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BACKGROUND AND AIMS: Hepatic ischemia-reperfusion 
(I/R) injury remains a major challenge affecting the morbid-
ity and mortality of liver transplantation. Effective strategies 
to improve liver function after hepatic I/R injury are lim-
ited. Six-transmembrane epithelial antigen of the prostate 3 
(Steap3), a key regulator of iron uptake, was reported to be 
involved in immunity and apoptotic processes in various cell 
types. However, the role of Steap3 in hepatic I/R-induced 
liver damage remains largely unclear.

APPROACH AND RESULTS: In the present study, we 
found that Steap3 expression was significantly up-regulated 
in liver tissue from mice subjected to hepatic I/R surgery and 
primary hepatocytes challenged with hypoxia/reoxygenation  
insult. Subsequently, global Steap3 knockout (Steap3-KO) 
mice, hepatocyte-specific Steap3 transgenic (Steap3-HTG) 
mice, and their corresponding controls were subjected to 
partial hepatic warm I/R injury. Hepatic histology, the in-
f lammatory response, and apoptosis were monitored to assess 
liver damage. The molecular mechanisms of Steap3 function 
were explored in vivo and in vitro. The results demonstrated 
that, compared with control mice, Steap3-KO mice exhibited 
alleviated liver damage after hepatic I/R injury, as shown 

by smaller necrotic areas, lower serum transaminase levels, 
decreased apoptosis rates, and reduced inflammatory cell in-
filtration, whereas Steap3-HTG mice had the opposite phe-
notype. Further molecular experiments showed that Steap3 
deficiency could inhibit transforming growth factor-β– 
activated kinase 1 (TAK1) activation and downstream c-Jun 
N-terminal kinase (JNK) and p38 signaling during hepatic 
I/R injury.

CONCLUSIONS: Steap3 is a mediator of hepatic I/R in-
jury that functions by regulating inf lammatory responses as 
well as apoptosis through TAK1-dependent activation of the 
JNK/p38 pathways. Targeting hepatocytes, Steap3 may be a 
promising approach to protect the liver against I/R injury. 
(Hepatology 2020;71:1037-1054).

Liver transplantation has become the only 
effective treatment for patients with end-
stage liver disease.(1) Ischemia-reperfusion 

(I/R) injury, a process whereby the blood supply is 
restored by reperfusion rather than by restoring liver 
function, aggravates hepatocyte dysfunction and 
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structural damage and remains a major challenge 
affecting the outcome of liver transplantation.(2) 
Approximately 10% of early graft failure cases are 
caused by I/R injury, and the incidences of acute 
and chronic rejection are higher.(3) Moreover, with 
the rising demand for organs and steady improve-
ment in immunosuppression strategies, an increas-
ing number of marginal donors, who are more 
susceptible to I/R injury, will be used.(4) Although 
great efforts have been made to explore a treatment 
strategy to alleviate acute liver I/R injury, no strat-
egy has been proven to be absolutely effective in 
clinical practice.(5,6) Therefore, more insights into 
the mechanism of injury and therapeutic measures 
will need to be developed.

The progression of liver I/R injury is complex, 
involving cell damage directly caused by ischemia 
and more severe liver cell damage caused by the ini-
tial inflammation associated with reperfusion.(7) The 
main changes in ischemia are metabolic acidosis and 
increased intracellular calcium levels as well as the 
corresponding damage. During reperfusion, the pro-
duction of reactive oxygen species (ROS) and acti-
vation of Kupffer cells, lymphocytes, and neutrophils 

produce a series of damaging cellular responses that 
lead to apoptosis.(8) Hepatocyte apoptosis induced by 
I/R injury subsequently leads to the release of proin-
flammatory mediators such as interleukin-6 (Il6), 
Il1b, and tumor necrosis factor-α (Tnf-α). These mol-
ecules recruit myeloid cells, especially cluster of dif-
ferentiation 11b (CD11b)–positive subsets, which in 
turn induce hepatocyte death and aggravate local tis-
sue damage.(9,10) Therefore, it is of great significance 
to identify effective treatment methods and simulta-
neously target apoptosis and innate immune system 
activation to block the vicious cycle involving apopto-
sis and the inflammatory response in this process for 
improving clinical I/R injury. Mechanistically, several 
signaling pathways are activated in liver I/R injury, 
such as the nuclear factor kappa B (NF-κB) and 
mitogen-activated protein kinase (MAPK) signaling 
pathways that can mediate both apoptosis and inflam-
mation during liver I/R injury.(11,12) Identification of 
pivotal regulators controlling these pathways is essen-
tial for the development of strategies for clinical inter-
vention to reduce hepatic I/R injury.

The 6-transmembrane epithelial antigen of pros-
tate (Steap) family has been found to be involved 
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in iron and copper uptake and reduction, endoplas-
mic reticulum and oxidative stress responses, inflam-
mation, proliferation, and apoptosis. Among these 
proteins, Steap3 is the major ferric reductase in devel-
oping erythrocytes and is important in regulating iron 
homeostasis.(13) Steap3 null mice display severe micro-
cytic anemia due to reduced ferric reductase activity 
and abnormal erythroid maturation.(14) Because iron 
is irreplaceable in the functions of ribonucleotide 
reductase and the mitochondrial respiratory chain, 
Steap3 may influence cellular fate toward prolifera-
tion or apoptosis by regulating the intracellular iron 
content.(15) In addition, Steap3 can promote tumor 
cell apoptosis to inhibit tumor cell proliferation and 
metastasis through caspase-3-dependent pathways.(16) 
Moreover, Steap3 deficiency is reported to impair 
the toll-like receptor 4 (TLR4)–mediated inflamma-
tory response.(17) However, the function of Steap3 in 
hepatic I/R injury is largely unknown.

