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Background/Aims
Gastrointestinal motility changes contribute to development and maintenance of obesity. Nesfatin-1 (NES-1) is involved in central 
appetite control. The aim is to elucidate effects of NES-1 and high-fat diet (HFD) on gastrointestinal motility and to explore myenteric 
neuron expressions of tyrosine hydroxylase (TH), vasoactive intestinal peptide (VIP), and neuronal nitric oxide synthase (nNOS) in HFD-
induced oxidative injury. 

Methods
Sprague-Dawley rats were fed with normal diet (ND) or HFD. Gastric emptying rate was measured following NES-1 (5 pmol/rat, 
intracerebroventricular) preceded by subcutaneous injections of glucagon-like peptide 1 (GLP-1), cholecystokinin 1 (CCK-1), and 
gastrin/CCK-2 receptor antagonists. In carbachol-contracted gastric and ileal strips, contractile changes were recorded by adding NES-
1 (0.3 nmol/L), GLP-1, CCK-1, and gastrin/CCK-2 antagonists. 

Results
Neither HFD nor NES-1 changed methylcellulose emptying, but NES-1 delayed saline emptying in cannulated ND-rats. Inhibitory effect 
of NES-1 on gastric emptying in ND-rats was reversed by all antagonists, and abolished in HFD-rats. In HFD-rats, carbachol-induced 
contractility was enhanced in gastric, but inhibited in ileal strips. HFD increased body weight, while serum triglycerides, alanine 
transaminase, aspartate aminotransferase, glucose, and levels of malondialdehyde, glutathione, myeloperoxidase activity, and luminol-
chemiluminescence in hepatic, ileal, and adipose tissues were similar in ND- and HFD-rats, but only lucigenin-chemiluminescence was 
increased in HFD-rats. Vasoactive intestinal peptide (VIP) and TH immunoreactivities were depressed and nNOS immunoreactivity was 
increased in gastric tissues of HFD-rats, while VIP and TH were enhanced, but nNOS was reduced in their intestines. 

Conclusions
HFD caused mild systemic inflammation, disrupted enteric innervation, enhanced gastric contractility, inhibited ileal contractility, and 
eliminated inhibitory effect of NES-1 on gastric motility.
(J Neurogastroenterol Motil 2021;27:265-278)
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Introduction  

Disturbances in the motor and sensorial activity of the gastro-
intestinal (GI) tract affect the life quality and cause excessive health 
care costs.1 Likewise, alterations in GI motility contribute to the 
progress and continuation of disturbed eating habits that include 
obesity, which is a leading cause of overall mortality worldwide.2 
Based on a vast amount of literature, it was reported that rapid gas-
tric and small intestinal motility is common in obese individuals.2 
Similarly, following a 2-week consumption of high-fat diet (HFD) 
in both rats and humans, gastric emptying (GE) rate of a fatty meal 
was augmented by a nutrient-specific manner, which was associated 
with an attenuation of GI motor and hormonal response to fat,3,4 
resulting in delayed satiation and increased food intake.5 Although 
it was demonstrated that GE rate was not significantly changed 
in rats fed with HFD for 8 weeks,6 others have shown a slower 
GE rate in parallel with a reduction in plasma ghrelin, elevation in 
cholecystokinin (CCK) and leptin levels, which was also suggested 
as an adaptive hormonal response to an 8-week HFD.7 Research 
has shown that prolonged ingestion of HFD damages the enteric 
nervous system,8,9 which is well described to have a major role in 
controlling the GI functions via neurocrine, endocrine, and para-
crine signaling mechanisms.10 HFD consumption for 20 weeks 
has caused injury specifically to the inhibitory motor neurons with 
reduced sizes of ganglionic cells and nerve bodies in the myenteric 
plexus of the duodenum, which was accompanied by decrease in 
immunoreactive density indices of vasoactive intestinal peptide 
(VIP), choline acetyltransferase, and neuronal nitric oxide synthase 
(nNOS) in the myenteric ganglia,11 implicating that the enteric 
nervous system shows an adaptation in response to the exposure of 
luminal HFD for a prolonged period of time. Despite conflicting 
reports showing increased or decreased gastric motility, the contrac-
tile behavior of the GI smooth muscle in response to HFD has not 
been studied yet.

Nesfatin-1 (NES-1) is an 82-amino acid anorectic neuropep-
tide derived from the protein precursor nucleobindin-2 (NUCB2).12 
It is expressed in several hypothalamic and medullary areas related 
to appetite control (eg, supraoptic, paraventricular and arcuate nu-
clei, lateral hypothalamic area, and nucleus of the solitary tract), as 
well as in adipocytes and in the endocrine cells of the pancreas and 
stomach.12-15 Central or peripheral injection of NES-1 reduces food 
intake and weight in rats, whereas administration of its antibody 
stimulates food intake.12 Expression of NES-1 in the paraven-
tricular and supraoptic nuclei of rats was decreased due to food 

deprivation, while refeeding has activated the NES-1 neurons.12,16 
In parallel with its inhibitory effect on food intake, NES-1 was also 
shown to suppress the gastric contractions and motility when given 
centrally.17 Li et al18 have shown that the plasma levels of NES-
1 were decreased when the rats were fed with HFD. Based on its 
regulatory role in food intake, NES-1 was postulated to be a poten-
tial therapeutic agent against obesity,19 necessitating detailed stud-
ies regarding its effects on GI contractility and motility upon the 
consumption of normal diet (ND) or HFD. The primary aim of 
the present study is to explore the impact of HFD on GE rate, and 
gastric and intestinal contractility. The secondary aim is to evaluate 
the effect of NES-1 on GE rate and contractility of gastric and ileal 
strips obtained from rats fed with ND and HFD, and the involve-
ment of CCK-1, CCK-2, and glucagon-like peptide 1 (GLP-1) 
receptors in these responses. Another aim is to elucidate the contri-
bution of HFD-induced oxidative injury and the alterations in the 
expressions of tyrosine hydroxylase (TH), VIP, and nNOS in the 
myenteric neurons of the rats fed with ND or HFD. 

