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Abstract
AIM: To investigate the effects of different parameters of gastric electrical stimulation (GES) on interstitial cells of Cajal (ICCs) and changes in the IGF-1 signal pathway in streptozotocin-induced diabetic rats.

METHODS: Male rats were randomized into control, diabetic (DM), diabetic with sham GES (DM + SGES), diabetic with GES1 (5.5 cpm, 100 ms, 4 mA) (DM + GES1), diabetic with GES2 (5.5 cpm, 300 ms, 4 mA) (DM + GES2) and diabetic with GES3 (5.5 cpm, 550 ms, 2 mA) (DM + GES3) groups. The expression levels of c-kit, M-SCF and IGF-1 receptors were evaluated in the gastric antrum using Western blot analysis. The distribution of ICCs was observed using immunolabeling for c-kit, while smooth muscle cells and IGF-1 receptors were identified using α-SMA and IGF-1R antibodies. The level of IGF-1 was tested in sera using ELISA. 

RESULTS: Gastric emptying was delayed in the DM group but improved in all GES groups, especially in the GES2 group. The expression levels of c-kit, M-SCF and IGF-1R were decreased in the DM group but increased in all GES groups. More ICCs (c-kit+) and SMCs (α-SMA+/IGF-1R+) were observed in all GES groups than in the DM group. The average level of IGF-1 in the DM group was markedly decreased, but it was up-regulated in all GES groups, especially in the GES2 group. 

CONCLUSION: The results suggest that long pulse GES promotes the regeneration of ICCs. The IGF-1 signaling pathway might be involved in the mechanism underlying this process, which results in improved gastric emptying. 
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Core tip: Gastric electrical stimulation (GES) regulates gastric motility and protects the interstitial cells of Cajal (ICCs). However, the mechanisms underlying these processes have not been determined. In this study, we report that long-pulse GES with three different parameters protected ICCs and that the IGF-1 signaling pathway is probably involved in this process. One GES parameter (5.5 cpm, 300 ms, 4 mA) showed immense potential as a clinical application for applying long-pulse GES as the optimal parameter.

Li H, Chen Y, Shi Liu, Hou XH. Long-pulse gastric electrical stimulation protects the interstitial cells of Cajal in diabetic rats via the IGF-1 signaling pathway. World J Gastroenterol 2016; In press

INTRODUCTION
Gastrointestinal motility disorders (such as early satiety, bloating and vomiting) often plague patients with long-standing diabetes. However, the pathogenesis of these disorders remains unclear, and effective pharmacological management is limited for these symptoms. Fortunately, a few recent non-pharmacological treatments, including gastric electrical stimulation (GES), have renewed the hope for achieving new management strategies, but the mechanisms underlying their efficacy remain unclear.
Recently, a number of studies have that indicated that ICCs may play an important physiological role in coordinating gastric contractile activity and gastric motility
 ADDIN EN.CITE 
[1,2]
. C-kit protein is known to localize to the surface of ICCs and to be activated by interactions between kit receptors and stem cell factor (SCF). SCF/c-kit signaling is important to maintain the ICC phenotype and ICC proliferation, differentiation and survival
 ADDIN EN.CITE 
[3,4]
. Furthermore, some studies have suggested that damage to or the loss of ICCs leads to gastrointestinal motility disorders in diabetic models
 ADDIN EN.CITE 
[5-7]
 and that decreases in the levels of SCF and insulin-like growth factor 1 (IGF-1) are involved in ICC deficiency
 ADDIN EN.CITE 
[8]
. According to the results of recent studies, SCF and IGF-1, which are necessary for the differentiation and maintenance of the ICC phenotype, are derived from smooth muscle cells (SMCs), and IGF-1 increases the expression of SCF
 ADDIN EN.CITE 
[9]
. Moreover, the IGF-1 receptor (IGF-1R) appears to be lacking in mature ICCs, and IGF-1 is likely to directly interact with receptors on SMCs to enhance SCF synthesis, resulting in a protective effect in ICCs
 ADDIN EN.CITE 
[8]
. Based on a recent study., the level of serum IGF-1 and its binding protein 3 was altered in type 1 diabetes and that circulating IGF-1 and its binding protein 3 controls colonic stem cells function and gastrointestinal complications of diabetes10


[ ADDIN EN.CITE ]
.

