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Abstract

The Goto-Kakizaki (GK) rat is a non-obese experimental model of type 2 diabetes mellitus (T2DM) that allows researchers to
monitor diabetes-induced changes without jeopardizing the effects of obesity. This rat strain exhibits notable gastrointestinal
features associated with T2DM, such as marked alterations in intestinal morphology, reduced intestinal motility, slow transit,
and modified microbiota compared to Wistar rats. The primary treatments for diabetic patients include administration of
hypoglycemic agents and insulin, and lifestyle changes. Emerging procedures, including alternative therapies, metabolic
surgeries, and modulation of the intestinal microbiota composition, have been shown to improve the diabetic state of GK rats.
This review describes the morpho-physiological diabetic-associated features of the gastrointestinal tract (GIT) of GK rats. We
also describe promising strategies, e.g., metabolic surgery and modulation of gut microbiota composition, used to target the GIT
of this animal model to improve the diabetic state.
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Introduction

It is predicted that 783 million people will be diagnosed
with diabetes by 2045. Among the types of DM, we
highlight type 2 diabetes mellitus (T2DM), which currently
accounts for 90% of diabetes cases (1). This chronic
multifactorial disease is caused by insulin resistance (IR)
and results in hyperglycemia. It is well known that obesity
is associated with low-grade systemic inflammation, a risk
factor for developing IR and T2DM. At the molecular level,
increased plasma cytokine levels promote serine phos-
phorylation of insulin receptors, impairing insulin signaling
and attenuating insulin sensitivity and response (i.e., an IR
state).

Around 80% of adult T2DM patients worldwide are
considered overweight or obese, and reducing body
weight improves blood glucose levels (2). In addition to
obesity, periodontal disease, obstructive pulmonary dis-
ease, arthritis, and muscular dystrophy (3–5) have also
been linked to T2DM development (6). Despite the well-
established association between obesity and IR, 10–15%
of people with this disease are not obese (7). Hartmann
et al. (8) combined data from two German databases to
compare lean and obese individuals with type 2 diabetes.
The results showed that non-obese T2DM patients have
higher mortality rates and hypoglycemic events. They also

reported that smoking and alcohol consumption and
chronic kidney disease are increased among lean T2DM
patients.

The Goto-Kakizaki (GK) rat is a non-obese animal
model that spontaneously develops type 2 diabetes early
in life. This animal strain was developed at Tohoku
University in Sendai, Japan, in 1975 by Goto and Kakizaki
through successive inbreeding of non-diabetic Wistar rats
with mild glucose intolerance. After five generations, the
deliberate, repeated selection of rats with impaired
glucose tolerance resulted in the establishment of glucose
intolerance. In the late 1980s, GK rats were introduced into
isogenic reproductive colonies in several countries and
made commercially available by Japanese breeders (9,10).

GK rats exhibit chronic inflammation, reduced pan-
creatic b-cell function and number, moderate hyperglyce-
mia, impaired glucose-induced insulin secretion, glucose
intolerance, and peripheral IR (10,11) (see Figure 1).
Since this non-obese T2DM experimental model does not
require diet-induced obesity, researchers can study the
genetic factors and molecular mechanisms associated
with T2DM development without obesity-induced effects.

Matafome et al. (12) studied the adipose tissue of
Wistar and GK rats at six weeks and 14 months of age.
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There was an increase in advanced glycation end
products (AGEs), triglycerides, and fibrosis, which wors-
ened in aged GK rats. Additionally, the authors reported
attenuated tissue blood irrigation with interstitial hypoxia.
Moreover, Rodrigues et al. (13) submitted GK rats to diet
restriction and observed reduced lipid peroxidation,
oxidative stress markers, and IR and high levels of
cholesterol, free fatty acids, triglycerides, and intramyo-
cellular triglyceride content.

