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Abstract

Aim: l-ascorbic acid (vitamin C) insufficiency is considered one of the major risk factors for the development of
liver disease. However, its specific effects and related mechanisms in vivo are largely unknown. The objective of
this study was to investigate the in vivo protective role of vitamin C and its related mechanisms in liver injury
with Gulo( - / - ) mice that cannot synthesize vitamin C like humans due to the lack of l-gulonolactone-c-oxidase
(Gulo), an essential enzyme for vitamin C synthesis. Results: When liver injury was induced in Gulo( - / - ) mice
by injection of concanavalin A (Con A), there was greater extensive liver damage accompanied by an increased
number of apoptotic hepatocytes in vitamin C-insufficient Gulo( - / - ) mice. Additionally, the plasma and hepatic
levels of the proinflammatory cytokines, such as TNF-a and IFN-c, were much higher in the vitamin C-insufficient
Gulo( - / - ) mice than in the control mice. Moreover, increased numbers of liver-infiltrating T-cells in the vitamin
C-insufficient Gulo( - / - ) mice were related to the increased hepatic levels of IFN-inducible factor (IP-10). Al-
though the vitamin C-insufficient Gulo( - / - ) mice had higher amounts of interleukin-22 (IL-22), a hepatopro-
tective cytokine, a defect in IL-22Ra expression and its downstream STAT3 activation in hepatocytes were found.
Innovation: We first demonstrate the novel in vivo action mechanisms of vitamin C on the prevention of disease
development in the liver, through the regulation of excessive immune activation and maintenance of the IL-22Ra
signaling pathways. Conclusion: These results suggest that severe liver damage induced by inflammation could
be prevented by sufficient supplementation with vitamin C. Antioxid. Redox Signal. 19, 2040–2053.

Introduction

L-ascorbic acid (vitamin C) is a well-known antioxidant
that maintains the intracellular antioxidant network,

which mainly consists of glutathione and vitamin E (29, 31).
Therefore, vitamin C could play a role as an anti-inflamma-
tory molecule through the elimination of reactive oxygen
species (ROS) that induce proinflammatory cytokines in sev-
eral inflammatory diseases (4, 9, 45). It suggests that vitamin C
insufficiency might be closely related with the development
or facilitation of inflammatory diseases. In fact, vitamin C
effectively suppresses inflammatory responses in UVB-
irradiated skin keratinocytes through the elimination of ROS
(19). In addition, a positive correlation of lower vitamin C

Innovation

It is impossible to investigate the effects of l-ascorbic
acid (vitamin C) not only in humans due to the fatal effects
caused by vitamin C insufficiency, but also in animals,
since they can synthesize vitamin C. Therefore, our ex-
periment was done with Gulo( - / - ) mice while controlling
vitamin C intake. Since we could examine the direct effects
on primary hepatocytes, even the systemic effects of vita-
min C, our research is highly innovative, since it examined
vitamin C effects in vivo on inflammatory diseases in the
liver and other organs. Therefore, our data provide the new
insights on preventive measures against liver diseases
through sufficient vitamin C intake.
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concentrations in gastric juice with the incidence of chronic
gastritis has been reported (1). Moreover, vitamin C supple-
mentation with vitamin E attenuates the proinflammatory
states in patients with gastric inflammation and improves
hepatic fibrosis in patients with nonalcoholic steatohepatitis
(13, 47). In an animal model of sepsis, vitamin C administra-
tion suppresses inflammation in the lung and decreases oxi-
dative damages and lipid peroxidation in the liver (2, 10). The
significant decrease in the plasma level of vitamin C in chronic
active hepatitis patients has also been reported (60). There-
fore, it seems that vitamin C insufficiency is also closely re-
lated with the development or progression of inflammatory
liver disease. However, the mechanism regarding the specific
role of vitamin C in vivo remains to be elucidated.

l-gulonolactone-c-oxidase (Gulo) is an essential enzyme for
the synthesis of vitamin C from glucose (6). It is impossible for
humans, guinea pigs, and some of the primates to synthesize
vitamin C, since the Gulo gene is mutated (5, 39). Therefore,
humans should take sufficient amounts of vitamin C through
their diet or with supplements. Insufficiency of dietary vita-
min C is closely related with the development of acute or
chronic diseases, including scurvy, diabetes mellitus, myo-
cardial infarction, acute pancreatitis, and atrophic gastritis (3,
41, 46, 50). Gulo( - / - ) mice without supplementation of vi-
tamin C show levels of plasma vitamin C concentrations rel-
evant to those of scurvy in humans (23, 32). In addition,
reduced red blood cell (RBC) counts, hematocrit, and hem-
orrhages in the knee joints have been observed (32). More-
over, alteration of the aortic wall, including rupture of the
elastic lamina, smooth muscle cell proliferation, and injury of
the luminal surface, has been found (32). These results sug-
gests that Gulo( - / - ) mice are a suitable animal model that
provides numerous opportunities for systematic studies re-
garding the in vivo effects of vitamin C reflecting what is
happening during the development of diseases in humans.

Hepatitis is localized inflammation of the liver character-
ized by massive infiltration of inflammatory cells. Especially,
activated T-cells are frequently responsible for mediating the
damages in hepatocytes through IFN-c production (36, 52).
Concanavalin A (Con A)-induced hepatitis is a well-known
model of viral hepatitis and autoimmune hepatitis (17, 54). In
this model, CD4 + T-cells play a major role in the induction of
liver injury through the release of a variety of proin-
flammatory cytokines, such as IFN-c and TNF-a (26, 27, 52).
Conversely, CD4 + T-cells also protect hepatocytes from
damages by the production of interleukin-22 (IL-22) (42, 43,
61). IL-22 production is restricted to immune cells, but its
receptor is restricted to nonhematopoietic cells in the skin,
pancreas, lung, intestine, and liver (57, 58). IL-22 shows its
protective effect through the activation of signal transducers
and activators of transcription 3 (STAT3) downstream of the
IL-22 receptor, which is composed of two subunits, IL-22Ra
and IL-10Rb (22, 25, 43, 59). Therefore, it is necessary to in-
crease IL-22 and its receptor expression in the liver for pro-
tection against liver injury during inflammatory responses.
However, it is, as of yet, unclear which factors regulate IL-22
production and its receptor expression under in vivo inflam-
matory conditions in the liver.

In the present study, we investigated the effects of vitamin C
insufficiency on liver injury, followed by inflammation and its
related mechanisms in Gulo( - / - ) mice with Con A-mediated
hepatitis. Especially, we focused on the regulation of the pro-

duction of TNF-a, IFN-c, and IL-22 from T-cells and the pro-
tective signaling through IL-22Ra on hepatocytes.

