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Epidemiological investigations have shown that smoking ameliorates ulcerative colitis

(UC) but exacerbates Crohn’s disease (CD), diseases that feature a Th2-mediated and

Th1-mediated response, respectively. Cigarette extracts, especially nicotine, affect the

Th1/Th2 balance. We previously reported that nicotine protects against mouse DSS

colitis (similar to UC) by enhancing microRNA-124 (miR-124) expression. Intriguingly,

elevation of miR-124 in CD is reported to aggravate the disease. Here we investigate

the dual regulation of miR-124 in inflammatory bowel diseases (IBDs), which may explain

the similar bidirectional regulation of tobacco. We found that overexpressed miR-124

protected against mouse DSS-induced colitis with a Th1 polarization in peripheral

blood lymphocytes and colon tissues, which was also found in human peripheral blood

lymphocytes. Conversely, miR-124 knockdown worsened DSS murine colitis with a Th2

polarization. Moreover, knockdown of miR-124 could eliminate the polarization toward

Th1 after nicotine treatment, suggesting that miR-124 mediates the effect of nicotine on

the Th1/Th2 balance. In addition, interference of IL-6R, which is a downstream target

of miR-124, could remarkably weaken the Th1 polarization induced by miR-124. Taken

together, these results suggest that nicotine shifts the balance of Th1/Th2 toward Th1

via a miR-124-mediated IL-6R pathway, which might explain its dual role in IBDs.

Keywords: nicotine, Th1/Th2 balance, ulcerative colitis, Crohn’s disease, miR-124, IL-6R

INTRODUCTION

Inflammatory bowel diseases (IBDs), relapsing and chronic inflammatory gastrointestinal
disorders, mainly consist of ulcerative colitis (UC) and Crohn’s disease (CD). At present, the
etiology and pathogenesis of IBDs have not been fully elucidated (1, 2). Environmental (3),
genetic (4), and immunological factors (5) might form a complex interaction and contribute to
IBD pathogenesis. UC and CD have apparent differences in their immunological features. UC is
associated with a Th2-mediated response, characterized by increased levels of IL-4, IL-5, IL-6, and
IL-13, whereas CD is related to a Th1-mediated response, with concomitant elevated production of
IFN-γ, IL-2, and IL-18 (6).
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A large number of epidemiological investigations have
demonstrated that cigarette smoking is the strongest
environmental factor associated with IBD. Smoking had a
protective effect on UC patients, but the opposite effect on
CD patients (7). Smokers had a lower UC risk, and decreased
need for drug therapy and hospitalization. When compared
with non-smokers, ex-smokers had a significantly elevated
risk of UC (8). Conversely, smoking was reported to be an
independent risk factor for CD progression. CD smokers
had more severe disease courses with higher relapse rates,
drug use, disease complications, and demand for surgery.
Ex-smokers had less disease flare, immunosuppression, and
steroid use than those who continued to smoke (9). Nicotine
is a major component among the substances in cigarettes. Its
administration, including nicotine-releasing enemas, gums,
and patches, improves the symptoms and long-term prognosis
in UC patients but not in CD patients (8). In mouse models,
nicotine showed a protective role in oxazolone-induced
colitis (UC-like Th2 cell-mediated colitis) but a deteriorative
effect in TNBS-induced colitis (CD-like Th1 cell-mediated
colitis) (10).

The balance between Th1 and Th2 is affected by smoking or
nicotine. Cigarette extract alters dendritic cells function in CD
patients, leading to Th1 polarization, while it increases Foxp3+
CD4T cell prevalence in UC patients (11). In human lamina
propria T cells, nicotine up-regulates T-bet (Th1 transcription
factor) expression through α7nAChR, regulating intestinal
immune balance to Th1 polarization and improving Th2 enteritis
(12). In mice, the positive role of nicotine in oxazolone colitis
has been related to increased colonic regulatory T cells and
decreased Th17 cells and its aggravating effect in TNBS colitis to
increased Th17 cells among colonic CD4T cells (10). Recently, it
was reported that tobacco extract directly acts on mouse CD4T
cells to promote Th1 polarization (13). These results suggest that
nicotine might mediate the dual role of smoking on IBD by
shifting the Th1/Th2 balance toward Th1 polarization.

