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Oxygen (O2) is required for cytochrome P450 (CYP)-dependent drug metabolism. Cytoglobin (CYGB) is a unique globin
expressed exclusively in hepatic stellate cells (HSCs). However, its role in O2-dependent metabolism in neighboring
hepatocytes remains unknown. This study provides evidence that CYGB in HSCs is involved in acetaminophen
(N-acetyl-p-aminophenol; APAP)-induced hepatotoxicity. Serum alanine aminotransferase levels were higher in wild-type
mice than in Cygb-null mice. Wild-type mice exhibited more severe hepatocyte necrosis around the central vein area
compared with Cygb-null mice, thus indicating that CYGB deficiency protects against APAP-induced liver damage.
Although no difference in the hepatic expression of CYP2E1, a key enzyme involved in APAP toxicity, was observed
between wild-type and Cygb-null mice, the serum levels of the APAP metabolites cysteinyl-APAP and N-acetyl-cysteinyl-
APAP were decreased in Cygb-null mice, suggesting reduced APAP metabolism in the livers of Cygb-null mice. In primary
cultures, APAP-induced hepatocyte damage was increased by co-culturing with wild-type HSCs but not with Cygb-null
HSCs. In addition, cell damage was markedly alleviated under low O2 condition (5% O2), suggesting the requirement
of O2 for APAP toxicity. Carbon tetrachloride-induced liver injury (CYP2E1-dependent), but not lipopolysaccharide/
D-galactosamine-induced injury (CYP2E1-independent), was similarly alleviated in Cygb-null mice. Considering the
function of CYGB as O2 carrier, these results strongly support the hypothesis that HSCs are involved in the
CYP2E1-mediated xenobiotic activation by augmenting O2 supply to hepatocytes. In conclusion, CYGB in HSCs
contributes to the CYP-mediated metabolism of xenobiotics in hepatocytes by supplying O2 for enzymatic oxidation.
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The metabolism of xenobiotics, including clinical drugs,
occurs primarily in the liver. Most xenobiotic detoxification
metabolism involves cytochrome P450 (CYP) enzymes,
which are predominantly expressed in the liver,1 and these
processes occasionally result in acute hepatocyte damage. For
instance, acetaminophen (N-acetyl-p-aminophenol; APAP)
and carbon tetrachloride (CCl4) are metabolized by CYP to
generate toxic intermediates.

APAP is commonly used as an antipyretic and analgesic
drug. CYP-mediated APAP metabolism is known to generate
N-acetyl-p-benzoquinone imine (NAPQI), which binds to
cellular macromolecules and initiates hepatocyte damage if
present at high concentrations under glutathione (GSH)

depletion.2 CYP1A2, CYP2A6, CYP2E1, and CYP3A have
been identified as enzymes that generate NAPQI from APAP.3

Among these CYPs, CYP2E1 has the lowest Km for APAP, and
the CYP2E1-dependent metabolism of APAP can result in
hepatotoxicity.4 CYP2E1 is a monooxygenase that requires
molecular oxygen (O2) for its enzymatic activity. A recent
study reported that the APAP-induced damage to primary
mouse hepatocytes was reduced under a low O2 concen-
tration (5% O2) compared with normoxic conditions (20%
O2).

5 Thus, APAP-induced acute liver injury may be
dependent on hepatic O2 levels.

The aerobic metabolism of mammals relies on respiratory
proteins that function in the transport and storage of O2.
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Four globin proteins are known to contribute to O2 home-
ostasis in mammals.6,7 Hemoglobin in erythrocytes has an
important role in the transport of O2 from the bloodstream
to the viscera. In the viscera, myoglobin, neuroglobin, and
cytoglobin (CYGB) act as local O2-binding molecules that
facilitate the intracellular diffusion of O2.

8 Notably, CYGB in
mammals is expressed in various organs, including the liver,
heart, brain, and the lung. CYGB is a hexacoordinated heme-
containing protein that is able to bind O2, nitric oxide, and
carbon monoxide.9,10 CYGB expression increases in response
to the duration and severity of hypoxia.11 Thus, CYGB is
thought to be an O2 sensor for the local storage and transport
of O2; however, its contribution to O2-dependent xenobiotic
metabolism remains unclear.