Results

Characteristics of Gulo( - / - ) mice
upon vitamin C withdrawal

Upon vitamin C withdrawal, by week 4, the Gulo( - / - )
mice began to lose weight rapidly, whereas the body weights
of the wild-type (WT) and vitamin C-supplemented Gulo( - / - )
mice steadily increased (23). Finally, withdrawal of vitamin C
for longer than 5 weeks caused death (23, 32). These re-
sults resemble the development of scurvy in humans (14).
Additionally, we confirmed that there were no differences in
the liver weight and body weight until 3 weeks after vitamin
C withdrawal, but remarkable, decrease in vitamin C in the
plasma and liver of Gulo( - / - ) mice was observed (Supple-
mentary Fig. S1A, B; Supplementary Data are available online
at www.liebertpub.com/ars). To examine that decrease
in vivo vitamin C concentration has increased oxidative stress
in the liver of vitamin C-insufficient Gulo( - / - ) mice, the in-
tracellular ROS level was measured by using of the cell-
permeable fluorogenic probe 2¢, 7¢-dichlorodihydrofluorescin
diacetate. Coinciding with the result of decreases in the
vitamin C concentration in the liver, the ROS levels in the liver
of vitamin C-insufficient Gulo( - / - ) mice at 4 h after Con A
injection were higher than those in the mice with vitamin C
supplementation (Supplementary Fig. S2). It suggests that
vitamin C plays an important role as an antioxidant in our
experimental model. So, all of the following experiments were
done in the Gulo( - / - ) mice under a vitamin C-insufficient
status, not deficiency, through vitamin C withdrawal for 3
weeks, and these mice were referred to as vitamin C-insuffi-
cient Gulo( - / - ) mice [Gulo( - / - )VC-insufficient]. The vitamin
C concentration in the liver between the WT and vitamin
C-supplemented Gulo( - / - ) mice was almost the same (Sup-
plementary Fig. S1B). Therefore, vitamin C-supplemented
Gulo( - / - ) mice were referred as vitamin C-sufficient Gulo - / -

mice [Gulo( - / - )VC-sufficient].

Vitamin C has a protective role against
Con A-induced liver injury

To examine the role of vitamin C in liver injury, we injected
WT, Gulo( - / - )VC-insufficient, and Gulo( - / - )VC-sufficient mice with
Con A (20lg/g). To examine liver damage, we measured the
amounts of alanine transaminase (ALT) and aspartate trans-
aminase (AST) in the plasma. Eighteen hours after Con A in-
jection, higher plasma levels of ALT and AST, more extensive
damage, a larger number of lesions, and more extensive
apoptosis of hepatocytes were observed in the liver of
Gulo( - / - )VC-insufficient (Fig. 1). We observed no change among
all groups in the ALT and AST levels or histological changes
in the liver of the phosphate buffered saline (PBS)-injected
Gulo( - / - )VC-insufficient mice, indicating that vitamin C insuffi-
ciency itself could not induce liver damage.

Vitamin C suppresses proinflammatory cytokine
production by Con A injection

It has already been reported that proinflammatory cyto-
kines, such as IFN-c and TNF-a, have a key role in Con A-
induced hepatic injury (26, 27, 52). Thus, the plasma levels of
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cytokines, including the proinflammatory cytokines, were
analyzed. At 6 or 18 h, after Con A injection, the production of
IL-6, IL-17, IL-22, IFN-c, and TNF-a was significantly in-
creased in the Gulo( - / - )VC-insufficient mice compared with the
levels in the WT and Gulo( - / - )VC-sufficient mice (Fig. 2A). On
the contrary, IL-10 production in the Gulo( - / - )VC-insufficient

mice was suppressed. To analyze the localized production of

such cytokines in the liver, isolated liver mononuclear cells
(MNCs) were cultured, and then cytokine production was ex-
amined 4 h after Con A injection. Just as the results from the
experiment using plasma, cytokine production increased in the
liver MNCs of Gulo( - / - )VC-insufficient mice by Con A injection
(Fig. 2B). There was no difference in IL-2 production in
the plasma; however, it increased in the liver MNCs of

FIG. 1. The extensive liver damage in vitamin C-insufficient Gulo( - / - ) mice in response to Con A. WT [Gulo( + / + )],
vitamin C-insufficient [Gulo( - / - )], and vitamin C-sufficient [Gulo( - / - ) + VC] mice were intravenously injected with 20 lg/g
of Con A or PBS. Mice were sacrificed at 18 h after injection. (A) The increase of the plasma ALT and AST levels by Con A
injection [n = 8–9, **p < 0.01 or ***p < 0.001 vs. Gulo( + / + ), {p < 0.05 vs. Gulo( - / - ) + VC]. Liver injury was quantified by mea-
suring the plasma levels of ALT and AST using a kit according to the manufacturer’s instructions. (B) The extensive liver
injury by Con A injection. Liver tissues were harvested, fixed, sectioned, and stained with hematoxylin and eosin as described
in the Materials and Methods section. The lesions were examined surrounding the hepatic veins, and the results are the
representative of more than three experiments (n = 9). (C) The extensive apoptosis in the liver by Con A injection. Apoptotic
cells in the liver were also detected by the TUNEL method as described in the Materials and Methods section. The nuclei were
counterstained with DAPI, and the results are the representative of more than three experiments (n = 9). ALT, alanine
transaminase; AST, aspartate transaminase; Con A, concanavalin A; Gulo, l-gulonolactone-c-oxidase; TUNEL, terminal
deoxynucleotidyl transferase dUTP nick-end labeling; Vitamin C, l-ascorbic acid; WT, wild-type. To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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Gulo( - / - )VC-insufficient mice. An increase in IL-4 and IL-10 in re-
sponse to Con A was not detected in the liver MNCs. In addi-
tion, the frequency of CD4+ Foxp3+ regulatory T-cells was not
affected after the injection of Con A (Supplementary Fig. S3).