Materials and Methods  

Animals
Male Sprague-Dawley rats (230-290 g, 10-week-old) were 

supplied by the Marmara University Animal Center, housed in a 
humidity- (65-70%) and temperature-controlled (22 ± 2℃) room 
with exposure to artificial light from 7 AM to 7 PM. Rats were 
fed with ND (2.7 % fat, n = 24) or HFD (45% fat, n = 24) and 
received tap water ad libitum for 8-12 weeks. All the experiments 
were performed by following the guidelines of the New York Acad-
emy of Sciences and the Turkish law on the use of animals in experi-
ments. The project was approved by the Marmara University Ani-
mal Ethics Committee (Date: 2.05.2017; Approval no: 37.2017.
mar).

Experimental Design
The study consisted of 2 separate experimental groups. In both 

Experiment 1 (E-1) and Experiment 2 (E-2), rats had intracere-
broventricular (ICV) cannula placements on the 7th week of the 
feeding period, while Gregory cannula installation was made on the 
5th week in the rats of E-2 (Fig. 1). In the E-1 group, at the end of 
the 8 weeks, gastric emptying of methylcellulose test was performed, 
and blood, liver, ileum, and adipose tissues were obtained for the 
assessment of metabolic and oxidative states of the groups fed with 
ND or HFD. The rats of the E-2 group had emptying sessions 
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every other day for a 4-week period, starting by the end of the 8th 
week. On the 12th week, gastric and ileal strips of the E-2 rats were 
mounted in in vitro organ baths, while samples of gastric and ileal 
tissues were obtained for immunohistochemistry. 

Implantation of Intracerebroventricular Cannulas 
In all rats of both experimental groups, ICV cannulas were 

placed on the 7th week for the injections of NES-1 (0.05 μg/rat = 
5 pmol/rat; NES-1 (1-82) rat; Cat. No. 003-22B; Phoenix Phar-
maceuticals Inc, USA) or saline (0.5 μL/rat). The dose of NES-1 
was based on a previous study that has shown the inhibitory effect 
of NES-1 on food intake and GE.20 The rats were anesthetized 
with ketamine and chlorpromazine cocktail (100 mg/kg and 10 mg/
kg, intraperitoneally), and body temperature was kept at ~37℃. 
Rats were fixed in a stereotaxic apparatus (Stoelting, Wood Dale, 
IL, USA) with the head flat, and holes were drilled for the implan-
tation of cannula guides (22-gauge; Plastic Products, Roanoke, 
VA, USA). The cannulas were inserted at 1 mm above the target 
location (anterior/posterior [A/P], –3.30 mm; lateral [L], ± 0.0 
mm; and dorsal/ventral [D/V], –3.8 mm), secured with dental ce-
ment (Croform acrylic powder and cold liquid) and stabilized by 2 
skull screws.21 A dummy cannula (Plastics One Canula C313DC 
Roanoke, VA, USA) was placed in each of the guides to prevent 
clogging. All ICV injections were made in a 5-μL volume over a 
period of 100 seconds using a Hamilton syringe. At the end of the 
experiments, verification of the ICV cannula placement was made 
by methylene blue injection. 

Gastric Emptying of Methylcellulose Liquid Meal
Following a 1-week recovery period after stereotaxic surgery, 

GE of a liquid meal containing methylcellulose was measured in E-1 
rats (Fig. 1).22 Methylcellulose and phenol red (50 mg/100 mL), 
which is a dilution marker that cannot be absorbed, were mixed 
in water and stirred continuously at 37℃. After an overnight fast-
ing, NES-1 (5 pmol/0.5 μL) or saline (0.5 μL) was injected, and 
5 minutes later, 1.5 mL of methylcellulose was given by gavage 
through a polyethylene tube. Thirty minutes after the administra-
tion of methylcellulose, rats were decapitated, and the stomachs 
were clamped and dissected at the pylorus and cardia ends. The 
trunk blood was collected for the measurement of glucose, triglyc-
eride, alanine transaminase (ALT), and aspartate aminotransferase 
(AST) levels in the serum. After the stomachs were homogenized 
in NaOH (0.1 M), suspensions were let to settle for an hour, su-
pernatant (5 mL) was taken and mixed with trichloroacetic acid 
(20% weight/volume; 0.5 mL). The samples were centrifuged (2800 
rpm, 20 minutes) and NaOH (0.5 M; 4 mL) was added to the su-
pernatant and read spectrophotometrically at 560 nm. Percentage of 
GE was calculated according to the formula: GE = 1 - (absorbance 
of test stomach/average absorbance of 2 standard stomachs) × 
100; where the standard stomachs were obtained from 2 rats killed 
immediately after the meal administration.22 Then, the liver, ileum 
and adipose tissues were removed to determine lipid peroxidation, 
glutathione (GSH) and chemiluminescence levels, myeloperoxidase 
(MPO) activity, and histological damage scores of rats fed with ND 
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or HFD for 8 weeks.