Generally, GES is classified into three categories according to the length of the pulse and the energy that is applied: the short-pulse GES, the long-pulse GES and the dual-pulse GES. The effects of GES varied with the parameters. For In refractory gastroparesis patients who cannot undergo drug therapy due tobecause of serious side effects or who are unable to undergo surgical treatment, GES is an alternative option. Our previous study indicated that GES might increase the expression of membrane stem cell factor (M-SCF) in streptozotocin (STZ)-induced diabetic rats
 ADDIN EN.CITE 
[11]
. However, the mechanism by which GES affects gastric motility and the involvement of IGF-1 signaling remained unknown. The aim of this study was to: (1) systematically assess the effects of applying GES with different parameters on gastric emptying; (2) ascertain the effects of GES on ICCs in diabetic rats; and (3) determine whether the IGF-1 pathway is involved in the regeneration of ICCs.

METHODS AND MATERIALS
Animal subjects
Adult Sprague Dawley (SD) rats (male, 250-300 g) that were got from the Experiment Animal Center of Tongji Medical College were used in this study. All appropriate measures were adopted to minimize discomfort or pain to the animals. The rats were housed in standardized laboratory conditions (a 12:12 h light: dark cycle at 22 ºC) and got free access to standard solid food and sterile water. The rats were formally enrolled after they were adapted to the laboratory condtions for one week. All experiments were reviewed and approved by the Institutional Animal Care and Use Committee of Tongji Medical College. 

Experimental protocols
The animals were randomized into one of six equal groups (6 rats/group): control group, diabetic group (DM), diabetic and sham GES group (DM + SGES), diabetic and GES parameter 1 (5.5 cpm, 100 ms, 4 mA) group (DM + GES1), diabetic and GES parameter 2 (5.5 cpm, 300 ms, 4 mA) group (DM + GES2) and diabetic and GES parameter 3 (5.5 cpm, 550 ms, 2 mA) group (DM + GES3). Diabetes was induced using STZ (60 mg/kg, ip, Alexis Biochemical, USA). Rats in the control group were injected with equivoluminal diluent. Blood glucose concentrations were measured one week after the injection. The rats were considered diabetic if their blood glucose level increased and was maintained at equal to or more than 16.7 mmol/L. Body weight and blood glucose levels were also tested before the rats were injected and during weeks 0, 2, 4, and 6 after the induction of diabetes. After sequential GES intervention was performed for 6 wk, gastric emptying was measured in all groups. Serum samples were collected for enzyme-linked immunosorbent assay (ELISA), and the rats were sacrificed and the specimens of antrum were acquired. Each antrum specimen was separated into two pieces. One of these was stored at -80 ºC for western blot analysis, and a relatively large piece was fixed in Zamboni’s fixative (1.5% saturated picric acid solution and 2% paraformaldehyde in 0.1 M phosphate buffer solution (PBS, pH = 7.4)) for the immunofluorescence study.
Gastric electrical stimulation 

Rats in the GES and sham GES groups were anesthetized using pentobarbital sodium (30 mg/kg, ip, Sigma, USA). A midline laparotomy was performed, and stimulating electrodes were pierced the subserosa of the stomach and placed on the serosal surface along the greater curvature. The distal pair of electrodes was about 0.5 cm away from pylorus and the proximal pair was approximately 1.5 cm away from the distal pair. The electrodes of the proximal pair were placed 0.3 cm apart. The wires were tunneled through the anterior abdominal wall and led out of the skin so they could be connected to the stimulator (G6805-2A; Shanghai Huayi Medical Instrument Factory, China). The abdominal wall was closed using a simple interrupted suture. After the rats recovered from the surgery completely (usually 2 wk), they continuously received GES intervention for 30 min/day for 6 weeks (Figure 1). The following respective long-pulse GES frequencies, pulse widths and amplitude parameters were used: GES1, 5.5 cycles/min (cpm), 100 ms and 4 mA; GES2, 5.5 cpm, 300 ms and 4 mA; and GES3, 5.5 cpm, 550 ms and 2 mA. These parameters were shown to be effective and representative in previous experiments
 ADDIN EN.CITE 
[11-13]
. Rats in DM + SGES group were connected only to the stimulator and were not stimulated with an electric current. 

