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Evidence that resistin acts on the
mechanical responses of the
mouse gastric fundus

Eglantina Idrizaj'*, Rachele Garella?, Silvia Nistri?,
Roberta Squecco® and Maria Caterina Baccari'*

Department of Experimental and Clinical Medicine, Section of Physiological Sciences, University of
Florence, Florence, ltaly, 2Department of Experimental and Clinical Medicine, Research Unit of
Histology and Embryology, University of Florence, Florence, Italy

Resistin, among its several actions, has been reported to exert central
anorexigenic effects in rodents. Some adipokines which centrally modulate
food intake have also been reported to affect the activity of gastric smooth
muscle, whose motor responses represent a source of peripheral signals
implicated in the control of the hunger-satiety cycle through the gut-brain
axis. On this basis, in the present experiments, we investigated whether resistin
too could affect the mechanical responses in the mouse longitudinal gastric
fundal strips. Electrical field stimulation (EFS) elicited tetrodotoxin- and
atropine-sensitive contractile responses. Resistin reduced the amplitude of
the EFS-induced contractile responses. This effect was no longer detected
in the presence of L-NNA, a nitric oxide (NO) synthesis inhibitor. Resistin did not
influence the direct muscular response to methacholine. In the presence of
carbachol and guanethidine, EFS elicited inhibitory responses whose amplitude
was increased by resistin. L-NNA abolished the inhibitory responses evoked by
EFS, indicating their nitrergic nature. In the presence of L-NNA, resistin did not
have any effect on the EFS-evoked inhibitory responses. Western blot and
immunofluorescence analysis revealed a significant increase in neuronal nitric
oxide synthase (nNOS) expression in neurons of the myenteric plexus following
resistin exposure. In conclusion, the present results offer the first evidence that
resistin acts on the gastric fundus, likely through a modulatory action on the
nitrergic neurotransmission.
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Abbreviations: Ctrl, control; EFS, electrical field stimulation; L-NNA, L-N©-nitro arginine; NANC, non-
adrenergic, non-cholinergic; NO, nitric oxide; NOS, nitric oxide synthase; nNOS, neuronal nitric oxide
synthase.
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1 Introduction

White adipose tissue is nowadays considered an endocrine
organ, being able to produce and release a variety of hormones
called adipokines (Rodriguez et al, 2015). These latter include
resistin, a polypeptide secreted by mammals, belonging to a
family of proteins called resistin-like molecules that comprises
several members with distinct patterns of expression and
biological actions (Steppan et al, 2001). Resistin was originally
claimed to be adipose-specific, since it was found to be primarily
expressed and secreted by mature white adipocytes of rodents
(Steppan et al.,, 2001). Subsequently, its expression in rodents has
been
hypothalamus (Morash et al., 2002) and the gastrointestinal tract
(Nogueiras et al,, 2003) as well as in various human cells (Recinella
et al., 2020; Badoer, 2021).

Several potential resistin receptors have been suggested but its

revealed in multiple other structures including the

specific one has not yet been identified and scarce information
concerning the downstream signaling mechanisms of action is
available (Badoer, 2021). Nevertheless, the hormone has been
reported to be involved in a broad range of physiological and
pathological conditions, both in rodents and in humans, acting
centrally and peripherally (Aitken-Buck et al., 2020; Recinella et al.,
2020; Deb et al., 2021; Rachwalik et al., 2021). In particular, resistin
acting at the hypothalamic level influences energy homeostasis and
modulates feeding, displaying anorexigenic effects in rodents
(Brunetti et al., 2004; Tovar et al, 2005; Vdazquez et al., 2008;
Cifani et al., 2009). Central administration of resistin has indeed
been reported to promote short-term satiety in rats (Tovar et al,
2005), and the effects of the hormone were found to be associated
with changes in mRNA expression of neuropeptides with orexigenic
and anorexigenic properties in the hypothalamic arcuate nucleus
(Véazquez et al,, 2008). In this view, a reduced hyperphagic effect of
neuropeptide Y by resistin has also been observed in rats, confirming
the involvement of the hormone in the central regulation of feeding
behavior (Cifani et al., 2009). This regulation also involves peripheral
hormonal and nervous signals from the gastrointestinal tract
(Camilleri, 2015; Moura-Assis et al., 2021; Tack et al, 2021). In
particular, gastric motor phenomena are known to generate nervous
signals which reach the hypothalamic nuclei implicated in the
control of the hunger-satiety cycle through the gut-brain axis
(Janssen et al., 2011).

Notably, some substances which centrally influence feeding
have also been reported to affect motor responses of the stomach
(Guan et al., 2012; Idrizaj et al., 2019b; Camilleri, 2019; Goyal et al,,
2019; Idrizaj et al, 2020b). The latter are indeed controlled by a
variety of hormones, some of which act by modulating the release of
neurotransmitters (Camilleri, 2019; Verbeure et al., 2021; Baccari
etal,, 2022). Among these, nitric oxide (NO) appears to be one of the
main molecules whose release/production is influenced by this
hormonal control (Idrizaj et al., 2021; Verbeure et al., 2021).