CYGB is a unique globin expressed exclusively in hepatic
stellate cells (HSCs), which represent B5–8% of the cells in
the liver.12 When liver injury occurs, HSCs undergo activa-
tion and acquire myofibroblastic characteristics, including
increased collagen production. Such characteristic alterations
of HSCs are believed to be strongly associated with hepatic
fibrosis and the development of liver cirrhosis and cancer. In
addition, interactions between hepatocytes and HSCs, as well
as the involvement of HSCs in hepatic tissue growth and
regeneration have been reported.13,14 However, the interplay
between HSCs and hepatocytes in drug metabolism remains
uncharacterized. Furthermore, the effect of CYGB in HSCs
(HSC-CYGB) on APAP-induced acute liver injury has never
been investigated.

In this study, the correlation between HSC-CYGB and
xenobiotic-mediated hepatocyte injury was investigated
in vivo and in vitro using Cygb-null mice. The results implied
that a CYGB deficiency in HSCs can regulate hepatic O2

levels and can alleviate the acute liver injury induced by
APAP and CCl4, by decelerating CYP2E1 metabolism in
hepatocytes.

MATERIALS AND METHODS
Materials
All reagents were obtained from Sigma-Aldrich (St Louis,
MO, USA) or Wako Pure Chemical (Osaka, Japan), unless
otherwise noted.

Mouse Studies
Eight- to 12-week-old male C57BL/6 mice were purchased
from Japan SLC (Shizuoka, Japan). Cygb-null mice
were generated in our laboratory as previously described.15

Cygb-null mice were compared with their wild-type
littermates. All mice were cared for according to the guide-
lines approved by the Institutional Animal Care and Use
Committee of Osaka City University, Osaka, Japan. Before
APAP treatment, the mice were fasted for 16 h. APAP
dissolved in isotonic saline at 65 1C was intraperitoneally
(i.p.) injected (300mg/kg) into mice, which were killed
6 h later. In the study of CCl4-induced acute liver injury, mice
were i.p. injected with CCl4 (0.5mg/kg) suspended in corn

oil, fasted, and killed 24 h after the injection. Another group of
mice were administered D-galactosamine (D-GalN; 700mg/kg)
and lipopolysaccharide (LPS; 5mg/kg, Escherichia coli 0111:B4)
suspended in saline and were killed 6 h later. Blood and liver
tissues were collected and stored at � 80 1C for subsequent
analysis. For histopathological analysis, small pieces of the liver
were fixed in 4% formaldehyde overnight and embedded in
paraffin. The liver tissue was sectioned at 5-mm thickness and
stained with hematoxylin and eosin. Relative necrotic area (%)
was estimated by using Image J software.

Isolation, Fractionation, and Culture of Liver Cells
Hepatocytes and HSCs were isolated from male C57BL/6
mice as previously described.16 APAP (2.5, 5, 10, 20, or
30mM) was dissolved in William’s Medium E (Gibco, Grand
Island, NY) at 65 1C. Hepatocytes were plated in 12- or
24-well plates (1� 105 cells/ml) (Celltight C-1 Collagen-I,
Sumitomo Bakelite, Tokyo, Japan) and were pre-incubated
in William’s Medium E supplemented with 10% fetal bovine
serum (Gibco) and 0.1 mM dexamethasone for 3 h before
APAP treatment. For co-culture experiments, HSCs (5� 105

cells/well) were plated in cell culture inserts (Transparent
PET membrane, 1.0 mm pore size; Corning, Corning, NY,
USA) and incubated overnight in the William’s Medium E
before co-culture with hepatocytes. The cells were incubated
for 16 h with APAP-containing media under a 5% or 20%
O2 atmosphere. Conditioned media derived from the 16-h
culture of wild-type or Cygb-null HSCs were also used.

