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ARTICLE INFO ABSTRACT

Background: Electroacupuncture (EA) at ST-36 can attenuate acute experimental colitis, but the mechanisms are
unclear. We investigated the role of macrophages in the anti-inflammatory effects of EA and its molecular
Colitis mechanisms.

Macrf’phf‘ges Methods: Male C57BL/6 mice were randomized into five groups: normal control, dextran sulfate sodium (DSS)-
Polarization induced acute colitis (DSS), DSS with sham EA (SEA), DSS with high-frequency EA (HEA) and DSS with low-
frequency EA (LEA). Body weight, colon length, DAI score and histological score were evaluated during colitis
progression. Serum and colonic levels of pro- and anti-inflammatory cytokines were detected with ELISA, cy-
tometric beads array, RT-PCR and western blotting analysis. Colonic macrophage subsets were determined using
flow cytometry. Magnetic-activated cell sorting was applied to isolate colonic macrophages, and molecular
mechanisms were explored with western blotting, RT-PCR and immunofluorescence.

Results: (1) Compared with the DSS group, HEA and LEA attenuated body weight loss and decreased DAI and
histological scores. (2) Serum levels and colonic protein and mRNA levels of IL-13, TNFa, IL-6, IL-12 and IL17
were markedly decreased with HEA and LEA. IL-10 level was increased with HEA. (3) M1 macrophage per-
centage increased, while M2 macrophage percentage decreased in the DSS group; HEA and LEA reversed these
proportions. (4) NLRP3/IL-1§3 protein and mRNA levels in isolated macrophages decreased with HEA and LEA
compared with the DSS treatment group; (5) HEA increased Nrf2/HO-1 levels compared with levels in DSS mice.
Conclusion: The anti-inflammatory effects of EA on DSS-induced acute colitis may rely on regulating macrophage
polarization, NLRP3/IL-1f suppression and Nrf2/HO-1 promotion.
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1. Introduction

Ulcerative colitis (UC) is a chronic disease that is characterized by
diffuse inflammation of the rectal and colonic mucosa. The classic
clinical symptom is bloody diarrhoea, which is characterized by periods
of remission and exacerbation. In contrast to its incidence in developed
countries in North America and Eastern Europe, the incidence of UC is
increasing in developing nations, including China, over recent decades
(Ng et al., 2013; Yang et al., 2014; Zhao et al., 2013). To date, various
drugs have been recruited to treat UC. Traditional salazosulfapyridine,
glucocorticoids and new immunosuppressive agents are effective, but
their side effects and high costs are also unneglectable. In recent years,

a few studies have indicated that electroacupuncture (EA) could ame-
liorate acute experimental colitis (Goes et al., 2014; Jin et al., 2017; Sun
etal., 2017; Wu et al., 2007), but the mechanisms underlying this effect
were uncertain. Therefore, the specific effects of EA on colitis and the
underlying mechanisms need further investigation.

The precise pathogenesis of UC is not fully understood. Aberrant
innate and/or adaptive immune responses contribute to the develop-
ment of UC (Geremia et al., 2014; Shouval et al., 2014), these responses
manifests as a burst of pro-inflammatory cytokines, such as IL-1§,
TNFa, IL-6, IL-12 and IL17, and inhibition of the anti-inflammatory
cytokine IL-10. Of all the inflammatory cells participating in the se-
cretion of these cytokines, especially during the acute phase colitis,
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macrophages are the most abundant and crucial (Gren and Grip, 2016).
Activated macrophages can be functionally divided into classically ac-
tivated (M1 type) and alternatively activated (M2 type) cells in re-
sponse to different stimuli, and these different types play opposite roles
in the development of UC (Isidro and Appleyard, 2016). M1 macro-
phages secrete pro-inflammatory cytokines, causing mucosal damage.
In contrast, M2 macrophages express high levels IL-10, promoting
mucosal repair (Hunter et al., 2010). However, it is unknown whether
EA can regulate macrophage polarization in UC.

Studies on the molecular mechanisms of macrophages in regulating
inflammation have been striking in recent years. In vitro studies have
shown that macrophage lines are activated to secrete IL-1f through the
activation of NLRP3 in mice with dextran sulfate sodium (DSS)-induced
colitis (Bauer et al., 2010). Moreover, it has been demonstrated in vivo
that experimental colitis can be ameliorated by suppressing NLRP3
activation in colonic macrophages (Simovic Markovic et al., 2016). In
contrast, the pro-inflammatory effect of LPS-stimulated macrophages
was inhibited by enhancing the NFE-related factor 2 (Nrf2) pathway
(Liu et al., 2016; Wang et al., 2016). Nrf2 plays a key role in the an-
tioxidant response by directing transcription of the antioxidant enzyme
heme oxygenase-1 (HO-1), and HO-1 can modulate IL-10 production
(Kim et al., 2010; Naito et al., 2014). Therefore, whether EA could
regulate macrophages through the abovementioned mechanisms re-
quires a more thorough exploration.