NO is considered as the major inhibitory neurotransmitter
released from non-adrenergic, non-cholinergic (NANC) fibers
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supplying the smooth muscle and responsible for proximal
stomach relaxation in both humans and rodents (Rand, 1992;
Min et al,, 2016; Idrizaj et al, 2021). In this view, we previously
observed that a NO-dependent mechanism was implicated in the
inhibitory actions of adiponectin on gastric smooth muscle activity
(Idrizaj et al., 2018a; Idrizaj et al, 2019a; Idrizaj et al., 2020a).
Interestingly, NO production has been shown to be also influenced
by resistin in human vascular endothelial cells (Chen et al., 2010).

All the above observations, together with the recent finding
that adiponectin and resistin are co-secreted by white mouse
adipocytes (Musovic et al., 2021), have stimulated our interest in
examining whether resistin too could have an action at the gastric
level since, to our knowledge, there are no studies in the literature
on this topic. Therefore, we here investigated the effects of
the
preparations from the mouse gastric fundus and the possible

resistin - on mechanical responses in longitudinal
involvement of NO through a combined functional and

immunohistochemical approach.

2 Materials and methods

Experiments were conducted on female mice (C57BL/6; Charles
River, Lecco, Italy) 8- to 12-week-old. The animals, fed with
standard laboratory chow and water, were housed at a controlled
temperature (21 + 1°C) and under a 12-h light/12-h dark
photoperiod. The experimental protocol was designed in
accordance with the guidelines of the European Communities
Council Directive 2010/63/UE and the recommendations for the
care and use of laboratory animals approved by the Animal Care
Committee (University of Florence, Italy), subject to the
authorization of the Italian Ministry of Health (code
0DD9B.N.ZB6/2020 to MCB). The animals were sacrificed by
cervical dislocation.

2.1 Mechanical recording

As previously reported (Vannucchi et al., 2011; Garella et al.,
2017a; Idrizaj et al., 2018a), the stomach was quickly removed
from the abdomen and full-thickness strips (2 x 10 mm) were cut
in the direction of the longitudinal muscle layer from the fundal
region. One end of each strip was tied to a platinum rod, while the
other was connected to a force displacement transducer (Grass
model FT03, Quincy, MA, USA) by a silk thread for continuous
recording of isometric tension. The transducer was coupled to
polygraph systems (Grass model 7K, Quincy, MA, USA).
Preparations were mounted in the longitudinal direction in
5ml double-jacketed organ baths containing Krebs-Henseleit
solution, gassed with 95% 0O,-5% CO, mixture, of the
following composition (mM): NaCl 118, KCl 4.7, MgSO, 1.2,
KH,PO, 1.2, NaHCOj 25, CaCl, 2.5 and glucose 10 (pH 7.4). The
temperature was maintained within a range of 37 + 0.5°C.
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Electrical field stimulation (EFS) was applied via two
platinum wire rings (2 mm diameter, 5 mm apart) through
which threaded. Electrical
(rectangular waves, 80V, 4 and 8 Hz, 0.5 ms, for 15s) were

the preparation was pulses
provided by a Grass model S8 stimulator. Strips were allowed to
equilibrate for 1 h under an initial load of 0.8 g.

2.2 Western blotting and
immunofluorescence analysis

Gastric specimens were employed. One-half of each gastric
fundus was exposed to resistin (60 ng/ml) for 30 min whereas the
second half was maintained in Krebs-Henseleit solution for the
same time without adding the hormone (controls), and then
preparations were immediately processed for western blot and
immunohistochemistry.

2.2.1 Western blotting

Fragments of gastric fundus from the control and resistin
exposed specimens were homogenized in cold lysis buffer
(20 mM Tris/HCI (pH 7.4), 10 mM NaCl, 1.5 mM MgClL,, 5 mM
EGTA, 2mM Na,EDTA, added with 10x Sigmafast Protease
Inhibitor Cocktail tablets). Total protein content was measured
spectrophotometrically using micro-BCA™ Protein Assay Kit
(Pierce, IL, USA). Fifty ug of total proteins were electrophoresed
by SDS-PAGE and blotted onto PVDF membranes (Millipore,
Bedford, MA, USA). The membranes were incubated overnight
(O.N.) at 4 °C with rabbit polyclonal anti-nNOS (1: 2000; Millipore)
and mouse monoclonal anti-GAPDH (1:2000; Invitrogen,
Waltham, Massachusetts, USA), assuming GAPDH as control
invariant protein. Specific bands were detected using rabbit
(1:15.000  Vector,
chemiluminescent

peroxidase-labeled  secondary antibodies
CA, USA) enhanced

substrate. Densitometric analysis of the bands was performed

Burlingame, and
using Scion Image Beta 4.0.2 image analysis software (Scion
Corp., Frederick, MD, USA).

2.2.2 Immunofluorescence analysis

Gastric tissue samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and cut into 5-pm thick sections. For
antigen retrieval the sections were transferred in EDTA 1 mM,
pH 9.0 + tris buffer 10 mM, for 20 min at a temperature of 90-92°C.
To quench the autofluorescence of elastic fibers, the sections were
incubated in 2 mg/ml glycine for 8 min at room temperature (RT).
To minimize the unspecific binding, the sections were pre-incubated
with 1.5% bovine serum albumin (Sigma Aldrich) for 20 min at RT
and then incubated O.N. at 4°C with rabbit monoclonal anti-nNOS
antibody (1:2000, Millipore) followed by goat anti-rabbit Alexa
Fluor 488-conjugated IgG (1:350 Invitrogen) for 2 h at RT. After
the first incubation as described above, the sections were re-
incubated O.N. at 4°C with anti-mouse monoclonal anti-UCH-L1
(neuronal marker) antibody (1:200; Santa Cruz Biotechnology,
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Texas, USA). Then, the sections were incubated with the
appropriate Alexa Fluor 568-conjugated IgG (1:350; Invitrogen)
for 2 h at RT. Negative controls were performed by omitting the
primary The
FluoroshiedTM mounting medium containing the nuclear

antibodies. sections were mounted with
marker DAPI (Sigma Aldrich). Images were obtained using an
epi-fluorescence Olympus BX40 microscope coupled to analySISAB

Imaging Software (Olympus, Milan, Italy) with a x40 objectives.

