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Involvement of Rictor/mTORC2/Akt/GLUT4 pathway in the
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Diabetes mellitus can be accompanied by a variety of
complications. The purpose of the present study was to
characterize the Rictor/mTOR complex 2 (mTORC2)/Akt/
glucose transporter 4 (GLUT4) pathway and its effects on
energy metabolism in the gastric smooth muscle of dia-
betic rats. Diabetes was induced in rats using streptozo-
tocin and their phenotype was compared with untreated
rats. The relationship between gastric motility and ener-
gy metabolism was analyzed by comparing the contrac-
tion and ATP metabolism of muscle strips. Western blot-
ting was used to detect the expression of key proteins
in the pathway. The diabetic rats demonstrated less fre-
quent and less powerful gastric smooth muscle contrac-
tions. The concentrations of ADP, AMP, and ATP, and
the energy charge in gastric smooth muscle changed in
different periods of diabetes, and these changes were
consistent with changes in mechanistic target of rapa-
mycin (mTOR) protein content. The expression of the
key intermediates in signal transduction in the Rictor/
mTORC2/Akt/GLUT4 pathway also underwent significant
changes. Rictor protein expression increased during the
development of diabetes, but the activation of mTORC2
did not increase with the increase in Rictor expression.
GLUT4 translocation is regulated by Akt and its expres-
sion change during the development of diabetes. These
findings suggest that altered energy metabolism is pre-
sent in gastric smooth muscle that is associated with
changes in the Rictor/mTORC2/Akt/GLUT4 pathway. Ric-
tor/mTORC2/Akt/GLUT4 pathway may be involved in the
regulation of energy metabolism in the gastric smooth
muscle of diabetic rats and the development of diabetic
gastroparesis.
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INTRODUCTION

Diabetic gastroparesis is a gastric motility disorder
characterized by delayed gastric emptying. The under-
lying reduction in gastric motility is directly related to
changes in energy metabolism in gastric smooth muscle
cells. ATP is the universal energy currency in cells and is
predominantly generated in mitochondria by the action

of ATP synthase (Kimoloi, 2018), although glucose can
also be metabolized vz the glycolytic pathway in the cy-
toplasm to generate a small amount of ATP.

Extensive research over the past two decades has es-
tablished a central role for mechanistic target of rapa-
mycin (mTOR) in the regulation of many fundamental
cell processes, from protein synthesis to autophagy, and
deregulated mTOR signaling is implicated in the progres-
sion of cancer and diabetes, as well as in the aging pro-
cess (Kleinert ez al., 2014). Since mTOR is a protein ki-
nase related to energy metabolism and diabetes, the pu-
tative relationship between mTOR and diabetes should
be further explored. mTOR is a setine/threonine protein
kinase and a member of the phosphoinositide 3-kinase
(PI3K)-related kinase (PIKK) family. It forms the cata-
Iytic subunit of two structurally and functionally distinct
protein complexes: mTOR complex 1 (mTORCI1) and
complex 2 (mTORC2) (Kleinert ef al, 2014; Saxton &
Sabatini, 2017). Each complex has its own unique roles
but they also interact with each other. mTORCI is a
major regulator of protein synthesis and cell growth,
and comprises three components: mTOR, regulatory
protein associated with mTOR (Raptor), and mamma-
lian lethal with Sec13 protein 8 (GBL; mLST8) (Kimo-
loi 2018; Hara e al., 2002). Recently, it has been shown
that mTORC1 senses glucose through more than one
mechanism (Kimoloi 2018; Kleinert ¢ al, 2014; Zhang
et al., 2017), and it also responds to intracellular and en-
vironmental stresses that are incompatible with growth,
such as low ATP concentration. A reduction in cellular
energy during glucose deprivation activates the stress-
responsive metabolic regulator AMP-activated protein
kinase (AMPK), which inhibits mTORC1 both indirectly,
through the phosphorylation and activation of tuber-
ous sclerosis complex 2 (TSC2), and directly, through
the phosphorylation of Raptor (Kimoloi, 2018; Hara e#
al., 2002; Zhang et al., 2017). Most studies have pointed
out that mTORCI is involved in energy metabolism, but
mTORC2 is rarely studied.

