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Figurel. Western blotting of ECM proteins in cuiture media from
dermal fibroblasts. (4) Concentration-dependent effect of TGF-B1 sti-
mulation on collagen type I secretion by cultured human fibroblasts. Lares
1-3 normal fibroblasts (N-1-3); lanes 4-6 keloid fibroblasts (K-1-3).
Equivalent protein load was controlled by Bio-Rad protein assay kit. (B)
- Collagen type ] expression after reatment with TGF-B1 (f or 10 ng per ml)
and IGF (10 or 100 ng per ml} separately, or in combination in normal
(N-1) and keloid fibroblasts (K-1, 2). (C) Fibronectin expression after treat-
ment with TGF-B1 (1 or 10'ng per ml), IGF (10 or 100 ng per ml), or both
in comnbination in normal {(N-3) and keloid fibroblasts (8-2, 3). (D) PAL-1
expression after treatment with TGF-f1 {1 or 10 ng per ml), IGF-1 (10 or 100
ng per ml), or both in combination in hormal (IN-1) and keloid fibroblasts

(K1, 3).

reverse transcription~PCR.. The combination treatment with
TGEF-P1 and IGF-1 upregulated the expression of collagen type 1
mRNA in keloid fibroblasts nearly 2.2-fold compared with 15-
fold in cells treated with TGE-p alone. In normal fibroblasts, this
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Figure 2. Expression of collagen type I mRNA after treatment with
TGF-f1 (1 or 10 ng per ml), IGF1 (10 or 100 ng per ml) separately,
or in combination in cultured fibroblasts. RINA was extracted from
cuitures, reverse transcribed, and analyzed by quantitative reverse transcrip-
tion—PCR using real-time PCR.. Results are expressed as fold increases of
collagen 1 mRNA after normalization to g-tisbulin, *p <0.05,

synergistic effect was not significant. IGF] treatment alcne,
however, slightly downregulated the expression of collagen type
I mR.NA in both normal and keloid fibroblasts.

TGF-B signaling in mouse fibroblasts We treated BALB/C
3T3 mouse fibroblasts with TGE-B1 or IGEI done or in
combination to assess whether Smad or p38 MAPK were acting
dominantly downstream of the TGF-P1 receptor. Figure 3(A)
shows that 10 ng IGF1 per ml treatment did not increase 31P-
Lux activity, whereas 100 ng IGF-I per ml treatment resulted in
a small increase. TGF-f31 treatment (1 ng per ml or 10 ng per ml)
produced an approximately 10-fold increase in activation. At the
same time, the combinaticn of the two factors increased 3TP-Lux
activity approximately 25 times. 3TP-Lux activity was not
increased by the combination treatment compared with TGF-B
alone in HepG2 cells, indicating that the synergistic effect of
TGE-B1 and IGF-I is cell-type specific.

We then determined whether the Smad cascades of TGF-B1
signaling were activated by IGF-I alone, or TGF-B1 and IGF-I in
combination (Fig 3B). TGF-P1 treatment (10 ng per mli) alone
increased ARE activity in the presence of FAST-, but TGF-p1
and IGF-I in combination did not further enhance the activity
of ARE-Lux. ARE-Lux activity without FAST-1 cotransfection
was unchanged by various combination treatments. In HepG2
cells, ARE-Lux activity was markedly induced by TGE-B1
treatment with FAST-1 cotransfection, but no synergistic effect
was produced by TGF-P1/IGF-I combination.

3TP-Lux activity in human fibroblasts To confirm
synergistic signal transduction in normal and keloid fibroblasts,
we used the 3TP-Lux assay in normal and keloid fibroblasts. As
shown in Fig 4, treatment with 100 ng per ml IGF- did not
enhance 3TP-Lux activity significantly, whereas 10 ng per ml
TGF-P1 produced an increased activation of approximately 3-
or 4-fold in normal and keloid fibroblasts, respectively.
Furthermore, combination treatrment produced a rise in activity
of approximately 4-fold in normal fibroblasts, and an 8-fold
increase in keloid fibroblasts.

Downstream signaling of TGF-f-induced MAPK cascades
in haman fibroblasts To examine the effect of intervention at
various stages of the MAPK cascade on TGF-f1 and IGF1
signaling in human fibroblasts, we used $B203530 (a2 p38-
specific inhibitor} and PD98059 (a2 MEK specific inhibitor). As
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Figure3. (A) 3TP-lux activity in BALB/C 3T3 mouse fibroblasts and FepG2 cells after treatment with TGF-fi1 (t or 10 ng per ml), IGF-I (10
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per ml), IGE-I (10 or 100 ng per ml) separately, or both in combination. 3T3 fibroblasts and HepG2 cells were cowansfected with ARE-Lux in
the presence or absence of FAST-1 before stimulation. Results are expressed as fold increases above the values for untreated controls (mean + SE, n=46).
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shown in Fig 5, the synergistic effect was almost completely
blocked by $B203580, but net by PD98059, in both normal and
keloid fibroblasts. Furthermore, to exazmine whether PI3K
correlates with the enhancement of TGF-f signaling, we used
wortmannin, a PI3K inhibitor. As showm in Fig 6, wortmannin
almost abrogated the synergistic effect of IGFl We next
examined whether phosphorylation of p38 and ATF-2 is
enhanced by combination treatment with IGF-I and TGE-B1, as
ATF-2 has been reportcd to be 2 common nuclear target of p38
MAPK pathways in TGF-P signaling (Gupta et dl, 1995). TGE-$1
(10 ng per ml) doubled the level of phospho-ATE-2, and
treatment with IGF-I and TGF-B1 enhanced it by approximately
3-fold (Fig 7A). In contrast, treatment with IGF-] alone resulted
in little change from control levels. Western blot analysis of
phospho-p38 MAPK gave similar results: combination treatment
markedly increased phosphorylation of p38 compared with either
IGF-1 or TGF-B1 treatment alone (Fig 7B). Finally, we examined
whether JNE zctivation correlates with synergistic effect of TGE-
B and IGF-I, however, the phosphorylation leve]l of INK was not
changed by various treatments (Fig 7C).

DISCUSSION

In this study, the expression of collagen type I and fibronectin
revealed that keloid fibroblasts are more responsive to synergistic
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Figure 5. 3TP-lux activity in normal and keloid fibroblasts. The ef-
fect on MAPK pathways was examined by pretreatment with either
PD9805Y or SB203580 before administration of IGEI (100 ng per ml),
TGF-$1 (10 ng per ml) separately; or both in combination. PD98059 is a
specific inhibitor of MEKI, and SB203580 is a specific inhibitor of p38.
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Figure 6. TP-lux activity in normal and keloid fibroblasts. The ef-
fect on PI3K pathways was examined by pretreatment with wortmannin
(10 nM or 100 nM) before administration of IGF-I (100 ng per ml), TGF-B1
{10 ng per ml} or both in combination. Results are expressed as fold in-
creases above the values for untreated controls (mean+SE, n=46),
*

p<003.

