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hrelin is an acylated peptide hormone mainly pro-
duced in the stomach.1 The third amino acid residue, 
serine (ser3), of mammalian ghrelin peptides is mod-

ified by the addition of an acyl group from fatty acids.2 This 
acyl-modification is essential for the biological activity of 
ghrelin, which is exerted through the activation of the growth 
hormone (GH) secretagog-receptor (ghrelin receptor). Ghrelin 
functions primarily as an orexigen3 and a GH-releasing hor-
mone.1 Various other physiological roles have been reported, 
including modulation of energy metabolism,4 and regulation of 
the autonomic nervous system5,6 and cardiovascular system.7

On the other hand, ghrelin is known to possess an antihy-
pertensive effect.8 It decreases the mean arterial pressure by 
directly affecting endothelial cells9 and vascular smooth mus-
cle cells,10 or by working centrally to decrease the sympa-
thetic outflow.11 In fact, the continuous antagonism of the 
ghrelin receptor induced the early onset of hypertension in an 
animal model of salt-sensitive hypertension,12 and the low 
levels of plasma ghrelin seen in association with obesity and 
insulin resistance impose an additive factor in the cascade of 
molecular abnormalities driving the progression of hyperten-
sion or type 2 diabetes.13 These findings indicate that ghrelin is 
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Background:  Ghrelin is an acylated peptide hormone mainly secreted from the stomach. When administrated ex-
ternally it modulates vascular tone mainly through the regulation of autonomic nerve activity. However, the effects 
of blood pressure (BP) on the production and secretion of ghrelin remain to be clarified.

Methods and Results:  We examined  the stomach and plasma  levels of ghrelin  in spontaneously hypertensive 
(SHR) and Wistar-Kyoto (WKY) rats after a 4-week-intervention with antihypertensive agents (candesartan-cilexetil 
[ARB], doxazosin [DZN], metoprolol [MP], reserpine [RES]) to clarify the influence of BP on the secretion of ghrelin. 
The effect of these agents on ghrelin production and secretion were examined by comparing vehicle-treated controls 
(WKY-Intact, SHR-Intact). Treatment with the 4 antihypertensive drugs all yielded a significant decline in systolic BP 
in both SHR and WKY. Under these conditions, significantly lower levels of stomach and plasma ghrelin were de-
tected in WKY treated with ARB (P<0.05), DZN (P<0.05), MP (P<0.05) and RES (P<0.05) compared with WKY-
Intact, whereas no significant change in the ghrelin levels in the stomach and plasma were detected in SHR under 
the same treatments.

Conclusions:  The findings imply that the production and secretion of ghrelin are controlled by the ambient vascular 
tone and vice versa in normotensive WKY. This inter-relationship between ghrelin and BP seems to be disrupted in 
SHR.    (Circ J  2012; 76: 1423 – 1429)
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an important factor in the integrated neuronal, hormonal and 
metabolic regulation of blood pressure (BP).

Conversely, there are few reports describing the influence of 
BP, including antihypertensive treatment, on the plasma levels 
of ghrelin in animal models of hypertension.14–16 The present 
study investigated the effects of continuous antihypertensive 
treatment on the plasma levels of active ghrelin using a spon-
taneously hypertensive rat model (SHR/Izm)17,18 and their nor-
motensive control, Wistar-Kyoto rats (WKY) to elucidate 
whether physiologically secreted ghrelin was able to regulate 
systemic BP. The abnormal regulation of ghrelin production in 
SHR is discussed as a possible mechanism of hypertension in 
this animal model.

Methods
Animals
Male, 6–10-week-old SHR (SHR/Izm, Japan SLC Inc, Shizuoka, 
Japan) and male WKY (WKY/Izm, SLC) were used in this 
study. All animals were maintained under controlled tempera-
ture (24±1°C), humidity (55±5%) and light conditions (lights 
on 07:00–19:00 hours) with free access to standard laboratory 
chow (CE-2, CREA Co Ltd, Osaka, Japan) and water. The 
samples from the rats were obtained under anesthesia induced 
with an intraperitoneal injection (i.p.) of sodium pentobarbital 
(30 mg/kg, NembutalTM, Dainippon Pharmaceutical Co Ltd, 
Osaka, Japan). All experiments were conducted in accordance 
with the Guideline for Animal Experimentation, Kurume Uni-
versity.