Measurement of gastric emptying

The test meals, including carboxymethylcellulose (15 mg/mL) and phenol red (0.5 mg/ml), were continually stirred and maintained at 37 ºC. After the rats were deprived of food overnight, the animals were fed 2 mL of the test meal using a straight gavage needle. After 30 min, the rats were quickly sacrificed using cervical dislocation. The stomach was acquired after it was ligated at the pyloric and cardia, and then it was opened. The gastric contents were placed into a test tube and then washed using distilled water. A NaOH solution (20 mL, 1 M) was placed in each test tube. Absorbance at 560 nm was read using a spectrophotometer (U-2900, Hitachi, Japan) to determine the quantity of remained phenol red. 
Gastric emptying was calculated using the following formula: gastric emptying (%) = 100 × (1-X/Y), where X is the absorbance of phenol red measured at 30 min after the test meal, and Y is the absorbance of phenol red in the control rats that were sacrificed immediately after they were fed the test meal
 ADDIN EN.CITE 
[14]
.

Immunofluorescence studies

The gastric antrum tissues were rapidly fixed in Zamboni’s fixative for 24 h at room temperature. They were then dehydrated, embedded in paraffin and incised at a thickness of 5–7 μm. The paraffin sections were deparaffinized and hydrated before antigen retrieval was performed. Endogenous peroxidase was controlled using 3% hydrogen peroxide (H2O2) for 30 min. The sections were then microwaved (750 W) for 5 min, and nonspecific reactions were inhibited using normal goat serum for 20 min. The primary antibodies, including IGF-1R (1:200; Santa Cruz Biotechnology, Inc), c-kit (1:150; Santa Cruz Biotechnology, Inc) and α-SMA (1:500; Santa Cruz Biotechnology, Inc), were added dropwise to the paraffin sections which were placed at 4 °C overnight. The sections were then rinsed 3 times using PBS (PH 7.4) and incubated in secondary antibodies for 60 min at 37°C, followed by incubation with DAPI (Sigma, USA) for 30 min. The sections were then counterstained and dehydrated. The specimens were observed using a laser scanning confocal microscope (Olympus, Tokyo, Japan).

Western blot analysis

The antrum specimens were homogenized in RIPA Buffer (Upstate, USA) containing protease inhibitor (Beyotime, China) and incubated for 30 min in ice. The liquid was centrifuged at 12000 g at 4 ºC for 8 min, and the supernatant containing the total extracted proteins was then collected. BCA reagent (Pierce, Rockford, IL, USA) was used to analyze the protein concentration of each sample. Total proteins were separated using 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred to PVDF membranes (Millipore, USA). The membranes were immersed in 5% skim milk solution for 1 h and then incubated with primary antibodies against c-kit (1:200, Sigma-Aldrich, USA), SCF (1:200, Abcam, UK), IGF-1R (1:200, Boster, China) or β-actin (1:1000, Beyotime, China) at 37 ºC with gentle shaking for 1 h, followed by maintenance at 4 ºC overnight. After incubated with secondary antibodies for 1 h, the bands on the PVDF membranes were visualized using enhanced chemiluminescence (Amersham Pharmacia, USA). A densitometry analysis was conducted using AlphaView software.

Enzyme-linked immunosorbent assay
For this experiment, approximately 2 mL of blood was obtained from each rat to study differences in serum IGF-1 levels. The concentration of IGF-1 was quantified using rat IGF-1 ELISA kits (RayBiotech, USA). A standard curve was established for IGF-1 by testing the standard with a spectrophotometer at 450 nm, and the concentration of IGF-1 in the serum was then determined by comparing the optical densities (ODs) of the study samples to those of the standard samples.

Electron microscopy
The gastric antrum was immersed in fixative solution (2.5% glutaraldehyde) for 2 h at 4 ºC. Tissue samples (approximately 1 mm × 5 mm) were separated from the gastric antrum and soaked in 1% OsO4 for 60–120 min. They were then rinsed with 0.1 M phosphate buffer and dehydrated in ethanol. The tissue samples were immersed in propylene oxide followed by mixtures of Epon Resin and propylene oxide for 2 h, and then embedded in Epon. An ultramicrotome was used to identify the regions of interested in the study and to section them into ultrathin sections (70 nm). The sections were visualized using a transmission electron microscope (Tecnai G212, FEI, The Netherlands).

