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Decreased Level of Neuropeptide Y Is Associated With
Gastroparesis in Male Diabetic Rats
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Abstract

Background: Substance P (SP) and neuropeptide Y (NPY), excitato-
ry and inhibitory neuropeptides, respectively, may impact gastric mo-
tility in patients with diabetic mellitus (DM). We investigated these
neuropeptide levels, NPY receptors, total nitric oxide synthase (NOS)
levels, and neuronal NOS alpha (nNOSa) activation status and levels
in streptozotocin-induced type I diabetes in male rats.

Methods: Rats were grouped based on serum glucose and gastric
emptying time: normal untreated control (CM), diabetic (DM) and
diabetic gastroparesis (DM + GP). Neuropeptide serum levels were
determined by enzyme-linked immunosorbent assay (ELISA). So-
dium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting measured NPY receptors, Y1 and Y2,
and nNOSa expression. Low-temperature SDS-PAGE followed by
western blotting was used to measure the dimerization of nNOSa. An
NOS colorimetric assay kit was used to measure total NOS activity.

Results: SP levels were significantly decreased (P < 0.05) in DM and
DM + GP compared to CM. NPY levels were significantly decreased
(P <0.05) in DM compared to CM, and DM + GP had a more signifi-
cantly decreased NPY when compared to both DM and CM. Protein
levels of neuropeptide receptor Y1 (NPY-Y1) in the smooth muscle
of pylorus were significantly increased in DM, but not in DM + GP
when compared to CM. Neuropeptide receptor Y2 (NPY-Y2) was not
detected. Changes in nNOSa activity and their protein levels, as well
as total NOS activity, among the groups were insignificant.

Conclusions: Increased expression of pylorus NPY-1R and decreased
serum NPY are present in diabetes. A more pronounced decreased
serum NPY with no NPY-1R upregulation in pyloric smooth mus-
cle is associated with gastroparesis. NPY levels show no relationship
with nNOSa levels, their activation status, or total NOS activity in
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pyloric smooth muscle. These data suggest a pathophysiological role
of severely depleted NPY and absence of NPY-Y1 upregulation for
gastroparesis phenotype.
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Introduction

Gastroparesis, a syndrome characterized by delayed gastric
emptying, occurs in a significant number of diabetic patients
ranging from 30% to 40% with long-standing type I and type
II diabetes [1]. The gastrointestinal (GI) tract contains its own
local nervous system referred to as the enteric nervous system
(ENS) and is involved in digestive tract motility. Reports have
demonstrated that neuroendocrine peptides, including sub-
stance P (SP) and neuropeptide Y (NPY), influence GI motor
or sensory function and regulate GI transit and motility [2-4].

SP, an 11-amino acid orexigenic neuropeptide, and its
receptors neurokinin-1 (NK1) and neurokinin-2 (NK2), have
been shown to excite GI motor activity in virtually all regions
and layers of the mammalian gut [5]. SP concentrations were
found to be significantly lower in the plasma of patients with
type I diabetes as compared to healthy controls [6]. Moreover,
SP deficiency has been shown to result in the loss of interstitial
cells of Cajal (ICC) and decreased neuronal nitric oxide syn-
thase (nNOS) in patients with type II diabetes [7].

NPY, a 36-amino acid peptide, is a member of the pan-
creatic polypeptide family which acts through a series of G-
protein coupled receptors. There are four NPY receptor sub-
types in humans: NPY receptor Y1 (NPY-Y1), NPY receptor
Y2 (NPY-Y2), NPY receptor Y4 (NPY-Y4) and NPY receptor
Y5 (NPY-Y5) [8]. Rats have similar NPY receptor subtypes
(https://www.guidetopharmacology.org/GRAC/FamilyDispla
yForward?familyld=46). A number of experimental findings
imply that NPY has an important pathophysiological role in di-
abetes. Imai et al [9] reported that pancreatic islets from NPY-
deficient mice had higher basal insulin secretion (1.5-fold)
which leads to higher serum insulin levels (2.0-fold) compared
with controls fed ad libitum. In another study, overexpression
of NPY via a recombinant adenoviral vector in mice with triple
deletion of NPY-Y1, NPY-Y2 and NPY-Y4 receptors prevent-
ed NPY-induced hyperinsulinemia [10], suggesting that these
receptors are essential for NPY effects on the central regula-
tion of circulating insulin levels. Unlike the type II diabetes
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mouse model, a rat type I diabetic study determined that NPY
induced hyperinsulinemia in pancreatic islets of Langerhans in
normal rats, but in diabetic rats, there was little or no NPY ef-
fect [11], probably due to beta cell destruction which results in
diminished insulin production. Reports of NPY effects in dia-
betic gastroparesis are sparse. However, erythromycin, a drug
widely used to treat gastroparesis in humans because of its abil-
ity to accelerate gastric emptying, has been reported to upregu-
late dopamine D3 and NPY-Y5 receptor genes, suggesting that
these genes are involved in prokinetic gastric motility [12].

