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Abstract

To evaluate hepatoprotective effect of a-calcitonin gene-related peptide (aCGRP), we compared the susceptibilities of aCGRP�/�
and wild-type mice to concanavalin A (Con A)-induced hepatitis. Twelve hours after Con A administration, serum transaminases were
markedly higher in aCGRP�/� than wild-type mice, and much more extensive TUNEL-positive lesions and DNA fragmentation were
detected in the livers of aCGRP�/� mice. Notably, expression of IL-6 was selectively diminished in aCGRP�/� mice, suggesting that
induction of IL-6 during acute inflammatory responses is blunted in aCGRP�/� mice. In addition, primary cultured aCGRP�/� hepa-
tocytes were more susceptible to IFN-c-induced cell death than hepatocytes from wild-type mice. Administration of exogenous aCGRP
reduced the incidence of apoptosis among hepatocytes and endothelial cells. It thus appears that aCGRP exerts a hepatoprotective effect
by modulating cytokine expression and preventing apoptosis.
� 2006 Elsevier Inc. All rights reserved.
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Hepatitis is known to be caused by a variety of agents,
including viruses, bacteria, alcohol, and various chemicals.
It is currently treated using glycyrrhizin, ursodeoxycholic
acid, and steroids, but all of these are merely palliative
and there continues to be a strong need to find novel hepa-
toprotective substances.

a-Calcitonin gene-related peptide (aCGRP) is a 37-amino
acid peptide produced by alternative splicing of the primary
transcript of the calcitonin/aCGRP gene [1]. aCGRP is
ubiquitously expressed, but particularly in the central and
peripheral nervous systems. Nonadrenergic, noncholinergic
(NANC) neurons containing aCGRP are widely distributed
in the vasculature, where aCGRP exerts a potent vasodilat-
ing effect [2]. Indeed, several investigators have suggested
that aCGRP plays a key role in regulating peripheral vascu-
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lar tone and regional blood flow under both physiological
and pathophysiological conditions [3,4]. Apart from its
vasodilatory effect, aCGRP also has pleiotropic functions
that have been implicated in the regulation of cell prolifera-
tion [5], apoptosis [6,7], and differentiation [8]. Expression of
aCGRP also has been detected in the normal liver, and it is
synthesized by primary hepatocytes in culture [9]. What’s
more, hepatocytes express functional receptors for aCGRP
[10,11], suggesting a paracrine aCGRP system could be
involved in hepatic function, although the precise actions
of aCGRP in liver remain unknown.

Recently, aCGRP was reported to exert a protective
effect against organ damage in several disease models
[12,7,13], which prompted us to speculate that aCGRP
might also exert protective effects against hepatic injury.
To investigate that possibility, we established a strain of
aCGRP knockout mice (aCGRP�/�) by deleting
aCGRP-specific exon 5 from the calcitonin/aCGRP gene.
These mice express calcitonin normally, but they completely
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lack aCGRP and show somewhat elevated blood pressure
and heart rates as the result of increased sympathetic ner-
vous activity [14].

In the present study, we induced hepatic injury in
aCGRP�/�mice and their wild-type littermates by admin-
istering them concanavalin A (Con A). Con A-induced
hepatitis is considered to be a useful model of the
immune-mediated liver damage that occurs in humans with
viral hepatitis [15]. Using this model, we evaluated the
hepatoprotective effects of endogenous aCGRP.
Fig. 1. Serum levels of ALT and AST in aCGRP�/� and wild-type mice
12 h after Con A administration. Serum AST was significantly higher in
aCGRP�/� than wild-type mice. Bars are means ± SE; n = 7 and 10 for
wild-type and aCGRP�/�mice, respectively; *P < 0.05 vs. wild-type mice.
Materials and methods

Con A-induced hepatitis model. Male aCGRP�/� mice and their wild-
type littermates were studied at 10 weeks of age. The genetic background
of them is 129/Sv · C57BL/6 hybrid. The mice were maintained under
specific pathogen-free conditions in an environmentally controlled clean
room at the Division of Laboratory Animal Research, Department of Life
Science, Research Center for Human and Environmental Sciences, Shin-
shu University. Con A (Seikagaku, Japan) was dissolved in phosphate-
buffered saline (PBS) to a concentration of 2 mg/ml and then administered
to mice at a dosage of 20 lg/g-body weight via the tail vein. PBS was
intravenously administered to control mice. Blood samples were collected
12 h after the injections, and the activities of serum transaminases (ALT
and AST) were measured using a Model 7150 Automatic Analyzer (Hit-
achi, Japan). All animal experiments were conducted in accordance with
the ethical guidelines of Shinshu University.