Vitamin C inhibits T-cell infiltration into the liver
by Con A injection

In relation to the increased production of proinflammatory
cytokines followed by extensive liver injury, we examined the

number of liver MNCs from mice with Con A injection. At 6 h
after Con A injection, the number of liver MNCs increased in
the Gulo( - / - )VC-insufficient mice, and T-cells were the major
population in the liver-infiltrated MNCs (Fig. 3A, B). It is
known that IFN-c induces the production of IFN-inducible
protein (IP)-10, which is important in the transmigration of
effector T-lymphocytes through the hepatic endothelium un-
der physiological conditions of blood flow (8, 38). Therefore,
we measured IP-10 production from the isolated liver MNCs
of Gulo( - / - )VC-insufficient mice. Extensive IP-10 production

FIG. 2. The excessive production of proinflammatory cytokines in vitamin C-insufficient Gulo( - / - ) mice in response to
Con A. WT [Gulo( + / + )], vitamin C-insufficient [Gulo( - / - )], and vitamin C-sufficient [Gulo( - / - ) + VC] mice were intra-
venously injected with 20 lg/g of Con A or PBS. (A) Increased cytokine levels in plasma. Blood was collected from the
intraorbital plexus of each mouse in all experimental groups at 6 and 18 h after Con A injection, and then plasma was
prepared as described in the Materials and Methods section. The cytokine levels were measured by cytometric bead array
(CBA) or ELISA as described in the Materials and Methods section [n = 8–9, *p < 0.05 or **p < 0.01 vs. Gulo( + / + ), {p < 0.05 or
{{p < 0.01 or {{{p < 0.001 vs. Gulo( - / - ) + VC]. (B) Increase of cytokine production from liver MNCs by Con A injection. Four
hours after injection, liver MNCs were isolated and cultured as described in the Materials and Methods section. The levels of
cytokine in the culture supernatant were measured by CBA or ELISA as described in the Materials and Methods section
[n = 10, *p < 0.05 or ***p < 0.001 vs. Gulo( + / + ), {p < 0.05 or {{p < 0.01 or {{{p < 0.001 vs. Gulo( - / - ) + VC]. MNCs, mononuclear
cells; ND, not detected.
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was induced by Con A injection in Gulo( - / - )VC-insufficient mice
(Fig. 3C), but it was inhibited by IFN-c neutralization with the
treatment of anti-IFN-c Abs (Fig. 3D). During these responses,
early activation marker CD69 on the liver MNCs was at a
similar level for the Gulo( - / - )VC-insufficient and vitamin C-
sufficient control mice (Fig. 3E).

Vitamin C insufficiency causes T-cells to excessively
respond to Con A

To clarify if the immune cells in Gulo( - / - )VC-insufficient

mice have intrinsically different potential responses to Con A,

we examined whether Gulo( - / - )VC-insufficient, WT, and
Gulo( - / - )VC-sufficient mice have an equal immune re-
sponse to Con A. Splenocytes and splenic T-cells of
Gulo( - / - )VC-insufficient had significantly increased the production
of cytokines in response to Con A in vitro (Fig. 4A, B). There was
also a significant increase in the proliferation of both cell popu-
lations from the Gulo( - / - )VC-insufficient mice (Fig. 4C, D). CD25 is
generally expressed T-cells at 48 h after Con A stimulation.
However, the frequency of CD25+ T-cells was similar in
Gulo( - / - )VC-insufficient, WT, and Gulo( - / - )VC-sufficient mice
(Fig. 4E). We found that splenocytes or splenic T-cells of the
Gulo( - / - )VC-insufficient mice had an insufficient concentration of

FIG. 3. Increasing numbers of liver-infiltrating T-cells in vitamin C-insufficient Gulo( - / - ) mice in response to Con A. After
WT [Gulo( + / + )], vitamin C-insufficient [Gulo( - / - )], and vitamin C-sufficient [Gulo( - / - ) + VC] mice were intravenously injected
with 20lg/g of Con A or phosphate buffered saline (PBS), liver MNCs were isolated at different time points. (A) Increase of the
total number of liver MNCs 6 h after Con A injection [n = 6, **p < 0.01 vs. Gulo( + / + ), {{{p < 0.001 vs. Gulo( - / - ) + VC]. (B) Increase
of the T-cell frequency in liver MNCs by Con A injection. Six hours after injection, the frequency of T-cells (NK1.1- TCRb+ ) in liver
MNCs upon Con A injection was analyzed by flow cytometry analysis as described in the Materials and Methods section [n = 5,
**p < 0.01 vs. Gulo( + / + ), {{p < 0.01 vs. Gulo( - / - ) + VC]. (C) Increased IP-10 production from liver MNCs by Con A injection. Four
hours after injection, liver MNCs were isolated and cultured for 24 h as described in the Materials and Methods section. The
amounts of IP-10 in the supernatants were determined by ELISA [n = 10, **p < 0.01 vs. Gulo( + / + ), {{p < 0.01 vs. Gulo( - / - ) + VC].
(D) Suppression of IP-10 production by the neutralization of IFN-c bioactivity. Four hours after injection, liver MNCs were isolated
and cultured with anti-mouse IFN-c (1 and 2 lg/ml) or isotype antibody (2lg/ml). The amounts of IP-10 in the supernatants were
determined by ELISA (n = 5, *p < 0.05). (E) The equal activation status of liver MNCs. Four hours after injection, liver MNCs were
isolated, and surface expression of CD69 was measured by flow cytometry. The mean fluorescence intensity (MFI) of CD69 is
represented as the mean – SD (n = 5). IP-10, IFN-inducible protein-10.
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FIG. 4. The excessive responses of splenocyte and splenic T-cells in vitamin C-insufficient Gulo( - / - ) mice in response to
Con A. Splenocytes or splenic T-cells were isolated from WT [Gulo( + / + )], vitamin C-insufficient [Gulo( - / - )], and vitamin C-
sufficient [Gulo( - / - ) + VC] mice as described in the Materials and Methods section and stimulated with Con A (5 lg/1 · 106/ml)
in vitro. (A, B) The excessive production of cytokines from splenocytes and splenic T-cells of vitamin C-insufficient Gulo( - / - ) mice
in response to Con A. After 48 h in vitro stimulation of Con A, the amounts of cytokines in the supernatants were determined by
CBA or ELISA [n = 10, *p < 0.05 or **p < 0.01 or ***p < 0.001 vs. Gulo( - / - ), {p < 0.05 or {{{p < 0.001 vs. Gulo( - / - ) + VC]. (C, D) The
excessive proliferation of splenocytes and splenic T-cells from vitamin C-insufficient Gulo( - / - ) mice in response to Con A. After
90 h in vitro stimulation of Con A, [3H]-thymidine incorporation was measured with a liquid scintillation counter as described in
the Materials and Methods section [n = 10, **p < 0.01 vs. Gulo( - / - ), {p < 0.05 vs. Gulo( - / - ) + VC]. (E) The frequency of the activated
T-cells in splenocytes. After 48 h in vitro stimulation of Con A, the splenocytes were subjected to flow cytometry analysis of CD3+

CD25+ cells as described in the Materials and Methods section (n = 5).
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vitamin C (Supplementary Fig. S1C). It suggests that vitamin C
insufficiency causes T-cells to excessively produce cytokines,
especially proinflammatory cytokines, and proliferate in re-
sponse to Con A.