In our preliminary study, we observed that Steap3 
expression was significantly up-regulated in mouse 
liver subjected to hepatic I/R operation and primary 
hepatocytes challenged with hypoxia/reoxygenation 
(H/R) insult, suggesting a potential role for Steap3 
in hepatic I/R injury. Considering the critical roles 
of inflammation and apoptosis in hepatic I/R injury, 
Steap3 may function as a key mediator in hepatic 
I/R injury by regulating these processes. To evaluate 
our hypothesis, we employed global Steap3 knockout 
(Steap3-KO) and hepatocyte-specific Steap3 trans-
genic (Steap3-HTG) mice to evaluate the effects 
of Steap3 on liver I/R injury as well as the under-
lying mechanisms. Together, our in vivo and in vitro 
studies showed that Steap3 deficiency could reduce 
liver injury by alleviating apoptosis and inhibiting 
inflammation in hepatic I/R injury. Furthermore, 
our study identified the Steap3–transforming growth 
factor-β-activated kinase 1 (TAK1)–c-Jun amino- 
terminal kinase ( JNK)/p38 pathway to be crucial 
during hepatic I/R injury.

Materials and Methods
ANIMALS

Male mice (8-10 weeks of age, 25  ±  2  g) were 
housed in a specific pathogen-free and temperature- 
controlled (23  ±  2°C) environment with a 12-hour 
light/dark cycle. Food and water were available 

ad libitum. Humane care was given to the animals 
in adherence with the Guide for the Care and Use of 
Laboratory Animals prepared by the National Academy 
of Sciences and published by the National Institutes of 
Health (publication 86-23, revised 1985). All animal 
procedures were approved by the Ethics Committee 
of The First Affiliated Hospital of Zhengzhou 
University. Steap3-KO mice were purchased from 
the Texas A&M Institute for Genomic Medicine 
(IST13594C11; TIGM, Germany). Identification 
primer sequences of Steap3-KO mice were F: 
5′-CTTGCAAAATGGCGTTACTTAAGC-3′ and 
R: 5′-CACGCTATAACACCGCCCT-3′. Steap3-
HTG mice were generated using the following 
method: the full-length consensus coding sequence of 
the mouse Steap3 (CCDS48343.1) gene was cloned 
downstream of the albumin (Alb) promoter, and an 
Alb-Steap3 transgene vector was obtained. The vector 
was linearized and microinjected into pronuclear-stage 
embryos. Two cell–stage embryos were transplanted 
into the oviducts of pseudo-pregnant foster mothers. 
Genomic DNA was extracted from the toes or tail 
tissue of newborn mice for screening by PCR.

MOUSE LIVER I/R INJURY MODEL
As described, we used an established partial (70%) 

liver warm ischemia model.(18) In brief, mice were first 
anesthetized with pentobarbital sodium (50 mg/kg),  
and a midline laparotomy was performed. Then, the 
portal vein, hepatic artery, and bile duct above the 
branching to the right lateral lobe were clamped 
with microvascular clips to interrupt the blood sup-
ply to the left lateral/median lobes of the liver. After 
ischemia for 60 minutes and reperfusion for differ-
ent times, the animals were sacrificed. Sham control 
mice underwent the same procedure without clamp-
ing the vasculature. At the end of the study, liver 
tissue and serum samples were collected for further 
analysis.

LIVER BIOCHEMICAL 
MEASUREMENT

Serum levels of alanine aminotransferase (ALT) 
and aspartate aminotransferase (AST) were measured 
by the ADVIA 2400 Chemistry System (Siemens, 
Tarrytown, NY), according to the manufactur-
er’s protocols, to evaluate mouse liver function. The 
inflammatory state was assessed by measuring serum 
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cytokines using commercial enzyme-linked immuno-
sorbent assay (ELISA) kits (Murine Tnf-α Standard 
ABTS ELISA Development Kit, 900-T54, from 
PeproTech, Rocky Hill, NJ; Mouse/Rat Ccl2/JE/
MCP-1 Quantikine ELISA Kit, MJE00, from R&D 
Systems, Minneapolis, MN) according to the manu-
facturer’s protocol.

HISTOLOGICAL AND 
IMMUNOHISTOCHEMICAL 
STAINING

To assess necrosis in the liver, liver tissue sam-
ples were fixed in 10% formalin, embedded in par-
affin, and sectioned (4-5  μm per section). Then, the 
sections were stained with hematoxylin and eosin 
(H&E). Expression of Steap3 was investigated by 
immunohistochemistry.(19)

IMMUNOFLUORESCENCE AND 
TERMINAL DEOXYNUCLEOTIDYL 
TRANSFERASE DEOXYURIDINE 
TRIPHOSPHATE NICK END 
LABELING STAINING

Paraffin-embedded liver sections were also used for 
immunofluorescence and terminal deoxynucleotidyl 
transferase deoxyuridine triphosphate nick end label-
ing (TUNEL) staining, as described.(20) A primary 
antibody against mouse CD11b (ab75476; Abcam, 
Cambridge, UK) was used. The secondary antibody 
used was a donkey antirabbit immunoglobulin G 
(H+L) cross-adsorbed secondary antibody (A-10042; 
Thermo Fisher Scientific). Apoptosis in paraffin- 
embedded liver sections was detected by the TUNEL 
method (Roche; 11684817910) according to the man-
ufacturer’s protocol.

QUANTITATIVE REAL-TIME PCR
Quantitative real-time PCR was performed as 

described.(21) Total mRNA was extracted from 
liver tissue and cultured cells using TRIZOL 
reagent (Invitrogen) according to the manufactur-
er’s instructions and quantified using a Nanodrop 
2000. Quantitative real-time PCR was performed 
with SYBR Green PCR Master Mix (catalog no. 
04887352001; Roche). The results were normalized 
against β-actin expression. The primer sequences of 

the target genes for real-time PCR are provided in 
Supporting Table S1.

WESTERN BLOT ANALYSIS
Protein expression levels in mouse liver tissue 

samples and cells were detected by western blot 
analysis, as described.(22) Protein expression was 
quantified by ImageJ software, and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was 
used as a control. All antibodies used for western 
blot analysis in this study are shown in Supporting 
Table S2.