Rictor is essential for the integrity and stability of
the mTORC2 complex (Kimoloi, 2018; Knudsen ez a/,
2020). Low Rictor expression leads to lower SINT ex-
pression and wice versa (Hara et al., 2002; Knudsen ef al.,
2020). Studies have found that the deletion of Rictor
gene affects the body’s absorption of glucose. Diabetes
mellitus is the disorder of glucose absorption and utili-
zation. This suggests that Rictor may play a role in dia-
betes pathogenesis. It has been reported that alterations
to the mTORCI signaling pathway in skeletal muscle
directly affects whole-body energy homeostasis (Mukaida
et al., 2017). mTORC2 is also a major upstream kinase
for the Akt Ser473 residue (Kleinert ef al, 2014; Mu-
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kaida ez al, 2017). The activation of Akt promotes glu-
cose transporter 4 (GLUT4) translocation to the plasma
membrane, which leads to increases in glucose uptake,
glucose metabolism, and ATP synthesis (Mukaida ¢# al,
2017; Cosimo et al., 2019; Hasannejad ez al, 2019). At
the same time, the interaction between mTORC1 and
mTORC2 may also affect the energy metabolism of the
body.

Glucose is an important source of energy for muscle
contraction. Furthermore, normal glucose metabolism is
essential for the maintenance of good health, and abnor-
mal glucose metabolism can lead to serious health prob-
lems, such as diabetes. Increases in glucose uptake are
due to translocation of glucose transporters from intra-
cellular storage vesicles in adipocytes and skeletal muscle
cells to the plasma membrane (Khan & Kamal, 2019).
GLUT#4 is the principal transporter of glucose in muscle
and fat cells and has a key role in the control of cellular
glucose metabolism and whole-body energy homeostasis,
which are strongly linked to type 2 diabetes (Zhao et al.,
2019).

The purpose of the present study was to characterize
the Rictor/mTORC2/Akt/GLUT4 pathway and its ef-
fects on energy metabolism in the gastric smooth muscle
of diabetic rats.

MATERIALS AND METHODS

Animals

Forty 8-week-old Sprague-Dawley male rats, weighing
200 * 20 g, were housed in single cages at 20-25°C, un-
der a 12-h light/dark cycle, and had free access to food
and water. All animal experimental procedures were ap-
proved by the Ethics Committee of Yanbian University
College of Medicine.

Preparation of the animal model

A 0.5% solution of streptozotocin (STZ) (Cat No.
S0130, SIGMA, USA) was prepared in 0.1 mmol/L cit-
rate buffer (pH 4.0). 40 rats were fasted for 12 hours,
after which 30 of them were randomly selected, weighed,
and given a single intraperitoneal injection of STZ at 65
mg/kg to induce diabetes. The remaining 10 rats were
intraperitoneally injected with the same dose of citrate
buffer and comprised a normal control (NC) group. One
week later, glucose levels were measured in blood taken
from the tail vein, and rats with glucose concentration
of 216.9 mmol/L wete regarded as diabetic. One dia-
betic rat died following the STZ injection; therefore, one
rat was randomly selected from the control group and
injected with STZ. Thus, 30 diabetic rats and 9 normal
rats were studied. The diabetic rats were randomly allo-
cated to 4-week (DM4w), 6-week (DM6w), and 8-week
(DM8w) endpoints (n=10 rats per group). The NC rats
were allocated to three groups, with n=3 rats per group,
and they were sacrificed at 4, 6, and 8 weeks.

Preparation of muscle strips and measurement of
spontaneous muscular contraction

The rats were cuthanized at the determined time
points. For each individual, the entire stomach was dis-
sected, had its contents removed, and its muscle tis-
sue peeled off. Gastric antrum ring muscle strips were
dissected and placed vertically in oxygen-saturated
Krebs’s buffer (NaCl 118 mmol/L, KCl 4.75 mmol/L,
CaCl, 2.54 mmol/L, KH,PO, 1.2 mmol/L, MgSO, 1.2

mmol/L, NaHCO, 25 mmol/L, and glucose 10 mmol/L,
Kermel, TianJing, China) and connected with a tension
sensor and a RM-6240 multi-channel physiological signal
recorder (SCCHENGYI, ChengDu, China). Before each
experiment readout, a load of 1 g was applied to each
muscle strip for 30 min. After the spontaneous contrac-
tions of the smooth muscle strips stabilized, the num-
ber of muscle contractions every 400 s was recorded as
the frequency, and the height of the peaks was recorded
as the amplitude of the muscle contractions. All experi-
ments were repeated independently 8 times.