Nitric oxide (NO), a gaseous signaling molecule syn-
thesized by NOS, is involved in regulation of a vast range of
physiological processes, including the inhibitory neurotrans-
mitter for gastric motility. There are three isoforms of NOS:
neuronal (nNOS), endothelial (eNOS) and inducible (iNOS).
Among these isoforms, neuronal nitric oxide synthase alpha
(nNOSa) is essential to normal gastric motility function [13].
A study comparing wild type and (nNOS”") mice demonstrated
that the targeted genomic deletion of nNOS (nNOS™") result-
ed in a delayed gastric emptying phenotype [14]. There is a
plethora of data suggesting that NPY regulates the function
of nNOS. Cheung et al [15] demonstrated that NPY increased
NO signaling in rat hippocampal cultures and was responsible
for the neuroproliferative effect. In support of this observation,
it was reported that NPY increased the nNOS expression in
the mouse hypothalamus by 147% [16]. Together, these stud-
ies suggest a direct relationship between the levels of NPY and
nNOS.

This study sought to determine whether the neuropeptides,
SP and NPY, and the NPY receptors contribute to GI compli-
cations in streptozotocin (STZ)-induced type I diabetic male
rats, and whether NPY levels affect their nNOS expression.
Because the pylorus has previously been reported to be signifi-
cantly involved in the development of gastroparesis [17, 18],
we measured the changes of NPY receptors and nNOSa levels
in pyloric tissue lysates.

Materials and Methods

Materials

Virgin male Sprague-Dawley rats (200 - 250 g, 12 weeks old)
were purchased from Charles River (San Diego, CA). All
reagent-grade chemicals used were purchased from Sigma-
Aldrich Inc. (St. Louis, IL), as was the monoclonal actin anti-
body (mAb). The enzyme-linked immunosorbent assay (ELI-
SA) kits for NPY and SP were purchased from Ray Biotech,
Inc. (Norcross, GA) and Abcam (Eugene, OR), respectively.
The monoclonal antibody for NPY-Y1 and the polyclonal an-
tibody (pAb) for NPY-Y2 were purchased from Santa Cruz
Biotechnology Inc. (Dallas, TX). The chromogenic assay kit
to measure the total NOS activity was purchased from Oxford
Biomedical Research (Rochester Hills, MI).

This study was reviewed and approved by the Institutional
Animal Care and Use Committee and was conducted in com-
pliance with all the applicable guidelines for the care, welfare
and use of animals.
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Grouping and diabetes induction

In this study, we used STZ-induced male diabetic rats, a well-
documented model of type I diabetes characterized by hy-
perglycemia and decreased insulin levels [17]. Diabetes was
induced by a single intraperitoneal injection of 55 mg/kg of
STZ (Sigma) in 0.1 M of citrate buffer (pH 4.5) after an over-
night fast. Non-diabetic control animals (CM) were injected
with 0.1 M of citrate buffer only. During the treatment period
(12 weeks), blood glucose was measured every 3 days using
an Accu-Check® blood glucose meter (Roche Diagnostics, Ba-
sel, Switzerland). Rats with blood glucose levels > 300 mg/dL
were considered diabetic. The male rat model of gastropare-
sis developed in our laboratory resulted in the following study
groups: control (CM), diabetic (DM) and diabetic gastropare-
sis (DM + GP) after STZ treatment. We established the groups
by changes in their serum levels of acetaminophen (measures
altered gastric emptying): the higher the serum level at 3 h post
gavage, the faster the gastric emptying time.

