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Abstract
Objective: To investigate the relationship of central and pe-
ripheral ghrelin during an exendin-4 (Ex-4) intervention to 
feeding in obese type 2 diabetic rodents. Methods: Animal 
models of diet-induced obesity (DIO) and type 2 diabetes 
were developed using male Sprague-Dawley rats fed with a 
high-fat diet and induced into DIO-streptozotocin diabetic 
rats. Ex-4 or the glucagon-like peptide-1 (GLP-1) receptor ag-
onist exendin fragment-[9-39] (Ex-9) was intracerebroven-
tricularly (ICV) administered. Multivariate linear regression 
analysis was performed to investigate potential predictors of 
food intake after Ex-4 administration. Results: ICV adminis-
tration of Ex-4 significantly inhibited feeding and decreased 
weight, plasma active ghrelin, hypothalamic ghrelin, and 
gastric ghrelin levels. The changes in hypothalamic ghrelin 
and plasma ghrelin could predict the amount of 8-h average 
food intake. Central preadministration of Ex-9 followed by 
treatment with Ex-4 could inhibit the decrease in feeding at 

0.5, 2, and 8 h. It could also inhibit the decrease in hypotha-
lamic ghrelin at 0.5, 2, and 8 h, as well as in plasma and gastric 
ghrelin at 2 and 8 h. Conclusions: In a GLP-1 receptor-depen-
dent manner, central and peripheral ghrelin play a vital role 
in the inhibition of feeding by Ex-4 administration. Hypotha-
lamic ghrelin, but not plasma ghrelin, may be involved in 
central Ex-4 inhibition of feeding in the very early feeding 
period. © 2020 The Author(s)

Published by S. Karger AG, Basel

Introduction

Glucagon-like peptide-1 (GLP-1), a gut peptide hor-
mone secreted from intestinal L cells, plays an important 
role in feeding regulation and energy metabolism after 
food stimulation. Only 25% of GLP-1 remains active in 
the portal vein, and even less in the systemic blood circu-
lation, due to rapid degradation by the DPP-4 enzyme, 
indicating that GLP-1 may not be able to directly activate 
the central GLP-1 receptor to produce satiety [1, 2]. Ex-
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endin-4 (Ex-4) is a GLP-1 receptor agonist with a half-life 
of several hours, which allows it to bind to the GLP-1 re-
ceptor, widely distributed throughout the brain. Previous 
studies have found that the central GLP-1 pathway is 
more effective than the peripheral GLP-1 pathway in 
terms of feeding regulation, manifested in dramatic inhi-
bition of food intake with much lower doses of GLP-1 [3, 
4]. It has been found that the mechanism by which GLP-
1 inhibits feeding may be related to increased cocaine- 
and amphetamine-regulated transcript mRNA levels and 
reduced neuropeptide Y (NPY)/agouti-related peptide 
mRNA levels in the arcuate (ARC) nucleus [5]. In addi-
tion, Baraboi et al. [6] found that GLP-1 can activate the 
GLP-1 receptor in the paraventricular nucleus, indicating 
that GLP-1 can also regulate feeding through multiple 
targets in the hypothalamus. It is now known that regula-
tion of the hypothalamic feeding and energy metabolism 
involves a variety of nutrients (such as blood sugar), gas-
trointestinal hormones (including GLP-1, ghrelin, etc.), 
and adjacent organ hormones (such as insulin) [7]. There 
may be interactions between these regulators. For exam-
ple, studies have found that blood glucose may be in-
volved in central Ex-4 inhibition of feeding, while cen-
trally secreted GLP-1 neurons are potential targets of 
leptin inhibition of feeding [8, 9].

Growth hormone secretagogue receptors are found in 
many regions, especially within the hypothalamus, main-
ly in the ARC nucleus and ventromedial nucleus. How-
ever, peripheral acylated ghrelin, which is secreted from 
the stomach, reaches these areas with difficulty, due to its 
limited ability to pass through the blood-brain barrier 
[10]. One of the possible explanations is that the center 
also has ghrelin-producing neurons [4, 10–13], but this is 
still under debate. Reports on the distribution of neurons 
secreting ghrelin in the center have varied greatly be-
tween different studies [14–16]. The main issue for those 
who are skeptical about the existence of ghrelin neurons 
in the brain is that studies exhibit a large difference in 
specificity of the various antibodies used to demonstrate 
central ghrelin synthesis. However, the divergence in the 
distribution of ghrelin immune responses seems to reflect 
differences between species and ghrelin-specific epitopes 
rather than a poor specificity of the antibodies [17]. 
Kageyama et al. [18] did not rely on anti-ghrelin antibod-
ies but used transgenic mice, while Ali et al. [19] use a 
perfusion radioimmunoassay. Both studies provide 
strong evidence that ghrelin synthesis exists at least in the 
hypothalamic region. Central ghrelin neurons are distrib-
uted in the ARC nucleus [17]. Many studies have shown 
that central ghrelin also participates in the formation of 