Gregory Cannula Installation and Determination of 
Gastric Emptying Rate 

Rats in the E-2 were initially equipped with gastric cannulas at 
2 weeks before ICV cannula placement (Fig. 1). After fasting for 
18 hours, rats were anesthetized with ketamine plus chlorproma-
zine given intraperitoneally. A paramedian incision was made and 
a Gregory cannula was installed at the anterior corpus, which was 
exteriorized through a midline incision.23 The incisions were closed 
in layers and the rats were then housed individually. During the 
following 3 weeks, animals were allowed to recover from both 
operations, and were trained to sit in Bollman-type cages. Start-
ing by the 8th week, rats were fasted overnight for the emptying 
sessions held in Bollman cages every other day. The stomach was 
flushed with warm (37℃) saline until clean. Three-milliliter saline 
containing phenol red (60 mg/L, pH was adjusted to 7.0) as a non-
absorbable dilution marker was instilled through the gastric fistula. 
After 5 minutes of the instillation of the saline via a polyethylene-
tube connected to the cannula, the tube was pulled to collect the 
residual gastric content for 1 minute. GE was determined from the 
recovered volume and phenol red concentrations, as reported previ-
ously.24 Phenol red concentration was determined spectrophoto-
metrically from the absorbance read at 550 nm. The absorbance (A1: 
absorbance of instilled solution; A2: absorbance of collected fluid) 
and the volumes (V1: volume of instilled solution; V2: volume of 
collected fluid) were used in the following formula, and the GE rate 
(GE; mL/5 min) was calculated as: GE = (V1 × A1)–(V2 × A2)/
(A1 + A2)/2.24

GE experiments were commenced 5 minutes after ICV NES-1 
(5 pmol/0.5 μL) or saline (0.5 μL) injection, which were preceded 
(5 minutes before) with subcutaneous injections of either saline or 
GLP-1 receptor antagonist exendin 9-39 (30 μg/kg; Sigma, St 
Louis, MO, USA) or CCK-1 receptor antagonist devazepide 
(1 mg/kg; Sigma) or gastrin/CCK-2 receptor antagonist YM022 
(1 mg/kg; Sigma). The antagonists were freshly dissolved in saline 
(exendin 9-39) or dissolved in dimethyl sulfoxide (devazepide and 
YM022) and diluted with saline. The emptying of physiological sa-
line with different drug applications was studied in a random order, 
and was repeated at least 3 times in each animal, and the average of 
repeated tests was taken as the emptying result for each rat. Rou-
tinely, at least 30 minutes was allowed between emptying tests. 

Assessment of Gastric and Ileal Contractility
At the end of the 12 weeks, cannulated stomachs and ileal tis-

sues of the E-2 rats were removed following decapitation. The 
stomach was opened along the great curvature, rinsed with Krebs 
solution and the posterior gastric corpus was cut along the longitu-
dinal axis, while a 3-cm length of ileum was removed from an area 
10 cm proximal to the ileocecal junction. Gastric (~6 × 3 mm, 
longitudinal) and ileal (~15 mm, circular) strips were mounted 
vertically with 4.0 silk between 2 curved hooks and placed into 20-
mL organ baths, which were aerated with a mixture of 95% O2 
and 5% CO2 containing Krebs–Henseleit buffer solution (pH 7.4, 
37℃, composition in mmol/L: NaCl, 118; CaCI2, 1.8; KCl, 4.8; 
MgS04, 1.2; NaHCO3, 25; KH2PO4, 1.2; glucose, 11). The con-
tinuous dynamic curves were recorded with isometric force trans-
ducers (IOBS 99 isolated tissue bath stand sets; Commat Ltd, An-
kara, Turkey) and visualized with MP 35 data acquisition system 
(BIOPAC Systems, Inc, Goleta, CA, USA). After a 60-minute 
equilibration period interrupted with washouts at every 20 minutes, 
the strip was then pre-loaded at an initial stretch of 1 g.

At the beginning of each experiment, 3 × 10–6 mM carbachol 
(CCh) was added to the tissue chamber and the baseline contractile 
response of each strip was obtained. Then, after refreshing the solu-
tion, first NES-1 (0.1, 0.3, or 1 nmol/L) was added in the chamber for 
a 5-minute preincubation, and it was followed by CCh addition. Fol-
lowing the dose-response experiments, the mid-dose (0.3 nmol/L, 
nearly equivalent to 20 times the in vivo dose) of NES-1 was chosen 
for the rest of the study. After a 30-minute washout period, the 
strips were pre-incubated for 5 minutes with NES-1 (0.3 nmol/L) 
plus exendin (30 nmol/L) or devazepide (30 nmol/L) or YM022 
(30 nmol/L), and CCh was added to record the contractile respons-
es. At the end of each experiment, tissue wet weights were measured 
and the amplitudes of the contractions recorded at each step were 
defined as g/100 mg wet tissue weight. The doses of the used antago-
nists were based on previous reports.25

Biochemical Analyses
Serum levels of ALT, AST, triglycerides, and glucose were de-

termined by colorimetric assay using a Clinical System 700 analyser 
(Beckman Instruments, Brea, CA, USA). 