Experimental Protocol
Male WKY and SHR (aged 6 weeks) were treated for 4 con-
secutive weeks with antihypertensive drugs in the drinking 
water: angiotensin II AT1 receptor blocker, candesartan-cilex-
etil (ARB 2 mg · kg–1 · day–1; Takeda Pharmaceutical Co, Osaka, 
Japan; WKY-ARB or SHR-ARB);19 α1-adrenergic blocker, dox-
azosin (DZN 30 mg · kg–1 · day–1; Wako Pure Chemical, Osaka, 
Japan; WKY-DZN or SHR-DZN);20 β1-adrenagic blocker, meto-
prolol (MP 250 mg · kg–1 · day–1; Wako Pure Chemical; WKY-MP 
or SHR-MP).21 Intact rats on tap water without any antihyper-
tensive agent for the same period served as controls (SHR-
Intact, WKY-Intact). All agents were first dissolved in distilled 
water, then the dispenser was filled up to the required volume 
with tap water. Water was changed daily for all groups of rats. 
Reserpine was administered by subcutaneous injection (RES 
0.3 mg · kg–1 · day–1; Daiichi Sankyo Co, Tokyo, Japan; WKY-
RES or SHR-RES) for the same period.22 Each group com-
prised 7 rats. Blood and stomach samples were obtained under 
the anesthesia from the rats fed ad libitum between 9:00 and 
11:00 hours after the 4-week period. Body weight (BW) was 
monitored once per week during the follow-up period. Pre-
liminary experiments showed that the study doses of each 
agent caused comparable and mild hypotensive effects in 
SHR. Drug concentrations in the drinking water were calcu-
lated every week based on the consumption of water needed 
to reach the desirable dosage of each agent. During the whole 
experimental period, there was no difference in the consump-
tion of drinking water between the treated rats and control rats.

Measurement of BW, Heart Weight (HW) and Systolic 
Blood Pressure (SBP)
BW was measured weekly in the morning throughout the 4-
week follow-up period, together with SBP by the tail-cuff pro-
cedure (MK 2000, Muromachi-kikai Co Ltd, Tokyo, Japan). 
The rats were placed in an equipped holder for 5–10 min until 

they became calm prior to monitoring their BP with the tail-
cuff method. The BP data of rats that could not keep quiet 
during the measurement were excluded. The data with noise 
during the pulse wave monitoring of BP were also excluded. 
BP values obtained from 3 consecutive measurements of the 
respective rats were averaged and recorded at each time point. 
Hearts were weighed at the time of death and HW/BW ratios 
were calculated.

Blood Sampling and Biochemical Analysis
Blood samples were obtained by heart puncture into fluoride 
tubes for blood glucose, EDTA-2Na tubes for insulin and nor-
adrenaline (NA), and EDTA-2Na (1 mg/ml) tubes with apro-
tinin (1,000 kallikrein inactivator units/ml) for ghrelin mea-
surement. After centrifugation (3,500 rpm for 15 min at 4°C), 
plasma glucose was measured by a standard method, and the 
concentration of plasma insulin was measured by enzyme-
linked immunosorbent assay using a commercially available 
kit (Morinaga Biochemical Research Laboratory, Yokohama, 
Japan). Homeostasis model assessment of insulin resistance 
(HOMA-R) was calculated according to the formula: [plasma 
glucose (mg/dl)] × [plasma insulin (μU/ml)]/405.23

The concentration of plasma NA was determined by high-
performance liquid chromatography with electrochemical de-
tection (HPLC-ECD), as previously described.24 Briefly, the 
plasma protein was precipitated with trichloroacetic acid, and 
catecholamines were absorbed with alumina. After elution 
with hydrochloric acid (HCl), the concentration of plasma NA 
was determined using HPLC-ECD. The HPLC system was 
constructed with a pump (655A-11, Hitachi) and an electro-
chemical detector (Model 5100A, ESA). The analysis was 
performed on the column: Nuclesil 7 C18 (30 cm 3 4.6 mm 
I.D.). The mobile phase of the assay consisted of 0.1 mol/L 
Na2HPO4 (pH 4.0), 12.5% methanol, 0.01% EDTA-2Na and 
1.25 mmol/L SOS at a flow rate of 1.0 ml/min.

