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Background. Body weight loss is a common but one
of the most serious sequelae after gastrectomy. Ghre-
lin, a novel gastric hormone that up-regulates body
weight through appetite control and metabolic reac-
tion, seems to be affected by gastric surgery.

Patients and methods. Early postoperative alter-
ation of serum ghrelin was evaluated at days 3 and 7
after gastrectomy for 13 hospital patients. In 64 outpa-
tients who had previcusly undergone total gastrec-
tomy (TG: 26 patients) or distal gastrectomy (DG: 38
patients) 4.6 months to 136 months (average, 41
months) earlier, the association between their serum
ghrelin and leptin levels and postoperative body
weight was investigated.

Results. Serum ghrelin declined immediately and
greatly after TG to 12% of the preoperative level (day 3
and day 7), whereas the decline was less significant
after DG at 38% (day 3) and 56% (day 7). In outpa-
tients, serum ghrelin after TG was very low com-
pared with the control (18.6 fmol/mL versus 92.1
fmol/mL, P < 0.0001), irrespective of the period after
surgery, whereas the level after DG recovered and was
equivalent to the conivol (73.4 fmolmL, P = 0.365).
Body weight loss was more apparent in TG patients
than in DG patients, showing postoperative reduction
of body mass index (ABMI) -8.940 versus -1.849 (P <
0.0001). Serum leptin concentration, reflecting the sys-
temic fat volume, significantly correlated with BMI in
both TG and DG patients, and tended to be lower in TG
patients than in DG patients (800 pg/mL versus 1158
pg/mL, P = 0.236).

! To whom correspondence and reprint requests should be addressed
at Department of Digestive Surgery, Osaka Medical Center for Cancer
and Cardiovascular Diseases, 1-3-3 Nakamichi, Higashinari-Ku, Osaka
city, 537-8511. E-mail: ydoki@{j8.so-net.ne.jp.

@

Conclusion. Persistent decline of serum ghrelin and
body weight was observed commonly after total gas-
trectomy. Further study is needed as to whether ornot
ghrelin administration can improve the body weight
level for these patients. © 2008 Elsevier Inc. Al rights reserved.

Key Words: ghrelin; gastrectomy; gastric cancer;
body weight loss; post-operative sequelae.

INTRODUCTION

Body weight loss is the one of the most serious se-
quelae of gastrectomy. Complex mechanisms, includ-
ing reduced food intake because of early satiety and
appetite loss [1-3], decrease of gastric acid [4], pertur-
bation of fat absorption caused by reduced pancreatic
excretion [3, 5], reflux esophagitis [6], alteration of
intestinal floral [7], increased peristalsis, and diarrhea
[8] have been considered, but there has been no com-
pletely satisfactory explanation. Alteration of endo-
crine status such as reduced gastrin [5] or increased
cholecystokinin [2, 5] also has been suggested to be
involved in body weight loss after surgery. On the other
hand, in the case of morbid obesity, body weight loss
caused by gastric surgery can be one of the most pow-
erful treatment strategies, offering important clues for
elucidating the mechanism of body weight loss after
gastrectomy. Gastroplasty, which reduces the volume
of the stomach, generally is less effective for weight
reduction because of compensation by less but frequent
food intake, whereas gastric bypass is more effective by
suppressing appetite for a long time [9, 10]. Recently,
some studies have shown that the effectiveness of gas-
tric bypass might be associated with the reduction of a
novel gastric hormone, ghrelin [10, 11].

0022-4804/06 $32.00
© 2006 Elsevier Inc. All rights reserved.
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Ghrelin was first identified as an intrinsic ligand for
the growth hormone secretagogue (GHS) receptor in
1999 [12]. However, recent studies have revealed its
funection of stimulating not only GH secretion from the
pituitary gland but also the appetite signal in the hy-
pothalamus, opposing leptin [13] and gastrointestinal
activity through the vagal nerve [14]. These pleiotro-
phic effects of ghrelin result in body weight gain asso-
ciated with reduced fat metabolism [15]. Secretion of
ghrelin is increased by starvation and suppressed by
foods [16], glucose [17], fat [18], insulin [19], and so-
matostatin [20]. Most of the ghrelin is produced in the
stomach in A-like cells in the fundic gland, and the
duodenum and the brain secrete far smaller amounts
[21]. The mechanism for reduced ghrelin levels associ-
ated with gastric bypass surgery is not known. It is
speculated that although short periods of starvation
stimulate the production of ghrelin, loss of contact with
ingested foods for a long time may result in marked
reduction of ghrelin production [11].

Although a few studies have reported the reduction
of plasma ghrelin after gastrectomy {10, 16, 22] to date,
the association between body weight loss and ghrelin
reduction after gastrectomy has not been studied in de-
tail. Thus, in this study, we investigated this association
in representative surgical treatment for gastric cancer,
including total gastrectomy (TG) with Roux-Y recon-
struction and distal gastrectomy (DG) with Billroth-I
reconstruction.

PATIENTS AND METHODS

Patients

Two groups of gastric cancer patients who gave their informed
consent were enrolled in this study. Thirteen hospital patients were
investigated for the early phase effects of gastrectomy on ghrelin
production, and 64 outpatients were studied for the late-phase ef-
fects of gastrectomy on ghrelin and leptin preduction and their
implications for postoperative body weight. Curative resection with
standard D2 lymph node resection as previously described [23] was
conducted for all patients. Roux-Y reconstruction was used for TG
and Billroth-I reconstruction for DG. No surgical complications, such
as pneumonia, infection, anastomotic leakage, pancreatitis, and il-
eus, were observed for both groups of hospital patients and outpa-
tients. Those patients who exhibited body weight loss of more than 3
kg before surgery as the result of advanced gastric cancer were
excluded from this study. Thus, the average body weight loss of
enrolled patients was 0.82 kg and not statistically significant. Post-
operatively, TG and DG patients underwent total and peripheral
parenteral nutrition, respectively, and patients in neither group
were given enteral nufrition.

