General and Comparative Endocrinology 348 (2024) 114452

Contents lists available at ScienceDirect

T
GINEHAL ANTY COMPARATIVE
[ENDOCRINOLOGY]

General and Comparative Endocrinology

journal homepage: www.elsevier.com/locate/ygcen

Check for

Resistin in endocrine pancreas of sheep: Presence and expression related to  [%&s
different diets

a,b,* a,c
)

, Cecilia Dall’Aglio “, Daniele Marini
41" Francesca Mercati ™'

Margherita Maranesi “, Elisa Palmioli
Polina Anipchenko “, Elena De Felice 4, Paola Scocco

& Department of Veterinary Medicine, University of Perugia, Via San Costanzo 4, 06126 Perugia, IT, Italy

Y Department of Philosophy, Social Sciences, and Education, PhD Course in “Ethics of Communication, Scientific Research and Technological Innovation” Medical-Health
Curriculum, University of Perugia, Piazza G. Ermini, 1, 06123 Perugia, IT, Italy

¢ Department of Organismal Biology, Evolutionary Biology Centre, Uppsala University, Norbyvagen 18A, 752 36 Uppsala, Sweden

4 School of Biosciences and Veterinary Medicine, University of Camerino, Via Pontoni 5, 62032 Camerino, IT, ITtaly

ARTICLE INFO ABSTRACT

Keywords: Resistin (RETN), a recently discovered adipokine, is a cysteine-rich and secretory protein produced by adipo-
Ovine cytes. RETN has been detected in several tissues, including human and laboratory animals’ pancreas, wherein
AdiPOkir{es_ impairs glucose tolerance and insulin (INS) action and causes INS resistance. This study aims to evaluate the
Pancreatic islets presence and expression of RETN in the pancreas of 15 adult female sheep reared on Apennine pastures, which
Immunohistochemistry

show a decrease in their nutritional value due to the drought stress linked to the increasing summer aridity. The
sheep were divided into 3 groups according to the diet they were subjected to: maximum pasture flowering
(MxF) group, maximum pasture dryness (MxD) group, and experimental (Exp) group which received a feed
supplementation in addition to the MxD group feeding. Immunohistochemistry and immunofluorescence were
performed on formalin-fixed and paraffin-embedded sections of the pancreas to detect the RETN presence and to
evaluate the co-localization of RETN with both glucagon (GCG)- and INS-producing cells. In addition, the
expression of the three molecules was evaluated also in relation to different diets.

RETN was observed only in the endocrine pancreas, showing a wide distribution throughout the pancreatic
islets with few negative cells and the RETN producing cells colocalized with both « cells and 8 cells. No dif-
ferences in distribution and immunostaining intensity of RETN, GCG and INS were observed among the three
groups. Quantitative PCR showed the expression of RETN, GCG and INS in all tested samples. No significant
differences were observed for RETN and GCG among all three groups of sheep. Instead, a high statistically
significant expression of INS was detected in the MxF group with respect to the Exp and MxD groups.

These results highlight the localization of RETN in GCG- and INS-secreting cells involved in glucose homeo-
stasis suggesting a modulatory role for RETN. Furthermore, the RETN expression is not influenced by food
supplementation and thus is not affected by diet.

Real-time PCR
Animal welfare

1. Introduction act on the gastric digestion’s products once they reach the duodenum
(Barone, 2014). The endocrine component has numerous small cell