the ARC nucleus’s neural feeding circuit. Ultramicros-
copy immunohistochemistry studies showed that ghre-
lin-containing axons in the ARC nucleus have synaptic 
connections with NPY- or POMC-immunopositive den-
drites, while NPY, orexin, and POMC axon terminals also 
have synaptic connections with ghrelin-containing neu-
rons [13, 20, 21]. Ghrelin-containing neurons can also 
affect food intake indirectly through lateral hypothalam-
ic orexin neurons. Pretreatment with anti-orexin-A and 
-orexin-B IgG in the lateral hypothalamus blocked cen-
tral-ghrelin-induced feeding, followed by a further de-
crease in food intake with NPY receptor antagonists, sug-
gesting that ghrelin can activate NPY or orexin signaling 
pathways to promote feeding [22].

Obviously, the orexigenic peptide ghrelin is at a high 
level, and the anorectic peptide GLP-1 is at a low level, in 
the early feeding period. Previous studies have found that 
peripheral or central administration of Ex-4 significantly 
inhibited food intake, accompanied by a decrease in cir-
culating ghrelin level, and even a decrease in hypotha-
lamic ghrelin level [23, 24]. Ex-4 is by far the strongest 
peptide exerting these effects. However, it is not clear how 
hypothalamic and peripheral ghrelin is inhibiting food 
intake due to Ex-4 intervention. In this paper, we will 
firstly observe the changes in hypothalamic feeding-relat-
ed factors and then investigate the relationship of poten-
tial factors involved during an ICV Ex-4 intervention in 
obese diabetic rodents.

Materials and Methods

Drugs and Chemicals
Streptozotocin (STZ), Ex-4, Ex-9, paraformaldehyde, the ELISA 

kit for acylated ghrelin, and obestatin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The Rabbit Anti-Ghrelin (Rat, 
Mouse) Antibody was from Phoenix Pharmaceuticals Inc. (Bel-
mont, CA, USA). The GT Vision III Anti-Mouse/Rabbit Universal 
Immunohistochemistry Test Kit was from DAKO (Glostrup, Den-
mark). The kits for blood glucose, triglyceride, cholesterol, and in-
sulin were purchased from BHKT Co. (Beijing, China).

Animals
A total of 200 male 3-week-old SPF Sprague-Dawley rats weigh-

ing about 50–60 g were purchased from the Guangdong Animal 
Experimental Center. All rats were kept in a 12/12-h light-dark 
cycle environment at room temperature (18–25  ° C) and a relative 
humidity of 50–80%. They were randomly divided into two groups: 
10 rats were the control group, which was fed with normal chow 
diet (67% carbohydrate, 21% protein, and 12% fat); 190 rats were 
fed with a high-fat diet (41% carbohydrate, 19% protein, and 40% 
fat). Both groups were given free access to food and water. Food 
intake was recorded every day and body weight was monitored 
every other day.
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After 6 weeks of high-fat diet feeding, those rats with a weight 
gain 20% greater than the average body weight of the control group 
were classified as the obese group, and the others were classified as 
the non-obese group [25]. In all, 178 obese and 12 non-obese rats 
were obtained; 41 obese rats entered the diet-induced obesity 
(DIO) group, and the remaining 137 obese rats were further di-
vided by randomly inducing diabetes. The rats fasted for 12 h be-
fore injection. Freshly prepared 1% STZ at 35 mg/kg (0.1 mmol/L 
citrate buffer with pH 4.2) was intraperitoneally (IP) injected. Rats 
with plasma glucose levels exceeding 16.6 mmol/L were classified 
as diabetic rats. Only 5 rats died, and the remaining 132 DIO-STZ 
rats were successfully modeled. They were randomly divided into 
an Ex-4 group (n = 50), an Ex-9 group (n = 40), and a vehicle or 
NS group (n = 40) (Fig. 1).

