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Abstract The oral administration of proline, one of the non-
essential amino acids, has been shown to effectively protect
the liver from D-galactosamine (GalN)-induced liver injury
and to improve the survival rate. The aim of this study was to
investigate the mechanism of this protective action of proline.
We paid particular attention to the effect of proline on
inflammatory activation, regenerative response, and the
associated signal transduction in the liver. Male Fischer rats
received intraperitoneal injections of GalN (1.4 g/kg) with or
without the oral administration of proline (2 g/kg) 1 h before
GalN treatment. Liver pathology, plasma indices of inflam-
mation, and the level of proliferative marker in the liver were
monitored. The hepatic activation of interleukin-6 (IL-6)/
signal transducer and activator of transcription (STAT)-3
pathway, which is downstream of tumor necrosis factor
(TNF)-a/nuclear factor-xB, was also studied. GalN induced
massive inflammatory expansion in the liver, leading to a high
death rate (60 %) more than 72 h after the treatment. Proline
administration significantly suppressed inflammatory infil-
tration in the live after 48 h, which was accompanied by
depletion of plasma TNF-¢, glutamic oxaloacetic transami-
nase, and glutamic pyruvic transaminase. The mRNA
expression of histone H3, a marker of proliferation, was sig-
nificantly upregulated in the liver of proline-treated animals.
Furthermore, IL-6/STAT-3 pathway, an anti-inflammatory

Y. Obayashi - H. Arisaka - S. Yoshida - M. Mori -

M. Takahashi

Research Institute for Health Fundamentals, Ajinomoto Co., Inc,
1-1 Suzuki-cho, Kawasaki-ku, Kawasaki,

Kanagawa 210-8681, Japan

Present Address:

Y. Obayashi (D<)

1-15-1, Kyobashi, Chuo-ku, Tokyo 104-8315, Japan
e-mail: youko_oobayashi @ajinomoto.com

and regenerative signaling pathway, was strongly activated
prior to these observations, with the upregulated expression of
downstream genes. These results suggest that the tissue-pro-
tective mechanism of proline involves the early activation of
IL-6/STAT-3 pathway in the liver, with subsequent activation
of the regenerative response and suppression of massive
inflammatory activation.
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Abbreviations

GalN D-Galactosamine

IL-6 Interleukin-6

STAT3  Signal transducer and activator of transcription
3

TNF-a Tumor necrosis factor-o

NF-«kB  Nuclear factor kappa B

GOT Glutamic oxaloacetic transaminase

GPT Glutamic pyruvic transaminase

LEC rat Long Evans Cinnamon rat

SDS Sodium dodecyl sulfate

XIAP X-chromosome-linked inhibitor of apoptosis

MAPK  Mitogen-activated protein kinase kinase

FLIP FLICE-inhibitory protein

ROS Reactive oxygen species

POX Proline oxidase

FAD Flavine adenine dinucleotide

Introduction

The administration of a galactosamine to rodents results
in extensive hepatocellular necrosis, accompanied by
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prominent infiltration of active macrophages into the
hepatic stroma (MacDonald et al. 1987). The symptoms are
accompanied by endotoxemia along with the release of
TNF-o. Because, this liver injury histopathologically
resembles human fulminant viral hepatitis, the biology of
this animal model is well established. Endotoxin is known
to induce the release of inflammatory mediators including
TNF-a (Jirillo et al. 2002), and endotoxemia contributes
significantly to the pathogenesis of galactosamine hepatitis
(Griin et al. 1977). Fulminant hepatitis has similar symp-
toms, which is also accompanied by endotoxemia along
with the release of TNF-a.

The TNF-o signaling induces either proliferation or
apoptosis in a variety of cells, and NF-xB activation is the
critical intracellular signal that determines the cell’s
response: survival or death. For cells to survive, the
upregulation of NF-xB-dependent protective genes is
essential. Xu et al. reported that the inhibition of NF-xB-
dependent gene expression by actinomycin D sensitized
hepatocytes to TNF-a cytotoxicity. When NF-xB-depen-
dent gene expression is blocked, TNF-u treatment activates
caspase-2, caspase-3 and caspase-8 (Xu et al. 1998).

It is well documented that the NF-xB/IL-6/STAT3
pathway plays a pivotal role in liver protection and
regeneration in a variety of liver-injury models, including
toxic damage induced with hepatotoxins (Kovalovich et al.
2000), ischemic liver injury (Matsumoto et al. 2006), and
Fas-mediated injury (Kovalovich et al. 2001).

IL-6 is known as one of the most important initiators of
the regenerative response (Cressman et al. 1996; Li et al.
2001). IL-6-deficient mice exhibit impaired liver regener-
ation characterized by liver necrosis and failure, a blunted
DNA synthesis response in hepatocytes, no STAT3 acti-
vation, and reduced gene induction of the GI1 phase.
Treatment of IL-6-deficient mice with a single preoperative
dose of IL-6 rescued STAT3 binding, gene expression, and
hepatocyte proliferation to almost normal levels and pre-
vented liver damage.