The pancreas is a mixed gland composed of both exocrine and clusters, scattered among the acini, representing the pancreatic islets,
endocrine parenchyma representing the two functional components of once referred to as islets of Langerhans. The islets are formed by solid,
the organ. The exocrine one, the most voluminous, is a compound acinar anastomosed cellular cords, between which there is a rich capillary
gland whose adenomers synthesize and secrete pancreatic juice network, and they are composed of small and multifaceted cells, called
including digestive enzymes such as lipase, amylase and trypsin which insulocytes (Barone, 2014). Usually, the most abundant cell populations
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are the alpha (o) and beta (p) cells but the percentage and the position
within the islet can vary among species (Tsuchitani et al., 2016). In
ovine species, the a cells, the most voluminous, take up about 20 % of an
islet and they are localized in the islet periphery (Dellmann and Eurell,
2000; Mahesh et al., 2017; Al-Redah et al., 2021). They secrete glucagon
(GCG), which exerts a hyperglycemic effect by breaking down glycogen
in the liver and increasing blood glucose (Quesada et al., 2008; Dunning
and Gerich, 2007). The p cells are the most numerous, reaching up to 98
% and they are mostly in the islet center (Dellmann and Eurell, 2000;
Mahesh et al., 2017; Al-Redah et al., 2021). They secrete insulin (INS)
which has a hypoglycemic effect via the facilitation of glucose uptake by
skeletal muscle and adipocytes and inhibiting its release from the liver
(Marchetti et al., 2017; Bartolomé, 2023). A third type of cell population
is the delta (8) cells, much fewer in number and associated with the
enterochromaffin cells of the digestive tract. They produce somatostatin,
which has an inhibitory action on both GCG and INS production
(Mahesh et al., 2017; Huising et al., 2018). A fourth type of cell popu-
lation is represented by a small portion of pancreatic polypeptide pro-
ducing cells (PP-cells) in sheep (Steiner et al., 2010). They secrete the
pancreatic polypeptide that reduces gastric emptying, regulates intes-
tinal motility, and inhibits the secretion of the exocrine pancreas
(Brereton et al., 2015). In addition, the pancreatic islet population is
characterized by other cell types, belonging to the gastro-entero-
pancreatic (GEP) system, that influence the behavior of the other
types just described (Sakata et al., 2019; Ehrhart et al., 1986).

It has been demonstrated that some adipokines, such as leptin,
apelin, adiponectin and nesfatin, take place in the regulation of glucose
homeostasis and pancreas’ physiology (Tuduri et al., 2009; Morioka
et al.,, 2007; Holland et al., 2011; Messaggio et al., 2017; Chaves-
Almagro et al., 2022; Strutt et al., 2021; Gatta et al., 2018). Recently,
the presence of another adipokine, the resistin (RETN), has been iden-
tified in human and rodent pancreas (Minn et al., 2003; Al-Salam et al.,
2011; Sassek et al., 2016). The RETN was first characterized in 2001 by
Steppan et al. in mice and described as a small circulating protein
expressed and secreted primarily by white adipose tissue (adipose-tis-
sue-specific secretory factor, ADSF) in proportion to the degree of
adipocyte differentiation and the amount of adipose tissue present in the
individual (Steppan et al., 2001; Filkova et al., 2009). In humans,
however, it remains unclear whether the main source of RETN secretion
is adipocytes, preadipocytes or macrophages (McTernan et al., 2006).
The physiology of the molecule is still very unclear, as well as the
identification of its receptor or intracellular signaling pathways (Park
and Ahima, 2013; Acquarone et al., 2019). Nevertheless, RETN was
initially described, and is still considered, as an important risk factor for
INS resistance and, in turn, leading to the development of type 2 dia-
betes mellitus (T2DM) (Steppan et al., 2001; Tripathi et al., 2020). Its
action has been identified in the development of a pro-inflammatory
state both “in vitro” and “in vivo”, such as obesity, and in the develop-
ment of cardiovascular disease (Filkova et al., 2009). It has been re-
ported to play a role in the regulation of glucose metabolism since its
administration in healthy mice impairs glucose tolerance; the RETN
affects glycogen metabolism by inhibiting the INS action in the liver and
skeletal muscle in rats (Filkova et al., 2009; Yang et al., 2009; Adeghate,
2004).

Furthermore, the active role of RETN on the onset of INS resistance is
made consistent by the molecule localization and expression in the
pancreatic islets of humans and rodents, exclusively at the level of a and
B cells with a defined species-specific pancreatic distribution pattern (Al-
Salam et al., 2011; Sassek et al., 2016). In fact, following in vitro treat-
ment with this molecule, the INS release increased at lower glucose
concentration and decreased at higher glucose concentration (Adeghate,
2004; Minn et al., 2003). In a non-obese mouse model, it was observed
that an overexpression of RETN induced INS resistance in pancreatic
islets and impaired glucose-stimulated INS secretion (Nakata et al.,
2007). In INS resistance models, increased production of the molecule
has been observed at the level of the pancreatic islets (Minn et al., 2003).
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In addition, at different glucose concentration, it was observed that
RETN can modulate INS and GCG secretion from clonal o and § cell lines
and isolated islets in rats (Sassek et al., 2016).