Histological examination. Livers were fixed in 10% formalin neutral
buffer solution, embedded in paraffin, and cut into 5 lm sections, which
were stained with hematoxylin and eosin (H&E) for histological exami-
nation. Apoptosis was detected using the terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP-digoxigenin nick end labeling (TUN-
EL) method with an Apoptosis In Situ Detection Kit (Chemicon, Teme-
cula, CA). Cultured primary mouse hepatocytes were fixed in 1%
paraformaldehyde in PBS (pH 7.4), post-fixed in ethanol/acetic acid (2:1),
and then stained using the same methods used for tissue sections.

Analysis of DNA fragmentation. Livers were incubated for 12 h at 55 �C
in lysis buffer containing 1 mg/ml proteinase K, 0.5% SDS, 100 mM EDTA,
and 50 mM Tris–HCl (pH 8.0), after which chromosomal DNA was
obtained using phenol–chloroform extraction and ethanol precipitation.
Samples of the DNA in Tris–EDTA buffer were then incubated with 10 lg/
ml RNase A for 30 min at 37 �C and electrophoresed on a 1.5% agarose gel in
Tris–acetate–EDTA buffer containing 0.1 lg/ml ethidium bromide.

RNA extraction and semiquantitative RT-PCR. Total RNA was
extracted from mouse livers using Trizol Reagent (Invitrogen, Carlsbad,
CA), after which it was treated with DNA-Free (Ambion, Austin, TX) to
remove contaminating DNA, and 2 lg samples were subjected to reverse
transcription using Superscript III first-strand synthesis system with oli-
go(dT) primer (Invitrogen). Semiquantitative reverse transcription-poly-
merase chain reaction (RT-PCR) was then carried out using Ex Taq DNA
polymerase (Takara, Japan). The annealing temperature was 65 �C. The
forward and reverse primers and product sizes were as follows: IL1-b, 5 0-T
CTCACAGCAGCACATCAAC-3 0 and 5 0-TCGTTGCTTGGTTCTCC
TTG -3 0 (product size, 361 bp); IL-6, 5 0-GACTTCACAGAGGATACCA
C-3 0 and 5 0-ATCTCTCTGAAGGACTCTGG-3 0 (product size, 336 bp);
TNF-a, 5 0-TCAGCCTCTTCTCATTCCTG-30 and 5 0-AGAGGAGGTT
GACTTTCTCC-3 0 (product size, 420 bp); IFN-c, 5 0-CACACTGCATCT
TGGCTTTG-3 0 and 5 0-GCTGTTGCTGAAGAAGGTAG-30 (product
size, 308 bp); Fas, 5 0-CAAGGAGGCCCATTTTGCTG-3 0 and 5 0-GTTG
CTGTGCACGGCTCAAG-3 0 (product size, 320 bp); hypoxanthine
phosphoribosyltransferase (hprt), 5 0-GTTGGATACAGGCCAGAC
TTTGTTG-30 and 5 0-GAGGGTAGGCTGGCCTATAGGCT-3 0 (prod-
uct size, 269 bp). Hprt was amplified with 25 cycles to normalize the level
of each PCR product. IL1-b, TNF-a, IL-6, IFN-c, and Fas were amplified
with 38, 38, 40, 40, and 30 cycles, respectively.
Quantitative real-time RT-PCR analysis of IL-6 expression. RNA
extraction and reverse transcription were performed using the same
methods used for RT-PCR. The primers used were IL-6 forward: 5 0-CCC
AATTTCCAATGCTCTCC-3 0 and reverse: 5 0-TGAATTGGATGGT
CTTGGTCC-3 0. Quantitative real-time RT-PCR analysis was performed
on ABI PRISM 7000 Sequence Detection System (Applied Biosystems,
Foster City, CA) using SYBR Green (Toyobo, Japan) and normalized to
GAPDH (Applied Biosystems).

