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Abstract

Background: The development of diabetes is closely related to the gut

microbiota in recent studies, which can be influenced by intestinal motility. A

few studies report that electroacupuncture (EA) can lower blood glucose. EA

can promote colonic motility and influence gut microbes. In this study, we

explored the effect of the EA on blood glucose level in mice with type 2 diabetes

(T2D) and its mechanism.

Methods: The T2D mice model, fecal microbiota transplantation mice

model, and KitW/Wv mice model （Point mutation of mouse W locus encod-

ing kit gene）were used to investigate the effect of EA on blood glucose as

well as the mechanism; The blood glucose and insulin resistance level and

the intestinal flora were evaluated. The level of intestinal junction protein,

inflammatory cytokines in the serum, interstitial cells of Cajal content, and

colonic motility were detected. Lastly, the IKKβ/NF-κB-JNK-IRS-1-AKT

pathway was explored.

Results: EA lowered the blood glucose level, altered the gut microbiota, and

promoted colonic motility in T2Dmice. EA-altered microbiota decreased the blood

glucose level and insulin resistance in the antibiotics-treated diabetic mice. EA

increased tight junction protein, lowered inflammatory factors, and regulated the

IKKβ/NF-κB-JNK-IRS-1-AKT pathway in the liver and muscles. EA could not

reduce the blood glucose and regulated gutmicrobiota in the KitW/Wvmicemodel.

Conclusions: EA promoted intestinal motility to regulate the intestinal flora,

thereby reducing the level of systemic inflammation, and ultimately lowering

the blood glucose by the IKKβ/NF-κB-JNK-IRS-1-AKT signal pathway.
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Highlights

• Electroacupuncture (EA) regulates the intestinal flora by promoting intesti-

nal motility.
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• EA regulated the intestinal flora to reduce the level of systemic inflammation.

• EA lowering the blood glucose by the IKKβ/NF-κB-JNK-IRS-1-AKT signal

pathway.

1 | INTRODUCTION

The incidence rate of type 2 diabetes (T2D) has increased in
recent years. Medicines clinically have some side effects
although with hypoglycemic effect. Electroacupuncture
(EA) with its safety and good reproducibility could reduce
blood glucose level and improve insulin resistance in patients
and animals with T2D,1,2 suggesting it may be an effective
alternative treatment for T2D. Moreover, recent studies have
found that development of T2D is closely related to the intes-
tinal flora. An intestinal flora imbalance, such as lower abun-
dance, changed the composition of the flora in patients with
T2D.3 Individuals with low abundance of intestinal flora were
more likely to exhibit insulin resistance, and increased rich-
ness of intestinal flora could improve glycometabolism.4 In
addition, a few studies have confirmed EA can restore the
flora diversity of mice with insulin resistance.5,6

Intestinal flora imbalance seriously destroyed the intesti-
nal barrier and increased intestinal permeability, causing
intestinal inflammation and inflammatory factors thereby
entering circulation, resulting in a systematic low-grade
inflammatory state.7 Some reports demonstrated the
destroyed intestinal barrier and higher inflammation in
mice with insulin resistance.8 Inflammatory factors in circu-
lation reduced insulin sensitivity by regulating the IKKβ/
NF-κB-JNK-IRS (insulin receptor substrate 1)-AKT pathway
in liver andmuscle tissues.9,10 The effects of EA on intestinal
inflammation have been verified,11 and our recent study
reported the protective effect of EA on the intestinal barrier
in mice with colitis.12 Thus, whether EA can maintain the
integrity of the intestinal barrier by regulating the intestinal
flora, thereby reducing inflammation and promoting the
normal conduction of insulin signaling through IKKβ/NF-
κB-JNK-IRS-1-AKT pathway in liver and muscle tissues of
diabeticmice, needs to be further investigated.

It is worth considering how EA regulates the intestinal
flora. It has been found that changes in intestinal motility
can affect the dynamic balance of intestinal flora. Polyethyl-
ene glycol-fed mice with short intestinal transit time have
increased beneficial bacteria and decreased destructive bac-
teria.13 Interstitial cells of Cajal (ICC) are the initiators and
coordinators of intestinal smooth muscle movement. The
survival, development, and proliferation of ICC deeply rely
on the activation of its membrane receptor KIT (c-kit) by
the unique ligand, membrane-bound stem cell factor
(mSCF). Our previous study showed that EA can maintain
ICC, thereby accelerating delayed colonic transmission in

diabetic rats.14 Therefore, we used the ICC-deficient mice to
investigate whether colonic motility dependent on ICC is a
medium for the effect of EA on intestinal flora.

Taken together, the purpose of this study was to
investigate whether EA can promote colonic motility by
maintaining ICC, thereby regulating gut microbiota, and
ultimately decreasing blood glucose level in mice with
T2D, as well as its mechanism.

2 | METHODS

2.1 | Animals

Male C57BL/6 mice andmale KitW/Wv mice (23 g ±1 g, pro-
vided by the Jackson Laboratory) were used in accordance
with the Animal Care Guidelines of Tongji medical college.
Mice had free access to sterile water and standard diet for
2 weeks for acclimatization in the Specific Pathogen Free-
level environment.