In vitro studies have also shown that at “physiological” levels, as in
lean subjects, RETN acts as a B-cell growth factor on which it exerts an
anti-apoptotic and thus protective effect. However, when the concen-
tration of RETN increases sharply, as in the condition of obesity, the
proliferative and anti-apoptotic effects do not occur but rather are
replaced by an apoptotic effect against p-cells, as in cases of insulinoma,
probably leading to p-cell dysfunction (Brown et al., 2007). Elevated
levels of RETN have also been found in pancreatic islet cells in the
condition of acute pancreatitis, suggesting a role for the molecule in
regulating the degree of inflammation (Xue et al., 2015).

RETN belongs to the adipokine group whose secretion is regulated by
the distribution and quantity of adipose tissue which varies according to
animal nutritional status. Previous studies reported differences in the
expression of some adipokines in peripheral tissues and organs, such as
RETN in the uterus (Dall’Aglio et al., 2019) and apelin in both the
mammary gland (Mercati et al., 2018) and abomasum (Palmioli et al.,
2021) of sheep subject to different nutritional conditions. This suggests
that also the adipokine local expression may be affected by diet.

Based on the above information, this study aimed to investigate the
RETN presence and localization in the pancreas of sheep to point out a
possible pancreatic secretion of RETN in ovine species. In addition,
RETN expression was analyzed to detect variations related to diet.

2. Material and methods
2.1. Animal recruiting and sample collection

To conduct the study, a flock of 15 Comisana x Appenninica adult
female sheep were used (Mercati et al., 2018). Once their housing period
in the barn was over, the sheep were left to graze on the pasture feeding
on fresh forage until maximum pasture flowering (MxF). Until this
period, pasture has a high nutritional value due to its low fiber and high
content of proteins and fats (Scocco et al., 2018).

At this point, five subjects were slaughtered (MxF group) while, the
remaining sheep were divided into two homogeneous groups based on
age, reproductive performance, and body condition score (BCS) and left
on the pasture for the entire period between the MxF and the maximum
pasture dryness (MxD; Mercati et al., 2018). With increasing dryness, the
pasture protein content decreases and the fiber content increases, some
of which, such as lignin, is indigestible, reducing the nutritional quality
of the plant species (Scocco et al., 2018). Each group consisted of 5
sheep: the MxD group continued to feed only on fresh forage, instead,
the experimental (Exp) group, also received a food supplementation of
600 g/day/head of barley and corn (1:1), particularly enhancing the
protein intake (Palmioli et al., 2021). The composition of the feed sup-
plementation is described in Table S1 (Mercati et al., 2018).

The animals, intended for human consumption, were slaughtered at
the abattoir according to the Council Regulation (EC) No. 1099/2009 on
the protection of animals at the time of killing under law n.333/98
(Council Directive 93/119/EC of 22 December 1993) as specified by
Annex C of Section II. The experimental procedures were approved by
the Ministry of Health (no. of approval 95/ 2018-PR).

Specimens of the pancreas were collected from the left lobe of the
organs (Mahesh et al., 2017; Steiner et al., 2010) of all tested animals.
Pancreas specimens, about 1 cm? wide, intended for immunohisto-
chemical evaluation were fixed in 10 % formaldehyde in phosphate —
buffered saline (PBS) (pH 7.4) for 36 h at room temperature and then
processed using routine tissue processing techniques (formalin-fixed and
paraffin-embedded, FFPE). Pancreatic samples intended to be used for
investigating the gene expression were washed in an RNase free PBS
solution and then frozen at — 80 °C (Mercati et al., 2019).
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2.2. Immunohistochemistry

The collected pancreas samples of each group were treated as pre-
viously described (Dall’Aglio et al., 2021). The FFPE sections were
dewaxed in xylene and hydrated through a series of ethanol concen-
trations until distilled water. All specimens were cut into 5-pm thick
serial sections and, at first stained with hematoxylin-eosin solution to
carry out a morphological evaluation and to exclude potential pathol-
ogies. For immunohistochemical investigation, sections were treated
with 3 % hydrogen peroxide solution for 10 min to block endogenous
peroxidase activity and microwaved for 3 cycles of 5 min at 750 W in
citrate buffer (pH 6.0) to expose the epitopes to the antibodies. The slices
were incubated with normal serum (Table 1) for 30 min to avoid non-
specific bindings. For the immunohistochemical reaction, sections
were incubated overnight (O.N.) with a monoclonal anti-RETN, poly-
clonal anti-GCG or polyclonal anti-INS antibodies (Table 1) and, on the
second day, they were treated with a biotin-conjugated antibody
(Table 1) for 30 min. The avidin-biotin complex solution (Vectastain
Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) was used to
detect the immunological binding sites, which were revealed with 3,3
diaminobenzidine (DAB) chromogen (DAB substrate kit, Vector Labo-
ratories, Burlingame, CA, USA). Sections were counterstained with
hematoxylin.