In the present study, we aim to clarify the effects of different fre-
quencies of EA on acute colitis induced by DSS and to further explore
whether macrophage polarization and potential molecular signalling
(NLRP3/IL-1f and Nrf2/HO-1) are involved in EA-induced ameliora-
tion of acute colitis.

2. Materials and methods
2.1. Animals

Eighty male C57BL/6 mice, six to eight weeks of age, were used in
this study. These mice were purchased from Beijing Hua Fu Kang Bio-
technology Co, LTD, Beijing, China. They were housed in standard
conditions (22 °C, 12h/12h light-dark cycle) and given free access to
food and drink. All animals were adapted to the environment for two
weeks before entering the formal study. This study was carried out in
accordance with the principles of the Guide for the Care and Use of
Laboratory Animals of Tongji Medical College, the Committee of
Experimental Animals of Tongji Medical College of Huazhong
University of Science and Technology.

2.2. Experimental protocols

All of the mice were randomly divided into five groups: the control
group (n = 16), the group of mice with DSS-induced colitis (DSS,
n = 16), the group of mice with DSS-induced colitis treated with sham
EA (SEA, only acupuncture without electric current, n = 16), the group
of mice with DSS-induced colitis treated with high-frequency EA
(HEA,100 Hz, 1 mA, n = 16), and the group of mice with DSS-induced
colitis treated with low-frequency EA (LEA, 10 Hz, 1 mA, n = 16). The
experimental period was seven days, from day O to day 6. All groups,
except for the control group, were given 2.5% DSS (36000-50000 MW;
MP Biomedical, Solon, OH, USA) in their drinking water from day 1 to
day 6. The control group mice were given plain water. EA at acupoint
ST-36 was applied to the SEA, HEA and LEA groups from day 1 to day 6.
Body weight, stool consistency and rectal bleeding were observed daily.
At day 6, all mice were sacrificed after getting blood from the heart.
Colon specimens were carefully obtained, and colon length was mea-
sured. The disease activity index (DAI) was calculated as the combined
scores for weight loss (0-4), stool consistency (0-4) and bleeding (0, 2,
4), as previously described (Bang and Lichtenberger, 2016). The colon
tissues of some mice were immediately used for flow cytometry and
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magnetic-activated cell sorting (MACS). The other tissues were stored at
—80°C.

2.3. EA

The method applied was almost the same as described previously
(Tian et al., 2017). Briefly, the acupoint ST-36 was selected, which is
located on the posterolateral side of the knees approximately 2 mm
below the fibular head; EA was applied to both hind limbs. For the
groups actually treated with EA, a pair of stainless steel needles
(0.16 x 7mm) were inserted at a depth of 2-3 mm at the bilateral
acupoints of the hind limbs. The electrical current was increased until
the bilateral hind limbs started to tremble slightly, and stimulation was
sustained for as long as 30 min. The sham group underwent the same
procedure as groups actually treated with EA but without an electrical
current.

2.4. Histological analysis

The colonic tissues of six mice from each group were fixed with 4%
paraformaldehyde and embedded with paraffin. Then, the paraffin
sections of each colon were stained with haematoxylin and eosin (H&
E). The histological scores were calculated based on the scoring criteria
for DSS-induced colitis as described previously (Wirtz et al., 2007);
scores ranged from O to 4.

2.5. Serum cytokines analysis by enzyme-linked immunosorbent assay
(ELISA) and cytometric beads array (CBA)

Serum from six to eight mice for each group were used to perform
ELISA and CBA analyses. The amount of IL-1f in serum was quantified
using an ELISA kit (Abclonal, Wuhan, China) according to the manu-
facturer's instruction. The levels of TNFa, IL-6, IL-12 and IL-10 were
detected by CBA assay (BD Biosciences, New Jersey, USA). Briefly,
standard protein samples were serially diluted, and then, microparticles
were prepared and mixed with the serum. Phycoerythrin (PE)-con-
jugated antibodies against these cytokines were added, and the mix-
tures were incubated for 3h in the dark at room temperature. The
mixtures were washed and centrifuged at 1000 rpm for 5 min, and the
pellets were resuspended in 200 pul wash buffer. A BD LSR Fortessa X-20
system was calibrated with setup beads, and 3000 events were acquired
for each sample. Individual cytokine concentrations were calculated
based on the standard curve and their fluorescence intensities.