2.3 Drugs

Atropine, guanethidine sulphate, carbachol (CCh), mouse
recombinant resistin, methacholine, tetrodotoxin (TTX), and
L-NCnitro arginine (L-NNA) were obtained from Sigma
Chemical (St. Louis, MO, United States). Drug concentrations
are in the range of those previously reported to be effective in
isolated smooth muscle tissues (Scott et al., 2016; Idrizaj et al., 2018a;
Wang et al., 2021).

2.4 Data analysis

Amplitude of contractile responses is given as percentage
10°M
methacholine, taken as 100%, and measured 30s after a

of the muscular contraction elicited by 2 x

stable plateau phase was reached. The basal tension value
was assumed as 0 g, since baseline was regained following the
equilibration period. Relaxant responses are expressed as a
percentage decrease relative to the muscular tension induced
by 1 x 10°M CCh just before obtaining relaxations.
Amplitude values of EFS-induced relaxations refer to the
maximal peak obtained during the stimulation period.

2.5 Statistical analysis

The statistical significance was assessed by paired or unpaired
Student’s t-test or one-way ANOVA followed by Bonferroni’s
post hoc test for multiple comparisons. A P value <0.05 was
considered significant. Results are means = SEM. In the results #
indicates the number of preparations.

3 Results

3.1 Resistin decreases the amplitude of the
neurally-evoked excitatory responses

As previously observed (Garella et al., 2017a; Idrizaj et al.,
2018a), at basal tension, EFS (4-8 Hz) evoked (n = 28)
excitatory responses which were abolished by 1 x 10°°M
TTX (n = 2, from 2 mice) or 1 x 10°°M atropine (n = 2,
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Methacholine
(2X 10 M)
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(2X 106 M)

Resistin
(60 ng/mL)

Influence of resistin on the neurally-evoked contractions and its lack of effects on the response to methacholine. (A,B): representative traces
showing the EFS-evoked contractile responses at 4 and 8 Hz stimulation frequency (left hand traces) and their abolition in the presence of TTX [(A),
right hand trace] or atropine [(B), right hand tracel]. (C,D): representative trace (C) showing that the amplitude of the neurally-induced excitatory
responses at both stimulation frequencies employed (left hand trace) is decreased in the presence of 60 ng/ml resistin (right hand trace). Bar
chart (D) of the effects of resistin on the mean amplitude of the EFS-evoked contractions at 4 and 8 Hz stimulation frequency. Amplitude of
contractile responses is expressed as percentage of the muscular contraction induced by 2 x 10-¢ M methacholine, taken as 100%. All values are

means + SEM of 8 strips (from 5 animals).

*p < 0.05 vs Ctrl (Student’s t-test). (E,F): Representative traces showing the response to methacholine (left

hand traces), whose amplitude is not affected by TTX [(E), right hand trace] or resistin [(F), right hand trace].

from 2 mice) (Figures 1A,B), indicating their nervous and
cholinergic nature, respectively.

Addition of resistin (60 ng/ml) to the bath medium (n = 14,
from 7 mice) decreased the amplitude of the contractile responses
induced by EFS (Figures 1C,D). The effects of resistin were already
detectable 15-20 min following its inclusion into the bath medium
and lasted for 1h (no longer time recorded).

Addition of methacholine (2 x 10~° M) to the bath medium (1 =
8, from 5 mice) caused a sustained contracture which was TTX-
insensitive (n = 2, from 2 mice) and reached a plateau phase (mean
amplitude 1.0 + 0.2 g) that lasted until washout (Figure 1E). Resistin
(60 ng/ml) did not influence (n = 6 from 3 mice) the amplitude of
the direct muscular response to methacholine (mean amplitude
1.1 £ 0.1 g p > 0.05), as shown in Figure 1F.

3.2 L-NNA counteracts the effects of
resistin on the neurally-evoked excitatory
responses

Addition of the NO synthesis inhibitor L-NNA (2 x
107* M) to the bath medium (n = 8, from 4 mice) did not
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cause appreciable changes of the strip basal tension but
enhanced the amplitude of the EFS-induced contractions
(Figure 2). In the presence of L-NNA, resistin (60 ng/ml)
no longer decreased (in all the 8 strips) the amplitude of the
contractile responses evoked by EFS (p > 0.05; Figures 2A,B).

3.3 Resistin increases the amplitude of the
neurally-evoked relaxant responses

The effects of resistin were investigated in the presence of
guanethidine (1 x 107° M) and CCh (1 x 107° M).

