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An abnormal eating behavior is often associated with diabetesmellitus in individuals. In the
present study, we investigated the mechanisms underlying the relationship among
uncontrolled diabetes, food intake, and the production of ghrelin, an orexigenic hormone,
in spontaneous diabetic Torii (SDT) rats. Male SDT rats and age-matched control Sprague-
Dawley (SD) rats were housed from 8 to 38 weeks of age. Body weight and daily food intake
were measured weekly, whereas blood and whole stomach samples were obtained at the
age of 8, 25, and 38 weeks in both SDT and SD rats. The SDT rats at both 25 and 38 weeks of
age demonstrated significantly lower body weights despite almost doubled food
consumption compared with the SD rats of the same age. The SDT rats showed overt
hyperglycemia at 25 and 38 weeks of age with concomitant hypoinsulinemia. The plasma
active ghrelin levels and the ratio to total ghrelin levels of SDT rats at 38 weeks of age were
significantly higher than those of SD rats of the same age. Stomach ghrelin and ghrelin O-
acyltransferase messenger RNA expression levels were higher in SDT rats than in SD rats
after the induction of diabetes, with a concomitant decrease of stomach ghrelin-
immunopositive cell numbers in SDT rats at 38 weeks of age. The SDT rats with
uncontrolled hyperglycemia show hyperphagia with a concomitant increase of plasma
active ghrelin concentration. This report is the first to clarify the relevance of ghrelin to
hyperphagia in diabetic state over an extended period.
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1. Introduction

Diabetic hyperphagia has the potential to hinder the success
of following dietary advice. A modest number of patients with
type 2 diabetes mellitus, from 5% to 21%, are estimated to
have an abnormal eating behavior [1,2]. However, to date, the
mechanisms relating how and the reason why hyperphagia is
relevant to patients with diabetes mellitus have not been
fully elucidated.

Ghrelin, originally identified as a growth hormone secre-
tagogue, is an orexigenic gut hormone. It is a 28-amino-acid
peptide produced by the X⁄A-like endocrine cells in the oxyntic
glands of the gastric fundus [3,4]. The biological activities of
ghrelin require octanoylation of the peptide on Ser3, an
unusual posttranslational modification that is catalyzed by
the enzyme ghrelin O-acyltransferase (GOAT) [5,6].

Increased ghrelin signaling has been shown to contribute
to the pathogenesis of diabetic hyperphagia [7,8] using
streptozotocin-induced diabetic rat models with an obser-
vation period of 14 days or less, presumably due to the
difficulty of maintaining the animals in the absence of
insulin treatment. As central and peripheral administration
of insulin in rats is known to suppress food intake and
decrease neuropeptide Y messenger RNA (mRNA) [9], a
model using treatment with insulin injection is not appro-
priate for investigating the appetite and eating disorders in
the diabetic state.

However, a new inbred strain, the spontaneously diabetic
Torii (SDT) rat, survives for extended periods of time
characterized by hyperglycemia and hypoinsulinemia in
the absence of ketonuria without insulin treatment [10]
and thus can serve as a model of nonobese type 2 diabetes
mellitus. As no exploratory study has been performed to
date for the long-term involvement of ghrelin in eating
behavior, we investigated this mechanism using SDT rats in
the present study.
2. Methods

2.1. Animals and protocols

Male SDT rats (Japan SLC, Tokyo, Japan) and age-matched
male Sprague-Dawley (SD) rats, used as controls, were housed
in a controlled room under light conditions (lights on from
7:00 AM to 7:00 PM) with ad libitumaccess to standard laboratory
chow and water from 8 to 35 weeks of age. The body weight
and daily food intake of the rats were measured once a week
throughout study period. The SDT and SD (n = 8, respectively)
rats were euthanized at 8, 25, and 38 weeks of age; and blood
and whole stomach samples were obtained. All experiments
were conducted in accordance with the Regulation for Animal
Experimentation in Kurume University.

