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Abstract
Background: Obesity is associated with the development of insulin resistance (IR) 
and type-2 diabetes mellitus (T2DM); however, not all patients with T2DM are obese. 
The Goto–Kakizaki (GK) rat is an experimental model of spontaneous and non-obese 
T2DM. There is evidence that the intestine contributes to IR development in GK 
animals. This information prompted us to investigate small intestine remodeling in 
this animal model.
Methods: Four-month-old male Wistar (control) and GK rats were utilized for the 
present study. After removing the small intestine, the duodenum, proximal jejunum, 
and distal ileum were separated. We then measured villi and muscular and mucosa 
layer histomorphometry, goblet cells abundance, total myenteric and submucosal 
neuron populations, and inflammatory marker expression in the small intestinal seg-
ments and intestinal transit of both groups of animals.
Key Results: We found that the GK rats exhibited decreased intestinal area 
(p < 0.0001), decreased crypt depth in the duodenum (p = 0.01) and ileum (p < 0.0001), 
increased crypt depth in the jejunum (p < 0.0001), longer villi in the jejunum and 
ileum (p < 0.0001), thicker villi in the duodenum (p < 0.01) and ileum (p < 0.0001), 
thicker muscular layers in the duodenum, jejunum, and ileum (p < 0.0001), increased 
IL-1β concentrations in the duodenum and jejunum (p < 0.05), and increased concen-
trations of NF-κB p65 in the duodenum (p < 0.01), jejunum and ileum (p < 0.05). We 
observed high IL-1β reactivity in the muscle layer, myenteric neurons, and glial cells 
of the experimental group. GK rats also exhibited a significant reduction in submu-
cosal neuron density in the jejunum and ileum, ganglionic hypertrophy in all intestinal 
segments studied (p < 0.0001), and a slower intestinal transit (about 25%) compared 
to controls.
Conclusions: The development of IR and T2DM in GK rats is associated with small 
intestine remodeling that includes marked alterations in small intestine morphology, 
local inflammation, and reduced intestinal transit.
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1  |   INTRODUCTION

Insulin resistance (IR) state is a harmful consequence of obe-
sity and is associated with glucose intolerance, dyslipidemias, 
increased risk of nonalcoholic hepatic steatosis, atheroscle-
rosis, hypertension, and low-grade systemic inflammation 
(Donath & Shoelson, 2011; Shoelson & Goldfine, 2009; 
Tanti & Jager, 2009). Previous work has shown that the pri-
mary sites of obesity-mediated inflammation are the adipose 
tissue and liver (Syrenicz et al., 2006; Xu et al., 2003).

Additionally, other studies have demonstrated that intes-
tinal inflammation and intestinal microbiota composition are 
also involved in obesity and IR development (Garidou et al., 
2015; Gil-Cardoso et al., 2017; Monteiro-Sepulveda et al., 
2015). This observation is not entirely surprising given that 
the gastrointestinal (GI) tract is responsible for transporting 
luminal contents, secreting hormones and cytokines, and ab-
sorbing ions, water, and nutrients. It has also been shown that 
the intestinal epithelium participates in pathogen defense and 
the elimination of harmful compounds (Worthington, 2015).

Ding et al. (2010) described the intestinal inflammation 
and pro-inflammatory signaling in multiple intestinal cell 
types in response to a high-fat diet. Interestingly, obese hu-
mans on a low-calorie diet exhibited reduced expression of 
pro-inflammatory genes, including TNF-α, IL-1β, and IL-
8, in the rectosigmoid mucosal, which were associated with 
weight loss (Pendyala et al., 2011).

In addition to obesity, other inflammatory conditions such 
as periodontal disease, obstructive pulmonary disease, arthritis, 
and muscular dystrophy are also associated with the develop-
ment of IR and type 2 diabetes mellitus (T2DM; Demmer et al., 
2008; McNeely & Boyko, 2004; Tiengo et al., 2008). Notably, 
most studies involving this T2DM and IR were performed using 
obese humans or animals fed a high-calorie diet that resembles 
the western human diet (Lowette et al., 2016; Masi et al., 2017; 
Nyavor et al., 2020). However, not all patients with T2DM are 
obese. In Asia, for example, obesity rates are low, and about 
60% of T2DM patients are classified as lean (Brunetti, 2007). 
This observation highlights the need for studies investigating 
T2DM development in non-obese humans and animals.

One such model is the Goto–Kakizaki (GK) rat devel-
oped by Goto, Kakizaki, and Masaki in 1975. This animal 
model was obtained by selective reproduction of non-diabetic 
Wistar rats with slight glucose intolerance. Consequently, the 
rats spontaneously develop T2DM without becoming obese 
(Goto et al., 1975). GK rats exhibit marked age-dependent 
metabolic changes in the liver, skeletal muscle, and adipose 
tissue. They also exhibit moderate hyperglycemia, impaired 
glucose-induced insulin secretion, glucose intolerance, pe-
ripheral IR, and chronic inflammation (Bisbis et al., 1993; 
Ostenson et al., 1993; Ouyang et al., 2019). It has been re-
ported that at 4 weeks of age, GK rats have elevated plasma 
glucose concentrations that reach a hyperglycemic plateau at 

between 12 and 16 weeks, and high plasma insulin concen-
trations were observed at 8 weeks of age (Xue et al., 2011).

Previous studies have shown that inflammatory marker 
expression is increased in various cells and tissues of GK 
rats, including leukocytes, liver, skeletal muscle, endothe-
lium, and pancreatic β-cells (Nie et al., 2011; Xue et al., 
2015). As alluded to previously, although GK animals ex-
hibit chronic inflammation and IR, they do not accumulate 
body fat (Xue et al., 2011). In Wistar rats, fat deposit mass 
increases linearly with age. However, fat deposit mass in GK 
rats stop increasing between 8 and 12 weeks of age and de-
creases frequently after week 16 (Xue et al., 2011). Thus, this 
animal model allows researchers to investigate the develop-
ment of T2DM without inducing obesity and/or utilizing a 
high-calorie diet.

It has been shown that the gut microbiota composition 
in the GI tract and fecal metabolic phenotype of GK rats 
are markedly different from Wistar rats (Peng et al., 2020). 
Moreover, several GI-related characteristics such as small 
intestine hyperplasia, augmented disaccharidase activity, 
increased intestinal area, and small intestinal dysrhythmias 
were reported in GK animals (Adachi et al., 2003; Ouyang 
et al., 2015; Zhao et al., 2003). Furthermore, changes in the 
morphology of the small intestine can lead to biomechanical 
alterations, including impaired intestinal sensory function 
and intestinal motility (Zhao et al., 2003, 2006; Zoubi et al., 
1995).

Previously, Salinari et al. (2014) investigated the role of 
the small intestine in the regulation of insulin sensitivity in 
GK rats. The authors found that both surgical resection and 
proximal small intestine bypass improved insulin sensitivity 
through an incretin-independent mechanism. Based on these 
results, it was concluded that the small intestine is involved 
in the development of IR and T2DM in the GK rat animal 
model.

Since diabetic patients commonly present impaired GI 
tracts with morphological changes that impair absorption and 
motility, we sought to monitored small intestine remodeling 
and motility in GK rats. To achieve this goal, we removed the 
small intestines, separated the duodenum, proximal jejunum, 
and distal ileum, and analyzed the histomorphometry of the 
villi and muscular and mucosa layers, goblet cell abundance, 
the total myenteric and submucosal neuron populations, and 
inflammatory marker expression. Additionally, we evaluated 
the intestinal transit time in Wistar and GK rats.

2  |   MATERIALS AND METHODS

2.1  |  Animals

We obtained the Wistar and GK rats from Charles River 
Laboratories International Inc. All animals were housed 
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in the Interdisciplinary Post-graduate Program in Health 
Sciences animal facility at Cruzeiro do Sul University, where 
they were maintained at 23 ± 2°C, with a light/dark cycle 
of 12 h (lights on at 6:30 AM). Both groups of rats had free 
access to standard rodent chow (Nuvilab®) and water until 
16 weeks of age.

Thirty-six male rats were randomly allocated into two 
groups (n = 18 rats/group): control (Wistar) and experimen-
tal (GK). The maximum caging density was three animals of 
the same group. All efforts, including a pilot study that al-
lowed us to standardize all the procedures, were made to min-
imize the number of animals used and their suffering. The 
experimental procedures (Figure 1) were approved by the 
Animal Ethical Committee at the Cruzeiro do Sul University 
(protocol number 024/2017).

2.2  |  Glucose tolerance test

Ten days before euthanasia, four animals from each group 
were randomly selected to undergo a glucose tolerance test 
(GTT). Briefly, after 12 h of fasting, the animals were given 

intraperitoneal (IP) injections of 50% aqueous glucose so-
lution (2 g per kg). A drop of blood obtained via a tail tip 
cut was collected onto a test strip, and blood glucose con-
centrations were measured with a blood glucose monitor 
(AccuCheck). Samples were taken at the following time 
points: 0 (before the glucose injection) and 15, 30, 60, and 
90 min after the injection. The area under the curve was then 
calculated by using the integrated trapezoid rule (Matthews 
et al., 1990).

2.3  |  Insulin tolerance test

Four days after the GTT, the same animals were subjected 
to an insulin tolerance test (ITT). For this test, rats were 
given IP injections of insulin (Novolin, Novo Nordisk A/S, 
Copenhagen, Denmark) at the dose of 0.75 IU per kg, after 
12 h fasting. Blood samples were obtained as described above 
and measured at the following time points: 0 (before the insu-
lin injection) and 4, 8, 12, 20, 30, and 40 min after the insulin 
injection (Kuwabara et al., 2017). The area under the curve 
was also calculated as previously described for the GTT.