IL-6 activates a variety of pathways, including the
MAPK pathway and the STAT3 pathway, which are
associated with the acute response (Singh et al. 2006). Li
et al. created liver-specific STAT3 deletion mice and
reported that these mice exhibited reduced hepatocyte
DNA synthesis at 40 h posthepatectomy, and lower
expression level of Gl-phase cyclins, such as cyclin D1
and E, in the liver. From these results, they conclude that
STAT?3 accounts for at least part of cell cycle progression
and cell proliferation during liver regeneration (Li et al.
2002). In contrast, Moh et al. conditionally knocked out
STAT3 in the liver (L-STAT3 (—/—)) and reported sig-
nificantly higher mortality of L-STAT3 (—/—) mice within
24 h after 70 % hepatectomy (Moh et al. 2007). The level
of hepatocyte DNA synthesis in the surviving L-STAT3
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(—/—) mice was slightly lower than that in STAT3 (f/+)
mice at 40 h posthepatectomy, whereas the liver mass
completely recovered in the L-STAT3 (—/—) mice. They
also showed deteriorated DNA synthesis along with
increased infiltration of neutrophils and monocytes in the
liver in a carbon tetrachloride model using L-STAT3 (—/—)
mice. They concluded that STAT3 is required for survival
in the acute stage after hepatectomy and plays an important
role in the inflammatory reaction despite the limited role
observed in the liver regeneration.

The importance of STAT3 in the inflammatory response is
also supported by experiments in macrophage- and neutro-
phil-specific STAT3-deficient mice (Takeda et al. 1999).
These mutant mice are highly susceptible to endotoxic
shock, which involves the increased production of inflam-
matory cytokines, including TNF-o. It has been suggested
that STAT3 plays a critical role in the IL-10-mediated anti-
inflammatory response by macrophages and neutrophils.

The importance of IL-6/STAT3 pathway for the prolif-
erative signaling was shown by Kirillova et al. (1999).
They used LEG6 cells, a growth-arrested rat liver epithelial
cell line, to show that the NF-xB/IL-6/STAT3 pathway is
essential for TNF-o-induced proliferation. They found that
the TNF-a-induced upregulation of IL-6 mRNA expression
and STAT3 activation was dependent on the NF-xB acti-
vation and was essential for DNA replication.

Mori et al. previously found that pre-administration of
proline could counteract galactosamine hepatitis by sup-
pressing plasma glutamic oxaloacetic transaminase (GOT)
and glutamic pyruvic transaminase (GPT) elevation and
significantly decreasing the mortality rate (Ajinomoto Co.,
Inc. 1996). They also found that proline administration
delayed the onset of jaundice and subsequent death in LEC
rats, which spontaneously develop lethal fulminant hepa-
titis due to excessive copper accumulation in the liver
(Hawkins et al. 1995).

To investigate the mechanism of the protective effect of
proline on GalN-induced hepatitis, we investigated the
effect of proline on the activation of inflammation, the
proliferative response, and the relevant survival signaling
in the liver.

We found that proline administration activated the
regenerative response and alleviated subsequent inflam-
mation with the significant activation of survival signaling
in the liver during the early phase of the disease.

Materials and methods

Animals and experimental design

Nine-week-old male Fischer 344 rats (Charles River Lab-
oratory, Japan), weighing from 180 to 200 g, were
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maintained at 23 °C, given standard laboratory chow and
water ad libitum, and kept under a 12 h light (7:00-19:00)/
12 h dark schedule. Inbred rat, Fischer 344, was chosen
because of the large individual difference of liver damage
induced by GalN in case of outbred rats. All animals
received humane care in accordance with the Japanese
guidelines for animal experimentation (Japanese Associa-
tion for Laboratory Animal Science). All procedures used
in animal experiments were approved by the Animal Ethics
Committee of the Institution. Before the start of the
experiment, food was withdrawn for 15 h, but the rats had
free access to a 10 % glucose solution. The animals were
divided to two groups, each of which consisted of five
animals. Only in the case of TNF-« experiment, each group
consisted of four animals. The control group received a
single intraperitoneal injection of 30 % GalN saline solu-
tion between 9:00 and 10:00 am at a dose of 1.4 g/kg body
weight, and the proline group received a 10 % proline
solution orally at a dose of 2 g/kg body weight 1 h before
GalN administration. Pre-administration of proline was
determined based on the report that it is more effective than
administration after GalN treatment (Ajinomoto Co., Inc.
1996).

Blood was collected from the inferior vena cava of
anesthetized rats at the indicated time points after GalN
treatment. After animals were killed by exsanguination at
each time point, the livers were harvested and rinsed in ice-
cold saline. A part of the liver was immediately frozen in
liquid nitrogen for mRNA quantification and western blot
analysis, and the rest of the liver was used for histological
analysis.

Survival rate

The survival rate was quantified twice per day between
8:00 and 9:00, and between 17:00 and 18:00 for up to
14 days after GalN injection.

Measurement of GOT, GPT and TNF-« levels

The collected blood samples were centrifuged to obtain
plasma. The plasma GOT and GPT levels were measured
using a FUJI DRI-CHEM analyzer (Fuji Film Corporation,
Japan), and the plasma TNF-o level was measured using a
rat TNF-o Ultra-Sensitive Kit (BIOSOURCE International,
CA, USA).

Histology

The liver was fixed in 10 % formalin and embedded in
paraffin. The blocks were sectioned at 4 um and stained
with hematoxylin—eosin according to the standard protocol.
Because several animals in the control group died at 72 h

after the GalN injection, the surviving animals were used at
this time point.

Isolation of total RNA and cDNA synthesis

Total RNA was isolated from liver tissue with ISOGEN
(Nippon Gene Co., Ltd., Tokyo, Japan) according to the
manufacturer’s instructions. Total RNA was used as the
template for cDNA synthesis with Superscript II reverse
transcriptase (Invitrogen, CA, USA).