Sections were washed with PBS between every incubation step,
except after normal serum. Every step was performed at RT and the
slides were incubated in a humid chamber (H.C.). Negative control
sections were incubated with normal IgG (Table 1), omitting the primary
antibody. Sheep uterus sections were used as a positive control of the
reaction (Dall’Aglio et al., 2019).

A photomicroscope (Nikon Eclipse E800, Nikon Corp., Tokyo, Japan)
connected to a digital camera (Nikon Dxm 1200 digital camera) was
used to observe all sections. The staining intensity for RETN, GCG, and
INS was assessed in arbitrary units, as follows: absent (0), weak (1),
moderate (2), strong (3) and very strong (4) (Maranesi et al., 2020a).
Three separate observers conducted the staining evaluation, with each
observer assessing three randomly selected distinct islets on each tissue
section to determine the mean intensity values. Hence, RETN, GCG, INS
immunostaining intensity was examined in five individuals per group,
with the mean intensity derived from nine scored observations.

2.3. Double-label immunohistochemistry

Double-label immunoperoxidase localization of GCG with INS was
performed as previously described (Palmioli et al., 2021) to characterize

Table 1
Source and working dilutions of the antibodies used.

Antibody Host Sources Dilution

Monoclonal anti - Mouse sc-376336, Santa Cruz IHC 1:100 IF
RETN Biotechnology, CA, USA 1:10

Monoclonal anti - Mouse sc-8033, Santa Cruz IHC 1:800
INS Biotechnology, CA, USA

Polyclonal anti — Rabbit 20056, Immunostar, WI, USA IHC 1:500 IF
INS 1:400

Polyclonal anti — Rabbit orb213971, SL, USA IHC 1:200 IF
GCG 1:600

Anti-mouse Biotin Horse BA-2000-1.5, Vector 1:200
conjugated Laboratories, CA, USA

Anti-rabbit Biotin Goat BA-1000, Vector Laboratories, 1:200
conjugated CA, USA

Anti-mouse IgG Donkey  ab150105, Abcam, Cambridge, 1:1000
Alexa Fluor 488 CB2 0AX, UK

Anti-rabbit IgG Goat A-21428, Invitrogen, Thermo 1:1000
Alexa Fluor 555 Fisher Scientific, ORE, USA

Mouse IgG Mouse 1-2000-1, Vector Laboratories, 1:100

CA, USA
Rabbit IgG Rabbit 1-1000-5 Vector Laboratories, 1:100
CA, USA
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the histological distribution of a and § cells in the pancreatic islets of
sheep. After immunohistochemical detection of GCG cells, performed as
described in the 2.2 paragraph, sections were treated again with 3 %
hydrogen peroxide solution for 10 min and then incubated with avidin/
biotin blocking system reagents (Avidin/Biotin blocking kit, Vector
Laboratories, Burlingame, CA, USA) for a total time of 30 min to block
all the biotin binding sites. The sections were incubated with normal
serum for 30 min, incubated O.N. with a monoclonal anti-INS antibody
(Table 1) and the next day with a biotin conjugated antibody (Table 1)
for 30 min. After the incubation with avidin-biotin complex for 30 min,
the immunological binding sites were revealed with SG chromogen
(Vector SG substrate kit, Peroxidase, Vector Laboratories, Burlingame,
CA, USA).

2.4. Double-label immunofluorescence and colocalization analysis

Double-label localization of RETN with GCG or INS was performed in
the FFPE sections of the pancreas as previously described (Palmioli
etal., 2023) to identify the possible secretion of RETN from a and f§ cells.
After placing the slides at 60 °C for 2 h, the sections were treated with
xylol for 30 min and hydrated through a series of ethanol concentrations
until distilled water. The slices were incubated with an antigen retrieval
solution (Antigen Unmasking Solution, Tris-based, Vector Laboratories,
Burlingame, CA, USA) in a microwave, washed with acetone for 20 min
at —20° and incubated with NH4CI for 30’ R.T. All subsequent steps were
conducted in the H.C. The sections were permeabilized with triton so-
lution (Triton X-100, BioChemika, Sigma-Aldrich, Darmstadt, DE) for
10 min in H.C. and incubated with fish serum blocking solution (Fish
Serum Blocking Buffer, ThermoScientific, Rockford, USA) for 1 h 30
min. The sections were incubated with primary antibody O.N. and the
next day with a fluorescent secondary antibody for 1 h 30 min. Before
mounting the sections with DAPI solution (Fuoroshield with DAPI,
SIGMA, St. Louis, USA), the sections were washed with Sudan black
solution (Sudan Black B, Sigma-Aldrich, Darmstadt, DE) for 20 min.