High-performance liquid chromatography (HPLC)

One hundred milligrams of fresh gastric antrum an-
nular muscle were added at 10 g/mg/mL to 0.4 mol/L
perchloric acid solution that had been pre-cooled to 4°C,
and the muscle was homogenized in an ice-bath. The
supernatant was obtained by centrifugation (10000 rpm,
10 min) and its pH was adjusted to 6.5. Twenty micro-
liter samples in triplicates at 4°C and at dilutions of 200,
100, 50, 20, and 10 mg/L were then subjected to HPLC
to measure the concentrations of ATP, AMP, and ADP.
A C18 column (4.6 mmX150 mm, 5 m; Shimadzu, Ja-
pan), a column temperature of 25°C, and a mobile phase
of 100 mmol/L phosphate buffer (12 mmol/L disodium
phosphate and 88 mmol/L sodium dihydrogen phos-
phate, pH=6.5) and methanol (99:1 volume ratio) were
used. The flow rate was 1.0 mL/min and the UV de-
tection wavelength was 254 nm. The energy charge was
calculated according to the following formula: energy
chatge= (ATP+1/2ADP)/(ATP+ADP+AMP) (Wilbring
et al., 2013). All experiments were repeated 8 times, in-
dependently.

Western blotting

Western blotting was used to detect protein levels
of Akt, phospho-Akt Ser473, mTOR, phospho-mTOR
Ser2481, and Rictor. The circular muscle of the gas-
tric antrum was added to a precooled lysis buffer at
75-125 pl/g, homogenized, and incubated at 4°C for
30 min. The lysates were then centrifuged at 14000 rpm
for 30 min, the supernatants were obtained, and their
protein concentration was determined. Samples contain-
ing 60 ug protein were subjected to SDS-PAGE, then
electrotransferred to PVDF membranes. The mem-
branes were then incubated with anti-Akt (1:1000,
Cat No. 9272, Cell Signaling Technology®, Inc., MA,
USA), phospho-Akt (1:1000, Cat No. 4060, Cell Signal-
ing Technology®, Inc., MA, USA), mTOR (1:1000, Cat
No. 2792, Cell Signaling Technology®, Inc., MA, USA),
phospho-mTOR Ser 2481 (1:500, SAB4301526, Sigma,
MO, USA), Rictor (1:1,000, Cat No. 2974, Cell Signaling
Technology®, Inc., MA, USA), or B-actin (1:500, A5316,
Sigma, MO, USA) at 4°C overnight. After washing, the
membranes were incubated with secondary antibody
(1:1000, Cat No. 7055, Cell Signaling Technology®, Inc.,
MA, USA) solution, washed, and exposed to a chromo-
genic agent. The expression of the proteins of interest
was calculated relative to B-actin levels (A5316, Sigma,
MO, USA).

Western blotting was also used to measure the relative
expression of GLUT4 protein (rabbit anti-GLUT4 anti-
body, Cat No. ab654, Abcam, Cambridge, UK) in gastric
antrum teres muscle. The tissue was lysed as described
above. The supernatant (containing cytoplasmic proteins)
was added to the cell membrane lysate and the samples
were mixed and centrifuged. Next, the supernatant (con-
taining cell membrane proteins) was collected and its
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Figure 1. Amplitude of spontaneous contractions in normal gastric smooth muscle and at each time point during the progression of

diabetes mellitus.

(A) Gastric smooth muscle strip motility analysis; (B) The frequency of spontaneous contraction of gastric smooth muscle. (C) The ampli-
tude of the contractions of the gastric smooth muscle. The data are displayed as mean + S.D.; *P<0.05, **P<0.01.

protein concentration was determined. Samples contain-
ing 60 pg of protein were subjected to SDS-PAGE and
electrotransfer, as described above. The membranes were
incubated with the antibody against GLUT4 (1:1,000) at
4°C overnight, or with or B-actin at (temperature, time),
a secondary antibody (1:1000), and a chromogenic agent,
and the expression of GLUT4 was calculated relative to
that of B-actin. All experiments were repeated 8 times,
independently.