However, the molecular mechanisms behind the dual role
of nicotine on CD and UC remain elusive. We mentioned
that nicotine is an agonist of α7nAChR in the cholinergic
anti-inflammatory pathway. The intracellular mechanism
that links α7nAChR activation and inflammation might
provide valuable clues (14). MiR-124 has been demonstrated
to be a crucial modulator of immunity and inflammation
(15). In most cases, the inflammatory or immunological
signals could induce miR-124 expression, which in turn
functioned as a negative regulator to control inflammation
(14–16). Our previous studies found that nicotine could
specifically elevate the miR-124 level in macrophages through
α7nAChR and exert anti-inflammatory effects in sepsis (14).
Subsequent studies found that nicotine could protect against
DSS colitis (resembling UC) by increasing the miR-124
level in colonic tissues and cells (17). Intriguingly, Zhao
et al. also found miR-124 to be elevated in the intestinal

Abbreviations: UC, ulcerative colitis; CD, Crohn’s disease; IBD, inflammatory

bowel disease; LNA, locked nucleic acid; DAI, disease activity index; HE,

Hematoxylin-eosin; FCM, flow cytometry; CBA, cytometric bead array.

epithelial cells and colonic tissues of active CD patients.
However, they argued that miR-124 aggravated TNBS-induced
experimental colitis, while miR-124 inhibitors could alleviate
inflammation (18).

MiR-124 is elevated in samples of both UC and CD, while its
effects in the two diseases are opposite. Considering that miR-
124 could be specifically induced by nicotine, we speculated that
miR-124 might mediate the dual effects of nicotine on UC and
CD by regulating Th1 and Th2 balance. Here, we first clarified
whether miR-124 regulated the Th1/Th2 balance and promoted
Th1 polarization in DSS-induced colitis, then evaluated its role
in nicotine-induced Th1/Th2 shifting. Finally, we explored its
downstream target responsible for this shifting in order to give
a mechanistic explanation for the bidirectional effect of nicotine
in IBD.

MATERIALS AND METHODS

Reagents
Nicotine was obtained from Sigma (St. Louis, USA), and DSS
was fromMPBIO (Santa Ana, USA). Locked nucleic acid (LNA)-
miR-124 and its negative control were purchased from Exiqon
(Woburn, USA). T-bet polyclonal antibody was obtained from
ThermoFisher Scientific (Waltham, USA), GATA3 antibody was
fromAbcam (Cambridge, USA), and GAPDH antibody was from
Protein Technology (Chicago, USA). BDTM Th1/Th2 cytokine
CBA kit and Fixation/Permeabilization kit were purchased from
BD Biosciences (San Jose, USA). IL-6 and IL-13 ELISA kits were
obtained from Neobioscience (Shanghai, China). Recombinant
human IL-2 was purchased fromNovoprotein (Shanghai, China).
PMA/Ionomycin and BFA/Monensin mixtures were from Multi
Sciences (Hangzhou, China). Lymphocyte separation medium
and human lymphocyte separation tubes were purchased
from Dakewe (Shenzhen, China). MiR-124 agomir and IL-
6R siRNA were from Ribobio (Guangzhou, China). Lipo6000
transfection reagent was purchased from Beyotime (Shanghai,
China). Purified anti-CD3e and purified anti-CD28, fluorescence
labeling flow cytometric mouse anti CD4-PerCP monoclonal
antibody, mouse anti IFN-γ-PE monoclonal antibody, mouse
anti IL-4-FITC monoclonal antibody, human anti CD4-
FITC monoclonal antibody, human anti IFN-γ-PE (or APC)
monoclonal antibody, and human anti IL-4-APC (or PE)
monoclonal antibody were obtained from BioLegend (San
Diego, USA).