Statistical analysis
The data are presented as the mean ± SEM. One-way ANOVA was used to evaluate differences among groups. The least significant difference (LSD) post hoc test was applied to compare differences between groups. A P value < 0.05 was considered the threshold for significance. The statistical analysis was performed using SPSS 17.0 software.

RESULTS
Weight and blood glucose level 

Baseline weight did not markedly differ between the groups (Figure 2A). The weights of the rats in the DM group were markedly lower at the end of weeks 2, 4 and 6 (P = 0.013, P = 0.005 and P < 0.0001, respectively) than the weights of the controls. The weights of the DM + GES1, DM + GES2 and DM + GES3 groups were significantly higher in the 6th week than the weights in the DM group (P = 0.035, P = 0.028 and P = 0.031, respectively).

As shown in Figure 2B, baseline blood glucose levels were not significantly different between the groups. After the induction of diabetes, the blood glucose levels were higher in the DM group than in the control group for the remainder of the experiment (P < 0.0001). After long-pulse GES intervention was applied, blood glucose level were not markedly different between the DM + GES1, DM + GES2 or DM + GES3 group and the DM group (P = 0.332, P = 0.281 and P = 0.416, respectively).

Electron microscopy
In the control group, ICCs showed higher electron-dense cytoplasm than SMCs and were abundant in the endoplasmic reticulum, mitochondria and basal lamina (Figure 3A). In addition, they showed a close connection with SMCs and enteric nerves. However, in the DM group, ICCs were seriously impaired (Figure 3B): swollen endoplasmic reticulum and mitochondria, extensive vacuolization, cytoplasmic depletion and lamellar bodies were frequently observed in their cell bodies. The intercellular spaces were dilated, gap junctions between ICCs and enteric nerves were reduced and exudation of fibrin was occasionally observed. ICCs in the DM+SGES group displayed ultrastructural changes that were similar to those in the ICCs in the DM group (Figure 3C). However, most of the ICCs in the DM+GES1 (Figure 3D), DM+GES2 (Figure 3E) and DM+GES3 (Figure 3F) groups were repaired, and minor damage (the structure of the cytomembrane is relatively complete, organelles are abundant, there is slight cytoplasmic depletion, slightly swollen endoplasmic reticulum and mitochondria and limited vacuolization, there are few denuded ribosomes and a small number of lysosomes, and there is little heterochromatin.) was occasionally observed.

Gastric emptying

Figure 4 shows the effect of GES on gastric emptying. Gastric emptying in the DM group was slower than in the control group (P < 0.0001). SGES did not markedly affect gastric emptying compared to its speed in the DM group (P = 0.573), but GES1, GES2 and GES3 significantly improved the delayed gastric emptying from 35.89% ± 4.43% to 48.27% ± 2.20%, 61.84% ± 4.87 and 53.34±2.26%, respectively (P = 0.03, P = 0.0028, and P = 0.0041, respectively). These improvements were significantly different between the DM + GES1 group and the DM + GES2 group (P = 0.029), indicating that the effect of GES2 on gastric emptying was stronger than the effect of GES1.

Western blot analysis of c-kit, SCF and IGF-1R
As shown in Figure 5A and 5B, the expression of c-kit was evaluated in the antrum. The level of c-kit was markedly lower in the DM group than in the control group (P < 0.0001). Conversely, the expression of c-kit was dramatically higher in the DM + GES1, DM + GES2 and DM + GES3 groups than in the DM group (P = 0.0004, P < 0.0001 and P = 0.0027, respectively). The expression of M-SCF (Figure 5C, D) was lower in the DM group than in the control group (P < 0.0001). However, GES1, GES2 and GES3 resulted in a higher level of expression of M-SCF than was observed in the DM group (P = 0.001, P < 0.0001 and P < 0.0001, respectively). This effect of GES2 was stronger than the effect of GES1 (P = 0.028). 