F I G U R E  1   Schematic representation of the animal groups (Wistar and GK), experimental protocol and analyses. Thirty-six male rats were 
randomly allocated into two groups (n = 18 rats/group): control (Wistar) and experimental (GK). Four animals from each group were randomly 
selected to undergo a glucose tolerance test (GTT). Four days after the GTT, the same animals were subjected to an insulin tolerance test (ITT). 
Ten animals (five per group) were randomly selected for the GI transit measurement. At 16 weeks of age, all 36 control and experimental animals 
(18 per group) were weighed, euthanized by CO2 inhalation, and decapitated. Following euthanasia, the duodenum, jejunum, and distal ileum were 
collected and processed for enteric nervous system, histological, ELISA, western blot, and immunohistochemistry analyses
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2.4  |  Total GI transit measurement

Ten days before euthanasia, ten animals (five per group) were 
randomly selected for the GI transit measurement. Rats were 
administered 300 μl of 2.5% methylene blue (Mendes et al., 
2015) associated with methylcellulose dissolved in water by 
gavage and housed in individual cages. The time that elapsed 
from the moment of administration to the elimination of the 
first blue feces pellet was recorded.

2.5  |  Body mass, nose-to-tail length, and 
adipose tissue weight

At 16 weeks of age, after 8 h of fasting, all 36 control and 
experimental animals (18 per group) were weighed, the nose-
to-tail length was measured using a metric tape measure on a 
clean laboratory bench, and then euthanized by CO2 inhala-
tion, and decapitated. The retroperitoneal, epididymal, and 
mesenteric adipose tissues were harvested and weighed. The 
adipose tissues were normalized according to the nose-to-tail 
length of each animal (Kuwabara et al., 2017).

2.6  |  Histological preparation of the 
tissue samples

A total of 10 animals (five per group) were used for the histo-
logical analyses. Small intestine segments including the duo-
denum, proximal jejunum, and distal ileum were collected 
(within the anatomical limits, see below), fixed in buffered 
formalin, dehydrated, diaphanized in xylene, and embedded 
in paraffin. The anatomical limits that separated each intesti-
nal segment included the duodenojejunal flexure (duodenum 
from jejunum), the ileocecal fold (cranial limit), and the ile-
ocecal junction—caudal limit (distal ileum). Five semi-serial 
4 μm sections were obtained from the paraffin-embedded in-
testinal segments. Each section was stained with hematoxylin 
and eosin (HE) for the descriptive and morphometric analy-
ses and with Periodic Acid-Schiff (PAS), counterstained with 
hematoxylin, for the identification and quantification of the 
mucosecretory cells (goblet cells).

2.7  |  Histological analyses

Using images captured with a camera coupled to a trinocular 
microscope (Axio Cam ERc 5S, Axiovert 40; Zeiss), a blinded 
observer measured the crypt depth, villi height and thick-
ness, muscular layer thickness, and reported the presence of 
inflammatory infiltrate in the small intestine. For the meas-
urements, four fields from each of the five histological sec-
tions for each animal were photographed. Each histological 

section was divided into quadrants, and images from four 
different areas from the mesenteric insertion were captured. 
Crypt depth, villi height and thickness, and muscular layer 
thickness were calculated based on 20 random measurements 
per animal in each HE stained segment. The quantification of 
goblet cell abundance was performed as previously described 
(Góis et al., 2016). Briefly, 2500 consecutive cells, including 
PAS positive or negative, were counted in each specimen. 
The percentage of the goblet cells was calculated by divid-
ing the number of PAS-positive cells by the total number of 
quantified cells. All measurements were performed using the 
Axio Vision Rel. 4.5 software (Zeiss). The same images used 
for the morphometric analyses (HE stained sections) were 
also used to qualitatively determine the amount of intestinal 
polymorphonuclear leukocytes (neutrophils) present in the 
samples.

2.8  |  Measurements of inflammatory and 
anti-inflammatory cytokines by ELISA

Eight animals (four per group) were used to measure cy-
tokine concentrations. Following euthanasia, the duodenum, 
jejunum, and distal ileum were frozen and then pulverized in 
liquid nitrogen. About 100 mg of each tissue segment was 
homogenized in Tris-EDTA buffer containing 1% SDS (so-
dium dodecyl sulfate) and a protease and phosphatase inhibi-
tor cocktail (Sigma Aldrich). The samples were centrifuged 
at 1000 g, for 10 min at 4°C, and the supernatant was col-
lected. The concentrations of the pro-inflammatory cytokines 
tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and 
IL-1β, and the anti-inflammatory cytokine IL-10 were meas-
ured using DuoSet ELISA Development System kits (R&D 
Systems), according to the manufacturer's instructions. The 
detection limits of the ELISA kits used are 62.4–4000 pg/ml 
for TNF-α, 122–8000 pg/ml for IL-6, and 62.5–4000 pg/ml 
for IL-1β and IL-10.

2.9  |  Tissue localization of IL-1β by 
immunohistochemistry

A total of eight animals (four per group) were used for 
the immunohistochemistry analyses. The small intes-
tine segments were transferred to Tissue-Tek® medium 
(Sakura Finetek), frozen in liquid nitrogen, and sliced 
into 6-μm-thick sections. We performed the immunohisto-
chemistry technique using the Mouse and Rabbit Specific 
HRP/DAB IHC Micro-polymer detection kit (ab236466, 
Abcam), following the manufacturer's instructions. The 
slides were blocked with 3% BSA and incubated overnight 
with rabbit anti-IL-1β antibody (ab9722, Abcam) diluted 
1:250. The antigen–antibody complex was detected using 
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chromogen 3,3′-diaminobenzidine (DAB). Sections with-
out the primary antibody (IL-1β) were used as a negative 
control for the immunolabeling process. This qualitative 
evaluation was employed to identify the enteric immu-
noreactive cells. Photomicrographs were captured with 
an Eclipse® microscope (Nikon) equipped with a 40× 
objective.

2.10  |  Western blot analysis

The previously processed small intestine segments (duode-
num, proximal jejunum, and distal ileum) used for the ELISA 
experiments were also used for Western blotting analysis 
(four per group). For this purpose, the samples were homog-
enized, and the total protein content was determined as pre-
viously described (Kuwabara et al., 2017). Equal amounts 
of total protein (10 μg) were then separated by SDS-PAGE 
and transferred to nitrocellulose/PVDF membranes. The total 
protein loading for each sample was normalized by Ponceau 
S staining (Fortes et al., 2016). Previous studies reported the 
appropriateness of this procedure for protein loading quanti-
tation (Fortes et al., 2016). The images were captured using 
an Amersham Imager 600 (Amersham/GE Healthcare) and 
quantified using the Image J software (NIH). The primary 
antibody used (dilution 1:1000) was NF-κB P65 from Cell 
Signaling Technology (Danvers).

2.11  |  Intestine length and serosal 
surface area

Immediately after removal, the length of the small intestine 
was determined using a metric tape measure on a clean labo-
ratory bench to prevent stretching. Afterward, to avoid the 
retraction of the organ at the moment of the image capturing, 
the intestine was placed between a sheet of graph paper and 
a thin glass plate and photographed. The serosal surface area 
(cm2) was determined by analyzing the width and length of 
the small intestine using the Axio Vision Rel. 4.5 software 
(Da Silva et al., 2012). A total of 10 animals (five per group) 
were used for this set of experiments.

2.12  |  Whole-mount preparations

We washed nearly 3 cm of each small intestine segment with 
saline and tied up one of the ends. Using a syringe, we in-
jected the Giemsa fixative solution (acetic formalin) into the 
intestinal lumen through the free end; the volume injected 
promoted a slight distension of the intestine wall similar 
to that produced by an alimentary bolus. The intestine free 
end was tied, and the viscera was immersed in the Giemsa's 

fixative solution for 48 h. Next, we dissected the intestinal 
segments using a stereomicroscope to obtain whole mounts 
of the myenteric and submucosal plexuses. The myenteric 
plexus was obtained by removing the submucosal tissue 
and mucous layer. The submucosal plexus was obtained by 
removing the mucosal and muscular layer (Trevizan et al., 
2019). A total of 10 animals (five per group) were used for 
this set of experiments.

2.13  |  Morphoquantitative analysis of 
myenteric and submucosal plexuses

The whole mounts of the myenteric and submucosal plex-
uses were stained with Giemsa's solution, and the slides were 
mounted with glycerin in PBS (1:2). The enteric neurons are 
stained due to the high affinity of the Nissl bodies to methyl-
ene blue dye (Giemsa's dye). The enteric neurons are differ-
entiated from other cell types by intense cytoplasmic staining 
(Barbosa, 1978).

Sixty images of the whole-mount preparations were ran-
domly captured, and we used a test system with inclusion 
and exclusion lines (100 cm2) for the neuronal quantifica-
tion per unit area. The neurons within the test area boundar-
ies and those that touched the inclusion lines were counted, 
whereas the neurons that touched exclusion lines were 
not. Myenteric and submucosal neuronal densities were 
expressed as the number of cells per mm2. We estimated 
the total number of myenteric and submucosal neurons 
in the small intestine by multiplying the number of cells/
mm2 by the previously determined serosal surface area. We 
measured the areas of 100 neuronal cell bodies (μm2) per 
segment per animal using a semi-automatic morphometric 
device (Pereira et al., 2014), totaling 500 neurons in each 
intestinal segment per group.

We randomly captured images of 40 ganglia per segment 
per group of each plexus and then quantified the number of 
myenteric and submucosal neurons per ganglion and mea-
sured the ganglion area.

2.14  |  Statistical analysis

We used two-way ANOVA and multiple comparisons by 
Sidak's test to analyze GTT, and ITT time points repeated-
measure–based parameters (time and phenotype). Results are 
expressed as the mean ± SEM.

We first tested the data for a normal distribution for each 
parameter assessed. We compared the group data for each 
intestinal segment using an unpaired Student's t-test or the 
equivalent nonparametric Mann–Whitney U test using the 
Prism 8.4.3 software (GraphPad). Results are expressed as 
the mean  ±  SEM and compared using the Student's t-test 
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or as median percentiles (25%; 75%) compared using the 
Mann–Whitney test. The p values less than or equal to 0.05 
were considered statistically significant.

