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Summary

The aim of this study was to determine the occurrence and distribution of adropin (ADR) in the small
intestine in control and gastrectomized rats. The study was carried out on 12 Wistar rats. Six control rats
(SHO) underwent a sham operation. Six rats were subjected to gastrectomy (Gx); i.e. resection of the antrum
and the glandular part of the stomach. Six weeks after the surgery, the rats were sacrificed. The duodenum
and middle part of the jejunum were collected for immunohistochemical and immunofluorescence procedures.
An immunopositive reaction to ADR was detected in the duodenum and jejunum, in crypts, and in enterocytes
located along the entire length of the villi. Furthermore, more intense ADR immunoreactivity was observed
in the crypts and villi of the duodenum than in the jejunum. The presence of adropin was also detected in
the submucosa and muscularis externa of the duodenum and jejunum, in the cells of Brunner’s gland of the
duodenum, and in myenteric and submucosal plexus nerve. The ADR immunoreactivity in the crypts and villi
in the duodenum and jejunum was lower in the Gx rats compared to the SHO rats. The ADR distribution in
the duodenum and jejunum has also been confirmed in immunofluorescence studies. In conclusion, our data
demonstrated ADR expression in all histological layers of the small intestine in the rats. Gx reduced ADR
immunoreactivity in the crypts and enterocytes. This may suggest a potential impact of ADR on intestine
function such as absorbability and immune reactions. However, further research is needed to explain the ADR

role in gastrointestinal functions.
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Adropin (ADR) was identified as a new regulatory
peptide by Kumar et al. in 2008 (16). It is encoded by
the Energy Homeostasis Associated gene (Enho gene)
expressed in the liver and brain (16). High Enho ex-
pression in the brain was found in the areas involved
in the control of different behaviors and regulation of
peripheral metabolism (16). Hepatic Enho expression
is regulated by nutrition (16). Mice devoid of the Enho
gene have increased adiposity and insulin resistance
(17). An association between diet and adropin levels
was observed in animals and humans (8, 16, 24). ADR
reduces food intake and decreases body weight in obese
mice after intraperitoneal injection (16). Therefore,
ADR taking part in metabolic adaptation and modu-
lation of insulin sensitivity seems to be a regulating
factor in energy homeostasis (8, 16). It protects the
organism against hyperinsulinemia and hepatoste-
atosis leading to obesity (8). The serum ADR level
was found to be significantly lower in diabetic than

non-diabetic organisms (3, 27); nevertheless, a higher
serum ADR concentration was demonstrated in rats
with streptozotocin-induced diabetes (1).

In addition to metabolic effects, ADR has non-met-
abolic properties, such as regulation of the endothelial
function. ADR appears to be a novel regulator of the
endothelial function via upregulation of endothelial
nitric oxide synthase through activation of VEGFR-
-PI3K-Akt and VEGFR-PI3K-ERK1/2 pathways (18).
Thus, ADR can play a role in the development of car-
diovascular diseases.

Data from limited studies have indicated that ADR is
expressed in the central nervous system, kidneys, heart,
umbilical vein, coronary arteries, and gastrointestinal
tissues: e.g. liver, pancreas, and intestines (1, 15, 18).
As reported by Aydin et al. (1), the largest amount of
adropin has been detected in the pancreas. It appears
that the gastrointestinal tissue is an important source
of ADR. In the small intestine, ADR immunoreactiv-
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ity was detected earlier in smooth muscle and Paneth
cells (15, 16). However, the data on the localization of
adropin in the gastrointestinal tract are very limited.
Moreover, there is no information about the role of
adropin in the function of the stomach and intestines.
Hence, the present study had the aim of investigating
immunohistochemically the occurrence and distribu-
tion of ADR in the small intestine in rats in normal
conditions and after removal of the stomach.

Material and methods

Animal procedures. All procedures using animals com-
plied with the Guiding Principles for Research Involving
Animals and were carried out with the agreement of the
Local Ethics Committee for animal experiments. Twelve
male Wistar rats aged 2.5 months with an initial body weight
of approximately 220-240 g were used in the experiment.