stimulation induced by the combination of TGF-B1 and IGF-
than normal fibroblasts. Even on an mRINA level, real-time re-
verse transcription—PCR.  confirmed parallel collagen type I
changes. Although the expression of collagen vype T was shightly
downregulated by IGF-I treatment 2lone on protein and mRINA
levels, the combination of TGE-B and IGF-1 enhanced its expres-
sion, suggesting that IGF-I plays 2 modulating role in TGE-f1-
stimulated” ECM protein secretion. Immunoblot analysis for
PAI-1 demonstrated a synergistic effect of IGF-1 with TGE-B1,
suggesting that fibrosis may be accelerated as a result of suppres-
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Figure 7. Westem blotting showing phosphorylation of ATF-2, p38, and
JNK after trestrnent with TGP-1 (1 or 10 ng per mi}, IGF-1 {10 or 100 ng
per mi} separately, or both in combination in keloid fibroblasts.

sion of fibrinolysis in keloids. To clarify the signaling mechan-
isms of this synergism, we employed the TGF-f tans-acting
seporter system. 3TP-Lux activity was increased approximately
8-fold when keloid fibroblasts were treated with TGF-B1 and
¥GF, but not following treatment with IGF-I alone. Ghahary
et al (2000) previously reported that IGF-I induces the expression
of latent TGF-B1 through activation of c-fos and c-fun oncogenes;
however, our data show that IGF-I stimulation alone did not in-
crease the level of 3TP-Lux activity in time along with ECM
protein production in keloid fibroblasts.

Smad are a family of proteins that operate downstream of var-
ious members of the TGF- superfamily (Heldin et f, 1997) with
Smad? and $mad3 being downstream effectors of the TGF-f sig-
naling pathway. Upon ligand binding, they are phosphorylated
by the TGF-01 type I receptor kinase and translocate to the nu-
cleus in a complex with Smad4 (Huang ef al, 1995). This hetero-
meric complex may either bind directly to the promoters of its
target genes, or associate with other transcription factors to in-
duce gene transcription (Derynck et af, 1998). Recent work has
identified a potential consensus Smad3+Smad4 DNA binding
site, GTCTAGAC (Zawel et dl, 1998), which is observed within
the 3TP-Lux promoter and ARE-Lux promoter (Yingling et al,
1997, Dennter et al, 1998). This suggests that Smad pathways influ-
ence the activation of 3TP-Lux as do MAPK pathways. Recent
studies revealed that Smad pathways are activated in the wound
healing process, and may play some part in fibrosis (Verrecchia
and Mauviel, 2002). To elucidate whether the synergistic effect
of IGFI on TGF-PB1 signaling is mediated by Smad, we exam-
ined the AR E-Lux repotter system, both in the presence and ab-
sence of FAST-1. As FAST-1 specifically binds to Smad?2, the
FAST-1-dependent activation. of the ARE-Lux promoter is
mediated by endogenous Smad4 (Frey and Mulder, 1997). In this
study, the AR E-Lux activity in the presence of FAST-1 increased
approximately 80-fold over the control level in HepG2 cells, but
only by approximately 2.5-fold in 3T3 fibroblasts, treated with
TGEF-B1. In addition, IGE-I did not enhance AR E-Lux activity
in either HepG2 or 3T3 fibroblasts. Based on these results, it is
plausible that MAPK predominantly influence ECM production
by cultured fibroblasts treated with TGF-$ and IGF, but Smad
do not; however, Smad3 itself has been demonstrated to be in-
volved in various fibrogenesis models, including keloids {(Roberts
¢t al, 2001; Chin ef 4l, 2001). Further study is required to clarify
the role of Smad3 in keloid formation.

Recently, we and other groups have zeported that TGE-B1 can
activate MAPK, ERK, and p38 protein kinase (Hanafusa ef al,
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Figure8. A possible molecular mechanism of keloid formation
mediated by TGF-fi1 and IGF-I cross-talk.

1999; Finlay et al, 2000; Ravanti et al, 2001; Akiyama-Uchida et al
2002; Sato et al, 2002). As TAKI1 can activate the p38 MAPK path-
way, we cxamined whether specific inhibitors of this signaling
pathway can block 3TP-Lux activity. As shown in Fig 5, the
synergistic effect of IGF-I and TGF-J1 was almost completely
abrogated by the p38 inhibitor, $B203580, but not by the MEK.
inhibitor, PD9805%, suggesting that p38 MAPK pathways are
predominantly responsible for the regulation of induction of
gene expression by TGE-$1. Alternatively, IGE-T activates MAPK
pathways (ERK1/2) and PI3K pathways (Backer et af, 1992;
Rozakis-Adcock et al, 1993; Skolnik e af, 1993). MEX inhibitor
did net change the 3TP-Lux activity, indicating that the synergis-
tic effect is independent on IGFI/MEK/ERXK pathway. As shown
in Fig 6, the modulating effect of IGF-I was almost completely
blocked by the PI3K specific inhibitor, wortmannin. Therefore,
the specific inhibition of TGF-B1 signaling pathways suggests
that PI3K pathways could be prevalent in the repulation of
ECM production downstream of the IGF-I receptor. ATE-2, a
member of the ATFfcyclic adenosine monophosphate response
element binding protein (CREB) family of transcription factors,
czn form dimers dhirough its leucine zipper structure and bind
to CRE (Kara et dl, 1990). p38 phosphorylates ATF-2 at Thr-69,
The-71, and Ser-90 (Gupta ef al, 1995). Our western blotting
analysis demonstrated that phospho-ATF-2 was markedly
increased by treatment with IGE-I and TGF-f1.

Although the precise cause of overexpression of IGF-IR in ke-
loid fibroblasts is as yet unknown, it is highly possible that IGF-If
IGFJR. signaling could lead to characteristic keloid activities,
such as proliferation, invasion, anti-apoptosis, and excess ECM
production. Figure 8 shows a proposed molecular mechanism
of keloid formation mediated by TGF-B and IGF cross-talk.
TGF-p stimulates cell proliferation via the ERK pathway
{(Pena et al, 2000). In previous studies, IGF-I has been associated
with anti~apoptosis and invasive potential of kelpid fibroblasts
(Yoshimoto et al, 1999; Ishihara ef of 2000). In this study, we
have described a novel mechanism for keloid formation, in
particular for the excess ECM production. IGF-I enhances
fibresis during keloid formation through TGF-P1 postreceptor
signaling, predominantly via the p38 MAPK/ATF-2 pathway.
The exact nature of this complex interaction between TGF-f
and IGF-l involving cross-talk comprises = focus for further study
on keloid formation.
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ost cases of chronic gastritis are due to Helico-
Mbacter pylori infection (1). However, the sever-

ity and extent of H. pylori—associated chronic
gastritis varies among infected patients. Those with pan-
gastritis or corpus-predominant gastritis may develop
progressive atrophy with loss of pyloric and oxyntic
glands (2).

The stomach is the main source of ghrelin, 2 28—amino
acid peptide that is an endogenous ligand for the growth
hormone secretagogue receptor {3,4). Ghrelin influences
appetite, growth hormone secretion, energy balance, gas-
tric motility, and acid secretion. It is produced by X/A-
like cells in oxyntic glands in the stomach.

There are contradictory reports on the relation be-
tween H. pylori and ghrelin; a Turkish study reported that
H. pylori infection had no effect on plasma ghrelin levels
(5), whereas a British study demonstrated an increase in
circulating ghrelin levels following cure of H. pylori (6).
We speculated that the production and release of ghrelin
are affected by inflammatory and atrophic events associ-
ated with H. pylori, and assessed the correlation of ghrelin
levels with histologic severity and topographic extent of
H. pylori-associated chronic gastritis.