For the 13 hospital patients, who underwent TG (8 patients) and
DG (5 patients) from January to June 2003, 10 mL of blood sample
was collected before and on day 3 and day 7 after gastrectomy in the
morning before breakfast. None of them started oral food intake until
day 3 after surgery, but DG patients started it on day 4 or 5 after
surgery. The 64 outpatients who had undergone TG (26 patients) and
DG (38 patients) came to our hospital for periodic examination of
tumor recurrence from January to June 2003. A blood sample was
collected from each patient at around 9 to 10 a.m. before breakfast.
Clinical data, including height and body weight before and after

surgery, the results of routine blood examinations, and the patho-
logical stage and treatment of gastric cancer, were obtained from the
patient medical records. Body mass index (BMI) was calculated as
body weight (kg)/height® (m?). The interval from the surgery of the
subjects ranged from 4.6 to 136 months (average, 41 months), and
none of them displayed tumor recurrence by chest x-ray, physical
examination, abdominal CT scan or sonography, and serum tumor
markers. The control group consisted of 29 patients with early di-
gestive cancers who did not show significant body weight change
attributable to cancer. Blood samples were collected before surgery,
when they were admitted for surgical treatment (hemicolectomy 10
cases, anterior resection 7 cases, esophagectomy 9 cases and pancre-
aticoduodenectomy 3 cases).

Measurement for Serwm Ghrelin and Leptin

The serum was obtained from each blood sample and kept at
—70°C until measurement of ghrelin and leptin. Both serum ghrelin
and leptin were measured with sandwich-type enzyme immunoassay
kits for ghrelin (SCETI Co., Ltd., Tokyo, Japan) and leptin (IBL Co.,
Ltd., Gunma, Japan) according to the manufacturer’s instructions.
Measurement was performed in duplicate for each sample and the
mean value was used. Two different forms of ghrelin, active (acyl)
and inactive (desacyl) forms [24], were measured with different kits
from the same company. Because the amount of the active form of
ghrelin was very small and unstable in serum, the active form could
not be measured for most serum samples, being only at most 3% to
5% of the inactive form, even when measurable. Thus, the amount of
the inactive form was used in this study as being representative of
serum ghrelin.

Statistical Analysis

The difference of variables, including BMI, postoperative decrease
of BMI, serum ghrelin and leptin concentration, and days after
surgery were evaluated by Student’s ¢ test between two groups (DG
and TG patients) or by Bonferroni/Dunn test for three groups (DG,
TG, and control group). The correlation between two each of these
parameters was investigated by linear regression analysis. Early-
phase postoperative change of ghrelin in DG and TG was evaluated
by a repeated-measures analysis of variance. A P value of less than
0.05 was considered to indicate statistical significance. All statistical
analyses were performed with the software package StatView ver.5.0
(Abacus Concepts, Berkeley, CA).

RESULTS

Early Phase Effect of Gastrectomy on Serum
Ghrelin Concentration

The presence of gastric cancer did not affect serum
ghrelin before gastrectomy in comparison with that of
the control group (95.7 fmol/mL versus 92.1 fmol/mL,
P = 0.8553). Early postoperative changes of serum
ghrelin concentration in TG and DG patients are
shown in Fig. 1. In TG patients, serum ghrelin levels
were markedly decreased to 12% of the preoperative
concentration at day 3 (11.7 fmol/mL) and remained at
this level to day 7 (12.1 fmol/mL). In contrast, serum
ghrelin concentration decreased to 39% (36.5 fmol/mL)
of the preoperative level at day 8 after DG and slightly
recovered up to 56% (52.3 fmol/mL) by day 7. The
postoperative ghrelin was significantly lower than the
preoperative level in both TG and DG patients (P =
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FIG. 1. Early phase effect of gastrectomy on serum ghrelin con-
centration. Serum ghrelin was measured before and on days 3 and
day 7 after surgery. The averages of eight total (open squares) and
five distal (open circles) gastrectomy patients are indicated with
standard error bars. Significant reduction of serum ghrelin was
observed at days 3 and day 7 for total gastrectomy patients and day
3 for distal gastrectomy patients.

0.0002 and P = 0.0356), and the decline was signifi-
cantly less in the DG patients than in the TG patients
(P = 0.0067).

Long-Term Effect of Gastrectomy on Serum Ghrelin and
Leptin and Body Weight in Outpatients

The long-term effect of gastrectomy on serum ghrelin
and leptin and body weight were evaluated for outpa-
tients who had previously undergone surgery. Body
weight loss after gastrectomy was ubiquitous in gastric
cancer patients, and the reduction of BMI after surgery
was more apparent in TG patients than in DG patients
(—3.940 versus —1.948, P < 0.0001; Fig. 2A). The BMI
after gastrectomy itself showed the same trend but was
not statistically significant because of a large deviation
of BMI both before and after surgery among patients.
No significant difference was observed between TG and
DG patients in their clinical background, including
age, gender, BMI at surgery, duration after surgery,

3

and stage of gastric cancer (Table 1). The average of
serum ghrelin concentration was 18.6 fmol/mL in TG
patients, 73.4 fmol/mL in DG patients, and 92.1
fmol/mL in the control group. Thus, there was little
difference between DG patients and the control group
(P = 0.3851), whereas TG patients displayed a signif-
icantly lower serum ghrelin level than the DG patients
(P = 0.0034) or the control group (P < 0.0004; Fig. 2B).
The average serum leptin concentration was 800
pg/mL in TG patients, 1158 pg/mL in DG patients, and
1507 pg/mL in the control group (Fig. 2C). This trend
was consistent with their body weight, but the differ-
ence among them was not statistically significant.
With respect to blood examinations, no differences
were noted for serum albumin and lymphocytes, but
hemoglobin was significantly lower in TG patients
than in DG patients (Table 1).

The association between these weight control hor-
mones and BMI is plotted in Fig. 3. Serum ghrelin
concentration showed significant negative correlation
with BMI in DG patients (Fig. 3C). However there was
no correlation for TG patients (Fig. 3A), probably be-
cause ghrelin levels were consistently low. In contrast,
serum leptin concentration correlated well with the
BMI in both groups, showing the same regression line
(Fig. 3B and 3D).