Compared to the control, the expression of IGF-1R (Figure 5E, F) was markedly lower in the DM group (P < 0.0001), whereas the level of IGF-1R in the DM + GES1, DM + GES2 and DM + GES3 groups was significantly higher than the level in the DM group (P = 0.004, P < 0.0001 and P = 0.001, respectively). This effect was stronger in the GES2 group than in the GES1 group (P = 0.039).

IGF-1 in sera was determined using ELISA

Table 1 shows the levels of IGF-1 in the serum in each group. The IGF-1 levels in the Control, DM, DM + SGES, DM + GES1, DM + GES2 and DM + GES3 groups were 281.22 ± 9.75, 31.27 ± 5.61, 29.18 ± 5.02, 90.88 ± 6.74, 121.62 ± 9.97 and 113.97 ± 9.37 ng/mL; respectively. The average IGF-1 level in the DM group was lower than in the control group (P < 0.0001). However, the IGF-1 level was higher in the DM + GES1, DM+ GES2 and DM + GES3 groups than in the DM group (all P < 0.0001). The level of IGF-1 was not markedly different between the DM + SGES and the DM groups (P = 0.794).

Immunofluorescence studies of c-kit and IGF-1R

As shown in Figure 6, c-kit immunoreactivity revealed the distribution of ICCs in the gastric antrum of each group. There were a number of c-kit+ cells in the control group. However, few ICCs were observed in the DM group. Similar results were found in the DM + SGES group, and long-pulse GES interventions markedly increased the expression of c-kit in the DM+GES1, DM+GES2 and DM+GES3 groups.

In Figure 7, α-SMA and IGF-1R immunoreactivity reflect the distribution of smooth muscle cells and IGF-1 receptors, respectively, in the gastric antrum of each group. In the control group, a large number of IGF-1R+ cells was observed in the intramuscular layer, whereas few IGF-1R+ cells were observed in the DM group. Analogously, few IGF-1R+ cells were observed in the DM + SGES group. However, IGF-1R expression was markedly increased in the DM + GES1, DM + GES2 and DM + GES3 groups after treatment with long-pulse GES.

DISCUSSION
In the current study, applying GES using various settings increased the expression of M-SCF and IGF-1/IGF-1R and improved the regeneration of ICCs in diabetic rats, which ameliorated delayed gastric emptying in these rats.

In recent years, GES has been proposed as a therapeutic option for patients suffering from refractory gastroparesis. Some studies have demonstrated that the effects of GES depend on the GES parameters. Short-pulse GES improved dyspeptic symptoms, while long-pulse GES normalized gastric dysrhythmia and regulated gastric slow waves, and dual-pulse GES reduced dyspeptic symptoms and gastric dysrhythmia
 ADDIN EN.CITE 
[15-20]
. Because in some instances, it re-establishes normal slow wave activity and improves gastric emptying, long-pulse GES is usually applied to treat gastroparesis. Based on the results of previous studies, a frequency of 5.5 cpm, a pulse width ranging from 100 ms to 300 ms and an amplitude of 4 mA are frequently used and have been shown to be effective in regulating gastric dysrhythmia and gastric slow waves
 ADDIN EN.CITE 
[21,22]
. In this study, we selected representative widths of 100 ms (GES1: 5.5 cpm, 100 ms, and 4 mA) and 300 ms (GES2: 5.5 cpm, 300 ms, and 4 mA) for further study. Additionally, GES3 (5.5 cpm, 550 ms, 2 mA) was also demonstrated to be effective in our previous study
 ADDIN EN.CITE 
[11]
, and that setting was consequently also used in this study. Bellahsène BE et al. demonstrated that long-pulse GES (7 cpm, 300 ms, 4 mA) accelerated gastric emptying in a canine model of gastroparesis23[]
. Moreover, McCallum et al24[]
 discovered that long-pulse GES (at a frequency that was 10% higher than the intrinsic slow-wave frequency, 300 ms, 4 mA) accelerated gastric emptying in gastroparesis patients. However, Xing et al20[]
 found that long-pulse GES (6 cpm, 375 ms, 4 mA) did not significantly influence gastric emptying in a canine model. In the present study, delayed gastric emptying was accelerated after GES intervention, especially in the GES2 group (5.5 cpm, 300 ms, 4 mA), which supports the findings of most studies in this field. Our results showed that long-pulse GES improved delayed gastric emptying in diabetic rats, and the effect of GES2 (5.5 cpm, 300 ms, 4 mA) was more pronounced than the effects of GES1 and GES3. Thus, the GES2 protocol should potentially be applied in the clinic, but further studies are needed to explore this issue. 
The mechanisms by which long-pulse GES affects gastric emptying remain unclear. ICCs have been shown to play an important role in the regulation of gastric peristalsis, which significantly affects gastric emptying
 ADDIN EN.CITE 
[1,25]
. However, few studies have examined the involvement of ICCs in the effect of long-pulse GES on gastric emptying. We conducted related experiments in which we examined the effect of GES on ICCs. The results revealed that long-pulse GES (5.5 cpm, 550 ms, 2 mA) resulted in ICC remodeling in diabetic rats. Furthermore, our previous study showed that both low- and high-frequency electroacupuncture at ST-36 increased the number of ICCs
 ADDIN EN.CITE 
[14]
. In the present study, GES intervention also markedly recovered the ultrastructure of ICCs to a minor injury or normal state26[]
 and increased the number of ICCs in the antrum in diabetic rats, indicating that long-pulse GES might induce ICC remodeling and further contribute to improved gastric emptying. 
The c-kit/SCF pathway is one of the most important regulators of ICCs. As the ligand of c-kit, SCF exists as both a soluble form (S-SCF) and a transmembrane form (M-SCF). M-SCF may play a more important role than S-SCF during the differentiation, survival and maintenance of the ICC phenotype
 ADDIN EN.CITE 
[27]
. Thus, we focused on M-SCF in our evaluation of c-kit/SCF signaling and our goal of identifying the mechanisms by which GES results in ICC remodeling. Horváth et al8