METHODS

We enrolled consecutive outpatients between the ages of
18 and 80 years who had been referred for upper gastro-
intestinal endoscopy between April 2002 and March
2003, All patients provided written informed consent.
We excluded those with any of the following; pregnancy,
body mass index =30 kg/m?, diabetes mellitus, cachexia
(cancer, systemic infection, thyroid and liver diseases),
renal impairment, peptic ulcer, use of medications effec-
tive against H. pylori during the preceding 3 months, al-
cohol abuse, drug addiction, and chronic corticosteroid
or nonsteroidal anti-inflammatory drug use. None of the
subjects had undergone gastrointestinal surgery.

© 2004 by Elsevier Inc.
All rights reserved.

Blood was taken between 8:00 am and 10:00 aM after an
overnight fast, transferred into chilled tubes containing
ethylenediaminetetraacetic acid-2Na and aprotinin, and
stored on ice during collection and centrifuged. Plasma
was separated and stored at —80°C until assay. Ghrelin
levels were measured in house in duplicate by radioim-
munoassay (4). This assay system employs a rabbit poly-
clona} antibody raised against the C-terminal fragment
[13-28] of human ghrelin, and can measure both the acy-
lated and des-acyl forms. The intra-assay coefficient of
variation was 2.8%; the inter-assay coefficient of varia-
tion was 3.1%. The minimum detection level was 10 fmol
per tube. Plasma gastrin, Jeptin, and pepsinogen levels
were determined by commercial radioimmunoassay kits.
Serum samples were examined for anti-H, pylori immu-
noglobulin G antibodies by an enzyme-linked immu-
nosorbent assay. .

During endoscopy, two pairs of biopsy specimens were
obtained from the antrum and corpus for histopatho-
logic assessment of gastritis and presence of H. pylori.
Biopsy specimens were fixed in 10% formalin and em-
bedded in paraffin. The sections (4-pm thick) were
deparaffinized, rehydrated, and stained with hematoxylin
and eosin. Giemsa staining was used to detect H. pylori.
According to the Sydney system, each histologic param-
cter of activity (neutrophils), chronic inflammation
{mononuclear cells), glandular atrophy, and intestinal
metaplasia was graded as none, mild, moderate, or severe
(1). Topographic distribution of gastritis was designated
as antrum predominant, pangastritis, or corpus predom-
inant (2). Biopsy specimens were examined blindly with-
out knowledge of ghrelin levels.

We treated 12 H. pylori-positive patients with a 7-day
course of triple therapy consisting of lansoprazole,
amoxicillin, and clarithromycin (7). Four weeks after ces-
sation of treatment, fasting plasma ghrelin levels were
measured. Eradication of H. pylori was considered suc-
cessful when the '*C-urea breath test was negative (7).

Statistical Analysis

Statistical analyses were performed using the Fisher exact
test, the chi-squared test, the Student ¢ test, the Mann-
Whitney U test, the Kruskal-Wallis test, or analysis of
variance, as appropriate. A P value of less than 0.05 was
accepted as statistically significant. The study was ap-
proved by the Nagasaki University Ethics Committee.

RESULTS

We studied 68 patients (mean [+ SD] age, 56 & 14 years;
range, 20 to 80 years), including 35 women. Eighteen
were current smokers and 16 drank alcohol. Based on
histopathology and serology, 43 patients were designated
as positive for H. pylori infection. The mean plasma

0002-9343/04/$—see front matter 429
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Table. Plasma Ghrelin Levels and Histologic Severity of Each Parameter of Gastritis

Severity of Gastritis
Parameter None Mild Moderate Severe PValue
Mean (= 5D} Ghrelin Level in fmol/mL (No. of Subjects)

Activity

Antrum 179 * 87 (33) 75 *+ 8(18) 117 £ 48 (12) 102 * 52 (5) <0.001

Corpus 177 = 86 (23) 123 = 48 (16} 85 + 30 (24} 98 = 34 (5} <0.001
Chronic inflammation

Antrum 146 * 84 (33) 105 *+ 46 (24) 106 * 43 (8) 121 * 105 (3) 0.15

Corpus 152 * 81 (33) 95 * 41 (18) 95 *+ 35 {12} 86 = 20(5) <0.05
Glandular atrophy

Antrum 166 & 85 (27) 115 * 48 (21) 79 + 28 (13} 85 £ 53(7) <(0.0001

Corpus 168 £ 74 (34) 93 + 21 (12) 78 £ 16 (17) 59 = 12 (5) <0.0001
Intestinal metaplasia

Antrum 143 = 77 {44) 107 £ 57 (11) 78 + 41 (7) 93 * 42 (6) .07

Corpus 134 = 73 (56) No data 78 + 16 (8) 63 £ 15(4) <0.05

ghrelin level was 127 * 88 fmol/mL {range, 42 to 584
fmol/mL). Baseline characteristics, including age, sex, al-
cohol intake, smoking habits, body mass index, and bic-
chemical markers, were not associated with ghrelin levels.
However, the mean ghrelin level in H, pylori-positive pa-
tients (99 + 44 fmol/mL} was significantly lower than in
H. pylori-negative patients (175 *119 fmol/mL, P
<0.001).

There were also significant differences in ghrelin levels
based on the grades of each histopathologic parameter:
activity in the antrum and corpus, chronic inflammation
in the corpus, glandular atrophy in the antrum and cor-

pus, and intestinal metaplasia in the corpus (Table). .

There was a stepwise decrease in ghrelin levels from nor-
mal to the antrum-predominant pattern to pangastritis
to corpus~predominant gastritis (Figure 1).

Plasma ghrelin levels correlated significantly with pep-
sinogen I levels and pepsinogen I/1I ratios (Figure 2), but
not with pepsinogen II (v = 0.15, P = 0.22) or gastrin {r =
0.09, P = 0.47) levels.

Within the H. pylori-positive group, there was a nega-
tive correlation between age and ghrelin levels (r =
—0.31, P <0.05). In comparison, ghrelin levels did not
correlate with age in H. pylori~negative patients (r = 0.07,
P = 0.74). There was a negative correlation between age
and pepsinogen /I ratios (r = —0.30, P <0.05) in H.
pylori-positive patients.

H. pyloriinfection was cured in 9 of the 12 patients who
received eradication therapy. There was no significant
difference in plasma ghrelin levels measured before and
after treatment (Figure 3).

DISCUSSION

We found that plasma ghrelin levels were significantly
fower in H. pylori—positive than in H. pylori-negative pa-

tients. The results contrast with those from a previous
study that reported no effect of H. pylori infection on
ghrelin levels (5). There are several possible explanations
for this disparity, including differences in the radioim-
munoassay protocols for ghrelin; differences in the as-
sessment of H. pylori status (the prior study used histol-
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Fig. 1. Relation between topographic distribution of chronic
gastritis, Helicobacter pylori infection, and plasma ghrelin levels,
Mean (£ SD) ghrelin levels were 190 + 90 fmol/mL in those
with normal mucosa without H. pylori infection, 139 = 98
fmol/mL in those with antrum-predeminant gastritis, 80 + 24
fmol/mL in those with pangastritis, and 56 * 15 fmol/mL in
those with corpus-predominant gastritis (P<<0,0001),
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Fig. 2. Correlations between plasma ghrelin and pepsinogen I levels (left) and pepsinogen I/IL ratio {right).

ogy only, thereby underestimating infection); differences
in the samples with respect to race, nutrient status, and
dietary habits; and smali sample size (8).