Kuwabara et al. (14) compared two experimental
models of T2DM: GK rats and high-fat-diet-induced obese
rats. The authors reported white adipose tissue (WAT)
expansion, increased inflammatory cell infiltration, ele-
vated cytokine concentrations, and fat accumulation in the
livers of high-fat-diet-fed animals. On the other hand, the
GK group displayed attenuated p-AKT expression in WAT,
liver glycogen accumulation, and increased inflammatory
cytokine expression in the liver. Our group recently
reported intestinal remodeling (e.g., hyperplasia and
morphological changes) and inflammation associated
with slow intestinal transit in GK rats (15). It is plausible
that systemic inflammation and strain-specific intestinal
morpho-physiological features reported in GK rats could
drive IR pathogenesis and T2DM development in these
animals and perhaps in non-obese patients.

The brown adipose tissue (BAT) of GK rats was studied
and compared in different diet-induced T2DM models. The
authors reported a process of whitening and impaired
function in the BATof 16-week-old GK rats, decreased gene
expression of glucose transporter 1, and an increase in
expression of genes involved in fatty acid oxidation, BAT
metabolism, and leptin serum concentrations. A histological
evaluation of BAT indicated reduced cellular density with
greater adipocyte area in GK rats (16).

Presently, hypoglycemic agents, insulin administration,
and changes in lifestyle are the primary T2DM treatments
(17). Metabolic surgeries and modulation of the microbiota
composition in the gastrointestinal tract (GIT) recently
gained attention as alternative therapies for improving the

diabetic state (18,19). The intestinal microbiota contrib-
utes to the intestinal barrier and plays essential roles in
controlling gut motility, delivering vitamins, supporting host
immunity, and modulating gut-brain axis communication
(20,21). An imbalance in the microbiota composition and
augmented gut microbiota-derived metabolite production
(i.e., intestinal dysbiosis) significantly influence the patho-
genesis and progression of obesity and T2DM (22,23).
Based on these results, the GK rat microbiota has been
proposed as a possible therapeutic target (24–26).

This review summarizes the studies describing the
intestinal morpho-physiology and microbiota of GK rats.
We also discuss the potential of targeting the intestine to
treat T2DM since intestinal function is associated with the
diabetic state. Understanding the underlying mechanisms
involved in these processes will direct future studies
on intestine-based therapies to treat T2DM individuals,
including non-obese ones.

Eligibility criteria and main points for study
selection

We conducted a literature search using the NCBI/
PubMed database. English language articles published in
international indexed journals since 1975 were considered
for selection. Potential articles were identified using a
search strategy that considered the title, abstract, and
full-text review (Figure 2). Discrepancies about inclusion/
exclusion were resolved through discussion or third-party
mediation.

The search term ‘‘Goto-Kakizaki’’ was present in 1085
articles. Replacing the search term ‘‘Goto-Kakizaki’’ with
‘‘GK’’ retrieved more articles. The search term ‘‘intestine
and Goto-Kakizaki’’ yielded 72 results. In recent years,
there has been an increase in publications on both topics.
It is important to point out that we applied different criteria
for each topic to select the articles presented in this
review. These criteria were based on previous research
and discussion among the authors. We also screened the

Figure 1. Main features reported in Goto-Kakizaki (GK) rats, a non-obese type 2 diabetes mellitus experimental model.
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references of primary studies to identify other relevant
articles.

The morpho-physiology of the GK rat intestine topic
was investigated using the search term ‘‘intestinal
morphology and GK rats’’, which returned 23 results.
Twenty of these studies were excluded; one was not in
English, and 19 were not explicitly related to the GITof GK
rats. Additionally, the search term ‘‘gastrointestinal com-
plications and GK rats’’ retrieved six articles, but five were
unrelated to the GK rat intestine.

The search using the term ‘‘metabolic surgery and
Goto-Kakizaki’’ retrieved 73 articles. This topic was the
most explored issue in the GIT of GK rats. However, four
articles were not in English, one was a review, and twelve
were unrelated to metabolic surgeries, which resulted in
57 articles on metabolic surgeries in GK rats. This review
briefly addresses metabolic surgery in GK rats mentioning
some basic concepts (e.g., the theories and general
results obtained), but it deserves to be discussed in a
dedicated review.