3  |   RESULTS

3.1  |  Body mass, nose-to-tail length, and 
adipose tissues weight

At 16  weeks of age, the body mass of the GK group 
(369.1  ±  3.0  g) was 21% lower than that of the Wistar 
rats (472  ±  10.7  g) (p  <  0.0001). Additionally, the GK 
group exhibited a significantly reduced nose-to-tail length 
(p < 0.05) and lower retroperitoneal (p < 0.0001), epididy-
mal (p < 0.0001), and mesenteric (p < 0.0001) adipose tissue 
weights compared to the control Wistar rats (Figure 2).

3.2  |  Glucose and insulin tolerance tests

The GK group presented elevated fasting blood glucose 
concentrations compared to the Wistar group. As shown in 
Figure 3a, following glucose loading, the control rats reached 
the glycemic peak after 15 min, after which the glucose blood 
concentrations gradually decreased until reaching the values 
observed in the fasting condition. In contrast, blood glucose 
concentrations of the GK rats gradually increased for 30 min 
(peak) and remained elevated until the end of the experi-
mental period (90 min) (Figure 3a). The area under the GTT 
curve for the GK group (32,850 ± 1651) was nearly threefold 
higher than the Wistar group (11,783 ± 666) (p < 0.0001) 
(Figure 3b).

In the ITT, the glucose concentration of the GK group 
remained elevated until 8  min after the insulin injection. 
After 30 min, the glucose concentrations of the GK animals 

F I G U R E  2   (a) Body mass (Wistar 472 ± 10.7 versus GK 369 ± 3.0) and (b) nose-to-tail length (Wistar 24 ± 0.2 vs GK 23 ± 0.2). (c) 
Epididymal (Wistar 0.36 ± 0.02 vs GK 0.21 ± 0.01), (d) retroperitoneal (Wistar 0.39 ± 0.01 vs GK 0.24 ± 0.01), and (e) mesenteric (Wistar 
0.43 ± 0.01 vs GK 0.30 ± 0.005) adipose tissues weights of the Wistar and GK groups at 16 weeks old. Adipose tissues (g) were normalized based 
on the nose-to-tail length (cm). *p < 0.05; **p < 0.01; ****p < 0.0001
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reached the fasting condition values of the Wistar rats 
(Figure 3c). The area under the ITT curve for the GK group 
(5049 ± 576.1) was significantly greater (p = 0.006) than that 
of the Wistar group (2641 ± 90.7) (Figure 3d).

3.3  |  Small intestine length

There was no significant difference in the small intestine 
length between groups (Table 2). Although the nose-to-tail 
length of the GK rats was about 4% shorter (p < 0.05), when 
we normalized the intestine length by the nose-to-tail length, 
we did not find any significant differences (data not shown).

3.4  |  Morphometric analyses

The intestinal morphometric analyses revealed that the intes-
tinal sections of the GK rats were significantly thicker than 
the Wistar rats. For example, the thickness of the duodenum 
was increased by 19% (p  <  0.0001), the jejunum by 32% 
(p < 0.0001), and the ileum by 64% (p < 0.0001). Additionally, 
the GK rats exhibited decreased crypt depth in the duodenum 
(9%, p < 0.05) and ileum (20%, p < 0.0001) and increased crypt 
depth in the jejunum (17%, p < 0.0001). Furthermore, the GK 
group's villi height was 54% higher in the jejunum, and 21% in 
the ileum (p < 0.0001) and the villi thickness was decreased by 

11% in the duodenum (p < 0.05) and increased by 25% in the 
ileum (p < 0.0001). A complete summary of the morphometric 
analyses is presented in Table 1.

3.5  |  Goblet cells abundance

As shown in Table 1, there were no significant differences in 
the percentage of goblet cells present in any small intestine 
segments when comparing the Wistar and GK groups.

3.6  |  Intestine polymorphonuclear leukocytes

Qualitative analyses revealed no difference in the amount of 
infiltrating inflammatory cells present in the small intestines 
of the Wistar and GK groups.

3.7  |  Intestinal cytokine concentrations

Compared to the control group, the small intestine of the 
GK rats had an increased IL-1β concentrations (pg/mg) in 
the duodenum (441.2 ± 95.5 vs 120.6 ± 70.1, p < 0.05) and 
jejunum (1877 ± 165.9 vs 805.9 ± 387.1, p < 0.05). While 
elevated concentrations of this cytokine were detected in the 
ileum of GK rats (2260.0 ± 318.5 vs 1371 ± 370.9, p = 0.1), 

F I G U R E  3   (a) Blood glucose 
concentrations measured before (time 0) 
and during the glucose tolerance test—
GTT. (b) GTT area under the blood glucose 
concentration curve (Wistar 11,783 ± 666 
vs GK 32850 ± 1651). (c) Blood glucose 
concentrations measured before (time 0) 
and during the insulin tolerance test—
ITT. (d) ITT area under the blood glucose 
concentrations curve (Wistar 2641 ± 90.7 vs 
GK 5049 ± 576.1). *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001
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this increase failed to reach a level of statistical significance 
(Figure 4a). Concerning IL-6, TNF-α, and IL-10 content, 
we were unable to detect a significant difference between 
groups, or the measured levels fell below the detection limit 
of the ELISA kits (data not shown).

Additionally, we observed an increase in total NF-kB p65 
content (O.D.) in the duodenum (0.99  ±  0.04, p  <  0.01), 
jejunum (0.74  ±  0.05, p  <  0.05), and ileum (1.05  ±  0.03, 
p  <  0.05) of GK rats when compared to the Wistar group 
(duodenum 0.56  ±  0.09, jejunum 0.52.±0.06, and ileum 
0.76 ± 0.09) (Figure 4b).

3.8  |  IL-1β localization by 
immunohistochemistry

The results reported in the ELISA were confirmed using the 
qualitative intestinal IL-1β immunohistochemistry assay. In 
the Wistar animals, we observed low IL-1β reactivity in the 

muscle layer, myenteric neurons, and glial cells of the duode-
num, jejunum, and ileum. This result was in stark contrast to 
the GK rats, which exhibited intense staining in the muscle 
layer, myenteric neurons, and glial cells in all intestinal seg-
ments (Figure 5).

3.9  |  Myenteric plexus analyses

The neuronal ganglion density was not different in any of 
the small intestine segments when comparing the Wistar and 
GK groups. However, the myenteric ganglion area increased 
by 37% (p < 0.05) in the duodenum, 33% (p < 0.0001) in 
the jejunum, and 32% (p < 0.0001) in the ileum of GK rats 
(Table 3).

The number of neurons per mm2 in each small intes-
tine segment was statistically equivalent in both groups of 
animals (Table 3). However, the serosal surface area of the 
small intestine was significantly reduced in the GK animals. 

T A B L E  1   Measurements in the duodenum, jejunum, and ileum of the Wistar and GK groups

Duodenum Jejunum Ileum

Wistar GK Wistar GK Wistar GK

Villi height (μm) 441 ± 9.9 441 ± 8.6 343 ± 9.5 531 ± 13.4**** 308 ± 10.1 375 ± 9.7****

Villi thickness (μm) 114 ± 3.9 101 ± 2.1* 97 ± 3.0 104 ± 3.7 77 ± 2.1 97 ± 2.9****

Crypt depth (μm) 251 ± 6.0 228 ± 3.1* 192 ± 4.1 224 ± 5.1**** 247 ± 3.8 196 ± 3.8****

Muscle thickness (μm) 109 ± 2.8 130 ± 4.1**** 90 ± 2.6 119 ± 3.7**** 86 ± 2.3 141 ± 4.6****

Goblet cells (%) 16 ± 0.4 16 ± 1.0 25 ± 0.8 25 ± 0.2 31 ± 0.6 31 ± 0.2

Results are expressed as the mean ± SEM and comparisons were made using Student's t-test.
*p < 0.05; 
****p < 0.0001. 

F I G U R E  4   (a) Interleukin-1β 
concentrations in the small intestine 
(duodenum, jejunum, and ileum) of the GK 
and Wistar groups as determined by ELISA. 
(b) Total NFκB P65 content in the small 
intestine (duodenum, jejunum, and ileum) 
as determined by western blotting. Graphs 
present the results of the band intensities. 
We included representative membranes of 
the NF-kB P65 bands and Ponceau staining. 
*p < 0.05; **p < 0.01    
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Moreover, the total number of small intestine neurons was 
attenuated in the GK group (Table 2).

The neuronal body area was increased (p  <  0.0001) by 
34% in the duodenum, 111% in the jejunum, and 40% in the 
ileum of the GK rats. In the duodenum, neuron size ranged 
from 240 to 300 μm2 in the Wistar group and from 360 to 
420 μm2 in GK rats. The neuronal body area of the jejunum 
ranged from 120 to 180 μm2 in Wistar rats and from 360 to 
420 μm2 in the GK group. In the ileum, the dimensions of the 
myenteric neurons ranged in size from 180 to 240 μm2 in the 
Wistar group and from 300 to 360 μm2 in GK rats (Table 3 
and Figure 6).

3.10  |  Submucosal plexus analyses

A reduced number of submucosal ganglion neurons were 
present in the jejunum (33%, p < 0.0001) and ileum (28%, 
p < 0.0001) of GK animals. Moreover, the submucosal gan-
glion area of the GK rats was increased by 9.5% in the duo-
denum (p < 0.05) and 19% in the ileum (p < 0.05) compared 
to the Wistar group (Table 4).

The neuronal density per mm2 of the submucosal plexus 
in the ileum (18%, p < 0.01) of the GK rats was lower than 
in the Wistar group. Similar to the myenteric plexus, the es-
timated total number of submucosal neurons was reduced in 
the GK group (Table 2).