Although gastrin may modify the production or re-
lease of ghrelin {9), we found no significant correlation
between plasma ghrelin and gastrin levels, irrespective of
H. pylori status. Consistent with our findings, recent ob-
servations demonstrated that ghrelin administration
does not affect circulating gastrin levels in humans (10).
In addition, increased levels of gastrin caused by omepra-
zole treatment failed to raise either the level of ghrelin
messenger RNA in oxyntic mucosa or circulating ghrelin
levels in a rat model (11). Based on these findings, ghrelin
production or release does not seem to be controlled by
gastrin,

The major finding of our study was that the severity of
histopathologic changes and topography of gastritis af-
fected circulating ghrelin levels, which were decreased
markedly in patients with extensive atrophic gastritis in-
volving the corpus. The reduced plasma ghrelin levels
were accompanied by decreased pepsinogen I levels and
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Fig. 3. Plasma ghrelin levels before and after 7-day triple erad-
ication treatment against Helicobacter pylori infection. Mean
{2 SD) ghrelin levels were 142 * 33 fmol/mL before treatment
and 166 * 113 fmol/mL after treatment.
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low pepsinogen I/1] ratios, which are thought to be mark-
ers of gastric mucosal atrophy (2). Indeed, a low plasma
ghrelin level has been observed in a young woman with an
evolving autoimmune gastric process, including serum
anti~parietal cell antibodies and a low By, level {12).
Given the close juxtaposition of the endocrine and pari-
etal cell compartments, ghrelin biosynthesis in fundic
mucosa may be affected by inflammatory and atrophic
events associated with either H. pylori infection or an au-
toimmune reaction. This may explain the progressive fall
in circulating ghrelin levels with increased severity and
extent of gastritis that we observed, probably reflecting
the loss of ghrelin-producing cells.

However, Nwokolo et al (6) reported that 6-hour inte-
grated plasma ghrelin levels increased substantially fol-
lowing cure of H. pylori infection, suggesting that de-
pressed ghrelin levels in H. pylori infection were caused in
part by a functional impairment due to inflammation.
rather than loss of ghrelin-producing cells. We did not
observe a rise in plasma ghrelin levels after cure of H.
pylori infection, although we measured levels at only one
point after an overnight fast. Study of a large number of
patients with placebo controls is warranted to elucidate
the reversibility of ghrelin production after cure of H.
pylori infection.

We observed a significant negative correlation between
age and circulating ghrelin levels in H. pylori-infected
patients, perhaps reflecting progressive atrophic gastritis
with greater years of infection. One other study reported
lower plasma ghrelin levels in elderly persons (13). Since
ghrelin levels did not correlate with age in H. pylori-nega-
tive patients, we believe that this age effect may be re-
stricted to those infected with H. pylori.

Further characterization of the implications of low
production or release of ghrelin on physiological func-
tions is warranted. In particular, ghrelin deficiency could
be viewed as an H. pylori~associated endocrine disorder
(e.g., somatotroph dysregulation and anorexia of aging).
The high plasma ghrelin levels in H. pylori-negative pa-
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tients may affect appetite and food intake, and even con-
tribute to increased obesity seen in developed countries
where the prevalence of H. pylori infection is on the de-
cline.
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GH suppresses TGF-3-mediated fibrosis and retains
cardiac diastolic function

Ryo Imanishi?, Naoto Ashizawa®*, Akira Ohtsuru®, Shinji Seto?, Yuri Akiyama-Uchida?,
Hiroaki Kawano ?, Hiroaki Kuroda®, Masahiro Nakashima®, Viadimir A. Saenko?,
Shunichi Yamashita?, Katsusuke Yano®

a Department of Cardiovascular Medicine, Course of Medical and Dental Sciences, Graduate School of Biomedicat Sciences,
Nagasaki University, I-7-1 Sakamoto, Nagasaki 852-8501, Japan
Y Department of Molecular Medicine, Atomic Bomb Disease Institute. Graduate School of Biomedical Sciences.
Nagasaki University, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan '
¢ Department of Molecular Pathology, Atomic Bomb Disease Institute, Graduate School of Biomedical Sciences,
Nagasaki University, 1-12-4 Sakamoto. Nogasaki 852-8523, Japan

Received 3 December 2003; received in revised form 3 December 2003; acceptcd 4 Decentber 2003

Abstract

The aims of this study were to elucidate the molecular mechanism by which growth hormone (GH) excess is anti-fibrotic in vitro and
in vivo model. The in vivo model GH excess showed a significant increase of relative wall thickness with no concomitant disturbance of
cardiac diastolic function. Western blot for extracellular matrix (ECM) structural proteins showed minimal change in the GH treatment group,
compared to an Angiotensin [1 (Ang IT) subpressor dose group. In cultured cardiac fibroblasts, we investigated the abundance of ECM proteins,
phosphorylation of p38 mitogen-activated protein kinase (MAPK), and transforming growth factor- { TGF-3)-specific transcriptional activity.
GH down-tegulated the expression of PAI-1 and fibronectin proteins activated by TGF-{. In reporter assays, GH, but not insulin-like growth
factor-1 (IGF-1), reduced TGF-3-specific transcriptional activity. Moreover, GH markedly down-regulated TGF-B-induced phosphorylation
of p38 MAPK. These resuits demonstrated that a chronic excess of GH have an anti-fibrotic effect on cardiac remodeling, probably through

a down-regulation of TGF-f signaling via de-phosphorylation of p38 MAPK.

© 2003 Elsevier Ireland Ltd. All rights reserved.

Keywards: Growth honnone; Diastolic dysfunction; TGF-B; Fibrosis; Extraceliutar matrix

1. Introduction

Growth hommone (GH) and its local effectors, eg.
insulin-like growth factor-1 (IGF-1) have been shown to be
¢ssential for cardiac development and for maintaining car-
diac mass and performance (Sacca et al., 1994). In previous
studies, It was reported that chronic (4 weeks) exogenous
administration of GH and IGF-1 in nommal rats induced a
cardiac hypertrophic response without disturbance of di-
astolic function and significant fibrosis (Cittadini et al,,
1996). GH therapy for three months in an uncontrolled trial
of seven adult patients with idiopathic dilated cardiomy-
opathy caused a significant increase in left ventricular (LV)

* Corresponding author. Tel.: +81-95-849-7288;
fax: +81-95-849-7290.
E-mail address: r-ima@net.nagasaki-uac.jp (N, Ashizawa).

mass and an improvement of hemodynamics (Fazio et al.,
1996). Experimentally in the setting of post-infarction heart
failure, reactivation of myocardial growth using GH ther-
apy has consistently been shown to be beneficial (Cittadini
et al., 1997, Duerr et al, 1995, Yang et al,, 1995), and
GH therapy, given early after large myocardial infarction,
elicited a unique pattern of structural effects character-
ized by reduced adaptive fibresis (Grimm et al., 1998),
On the other hand, chronic GH and IGF-1 excess caused
a specific derangement of cardiomyocytes (Lopez-Velasco
et al,, 1997, Rodrigues et al., 1989) with an increased inci-
dence of myocyte apoptosis (Frustaci et al., 1999). There
was a significant increase in LV mass in fifty adult pa-
tients with dilated cardiomyopathy given a randomized,
placebo-contrelled study of recombinant human GH, but
this was ;not accompanied by improvements in ejection
fraction and clinical status (Osterziel et al, 1998). Also,