Statistical analysis

Statistical analyses were performed with SPSS 19.0
software, and the figures were made with GraphPad
Prism5 software (GraphPad Software, San Diego, CA).
All experiments were repeated at least 8 times. The data
are expressed as mean T standard deviation (S.D.). Dif-
ferences between groups were compared using t-test and
two-way analysis of variance (ANOVA). P<0.05 was
considered to indicate a significant difference, P<0.01
was considered to indicate a highly significant difference.

RESULTS

Contraction frequency and amplitude in gastric smooth
muscle

We evaluated the rate and amplitude of the contrac-
tion of stomach muscle strips from diabetic and normal
rats (Fig. 1A). The number of muscle contractions dur-
ing 400 s was recorded as the frequency and the height
of each registered peak was recorded as the amplitude
of muscle contraction. The frequency of spontaneous
contractions of gastric smooth muscle was lower in
DM4w, DM6w, and DM8w groups compared to the NC

group (P<0.05 or P<0.01). This decrease in contraction
frequency corresponded to the duration of diabetes: it
was the lowest in the DM8w group (P<0.01 compared
to DM6w, Fig. 1B). and both in the DM6w and DM8w
groups displayed lower frequency than DM4w group
(both P<0.01). The amplitude of the contractions of
the gastric smooth muscle was decreased in the DM6w
and DM8w groups compared to the NC group (both
P<0.01), and compared to the DM4w group as well
(both P<0.01). The amplitude of the contractions of the
gastric smooth muscle was lower in the DM8w group
than that in the DM6w group (P<0.01, Fig. 1C). Thus,
the motility of rat gastric smooth muscle decreased with
the progression of diabetes in the rats.

The concentrations of ATP, ADP, AMP and energy
charge in gastric smooth muscle

ATP is the basic molecular unit of energy in the body;
therefore, the amount of ATP present in a tissue and
the rate of ATP synthesis (ADP/ATP) reflect overall en-
ergy metabolism in the tissue. We measured the concen-
trations of ATP, ADP, and AMP in the gastric smooth
muscle of rats using HPLC (Fig. 2) and found that the
concentration of ATP was not affected by diabetes
(P>0.05). However, ADP concentration was decreased in
the DM4w group (P<0.01), and increased in the DM6w
and DM8w groups (both P<0.01) as compared to NC.
It was also higher in the DM6w and DMS8w groups
than in the DM4w group (both P<0.01), and higher in
the DM8w group than in the DM6w group (P<0.01,
Fig. 2A). Therefore, a trend was observed for the ATP
production (ADP/ATP ratio). The ADP/ATP ratio was
the lowest in the DM4w group (P<0.05 compared to
the NC) and the highest in the DM8w group (P<0.01
compared to the NC). The ADP/ATP ratio was higher
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Figure 2. Concentrations of ATP, ADP, and AMP (umol/L) in the gastric smooth muscle of diabetic rats.
(A) ATP, ADP, and AMP concentrations in control and diabetic rats. (B) ADP/ATP ratio in control and diabetic rats. (C) The energy charge
in control and diabetic rats. The data are displayed as mean * S.D.; *P<0.05, **P<0.01.
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Figure 3. Protein expression of the key proteins in the Rictor/mTORC2/Akt/GLUT4 pathway in control and diabetic rats.

(A) Western blot of the key proteins in the Rictor/mTORC2/Akt/GLUT4 pathway in the rat gastric smooth muscle; (B) mTOR expression in
the rat gastric smooth muscle; (C) Rictor expression in the rat gastric smooth muscle; (D) p-mTOR Ser2481/ mTOR ratio; (E) p-Akt Ser473/
Akt ratio; (F) GLUT4 expression in the gastric smooth muscle of control and diabetic rats. The data are displayed as mean + S.D.; *P<0.05,
**Pp<0.01.
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in the DM6w and DM8w than in DM4w (DM8w vs
DM4w P<0.01, DM6w »s DM4w P<0.01,), and higher
in DM8w than in DM6w (P<0.01, Fig. 2B). The en-
ergy charge of the gastric smooth muscle was increased
in DM4w as compared to NC(P<0.05). Conversely, the
energy charge was decreased in the DM6w and DM8w-
compared to DM4w (P<0.05, P<0.01), and was lower in
DM8w than in DMo6w (P<0.05, Fig. 2C). These results
suggested that energy metabolism disorder was present
in the gastric smooth muscle of diabetic rats, leading to
the impairment of the energy supply to muscle and the
development of diabetic gastroparesis.