2.2. Blood sampling and biochemical analysis

Blood samples were obtained via heart puncture into fluoride
tubes for blood glucose, EDTA-2Na tubes for insulin and leptin
measurement, and EDTA-2Na tubes with aprotinin for ghrelin
analysis. After centrifugation (3500 rpm for 15minutes at 4°C),
plasma glucose was measured using a standard method; and
the plasma insulin and leptin concentrations were measured
using an enzyme-linked immunosorbent assay with commer-
cially available kits (Morinaga Biochemical Research Labora-
tory, Yokohama, Japan).

2.3. Radioimmunoassay for ghrelin

Plasma samples for ghrelin were prepared by adding HCl
(final concentration of 0.1 N) followed by extraction using a
Sep-Pak C18 cartridge (Waters, Milford, MA) [4,11]. The
eluate was lyophilized and stored at −80°C until the assay
was performed. Stomach samples were extracted following
homogenization. The supernatants were centrifuged for 15
minutes at 15 000 rpm, lyophilized, and stored at −80°C until
the assay was performed.

Lyophilized samples were dissolved in radioimmunoas-
say (RIA) buffer on the day of assay. Ghrelin RIAs were
performed as previously described [12,13] using 2 rabbit
antisera against the N-terminal (Gly1-Lys11 with O-n-
octanoylation at Ser3) or C-terminal (Gln13-Arg28) fragments
of rat ghrelin to determine either the active form or total
amount of peptide.

2.4. Immunohistochemistry of ghrelin-immunopositive
cells in the stomach

The stomach samples were prepared for immunohistochem-
ical analysis as described previously [14] using a rabbit anti-O-
ghrelin antiserum (the same antiserum used for the ghrelin
RIA as described above). The number of ghrelin-immunopo-
sitive cells (ip-ghrelin cells) per unit area of mucosal area
(square millimeter) was counted using the Meta Morph
software system (Molecular Devices, Tokyo, Japan).

2.5. Reverse transcriptase polymerase chain reaction for
mRNAs of ghrelin and GOAT

The expression levels of mRNA for ghrelin and GOAT in
stomachs of rats were examined using semiquantitative
reverse transcriptase polymerase chain reaction (PCR) as
described previously [15]. The PCR was performed using a
commercially available PCR kit (Go-Taq Master Mix; Promega,
Madison, WI, USA) with each primer set necessary to amplify
the transcripts for ghrelin (accession no. NM_021669, 32
cycles) and GOAT (accession no. NM_001107317, 36 cycles).
The National Institutes of Health Image (http://rsb.info.nih.
gov/nih-image">http://rsb.info.nih.gov/nih-image">http://
rsb.info.nih.gov/nih-image) program was used to determine
the relative amount of each PCR product after gel electropho-
resis, and the amount was normalized using the simulta-
neously amplified β-actin.

2.6. Statistical analysis

All tests were performed using SAS version 9.2 (SAS Institute,
Cary, NC). Data are presented as the mean ± SD. Two-way
analysis of variance followed with a post hoc test (Dunnett
test) was used for the comparisons of the data obtained from 3
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groups of rats with different ages. For the comparisons of the
data between SD and SDT rats of the same age, Student
unpaired t test was used for parametric data; or Mann-
Whitney U test was used for nonparametric data. A P value <
.05 was considered to be statistically significant.
3. Results

3.1. Body weight, daily food intake

The body weight of the SDT rats was significantly lower than
that of the SD rats, despite a significantly larger amount of
food intake, at both 25 and 38 weeks of age. Furthermore, in
SDT rats, the daily food consumption at 38 weeks of age
exceeded that at 25 weeks of age (Table 1).

3.2. Plasma concentrations of glucose, insulin, and leptin

Nonfasting plasma glucose concentrations of SDT rats at both
25 and 38 weeks of age were significantly higher than those of
SD rats of the same age, respectively. At both 25 and 38 weeks
of age, the plasma insulin and leptin concentrations of SDT
rats were significantly lower than at 8 weeks of age and
significantly lower than those of SD rats of the same age,
respectively (Table 1).