Cell culture. Primary adult mice hepatocytes were isolated using a two-
step collagenase perfusion, followed by centrifugation through a 50%
Percoll (MP Biomedicals, Inc, Solon, OH) gradient. The isolated hepa-
tocytes were then cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Invitrogen) supplemented with 10% fetal bovine serum (FBS)
(Equitech-Bio Inc, Kerrville, TX) and a mixture of 100 U/ml penicillin-
100 lg/ml streptomycin (Invitrogen). The cells were seeded to a density of
3 · 105 cells/well in 6-well plates or to a density of 104 cells/well in 96-well
plates coated with gelatin and incubated at 37 �C under a 5% CO2

atmosphere. Human umbilical vein endothelial cells (HUVECs) (Cell
Applications Inc, San Diego, CA) were cultured in endothelial cell basal
medium-2 (EBM-2) (Cambrex, Walkersville, MD).

Cytotoxicity assay. Hepatocytes were stimulated with recombinant
mouse interferon-c (IFN-c; 100 U/ml) (Chemicon) for 48 h, while
HUVECs were stimulated with recombinant human TNF-a (40 ng/ml)
(Wako, Japan) for 24 h. In some instances, human aCGRP (Peptide
Institute, Japan) was added to a concentration of 10�10 � 10�7 M 3 h
before IFN-c or TNF-a. Lactose dehydrogenase (LDH) in the superna-
tants of the treated cells was measured using a CytoTox 96 Nonradioac-
tive Cytotoxicity Assay Kit (Promega, Madison, WI).

Cell viability assay. The viability of the hepatocytes was assessed using
a WST-8 kit (Dojindo, Japan) according to the manufacturer’s instruc-
tions. Hepatocytes were stimulated with recombinant mouse IFN-c
(100 U/ml) for 48 h, then incubated for 1 h with WST-8 assay solution,
after which the formazan formed was measured using a spectrophotom-
eter as a function of the OD450.

Statistical analysis. Values are expressed as means ± SE. Student’s t

tests were used to compare groups. Values of P < 0.05 were considered
significant.

Results

Increased liver damage and apoptosis in aCGRP�/� mice

We initially evaluated the susceptibility of aCGRP�/�
mice to Con A-induced hepatic injury. Basal levels of serum
ALT and AST were not different between aCGRP�/� and



Fig. 2. (A) Histological evaluation of liver specimens obtained 24 h after Con A administration to wild-type and aCGRP�/� mice. Eosin-positive patchy
lesions in H&E stained sections and TUNEL-positive apoptotic lesions were both more extensive in the livers of aCGRP�/� mice. We examined six
sections in each animal. Figures show the representative histology from six individuals of each genotype. (B) DNA fragmentation characteristic of
apoptosis was readily detected in liver tissue from aCGRP�/� mice after Con A administration. Figures show the representative electrophoresis
photograph from six individuals of each genotype.

Fig. 3. RT-PCR analysis of cytokine expression in livers exhibiting Con
A-induced hepatitis. Expression of IL-1b, TNF-a, IL-6 and Fas was
assessed 4 h after Con A administration, while expression of IFN-c was
assessed after 24 h. Expression of hprt served as an internal control.
Expression of IL-6 was selectively diminished in aCGRP�/� mice.
Figures show the representative electrophoresis photograph from four
individuals from each genotype.
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wild-type mice (data not shown), but 12 h after administra-
tion of Con A, serum ALT and AST levels were much higher
in aCGRP�/� mice (Fig. 1). Consistent with this finding,
histological examination of the livers showed severe tissue
damage in aCGRP�/� mice; eosin-positive patchy lesions
were much more extensive in the livers of aCGRP�/�mice
than wild-type mice (Fig. 2A, upper panels). In addition,
extensive TUNEL-positive lesions (Fig. 2A, lower panels)
and DNA fragmentation (Fig. 2B) were seen in liver samples
from aCGRP�/� mice. Thus, Con A caused much more
severe liver damage and apoptosis in aCGRP�/�mice than
wild-type mice.