2.2 | Type 2 diabetic mice model

The diabetic mice model was established using a high-fat
diet (containing 60% fat, 20% protein, and 20% carbohy-
drate) for 4 weeks followed by an intraperitoneal injec-
tion of low-dose streptozotocin (STZ, 100 mg/kg,
dissolved in 0.05 M sodium citrate buffer, pH 4.5). The
normal control mice were given normal chow (contain-
ing 15.8% fat, 20.3% protein, and 63.9% carbohydrate)
and received the intraperitoneal injection of equal vehicle
citrate buffer. Fasting blood glucose (FBG) was measured
1 week after the injection, and mice with glucose
level > 11.1 mmol/L were considered as T2D.

2.3 | The groups and EA treatment

Fifty mice were randomly divided into five groups: normal
control group (Control, without EA treatment), High-fat
diet group (without EA treatment), diabetic group (DM,
without EA treatment), diabetic with sham EA group
(DM + SEA, acupuncture but no electric current, 30 min/
day), and diabetic with EA group (DM + EA, 10HZ,
1-3 mA, 30 min per day). EA was executed at 8 a.m. every
morning for 8 weeks since building the successful DM
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model. The electrical stimulator (G6805-2A; Shanghai
Huayi Medical Instrument Co. Ltd., Shanghai, China) was
used in our study. The mouse ST-36 was at the posterolat-
eral knee (2 mm under the fibular head) of the bilateral
hind limbs. Steel needles (0.16 � 7 mm) were inserted into
the acupoint at a depth of 2-3 mm. To eliminate the
restraint stress, mice were fastened in a cage 30 min/day
for a week before EA treatment, and the EA treatment
lasted 8 weeks. The groups and EA treatment are shown
in Figure 1, program 1.

2.4 | Random blood glucose and fasting
blood glucose detection, oral glucose
tolerance test, and insulin tolerance test

Random blood glucose (RBG) and FBG of mice were moni-
tored once every 2 weeks. On the last 2 days of the last week
of EA treatment, oral glucose tolerance test (OGTT) and
insulin tolerance test (ITT) were performed. Mice fasted
overnight for 12 h were gavaged with 2 g/Kg glucose. Blood
glucose level was detected before glucose administration
(at 0 min), and at 30, 60, and 120 min after glucose intake.

Similarly, the day after the OGTT, mice fasted for 5 h
and then received an injection of 0.75 U/Kg insulin. The
mice blood glucose level was detected at 0, 15, 30, 60,
120, and 180 min after the injection. The total area under
the curves (AUC glucose) of OGTT and ITT was calcu-
lated using the trapezoidal rule.

2.5 | Total gastrointestinal transit and
fecal parameter measurements

On the day after the end of 8 weeks of EA treatment,
after an overnight fast, the mice were given a semiliq-
uid solution (0.2 ml) containing 5% Evans blue (E2129,
Sigma) and 1.5% methyl cellulose (M0262, Sigma) by
gavage. Then the fecal pellets were monitored and
the time for the expulsion of the first blue pellet was
determined. Mice were kept in the metabolizable
cage for 24 h with no restraint of food and water. The
number of pellets per cage was recorded and weighed
(wet weight). Pellets were then dried overnight at
65�C and reweighed until reaching a constant weight
(dry weight).

FIGURE 1 Groups and

experimental procedure. Program

1. Diabetic mice and EA treatment

process. Program 2. ABX-treated

diabetic mice and FMT process. ABX,

antibiotics; EA, electroacupuncture;

FMT, fecal microbiota

transplantation; HFD, high-fat diet;

ITT, insulin tolerance test; OGTT,

oral glucose tolerance test; SEA,

sham electroacupuncture; STZ,

streptozotocin
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Pellet frequency :
24hours total pellets number

24hours
�100%

Fecal water content :
wetweight�dryweightð Þ

wetweight
�100%

2.6 | Detection and analysis of intestinal
microbes

In the last day of EA treatment, the mouse feces were col-
lected by the stimulated defecation method. Mice were
immobilized, their tails were lifted, and the lower abdo-
men of the mice was gently pressed with a sterile cotton
swab. After defecation, the fresh feces were collected in a
coded sterile EP tube using a sterile pinch. The feces were
dispensed 3–4 capsules per tube, stored at �80�C, and
transported on dry ice. The feces were thawed during the
assay, and the V3 and V4 variable regions of the prokary-
otic 16S rDNA in the sample were amplified by specific
primers to construct a high-throughput sequencing
library and the 16S rDNA variable region sequence was
analyzed on the Illumina MiSeq sequencing platform.
The composition and abundance of prokaryotic microor-
ganisms in the intestine of mice were identified.

2.7 | Mice sacrifice and samples
collection

After 8 weeks of EA, all the mice were euthanized by cer-
vical dislocation. The mice colon tissues, liver tissues,
and skeletal muscle (the quadriceps muscle samples)
were obtained and stored in �80�C. Blood samples were
collected and then centrifugated (3000 rpm, 10 min), and
the supernatants were frozen at �80�C.