Akt, phospho-Akt Ser473, mTOR, phospho-mTOR
Ser2481, GLUT4, and Rictor protein expression in
gastric smooth muscle

We used Western blotting to measure the expres-
sion of the key proteins in the Rictor/mTORC2/Akt/
GLUT4 pathway the in gastric smooth muscle of rats
in each group (Fig. 3A). mTOR expression in the gas-
tric smooth muscle was decreased in the DM8w group
compared to NC (P<0.01), DM4w (P<0.05), and DM6w
(P<0.05) groups (Fig. 3B). Rictor is an important com-
ponent of TORC2 but does not promote the phospho-
rylation of mTOR at Ser2481. Rictor expression in the
gastric smooth muscle was increased in the DM6w and
DM8w groups compared to the NC (both P<0.01), and
DM4w groups (both P<0.01). also It was also higher in
DM8w than in DM6w (P<0.01, Fig. 3C). The p-mTOR
Ser?#!/mTOR ratio was increased in the DM8w group
compared to the NC (P<0.01), DM4w (P<0.05), and
DMo6w (P<0.05) groups (Fig. 3D). The p-Akt Ser*3/
Akt ratio was increased in both DM4w and DMS8w
compared to NC (both P<0.01). Also, the p-Akt Ser*’3/
Akt ratio was lower both in DM6w and DM8w than
in DM4w (both P<0.01), and lower in DM8w than in
DMow (P<0.01, Fig. 3 E). The gastric smooth muscle
cell surface expression of GLUT4 was increased in both
DM4w and DM6w groups compared to NC (P<0.01,
P<0.05). It was also lower in both DM6w and DM8w
than in DM4 (both P<0.01) and lower in DM8w than
in DMow (P<0.05, Fig. 3F). These results suggested that
the Rictor/mTORC2/Akt/GLUT4 pathway is involved
in the regulation of energy metabolism in the gastric
smooth muscle, alters energy supply to muscle, which in
turn participates in the development of diabetic gastro-
paresis.

DISCUSSION

ATP is the most direct source of body energy, and
90% of it is produced by mitochondria (Barros & Baeza-
Lehnert, 2019; Marklund e# /., 2006; Korchazhkina e/ al.,
1999). There are two main ways to generate ATP in the
body: in the anaerobic state, glucose undergoes glycoly-
sis, during which each molecule of glucose is converted
to pyruvate and two molecules of ATP are produced,
whereas in the aerobic state, pyruvate is completely me-
tabolized to generate 32 molecules of ATP per molecule
of glucose. In the present study, we found that in the
diabetic state, starting from the sixth week following the
induction of diabetes, there was an obvious reduction in
gastric motility, which corresponds to the development
of diabetic gastroparesis. The ATP concentration in the
muscle did not change significantly with the progression
of diabetes, but we observed an upward trend for ADP
and AMP and ATP generation (ADP/ATP ratio),and a
downward trend for energy charge. Energy charge rep-

resents the number of high-energy phosphate groups
in the total adenylate system (the total concentration
of ATP+ADP+AMP), which reflects the energy status
of the cell. The above results imply detetioration in the
energy status of the tissue. This may reflect a reduction
in the aerobic metabolism of glucose because of partial
replacement by other pathways, mitochondrial damage,
or other factors. Although the substrate in the muscle
is sufficient to ensure the conversion of ADP, it cannot
reverse the trend of reduced synthesis. The specific ex-
planation for this requires further study.