In the GK group, the neuronal body area was increased 
by 10% in the duodenum (p < 0.001), 72% in the jejunum 
(p < 0.0001), and 27% in the ileum (p < 0.0001). The neuro-
nal body area in the duodenum ranged from 180 to 300 μm2 

in the Wistar and GK groups. In the jejunum and ileum of 
the control group, the size of the neurons ranged from 180 
to 300 μm2, whereas in the GK animals, the size of the sub-
mucosal neurons ranged from 240 to 420 μm2 (Table 4 and 
Figure 7).

3.11  |  GI transit

The GK rats exhibited slower intestinal transit. It took these 
animals 715 min to eliminate stained feces, while the Wistar 
group only took 541 min (Table 2).

4  |   DISCUSSION

In the present study, male 16-week-old GK animals exhibited 
reduced body mass, nose-to-tail length, and adipose tissue 
depots. These animals also presented fasting basal hypergly-
cemia, glucose intolerance, and impaired insulin sensitiv-
ity when compared to the control group. It was previously 
reported that at 3 weeks of age, GK rats have basal hyper-
glycemia, impaired insulin secretion, and increased hepatic 
glucose production (Picarel-Blanchot et al., 1996; Portha 
et al., 2012). Additionally, at 12–16 weeks of age, the body 
mass is significantly low, and the increase in the white adi-
pose tissue mass ceases. These changes are due to an impair-
ment in pre-adipocyte differentiation into mature adipocytes, 
leading to a defect in triglycerides storage and increased free 
fatty acid release into the plasma (Xue et al., 2011). Thus, our 
results are consistent with the literature and indicate that the 

F I G U R E  5   Representative photomicrographs of IL-1β immunohistochemistry in the duodenum, jejunum, and ileum of the GK and Wistar 
groups. Thin arrows indicate IL-1β immunoreactive myenteric neurons and thick arrows indicate IL-1β immunoreactive glial cells. Objective: 
Bottom image 40×, Top image 60×. Scale bars: Bottom image 20 μm, Top image 15 μm
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employed experimental protocol mimics non-obese T2DM 
patients (Kuwabara et al., 2017).

In response to internal and external stimuli, the intesti-
nal adaptive capacity, known as enteroplasticity or intestinal 

adaptation (Drozdowski et al., 2009), occurs in short bowel 
syndrome, chronic alcohol ingestion, aging, fasting, malnu-
trition, and diabetes (Ferraris & Carey, 2000). Previous stud-
ies reported marked small intestine morphological changes 
in diabetes mellitus states (Zhao et al., 2006), including in-
creased small intestinal weight and length (Zhao et al., 2003), 
larger mucosal surface area (Noda et al., 2001), greater goblet 
cell abundance (Zoubi et al., 1995), increased mucosa, sub-
mucosa, and muscular layer thickness (Zhao et al., 2003), and 
muscular layer hypertrophy (Nowak et al., 1990).

The results reported herein support the proposition that 
enteroplasticity occurs in GK rats. These animals have hy-
perglycemia and exhibit increased food intake that is more 
pronounced (relative to body mass) after weaning (Kuwabara 
et al., 2017; Maekawa et al., 2006). Changes in cell prolifer-
ation rate, cell number, villi length and thickness, and crypt 
depth have also been reported, possibly as attempts to in-
crease the absorptive surface area and functional capacity of 
the intestine (Dailey, 2014). Hyperphagia occurs in several 

T A B L E  2   Measurements in the small intestine of the Wistar and 
GK groups

Parameter Wistar GK

Intestine length (cm) 101 ± 5.1 103 ± 1.1

Serosal surface area (cm2) 157 ± 3.0 105 ± 3.6****

Estimated total number of myenteric 
neurons/mm2 (×106)

7.4 ± 0.4 5.0 ± 0.3****

Estimated total number of submucosal 
neurons/mm2 (×106)

4.4 ± 0.1 2.7 ± 0.07****

Intestinal transit time (min) 541 ± 17.7 715 ± 14.8**

Results are expressed as the mean ± SEM and comparisons were made using 
Student's t-test.
**p < 0.01; 
****p < 0.0001. 

F I G U R E  6   Representative photomicrographs of the myenteric neurons and frequency histogram related to the neuronal areas in the duodenum, 
jejunum, and ileum of the Wistar and GK groups are indicated. Objective: 40×, Scale bars: 20 μm
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animal models of DM and can induce and/or accelerate obe-
sity and diabetes. Indeed, data on food intake by GK animals 
were reported by others (Ando et al., 2018; Maekawa et al., 
2006; Xue et al., 2011) and our research group (Kuwabara 
et al., 2017). Miller et al. (1977) investigated intestinal cell 
proliferation, and dry intestinal weight in pair-fed and ad li-
bitum fed diabetic animals and found that the diabetic state 
itself promotes marked changes in mucosal growth regardless 
of food intake. In this sense, although oscillations in the lu-
minal content may affect the intestinal remodeling, the hyper-
glycemia presented by GK rats might be the primary cause of 
these changes.

Zhao et al. (2013) also reported increased villi thickness 
and hypertrophy of the muscular layer in the small intestine 
GK rat jejunum at 32 weeks of age. The authors associated 
the hypertrophy of the intestinal muscular layer with the en-
hanced proliferation of the intestinal smooth muscle cells 

with an inflammatory cytokine-modulated phenotype (Nair 
et al., 2014).

Herein, we observed elevated levels of IL-1β and NF-κB 
p65 in the small intestines of GK animals. It is known that 
NF-κB protein upregulates the expression of specific genes, 
including IL-1β. The subsequent increase in IL-1β activates 
the NF-κB pathway, promoting IκB degradation and induc-
ing NF-κB nuclear translocation. This mechanism of activa-
tion has been observed in smooth muscle and the myenteric 
plexus (Rumio et al., 2006). We then found a positive auto-
regulatory loop in the GK intestine that contributes to ampli-
fying the inflammatory response and local inflammation, as 
previously reported (Yamamoto & Gaynor, 2001). It has also 
been reported that IL-1β causes hypomotility of the intestine 
(Aubé et al., 1996). Therefore, it is plausible that the increase 
in IL-1β and NF-κB in the small intestine contents contribute 
to the slower intestinal transit observed in GK rats.

T A B L E  3   Morphoquantitative analyses of the total myenteric neuronal population in the duodenum, jejunum, and ileum of the Wistar and GK 
groups

Duodenum Jejunum Ileum

Ileum GK Wistar GK Wistar GK

Myenteric neuronal density 
(mm2)a 

492 ± 23 480 ± 13 483 ± 16 496 ± 19 435 ± 7 438 ± 40

Neuronal body area (μm2)b  265 (215; 326) 365**** (300; 428) 165 (135; 207) 365**** (302; 423) 228 (197; 276) 320**** (265; 400)

Myenteric neuronal density 
per gangliona 

23 ± 0.7 24 ± 0.7 23 ± 1.0 20 ± 0.9 19 ± 0.5 20 ± 0.5

Myenteric ganglion area 
(μm2)a 

11,612 ± 495 15,926 ± 396* 11,410 ± 409 15,227 ± 510**** 11,047 ± 339 14,590 ± 374****

aData are expressed as the mean ± SEM and comparisons were made using Student's t-test. 
bData are expressed as median percentiles (25%; 75%) and compared using the Mann–Whitney test. 
*p < 0.05; 
****p < 0.0001. 

T A B L E  4   Morphoquantitative analyses of the submucosal total neuronal population of the duodenum, jejunum, and ileum of the Wistar and 
GK groups

Duodenum Jejunum Ileum

Wistar GK Wistar GK Wistar GK

Submucosal neuronal density/mm2a  278 ± 10 290 ± 14 287 ± 13 249 ± 14 300 ± 12 244 ± 4.3**

Neuronal body area (μm2)b  242 
(193; 293)

268*** 
(203; 312)

217 
(173; 271)

367**** 
(289; 470)

274 
(226; 334)

347**** 
(286; 427)

Submucosal neuronal density per gangliona  23 ± 1.1 22 ± 1.0 18 ± 1.1 12 ± 0.7**** 14 ± 0.6 10 ± 0.4****

Submucosal ganglion area (μm2)b  4865 
(3685; 6286)

5398* 
(4830; 6572)

3711 
(2785; 5782)

4151 
(3360; 5121)

4465 
(3747; 5190)

4864* 
(4168; 5879)

aData are expressed as mean ± SEM and compared using Student's t-test. 
bData are expressed as median percentiles (25%; 75%) and compared using Mann–Whitney test. 
*p < 0.05; 
**p < 0.01; 
***p < 0.001; 
****p < 0.0001. 
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Interestingly, we observed increased IL-1β reactivity in 
myenteric neurons and glial cells of the small intestine of GK 
animals compared with the Wistar group. It has been reported 
that cultured myenteric glial cells secrete IL-1β in response to 
LPS stimulation (Murakami et al., 2009). Under specific con-
ditions, such as neuroinflammation, the neurons are an im-
portant source of IL-1β and an early line of defense following 
injury (Rivero Vaccari et al., 2009). Myenteric cells partici-
pate in the local defense actions and inflammation by sending 
out signals to neighboring cells . Additionally, it has been 
proposed that the myenteric cells (neurons and glial cells) 
directly contribute to the intestinal inflammatory response 
by producing inflammatory mediators (Freidin et al., 1992). 
Therefore, it is likely that the observed increase in IL-1β lev-
els are due to inflammation in the small intestine of GK rats.