Altered expression of inflammatory cytokines in aCGRP�/�
mice

We next analyzed the expression of inflammatory cyto-
kines and Fas in liver samples showing Con A-induced
hepatitis. Expression of IL-1b, TNF-a, IL-6, and Fas was
assessed 4 h after Con A administration, while expression
of IFN-c was assessed after 24 h. We found that expression
of IL-1b, TNF-a, IFN-c, and Fas did not differ between
aCGRP�/� and wild-type mice. On the other hand,
expression of IL-6 at 4 h after Con A administration was
selectively diminished in aCGRP�/� mice (Fig. 3).
Expression of IL-6 was also reduced in the spleen samples
from aCGRP�/� mice at 4 h after Con A administration
(data not shown). We then analyzed the time-course and
relative gene expression level of IL-6 (Fig. 4). The expres-
sion of IL-6 was low and not different between wild-type
and aCGRP�/� mice at basal level. The expression was
increased at 4 h after Con A administration in both wild-
type and aCGRP�/� mice, however, the expression level
was significantly lower in aCGRP�/� mice. At 24 h, the
expression was reduced in wild-type mice, but still high in
aCGRP�/� mice. These results suggest that, in
aCGRP�/� mice, induction of IL-6 expression is blunted
at earlier phase of inflammation, whereas it continues to be
higher level at later phase of inflammation.

Lower viability of aCGRP�/� hepatocytes

To test whether the increased susceptibility of
aCGRP�/� mice to liver injury reflected the increased
sympathetic nervous system activity seen in these mice
[15], we next analyzed the features of hepatocytes in pri-
mary culture, so that any sympathetic nervous system
effects should be eliminated. We found that, after IFN-c
treatment, aCGRP�/� hepatocytes released significantly



Fig. 4. Time-course and relative expression of IL-6 in livers exhibiting
Con A-induced hepatitis. (A) Representative RT-PCR electrophoresis
photograph from four individuals from each genotype. (B) Quantitative
real-time RT-PCR analysis of IL-6 expression. The expression of IL-6 was
normalized to that of GAPDH. The normalized expression was then
further normalized with respect to that obtained with samples from wild-
type mice at 0 h. *P < 0.05 vs. wild-type mice.
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greater amounts of LDH into the supernatant than the
wild-type cells did, which is indicative of greater cytotoxic-
ity (Fig. 5A). Correspondingly, cell viability was signifi-
cantly lower among aCGRP�/� hepatocytes (Fig. 5B).
In addition, TUNEL-positivity (Fig. 6) was more frequent-
ly observed among aCGRP�/� than wild-type hepato-
cytes. That aCGRP�/� hepatocytes in culture exhibited
changes similar to those seen in the liver indicates the
changes were unrelated to an alteration in sympathetic
nervous system activity.

aCGRP reduces apoptosis among hepatocytes and

endothelial cells

Based on the findings presented thus far, we hypothe-
sized that aCGRP exerts an anti-apoptotic effect on the
Fig. 5. Cytotoxicity (A) and cell viability (B) assays of primary hepatocytes
release was used as an index of cytotoxicity. Cytotoxicity and cell viability wer
significantly increased (A) and cell viability was significantly reduced (B) in
**P < 0.01 vs. wild-type mice. The experiments were repeated four times with
cells of the liver. To test that idea, we evaluated the anti-ap-
optotic effect of aCGRP on IFN-c-treated hepatocytes
from adult mice. As we expected, aCGRP (10�9 M) treat-
ment significantly reduced the incidence of apoptosis of
hepatocytes induced by IFN-c treatment (Fig. 7A). Next,
we analyzed the effects of aCGRP on endothelial cells.
We found that aCGRP also significantly reduced the inci-
dence of TNF-a-induced apoptosis in HUVECs (Fig. 7B).

Discussion

Using aCGRP knockout mice, we have been able to
show that endogenous aCGRP exerts a protective effect
against hepatic injury. We previously showed that
aCGRP�/� mice are apparently normal, though they have
slightly elevated blood pressures and heart rates [14]. This
appears to be the result of increased sympathetic tone, as
endogenous aCGRP contributes to the inhibitory modula-
tion of sympathetic nervous activity. Despite these physio-
logical changes, however, major organs, including the liver,
showed no histological abnormalities. In the present study,
we found that Con A-induced liver damage and release of
liver enzymes into the circulation were far more pro-
nounced in aCGRP�/� than wild-type mice. In addition,
TUNEL staining and DNA laddering showed an increased
incidence of apoptosis in the livers of aCGRP�/� mice.
Taken together, these findings suggest that aCGRP exerts
a hepatoprotective effect under specific pathological condi-
tions, but that it is not essential for the normal liver devel-
opment and function.