Measurement of ALT Activity and APAP Metabolites in
Serum
Serum alanine aminotransferase (ALT) activity was deter-
mined using a kinetic test (SRL, Tokyo, Japan). The levels of
APAP and its metabolites in sera collected 2 h after APAP
injection were quantified as previously reported.4

Visualization of Hypoxia With Pimonidazole
Mice were injected with APAP (300mg/kg, i.p.), followed
by the administration of pimonidazole hydrochloride
(60mg/kg, i.p.; Hypoxyprobe, Burlington, MA, USA) 1 h
before being killed. Small liver pieces were fixed in 4% para-
formaldehyde and embedded in paraffin. Paraffin sections
(5 mm) were prepared in the Central Laboratory of the
Osaka City University Medical School. Pimonidazole was
detected using a Hypoxyprobe-1 Plus Kit, according to the
manufacturer’s instructions. An anti-fluorescein antibody
conjugated to Texas Red (Ab6654; Abcam, Cambridge, UK)
was used to visualize the reaction.

GSH Measurements
Liver tissues (100mg) were homogenized in 1ml of ice-cold
phosphate-buffered saline containing 1mM EDTA (pH 7.5)
and were centrifuged at 10 500 g for 15min at 4 1C. The
supernatants were collected and the GSH content in each
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sample was determined using a GSH quantification kit
(Dojindo, Kumamoto, Japan).

Quantitative Real-Time Reverse Transcription-PCR
Analyses
Total RNA was isolated using TRIzol reagent (Invitrogen,
Carlsbad, CA). cDNA was generated with random hexamer
primers (Invitrogen) and the SuperScript RT II enzyme
(Invitrogen). Quantitative PCRs were performed using
the ABI 5500 Real-Time PCR System (Applied Biosystems,
Foster City, CA, USA). The primers used are listed in
Supplementary Table 1. Relative expression levels were calcu-
lated using the comparative CTmethod. The expression levels
were normalized to that of 18S ribosomal RNA.

Western Blotting
Liver tissues were homogenized with RIPA buffer (50mM
Tris-HCl pH 8.0, 150mM NaCl, 1% Triton X-100, 1% SDS)
containing a protease inhibitor (Roche, Basel, Switzerland)
and phosphatase inhibitors (1mM sodium fluoride, 1mM
b-glycerol phosphate, and 1mM sodium vanadate) and were
centrifuged at 10 000 g for 10min. The supernatants (25 mg
protein) were subjected to western blot analysis of CYP2E1.
To obtain nuclear extracts, liver tissues were prepared using
the NE-PER Nuclear and Cytoplasmic Extraction Reagents
kit (Thermo Fisher Scientific, Waltham, MA), according to
the manufacturer’s protocol. The nuclear extracts (20 mg
protein) were subjected to western blot analysis of HIF-1a.
Primary hepatocytes, cultured under a hypoxic conditions
(1% O2), were used as positive control (5 mg) for western
blotting of HIF-1a. The samples were separated on
SDS-polyacrylamide gels and transferred to polyvinylidene
fluoride membranes using standard western blotting tech-
niques. The membranes were incubated with an antibody
against CYP2E1 (kindly provided by Dr Koichi Yoshinari
(Tohoku University, Sendai, Japan)) at a dilution of 1:10 000
or with an antibody against HIF-1a (NB100-449, Novus
Biologicals, Littleton, CO) at a dilution of 1:1000. The
CYP2E1 protein levels in the samples were normalized to
those obtained with a glyceraldehyde-3-phosphate dehydro-
genase antibody at a dilution of 1:10 000 (MAB374;
Millipore, Billerica, MA, USA). The expression of HIF-1a was
normalized to the signal obtained with Coomassie brilliant
blue staining.

Measurement of Hepatic CYP2E1 Activity In Vitro
Liver tissues (100mg) were homogenized in 1ml of ice-cold
50mM potassium phosphate buffer (pH 7.4). The homo-
genate was centrifuged at 9000 g for 20min. The supernatant
was transferred to a new tube and centrifuged at 105 000 g for
60min. The pellet was suspended with 50mM Tris-HCl
(pH 7.4)/20% glycerol. The suspension was subjected to
CYP2E1 activity assay with vivid CYP2E1 blue screening kit
(Invitrogen).