Vitamin C insufficiency increases IFN-g production
from the activated T-cells via the activation
of p38MAPK

As the inflammatory responses were increased by vitamin
C insufficiency, we examined what kinds of molecular path-
way are involved. The molecular pathway was focused at the
production of INF-c from T-cells in vitamin C-insufficient
Gulo( - / - ) mice, because IFN-c is major effector molecule
during the process of the development of inflammation in
vitamin C-insufficient Gulo( - / - ) mice by Con A. The specific
inhibitors for NF-jB (BAY 11-7082), NFAT (Cyclosporin A),
and p38MAPK (SB203580) were pretreated to T-cells before
treatment of Con A in vitro. As shown in Figure 5A, IFN-c
production was completely suppressed in all of the experi-
mental groups by the treatment of BAY 11-7082 and Cyclos-
porin A. It assumes that the survival and activation of T-cells
by Con A are mainly mediated by the activation of NF-jB and
NFAT. However, the increase of IFN-c production in T-cells
isolated from vitamin C-insufficient Gulo( - / - ) mice was
definitely suppressed by the treatment of the specific inhibi-
tors for p38MAPK and SB203580, but not by the treatment of
its control compound, SB202474. To confirm whether the ac-
tivation of p38MAPK is also modulated by vitamin C in vivo,
the phosphorylation of p38MAPK in T-cells from each ex-
perimental group was examined. The phosphorylation of
p38MAPK in T-cells from vitamin C-insufficient Gulo( - / - )
mice was increased by the treatment of Con A, but it was
inhibited by the supplementation of vitamin C (Fig. 5B, C).
Taken together, vitamin C plays an important role as an anti-
inflammatory agent through the downregulation of inflam-
matory mediator production.

Vitamin C insufficiency causes a defect
in PI3K/Akt-dependent IL-22Ra expression
and STAT3 activation

It is known that IL-22 has a role in the protection and re-
generation of hepatocytes during liver injury (43, 61). In
Gulo( - / - )VC-insufficient mice, IL-22 production was definitely
increased by Con A injection, but its protective effect was not
observed (Figs. 1 and 2). To address the reason why the in-
creased IL-22 was not able to protect the liver from injury in
Gulo( - / - )VC-insufficient mice, we investigated the expression
IL-22Ra in hepatocytes. Interestingly, IL-22Ra expres-
sion was not induced in the Gulo( - / - )VC-insufficient mice by
Con A injection, but it was induced in the WT and the
Gulo( - / - )VC-sufficient mice (Fig. 6A, B). On the contrary, IL-
22Ra expression increased in the primary hepatocyte cell line,
FL83B, by treatment with vitamin C (Fig. 6C). Therefore, it
seems that the defect in IL-22Ra expression is caused by vi-
tamin C insufficiency in the Gulo( - / - ) mice. Next, we in-
vestigated which kinds of signaling mediators are involved in
vitamin C-induced IL-22Ra expression. From an inhibitor
study that used several kinds of inhibitors against intracel-
lular kinases, IL-22Ra expression in FL83B was suppressed by
the treatment of LY294002, a specific inhibitor for PI3K/Akt,
but not by the other inhibitors (Fig. 6D). In addition, vitamin C
could not increase IL-22Ra expression in FL83B pretreated
with LY294002 (Fig. 6E). This result indicates that the PI3K/
Akt pathway is not only important in the maintenance of IL-
22Ra expression, but also in its induction by vitamin C. The
decrease of Akt phosphorylation in hepatocytes from
Gulo( - / - )VC-insufficient mice was confirmed (Fig. 6F). Taken
together, the defect in PI3K/Akt-dependent IL-22Ra expres-
sion is caused by vitamin C insufficiency.

The activation of STAT3 and extracellular signal-regulated
kinases (ERK)1/2, known as important signal transducing
molecules downstream of IL-22Ra signaling in hepatic cells (28),
was defective in the hepatocytes of Gulo( - / - )VC-insufficient mice

FIG. 5. Increase of p38MAPK activation in activated T-cells from vitamin C-insufficient Gulo( - / - ) mice by Con A.
Splenic T-cells were isolated from WT [Gulo( + / + )], vitamin C-insufficient [Gulo( - / - )], and vitamin C-sufficient [Gulo( - / - )
+ VC] mice as described in Materials and Methods. (A) Splenic T-cells were pretreated for 1 h for NF-jB (BAY 11-7082), NFAT
(Cyclosporin A, CsA), and p38MAPK (SB203580 or its control compound SB202474), prior to the treatment of Con A (5 lg/
1 · 106/ml) in vitro. After 48 hrs, the culture supernatant was collected, and the production of IFN-c was determined
by ELISA. [n = 6, *p < 0.05 or **p < 0.01 vs. Gulo( - / - ), {p < 0.05 or {{p < 0.01 vs. Gulo( - / - ) + VC]. (B) After splenic T cells
were treated with Con A (5 lg/1 · 106/ml) for 30 mins, proteins were extracted, and phosphorylated p38 (indicated as