Animals and Treatment
Male C57BL/6 mice (8–10 weeks old) were provided by
Sino-British SIPPR/BK Laboratory Animals, Shanghai, China.
All experimental and surgical procedures were undertaken in
accordance with the Scientific Investigation Board of the Second
Military Medical University. Mice were given 3% DSS dissolved
in filter-purified drinking water for up to 6–8 days to induce
colitis. Detailed information on the administration of miR-124
agomir, LNA, or LNA together with nicotine is shown in the
corresponding figure captions.
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Disease Activity Index (DAI) of DSS Colitis
The DAI scoring system described previously (17, 19) consists of
body weight loss (zero, none; one, 1–5%; two, 5–10%; three, 10–
15%; four, 15–20%), stool consistency (zero, normal; two, loose
stools; four, watery diarrhea), and bloody stools (zero, normal;
two, slight bleeding; four, gross bleeding). The sum of the three
values constitutes the DAI.

Hematoxylin and Eosin (H&E) Staining and
Scoring
Histopathological colon sections were graded using the following
system described previously (17): colonic mucosa thickness
(zero to three), crypt abscess (zero to three), inflammatory cell
infiltration (zero to three), and epithelial erosion (zero to three).
The sum of the four values constitutes the HE score. Two
technicians blinded to the sample sources scored all the slides
independently, and the mean value is used as the valid score.

Peripheral Blood Lymphocyte Isolation
Murine peripheral blood lymphocytes were isolated on the last
day of DSS drinking. Human peripheral blood lymphocytes were
collected from normal blood samples in Changhai Hospital,
in accordance with the ethical standards of the institutional
committee. These fresh blood samples were slowly added to a
human lymphocyte separation tube, centrifuged at 800 g adjusted
to three gears of acceleration (ACC) and decelerated (DEC) for
15min. The middle level was carefully absorbed by dropper,
washed twice and suspended in RPMI-1640with 1× 106 cells/mL
after discarding the supernatant.

Human Peripheral Blood Lymphocyte
Activation and Transfection
Isolated human lymphocytes were activated with IL-2
(80 ng/mL), anti-CD3e (50 ng/mL), and anti-CD28 (50 ng/mL)
for 24 h (20). They were then transfected with miR-124
agomir (300 nM), LNA (200 ng/mL), or LNA together with
nicotine (1µM) separately (for detailed information, see the
corresponding figure captions). Cells and supernatants were
harvested, and related cytokines and proteins were detected by
ELISA, CBA, flow cytometry, or Western blotting, separately.

Flow Cytometry (FCM) Analysis
CD4+ T cells secreting IFN-γ and IL-4 were detected by flow
cytometry (FCM), respectively representing Th1 and Th2 cells.
Isolated peripheral blood lymphocytes (about 1–5 × 106 cell
volume) were suspended to 0.5mL by RPMI-1640. Each tube
was mixed with PMA/Ionomycin mixture and BFA/Monensin
mixture, 2 µL each, followed by incubation at 37◦C for 6 h.
Then, 3 µL surface CD4 fluorescent antibody was added,
and it was incubated in the dark for 30min. Next, 300 µL
Fixation/Permeabilization Kit with BD Golgi StopTM was added,
followed by incubation at 4◦C for 30min. Anti-IFN-γ fluorescent
antibody or IL-4 fluorescent antibody at 2 µL each was added
into the flow tube, and it was incubated at 4◦C for 30min.
The results were acquired on a Becton Dickinson FACS Calibur
flow cytometer (Frankin Lakes, USA) and analyzed using FlowJo
(Tree Star Inc., Ashland, USA).