We did not detect a significant difference in the number of 
myenteric neurons per unit area or ganglion when comparing 

the two groups. However, diabetes has been shown to change 
the intestinal area and neuronal density, without any al-
terations in the number of neurons (Voukali et al., 2011). 
Herein, we observed a decrease in the total number of neu-
rons in the myenteric plexus of GK rats, possibly due to a 
reduced intestinal area. In the submucosal plexus of GK rats, 
we found that the number of neurons in the jejunum and 
ileum per unit area, ganglion, and the estimated submucosal 
total neuronal population were all decreased. A similar re-
duction in submucosal total neuronal density was reported in 
the duodenum, jejunum, and ileum in streptozotocin-induced 
diabetic animals (Ferreira et al., 2018). Our results here in 
GK animals show that the total neuronal population of the 
submucosal plexus is more susceptible to DM-induced de-
generative changes than the myenteric plexus. The degener-
ative changes in DM that affect the enteric nervous system 
are due to metabolic disorders. Furthermore, oxidative stress, 

F I G U R E  7   Representative photomicrographs of the submucosal neurons and frequency histogram related to the neuronal areas in the 
duodenum, jejunum, and ileum of the Wistar and GK groups are indicated. Objective: 40×, Scale bars: 20 μm
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resulting from the imbalance between ROS production and 
neutralization, is a well-established factor that has been im-
plicated in the pathogenesis of diabetic neuropathy and other 
complications (Babizhayev et al., 2015; Figueroa-Romero 
et al., 2008). While our results may be related to diabetes-
induced oxidative stress, future studies investigating these 
mechanisms need to be conducted.

The increased neuronal body area contributed to the in-
creased ganglion area observed in the small intestine of the 
GK animals. The enteric neuronal hypertrophy may repre-
sent a compensatory mechanism for maintaining the intes-
tinal functions (Zanoni et al., 2002). Other studies reported 
changes in the enteric neuronal population in experimental 
DM models (Ferreira et al., 2013, 2018; Larsson & Voss, 
2018; Lopes et al., 2012). A previous study with obese mice 
(ob/ob) showed that neither the density nor area of the total 
population in the duodenum myenteric neurons are per-
turbed, but differences could be observed in the myenteric 
neuronal-specific subpopulations (Spangeus & El-Salhy, 
2001). Notably, in streptozotocin-induced diabetic animals, 
an increase in the nitrergic neuronal population of the sub-
mucosal plexus in the jejunum and colon was reported (Bódi 
et al., 2017).

Moreover, reductions in the myenteric neuronal density 
and neuronal hypertrophy were reported in streptozotocin-
induced diabetic rats (Ferreira et al., 2018) and animals 
consuming a high-fat diet (Larsson & Voss, 2018). It is 
important to point out that attenuated GI transit time and 
diarrhea were correlated with a decreased nNOS enteric in-
hibitory subpopulations in diabetic animals (Ferreira et al., 
2018). Previous studies demonstrated that hyperglycemia-
related oxidative stress and inflammation are primary in-
ducers of enteric nervous system dysfunction, resulting in 
marked changes in intestinal motility and intestinal secre-
tion activity (Chandrasekharan et al., 2011; Trevizan et al., 
2019; Voukali et al., 2011). Herein, we identified some 
changes in intestinal morphology and evidence of enteric 
nervous system remodeling in GK rats; however, the un-
derlying mechanisms responsible for these alterations are 
still unclear.

It has been shown that decreased intestinal motility alters 
the intestinal microbiota composition, neurotransmission 
within the gastric wall, and gastric motility, which is reg-
ulated by afferent signals from the central nervous system 
(Barbara et al., 2005; Dass et al., 2007). Peng et al. (2020) 
reported changes in the intestinal microbiota during the ag-
gravation of the T2DM state in GK animals, leading to higher 
proportions of Gram-negative bacteria. These bacteria could 
trigger an inflammatory response, thus contributing to the 
development of the diabetic state (Larsen et al., 2010). It is 
important to point out that changes in intestinal microbiota 
composition and gut motility are concomitant processes, and 
it remains unclear which occurs first in the GK animal model.

There are some limitations in the present study that need 
to be considered when interpreting the results. We used a 
negative control (no primary antibody) to exclude staining 
artifacts in the immunohistochemistry assays, whereas a 
positive control was not included. Concerning the cytokine 
concentration measurements, we utilized complete intesti-
nal fragments. If we had performed the measurements with 
separate intestinal layers (e.g., mucosa or muscular layer), 
additional information could have been obtained. We in-
vestigated the pan-neuronal population of enteric plexuses 
in the Giemsa-stained tissue, but enteric neuroplasticity re-
modeling may occur in subpopulations or enteric glia. We 
could have performed immunohistochemistry on the glial 
cells (S100), nitrergic (nNOS), and cholinergic (ChAT) 
neurons, which would have further strengthened the study.

In conclusion, in the present study, we identified spe-
cific alterations in the intestinal morphology and myenteric 
and submucosal plexuses and the presence of local inflam-
mation in the small intestine of GK rats. These changes 
were accompanied by reduced intestinal transit and IR. 
This work provides unique insights into the molecular 
mechanisms underlying the onset and development of non-
obese T2DM.

ACKNOWLEDGMENTS
The authors are indebted to Dr. Tatiana Carolina Alba-
Loureiro, and Dr. Wilson Mitsuo Tatagiba Kuwabara for 
maintaining the Wistar and GK rat colonies, and Gabriela 
Mandú Gimenes for drawing the schematic representation of 
the animal groups.

CONFLICT OF INTEREST
The authors declare that they have no competing interests.

AUTHOR CONTRIBUTIONS
J.N.B. Pereira design, acquisition, analysis and interpretation 
of data, and drafting the article; G.M.M. acquisition and anal-
ysis of data; F.T.S. acquisition and analysis of data; A.R.M. 
analysis and interpretation of data; C.R.O.C. conception and 
design; R.C. conception and design, interpretation of data, 
drafting and paper revision.

ORCID
Joice Naiara Bertaglia Pereira   https://orcid.
org/0000-0003-2609-5450 
Gilson Masahiro Murata   https://orcid.
org/0000-0003-3383-5410 
Fabio Takeo Sato   https://orcid.org/0000-0002-9863-4364 
Aline Rosa Marosti   https://orcid.
org/0000-0003-0996-4853 
Carla Roberta de Oliveira Carvalho   https://orcid.
org/0000-0001-5824-8656 
Rui Curi   https://orcid.org/0000-0001-5095-9154 

https://orcid.org/0000-0003-2609-5450
https://orcid.org/0000-0003-2609-5450
https://orcid.org/0000-0003-2609-5450
https://orcid.org/0000-0003-3383-5410
https://orcid.org/0000-0003-3383-5410
https://orcid.org/0000-0003-3383-5410
https://orcid.org/0000-0002-9863-4364
https://orcid.org/0000-0002-9863-4364
https://orcid.org/0000-0003-0996-4853
https://orcid.org/0000-0003-0996-4853
https://orcid.org/0000-0003-0996-4853
https://orcid.org/0000-0001-5824-8656
https://orcid.org/0000-0001-5824-8656
https://orcid.org/0000-0001-5824-8656
https://orcid.org/0000-0001-5095-9154
https://orcid.org/0000-0001-5095-9154


14 of 16  |      PEREIRA et al.

REFERENCES
Adachi, T., Mori, C., Sakurai, K., Shihara, N., Tsuda, K., & Yasuda, 

K. (2003). Morphological changes and increased sucrase and iso-
maltase activity in small intestines of insulin-deficient and type 2 
diabetic rats. Endocrine Journal, 50, 271–279.

Ando, A., Gantulga, D., Nakata, M., Maekawa, F., Dezaki, K., Ishibashi, 
S., & Yada, T. (2018). Weaning stage hyperglycemia induces 
glucose-insensitivity in arcuate POMC neurons and hyperphagia 
in type 2 diabetic GK rats. Neuropeptides, 68, 49–56. https://doi.
org/10.1016/j.npep.2018.02.001

Aubé, A. C., Blottière, H. M., Scarpignato, C., Cherbut, C., Rozé, C., 
& Galmiche, J. P.(1996). Inhibition of acetylcholine induced in-
testinal motility by interleukin 1 beta in the rat. Gut, 39, 470–474. 
https://doi.org/10.1136/gut.39.3.470

Babizhayev, M. A., Strokov, I. A., Nosikov, V. V., Savel’yeva E. L., Sitnikov, 
V. F., Yegor, E. Y., & Lankin, V. Z.(2015). The role of oxidative 
stress in diabetic neuropathy: Generation of free radical species in 
the glycation reaction and gene polymorphisms encoding antioxidant 
enzymes to genetic susceptibility to diabetic neuropathy in popula-
tion of type I diabetic patient. Cell Biochemistry and Biophysics, 71, 
1425–1443. https://doi.org/10.1007/s1201​3-014-0365-y

Barbara, G., Stanghellini, V., Brandi, G., Cremon, C., Di, N. G., De 
Giorgio, R., & Corinaldesi, R. (2005). Interactions between com-
mensal bacteria and gut sensorimotor function in health and dis-
ease. American Journal of Gastroenterology, 100, 2560–2568. 
https://doi.org/10.1111/j.1572-0241.2005.00230.x

Barbosa, A. J. A. (1978). Técnica histológica para gânglios nervosos 
intramurais em preparados espessos. Rev Bras Pesqui Médica E 
Biológica, 11, 95–97.