Instead of long-term follow up for each patient, the
association of the duration after gastrectomy, ranging
from 4.6 months to 11.2 years, with body weight and
serum ghrelin was investigated, to speculate their
time-dependent alteration (Fig. 4). BMI did not show
correlation with postoperative time in either TG or DG
patients (Fig. 4A and 4C). Ghrelin tended to increase
with postoperative time in DG patients (Fig. 3D, P =
0.1007), however such trends were not seen in TG
patients (Fig. 3C, P = 0.2685). Likewise, serum leptin
tended to increase in DG but not in TG patients (data
not shown).
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FIG. 2. Alteration of body weight and weight control hormones (ghrelin and leptin) after gastrectomy. Body weight loss (ABMI) (A),
serum ghrelin (B), and serum leptin (C) of total gastrectomy patients (squares), distal gastrectomy patients (circles), and control individuals
(triangles) were plotted (open) along with their averages (closed) and standard deviation bars. Differences between the two groups were

evaluated by Student’s ¢ test and P values are indicated.
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TABLE 1

Background of 64 Quipatients Who
Underwent Gastrectomy

Total Distal
gastrectomy gastrectomy
(n = 26) (n = 38)
Age (y.0.) at surgery 65.0 60.1
Gender (M : F) 18:8 27 : 11
Duration from surgery (months) 415 42.9
BMI at surgery 23.7 22.6
Depth of invasion (T1:T2:T3) 10:9:7 20:12:86
Lymph node metastasis (absent :
present) 10:16 20:18
Histological grade (G1,2 : G3,4) 10: 16 23:15
Hemoglobin (g/dl) after surgery 115 13.5

Albumin (g/dl) after surgery 4.4 4.5
Lymphocytes (/mm®) after surgery 2264 1908

Note. Average values are shown for age, duration from surgery,
BMI at surgery, hemoglobin, albumin, and lymphocytes. TNM clas-
sification was used for depth of invasion and histological grade.
Hemoglobin, albumin, and lymphocyte were measured along with
ghrelin and leptin. Significant difference was present only for hemo-
globin (F < 0.0001, Student’s ¢ test).

DISCUSSION

In this study, we found that gastric cancer patients
after TG displayed significant body weight loss and
immediate and remarkable decline of serum ghrelin,
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which did not recover even after a long postoperative
period. This relationship raised the novel question of
whether or not the decline of ghrelin causes body
weight loss after TG. The most obvious reason for body
weight loss after TG is reduction of oral food intake [1,
3]. Surgeons dealing with gastric cancers have tried to
increase food intake by producing a gastric substitute,
such as a jejunal pouch, but have not always been
successful. However, surgeons dealing with morbid
obesity have shown that the effect of gastric volume
reduction for body weight control is limited because of
a rebound action, i.e., small-but-frequent food intake
[9, 10]. In addition, under a regulated program, most
TG patients can eat as much as healthy subjects [1].
These phenomena suggest early satiety and loss of
appetite are causes of reduced food intake. Appetite is
regulated by the hypothalamus via many hormones.
Although it is still controversial, some studies specu-
late appetite loss after gastrectomy to be associated
with increased intestinal hormones such as cholecys-
tokinin (2, 25, 26] and serotonin [26, 27]. The present
study suggests that ghrelin may play a central role in
regulating appetite by the digestive tract. It is of interest
that intestinal hormones other than ghrelin generate
appetite-suppressing signals but only ghrelin promotes
a stimulating signal. Interference of fat digestion and
accumulation are characteristic metabolic perturba-
tions of post gastrectomy patients [3, 28]. This is partly
caused by disorder of pancreatic excretion. Although
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FIG. 3. Correlation between postoperative body weight and weight control hormones. Association of postoperative body weight with
serum ghrelin (A, C), leptin (B, D) in total (A, B), and distal gastrectomy (C, D) patients are shown with each linear regression line and P

value. The formula of the regression line is given in B and D.
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the influence of ghrelin on pancreatic excretion has not
been fully elucidated {29, 30], alteration of the fat
metabolism {15] is influenced by ghrelin administra-
tion. Endocrine of growth hormone (GH) is regulated
mainly by GH-releasing hormone, ghrelin, and soma-
tostatin [12]. Reduction of GH and prevention of body
weight loss after gastrectomy by exogenous GH
strongly [31] suggest the clinical usefulness of ghrelin
supplementation after gastrectomy. However, our
finding that TG patients displayed various degrees of
postoperative body weight loss despite extreme and
ubiquitous ghrelin decline may suggest the involve-
ment of pathways other than ghrelin in post opera-
tive body weight control. Further work is needed to
clarify this.

In DG patients, serum ghrelin declined by approxi-
mately 50% after surgery, but recovery was immediate,
and no significant difference from the control was
found after longer follow up, in agreement with a re-
cent study [32]. In addition, a significant negative cor-
relation was found between BMI and ghrelin for these
patients. This means that as for nongastrectomized
individuals {33, 34], ghrelin works in a negative feed-
back loop against body weight, i.e., ghrelin alteration is
not a cause of, but a result of, postoperative body
weight loss. The procedure of DG removes two-thirds of
the stomach, including approximately half of the fun-
dic gland lesion, which matches the serum ghrelin

concentration after surgery. Ghrelin recovered to the
normal level and some patients with longer survival
periods after DG even showed a higher level than the
control. Ghrelin production may be stimulated in the
residual stomach, such as by means of hyperplasia or
hypertrophy. This possibility could be investigated by
immunohistochemistry and mRNA measurement of
the residual stomach. Another possibility is that ghre-
lin reduction by gastric removal is compensated for by
increased ghrelin production in the duodenum. It is
commonly understood that reconstruction for gastrec-
tomy with ingestion passing the duodenum is superior

to that without it, with respect to postoperative body

weight and nutritional status, for example, Billroth-I
versus Billroth-II for distal gastrectomy [35] or jejunal
interposition versus Roux-Y for total gastrectomy [36,
37]. The reason for this has also not been well under-
stood. It should be interesting to investigate the
amount of ghrelin in these groups.