To run each colocalization, a mouse monoclonal anti-RETN was used
respectively with a rabbit polyclonal anti-GCG and a rabbit polyclonal
anti-INS. Alexa Fluor 488 donkey anti-mouse and Alexa Fluor 555 goat
anti-rabbit were used as secondary antibodies (Table 1).

The sections were washed with PBS for 5 min after each incubation
step. Negative control sections were incubated with normal IgG, omit-
ting the primary antibodies. Sections were observed with a fluorescence
microscope (Olympus BX51 Fluorescence Microscope) and images were
acquired with Nikon DS-Qi2 microscope digital camera and NIS-
Elements D software (Nikon Europe B.V.). Colocalization analysis for
both RETN with GCG and RETN with INS was performed via the FIJI
version of ImageJ software (version 1.53 t; Schindelin et al., 2012) using
the JACoP plugin (Bolte and Cordelieres, 2006). An intensity threshold
(IT) was applied for each channel in every image to distinguish the
signal from the background and minimize noise and artifacts. The
following colocalization metrics were reported: Pearson’s correlation
coefficient (PC) represented by the “r” value; Manders’ coefficients
(MCs) using the above-mentioned ITs represented by M1 (fraction of the
519 nm wavelength [green channel — Alexa Fluor 488] overlapping the
565 nm wavelength [red channel — Alexa Fluor 555]) and M2 (fraction
of the 565 nm wavelength overlapping the 519 nm wavelength); Over-
lap coefficient (OC) represented by the “r”, “k1” and “k2” values.

2.5. RNA extraction and Real-Time PCR

The total RNA was extracted from the pancreas tissue of five sheep
for each experimental group as previously described (Maranesi et al.,
2020b). Genomic DNA contamination was prevented by treatment with
deoxyribonuclease as previously described (Zerani et al., 2012).

Five micrograms of total RNA obtained were reverse-transcribed in
20 pl of Superscript III Reverse transcriptase cDNA synthesis mix using
random hexamer according to the protocol provided by the
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manufacturer. Genomic DNA contamination was checked by developing
the PCR without reverse transcriptase. The multiplex RT-PCR amplifi-
cation was performed using 1.0 pl of cDNA as a template for RETN, INS,
GCG and B-Actin (ACTB) housekeeping primer (Table 2) (Mercati et al.,
2018). Cycling conditions consisted of a denaturing cycle at 94 °C for 1
min and 15 s, followed by 30 cycles at 94 °C for 15 s, 62 °C for 30 s and
72 °C for 45 s and a final extension cycle at 72 °C for 10 min. For each
PCR, a negative control without cDNA was included. The complete set of
c¢DNA samples (five pancreas for each experimental group) was pro-
cessed in a single PCR and each sample run in triplicate. The analysis of
the amplified product was carried out as reported elsewhere (Maranesi
et al., 2010; Maranesi et al., 2021).

Each sample was normalized to the geometric mean of one reference
gene, ACTB (Mercati et al., 2018).

2.6. Statistical analysis

The overall mean + standard deviation (SD) for RETN, GCG, and INS
immunostaining intensity in each diet group was computed based on the
mean intensity values obtained from individual assessments. To eval-
uate the statistical differences in mean immunostaining intensities
among individuals across distinct groups, a one-way analysis of variance
(ANOVA) test was employed. The essential assumptions required for this
parametric test were verified using Levene’s test for homogeneity and
the Shapiro-Wilk test for normality.

Shapiro-Wilk test was used to check the normality of data of RETN,
GCG, INS and ACTB gene expressions, which were analyzed by the non-
parametric Kruskal-Wallis test followed by the Student-Newman Keulst
test.

3. Results
3.1. Immunohistochemical analysis

The immunohistochemical investigation revealed the presence of
RETN-positive cells in the pancreas of all three sheep groups. The
molecule signal was exclusively detected in the endocrine pancreas,
while both pancreatic acini and ducts were negative (Fig. 1).

