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Human Cytoglobin Deactivates Hepatic
Stellate Cells and Inhibits Liver Fibrosis
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BACKGROUND AND AIMS: Antifibrotic therapy remains
an unmet medical need in human chronic liver disease. We
report the antifibrotic properties of cytoglobin (CYGB), a respiratory protein expressed in hepatic stellate cells (HSCs), the
main cell type involved in liver fibrosis.
APPROACH AND RESULTS: Cygb-
deficient mice that had
bile duct ligation–
induced liver cholestasis or choline-
deficient
amino acid–
defined diet–
induced steatohepatitis significantly
exacerbated liver damage, fibrosis, and reactive oxygen species
(ROS) formation. All of these manifestations were attenuated in
Cygb-
overexpressing mice. We produced hexa histidine–
tagged
recombinant human CYGB (His-
CYGB), traced its biodistribution, and assessed its function in HSCs or in mice with
advanced liver cirrhosis using thioacetamide (TAA) or 3,5-
di
ethoxycarbonyl-
1,4-
dihydrocollidine (DDC). In cultured HSCs,
extracellular His-
CYGB was endocytosed and accumulated in
endosomes through a clathrin-
mediated pathway. His-
CYGB
significantly impeded ROS formation spontaneously or in the
presence of ROS inducers in HSCs, thus leading to the attenuation of collagen type 1 alpha 1 production and α-smooth
muscle actin expression. Replacement the iron center of the

heme group with cobalt nullified the effect of His-
CYGB. In
addition, His-
CYGB induced interferon-
β secretion by HSCs
that partly contributed to its antifibrotic function. Momelotinib
incompletely reversed the effect of His-
CYGB. Intravenously
injected His-
CYGB markedly suppressed liver inflammation,
fibrosis, and oxidative cell damage in mice administered TAA
or DDC mice without adverse effects. RNA-sequencing analysis revealed the down-regulation of inflammation-and fibrosis-
related genes and the up-
regulation of antioxidant genes in
both cell culture and liver tissues. The injected His-
CYGB
predominantly localized to HSCs but not to macrophages,
suggesting specific targeting effects. His-
CYGB exhibited no
toxicity in chimeric mice with humanized livers.
CONCLUSIONS: His-CYGB could have antifibrotic clinical
applications for human chronic liver diseases. (Hepatology
2021;73:2527-2545).

H

epatic fibrosis is a common pathological process associated with chronic liver diseases that
can result in the development of cirrhosis,
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liver failure, and hepatocellular carcinoma (HCC).(1)
Regardless of their etiology, liver fibrotic processes
are mediated by interactions and cross-talk between
hepatic cells and infiltrating inflammatory cells and
modulated by the release of several mediators, including growth factors, cytokines, chemokines, adipokines,
vasoactive compounds, and reactive oxygen species
(ROS).(2) The involvement of ROS in liver fibrosis
was first described in 1965, by Comporti et al.(3) and
Ghoshal et al.(4), who reported the induction of liver
injury by CCl4 through lipid peroxidation. Oxidative
stress is known to be involved in liver trauma and
fibrosis, triggered by ethanol intake(5), NASH(6), iron
overload(7), and HCV infection.(8) Fibrogenic progression during these diseases has been associated with
significantly decreased and/or impaired antioxidant
defenses, such as copper/zinc–
superoxide dismutase
(SOD)(9) and manganese-SOD (Mn-SOD).(10)
Hepatic stellate cells (HSCs), which are the primary cell type involved in liver fibrosis, are activated by
exposure to cytokines and ROS derived from damaged
hepatocytes (HCs), activated Kupffer cells, sinusoidal
endothelial cells, or other HSCs through autocrine or
paracrine signaling mechanisms.(11) ROS generated
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by infiltrating neutrophils and macrophages can also
activate HSCs.(12) Although most HCs contain large
ROS-scavenging enzymatic systems, including catalase
in peroxisomes and Mn-SOD in mitochondria, HSCs
are the only liver cell type that expresses cytoglobin
(CYGB),(13) a member of the mammalian globin family, which has a ROS-scavenging function.(14,15)
CYGB exhibits intrinsic O2-binding capacities
because its heme iron has the same affinities for
exogenous ligands and the same oxygen equilibrium
constants as myoglobin.(13) In vivo, CYGB deficiency
causes severe oxidative stress and the spontaneous
induction of HCC in mice,(16,17) whereas the selective overexpression of CYGB can prevent the H2O2-
induced activation of HSCs.(18) Thus, CYGB may act
as an elite gatekeeper, protecting HSCs from ROS-
induced damage or activation.
Recently, evidence has suggested that the interferon-β (IFN-β) signaling pathway, through the activation of the Janus kinase ( JAK)/signal transducer and
activator of transcription (STAT) pathway, may play a
key role in controlling liver fibrosis.(19) IFN-β treatment reduces concanavalin A–induced hepatic fibrosis
by inhibiting the mRNA expression of transforming
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growth factor-β (TGF-β), basic fibroblast growth factor, collagen type 1 alpha 2 (Col1a2), and tissue inhibitor of metalloproteinase 1 (Timp-1).(20)
Herein, we report the following antifibrotic properties
of CYGB. First, bile duct ligation (BDL) and steatohepatitis models induced in Cygb-deficient mice displayed
exacerbated liver damage, fibrosis, and ROS formation,
which were attenuated in mice with Cygb with mCherry
reporter overexpression (Cygb-mCherry). Second, we
demonstrated spontaneous endocytosis and endosomal
accumulation of exogenous hexa histidine (6His)-tagged
recombinant human (rh) CYGB (His-
CYGB) in
HSCs, resulting in the suppression of HSC activation–
associated manifestations through ROS-
scavenging
functions. In addition, exogenous His-CYGB induced
IFN-β secretion from HSCs by activating TRAF
Family Member Associated NFKB Activator-binding
kinase 1 (TBK1), resulting in the induction of the JAK/
STAT pathway. Third, we found that intravenously
injected His-
CYGB was delivered to HSCs in mice
and contributed to the prevention of fibrosis progression
induced by thioacetamide (TAA) or 3,5-diethoxycarbon
yl-1,4-dihydrocollidine (DDC) administration. Fourth,
His-CYGB intravenously injected into chimeric mice
with humanized livers (PXB mice) exhibited no toxicity.
Combined, our data support the potential application of
His-CYGB as an antifibrotic therapy in humans.