Ghrelin is secreted as an active (acyl) form and im-
mediately inactivated (des-acyl form) by elastase and
protease in the blood [38]. We measured des-acyl
ghrelin because most of the serum ghrelin is inacti-
vated in the serum and the proportion of active/
inactive ghrelin is relatively constant. However, recent
study revealed an additional role of des-acyl ghrelin
and the alteration of the active/inactive ghrelin ratio
under some pathological conditions [38]. For precise
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measurement of acylated ghrelin, the plasma sample
must be preserved with protease inhibitors. Further
studies are needed to clarify these issues.

Excess body weight loss after gastrectomy induces
general fatigue and decline of social activity. In addi-
tion, it impairs the immune system [39], making the
patient more susceptible to infectious disease and can-
cer recurrence. Antagonists of intestinal hormones, in-
cluding cholecystokinin or serctonin, have been re-
ported to increase body weight after gastrectomy in
animal experiments [27, 40] and their clinical applica-
tion has been considered. However, the side effects of
such non-physiological compounds have not been eval-
uated. Ghrelin is an intrinsic hormone, and the safety
of recombinant ghrelin and its clinical usefulness have
been confirmed by clinical trials for patients with heart
failure [41]. To prevent body weight loss after gastrec-
tomy, the effect of ghrelin should be better than that of
antagonists of intestinal hormones because of its
pleiotrophic function, including increasing appetite,
metabolism and GH release. The increase of early gas-
tric cancers and development of fiberscopic treatment
should urge surgeons to try to improve the quality of
life after gastrectomy by choosing a suitable therapeu-
tic modality. Ghrelin offers much promise for a new
form of drug therapy for gastrectomy patients.
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Ghrelin Improves Renal Function in Mice with Ischemic
Acute Renal Failure

Ryo Takeda,* Hiroaki Nishimatsu,” Etsu Suzuki,* Hiroshi Satonaka,* Daisuke Nagata,*
Shigeyoshi Oba,* Masataka Sata,* Masao Takahashi,* Yuji Yamamoto,* Yasuo Terauchi,’
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Yasunobu Hirata®
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University of Tokyo, Tokyo, Japan; and "National Cardiovascular Center Research Institute, Osaka, Japan

Growth hormone and IGF-1 have been suggested to have tissue-protective effects. Ghrelin is a stomach-derived growth
hormone secretagogue. The effects of ghrelin on ischemia/reperfusion-induced renal failure in mice were examined. Ischemic
acute renal failure was induced by bilateral renal artery clamping for 45 min and reperfusion for 24 h. Ghrelin (100 pg/kg
mouse) or vehicle was injected subcutaneously six times before surgery and three times after surgery every 8 h. Twenty-four
hours after reperfusion, the right kidney was isolated and perfused. Acetylcholine (ACh)- and adrenomedullin-induced
endothelium-dependent vasorelaxation of renal vessels significantly improved in ghrelin-pretreated mice (%4 renal perfusion
pressure by 1077 M ACh ~63.5 = 3.7 versus —41.2 £ 5.5%; P < 0.05). This change was associated with significant increases of
nitric oxide release in the kidneys of ghrelin-treated mice (1077 M ACh 35.5 = 5.8 versus 16.9 = 3.5 fmol/g kidney per min; P <
0.05). Serum concentration of urea nitrogen (53 % 7 versus 87 + 15 mg/dl; P < 0.05) and renal injury score were significantly
lower in the ghrelin group (2.5 = 0.8 versus 5.3 * 1.5; P < 0.01). Tubular apeptotic index was significantly lower in the ghrelin
group (5 = 5 versus 28  4; P < 0.05). Furthermore, the survival rate after the 60-min ischemic period was higher in the ghrelin
group (80 versus 20%; P < 0.05). Ghrelin treatment significantly increased the serum level of IGF-1. However, such renal
protective effects of ghrelin on ischemia/reperfusion injury were not observed in insulin receptor substrate-2 knockout mice.
These results suggest that ghrelin may protect the kidneys from ischemia/reperfusion injury and that this effect is related to

an improvement of endothelial function through an IGF-1-mediated pathway.
J Am Soc Nephrol 17: 113121, 2006. doi: 10.1681/ASN.2004080626

hrelin has a growth hormone (GH)-releasing effect. It
was first isolated from the stomach and is known as

2 an endogenous ligand for GH secretagogue receptor
(GHSR) (1). Ghrelin is a peptide of 28 amino acids with an
n-octanoyl modification at serine-3, and this modification is
closely related to its physiologic activity. Studies in healthy
volunteers have shown that ghrelin increases the cardiac index
and stroke volume and decreases the mean arterial pressure.
These effects were associated with upregulation of GH and
IGF-1 (2). Ghrelin also has beneficial effects on left ventricular
systolic function and energy metabolism in severe heart failure
and improves cardiac cachexia (3-5). GH and IGF-1 improve
severe heart failure caused by dilated cardiomyopathy and
ischemic heart disease (6-8). These findings suggest that the
cardiac effect of ghrelin is exerted through an increase of GH
release. There have also been reports on the renal protective
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effects of GH and IGF-1 against various types of renal damage
(9), although several other reports did not confirm this effect
(10). As for the renal protective mechanism, induction of nitric
oxide (NO) and ¢GMP in the kidney by GH and IGF-1 were
suggested to improve renal circulation (11,12).

It is still controversial whether ghrelin has a GH-independent effect
oncardiovascular function. GHSR widely distributes and exists in the
heart and vessels (13). Moreover, intra-arterial infusion of ghrelin in
healthy individuals dose-dependently increased blood flow without
changes in serum IGF-1 concentration (14), indicating the possibility
of a direct cardiovascular action of ghrelin.