CCh, added to the bath medium (n = 16), caused a rapidly
0.2 g), and after
In CCh
precontracted strips, EFS (4 and 8 Hz) elicited a fast

arising contraction (mean amplitude 1.2 +

washout strip tension returned to baseline.
relaxant response which persisted during the whole period
of stimulation (Figure 3A). Addition of resistin (60 ng/ml) to
the bath medium (n = 12, from 6 mice) elicited, in 8 out of the
12 strips, a slight and lasting decay of the basal tension (mean
amplitude 7.0 £ 0.2%; p < 0.05). In the presence of resistin the

amplitude of the EFS-evoked relaxation was increased (p <
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8 Hz

Lack of effects of resistin on the neurally-evoked contractile responses in the presence of L-NNA. (A): representative trace showing the EFS-
evoked contractile responses at 4 and 8 Hz stimulation frequency (left hand panel). Addition of 2 x 10~ M L-NNA to the bath medium enhances the

amplitude of the neurally-evoked contractile responses (middle panel

. In the presence of L-NNA, resistin (60 ng/ml) no longer depresses the

amplitude of the EFS-evoked contractile responses (right hand panel). (B): bar chart showing the lack of effects of resistin on the mean

amplitude of the neurally-evoked contractile responses in the presence of L-NNA. Amplitude of contractile responses is expressed as percentage of
the muscular contraction induced by 2 x 10-®* M methacholine, taken as 100%. All values are means + SEM of 8 strips (from 4 animals). *p < 0.05 L-
NNA vs its own Ctrl; **p < 0.05 L-NNA + resistin vs its own Ctrl and p > 0.05 L-NNA + resistin vs L-NNA (ANOVA with Bonferroni's post hoc test).

0.05; Figures 3A,B). The effects of resistin were already
detectable 15-20 min after its into the bath
medium and lasted for 1 h (no longer time recorded).

In the presence of L-NNA (2 x 10* M), the EFS-evoked
relaxant responses were abolished (n = 4, from 3 mice) and the
subsequent addition of resistin (60 ng/ml) to the bath medium
had no longer effects (Figure 3C).

inclusion

3.4 Resistin increases nNOS expression

Exposure to resistin for 30 min induces a significant
increase in nNOS expression in the mouse gastric fundus
as demonstrated by western blot (ctrl 2.750 + 0.45; resistin
9.150 + 0.75; p < 0.05) and immunofluorescence analysis that
showed nNOS expression in the neurons of the myenteric
plexus (Figure 4).
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4 Discussion

The main finding of this study provides the new information
that resistin is capable of acting on the mouse gastric fundus. In
particular, the hormone appears to affect the mechanical
responses mainly through a neuromodulatory action on the
nitrergic transmission.

Resistin indeed influenced the amplitude of the neurally-
evoked both
longitudinal strips from the mouse gastric fundus. In

excitatory and inhibitory responses in
particular, resistin decreased the amplitude of the neurally-
induced excitatory responses without affecting the direct
This
observation, other than excluding a non-specific effect,

smooth muscle contraction to methacholine.
indicates that the hormone exerts a neuromodulatory
action. However, gastric motor responses are known to be

the result of a balance between excitatory (mainly cholinergic)
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10~* M L-NNA (middle trace) and the subsequent addition of resistin (60 ng/ml) to the bath medium has no longer effects (right hand trace) on the
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and inhibitory (NANC) nervous influences on the smooth
muscle. Therefore, being both types of nerve fibers activated
during EFS, the decrease in amplitude of the neurally-evoked
contractile responses by resistin could be due to either a
reduced activation of the excitatory component or to an
increased activation of the inhibitory one. In the present
the ability of L-NNA the
amplitude of the EFS-evoked contractile responses indicates

experiments, to increase
the removal of a nitrergic inhibitory influence at the nervous
level. Notably, the observation that resistin no longer
influenced the amplitude of the neurally-evoked excitatory
responses in the presence of L-NNA, suggests that the
hormone exerts a neuromodulatory action on the nitrergic
transmission. This is further confirmed by the observation
that, in the presence of L-NNA, resistin was no longer able to
increase the amplitude of the EFS-evoked inhibitory
responses, whose abolition by L-NNA also supports that
NO is the inhibitory neurotransmitter released during EFS
in gastric fundal preparations from mice (Mule and Serio,
2003; Baccari et al., 2009; Garella et al., 2017a; Idrizaj et al,,
2018a).

In agreement, we revealed a significant increase in nNOS
expression in neurons of the myenteric plexus following
resistin exposure. The nNOS isoform, producing NO as a
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neurotransmitter which indeed plays the most important role
in the control of gastrointestinal motility (Groneberg et al.,
2016) appears as a shared target for many hormones (Garella
et al., 2017a,b; Bodi et al., 2019; Idrizaj et al., 2021; Baccari
et al.,, 2022).

NO released from inhibitory enteric motor neurons acts
on SIP syncytium cells (smooth muscle cells, interstitial cells
of Cajal, and PDGFRa+ cells) (Blair et al., 2012) and it could
be not excluded that a direct effect of resistin, in addition to its
modulatory action on the nitrergic neurotransmission, may
occur at the muscular level through the involvement of
different NO pathways on SIP cells. In this view, the effects
of resistin might enhance the action of NO at the muscular
level. This can likely occur through the sGC/cGMP pathway,
as observed for other hormones (Squecco et al., 2015; Idrizaj
et al., 2018b), or even by decreasing NO-induced effects on
Ca*' sensitization proteins (Sanders and Ward, 2019) which
may be in accordance with the observation that the hormone
also causes a slight decay of the basal tension. This topic
certainly deserves to be better investigated.