[ ADDIN EN.CITE ]
 linked reduced SCF to an ICC deficiency in diabetic gastroparesis and found that the level of M-SCF was decreased in the gastric antrum in diabetic mice. Our results also indicate that the expression of M-SCF is markedly decreased in diabetic rats. However, the effects of GES on the expression of M-SCF have rarely been investigated. In a previous study, we showed that both low- and high-frequency electroacupuncture at ST-36 increased the expression of M-SCF in diabetic rats
 ADDIN EN.CITE 
[14]
. In the present study, we found that GES treatment also increased the expression of M-SCF, and this increase was stronger when GES2 (5.5 cpm, 300 ms, 4 mA) was applied. Therefore, M-SCF is likely to be involved in ICC remodeling as a result of long-pulse GES.
IGF-1 signaling is one of the main factors that regulates the expression of M-SCF. IGF-1R, which is necessary for the differentiation and maintenance of ICC phenotype, is located on smooth muscle cells but not on ICCs
 ADDIN EN.CITE 
[8,28]
. Horváth VJ showed the first in vitro evidence that IGF-1 signaling was responsible for maintaining the ICC network29[]
. In their subsequent study, they suggested that endogenous IGF-1 expression was decreased in the diabetic group and that adding IGF-1 to the medium improved the expression of M-SCF
 ADDIN EN.CITE 
[9]
. The results of the present study show that the expression of IGF-1R in gastric antral SMCs was markedly decreased in the DM group, which surpports the findings of previous studies
 ADDIN EN.CITE 
[8,9]
. Moreover, the IGF-1 levels in sera were also decreased in the DM group. However, few studies have examined the effects of GES on IGF-1 and IGF-1R levels or the involvement of IGF-1 signaling in the induction of ICCs remodeling by GES. In our study, the levels of both IGF-1 and IGF-1R were significantly increased following GES treatment, which mirrored the changes we observed in M-SCF. Additionally, GES2 (5.5 cpm, 300 ms, 4 mA) was more effective at improving the expression of IGF-1 and IGF-1R. These results indicate that improvements in IGF-1 signaling might be involved in the up-regulation of M-SCF expression and that it might also contribute to ICC remodeling in response to long-pulse GES in diabetic rats.
Xing et al30


[ ADDIN EN.CITE ]
 reported that the total area under the curve (AUC) for blood glucose in healthy dogs was markedly decreased by long-pulse GES (10 cpm, 300 ms, 8 mA). In the present study, GES did not significantly affect blood glucose levels. We speculate that the difference between these effects might be associated with differences in the parameters, animal models and physical states that were used, and that the effect of GES on the blood glucose levels in diabetic models might therefore require further study. Yan et al31