2.8 | Blood serum analysis

The serum insulin was analyzed by ELISA, and the
serum glycosylated hemoglobin (HbA1c) was quantified
using a commercial kit (Nanjing Jiancheng Biology
Engineering Institute). Tumor necrosis factor alpha
(TNF-α), interferon-γ, interleukin (IL)-6, and IL-10 level
in serum were analyzed by CBA assay (BD Biosciences,
New Jersey, USA). Briefly, the standard protein samples
were multiple proportion diluted, and six kinds of
microparticles were prepared and mixed with the sample
serum. Phycoerythrin-conjugated antibodies were added
to the mixtures, incubating for 3 h at room temperature
away from light. A BD LSR Fortessa X-20 system was

applied to assess individual cytokine concentrations based
on the fluorescence intensities.

2.9 | Immunohistochemical staining

Whole fresh colon tissues were put into the cold Krebs solu-
tion containing 118.1 mmol/L NaCl, 4.8 mmol/L KCl,
25 mmol/L NaHCO3, 1.0 mmol/L NaH2PO4, 11.1 mmol/L
glucose, 1.2 mmol/L MgSO4, 2.5 mmol/L CaCl2, 95% O2,
and 5% CO2, and then the contents were washed away.
The mucosa and submucosa of the colon tissues were
removed, and the muscular layer was fixed in the acetone
solution for 10 min. Normal donkey serum with 0.3% Triton
X100 was used for overnight at 4�C. The samples then were
incubated with primary antibody and secondary antibodies.
Prepared colon specimens were examined using confocal
microscope (Olympus, Tokyo, Japan).

2.10 | Western blotting

Frozen tissues (50 mg of colon tissues [a random seg-
ment of colon], 30 mg of liver tissues, and 50 mg of
muscle tissues) were respectively homogenized in cold
radioimmunoprecipitation assay buffer containing
phosphatase inhibitors (Protease Inhibitor Cocktail Tab-
lets, Roche, 04693159001), and the ratio of protein to lysate
is 100:1 (mg/ml). The concentration of extracted protein
was detected by bicinchoninic acid protein assay. Total
protein (100ug) was resolved on sodium dodecyl sulfate
polyacrylamide gel electrophoresis and transferred onto a
nitrocellulose membrane. Membranes were incubated
with first antibody and GAPDH, followed by incubation
with corresponding horseradish peroxidase-linked second-
ary antibodies. The bands were visualized by an enhanced
chemiluminescence agent (ThermoFisher, USA). Quantity
One software (Bio-Rad Technical Service Department,
Version 4.6.2) was used to perform the band densitometry
analysis. The reagents information as shown in Table 1.

The nuclear protein extraction kit (Nuclear Protein
Extraction Kit/BestBio [BB-3102-1]) was used in nuclear
protein extraction.

2.11 | Real-time reverse transcription
polymerase chain reaction

The RNA of tissues (20 mg of colon tissues [a random
segment of colon], 20 mg of liver tissues, and 20 mg of
muscle tissues) was isolated using 700ul of TRIzol
reagent (Takara, Otsu, Japan,) and then reverse tran-
scribed to cDNA by Prime Script™ RT Master Mix
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(Perfect Real-Time; Takara, Otsu, Japan). Quantitative
polymerase chain reaction (PCR) amplification was per-
formed with a 10 μL final reaction mixture consisting of
1 μl cDNA, 5 μl SYBR-Green reaction mix (Takara, Otsu,
Japan), 0.5 μl of each sense and antisense primer (both
from Invitrogen), and 3 μl of sterile water performed by
the Roche LightCycler R480 (Roche, Switzerland). The
PCR conditions were initial denaturation at 95�C for
5 min and followed by 45 cycles of PCR reaction: dena-
turation at 95�C for 20 s, annealing at 58�C for 30 s and
elongation at 72�C for 30 s. Gene expression was normal-
ized by GAPDH level and relative changes in target gene

expression were determined using the 2�ΔCt method
(ΔCt = CT target gene - CT GAPDH). The Primer
sequences as shown in Table 2.

2.12 | Fecal microbiota transplantation
and randomization

C57BL/6 male mice were treated with a cocktail of antibi-
otics (ABX; metronidazole 1 g/L, vancomycin 500 mg/L,
neomycin 1 g/L, ampicillin 1 g/L in drinking water) to
deplete their gut microflora every day for 4 weeks and then

TABLE 1 Reagents information

Reagents information

Antibody

Rat anti-c-kit antibody, eBioscience, San Diego, CA, 1:100

Rabbit anti-Ano1 antibody, Abcam, Cambridge, MA, USA), 1:200

Dylight 488 with goat anti-rat IgG, Abbkine, California, USA, 1:150

Dylight 594 with goat anti-rabbit IgG, Abbkine, California, USA, 1:150

Goat anti-c-Kit polyclonal antibody, R&D Systems, Minneapolis, USA1000; 1:1000

Goat anti-SCF antibody; R&D Systems, Minneapolis, USA, 1:1000

Anti-CD284/TLR4 antibody, Arigo biolaboratories, ARG54702, 1:250

IL-1β Mouse (3A6) mAb, Cell Signaling Technology(CST), #12242s, 1:500

IL-6 polyclonal Antibody, ABclonal Technology, A0286, 1:500

Rat anti-IL-10 antibody, R&D Systems, Minneapolis, USA, 1:500

Mouse anti-TNF-α antibody, Santa cruz Biotechnology, sc-52 746, 1:250

Rabbit anti-Zo-1 polyclonal antibody, ThermoFisher scientific, TG273738, 1:500

Mouse anti-occludin antibody, Santa cruz Biotechnology, sc-133 256, 1:200

Rabbit anti-claudin-1 polyclonal Antibody, ThermoFisher scientific, TE268283, 1:250