0303-7207/% — sec front matter © 2003 Elscvicr Ircland Ltd. All rights reserved.
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patients with acromegaly have been shown to experience
cardiac complications including biventricular hypertrophy,
impaired diastolic filling and decreased cardiac performance
during exercise, due to diastolic and systolic dysfunction
{Morvan et al., 1991). Based on recent studies, acromegaly
in its early stage (<5 years) showed evidence of LV hyper-
trophy and no alteration of diastolic function (Fazio et al,,
2000). However, after a jong-term exposure to GH, the
developing interstitial fibrosis in the myocardium gradually
impairs diastolic function (Clayion, 2003). Therefore, elu-
cidation of melecular mechanisms of anti-fibrotic effect of
GH is necessary to reduce the side effects of long term GH
therapy.

In general, disproportional accumulation of fibrous tis-
sue is 2 major determinant of pumping capacity in hyper-
trophied hearts, and accounts for a spectrum of ventricular
diastolic dysfunction. Several studies in humans and in ex-
perimental models have shown that there was an increase
in myocardial transforming growth factor-p (TGF-B) ex-~
pression during cardiac hypertrophy (Schuitz et al,, 2002,
Takahashi et al., 1994, Tomita et al., 1998). TGF-B has been
found to stimulate the expression of fibronectin and col-
lagen and their incorporation into the extraceilular matrix
{ECM) in cardiac fibroblasts (Eghbali et al., 1991, Ignotz

and Massague, 1986, Sigel et al.,, 1996). In a recent study, .

inhibition of TGF-f using neutralizing antibodies prevented
progression of diastolic dysfunction and myocardial fibrosis
in a cardiac model of pressure-overload (Kuwahara et al.,
2002).

Although a number of studies have looked at the effects of
GH therapy, reported changes in cardiac function and patho-
logical remodeling evoked by the GH excess are controver-
sial, and there is little information as to the TGF-B-mediated
molecular mechanism by which GH excess retains cardiac
diastolic function despite the development of cardiac hy-
pertrophy. In the present study, we have examined the hy-
pothesis that a chronic excess of GH in the normal rat has
a beneficial effect on cardiac morphology and function via
an anti-fibrotic action. Furthermore, we have attempted to
clucidate the molecular mechanism by which GH exerts
an anti-fibrotic effect by focusing on the regulation of the
TGF-P signaling pathway in cardiac fibroblasts.

2. Methods
2.1, Animal mode!

Four weeks old female Wistar-Furth rats weighing
80-100 g (Charles River Laboratories Inc., Osaka, Japan)
were kept at 21 4 2°C, 55 £ 10% relative humidity, in a
light-controlied room (12h light/l12h dark). Experiments
were conducted under the guidelines of the Animal Re-
search Committee of Nagasaki Univetsity. Rats were ran-
domized into three groups: GH group (# = 11), Angiotensin
[T (Ang I} group (» = 11} and a control group {(n = 9).

Blood pressure (BP) was measured every week using the
tail-cuff method. The GH excess model used rats with a
transplantable GH-secreting pituitary tumor ceil line, GH3.
Using this model, Penney et al. observed a significant ele-
vation of myocardial contractility and a high cardiac output
(Penney et al., 1985). Ang II {Sigma Aldrich Chemic) was
dissolved in saline at 4 mg/ml, and acetic acid (final con-
centration 0.01'mo}/1) was added to maintain its stability.
A subpressor dose of Ang II (150 ng/kg/min) was continu-
ously administrated via a subcutaneous-implanted osmotic
minipump (alzet model 2002, Alza Palo Alto, CA).

2.2, Echocardiography

After animals had been treated for 8 weeks, echocardiog-
raphy was performed under ethanol anesthesia (30 mg/kg).
A Toshiba Powervision 8000 equipped with a 7.5 MHz
phased-array transducer was used. Anterior wall and pos-
terior wall thickness (PWT) and LV internal dimensions
were measured, Systolic function was assessed by calculat-
ing endocardial fractional shortening, and diastolic function
was evaluated by early transmitral flow velocity/atriai flow
velocity ratio (E/A ratio). Relative wall thickness was cal- -
culated as 2 x PWT/LV internal dimension (Cittadini et al.,
1996). Two-dimensionally guided pulse doppler recordings
of LV inflow were obtained from the apical four-chamber
view.

2.3. Serum analysis

Blood samples were collected at the time of animal sac-
rifice. Serum was stored and frozen at —80°C until the
analysis. Rat GH was measured using ELISA and total
serum IGF-1 was measured using radicimmunoassay, ac-
cording to previously described methods (Albini et al., 1991,
Licberman et al., 1992),

2.4. Matrix metalloproteinase in situ zymography

Matrix metalloproteinase (MMP) activity was measured
in cardisc tissue specimens using MMP and MMP-PT
in situ zymography (Nakamura et al, 1999) {Wako
Chemical). MMP Zymo-Film is composed of a layer of
special processed gelatin, and MMP-PT contains a 1,
10-phenanthroline, specific MMP inhibitor, allowing to
distinguish MMP activity from that of other proteinases,
Briefly, frozen sections were made using a cryostat and
mounted onto the gelatin surface of Zymo-Film. Specimens
were then incubated in a humid chamber for 24 h at 37°C,
They were subsequently stained with Biebrich Scarlet solu-
tion and with Mayer’s Hematoxylin solution,

2.5. Western blot analysis

Western blot analysis was performed according to the
method (Akiyama et al., 1999) with minor modifications,
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The primary antibodies used were against plasminogen ac-
tivator inhibitor-1 {PAI-1) (American Diagnostics Inc.), fi-
bronectin (Calbiochem), collagen types [ and [II (Rockland
Immunochemicals), TGF-1 (Santa Cruz Biotechonology),
phospho- and total-p38 mitogen-activated protein kinase
(MAPK) (Cell Signaling Technology), and B-actin (Santa
Cruz Biotechnology). The proteins were detected using
enhanced enzyme-linked chemiluminescence (Amersham).