Real-Time PCR

The specificity of the PCR amplification with each primer
pair was electrophoretically confirmed with a 4 % NuSieve
3:1 agarose gel (Cambrex Corporation, USA). The PCR
were carried out in 20 pl reaction volumes using the SYBR
Green PCR Master Mix (Applied Biosystems, USA) with
600 nM oligonucleotide primers and cDNA reverse-tran-
scribed from 10 or 40 ng total RNA. For signal detection,
the ABI Prism 7700 sequence detector (Life Technologies,
CA, USA) was programmed to execute an initial step of
2 min at 50 °C and 10 min at 95 °C, followed by 40
thermal cycles of 15 s at 95 °C and 1 min at 60 °C. The
amount of the target gene was determined using a cali-
bration curve that was constructed using serial dilutions of
the target gene. The level of mRNA was expressed as the
expression level relative to the average for the control
group at 0 h, which was set to 1.0.

Western blot analysis

Liver tissue was homogenized in a lysis buffer (20 mM
Tris—HCI, pH 8.0, 1 % Triton X-100, 150 mM NaCl, 10 %
glycerol, 1 mM NaF, and 1 mM EDTA) containing a
protease inhibitor and a phosphatase inhibitor and centri-
fuged at 13,000 rpm for 20 min at 4 °C. The protein con-
centration of the supernatant was calculated using the BCA
protein assay (Pierce, IL, USA). An aliquot of protein was
resolved by SDS-polyacrylamide gel -electrophoresis,
transferred onto a nitrocellulose membrane, and probed
with the primary antibody. Membranes were washed and
probed with horseradish peroxidase-conjugated secondary
antibodies. Protein bands were visualized by enhanced
chemiluminescence using the ECL Plus Western Blotting
Detection Reagent (GE Healthcare, CT, USA).

Expression of data and statistical analysis
The results are expressed as the mean &+ SEM. The Stu-
dent’s ¢ test was used for the comparison of data from the

two groups. The difference between groups was considered
significant when P < 0.05.
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Results

The effect of proline on the inflammatory response
in the liver

Hematoxylin—eosin staining of liver sections was per-
formed to observe the infiltration of inflammatory cells and
expansion of the necrotic area, and the correlation with the
survival rate was determined. First, the survival rate was
compared between the control and the proline groups
(Fig. 1a). All of the control animals survived to 48 h after
GalN administration, but the survival rate decreased to
60 % at 72 h and to 40 % at 80 h, after which point all the
remaining animals survived. In contrast, no animals in the
proline group died.

Representative images of the hematoxylin—eosin stain-
ing of the liver sections from the two groups are presented
in Fig. 1b. In the control animals, a small number of focal
necrotic areas started to appear at 6 h. The necrotic areas
grew extensively between 24 and 48 h and further expan-
ded at 72 h. The infiltration of inflammatory cells gradually
became evident along with expansion of the necrotic areas.
In the proline group, a few focal necrotic areas appeared as
early as 3 h, at which point no sign of cell death was found
in the control group. Although these early necrotic areas
had grown to some extent by 24 h, they almost disappeared
in association with the disappearance of infiltrated
inflammatory cells by 48 h. These results suggest that
proline preadministration protects the liver from GalN-
induced hepatotoxicity by suppressing inflammatory acti-
vation, and as a result, significantly increased the survival
rate.

Effects of proline on the plasma GOT,
GPT and TNF-« levels

To quantitatively assess the effect of proline on inflam-
matory activation, we examined the elevation of the plasma
levels of GOT, GPT and TNF-« in GalN-treated rats.

In both control and proline groups, GalN injection
caused marked elevations in the plasma GOT and GPT
levels as early as 3—-6 h after GalN injection. The plasma
GOT and GPT levels in the proline group started to
increase earlier than in the control group, peaked at 24 h,
and then declined at 48 h, in contrast to the continuous
elevation in the control group (Fig. 2a, b) The plasma GOT
and GPT levels in the proline group at 48 h was statisti-
cally significantly lower than that of the control group
(P < 0.05).

The plasma TNF-a levels in both groups increased
markedly as early as 3 h and peaked at 6 h (Fig. 2c).
Similar to the GOT and GPT profiles, elevations of TNF-«
in the proline group preceded those in the control group
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Fig. 1 Survival rate and histology of the liver sections after GalN
administration. a Time course of the survival rate. All animals were
injected with GalN (1.4 g/kg body weight) intraperitoneally. The
survival rate was quantified twice per day in the morning (8:00-9:00)
and in the late afternoon (17:00-18:00). Time course of control and
proline groups is denoted by solid line and dotted line, respectively.
b The histology of the rat liver sections at 24, 48, 72 h. Hematoxylin—
eosin staining was performed to observe the inflammatory infiltrates.
The blue arrows indicate the area which is infiltrated by lot of
inflammatory cells. The black arrows indicate necrotic area which
shows the deletion of hepatocytes and the infiltration of red blood
cells. (original magnification, x 100)

and the level at 3 h was significantly higher (P < 0.05).
Although differences in plasma TNF-o levels between the
two groups were not statistically significant at any time
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To investigate the effect of proline on the regenerative
response in the liver, we examined the expression of his-
tone H3, a marker of cell proliferation, in the liver (Vemura
et al. 1992). Histone H3 mRNA is expressed during DNA
replication, and this expression is tightly coupled with
DNA synthesis. Histone H3 expression was significantly
upregulated by approximately 8-fold at 24 h in the proline
group relative to the control group [5.23 & 2.63 vs.
4179 £7.86 (P <0.01), control vs. proline group]
(Fig. 3). In contrast, only a marginal increase in histone H3
expression was observed in the control group prior to the
48 h time point.