Assessment of Cell Death and Viability in
Primary-Cultured Mouse Hepatocytes
Cell death was analyzed with 1 mg/ml propidium iodide
(Dojindo), which stains nuclei only when the cellular plasma
membranes become permeabilized, and with Hoechst 33342
(Dojindo). Cell viability was determined using an MTT
assay.17 The cell viability (%) of the test samples was calcu-
lated relative to that of the control sample.

Statistical Analysis
The statistical analysis was performed using Prism version 6.0
software (GraphPad Software, San Diego, CA, USA). A
P-value o0.05 was considered to indicate a significant
difference.

RESULTS
Alleviation of APAP-Induced Liver Injury in Cygb-Null
Mice
A single injection of APAP (300mg/kg, i.p.) into C57Bl/6
mice induced significant liver injury, which was accompanied
by a marked increase in the serum ALT levels (Supplementary
Figure S1A) and a moderate to marked centrilobular necrosis
(Supplementary Figure S1B) 6–12 h after the injection. Thus,
in the subsequent experiments, wild-type and Cygb-null mice
were killed 6 h after APAP injection.

The increase in serum ALT levels was significantly atten-
uated in the Cygb-null mice receiving APAP: the ALT levels of
the wild-type and Cygb-null mice were 13 970±2370 and
4699±1226U/l, respectively (Figure 1a). In accordance with
these results, the histological area of hepatocyte necrosis
was diminished in the Cygb-null mice (Figure 1b). Relative
necrotic area was larger in wild-type (47.3±11.0%) than in
Cygb-null mice (17.8±5.0%) as shown in Figure1c. The
APAP-induced increase in the hepatic mRNA levels of
chemokine (C–C motif) ligand 2 (Ccl2) in the Cygb-null
mice was reduced to half of that detected in the wild-type
mice. No differences in the hepatic mRNA expression levels
of tumor necrosis factor a, interleukin 1b, or interleukin 6
were observed between the wild-type and Cygb-null mice
(Figure 1d). Hepatic GSH level in both mouse lines decreased
dramatically at 2 h after APAP challenge. After the maximum
depletion, hepatic GSH level in Cygb-null mice recovered
quickly, compared with that in wild-type mice (Figure 1e).
Three of the tested five wild-type mice showed low hepatic
GSH level at 6 h after APAP injection, compared with
Cygb-null mice (Figure 1f). Taken together, these results
suggest that CYGB deficiency restrained APAP-induced acute
liver injury.

Reduced Serum APAP Metabolites and Lower Hepatic O2

Levels in Cygb-Null Mice
The hepatic expression of CYP2E1, an enzyme that generates
NAPQI from APAP, was investigated in wild-type and
Cygb-null mice. We confirmed previous reports indicat-
ing that hepatic CYP2E1 mRNA levels decreased in a
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time-dependent manner after APAP injection in wild-type
mice (Supplementary Figure S1C).18 No differences were
noted in the CYP2E1 mRNA and protein levels between
untreated wild-type and Cygb-null mice (Figures 2a and b).
After APAP challenge, similar decreases in the CYP2E1 mRNA
and protein levels were observed in the wild-type and Cygb-
null mice. Furthermore, the hepatic microsomal CYP2E1 activ-
ity in vitro was assessed. The Michaelis–Menten kinetics curve
for the CYP2E1 activity of Cygb-null mice were almost same to
that for the wild-type mice. In addition, the Vmax and the Km

were 0.325±0.10 nmol per mg protein/min and 17.48±
9.85mM for the wild-type mice, and 0.338±0.03 nmolper
mg protein/min and 19.72±2.58mM for the Cygb-null mice,
respectively. The differences between the wild-type and the
Cygb-null mice were not observed (Figure 2c). However, the
serum levels of CYP2E1-dependent APAP metabolites, ie,
cysteinyl-APAP and N-acetyl-cysteinyl-APAP, which are
derived from NAPQI (Figure 2d), were significantly decreased
in the Cygb-null mice compared with the wild-type mice. In
contrast, the APAP levels tended to be high in the Cygb-null

mice and the levels of APAP-glucuronide, a CYP2E1-in-
dependent metabolite, remained unchanged (Figure 2e).