First, the rats were adapted to the conditions of the animal

house for 7 days. The pgs
animals were kept under
a controlled temperature of
22°C (£ 10%) and humid-
ity of 55% (£ 10%) with
a 12 h day/night cycle. The
rats were provided water
and LSM Standard Rat and
Mouse chow ad libitum.
After the acclimatization
period, the rats were ran-
domly divided into control
and experimental groups.
Experimental design.
Surgical operations were
performed under general
anesthesia with an injec-
tion ketamine, 15 mg/kg
b.w. i.m. (Biowet-Pulawy,
Poland), and Rometar, 35
mg/kg b.w. i.m. (Leciva,
Czech Republic). Six con-
trol rats (SHO) underwent
a sham operation, i.e. an
abdominal mid-line inci-
sion followed by gentle
manipulation of the viscera.
Six rats were subjected
to gastrectomy (GX), i.e.
resection of the antrum and
the glandular part of the
stomach followed by join-
ing the stomach pylorus to
the nonglandular part of the
stomach end-to-end. After
the surgery, an antibiotic
cover was applied for 3
days. Six weeks after the
surgical procedures, the rats
were fasted for 24 h, anaes-
thetized by CO, overdose
inhalation, and euthanized

e

Fig. 1. ADR immunoreactivity in
junum (jej — e, f, mag. 100x) in the control rats (C) and after gastrectomy (Gx). Brown color
and the green arrow show positive ADR immunoreactivity. Negative controls (a, mag. 200x)
— omission of primary antibody
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by cervical spine dislocation. After euthanasia, duodenum
and jejunum samples were collected quickly for further
analysis.

Tissue collection. For immunohistochemical procedures,
10-mm long fragments of the small intestine from the
duodenum (2 cm distal to the pylorus) and middle part of
the jejunum were taken from each animal. The fragments
of the duodenum and jejunum were fixed in phosphate-
buffered 4% paraformaldehyde, dehydrated in series of
a graded ethanol solutions, and embedded in paraffin. The
paraffin-embedded tissue was cut using a Microm STP120
microtome (Microm, Walldorf, Germany) into 4.5-pm thick
sections (twenty cross sections from every sample).

Adropin immunofluorescence staining (IF). The par-
affin sections were deparafinized, rehydrated, and micro-
waved 3 x 5 min in 10 mM citrate buffer pH 6 to retrieve
antigenicity. Nonspecific binding was blocked with 5% goat
serum for 1h at room temperature. Afterwards, overnight
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the duodenum (duo — b mag. 200%, ¢, d mag. 100%x) and je-
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incubation at 4°C with primary rabbit polyclonal antibody
against adropin (Abcam, Germany, dilution 1 : 100) and
secondary antibody Alexa Fluor 555 goat anti-rabbit IgG
(Life Technologies, dilution 1 : 50) was applied for 2 h.
Finally, the slides were examined under a confocal micro-
scope Olympus Fluoview FV1000 (Olympus, Japan). The
negative control followed the above-mentioned procedure,
but phosphate buffered saline (PBS) was used instead of
primary antibodies (without adropin antibody).

Adropin immunohistochemistry staining (IHC). The
paraffin sections were deparafinized, washed in graduated
alcohol series, heated in a pressure cooker for 10 min in
a citrate buffer solution pH 6 for antigen retrieval, and
washed with PBS three times for 5 min each time. After
washing, a hydrogen peroxide block was used for 10 min
as well as three-times wash with PBS; later, the sections
were treated with an Ultra V Block solution (ThermoFisher
Scientific, USA) to prevent background staining. The sec-
tions were incubated with primary rabbit polyclonal anti-
bodies (anti-adropin antibody, diluted 1 : 100) for 12 hours
at a fridge temperature. Next, the sections were washed with
PBS three times for 5 min, incubated with HRP Polymer
Quanto (ThermoFischer Scientific, USA) for 10 min, and
left in PBS. After applying drops of DAB Quanto Chromo-
gen with Dab Quanto Substrate (detected using the Ultra
Vision Quanto Detection System HRP -ThermoFischer
Scientific, USA), the tissues were washed with PBS. The
sections were counterstained with Mayer’s hematoxylin,