2.6. Cell isolation and culture

Neonatal cardiac fibroblasts were prepared from
Sprague—Dawley rats as described previously (Iwami
et al,, 1996). Briefly, cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM)/F12 nutrient mixture
(DMEM/F12, 1:1) containing 10% fetal bovine serum.
Cardiac fibroblasts were exposed to TGF- (1 ng/ml,
Sigma Aldrich Chemie), GH (100 ng/ml, Growject, Sum-
itomo Pharmacology), 1GF-1 (100ng/ml, Sigma Aldrich
Chemie}, and Ang II (10nmol/1) for 30 min, 24h or 48h
as previously described (Akiyama-Uchida et al, 2002,
Ashizawa et al, 1996, Lu et al, 2001, Mehrhof et al,
20010),

2.7. DNA transfection and luciferase assay

A 3TP-Luciferase (Lux), activin response element
(ARE)-Lux, and forkhead activin signal transducer-1
"(FAST-1) expression vectors were used. 3TP-Lux is a
TGF-Bl-responsive luciferase reporter gene that contains
three consecutive TPA response elements and a portion of
the PAI-1 promoter region (Wrana et al., 1992). FAST-]
possesses the ability to bind to Smad? and activates an
ARE. ARE-Lux is used for the transcriptional activity of
Smad signals. Cardiac fibroblasts, at 80% confluence, were
transiently transfected with 1 pg of 3TP-Lux or ARE-Lux
vectors. pRL-CMV Renillla luciferase was co-trasnfected
as a control reporter vector. Twenty-four hours later, the
medium was changed for a serum-free medium contain-
ing 10mmo¥! ascorbate (Sigma Aldrich Chemie} and

300 mmol/l pyruvate (Sigma Aldrich Chemie). Twenty-four
hours after serum depletion, celis were treated with TGF-§,
GH, IGF-1, IGF-binding protein 3 (IGF-BP3, 100 ng/ml,
Sigma Aldrich Chemie), or Ang Il for 24h. Cells were
harvested using a cell lysis buffer, and luciferase activity
was assessed using a Dual-Luciferase™ Reporter Assay
System (Promega).

2.8, Statistical analysis

Data are represented as mean 3 S.E.M. One-way analy-
sis of variance (ANOVA) followed by Scheffe’s F-test was
performed for the statistical comparisons. Differences were
considered statistically significant when P < (.05,

3. Results
3.1, Animal model and blood analysis

Body weight, heart, kidney and liver weights, and serum
levels of GH, IGF-1 and BP were shown in Table 1. There
was no significant difference in BP among the three groups.
Body weight and heart weight were significantly greater in
the GH group. Also, the ratio of heart weight to body weight
was significantly increased in the GH group. The serum level
of rat GH in the GH group was conspicuously higher than
that in the control and Ang Il groups. The GH group was
also characterized by nearly two times higher level of blood
IGF-1 concentration compared to the control group.

3.2. Echocardiography

Echocardiographic study was performed in the control,
Ang Il, and the GH group at §-week treatment {Fig, 1). In
the GH group, M-mode echocardiography detected a signifi-
cantly increased LV wall thickness, whereas fractional short-
ening was similar to that in the Ang 1l and control groups.
E/A ratio was significantly reduced in the Ang I group com-
pared to values in the control group. Importantly, E/A ratio

Table 1
Animal characteristics and hormone determinations

' Cin=9 AngH (n =11 GH(n=11)
Body weight (g) 209 + 16 196 % 15 273 £ 15°°
Heart weight (g) 0.85 £ 0.1 0.73 £ 0.1 i3 £ 0.0
HW/BW (mg/g) 3.88 £ 0.5 371+ 03 431 £ 0.6~
KW/BW (mg/g) 371 £ 0.6 3.57+ 08 3.95 + 0.2
LW/BW (mg/g) 34.0 + 3.5 3554 13 537 + 3.3
Serum GH (ng/mi) 18 £3 25+ 10 4932 + 224540
Serum IGF-1 {ng/ml) 805 + 43 816 £ 31 1544 & 116*b
Blood pressure (mmHg) 128 £ 11 135 &3 126 + 8

Data are cxpressed as mean £ S.E.M. C indicates control group; Ang I, Angiotensin U-infused group; GH: growth hormone-treated group; BW: body

weight; HW: beart weight; KW: kidney weight; LW: liver weight.
2 P < 0.05 vs, control group.
b P < 0.05 vs. Ang [I-infused group.
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Fig. 1. Transtheracic echocardiographic findings in the three study groups. {(A) Representative M-inode echocardiograms (top} and transmifral inflow
Doppler patterns {bottom) after §-week ireatment. (B) FS (%) indicates fractional shortening; E/A ratio. early transmitral flow velocity/atrial flow velocity
ratio; LVPW, left ventricular posterior wall; RWT, relative wall thickness; in control, GH and Ang (I groups. Open.bars reptesent control rats, gray bars
represent GH-treated tats, and solid bars represeat Ang [-infused rats. Data are exprossed as mean £+ S.E.M. RWT = 2x Posterior Wall/LV Diastolic

dimension. * P < 0.05.

remained within the normal range in the GH group. Con-
versely, in the Ang II group, there was mild LV hypertro-
phy accompanied by LV diastolic dysfunction. The relative
wall thickness was significantly increased in the GH group,
suggesting the existenice of concentric hypertrophy.

3.3. MMP activity

The results in Fig. 2 showed that there was no difference
between the control and GH groups in terms of the MMP

activity. However, it was significantly enhanced in the Ang
[1 group as seen from the inhibitory studies using MMP-PT
in situ Zymo-Film. :

3.4. Expression of ECM proteins, TGF-81 in heait tissue
of each treatment

To examine whether ECM was enhanced in the GH group,
Western blot analysis was performed. The expression of
PAI-1 protein, as a marker of fibrosis caused by TGE-@8,
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MMP

Angll

(X40}

Fig. 2. MMP in situ zymographic analyses in the three study groups. To evaluate MMP activity, serial frozen sections were subjecied to filin MMP in
situ zymography (top), and MMP-PT in situ zymography (bottom). Notc the marked MMP activity in the Ang II group (amows), whereas no activity

was detected in the GH group.

was significantly increased in the Ang [l group, whereas
there was only a slight increase in the GH group com-
pared with controls. Fibronectin, collagen type I, and col-
lagen type IIl showed similar characteristics as PAI-1. In

PALL anume wU0 P Coiazen(un)

Fibronectin e asuwme  GINN0

Collagen (1)

C GH Ang 1I

I+ PAL Fibronectin

[

¢ GHAngN C

GH.Angll € GH Angll ©

contrast, expression of TGF-B1 was significantly elevated .
in the GH group, and there was the strongest accumulation
of these factors in the Ang II group as compared to controls
(Fig. 3).

TGP, o gy

factin ouu TN S

C GH Ang I

Collagen (1) Coltagen{ 1) TGF-gl

GH Ang It ¢ GH Ang [1

Fig. 3. Western blotting of ECM proteins, TGF-B1, and B-actin in homogenized heart tissue from cach of the trecatment groups. Results arc expressed
as fold increase compared with controls (mean + S.E.M.). PAI-1, ptasminogen activator inhibitor-1; TGF-B1, transforming growth factor-B1. * P < 0.05;

n.s., not significant.
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A.PAI-1

TGF-B (1 ng/mL) - +
Ang 1T (10 nmol/L) - -
IGF-1(100 ng/mL) - .
GH (100 ng/mL) - -

B. fibronectin 35

+ - + -
- + - +

0.5
0
TGF-8 (1 ng/mL) - +

Ang I (10 nmol/L) -

IGF-1{100 ng/mL) -

GH (100 ng/mL) -

- - - + +

Fig. 4. Western blotting of extragts from cardiac fibroblasts, Cardiac fibroblasts were exposed to various stimuli for 48 h. The signal intensity for PAI-1
(A} and fibronectin (B) were evaluated by densitometric analysis. Results are expressed as fold increase compared with controls (mean £ 8.E.M.). TGF-B,
transforming growth factor-B; Ang Ii, Angiotensin IT; IGF-1, insulin-like growth factor-1; GH, growth hormone; PAI-1, plasminogen activator inhibitor-1.