2.6. Isolation of colonic lamina propria mononuclear cells (LPMCs)

Tissues of eight mice from each group were used for the isolation of
colonic LPMCs. As described previously (Weigmann et al., 2007), the
colon tissues were placed in a pre-digestion solution [1 X Hank's ba-
lanced salt solution (HBSS) containing 5 mM EDTA (Sigma-Aldrich) and
1 mM DTT (Roche)] at 37 °C with shaking for 20 min twice to remove
epithelial cells. After being filtered with a 100-um cell strainer, the
remaining pieces were then digested with digestion solution
[1 x phosphate-buffered saline (PBS) containing 0.05% collagenase D
(Roche), 0.05% DNase I (Sigma-Aldrich) and 0.3% Dispase II (Sigma-
Aldrich)] at 37 °C for 1 h. The suspensions were then passed through 40-
um cell strainer and centrifuged for 10 min at 500 X g at room tem-
perature. The cells were harvest and resuspended in 4 ml PBS, and then,
the cell suspension was placed on the top of the same volume of Ficoll
solution in a 10ml glass tube. Samples were the centrifuged con-
tinuously at 2400 rpm at 20 °C for 20 min. Then, LPMCs were carefully
collected in new tubes for subsequent flow cytometry analysis or MACS.

2.7. Flow cytometry analysis of LPMCs

The colonic LPMCs of four mice from each group were selected for
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flow cytometry analysis. Briefly, after cell counting, the LPMCs were
incubated with anti-mouse F4/80 conjugated with PE (BD biosciences,
New Jersey, USA), anti-mouse CD16/32 conjugated with PerCP/Cy5.5
(BD biosciences, New Jersey, USA), and anti-mouse CD206 conjugated
with Alexa 647 (BD biosciences, New Jersey, USA) for 1hat room
temperature. The cells were washed twice with PBS and then assessed
by flow cytometry using a BD LSR Fortessa X-20 system. The data were
analysed by FlowJo V10 software.

2.8. MACS

The remaining four colonic LPMCs from each group were used for
magnetic cell sorting. After determining the number of LPMCs, the cell
suspension was centrifuged at 300 x g for 10 min, and the supernatant
was completely aspirated. Then, the cell pellet was resuspended in 90 pl
of buffer per 107 cells. Next, 10 ul of Anti-F4/80 MicroBeads UltraPure
(Miltenyi Biotec, Bergisch Gladbach, Germany) per 107 cells was added,
and samples were incubated for 15 min in the dark in the refrigerator
(2-8°C). After washing the cells and centrifuging them as described
above, the supernatants were aspirated and resuspended at up to 10®
cells in 500 pl of buffer. Finally, magnetic separation of F4/80 macro-
phages with MS columns (Miltenyi Biotec, Bergisch Gladbach,
Germany) was performed according to the manufacturer's instructions.

2.9. RNA extraction and quantitative real-time PCR (RT-PCR) analysis

The total RNA of the separated macrophages and colonic tissues
(from eight mice in each group) were isolated using TRIzol reagent
(Takara, Otsu, Japan), and then, cDNA was synthesized using Prime
Script™ RT Master Mix (Perfect Real-Time; Takara, Otsu, Japan) ac-
cording to the instructions. The internal control was glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). RT-PCR was performed using the
SYBR-Green PCR master mix. All reactions were performed in duplicate
in a 10 pl volume containing 1 ul cDNA, 5 pul SYBR-Green reaction mix
(Takara, Otsu, Japan), 0.5 pl sense primer, 0.5 pl antisense primer (both
from Invitrogen), and 3 pul ddH20. All reactions were performed in a
Roche LightCycler R480 (Roche, Switzerland). Relative changes in gene
expression were determined using the 2 ~ACt method (ACt = CT target-
CT GAPDH). The primer sequences were as follows:

IL-1f forward, 5-GGAGAGCCCTGGATACCAAC-3’

reverse, 5’-CAGGGTCCCAGACAGAAGTT-3’;

TNFa forward, 5’-CTTGGAAATAGCTCCCAGAA-3’ and

reverse, 5’-CATTTGGGAACTTCTCATCC-3’;