Proline-mediated activation of the IL-6/STAT?3
pathway

The protective signaling of the IL-6/STAT3 pathway,
downstream of TNF-o/NF-xB, has been reported to play a
crucial role in the anti-inflammatory response (Moh et al.
2007; Takeda et al. 1999) and proliferation (Kirillova et al.

Time after D-gal administration (hrs)

Fig. 3 Hepatic expression of histone H3 mRNA after GalN admin-
istration. The level of mRNA is expressed as the expression level
relative to the average for the control group at O h. Results are
mean = SEM. Time course of control and proline groups is denoted
by solid line and dotted line, respectively. A significant difference
between the two groups is denoted by asterisk (**P < 0.01)

1999; Cressman et al. 1996; Li et al. 2001, 2002; Xu et al.
1998; Taub 2003). Therefore, we examined the elevation of
IL-6 mRNA levels and STAT3 activation in the liver.

IL-6 mRNA expression in the liver from both groups
dramatically increased between 3 and 6 h after GalN
treatment (Fig. 4a), and further increased in the proline
group at 12 h, while that in the control group dramatically
declined. The levels of IL-6 expression at 12 h in the
control and the proline groups, were 208.3 £+ 134.6 (an
arbitrary unit) and 2,998.5 + 1,907.5, respectively, with
levels 14 times higher in the proline group (P < 0.01)
despite substantial individual variations.
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Fig. 4 Hepatic expression of IL-6 mRNA, STAT3, and p-STAT3
proteins after GalN administration. a Time course of hepatic
expression of IL-6 mRNA. The level of mRNA is expressed as the
expression level relative to the average for the control group at 0 h.
Results are mean + SEM. Time course of control and proline groups
is denoted by solid line and dotted line, respectively. A significant
difference between the two groups is denoted by asterisk
(**P < 0.01). b Western blot of STAT3, p-STAT3(Tyr705), and

We also examined the activation of STAT3, a down-
stream target of IL-6, in liver tissue. The phosphorylation
of Tyr705, which is essential for the activation of STAT3
(Schuringa et al. 2001), was detected and quantified by
western blot at time points up to 24 h (Fig. 4b).

The intensity of each band was calculated as the intensity
relative to the control group average at each time point and
expressed as a percentage. At 0 h, 1 h after the proline
treatment and immediately before GalN injection, the levels
of both STAT3 and p-STAT3 protein were significantly
higher in the proline group [STAT3 100.0 & 7.4 % vs.
139.4 £ 5.3 % (P < 0.01), p-STAT3 100.0 £ 20.0 % vs.
167.1 £ 9.8 % (P < 0.05), control vs. proline group]. After
6 h, no difference in STAT3 levels was observed between
the two groups. In contrast, p-STAT3 levels remained higher
in the proline group, with the maximum difference being a
two times higher at 12 h [100.0 & 14.3 % vs. 213.3 £
10.8 % (P < 0.01), control vs. proline group], and 1.8 times
higher at 24 h [100.0 & 22.3 vs. 184.5 £ 8.3 (P < 0.01),
control vs. proline group].
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actin from the livers of 5 rats in each group at 12 h (left panels), and
densitometric determination of the protein levels of STAT3 and
p-STAT3 (Tyr705) (right panel). The protein levels of STAT3
and p-STAT3(Tyr705) was determined by western blot and expressed
as the density of blot bands relative to the average of those of control
rats at each time point. Results are mean & SEM. A significant
difference between the two groups is denoted by asterisk (*P < 0.05,
**P < 0.01)

In summary, these results demonstrate that proline pre-
administration promotes the activation of the STAT3
transcription factor both directly and indirectly via IL-6
mRNA upregulation.

Proline enhanced the expression of target genes
of STAT3 and NF-kB transcription factors

The activation of the transcription factor STAT3, a
downstream of TNF-o/NF-xB/IL-6 signaling, is involved
in cell protection and proliferation, in combination with
other transcription factors, such as NF-xB. In order to
confirm the activation of STAT3 and NF-xB, and to
investigate the hepatoprotective and regenerative effects of
these transcription factors, the expression levels of genes
regulated by STAT3 and/or NF-kB were assessed by real-
time PCR.

The antioxidant protein Ref-1 and the antiapoptotic
protein XIAP are targets of STAT3 and NF-xB, respec-
tively, and mediate anti-apoptotic effects. The expression
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levels of both Ref-1 and XIAP were significantly upregu-
lated in the proline group at 24 h after GalN administration
[Ref-1 0.88 £ 1.93 vs. 1.81 £0.13 (P < 0.01), XIAP
1.10 &£ 0.21 vs. 2.74 £ 0.26 (P < 0.01), control vs. proline
group], although there was no difference between control
and proline groups at time points up to 12 h (Fig. 5a, b).
After the peak at 24 h, the expression levels of both
molecules declined in the proline group, in contrast to
the gradual increase up to 48 h observed in the control
group.

The proto-oncogene c-myc is involved in cell prolifer-
ation and is regulated by various transcription factors,
including STAT3 and NF-kB. Higher expression of c-myc
mRNA was observed in the proline group at O h, 1 h after
proline administration and immediately before GalN
injection (Fig. 5c). Although the expression in the proline
group declined and stayed at the same level as that
observed in the control group between 3 and 12 h, it was
significantly upregulated at 24 h [1.17 &£ 045 vs.
2.89 £ 0.21 (P < 0.01), control vs. proline group], in
contrast to the marginal increase observed up to 48 h in
control animals.