*P < 0.05.

3.5. Expression of ECM proteins in cultured cardiac
Jibroblasts

Fig. 4 showed representative Western blots of ECM
components’ expression in cultured cardiac fibroblasts. Ex-
pression of PAI-1 was markedly increased by treatment
with TGF-$ and Ang Il Treatment with GH or IGF-1
caused little to no changes compared with controls, The

combination of IGF-1 and TGF-B caused up-regulation of
PAI-1 expression compared with either IGF-1 or TGF-p
treatment alone. In contrast, the combination of GH and
TGF-B led to the significant attenuation of PAI-1 accumu-
lation evoked by TGF-B (Fig. 4A). Similar results were
obtained for fibronectin, although the difference between
TGF-B and the combination of GH and TGF-B was not
significant. (Fig. 4B).
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30 r

25

3TP luciferase activity
(fold increasc over contrel)

TGF-B (1 ng/mL)
Ang 11 {10 nmol/L) - - +

{GF-1 (106 ng/mL) - - -

GH (100 ng/mL})

IGF-BP3 (100 ng/mL) - - -

-+ - - + o+

- - + - -+

Fig. 5. 3TP-luciferase activity in cardiac fibroblasts. Cardiac fibroblasts were exposed to various stimuli for 24 h. Results are expressed as fold increase
compared with controls (incan £ 8.E.M.}. TGF-B, transforming growth factor-B; Ang I, Angiotensin II; IGF-1, insulin-like growth factor-1; GH, growth

hormone; IGF-BP3, insulin-like growth factor-binding protein 3. * P < 0.05.

3.6. TGF-8 signaling in cultured cardiac fibroblasts

As showa in Fig. 5, Ang Il increased 3TP-Lux activ-
ity 5.7 & 0.5-fold, whereas TGF-83 treatment elevated it
13.1 * 4.5-fold. IGF-1, GH, and IGF-BP3 treatment alone
had no effect on 3TP-Lux activity (1.3 £ 0.6, 1.0 £ 0.3,
and 0.7 £ 0.3-fold changes, respectively). Treatment with a

ARE lucife rase activity
(fold increasc over controf}

TGF-B (1 ng/mlL) - + - - - + o+
Ang l[ {10 nmol/L}) - - + - - - -
IGE-I (100 ng/mL) - - - + - -
GH (100 ng/mL) - - - - + - +

Fig. 6. ARE-luciferase activity in cardiac fibroblasts. Cardiac fibroblasts
were cxposed to various stimult for 24 h. Results are expressed as fold
increase compared with controls (mecan &+ S.E.M.). TGF-B, transform-
ing growth factor-B; Ang I, Angiotensin {I; IGF-1, insulin-likc growth
factor-1; GH, growth hormone. * P < 0.05. n.s., not significant.

combination of IGF-1 and TGF-B caused further increase in
the reporter assay, whereas combination of GH and TGF-$
decreased it compared to TGF-§ alone. We next examined
whether 3TP-Lux activity was suppressed when cardiac fi-
broblasts were treated with TGF-B, GH and IGF-1 specific
inhibitor, IGF-BP3. In the presence of IGF-BP3, 3TP-Lux

P33 phesphorylasion
ifold increase over comroly

phospho-p33

p3y

TGF-B(E ngrmly - + - - - + +

Ang 11{10 nmolL} - * ; - - -
- - * - + -

IGF-1 (100 ng/mi.)

Fig. 7. Effect of various stimuli for 30 min after 24 h serum depletion
on the level of active form of p38 MAPK in cardiac fibroblasts. Results
are expressed as fold increase compared with controls (mean £ S.E.M.).
TGF-B, transforming growth factor-B; Ang II, Angiotensin 10; IGF-I,
insulin-like growth factor-1; GH, growth hormone.
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activity was further inhibited in cardiac fibroblasts treated
with TGF-$ and GH.

To determine whether effect of GH on TGF-B signaling
is related to Smad cascades, we examined the ARE-Lux re-
porter system in the presence of FAST-1 upon various stim-
uli. ARE-Lux activity was not inhibited in cardiac fibrob-
lasts treated with a combination of GH and TGF-B (Fig. 6).

In further studies, we examined whether TGF-B-induced
phosphorylation of p38 MAPK was affected by the combi-
nation treatment with GH. TGF-B alone increased the level
of phospho-p38 MAPK, whereas it was significantly sup-
pressed when TGF-B was given in combination with GH
{Fig. 7).

4, Discussion

In the present study, we first confirmed the effect of
chronic high dose excess of GH on cardiac morphology and
function in the normal rats. GH-treated rats showed marked
cardiac hypertrophy without disturbance of cardiac func-
tion. In contrast, rats exposed to subpressor dose of Ang
II had LV diastolic dysfunction coupled with mild cardiac
hypertrophy. Consistent with these findings, Western blot
for ECM accumulation was little different between the GH
group and controls, and cardiac pericellular fibrosis was not
increased in the GH group (data not shown), [t was reported
that following the administration of GH doses higher than
21U/kg per day for 4 weeks, effects on cardiac geometry
and function became less favorable (Grimm et al., 1998).
Apparently, differences in the therapeutic effects of subcu-
tancously administered recombinant GH and endogenously
produced may account for a variant outcome of exposure to
high dose excess of GH. In our studies, the tumor bearing
animals with GH treatment for 8 weeks retained the cardiac
geometry and function,

Major molecular pathways leading to cardiac fibrosis in-
volve TGF-@ signaling. In the.GH group in our experiments,
there was ‘an up-regulated expression of TGF-B1 protein,
whereas PAI-1, fibronectin, collagen type [ and collagen type
11l expression remained little changed compared to controls.
We, ‘therefore, attempted to address the question as to why
the GH group did not develop fibrdsis in spite of an eleva-
tion of TGF-B with two possible explanations. First, ECM
proteolysis might be specifically activated in the GH group.
Second, the TGF-p signal transduction was nearly abolished
by GH or IGF-1. As for the first assumption, we performed
an in situ zymography to clarify whether matrix metallopro-
teinase activity was increased in the GH group. No induc-
tion of MMP activity was detected in the hearts from the
GH group. Thus, GH may have an anti-fibrotic action via
the suppression of TGF-f signal transduction on cardiac re-
modeling.

It is not clear whether the anti-fibrotic ventricular remod-
eling caused by GH is mediated via GH directly or through
IGF-1 indirectly. Thus, we firstly performed experiments

TGE-B GH ™ 1Gr
Smads  TAKI Pi3-K
pISMAPK

1

ECM protein T
Fibrinolysis 4

'Fig. 8. A passible molecular mechanism of ECM production and fibri-
nolysis mediated by TGF-B, GH and IGF-1 cross-talk.

with cultured rat cardiac fibroblasts. To study production of
the ECM proteins upon various stimuli, Western blot anal-
ysis demonstrated that IGF-1 in combination with TGF-3
up-reguiated expression of PAI-1 and fibronectin. In con-
trast, GH in combination with TGF-8 restored expression
values to control levels.