The islands were irregularly distributed and had a highly variable
shape (Fig. la). RETN-positive cells exhibited a broad distribution
within the islets and only a few cells appeared negative (Fig. 1a-b).
Immunohistochemical staining was localized in the cytoplasm of
pancreatic islet cells (Fig. 1c).

Immunoperoxidase colocalization between GCG and INS showed
that GCG-secreting cells were mainly found in the periphery while the
INS-secreting ones were mainly in the center of the islets (Fig. 2).

ANOVA tests performed to assess differences within RETN, GCG, INS
mean immunostaining intensities among different groups had no sig-
nificant results (p > 0.01) in all cases (Fig. 3; Table 3).

The intensity of immunostaining was sorted on a scale ranging from
0 (negative) to 4 (very strong). *Significantly different values were
considered at p < 0.01. The means + SD of RETN, GCG, and INS im-
munostaining intensity were calculated for 5 animals/group. The right
column represents results (F and p values) from the ANOVA tests per-
formed for each molecule immunostaining reaction among different
groups. RETN: Resistin; GCG: glucagon; INS: insulin.

Table 2
Primers for RETN, INS, GCG, and ACTB (used as internal standard) for Real-Time
PCR quantification.

Gene Forward sequence Reverse sequence bp

RETN CCAGTCACTGTGCCCCATAG
GCG CTGCTCTGTTCCACCTCCTG

INS GAGAGCGCGGCTTCTTCTAC
ACTB CCTTAGCAACCATGCTGTGA

AGGAACATTGGCCTGGACTG 99

TGAAGGGAATGTTGCCAGCT 110
ACTGCTCCACGATGCCAC 138
AAGCTGGTGCAGGTAGAGGA 130

General and Comparative Endocrinology 348 (2024) 114452

Double-label immunofluorescence localization between RETN and
GCG showed that all o cells secrete RETN while some of the RETN-
positive cells were not colocalizing. The colocalizing cells were more
abundant in the periphery of pancreatic islets (Fig. 4).

Double-label immunofluorescence localization between RETN and
INS revealed that all B cells secrete RETN while some of the RETN-
positive cells were not colocalizing. The colocalizing cells were more
abundant in the center of pancreatic islets (Fig. 5).

No positive signal was detected in the control sections of all samples
where the primary antibodies were omitted.

Colocalization analysis for RETN with GCG using ITs of 24 (green
channel, i.e. RETN) and 16 (red channel, i.e. GCG) resulted in r = 0.791
(PC), M1 =0.111 (MC), M2 = 0.202 (MC), r = 0.96 with k1 = 0.693 and
k2 =1.329 (0C).

The same analysis for RETN with INS using ITs of 23 (green channel,
i.e. RETN) and 21 (red channel, i.e. INS) resulted in r = 0.746 (PC), M1
=0.121 (MC), M2 = 0.388 (MC), r = 0.841 with k1 = 0.672 and k2 =
1.051 (OCQ).

3.2. Real-Time PCR analysis

The Real-Time PCR analysis reported the expression of RETN, GCG
and INS in the ovine pancreas of all tested sheep.

For both RETN and GCG analyzed genes there was no significant
variation (P > 0.01) in the transcript levels among the groups fed with
different diets. On the other hand, INS expression was significantly
higher in MxF vs Exp and MxD while no significant differences were
evidenced between Exp and MxD (Fig. 6).

4. Discussion

The RETN has initially been considered a link among obesity, INS
resistance and T2DM (Nieva-Vazquez et al., 2014). However, further
investigations have changed this view, as they show a broad tissue
distribution of the molecule and, therefore, its diverse action and
physiological properties, such as in the pancreas (Adeghate, 2004). To
date, the molecule has been mainly studied in humans and lab animals
and little information is present about RETN in Ruminants, especially in
ovine species (Dall’Aglio et al., 2019; Reverchon et al., 2014; Zhang
et al., 2021). This research represents the first study aimed at describing
the RETN localization and mRNA expression in the pancreas of sheep.
The animals used for the evaluation were grazing on semi-natural
pasture and fed with different diets (Mercati et al., 2018).