Different mechanisms of action have been indeed reported
to be engaged by resistin also on causing vasoconstriction. In
this view, an enhancement of calcium entry from SOC in
vascular smooth muscle cells has also been reported (Chuang
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Resistin up-regulates NNOS expression. (A) Effect of resistin exposure (30 min) on NNOS expression in mouse gastric fundus assayed by
Western blotting: representative bands from a typical experiment. The two representative lanes for control and resistin samples are biological
replicates from separate animals. (B) Quantitative analysis. Columns are means + SEM. Significance of differences (Student's t-test for two
independent samples from 3 mice): *p < 0.05 vs controls (Ctrl). (C) Representative photomicrographs of gastric tissue from control and resistin-
exposed (30 min) preparations showing double immunofluorescence labeling. (A1-A4) Co-localization of NNOS and UCH-L1 in control mice: (A1)
nNOS signal (green channel); (A2) UCH-L1 signal (red channel); (A3) DAPI; (A4) merged images. (B1-B4) Co-localization of nNOS and UCH-L1 in
resistin-exposed preparations: B1 nNOS signal (green channel); (B2) UCH-L1 signal (red channel); (B3) DAPI; (B4) merged images. Scale bar: 20 pm.

et al, 2012). Moreover, the pro-inflammatory adipokine
resistin appears to cause vasoconstriction mainly impairing
endothelial functions due to increased endothelin-1
production and decreased endothelial NOS expression and
NO levels (Maenhaut and Van de Voorde, 2011). Therefore,
NO seems to be involved in resistin actions also on the
vascular smooth muscle.

The results of the present study offer the first evidence that
resistin is capable of acting on the gastric fundus, at least in
part, through a modulatory action on the nitrergic

neurotransmission.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material, further
inquiries can be directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Animal
Care Committee of the University of Florence, Italy.
Authorization from the Italian Ministry of Health (code
0DD9B.N.ZB6/2020 to MB).

Frontiers in Physiology

Author contributions

MB conceived and designed research; EI, RG, SN, and RS
performed experiments; EI, RG, SN, and MB analyzed data; EI,
RG, SN, and MB interpreted results of experiments; EI and MB
wrote the paper; EI, RG, SN, RS, and MB approved final version of
manuscript.

Funding

This study was supported by funds from the University of
Florence ex-60% (RICATEN22) to SN, RS, and MB.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930197

Idrizaj et al.

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

References

Aitken-Buck, H. M., Babakr, A. A., Fomison-Nurse, I. C., van Hout, 1., Davis, P. J.,
Bunton, R. W,, et al. (2020). Inotropic and lusitropic, but not arrhythmogenic,
effects of adipocytokine resistin on human atrial myocardium. Am. J. Physiol.
Endocrinol. Metab. 319, 540-547. doi:10.1152/ajpend0.00202.2020

Baccari, M. C., Bani, D., and Calamai, F. (2009). Evidence for a modulatory role of
orexin A on the nitrergic neurotransmission in the mouse gastric fundus. Regul.
Pept. 154, 54-59. doi:10.1016/j.regpep.2008.12.005

Baccari, M. C,, Vannucchi, M. G., and Idrizaj, E. (2022). Glucagon-like peptide-2
in the control of gastrointestinal motility: Physiological implications. Curr. Protein
Pept.  Sci. 23 (2), 61-69. Epub ahead of print. doi:10.2174/
1389203723666220217142935

Badoer, E. (2021). Cardiovascular and metabolic crosstalk in the brain: leptin and
resistin. Front. Physiol. 12, 639417. doi:10.3389/fphys.2021.639417

Blair, P. J.,, Bayguinov, Y., Sanders, K. M., and Ward, S. M. (2012). Relationship
between enteric neurons and interstitial cells in the primate gastrointestinal tract.
Neurogastroenterol. Motil. 24 (9), e437-49. doi:10.1111/j.1365-2982.2012.01975.x

Bodi, N., Szalai, Z., and Bagyanszki, M. (2019). Nitrergic enteric neurons in
Health and disease-focus on animal models. Int. J. Mol. Sci. 20, 2003. doi:10.3390/
ijms20082003

Brunetti, L., Orlando, G., Recinella, L., Michelotto, B., Ferrante, C., and Vacca, M.
(2004). Resistin, but not adiponectin, inhibits dopamine and norepinephrine release
in the hypothalamus. Eur. J. Pharmacol. 493, 41-44. doi:10.1016/j.ejphar.2004.
04.020

Camilleri, M. (2019). Gastrointestinal hormones and regulation of gastric
emptying. Curr. Opin. Endocrinol. Diabetes. Obes. 26, 3-10. doi:10.1097/MED.
0000000000000448

Camilleri, M. (2015). Peripheral mechanisms in appetite regulation.
Gastroenterology 148, 1219-1233. doi:10.1053/j.gastro.2014.09.016

Chen, C, Jiang, J., Li, J. M., Chai, H., Wang, X, Lin, P. H,, et al. (2010). Resistin
decreases expression of endothelial nitric oxide synthase through oxidative stress in
human coronary artery endothelial cells. Am. J. Physiol. Heart. Circ. Physiol. 299,
193-201. doi:10.1152/ajpheart.00431.2009