ISOLATION OF PRIMARY 
HEPATOCYTES AND A 
HEPATOCYTE H/R MODEL

Primary hepatocytes were isolated from the liver 
as described, and cells with >80% viability were 
used for further experiments.(23) Isolated cells were 
cultured in complete Dulbecco’s modified Eagle’s 
medium (DMEM) overnight. For H/R experiments, 
the medium was changed into sugar-free, serum-free 
DMEM. Cell hypoxia conditions (1% O2, 5% CO2, 
and 94% N2) were created in a modular incubator 
chamber (Biospherix, Lacona, NY). After 60 minutes 
of hypoxia, the cells were returned to normal air con-
ditions (95% air, 5% CO2) and complete medium at 
the indicated time point to simulate liver I/R injury  
in vivo. The cells and related culture medium were 
collected for further experiments.

PLASMID CONSTRUCTION
The entire homo Steap3 complementary DNA 

(cDNA) was cloned into pcDNA5-hemagglutinin 
(HA), pcDNA5-Flag, and pHAGE-3×flag plasmids 
to express HA-tagged Steap3 and Flag-tagged Steap3 
recombinant proteins. pcDNA5-HA-TAK1, pcD-
NA5-Flag-TAK1, and Flag-tagged TAK1 truncations 
were constructed using the same methods. Glutathione 
S-transferase (GST)–tagged Steap3 and GST-TAK1 
were obtained by cloning Steap3 or TAK1 cDNA into 
the pcDNA5-GST-HA vector. Expression plasmids 
encoding truncated Steap3 (1-258, 259-488) or TAK1 
(1-300, 1-390, 301-579, and 391-579) were ampli-
fied using PCR and cloned into pcDNA5-flag and 
pcDNA5-HA, respectively, using standard molecular 
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biology techniques. The primers used in this study are 
listed in Supporting Table S3.

COIMMUNOPRECIPITATION AND 
GST PULLDOWN ASSAYS

Coimmunoprecipitation (co-IP) assays were per-
formed as described to identify the interactions of 
Steap3 with other factors. GST precipitation assays 
were performed to examine the direct interaction 
between Steap3 and TAK1.(24)

STATISTICAL ANALYSIS
All data analyzed in this study are expressed as 

the mean ± SD. A two-tailed Student t test was used 
for comparisons between two groups, and one-way 

analysis of variance (ANOVA) was used for compar-
isons between multiple groups. P  < 0.05 was consid-
ered statistically significant. SPSS software (version 
21.0) was used for all statistical analyses.

Please see the Supporting Information for more 
detailed information.

Results
Steap3 EXPRESSION IS 
SIGNIFICANTLY UP-REGULATED 
DURING HEPATIC I/R INJURY

To analyze whether Steap3 is associated with 
hepatic I/R injury, we firstly assessed Steap3 expres-
sion in wild-type (WT) mice subjected to partial 

FIG. 1. Steap3 expression is up-regulated after hepatic I/R. (A) Steap3 protein expression in the liver of WT mice at 6 hours after 
hepatic I/R operation. GAPDH served as the loading control (n = 3/group). (B) Immunohistochemical staining of Steap3 in ischemic 
liver lobes from WT mice 6 hours after hepatic I/R injury (n = 4 per group). Scale bar, 100 μm. (C) Steap3 expression in cultured 
primary hepatocytes isolated from WT mice challenged by H/R. GAPDH served as the loading control. Representative of three 
independent experiments. All data are presented as the mean ± SD. The level of statistical significance is indicated as **P < 0.01. For 
statistical analysis, a two-tailed Student t test was used.
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hepatic I/R injury. Western blotting revealed signifi-
cantly increased protein expression of Steap3 after 
hepatic I/R injury (Fig. 1A). However, there was no 
significant change in the mRNA level (Supporting  
Fig. S1). Further immunohistochemistry of liver sec-
tions indicated an obvious localization of increased 
Steap3 in the hepatocytes (Fig. 1B). In accordance 

with the in vivo results, Steap3 expression was also 
higher in primary hepatocytes challenged by H/R 
administration than in untreated controls (Fig. 1C), 
suggesting that hepatocytes might be the target cells 
of Steap3. Taken together, the induced Steap3 expres-
sion in the hepatocytes suggested the possible involve-
ment of Steap3 during hepatic I/R injury.
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Steap3 DEFICIENCY ALLEVIATES 
LIVER DAMAGE AND 
INFLAMMATORY RESPONSE 
DURING HEPATIC I/R INJURY

Based on the expression level of Steap3 being 
significantly up-regulated in hepatic I/R injury, 
we employed Steap3-KO mice to further investi-
gate the role of Steap3 in liver I/R injury. Western 
blotting confirmed Steap3 deletion in the liver  
(Fig. 2A). Serum AST and ALT levels were signifi-
cantly increased after hepatic I/R in WT mice and 
reached a peak at 6 hours after reperfusion, followed by 
a decrease. However, serum AST and ALT levels in the 
Steap3-KO mice were lower than those in WT mice  
(Fig. 2B). In addition, H&E staining confirmed that 
the areas of necrosis in liver sections from the Steap3-
KO mice after hepatic I/R were smaller than those in 
the sections from the WT mice (Fig. 2C). These find-
ings demonstrated that Steap3 deficiency protected 
against hepatic I/R injury.

The inflammatory response is an essential factor 
during hepatic I/R injury.(7) Therefore, we investi-
gated the effect of Steap3 deficiency on the inflam-
matory response after hepatic I/R injury in mice. 
After hepatic I/R injury, serum levels of proinflam-
matory cytokines/chemokines such as Tnf-α and C-C 
motif chemokine ligand 2 (Ccl2) increased, reached a 
peak at 6 hours after reperfusion, and then decreased. 
Compared with those in the WT group, the expres-
sion levels of Tnf-α and Ccl2 in the Steap3-KO group 
were decreased (Fig. 2D). The expression trend of the 
mRNA levels of inflammatory cytokines (Il6 and Il1b) 
and chemokines (Ccl2 and chemokine [C-X-C motif ] 
ligand 10 [Cxcl10]) were consistent with the trend in 
the serum (Fig. 2E). Moreover, immunofluorescence 

staining demonstrated that, compared to that in the 
WT mouse liver, the number of CD11b-positive 
cells in the Steap3-KO mouse liver was significantly 
decreased after liver I/R injury (Fig. 2F). NF-κB 
plays a critical role in regulating the expression of 
many inflammatory genes in hepatic I/R injury, lead-
ing to the production of cytotoxic free radicals and 
inflammatory cytokines.(25) We found decreased acti-
vation of NF-κB signaling in the Steap3-KO mice 
treated with I/R injury compared with the controls  
(Fig. 2G). In conclusion, these findings demonstrated 
that Steap3 deficiency suppressed inflammation in 
hepatic I/R injury.