Measurement of Hepatic, Intestinal, and Adipose 
Tissue Myeloperoxidase Activity 

Tissue MPO activity, which shows a positive correlation with 
the microscopically counted neutrophil content, is commonly 
utilized to assess the neutrophil infiltration in inflamed tissues.26 
For this purpose, liver, ileum, and adipose tissue samples were ho-
mogenized in hexadecyltrimethylammonium bromide (HETAB) 



269269

High-fat Diet Abolishes Nesfatin-1-induced Inhibition of Gastric Emptying 

Vol. 27, No. 2   April, 2021 (265-278)

and centrifuged at 12 000 rpm and 4°C for 10 minutes. Then the 
pellet was re-homogenized in HETAB and EDTA (10 mM; 
Sigma Chemical Co, St. Louis, MO, USA). The hydrogen 
peroxide-dependent oxidation of o-Dianisidine dihydrochloride 
(C14H16N2O2 · 2HCl), measured at 460 nm of spectrophotometer, 
was used to determine MPO activity, and it was expressed as unit 
per g of tissues. 

Measurement of Hepatic, Intestinal, and Adipose 
Tissue Malondialdehyde and Glutathione Levels 

Homogenized (Ultra Turrax; IKA, Staufen, Germany) tissue 
samples (in 10% trichloroacetic acid) were centrifuged at 3000 g 
and 4℃ for 15 minutes. Supernatant was removed and further cen-
trifuged at 10 000 g for 8 minutes. As lipid peroxidation by-prod-
ucts, malondialdehyde (MDA) levels (U/g tissue) were determined 
from the generation of thiobarbituric acid-reactive substances.27 Us-
ing a modified Ellman procedure, antioxidant GSH levels (nmol/g 
tissue) were determined.28

Measurement of Hepatic, Intestinal, and Adipose 
Tissue Luminol- and Lucigenin-enhanced 
Chemiluminescence Levels 

In order to measure the generation of reactive oxygen metabo-
lites (ROM), chemiluminescence (CL) assay is commonly used. 
Based on a non-invasive technique, in which probes are used as 
enhancers, superoxide radical is detected by the lucigenin probe, 
while the other radicals (hydroxyl radical, hydrogen peroxide, and 
hypochlorous acid) are measured by using the luminol probe.29 
Luminescence of the samples was recorded at room temperature 

by a luminometer (Mini Lumat LB 9509; EG&G Berthold Tech-
nologies GmbH & Co. KG, Bad Wildbad, Germany) after the ad-
dition of luminol or lucigenin (0.2 mM in each) probes. CL levels 
were then expressed as area under the curve of relative light unit per 
mg of tissues.30

Histological Analyses
Liver and small intestine samples obtained from all experimen-

tal groups were fixed in 10% neutral buffered formalin, and routine 
histological assessments were applied for light microscopic exami-
nations. Briefly, tissues were dehydrated in ascending alcohol series 
(70%, 90%, 96%, and 100%), cleared with xylene and embedded in 
paraffin. Paraffin tissue blocks were cut at 5-μm thickness by rotary 
microtome (Leica RM2125RT, Wetzlar, Germany) and placed on 
glass slides. Sections were stained with H&E for histopathologi-
cal analyses, while liver sections were also stained with Gomori’s 
trichrome technique to analyze the changes in connective tissue. 
Using a semiquantitative scale (0: none, 1: mild, 2: moderate, and 
3: severe), tissues of the E-1 group were histopathologically evalu-
ated at × 200 magnification. The scoring parameters for the liver 
were (1) hepatocyte ballooning, (2) apoptotic cells, (3) fibrosis, (4) 
increased number/hypertrophy of Kupffer cells, (5) vascular con-
gestion/dilation, (6) neutrophil infiltration, and (7) steatosis. The 
intestinal tissues were scored in terms of (1) neutrophil infiltration, 
(2) epithelial cell degeneration/ epithelial hyperplasia, (3) loss of 
Goblet cells, (4) vascular congestion, (5) villi loss, and (6) irregular 
villi. The maximum scores were 21 and 18 for the liver and intesti-
nal tissues, respectively,31 and at least 5 areas were scored in each of 
the tissue samples.
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For immunohistochemical analyses, the tissue sections of the 
E-2 group were labelled with anti-TH (P40101-150; Pel-Freez, 
Rogers, AR, USA), anti-nNOS (ab1376; Abcam, Cambridge, 
MA, USA), and anti-VIP (ab78536; Abcam, Cambridge, MA, 
USA) antibodies, while 3,3’-Diaminobenzidine was used as a 
chromogen for all immunohistochemical labelings. All slides were 
examined and photographed by light microscope (BX51; Olym-

pus, Tokyo, Japan) with a digital camera (DP72; Olympus, Tokyo, 
Japan). 