ICV Cannulation
Anesthetized with 10% chloral hydrate, the rats’ head was fixed 

on the brain stereotaxic instrument. A triangle- or heart-shaped inci-
sion located 3–5 mm under the line connecting the two ears was 
made. Referring to the Paxinos and Watson rat brain stereotaxic co-
ordinates and related literature [26, 27], the 3rd ventricle was located 
2 mm behind the bregma on the sagittal suture and 7.5 mm below 
the surface of the skull. Holes were drilled at the entry point and a 
screw placed, and the three holes formed an equilateral triangle. After 
the screw was placed, the trocar was slowly implanted. The ICV cath-
eter, screw, and skull were tightly bonded with dental cement. After 
the operation, the rats were kept in a single cage, fed freely, and then 
injected with 80,000 U of penicillin for 3 days to prevent infection; 
10 ng angiotensin II (about 1 μL) was injected via the catheter. Water 
consumption of the rats exceeding 30 mL within 30 min was identi-
fied successfully. All rats had their catheters installed successfully, 
and the 3rd-ventricle tubes were unobstructed.

Jugular Intubation
The operation was conducted 1 week before the formal experi-

ment. The rats were anesthetized by 10% chloral hydrate. A longitu-
dinal incision about 1.5 cm long was made at the right side of the 
midline of the neck. The muscles and fasciae were bluntly separated 
by forceps and the jugular vein was stripped out. The distal part of 
the jugular vein was ligated. After the blood vessel was gently held up, 
a 45° oblique incision was made. The cannula was inserted from the 
incision to the proximal end (about 3.5 cm length). The catheter and 
the blood vessel were ligated and fixed. The catheter was taken from 
the anterior cervical incision through the skin to the incision (about 
0.5 cm) on the back of the nape, and the connective tissue and skin 
were sutured. The rats were housed in single cages after the opera-
tion. Two rats died during the operation due to acute blood loss.

Feeding
The rats were fed individually for 24 h with food deprivation 

but no water deprivation. A fasting blood sample was taken 
through the jugular vein cannula at the beginning of the experi-
ment. For the ICV injection experiment, the total volume admin-
istered was 5 μL for each rat. Ex-4 (0.1 μg) [28], pretreated Ex-9 (50 
μg) [23], or vehicle (5 μL of saline) was administered via the cath-
eter at 6: 00 p.m. Food particles weighing 50 g contained in a pre-
prepared small can were placed in the cage. Immediately after ICV 
injection, the amount of remaining food and the blood sample at 
the corresponding time point were collected 30 min and 2, 8, and 
24 h after the beginning of the test.

Plasma Analysis
Blood glucose, triglyceride, cholesterol, insulin, acylated ghrelin, 

and obestatin were measured according to the kit’s manual. Plasma 
samples were kept at –20  ° C until assayed after centrifugation.

Tissue Collection
After being anesthetized, the rats were fixed on the operating 

table for cardiac perfusion. Brain and stomach fundus specimens 
were collected. The samples were fixed separately with 1% parafor-
maldehyde for 6–12 h. The ventral surface of the brain was fixed 
upward on a special brain mold, and the brain regions were sepa-
rated [26]. The center point of the line connecting the gray nodules 
with the optic chiasm was used to determine the hypothalamic tis-
sue, from which 3-mm-thick tissue specimens were cut in the cor-
onary plane. They were taken for routine dehydration, transpar-
ency, and waxing, embedded, and sliced on a glass slide at a thick-
ness of 4 μm, followed by storage at room temperature for 4 h at 
37  ° C.