TGF-B binds to a heteromeric complex of Type 1 and Type

11 receptors and transmits signals via MAPK and signals

via Smad pathways (Floodless and Wrana, 1998). To eluci-
date the signaling mechanisms underlying the observed ef-
fects, we performed studies employing a TGF-p trans-acting
reporter systermn. The 3TP-Lux activity was found to be
markedly increased after treatment with IGF-] and TGF-B,
and significantly suppressed after treatment with GH and
TGF-B. To clarify whether Smad cascades of TGF-B signal-
ing were activated by GH, we examined the Smad signals
using a reporter assay. Combination of GH and TGF-B did
not down-regulate ARE-Lux activity in cardiac fibrobiasts.
Based on these results, we concluded the MAPKs cascade
is involved in the determination of the GH effect on TGF-B
signaling.

We have previously shown that norepinephrine and
TGF-B had a synergistic effect on cardiac fibrosis which is
mediated by p38 MAPK/ATF-2 pathway (Akiyama-Uchida
et al., 2002). Also, IGF-1 enhances TGF-B-induced ECM
protein production through the p38/ATF-2 signaling path-
way in keloid fibroblast (Daian et al., 2003). We, therefore,
addressed the question whether TGF-B-induced phospho-
rylation of p38 MAPK is affected by the combination treat-
ment with GH and TGF-f in cardiac fibroblasts. Western
blot analysis demonstrated that the level of TGF-B-induced
phospho-p38 MAPK was decreased by treatment with GH.
Fig. 8 shows a proposed molecular mechanism of the ECM
production and fibrinolysis mediated by TGF-$, GH, and
IGF-1 cross-talk. GH can interfere with TGF-B signaling
via p38 MAPK de-phosphorylation, whereas IGF-1 and
TGF- costimulation leads to characteristic fibrosis and
excess ECM production. Thus, GH may produce a dual-
istic effect on cardiac remodeling process. On one hand,
it can suppress fibrotic changes, and on another, promote
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them if the GH-IGF-1 pathway becomes prevalent in the
micro-environment. '

In conclusion, a chronic excess of GH in vivo induced
concentric hypertrophy in an animal model with neither con-
comitant disturbance of cardize function nor ECM accumu-
lation observed. These effects appear to be due, in part, to a
direct action of GH causing suppression of TGF-B signaling
via de-phosphorylation of p38 MAPK. Further expioration
of a therapeutic approach aimed at the down-regulfation of
TGF-B signaling may result in a novel promising treatment
for advanced cardiac failure.
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Ghrelin, a novel 28-amino acid peptide with an n-octa-
noyl modification at Ser’, was isolated from rat stomach
and found to be an endogenous ligand for the growth-
hormone secretagogue receptor (GHS-R). This octanoyl
modification is essential for ghrelin-induced GH release.
We report here the purification and identification of hu-
man ghrelin from the stomach, as well as struetural anal-
ysis of the human ghrelin gene and guantitation of
changes in plasma ghrelin concentration before and after
gasirectomy, Human ghrelin was purified from the stom-
ach by gel filtration and high performance liquid chroma-
tography, using a ghrelin-specific radiocimmunoassay and
an intracellular calcium infiux assay on a stable cell line
expressing GHS-R to test the fractions. In the course of
purification, we isolated human ghrelin of the expected
size, as well as several other ghrelin-derived molecules.
Classified into four groups by the type of acylation ob-
served at Ser”; these peptides were found to be non-acy-
lated, octanoylated (C8:0), decanoylated (C10:0), and pos-
sibly decenoylated (C10:1). All peptides found were either
27 or 28 amino acids in length, the former lacking the
C-terminal Arg®, and are derived from the same ghrelin
precursor through two alternative pathways. The major
active form of human ghrelin is a 28-amino acid peptide
octanoylated at Ser®, as was found for rat ghrelin, Syn-
thetic octanoylated and decanoylated ghrelins produce
intracellular calcizm increases in GHS-R-expressing cells
and stimulate GH release in rats to a similar degree.
Both ghrelin and the ghrelin-derived molecules were
found to be present in plasma as well as stomach tis-
sue. Plasma levels of immunoreactive ghrelin after to-
tal gastrectomy in three patients were reduced to ap-
proximately half of their pre-gastrectomy values, after
which they gradually increased. This suggests that the
stomach is the major source of circulating ghrelin and
that other tissues compensate for the loss of ghrelin
production after gastrectomy.
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Growth hormone (GH)! secretion from the pituitary gland is
regulated by two hypothalamic hormones, growth hormone-
releasing hormone and somatostatin (2, 2). A third independ-
ent pathway responsible for regulation of GH release has re-
cently emerged from studies of artificial GH secretagogues
(GHSs) (3, 4). GHSs are synthetic compounds that are potent
stimulators of pituitary GH release, acting through the GHS
receptor (GHS-R) (5-7). Previously, we identified ghrelin, an
endogenous ligand for GHS-R, from rat stomach (8). Ghrelin, a
28-amino acid peptide capable of stimulating GH release in
vitro and in vivo, has a unique n-ottanoyl modification at its
third serine residue (Ser®), which is essential for this function
(9-11). Subsequently, des-Gln'*-ghrelin, also isolated from rat
stomach, was identified as a second endogenous ligand for
GHS-R (12). Des-GIn'*-ghrelin is produced from the ghrelin
gene by an alternative splicing mechanism and is also cctanoy-
lated at Ser®,

In the present study, we purified human ghrelin from the
stomach, using a ghrelin-specific radioimmunocassay (RIA) (13)
and an intracellular calcium influx assay on a stable cell line
expressing GHS-R. (8, 12). During the course of purification, we
noticed several minor peptides with characteristies different
from standard ghrelin that displayed ghrelin-like activity. We
identified these stomach peptides as ghrelin-derived molecules
and examined the levels of ghrelin as well as these ghrelin-
derived melecules in human plasma.

The ghrelin gene is abundantly expressed in rat (8) and
human (14) stomach, and in the rat, no other major sources of
ghrelin production have been observed (13, 15). These results
prompted us to question whether ghrelin should be drastically
reduced following gastrectomy. To address this question, we
examined the change in plasma levels of immunoreactive gh-
relin (ir-ghrelin) in humans before and after total gastrectomy.

EXPERIMENTAL PROCEDURES

Radicimmunonssays for Ghrelin—RIAs specific for ghrelin were per-
formed as previously described (13). In rakbits two types of polyclonal
antibodies were raised against the N-terminal fragment (Gly'-Lys'*
with O-n-octanoylation at Ser®) and the C-terminal fragment (Gln!3-
Arg®) of rat ghrelin. The RIA incubation mixture consisted of 100 pl of
standard ghrelin or unknown sample, and 200 pl of antiserum diluted
with RIA buffer (50 maf sodium phosphate buffer (pH 7.4), 0.5% bovine

! The abbreviations used are: GH, growth hormone; GHS, growth
hormone secretagogue; GHS-R, growth hormone secretagogue receptor;
RIA, radicimmunocassay; ir, immunoreactive; CHO, Chinese hamster
ovary; [CaZ*],, intracellular calcium concentration; AcCH, acetic acid;
CM, carboxymethyl; RP, reverse-phase; HPLC, high-performance liquid
chromatography; ESI-MS, electrospray ionization mass spectrometry;
N-RIA, N-terminal fragment of rat ghrelin(1-11); C-RIA, C-terminal
fragment of rat gherlin-(13-28).

64 This paper is available on [ine at http:/rwww.jbc.org