Statistical Methods
The results are expressed as the mean ± SEM. One-way 

ANOVA and Tukey-Kramer multiple comparison tests were used 
to evaluate the level of statistical significance (Prism 9.0; GraphPad, 

Figure 3. The effect of the antagonists on gastric emptying rate, gastric contractions, and ileal contractions. (A) Gastric emptying rate of saline 
(mL/5 min)  in rats fed with normal diet (ND; n = 8) or high-fat diet (HFD; n = 8). After intraperitoneal (IP) injection with glucagon-like pep-
tide 1 (GLP-1) antagonist (exendin), cholecystokinin 1 (CCK-1) antagonist (devazepide), CCK-2 antagonist (YM022), or vehicle (saline/dimethyl 
sulfoxide), saline or nesfatin-1 (NES-1; 5 pmol/rat) was administered intracerebroventricularly (ICV), *P < 0.05 compared to ICV saline-treated 
group, #P < 0.05, compared to ICV NES-1 + IP vehicle-treated group; (B) Representative peak contractions in response to the submaximal dose 
of carbachol (CCh), recorded from the gastric strips of rats fed with ND or HFD; (C) The average peak contractions of gastric strips in response 
to the submaximal dose of CCh with the absence or presence of NES-1, exendin, devazepide, YM022, or vehicle in the organ bath, *P < 0.05, 
compared to ND-fed groups; (D) Representative peak contractions in response to the submaximal dose of CCh, recorded from the ileal strips of 
rats fed with ND or HFD; (E) The average peak contractions of ileal strips in response to the submaximal dose of CCh with the absence or pres-
ence of NES-1, exendin, devazepide, YM022, or vehicle in the organ bath, ***P < 0.001, compared to ND-fed groups. 
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San Diego, CA, USA). Values of P < 0.05 were considered as sig-
nificant.

Results  

Changes in Gastric and Intestinal Motility 
As compared to ND-fed rats (72.1 ± 8.1%), GE rate of meth-

ylcellulose in a 30-minute period was not significantly altered when 
rats were fed with HFD for 8 weeks (59.3 ± 5.9%), but a tendency 
to a delayed GE was observed (Fig. 2A). Centrally administered 
NES-1 did not significantly change methylcellulose emptying in 
either ND-fed (64.6 ± 7.1%) or HFD-fed (70.8 ± 7.2%) rats. 
GE rate of saline at 5 minutes following its instillation through the 
gastric cannula was similar in rats fed with ND (3.07 ± 0.03 mL/ 
5 min) or HFD (3.25 ± 0.06 mL/5 min; Fig. 2B). However, ICV 
administration of NES-1 significantly delayed GE of saline (2.49 
± 0.19 mL/5 min) in ND-fed cannulated rats as compared to ICV 
saline (P < 0.05), but NES-1-induced delay was abolished in the 
HFD-fed rats with the gastric cannulae (2.95 ± 0.27 mL/5 min).

In the next setup of experiments with the cannulated rats, GLP-
1 receptor antagonist exendin 9-39, CCK-1 receptor antagonist 
devazepide, or gastrin/CCK-2 receptor antagonist YM022 was in-
jected peripherally before the ICV administration of saline or NES-
1 (Fig. 3). None of the antagonists changed the saline emptying rate 
in ICV saline-administered rats, but NES-1-induced delay (2.49 ± 
0.19 mL/5 min) was abolished by the receptor antagonist of GLP-1 
(3.06 ± 0.13 mL/5 min, P < 0.05), CCK-1 (3.25 ± 0.13 mL/5 min, 
P < 0.05) or CCK-2 (3.35 ± 0.13 mL/5 min, P < 0.05) in ND-
fed rats (Fig. 3A). In HFD-fed rats, in which ICV NES-1 per se 
has not altered GE significantly, none of the antagonists had an ef-
fect on the GE rate of saline.

In response to the submaximal dose of CCh, contractility 
changes induced by NES-1 and antagonists were recorded in the 
gastric and ileal strips mounted in isolated organ baths. In the gas-
tric segments of HFD-fed rats, a significant elevation was present 
in the peak contractions as compared to those of ND-fed rats (P < 
0.05), while the CCh-induced peak contractions of the ileal strips 
were depressed in the HFD-rats (P < 0.001; Fig. 3). On the other 
hand, the latent period between the addition of CCh and contrac-
tion in gastric and ileal tissues was not changed with the diet type 
(data not shown). Despite that NES-1 had no significant impact on 
the peak contractions of the gastric or ileal smooth muscles of rats 
fed with either ND or HFD, the contractile states following the ad-
dition of CCh were prolonged by 4.8 ± 0.2 minutes in HFD-rats 

as compared to ND-rats. Moreover, addition of any of the antago-
nists into the organ bath did not have a significant effect on diet- or 
NES-1–induced changes. 

Biochemical and Histological Analysis of Tissues
Feeding rats with HFD for 8 weeks increased the body weight 

significantly with respect to ND-fed rats (P < 0.01; Table), but 
serum levels of AST, ALT, glucose, and triglyceride were similar in 
the 2 groups with different diet regimes. To assess the contribution 
of HFD-induced inflammation and oxidative injury in the develop-
ment of GI motility changes, MPO, MDA, GSH, luminol-, and 

Table. Body Weight, Serum Levels of Alanine Transaminase, As-
partate Aminotransferase, Glucose, and Triglycerides and Levels of 
Malondialdehyde, Glutathione, Luminol/Lucigenin-enhanced Che-
miluminescence, and Myeloperoxidase Activity in the Liver, Ileum, 
and Adipose Tissues of Rats Fed With Normal Diet or High-fat Diet 
for 8 Weeks.