IKKα/β(phospho Ser176/177) polyclonal antibody, Immunoway,YP0141, 1:500

Phospho-SAPK/JNK(Thr183/Tyr185) Rabbit mAb, CST, #4668s, 1:500

Rabbit anti-IRS-1 polyclonal antibody, ABclonal Technology, A16902, 1:500

IRS-1(phosphor Ser307) polyclonal Antibody, Immunoway, YP0146, 1:500

Phospho-NF-κB p65 (Ser536) (93H1) Rabbit mAb, BestBio, #3033, 1:500

AKT Rabbit mAb, Cell Signaling Technology(CST), #4691s, 1:1000

Phospho-AKT(Ser473) Rabbit mAb, Cell Signaling Technology(CST), #4046s, 1:500

HRP-linked goat anti-rat antibody, Antgene, 1:2000

HRP-linked goat anti-rabbit antibody, Antgene, 1:2000

HRP-linked goat anti-mouse antibody, Antgene, 1:2000

HRP-linked rabbit anti-goat antibody, Antgene, 1:2000

Commercial kits

CBA BD Cytometric Bead Array (CBA) Mouse Inflammation Kit. Becton, Dickinson and Company(BD), 552 364

Mouse Insulin ELISA Kit, Bio-Swamp, MU30432

Hb kit, Nanjing Jiancheng Bioengineering Institute, A056

Nuclear Protein Extraction Kit/BestBio BB-3102-1

Abbreviations: Ano1, anoctamin 1; HRP, horseradish peroxidase; IL, interferon; SCF, stem cell factor; TLR4, toll-like receptor 4; TNF, tumor necrosis factor
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were induced successfully to the T2D mice model (high-fat
feeding for 4 weeks and then intraperitoneal injection
of STZ at the dose of 100 mg/Kg), which could be used
as recipients of fecal microbiota transplantation (FMT). For
transplantation, fecal matter from donor mice (previous
experimental groups) was administered by oral gavage twice
per week for 4 weeks to the recipient mice.15 Briefly, one
fecal pellet from each donor was collected, dissolved in sterile
PBS (2 ml), centrifuged at 500 g for 3000, and then the suspen-
sion was administered by oral gavage (200 μl/mouse). The
groups were showed in Figure 1, program 2.

2.13 | KitW/Wv DM mice model and EA
treatment

Sixteen male KitW/Wv mice received high-fat diet for
4 weeks followed by an intraperitoneal injection of
STZ (100 mg/kg) to induce the T2D model. Those
mice were randomly divided into five groups: normal
control group, KitW/Wv group, KitW/Wv + DM group,

KitW/Wv + DM + SEA group, and KitW/Wv + DM + EA
group. The blood glucose level was monitored once
every 2 weeks. Eight weeks after the EA treatment, the
total gastrointestinal transit and fecal parameter were
detected, and the c-Kit and mSCF expression level in
the colon were assessed. In addition, the gut micro-
biota was detected.

2.14 | Statistical analysis

Multiple comparisons were analyzed by one-way
analysis of variance followed by Tukey–Kramer test.
Bioinformatic analysis of the gut microbiota was
carried out using the Majorbio Cloud platform. Incre-
mental AUC was calculated for glucose and insulin. A
value p < .05 could be regarded as statistically signifi-
cant. All experiments were repeated more than two
times and the results were showed as mean ± SEM.
We used SPSS 17.0 (SPSS Inc. Chicago, IL) to calculate
the statistics.

TABLE 2 Primer sequencesPrimer sequences

mSCF Forward 50-GGAAAATAGTGGATGACCTCGTG-30

Reverse 50-TGGAATCTTTCTCGGGACCTAAT-30

c-Kit Forward 50-CAGAGGCTTAGCGGAGTGAA-30

Reverse 50-AGGGCAAGGACAAGGGAAC-30

ZO-1 Forward 50-AGGACACCAAAGCATGTGAG-30

Reverse 50-GGCATTCCTGCTGGTTACA-30

Occludin Forward 50-ACGGACCCTGACCACTATGA-30

Reverse 50-TCAGCAGCAGCCATGTACTC-30

Claudin-1 Forward 50-GCTGGGTTTCATCCTGGCTTCT-30

Reverse 50-CCTGAGCGGTCACGATGTTGTC-30

IL-1β Forward 50-AAGGGCTGCTTCCAAACCTTTGAC-30

Reverse 50-TGCCTGAAGCTCTTGTTGATGTGC-30

IL-6 Forward 50-TCCTACCCCAATTTCCAATGCT-30

Reverse 50-TGAATTGGATGGTCTTGGTCCTT-30

IL-10 Forward 50-TGCTATGCTGCCTGCTCTTA-30

Reverse 50-TCATTTCCGATAAGGCTTGG-30

TNF-α Forward 50-AGGGTCTGGGCCATAGAACT-30

Reverse 50-CCACCACGCTCTTCTGTCTAC-30

TLR4 Forward 50-AGAAATTCCTGCAGTGGGTCA-30

Reverse 50-TCTCTACAGGTGTTGCACATGTCA-30

GAPDH Forward 50-AGGTCGGTGTGAACGGATTTG-30

Reverse 50-TGTAGACCATGTAGTTGAGGTCA-30

Abbreviations: IL, interferon; mSCF, membrane-bound stem cell factor; TLR4, toll-like receptor 4; TNF,
tumor necrosis factor; ZO-1, zonula occludens-1
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3 | RESULTS