Immunohistochemistry of Ghrelin-Immunopositive Cells in 
the Stomach
The stomach samples were prepared for the immunohisto-
chemical study as described previously.25 In brief, the fundi of 
the rats’ stomachs were dissected and fixed in Zamboni’s solu-
tion for 2 days at 4°C. The fundi were washed in 0.15 mol/L 
phosphate-buffered saline (PBS, pH 7.4) at 4°C, and routinely 
embedded in paraffin and 3-μm-thick sections were cut every 
30 μm. The deparaffinized and rehydrated sections were incu-
bated in 0.3% H2O2 for 30 min at room temperature, and blocked 
with 20% normal swine serum (DAKO, Glostrup, Denmark) 
in PBS for 60 min at room temperature prior to immunohisto-
chemical staining. The sections were incubated with rabbit 
antiserum against active, n-octanoyl ghrelin (O-ghrelin), di-
luted 1:100,000 (the same antiserum used for the ghrelin ra-
dioimmunoassay [RIA]) with PBS containing 0.02% Triton 
X-100 overnight at 4°C. Further incubation was performed 
with biotinylated swine anti-rabbit immunoglobulin (diluted 
1:200; DAKO) and the sections were then treated with per-
oxidase-conjugated avidin-biotin complex (DAKO Cytoma-
tion ABC complex/HRPTM, DAKO). After each step, the sec-
tions were rinsed thoroughly in PBS. Staining for peroxidase 
was performed using 4% 3, 3’-diaminobenzidine-0.004% 
H2O2 in Tris-HCl buffer (pH 7.6) and the sections were coun-
terstained with Meyer’s hematoxylin. Negative control studies 
were performed with anti-O-ghrelin antiserum that had been 
absorbed by 10 μg synthesized rat O-ghrelin.1 These negative 
controls showed no indication of immunoreactivity.

In total, 20 sections from each control and fasted rat were 
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randomly examined using an ocular micrometer. The number 
of immunopositive cells for O-ghrelin (ip-O-ghrelin) in the 
stomach per unit area of the mucosal portion (mm2) was count-
ed using a software system (Meta Morph, Molecular Devices 
Co Ltd, Tokyo, Japan).

Preparation of Plasma and Stomach Samples for Ghrelin RIA
The stomach and plasma samples from rats were prepared as 
described previously.26 In brief, the whole stomach was dis-
sected from the rat and washed twice in 50 mmol/L PBS (pH 
7.4) and weighed. Each stomach sample was boiled for 5 min 
in 10-fold volume of water (>95°C) to inactivate intrinsic pro-
teases soon after the dissection (within 1 min). The samples 
were cooled on ice, and acetic acid (AcOH) and HCl were 
added to make a final concentration of 1.0 mol/L AcOH/
20 mmol/L HCl. The boiled tissue in acidified solution was 
homogenized and the supernatant was isolated, lyophilized 
and stored at −80°C until assay for O-ghrelin. Each sample of 
whole blood from the respective rat, fed ad libitum, was ob-
tained by heart puncture, and immediately transferred to 
chilled polypropylene tubes containing EDTA-2Na (1 mg/ml) 
and aprotinin (1,000 kallikrein inactivator units/ml) and cen-
trifuged at 4°C. The plasma was separated and HCl was added 
to a final concentration of 1.0 N, and the acidified plasma was 
diluted with an equal volume of 0.9% NaCl solution. The 
plasma samples were prepared within 5 min after sampling the 
rats. Each pretreated plasma sample was extracted using a Sep-
Pak PlusTM C18 cartridge (Waters, Milford, MA, USA) with a 
60% CH3CN-0.1% trifluoro-acetic acid solution. The extract 
was lyophilized after evaporating the CH3CN and stored at 
−80°C until assay for O-ghrelin.

RIA for Ghrelin
The RIA for active, n-octanoyl ghrelin (O-ghrelin), which 
mainly recognizes the N-terminal sequence of active ghrelin, 
was performed as described previously.27 All assays were 

done in duplicate. The immunoreactivity of O-ghrelin in each 
sample was measured after a serial dilution, to fit the range 
of measurement (between ED80 to ED20) in the RIA buffer 
[50 mmol/L sodium phosphate buffer (pH 7.4), 0.25% bovine 
serum albumin, 0.5% Triton X-100, 80 mmol/L NaCl and 
25 mmol/L EDTA-2Na] containing 0.5% normal rabbit serum. 
The minimum detection level by this assay was 0.25 fmol/tube. 
The intra- and the interassay coefficients of variation of this 
RIA were 3.0% and 5.0%, respectively.