[ ADDIN EN.CITE ]
 reported that pulse-train GES (0.3 ms, 3 mA, 20 Hz for 2 s on and 3 s off) reduced body weight in obese rats. Our results show that long-pulse GES treatment markedly increased body weight in diabetic rats. Therefore, the effects of GES on body weight might depend on the parameters and physical states that are used. Broadly, our results suggest that GES increased the body weight but did not significantly affected blood glucose levels in STZ-induced diabetic rats.
In summary, our results reveal that the expression levels of M-SCF, IGF-1 and IGF-1R are significantly lower and that the number of ICCs is markedly decreased in the gastric antrum of diabetic rats. These characteristics likely contribute to delayed gastric emptying. Following long-pulse GES intervention, ICCs remodeled and gastric emptying was improved. The IGF-1 signaling pathway might participate in this process by enhancing the expression of M-SCF on SMCs and then protecting ICCs. Furthermore, the effects of GES2 (5.5 cpm, 300 ms, 4 mA) on the expression of M-SCF and IGF-1/IGF-1R appeared to be stronger than the effects of GES1 and GES2. Long-pulse GES involves low-frequency/high-energy stimulation; its frequency is slightly higher than the intrinsic slow wave and requires a high amount of energy. This stimulus could directly activate ICCs and/or SMCs without involving cholinergic nerves21[]
, and the magnitude of energy is probably responsible for the effects of long-pulse GES. In our study, GES2 (5.5 cpm, 300 ms, 4 mA) afforded higher energy than did GES1 (5.5cpm, 100ms, 4mA) and GES3 (5.5cpm, 550ms, 2mA), and this might partly explain why GES2 had a more significant effect on gastric emptying and the IGF-1 signaling pathway. Thus, this parameter should be used in clinical applications involving long-pulse GES. However, further studies into the mechanisms underlying these processes are needed to ensure the safety and clinical efficacy of using long-pulse GES as a treatment for refractory functional gastric disorders.
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Gastric electrical stimulation (GES) regulates gastric motility and promotes the renovation of interstitial cells of Cajal (ICCs). However, the mechanisms underlying this effect remain unclear. Previous studies demonstrated that ICCs are damaged and the IGF-1 pathway is down-regulated in diabetic models. In this study, the authors report that applying long-pulse GES using three different parameters promoted the regeneration of ICCs and that the IGF-1 signaling pathway is likely to be involved in this process.

Research frontiers

Experiments have shown that ICCs are damaged in diabetic models. The c-kit/SCF pathway is one of the most important regulators of ICCs. M-SCF may play a more important role than S-SCF in the differentiation, survival and maintenance of the ICC phenotype. IGF-1 signaling is one of the main factors that regulates the expression of M-SCF.
Innovations and breakthroughs

This study provides evidence showing that long-pulse GES protects the ICCs in diabetic rats and that the IGF-1 signaling pathway is involved in this effect. The effects of one GES parameter (5.5 cpm, 300 ms, 4 mA) were stronger. 
Applications

One GES parameter (5.5 cpm, 300 ms, 4 mA) showed greater potential for being used in clinical application involing long-pulse GES, and the IGF-1 signaling pathway may be a possible therapeutic target in gastroparesis.
Terminology