3.1 | The EA improved the glycemic
profile of diabetic mice, and the FMT
influenced glycemic profile

As shown in Figure 2A, body weight, food intake and
food efficiency were slightly reduced in the DM + EA
group (p = .34, p = .48, p = .35). As shown in Figure 2B,
the mice in the EA group had a significant reduction in
RBG level (p = .019) and FBG level (p = .005) compared
with mice in the DM group. The glycosylated hemoglobin
level of mice with EA treatment did not show significant
difference from that in the DM group. The serum insulin
level of EA group was greatly reduced (p < .001, com-
pared with the DM group).

OGTT and ITT are other measures to show the insu-
lin sensitivity related to glucose homeostasis
(Figure 2C). The blood glucose level in OGTT fell at the
faster rate in the EA treated mice than the DM group at
60 min and 120 min (p = .002, p = .026, respectively).
As for ITT, the EA group showed a slower increase of
blood glucose after 60 min, especially at 60 min and
180 min compared to the DM group (p = .049, p = .002,
resp.). AUCs of OGTT and ITT in the DM group were
higher than the control group (p < .001, p = .023,
respectively), but they were lower than the EA group
(p < .001, p = .001, respectively).

Body weight was slightly reduced, food intake and
food efficiency were not changed in the ABX + EA group
compared to the ABX + DM group (Figure 2). As shown
in Figure 2D, the recipient mice that received the fecal
microbiota from the EA-treated mice showed a declining
blood glucose level compared with the ABX + DM group
(p = .021). The level of serum insulin of mice in the
ABX + EA group were lower than the ABX + DM group
(p = .029). As for OGTT (Figure 2D), the blood glucose
level of mice that received microbiota from the EA-
treated mice fell at a faster rate in than in the ABX + DM
group (p = .049) at 120 min. According to the results of
ITT (Figure 2E), we found that the blood glucose level
had a slower increase in the ABX + EA groups than the
ABX + DM group after 60 min especially at 120 min
(p = .026). AUC of OGTT and ITT in the ABX + EA
group were lesser compared with the ABX + DM group
(p < .001, p= .006, respectively).

3.2 | The EA altered the intestinal flora
of diabetic mice

As shown in Figure 3A, Shannon-Wiener index decreased
a lot in the DM group (p = .025), and it increased

noticeably after the EA treatment (p = .034, compared
with the DM group). Principal coordinate analysis
(PCoA) represented that gut microbiota structure of
the EA-treated group showed a significant deviation
from that of the DM group but approached that of the
control group (Figure 3B.). At the Phyla level
(Figure 3C), there was an extended abundance of Fir-
micutes in the DM group compared with the control
group (p = .001), but the EA treatment reduced it
(p = .012, compared with the DM group).

At the genus level (Figure 3D,E), the microbiota of
diabeticmice was comparatively increased in Lachnoclostri-
dium, Lachnospiraceae_UCG-006, Odoribacter, and Oscilli-
bacter (p = .034, p = .034, p = .002, p = .008, resp.
compared with the control group), all of which were
reduced in the EA-treatment mice (p = .045, p = .045,
p = .030, p = .021, respectively compared with the DM
group). The EA decreased Desulfovibrio of the mice com-
pared with the DMgroup (p= .001).

3.3 | The EA enhanced the intestinal
epithelial barrier and balanced the
inflammatory cytokines in the colon and
serum

The proteins of zonula occludens-1 (ZO-1; p = .011)
and claudin-1 (p = .049) were seriously reduced in the
DM group compared with that in the control group,
but they were upregulated in the EA group compared
with the DM group (p < .001, p = .016). There was no
obvious change of occludin protein level between the
control group and DM group, but the EA treatment
could induce the higher expression of occludin protein
than the DM group (p = .002). Meanwhile, the relative
mRNA expression of ZO-1 (p = .003), occludin
(p < .001) and claudin-1 (p = .007) in the colons of
EA-treated mice was higher than the DM group
(Figure 4A).

As shown in Figure 4B, toll-like receptor 4 protein
level was downregulated in the EA group compared
with the DM group (p = .03). In the EA group, the
protein levels of IL-1β (p = .045), IL-6 (p = .005), and
TNF-α (p = .003) were dramatically reduced compared
with the DM group. However, the expression level of
IL-10 in the mice of the EA group was higher thanin
the DM group (p < .001). The changes of mRNA
expression of IL-1β (p = .036), IL-6 (p = .048), TNF-α
(p = .004), and IL-10 (p = .007) were similar to that of
protein in the EA group, compared with the DM
group.