Biochemical analyses

The levels of SP and NPY were determined using ELISA kits
according to the manufacturers’ instructions. Protein in py-
lorus tissue lysates was estimated using the bicinchoninic acid
(BCA) protein assay reagent (Thermo Fisher Scientific, Rock-
ford, IL).

Western blotting of NPY-Y1 and NPY-Y2

Pylorus smooth muscle tissues were homogenized using com-
mercially available tissue buffer (Thermo Fisher Scientific)
containing protease inhibitors. Lysates were centrifuged at
15,000 x g for 15 min at 4 °C and the supernatant was col-
lected. Equal amounts of protein (40 pg) were loaded on an
8% sodium dodecyl sulphate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred to nitrocellulose membrane.
NPY-Y1 and NPY-Y2 were detected using specific primary
antibodies and IR800-conjugated secondary antibody. Actin
was used as a loading control detected by incubation with anti-
actin mAb followed by IR680-conjugated secondary antibody.
Both NPY-Y1 monoclonal antibody (anti-NPY-Y1 mAb) and
NPY-Y2 polyclonal antibody (anti-NPY-Y2 pAb) were used at
a dilution of 1:100, and the monoclonal actin antibody (anti-
actin mAb) was used at a dilution of 1:10,000. NPY-Y2 was
not detected under these experimental conditions. The level
of NPY-Y1 was normalized to that of actin by densitometric
analysis using LiCor Odyssey™ Infrared Imaging System
(Lincoln, NE), and expressed as arbitrary units.

Dimerization assays for nNOSa.

The catalytic activity of nNOSa depends on the dimerization
of the two polypeptides of this protein. Low temperature SDS-
PAGE, which protects dimerization, was used to measure the
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Figure 1. (A) Serum substance P (SP). SP levels were decreased significantly in diabetic (DM, (0.92 + 0.67 ng/mL) and diabetic
gastroparesis (DM + GP, 1.11 £ 0.42 ng/mL) compared to the control (CM) group (4.94 + 1.77 ng/mL) (overall analysis of variance
(ANOVA), P = 0.001, Newman Keuls (NK) post hoc comparisons at a = 0.05), with no significant difference between DM and
DM + GP. (B) Neuropeptide Y (NPY) levels in CM, DM and DM + GP rats. NPY serum levels were decreased significantly in DM
(16.32 £ 2.56 ng/mL) and in DM + GP (11.4 £ 2.50 ng/mL), as compared to CM group (21.32 + 3.41 ng/mL), with DM + GP sig-
nificantly more decreased compared to DM (ANOVA, P = 0.0005, NK post hoc comparisons at a = 0.05). “b” indicates significant
statistical difference compared to control “a”. “c” indicates significant statistical difference compared to both “a” and “b.” Data are

expressed as the mean + standard deviation of five rats per group.

activity of nNOSa as described previously [19]. Tissue lysates
containing equal amounts of protein (30 pg) were mixed with
SDS-sample buffer and incubated on ice for 30 min. The sam-
ples were then resolved on 7.5% SDS-PAGE. The proteins
were transferred to a nitrocellulose membrane and western
blotted with anti-nNOSa pAb followed by incubation with
goat IRDye 800-conjugated anti-rabbit secondary antibody,
and the image was captured using the Odyssey™ Infrared
Imaging System. The electrophoresis and transfer were per-
formed at 4 °C to ensure that the samples did not become warm
during the procedure.

Total NOS activity in the pylorus

Total NOS activity was measured using a commercial NOS
colorimetric assay kit. This kit measured the activity of the
all the NOSs including iNOS, eNOS and nNOS in the tissue
extract. Briefly, pyloric tissue lysate (60 pg) was incubated
with nitrate reductase and nicotinamide adenine dinucleotide
(NADH) at 37 °C for overnight followed by addition of Griess
reagent. The chromophore of the released nitrite was then
measured spectrophotometrically at 540 nm.

Statistical analysis

The data were expressed as the mean + standard deviation
(STDEV) with 4 - 5 rats in each group. Statistical analysis was
performed using the one-way analysis of variance (ANOVA)
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to test for differences in the group means, followed by a post
hoc Newman-Keuls (NK) test if the ANOVA test was signifi-
cant. P-values less than 0.05 were considered significant.