IL-6 forward, 5’ — CCGGAGAGGAGACTTCACAG-3’and

reverse, 5'-CAGAATTGCCATTGCACAAC- 3%

IL-12 forward, 5-GCCGGCTATCCAGACAATTA-3’and

reverse, 5'-GGCCAAACTGAGGTGGTTTA-3;

IL-10 forward, 5-TGCTATGCTGCCTGCTCTTA-3” and

reverse, 5’-TCATTTCCGATAAGGCTTGG-3’;

IL-17 forward, 5’-CTCCAGAAGGCC CTCAGACTAC-3’ and

reverse, 5’-GCTTTCCCTCCGCATTGACACAG-3’;

iNOS forward, 5’-CAGCTGGGCTGTACAAACCTT-3’ and

reverse, 5’-CAGCTGGGCTGTACAAACCTT-3;

CD206 forward, 5-CAGGTGTGGGCTCAGGTAGT-3" and

reverse, 5’-TGTGGTGAGCTGAAAGGTGA-3’;

Arg-1 forward, 5-TTGGGTGGATGCTCACACTG-3’ and

reverse, 5’-TTGCCCATGCAGATTCCC-3;

FIZZ1 forward, 5-TCCCAGTGAATACTGATGAGA-3’ and

reverse, 5’— CCACTCTGGATCTCCCAAGA-3’;

NLRP3 forward, 5’- AGAAGAGACCACGGCAGAAG-3’ and

reverse, 5’ — CCTTGGACCAGGTTCAGTGT- 3

Nrf2 forward, 5-GGGATGAGCTAGTGCTGATCTGG-3" and

reverse, 5’-AAACTTGCTCCATGTCCTGCTCTA-3’;

HO-1 forward, 5-TGCAGGTGATGCTGACAGAGG-3’ and

reverse, 5'-GGGATGAGCTAGTGCTGATCTGG-3’;

GAPDH forward, 5-GCATTGTGGAAGGGCTCATG-3’ and
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reverse, 5’-TTGCTGTTGAAGTCGCAGGAG-3".
2.10. Western blotting analysis

The isolated macrophages and colonic tissues of eight mice from
each group were used for western blotting analysis. The macrophage
lysates and the frozen colonic samples were homogenized in radio-
immunoprecipitation assay (RIPA) buffer supplemented with a protease
inhibitor. Then, samples were incubated on ice for 30 min and cen-
trifuged at 12,000 rpm at 4 °C for 15 min. The supernatant included the
total protein content and was added to the loading buffer for sub-
sequent protein degeneration. A bicinchoninic acid (BCA) protein assay
kit was employed to measure protein concentration. Denatured protein
samples of appropriate quality were loaded onto sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) gels and, following
separation, transferred to PVDF membranes. Membranes werethen
blocked with 5% nonfat dry milk in Tris-buffered saline containing
0.1% Tween 20 (TBST) for 1 h at room temperature. Next, membranes
were incubated with the following primary antibodies: goat anti-IL-1(3
(1:1000, R&D Systems, Minneapolis, USA), goat-anti TNFa (1:2000, R&
D Systems, Minneapolis, USA), rat anti-IL-6 (1:500, R&D Systems,
Minneapolis, USA), goat-anti- IL-12 (1:2000, R&D Systems,
Minneapolis, USA), rat anti-IL-10 (1:500, R&D Systems, Minneapolis,
USA), rabbit anti-IL17 (1:200, Abclonal, Wuhan, China), rat anti-NLRP3
(1:200, R&D Systems, Minneapolis, USA), mouse anti-IL13 (1:1000,
Cell signalling Technology, Massachusetts, USA), rabbit anti cleaved
IL1B (1:1000, Cell signalling Technology, Massachusetts, USA), Mouse
anti-caspasel(1:200, Santa Cruz, California, USA), rabbit anti cleaved
caspasel (1:1000, Cell signalling Technology, Massachusetts, USA),
rabbit anti-Nrf2 (1:500, Proteintech, Wuhan, China), and rabbit anti
HO-1 (1:100000, Abcam, Cambridge, MA, USA) overnight at 4 °C, with
rabbit anti-mouse GAPDH (1:5000, Abbkine, Inc., Redlands, CA, USA)
serving as the internal control. Then, membranes were washed three
times for 5min each with TBST and incubated with horse radish per-
oxidase (HRP)-linked rabbit anti goat IgG, HRP-linked rabbit anti rat
IgG, and HRP-linked goat anti-rabbit IgG (1:4000, Antgene, Wuhan,
China) for 1h at room temperature. After 3 additional washes with
TBST, the protein bands were detected using an enhanced chemilumi-
nescence (ECL) agent (ThermoFisher, USA). Densitometry analysis was
performed with Quantity One software (Bio-Rad Technical Service
Department, Version 4.6.2).