We used the term ‘‘intestinal hormones and GK rats’’
to search for articles that chemically targeted the intestine
of GK rats to influence or regulate bowel function and
improve the T2DM state. The search yielded 68 articles;
one was not written in English and 63 did not meet the
criteria; thus, four remained.

The search term ‘‘microbiota and GK rats’’ was used to
search for studies about intestinal microbiota modifications in
GK rats. This search retrieved 13 articles; two studies were
not performed in GK rats, leaving 11 articles for this topic.

General aspects of the intestine of GK rats

This topic included studies that evaluated the intestinal
morphology (three articles) or reported gastrointestinal

complications (one article) in this animal model. The
selected articles could be further divided into the following
subtopics: morpho-physiology, inflammation, enteric nerv-
ous system (ENS), and motility.

Morpho-physiology

Adachi et al. (27) described marked differences in the
intestinal morphology and physiology in 10- and 20-week-
old GK rats compared to Wistar animals. For example,
the height of villi in the small intestine of GK rats was
significantly greater than in the respective controls for
both age groups. The levels of enzymes involved in the
breakdown of carbohydrates into glucose (e.g., isomal-
tase and sucrase) were also elevated in the GK rat
intestine. GK rats also exhibited intestinal hyperplasia,
possibly due to the increased expression of transcription
factors and proteins involved in cell regeneration, differ-
entiation, and/or proliferation.

Pereira et al. (15) assessed small intestine remodeling
in intestine segments of 16-week-old male GK rats. The
morphometric analysis indicated increased thickness of
the muscle layer in the duodenum, jejunum, and ileum.
The GK rats also exhibited significantly greater villi heights
in the jejunum and ileum and thicker villi in the duodenum
and ileum compared to control animals. Moreover, crypt
depth was reduced in the duodenum and ileum and
increased in the jejunum of GK rats.

Other studies have reported muscle layer hypertrophy
in the large (28) and small intestines (29) of 32-week-old
GK rats. One study reported that the villi thickness is
increased in the jejunum (29). Significant biomechanical
differences were also described, such as smaller opening
angles and residual stress-strain values, in GK rats. The
residual stress-strain curve was shifted to the left,

Figure 2. Flow diagrams for selecting articles for each topic. GK: Goto-Kakizaki; T2DM: type 2 diabetes mellitus; GIT: gastrointestinal tract.
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indicating that the jejunum wall is stiffer than normal.
Residual stress and strain forces have been implicated in
protecting the mucosa, and alterations in these param-
eters are linked to remodeling and cell growth (30). The
same authors concluded that the viscoelastic properties of
the diabetic group impair sensory and motility functions of
the intestine. It has also been proposed that the structure
and deformation changes may alter the relative positions
of the mechanosensitive afferents (31).

Inflammation

Intestinal inflammation and increased IL-1b content in
the duodenum, jejunum, and ileum muscle layers have
also been reported in GK rats (15). Upregulated NF-kB
expression in portions of the GK rat small intestine
compared to control animals has also been observed.
These results are not surprising since NF-kB protein
transcription factor upregulates the expression of specific
inflammatory genes, including IL-1b (15), consequently
activating the NF-kB pathway, promoting IkB degradation,
and inducing NF-kB nuclear translocation. The authors
also reported a positive auto-regulatory loop in the GK
intestine that amplifies the inflammatory response and
local inflammation. GK rats also exhibit markedly slower
intestinal transit compared to control animals. Since IL-1b
causes intestinal hypomotility (32), increased expression
of IL-1b and NF-kB could then be the cause for the
reduced intestinal transit in GK rats.