Results

SP and NPY serum levels in all animal groups were deter-
mined. Figure 1A demonstrates SP levels were decreased sig-
nificantly in DM (0.92 £ 0.67 ng/mL) and DM + GP (1.11 £
0.42 ng/mL) compared to the CM group (4.94 + 1.77 ng/mL)
(overall ANOVA, P = 0.001, Newman Keuls (NK) post hoc
comparisons at o = 0.05), with no significant difference be-
tween DM and DM + GP. As shown in Figure 1B, NPY serum
levels were decreased significantly in DM (16.32 + 2.56 ng/
mL) rats and in DM + GP (11.4 +2.50 ng/mL), as compared to
CM control (21.32 + 3.41 ng/mL), with DM + GP significantly
more decreased compared to DM (ANOVA, P = 0.0005, NK
post hoc comparisons at o = 0.05).

Localized expressions of NPY-Y1 and NPY-Y2 in the
pylorus tissue were measured following western blotting. Py-
lorus NPY-Y2 was not detected, but NPY-Y1 expression (Fig.
2A) showed NPY-Y1 protein levels in the pylorus (compare
lanes 1 - 4 with lanes 5 - 8 and 9 - 12, upper panel). Figure 2B
shows the quantification of the protein band for NPY-Y1 as
normalized with actin by densitometric analysis and expressed
as arbitrary units. The level of NPY-Y1 was significantly up-
regulated in DM when compared to both CM and DM + GP
(DM: 4.58 + 1.48; CM: 1.31 + 0.60; DM + GP: 1.51 + 0.23
(ANOVA, P=0.0012, NK post hoc comparisons at o = 0.05).
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Figure 2. Neuropeptide receptor Y1 (NPY-Y1) level in pyloric tissue. (A) Representative immunoblot (IB) showing the level of
NPY-Y1 and actin as indicated by the arrows. (B) The relative intensities of the NPY-Y1 protein were shown to be increased
in diabetic (DM, 4.58 + 1.48) compared to control (CM, 1.31 + 0.60) and diabetic gastroparesis (DM + GP, 1.15 £ 0.23) rats
(analysis of variance (ANOVA), P = 0.0012, Newman Keuls (NK) post hoc comparisons at a = 0.05). Data are expressed as the
mean = standard deviation of four rats per group. “b” indicates significant statistical difference compared to control “a”. Data are
expressed as the mean + standard error (SE) of four rats per group.

There was no change in the enzymatic activity of nNOSa
as measured by the dimerization of the nNOSa protein in ei-
ther DM or DM + GP compared to the CM group (Fig. 3A, B,
ANOVA, P = 0.732). We also measured the nNOSa protein
levels in pyloric tissue lysate following western blotting and
found no significant changes in nNOSa protein levels between
any of the three groups (ANOVA, P = 0.38, data not shown).
The total NOS activity was, as well, not statistically significant
regardless of the rat group and NPY levels (ANOVA, P=0.26,
data not shown).

Discussion

In the present study, we determined the serum levels of NPY
and SP in CM, DM and DM + GP male rats. Our results sug-
gest that decreased SP levels are involved in the pathogenesis
of both diabetes and diabetic gastroparesis in this type I dia-
betes model, as both groups (DM and DM + GP) compared to
CM rats showed significantly decreased SP. Similarly, a study
from the Gastroparesis Clinical Research Consortium reported
that SP immunolabeling was decreased in four of the five gas-
troparetic patients studied [20].

NPY levels as well were significantly decreased in both

Articles © The authors | Journal compilation © Gastroenterol Res and Elmer Press Inc™

DM and DM + GP rats. However, NPY levels were more sig-
nificantly decreased in DM + GP compared to both CM and
DM rats, indicating that severe NPY depletion might be a
pathogenic factor associated with gastroparesis phenotype in
our rat model.