As O2 is required for the CYP2E1-mediated NAPQI gen-
eration, we hypothesized that the livers of the Cygb-null mice
had low concentrations of O2 compared with the wild-type
mice. To test this hypothesis, pimonidazole was used, which
is frequently used to detect hypoxic regions in tissues.19 The
resulting pimonidazole staining was limitedly positive
around the central vein of the untreated livers. However,
after treatment with APAP for 6 h, the pimonidazole-positive
areas expanded to zone 2 (intermediate area) in the livers of
the Cygb-null mice, but not in the wild-type mice (Figure 3a).
Although HIF-1a protein was not detected (Figure 3b), the
data may support that CYGB deficiency results in decreased
hepatic O2 levels after APAP challenge.

Attenuation of APAP-Induced Cell Death in
Primary-Cultured Mouse Hepatocytes by Hypoxia
Cultured primary mouse hepatocytes were challenged with
2.5–20mM APAP under 5 or 20% O2 for 16 h. The APAP

Figure 1 Analysis of N-acetyl-p-aminophenol (APAP)-induced acute liver injury in wild-type and cytoglobin (Cygb)-null mice. (a) Serum alanine

aminotransferase (ALT) levels. ALT activity was measured 6 h after saline (CONT) or 300mg/kg APAP administration. Each bar represents the mean

value and s.d. (n¼ 5–6). (b) Representative liver sections stained with hematoxylin and eosin (� 400, bar¼ 100 mm). CV, central vein. PV, portal vein.

(c) Relative necrotic area was represented by the percentage ratio of necrotic area to liver area. Each bar represents the mean value and s.d. (n¼ 5).

(d) Quantitative reverse transcription-PCR analysis of tumor necrosis factor-a (TNF-a), interleukin (IL)-1b, IL-6, and chemokine (C–C motif) ligand 2 (Ccl2)

mRNAs during APAP-induced liver injury. Each bar represents the mean value and s.d. (n¼ 5–6). (e) Time course of glutathione (GSH) levels in the liver

(n¼ 2). (f) Hepatic GSH level at 6 h. Each bar represents the mean value (n¼ 5). Wild-type and Cygb-null mice are designated Cygbþ /þ and Cygb� /� ,

respectively. Significance was determined by a one-way ANOVA with Bonferroni’s test. *Po0.05, ***Po0.001; NS, not significant.
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challenge induced cell death in a dose-dependent manner
under 20% O2. Notably, the hepatocyte damage was sig-
nificantly greater under 20% O2 than under 5% O2: when cells
were treated with 20mM APAP, the hepatocyte death in the
presence of 20 and 5% O2 was 67.0 and 31.8%, respectively
(Figures 4a and b). In accordance with these results, cell

viability after exposure to APAP was lower in the presence of
20% O2 than in the presence of 5% O2 (Figure 4c). HIF-1a
protein was detected in the presence of 1% O2, but not in the
presence of 5 and 20% O2 (Figure 4d). These results demon-
strated that the O2 concentration influences the APAP toxicity
in primary-cultured hepatocytes without HIF1a activation.

Figure 2 Cytochrome P450, family 2, subfamily E, polypeptide 1 (CYP2E1) expression and N-acetyl-p-aminophenol (APAP) metabolism in the liver.

Quantitative reverse transcription-PCR (a) and western blot (b) analyses of CYP2E1 expression in the liver 6 h after APAP. Each bar represents the mean

value and s.d. (n¼ 5–6). Significance was determined by a one-way ANOVA with Bonferroni’s test (NS, not significant). (c) Major in vivo APAP metabolic

pathways are indicated. GS-APAP, 3-gultathionyl-APAP; Cys-APAP, cysteinyl-APAP; NAC-APAP, N-acetyl-cysteinyl-APAP. (d) Serum levels of APAP and its

major metabolites in Cygbþ /þ and Cygb� /� mice. Serum samples were collected 2 h after the administration of APAP, and APAP metabolites were

measured by a liquid chromatography-mass spectrometry (LC-MS) analysis. The values are expressed as the relative abundance (mean and s.d., n¼ 5).