In addition to inflammation markers, AGE content
and AGE receptor (RAGE) expression were measured in
the small and large intestines of 32-week-old GK rats. The
staining intensities of AGE in epithelial cells from villi and
crypts of GK rats were more robust than in Wistar animals
in the duodenum (28) and jejunum (29). The intensity
of RAGE immunoreactivity was also increased in villi of
the jejunum of GK rats. The AGE deposits were mainly
detected in epithelial cells, impacting intestinal absorption,
enzyme activities, and digestive activities. Increased RAGE
immunoreactivity was also reported in myenteric and
submucosal neurons from the small and large intestines
of 32-week-old GK rats compared to control animals (28).

ENS and intestinal motility

The GK rat ENS alterations and slow GI transit have
been described in other T2DM animal models and
associated with diabetic autonomic neuropathy (33). The
ENS is a division of the autonomic nervous system
composed of two myenteric and submucosal plexuses (34).

The total neuronal populations of myenteric and
submucosal plexuses and the total neuronal densities of
the myenteric plexus in the duodenum, jejunum, and ileum
of 16-week-old GK rats are not significantly different from
controls. However, myenteric neuronal and ganglion
hypertrophy was observed in the small intestine segments

of GK rats. A reduced number of ganglion neurons in the
jejunum and ileum of the submucosal plexus was also
observed. Moreover, the neuronal and ganglion areas
were increased in the myenteric plexus of the duodenum,
jejunum, and ileum of GK rats. However, there was no
difference in myenteric density, and neuronal subpopula-
tions were not addressed in this study (15).

T2DM induces marked changes in enteric neurons,
especially in neuronal subpopulations of the intestine.
Pereira et al. (15) reported that the total neuronal
population of the submucosal plexus is more susceptible
to degenerative changes than the myenteric plexus in GK
rats. In this sense, enteric neuronal hypertrophy may be a
compensatory mechanism for maintaining intestinal func-
tions in this animal model.

Due to metabolic-inducing factors, such as ENS
oxidative stress, resulting from the imbalance between
reactive oxygen species (ROS) production and removal,
degenerative changes have been implicated in the
pathogenesis of diabetic neuropathy and other complica-
tions (35,36). Hyperglycemia-related oxidative stress and
inflammation are primary inducers of ENS dysfunction and
result from significant changes in intestinal motility and
secretion activity (37–39).

Increased IL-1b reactivity has been reported in
myenteric neurons and glial cells from the small intestines
of GK rats compared to Wistar rats (15). A strong reactivity
of RAGEs has also been described in the enteric neurons
of the small and large intestines of GK rats (28). Notably,
myenteric cells (neurons and glial cells) directly contribute
to the intestinal inflammatory response via inflammatory
mediator production (40).

Neuronal AGE formation and subsequent accumula-
tion would be expected to have structural and functional
consequences at the protein level and directly partici-
pate in GIT neuropathy development. For example, the
neurotransmitter nitric oxide (NO), produced by neuronal
nitric oxide synthase (nNOS) in GI nerves, regulates GIT
motility but can induce neuronal apoptosis in the presence
of AGEs in vitro. In this sense, neuronal RAGE accumula-
tion may contribute to the slow GI transit reported in GK
rats. Interestingly, Sena et al. (41) reported endothelial
dysfunction associated with AGEs, decreased response
to NO, oxidative stress, and inflammation, all worsened by
methylglyoxal treatment in GK rats.

Targeting the intestine of GK rats to treat
T2DM

The GK rat is the most utilized non-obese experi-
mental model for T2DM studies (42,43). Our literature
search revealed that intestinal interventions are the most
studied topic related to the GIT of GK rats. In general,
these studies sought to identify weight-loss-independent
mechanisms involved in the diabetic state.
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The most prevalent intestinal intervention in GK rats is
metabolic surgery, for which a review should be written.
Some surgical procedures are based on the foregut
theory, which reduces the contact time of the ingested
food with the distal intestine to improve diabetic condi-
tions. On the other hand, the hindgut theory considers
hormonal factors, such as glucagon-like peptide-1 (GLP-
1) and peptide YY (PYY), that are produced by L cells and
abundant in the distal portion of the small intestine (44).
The surgical procedures performed on GK rats include the
Roux-en-Y gastric bypass, duodenal-jejunal bypass, ileal
transposition, and sleeve gastrectomy. Most studies
reported that these surgeries improve glucose tolerance,
reduce IR, alter plasma hormone (e.g., incretins) levels,
and/or impair insulin signaling and response (45–47).