Although there are differences in expression and distribu-
tion of the NPY receptors among the rat, mouse and human spe-
cies [21], NPY transmits signal through binding to any of the
five (Y1, Y2, Y4, Y5 and Y6) mammalian G-protein coupled
receptors, and their interactions are essential for physiological
outcome [22]. NPY-Y1 and NPY-Y2 receptors are well studied
receptors involved in diabetes and obesity [23, 24]. The physi-
ological functions of NPY-Y'1, in coordination with Y5 recep-
tor, include energy homeostasis, induction of fasting-induced
food intake and hyperphagia in mice [25]. NPY-Y?2 is widely
distributed and associated with a number of diseases including
diabetes, heart failure, hypertension, peripheral arterial disease
and congestive feeding disorders in humans [26]. Given the
importance of Y1 and Y2 receptors in various physiological
functions, and given that our results indicated a significantly
decreased NPY level in the DM + GP rats, we hypothesized
that NPY-Y'1 and/or NPY-Y2 may be critically important for
maintaining gastric motility. We therefore examined their re-
ceptor expressions. NPY-Y2 levels were not detected in our
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Figure 3. Dimerization of neuronal nitric oxide synthase alpha (nNOSa) in the pylorus of male rats. (A) Representative immuno-
blot (IB) showing the formation of dimer (310 kDa) and monomer (155 kDa) nNOSa in pylorus tissue. (B) Densitometric analysis
data of the dimerization of NNOSa expressed as the ratio of dimer to monomer. Data are expressed as the mean + standard
error (SE) of four rats per group. There are no significant changes in the levels of dimerization of nNOSa in any of the rat groups

examined (analysis of variance (ANOVA), P = 0.732).

study, however, possibly due to low abundance or lack of de
novo synthesis in pyloric tissue. It is also possible that specific
antibody (NPY-Y2) which has not previously tested for pyloric
tissue, may not be sensitive enough to detect this protein.
NPY-Y1 expression, however, was detected and showed
significantly increased levels in DM, but not in DM + GP rats,
suggesting that higher expression levels of NPY-Y'1 might be
associated with diabetes but not with the gastroparesis pheno-
type. Upregulation of this receptor, which is necessary for NPY
to elicit its physiological effects, might protect the diabetic rats
from development of further gastric motility complications.
Takahashi et al reported that impaired nNOS synthesis
of the myenteric plexus is an important contributing factor to
the pathogenesis of gastroparesis [27]. Saur et al [28] reported
the expression of three distinct isomers of nNOS proteins in
the human gut: nNOSa, nNOSP and nNOSy. Among these
isomers, the altered expression and/or biological activity of
nNOSa is associated with several GI disorders, including al-
tered gastric motility in female rats [19, 29]. The catalytically
active nNOSa is a dimerized protein, and loss of dimerization
can lead to delayed gastric emptying, as has been reported in
the antrum [19, 29] and pylorus [19] of STZ-induced diabetic
gastroparetic rats. To elucidate whether the reduced serum
level of NPY in DM + GP rats as observed in this study is as-
sociated with the impairment of dimerization of nNOSa, we
examined the level of nNOSa and dimerization in rat pyloric
tissues and found that the decreased level of NPY in DM +
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GP rats is independent of nNOSa level and dimerization. Our
data also suggest that the development of gastroparesis is not
associated with the activity of total NOS in male diabetic rats,
regardless of NPY levels.

We hypothesize from our data that impaired gastric emp-
tying in this male diabetic type I rat model is associated with
a severely decreased NPY level with no upregulation of NPY-
Y'1. However, some limitations need to be acknowledged. We
studied the role of only two important neuropeptides. Marked
changes in specific enteric neuropeptides, including motilin,
VIP and somatostatin, have also been observed in experimen-
tal animal models of diabetes. The regulation of NPY levels
by five mammalian G-protein coupled receptors [22] appears
to be part of a complex system and deserves further investiga-
tion. Furthermore, the direct link between the decreased level
of NPY and gastroparesis in this model is unknown. Additional
studies are required to elucidate the causal relationship be-
tween the level of NPY and gastric motility dysregulation. As
well, lack of detection of NPY-Y2 needs to be further investi-
gated in terms of tissue specific antibody sources. The pylorus
contains an outer longitudinal layer and an inner circular layer
muscle, gastric pits, mucosa, parietal cells and neuroendocrine
cells. Because we used the total pyloric tissue lysate for this
study, we could not determine what individual components in
the lysate were responsible for the observed changes in dia-
betic gastroparesis.

Despite these limitations, the current findings reveal a
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previously unrecognized association of severely decreased
NPY with diabetic gastroparesis phenotype. Based on these
findings, we hypothesize that the dysregulation of NPY and/
or activation/deactivation of the NPY signaling pathways can
positively or negatively affect neuroendocrine homeostasis.
Targeting NPY and its signaling pathways might serve as a
new therapeutic direction for the treatment of gastroparesis.
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