Protective effects of aCGRP also have been reported in
other organ systems. For instance, aCGRP deficiency
makes the heart and kidneys more vulnerable to hyperten-
sion-induced organ damage [12], and aCGRP plays an
important role in mediating the protective effects observed
with ischemic preconditioning in the heart [7]. With respect
to the liver, Yoneda et al. [16] reported that intravenous
infusion of an aCGRP receptor antagonist completely
inhibited the protective effect of thyrotropin-releasing
from aCGRP�/� mice and wild-type mice after IFN-c treatment. LDH
e expressed as a percentage that seen in wild-type mice. LDH release was
aCGRP�/� hepatocytes. Bars are means ± SE; n = 12 in each group;
identical outcome.



Fig. 6. Lower (A) and higher (B) magnification of TUNEL-staining of wild-type and aCGRP�/� mice hepatocytes following treatment with IFN-c.
TUNEL-positive apoptotic cells were observed much more frequently among aCGRP�/� hepatocytes.

Fig. 7. Effect of exogenous aCGRP on cytotoxicity among primary cultured hepatocytes from C57BL/6J mice (A) and HUVECs (B). LDH release was
used as an index of cytotoxicity, which was expressed as a percentage that seen in control. Incubating hepatocytes for 48 h in the presence of 100 U/ml
IFN-c had a significant cytotoxic effect that was significantly attenuated by treatment with 10�9 M aCGRP. Incubating HUVECs for 24 h in the presence
of 40 ng/ml TNF-a had a significant cytotoxic effect that was also significantly attenuated by treatment with 10�9 M aCGRP. Bars are means ± SE; n = 12
in each group; ##P < 0.01 vs. control cells, **P < 0.01 vs. IFN-c or TNF-a-treated cells. The experiments were repeated four times with identical outcome.
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hormone (TRH) against acute liver injury caused by car-
bon tetrachloride (CCl4), which suggests that peripheral
aCGRP is involved in the protective effect induced by cen-
tral TRH.

We also found that the expression of IL-6 is selectively
reduced in the livers of aCGRP�/� mice with Con A-
induced hepatitis and that aCGRP administration signifi-
cantly reduced apoptosis among cultured hepatocytes and
endothelial cells. It has been reported that aCGRP poten-
tiates IL-6 release via activation of cAMP pathway in var-
ious cell types [17–19]; that both aCGRP and IL-6 are
secreted at sites of local inflammation; and that plasma lev-
els of aCGRP and IL-6 are significantly elevated following
injection of endotoxin and in septic shock patients [20,21].
Thus, aCGRP might exert immunomodulatory effects via
induction of IL-6.

It has been suggested that IL-6 has bimodal role in the
hepatitis model; IL-6 induced in early phase after Con A
injection triggers hepatoprotective pathways, while
continuation of IL-6 production beyond this early phase
is harmful to hepatocytes. Actually, we have shown that
IL-6-deficient mice are more susceptible to Con A-induced
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hepatitis than wild-type mice [22]. In this study, we found
that IL-6 expression was diminished in aCGRP�/� mice
compared with wild-type mice during the acute phase of
inflammation. In contrast, at later phase of inflammation,
IL-6 expression was higher in aCGRP�/� mice. This
might explain in part their vulnerability to hepatic injury
and suggests that aCGRP might exert its hepatoprotective
effect via induction of IL-6 expression at earlier phase of
inflammation.

We also found that aCGRP exerts an anti-apoptotic
effect in the liver. Primary cultured hepatocytes from
aCGRP�/� mice subjected to Con A-induced hepatitis
showed a greater incidence of apoptosis and lower viability
indexes than cells from wild-type mice. In addition, aCGRP
exerted a significant anti-apoptotic effect on cultured hepa-
tocytes treated with IFN-c. Furthermore, pretreatment with
aCGRP significantly inhibited TNF-a-induced apoptosis
among cultured endothelial cells. Shichiri et al. [6] reported
that aCGRP upregulates the expression of Max, a dimeriza-
tion partner of c-Myc that functions as an anti-apoptotic
factor. That up-regulation of Max prevents apoptosis trig-
gered by serum deprivation in endothelial cells suggests that
the hepatoprotective effect of aCGRP is mediated in part by
its anti-apoptotic effects on endothelial cells.

This study is the first to show the possible protective
effects of endogenous aCGRP against liver injury. Further
analysis of the effects of aCGRP and their mechanisms in
other models of liver injury, including ischemic–reperfusion
injury and the chronic hepatitis model, should shed light on
whether aCGRP could be useful for the treatment and pre-
vention of liver disease.
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