ICCs, as the gastrointestinal pace-making cells, play an important physiological role in coordinating gastric contractile activity and gastric motility. Long-pulse GES restores injured ICCs. SCF and IGF-1 are regulatory proteins that protects ICCs.
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Interesting paper, the paper by Li and colleagues describes the use of different timing pulse GES (gastric electrical stimulation) on gastric emptying in a diabetic model of rat. In particular, the authors demonstrate that long-term pulsing GES protects ICC located in the gastric antrum and this is associated with an improvement of gastric emptying delay during diabetes. Interestingly, the authors also suggest that the IGF-1 signaling pathway may be involved. While the use of GES appear interesting and relevant, some points need to be addressed to render the paper suitable for publication. 
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Figure 1 Schematic representation of the gastric electrical stimulation study protocol. After surgery of electrodes implantation, the rats had 2 wk to recover from the surgery. After streptozotocin injection, the diabetic rats were randomized into 4 large groups depending on the parameter of gastric electrical stimulation (GES): the DM (diabetic group) + SGES (diabetic with sham GES), DM + GES1 (GES parameter 1), DM + GES2 and DM + GES3 groups for 6 wk. GES was adopted for 30 min/d, 7 d/wk during the whole process of the experiment. The body weights and blood glucose levels were measured before the injection of STZ and during weeks 0, 2, 4, and 6 after the induction of diabetes.
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Figure 2 Body weight and blood glucose level at different times in different groups. A: The body weight of the diabetic rats were obviously decreased compared with the controls at 6W (P < 0.05). The weights in all GES groups were increased compared with the DM (diabetic group) (P < 0.05). There was no significance between the DM and DM + SGES groups (P > 0.05); B: Compared with the control group, the blood glucose level of the DM group gained was significantly increased at 0W, 2W, 4W and 6W (all P < 0.05). aP < 0.05 vs the control, bP < 0.05 vs the DM group.
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Figure 3 Electron microscopy of interstitial cells of Cajal in each group. In the DM (diabetic) and SGES (diabetic with sham GES) groups, interstitial cells of Cajal (ICCs) were markedly affected compared with the control group, while they appeared to be almost normal structure or minor damage in the DM (diabetic group) + GES1 (GES parameter 1), DM+ GES2 and DM + GES3 groups. Scale bars = 2 μm.
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Figure 4 Effects of gastric electrical stimulation on gastric emptying. Compared with the control group, gastric emptying in the DM group was significantly delayed (P < 0.01). However, gastric electrical stimulation (GES) treatment significantly improved the delayed gastric emptying (all P < 0.01). Meanwhile, significance was found between the DM (diabetic group) + GES1 (GES parameter 1) group and DM + GES2 group (P = 0.0275). aP < 0.05 vs control, bP < 0.05 vs DM group, cP < 0.05 the DM + GES1 vs DM + GES2 groups.
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Figure 5 The expression levels of related proteins quantified by Western blotting. A, B: The expression of c-kit in different groups; C, D: The expression of M-SCF evaluated in different groups; E, F: The expression of IGF-1R in different groups. aP < 0.05 vs the control, bP < 0.05 vs DM (diabetic group) group, cP < 0.05 DM + GES1 (GES parameter 1) vs DM + GES2 groups. GES: Gastric electrical stimulation.
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Figure 6 Confocal micrographs of interstitial cells of Cajal. Interstitial cells of Cajal (ICCs) were labelled with c-kit (green) and DAPI (blue). ICCs were abundant in the control group (A). Few ICCs were observed in the DM group (B). Similar changes in ICCs were found in the SGES (diabetic with sham GES) group (C). However, numerous ICCs were observed in the DM (diabetic group) + GES1 (GES parameter 1) group (D), DM + GES2 group (E) and DM + GES3 group (F). Scale bars = 100 μm. GES: Gastric electrical stimulation.
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Figure 7 Confocal micrographs showing the distribution of IGF-IR. The smooth muscle cells were labelled with α-SMA (green), IGF-1R (red) and DAPI (blue). IGF-1R expression was high in the control group (A). Weak IGF-1R signals were found in the DM group (B), and similar changes appeared in the SGES group (diabetic with sham GES) (C). Strong IGF-IR signals were captured in the DM (diabetic group) + GES1 (GES parameter 1) group (D), DM + GES2 group (E) and DM + GES3 group (F). Scale bars = 100 μm. DM: and GES parameter 1. GES: Gastric electrical stimulation.

Table 1 Levels of IGF-1 in sera in each group
Data given as mean ± SEM. aP < 0.05 the Control vs DM group, bP < 0.05 vs DM group, cP < 0.05  the DM+GES2 vs DM+GES1 group.

	Control  DM DM + SGES DM + GES1  DM + GES2  DM + GES3

	IGF-1 (ng/mL) 281.22 ± 9.75 31.27 ± 5.61a 29.18 ± 5.02  90.88 ± 6.74b  121.62 ± 9.97b,c 113.97 ± 9.37b