Other GIT-related strategies to treat the diabetic state
include modulating the intestine’s endocrine function. The
administration of intestinal hormones has been evaluated
as a therapy for improving the GK rat diabetic condition.
For example, administering GLP-1, an insulinotropic
hormone, improves glucose tolerance, inhibits intestinal
motility, and reduces blood flow in pancreatic islets,
duodenum, and colon of GK rats (48,49). GLP-1 and the
glucose-dependent insulinotropic peptide (GIP) appear
to stimulate insulin secretion. Moreover, upregulated
GLP-1 and GIP receptor gene expressions have been
reported in the pancreatic islets and the small bowel of
GK rats (48).

Some drugs may interact with incretin metabolism.
Simonsen et al. (50) evaluated the effect of exendin-4
(GLP-1 receptor agonist) and dipeptidyl peptidase IV
inhibitor (DPPIV inhibitor) in 12-week-old GK rats to
determine if they could disrupt intestinal growth. The two
compounds improved the hyperglycemic condition by
lowering HbA1c levels. The exendin-4-treated GK animals
exhibited lower body mass, which was abolished after
treatment cessation. Additionally, exendin-4 treatment was
associated with increased intestinal length and weight, of
which the latter was restored following the experimental
period. Furthermore, the intestinal cross-sectional area was
not detected in the DPPIV treated group.

As already mentioned, GK rats exhibit slow intestinal
transit (15). This condition can be alleviated with acute
intestinal electrical stimulation (51), which has also been
shown to improve glucose intolerance. Moreover, chronic
electrical stimulation reduced blood glucose and pancreatic
b-cell apoptosis and increased plasma GLP-1 levels (51).

Using GK rats as an experimental model to investigate
the treatment of diabetes through metabolic surgeries or
the administration of intestinal hormones or plant-derived
compounds revealed viable options with optimistic results.
In this sense, it appears as though the intestine has a
significant association with the diabetic state in GK rats.
These observations highlight the need to elucidate the
underlying mechanisms of T2DM onset and progression in
GK rats.

Features of GK rat intestinal microbiota

The intestinal microbiota and fecal metabolites of
15-week-old GK rats were evaluated by Peng et al. (24).
GK rats displayed decreased alpha and beta diversity
values compared to control animals. The predominant
genus in GK rats was Bacteroidates, Lactobacillus, and
Prevotella, whereas Bacteroidates and Lachnospiraceae
were most prominent in Wistar rats. GK rat fecal
metabolites differed significantly from Wistar rats represent-
ing potential T2DM biomarkers. Five metabolic pathways
are impaired in this animal model, including phenylalanine,
tyrosine, and tryptophan biosynthesis, glycerophospholipid
metabolism, sphingolipid metabolism, tyrosine metabolism,
and steroid hormone biosynthesis.

Kang et al. (25) evaluated the gastric microbiota of
20-week-old GK rats and found that microbiota richness of
diabetic and control groups was similar. However, GK rats
have less diverse gastric microbiota, which has been
implicated in several gastrointestinal diseases. The
authors also reported that Firmicutes is the most abundant
phylum of bacteria in the microbiota of GK rats (96% of the
microbial composition vs 72.9% in Wistar). They corre-
lated the increased Firmicutes to Bacteroidetes species
ratio with obesity and T2DM. Another observation was that
the GK rat gastric microbiota is composed of a higher
proportion of chemoheterotrophic bacteria and those that
carry out fermentation, potentially perturbing blood glu-
cose levels (25). Due to the strong relationship of intestinal
microbiota with intestinal morphology and chronic inflam-
mation (52,53), it has become a target for studies on the
genesis of T2DM.