These results suggest that the upregulation of Ref-1 and
XIAP expression correlated well with IL-6/STAT3 acti-
vation, with a significant difference in IL-6 expression
level at 12 h, and in STAT3 activation at 12 and 24 h.
Notably, the upregulation of c-myc mRNA correlated well
with STAT3 activation, which was promoted by proline
directly at O h and indirectly via IL-6 mRNA upregulation
between 6 and 12 h.

30

Discussion

Proline suppressed inflammatory activation
and activated the regenerative response probably
via IL-6/STAT3 pathway

Mori et al. reported that the oral administration of proline
improved the mortality rate in a GalN-induced model of
liver failure by suppressing the plasma GOT and GPT
elevation (Ajinomoto Co., Inc. 1996). To investigate the
mechanism of the protective effect of proline on this
model, we examined the inflammatory response and
regenerative activation, which are crucial to hepatic sur-
vival. We found that proline administration induced early
hepatic upregulation of the histone H3 mRNA (a prolifer-
ative marker) at 24 h and decreased the inflammatory
infiltration in the liver after 48 h in association with the
fewer necrotic area, the significant decrease of plasma
GOT, GPT, and the lower trend of plasma TNF-a. These
results suggest that the early regenerative activation and the
suppression of fulminant inflammation play important roles
in the hepatoprotective effect of proline. We then hypoth-
esized that survival signaling downstream of TNF-o might
be upregulated by proline.

It is well known that TNF-« is a mediator of the hepatic
acute-phase response to inflammation and induces both cell
death and proliferation. p-Galactosamine injection induces
serum TNF-o elevation, which triggers hepatocyte apop-
tosis (Itokazu et al. 1999). The activation of NF-xB trig-
gered by TNF-« is essential for cell survival in the acute
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phase of injury mediated by hepatic toxins, ischemia—
reperfusion and partial hepatectomy. Furthermore, the
IL-6/STAT3 pathway, downstream of TNF-o/NF-«kB, plays
an important role in this protective mechanism.

In this study, we found that proline administration
activated the IL-6/STAT3 pathway within 24 h after GalN
treatment. IL-6 mRNA upregulation was sustained for a
longer time in the liver of proline-treated rats, which
exhibited 14-fold higher expression at 12 h, compared with
that of the control rats. The level of p-STAT3 (Tyr705) was
two times higher at 12 h (maximum difference) and 1.8
times higher at 24 h.

We observed that the inflammatory infiltration was
profoundly suppressed in the liver of proline-treated ani-
mals at 48 h in contrast to that of control animals, which
showed predominant inflammatory infiltration at the same
time point with further increase of infiltration up to 72 h.
This result is supported by the early decrease of plasma
GOT, GPT, and TNF-« in proline group at 48 h, despite the
continuous increase of plasma GOT and GPT in control
group. These results suggest the importance of STAT3
activation in the suppression of inflammatory activation.

In addition to the early suppression of inflammatory
activation, we also found that proline administration
markedly induced the mRNA expression of a proliferation
marker, histone H3, in the liver at 24 h after GalN treat-
ment. The downstream targets of IL-6, MAPK and STAT3
work collaboratively to enhance cell proliferation.
Recently, it is also reported that the IL-6/STAT3 pathway
regulates hepatocyte proliferation via cyclin D1/p21
(Fujiyoshi and Ozaki 2011). Therefore, the longer period of
upregulation of IL-6 mRNA induced by proline from 6 to
12 h should contribute to the regenerative activation.

In addition to proliferative and anti-inflammatory
effects, STAT3 plays an important role in preventing
apoptosis through the induction of antioxidant proteins,
such as Ref-1, and antiapoptotic proteins which block
caspase activation (Haga et al. 2003). Recently, it has also
been reported that STAT3 interacts with NF-xB and
enhances NF-xB-dependent gene induction (Lee et al.
2009). Notably, STAT3 prolongs NF-xB nuclear retention
through acetyltransferase p300-mediated RelA acetylation,
thereby interfering with NF-xB nuclear export. Reversible
acetylation of RelA regulates the duration of nuclear NF-
kB activity (Chen et al. 2001). We observed that the
antioxidant protein Ref-1 (a known target of STAT3), the
antiapoptotic protein XIAP (a known target of NF-xB), and
the proto-oncogene c-myc (a known target of both STAT3
and NF-xB) are all significantly increased in the liver of
proline-treated animals at 24 h after GalN injection. This
timing of mRNA upregulation correlated well with that of
IL-6 between 6 and 12 h and p-STAT3 between 12 and
24 h. These results confirm the upregulation of the IL-6/
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STAT3 pathway in the proline group, and the induction of
expression of these genes may also contribute to the
hepatic antiapoptotic response and cell proliferation.

Proline may protect the liver in another way. As shown
in Fig. 4b, proline administration itself, even without GalN
injection, directly upregulated the levels of STAT3 and
p-STATS3 proteins in the liver. The amount of both proteins
was significantly higher at O h, that is, 1 h after proline
administration and immediately before GalN injection.
Based on the report that the administration of proline prior
to GalN treatment is more effective than the administration
after GalN treatment (Ajinomoto o., Inc. 1996), this result
suggests that the direct activation of STAT3 without the
upregulation of IL-6 mRNA should also contribute to the
tissue-protective effect mediated by proline.