2.11. Immunofluorescence staining

Paraffin-embedded colonic sections (from six mice in each group)
were dewaxed with dimethyl-benzene and hydrated in a graded alcohol
series. Then, antigens were retreved under high pressure. The sections
were blocked with 5% donkey serum. Sections were then incubated
with primary antibodies (rat-anti F4/80, 1:100, Abcam, Cambridge,
MA, USA; goat-anti NLRP3, 1:50, Abcam, Cambridge, MA, USA; rabbit
anti HO-1, 1:200, Abcam, Cambridge, MA, USA) diluted in 1% donkey
serum at 4 °C overnight. After washing the sections three times with
PBST, sections were incubated with secondary antibodies (Daylight
594-conjugated donkey anti-rat IgG, 1:200, Abbkine; Daylight 488-
conjugated donkey anti-rabbit IgG, 1:200, Abbkine; Daylight 488 with
donkey anti-goat IgG, 1:200, Abbkine) diluted in PBST for 1 h at room
temperature. Sections were washed three times as above, and nuclei
were stained with DAPI for 10 min at room temperature. Finally, the
sections were sealed with anti-fluorescence quenching sealant. A con-
focal microscope (Olympus, Tokyo, Japan) was used to examine the
sections. The mean optical density (MOD) was analyzed by Imagepro-
plus 6.0 software.

2.12. Statistical analysis

All data are expressed as the means + SEM. Analysis of variance



S. Song et al.

Molecular Immunology 106 (2019) 143-152

Fig. 1. Colonic inflammation was ameliorated in the EA-treated
mice following DSS exposure. (A) Bodyweight change were mea-
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(ANOVA) were used to compare the differences among different groups.
P values less than 0.05 indicated a statistically significant difference.
The statistical analysis was performed using SPSS 21.0 (SPSS Inc.,
Chicago, IL)

3. Results
3.1. EA ameliorates DSS-induced acute colitis

In our experiment, we observed changes in bodyweight, colon
length and DAI scores to assess the severity of symptoms (Fig. 1a-d).
DSS exposure induced significantly greater weight loss from day4
throughout the experiment (P = 0.001). Moreover, the DAI of the DSS
group was obviously increased from day2 compared with that of the
controls (P < 0.001). Meanwhile, a greater shorting of colon length
was discovered at the end of the experiment in the DSS group compared
with the length in the controls (P < 0.001). Notably, compared with
weight loss in the DSS group, we observed an attenuation of weight loss

146

with HEA treatment atday5 and day6 (P = 0.019 and P = 0.027, re-
spectively); both HEA and LEA decreased the DAI score at day5 and
day6 (all P < 0.01). No effect was found with the SEA treatment re-
garding weigh change, DAI score or colon length (all P > 0.05). As
shown in Fig. le, compared with the control group, DSS exposure in-
duced severe mucosal damage, with transmural leukocyte infiltration.
Consistent with the remarkable amelioration in clinical signs, the HEA
and LEA mice showed low-level or moderate inflammation, with scat-
tered infiltrating immune cells and multiple foci. The results were
further confirmed by histological scoring. Scores were higher in the DSS
group than in the controls (P < 0.001) and were decreased with HEA
and LEA treatment (both P < 0.001)

3.2. EA maintains a balance of the secretion of pro-inflammatory and anti-
inflammatory cytokines in DSS-induced colitis

Then, we measured the concentration of pro-inflammatory cyto-
kines IL-1f3, TNFa, IL-6 and IL-12 in the serum by ELISA and CBA. As
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Fig. 2. Decreased serum and colon levels of
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shown in Fig. 2a, secretion of IL-1f, TNFa, IL-6 and IL-12 was greater in
the DSS group than in the controls (for TNFa P = 0.047, all others
P < 0.01). Both HEA and LEA decreased the levels of IL-1(3, IL-6 and
IL-12 (for IL-1B P < 0.001, all others P < 0.05). The serum level of
TNFa was decreased only with the HEA treatment (P = 0.044). No
differences in the secretion of these cytokines were found between the
DSS and SEA groups (all P > 0.05). Moreover, a western blotting
analysis was used to further measure pro-inflammatory cytokines pro-
tein expression in colonic tissues. They were obviously upregulated in
mice in the DSS group compared with control group (all P < 0.01). In
the HEA and LEA groups, the protein levels of IL-13, TNFa and IL17
were dramatically decreased compared with expression in the DSS
group (all P < 0.01) (Fig. 2b). The mRNA expression of IL-1f3, TNFa,
IL-6, IL-12 and IL17 were all decreased by both HEA and LEA treatment
compared with expression in the DSS group (all P < 0.01) (Fig. 2c).