HEPATOCYTE-SPECIFIC Steap3 
OVEREXPRESSION AGGRAVATES 
THE LIVER DAMAGE AND 
INFLAMMATORY RESPONSE 
DURING HEPATIC I/R INJURY

Given that Steap3 deficiency in the liver protects 
against hepatic I/R injury, we hypothesized that 
Steap3 overexpression might promote I/R-mediated 
liver insult. We constructed Steap3-HTG mice, and 
western blotting confirmed that Steap3 was overex-
pressed in the Steap3-HTG mouse liver (Fig. 3A). 
Compared with that in the nontransgenic (NTG) 
I/R group, the liver injury in the Steap3-HTG group 
after hepatic I/R was aggravated, which manifested 
as higher serum ALT and AST activities (Fig. 3B). 
Histological analysis of liver tissue also demon-
strated an increased necrotic area in Steap3-HTG 
mice (Fig. 3C). In addition, Steap3 overexpres-
sion can promote the inflammatory response after 
hepatic I/R injury in mice, and this response is char-
acterized by elevated serum Tnf-α and Ccl2 levels  

FIG. 2. Steap3 deficiency alleviates liver damage and inflammatory responses during hepatic I/R injury. (A) Steap3 protein expression 
in the liver of WT and Steap3-KO mice. GAPDH served as the loading control (n = 3/group). (B) Serum ALT/AST activities in WT 
and Steap3-KO mice at 6 and 24 hours after hepatic I/R operation (n = 8/group). (C) Representative histological H&E-stained images 
and statistics showing necrotic areas in liver tissue from WT and Steap3-KO mice at 6 and 24 hours after hepatic I/R operation (n = 6/
group). Scale bar, 100 μm. (D) Serum levels of inf lammatory factors (Tnf-α and Ccl2) in WT and Steap3-KO mice at 6 and 24 hours 
after hepatic I/R operation (n = 6-8/group). (E) mRNA levels of proinflammatory factors (Il6, Il1b, Ccl2, and Cxcl10) in the liver of 
WT and Steap3-KO mice at 6 and 24 hours after hepatic I/R operation (n = 6/group). (F) Representative CD11b immunofluorescence 
staining in the liver lobes of WT and Steap3-KO mice at 6 hours after hepatic I/R operation (n = 5/group). Scale bar, 50 μm. (G) Protein 
levels of NF-κB signaling pathway molecules in the liver of WT and Steap3-KO mice at 6 hours after hepatic I/R operation. GAPDH 
served as the loading control (n = 3/group). All data are presented as the mean ± SD. Levels of statistical significance are indicated as 
*P < 0.05, **P < 0.01. For statistical analysis, one-way ANOVA with Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis 
and two-tailed Student t test were used. Abbreviations: HPF, high-power field; IκBα, inhibitory κBα; IKKβ, IκB kinase β; n.s., not 
statistically significant.
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(Fig. 3D) and liver tissue inflammatory cytokines (Il6 
and Il1b) and chemokine (Ccl2 and Cxcl10) mRNA 
expression levels (Fig. 3E). Immunofluorescence 
staining also confirmed that, compared with that 
in the liver of mice in the NTG group, the num-
ber of activated CD11b-positive cells in the liver of 
Steap3-HTG mice increased after hepatic I/R injury 

(Fig. 3F). Moreover, we found enhanced activation 
of NF-κB signaling in Steap3-HTG mice treated 
with I/R challenge compared with the NTG group 
(Fig. 3G). These findings suggested that hepato-
cyte-specific Steap3 overexpression aggravated 
inflammatory responses and liver damage during 
hepatic I/R injury.
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Steap3 PROMOTES APOPTOSIS 
DURING HEPATIC I/R INJURY

During hepatic I/R injury, inflammatory mediators 
recruit neutrophils that induce apoptosis and aggravate 
local tissue damage.(10) Therefore, we further explored 
whether Steap3 regulates this process. TUNEL stain-
ing demonstrated that the number of apoptotic cells 
was increased at 6  hours after hepatic I/R operation 
but was significantly reduced in Steap3-KO mice 
compared with WT mice (Fig. 4A). Moreover, the 
levels of the proapoptotic molecules B-cell lymphoma 
2 (Bcl2)–associated x (Bax) and BCL2-associated 
agonist of cell death (Bad) were decreased, while 
the level of the antiapoptotic molecule Bcl2 was up- 
regulated in Steap3-KO mice subjected to hepatic 
I/R injury compared with WT mice, as measured by 
quantitative real-time PCR and western blot analysis 
(Fig. 4B,C). In contrast, Steap3-HTG mice exhibited 
more apoptosis than NTG mice (Fig. 4D-F). These 
observations revealed that Steap3 promoted apoptosis 
during hepatic I/R injury.