The obtained results highlighted the molecule presence in the ovine
pancreas, exclusively in the endocrine component of the organ. In sheep,
the islets had a very heterogeneous morphology and appeared round,
oval, or mostly irregular in shape, occurring randomly within the
exocrine portion and in the interlobular connective tissue. The RETN
positivity was observed throughout most of the islet cells even if some
cells were negative. The observed wide distribution of RETN in
pancreatic islets of sheep leads us to suppose the prevalent secretion of
this molecule from GCG- and INS-secreting cells, as already assumed in
other studies reporting the molecule localization only in a cells of lab
animals and in f cells of human (Al-Salam et al., 2011; Sassek et al.,
2016). Alpha and f cells turn out to be the most abundant cell pop-
ulations in the pancreatic islets, from humans, rats, to Ruminants
(Brissova et al., 2005; Tsuchitani et al., 2016; Mahesh et al., 2017). The
immunoperoxidase colocalization confirmed the prevalence of these cell
populations and evidenced the distribution of a cells in the periphery
and p ones toward the center of the islets as already described in sheep
and goat (Dellmann and Eurell, 2000; Mahesh et al., 2017; Al-Redah
et al., 2021). A similar pattern has been observed in the bovine, dog,
and human (Mahesh et al., 2017; Brissova et al., 2005; Hafez et al.,
2015). In contrast, an inverse pattern was observed in the horse and
Indian donkey, wherein the a cells were located towards the center,
while the f cells were situated towards the periphery, showing
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Fig. 1. RETN immunolocalization in pancreas. Pancreatic islets positive to RETN (arrows) are spread in the exocrine parenchyma where no signal detection can be
observed (a). RETN shows a wide distribution within the islets in both the center and periphery of pancreatic islets; few cells are negative (asterisks) (b; ¢). Arrow

points to a negative pancreatic duct (c).

Fig. 2. Double-label immunohistochemistry of INS with GCG in pancreatic
islet: positivity of INS (dark blue) and GCG (dark brown), respectively, in the
center (asterisks) and periphery (arrows) of pancreatic islets.

interspecific variability (Mahesh et al., 2017).

The presence of RETN in both o and f cells, in ovine, was supported
by colocalization analysis performed on RETN with GCG and INS
double-label immunofluorescence results. An overlapping of all GCG
and INS positive cells with RETN positive ones with the same distribu-
tion pattern outlined above was shown. Additionally, the MCs empha-
sized that a larger fraction of the signal from either GCG or INS overlaps
with the RETN signal and not vice versa. These results point out the
secretion of RETN from o and p cells.

Interestingly, the secretion of RETN in sheep by pancreatic endocrine
cells is different from in rats and humans where the molecule is secreted
by a or p cells, respectively, highlighting a species-specific pancreatic
pattern of RETN secretion (Al-Salam et al., 2011; Xue et al., 2015; Sassek
et al., 2016). & cells, PP-cells and the gastro-entero-pancreatic (GEP)
system secreting cells were not evaluated in this work. These cells
represent a minor component of the endocrine islets (Mahesh et al.,
2017); they could represent the negative cells observed in the immu-
nohistochemical analysis, but it cannot be excluded RETN secretion by
these cell types. Further investigations are needed to clarify this question
in sheep.

The RETN receptor has not yet been identified; however, it is known
that adipokines perform their function not only at the systemic level, but
also at the local level through an autocrine and paracrine mechanism of
action (Lago et al., 2007). The molecule detection at the source of both

GCG and INS points out the RETN secretion by the investigated endo-
crine cell populations. This suggests that the RETN in sheep may play a
modulatory role, likely in autocrine mode, in islet biology as hypothe-
sized by other authors in humans and rats (Al-Salam et al., 2011; Sassek
etal., 2016), the latter role could also reflect on glucose homeostasis. To
date it is not possible to evaluate the RETN receptor since not yet clearly
identified (Park and Ahima, 2013; Acquarone et al., 2019), hence we are
not able to define the molecule action on a specific cell type. However, in
this condition, a possible paracrine action toward other negative cells
cannot be ruled out.

In normal-weight subjects with physiological RETN levels, the
molecule plays a protective role against f§ cells by exerting an anti-
apoptotic effect. This effect disappears in obese subjects in whom
RETN levels increase significantly and an apoptotic effect of RETN on f
cells is observed impairing their functions (Brown et al., 2007). The
sheep in our trial are “normal weight” subjects. Although not aware of
the serological levels of RETN since they have not yet been tested, one
could likely speculate an anti-apoptotic effect of the molecule on INS-
secreting cells and, thus, a protective effect even in this animal model
under study.