Fig. 2. Immunohistochemistry (a, ¢, d) and immunofluorescence (b) staining of ADR (green
arrow) in a fragment of the duodenum with Brunner’s glands (red arrow) (c), submucosal
plexus nerve (yellow arrow, a), and myenteric plexus nerve (white arrow, d) (mag. 200x)
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rinsed in PBS and distillated water, and mounted with a clo-
sure solution. To control the immunoreactivity, a negative
control excluding primary antibodies was prepared. The
preparations were examined using a Zeiss microscope (Carl
Zeiss Germany) and photographed. The IHC evaluation of
the resulting staining was expressed numerically as positive
(+1, +2, +3). In addition to the adropin labeling procedure
described above, S100 Mouse Monoclonal Antibody (Cell
Marque, USA), a Detection system Bright Vision+Poly-
AP-Anti Mouse/Rabbit IgG Biotin-free (Immunologic,
Netherlands), and a Permanent Red Chromogen Kit (Cell
Marque, USA) were used for visualization of the neuronal
structure in the digestive system.

Results and discussion

The immunohistochemical and immunofluorescence
staining for ADR and negative controls (omission of pri-
mary antibody and ADR immunoreactivity) are shown
in figures 1 and 2. An immunopositive reaction to ADR
was detected in the duodenum (Fig. 1c, d) and jejunum
(Fig. le, f), in crypts and enterocytes located along
the entire length of the villi (Fig. 1b). Furthermore,
more intense ADR immunoreactivity was observed
in the crypts and villi of the duodenum (Fig. 1c) than
in the jejunum (Fig. 1e). ADR immunoreactivity was
also seen in submucosa and muscularis externa in
the duodenum and jejunum. The presence of adropin
was detected in the cells
of Brunner’s gland of
the duodenum (Fig. 2c¢)
and in the myenteric
and submucosal plexus
nerve, covering Auerbach
(Fig. 2d) and Meissner
structures (Fig. 2a).

The ADR immunore-
activity in the crypts and
villi in the duodenum was
lower in the Gx rats (+2)
(Fig. 1d), compared to the
SHO rats, where higher
immunoreactivity at the
level +3 was observed
(Fig. 1c). Significantly
lower ADR immunoreac-
tivity at the level +1 was
also detected in the crypts
and villi of the jejunum in
the Gx rats (Fig. 1), com-
pared to the SHO group
characterized by slightly
higher immunoreactivity
at the level +2 (Fig. le).
The ADR localization in
the duodenum and jeju-
num was also confirmed
in the immunofluores-
cence studies (Fig. 2b).
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In this paper, we described the ADR expression pat-
tern in the rat small intestine. Kumar et al. (16) were
the first to report that ADR is synthesized by smooth
muscle cells. In our studies, we observed that intestinal
smooth muscle cells were positive to adropin, which
1s consistent with previous results shown by Aydin et
al. (1) and Kologulu et al. (15). Kologulu et al. (15)
demonstrated intense adropin staining in Paneth cells
in the basal parts of intestinal glands of the human
small intestine. As indicated by these authors, Paneth
cells synthesize adropin in addition to many other
molecules (4). We also observed high immoreactivity
to adropin in Paneth cells. Moreover, our IHC and
IF analyses demonstrated that ADR was located not
only in the crypts, but also along the entire length of
the villi in enterocytes, duodenal glands, and ganglia.
Therefore, we detected positive immunoreactivity to
ADR in all histological layers (mucosa, submucosa,
muscularis externa).