As shown in Figure 4C, the level of IL-6 (p = .001) and
TNFα (p = .002) in the serum was higher in the DM group
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FIGURE 2 The effects of EA and FMT on glycemic profile. (A). Body weight, food intake (a, b), and food efficiency (c) with EA

treatment and FMT. B, C. The effects of EA on glycemic profile: (B). Assessment of the blood glucose among groups once every 2 weeks; the

total reduction of blood glucose level (RBG and FBG) after the EA intervention; and the levels of serum HbA1c and fasting insulin. (C).

OGTT, ITT, and calculation of the AUC. N = 6 in each group. D, E. The effects of the FMT on glycemic profile: (D). Assessment of the blood

glucose status weekly, the total reduction of blood glucose level, and the level of serum fasting insulin. (E). OGTT, ITT, and calculation of

the AUC. N = 6 in each group. *p < .05, **p < .01, ***p < .001, compared with control group. #p < .05, ##p < .01, ###p < .001 compared

with the DM group and the DM + SEA group. ABX, antibiotics; AUC, area under the curve; DM, diabetic mice; EA, electroacupuncture;

FBG, fasting blood glucose; FMT, fecal microbiota transplantation; HbA1c, glycosylated hemoglobin; HFD, high-fat diet; IAUC, incremental

area under the curve; ITT, insulin tolerance test; OGTT, oral glucose tolerance test; RBG, random blood glucose; SEA, sham

electroacupuncture
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than the controls. The EA decreased the levels of IL-6
(p = .005), MCP-1 (p = .001), and TNFα (p = .008) com-
pared with the DM group. The serum level of IL10 was

decreased in the DM group compared with the control
group (p = .001), but the EA treatment had no influ-
ence on it.

FIGURE 3 The changes of gut microbiota. (A). Alpha diversity: Shannon-Wiener diversity index. (B). PCoA analysis (PC3/PC1). (C). Phylum

abundance, heatmap, and major bacterial phyla Firmicutes proportion. (D). Species abundance and species heatmap at the genus level. (E). The

change of some gut microflora at the genus level. N = 6 in each group. *p < .05, **p < .01, ***p < .001, compared with control group. #p < 0.05,

##p < 0.01, ###p < 0.001 compared with the DM group and the DM + SEA group. DM, diabetic mice; EA, electroacupuncture; HFD, high-fat

diet; PCoA, principal coordinate analysis; SEA, sham electroacupuncture
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3.4 | The EA regulated the IKKβ/NF-κB-
JNK-IRS-1-AKT signaling in the liver and
skeletal muscles

The protein expression levels of total p-NF-κB,
Nuclear-p-NF-κB (N-p-NF-κB), p-IKKβ, p-JNK, and
p-IRS-1 were increased in the DM group (p = .008,

p < .001, p = .044, p = .028, p < .001, respectively
compared with the control group), but downregulated
with the EA treatment (p = .006, p = .004, p = .036,
p = .022, p = .002, respectively compared with the DM
group). What is more, EA enhanced the expression
level of p-AKT (p < .001, compared with the DM
group) as shown in Figure 5A.

FIGURE 4 The effects of EA on the intestinal epithelial barrier and the inflammatory cytokines. (A). The tight junction protein expression

level and the mRNA level of such as ZO-1, occludin, and claudin-1 in the colon. (B). The protein and mRNA level of TLR4, IL-1β, IL-6, IL-10,
and TNF-α in the colon. (C). Inflammatory cytokines level in serum such as IL-6, MCP-1, TNFα, and IL-10. N = 6 in each group. *p < .05,

**p < .01, ***p < .001, compared with control group. #p < .05, ##p < .01, ###p < .001 compared with the DM group and the DM + SEA group

DM, diabetic mice; EA, electroacupuncture; HFD, high-fat diet; IL, interleukin; MCP-1, monocyte chemoattractant protein-1; SEA, sham

electroacupuncture; TLR4, toll-like receptor 4; TNF, tumor necrosis factor; ZO-1, zonula occludens-1
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In the skeletal muscles (Figure 5B), the EA effectively
reduced the phosphorylation level of total p-NF-κB,
Nuclear-p-NF-κB, IKKβ, JNK, and IRS-1 (p < .001,
p < .001, p = .004, p < .001, p = .001, respectively com-
pared with the DM group). In contrast, the EA treatment
enhanced the phosphorylation level of AKT (p = .006,
compared with the DM group).

3.5 | The EA promoted the
gastrointestinal motility and mSCF/c-Kit
expression of diabetic mice, instead of in
the kitW/Wv DM mice

As shown in Figure 6A, the mice in the DM group had
delayed gut transit (p < .001), reduced defecation

frequency (p < .001), and decreased fecal water content
(p = .001), compared with the control group. Furthermore,
the EA could accelerate gut transit (p < .001) and fecal
water content (p < .001), compared with the DM group.

The expression levels of c-Kit and mSCF in the colon
were shown in Figure 6B. The protein and mRNA expres-
sion levels of c-Kit in the DM group were reduced com-
pared with the control group (p = .043, p = .036,
respectively). Nevertheless, the EA could improve the
c-Kit protein (p = .002) and mRNA level (p = .005) com-
pared with the DM group. The expression of mSCF had
the similar trend with the c-Kit.

c-Kit immunoreactivity intensity of colon (Figure 6C,
ICC-IM and ICC-MY) in the DM group was lower than
in the control group but increased in the EA group, com-
pared with the DM group.