Chuang, T. Y., Au, L. C,, Wang, L. C, Ho, L. T, Yang, D. M,, and Juan, C. C.
(2012). Potential effect of resistin on the ET-1-increased reactions of blood pressure
in rats and Ca’* signaling in vascular smooth muscle cells. J. Cell Physiol. 227,
1610-1618. doi:10.1002/jcp.22878

Cifani, C., Durocher, Y., Pathak, A., Penicaud, L., Smih, F., Massi, M., et al. (2009).
Possible common central pathway for resistin and insulin in regulating food intake.
Acta Physiol. (Oxf) 196, 395-400. [Erratum in: Acta Physiol. (Oxf). 196:447, 2009].
doi:10.1111/§.1748-1716.2008.01949.x

Deb, A., Deshmukh, B., Ramteke, P., Bhati, F. K., and Bhat, M. K. (2021). Resistin:
A journey from metabolism to cancer. Transl. Oncol. 14, 101178. doi:10.1016/j.
tranon.2021.101178

Garella, R., Idrizaj, E., Traini, C., Squecco, R., Vannucchi, M. G., and Baccari, M.
C. (2017a). Glucagon-like peptide-2 modulates the nitrergic neurotransmission in
strips from the mouse gastric fundus. World J. Gastroenterol. 23,7211-7220. doi:10.
3748/wjg.v23.140.7211

Garella, R., Squecco, R., and Baccari, M. C. (2017b). Site-related effects of relaxin
in the gastrointestinal tract through nitric oxide signalling: An updated report. Curr.
Protein. Pept. Sci. 18, 1254-1262. doi:10.2174/1389203718666170612104719

Goyal, R. K., Guo, Y., and Mashimo, H. (2019). Advances in the physiology of
gastric emptying. Neurogastroenterol. Motil. 31, e13546. doi:10.1111/nmo.13546

Groneberg, D., Voussen, B., and Friebe, A. (2016). Integrative control of
gastrointestinal motility by nitric oxide. Curr. Med. Chem. 23, 2715-2735.
doi:10.2174/0929867323666160812150907

Guan, X,, Shi, X, Li, X,, Chang, B, Wang, Y., Li, D., et al. (2012). GLP-2 receptor
in POMC neurons suppresses feeding behavior and gastric motility. Am. J. Physiol.
Endocrinol. Metab. 303, 853-864. doi:10.1152/ajpendo.00245.2012

Idrizaj, E., Garella, R., Castellini, G., Francini, F., Ricca, V., Baccari, M. C,, et al.
(2019a). Adiponectin decreases gastric smooth muscle cell excitability in mice.
Front. Physiol. 10, 1000. doi:10.3389/fphys.2019.01000

Frontiers in Physiology

10.3389/fphys.2022.930197

Acknowledgments

The authors thank C. Pregno for preparation of the
Figures 1-3.

Idrizaj, E., Garella, R., Castellini, G., Mohr, H., Pellegata, N. S., Francini, F,, et al.
(2018a). Adiponectin affects the mechanical responses in strips from the mouse
gastric fundus. World J. Gastroenterol. 24, 4028-4035. doi:10.3748/wjg.v24.i35.4028

Idrizaj, E., Garella, R., Francini, F., Squecco, R., and Baccari, M. C. (2018b).
Relaxin influences ileal muscular activity through a dual signaling pathway in mice.
World ]. Gastroenterol. 24, 882-893. doi:10.3748/wjg.v24.i8.882

Idrizaj, E., Garella, R., Nistri, S., Dell’Accio, A., Cassioli, E., Rossi, E., et al. (2020a).
Adiponectin exerts peripheral inhibitory effects on the mouse gastric smooth
muscle through the AMPK pathway. Int. J. Mol. Sci. 21, 9617. doi:10.3390/
1jms21249617

Idrizaj, E., Garella, R., Squecco, R., and Baccari, M. C. (2019b). Adipocytes-
released peptides involved in the control of gastrointestinal motility. Curr. Protein.
Pept. Sci. 20, 614-629. doi:10.2174/1389203720666190121115356

Idrizaj, E., Garella, R., Squecco, R., and Baccari, M. C. (2020b). Can
adiponectin have an additional effect on the regulation of food intake by
inducing gastric motor changes? World J. Gastroenterol. 26, 2472-2478. doi:10.
3748/wjg.v26.i20.2472

Idrizaj, E., Traini, C., Vannucchi, M. G., and Baccari, M. C. (2021). Nitric oxide:
From gastric motility to gastric dysmotility. Int. J. Mol. Sci. 22, 9990. doi:10.3390/
1jms22189990

Janssen, P., Vanden Berghe, P., Verschueren, S., Lehmann, A., Depoortere, L, and
Tack, J. (2011). Review article: The role of gastric motility in the control of food
intake. Aliment. Pharmacol. Ther. 33, 880-894. doi:10.1111/j.1365-2036.2011.
04609.x

Maenhaut, N., and Van de Voorde, J. (2011). Regulation of vascular tone by
adipocytes. BMC Med. 9, 25. doi:10.1186/1741-7015-9-25