Reverse Transcription-Polymerase Chain Reaction (PCR) 
for mRNAs of Ghrelin
The expression levels of ghrelin mRNA in the stomachs of the 
rats were examined by semi-quantitative reverse transcription-
PCR as described previously.16 PCR was performed with a com-
mercially available PCR kit (Go-Taq Master MixTM: Promega, 
Madison, WI, USA) with each primer set to amplify the tran-
scripts for ghrelin (Accession No. NM_021669, 32 cycles). NIH-
image (http://rsb.info.nih.gov/nih-image) was used to determine 
the relative amount of each PCR product after gel electropho-
resis and normalized by the simultaneously amplified β-actin.

Statistical Analysis
All statistical tests were performed using SAS ver. 9.2 (SAS 
Institute Inc, Cary, NC, USA). Data were analyzed by 1-way 
ANOVA for comparisons between groups and expressed as 
means ± SD. Significances among groups were further verified 
by a post hoc test (Scheffe’s F-test). Differences within a group 
before and after treatment were assessed by paired t-test. 
P<0.05 was considered as statistically significant.

Results
BW, SBP, HW/BW, HOMA-IR, and Plasma Concentration of 
NA Following Antihypertensive Treatment (Table)
The BW of the intact SHR was significantly lower than that of 

Table. Parameters in SHR and WKY Rats After 4-Week Treatment With Antihypertensive Agents

None (Intact)
Antihypertensive treatment

ARB DZN MP RES

BW (g)

    WKY 301.6±11.4　　　　 294.7±17.1　　　　 296.9±7.8　　　　　　 294.4±7.1　　　　　　 246.6±10.1***　　　　　
    SHR 275.1±10.6$　　 281.0±10.1　　　　 273.6±9.6$　　　　 261.4±8.3$　　　　 188.0±9.7***,$　　　　
SBP (mmHg)

    WKY 121.3±4.7　　　　　　 　　105.3±3.8**　　　　　　 　111.7±4.7*　　　　　　 　110.7±4.9*　　　　　　 108.4±5.0*　　　　　　　　　
    SHR 196.7±9.8$　　　　 　114.7±4.2***,$ 　128.4±7.2***,†　　 　131.1±4.7***,$　　 126.0±5.7***,$　　　　
HW/BW (%)

    WKY 0.295±0.016　　 0.293±0.010　　 0.288±0.014　　 0.284±0.018　　 0.358±0.015***　　　

    SHR 0.378±0.014$ 0.334±0.017$ 0.367±0.020$ 0.365±0.019$ 0.498±0.011***,$

HOMA-R

    WKY 1.58±0.27　　 1.65±0.29　　 1.56±0.38　　 1.63±0.29　　 1.53±0.32　　　　　　

    SHR 2.36±0.31$ 2.04±0.25　　 1.99±0.27　　 1.95±0.29　　 1.78±0.33*　　　　　

Plasma NA (nmol/ml)

    WKY 2.56±0.53　　 2.52±0.47　　 2.78±0.44　　 2.69±0.55　　 1.87±0.39　　　　　　

    SHR 4.63±0.79$ 3.64±0.87# 3.75±0.79# 　3.17±0.81*　　 1.64±0.44***　　　

Four-week  treatment with 4  types of antihypertensive agent: angiotensin  II  receptor blocker,  candesartan-cilexetil 
(ARB); an α1-adrenergic blocker, doxazosin (DZN); a β1-adrenergic blocker, metoprolol (MP); and reserpine (RES).
Values are means ± SD. *P<0.05, **P<0.01, ***P<0.001 vs. Intact rats of the same strain; #P<0.05, †P<0.01, $P<0.001 
vs. WKY of the same treatment.
SHR spontaneously hypertensive rat; WKY, Wistar-Kyoto rat; Intact, no treatment; BW, body weight; SBP, systolic 
blood  pressure; HW/BW,  the  ratio  of  heart  weight  to  body weight;  HOMA-R,  homeostasis model  assessment  of 
insulin resistance; NA, noradrenaline.
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intact WKY. The 4-week antihypertensive treatments did not 
affect BW, except for reserpine, which caused a significant 
weight reduction in both strains of rats. From 6 to 10 weeks 
old, a marked increase in SBP in the intact SHR (108.1±7.6 to 
196.7±9.8 mmHg, P<0.001) and a modest but significant in-
crease in the intact WKY (105.3±8.2 to 121.3±4.7 mmHg, 
P<0.01) were observed. The 4-week antihypertensive treat-
ment resulted in a significant reduction in SBP in both SHR 
and WKY with any type of drug. The SBP values for the 
SHR-ARB, -DZN, -MP, and -RES groups were still signifi-
cantly higher compared with those for WKY on the same 
treatments.