In summary, we found that proline administration
enhanced the hepatic regenerative response and suppressed
inflammatory activation. These effects are thought to be
triggered by prior activation of IL-6/STAT3 pathway, and
play a crucial role in the hepatoprotective effect of proline.

Why is the IL-6/STAT3 pathway specifically
upregulated by proline administration?

We found that IL-6 mRNA expression downstream of
TNF-« signaling was dramatically increased in the liver by
proline administration. Although the source of IL-6 within
the liver has not been unequivocally established, studies
with bone marrow transplantation provide evidence that
hepatic Kupffer cells (liver macrophages) are responsible
for the production of IL-6 in response to lipopolysaccha-
ride or TNF-o (Aldeguer et al. 2002). The transcription
factor NF-xB is critical for the induction of IL-6 mRNA
expression, and ROS is reported to activate NF-xB in
response to TNF-o in immune cells (Gloire et al. 2006).
Furthermore, TNF-o itself is also regulated by NF-xB in
immune cells during the inflammatory response.

We found that the elevation of serum TNF-o preceded in
the proline group, with the significant difference at 3 h with
that of control group. We also found that catalase activity
was significantly enhanced in the proline group already at
0 h, which was just before GalN injection (data not shown).
Based on this finding, we hypothesized that proline
administration increases the production of ROS in the
mitochondria before the GalN injection, and that increased
ROS worked as a preconditioning before severe inflam-
mation caused by GalN injection.

The first enzyme involved in proline metabolism is
proline oxidase (POX), which is tightly bound to the
mitochondrial inner membrane and a rate-limiting enzyme
in proline degradation. Proline oxidase converts proline to
Al-pyrroline-5-carboxylate, which serves as an obligate
carbon bridge between the two major metabolic cycles, the
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tricarboxylic acid cycle and the urea cycle (Phang 1985;
Wu et al. 2011). The catalytic mechanism involves the
transfer of electrons from substrate proline to FAD with
cytochrome ¢ as the subsequent carrier into the electron
transport chain. Thus, proline is a direct substrate for the
generation of ATP (Hagedorn and Phang 1983; Adams and
Frank 1980, 1983). Recently, it was shown that POX can
reduce oxygen and generate superoxide (Donald et al.
2001). The FAD of POX has direct access to solvent
oxygen, and proline-derived electrons can directly reduce
oxygen to produce superoxide autogenously.

Regarding ischemia/reperfusion (I/R) injury, it is well
known that ROS production and the subsequent secretion
of TNF-« significantly contributes to the injury, and short-
term ischemia increases resistance to subsequent lethal
ischemia/reperfusion with the suppression of massive
inflammatory activation. Teoh et al. (2003) reported that
following the ischemic preconditioning stimulus, there was
an early small rise in hepatic and serum TNF-« levels, but
during a next prolonged ischemia when TNF-o was
secreted more than that during preconditioning, TNF-u«
release was lower and declined to negligible level earlier
compared with naive mice (Teoh et al. 2003). This pro-
tective effect of preconditioning is mimicked by the pre-
administration of single low dose of TNF-«. These results
suggest that the small rise of plasma TNF-« triggered by
short ischemia plays an essential role in the protective
effect of preconditioning. It is also reported that both
preconditioning and pre-administration of TNF-« induced
early activation of NF-xB and STATS3 transcription factors
and subsequent increase of hepatic cyclin D1 protein
expression and PCNA positive nuclei. Although the exact
mechanism of preconditioning has not yet been elucidated,
the protective effect of proline is very similar to that
observed in preconditioning model of I/R injury, such as
small rise of ROS and TNF-« before lethal rise of plasma
TNF-o.

Our hypothesis is that the ROS produced by proline
administration may accelerate the activation of the NF-xB
at very early phase, and subsequent small rise of plasma
TNF-« at 3 h after GalN injection may also make a positive
effect on the extended activation of NF-xB. Enhanced
activation of NF-kB, especially in the immune -cells
including Kupffer cells, should have contributed to the
higher and prolonged activation of IL-6/STAT3 pathway
and early regenerative response in the proline group.
Although the prior increase of plasma TNF-a enhanced the
activities of plasma GOT and GPT at 24 h compared with
control animals, the activation of regenerative response at
the same time point should counteract the damage in the
liver.

In conclusion, this study has demonstrated that the
protective mechanism mediated by proline in GalN-

induced hepatitis is attributable to the early regenerative
response and early reduction of inflammation, which is
thought to be triggered by prior activation of the IL-6/
STAT3 pathway, downstream of TNF-a/NF-xB signaling
in the liver. The generation of ROS through proline
metabolism by POX in mitochondria and early small rise of
plasma TNF-a may underlie the enhanced activation of the
NF-xB transcription factor. These results further empha-
size the potential utilization of proline in protecting the
liver against drug-induced injury, endotoxin shock, and
ischemia/reperfusion injury including liver transplantation,
in which TNF-«o triggers liver failure.

Acknowledgments This study was supported by a private fund
from Ajinomoto Co., Inc. The authors thank Dr. Koichi Ishii, Mr.
Katsunori Kobayashi, Dr. Ikuko Sasahara, D.V.M., and Ms. Miwako
Yamanoue for technical assistance and significant support.

Conflict of interest This study was supported by a private fund
from Ajinomoto Co., Inc. All authors are employee of Ajinomoto Co.,
Inc., which has published a large number of papers about the function
of amino acids, strenuously doing basic research. No patent has been
applied based on the research of this manuscript.