Materials and Methods
rhCYGB PRODUCTION
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laboratory as described.(18,21) Briefly, in Cygb-
mCherry mice, exogenous Cygb was incorporated
with a 2A-mCherry tag under the regulation of the
Cygb promoter, which directs gene expression in target Cygb-expressing cells. In the liver, Cygb is overexpressed only in HSCs. The founder Cygb-mCherry
mice were backcrossed with C57BL/6J wild-
type
(WT) mice for 3-6 generations, and only their offspring with 10 Cygb copies were used in this study.
C57BL/6J WT mice were purchased from Japan
SLC Inc. WT mice were cohoused with Cygb-
deficient mice and Cygb-mCherry mice for at least
1 week before experiments. PXB mice showing a
replacement index of more than 90% were purchased
from PhoenixBio Co., Ltd.
All mice received humane care, according to
Guide for the Care and Use of Laboratory Animals,
National Institutes of Health. All protocols and
experimental procedures were approved by the
Institutional Animal Care and Use Committee of
Osaka City University and were performed following the guidelines of the National Institutes
of Health for the use of animals in research. See
the Supporting Information for details of mouse
BDL studies; choline-deficient amino acid–defined
(CDAA) diet administration; and His-CYGB treatment in normal WT mice, PXB mice, TAA-treated
mice, or DDC diet–fed mice.

CELL CULTURE AND TREATMENT

Human HSCs (HHSteCs) were purchased
from
ScienCell Research Laboratories. Primary
The open reading frame of cloned human CYGB
complementary DNA fused with 6His or trans- human HSCs (hHSCs) were obtained from the
activator of transcription (TAT) tags was expressed in Institute for Liver and Digestive Health, Royal Free
Escherichia coli BL-21AI cells. rhCYGB was purified Hospital, University College London (NC2015.020
by immobilized metal ion affinity chromatography [B-ERC-RF]). Primary mouse HSCs (mHSCs) and
from
(HisTALON superflow; Takara Bio), polished by size primary mouse HCs (mHCs) were isolated
(18)
See the
exclusion chromatography (HiLoad 16/600 Superdex, WT mice in our laboratory as described.
Supporting
Information
for
details.
75 pg; GE Healthcare), and concentrated with
Amicon Ultra-1 (Merck Millipore Ltd., Co.). In total,
three kinds of rhCYGB were produced in our labo- IN VITRO AND IN VIVO
ratory, including His-CYGB, TAT-tagged rhCYGB DISTRIBUTION OF HIS-CYGB
(TAT-CYGB) and cobalt CYGB (Co-CYGB).
The translocation and distribution of His-CYGB
were determined using His-
CYGB unlabeled and
MICE
labeled with Alexa tetrafluorophenyl (TFP) esters,
Cygb-deficient
and
Cygb-mCherry
mice which were obtained from Molecular Probes and
(Supporting Fig. S1) were generated in our included Alexa Fluor 488 and Alexa Fluor 647. TFP
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esters react efficiently with the primary amines in proteins to form stable dye–protein conjugates. Proteins
were labeled following the manufacturer’s protocol.
For transmission electron microscopy (TEM) (Talos
F200X S/TEM; Thermo Fisher Scientific) analysis,
His-
CYGB was performed after embedding labeling using 5-
nm nickel–
nitrilotriacetic (Ni-
NTA)
nanogold particles (Nanoprobes). See the Supporting
Information for details.

RNA SEQUENCING AND DATA
ANALYSIS
RNA sequencing (RNA-
seq) was performed
on HHSteCs and TAA/DDC-
treated liver tissues, with or without His-CYGB treatment (n = 3
each group). Total RNA was extracted and used for
the library preparation process. RNA libraries were
then sequenced using the NovaSeq 6000 platform
(Macrogen). RNA-seq data have been deposited in
the Gene Expression Omnibus database and can be
accessed using the identifier GSE15
6780. See the
Supporting Information for details.

STATISTICAL ANALYSIS
All experiments were replicated at least three
times. ImageJ was used to evaluate the band intensities for immunoblotting analysis (National Institutes
of Health). The data presented as bar graphs are
the means ± standard deviations for all experiments.
Statistical analyses were performed using a Student t
test (two-tailed) or ANOVA followed by Tukey multiple comparison tests. Significant differences among
groups are indicated as *P < 0.05, **P < 0.01, and ***P
< 0.001. Calculations were performed using GraphPad
Prism 8.0 (GraphPad Software, Inc.).
All information about the materials and methods is
available in the Supporting Information.