Bisbis, S., Bailbe, D., Tormo, M. A., Picarel-Blanchot, F., Derouet, 
M., Simon, J., & Portha, B. (1993). Insulin resistance in the 
GK rat: decreased receptor number but normal kinase activity 
in liver. American Journal of Physiology-Endocrinology and 
Metabolism, 265, E807–E813. https://doi.org/10.1152/ajpen​
do.1993.265.5.E807

Bódi, N., Szalai, Z., Chandrakumar, L., & Bagyánszki, M. (2017). 
Region-dependent effects of diabetes and insulin-replacement 
on neuronal nitric oxide synthase- and heme oxygenase-
immunoreactive submucous neurons. World Journal of 
Gastroenterology, 23, 7359–7368. https://doi.org/10.3748/wjg.
v23.i41.7359

Brunetti, P. (2007). The lean patient with type 2 diabetes: Characteristics 
and therapy challenge. International Journal of Clinical Practice, 
61, 3–9. https://doi.org/10.1111/j.1742-1241.2007.01359.x

Chandrasekharan, B., Anitha, M., Blatt, R., Shahnavaz, N., Kooby, 
D., Staley, C., Mwangi, S., Jones, D. P., Sitaraman, S. V., & 
Srinivasan, S. (2011). Colonic motor dysfunction in human diabe-
tes is associated with enteric neuronal loss and increased oxidative 
stress. Neurogastroenterology and Motility, 23, 131–139. https://
doi.org/10.1111/j.1365-2982.2010.01611.x

Da Silva, P. G., Bertaglia Pereira, J. N., Tibúrcio, V. G., Stabille, 
S. R., Garcia de Faria, H., De Melo, G. R., & De Britto, M. R. 
(2012). Effect of caloric restriction on myenteric neuroplasti-
city in the rat duodenum during aging. Autonomic Neuroscience 
Basic and Clinical, 168, 43–47. https://doi.org/10.1016/j.
autneu.2012.01.006

Dailey, M. J. (2014). Nutrient-induced intestinal adaption and its ef-
fect in obesity. Physiology & Behavior, 136, 74–78. https://doi.
org/10.1016/j.physb​eh.2014.03.026

Dass, N. B., John, A. K., Bassil, A. K., Crumbley, C. W., Shehee, W. 
R., Maurio, F. P., Moore, G. B. T., Taylor, C. M., & Sanger, G. J. 
(2007). The relationship between the effects of short-chain fatty 
acids on intestinal motility in vitro and GPR43 receptor activa-
tion. Neurogastroenterology and Motility, 19, 66–74. https://doi.
org/10.1111/j.1365-2982.2006.00853.x

de Rivero Vaccari, J. P., Lotocki, G., Alonso, O. F., Bramlett, H. M., 
Dietrich, W. D., & Keane, R. W. (2009). Therapeutic neutralization 
of the NLRP1 inflammasome reduces the innate immune response 
and improves histopathology after traumatic brain injury. Journal 
of Cerebral Blood Flow and Metabolism, 29, 1251–1261. https://
doi.org/10.1038/jcbfm.2009.46

Demmer, R. T., Desvarieux, M., & Jacobs, D. R. (2008). Periodontal 
disease and incident type 2 diabetes. Diabetes Care, 31, 1373–
1379. https://doi.org/10.2337/dc08-0026.These

Ding, S., Chi, M. M., Scull, B. P., Rigby, R., Schwerbrock, N. M. 
J., Magness, S., Jobin, C., & Lund, P. K. (2010). High-fat diet: 
Bacteria interactions promote intestinal inflammation which 
precedes and correlates with obesity and insulin resistance in 
mouse. PLoS One, 5, e12191. https://doi.org/10.1371/journ​
al.pone.0012191

Donath, M. Y., & Shoelson, S. E. (2011). Type 2 diabetes as an inflam-
matory disease. Nature Reviews Immunology, 11, 98–107. https://
doi.org/10.1038/nri2925

Drozdowski, L. A., Clandinin, M. T., & Thomson, A. B. R. (2009). 
Morphological, kinetic, membrane biochemical and ge-
netic aspects of intestinal enteroplasticity. World Journal 
of Gastroenterology, 15, 774–787. https://doi.org/10.3748/
wjg.15.774

Ferraris, R. P., & Carey, H. V. (2000). Intestinal transport during fast-
ing and malnutrition. Annual Review of Nutrition, 20, 195–219. 
https://doi.org/10.1146/annur​ev.nutr.20.1.195

Ferreira, P. E. B., Beraldi, E. J., Borges, S. C., Natali, M. R. M., & 
Buttow, N. C. (2018). Resveratrol promotes neuroprotection and 
attenuates oxidative and nitrosative stress in the small intestine in 
diabetic rats. Biomedicine & Pharmacotherapy, 105, 724–733. 
https://doi.org/10.1016/j.biopha.2018.06.030

Ferreira, P. E. B., Lopes, C. R. P., Alves, A. M. P., Alves, É. P. B., 
Linden, D. R., Zanoni, J. N., & Buttow, N. C. (2013). Diabetic 
neuropathy: An evaluation of the use of quercetin in the cecum of 
rats. World Journal of Gastroenterology, 19, 6416–6426. https://
doi.org/10.3748/wjg.v19.i38.6416

Figueroa-Romero, C., Sadidi, M., & Feldman, E. L. (2008). Mechanisms 
of disease: The oxidative stress theory of diabetic neuropathy. 
Reviews in Endocrine & Metabolic Disorders, 9, 301–314. https://
doi.org/10.1007/s1115​4-008-9104-2

Fortes, M. A. S., Marzuca-Nassr, G. N., Vitzel, K. F., da Justa Pinheiro, 
C. H., Newsholme, P., & Curi, R. (2016). Housekeeping proteins: 
How useful are they in skeletal muscle diabetes studies and muscle 
hypertrophy models? Analytical Biochemistry, 504, 38–40. https://
doi.org/10.1016/j.ab.2016.03.023

Freidin, M., Bennett, M. V. L., & Kessler, J. A. (1992). Cultured sympa-
thetic neurons synthesize and release the cytokine interleukin 1β. 
Proceedings of the National Academy of Sciences of the USA, 89, 
10440–10443. https://doi.org/10.1073/pnas.89.21.10440.

Garidou, L., Pomié, C., Klopp, P., Waget, A., Charpentier, J., Aloulou, 
M., Giry, A., Serino, M., Stenman, L., Lahtinen, S., Dray, C., 
Iacovoni, J. S., Courtney, M., Collet, X., Amar, J., Servant, F., 
Lelouvier, B., Valet, P., Eberl, G., … Burcelin, R. (2015). The gut 
microbiota regulates intestinal CD4 T cells expressing RORγt and 

https://doi.org/10.1016/j.npep.2018.02.001
https://doi.org/10.1016/j.npep.2018.02.001
https://doi.org/10.1136/gut.39.3.470
https://doi.org/10.1007/s12013-014-0365-y
https://doi.org/10.1111/j.1572-0241.2005.00230.x
https://doi.org/10.1152/ajpendo.1993.265.5.E807
https://doi.org/10.1152/ajpendo.1993.265.5.E807
https://doi.org/10.3748/wjg.v23.i41.7359
https://doi.org/10.3748/wjg.v23.i41.7359
https://doi.org/10.1111/j.1742-1241.2007.01359.x
https://doi.org/10.1111/j.1365-2982.2010.01611.x
https://doi.org/10.1111/j.1365-2982.2010.01611.x
https://doi.org/10.1016/j.autneu.2012.01.006
https://doi.org/10.1016/j.autneu.2012.01.006
https://doi.org/10.1016/j.physbeh.2014.03.026
https://doi.org/10.1016/j.physbeh.2014.03.026
https://doi.org/10.1111/j.1365-2982.2006.00853.x
https://doi.org/10.1111/j.1365-2982.2006.00853.x
https://doi.org/10.1038/jcbfm.2009.46
https://doi.org/10.1038/jcbfm.2009.46
https://doi.org/10.2337/dc08-0026.These
https://doi.org/10.1371/journal.pone.0012191
https://doi.org/10.1371/journal.pone.0012191
https://doi.org/10.1038/nri2925
https://doi.org/10.1038/nri2925
https://doi.org/10.3748/wjg.15.774
https://doi.org/10.3748/wjg.15.774
https://doi.org/10.1146/annurev.nutr.20.1.195
https://doi.org/10.1016/j.biopha.2018.06.030
https://doi.org/10.3748/wjg.v19.i38.6416
https://doi.org/10.3748/wjg.v19.i38.6416
https://doi.org/10.1007/s11154-008-9104-2
https://doi.org/10.1007/s11154-008-9104-2
https://doi.org/10.1016/j.ab.2016.03.023
https://doi.org/10.1016/j.ab.2016.03.023
https://doi.org/10.1073/pnas.89.21.10440


      |  15 of 16PEREIRA et al.

controls metabolic disease. Cell Metabolism, 22, 100–112. https://
doi.org/10.1016/j.cmet.2015.06.001

Gil-Cardoso, K., Ginés, I., Pinent, M., Ardévol, A., Terra, X., & Blay, 
M. (2017). A cafeteria diet triggers intestinal inflammation and 
oxidative stress in obese rats. British Journal of Nutrition, 117, 
218–229. https://doi.org/10.1017/S0007​11451​6004608.

Góis, M. B., Hermes-Uliana, C., Barreto Zago, M. C., Zanoni, J. N., da 
Silva, A. V., de Miranda-Neto, M. H., de Almeida Araújo, E. J., & 
Sant’Ana D de, M. G.(2016). Chronic infection with Toxoplasma 
gondii induces death of submucosal enteric neurons and damage 
in the colonic mucosa of rats. Experimental Parasitology, 164, 
56–63. https://doi.org/10.1016/j.exppa​ra.2016.02.009.

Goto, Y., Kakizaki, M., & Masaki, N. (1975). Spontaneous diabetes pro-
duced by selective breeding of normal wistar rats. Proceedings of 
the Japan Academy, 51, 80–85.

Kuwabara, W. M. T., Panveloski-costa, A. C., Naomi, C. Y. F., Pereira, 
J. N. B., Filho, J. M., Torres, P., Hirabara, S. M., Curi, R., & Alba-
loureiro, T. C. (2017) Comparison of Goto-Kakizaki rats and high 
fat diet-induced obese rats: Are they reliable models to study type 
2 diabetes mellitus? PLoS One, 12, e0189622.