Despite the reports on the cardiac effects of ghrelin, there are no
data on the protective effect of ghrelin in organs other than the heart.
In this study, we investigated whether ghrelin improved ischemic
acute renal failure (JARF) and whether ghrelin influenced vascular
endothelial function in mice. Furthermore, to explore the role of IGF-1
in the effects of ghrelin, we studied the effects of ghrelin in insulin
receptor substrate-2 (IRS-2) knockout (KO) mice.

Materials and Methods
Animals

All studies were performed in concordance with the university
guidelines for animal experiments. Adult male BALB/C mice that
weighed 30 to 35 g were obtained from Charles River Laboratories

ISSN: 1046-6673/1701-0113
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(Yokohama, Japan). The IRS5-27/~ mice were maintained on the original
C57BL6/CBA hybrid background and were prepared by IRS-27/~
mouse intercrosses (15).

iARF

iARF was induced in 8- to 12-wk-old BALB/C and IRS-2~/~ mice as
described elsewhere (16). In brief, after anesthesia with pentobarbital
(40 mg/kg, intraperitoneally), a middle abdominal incision was made
and bilateral renal arteries were clamped for 45 min. After declamping,
we confirmed the restoration of renal blood flow and closed the inci-
sion. Twenty-four hours after the start of reperfusion, 1.0 ml of blood
was drawn to measure the serum level of blood urea nitrogen (BUN),
creatinine, and IGF-1. Thereafter, the right kidney was used for isolated
perfusion and the left kidney was used for histologic examination and
analysis of renal tubular cells apoptosis.

Administration of Ghrelin

Rat ghrelin was obtained from the Peptide Institute (Osaka, Japan).
Ghrelin (100 ug/kg mouse) was dissolved in 0.9% saline that contained
BSA and was subcutaneously injected six times before ischemia every
8 h and three times after ischemia. An equal volume of the vehicle was
injected into the control mice. To confirm the rationality of our protocol,
we also examined ghrelin’s effect after a single injection given just
before ischemia and 8 h after reperfusion.

Isolated Perfused Kidney

Male BALB/C and IRS-27/" mice that were treated with vehicle or
ghrelin were anesthetized with pentobarbital (40 mg/kg, intraperito-
neally), then the right kidney was isolated and perfused as described
previously (17). In brief, after an abdominal incision, a 24-G needle was
inserted into the right renal artery and then renal perfusion was started
with Krebs-Henseleit buffer. The buffer was saturated with 95% O,/5%
CO, and contained 107° mol/L angiotensin II and 107° mol/L indo-
methacin to maintain the renal perfusion pressure (RPP) at approxi-
mately 100 mmHg. After a 60-min equilibrium period, graded doses of
acetylcholine (ACh; 107 to 10™7 M) and adrenomedullin (AM; 1071 to
1077 M) were added to the buffer at 10-min intervals, and RPP was
monitored through a pressure transducer (Datex-Ohmeda KK, Tokyo,
Japan). The renal vein was also cannulated to drain the perfusate into
the NO assay system.

Measurement of NO Released from Kidney

We measured NO concentration in the perfusate from the renal vein
using a chemiluminescence assay as described previously (17-19). The
venous effluent was introduced into a rotatory mixer with a chemilumi-
nescence assay probe of 10 mmol/L H,0, 18 mmol/L recrystallized
luminol, 2 mmol/L potassium carbonate, and 150 mmol/L desferrioxam-
ine. The mixture of the perfusate and probe then entered a chemilumines-
cence detector. The chemiluminescent signal was measured continuously
and was recorded using a pen recorder. The NO signal was calibrated
using an NO solution. NO release was normalized by kidney weight and
expressed as femtomoles per minute per gram of renal tissue.

Measurement of cGMP Level in the Mouse Kidney

After the NO measurement, we perfused the kidney for 15 min with 1079
M AM through the renal artery. Then the kidneys were homogenized in 4%
TCA (pH 4.0) on ice. After centrifugation, the supernatant was extracted four
times with water-saturated ether and then evaporated. The pellets were re-
dissolved in a buffer solution. The <GMP content was assayed using an ELISA
kit according to the manufacturer’s recomumendation (Amersham Biosciences
Corp., Piscataway, NJ) (20).

J Am Soc Nephrol 17: 113-121, 2006

Histologic Studies

Tissue samples were fixed in 4% paraformaldehyde and embedded
in paraffin. We obtained 5-mm sections and stained them with the
periodic acid-Schiff reagent. We conducted a semiquantitative histo-
logic analysis. Twenty tubules or glomeruli in each kidney were ran-
domly selected at a X400 magnification, and the degree of renal dam-
age was scored using the scoring system for renal injury reported by
Solez et al. (21). We calculated the mean renal injury score in each
mouse and then averaged the scores for each group. The sections were
examined by a pathologist in a blinded manner. We examined the
tissues for the presence of expansion of Bowman’s space, interstitial
edema, epithelial detachment, and tubular cells casts. Renal morpho-
logic changes were graded on a scale of 0 to 3+: 0, normal; 1+, slight;
2+, moderate; and 3+, severe.

Detection of Apoptotic Cells

To examine the antiapoptotic effect of ghrelin, we performed termi-
nal deoxynucleotidyl transferase mediated dUTP nick end-labeling
(TUNEL) staining of renal tubular cells. Nuclei were also counter-
stained with propidium iodine and mounted with ProLong Antifade
Kit (Molecular Probes, Eugene, OR). The sections were observed using
a confocal microscope (FLUOVIEW FV300, Otympus, Tokyo). The ap-
optotic index was calculated as the number of TUNEL-positive nuclei
per high-power field (x400).

Survival Rate of Mice with iARF

To examine the effect of ghrelin on the survival of mice with ARF, we
prolonged the duration of renal arterial clamping from 45 to 60 min.
After removal of the clamp, we closely observed the mice during a 36-h
reperfusion period.