Immunocytochemistry
The stomach or hypothalamus glass slides were baked at a bak-

ing temperature of 60  ° C for 1–1.5 h and naturally cooled after-
wards. The specimens were deparaffinized in xylene at room tem-
perature for 20 min and then rehydrated using an alcohol gradient. 
The slides were incubated in 0.01 mol/L boiling sodium citrate 
buffer at pH 6.0 for 15 min and then cooled at room temperature 
to reveal the antigen. The samples were incubated with 3% H2O2 
for 20 min to inhibit peroxidase activity, and then blocked with 5% 
goat serum and kept at room temperature for 30 min. The prima-
ry rabbit anti-rat ghrelin antibody was added, followed by incuba-
tion for 24 h at 4  ° C. After having been washed 3 times with PBS, 
the slides were incubated in the secondary antibody for 30 min at 
37  ° C. After 3 washes with PBS, the slides were stained with DAB 
for 5 min and counterstained with hematoxylin for 45 s, then 

Fig. 1. Study flowchart of rat group formation. STZ, streptozoto-
cin; DIO, diet-induced obesity; Ex, exendin.
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rinsed with running water for 5 min. The sections were finally pro-
cessed by alcohol gradient dehydration, xylene soaking, and resin 
blocking. Positive expression of ghrelin in the gastric mucosa or 
hypothalamus was observed under a high-power lens. Three non-
overlapping visual fields were randomly selected. The integral ab-
sorbance of each field’s positive staining was determined by Im-
age-Pro Plus 6.0 software (integrated absorbance = staining inten-
sity × staining area). The calculated average value was used as the 
quantitative index of ghrelin expression in the gastric mucosa or 
hypothalamus of the section.

Statistical Analyses
Statistical analyses were performed using the SPSS 19.0 soft-

ware. The measured data are expressed as mean ± standard devia-
tion. The independent-samples t test was used to compare differ-
ences between two groups, and the paired t test was used to com-
pare differences between baseline (pre-Ex-4 administration) and 
measurements after Ex-4 administration at 8 h. One-way ANOVA 
was applied for the comparison between three groups at each time 
point or time period. Changes in independent variables between 
the DIO-STZ Ex-4, DIO-STZ vehicle, and DIO control group, or 
between the Ex-4, Ex-9/Ex-4, and NS group, were analyzed with 
repeated-measures ANOVA followed by Duncan’s post hoc test-
ing. Pearson’s linear correlation test or Spearman’s rank-order test 
was used to obtain correlations between the change in food intake 
and feeding-related factors according to normality examination by 
Shapiro-Wilk analysis. Associations between changes in average 
food intake and potential predictor variables were evaluated using 
multivariable stepwise linear regression models. p < 0.05 was con-
sidered statistically significant.

Results

Baseline Characteristics of the DIO-STZ and DIO Rats
Both the fasting and the postprandial blood glucose 

levels of the DIO-STZ Ex-4 and DIO-STZ vehicle groups 
were significantly higher than those of the DIO group  
(p < 0.05). The weight of the rats in the DIO-STZ Ex-4, 

DIO-STZ vehicle, and DIO groups was significantly  
higher (around 24–29%) than in the non-obese group 
(311.77 ± 25.38 g) (Table 1).

Effects of Central Administration of Ex-4 on Food 
Intake and Body Weight
A statistical significance of cumulative food intake was 

found in the Ex-4 (ICV), NS (ICV), and Ex-4 (IP) groups 
of DIO rats, which revealed the dramatic inhibitory effect 
on feeding of Ex-4 through the ICV route (Fig. 2A). The 
DIO-STZ Ex-4 group had a lower average food intake 
(2.12 ± 0.66 g) than the DIO-STZ vehicle group (5.41 ± 
0.96 g) and the DIO group (6.63 ± 0.98 g) (p = 0.008 and 
p = 0.001, respectively) (Fig. 2B). The 24-h weight loss in 
the DIO-STZ Ex-4 group (–10 ± 9.97 g) was greater than 
that in the DIO-STZ vehicle group (–0.125 ± 7.68 g) (t = 
–2.219, p = 0.044) (Fig. 2C).

Effects of Central Administration of Ex-4 on Blood 
Glucose, Insulin, Obestatin, and Ghrelin Levels
The DIO-STZ Ex-4 group had a higher blood glucose 

level than the DIO control group (p = 0.000); the differ-
ence between the DIO-STZ Ex-4 group (14.76 ± 0.72 
mmol/L) and the DIO-STZ vehicle group (13.80 ± 0.84 
mmol/L) was not significant (p = 0.553). Furthermore, 
the DIO-STZ Ex-4 group showed only a slight increase 
compared to the DIO-STZ vehicle group after 0.5 h 
(Fig. 3A). There was no significant difference in baseline 
insulin level between the three groups (F = 3.01, p = 
0.071). However, the insulin levels of the DIO-STZ ve-
hicle and DIO control groups were surprisingly shown to 
have a tendency to increase, and a significant difference 
between the DIO-STZ Ex-4 and the DIO control group 
was even observed at 2 and 8 h (p2h = 0.015 and p8h = 