3.3. Plasma and stomach levels of active ghrelin, total
ghrelin, and the ratio of active ghrelin to total ghrelin

The plasma active ghrelin levels of SDT rats were significantly
higher than those of SD rats at 38 weeks of age, whereas
plasma total ghrelin levels in SDT rats were significantly lower
compared with those of SD rats at 25 weeks of age.
Consequently, at 38 weeks of age, the plasma ratios of active
ghrelin to total ghrelin levels (A/T ratios) in SDT rats were
significantly higher than those of SD rats.

Both active and total ghrelin contents in the stomach of
SDT rats were significantly lower than those of SD rats at both
25 and 38 weeks of age. However, the stomach A/T ratios of
SDT rats were significantly higher compared with those of SD
rats at 25 and 38 weeks of age (Fig. 1).
Table 1 – Comparisons of parameters between SD and SDT rats

Age
(wk)

Body weight (g) Food intake (g/d) Glucos

SD 8 240.0 ± 7.1 (231.2-248.8) 27.6 ± 2.1 (25.0-30.2) 9.65 ± 0.56
25 642.5 ± 26.6 ⁎ (620.3-664.7) 29.5 ± 2.2 (26.9-32.2) 9.32 ± 0.91
38 619.0 ± 66.4 ⁎ (549.0-689.0) 28.4 ± 1.5 (26.6-30.2) 9.61 ± 0.31

SDT 8 302.1 ± 39.8 (265.4-338.9) 29.9 ± 1.2 (28.7-31.1) 9.04 ± 0.53
25 454.3 ± 41.6†,‖ (415.8-492.7) 45.5 ± 5.8 †,‖ (38.4-52.7) 28.45 ± 2.07
38 414.2 ± 10.0†,‖ (403.8-424.5) 55.8 ± 5.9†,§,‖ (48.4-63.1) 30.02 ± 1.26

Values are presented as means ± SD. Ninety-five percent confidence inte
⁎ P < .001 vs 8-week-old SD rats.
† P < .001 vs 8-week-old SDT rats.
‡ P < .05 vs 8-week-old SDT rats.
§ P < .05 vs 25-week-old SDT rats.
‖ P < .001 vs SD rats at the same age.
3.4. Distribution of ghrelin-producing cells in the stomach

Ghrelin-immunopositive cells in the stomachs of both SD
and SDT rats at 8 and 38 weeks of age were sparsely
distributed in the lower part of the gastric mucosal layer,
where they were moderately abundant. At 38 weeks of age,
the number of ip-ghrelin cells per unit area of the stomach
mucosa in SDT rats was significantly lower than that in SD
rats (Fig. 1).

3.5. Stomach expression levels of ghrelin and
GOAT mRNA

The relative mRNA levels of ghrelin in the stomach, corrected
to β-actin levels, in SDT rats were significantly (P < .05) higher
at both 25 and 38 weeks of age (1.17 ± 0.12 and 1.81 ± 0.31,
respectively) compared with those in SD rats at the same
ages (1.02 ± 0.04 and 1.38 ± 0.20, respectively). Concurrently,
the GOATmRNA level was significantly (P < .05) higher in SDT
rats at 38 weeks of age (1.96 ± 0.23) than in SD rats (1.50 ±
0.26). The expression levels of these 2 transcripts were not
significantly different between SD and SDT rats at 8 weeks
of age.
4. Discussion

The major findings of the present study are described below.
First, after the onset of diabetes, SDT rats exhibited a
significant weight loss despite exaggerated food consump-
tion. Second, SDT rats showed overt hyperglycemia at 25
and 38 weeks of age with a concomitant hypoinsulinemia
and hypoleptinemia. Third, the plasma active ghrelin levels
and ghrelin A/T ratio of SDT rats increased after the
induction of diabetes, which was correlated with an increase
of stomach ghrelin A/T ratio and ghrelin and GOAT mRNA
expression levels.