Steap3 ACCELERATES THE 
HEPATOCYTE INFLAMMATORY 
RESPONSE AND APOPTOSIS 
DURING H/R INJURY

To further determine the direct influences of 
Steap3 on hepatocytes, primary hepatocytes isolated 
from the livers of Steap3-KO and Steap3-HTG mice 
as well as their respective controls were subjected to 
H/R challenge. Similar to the results obtained from 
our in vivo experiments, the mRNA levels of inflam-
matory cytokines (Il6 and Il1b) and chemokines (Ccl2 
and Cxcl10) in the hepatocytes from Steap3-KO 

mice were significantly down-regulated after H/R  
(Fig. 5A). Moreover, decreased activation of NF-κB 
signaling was observed in the Steap3-KO hepatocytes 
challenged by H/R treatment compared with the WT 
hepatocytes (Fig. 5B). In addition, Bcl2 expression was 
up-regulated, whereas cleaved caspase-3, Bad, and Bax 
levels were down-regulated in the Steap3-KO hepato-
cytes after H/R (Fig. 5C,D). Meanwhile, we found 
no difference in inflammatory and apoptotic mole-
cules in hepatocytes from WT and Steap3-KO mice 
without H/R challenge (Supporting Fig. S3), indicat-
ing that the protective effect of Steap3 on inflamma-
tion and apoptosis was H/R stimulation–dependent. 
In contrast, the Steap3-HTG hepatocytes exhibited 
a promotional effect on inflammation and apoptosis 
after H/R injury (Fig. 5E-H). These gain-of-function 
and loss-of-function data strongly demonstrated that 
Steap3 in hepatocytes was a key mediator of cell sur-
vival and promoter of cellular inflammation during 
hepatic I/R injury.

Steap3 DEFICIENCY INHIBITS  
TAK1 ACTIVATION AND 
DOWNSTREAM JNK AND p38 
SIGNALING DURING HEPATIC I/R 
INJURY

Having demonstrated that Steap3 promoted 
inflammatory response and apoptosis in hepato-
cytes during hepatic I/R injury, we next explored the 
underlying mechanism by which Steap3 regulates 
cellular functions. The MAPK signal transduction 
pathway plays a key role in regulating inflammatory 
and apoptotic processes during hepatic I/R injury.(26) 
Therefore, we examined whether Steap3 modu-
lates MAPK signaling during hepatic I/R injury. 

FIG. 3. Hepatocyte-specific Steap3 overexpression aggravates inf lammatory responses and liver damage during hepatic I/R injury. 
(A) Steap3 protein expression in the liver of NTG and Steap3-HTG mice. GAPDH served as the loading control (n = 3/group).  
(B) Serum ALT/AST activities in NTG and Steap3-HTG mice at 6 hours after hepatic I/R operation (n = 8/group). (C) Representative 
histological H&E-stained images and statistics showing necrotic areas in liver tissue from NTG and Steap3-HTG mice at 6 hours 
after hepatic I/R operation (n = 6/group). Scale bar, 100 μm. (D) Serum levels of inf lammatory factors (Tnf-α and Ccl2) in NTG 
and Steap3-HTG mice at 6 hours after hepatic I/R operation (n = 6-8/group). (E) mRNA levels of proinflammatory factors (Il6, Il1b, 
Ccl2, and Cxcl10) in the liver of NTG and Steap3-HTG mice at 6 hours after hepatic I/R operation (n = 6/group). (F) Representative 
CD11b immunofluorescence staining in the liver lobes of NTG and Steap3-HTG mice at 6 hours after hepatic I/R operation (n = 5/
group). Scale bar, 50 μm. (G) Protein levels of NF-κB signaling pathway molecules in the liver of NTG and Steap3-HTG mice at 
6 hours after hepatic I/R operation. GAPDH served as the loading control (n = 3/group). All data are presented as the mean ± SD. 
Levels of statistical significance are indicated as *P < 0.05, **P < 0.01. For statistical analysis, one-way ANOVA with Bonferroni’s post 
hoc analysis or Tamhane’s T2 post hoc analysis and two-tailed Student t test were used. Abbreviations: HPF, high-power field; IκBα, 
inhibitory κBα; IKKβ, IκB kinase β; n.s., not statistically significant.
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Interestingly, compared with endogenous Steap3 
expression, Steap3 deficiency suppressed JNK and p38 
phosphorylation, while Steap3 overexpression elevated 
JNK and p38 phosphorylation in mice suffering from 
hepatic I/R injury. However, extracellular signal– 
regulated protein kinase phosphorylation was not 

affected in either setting (Fig. 6A,B). In addition, the 
phosphorylation of TAK1 (p-TAK1) and apoptosis 
signal–regulating kinase 1 (p-ASK1), two upstream 
kinases that activate MAPK signaling in hepatic I/R 
injury, were measured to determine the upstream 
kinase acted upon by Steap3 to stimulate the JNK 
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and p38 signaling pathways. The phosphorylation of 
TAK1 in liver tissue subjected to hepatic I/R injury 
was significantly suppressed by Steap3 deficiency but 
activated by Steap3 overexpression, while ASK1 phos-
phorylation was unaffected (Fig. 6C,D). Furthermore, 
similar results were obtained in primary hepatocytes 
isolated from Steap3-KO and Steap3-HTG mice 
in response to H/R (Fig. 6E-H). Collectively, these 
results showed that Steap3 deficiency inhibited TAK1 
activation and downstream JNK and p38 signaling in 
hepatocytes during hepatic I/R injury.

Steap3 DIRECTLY INTERACTS 
WITH TAK1 AND PROMOTES 
TAK1 SIGNALING ACTIVATION

To determine how Steap3 affects TAK1 signaling, 
we first performed an immunofluorescence colocaliza-
tion experiment to detect the localization of Steap3 and 
TAK1. Interestingly, we found that Steap3 and TAK1 
colocalized in the cytoplasm (Fig. 7A). Furthermore, 
co-IP studies showed an interaction between exog-
enous Steap3 and TAK1 (Fig. 7B). In addition, a 
GST-HA-tagged TAK1 protein efficiently pulled 
down Flag-tagged Steap3, and GST-HA-tagged 
Steap3 pulled down Flag-tagged TAK1 (Fig. 7C).  
Additionally, co-IP using serially truncated forms of 
TAK1 or Steap3 demonstrated that the N-terminal 
region segment amino acids 1-258 of Steap3 (Flag-
Steap3 [1-258]) and the spanning 1-300 amino acids 
of TAK1 (HA-TAK1 [1-300]) were the interacting 
regions of Steap3 and TAK1, respectively (Fig. 7D,E). 
To further confirm that the regulation of Steap3 on 
TAK1-p38/JNK signaling was dependent on its inter-
action with TAK1 during H/R challenge, hepatocytes 
were transfected with plasmids expressing full-length 
Steap3 or truncated Steap3 (Steap3 [1-258], Steap3 
[259-488]). We noticed that the 1-258 domain of 
Steap3 was the fragment responsible for its activation 

of TAK1-p38/JNK signaling (Fig. 7F). These results 
demonstrated that Steap3 directly interacted with 
TAK1 and promoted TAK1 signaling activation.