The primary metabolic products of intestinal microbiota
digestion of non-absorbable dietary fiber and resistant
starches include short-chain fatty acids (SCFAs), such as
acetate, propionate, and butyrate (54). Butyrate is a
notable SCFA because it antagonizes intestinal inflamma-
tion by inhibiting the NF-kB transcription factor, which
regulates innate inflammatory immune responses (55)
and inhibits interferon-gamma (IFN-g) signaling. The
NF-kB transcription factor also stimulates intestinal regula-
tory T-cell production and upregulates the expression of
peroxisome proliferator-activated receptor g (PPARg) to
prevent inflammation (56,57). SCFAs also influence intes-
tinal morphology, villi height, and crypt depth, directly
impacting nutrient digestion and absorption (56,57). Indeed,
increasing SCFA production improves intestinal health
(58,59).

The high Firmicutes content in the intestine of GK rats
inhibits the growth of bacterial phyla that produce SCFAs
(24), including Actinobacteria and Proteobacteria (60).
Increased proportions of specific bacteria (e.g., gram
negative bacteria such as Bacteroidetes and Proteobac-
teria) have been associated with elevated lipopolysaccha-
ride (LPS) production, triggering a chronic inflammatory
response, contributing to disease onset and progression
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(24). While the high microbial content of Bacteroidetes and
Proteobacteria is harmful to the host, others are associated
with a better T2DM prognosis. This information highlights
the need to identify and characterize the intestinal
microbiota at different diabetic stages and under different
DM-inducing conditions.

Studies on diabetic patients and high-fat-fed mice
reported microbiota modulation by metabolic surgery
(23,61–63). In GK rats, the sleeve gastrectomy leads to
improved glucose tolerance, accompanied by enrichment
of cecal Prevotella copri. An improvement in glucose

tolerance was observed when the microbiota from the
metabolic surgery animals was transferred to non-operated
ones (26).

Several studies have focused on using plant-derived
therapies, or of ‘‘natural origin’’, to treat the complications
caused by DM or to complement the typical treatments,
such as metabolic surgeries. Some active agents improved
diabetes by inducing changes in the GIT components,
promoting a positive modulation of microbiota com-
position. We summarized studies that modulate micro-
biota composition to improve diabetes, including natural

Table 1. Studies on interventions in the intestinal microbiota of Goto-Kakizaki (GK) rats.

Reference Procedure Study length Final age Body weight Main findings

Qiao et al.,

2018 (64)

Supplementation with

Paenibacillus bovis sp. nov.

BD3526

8 weeks 21 weeks old k k HbA1C; m microbiota diversity at

weeks 2 and 3, which was restored after

6 weeks; 2 SCFA-producing bacteria.

Zhao et al.,

2018 (65)

HFD and liraglutide injection 8 weeks of HFD

and 12 weeks of

injection

24 weeks old k Improvement of glucose and lipid

metabolism; m intestinal microbiota

abundance and diversity.

Zhang et al.,

2019 (66)

Supplementation with

Extract of Ice Plant (IPE)

8 weeks 17 weeks old k Improved glycemic control, pancreatic

islet morphology, beta-cell survival,

insulin secretion and composition of

intestinal microbiota; k glycated serum

proteins; k HOMA-IR.

Zhao et al.,

2019 (67)

Supplementation with

Chinese herbal formula

Shenzhu Tiaopi Granule

8 weeks 17 weeks old k k Total cholesterol; changes in

microbiota by enrichment of

Proteobacteria.

Zhao et al.,

2020 (68)

Supplementation with sea

cucumber Holothuria

leucospilota polysaccharide

(HLP)

4 weeks 23 weeks old 2 Improved glycemic control and lipid

levels; k serum insulin, adiponectin, and

abnormal insulin signaling, and

apoptosis-related molecules; m serum

leptin and GLP-1 and insulin signaling

and anti-apoptotic genes; m SCFA-

producing bacteria and k opportunistic

pathogenic bacteria in GK feces;

m doses of HLP eliminated damage to the

pancreas and colon of diabetic rats.