Cytometric Bead Array (CBA) and ELISA
The culture supernatants of the human peripheral blood
lymphocytes treated above were harvested. For murine colon
tissues, homogenates were collected. Briefly, a total of 500
µL RIPA solution was added to every 100mg of murine
colon tissues; the cracking time on ice was more than 30min.
Tissues were further homogenized and centrifuged at 4◦C,
13,000 g for 10min, and the supernatants were harvested.
Th1 factors IL-2, IFN-γ, and Th2 factors IL-4, IL-6, and IL-
13 in colon tissue homogenates and cell culture supernatants
were detected according to the instructions of the BDTM

Th1/Th2 cytokine CBA Kit and the Neobioscience IL-6, IL-13
ELISA kit.

Immunoblotting
The murine colon tissues and human peripheral blood
lymphocytes were lysed, and proteins were separated using
10% SDS-PAGE and transferred onto nitrocellulose filter (NC)
membranes. Immunoblotting for T-bet, GATA3, IL-6R, and
GAPDH was conducted using specific antibodies. An Odyssey
infrared fluorescence imaging system (Li-cor Bioscience, USA)
was used to capture and analyze images.

Immunohistochemical Staining
Murine colon tissue sections were blocked with 3% H2O2,
2% BSA in 0.01M PBS (pH 7.3) for 30min. After overnight
incubation at 4◦C with the anti-IL-6 antibody (1:300; rabbit,
Abcam) or anti-CD4 antibody (1:1000; rabbit, Abcam),
immunofluorescence of CD4 and IL-6 was performed
using a Three-Color Fluorescence kit (Shanghai Recordbio
Biological Technology, Shanghai, China) for 10–15min at room
temperature, based on the tyramide signal amplification (TSA)
technology. After extensive washing, the nuclei were stained
with DAPI. Negative controls were run concurrently, except that
the antibody dilution buffer was used to substitute the primary
antibody (21). They were scanned with a Leica SP5 (Mannheim,
Germany) confocal laser scanning microscope equipped with
a ×63 objective, and then with three times magnification.
Three channels were used to acquire the images sequentially:
FITC laser (488 nm, green for IL-6), Cy5 laser (633 nm, rose
for CD4), and DAPI (405 nm, blue for nuclei). We captured
images separately and then merged them. The cells showing
co-localization of signals generated from both the green (IL-6)
and rose (CD4) channels were identified as IL-6 + CD4 +

T cells.

Statistical Analysis
One-way analysis of variance and post-hoc Tukey’s multiple
comparison tests were performed when comparing multiple
treatments. The Student’s t-test was used for two groups
with equal variance. In analyzing daily DAI scores and
body weight change, repetitive measurement deviation
analysis was conducted. A P < 0.05 was considered to be
statistically significant.
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FIGURE 1 | MiR-124 overexpression ameliorates DSS murine colitis, shifting the Th1/Th2 balance toward Th1 polarization. Mice were given 3% DSS in drinking water

for 6 consecutive days. MiR-124 agomir (350 nmol/kg) or matched negative control was injected via the tail vein on 1 day ahead of DSS drinking and on the 4th day

during DSS drinking. Body weight change (%) (A) and Disease Activity Index score (DAI, B) were analyzed by repetitive measurement deviation analysis and Student’s

t-test. Colon length (C) and HE score (E) were analyzed by Student’s t-test. (D,F) Representative images of colon length and HE staining. N = 10–11 per group. (G)

Peripheral blood lymphocytes from the above mice were treated with a PMA/Ionomycin and BFA/Monensin mixture for 6 h, then the Th1/Th2 (IFN-γ/IL-4) ratio was

analyzed by FCM and Student’s t-test (left). Representative flow image shows IFN-γ and IL-4 expression gated on CD4+ T cells (right). (H) Colon tissue homogenates

were used to detect Th1-related cytokines IFN-γ and IL-2 and Th2-related cytokines IL-4, IL-6, and IL-13 by CBA and ELISA, and the data were analyzed by

Student’s t-test. N = 6–10 per group. (I) Representative Western blots (N = 3) of T-bet and GATA3 and corresponding quantification in colon tissues. All data

represent mean ± SEM. *p < 0.05, **p < 0.01 vs. control group.