References

Adams E, Frank L (1980) Metabolism of proline and the hydroxypr-
olines. Annu Rev Biochem 49:1005-1061. doi:10.1146/annurev.
bi.49.070180.005041

Ajinomoto Co., Inc. (1996) Japan Patent Kokai 1996-169063

Aldeguer X, Debonera F, Shaked A, Krasinkas AM, Gelman AE, Que
X et al (2002) Interleukin-6 from intrahepatic cells of bone
marrow origin is required for normal murine liver regeneration.
Hepatology 35:40-48. doi:10.1053/jhep2002.30081

Chen Lf, Fischle W, Verdin E, Greene WC (2001) Duration of
nuclear NF-kappaB action regulated by reversible acetylation.
Science 293:1653-1657. doi:10.1126/science.1062374

Cressman DE, Greenbaum LE, DeAngelis RA, Ciliberto G, Furth EE,
Poli V et al (1996) Liver failure and defective hepatocyte
regeneration in  interleukin-6-deficient ~mice.  Science
274:1379-1383. doi:10.1126/science.274.5291.1379

Donald SP, Sun XY, Hu CA, Yu J, Mei JM, Valle D et al (2001)
Proline oxidase, encoded by p53-induced gene-6, catalyzes the
generation of proline-dependent reactive oxygen species. Cancer
Res 61:1810-1815

Fujiyoshi M, Ozaki M (2011) Molecular mechanisms of liver
regeneration and protection for treatment of liver dysfunction
and diseases. J Hepatobiliary Pancreat Sci 18(1):13-22

Gloire G, Legrand-Poels S, Piette J (2006) NF-kappaB activation by
reactive oxygen species: fifteen years later. Biochem Pharmacol
72:1493-1505. doi:10.1016/j.bcp.2006.04.011

Griin M, Liehr H, Rasenack U (1977) Significance of endotoxaemia in
experimental “galactosamine-hepatitis” in the rat. Acta Hepato-
gastroenterol (Stuttg) 24:64-81

Haga S, Terui K, Zhang HQ, Enosawa S, Ogawa W, Inoue H et al
(2003) Stat3 protects against Fas-induced liver injury by redox-
dependent and -independent mechanisms. J Clin Invest
112:989-998. doi:10.1172/JC1200317970

Hagedorn CH, Phang JM (1983) Transfer of reducing equivalents into
mitochondria by the interconversions of proline and delta

@ Springer


http://dx.doi.org/10.1146/annurev.bi.49.070180.005041
http://dx.doi.org/10.1146/annurev.bi.49.070180.005041
http://dx.doi.org/10.1053/jhep2002.30081
http://dx.doi.org/10.1126/science.1062374
http://dx.doi.org/10.1126/science.274.5291.1379
http://dx.doi.org/10.1016/j.bcp.2006.04.011
http://dx.doi.org/10.1172/JCI200317970

2380

Y. Obayashi et al.

1-pyrroline-5-carboxylate. Arch Biochem Biophys 225:95-101.
doi:10.1016/0003-9861(83)90010-3

Hawkins RL, Mori M, Inoue M, Torii K (1995) Proline, ascorbic acid,
or thioredoxin affect jaundice and mortality in Long Evans
cinnamon rats. Pharmacol Biochem Behav 52:509-515. doi:
10.1016/0091-3057(95)00118-G

Itokazu Y, Segawa Y, Inoue N, Omata T (1999) D-galactosamine-
induced mouse hepatic apoptosis: possible involvement with
tumor necrosis factor, but not with caspase-3 activity. Biol
Pharm Bull 22:1127-1130

Jirillo E, Caccavo D, Magrone T, Piccigallo E, Amati L, Lembo A
et al (2002) The role of the liver in the response to LPS:
experimental and clinical findings. J Endotoxin Res 8:319-327.
doi:10.1177/09680519020080050501

Kirillova I, Chaisson M, Fausto N (1999) Tumor necrosis factor
induces DNA replication in hepatic cells through nuclear factor
kappaB activation. Cell Growth Differ 10:819-828

Kovalovich K, DeAngelis RA, Li W, Furth EE, Ciliberto G, Taub R
(2000) Increased toxin-induced liver injury and fibrosis in
interleukin-6-deficient mice. Hepatology 31:149-159. doi:
10.1002/hep510310123

Kovalovich K, Li W, DeAngelis R, Greenbaum LE, Ciliberto G, Taub
R (2001) Interleukin-6 protects against Fas-mediated death by
establishing a critical level of anti-apoptotic hepatic proteins
FLIP, Bcl-2, and Bcl-xL. J Biol Chem 276:26605-26613. doi:
10.1074/jbc.M 100740200

Lee H, Herrmann A, Deng JH, Kujawski M, Niu G, Li Z et al (2009)
Persistently activated Stat3 maintains constitutive NF-kappaB
activity in tumors. Cancer Cell 15:283-293. doi:10.1016/j.ccr.
2009.02.015

Li W, Liang X, Kellendonk C, Poli V, Taub R (2002) STAT3
contributes to the mitogenic response of hepatocytes during liver
regeneration. J Biol Chem 277:28411-28417. doi:10.1074/jbc.
M202807200

Li W, Liang X, Leu JI, Kovalovich K, Ciliberto G, Taub R (2001)
Global changes in interleukin-6-dependent gene expression
patterns in mouse livers after partial hepatectomy. Hepatology
33:1377-1386. doi:10.1053/jhep2001.24431