Larsen, N., Vogensen, F. K., van den Berg, F. W. J., Nielsen, D. S., 
Andreasen, A. S., Pedersen, B. K., Al-Soud, W. A., Sørensen, S. J., 
Hansen, L. H., & Jakobsen, M. (2010). Gut microbiota in human 
adults with type 2 diabetes differs from non-diabetic adults. PLoS 
One, 5, e9085. https://doi.org/10.1371/journ​al.pone.0009085

Larsson, S., & Voss, U. (2018). Neuroprotective effects of vitamin D 
on high fat diet- and palmitic acid-induced enteric neuronal loss 
in mice. BMC Gastroenterology, 18, 175. https://doi.org/10.1186/
s1287​6-018-0905-9

Lopes, C. R. P., Ferreira, P. E. B., Zanoni, J. N., Alves, A. M. P., Alves, 
É. P. B., & Buttow, N. C. (2012). Neuroprotective effect of quer-
cetin on the duodenum enteric nervous system of streptozotocin-
induced diabetic rats. Digestive Diseases and Sciences, 57, 3106–
3115. https://doi.org/10.1007/s1062​0-012-2300-7

Lowette, K., Desmet, A.-S., Farré, R. M., Tack, J., & Vanden, B. P. 
(2016). Fructose consumption impairs serotonergic signaling in 
the murine enteric nervous system. Neurogastroenterology and 
Motility, 28, 1438–1442. https://doi.org/10.1111/nmo.12827

Maekawa, F., Fujiwara, K., Kohno, D., Kuramochi, M., Kurita, H., 
& Yada, T. (2006). Young adult-specific hyperphagia in dia-
betic Goto-Kakizaki rats is associated with leptin resistance 
and elevation of neuropeptide Y mRNA in the arcuate nucleus. 
Journal of Neuroendocrinology, 18, 748–756. https://doi.
org/10.1111/j.1365-2826.2006.01470.x

Masi, L. N., Martins, A. R., Crisma, A. R., Do Amaral, C. L., Davanso, 
M. R., Serdan, T. D. A., da Cunha de Sá, R. D. C., Cruz, M. M., 
Alonso-Vale, M. I. C., Torres, R. P., Mancini-Filho, J., Pereira, J. 
N. B., Da Silva Righetti, M. M., Liberti, E. A., Hirabara, S. M., 
& Curi, R.(2017). Combination of a high-fat diet with sweetened 
condensed milk exacerbates inflammation and insulin resistance 
induced by each separately in mice. Scientific Reports, 7, 1–10. 
https://doi.org/10.1038/s4159​8-017-04308​-1.

Matthews, J. N., Altman, D. G., Campbell, M. J., & Royston, P. (1990). 
Analysis of serial measurements in medical research. BMJ, 300, 
230–235. https://doi.org/10.1136/bmj.300.6719.230

McNeely, M. J., & Boyko, E. J. (2004). Type 2 diabetes prevalence in 
Asian Americans: Results of a naitonal health survey. Diabetes 
Care, 27, 66–69. https://doi.org/10.2337/diaca​re.27.1.66

Mendes, C. E., Palombit, K., Vieira, C., Silva, I., Correia-de-Sá, P., & 
Castelucci, P. (2015). The effect of ischemia and reperfusion on 

enteric glial cells and contractile activity in the ileum. Digestive 
Diseases and Sciences, 60, 2677–2689. https://doi.org/10.1007/
s1062​0-015-3663-3

Miller, D. L., Hanson, W., Schedl, H. P., & Osborne, J. W. (1977). 
Proliferation rate and transit time of mucosal cells in small intes-
tine of the diabetic rat. Gastroenterology, 73, 1326–1332. https://
doi.org/10.1016/s0016​-5085(19)31509​-4

Monteiro-Sepulveda, M., Touch, S., Mendes-Sá, C., André, S., Poitou, 
C., Allatif, O., Cotillard, A., Fohrer-Ting, H., Hubert, E.-L., 
Remark, R., Genser, L., Tordjman, J., Garbin, K., Osinski, C., 
Sautès-Fridman, C., Leturque, A., Clément, K., & Brot-Laroche, 
E. (2015). Jejunal T cell inflammation in human obesity correlates 
with decreased enterocyte insulin signaling. Cell Metabolism, 22, 
113–124. https://doi.org/10.1016/j.cmet.2015.05.020

Murakami, M., Ohta, T., & Ito, S. (2009). Lipopolysaccharides en-
hance the action of bradykinin in enteric neurons via secretion of 
interleukin-1β from enteric glial cells. Journal of Neuroscience 
Research, 87, 2095–2104. https://doi.org/10.1002/jnr.22036

Nair, D. G., Miller, K. G., Lourenssen, S. R., & Blennerhassett, M. 
G. (2014). Inflammatory cytokines promote growth of intestinal 
smooth muscle cells by induced expression of PDGF-Rβ. Journal 
of Cellular and Molecular Medicine, 18, 444–454. https://doi.
org/10.1111/jcmm.12193

Nie, J., Xue, B., Sukumaran, S., Jusko, W. J., Dubois, D. C., & Almon, 
R. R. (2011). Differential muscle gene expression as a function of 
disease progression in Goto-Kakizaki diabetic rats. Molecular and 
Cellular Endocrinology, 338, 10–17. https://doi.org/10.1016/j.
mce.2011.02.016

Noda, T., Iwakiri, R., Fujimoto, K., Yoshida, T., Utsumi, H., Sakata, 
H., Hisatomi, A., & Aw, T. Y. (2001). Suppression of apopto-
sis is responsible for increased thickness of intestinal mucosa 
in streptozotocin-induced diabetic rats. Metabolism: Clinical 
and Experimental, 50, 259–264. https://doi.org/10.1053/
meta.2001.21030

Nowak, T. V., Harrington, B., Weisbruch, J. P., & Kalbfleisch, J. H. 
(1990). Structural and functional characteristics of muscle from 
diabetic rodent small intestine. American Journal of Physiology-
Gastrointestinal and Liver Physiology, 258, G690–G698. https://
doi.org/10.1152/ajpgi.1990.258.5.G690

Nyavor, Y., Brands, C. R., May, G., Kuther, S., Nicholson, J., Tiger, K., 
Tesnohlidek, A., Yasuda, A., Starks, K., Litvinenko, D., Linden, 
D. R., Bhattarai, Y., Kashyap, P. C., Forney, L. J., & Balemba, O. 
B. (2020). High-fat diet–induced alterations to gut microbiota and 
gut-derived lipoteichoic acid contributes to the development of en-
teric neuropathy. Neurogastroenterology & Motility, 32(7), 1–14. 
https://doi.org/10.1111/nmo.13838

Ostenson, C. G., Khan, A., Abdel-Halim, S. M., Guenifi, A., Suzuki, 
K., Goto, Y., & Efendic, S. (1993). Abnormal insulin secretion and 
glucose metabolism in pancreatic islets from the spontaneously di-
abetic GK rat. Diabetologia, 36, 3–8.

Ouyang, X., Li, S., Foreman, R., Farber, J., Lin, L., Yin, J., & Chen, 
J. D. Z. (2015). Hyperglycemia-induced small intestinal dysrhyth-
mias attributed to sympathovagal imbalance in normal and diabetic 
rats. Neurogastroenterology and Motility, 27, 406–415. https://doi.
org/10.1111/nmo.12506

Ouyang, X., Li, S., Tan, Y., Lin, L., Yin, J., & Chen, J. D. Z. (2019). 
Intestinal electrical stimulation attenuates hyperglycemia 
and prevents loss of pancreatic β cells in type 2 diabetic Goto-
Kakizaki rats. Nutr Diabetes, 9, 4. https://doi.org/10.1038/s4138​
7-019-0072-2

https://doi.org/10.1016/j.cmet.2015.06.001
https://doi.org/10.1016/j.cmet.2015.06.001
https://doi.org/10.1017/S0007114516004608
https://doi.org/10.1016/j.exppara.2016.02.009
https://doi.org/10.1371/journal.pone.0009085
https://doi.org/10.1186/s12876-018-0905-9
https://doi.org/10.1186/s12876-018-0905-9
https://doi.org/10.1007/s10620-012-2300-7
https://doi.org/10.1111/nmo.12827
https://doi.org/10.1111/j.1365-2826.2006.01470.x
https://doi.org/10.1111/j.1365-2826.2006.01470.x
https://doi.org/10.1038/s41598-017-04308-1
https://doi.org/10.1136/bmj.300.6719.230
https://doi.org/10.2337/diacare.27.1.66
https://doi.org/10.1007/s10620-015-3663-3
https://doi.org/10.1007/s10620-015-3663-3
https://doi.org/10.1016/s0016-5085(19)31509-4
https://doi.org/10.1016/s0016-5085(19)31509-4
https://doi.org/10.1016/j.cmet.2015.05.020
https://doi.org/10.1002/jnr.22036
https://doi.org/10.1111/jcmm.12193
https://doi.org/10.1111/jcmm.12193
https://doi.org/10.1016/j.mce.2011.02.016
https://doi.org/10.1016/j.mce.2011.02.016
https://doi.org/10.1053/meta.2001.21030
https://doi.org/10.1053/meta.2001.21030
https://doi.org/10.1152/ajpgi.1990.258.5.G690
https://doi.org/10.1152/ajpgi.1990.258.5.G690
https://doi.org/10.1111/nmo.13838
https://doi.org/10.1111/nmo.12506
https://doi.org/10.1111/nmo.12506
https://doi.org/10.1038/s41387-019-0072-2
https://doi.org/10.1038/s41387-019-0072-2


16 of 16  |      PEREIRA et al.

Pendyala, S., Neff, L. M., Suárez-Fariñas, M., & Holt, P. R. (2011). 
Diet-induced weight loss reduces colorectal inflammation: 
Implications for colorectal carcinogenesis. American Journal 
of Clinical Nutrition, 93, 234–242. https://doi.org/10.3945/
ajcn.110.002683

Peng, W., Huang, J., Yang, J., Zhang, Z., Yu, R., Fayyaz, S., Zhang, S., & 
Qin, Y. (2020). Integrated 16S rRNA sequencing, metagenomics, 
and metabolomics to characterize gut microbial composition, func-
tion, and fecal metabolic phenotype in non-obese type 2 diabetic 
Goto-Kakizaki rats [online]. Frontiers in Microbiology, 10, 3141.
https://www.frontiersin.org/article/10.3389/fmicb.2019.03141

Pereira, J. N. B., Mari, R. B., Stabille, S. R., De Faria, H. G., Mota, 
T. F. M., & Ferreira, W. M. (2014). Benefits of caloric restric-
tion in the myenteric neuronal plasticity in aging rats. Anais Da 
Academia Brasileira De Ciências, 86, 1471–1481. https://doi.
org/10.1590/0001-37652​01420​130052.