Results

CYGB REGULATES LIVER INJURY,
INFLAMMATION, AND FIBROSIS
IN MICE

We reported the down-
regulation of CYGB
expression in HHSteCs sourced from the livers of
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patients with HCV-induced fibrosis(22) and compared
the development of liver fibrosis and cancer between
liver injury models generated in Cygb-deficient mice
and WT mice.(16,17,21,23) To gain further insights into
the role of CYGB during liver trauma, Cygb-mCherry
mice were generated and used in two different liver
injury models: BDL-induced cholestasis (Fig. 1) and
CDAA-induced steatohepatitis (Supporting Fig. S2).
Compared with WT control mice, during the acute
phase of BDL (48 hours), Cygb-deficient mice presented the following:
1. More numerous bile infarcts and increased terminal deoxynucleotide transferase deoxyuridine triphosphate nick end-
labeling (TUNEL)-
positive
HC deaths (Fig. 1A);
2. Higher serum levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), total bilirubin, and hepatic total bile acid (TBA) (Fig. 1B);
3. Increased accumulation of neutrophils and cluster
of differentiation 68 (CD68)-positive macrophages
in the hepatic parenchyma (Fig. 1A);
4. Higher levels of chemokine (C-X-C motif ) ligand
2 (Cxcl-2) and Cxcl-5 mRNA expression (Fig. 1C);
5. Elevated levels of 4-
hydroxynonenal (4-
HNE);
and
6. Decreased levels of the antioxidant nuclear factor
erythroid 2–related factor 2 (NRF-2) (Fig. 1A).
These manifestations observed in Cygb-deficient
mice were attenuated in Cygb-mCherry mice (Fig.
1A–C). During the chronic phase (1 and 2 weeks),
liver tissue damage, TUNEL-
positive HC death,
inflammatory cell infiltration, and fibrotic events (collagen deposition, α-
smooth muscle actin [αSMA]-
positive HSC activation, collagen type 1 alpha 1
(Col1a1) mRNA expression, and 4-HNE expression)
became aggravated in Cygb-deficient mice and were
attenuated in Cygb-mCherry mice when compared
with WT mice (Fig. 1D–F). Pro-oxidant transcripts,
such as NADP oxidase 1 (Nox-1) and myeloperoxidase (Mpo), were up-and down-regulated in livers of
Cygb-deficient and Cygb-mCherry mice, respectively,
whereas antioxidative genes, including antioxidant 1
(Atx-1) and N-
acetyltransferase 8 (Nat-8), showed
the opposite effects (Fig. 1F).
Next, the mice were challenged with a CDAA
diet for 16 weeks and allowed to recover for 4
weeks (Supporting Fig. S2). After 16 weeks of the
CDAA diet, hepatic steatosis and liver fibrosis were
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FIG. 1. CYGB regulates BDL-induced cholestasis. (A-C) Severe liver injury and inflammation in Cygb-deficient mice and the reversal
of liver injury in Cygb-mCherry mice under BDL at 48 hours (n = 6-12). (A) Representative liver macroscopic and microscopic images
of H&E, TUNEL, and IHC staining for neutrophils, CD68 (macrophage marker), 4-HNE, and NRF-2 and their quantifications. (B)
Serum levels of AST, ALT, bilirubin, and TBA as in A (n = 6-12). (C) qRT-PCR analysis of the liver as in A (n = 5-6). (D-F) Severe liver
injury, inflammation, and fibrosis in Cygb-deficient mice and the reversal of injury in Cygb-mCherry mice under BDL at 1-2 weeks (n =
6-9). (D) Representative liver images of H&E, SiR-FG, TUNEL, and IHC staining for neutrophils, CD68, 4-HNE, and αSMA and
their quantifications. (E) Serum level of AST, ALT, bilirubin, and TBA as in D (n = 6-9). (F) qRT-PCR analysis of the liver as in D (n =
3-7). *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA followed by Tukey’s multiple comparison tests. Arrows indicate bile infarcts.
Scale bars, 50 µm. Abbreviations: H&E, hematoxylin and eosin; IHC, immunohistochemistry.

aggravated in Cygb-
deficient mice and attenuated
in Cygb-mCherry mice when compared with WT
control mice (Supporting Fig. S2A, C, D). After 4
weeks of a normal diet, recovery was induced, with
the exception of fibrosis in the livers of Cygb-deficient
mice (Supporting Fig. S2B-D). Taken together, these
observations from the BDL and CDAA models suggested that CYGB expression in HSCs provides a
protective environment against liver inflammation and
fibrosis in mice.

were observed using corresponding organelle markers,
indicating that His-CYGB enters the cells through
endocytosis. Chlorpromazine (CPZ), a clathrin inhibitor, attenuated the incorporation of His-CYGB into
HHSteCs more efficiently than nystatin, a caveolin
inhibitor, or amiloride, a macropinocytosis inhibitor (Fig. 2F). Together, these results suggested that
exogenous His-CYGB was internalized by the cells
through the clathrin-mediated endocytosis pathway.

effects against liver damage, we generated high-purity
His-CYGB (Supporting Fig. S3A). It displayed no
toxicity against HHSteCs, showed no endotoxin contamination (Supporting Fig. S3B, C), and typically
reduced and oxidized pyridine hemochromogen, based
on spectrum measurements (Supporting Fig. S3D).
Surprisingly, when added to the culture medium,
His-
CYGB spontaneously attached to activated
HHSteCs (Fig. 2A). Intracellular His-
CYGB levels became elevated in a time-and dose-dependent
manner (Fig. 2B). After HHSteCs were treated with
His-
CYGB (40 µg/mL) for 48 hours, the level of
translocated His-
CYGB (22.5 kDa) was 17.6-
fold
higher than that of endogenous CYGB (21 kDa)
(Supporting Fig. S3E). His-CYGB localized to cytoplasmic, membrane, and cytoskeletal fractions but
not to nuclear and chromatin-bound fractions (Fig.
2C). Alexa 488–and Alexa 647–labeled His-CYGB
revealed its specific localization in the cytoplasm of
HHSteCs (Fig. 2D and Supporting Fig. S3F) and also
mHSCs (Supporting Fig. S4A). Partial colocalization
of His-CYGB with the mitochondria and early and
late endosomes and lysosomes (Fig. 2E), but not with
the endoplasmic reticulum (Supporting Fig. S4B),

Next, we investigated the effects of exogenous
His-CYGB on cultured HHSteCs. The addition of
His-
CYGB (5-
80 µg/mL, for 1-
48 hours) markedly suppressed the protein levels of HSC activation
markers, including COL1A1 and αSMA (Fig. 3A).
To examine changes in gene expression associated
with the activation of HSCs and the function of His-
CYGB, we performed RNA-
seq analysis of three
untreated and three His-
CYGB–
treated HHSteC
samples. The RNA-seq data revealed that 215 genes
were significantly changed by twofold or higher (P <
0.05) in the His-CYGB treatment group compared
with the control group (Supporting Fig. S5A). Gene
set enrichment analysis showed that gene ontology
terms associated with biological processes, such as
“response to stimulus” and “response to stress,” were
overrepresented among the differentially expressed
genes (Supporting Fig. S5B). Consistently, RNA-
seq data revealed the down-regulation of extracellular matrix–encoding and fibrosis-related genes, such
as collagen type 21 alpha 1, collagen type 13 alpha
1, collagen type 14 alpha 1, and αSMA, and the up-
regulation of antioxidant and matrix metalloproteinase (MMP) genes (MMP-1) in response to the