TAK1 MEDIATED THE EFFECT 
OF Steap3 ON HEPATOCYTE 
INFLAMMATION AND APOPTOSIS 
AFTER H/R TREATMENT

To further evaluate whether TAK1 mediated the 
effect of Steap3 on liver I/R injury, we blocked TAK1 
activity in L02 hepatocytes using a specific TAK1 
inhibitor, NG25.(27) Compared with dimethyl sulfox-
ide (DMSO), NG25 largely abolished the activation 
of TAK1 and downstream JNK/p38 in Steap3 over-
expressed hepatocytes subjected to H/R challenge 
(Fig. 8A). Furthermore, inhibition of TAK1 activity 
also abrogated the inflammatory response and apop-
tosis induced by Steap3 overexpression in hepatocytes 
subjected to H/R challenge, as evidenced by decreased 
gene expression of proinflammatory factors (Tnf-α, 
Il16, Il1b, and Ccl2), suppression of NF-κB signaling, 
increased expression of Bcl2, and decreased expression 
of Bad, Bax, and cleaved caspase-3 (Fig. 8B-E). These 
results demonstrated that TAK1 mediated the effect 
of Steap3 on hepatocyte inflammation and apoptosis 
after H/R challenge.

Discussion
Hepatic I/R injury includes a complex network and 

multiple molecular mechanisms and cellular interac-
tions.(2) Of these, iron-mediated apoptosis and the 
inflammatory response play integral roles.(28) As a 
member of the iron regulatory protein family, Steap3 
functions as a ferric reductase that reduces ferric iron 
to ferrous iron in endosomes.(29) More importantly, 
Steap3 is vital in apoptosis and cell-cycle progression, 

FIG. 4. Steap3 promotes apoptosis during hepatic I/R injury. (A) TUNEL staining in liver sections from WT and Steap3-KO mice at 
6 hours after hepatic I/R operation (n = 4/group). Scale bar, 50 μm. (B) mRNA levels of apoptosis-related genes (Bad, Bax, and Bcl2) in 
liver samples of WT and Steap3-KO mice at 6 hours after hepatic I/R operation (n = 6/group). (C) Western blot analysis of the Bax and 
Bcl2 levels in the liver of WT and Steap3-KO mice at 6 hours after hepatic I/R operation. GAPDH served as a loading control (n = 3/
group). (D) TUNEL staining in liver sections of NTG and Steap3-HTG mice at 6 hours after hepatic I/R operation (n = 4/group). 
Scale bar, 50 μm. (E) mRNA levels of apoptosis-related genes (Bad, Bax, and Bcl2) in liver samples from NTG and Steap3-HTG 
mice at 6 hours after hepatic I/R operation (n = 6/group). (F) Western blot analysis of the Bax and Bcl2 levels in the liver of NTG and 
Steap3-HTG mice at 6 hours after hepatic I/R operation. GAPDH served as a loading control (n = 3/group). All data are shown as 
the mean ± SD. Levels of statistical significance are indicated as *P < 0.05, **P < 0.01. For statistical analysis, one-way ANOVA with 
Bonferroni’s post hoc analysis or Tamhane’s T2 post hoc analysis and two-tailed Student t test were used. Abbreviations: HPF, high-
power field; n.s., not statistically significant.
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especially in G2-M progression.(30) However, the bio-
logical and functional roles of Steap3 in I/R-induced 
liver damage remain poorly understood. In the pres-
ent study, we observed that the Steap3 protein level 
was up-regulated after hepatic I/R. However, Steap3 
mRNA levels were almost unchanged after hepatic 
I/R, suggesting that the changes of Steap3 after 
liver I/R injury mainly occur at the level of protein 

modification after translation, but the specific mech-
anism needs to be further explored. Meanwhile, 
experiments with Steap3-KO and Steap3-HTG mice 
revealed a harmful role for Steap3 in hepatic I/R 
injury. Further molecular research demonstrated that 
Steap3 physically binds to TAK1 and promotes the 
activation of TAK1–JNK/p38 signaling. Collectively, 
our results demonstrated that Steap3 is a key mediator 
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of hepatic I/R injury and has important functions in 
the pathological process.

Inflammation has been considered one of the hall-
marks of I/R injury, and inhibiting inflammation can 
effectively prevent or interfere with liver I/R injury.(31) 
The inflammatory response during hepatic I/R injury 
is characterized by the induction of a cascade of proin-
flammatory mediators that culminates in the recruit-
ment of leukocytes to the postischemic tissue, leading 
to parenchymal cell injury.(32) During hepatic I/R 
injury, the activation of hepatocytes and Kupffer cells 
releases proinflammatory factors such as Tnf-α, Il6, and 
Ccl2, which are transcriptionally regulated by NF-κB 
activation, to attract neutrophil-like CD11b+Ly6C+ 
monocytes, which egress from the bone marrow and 
migrate to the liver, ultimately resulting in liver dam-
age.(33) Additionally, melatonin pretreatment enhances 
the therapeutic effects of exogenous mitochondria on 
hepatic I/R injury in rats by suppressing the expres-
sion of inflammatory mediators (Tnf-α/NF-κB/Il1b/
matrix metalloproteinase 9).(6) Steap3 is reported to 
be important in regulating inflammatory responses, 
and deleting Steap3 causes impaired TLR4-mediated 
inflammatory responses.(17) Consistently, in the present 
study, we demonstrated that Steap3 deletion reduced 
the expression of Il6, Il1b, Ccl2, and Tnf-α after 
hepatic I/R injury. Moreover, Steap3 deficiency could 
suppress NF-κB activation and reduce CD11b-positive 
inflammatory cell infiltration after hepatic I/R injury, 
whereas Steap3 overexpression displayed the opposite 
pattern. More importantly, through separating pri-
mary hepatocytes from Steap3-KO and Steap3-HTG 
mice, we found that Steap3 in hepatocytes regulated 

the inflammatory response after H/R through NF-κB. 
Therefore, we speculate that Steap3 in hepatocytes 
activates the NF-κB pathway, which promotes the 
secretion of a series of inflammatory factors; these 
inflammatory factors then recruit the CD11b+Ly6C+ 
monocytes to the liver during hepatic I/R injury.