Parameters ND (n = 8) HFD (n = 8)

Body weight (g)
   Week 0 281.20 ± 4.60 250.20 ± 8.80
   Week 8 295.80 ± 6.00 320.40 ± 6.73a

AST (U/L) 173.20 ± 12.40 170.50 ± 10.40
ALT (U/L) 35.00 ± 2.30 31.00 ± 1.00
Glucose (mg/dL) 103.00 ± 1.80 125.70 ± 10.30
Triglyceride (mg/dL) 62.20 ± 6.80 53.20 ± 4.90
Liver
   MDA (nmol/g) 6.55 ± 0.55 9.47 ± 1.79
   GSH (μmol/g) 2.37 ± 0.07 2.18 ± 0.08
   Luminol (rlu/mg) 12.40 ± 4.65 13.00 ± 1.20
   Lucigenin (rlu/mg) 8.34 ± 1.45 14.98 ± 1.17b

   MPO (U/g) 15.5 ± 3.16 16.49 ± 2.65
Ileum
   MDA (nmol/g) 8.70 ± 2.71 7.22 ± 1.63
   GSH (μmol/g) 1.17 ± 0.12 1.05 ± 0.09
   Luminol (rlu/mg) 18.48 ± 1.92 25.64 ± 6.38
   Lucigenin (rlu/mg) 13.28 ± 2.57 28.26 ± 4.48b

   MPO (U/g) 114.70 ± 15.56 107.90 ± 17.72
Adipose 
   MDA (nmol/g) 5.40 ± 1.58 8.34 ± 3.95
   GSH (μmol/g) 0.38 ± 0.11 0.33 ± 0.07
   Luminol (rlu/mg) 5.40 ± 1.21 8.78 ± 1.21
   Lucigenin (rlu/mg) 6.24 ± 1.32 11.66 ± 1.67b

   MPO (U/g) 19.48 ± 2.23 18.00 ± 3.76

ND, normal diet; HFD, high-rat diet; AST, aspartate aminotransferase; ALT, 
alanine transaminase; MDA, malondialdehyde; GSH, glutathione; MPO, 
myeloperoxidase.
Data are expressed as mean ± SEM.
aP < 0.01, compared to week 0; bP < 0.05, compared to ND group.
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lucigenin-enhanced CL levels were evaluated in the adipose, ileum, 
and liver tissues (Table). Despite a tendency to increased MDA 
levels observed in the hepatic and adipose tissues of the HFD 
group, levels of GSH, MPO, and luminol CL were not different 
between the tissues of ND- and HFD-fed rats. On the other hand, 
lucigenin-enhanced CL, indicative of superoxide anion, was signifi-
cantly increased in all 3 tissues of the HFD group as compared to 
those of the ND-fed rats (P < 0.05).

When compared to regular morphology of the liver paren-
chyme in the ND group, vascular congestion, neutrophil infiltra-
tion, fatty vacuoles, and ballooning of hepatocytes were seen in the 
hepatic tissues of rats fed with HFD for 8 weeks (Fig. 4). Intestinal 
tissues of the ND group showed regular histological appearance 
with proper epithelial lining; whereas hypertrophied epithelial cells, 
vascular congestion, and abnormal intestinal glands were evidenced 
in the intestines of the HFD group. The scoring of these features 
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Figure 4. Representative micrographs of the liver tissue stained with (A) H&E (black arrow, hepatocyte with regular morphology; black ar-
rowhead, Kupffer cell; white arrow, fatty vacuoles in liver parenchyme; white arrowhead, hepatocyte with ballooning). Central vein (CV) and (B) 
Gomori’s trichrome (black arrow, connective tissue stained in green color; black arrowhead, fatty vacuoles in liver parenchyme). (C) Representative 
micrographs of the intestine tissue in the normal diet (ND) (black arrow, epithelial cells with normal morphology; black arrowhead, Goblet cell) 
and high-fat diet (HFD) (black asterisk, vascular congestion; black arrowhead, congestive regions; white asterisk, neutrophil infiltration; white ar-
row, hypertrophied epithelial cells; white arrowhead, intestinal gland with abnormal appearance) groups. Stained with H&E. Bars showing 100 μm 
and 50 μm (insets). (D) Histological damage scores in the liver and intestines of rats fed with ND or HFD. *P < 0.05, ***P < 0.001, compared 
to the corresponding tissue of the ND-fed group. 
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revealed that both hepatic and intestinal tissues of the HFD-rats 
presented with higher histological scores, indicative of mild inflam-
mation (P < 0.05 and P < 0.001; respectively).

In order to associate a possible change in the expression of 
neurotransmitters with the ingestion of HFD, immunoreactivity 
studies were carried out in the gastric and ileal tissues. In the gastric 
tissues of HFD-fed group, TH and VIP immunoreactivities were 
relatively less when compared to ND group, while the nNOS im-
munoreactivity showed a tendency to increase in the gastric tissues 
of HFD group (Fig. 5). On the other hand, the changes in the im-
munoreactivities of the intestinal tissues showed the opposite (Fig. 6). 
In the ileal tissues of the HFD-fed rats, both TH and VIP immu-

noreactivities were elevated with a concomitant reduction in nNOS 
immunoreactivity.