HIS-CYGB TRIGGERS THE
PRODUCTION OF HIS-CYGB AND
DEACTIVATION OF HSCs
ITS DISTRIBUTION IN VITRO
AND SUPPRESSES COLLAGEN
To test the hypothesis that CYGB exerts protective PRODUCTION IN VITRO
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His-
CYGB treatment (Fig. 3B). Quantitative RT-
PCR (qRT-
PCR) confirmed the significant down-
regulation of fibrosis-related mRNA expression, such
as of αSMA (50%), COL1A1 (84%), COL3A1 (66%),
TIMP-1 (64%), and TGF-β1 (64%); however, MMP-
1 expression increased by 32-fold (Fig. 3C). Similar
effects of the His-CYGB treatment were confirmed
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in cultured HHSteCs (Fig. 3D) and mHSCs (Fig.
3E, F). Interestingly, after the His-CYGB–containing
medium was removed by washing the cells four times
with PBS, His-CYGB could be detected in HHSteCs
for at least 48 hours (Supporting Fig. S6A, B).
COL1A1 levels, in both the culture medium and cell
lysate, increased 12 hours after washing, and αSMA
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FIG. 2. His-CYGB production and its distribution in vitro. (A) Immunoblotting analysis for intracellular translocation of His-CYGB (40
µg/mL) into HHSteCs. The cells were treated with His-CYGB for 48 hours and then washed three times with PBS before collecting the
cell lysate. All the medium, washing buffer, and cell lysate were collected for immunoblotting analysis. His-CYGB (22.5 kDa) presented
above endogenous CYGB (21 kDa) in the cell lysate. (B) Dose-and time-dependent immunoblotting analysis for His-CYGB treatment
in HHSteCs. (C) Immunoblotting analysis for fractionated cellular proteins. Cyto, Mem, Nu and Chro, and Skel markers were GAPDH,
PDGFRβ, Lamin A, and αSMA, respectively. (D) Representative fluorescent images and immunoblotting analysis of the intracellular
distribution of Alexa 488–His-CYGB (green, 10 µg/mL, 48 hours) in HHSteCs. Scale bars, 100 µm. (E) Confocal microscopic analysis
of His-CYGB localization in HHSteCs. Representative fluorescent images of the double staining for Alexa 488–His-CYGB (green) or
Alexa 647–His-CYGB (red) with organelle markers, including the mitochondria (red), early endosomes (red), late endosomes (red), and
lysosomes (green). Scale bars, 20 µm. The Pearson correlation coefficient was shown. Hoechst 33258 (blue) was used to visualize nuclei. (F)
Immunoblotting analysis (left panel) and representative fluorescent images (right panel) for the endocytosis inhibitor assay with their relative
absorbance levels (bottom panel). His-CYGB or Alexa 488–His-CYGB and inhibitors of clathrin-mediated endocytosis (CPZ), caveolae-
mediated endocytosis (nystatin), or macropinocytosis (amiloride) were treated simultaneously for 4 hours (n = 5). **P < 0.01, and ***P <
0.001, one-way ANOVA followed by Tukey multiple comparison tests. Abbreviations: Med, medium in His-CYGB treated sample; W1-3,
collected washing buffer (3 times) in His-CYGB treated sample; Cont, untreated; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
Cyto, cytoplasmic. Abbreviations: Chro, chromatin bound; Cont, untreated control; Cyto, cytoplasmic; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; Med, medium in His-CYGB–treated sample; Mem, plasma membrane; Nu, nuclear soluble; PDGFRβ, platelet
derived growth factor receptor beta; Skel, cytoskeletal; W1-3, collected washing buffer (washed 3 times) in His-CYGB–treated sample.

reappeared in a time-dependent manner as being negatively correlated with His-CYGB decline. Because
we found His-
CYGB endocytosed through the
clathrin-
mediated pathway, we performed transient
silencing of clathrin to clarify its involvement in the
antifibrotic effect of His-CYGB. Interestingly, clathrin silencing at least partly blocked the His-CYGB
effect by reverting COL1A1 expression in HHSteCs
(Supporting Fig. S6C).
HSC activation is triggered by TGF-
β through
mothers against decapentaplegic homolog 2/3
(SMAD2/3).(24) Here, we showed that recombinant
(r)TGF-β1 induced the typical phosphorylation of
SMAD3 for up to 48 hours after treatment in HHSteCs.
The addition of His-CYGB (80 µg/mL) antagonized
phosphorylated SMAD3 (pSMAD3) formation and
attenuated both COL1A1 and αSMA expression at
both protein and RNA levels (Supporting Fig. S7A,
B). Thus, exogenous His-CYGB was demonstrated to
interfere with the HSC activation process, even under
conditions of recombinant TGF-β1 stimulation.
Next, we tested the effect of TAT-
CYGB, as
described in the Methods section. TAT-
CYGB
translocated into HHSteCs faster than His-CYGB
(Supporting Fig. S8A, B). TAT-
CYGB regulated
fibrosis-
related protein and mRNA expression levels in HHSteCs, which was similar to the effects
observed with His-CYGB (Supporting Fig. S8C–E).
These results confirmed that rhCYGB can penetrate
into the cytoplasm and trigger the deactivation of
HSCs in vitro, regardless of the selection or presence
of a protein tag sequence.
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HIS-CYGB SCAVENGES ROS AND
ATTENUATES ROS-INDUCED HSC
ACTIVATION AND COLLAGEN
SYNTHESIS
CYGB is involved in the detoxification of ROS,
nitric oxide metabolism, and lipid metabolism,(14,25,26)
which are all associated with HSC activation and liver
fibrogenesis. Herein, we directly demonstrated the
ROS-scavenging function of His-CYGB. In a cell-
free system, the total antioxidant capacity (TAC) of
His-CYGB was equivalent to that of 1,094 nmol/
µg of Trolox, a water-
soluble vitamin E analogue
(Fig. 4A, left). His-CYGB–treated HHSteCs demonstrated a significant TAC increase (by twofold) when
compared with untreated controls (Fig. 4A, right).
During the spontaneous, culture-
dependent activation of HHSteCs, cellular ROS formation, which was
measured using a 2ʹ,7ʹ-dichlorofluorescein diacetate
(DCFDA)-based assay, increased in a time-dependent
manner, demonstrating a fivefold increase on day 3
(Fig. 4B, left). The His-CYGB treatment suppressed
ROS generation in a dose-dependent manner (Fig.
4B, right). H2O2 administration in HHSteCs induced
a dose-dependent increase in hydroxyl radical (OH•)
levels (Fig. 4C, top), which were scavenged by His-
CYGB (Fig. 4C, bottom). Hypoxanthine (HX)–
xanthine oxidase (XO) treatment increased superoxide
anion radical (O2•−) levels in a dose-dependent manner as measured by the superoxide selective fluorescent probe (BES-So assay) in a cell-free system (Fig.
4D, top). The addition of His-CYGB reduced more
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FIG. 4. His-CYGB scavenges ROS. (A) TAC assay in a cell-free system (left panel) and HHSteC cell lysates with or without His-CYGB
treatment (40 µg/mL, 48 hours) (right panel). (B) Determination of intracellular ROS by DCFDA assay in activated HHSteCs under
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concentration; RFU, relative fluorescence unit.