Min, Y. W,, Hong, Y. S,, Ko, E. ], Lee, J. Y., Ahn, K. D,, Bae, ]. M, et al. (2016).
Nitrergic pathway is the main contributing mechanism in the human gastric fundus
relaxation: An in vitro study. PLoS One 11 (9), e0162146. doi:10.1371/journal.pone.
0162146

Morash, B. A., Willkinson, D., Ur, E., and Wilkinson, M. (2002). Resistin
expression and regulation in mouse pituitary. FEBS Lett. 526, 26-30. doi:10.
1016/s0014-5793(02)03108-3

Moura-Assis, A., Friedman, J. M., and Velloso, L. A. (2021). Gut-to-brain signals
in feeding control. Am. J. Physiol. Endocrinol. Metab. 320, 326-332. doi:10.1152/
ajpendo.00388.2020

Mulg, F., and Serio, R. (2003). NANC inhibitory neurotransmission in mouse
isolated stomach: Involvement of nitric oxide, ATP and vasoactive intestinal
polypeptide. Br. J. Pharmacol. 140, 431-437. doi:10.1038/sj.bjp.0705431

Musovic, S., Shrestha, M. M., Komai, A. M., and Olofsson, C. S. (2021). Resistin is
co-secreted with adiponectin in white mouse adipocytes. Biochem. Biophys. Res.
Commun. 534, 707-713. doi:10.1016/j.bbrc.2020.11.013

Nogueiras, R, Gallego, R., Gualillo, O., Caminos, J. E., Garcia-Caballero, T.,
Casanueva, F. F,, et al. (2003). Resistin is expressed in different rat tissues and is
regulated in a tissue- and gender-specific manner. FEBS Lett. 548, 21-27. doi:10.
1016/s0014-5793(03)00708-7

Rachwalik, M., Hurkacz, M., Sienkiewicz-Oleszkiewicz, B., and Jasinski, M.
(2021). Role of resistin in cardiovascular diseases: Implications for
prevention and treatment. Adv. Clin. Exp. Med. 30, 865-874. doi:10.
17219/acem/135978

Rand, M. J. (1992). Nitrergic transmission: nitric oxide as a mediator of non-
adrenergic, non-cholinergic neuro-effector transmission. Clin. Exp. Pharmacol.
Physiol. 19, 147-169. doi:10.1111/j.1440-1681.1992.tb00433 .x

Recinella, L., Orlando, G., Ferrante, C., Chiavaroli, A., Brunetti, L., and Leone, S.
(2020). Adipokines: New potential therapeutic target for obesity and metabolic,
rheumatic, and cardiovascular diseases. Front. Physiol. 11, 578966. doi:10.3389/
fphys.2020.578966

Rodriguez, A., Ezquerro, S., Méndez-Giménez, L., Becerril, S., and Friihbeck, G.
(2015). Revisiting the adipocyte: a model for integration of cytokine signaling in the
regulation of energy metabolism. Am. J. Physiol. Endocrinol. Metab. 309, 691-714.
doi:10.1152/ajpendo.00297.2015

frontiersin.org


https://doi.org/10.1152/ajpendo.00202.2020
https://doi.org/10.1016/j.regpep.2008.12.005
https://doi.org/10.2174/1389203723666220217142935
https://doi.org/10.2174/1389203723666220217142935
https://doi.org/10.3389/fphys.2021.639417
https://doi.org/10.1111/j.1365-2982.2012.01975.x
https://doi.org/10.3390/ijms20082003
https://doi.org/10.3390/ijms20082003
https://doi.org/10.1016/j.ejphar.2004.04.020
https://doi.org/10.1016/j.ejphar.2004.04.020
https://doi.org/10.1097/MED.0000000000000448
https://doi.org/10.1097/MED.0000000000000448
https://doi.org/10.1053/j.gastro.2014.09.016
https://doi.org/10.1152/ajpheart.00431.2009
https://doi.org/10.1002/jcp.22878
https://doi.org/10.1111/j.1748-1716.2008.01949.x
https://doi.org/10.1016/j.tranon.2021.101178
https://doi.org/10.1016/j.tranon.2021.101178
https://doi.org/10.3748/wjg.v23.i40.7211
https://doi.org/10.3748/wjg.v23.i40.7211
https://doi.org/10.2174/1389203718666170612104719
https://doi.org/10.1111/nmo.13546
https://doi.org/10.2174/0929867323666160812150907
https://doi.org/10.1152/ajpendo.00245.2012
https://doi.org/10.3389/fphys.2019.01000
https://doi.org/10.3748/wjg.v24.i35.4028
https://doi.org/10.3748/wjg.v24.i8.882
https://doi.org/10.3390/ijms21249617
https://doi.org/10.3390/ijms21249617
https://doi.org/10.2174/1389203720666190121115356
https://doi.org/10.3748/wjg.v26.i20.2472
https://doi.org/10.3748/wjg.v26.i20.2472
https://doi.org/10.3390/ijms22189990
https://doi.org/10.3390/ijms22189990
https://doi.org/10.1111/j.1365-2036.2011.04609.x
https://doi.org/10.1111/j.1365-2036.2011.04609.x
https://doi.org/10.1186/1741-7015-9-25
https://doi.org/10.1371/journal.pone.0162146
https://doi.org/10.1371/journal.pone.0162146
https://doi.org/10.1016/s0014-5793(02)03108-3
https://doi.org/10.1016/s0014-5793(02)03108-3
https://doi.org/10.1152/ajpendo.00388.2020
https://doi.org/10.1152/ajpendo.00388.2020
https://doi.org/10.1038/sj.bjp.0705431
https://doi.org/10.1016/j.bbrc.2020.11.013
https://doi.org/10.1016/s0014-5793(03)00708-7
https://doi.org/10.1016/s0014-5793(03)00708-7
https://doi.org/10.17219/acem/135978
https://doi.org/10.17219/acem/135978
https://doi.org/10.1111/j.1440-1681.1992.tb00433.x
https://doi.org/10.3389/fphys.2020.578966
https://doi.org/10.3389/fphys.2020.578966
https://doi.org/10.1152/ajpendo.00297.2015
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930197

Idrizaj et al.