Statistical Analyses

All data are expressed as the mean value * SEM. Statistical compar-
isons were made by ANOVA followed by the Student-Neumann-Keuls
test. To compare renal injury scores, we used the nonparametric
Kruskal-Wallis test. The survival rate of mice after 60 min of ischemia
and 36 h of reperfusion was estimated with the Kaplan-Meier method.
P < 0.05 was considered statistically significant.

Results
Effects of Ghrelin on Renal Vascular Endothelial Function

Body weight, kidney weight, and RPP of the four groups of
mice are summarized in Table 1. Bilateral kidneys from
BALB/C mice were macroscopically normal. The kidney
weight was significantly greater in iARF mice than in sham-
operated mice. Baseline RPP in the iARF group was higher than
in the sham-operated group. Vehicle-treated mice with iARF
showed significantly higher RPP than ghrelin-treated mice with
iARF (Table 1).

The effect of ACh and AM on RPP and NO release in the four
groups are shown in Figure 1. They lowered RPP of kidneys in all
groups in a dose-dependent manner. The endothelium-dependent
vasodilatory effect of them was significantly greater in the sham-
operated mice than in the iARF mice. In sham-operated mice,
ghrelin did not modify the renal vascular response. However, in
1ARF mice, treatment with ghrelin significantly increased ACh-
and AM-induced vasodilation. The ACh- and AM-induced NO
release from the kidney was greater in the ghrelin group of iARF
mice than in the vehicle group (Figure 1).
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Table 1. Baseline characteristics of mice that had iARF and were treated with vehicle or ghrelin®

Baseline RPP

1 BW (g) KW (g) KW/BW (%) (mmHg)
BALB/C
sham + vehicle 8 276 = 2.6 0.137 = 0.042 0.496 = 0.125 796 =55
sham + ghrelin 8 28.6 = 2.1 0.132 = 0.058 0.462 = 0.117 87.6 = 4.2
iARF + vehicle 8 259 3.5 0.173 = 0.079° 0.668 = 0.098° 110.3 £ 10.9¢
iARF + ghrelin 8 278+22 0.159 = 0.059¢ 0.572 = 0.143¢ 95.3 = 7.5%f
IR5-2 KO
iARF + vehicle 4 295 %21 0.158 = 0.009 0.54 = 0.04 110.6 = 5.4
iARF + ghrelin 4 288 0.8 0.165 = 0.006 0.57 = 0.03 111.3 %75

Walues are means = SEM. BW, body weight; KW, kidney weight; RPP, renal perfusion pressure; KO, knockout.
°P < 0.05 versus sham + vehicle.
°P < 0.01 versus sham + vehicle.
4P < 0.05 versus sham + ghrelin.
¢P < 0.05 versus iARF + vehicle.
P < 0.01 versus sham + ghrelin.
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Figure 1. Effects of acetylcholine (ACh; A) and adrenomedullin (AM; B) on renal perfusion pressure (RPP) and nitric oxide (NO)-releasing
activity in the vehicle, ghrelin, vehicle-ischemia/reperfusion (I/R) and ghrelin-I/R groups. NO concentration in the venous effluent was
measured by luminol chemiluminescence assay. *P < 0.05 versus vehicle; *P < 0.05 versus vehicle-I/R. Bars indicate means * SEM; 1 = 8.

To examine the involvement of the NO-cGMP pathway, we interstitial edema, and many tubular cell casts. Bowman's space
measured cGMP in the kidneys of mice in the two groups. The  was also remarkably expanded. The kidneys of the mice that
renal content of cGMP was significantly greater in the ghrelin  were administered ghrelin were also damaged, but the extent of
group (Figure 2). the injuries was less than that of injuries observed in the control

mice. The renal injury scores of the four groups are shown in
Effects of Ghrelin on Ischemin/Reperfusion Injury of the Kidney Figure 4. The ischemia/reperfusion (I/R) procedures resulted

None of the mice died of iARF when the renal arteries were  in significantly greater increases in the injury scores, and ad-
clamped for 45 min. Figure 3 shows the renal histology stained = ministration of ghrelin reduced renal damage (vehicle 0.6 = 0.1,
with periodic acid-Schiff reagent. In the vehicle group, remark-  vehicle I/R 3.3 = 1.5, ghrelin 0.5 = 0.1, ghrelin I/R 2.5 = 0.8).
able damage, particularly in the tubuli, was observed. Renal The result of these histologic studies was supported by the
damage included detachment of epithelial cells of the tubuli, measurement of renal excretory function. Twenty-four hours
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Figure 2. <GMP production in isolated kidneys from mice. The
kidneys were stimulated with 107® M AM, and cGMP extracted
from the kidneys was measured by ELISA. Bars indicate
means = SEM; i = 8.
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Figure 3. Photographs of renal tissue stained with periodic
acid-Schiff reagent. Tubular cell casts, interstitial edema, epi-
thelial detachment, and expansion of Bowman’s capsule were
observed in the kidneys that were treated with vehicle or
ghrelin.

after reperfusion, the concentration of serum BUN and creati-
nine was markedly elevated in the two I/R groups. The degree
of impairment of renal function was significantly smaller in the
ghrelin group than in the vehicle group (Figure 5). When we
injected ghrelin just before ischemia and 8 h after reperfusion,
the serum levels of BUN and creatinine and the renal injury
score increased in the two groups, and there were no significant
differences between the two groups (BUN 181 = 21 versus
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Antiapoptotic Effect of Ghrelin

Figure 6 shows apoptosis of renal tubular cells detected by
the TUNEL staining method. In both groups with I/R-induced
renal injury, apoptosis of proximal tubular cells was particu-
larly prominent. However, administration of ghrelin resulted in
a significantly decreased number of apoptotic cells in the kid-
neys, as compared with vehicle administration.

Survival Rate of Mice with iARF

When the renal arterial clamping period was 45 min, none of
the mice died. However, after 60 min of ischemia, most mice
that were administered the vehicle solution died by 36 h after
reperfusion. Treatment with ghrelin substantially increased the
survival of the mice (Figure 7).