RESULTS

MiR-124 Overexpression Alleviates DSS
Murine Colitis, Shifting the Th1/Th2
Balance Toward Th1 Polarization
We first explored whether miR-124 could protect against DSS
colitis in mice. Tail-vein injection of miR-124 agomir into
DSS colitis mice overexpressed miR-124 (22). As shown in
Figures 1A–F, compared to the control group (DSS-drinking
with miR-124 agomir control), miR-124 overexpression induced
a significant improvement in body weight loss, DAI score
increase, colon length shortening, and HE score elevation,
suggesting a protective role for miR-124 in DSS colitis.

Th1/Th2 ratio was further evaluated in isolated murine
peripheral blood lymphocytes. As shown in Figure 1G, compared
with the control group, miR-124 treatment increased the
percentage of Th1 (IFN-γ labeling) in CD4+T cells, decreased
that of Th2 (IL-4 labeling), and significantly increased the ratio
of IFN-γ to IL-4. In murine inflammatory colon, we found
an infiltration of CD4-positive T cells and Th2-related IL-
6 expression. MiR-124 agomir administration decreased IL-6

immunofluorescence. Noteworthily, CD4-positive T cells were
found to be co-localized with IL-6 (Supplementary Figure 1),
indicating a Th2 phenotype. In order to further quantify the
profile of Th1/Th2, the related cytokines in colon tissues
were detected. MiR-124 dramatically decreased the level of
Th2-related IL-6 and IL-13 in colonic tissues (Figure 1H).
Transcription factors T-bet and GATA3 play a crucial role in
promoting Th1 and Th2 cell development, respectively (23).
We observed whether miR-124 affects their expression. MiR-
124 agomir hugely increased the protein expression of T-bet
and decreased that of GATA3 in colon tissues of DSS mice
(Figure 1I), showing the effect of shifting the Th1/Th2 balance
toward Th1 polarization.

MiR-124 Knockdown Worsens DSS Murine
Colitis, Shifting the Th1/Th2 Balance
Toward Th2 Polarization
We then observed the effect of miR-124 knockdown on murine
DSS colitis and the Th1/Th2 balance. Tail-vein injection of
miR-124 LNA into DSS colitis mice knocked down miR-124
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FIGURE 2 | MiR-124 knockdown worsens DSS murine colitis, shifting the Th1/Th2 balance toward Th2 polarization. Mice were tail-vein injected daily with 10 mg/kg

LNA-miR-124 or matched scramble control for 3 days. They were then given 3% DSS in drinking water for 8 consecutive days. Body weight change (%) (A), DAI

score (B), colon length (C), and HE score (E) were analyzed as mentioned in Figure 1. (D,F) Representative images of colon measurement and HE staining. N =

15–16 per group. (G) Th1/Th2 (IFN-γ/IL-4) ratio in peripheral blood lymphocytes was analyzed by FCM and Student’s t-test, as mentioned in Figure 1. (H)

Th1-related cytokines IFN-γ and IL-2 and Th2-related cytokines IL-4, IL-6, and IL-13 in colon tissue homogenates were detected by CBA and ELISA and analyzed by

Student’s t-test. N = 7–9 per group. (I) Representative Western blots (N = 3) of T-bet and GATA3 and corresponding quantification in colon tissues. All data represent

mean ± SEM. *p < 0.05, **p < 0.01 vs. scramble group.

(17). As shown in Figures 2A–F, miR-124 knockdown led to a
significant aggravation of weight loss, the DAI and HE scores,
and colonic length as well as HE pathology. Meanwhile, it
significantly decreased the ratio of IFN-γ to IL-4 in murine
peripheral blood lymphocytes (Figure 2G). Also, it increased IL-
6 immunofluorescence in colon tissues and its co-localization
with CD4-positive cells (Supplementary Figure 2). Quantitative
analysis showed that miR-124 knockdown significantly decreased
Th1 cytokine IL-2 expression and increased Th2 cytokine IL-
4, IL-6, and IL-13 expression in colonic tissues (Figure 2H).
Furthermore, miR-124 LNA significantly decreased the protein
expression of T-bet and increased that of GATA3 in colon tissues
of DSS mice (Figure 2I), showing the effect of shifting the
Th1/Th2 balance toward Th2 polarization.