Significance was determined using an unpaired t-test (*Po0.05). (e) Hepatic microsomal CYP2E1 activity. The reaction rate was determined as described

in Materials and Methods.
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Deterioration of the Viability of Primary-Cultured Mouse
Hepatocytes by Co-Culture With HSCs Under APAP
Treatment
Next, we studied whether the presence of HSCs influences the
viability of mouse hepatocytes under conditions of APAP
treatment. No difference in cell viability following APAP
challenge was observed between wild-type and Cygb-null
hepatocytes in monoculture under 5% O2 (Figure 5a).
However, hepatocytes co-cultured with wild-type HSCs
showed significantly lower cell viability after APAP challenge
compared with those co-cultured with Cygb-null HSCs: the
cell viability values of hepatocytes in monoculture, those co-
cultured with wild-type HSCs, and those co-cultured with
Cygb-null HSCs were 0.29, 0.20, and 0.32, respectively
(Figure 5b). In addition, hepatocytes showed a similar sen-
sitivity to APAP when conditioned media from wild-type and
Cygb-null HSCs were applied (Figure 5c). These results
support the hypothesis that HSC-CYGB influences the be-
havior of hepatocytes, presumably through the O2 supply.

Alleviation of CCL4-Induced, but Not LPS/D-GalN-
Induced, Acute Liver Injury By CYGB Deficiency
To investigate whether the mitigation of hepatocyte damage
is unique to APAP in Cygb-null mice, two other acute liver

injury models, ie, CCl4-induced and LPS/D-GalN-induced
liver damage, were employed. CCl4 is metabolized by
CYP2E1, similar to APAP. In contrast, LPS-induced liver
injury is generally associated with Toll-like receptor 4 signal-
ing pathways and is independent of CYP activity. In the CCl4
model, the serum ALT levels were significantly higher in
the wild-type mice (14 800±1500U/l) than in the Cygb-
null mice (4340±1030U/l), similar to the APAP model
(Figure 6a). The histologic analysis revealed that centri-
lobular necrosis was more severe in the wild-type mice than
in the Cygb-null mice (Figure 6b). In contrast, in the LPS/D-
GalN model the serum ALT levels of the wild-type mice did
not differ from those of the Cygb-null mice (333±116 and
402±189U/l, respectively) (Figure 6c). A pathological anal-
ysis revealed the degeneration and necrosis of hepatocytes,
the destruction of the hepatic architecture, and the presence
of hemorrhage in both mouse strains (Figure 6d). These data
support the hypothesis that CYGB deficiency decelerates the
CYP2E1-mediated xenobiotic toxicity in the liver.

DISCUSSION
The current study demonstrated that APAP-induced liver
injury was attenuated in Cygb-null mice compared with wild-
type mice. CCl4-induced liver injury was also alleviated in

Figure 3 Determination of hypoxic conditions in mouse liver. (a) Pimonidazole staining in the livers of cytoglobin (Cygb)þ /þ (left) and Cygb� /� (right)

mice 6 h after APAP treatment. Arrowheads indicate pimonidazole-positive areas. Arrows indicate the central vein (CV) (� 100, bar¼ 200 mm).

(b) Western blotting of hypoxia-inducible factor 1a (HIF-1a) protein. Coomassie brilliant blue (CBB) staining was used for the normalization.
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Cygb-null mice. APAP and CCl4 toxicity is mediated through
the production of reactive metabolites by CYP2E1. The hep-
atic CYP2E1 expression levels and in the Cygb-null mice were
similar to those of the wild-type mice; nevertheless, the ser-
um levels of NAPQI derivatives, such as cysteinyl-APAP and
N-acetyl-cysteinyl-APAP, were lower in the Cygb-null mice
than in the wild-type mice under APAP challenge. In
addition, the serum APAP levels were elevated, albeit
not significantly, in the Cygb-null mice compared with the

wild-type mice. These results suggest that the generation
of NAPQI is reduced in Cygb-null mice in the absence of
changes in the hepatic CYP2E1 protein levels, and they
support the theory that the enzymatic activity of CYP2E1 is
attenuated in Cygb-null mice.