Effect of Ghrelin on the IGF-1/IRS Pathway

To explore the mechanism for the renal protective effect of
ghrelin, we examined the direct vascular effect of ghrelin. How-
ever, ghrelin did not substantially influence the vascular tone in
the isolated aorta or isolated perfused kidney. We also exam-
ined the effect of ghrelin on apoptosis of cultured human
umbilical vein endothelial cells caused by serum deprivation.
We did not detect an antiapoptotic action of ghrelin in cultured
cells (data not shown).

Next, we examined the indirect effects of ghrelin. Because
ghrelin may upregulate IGF-1 via stimulation of GH, we mea-
sured serum IGF-1 concentration in these mice. Furthermore, to
examine the role of the IGF-1/IRS pathway in ghrelin-induced
renal protection, we repeated the same experiment using IRS-2
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Figure 6. Photographs of apoptotic tubular cells and the num-
bers determined by terminal deoxynucleotidyl transferase me-
diated dUTP nick end-labeling (TUNEL) technique. TUNEL-
positive cells are shown in yellow. Bars indicate means = SEM;
n =8
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Figure 7. Survival rates of mice after ischemic acute renal failure
(1ARF) induced by 60 min of clamping of bilateral renal arteries
in the vehicle and ghrelin groups. *P <0 0.03 versus vehicle-1/R;
n = 10.

KO mice. As a result, serum IGF-1 concentration was signifi-
cantly higher in the ghrelin group than in the vehicle group
(Figure 8).

Ischemia for 45 min and reperfusion for 24 h caused 1ARF
also in IRS-2 KO mice. Serum BUN and creatinine levels were
markedly high in both treated mice. Their levels were slightly
lower in the ghrelin group than in the vehicle group, but the
differences were not statistically significant (Figure 9). With
regard to histologic analysis, both groups of mice showed
marked renal damage. The renal injury scores were almost
similar between the two groups. Furthermore, the baseline
perfusion pressure of the kidney obtained from IRS-2 KO mice
was almost the same between the two groups (vehicle 110.6 =
5.4 versus ghrelin 111.3 = 7.5 mmg; NS). There was no sig-
nificant difference in ACh-induced endothelium-dependent va-
sorelaxation of isolated perfused kidneys between the vehicle-
treated group and the ghrelin-treated group (Figure 9),
indicating lack of renal protective effects of ghrelin in IRS-2 KO
mice.

600 - p<0.05

300

400

300 4

-1 (ng/mly

+
v

2040 -

Serum I

104 +

Ghrelin

Vehicle

Figure 8. Serum IGF-1 concentrations in vehicle- and ghrelin-
treated mice. Bars indicate means = SEM; 1 = 6.
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Discussion

In this study, we showed that ghrelin improved renal tissue
damage and renal excretory function in the mice with iARF.
These beneficial effects of ghrelin were associated with renal
endothelium-dependent vasodilation and increases in NO/
«GMP formation, suggesting an improvement of vascular en-
dothelial function in the kidneys. However, no favorable effects
of ghrelin were observed in IRS-2 KO mice, although the cir-
culating IGF-1 level was significantly increased by ghrelin ad-
ministration.

The detailed mechanisms by which ghrelin mitigates iARF
are not clear. Previous reports showed that ghrelin treatment
increased serum GH and IGF-1 concentrations (2,5) and that
GH and IGF-1 exerted a tissue-protective action through endo-
thelial NO formation (11,12). IGF-1 releases NO via activation of
phosphatidyl inositol-3 kinase (PI3K) and its downstream ef-
fector Akt (22-24). Before activation of PI3K, it is necessary that
IGF-1 bind to IGF-1 receptor and phosphorylates IRS (25). The
IRS proteins are phosphorylated by insulin and IGF-1 stimula-
tion, and four members of this family have been identified
{(IR5-1, IRS-2, IRS-3, and IRS-4). Through the analysis of IRS KO
mice, IR5-1 and IRS-2 have been found to play major roles in
the determination of insulin resistance. It has been shown that
insulin resistance in IRS-1 and IRS-2 KO mice was related to the
skeletal muscle and the liver, respectively (15,26). These IRS
proteins are thought to exert a compensatory effect (27). The
functions of these IRS proteins in the kidney have not been
investigated fully as yet. However, it was reported that the
expression level of IRS-2 mRNA in the kidney was more abun-
dant than that of IRS-1 (28). Moreover, it has been suggested

that IRS-2 but not IRS-1 may have a vascular protective effect
on neointimal formation when the artery is mechanically in-
jured (29). Therefore, we used IRS-2 KO mice to investigate
whether the renal protective effect of ghrelirn, especially at the
vascular level, depended on the IGF-1/IRS-2 signaling path-
way. The results showed that ghrelin had no effect on iARF in
IR5-2 KO mice. The isolated kidneys of IRS-2 KO mice with
iARF showed markedly attenuated responses to ACh. It is
possible that insulin resistance in IRS-2 KO mice interferes with
the responses to ghrelin independent of its GH stimulation.
However, serum levels of BUN and creatinine and the renal
injury score were the same in the vehicle and ghrelin treatment
groups, suggesting that not only endothelium-dependent but
also endothelium-independent actions of ghrelin may be al-
tered in the IRS-2 KO mice. Furthermore, ghrelin improved
endothelial function and renal function in iARF mice, which
showed marked endothelial dysfunction. Although it is not
clear whether IRS-1 has compensatory effects in the kidney, our
results suggest that the signaling pathway between IGF-1 and
IRS-2 plays a critical role in the renal protective effect of ghrelin.
However, a GH/IGF-1-independent cardiovascular effect of
ghrelin has also been suggested. Wiley ef al. (30) reported that
ghrelin had a vasodilatory effect on the isolated human internal
mammary artery precontracted with endothelin-1 and that its
effect was endothelium-independent. Moreover, subcutaneous
injection of ghrelin for 3 wk improved ACh-induced vasodila-
tion in GH-deficient rats, indicating a GH-independent action
of ghrelin on the vascular endothelium. Physiologic activity of
ghrelin is mediated by an interaction between ghrelin and
GHSR (1). Recently, several groups reported that GHSR existed
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in the pituitary, myocardium, aorta, and kidney and that var-
ious tissues, including the kidney, expressed the ghrelin gene
(13). Furthermore, Mori et al. (31) reported that ghrelin was
produced locally in the kidney, suggesting a direct effect of
ghrelin on the kidney. However, in this study, we failed to
show an improvement of renal function in IRS-2 KO mice by
treatment with ghrelin. Thus, it is highly likely that the effect of
ghrelin on the kidney is largely mediated by an IGF-1 signaling
pathway.