-p38) or total p38 (indicated as p38) were determined by Western blot analysis as described in Materials and
Methods. b-actin was used as a housekeeping control. (C) The density of the each band was measured by densitometry,
and the values were expressed as the ratio of -p38/p38 [n = 5, **p < 0.01 vs. Gulo( + / + ), {p < 0.05 vs. Gulo( - / - ) +
VC].
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FIG. 6. Defects of PI3K/Akt-dependent IL-22Ra expression and its downstream STAT3 activation in the hepatocyte of
vitamin C-insufficient Gulo( - / - ) mice. (A) Defect on IL-22Ra expression in the liver of vitamin C-insufficient Gulo( - / - )
mice. Two hours after Con A injection, the total liver lysate from WT (Gulo( + / + )), vitamin C-insufficient [Gulo( - / - )], and
vitamin C-sufficient [Gulo( - / - ) + VC] mice was prepared, and then IL-22Ra and GAPDH expression was determined by the
Western blot analysis as described in the Materials and Methods section. (B) The density of the each band was measured by
densitometry, and the values were expressed as the ratio of IL-22Ra/GAPDH [n = 4, *p < 0.05 vs. Gulo( + / + ), {p < 0.05 vs.
Gulo( - / - ) + VC]. (C) Increase of IL-22Ra expression on the murine hepatocyte cell line, FL83B, in a dose-dependent manner
of vitamin C; FL83B was cultured with 0, 0.0625, 0.125, 0.25, 0.5, and 1 mM of vitamin C for 24 h, and then IL-22Ra or b-actin
expression was determined by the Western blot analysis as described in the Materials and Methods section. Data represent
four independent experiments. (D, E) PI3K/Akt-dependent IL-22Ra expression on the murine hepatocyte cell line, FL83B.
FL83B was pretreated with PD98059 (20 lM), SP600125 (10 lM), SB203580 (20 lM), and LY294002 (5 lM) for 1 h and then
incubated for another 24 h in the absence (D) or presence (E) of 1 mM of vitamin C, and then IL-22Ra and b-actin expression
was determined by the Western blot analysis as described in Materials and Methods section. Data represent four independent
experiments. (F) Defect on the phosphorylation of Akt in hepatocytes of vitamin C-insufficient Gulo( - / - ) mice upon Con A
stimulation. Two hours after Con A injection, hepatocytes were isolated from the liver as described in the Materials and
Methods section. Phosphorylated Akt (indicated as -Akt) or total Akt (indicated as Akt), and b-actin in the lysates were
determined by the Western blot analysis as described in the Materials and Methods section. Data represent four independent
experiments. (G) Defect on the activation of STAT3 and ERK1/2 in hepatocytes of vitamin C-insufficient Gulo( - / - ) mice
upon Con A stimulation. Two hours after Con A injection, hepatocytes were isolated from the liver as described in the
Materials and Methods section. Phosphorylated STAT3 (indicated as -STAT3) or total STAT3 (indicated as STAT3), ERK1/
2, and b-actin in the lysates were determined by Western blot analysis as described in the Materials and Methods section. (H)
The density of each band was measured by densitometry, and the values were expressed as the ratio phosphorylated STAT3/
total STAT3 [n = 3, ***p < 0.001 vs. Gulo( + / + ), {p < 0.05 vs. Gulo( - / - ) + VC]. (I) Defect on STAT3 activation in hepatocytes
from vitamin C-insufficient Gulo( - / - ) mice by recombinant IL-22 stimulation. After stimulation of isolated hepatocytes with
or without recombinant IL-22 (20 ng/ml) for 30 min, phosphorylated STAT3 (indicated as -STAT3) or total STAT3 (indi-
cated as STAT3), and b-actin in the lysates were determined by the Western blot analysis as described in the Materials and
Methods section. Data represent three independent experiments. ERK, extracellular signal-regulated kinases; IL-22, inter-
leukin-22; STAT, signal transducers and activators of transcription.
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(Fig. 6G, H). To clarify the defective activation of STAT3 through
the stimulation of IL-22Ra by IL-22, the phosphorylation of
STAT3 in hepatocytes upon IL-22 stimulation was examined in
isolated hepatocytes in vitro. A severe defect of STAT3 phos-
phorylation in the hepatocytes of Gulo( - / - )VC-insufficient mice
was observed by stimulation with IL-22 (Fig. 6I).

Discussion

The current study on Gulo( - / - )VC-insufficient mice provides
several findings and implications for vitamin C in the
pathogenesis of liver disease. After Con A injection,
Gulo( - / - )VC-insufficient mice showed (i) increased infiltration of
immune cells, especially T-cells, into the liver upon the increased
production of IP-10 in the liver; (ii) the hyperactivation of infil-
trated immune cells and increased production of proin-
flammatory cytokines, such as TNF-a and IFN-c; and (iii)
extensive hepatic damage through the induction of apoptosis
in hepatocytes. The production of IL-22, known as a he-
patic protective cytokine, was markedly increased in the
Gulo( - / - )VC-insufficient mice, but protection against extensive liver
injury and recovery of the liver did not occur due to the severe
defects in the induction of IL-22Ra expression in hepatocytes and
in the signal transduction pathway through the phosphorylation
of STAT3.

During the development of inflammatory diseases in the
liver, a remarkable increase in lymphocyte recruitment and
intrahepatic localization is closely related with the nature and
severity of the disease (40, 48). With Con A injection, there were
no significant changes in B-cells, macrophages, and natural killer
(NK) cells, whereas NK-T-cells decreased (Supplementary Fig.
S4). However, the total numbers of liver-infiltrating MNCs and
T-cells increased in the Gulo( - / - )VC-insufficient mice (Fig. 3A, B).
IP-10 is very important in the migration of T-cells into the liver
(8, 24, 53). Moreover, IP-10 production is related positively to the
activity of chronic hepatitis (37). IP-10 is mainly produced by
monocytes, endothelial cells, and fibroblasts in response to IFN-c
(30). In the Gulo( - / - )VC-insufficient mice, IFN-c production was
definitely increased by Con A injection (Fig. 2B). We confirmed
the definite suppression of IP-10 production in the liver MNCs
from Gulo( - / - )VC-insufficient mice by neutralizing with anti-IFN-c
antibodies (Fig. 3D). Therefore, high levels of IFN-c in
Gulo( - / - )VC-insufficient mice are responsible for the remarkable
increase of IP-10 production. To relate with the increase of IP-10
production, it is already known that the activation of STAT1
plays a critical role (20, 33, 44). So, it assumed that STAT1 is also
involved in the increase of IP-10 production upon vitamin C
insufficiency, but further investigation is needed.

The activation status of T-cells in Gulo( - / - )VC-insufficient

mice was examined by the expression of CD69 and CD25.
CD69 is considered as an early activation marker that in-
creased within 24 h by Con A stimulation, and CD25 expres-
sion follows CD69 expression within 48 h (7). There were no
changes on CD69 expression in the liver MNCs within 4 h
after in vivo Con A stimulation as well as the frequency of
CD25 + T-cells at 48 h after in vitro Con A stimulation (Figs. 3E
and 4E). Interestingly, we observed that most of the T-cells
from the Gulo( - / - )VC-insufficient mice exhibited a hyperproli-
ferating activity as well as hyperproduction of inflammatory
cytokines. However, it was prevented by vitamin C supple-
mentation (Fig. 4B, D). It implies that the characteristics of
T-cells are diametrically opposed under vitamin C-sufficient

and insufficient conditions, even though the expression of
activation markers is similar for all experimental groups. That
is to say, the increased ROS levels in Gulo( - / - )VC-insufficient

mice seem to be involved the hyper-responsiveness to Con A
(Supplementary Fig. S2). However, it is still unclear whether
vitamin C causes the hyper-responsiveness of T-cells at the
developmental stage in the bone marrow and thymus or the
activation stage in the periphery. It is recently reported that
ROS seem to be involved in the self-renewal, differentiation,
and life span of hematopoietic stem cells (HSCs) (16, 18). In
addition, there are many reports that ROS levels in HSCs and
early progenitors are lower than their more-mature progeny
(15, 16, 35, 55). Forkhead O family of transcription factors
(FOXO) is known as the key gene for the transcriptional
regulation by ROS in HSC. Interestingly, the activity of FOXO
is regulated by the PI3K/AKT signaling pathway (12). Since
we already presented the increase of ROS levels and defects
on the PI3K/AKT signaling pathway in Gulo( - / - )VC-insufficient

mice, it suggests that there must be a differences on the he-
matopoietic process between the Gulo( - / - )VC-insufficient and
Gulo( - / - )VC-sufficient mice. To investigate whether the hyper-
responsiveness of T-cells in Gulo( - / - )VC-insufficient mice is
caused by a defect from the development of bone marrow
precursor cells or from the reduced vitamin C concentration in
peripheral T-cells, a study in which the transplantation of
bone marrow cells from Gulo( - / - ) mice to WT mice is cur-
rently in progress.