than 90% of the O2•− released by the HX-XO reaction, which was a stronger effect than that observed
for ascorbic acid at the same concentration (Fig.
4D, bottom). In addition, the His-CYGB treatment
protected HHSteCs and mHCs from HX-
XO-or
H2O2-induced cellular toxicity (Fig. 4E, F).
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Importantly, as shown in Fig. 5A, the stimulation
of HHSteCs with either H2O2 or HX-XO increased
the expression of αSMA and COL1A1 at the protein level. The His-
CYGB treatment significantly
blocked these effects (Fig. 5B). These results suggested that His-CYGB could scavenge endogenous
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and exogenous ROS, resulting in the prevention of
HSC activation.
To assess whether the ROS-
scavenging function
was specific for the heme-bound CYGB conformation, we replaced the iron center of the heme group
with cobalt ions (Co-
CYGB). Consequently, Co-
CYGB failed to suppress the expression of COL1A1
and αSMA protein and mRNA, indicating that heme
is crucial for CYGB function (Fig. 5C, D).

IFN-β IS INVOLVED IN THE
HIS-CYGB–INDUCED
DEACTIVATION OF HSCs
RNA-seq analysis of His-CYGB-treated HHSteC
samples in comparison with controls revealed the
down-regulation of the fibrosis-related genes as shown
in Fig. 3B. Besides that, to our surprise, IFN-stimulated
genes such as the genes encoding IFN-inducible (IFI)
proteins IFI27, IFI6, and IFI44L; interferon-stimulated
gene 15, the IFN regulatory factors (IRFs) IRF7 and
IRF9; and 2’-
5’-
oligoadenylate synthetase 2 (OAS2)
were up-regulated, suggesting the involvement of IFN
signaling during His-CYGB treatment (Fig. 6A, left).
qRT-
PCR analysis confirmed that these genes and
their upstream targets, STAT1/2, JAK1, and nonreceptor tyrosine-protein kinase 2 (TYK2) were highly
expressed, whereas the COL1A1 and αSMA levels were
suppressed (Fig. 6A, right).
The JAK/STAT pathway is known to be activated
by IFNs.(27) We hypothesized that His-CYGB treatment affects IFN secretion in HSCs. As expected,
His-CYGB (80 µg/mL) treatment increased the levels
of phosphorylated (P-)TBK1, which is a key signaling molecule involved in IFN secretion,(28) during the
early phase (0.5-1 hours) of the challenge (Fig. 6B).
Subsequently, His-
CYGB treatment in HHSteCs
promoted the expression of IFN-β, but not IFN-α
or IFN-γ, at the mRNA level (Fig. 6C, left). When
IFN-β levels were measured in the culture media from
HHSteCs, using an enzyme-linked immunosorbent
assay (Fig. 6C, right), secreted IFN-β protein peaked
at 4 hours and maintained high levels until 24 hours
following the His-
CYGB challenge. Simultaneous
with IFN-
β secretion, STAT1 phosphorylation was
observed, 2-
8 hours after His-
CYGB challenge
(Fig. 6B). Similarly, rhIFN-
β (100 IU/mL) treatment leads to the induction of JAK/STAT pathway–
associated mRNA sequences and the reduction of
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fibrosis-
related gene expression in HHSteCs (Fig.
6D). In opposition, the JAK1-specific inhibitor momelotinib (N-(cyanomethyl)-4-{2-[4-(morpholin-4-yl)
anilino]pyrimidin-4-yl}benzamide, CYT387), attenuated the phosphorylation of STAT1 and the reduction
in COL1A1 production in both His-
CYGB–and
rhIFN-β–treated HHSteCs (Fig. 6E). These results
suggested that His-CYGB promoted the secretion of
IFN-β, which, in turn, activated JAK/STAT signaling
in HHSteCs, synergically contributing to their deactivation (Fig. 6F).