It has already been reported the variation of adipokines expression,
such as RETN in the uterus and apelin in both mammary gland and
abomasum of sheep under study, in relation to different nutritional
conditions (Dall’Aglio et al., 2019; Mercati et al., 2018; Palmioli et al.,
2021). Accordingly, the RETN was analyzed in the same studied sheep to
highlight variations related to feeding in the pancreas. Data obtained by
quantitative PCR showed the expression of RETN and the other mole-
cules tested in the ovine pancreas. Both RETN and GCG analyzed genes
did not vary significantly (P > 0.01) in the transcript levels among the
treatment groups. Regarding dietary supplementation, the molecular
investigation findings showed that RETN expression does not vary with
feed integration and is therefore not influenced by this diet. The RETN
behavior also resembles the leptin system behaviour previously
observed in the sheep abomasum of the same trial (Palmioli et al., 2023),
where no statistical differences in leptin system expression were detec-
ted. Probably expression of RETN in the pancreas is not sensitive to the
diet administered. Other concentrations of the integration may be tested
otherwise it can be hypothesized that the molecule may have a primary
role in an inflammatory state that may arise in the individual (Filkova
et al., 2009).

Finally, as the different pattern of INS expression observed indicates,
it is important to consider that the sheep of this trial were in the dry
period in which the MxF mammary gland parenchyma showed a
morphological framework characteristic of the early involution
following glandular activity during lactation (Mercati et al., 2018). The
Ruminant mammary epithelial cells do not regress as quickly as found in
rats after weaning (Tatarczuch et al., 1997) and the gland keeps its ac-
tivity during the first dry period (Holst et al., 1987; Sordillo et al., 1988).
One of the primary roles of INS is to facilitate glucose entry into INS-
dependent tissues, including mammary glands. Recent in vivo studies
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Fig. 3. Immunostaining for RETN (a, b, c¢), CGC (d, e, f) and INS (g, h, i) in the pancreatic islets of the MxF (a, d, g), Exp (b, e, h) and MxD sheep group (c, f, 1).

Table 3

Intensity of RETN, GCG, INS immunostaining in MxF, Exp, and MxD groups
expressed as mean + SD.

MxF Exp MxD ANOVA

Mean SD Mean SD Mean SD F & p Values
RETN 2.644 0.547 2.556 0.515 2.511 0.482 0.087; 0.917
GCG 3.533 0.372 3.244 0.493 3.333 0.283 0.711; 0.511
INS 3.867 0.122 3.467 0.346 3.533 0.595 1.409; 0.282

demonstrated that INS stimulates lipid synthesis in mammary tissue and
takes place in the milk protein synthesis at multiple levels, including
transcriptional regulation, stabilization of milk protein mRNA, and
translation of milk protein mRNA, from rats to Ruminants through its
normal signaling pathway in the lactating gland to maintain milk syn-
thesis (Cohick, 2016; Neville and Picciano, 1997; Schmidt, 1966).
Therefore, INS exerts a relevant role in maintaining milk secretion in the
lactating animal (Neville et al., 2013). So, it can be hypothesized that the
high expression of INS shown by the MxF group is due to the stimulatory
effect of the molecule on milk fat synthesis, since the mammary gland

Fig. 4. Immunofluorescence staining of RETN and GCG in pancreatic islets: a) RETN (green), b) GCG (red), ¢) Merged (RETN, green; GCG, red; DAPI, blue).
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Fig. 5. Immunofluorescence staining of RETN and INS in pancreas: a) RETN (green), b) INS (red), c) Merged (RETN, green; INS, red; DAPI, blue).

a RESISTIN b

o
e

GLUCAGON C

INSULIN

Fig. 6. Relative gene expression of RETN (a), GCG (b) and INS (c) in the pancreas of MxF, Exp and MxD sheep groups. The results are expressed as mean mRNA levels

2A—ACt

values (P < 0.01).

maintains synthetic and secretory activity during the early non-lactating
phase.

5. Conclusion

This study, representing the first investigation aimed at evaluating
RETN in the sheep pancreas, demonstrated the presence of RETN
highlighting its specific localization. The RETN production and expres-
sion in ovine o and p cells of the pancreatic islets were observed, sug-
gesting that this protein may play a role in islet cell functionality that,
likely, reflects on glucose homeostasis in sheep. Expression of the
molecule does not appear to be affected by diet and feed supplementa-
tion administered in this study, differently from previous investigations
performed in the uterus and highlighting a different role of the mole-
cules according to tissues. This study may contribute to further general
knowledge about adipokines in sheep as an animal model in relation to
food integration.
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