It is assumed that the infiltrated T-cells into the liver of
Gulo( - / - )VC-insufficient mice by Con A injection play a patho-
genic role. On the other hand, some of the T-cells, especially
IL-22-producing T-cells, might have a protective role, based
on a recent report regarding the role of IL-22 on liver pro-
tection and regeneration during hepatic inflammation (42, 43,
61). In patients with viral hepatitis, IL-22-producing immune
cells were accumulated in the liver, and hepatic expression of
IL-22 mRNA was upregulated (42). Therefore, we thought
that the increased IL-22 production by Con A injection in our
experiment coincides with the results from patients with viral
hepatitis. However, it was very strange that liver injury was
not attenuated in the Gulo( - / - )VC-insufficient mice, despite the
high levels of IL-22 (Fig. 6A, B). IL-22 production is restricted
to T- and NK cells, but no change in the frequency of hepatic
NK cells in the Gulo( - / - )VC-insufficient mice by Con A injection
was observed (Supplementary Fig. S4C). Therefore, it seems
that NK cells are not responsible for increasing the IL-22
production in Gulo( - / - )VC-insufficient mice by Con A.

It has recently been reported that cd T-cells produce IL-22 and
protect against pathogenesis from lung fibrosis (49). In the liver
of a patient with hepatitis, 95.3% of the T-cells had ab-TCR, and
the remaining had cd TCR (21). It is well known that ab T-cells
play a major role in the pathogenesis of liver disease, but the role
of cd T-cells has not been clarified yet. Therefore, further inves-
tigation about the protective role of cd T-cells in liver diseases is
needed. It is widely recognized that IL-17-producing activated
CD4+ T-cells are mainly responsible for IL-22 production.
However, it seems that there is no protective role of IL-17 in liver
injury, based on a report using IL-22 and IL-17 double-deficient
mice (61). On the contrary, IL-17 appears to promote liver fi-
brosis through the activation of inflammatory and resident cells
in the liver (34). In the Gulo( - / - )VC-insufficient mice after Con A
injection, extensive liver injury was observed, despite increasing
the IL-17 production. It suggests that IL-17 did not play a

2048 BAE ET AL.



protective role in our experimental model. IL-6, a pleiotropic
cytokine that is produced by T-cells and macrophages, has a
protective effect through STAT3 activation at the early phase
of liver injury. Since we observed increasing of IL-6 in the
Gulo( - / - )VC-insufficient mice by Con A injection, IL-6 might also
be contributed to the protection against liver injury in the
Gulo( - / - )VC-insufficient mice. However, it has been reported that
IL-6 cooperates with IFN-c and TNF-a to kill hepatocytes, al-
though it is induced by lipopolysaccharide (56). Moreover, its
continuous production exerts harmful effects (51). Therefore,
further investigation is needed to clarify whether IL-17 and IL-6
have harmful and protective effects, respectively, under a vita-
min C insufficiency condition.

To clarify the reason why extensive liver injury appeared in
the Gulo( - / - )VC-insufficient mice by Con A injection despite the
increased IL-22, changes in IL-22 receptor expression and its
related signaling pathways were examined. Among two
subunits of the IL-22 receptor, IL-22Ra determines IL-22 re-
sponsiveness of cells (58). Interestingly, IL-22Ra expression, in
a normal murine hepatocyte cell line FL83B, increased with
treatment of vitamin C (Fig. 6C). In addition, we observed that
IL-22Ra expression failed to increase by Con A injection in
Gulo( - / - )VC-insufficient mice (Fig 6A, B). We present here that
IL-22Ra expression in hepatocytes in Gulo( - / - ) mice was
regulated by the phosphorylation of PI3K/Akt (Fig. 6D, E). In
addition, a severe defect in the phosphorylation of Akt was
due to vitamin C insufficiency (Fig. 6F). Therefore, vitamin C
maintains IL-22Ra expression in hepatocytes in the Gulo( - / - )
mice through the PI3K/Akt signaling pathway. The JAK-
STAT pathways have critical roles in various cellular func-
tions in the immune and hepatic systems (11). Among six
STATs, STAT3 is only involved in the protection of the liver
injury (11). STAT3 activation downstream of IL-22R is an
important process for protection against liver injury (43).
Moreover, a severe defect in recovering from liver damage in
liver-specific STAT3-deficient mice was reported (22). Inter-
estingly, there was a remarkable reduction in the phosphor-
ylation of STAT3 in the Gulo( - / - )VC-insufficient mice by Con A
injection, but no difference in total STAT3 expression (Fig. 6G,
H). Moreover, we observed that there was a severe defect in
STAT3 activation in the hepatocytes of Gulo( - / - )VC-insufficient

mice, in response to IL-22 stimulation (Fig. 6I). It seems that
IL-22 production increases in Gulo( - / - )VC-insufficient to protect
and recover from liver injury induced by Con A; however, it
could not be achieved due to failure to increase IL-22Ra ex-
pression and to the defect in the STAT3 signaling pathways in
the hepatocytes of Gulo( - / - )VC-insufficient mice.

Taken together, vitamin C appears to have beneficial effects
on hepatitis by preventing the hepatocellular damage by
regulating the immune response and IL-22-mediated STAT3
signaling. This observation suggests that a severe damage to
the liver induced by autoimmune or chronic inflammation
could be successfully prevented by a sufficient amount of
supplemental vitamin C, which could be a potential thera-
peutic option for the treatment of hepatitis.

Materials and Methods

Cells

A murine hepatocyte cell line, FL83B, was purchased from
ATCC (Manasass, VA) and grown per the supplier’s in-
structions in an F-12K medium (ATCC) supplemented with

10% FBS, 2 mM glutamine, 1.5 g/L sodium bicarbonate,
100 U/ml penicillin, and 100 lg/ml streptomycin.