The serum concentration of anti-inflammatory cytokine IL-10 was
also measured with CBA. As demonstrated in Fig. 3a, serum levels of IL-
10 were remarkably promoted with HEA treatment (P = 0.011).
Meanwhile, as shown by western blotting analysis, colonic protein le-
vels of IL-10 in the DSS group were increased compared to levels the
controls (P < 0.001). However, levels were even higher in the HEA
group than in the DSS group (P = 0.008). In addition, both HEA and
LEA stimulated the mRNA expression of IL-10 in colonic tissue
(P < 0.029 and P = 0.011, respectively) (Fig. 3b).

3.3. EA suppressed M1 macrophage polarization and promoted M2
macrophage polarization

We next investigated the effect of EA on macrophage polarization.
Colonic LPMCs were isolated and analysed with flow cytometry. F4/
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Fig. 3. Increased serum and colon levels of the anti-inflammatory cytokine IL-
10 in EA-treated mice following DSS exposure. (A) The serum levels of IL-10
were measured by CBA, n = 8 in each group. (B) The protein and mRNA levels
of IL-10 inthe colon were measured by western blotting and RT-PCR, n = 8 in
each group.”P < 0.01 compared with the control group, P < 0.05compared
with the DSS group and **P < 0.01compared with the DSS group.

807 cells were considered to represent all macrophages, F4/80*CD16/
32%cells were considered M1 macrophages, and F480*CD16/
327CD206 *cells were considered M2 macrophages. As depicted in
Fig. 4a, we found that the percentage of F4/80* macrophages was
increased (P < 0.001); meanwhile, the proportion of M1 macrophages
was increased (P < 0.001) and the proportion of M2 macrophages was
decreased (P = 0.008) in the DSS group compared with proportions in
the controls. Furthermore, compared with the DSS group, both the HEA
and LEA groups showed decreased percentages of M1 macrophages,
from above 80% to under 60%, and increases in the percent of M2
macrophages, from less than 1% to almost 5% (all P < 0.01). SEA
treatment did not change the proportions of M1 macrophages or M2
macrophages. (P = 0.930 and P = 0.997, respectively).

Then, we isolated the F4/80+ macrophages by MACS and further
examined the mRNA expression levels of M1 and M2 macrophage-as-
sociated genes with RT-PCR (Fig. 4b). DSS exposure increased the
mRNA expression of iNOS, CD206 and FIZZ1 (all P < 0.01). Notably,
the expression of the M1-associated gene iNOS was significantly de-
creased in HEA- and LEA-treated mice compared with expression in the
DSS group (P = 0.007 and P = 0.009, respectively). In contrast, ex-
pression of the M2-associated gene Argl was increased by both HEA
and LEA treatment (P = 0.011 and P = 0.017, respectively). Moreover,
the expression of CD206 was promoted by HEA (P = 0.003), and FIZZ1
expression was increased only by LEA (P = 0.012).
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3.4. EA inhibited NLRP3/IL-1f activation and promoted Nrf2/HO-1
activation in macrophages

Finally, we explored the effect of EA on NLRP3/IL1f signalling
pathwany by western blotting (Fig. 5a). As expected, the NLRP3 in-
flammasome was dramatically activated, followed by caspasel activa-
tion in the DSS group compared with the control group (P = 0.004 and
P = 0.036, respectively). In addition, the level of cleaved IL13 was
significantly increased in the DSS mice (P = 0.001). Both the HEA and
LEA treatment supressed the activation of NLRP3 and caspasel, the
cleavage of IL1P was also reduced (all P < 0.05); no similar effect was
obtained with SEA treatment (all P > 0.5). We then investigated the
effect of EA on the activation of Nrf2/HO-1. In the DSS group, protein
levels of Nrf2 were decreased (P = 0.013). Only HEA treatment effec-
tively promoted the protein levels of Nrf2 (P < 0.001) and HO-1
(P = 0.002) compared with the levels in the DSS group. An analogous
situation was found for mRNA expression (Fig. 5b).