Table 1. Characteristics of the DIO-STZ and DIO rats at baseline

DIO-STZ Ex-4
(n = 50)

DIO-STZ vehicle
(n = 40)

DIO
(n = 40)

Weight, g 415.10±26.22 410.22±25.47 444.42±49.29
Fasting blood glucose, mmol/L 11.29±4.18* 11.11±3.96* 6.54±1.66
Postprandial blood glucose, mmol/L 24.01±4.10* 23.87±3.71* 8.07±1.30
Fasting insulin, mU/L 75.88±16.83 74.24±11.51 79.36±18.72
Triglyceride, mmol/L 1.87±0.38 1.82±0.43 1.34±0.37
Cholesterol, mmol/L 3.45±1.14 3.37±0.89 3.57±0.56
Ghrelin, pg/mL 28.95±4.24 28.73±3.87 30.81±0.34
Obestatin, ng/mL 24.15±3.57 24.10±3.44 26.95±5.00

STZ, streptozotocin; DIO, diet-induced obesity; Ex, exendin. * Represents significant difference compared 
with DIO group (p < 0.05).
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0.010) (Fig. 3B). The blood obestatin level in the DIO-
STZ Ex-4 group was shown to be significantly lower than 
that in the DIO-STZ vehicle and the DIO control group 
at 0.5 h (p = 0.040 and p = 0.001, respectively) (Fig. 3C). 
The differences in plasma ghrelin, hypothalamic ghrelin, 
and gastric ghrelin levels between the DIO-STZ Ex-4, 
DIO-STZ vehicle, and DIO control groups were statisti-
cally significant (Fplasma  ghrelin = 26.594, pplasma  ghrelin = 
0.000; Fhypothalamic ghrelin = 50.401, phypothalamic ghrelin = 0.000; 
Fgastric ghrelin = 4.671, pgastric ghrelin = 0.021). The DIO-STZ 
Ex-4 group had lower plasma ghrelin, hypothalamic 
ghrelin, and gastric ghrelin levels than the DIO-STZ ve-
hicle group (pplasma ghrelin = 0.000; phypothalamic ghrelin = 0.000; 
pgastric  ghrelin = 0.037) and the DIO control group (pplas-

ma ghrelin = 0.000; phypothalamic ghrelin = 0.000; pgastric ghrelin = 
0.008). The levels of ghrelin in the three groups had tran-
siently decreased by 0.5 h and then gradually increased 
over the subsequent time points with Ex-4. At the time 
point of 0.5 h, only hypothalamic ghrelin levels showed a 
significant difference, i.e., the hypothalamic ghrelin level 

in the DIO-STZ Ex-4 group was lower than that in the 
DIO-STZ vehicle group (p = 0.039) or the DIO control 
group (p = 0.001). At 2 and 8 h, the DIO-STZ Ex-4 group 
had significantly lower plasma, hypothalamic, and gastric 
ghrelin levels than the DIO-STZ vehicle group or the DIO 
control group (p < 0.05 or 0.01 at different time points) 
(Fig. 3D–F).

Differences in Blood Glucose, Insulin, Obestatin, and 
Ghrelin Levels between before and after ICV Ex-4 
Administration
Based on a study, food intake is inhibited for at least 8 

h after ICV Ex-4 administration, so 8 h was chosen as the 
observation time node in our study [4]. Except for blood 
glucose levels, significant decreases in plasma insulin, 
plasma obestatin, and plasma active ghrelin, hypothalam-
ic ghrelin and gastric ghrelin levels were seen in DIO-STZ 
rats after ICV Ex-4 administration at 8 h as compared to 
baseline levels (p < 0.05). Thus, all these parameters were 
further investigated (Fig. 4).