Discussion  

The present findings demonstrated that a prolonged feeding 
with HFD did not change the GE rate of non-nutrient liquids, but 
the inhibitory effect of centrally administered NES-1 on the early 
period of liquid emptying in ND-fed rats was abolished when the 
rats were previously fed with HFD. On the other hand, peripheral 
administration of GLP-1 as well as CCK-1 and CCK-2 receptor 
antagonists reversed NES-1–induced delay in the GE of ND-fed 

Normal diet High fat diet
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Figure 5. Representative micrographs of the gastric tissues labeled with (A) tyrosine hydroxylase (TH), (B) vasoactive intestinal peptide (VIP), 
and (C) neuronal nitric oxide synthase (nNOS), where brown-stained regions (arrow) indicate the positive immunoreactivities. TH immunoreac-
tivity was observed in the myenteric/submucosal plexuses and glandular structures, VIP immunoreactivity was more distinct in epithelial linings 
and myenteric plexus, while nNOS immunoreactivity was detected mainly in the myenteric nerve plexus of the stomach. Bars showing 50 μm and 
20 μm (insets).
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rats. In the in vitro conditions, contractile response to cholinergic 
stimulation was enhanced in the gastric strips of HFD-rats along 
with an inhibition of the ileal contractility. Although the presence 
of NES-1 in the organ bath did not change the maximum ampli-
tude of CCh-induced contractions in either ND- or HFD-rats, 
a sustained contractile state for a longer period was noted with the 
addition of NES-1. HFD-fed rats with altered gastric and intes-
tinal contractility also showed a mild inflammation of the hepatic, 
ileal, and adipose tissues along with a significant body weight gain. 
Moreover, VIP immunoreactivity and TH immunoreactivity, in-
dicative of the VIPergic and noradrenergic/dopaminergic neurons, 

were depressed in the gastric tissues, but their intensities were en-
hanced in the intestines of rats fed with HFD. On the other hand, 
nNOS immunoreactivity was increased in the gastric neuronal lay-
ers, but reduced in the intestines of the HFD-fed rats. Thus, HFD 
feeding, which causes a systemic inflammation and disrupts the 
interbalance of enteric innervation, enhances gastric smooth muscle 
contractility, inhibits ileal smooth muscle contractility, and eliminates 
the inhibitory effect of NES-1 on gastric motility.

In obese people, the size of the stomach during the fasting or 
post-prandial states was found to be similar to that of the normal 
individuals, suggesting that obesity does not change gastric capac-

Figure 6. Representative micrographs of the ileal tissues labeled with (A) tyrosine hydroxylase (TH), (B) vasoactive intestinal peptide (VIP), and 
(C) neuronal nitric oxide synthase (nNOS), where brown-stained regions (arrow) indicate the positive immunoreactivities. TH immunoreactivity 
was more distinct in the epithelial linings and myenteric plexus, VIP immunoreactivity was detected in epithelial linings and myenteric plexus and 
nNOS immunoreactivity was observed in the myenteric nerve plexus of the intestines. Bars showing 50 μm and 20 μm (insets).
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ity and accommodation.32 However, several studies have reported 
that obese patients demonstrate an accelerated GE,33,34 while other 
studies have indicated that obese patients develop a decline in mo-
tility by aging, which is attributed to the development of insulin-
resistance and accumulation of excessive fat.35 There is extensive 
evidence that NES-1 inhibits gastric functions in ND conditions. 
Our data revealed that feeding with HFD, in one hand, increased 
the contractility of gastric smooth muscle in response to cholinergic 
stimulation. On the other hand, the delay in GE due to centrally 
administered NES-1, which could be abolished by either CCK or 
GLP-1 receptor antagonists, was lost in HFD-fed rats. When mice 
or rats were at a normal diet, it was shown that centrally adminis-
tered NES-1 inhibited gastroduodenal motility and suppressed 
GE.17,36-39 Moreover, when NES-1 was administered to HFD-
fed rats at 10 to 20-times higher doses than our NES-1 dose, it was 
effective in inhibiting GE,40 suggesting that the effect of NES-1 
is dose-dependent and HFD could be elevating the threshold for 
its suppressive action on GE. Central administration of NES-1 
was shown to activate efferent neurons in the dorsal motor nucleus 
of the vagus (DMNV), and directly stimulate cultured DMNV 
neurons,41 implicating the role of vagal efferents in the inhibitory 
effect of central NES-1 administration on gastric functions. In 
conscious dogs, using force transducers implanted onto the serosal 
surfaces throughout the GI tract, it was reported that intravenous 
administration of NES-1 reduced gastric contractions and inhib-
ited cyclical interdigestive migrating contractions.42 In accordance 
with our results demonstrating that HFD eliminates the inhibitory 
role of NES-1 on GE, it was shown in an in vitro model of gastric 
vagal afferent preparation that the ability of NES-1 in potentiating 
the mechanosensitivity of gastric tension receptors and mucosal 
vagal afferents has disappeared when mice were fed with HFD.43 
There is convincing data showing that serum concentrations or 
tissue NUCB2 mRNA expressions were elevated in obese mice 
or patients,44,45 while expressions of NUCB2 mRNA and NES-
1 in gastric and adipose tissue depots as well as circulating NES-1 
levels were increased when animals were fed with HFD,46 suggest-
ing a compensatory upregulation of NES-1 synthesis. When taken 
together with the aforementioned studies, our findings implicate 
that HFD weakens the inhibitory effect of NES-1, and centrally 
released or administered NES-1, which appears to operate by the 
cross-talk of CCK and GLP-1 receptors, becomes incapable of con-
trolling the gastric motility. It can be further suggested that the loss 
of this nesfatin-induced prolongation of food stay in the stomach 
and the accompanying reduction in satiety may further contribute to 
the progress of obesity.