During hepatic I/R injury, various stress factors can 
activate the apoptotic pathway mediated by mitochon-
dria, which leads to an increase in the apoptosis rate and 
a decrease in parenchymal cells; thus, hepatic tissue and 
liver function are severely damaged.(34) It is well known 
that Bax promotes intrinsic apoptosis by forming oligo-
mers in the mitochondrial outer membrane, participat-
ing in the release of apoptogenic molecules. In contrast, 
Bcl2 inhibits mitochondrial apoptosis by blocking the 
release and oligomerization of Bax.(35) In addition, 
antiapoptotic measures, including overexpressing Bcl2, 
knocking out Bax, and inhibiting caspase-3, can protect 
the liver from I/R injury.(36) In previous studies, Steap3 
was originally identified as a p53-inducible protein and 
an inhibitor of cell growth through the induction of 
apoptosis through a caspase-3-dependent pathway.(37) 
Moreover, adenoviral delivery of the rat Steap3 homo-
log pHyde into human prostate cancer cells synergizes 
with cisplatin to cause growth suppression and apopto-
sis.(16) Consistently, in this study, we found that Steap3 
induced hepatocyte apoptosis, as indicated by the 
enhanced levels of cleaved caspase-3, Bax, and Bad in 
the liver of Steap3-HTG mice compared with that of 
NTG control mice, while the liver of Steap3-KO mice 
exhibited the opposite effect. Taken together, our results 
illustrate that accumulated Steap3 promotes hepatocyte 
apoptosis after I/R injury.

FIG. 5. Steap3 accelerates hepatocyte inf lammation and apoptosis during hepatic I/R injury. (A) mRNA levels of proinflammatory 
factors (Il6, Il1b, Ccl2, and Cxcl10) in cultured primary hepatocytes isolated from WT and Steap3-KO mice that were subjected to H/R 
challenge (n = 3/group). (B) Protein levels of NF-κB signaling pathway molecules in cultured primary hepatocytes isolated from WT 
and Steap3-KO mice that were challenged by H/R insult. GAPDH served as the loading control. Representative of three independent 
experiments. (C) mRNA levels of apoptosis-related genes (Bad, Bax, and Bcl2) in cultured primary hepatocytes isolated from WT and 
Steap3-KO mice that were subjected to H/R challenge (n = 3/group). (D) Western blot analysis of the Bax, Bcl2, and cleaved caspase-3 
levels in cultured primary hepatocytes isolated from WT and Steap3-KO mice that were challenged by H/R insult. GAPDH served 
as the loading control. Representative of three independent experiments. (E) mRNA levels of proinflammatory factors (Il6, Il1b, Ccl2, 
and Cxcl10) in cultured primary hepatocytes isolated from NTG and Steap3-HTG mice that were subjected to H/R challenge (n = 3/
group). (F) Protein levels of NF-κB signaling pathway molecules in cultured primary hepatocytes isolated from NTG and Steap3-HTG 
mice that were challenged by H/R insult. GAPDH served as the loading control. Representative of three independent experiments.  
(G) mRNA levels of apoptosis-related genes (Bad, Bax, and Bcl2) in cultured primary hepatocytes isolated from NTG and Steap3-
HTG mice that were subjected to H/R challenge (n = 3/group). (H) Western blot analysis of the Bax, Bcl2, and cleaved caspase-3 
levels in cultured primary hepatocytes isolated from NTG and Steap3-HTG mice that were challenged by H/R insult. GAPDH served 
as the loading control. Representative of three independent experiments. All data are shown as the mean ± SD. Levels of statistical 
significance are indicated as *P < 0.05, **P < 0.01. For statistical analysis, a two-tailed Student t test was used. Abbreviations: IκBα, 
inhibitory κBα; IKKβ, IκB kinase β.
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FIG. 6. Steap3 deficiency inhibits TAK1/JNK/p38 signaling in liver injury. (A,B) Western blot analysis of the total and phosphorylated 
protein expression levels of classic MAPKs in the liver of Steap3-KO (A) and Steap3-HTG (B) mice after hepatic I/R operation 
(n = 3/group). (C,D) Western blot analysis of the total and phosphorylated protein expression levels of classic MAPK kinase kinases 
(MAP3Ks), including TAK1 and ASK1, in the liver of Steap3-KO (C) and Steap3-HTG (D) mice after hepatic I/R operation (n = 3/
group). (E,F) Western blot analysis of the total and phosphorylated protein expression levels of classic MAPKs in cultured primary 
hepatocytes isolated from Steap3-KO (E) and Steap3-HTG (F) mice that were challenged by H/R insult. Representative of three 
independent experiments. (G,H) Western blot analysis of the total and phosphorylated protein expression levels of classic MAP3Ks, 
including TAK1 and ASK1, in cultured primary hepatocytes isolated from Steap3-KO (G) and Steap3-HTG (H) mice that were 
challenged by H/R insult. Representative of three independent experiments. For (A-H), GAPDH served as the loading control. All 
data are shown as the mean ± SD. Levels of statistical significance are indicated as *P < 0.05, **P < 0.01. For statistical analysis, a two-
tailed Student t test was used. Abbreviations: ERK, extracellular signal–regulated kinase; n.s., not statistically significant.
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FIG. 7. Steap3 directly interacts with TAK1 and promotes TAK1 signaling activation. (A) Representative confocal images showed 
293T cells cotransfected with Flag-tagged Steap3 and HA-tagged TAK1. Proteins were visualized using anti-Flag (green) and anti-
HA (red) antibodies, followed by fluorophore-conjugated secondary antibodies after 24 hours of transfection. Nuclei were stained using 
4′,6-diamidino-2-phenylindole (blue). n = 3 independent experiments per group with 6 images per group. Scale bar, 25 μm. (B) Flag-tagged 
Steap3 and HA-tagged TAK1 plasmids were cotransfected into 293T cells. Anti-Flag antibody (left panel) or anti-HA antibody (right 
panel) were used for immunoprecipitation. Representative of three independent experiments. (C) Flag-tagged Steap3 and GST-HA-
tagged TAK1 plasmids or Flag-tagged TAK1 and GST-HA-Steap3 TAK1 were cotransfected into 293T cells. Representative of three 
independent experiments. (D) Full-length HA-Steap3 and various truncated forms of Flag-TAK1 were cotransfected into 293T cells. 
An anti-Flag antibody was used for immunoprecipitation. Representative of three independent experiments. (E) Full-length HA-TAK1 
and various truncated forms of Flag-Steap3 were cotransfected into 293T cells. An anti-Flag antibody was used for immunoprecipitation. 
Representative of three independent experiments. (F) Western blot analysis of total and phosphorylated TAK1, JNK, and p38 in 
hepatocytes transfected with various truncated forms of Flag-Steap3 subjected to H/R challenge. GAPDH served as the loading control. 
Representative of three independent experiments. Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; IP, immunoprecipitation.
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The MAPK signaling pathway family members 
JNK and p38 play critical biological roles, including 
in inflammation, cell-cycle regulation, and apoptosis, 
in the progression of hepatic I/R injury.(38) During 