SAFETY AND DISTRIBUTION OF
HIS-CYGB IN VIVO
The safety of His-CYGB was assessed in vivo in
both WT and PXB mice. The serum levels of mouse
AST and ALT during the acute (1-48 hours) or chronic
phases (2 weeks) in WT mouse (Fig. 7A) and human
albumin (h-
Alb) and ALT in PXB mice (Fig. 7B)
did not change following the injection of His-CYGB,
suggesting that His-CYGB administration resulted in
negligible side effects for both mouse and human HCs.
The in vivo and ex vivo analysis of the injected
Alexa 488–His-CYGB conjugates revealed the significant accumulation of the fluorescence signal in the
liver, kidney, pancreas, fat, intestine, colon, stomach,
and bladder, but not in the brain, for both normal
WT mice and WT mice with TAA-
induced liver
fibrosis when assessed between 1 hour and 48 hours
after injection (Fig. 7C, D). To our surprise, at the
liver tissue level, Alexa 488–His-CYGB accumulated
in hepatic sinusoidal cells (Fig. 7E), colocalized with
desmin-positive HSCs, and partially colocalized with
cluster of differentiation 31 (CD31)–positive endothelial cells but did not colocalize with CD68-positive
macrophages (Fig. 7F-top). To verify these findings,
Cygb-deficient mice were injected with His-CYGB,
and its distribution was determined using an anti-
CYGB antibody. Consistently, His-CYGB was found
in HSCs and endothelial cells, but not macrophages,
in both untreated and CDAA-treated Cygb-deficient
mice (Fig. 7F, bottom; Supporting Fig. S9A). In the
kidney, His-CYGB localized in the glomerulus and
along the tubules (Supporting Fig. S9B). Then, we
used 5-nm Ni-NTA nanogold particles to label His-
CYGB proteins using a postembedding labeling
method and observed the localization of His-CYGB
by TEM. Consistent with Alexa labeling, nanogold
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FIG. 7. Safety and distribution of His-CYGB in vivo. (A) Serum levels of mouse AST and ALT of normal WT mice under His-CYGB
treatment for 1-48 hours (left panel) and 2 weeks (right panel) (n = 3-5). (B) Serum levels of h-Alb and h-ALT of PXB mice under His-
CYGB treatment for 2 weeks (n = 3). (C) Representative fluorescent images of the Alexa 488–His-CYGB in normal WT mice at 1 hour
or 48 hours after injection (top panel) and distribution of fluorescence signal in different organs (bottom panel) (n = 2). (D) Representative
fluorescent images of the Alexa 488–His-CYGB in fibrotic WT mice at 1 hour after injection. (E) IHC staining for Alexa 488–positive
cells (black arrows) in the liver. Scale bars, 50 µm; inset, 10 µm. (F) Assessment for cellular colocalization of Alexa 488–His-CYGB in the
liver of fibrotic WT mice (top panel) and His-CYGB in the liver of normal Cygb-deficient mice (bottom panel). In double IHC staining
(top panel), black arrows indicate double-positive cells for Alexa (brown) and CD31 (pink). In double immunofluorescence staining
(bottom panel), white arrows indicate double-positive cells for His-CYGB (green) and desmin (red), CD31 (red), or F4/80 (red). DAPI
(blue) was used to visualize nuclei. Scale bars, 50 µm; inset, 10 µm. *P < 0.05, day 15 versus day 1 of 5-mg/kg His-CYGB treatment groups
in B, Student t test. F4/80 as a macrophage marker.

remained unchanged in His-
CYGB–
treated mice
(Supporting Table S4), indicating the safety of the
His-CYGB treatment. Interestingly, all of the typical fibrosis-related genes and genes associated with
inflammatory cytokines, inflammatory chemokines,
HIS-CYGB PROTECTS MICE FROM and the oxidative stress response were significantly
down-regulated (Fig. 8C), which was confirmed by
LIVER INJURY AND FIBROSIS
qRT-
PCR analysis (Fig. 8D). Consistently, His-
Next, the applicability of His-CYGB as protein CYGB inhibited the TAA-
induced deposition of
therapy against liver injury and fibrosis was tested collagen (Sirius red and fast green [SiR-FG] stainusing in vivo mouse models. The appropriate dose ing and quantification; Fig. 8B and Supporting Fig.
of His-
CYGB was first determined by evaluat- S11A). Furthermore, it significantly suppressed up
ing liver cirrhosis in mice that had already devel- to 72% of COL1A1 and 78% of αSMA at prooped severe liver fibrosis because of the injection tein and RNA levels and 43% of Tgf-β1, 53% of
of TAA (Supporting Fig. S10A). The blood bio- Tgf-β3, and 79% of Timp-1 mRNA expression
chemistry analysis (Supporting Fig. S10B) showed (Supporting Fig. S11B and Fig. 8D). Reduced gluthat remaining organ functions, including kidney tathione (GSH) is among the most important ROS
function, ascertain the safety of the His-
CYGB scavengers, and the ratio of GSH to oxidized glutreatment. Serum levels of AST, ALT, and lactate tathione (GSSG) is widely used in clinical practice
dehydrogenase (LDH) were all significantly dimin- to evaluate the oxidative stress status of biological
ished following the His-CYGB treatment (Fig. 8A). samples.(29) Reduced GSSG concentrations and
Histological analysis revealed that the His-CYGB increased GSH/GSSG ratios in the liver tissue of
treatment inhibited the infiltration of neutrophils His-
CYGB–
treated mice indicated high antioxiand CD68-positive macrophages in the liver when dant capacity (Fig. 8E). The levels of lipid peroxidacompared with controls (Fig. 8B). RNA-seq anal- tion, 4-HNE, and DNA damage markers, including
ysis revealed that 125 genes were significantly up- phosphorylated H2A histone family member X
regulated or down-regulated by twofold or higher (γ-H2AX) and 8-hydroxy-2’-deoxyguanosine (8-
(P < 0.05) in the His-
CYGB treatment group OHdG), were significantly reduced following the
compared with the control group (Supporting Fig. His-CYGB treatment (Fig. 8B, F).
S10C). In results similar to the RNA-
seq results
To further support and extend the application of
in vitro, we found that gene ontology terms asso- our data, we examined whether the His-CYGB treatciated with biological processes, such as “response ment could protect the liver from DDC-
induced
to stimulus” and “response to stress,” were overrep- cholestasis (Supporting Fig. S12A). His-
CYGB
resented among the differentially expressed genes exerted protective effects in this liver disease model
(Supporting Fig. S10D). The expression of cyto- that were similar to those observed in other models,
chrome P450 (Cyp) family genes, such as Cyp1a1, including reduced injury (Supporting Fig. S12B) and
Cyp1a2, Cyp2b10, Cyp3a11, Cyp3a13, and Cyp3a16, anti-inflammatory, antifibrotic (Supporting Fig. S12C,
particle–
labeled His-
CYGB was found predominantly on the outer membrane of the mitochondria in
HSCs and was partially localized on endothelial cells
and HCs (Supporting Fig. S9C-E).

