, M.; Sugimoto, R.; Tanaka, H.; Fujita, N.; Kobayashi, Y.; Takei, Y. Restriction of calorie
and iron intake results in reduction of visceral fat and serum alanine aminotransferase and ferritin levels in patients with chronic
liver disease. Hepatol. Res. 2010, 40, 1188-1194. [CrossRef]

Valenti, L.; Fracanzani, A.L.; Dongiovanni, P.; Bugianesi, E.; Marchesini, G.; Manzini, P.; Vanni, E.; Fargion, S. Iron depletion by
phlebotomy improves insulin resistance in patients with nonalcoholic fatty liver disease and hyperferritinemia: Evidence from a
case-control study. Off. J. Am. Coll. Gastroenterol. 2007, 102, 1251-1258. [CrossRef]

Murali, A.R.; Gupta, A.; Brown, K. Systematic review and meta-analysis to determine the impact of iron depletion in dysmetabolic
iron overload syndrome and non-alcoholic fatty liver disease. Hepatol. Res. 2018, 48, E30-E41. [CrossRef]

Chitturi, S.; Weltman, M.; Farrell, G.C.; McDonald, D.; Liddle, C.; Samarasinghe, D.; Lin, R.; Abeygunasekera, S.; George, ]. HFE
mutations, hepatic iron, and fibrosis: Ethnic-specific association of NASH with C282Y but not with fibrotic severity. Hepatology
2002, 36, 142-149. [CrossRef]

Deguti, M.M.; Sipahi, A.M.; Gayotto, L.C.d.C.; Palacios, S.A.; Bittencourt, P.L.; Goldberg, A.C.; Laudanna, A.A.; Carrilho, EJ;
Cangado, E.L.R. Lack of evidence for the pathogenic role of iron and HFE gene mutations in Brazilian patients with nonalcoholic
steatohepatitis. Braz. |. Med. Biol. Res. 2003, 36, 739-745. [CrossRef] [PubMed]

Duseja, A.; Das, R.; Nanda, M.; Das, A.; Garewal, G.; Chawla, Y. Nonalcoholic steatohepatitis in Asian Indians is neither associated
with iron overload nor with HFE gene mutations. World |. Gastroenterol. 2005, 11, 393-395. [CrossRef] [PubMed]

Ohgami, R.S.; Campagna, D.R.; Greer, E.L.; Antiochos, B.; McDonald, A.; Chen, J.; Sharp, J.J.; Fujiwara, Y.; Barker, J.E,;
Fleming, M.D. Identification of a ferrireductase required for efficient transferrin-dependent iron uptake in erythroid cells. Nat.
Genet. 2005, 37, 1264-1269. [CrossRef] [PubMed]

Wang, Y,; Lam, K.S.; Kraegen, E.W.; Sweeney, G.; Zhang, J.; Tso, A.W.; Chow, W.; Wat, N.M.; Xu, ].Y.; Hoo, R.L. Lipocalin-2 is
an inflammatory marker closely associated with obesity, insulin resistance, and hyperglycemia in humans. Clin. Chem. 2007,
53, 34-41. [CrossRef]

Andrews, M.; Soto, N.; Arredondo-Olguin, M. Association between ferritin and hepcidin levels and inflammatory status in
patients with type 2 diabetes mellitus and obesity. Nutrition 2015, 31, 51-57. [CrossRef]


http://doi.org/10.1111/eci.12032
http://doi.org/10.1016/j.jhep.2011.05.008
http://www.ncbi.nlm.nih.gov/pubmed/21718726
http://doi.org/10.3748/wjg.v22.i36.8112
http://www.ncbi.nlm.nih.gov/pubmed/27688653
http://doi.org/10.23736/S0391-1977.16.02565-7
http://doi.org/10.3748/wjg.v25.i5.521
http://doi.org/10.1111/liv.15163
http://doi.org/10.1016/S0016-5085(98)70482-2
http://doi.org/10.15403/jgld.2014.1121.243.hak
http://www.ncbi.nlm.nih.gov/pubmed/26405701
http://doi.org/10.1016/S0168-8278(02)00331-8
http://doi.org/10.12659/MSM.896494
http://www.ncbi.nlm.nih.gov/pubmed/27332079
http://doi.org/10.1152/ajpgi.00246.2015
http://www.ncbi.nlm.nih.gov/pubmed/26564716
http://doi.org/10.1002/hep.24038
http://www.ncbi.nlm.nih.gov/pubmed/21274866
http://doi.org/10.1111/j.1872-034X.2010.00724.x
http://doi.org/10.1111/j.1572-0241.2007.01192.x
http://doi.org/10.1111/hepr.12921
http://doi.org/10.1053/jhep.2002.33892
http://doi.org/10.1590/S0100-879X2003000600009
http://www.ncbi.nlm.nih.gov/pubmed/12792703
http://doi.org/10.3748/wjg.v11.i3.393
http://www.ncbi.nlm.nih.gov/pubmed/15637751
http://doi.org/10.1038/ng1658
http://www.ncbi.nlm.nih.gov/pubmed/16227996
http://doi.org/10.1373/clinchem.2006.075614
http://doi.org/10.1016/j.nut.2014.04.019

	Introduction 
	Nomenclature of STAMP2 
	Structure and Function of STAMP2 
	Cellular Location 
	Crystal Structures and Functional Motifs 
	Metalloreductase Activity 
	Endocytic and Exocytic Pathway 

	Regulation of STAMP2 Expression 
	STAMP2 in Type 2 Diabetes, Inflammatory Diseases, and Cancers 
	STAMP2 and Type 2 Diabetes 
	STAMP2 and Inflammatory Diseases 
	STAMP2 and Cancers 

	Pathogenesis of NAFLD and Therapeutic Approaches 
	Prevalence of NAFLD 
	Pathogenesis of NAFLD 
	Current Therapeutic Approaches to NAFLD 

	Role of STAMP2 in NAFLD Pathogenesis and Therapeutic Strategies 
	STAMP2 Is a Hepatic-Iron-Overload-Targeted Modulator of NAFLD 
	Iron Homeostasis and NAFLD 
	STAMP2 and Iron Homeostasis 
	STAMP2 as a Potential Therapeutic Target for NAFLD Accompanying HIO 

	Concluding Remarks and Future Perspectives 
	References