The most rational dosage of ghrelin is still unclear. In this
study, to examine whether this therapeutic regimen is rational,
we injected ghrelin six times before and three times after isch-
emia. This injection schedule was based on the report by Na-
gaya ef al. (5), in which they examined the effects of ghrelin in
rats with heart failure and showed the cardiac-protective effect
of ghrelin. Thus, we think that only one injection is not suffi-
cient to protect renal function from iARF and the treatment
protocol that was used by our group and others is appropriate
to protect ischemic organ damage. It is possible that the con-
tinuous effect of ghrelin during the reperfusion period may be
essential.

In this study to investigate the beneficial effect of ghrelin on
renal endothelium-dependent vasodilation, we stimulated iso-
lated perfused kidneys with ACh and AM. ACh and AM are
known to have an endothelium-dependent vasodilating action,
and we have already shown that AM induced vasorelaxation in
an endothelium-dependent manner via the NO-cGMP pathway
(16,32). In this study, we showed that treatment with ghrelin
improved endothelium-dependent vascular responses to ACh
and AM, but we did not observe a direct vasodilatory action of
ghrelin in the renal artery of the isolated kidney. It seems well
established that improvement of endothelial function is associ-
ated with an improvement of I/R injury at least in rodents
(33,34). These results indicate that the renal protective effects of
ghrelin may be mediated by an improvement of endothelial
function through an IGF-1 signaling pathway.

Induction of apoptosis is one of the major causes of tissue
damage after I/R injury (35,36). Several reports pointed out the
existence of apoptotic cells and upregulation of Fas after I/R
injury, particularly apoptosis of renal tubular epithelial cells
(37). Inhibition of cellular apoptosis by ghrelin itself has not
been investigated. However, the antiapoptotic activity of IGF-1
has been reported in various models, such as the unilateral
ureteral obstruction model, ultraviolet radiation model, and
[/R injury model (22,36,38). It is known that the tissue-protec-
tive effects of GH and IGF-1 are mediated by the PI3K/Akt
pathway (22). Activated PI3K/Akt increases the release of NO
and shows various effects, including antiapoptotic activity
(23,24). Ghrelin binds to GHSR and upregulates the GH con-
centration in an intracellular calcium-dependent manner, re-
sulting in increases of the serum IGF-1 level. In this study,
ghrelin increased the serum level of IGF-1 and decreased the
number of apoptotic renal tubular cells after I/R injury. It is
possible for ghrelin to act as a tissue survival factor through the
IGF-1/IRS-2 signaling pathway such as vascular endothelial
growth factor, which also activates PI3K/Akt.

Our assay system is based on the chemiluminescent reaction
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of organ-derived NO with the luminol-H,0, systemn, and this
chemiluminescence is due to the formation of peroxynitrite
from NO and H,O,. In previous studies (18,19), to confirm
whether the changes of chemiluminescence and RPP were re-
lated to endothelium-derived NO, we examined the effect of
inhibition of endothelial function using CHAPS, deoxycholic
acid, or L-NMMA.. After infusion of either agent, ACh-induced
NO signal and vasorelaxation were diminished. However, in-
fusion of exogenous NO increased NO chemiluminescence and
decreased RPP. To exclude the possibility of superoxide as a
precursor of peroxynitrite, we infused superoxide dismutase,
but this caused no significant changes in chemiluminescence,
denying the possibility of the involvement of organ-derived
superoxide. Furthermore, there was a lag time of 5 to 15 s to
mix the venous effluent and chemiluminescence agents. This
lag time was too long for superoxide or a hydroxyradical but
not for NO to be detected. Therefore, this assay system sensi-
tively detected endothelium-derived NO production but not
superoxide.

To demonstrate the effect of ghrelin on iARF, we used an I/R
model. In vivo tissue injury induced by I/R is believed to be
mediated by local inflammation and various inflammatory cy-
tokines such as TNF-a and IL-1B. In addition, the production of
reactive oxygen species in the kidney during reperfusion is
suggested. Very high concentrations of NO, usually derived
from inducible NO synthase (iNOS), are also considered to be
toxic. The involvement of INOS expression in iARF is still a
matter of controversy. In a previous study, we did not detect
iNOS expression in the kidneys with i{ARF from rats (33). One
group investigated the antioxidant effect of ghrelin using an
[/R model of the isolated rat heart. In that study, ghrelin
suppressed the production of malondialdehyde, one of the
markers of oxidative stress, in the myocardium in a dose-
dependent manner (39). It has been reported that NO has a
renal protective effect against superoxide anion (40,41). AM-
induced cGMP production in the kidney with iARF was in-
creased by ghrelin, suggesting an increase in NO availability
and a decrease in oxidative stress. Further studies are required
to clarify whether ghrelin itself or IGF-1-mediated NO release
has an antioxidant activity in the kidney.

In conclusion, 45 min of ischemia and 24 h of reperfusion
induced severe iARF in mice. However, administration of gh-
relin before and during ischemia improved vascular endothe-
lial function and renal excretory function and decreased the
renal tissue damage and apoptosis of the tubular cells. The
increment of IGF-1 and the subsequent activation of the IGF-1
signaling pathway play more important roles regarding the
renal protective effect of ghrelin than the direct effect of ghrelin.
Moreover, ghrelin has an appetite-increasing activity (42) and
exerts some other favorable actions on energy metabolism,
particularly in the anorexic condition, implicating a clinical
application of this peptide in patients with i{ARF.
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