2541

DAT ET AL.

Hepatology, June 2021

A

C

AST

B

Cont

250
200
150
100
50
0

His-CYGB 2w His-CYGB 5w
Actg1
αSma
Clnd4
Col3a1
Col4a1
Col4a2
Col5a1
Col5a2
Col6a2
Col6a3
Col1a1
Col1a2
Sparcl1
Ctgf
Fosl1
Fstl1
Loxl1
Ltbp2
Serpine1
S100a6
Serpine2
Tagln
Timp1
My19
Lum
Tnfrsf12a
Postn
Ccdc80
Npy
Ccl2
Cxcl1
Prtn3
Gpnmb

His-CYGB 5w
1500

IU/L

250
200
150
100
50
0

His-CYGB 2w
IU/L

IU/L

Cont

Cont

1000
500
0

ALT

His-CYGB 2w

LDH

His-CYGB 5w

Fibrosis-related
genes

Inflammatory-related
genes

Log2 FC
-2

-1

0

1

2

mRNA expression

4

mRNA expression

D

2

Cont

His-CYGB 2w

His-CYGB 5w

3
2
1
0

Tnfα

Il6

Ccl2

αSma

Col1a1

Cxcl-2 Cox-2

Ccl4

Nox-2

1.5
1

0.5
0

Tgf-β1

Tgf-β3

Timp-1

E
8

ratio

6
4
2
0

1.0
0.5
0.0

Neutrophil

0.6
0.4
0.2
0.0

4-HNE

0.8
0.6
0.4
0.2
0.0

CD68

Positive area
(%)

1.5

Positive area
(%)

2.0

Positive cell
/Field

Positive area
(%)

Positive area
(%)

ng/mL

F
5
4
3
2
1
0

GSSG

8-OHdG

10
8
6
4
2
0

GSH/GSSG

Cont
His--CYGB 2w
His-CYGB 5w

4
3
2
1
0

SiR-FG

80
60

Cont
His-CYGB 2w
His-CYGB 5w

40
20
0

γ-H2AX

FIG. 8. His-CYGB administration prevents the aggravation of TAA-induced liver inflammation and fibrosis. The experiment design
is shown in Supporting Fig. S10A. (A) Serum levels of AST, ALT, and LDH (n = 5-10). (B) Representative liver images of H&E,
immunofluorescence, SiR-FG, and IHC staining and their quantifications (n = 4-5). Neu are shown in red, CD68 is shown in green, and
αSMA is shown in red. DAPI (blue) was used to visualize nuclei. Scale bars, 50 µm. (C) Heatmap analysis of fibrosis-and inflammation-
related genes that were changed significantly (twofold) by RNA-seq (n = 3). (D) qRT-PCR analysis for inflammation-related genes
(top) and fibrosis-related genes (bottom) in the liver (n = 4-10). (E) Glutathione assay for GSSG and GSH/GSSG in the liver (n = 5-7).
(F) Liver 8-OHdG content by ELISA (n = 3-5). *P < 0.05, **P < 0.01, and ***P < 0.001, one-way ANOVA followed by Tukey multiple
comparison tests. Abbreviation: Cont, untreated control.

D), and antioxidant effects (Supporting Fig. S12E).
When RNA-seq analysis was performed on livers of
His-CYGB–treated, DDC-fed mice, inflammatory
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and fibrosis-
related genes were down-
regulated,
whereas antioxidant and retinoid metabolism genes
associated with quiescent HSCs were up-
regulated,
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compared with only DDC-fed mice (Supporting Fig.
S12F). These findings indicated that the His-CYGB
treatments could attenuate liver injury, inflammation,
and cirrhosis development.
Finally, STAT1 phosphorylation was examined
1 hour after His-CYGB or normal saline injection
in TAA-
treated (10 weeks) fibrotic WT mice. As
expected, P-STAT1–positive cells were found among
the nonparenchymal cells in fibrotic septa in His-
CYGB–treated mice but were absent in saline-treated
controls (Supporting Fig. S13), implying the possible activation of IFN-β/JAK/STAT pathway in vivo
under His-CYGB therapy.