MacDonald JR, Beckstead JH, Smuckler EA (1987) An ultrastructural
and histochemical study of the prominent inflammatory response
in D (4)-galactosamine hepatotoxicity. Br J Exp Pathol
68:189-199

@ Springer

Matsumoto T, O’Malley K, Efron PA, Burger C, McAuliffe PF,
Scumpia PO et al (2006) Interleukin-6 and STAT3 protect the
liver from hepatic ischemia and reperfusion injury during
ischemic preconditioning. Surgery 140:793-802. doi:10.1016/j.
surg.2006.04.010

Moh A, Iwamoto Y, Chai GX, Zhang SS, Kano A, Yang DD et al
(2007) Role of STAT3 in liver regeneration: survival, DNA
synthesis, inflammatory reaction and liver mass recovery. Lab
Invest 87:1018-1028. doi:10.1038/labinvest.3700630

Phang JM (1985) The regulatory functions of proline and pyrroline-5-
carboxylic acid. Curr Top Cell Regul 25:91-132

Schuringa JJ, Dekker LV, Vellenga E, Kruijer W (2001) Sequential
activation of Rac-1, SEK-1/MKK-4, and protein kinase Cdelta is
required for interleukin-6-induced STAT3 Ser-727 phosphory-
lation and transactivation. J Biol Chem 276(29):27709-27715.
doi:10.1074/jbc.M009821200

Singh A, Jayaraman A, Hahn J (2006) Modeling regulatory mech-
anisms in IL-6 signal transduction in hepatocytes. Biotechnol
Bioeng 95(5):850-862. doi:10.1002/bit.21026

Teoh N, Leclercq I, Pena AD, Farrell G (2003) Low-dose TNF-alpha
protects against hepatic ischemia-reperfusion injury in mice:
implications for preconditioning. Hepatology 37(1):118-128.
doi:10.1053/jhep2003.50009

Takeda K, Clausen BE, Kaisho T, Tsujimura T, Terada N, Forster 1
et al (1999) Enhanced Thl activity and development of chronic
enterocolitis in mice devoid of Stat3 in macrophages and
neutrophils. Immunity 10:39-49. doi:10.1016/S1074-7613(00)
80005-9

Taub R (2003) Hepatoprotection via the IL-6/Stat3 pathway. J Clin
Invest 112:978-980. doi:10.1172/JC1200319974

Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim SW, Knabe DA,
Li P, Li X, McKnight JR, Satterfield MC, Spencer TE (2011)
Proline and hydroxyproline metabolism: implications for animal
and human nutrition. Amino Acids 40(4):1053-1063. doi:
10.1007/s00726-010-0715-z

Vemura RP, Aragona E, Gupta S (1992) Analysis of hepatocelluar
proliferation: study of archival liver tissue is facilitated by an
endogenous marker of DNA replication. Hepatology 16:968-973

Xu Y, Bialik S, Jones BE, Iimuro Y, Kitsis RN, Srinivasan A et al
(1998) NF-kappaB inactivation converts a hepatocyte cell line
TNF-alpha response from proliferation to apoptosis. Am J
Physiol 275(4 Pt 1):C1058-C1066


http://dx.doi.org/10.1016/0003-9861(83)90010-3
http://dx.doi.org/10.1016/0091-3057(95)00118-G
http://dx.doi.org/10.1177/09680519020080050501
http://dx.doi.org/10.1002/hep510310123
http://dx.doi.org/10.1074/jbc.M100740200
http://dx.doi.org/10.1016/j.ccr.2009.02.015
http://dx.doi.org/10.1016/j.ccr.2009.02.015
http://dx.doi.org/10.1074/jbc.M202807200
http://dx.doi.org/10.1074/jbc.M202807200
http://dx.doi.org/10.1053/jhep2001.24431
http://dx.doi.org/10.1016/j.surg.2006.04.010
http://dx.doi.org/10.1016/j.surg.2006.04.010
http://dx.doi.org/10.1038/labinvest.3700630
http://dx.doi.org/10.1074/jbc.M009821200
http://dx.doi.org/10.1002/bit.21026
http://dx.doi.org/10.1053/jhep2003.50009
http://dx.doi.org/10.1016/S1074-7613(00)80005-9
http://dx.doi.org/10.1016/S1074-7613(00)80005-9
http://dx.doi.org/10.1172/JCI200319974
http://dx.doi.org/10.1007/s00726-010-0715-z

	Proline protects liver from d-galactosamine hepatitis by activating the IL-6/STAT3 survival signaling pathway
	Abstract
	Introduction
	Materials and methods
	Animals and experimental design
	Survival rate
	Measurement of GOT, GPT and TNF- alpha levels
	Histology
	Isolation of total RNA and cDNA synthesis
	Real-Time PCR
	Western blot analysis
	Expression of data and statistical analysis

	Results
	The effect of proline on the inflammatory response in the liver
	Effects of proline on the plasma GOT, GPT and TNF- alpha levels
	Proline-enhanced proliferation in the liver
	Proline-mediated activation of the IL-6/STAT3 pathway
	Proline enhanced the expression of target genes of STAT3 and NF- kappa B transcription factors

	Discussion
	Proline suppressed inflammatory activation and activated the regenerative response probably via IL-6/STAT3 pathway
	Why is the IL-6/STAT3 pathway specifically upregulated by proline administration?

	Acknowledgments
	References