FIGURE 5 The effects of EA on

the IKKβ/NF-κB-JNK-IRS-1-AKT
signaling. (A). The protein levels of

total p-NF-κB, Nuclear-P-NF-κB，p-

IKKβ, p-JNK, p-IRS-1, total IRS-1,
p-AKT, and total AKT. N = 6 in each

group. (B). The effects of EA on the

IKKβ/NF-κB-JNK-IRS-1-AKT signaling

in the skeletal muscle. The EA

inhibited the phosphorylation of IKKβ,
total NF-κB, Nuclear NF-κB, JNK, and
IRS-1. The EA increased the

phosphorylation of AKT protein. N = 6

in each group. *p < .05, **p < .01,

***p < .001, compared with the control

group. #p < .05, ##p < .01, ###p < .001

compared with the DM group and the

DM + SEA group. DM, diabetic mice;

EA, electroacupuncture; HFD, high-fat

diet; SEA, sham electroacupuncture
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As shown in Figure 6D, the EA could not signifi-
cantly reduce the blood glucose and insulin level of
the kitW/Wv DM mice. The gut transit, defecation fre-
quency, and fecal water content were not changed by
the EA treatment, compared with the kitW/Wv + DM
group (Figure 6E). The EA could not increase the
expression of c-kit, compared with the kitW/Wv + DM
group (Figure 6F).

3.6 | The EA did not alter the intestinal
flora in the kitW/Wv DM mice

The EA did not increase the Shannon-Wiener index and
the abundance of Firmicutes in the kit-deficient mice with
DM, and the gut microbiota structure of the EA-treated
group showed no difference from the kitW/Wv + DM
group (Figure 7A,B). At the genus level (Figure 7C), the

FIGURE 6 The effects of EA on the GI motility and mSCF/c-Kit expression. A-C. In the diabetic mice model: (A). Evaluation of

the GI motility: the whole gut transit time, defecation frequencies pellets for 24 h, and fecal water content. (B). The protein and

mRNA levels of mSCF and c-Kit in the colon. N = 6 in each group. *p < .05, **p < .01, ***p < .001, compared with the control group.

#p < .05, ##p < .01, ###p < .001 compared with the DM group and the DM + SEA group. (C). The immunofluorescence intensity of

Ano1 and c-Kit in the colon with the EA treatment. N = 6 in each group. D-F. In the kitW/Wv DM mice: (D). The effects of EA on the

blood glucose level and insulin. (E). The effects of EA on the gut transit, defecation frequency and fecal water content. (F). The effect of

EA on ICC expression. N = 4 in each group. Ano1, anoctamin 1; DM, diabetic mice; EA, electroacupuncture; GI, gastrointestinal; HFD,

high-fat diet; ICC, interstitial cells of Cajal; mSCF, membrane-bound stem cell factor; SEA, sham electroacupuncture
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microbiota of mice in the kitW/Wv + DM and kitW/Wv

groups were comparatively increased in Lachnospira-
ceae_UCG-006, Desulfovibrio, Odoribacter, and Oscillibacter

(all p < .001 compared with the control group), but all of
which were not decreased in the EA-treatment mice
(p > .05 compared with the kitW/Wv + DM group).

FIGURE 7 The changes of gutmicrobiota in the kit-deficientmice. (A). Shannon-Wiener diversity index and PCoA (PC3/PC1). (B). Phylum

abundance, heatmap andmajor bacterial phyla Firmicutes proportion.N= 4 in each group. ***p < .001, comparedwith the control group. (C).

Species abundance, Species heatmap and some gutmicroflora at the genus level in the kit-deficientmice.N= 4 in each group. ***p < .001, compared

with the control group. DM, diabeticmice; EA, electroacupuncture; PCoA, principal coordinate analysis; SEA, sham electroacupuncture
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Lachnoclostridium in mice of kitW/Wv + DM group had a
great individual difference so that it was difficult to
quantify.

4 | DISCUSSION

In this study, we first proved the hypoglycemic effect of
the EA through regulation of the intestinal microbiota in
the T2D mice, as well as its specific mechanism. Then
the ICC-deficient mice model was used to explore the
mechanism of the EA on the intestinal flora. Our study
demonstrated the EA maintained ICC to promote intesti-
nal motility, thereby regulating intestinal flora to
improve glycometabolism inT2D mice.

Individuals with T2D quadrupled in the last
30 years, and T2D has become the ninth leading cause
of death.16 In contrast to drugs, EA is a potential ther-
apy for the diseases related to insulin resistance for its
low cost, relative safety, and effectiveness.17 Copious
literature indicated that low-frequency EA (2-15HZ)
had a better effect on metabolism syndrome,18,19 and
our preliminary experiment found that the EA with
high frequency (100HZ) was not effective on blood glu-
cose control in the mice with T2D. Therefore, in this
study, we applied low-frequency (10 HZ) EA at ST36 in
the T2D mice to explore its therapeutic effect on blood
glucose control. In our study, we also revealed EA at
ST36 decreased the blood glucose level of T2D mice,
and the hypoglycemic effect of EA was dependent on
the reduction of insulin resistance.