Péan et al.,

2020 (26)

Vertical sleeve gastrectomy

(VSG) and transfer of the

intestinal microbiota

13 weeks 29 weeks old 2 Enrichment of Prevotella copri improved

glucose and bile acid metabolism.

Yu et al.,

2020 (60)

Single-anastomosis

duodenal jejunal bypass

(DJB-sa)

8 weeks 21 weeks old 2 Improved glycemic control; k fasting

serum insulin; m GPL-1, SCFA receptors

and SCFA-producing bacteria.

Tan et al.,

2021 (69)

Modified jejunoileal

bypass (SSJIBL)

6 weeks 14 weeks old k Improved glycemic control. k serum

lipids, FFAs and liver injury markers;

m GLP-1, TNF-a, IL-6, insulin expression,

and proliferation marker. m Firmicutes

and Proteobacteria and k of

Bacteroidetes in GK feces after surgery.

Zhao et al.,

2021 (70)

Supplementation with

berberine

8 weeks 15 weeks old 2 m GLP-1 and k HOMA-IR; improvement

of pancreatic islet morphology.

k: decreased; m: increased; 2: no change; HbA1C: glycated hemoglobin; SCFA: short-chain fatty acid; HFD: high-fat diet; IPE: ice
plant extract; HOMA-IR: homeostatic model assessment of insulin resistance; HLP: Holothuria leucospilota polysaccharide; GLP-1:
glucagon-like peptide 1; GK: Goto-Kakizaki; VSG: vertical sleeve gastrectomy; DJB-sa: single-anastomosis duodenal jejunal bypass;
SSJIBL: modified jejunoileal bypass; FFA: free fatty acid; TNF-a: tumor necrosis factor-alpha; IL-6: interleukin 6.
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substances. Information on these studies (e.g., study
length, substance administration, and main findings) is
shown in Table 1 (26,60,64–70).

Pinpointing the main issues

The GITof GK rats has been extensively used to study
strategies to improve the diabetic state. The changes
in the intestine of GK rats (Figure 3) discussed in this
review were also seen in other experimental models and
associated with the pathophysiologic mechanisms for
T2DM establishment and or progression that include
intestinal inflammation and altered morphology, ENS
disruption, gut motility, and microbiota composition.

The intestinal microbiota is associated with the pro-
duction of metabolites and the synthesis of neurotrans-
mitters, influencing ENS physiology (71,72). Moreover,
microbiota composition might influence intestinal morphol-
ogy (e.g., villi height and crypt depth), digestion, and
absorption in GK rats (56,57).

ENS neurons monitor luminal content by modulating
intestinal motility and transit, nutrient digestion, and
absorption (73). The impaired intestinal motility of GK rats
suggests that ENS components, e.g., distribution of
neuronal subpopulations, may be structured differently in
this animal model. Since the ENS communicates with
other systems, such as the immune system and gut-
microbiota-brain axis (74,75), dysfunctions in the ENS can
contribute to pathological complications, as in diabetes.
For instance, the gut-brain axis can control glucose
metabolism by an IR-associated efferent hypothalamic

signal caused by duodenal hyper-contractility (72,76).
Changes in GLP-1 concentrations are notable in the
intestine of GK rats due to metabolic surgery or other
therapeutic strategies. This observation is not entirely
surprising since GLP-1 reduces food intake, controls
glycemia, and inhibits intestinal motility (73). Accumulating
evidence has shown that the gut contributes to the estab-
lishment and prognosis of T2DM in non-obese GK rats.

Regarding the clinical application in T2DM patients,
the intestinal interventions (e.g., metabolic surgeries,
modulation of gut microbiota composition, and adminis-
tration of natural products) addressed in this review are
valuable strategies for complementing typical DM treat-
ments, including pharmacological intervention and improved
lifestyle with a balanced diet and regular physical activity.
Conventional approaches and gut function manipulation can
help physicians achieve better glycemic and metabolic
control of T2DM patients.
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