The gut is a source of different hormones, e.g. ghre-
lin, obestatin, and nesfatin-1, that play key roles in
digestive functions as well as regulation of energy bal-
ance. Nesfatin-1 immunoreactivity has been reported
in Brunner’s glands of the duodenum and in the other
parts of small and large intestines in rats and mice (19,
21, 22, 29). In pigs, nesfatin-1 immunoreactivity was
described in the entire the gastrointestinal tract with
localization in the endocrine cells of the gastric fundus,
duodenum, ileum, ileocecal valve, and colon (25). In
dogs, nesfatin-1 was only detected in the stomach and
pancreas, but nesfatin-] mRNA was detected in the
entire gastrointestinal tract (13). Obestatin and ghrelin
are present in the stomach, duodenum, jejunum, colon,
and pancreas (7, 9, 14, 30). Immunoreactive cells for
obestatin and ghrelin are numerous in the stomach, less
abundant in the duodenum, occasional in the jejunum,
and rare in the ileum (9). A large number of these cells
were found in the crypts, whereas only a few were seen
in the Brunner’s gland. The overwhelming majority
of these cells were located in the deeper third of the
glands (9).

In our study, we found a stronger immunohisto-
chemical reaction to ADR in the control than gastrec-
tomized rats. At present, these results are difficult to
explain. Bariatric surgery, including Gx, is performed
in obese individuals to reduce body weight. Moreover,
Gx is the predominant therapy for stomach-associated
diseases. As shown by research, obesity is connected
with decreased expression of the ADR transcript in
the liver and low plasma concentrations of ADR (16,
17). In turn, after Roux-en-Y gastric bypass (RYGB),
the plasma concentration of ADR increases (2). The
increase in plasma ADR was connected with positive
changes in markers of metabolic risk. This proves
that ADR is required for maintenance of metabolic
homeostasis, specifically for prevention of dyslipid-
emia and protection against impaired glucose toler-
ance associated with obesity. In the current literature,
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there are studies demonstrating an increase in ADR
immunoreactivity in different tissues in diabetic ani-
mals (1, 15). It seems that this augmentation of ADR
immunoreactivity may be a compensatory mechanism
against tissue damage. In the present study, we ob-
served reduced ADR immunoreactivity in the small
intestine after Gx. It is difficult to explain whether this
is a positive or negative change, especially given the
lack of ADR plasma concentrations, which is the main
limitation of the study.

Many investigations indicate changes in the plasma
concentration of other hormones produced by digestive
cells after bariatric surgery. Lower concentrations of
obestatin and higher concentrations of ghrelin were
observed in the plasma of obese subjects (11, 12). In
a study conducted by Dogan et al. (5, 6), ghrelin and
nesfatin-1 concentrations increased gradually and
obestatin concentrations decreased within 6 months
of the postoperative period after laparoscopic sleeve
gastrectomy (LSG). In turn, an increase in the ghrelin
concentration was observed only since the 6™ month
after LSG (10). It is believed that this postoperative
elevation in ghrelin occurs as a result of increased
production thereof in extra-gastric sources, including
the duodenum. The study reported by Wang et al. (26)
confirmed the importance of duodenal ghrelin produc-
tion. The duodenal compensative secretion of ghrelin
was more effective after subtotal Gx in conditions of
anatomical-physiological continuity, i.e. gastroduode-
nal anastomosis, compared to gastrojejunal anastomo-
sis. In a study conducted by Huda et al. (12), ghrelin
and obestatin levels were lower in Gx individuals, but
the obestatin concentration after Gx was higher than
in healthy controls. As in the case of ghrelin, this sug-
gests other sites of obestatin secretion in the conditions
of stomach removal. In a study performed by Xu et
al. (28), plasma obestatin levels gradually increased
after RYGB in comparison to SHO rats. Moreover,
the expression of obestatin was significantly higher
in the intestine (jejunum and ileum) in the RYGB
animals than the SHO animals postoperatively (28).
Moreover, obestatin staining in the intestine showed
predominant distribution in the gland cells. However,
another study reported that obestatin concentrations did
not change after RYGB surgery in obese individuals
(20). No changes in the ghrelin level and a reduced
obestatin level were also observed (23). These data
indicate that different bariatric surgery methods exert
different effects on hormone levels.

In conclusion, our data demonstrated ADR expres-
sion in all histological layers of the small intestine in
rats. Gx reduced ADR immunoreactivity in the crypts
and enterocytes. This may suggest a potential impact of
ADR on intestine functions such as absorbability and
immune reactions. However, further research is needed
to explain the ADR role in gastrointestinal functions.
So far, there have been no reports on the location of
ADR 1in the digestive tract in other animal species.
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