Mice

Gulo( + / - ) breeding pairs were obtained from the Mutant
Mouse Regional Resource Centers, University of California at
Davis. Genotypes of the offspring were evaluated by PCR as
recommended (32). To prevent death by vitamin C deficiency,
Gulo( - / - ) mice were given water supplemented with vitamin C
(3.3 g sodium l-ascorbate/L; Sigma, St. Louis, MO). Gulo( - / - )
and its background strain C57BL/6J wild-type (WT) mice were
maintained in a specific pathogen-free condition in the animal
facility at the Seoul National University College of Medicine.
Wild types for Gulo( - / - ) mice were used after obtaining
through the mating of its heterozygous strain (Gulo( + / - ). Nine-
to 10-week-old male mice weighing 23 to 26 g were used for the
experiments. Zoletil (25 mg/kg) and xylazine (10 mg/kg) were
used for anesthetization. Buprenorphine (0.01 mg/kg s.c.) was
conventionally used for analgesia.

The animal protocol for the experiments was reviewed and
approved by the Ethics Committee of Seoul National Uni-
versity.

Withdrawal of vitamin C

Gulo( - / - ) mice were maintained on the vitamin C-
supplemented water (3.3 g ascorbate/L) for 6 to 7 weeks. The
vitamin C-supplemented water was then replaced with nor-
mal water for 3 weeks. WT and vitamin C-supplemented
Gulo( - / - ) mice were used as the control mice.

Con A injection

Con A (20 lg/ml; Sigma) in pyrogen-free PBS was injected
intravenously through the lateral tail vein at a dose of 20 lg/g
body weight. The same volume of PBS was injected as the
control.

Examination of liver injury

Eighteen hours after treatment with Con A, blood and liver
tissues were collected. Liver injury was quantified by mea-
suring the plasma enzyme activities of ALT and AST using a
kit from Biotron Diagnostics, Inc. (Hemet, CA) according to
the manufacturer’s instructions. Liver tissues were fixed in 4%
paraformaldehyde, embedded in paraffin, and sectioned to
thicknesses of 4 lm. The sections were stained with hema-
toxylin and eosin for histological examination. Apoptosis was
detected using terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) staining according to the manu-
facturer’s instructions (Millipore Corporation, Temecula,
CA). The nuclei were counterstained with DAPI and observed
with a confocal laser-scanning microscope (LSM 510 META;
Carl Zeiss AG, Jena, Germany).

Isolation of liver MNCs

After the mice were anesthetized with zoletil (25 mg/kg) and
xylazine (10 mg/kg), the portal vein was cannulated, and the
liver was perfused with sterile PBS. The liver was aseptically
removed and placed into the liver MNC washing medium
containing cold DMEM supplemented with 2% horse serum
(Gibco, Grand Island, NY). The liver homogenates were passed
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through 100-lm nylon meshes and centrifuged at 1500 rpm for
10 min. The cells were resuspended in 33% Percoll solution
(Amersham, Piscataway, NJ) and centrifuged at 2700 rpm for
20 min. The resulting pellet was harvested as the liver MNCs
and resuspended in an RBC lysis buffer. After washing with the
liver MNC washing medium, the cells were counted and cul-
tured (2 · 105/well) in a complete medium containing RPMI
1640 supplemented with 2 mM l-glutamine, 100 U/ml penicil-
lin, 100 lg/ml streptomycin, and 10% heat-inactivated fetal bo-
vine serum (Gibco). After 24 h, the supernatants were harvested,
and the amounts of cytokines were measured.

Isolation of splenocytes and splenic T-cells

Mice were euthanized, and the spleen was aseptically re-
moved and placed into a splenocyte washing medium con-
taining cold RPMI containing 10% heat-inactivated fetal
bovine serum, 100 U/ml of penicillin, and 100 lg/ml of
streptomycin. Spleen homogenates were passed through a
70-lm nylon mesh and centrifuged at 600 g for 10 min. The
resulting pellet was harvested and resuspended in the RBC
lysis buffer. After washing with the splenocyte washing me-
dium, the cells were counted. Splenic T-cells were purified
from splenocytes by an MACS negative selection system
using the pan T-cell isolation kit (Miltenyi Biotec GmbH,
Bergisch Gladbach, Germany). The purity of T-cells was
> 95%, as determined by flow cytometry using PE-labeled Abs
to CD3 (BD Biosciences, San Jose, CA). Splenocytes or splenic
T-cells were cultured (1 · 106/ml) in the complete medium,
and stimulated with Con A (5 lg/ml). After 48 h, the super-
natants were harvested. and the amounts of cytokines were
measured.

Isolation and stimulation of hepatocytes

After Con A injection, mice were anesthetized with zoletil
(25 mg/kg) and xylazine (10 mg/kg), and the portal vein was
cannulated. The liver was perfused with a prewarmed (37�C)
liver perfusion medium, followed by collagenase–dispase
digestion with a liver digestion medium. The liver was
aseptically removed and placed into an L-15 medium. The
cells were released by gently mincing and pipetting with a
large-bore pipette. The cell suspension was passed through a
100-lm nylon mesh and centrifuged at 50 g for 5 min. The
pellet was resuspended and washed twice with the hepato-
cyte wash medium. The hepatocytes were purified by Percoll
density-gradient separation and washed twice with the he-
patocyte wash medium. Purified hepatocytes were cultured
in hepatoZYME-SFM supplemented with 2 mM l-glutamine,
50 U/ml penicillin, and 50 lg/ml streptomycin, and stimu-
lated for 30 min with recombinant IL-22 (20 ng/ml; R&D
system, Minneapolis, MN) and subjected to analyze STAT3
activation by Western blot analysis. All media for the isolation
and culturing of hepatocytes were purchased from the he-
patocyte product line of GIBCO (Invitrogen).

Measurement of cytokines

Blood was collected from the intraorbital plexus with a
heparinized capillary tube, and the plasma was obtained by
centrifugation. The amounts of cytokines and IP-10 in plasma
or culture supernatants were measured by cytometric bead
array (CBA) or ELISA. IL-2, IL-6, IFN-c, TNF-a, IL-22, and

IP-10 ELISA kits were purchased from R&D system. The CBA
Mouse Th1/Th2/Th17 Cytokine kit was purchased from BD
Biosciences. ELISA and CBA were performed according to the
manufacturer’s instructions.