In this study, the hepatic microsomal CYP2E1 activity
(under condition of disrupted sinusoidal microenvironment)
in the Cygb-null mice was similar to that in the wild-type
mice (Figure 2c). Considering that (1) CYPs are mono-

Figure 4 Influence of oxygen level on N-acetyl-p-aminophenol (APAP)-induced hepatocyte injury in culture. (a) Representative images of APAP-induced

hepatocyte damage. Cell death was determined using propidium iodide (PI) staining under 5 or 20% oxygen (O2) 16 h after APAP administration. The

concentrations of APAP were 0, 2.5, 5, 10, and 20mM. Stained hepatocytes were observed under bright-field (left) and dark-field microscopy (center,

Hoechst 33342; right, PI; � 400, bar¼ 50 mm). (b) Determination of cell death calculated as the ratio of PI-positive hepatocytes under 5 or 20% O2.

The values represent the percentage ratio of PI-positive hepatocytes to Hoechst-positive hepatocytes (n¼ 4–8). (c) Determination of cell viability by an

MTT assay. Significance was determined by a two-way ANOVA with Bonferroni’s test (b and c). **Po0.01, ***Po0.001. (d) Western blotting of HIF-1a
protein under conditions of 1, 5, and 20% O2. Arrow indicated HIF-1a protein. Coomassie brilliant blue (CBB) staining was used for the normalization.
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oxygenases and (2) CYGB functions as an O2-binding pro-
tein, we concluded that the APAP-derived toxicity may differ
with regard to hepatic O2 levels between Cygb-null and
wild-type mice. In addition, pimonidazole-positive areas,
indicating hypoxic conditions, were expanded only in the
Cygb-null mice, although HIF1a activation was not detected.
As well as our observation, it has been reported that pimo-
nidazole-positive cells are not always identical to HIF1a-
activated cells.20,21 Thus, we considered that the Cygb-null
mice exhibited low O2 tension in the liver, particularly after
APAP challenge. Yan et al.5 showed that APAP-induced cell
death in cultured mouse hepatocytes was attenuated in the

presence of 10% O2, which was accompanied by a decrease in
mitochondrial oxidative stress. In the present study, we also
observed that APAP-induced toxicity in mouse primary
hepatocytes was alleviated even at lower O2 levels (5% O2).
Surprisingly, co-culture with wild-type HSCs, but not with
Cygb-null HSCs, exacerbated the APAP-induced hepatocyte
death under a 5% O2 atmosphere. In addition, conditioned
media from wild-type HSCs and from Cygb-null HSCs failed
to influence the APAP-induced hepatocyte death, indicating
that stable components in these conditioned media, such as
proteins and lipids, were ineffective. Although the co-culture
system used in this study can’t be said to reproduce perfectly

Figure 5 Presence of HSCs deteriorates the viability of mouse hepatocytes under conditions of APAP treatment. (a) Comparison of cell viability 16 h

after APAP challenge between cytoglobin (Cygb)þ /þ and Cygb� /� hepatocytes. (b) Effect of HSCs isolated from Cygbþ /þ or Cygb� /� mice on

hepatocyte viability after 30mM APAP challenge for 16 h at low oxygen level (5% oxygen (O2)). White, black, and gray columns indicate without HSCs,

with Cygbþ /þ HSCs, and with Cygb� /� HSCs, respectively. (c) Effects of HSC-conditioned media on hepatocyte viability after 30mM APAP challenge.

Conditioned media were prepared as described in the Materials and Methods section. White, black, and gray columns indicate culture in the absence

of conditioned medium, in the presence of conditioned medium from Cygbþ /þ HSCs, and in the presence of conditioned medium from Cygb� /�

HSCs, respectively. Significance was determined by a two-way ANOVA with Bonferroni’s test (a) and a one-way ANOVA with Bonferroni’s test (b and c).

*Po0.05; NS, not significant.