The HW/BW values of the SHR were significantly higher 
than those of the WKY on the same treatment, irrespective of 
the type of antihypertensive drug. The HW/BW values of both 
WKY-RES and SHR-RES were significantly greater than 
those of the other treatment groups and the untreated control 
groups of the same strain of rat.

Untreated SHR showed insulin resistance as expressed by 
HOMA-R compared with untreated WKY. After the 4-week 
antihypertensive treatment, the insulin resistance state was 
ameliorated and the significant differences in HOMA-R be-
tween SHR and WKY disappeared irrespective of the treat-
ment. However, only SHR-RES showed a significant decrease 
in this index compared with the untreated SHR. The plasma 
NA concentration in untreated SHR was significantly higher 
compared with WKY, and this accelerated NA concentration 
was ameliorated by treatment with MP or RES.

Ghrelin-Producing Cells of the Stomach in SHR With 
Hypertension
Ghrelin-immunopositive cells (ip-ghrelin cells) in the stomach 
of both untreated WKY (Figure 1A) and SHR (Figure 1B) 
were sparsely distributed in the lower part of the gastric mu-
cosal layer, where they were moderately abundant. The den-
sity of ip-ghrelin cells in SHR was greater than that in WKY 
rat. The number of ip-ghrelin cells per unit area of the stomach 
mucosa (mm2) in SHR (120.4±5.4) was significantly larger 
than the number of ip-ghrelin cells in the same unit area of the 
stomach mucosa in WKY (57.2±2.9; Figure 1C).

Figure 1.    Localization  of  ghrelin-immunopositive  cells  (ip-
ghrelin cells) in the stomach mucosa of both untreated WKY 
(10-week-old, A) or SHR (10-week-old, B), together with the 
number of ip-ghrelin cells per unit area (mm2) in the gastric 
mucosa of WKY or SHR (C). Scale bar=100 μm. Values repre-
sent the means ± SD. (n=10). *P<0.05 vs. WKY. SHR, sponta-
neously hypertensive rat; WKY, Wistar-Kyoto rat.

Figure 2.    Stomach content of n-octanoyl ghrelin (O-ghrelin) 
in WKY (A) or SHR (B) after 4-week treatment with antihyper-
tensive agents: angiotensin II (AT) receptor blocker, cande-
sartan-cilexetil (ARB); α1-adrenergic blocker, doxazosin (DZN); 
a  β1-adrenergic  blocker,  metoprolol  (MP);  and  reserpine 
(RES). Intact: no treatment. Values are means ± S.D. *P<0.001 
vs. Intact of the same strain, aP<0.001 vs. WKY-ARB, -DZN, or 
-MP.  #P<0.001  vs.  intact  WKY-Intact.  SHR,  spontaneously 
hypertensive rat; WKY, Wistar-Kyoto rat.
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Stomach Content of O-Ghrelin in SHR and WKY Rats 
Following Antihypertensive Treatment
As shown in Figure 2, the stomach content of O-ghrelin, in 
untreated SHR-Intact was significantly higher than in WKY-
Intact. In the WKY groups, the stomach content of active ghre-
lin was significantly reduced in association with the antihyper-
tensive treatments regardless of the type of drug. The stomach 
content in WKY-RES was further decreased compared with 
that in WKY-ARB, WKY-DZN, and WKY-MP. In contrast, no 
significant changes in this parameter were observed after the 
4-week antihypertensive treatments in the SHR groups other 
than SHR-RES in which there was a significant reduction com-
pared with the other groups of the same strain.