Fig. 2. Central effects of Ex-4 on food intake and body weight. A Cumulative food intake. B Average food intake. 
C Weight change. DIO rats were used in A and used as controls (DIO-control) in B and C. Values are means ± 
SEM (n = 50 for DIO-STZ Ex-4 group and n = 40 for DIO-STZ vehicle and DIO groups). * p < 0.05, ** p < 0.01 
compared to DIO-STZ vehicle or Ex-4 (ICV) group; # p < 0.05, ## p < 0.01 compared to DIO-control. STZ, strep-
tozotocin; DIO, diet-induced obesity; Ex, exendin; ICV, intracerebroventricular; IP, intraperitoneal.
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Predictors of Food Intake of DIO-STZ Rats with Ex-4 
Administration
Except for blood glucose (r = 0.431, p = 0.286), signif-

icant positive correlations between change in average 
food intake and blood insulin, plasma ghrelin, gastric 
ghrelin, hypothalamic ghrelin, and blood obestatin were 
detected. Thus, the following indicators were included in 

the models: Δblood insulin, Δplasma ghrelin, Δgastric 
ghrelin, Δhypothalamic ghrelin, and Δblood obestatin. 
Given that food intake inevitably is a positive number and 
considering the trend for a decline in candidate parame-
ters during Ex-4 administration, we used the absolute val-
ue of the parameter change to ensure that the objective 
relationship and trend can be reflected. Significant pre-

Fig. 3. Central effects of Ex-4 on blood glucose (A), insulin (B), blood obestatin (C), plasma ghrelin (D), hypo
thalamic ghrelin (E), and gastric ghrelin (F) levels. DIO rats were used as controls (DIO-control). Values are 
means ± SEM (n = 50 for DIO-STZ Ex-4 group and n = 40 for DIO-STZ vehicle and DIO groups). * p < 0.05,  
** p < 0.01 compared to DIO-STZ vehicle; # p < 0.05, ## p < 0.01 compared to DIO-control. STZ, streptozotocin; 
DIO, diet-induced obesity; Ex, exendin.
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dictors of average food intake were Δhypothalamic ghre-
lin and Δplasma ghrelin (p = 0.013 and p = 0.030, respec-
tively). We next used the specific GLP-1 receptor antago-
nist Ex-9 to further explore whether the GLP-1 receptor 
mediated the changes in hypothalamic and plasma ghre-
lin, which provided a basis for understanding the time 
difference in the anorexigenic effects of hypothalamic 
ghrelin and plasma ghrelin under Ex-4 administration 
(Table 2).

Effects of Central Pre-Administration of Ex-9 
Followed by Treatment with Ex-4 on Food Intake and 
Ghrelin Levels
The Ex-4 group had a lower average food intake than 

the Ex-9/Ex-4 group and the NS group (p = 0.043 and p = 
0.004, respectively) (Fig. 5A). Statistically significant dif-

ferences were detected in plasma ghrelin, hypothalamic 
ghrelin, and gastric ghrelin between the Ex-4, Ex-9/Ex-4, 
and NS groups (Fplasma ghrelin = 15.73, pplasma ghrelin = 0.000; 
Fhypothalamic ghrelin = 38.479, phypothalamic ghrelin = 0.001; Fgastric 

ghrelin = 10.414, pgastric ghrelin = 0.001). The differences in 
plasma ghrelin, hypothalamic ghrelin, and gastric ghrelin 
at 2 and 8 h between the three groups were statistically 
significant (F2h plasma ghrelin = 9.641, p2h plasma ghrelin = 0.001; 
F2h hypothalamic ghrelin = 9.637, p2h hypothalamic ghrelin = 0.001; 
F2h gastric ghrelin = 6.905, p2h gastric ghrelin = 0.005; F8h plasma ghre-

lin = 9.544, p8h plasma ghrelin = 0.001; F8h hypothalamic ghrelin = 
10.09, p8h hypothalamic ghrelin = 0.001; F8h gastric ghrelin = 7.593, 
p8h gastric ghrelin = 0.003). The differences in plasma ghrelin, 
hypothalamic ghrelin, and gastric ghrelin between the 
Ex-9 group and the NS group were statistically significant 
at multiple time points (p0.5h hypothalamic ghrelin = 0.047; p2h 

Fig. 4. Differences in blood glucose (A), in-
sulin (B), plasma ghrelin (C), obestatin (D), 
hypothalamic ghrelin (E), and gastric ghre-
lin (F) levels between before and after ICV 
Ex-4 administration. DIO-STZ rats were 
used. Values are means ± SEM. STZ, strep-
tozotocin; DIO, diet-induced obesity; Ex, 
exendin; ICV, intracerebroventricular.
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hypothalamic ghrelin = 0.049, p2h plasma ghrelin = 0.036, p2h gastric 

ghrelin = 0.046; p8h plasma ghrelin = 0.043, p8h hypothalamic ghrelin = 
0.049). However, only the hypothalamic ghrelin level at 
0.5 h in the Ex-4 group (0.060 ± 0.010) was significantly 
lower than that in the Ex-9/Ex-4 group (0.079 ± 0.016) 
and the NS group (0.090 ± 0.020) (p = 0.034 and p = 0.000, 
respectively) (Fig. 5B–D).