However, the mechanisms of the hypoglycemic effect
of the EA are unclear, which need to be explored in our
follow-up study. In recent years, increasing research
reveals that the pathogenesis of T2D is associated with
the intestinal flora.20,21 The abundance ratio of intestinal
Firmicutes to Bacteroides (F/B) in the patients with insu-
lin resistance was elevated, with greater abundance of
opportunistic pathogens, such as Odoribacter, Lachnos-
piraceae, and Oscillibacter.22,23 Addition of probiotics to
the diet of diabetic patients could reduce their FBG and
HbA1c levels.24 Interestingly, a small amount of studies
reported that the EA could change the composition of
intestinal microbiota, increasing Lactobacillus and Bifido-
bacterium.25 Similarly, in our study, the EA could
increase the flora diversity of diabetic mice, and the EA
restored the microbial community structure in diabetic
mice. What is more, the EA decreased the proportion of
Firmicutes and some specific bacteria, such as Lachno-
clostridium, Lachnospiraceae_UCG-006, Odoribacter,
Oscillibacter, and Desulfovibrio, which were regarded to
be susceptible to the T2D. We applied the FMT to further
explore whether EA improved glycometabolism through

the regulation of gut microbiota. The mice that received
microbiota from the EA group showed a better blood glu-
cose control and higher insulin sensitivity, which sug-
gested that the EA may improve the glycometabolism by
regulating the intestinal flora. However, the mice that
received microbiota from the control group, PBS, and
DM group had no significant improvement in blood
sugar and insulin sensitivity. We speculate that PBS had
no microbiota and DM lacked some beneficial bacteria,
whereas EA jas changed some other components such as
short chain fatty acids, to be superior to normal fecal bac-
teria in improving blood glucose and insulin levels,
which could also be part of our ongoing research.

Nevertheless, how did the intestinal flora changed by
the EA regulate glucose metabolism? Studies found that
beneficial bacteria can promote the intestinal barrier
function by enhance the tight connection of the epithe-
lium, which balanced the inflammatory state in the intes-
tinal mucosa.26,27 Individuals with insulin resistance
manifested systematic chronic inflammation as a result
of destroyed intestinal barrier function.28 Our previous
studies have proved that EA could enhance the intestinal
barrier and relieve the inflammatory response in mice
with dextran sulfate sodium-induced colitis.12 In this
study we demonstrated that EA could strengthen the
intestinal epithelial barrier by increasing the expression
of ZO-1, occluding, and claudin-1. What is more, EA
could reduce the produce of proinflammatory cytokines
and increase the anti-inflammatory cytokines, suggesting
a reduced inflammatory state with EA treatment.

It is well known that alleviating systemic inflam-
mation can promote normal transmission of insulin to
reduce the glucose level. Studies have reported that
inflammatory factors could induce the insulin resis-
tance via the IKKβ/NF-κB-JNK-IRS-1-AKT signal path-
way in the liver and muscles. Inflammatory cytokines
can activate phosphorylation of IKKβ/NF-κB-JNK-
IRS-1 pathway29,30 and then suppress phosphorylation
of AKT, resulting in the reduced glucose uptake into
cells, ultimately weakening insulin sensitivity.31 There
are no reports on the role of EA in regulating the
IKKβ/NF-κB-JNK-IRS-1-AKT pathway. Our results
first verified EA could promote insulin sensitivity by
regulating IKKβ/NF-κB-JNK-IRS-1-AKT signaling in
the liver and muscles. Above all, we considered EA
could enhance the intestinal barrier function by regu-
lating the intestinal flora, then reduce the inflamma-
tory state of the system, ultimately lower blood glucose
level through regulation of IKKβ/NF-κB-JNK-IRS-
1-AKT signaling.

However, the specific mechanism of EA to regulate
the intestinal flora needs further investigation. Some pro-
files had elaborated the close relationship between
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gastrointestinal (GI) motility and gut microbiota. In the
zebrafish model of intestinal dysmotility induced by
intestinal neuron gene mutations, the proportion
between two strains of intestinal flora (Aeromonas vs Vib-
rio) had reversed.32 Cisapride inhibited excessive prolifer-
ation of Gram-negative bacteria by promoting intestinal
motility in a cirrhotic model.33 Our previous studies have
confirmed that diabetic mice exhibited insufficient ICC
and intestinal dysmotility, and EA treatment could
improve GI function by increasing the ICC.14,34 We
assumed that EA regulated gut microbiota in T2D mice
probably by promoting GI movement via ICC repair. In
our results, EA could increase colonic ICC expression
and improve intestinal motility in T2D mice. KitW/Wv

mice in our study exhibited the deficiency in colonic ICC
and disorder in gut motility. We discovered the EA treat-
ment could not alter the blood glucose level, diversity,
and composition of microflora in KitW/Wv DM mice,
which indicated that the effect of EA on gut microbiota
may be mediated by ICC-dependent GI motility.

We concluded that the EA could increase intestinal
motility by increasing ICC expression, thereby regulating
the intestinal flora, enhancing the intestinal epithelial
barrier function, and reducing the level of systemic
inflammation, and ultimately regulating the IKKβ/NF-
κB-JNK-IRS-1-AKT signal pathway in the liver and mus-
cles to improve glucose metabolism.
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