Immunofluorescence double staining co-localization was used to
further investigate NLRP3 activation and HO-1 expression in the mac-
rophages (Fig. 6). In the control group, there was minimal expression of
F4/80 and NLRP3 in the integrated mucosa. However, the structure of
the mucosa was disrupted in the DSS group, which was accompanied by
increased F4/80 and NLRP3 co-localization (P = 0.002). With HEA and
LEA treatment, we found that NLRP3 expression in F4/80-positive areas
was decreased (P = 0.003, P = 0.03). There was no difference between
the DSS group and SEA group (P = 0.99) (Fig. 6a). Fig. 6b shows the co-
expression of F4/80 and HO-1. We found almost no HO-1 expression in
F4/80-positive macrophages in the DSS group. Obviously, large num-
bers of F4/80-positive macrophages expressing HO-1 flood were found
in the colonic mucosa of mice in the HEA and LEA groups compared
with the DSS group (both P < 0.001).

4. Discussion

In our study, we proved that high-frequency (100 Hz) and low-fre-
quency (10 Hz) EA at the ST36 acupoint could ameliorate colonic in-
flammation in mice with acute DSS-induced colitis. The beneficial ef-
fects of EA presented as a regulation of macrophage polarization and
the suppression of NLRP3/IL-13 and promotion of Nrf2/HO-1 path-
ways.

EA, derived from acupuncture in traditional Chinese medicine, has
been demonstrated to promote gastrointestinal motility in animal
models (Chen et al., 2013; Iwa et al., 2006). However, the effect of EA
on inflammatory bowel disease has not been confirmed. The beneficial
effect of EA on 2,4,6-trinitrobenzene sulphonic acid (TNBS)-induced
colitis rats and DSS-induced colitis mice has been demonstrated by
decreased DAI scores and the remission of colonic histological features
in a few previous studies (Goes et al., 2014; Jin et al., 2017; Sun et al.,
2017; Wu et al., 2007). In the present study, we demonstrated that EA
lowered DAI and histological scores, reduced the serum levels of pro-
inflammatory cytokines, and decreased the colonic levels of IL-1f,
TNFa and IL17. In addition, HEA was more effective at increasing IL-10
levels, suggesting that EA, especially the HEA, is effective in attenuating
colitis through regulating inflammatory cytokines.

In recent years, macrophages have been found to be highly acti-
vated in the infiltration of colonic lamina propria, which contributes on
the development and perpetuation of colonic inflammation (Gren and
Grip, 2016; Mahida, 2000). M1 macrophages are characterized by high
levels of pro-inflammatory cytokine expression and high levels of iNOS
production, which promotes strong pro-inflammatory effects (Isidro
and Appleyard, 2016). In contrast, M2 macrophages are able to resist
inflammation and promote the healing of mucosal disruption with high
expression levels of mannose receptors (CD206), resistin-likea (FIZZ1)
and Argl (Loke et al., 2002). Zhu et al showed that the percentage of
M1 macrophages was increased, while the percentage of M2 macro-
phages was decreased during the development of acute DSS-induced
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Fig. 4. EA decreased M1 macrophage activation and increased M2 macrophage activation following DSS exposure. (A) Representative flow cytometric analysis of
lamina propria mononuclear cells. The percentages of total macrophages, M1 macrophages and M2 macrophages are shown, n = 4 in each group. (B) The mRNA
expression of M1-associated genes (iNOS) and M2-associated genes (CD206, Argl and FIZZ1) in macrophages were examined by RT-PCR analysis, n = 4 in each
group. “P < 0.01 compared with the control group, P < 0.05compared with the DSS group and *#P < 0.01compared with the DSS group. Arg-1, arginase-1.

colitis; moreover, colitis was relieved after transferring M2 macro-
phages, whereas the opposite outcome was obtained with M1 macro-
phage transfer (Zhu et al., 2014). Hunter et al also discovered that the
injection of M2 macrophages, but not M1 macrophages, significantly
reduced the severity of dinitrobenzene sulfonic acid (DNBS)-induced
colitis in mice. They also showed that the number CD68*CD206*
macrophages (which represent M2 macrophages) was reduced in pa-
tients with active Crohn’s disease (CD) (Hunter et al., 2010). In addi-
tion, the application of M2 macrophage inducing factors was found to
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effectively ameliorate experimental colitis (Chang et al., 2013; Jang
et al., 2013). Our previous research indicated that EA protected inter-
stitial cells of Cajal via sustaining HO-1-positive M2 macrophages in the
stomachs of diabetic mice (Tian et al., 2018). However, no study has
investigated the effect of EA on macrophage subsets in an experimental
model of colitis. In the current study, we discovered that both the HEA
and LEA inhibited M1 macrophages while prompted M2 macrophages,
indicating that maintaining an equilibrium between M1 and M2 mac-
rophages may be one of the possible mechanisms by which EA
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Fig. 5. EA suppress the activation of NLRP3/IL-1f and promotes Nrf2/HO-1 activation in macrophages compared with activity in the DSS group (A) The protein
levels of NLRP3, caspasel, cleaved caspase, IL-1, cleaved IL-1(3, Nrf2 and HO-1 in macrophages were measured by western blotting analysis. n = 4 in each group.
(B) The mRNA expression of NLRP3, IL-1B, Nrf2 and HO-1 in macrophages was examined by RT-PCR analysis. n = 4 in each group.”P < 0.05 compared with the
control group,”P < 0.01 compared with the control group, *P < 0.05 compared with the control group and **P < 0.01 compared with the DSS group.