Discussion

Our study found that ICV administration of Ex-4 sig-
nificantly inhibited food intake, achieved weight loss, and 
reduced plasma, gastric and hypothalamic ghrelin in 
obese diabetic rats. Linear regression analysis showed 
that changes in plasma ghrelin and hypothalamic ghrelin, 
but not in plasma insulin and obestatin, were determi-
nants of average food intake during 8 h. Using Ex-9 for 
receptor blockade experiments, the changes in average 
food intake, hypothalamic ghrelin, and plasma ghrelin 
were mediated by the GLP-1 receptor. Only hypothalam-
ic ghrelin, but not plasma ghrelin, at 0.5 h may be related 
to change in food intake under Ex-4 administration.

Obestatin, a different peptide from ghrelin, is encoded 
by the same ghrelin gene. Our study found that the level 
of blood obestatin in the DIO-STZ Ex-4 group was still 
inhibited after 30 min of Ex-4 administration. Linear re-
gression analysis did not find any significant correlation 
between change in feeding and plasma obestatin, and 
Ex-4 did not seem to be able to directly inhibit the plasma 
obestatin level to reduce food intake. The change may 
suggest an adaptive or secondary change when undergo-
ing starvation for 24 h. A previous study also found a de-
crease in plasma obestatin 30 min after oral administra-

tion of the DPP-4 inhibitor vildagliptin, which seems to 
support our observation [29].

Our study found that ICV Ex-4 injection significantly 
increased insulin secretion at 0.5 h, but that insulin secre-
tion was even lower than that of the control group at 2 
and 8 h, which is consistent with a previous study [4]. 
Blood glucose did not decrease after Ex-4 administration. 
This suggests that direct ICV administration of Ex-4 af-
fects islet function, contrary to what is seen with periph-
eral administration of GLP-1. The inhibition of insulin 
secretion induced by central administration of GLP-1 has 
also been observed in some studies, which suggests that 
this paradoxical effect may be related to GLP-1 stimula-
tion of sympathetic nervous system activity, as manifest-
ed in hyperadrenalinemia [28].

Based on the observation experiment, even though the 
linear regression model had preliminarily further clari-
fied the role of hypothalamic and plasma ghrelin levels in 
the effect of feeding inhibition by Ex-4, the characteristics 
of the specific action of these two factors remained un-
known. Furthermore, Ex-9 was used for receptor block-
ade experiments. It has been reported that Ex-9 itself can 
reduce ghrelin levels [4]. Our observation also suggested 
that in the Ex-9 group, plasma, hypothalamic, and gastric 
ghrelin levels were at some time points significantly low-
er than in the NS group. However, even then the Ex-4 
group was still dramatically different from the Ex-9 group 
under these conditions, suggesting that the inhibiting ef-
fect of central Ex-4 administration on feeding could still 
be proved to be mediated by the GLP-1 receptor.

Unlike at other time points, in the early 30-min feed-
ing period, only hypothalamic ghrelin, but not peripheral 
ghrelin, was responsible for the change in feeding, sug-
gesting that hypothalamic ghrelin is involved in the inhi-

Table 2. Simple correlation and multiple stepwise linear regression analysis of food intake for DIO-STZ rats fol-
lowing Ex-4 administration (changes in average food intake as dependent variable)

Independent variable Univariate Stepwise

R p standardized β p

|Δblood insulin| 0.714 0.047 – –
|Δblood ghrelin| 0.734 0.038 0.700 0.013
|Δgastric ghrelin| 0.730 0.040 – –
|Δhypothalamic ghrelin| 0.750 0.032 0.556 0.030
|Δblood obestatin| 0.715 0.046 – –