Figure 6 Carbon tetrachloride (CCl4)-induced and lipopolysaccharide (LPS)/D-galactosamine (D-GalN)-induced acute liver injury in mice. (a and b) Acute

liver injury induced by 0.5mg/kg CCl4 administration. Serum alanine aminotransferase (ALT) activity (a) and liver histology (b; � 200, bar¼ 100 mm) 24 h

after CCl4 injection are shown (each, n¼ 3–4). CV, central vein; PV, portal vein. (c and d) Acute liver injury induced by 700mg/kg of D-GalN and 5 mg/kg
of LPS. Serum ALT activity (c) and liver histology (d; � 200, bar¼ 100 mm) 6 h after LPS/D-GalN injection are shown (each, n¼ 10). CV, central vein;

PV, portal vein. Significance was determined by an unpaired t-test (**Po0.01; NS, not significant).
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the sinusoidal environment in vivo, these results indicate that
the HSC-CYGB could affect APAP-induced hepatocyte injury.

The O2 affinity of CYGB has been reported to be equiva-
lent to that of myoglobin and neuroglobin, and is con-
siderably higher than that of hemoglobin.6 This fact suggests
that CYGB releases O2 at lower O2 tension compared with
hemoglobin and, in combination, (1) HIF1a protein was
detected in the hepatocytes cultured with 1% O2 but not in
that with 20 and 5% O2; (2) in fact, the wild-type HSCs, but
not Cygb-null HSCs, can accelerate the APAP hepatocyte
injury under 5% O2; CYGB may be an early sensor for low
oxygen level and supply O2 to neighboring cells before falling
in hypoxia (activation of HIF). In other words, CYGB can
have a role in O2 supply after the consumption of O2 derived
from hemoglobin in vivo. When excess CYP2E1 metabolism
causes a shortage of O2 in hepatocytes, the HSC–CYGB may
supply O2 temporarily and locally to hepatocytes during the
O2 insufficiency.

It has been reported that APAP damages the hepatic
microvasculature, which precedes hepatocellular injury.
In vivo microscopy indicated that this damage consists of
endothelial cell swelling and the penetration of erythrocytes
into the space of Disse. Significant decreases in the blood
supply in hepatic sinusoids were observed 2 and 6 h after
APAP administration.22 In contrast, when HSCs become
activated, they undergo changes in the cytoskeletal machinery
and gain the ability to contract.23 Some studies have demon-
strated that activated HSCs contract in response to various
agents.24,25 Thus, activated HSCs are thought to be involved
in the disturbance of hepatic microcirculation.26 A previous
study reported that CYGB was able to suppress HSC
activation.27 Considering all of these reports, the loss of
CYGB may lead to the ‘priming’ of HSCs to the activated
stage and can cause immediate sinusoidal constriction after
APAP challenge due to HSC contraction. However, the
hypothesis could be denied, because Cygb-null mice did not
show attenuated LPS-induced liver injury.

In conclusion, the present study demonstrated in part that
APAP-induced acute liver injury was attenuated in Cygb-null
mice, presumably due to local low O2 level (but not hypoxia)

around hepatocytes closely adherent to HSCs (Figure 7).
Although the molecular mechanism of O2 transfer from
HSCs to hepatocytes remains uncharacterized, this study

Figure 7 Putative mechanism by which hepatic stellate cell (HSC)-

expressed cytoglobin (CYGB) is involved in N-acetyl-p-aminophenol

(APAP)-induced liver injury. (a) The oxygen (O2) concentration in the

livers of Cygb-null mice was similar to that of wild-type mice under

normal conditions. (b) At high APAP concentrations, APAP is metabolized

by CYP2E1 and O2 is rapidly consumed. As a result, hepatocytes tend to

be temporarily O2 deficient. O2 would be supplied from CYGB in HSCs

located in the space of Disse in wild-type mice, but this is not the case

in Cygb-null mice. (c) Thus, CYP2E1 efficiently generates N-acetyl-p-

benzoquinone imine (NAPQI) from APAP in wild-type mice. In contrast, in

Cygb-null mice NAPQI production is decreased because of impaired local

O2 supply from HSCs; thus, NAPQI-dependent hepatocyte injury is

attenuated. Blue arrows indicate O2 transfer. Bold black arrows indicate

the pathway by which APAP toxicity is mediated. Dashed line arrows

indicate reduction.
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provides important evidence to further understand the mo-
lecular mechanism of drug-induced liver injury mediated by
CYP2E1.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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