Discussion

More than 130 different proteins or peptides have
been approved for clinical use by the U.S. Food and
Drug Administration to treat or alleviate diseases,
including insulin, growth hormone, factor VIII, h-Alb,
and (rh) interferons.(30) However, many antifibrotic
therapeutic agents cannot be clinically applied because
they do not target HSCs and are toxic to parenchymal cells.(31) Furthermore, many proteins are larger
than the typical pore sizes between endothelial cells,
and the distribution of proteins is therefore limited
to the vascular space in the absence of specific protein receptors.(30) However, interestingly, peroxidases
such as catalase, Mpo, and heme proteins with peroxidase activity, including hemoglobin, myoglobin and
cytochrome c, have been extensively used in studies to
trace the capillary permeability of various tissues.(32,33)
Herein, we reported that exogenous His-CYGB protein is taken up by the clathrin-mediated endocytosis
pathway and translocated into HSCs, both in vitro
and in vivo (Fig. 2 and 7 and Supporting Fig. S4 and
S9). The specific endocytosis of CYGB protein by
HSCs but not Kupffer cells is of particular interest.
Following injection, some His-CYGB molecules are
absorbed by endothelial cells or HCs, but the majority
make their way “home” to HSCs.
CYGB plays several roles, such as the detoxification of ROS and protection from apoptosis, and may
be involved in lipid metabolism.(14,25,26) Recently, in a
study involving human patients with nonalcoholic steatohepatitis, Okina et al. reported that OH•-dependent
oxidative DNA damage in activated HSCs was caused
by the TGF-β–dependent reduction of CYGB.(34) Our
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results directly showed that His-CYGB can scavenge
many types of ROS (H2O2, OH•, and O2•−) in both
cell-based and cell-free systems, resulting in the significant inhibition of ROS-induced HSC activation
and HC apoptosis (Fig. 4 and 5). The protective evidence of CYGB, as demonstrated in models of NASH
disease, cholestatic cirrhosis, chemical cirrhosis, and
biliary metabolic disorder, suggests that both the
administration of His-CYGB protein and the overexpression of Cygb can defend both HSCs and HCs
against liver damage induced by different etiologies.
Fibrogenic progression is associated with a significant decrease and/or depletion of antioxidant defense,
and antioxidant supplementation can prevent fibrogenic progression. The drug that has been used to treat
acetaminophen overdose in patients is the GSH precursor N-acetyl cysteine.(35) Vitamin E is reportedly
effective for both alcohol-associated steatohepatitis–
and NASH-induced fibrosis, thus improving histological findings, such as steatosis, inflammation, and
fibrosis.(36) Our data indicated that the His-CYGB
protein has a stronger antioxidant capacity than vitamin C for scavenging O2•− (Fig. 4D). Together, the
demonstrated safety of His-CYGB (Fig. 7); its effects
on the recovery of antioxidant enzymes and/or compounds in the liver, as shown by the increased GSH/
GSSG ratio (Fig. 8E) and increased Atx-1 and Nat-8
expression (Fig. 1F); and the reduced production of
OH• and O2•− (Fig. 4) suggested that the His-CYGB
protein represents a promising antioxidant approach
for treating liver fibrosis and cirrhosis in humans.
Discovered in 1957, IFNs are now known to display antiviral activities, with a spectrum of clinical
effectivities against both RNA-and DNA-
based
viruses, in addition to acting as prototypic biological
response modifiers during cancer, sclerosis, and fibrosis.(37) Type 1 IFNs, such as IFN-α and IFN-β, are
well-known drugs used for the treatment of chronic
HCV infections(38) and preventing hepatic injury,(20)
fibrosis,(39) and carcinogenesis.(40) This study demonstrated a link between His-
CYGB and the IFN-
β
pathway. Besides its main function as a ROS scavenger, the His-CYGB protein additionally triggers HSC
deactivation by activating the TBK1/IFN-
β/JAK/
STAT axis. Although we have not yet unraveled how
His-CYGB induces the phosphorylation of TBK1 in
HSCs, ROS production may interfere with TBK1-
induced IFN-β secretion by oxidizing the stimulator
of IFN genes (STING).(41) The scavenging of ROS
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by CYGB may protect STING from oxidation, promoting IFN-
β secretion. However, these features
should be clarified in future studies.
Previously, rhCYGB was shown to reverse CCl4-
induced liver fibrosis in rats(42); however, the safety,
underlying mechanisms, specific targets, and effects
of rhCYGB on HSCs have remained unexplored.
Herein, we showed that His-CYGB administration is
safe and has no significant adverse effects following
administration in both WT and PXB mice. The PXB
mouse model is a chimeric mouse, wherein more than
70% of the liver has been replaced with normal human
HCs, and it is thus often used to conduct studies for
drug development.(43) In our model of PXB mice,
the His-CYGB treatment was not only safe for HC
function (based on albumin levels) but also significantly improved ALT levels compared with control
animals (Fig. 7B). In the TAA model, His-CYGB–
injected mice showed no effects on the function of
other organs, and it even lowered the level of blood
urea nitrogen compared with control (Supporting Fig.
S10B). Moreover, an Alexa 488–
His-
CYGB signal
was not found in the brain, which suggested that His-
CYGB could not pass through the blood–brain barrier. These results suggest a positive safety profile for
His-CYGB.
In addition to tissue and cellular specificity, the
dosing and timing of treatments are also important.
We demonstrated that the reductions in COL1A1
production and HSC activation lasted for at least 48
hours in vitro (Supporting Fig. S6A, B) following the
His-CYGB treatment; thus, injections of His-CYGB
administered twice per week were used to determine
the efficiency in vivo. The dose in our study (2 mg/kg
of body weight) was lower than doses shown to have
in vivo therapeutic effects.(42) Another important
finding of our data was the up-regulation of MMP1
expression in HHSteCs following the His-
CYGB
treatment (Fig. 3B, C). Although the mechanism
underlying this function remains unclear, these data
reflected the deactivated status of HSCs following the
His-CYGB treatment, which promotes MMP activity and may be associated with the fibrosis regression
observed in TAA and DDC models. Finally, CYGB
exerted clear protective functions in various mouse
models of liver injury, including BDL, steatohepatitis,
TAA-induced fibrosis, and DDC-induced cholestasis. The consistency of these findings across multiple models indicated the applicability of His-CYGB
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for liver protection, regardless of the etiology of liver
fibrosis.
Although our findings indicated that His-CYGB
was mainly taken up by HSCs, whether HSCs express
receptors that bind to His-
CYGB remains to be
determined. Notably, when examining other members
of the globin family, Gburek et al. reported the plausible role of HC ectopic F-type domain 1-ATPase as a
receptor for the endocytosis of hemoglobin.(44) Thus,
future expanded studies examining CYGB-
specific
receptors may provide a more in-depth exploration of
the HSC deactivation process.
In conclusion, our study provided insights into the
mechanistic actions through which CYGB inhibits
HSC activation status and liver fibrosis. The administration of His-CYGB could prevent liver injury and
fibrosis in multiple experimental models of advanced
chronic liver diseases. His-CYGB may potentially be
developed for the treatment of human liver fibrosis.
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