Δ refers to the change between before (0 min) and after Ex-4 administration (8 h). STZ, streptozotocin; DIO, 
diet-induced obesity; Ex, exendin.
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bition of feeding induced by ICV Ex-4 administration at 
least in the very early stage. Our findings are consistent 
with that of Hong et al. [24] – that is, administration of 
Ex-4 into the 3rd ventricle can inhibit the expression of 
ghrelin in the hypothalamus, stomach, and plasma – but 
their study did not explore the relationship between them, 
even though there are neurohumoral connections be-
tween the brain and the gastrointestinal tract. Therefore, 
our results can lead to at least two different interpreta-
tions. On the one hand, ICV Ex-4 administration could 
activate ghrelin-producing neurons adjacent to the 3rd 
ventricle to induce feeding, and then Ex-4 may permeate 
the blood-brain barrier to further stimulate ghrelin-pro-
ducing cells in the stomach to subsequently regulate feed-
ing [30, 31]. On the other hand, central Ex-4 administra-
tion may regulate gastric ghrelin expression directly 
through the neural signals transmitted by the vagal nerve, 
which in turn regulates feeding [32–34]. The study by 
Pérez-Tilve et al. [4] showed that plasma ghrelin began to 

decrease significantly after 30 min of ICV Ex-4 adminis-
tration. Moreover, ICV administration of oxyntomodu-
lin, which also acts on the GLP-1 receptor and inhibits 
feeding behavior, significantly reduced the secretion of 
ghrelin in the stomach for about 60 min, which provides 
direct evidence that central administration of Ex-4 prob-
ably inhibits the secretion of gastric ghrelin through an 
osmotic mechanism [35]. Furthermore, one study showed 
that neuroactive drugs exerted immediate and significant 
effects on the synthesis of ghrelin by excitatory autonom-
ic nerves less than 15 min after administration, which is 
obviously even earlier than the 30 min we observed [33]. 
Nerve conduction is calculated in milliseconds and neu-
rosecretion occurs very quickly [36, 37]. Our study found 
no changes in peripheral plasma ghrelin at 30 min, which 
may further support the notion that the vagal nerves are 
not involved in inhibition of gastric ghrelin by central 
Ex-4 administration. Further research is needed to con-
firm the above hypothesis.

Fig. 5. Central effects of Ex-9 on food intake and ghrelin levels. A Average food intake. B Plasma ghrelin. C Hy-
pothalamic ghrelin. D Gastric ghrelin. Values are means ± SEM (n = 50 for Ex-4 group and n = 40 for Ex-9/Ex-4 
and NS groups). * p < 0.05, ** p < 0.01 compared to Ex-4 group; # p < 0.05 compared to NS group. Ex, exendin.
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Our study has some limitations. First, to confirm the role 
of hypothalamic ghrelin in the inhibitory food intake effect 
of central Ex-4 administration, our study only investigated 
the changes in hypothalamic ghrelin and food intake with 
Ex-4 activating the GLP-1 receptor or Ex-9 blocking the 
GLP-1 receptor. It lacks results as to whether the subsequent 
pathways of hypothalamic ghrelin are blocked by ghrelin re-
ceptor blockers in rats in vivo, which needs further studies. 
Second, as mentioned above, there are many methods for 
detecting central ghrelin, and the immunohistochemical 
methods we used are not the most sensitive ones. The results 
using different kits may vary depending on differences in the 
design of binding to various antigenic epitopes. Further-
more, we did not measure hypothalamic ghrelin mRNA and 
growth hormone secretagogue receptor levels; thus, we might 
not fully understand the expression and function of the hy-
pothalamic ghrelin system. Third, the evaluation indicators 
used to predict average food intake in this study are very lim-
ited, and further research may need to include more impor-
tant potential control variables.

Conclusions

In a GLP-1 receptor-dependent manner, central and 
peripheral ghrelin levels play a role in the inhibition of 
feeding by Ex-4 administration. Hypothalamic ghrelin is 
involved in central Ex-4-induced inhibition of feeding in 
the very early feeding period (within 30 min), and subse-
quent longer-time feeding inhibition may be achieved by 
both factors and not only the target of ghrelin’s action. 
Our study highlights the important early potential role of 
hypothalamic ghrelin in inhibition of the feeding behav-
ior of obese diabetic rats with GLP-1 receptor agonist in-
tervention, which may provide a novel target for treat-
ment of obesity and type 2 diabetes mellitus.
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