Interestingly, stomach ghrelin contents and ip-ghrelin cell
numbersweredecreased in SDT rats comparedwith control SD
rats, suggesting that active ghrelin was produced de novo in
the stomach. Nevertheless, the increased A/T ratio of stomach
ghrelin content in SDT rats was indicative of an active ghrelin
at each age

e (mmol/L) Insulin (pmol/L) Leptin (ng/mL)

(9.06-10.22) 359.1 ± 123.6 (167.8-720.6) 1.75 ± 0.45 (1.16-2.29)
(8.56-10.07) 991.6 ± 182.4 ⁎ (469.5-1226.4) 5.81 ± 1.25 ⁎ (4.50-7.13)
(9.28-9.93) 879.8 ± 166.2 ⁎ (671.8-1083.6) 5.29 ± 1.65 ⁎ (3.58-7.60)
(8.57-9.69) 340.1 ± 78.8 (68.1-610.7) 2.20 ± 0.51 (1.67-2.73)
†,‖ (26.51-30.33) 73.1 ± 19.3 ‡,‖ (52.8-93.1) 0.94 ± 0.26 ‡,‖ (0.67-1.22)
†,‖ (28.68-31.32) 34.1 ± 1.4 ‡,‖ (31.9-36.3) 0.37 ± 0.08 ‡,‖ (0.28-0.46)

rvals are shown in parentheses.
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Fig. 1 – Plasma and stomach ghrelin contents and the localization of ip-ghrelin cells in the stomachmucosa of SD or SDT rats at
different ages. A to C, Plasma ghrelin concentrations. D to F, Stomach ghrelin contents. A and B,: Active ghrelin. C and D, Total
ghrelin. E and F, Ratio of active ghrelin to total ghrelin. G, Immunohistochemistry of ip-ghrelin cells (scale bar = 100 μm). H, The
number of ip-ghrelin cells (the means of random 20 sections from each rat). White circles with dotted lines and white bars
indicate SD rats, and black circles with solid lines and black bars indicate SDT rats. Data are presented as themean ± SD. *P < .01
vs values from 8-week-old SD rats. †P < .05 vs values from 8-week-old SDT rats. ‡P < .01 vs 8-week-old SDT rats. §P < .01 vs SD
rats at the same age. ¶P < .001 vs SD rats at the same age.
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production tomeet a demand,whichwas further confirmedby
higher levels of ghrelin and GOAT mRNA in stomach of SDT
rats after the induction of diabetes. The increased ghrelin
production in this diabetic model may be a compensatory
mechanism to keep weight stable under conditions of diabetic
malnourishment. Future experiments involving ghrelin an-
tagonists may be helpful to explore this hypothesis.

The hyperphagia observed in SDT rats appears to arise, at
least in part, from deficient hypothalamic signaling by insulin
and leptin, which in turn leads to the activation of neuropep-
tide Y/AgRP (agouti-related protein) neurons [9,16] separate
from the participation of the ghrelin production. Furthermore,
reciprocal relationships exist between ghrelin and insulin and
between ghrelin and leptin in plasma concentration [17].
Notably, the peripheral administration of insulin to diabetic
women suppressed plasma ghrelin concentrations [18].
Whereas the mechanisms involved in ghrelin production in
SDT rats are largely unknown, suppressed insulin or leptin
levels could be one of the possible mechanisms.

In conclusion, SDT rats with uncontrolled hyperglycemia
may serve as a model of hyperphagia often observed in
nonobese patients with type 2 diabetes mellitus. Active
ghrelin production is concerned with diabetic hyperphagia
solely or in concert with the suppression of insulin or leptin.
This report elucidated the relevance of ghrelin to diabetic
hyperphagia in a diabetic state over an extended period.
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