Neutralization of IFN-g bioactivity

Four hours after Con A injection, liver MNCs were isolated
and treated with the indicated concentration of anti-mouse
IFN-c or isotype antibody (R&D system) and cultured
(2 · 105/well) in a complete medium. After 24 h, the super-
natants were harvested, and the amounts of IP-10 were
measured by ELISA according to the manufacturer’s in-
structions (R&D system).

Flow cytometry analysis

Freshly isolated liver MNCs or splenocytes were resuspended
in ice cold fluorescence activated cell sorting (FACS) buffer
containing 0.5% BSA and blocked at 4�C for 10 min with an
Fc blocking reagent (Miltenyi Biotec GmbH). For splenocyte
isolation procedure, see the Supplementary Materials and
Methods section. Then, the cells were stained with anti-CD3,
CD25, CD69, NK1.1, and TCR b antibodies (BD Biosciences) on
ice for 30 min. and washed twice with ice cold FACS buffer. For
the staining of regulatory T-cells, liver MNCs were stained with
anti-CD4 antibodies (BD Biosciences) on ice for 30 min and
washed twice with ice cold FACS buffer. Cells were analyzed by
FACSCalibur (BD Biosciences). FlowJo software (Tree Star, Inc.,
Ashland, OR) was used for the data analysis.

[3H]-Thymidine incorporation assay

Isolated splenocytes or splenic T-cells (2 · 105/200 ll) were
seeded in a complete medium and stimulated with Con A
(5 lg/ml) for 72 h, and then 1 lCi of [3H]-thymidine (American
Radiolabeled Chemicals, Inc., St. Louis, MO) was added to
each well. For the isolation procedure, see the Supplementary
Materials and Methods section. After further incubation of
18 h, cells were harvested onto glass fiber filters using a cell
harvester (Inotech biosystems International, Dietikon, Swit-
zerland). When dry, these were sealed into polythene bags with
the scintillation fluid (Betaplate Scint; PerkinElmer, Boston,
MA), and the incorporated [3H]-thymidine was counted on
MicroBeta Trilux 1450 (PerkinElmer).

Examination of the signaling pathway
for cytokine production

Splenic T-cells (1 · 106/ml) were pretreated with specific
inhibitors for NF-jB (Bay 11-7082), NFAT (Cyclosporin A),
and P38MAPK (SB203580) for 1 h. After, the cells were stim-
ulated with Con A (5 lg/ml), and then incubated for another
48 h. the culture supernatant was collected, and the produc-
tion of IFN-c was determined by ELISA (R&D system), ac-
cording to the manufacturer’s instructions. To exclude the
nonspecific effect of SB203580, its control compound,
SB202474, was used. SB203580 and SB202474 were purchased
from Calbiochem (Darmstadt, Germany), and Bay 11-7082
and Cyclosporin A were purchased from Sigma.

Western blot analysis

The amounts of total proteins in the lysates were measured
with the Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
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Hercules, CA). Equal amounts of protein were resolved over
10% polyacrylamide–SDS gels and transferred onto nitrocel-
lulose membranes. The membranes were blocked with 5%
nonfat milk in PBS-T (0.05% Tween-20 in PBS) for 1 h, washed
with PBS-T, and then incubated with the primary antibodies
at 4�C overnight. The primary antibodies were diluted 1:250
(STAT3 and phospho-STAT3; Santa Cruz Biotechnology),
1:500 (p38, ERK1/2, and phospho-ERK1/2; Santa Cruz Bio-
technology), 1:500 (Akt and phospho-Akt; Cell signaling,
Danvers, MA), 1:1000 (IL-22Ra; Abcam, Cambridge, MA),
1:1000 (GAPDH; Santa Cruz Biotechnology, Santa Cruz, CA),
1:2000 (phospho-p38; Cell signaling), and 1:4000 (b-actin;
Santa Cruz Biotechnology) in 1% nonfat milk in PBS-T. After
washing, the membranes were subsequently incubated with
horseradish peroxidase-conjugated secondary antibody
(1:5000; Cell Signaling) and detected with the ECL detection
kit (Amersham).

Detection of IL-22Ra expression

After Con A injection, the total liver was harvested and
homogenized with a lysis buffer. FL83B was stimulated in the
presence of 0.0625, 0.125, 0.25, 0.5, and 1 mM of vitamin C for
24 h, and then vitamin C-treated FL83B cells were collected
and homogenized with the lysis buffer. IL-22Ra and GAPDH
expression was determined as described above in the Western
blot analysis.

Examination of signaling pathways
for IL-22Ra expression

FL83B was treated with the specific inhibitors for ERK
(PD98059), JNK (SP600125), PI3K/Akt (LY294002), and p38
MAPK (SB203580) for 1 h. After wash with PBS, cells were
cultured for another 24 h in the presence or absence of 1 mM of
vitamin C, and then cells were collected and homogenized
with the lysis buffer. The changes of IL-22Ra expression by the
treatment of specific inhibitors were examined as described
above in the Western blot analysis. All inhibitors were pur-
chased from Sigma.

Detection of activated Akt, STAT3, and ERK1/2

At 2 h after intravenous injection of Con A (20 lg/g), the
liver was obtained and hepatocytes were isolated, and then
hepatocytes were homogenized with a lysis buffer. The acti-
vations of Akt, STAT3, and ERK1/2 by Con A in the absence
or presence of vitamin C were examined as described above in
the Western blot analysis.

Statistical analysis

Data were presented as the means – SDs. An unpaired
two-tailed t-test was used to compare the two groups
[WT vs. Gulo( - / - ) or Gulo( - / - ) vs. vitamin C-supplemented
Gulo( - / - ) mice]. p-values of < 0.05 were considered statis-
tically significant. Statistical tests were carried out using
GraphPad InStat version 5.01 (GraphPad Software, Le Jolla,
CA).
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Abbreviations Used

ALT¼ alanine transaminase
AST¼ aspartate transaminase
CBA¼ cytometric bead array

Con A¼ concanavalin A
ERK¼ extracellular signal-regulated kinases

FACS¼fluorescence activated cell sorting
FOXO¼ Forkhead O family of transcription factors

Gulo¼ l-gulonolactone-c-oxidase
HBSS¼Hank’s balanced salt solution
HSC¼hematopoietic stem cell
IL-22¼ interleukin-22
IP-10¼ IFN-inducible protein-10

MNCs¼mononuclear cells
NK¼natural killer
PBS¼phosphate buffered saline
ROS¼ reactive oxygen species

STAT¼ signal transducers and activators
of transcription

TUNEL¼ terminal deoxynucleotidyl transferase dUTP
nick-end labeling

Vitamin C¼ l-ascorbic acid
WT¼wild-type
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