hepatic I/R, ROS directly act on cell membrane recep-
tors to phosphorylate p38, which promotes the trans-
location of Bax, leading to the release of cytochrome 
c and the activation of caspase-9 and caspase-3.(39) 

FIG. 8. TAK1 mediated the effect of Steap3 on hepatocyte inf lammation and apoptosis after H/R treatment. (A) Western blot analysis 
of total and phosphorylated TAK1, JNK, and p38 in Steap3 overexpressed hepatocytes treated with NG25 subjected to H/R challenge. 
GAPDH served as the loading control. Representative of three independent experiments. (B) mRNA levels of proinflammatory 
factors (Tnf-α, Il6, Il1b, and Ccl2) in Steap3 overexpressed hepatocytes treated with NG25 subjected to H/R challenge. (C) Protein 
levels of NF-κB signaling pathway molecules in Steap3 overexpressed hepatocytes treated with NG25 subjected to H/R challenge. 
GAPDH served as the loading control. Representative of three independent experiments. (D) mRNA levels of apoptosis-related genes 
(Bad, Bax, and Bcl2) in Steap3 overexpressed hepatocytes treated with NG25 subjected to H/R challenge. (E) Western blot analysis 
of the Bax, Bcl2, and cleaved caspase-3 levels in Steap3 overexpressed hepatocytes treated with NG25 subjected to H/R challenge. 
GAPDH served as the loading control. Representative of three independent experiments. All data are shown as the mean ± SD. Levels 
of statistical significance are indicated as *P < 0.05, **P < 0.01. For statistical analysis, one-way ANOVAs with Bonferroni’s post hoc 
analysis or Tamhane’s T2 post hoc analysis were used. Abbreviations: IκBα, inhibitory κBα; IKKβ, IκB kinase β.
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Phosphorylated p38 can also act on monocytes/ 
macrophages or promote the transcription of NF-κB, 
resulting in the release of more Tnf-α, Il6, and Il1b.(40) 
In addition, JNK is phosphorylated and activated by 
several types of stresses, including stimulation by 
cytokines such as Tnf-α and IL-1 and environmental 
stresses such as radiation and oxidative stress.(41) The 
inhibition of JNK activation can ameliorate liver I/R 
injury through increased expression of antiapoptotic 
Bcl2 and decreased expression of proapoptotic Bax.(42) 
However, there have been no reports on the function 
of Steap3 in the regulation of MAPK signaling. We 
observed significantly higher levels of phosphory-
lated JNK and p38 signaling in the liver and primary 
hepatocytes from Steap3-HTG mice compared with 
those from NTG mice after I/R or H/R insult, respec-
tively, whereas the liver and primary hepatocytes from 
Steap3-KO mice showed the opposite trend. Together, 
these observations indicate that in hepatocytes Steap3 
activates the phosphorylation of JNK and p38 during 
hepatic I/R-induced liver injury.

TAK1, a MAPK kinase family serine threonine 
kinase, has been implicated in the regulation of a diverse 
range of cellular processes that include cellular death 
and inflammatory responses and acts as a key prime 
upstream molecular regulator of MAPK activation.(21) 
A previous study showed that deletion of TAK1 results 
in autonomous apoptosis in hepatocytes and hemato-
poietic cells.(43) Interestingly, other studies have shown 
that deletion of TAK1 can protect hepatocytes against 
I/R injury.(44) In the present study, we demonstrated 
that TAK1 was a molecular target during the regulation 
of liver I/R injury by Steap3. We found that Steap3 
physically interacted with TAK1 through specific bind-
ing domains and then activated TAK1 phosphorylation 
to aggravate hepatic I/R injury. Therefore, TAK1 may 
need to maintain a balanced level to support its molec-
ular, cellular, and functional behaviors during hepatic 
I/R injury. Additionally, the different partners of TAK1 
and their corresponding biological activities are respon-
sible for the dual roles of TAK1. The results of the 
present study demonstrated that Steap3 interacted with 
the N-terminal domain of TAK1. Further experiments 
demonstrated that TAK1 mediated the effect of Steap3 
on hepatocyte inflammation and apoptosis after H/R 
treatment. Thus, targeting Steap3–TAK1 is a strategy 
for clinical intervention in hepatic I/R injury.

In conclusion, our study reveals that Steap3 is a 
regulator of hepatic I/R injury. The Steap3–TAK1 

interaction activates the phosphorylation of MAPK 
signaling, subsequently leading to apoptosis and 
inflammation. In addition, these findings broaden our 
understanding of the direct regulatory role of Steap3 
in hepatocytes. Therefore, the Steap3–TAK1–JNK/
p38 regulatory axis could be an essential mechanism 
of hepatic I/R injury.
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