Stomach Ghrelin mRNA Expression in SHR and WKY Rats 
Following Antihypertensive Treatment
Similar to the changes in stomach O-ghrelin content, the rela-
tive mRNA levels of ghrelin in the WKY groups were sig-
nificantly reduced after the 4-week treatment with antihy-
pertensive agents regardless of the type of drug (Figure 3A). 
Again, no significant change in the stomach ghrelin mRNA 

expression was observed in SHR associated with antihyper-
tensive treatments (Figure 3B).

Plasma Concentrations of Active Ghrelin in SHR and WKY 
Rats Following Antihypertensive Treatment
Plasma ghrelin concentrations in WKY after antihypertensive 
treatment showed an analogous pattern to stomach ghrelin 
content in the same strain; that is, a significant decrease was 
observed with all types of agents, especially reserpine. How-
ever, no significant differences were detected in the plasma 
O-ghrelin concentrations in SHR after antihypertensive treat-
ment in the same manner as stomach ghrelin content and 
mRNA expression (Figure 4).

Discussion
There are 3 major findings of the current study. First, ghrelin 
production and secretion are accelerated in hypertensive SHR 
in comparison with normotensive WKY. Second, SBP was 
significantly decreased after antihypertensive treatment in 
SHR as well as WKY irrespective of drug type. Finally, anti-

Figure 3.    Stomach ghrelin mRNA expression in WKY (A) or 
SHR (B) after 4-week treatment with antihypertensive agents: 
angiotensin  II  (AT)  receptor  blocker,  candesartan-cilexetil 
(ARB); α1-adrenergic blocker, doxazosin (DZN); β1-adrenergic 
blocker,  metoprolol  (MP);  and  reserpine  (RES).  Intact:  no 
treatment. Values are means ± SD.  *P<0.01 vs. WKY-Intact. 
SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto rat.

Figure 4.    Plasma  concentrations  of  n-octanoyl  ghrelin  (O-
ghrelin)  in WKY (A) or SHR (B) after 4-week treatment with 
antihypertensive agents: angiotensin II (AT) receptor blocker, 
candesartan-cilexetil (ARB); α1-adrenergic blocker, doxazosin 
(DZN); β1-adrenergic blocker, metoprolol (MP); and reserpine 
(RES). Intact: no treatment. Values are means ± SD. *P<0.05 
vs. WKY-Intact, aP<0.001 vs. WKY-Intact, -ARB, -DZN, -MP. 
SHR, spontaneously hypertensive rat; WKY, Wistar-Kyoto rat.
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hypertensive treatment effectively suppressed ghrelin produc-
tion in WKY irrespective of the type of treatment, but this 
suppressive effect was disrupted in SHR. The antihypertensive 
treatments did not affect BW in either WKY or SHR, except 
for reserpine (SHR-RES, WKY-RES) for which a significant 
weight reduction was observed, thus indicating that the nutri-
tional conditions were not influenced by the treatment with 
ARB, DZN and MPL.

The number of ghrelin-immunopositive cells (ip-ghrelin 
cells) was greater without any antihypertensive treatment, and 
the ghrelin content was higher in the stomachs of SHR than in 
those of WKY. These findings are consistent with previous 
reports that demonstrated the increased production rate of ghre-
lin in the stomachs of SHR.14,15 Furthermore, the fasting plasma 
ghrelin concentration has been found to be significantly higher 
in patients with pregnancy-induced hypertension than in nor-
mally pregnant women.28 These results suggest that ghrelin 
may play an important role in the regulation of BP.