decreases the severity of acute DSS-induced colitis.

Finally, we explored the molecular mechanisms underlying how EA
regulates macrophages in DSS-induced colitis. NLRP3 is the most ex-
tensively studied inflammasome; it is formed rapidly in macrophages
responding to inflammatory stimulation and plays a significant role in
developing acute colitis. Wu et al suggested that LPS-induced produc-
tion of IL-1f3 was reduced by inhibiting NLRP3 activation in THP-1 cells
and primary peritoneal macrophages (Wu et al., 2014). It was found the
promotion of NLRP3 activation and IL-1f production in macrophages
was crucial during the induction phase of acute colitis (Simovic
Markovic et al., 2016). In addition, Fuente et al showed that Escherichia
coli, which can survive in macrophages, may contribute to the patho-
genesis of CD and UC as a result of IL-1f production through an NLRP3-
dependent mechanism (De la Fuente et al., 2014). Furthermore, re-
searchers concluded that the burst of colonic inflammatory responses in
experimental colitis was attributed to failed post-transcriptional control
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of NLRP3 inflammasome activation in colonic macrophages (Filardy
et al., 2016). In the current study, we demonstrated that HEA and LEA
could inhibit NLRP3 and caspasel activation in macrophages in the
mice with acute DSS-induced colitis, following the level of cleaved-IL1f
was reduced, suggesting that the suppression of the NLRP3/IL-1B
pathway in macrophages may be involved in the anti-inflammatory
effects of EA on colitis.

In addition, we discovered that HEA could promote Nrf2/HO-1
expression in macrophages relative to activity in the DSS group. Nrf2 is
the key transcription factor that regulates the antioxidant response
through the synthesis of HO-1. Some lines of evidence have revealed
that the activation of Nrf2 protects mice against DSS-induced colitis (Lu
et al., 2016; Wang et al., 2015). Moreover, several reports have de-
scribed HO-1-overexpressing macrophages as having anti-inflammatory
and cytoprotective abilities. Harusato et al proved that colonic macro-
phages with high expression of HO-1 inhibited TNBS-induced colitis
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this article).

(Harusato et al., 2013); and Sheikh et al discovered that the pharma-
cological induction of HO-1 resulted in an increased number of HO-1-
positive and IL-10-positive macrophages, which play an anti-in-
flammatory effect in experimental colitis models (Sheikh et al., 2011).
Furthermore, there is a positive feedback circuit between HO-1 and IL-
10. HO-1 expression is related to IL-10 secretion and vice versa (Naito
et al., 2014), which might amplify the anti-inflammatory effects of HO-
1 in macrophages. According to our results, promoting the Nrf2/HO-1
pathway in macrophages may be one of the mechanisms underlying the
benefits of HEA in DSS-induced colitis.

5. Conclusions

In summary, we provided evidence that EA at acupoint ST-36 could

ameliorate acute DSS-induced colitis and illustrated a potential under-
lying mechanism: a decrease in the proportion of M1 macrophages and
an increase in the proportion of M2 macrophages. The molecular me-
chanisms involved in EA attenuating colonic inflammation include the
downregulation of NLRP3/IL-1f3 and upregulation of Nrf2/HO-1 path-
ways. Our study hints that EA might act as a safe and cost-effectiveness
candidate therapy for acute colitis that could have advantages for po-
tential clinical applications. However, UC is a chronic disease with a
complicated clinical manifestation, and clinical trials studying the ef-
fects of EA on UC patients are scarce, so optimizing the parameters for
EA and gaining a better understanding of its effects on different courses
of chronic UC warrant further research and exploration.
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