Diabetic gastroparesis has previously been shown to
develop 6 weeks after the induction of diabetes in rats
and is accompanied by changes in mTOR pathway
(Zhang et al., 2017). mTOR is an atypical serine/threo-
nine protein kinase that can integrate various extracellu-
lar signals, such as growth factors, nutrition, and energy
status to regulate processes such as growth and the cell
cycle. The mTOR complexes: mTORC1T and mTORC2
have different structures and functions, and different
mTOR residues are phosphorylated in each complex
(Saxton & Sabatini, 2017; Copp et al., 2009; Gnocchi ez
al., 2020). mTOR is activated by phosphorylation at mul-
tiple residues, including Ser2448 and Ser2481 (Saxton &
Sabatini, 2017; Copp et al., 2009; Vazquez-Martin e/ al.,
2012). Previous studies have shown that in mTORCI,
mTOR is phosphorylated at Ser 2448, whereas in
mTORC2, it is phosphorylated at Ser 2481 (Knudsen ez
al., 2020; Copp et al., 2009; Vazquez-Martin e/ al., 2012).
mTORC1 contains rapamycin-sensitive Raptor, MLSTS8
a proline-rich Akt substrate of 40 kDa, (PRAS40), and
DEP domain of mTOR-interacting protein (DEP do-
main-containing mTOR-interacting protein, DEPTOR);
whereas, mMTORC2 contains Rictor and MLSTS, neither
of which is sensitive to rapamycin, and SAPK interact-
ing protein 1 (SIN1) (Saxton & Sabatini, 2017). Thus,
Raptor and Rictor are characteristic proteins of the
mTORC1 and mTORC2, respectively. In the present
study we found that Rictor protein expression increased
with the progression of diabetes, but mTOR expression
was decreased at 8 weeks of diabetes. The phosphoryla-
tion of mTOR-Ser?*! requires intact mTORC2 (Knudsen
et al., 2020), as the autophosphorylation of Ser?*!is pro-
portional to the specific catalytic activity of mTORC2.
By observing the changes in the p-mTOR Set?!/mTOR
ratio, we found that the phosphorylation of mTOR at
Ser 2481 decreased prior to the development of gastropa-
resis, but increased after the onset of this complication,
indicating that there are other factors that regulate the
activation of mTORC2.

Rictor participates in glucose metabolism as an up-
stteam effector of Akt, and when Rictor or mTORC2
is absent, glucose intolerance develops. While mTORC2
activates Akt, Akt can activate mTORC1 activity via
Akt-(TSC1/2)-Ras homolog (RheB)-mTORCI, as was
shown for brain tissue (Saxton & Sabatini, 2017). In an-
other study, it was shown that the expression of Rictor
in muscle cells is lower in a high-glucose environment
and that the cells show lower insulin-induced glucose
uptake, such that the glucose metabolism becomes dis-
rupted (Mukaida e¢# al, 2017). A reduction in Rictor ex-
pression also affects GLUT4 translocation, resulting in
a reduction in glucose transport and deleterious effects
on overall glucose and energy metabolism (Mukaida ez
al., 2017; Hasannejad e/ al, 2019; Khan & Kamal, 2019;
Zhao et al., 2019). In this study, we found that the phos-
phorylation of Akt at Ser473 in the diabetic state gradu-
ally decreases, despite the increase in mTORC2 expres-
sion, which suggests that mTORC2 is not the dominant
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regulator of Akt. GLUT4 translocation is mainly regu-
lated by Akt, but Rictor is also required for this process.
Although GLLUT4 translocation is not mainly affected by
mTORC2, there should be other ways to affect it.

GLUT#4 translocation, and therefore glucose uptake by
muscle cells, is promoted by Akt phosphorylation, but
GLUT4 translocation decreases with the development of
gastroparesis. In this study, the translocation of GLUT4
was found to be increased first and then decreased with
disease progression. This result implies that in the dia-
betic state, glucose is taken up and used by cells also
independently of insulin.

One of the limitations of this study is that we did not
quantify the mRNA expression levels of the key proteins
in the Rictor/mTORC2/Akt/GLUT4 pathway in the
gastric smooth muscle of diabetic rats with RT-PCR.

CONCLUSIONS

Our findings documented that during the pathogenesis
of diabetic gastroparesis, altered energy metabolism was
present in the gastric smooth muscle of diabetic rats. is
The change in energy metabolism was associated with
the changes in protein expression and phosphorylation
in the Rictor/mTORC2/Akt/Glut4 pathway, suggesting
that this pathway may be involved in both the regulation
of energy metabolism in the gastric smooth muscle of
diabetic rats and in the development of diabetic gastro-
paresis.
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