Fat in the diet or its intraduodenal administration suppresses 
perceptions of appetite and stimulates the secretion of CCK and 
GLP-1,47-50 both of which delay GE, reduce gastric accommodation 
and food intake by inhibiting vagal-cholinergic function.51-54 CCK 
and GLP-1 were shown to be co-localized with NUCB2/NES-1 
in the intestinal mucosa55-57 and intestinal CCK mRNA expression 
in mice was upregulated by the infusion of NES-1,56 implicating 
the co-function of NES-1 with both CCK and GLP-1. On the 
other hand, HFD was shown to diminish the inhibitory effect of 
fat and CCK in delaying GE58 and postprandial secretion of GLP-
1 was decreased with the development of obesity.59 In support of 
these reports, our data demonstrated that the immediate inhibitory 
effect of centrally applied NES-1 on non-nutrient emptying was 
reversed by CCK-1, CCK-2, and GLP-1 receptor antagonists, but 
this interrelated inhibition was abolished in HFD-fed rats. Since 
the inhibitory effect of NES-1 was not observed in either the gastric 
or ileal smooth muscles, it could be postulated that the inhibition 
is regulated by the neuronal (ie, vagal) control mechanisms via the 
activity of CCK and GLP-1 receptors. Moreover, the stimulatory 
effect of HFD on gastric contractility appears to be overridden by 
a possible inhibitory enterogastric reflex mediated by an interaction 
between NES-1, CCK, and GLP-1 receptors.

Researchers have identified multiple intersections between 
the controlling mechanisms of nutrient metabolism, obesity and 
inflammation, and the term “meta-inflammation” was coined to 
illustrate the occurrence of a low-grade inflammation in response 
to obesity.60-62 As a consequence of meta-inflammation, consump-
tion of the pro-inflammatory HFD was shown to initiate apoptotic 
damage and the loss of hypothalamic, enteric, and extrinsic (mainly 
vagal) neurons,63,64 resulting in obesity-related GI dysfunction,65,66 
which further alters food intake, energy balance, and exacerbates 
the severity of obesity.67,68 In addition to our previous study showing 
that a low-level of hepatointestinal inflammation was accompanied 
by delayed intestinal transit,69 our current results also confirmed that 
HFD feeding has resulted in increased reactive oxygen metabolite 
generation and histologically proven mild inflammation in the liver 
and intestines, while increased gastric contractility, loss of NES-1–
induced hypomotility, and depressed intestinal contractility were 
accompanied by HFD-induced alterations in the immunoreactivity 
of enteric neurotransmitters. In parallel to those shown in the intes-
tines of mice,70 we also observed that feeding with HFD increased 
gastric nNOS immunoreactive neurons, which are mostly inhibi-
tory motor neurons; while nNOS immunoreactivity was reduced in 
the intestinal nerve plexuses of HFD-fed rats. Our findings also re-
vealed that VIP immunoreactivity and TH immunoreactivity were 
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reduced in the gastric myenteric plexus, but both immunoreactivi-
ties were enhanced in the intestinal layers. Similarly, it was demon-
strated that VIP varicosities were decreased in the duodenum and 
ileum of HFD-fed mice.71 In contrary, a reduction was observed in 
the antral and duodenal VIPergic neurons of obese diabetic mice.72 
Although it cannot be explained yet how HFD affects the inter-
twined signaling pathways of VIP, dopamine, norepinephrine, and 
nNOS, it can be suggested that the differences in species, duration 
of exposure to HFD, and different segments of the GI tract could 
be responsible of HFD-associated conflicting changes in gut neu-
ronal network and the resultant alterations in motility.

In the present study, we investigated the involvement of GLP-
1 and CCK receptors in the gastromodulatory role of central NES-
1. One of the limitations of our study was that the actions of NES-1 
were not tested by the use of a specific NES-1 receptor antagonist. 
However, despite that autoradiographic studies showing that NES-
1 binds to a variety of brain areas including DMNV nerve as well 
as the stomach and small intestines,73 the NUCB2/NES-1 receptor 
is not yet identified. Thus, further studies with its specific antago-
nists are warranted upon the isolation of the NUCB2/NES-1 
receptor. Due to the design of the experiments, we implemented the 
metabolic/biochemical measurements and the motility experiments 
in separate animal groups, therefore we could not directly perform 
any correlation analysis among the motility changes and the degree 
of HFD-induced inflammation. 

In conclusion, the findings of the current study demonstrate 
for the first time that NES-1–induced delay in GE was mediated 
via the involvement of GLP-1, CCK-1, and CCK-2 receptors, and 
this inhibitory effect of NES-1 on GE rate was not evident upon 
prolonged consumption of HFD, which has disrupted the interbal-
ance of enteric neurotransmitters. Based on the current results, one 
of the future challenges in targeting the treatment of obesity would 
be to unravel whether the central expressions of NUCB2/NES-1 
receptor change in response to HFD feeding and obesity.
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