Picarel-Blanchot, F., Berthelier, C., Bailbe, D., & Portha, B. (1996). 
Impaired insulin secretion and excessive hepatic glucose produc-
tion are both early events in the diabetic GK rat. American Journal 
of Physiology-Endocrinology and Metabolism, 271, E755–E762. 
https://doi.org/10.1152/ajpen​do.1996.271.4.E755

Portha, B., Giroix, M.-H., Tourrel-Cuzin, C., Le-Stunff, H., & Movassat, 
J. (2012). The GK rat: A prototype for the study of non-overweight 
type 2 diabetes. In H.-G. Joost, H. Al-Hasani, & A. Schürmann 
(Eds.), animal models in diabetes research (pp. 125–159). Humana 
Press.

Rumio, C., Besusso, D., Arnaboldi, F., Palazzo, M., Selleri, S., Akira, 
S., Uematsu, S., Bignami, P., Ceriani, V., Ménard, S., & Balsari, 
A. (2006). Activation of smooth muscle and myenteric plexus cells 
of jejunum via toll-like receptor 4. Journal of Cellular Physiology, 
208, 47–54. https://doi.org/10.1002/JCP

Salinari, S., Le Roux, C. W., Bertuzzi, A., Rubino, F., & Mingrone, G. 
(2014). Duodenal-jejunal bypass and jejunectomy improve insulin 
sensitivity in Goto-Kakizaki diabetic rats without changes in in-
cretins or insulin secretion. Diabetes, 63, 1069–1078. https://doi.
org/10.2337/db13-0856

Shoelson, S. E., & Goldfine, A. B. (2009). Getting away from glucose: 
Fanning the flames of obesity-induced inflammation. Nature 
Medicine, 15, 373–374. https://doi.org/10.1038/nm040​9-373

Spangeus, A., & El-Salhy, M.(2001). Myenteric plexus of obese dia-
betic mice (an animal model of human type 2 diabetes) [Online]. 
Histology and Histopathology, 16, 159–165. https://revis​tas.
um.es/hh/artic​le/view/126211

Syrenicz, A., Garanty-Bogacka, B., Syrenicz, M., Gebala, A., & 
Walczak, M. (2006). Low-grade systemic inflammation and 
the risk of type 2 diabetes in obese children and adolescents. 
Neuroendocrinology Letters, 27, 453–458.

Tanti, J.-F., & Jager, J. (2009). Cellular mechanisms of insulin resistance: 
Role of stress-regulated serine kinases and insulin receptor substrates 
(IRS) serine phosphorylation. Current Opinion in Pharmacology, 9, 
753–762. https://doi.org/10.1016/j.coph.2009.07.004

Tiengo, A., Fadini, G. P., & Avogaro, A. (2008). The metabolic syn-
drome, diabetes and lung dysfunction. Diabetes & Metabolism, 34, 
447–454. https://doi.org/10.1016/j.diabet.2008.08.001

Trevizan, A. R., Schneider, L. C. L., de Araújo, E. J. A., Garcia, J. L., 
Buttow, N. C., de Nogueira-Melo, G. A., & Sant’Ana D de M. 
G.(2019). Acute Toxoplasma gondii infection alters the number of 
neurons and the proportion of enteric glial cells in the duodenum 

in Wistar rats. Neurogastroenterology and Motility, 31, e13523. 
https://doi.org/10.1111/nmo.13523

Voukali, E., Shotton, H. R., & Lincoln, J. (2011). Selective responses 
of myenteric neurons to oxidative stress and diabetic stimuli. 
Neurogastroenterology and Motility, 23, 964–974. https://doi.
org/10.1111/j.1365-2982.2011.01778.x

Worthington, J. J. (2015). The intestinal immunoendocrine axis: Novel cross-
talk between enteroendocrine cells and the immune system during 
infection and inflammatory disease: Figure 1. Biochemical Society 
Transactions, 43, 727–733. https://doi.org/10.1042/BST20​150090

Xu, H., Barnes, G. T., Yang, Q., Tan, G., Yang, D., Chou, C. J., Sole, J., 
Nichols, A., Ross, J. S., Tartaglia, L. A., & Chen, H. (2003). Chronic 
inflammation in fat plays a crucial role in the development of 
obesity-related insulin resistance. Journal of Clinical Investigation, 
112, 1821–1830. https://doi.org/10.1172/JCI20​0319451

Xue, B., Nie, J., Wang, X., DuBois, D. C., Jusko, W. J., & Almon, R. R. 
(2015). Effects of high fat feeding on adipose tissue gene expres-
sion in diabetic goto-kakizaki rats. Gene Regulation and Systems 
Biology, 9, 15–26. https://doi.org/10.4137/GRSB.S25172

Xue, B., Sukumaran, S., Nie, J., Jusko, W. J., DuBois, D. C., & Almon, 
R. R. (2011). Adipose tissue deficiency and chronic inflammation 
in diabetic Goto-Kakizaki rats. PLoS One, 6, e17386. https://doi.
org/10.1371/journ​al.pone.0017386

Yamamoto, Y., & Gaynor, R. (2001). Role of the NF-kB pathway in 
the pathogenesis of human disease states. Current Molecular 
Medicine, 1, 287–296. https://doi.org/10.2174/15665​24013​363816

Zanoni, J. N., Hernandes, L., Bazotte, R. B., & De Marcílio Neto, H. 
M. (2002). Terminal ileum submucous plexus: Study of the VIP-
ergic neurons of diabetic rats treated with ascorbic acid. Arquivos 
De Neuro-Psiquiatria, 60, 32–37. https://doi.org/10.1590/S0004​
-282X2​00200​0100007

Zhao, J., Chen, P., & Gregersen, H. (2013). Morpho-mechanical intesti-
nal remodeling in type 2 diabetic GK rats-Is it related to advanced 
glycation end product formation? Journal of Biomechanics, 46, 
1128–1134. https://doi.org/10.1016/j.jbiom​ech.2013.01.010

Zhao, J., Frøkjaer, J. B., Drewes, A. M., & Ejskjaer, N. (2006). Upper 
gastrointestinal sensory-motor dysfunction in diabetes mellitus. 
World Journal of Gastroenterology, 12, 2846–2857. https://doi.
org/10.3748/wjg.v12.i18.2846

Zhao, J., Yang, J., & Gregersen, H. (2003). Biomechanical and mor-
phometric intestinal remodelling during experimental diabetes in 
rats. Diabetologia, 46, 1688–1697. https://doi.org/10.1007/s0012​
5-003-1233-2

Zoubi, S. A., Williams, M. D., Mayhew, T. M., & Sparrow, R. A. 
(1995). Number and ultrastructure of epithelial cells in crypts and 
villi along the streptozotocin-diabetic small intestine: a quantita-
tive study on the effects of insulin and aldose reductase inhibition. 
Virchows Archiv, 427, 187–193. https://doi.org/10.1007/BF001​
96525.

How to cite this article: Pereira JN, Murata GM, Sato 
FT, Marosti AR, Carvalho CR, Curi R. Small intestine 
remodeling in male Goto–Kakizaki rats. Physiol Rep. 
2021;9:e14755. https://doi.org/10.14814/phy2.14755

https://doi.org/10.3945/ajcn.110.002683
https://doi.org/10.3945/ajcn.110.002683
https://doi.org/10.1590/0001-3765201420130052
https://doi.org/10.1590/0001-3765201420130052
https://doi.org/10.1152/ajpendo.1996.271.4.E755
https://doi.org/10.1002/JCP
https://doi.org/10.2337/db13-0856
https://doi.org/10.2337/db13-0856
https://doi.org/10.1038/nm0409-373
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L32094034%5Cnhttp://sfx.library.uu.nl/utrecht?sid=EMBASE&issn=02133911&id=&atitle=Myenteric%2Bplexus%2Bof%2Bobese%2Bdiabetic%2Bmice%2B(an%2Banimal%2Bmodel%2Bof%2Bhuman%2Btype%2B2%2Bdiabetes)&stitle=Hist
http://www.embase.com/search/results?subaction=viewrecord&from=export&id=L32094034%5Cnhttp://sfx.library.uu.nl/utrecht?sid=EMBASE&issn=02133911&id=&atitle=Myenteric%2Bplexus%2Bof%2Bobese%2Bdiabetic%2Bmice%2B(an%2Banimal%2Bmodel%2Bof%2Bhuman%2Btype%2B2%2Bdiabetes)&stitle=Hist
https://doi.org/10.1016/j.coph.2009.07.004
https://doi.org/10.1016/j.diabet.2008.08.001
https://doi.org/10.1111/nmo.13523
https://doi.org/10.1111/j.1365-2982.2011.01778.x
https://doi.org/10.1111/j.1365-2982.2011.01778.x
https://doi.org/10.1042/BST20150090
https://doi.org/10.1172/JCI200319451
https://doi.org/10.4137/GRSB.S25172
https://doi.org/10.1371/journal.pone.0017386
https://doi.org/10.1371/journal.pone.0017386
https://doi.org/10.2174/1566524013363816
https://doi.org/10.1590/S0004-282X2002000100007
https://doi.org/10.1590/S0004-282X2002000100007
https://doi.org/10.1016/j.jbiomech.2013.01.010
https://doi.org/10.3748/wjg.v12.i18.2846
https://doi.org/10.3748/wjg.v12.i18.2846
https://doi.org/10.1007/s00125-003-1233-2
https://doi.org/10.1007/s00125-003-1233-2
https://doi.org/10.1007/BF00196525
https://doi.org/10.1007/BF00196525
https://doi.org/10.14814/phy2.14755