Sanders, K. M., and Ward, S. M. (2019). Nitric oxide and its role as a non-
adrenergic, non-cholinergic inhibitory neurotransmitter in the gastrointestinal
tract. Br. J. Pharmacol. 176, 212-227. doi:10.1111/bph.14459

Scott, T. A., Babayeva, O., Banerjee, S., Zhong, W., and Francis, S. C. (2016).
SGK1 is modulated by resistin in vascular smooth muscle cells and in the aorta
following diet-induced obesity. Obes. (Silver Spring) 24, 678-686. doi:10.1002/oby.
21425

Squecco, R., Garella, R., Idrizaj, E., Nistri, S., Francini, F., and Baccari, M. C.
(2015). Relaxin affects smooth muscle biophysical properties and mechanical
activity of the female mouse colon. Endocrinology 156, 4398-4410. doi:10.1210/
en.2015-1428

Steppan, C. M., Brown, E. J., Wright, C. M., Bhat, S, Banerjee, R. R., Dai, C. Y,,
etal. (2001). A family of tissue-specific resistin-like molecules. Proc. Natl. Acad. Sci.
U.S.A. 98, 502-506. doi:10.1073/pnas.98.2.502

Tack, J., Verbeure, W., Mori, H., Schol, J., Van den Houte, K., Huang, I. H,, et al.
(2021). The gastrointestinal tract in hunger and satiety signalling. United Eur.
Gastroenterol. ]. 9, 727-734. doi:lO.lOOZ/ueg2.12097

Frontiers in Physiology

09

10.3389/fphys.2022.930197

Tovar, S., Nogueiras, R,, Tung, L. Y., Castaneda, T. R., Vazquez, M. J., Morris, A.,
et al. (2005). Central administration of resistin promotes short-term satiety in rats.
Eur. J. Endocrinol. 153, R1-R5. doi:10.1530/eje.1.01999

Vannucchi, M. G., Garella, R,, Cipriani, G., and Baccari, M. C. (2011). Relaxin
counteracts the altered gastric motility of dystrophic (mdx) mice: Functional and
immunohistochemical evidence for the involvement of nitric oxide. Am. J. Physiol.
Endocrinol. Metab. 300, 380-391. doi:10.1152/ajpendo.00375.2010

Viazquez, M. J., Gonzélez, C. R, Varela, L., Lage, R., Tovar, S., Sangiao-Alvarellos,
S., et al. (2008). Central resistin regulates hypothalamic and peripheral lipid
metabolism in a nutritional-dependent fashion. Endocrinology 149, 4534-4543.
doi:10.1210/en.2007-1708

Verbeure, W., van Goor, H., Mori, H., van Beek, A. P., Tack, J., and van Dijk, P. R.
(2021). The role of gasotransmitters in gut peptide actions. Front. Pharmacol. 12,
720703. doi:10.3389/fphar.2021.720703

Wang, Y., Zhang, Y., Gao, X,, Qian, J.,, Yang, J., Sun, W,, et al. (2021). Resistin-like
molecule beta augments phenotypic modulation of human aortic smooth muscle cell
triggered by high glucose. Endocr. J. 68, 461-468. doi:10.1507/endocrj.EJ20-0343

frontiersin.org


https://doi.org/10.1111/bph.14459
https://doi.org/10.1002/oby.21425
https://doi.org/10.1002/oby.21425
https://doi.org/10.1210/en.2015-1428
https://doi.org/10.1210/en.2015-1428
https://doi.org/10.1073/pnas.98.2.502
https://doi.org/10.1002/ueg2.12097
https://doi.org/10.1530/eje.1.01999
https://doi.org/10.1152/ajpendo.00375.2010
https://doi.org/10.1210/en.2007-1708
https://doi.org/10.3389/fphar.2021.720703
https://doi.org/10.1507/endocrj.EJ20-0343
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.930197

	Evidence that resistin acts on the mechanical responses of the mouse gastric fundus
	1 Introduction
	2 Materials and methods
	2.1 Mechanical recording
	2.2 Western blotting and immunofluorescence analysis
	2.2.1 Western blotting
	2.2.2 Immunofluorescence analysis

	2.3 Drugs
	2.4 Data analysis
	2.5 Statistical analysis

	3 Results
	3.1 Resistin decreases the amplitude of the neurally-evoked excitatory responses
	3.2 L-NNA counteracts the effects of resistin on the neurally-evoked excitatory responses
	3.3 Resistin increases the amplitude of the neurally-evoked relaxant responses
	3.4 Resistin increases nNOS expression

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Acknowledgments
	References