The stomach ghrelin contents in WKY declined signifi-
cantly after treatment with antihypertensive agents (ARB, 
DZN, MP and RES) in comparison with the untreated WKY, 
with a simultaneous decrease in SBP in those treatment groups. 
Ghrelin mRNA expression in WKY also declined signifi-
cantly after treatment with all 4 drugs. Despite different phar-
macological mechanisms of lowering BP, all 4 antihyperten-
sive agents reduced the stomach content of ghrelin in WKY 
through decelerating the production rate of ghrelin. These 
findings strengthen the hypothesis that both ghrelin and vas-
cular tone mutually interact through the autonomic nervous 
system for the regulation of BP. This concept is partially sup-
ported by previous findings that the secretion of ghrelin from 
the stomach is under the control of the sympathetic29,30 and 
parasympathetic systems.31,32 Conversely, the ghrelin recep-
tor,33 as well as the receptors for angiotensin II34 are expressed 
in the neuronal cells of the nodose ganglion, through which 
the vagal afferent nerve transmits its signals to the nucleus of 
the solitary tract (NTS). Ghrelin may also participate in the 
neurohormonal regulation of BP through this vagal afferent 
system5,11 and other regions.35 In fact, peripherally adminis-
trated ghrelin modulated NTS and the dorsal motor nucleus of 
the vagal nerve,36 and these autonomic nerve components are 
among the important neuronal factors in the regulation of 
BP.37 The reason for the lower ghrelin levels after treatment 
with RES in comparison with the other antihypertensive 
agents (ARB, DZN, MP) might be partly because of the effect 
of RES on feeding behavior and/or the nutritional condition of 
WKY. In fact, a significant decline in BW was observed in 
RES-treated rats than in the other antihypertensive treatment 
groups. From these findings with RES-treated animals, we 
should also consider that changes in ghrelin production and 
secretion may be dependent on feeding and/or nutritional 
conditions, which could be influenced in the setting of antihy-
pertensive treatment and thus changes in BP.

In contrast to the finding in WKY, there was no significant 
difference in the stomach ghrelin content, the plasma ghrelin 
concentration or the stomach ghrelin mRNA expression in 
SHR treated with or without antihypertensive agents, despite 
the marked decrease in SBP after the antihypertensive treat-
ments. Pro-inflammatory conditions in the NTS,38 as well as 
an abnormality within the angiotensin II-eNOS system in the 
NTS,39 are thought to be involved in the development of hy-
pertension in SHR via a derangement of the baroreceptor re-
flex40 or the set point control of BP.41 Those anomalies of 
parasympathetic (vagal) input and sympathetic outflow in SHR 
may account for the disruption in the stomach and plasma 

levels of ghrelin associated with the change in arterial BP in-
duced by the antihypertensive treatments. It is interesting that 
the plasma NA concentrations in SHR were still higher after 
antihypertensive treatment, except for MP and RES, compared 
with WKY on the same treatments, despite the significant re-
ductions in BP, suggesting a possible disruption of the interac-
tion between ghrelin and the autonomic nerve system.

Skoczylas et al recently reported an increase in the plasma 
ghrelin levels in obese hypertensive patients after antihyper-
tensive treatment with ACE-inhibitor (cilazapril).42 insulin 
resistance and obesity are known to be inversely related to the 
plasma ghrelin concentration.43 An improvement in insulin 
resistance has also been noted in human subjects after treat-
ment with ACE-inhibitor, which seems to account for the in-
creased plasma ghrelin levels after this antihypertensive treat-
ment. SHR, which are used as an animal model for naturally 
occurring hypertension, also possess the potential for insulin 
resistance.44 In fact, the current study revealed increased insu-
lin resistance expressed as HOMA-R in untreated SHR in 
comparison with untreated WKY. In the present study, the 
insulin resistance condition in SHR was partially but not sig-
nificantly ameliorated by the antihypertensive treatments other 
than RES. Indeed, it is possible that this amelioration of insu-
lin resistance accounts for the increase in ghrelin production 
and thus the disrupted ghrelin suppression after the antihyper-
tensive treatments in SHR. Very recently, overfeeding-induced 
obesity in SHR has been reported to be an animal model of the 
human metabolic syndrome with hypertension.45 It would be 
intriguing to use this animal model to study the interaction 
between the control of energy metabolism and that of BP in 
relation to the neurohormonal regulation exerted by ghrelin.

Conclusion
This study investigated the changes in the levels of stomach 
and plasma ghrelin after antihypertensive treatments in SHR 
and WKY. BP seems to modulate the production and secretion 
processes of ghrelin in WKY, thus indicating that naturally 
secreted ghrelin plays a role in the neurohormonal regulation 
of BP. SHR, an animal model of central (neuronal) hyperten-
sion, also demonstrated a disruption in this neurohormonal 
control of ghrelin production and secretion. However, it is still 
unclear whether these effects on ghrelin production were at-
tributable solely to the fall in BP or to some other indirect 
mechanism such as amelioration of insulin resistance, and 
future studies are anticipated to clarify this important issue.
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