MiR-124 Promotes Th1 Polarization in
Human Peripheral Blood Lymphocytes
We further evaluated the role of miR-124 in the Th1/Th2 balance
in human peripheral blood lymphocytes. After activation by IL-
2, anti-CD3e, and anti-CD28, cells were transfected withmiR-124
agomir for 36 h, and the percentage of Th1 (IFN-γ labeling) and

Th2 (IL-4 labeling) in CD4+T cells was detected by FCM. Results
showed that miR-124 overexpression increased the percentage of
Th1, decreased that of Th2, and significantly increased the ratio
of IFN-γ and IL-4 (Figure 3A). MiR-124 agomir significantly
increased the protein ratio of T-bet/GATA3 in human peripheral
blood lymphocytes (Figure 3B). Accordingly, in their culture
supernatants, the level of Th1 factor IFN-γ was dramatically
increased, and the levels of Th2 factors IL-6 and IL-13 were
significantly decreased (Figure 3C). MiR-124 knockdown by the
LNA technique in human peripheral blood lymphocytes showed
the opposite effect (Figures 3D–F). These data suggested that
miR-124 could promote Th1 polarization in human peripheral
blood lymphocytes.

After miR-124 Was Knocked Down, the
Promoting Effect of Nicotine on Th1
Polarization Disappeared
We then observed the impact of nicotine on the Th1/Th2 ratio
of murine DSS colitis and the influence of miR-124 knockdown
on this process, in order to evaluate whether miR-124 mediates

Frontiers in Immunology | www.frontiersin.org 5 February 2020 | Volume 11 | Article 235

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Qin et al. Nicotine Promotes Th1 via miRNA124

FIGURE 3 | MiR-124 promotes Th1 polarization in human peripheral blood lymphocytes. Cells were treated with IL-2 (80 ng/mL), anti-CD3e (50 ng/mL), and

anti-CD28 (50 ng/mL) for 24 h and transfected with agomir (300 nM) or miR-124 LNA (200 ng/mL) for 36 h. Before FCM detection, PMA/Ionomycin, and

BFA/Monensin mixture were added for 6 h. (A,D) Th1/Th2 (IFN-γ/IL-4) ratio was analyzed and representative flow images gated on CD4+ T cells are shown. (B,E)

Representative Western blots (N=3) of T-bet and GATA3 and corresponding quantification. (C,F) Th1-related cytokines IFN-γ and IL-2 and Th2-related cytokines IL-4,

IL-6, and IL-13 in the supernatants were analyzed by CBA and ELISA. N = 6–9 per group. All data represent mean ± SEM. *p < 0.05, **p < 0.01 vs. control (or

scramble) group by Student’s t-test.

the regulatory effect of nicotine on Th1/Th2. Mice were injected
daily via the tail vein with 10 mg/kg of LNA-miR-124 or a
matched scramble control for 3 days. They were then given
3% DSS drinking water together with 0.3 mg/kg of nicotine
(subcutaneous injection) for consecutive 7 days. Consistent with
our previous report (17), nicotine ameliorated body weight loss,
DAI score increase, colon length shortening, and HE score
elevation. After miR-124 was knocked down, the protective effect
of nicotine disappeared (Supplementary Figure 3). We further

isolated mouse peripheral blood lymphocytes and detected the
expression of Th1 factor IFN-γ and Th2 factor IL-4 by FCM.

Compared with the scramble group, nicotine administration
markedly increased the Th1/Th2 ratio. However, this role
disappeared after miR-124 was knocked down (Figures 4A,B).

Accordingly, nicotine administration dramatically increased Th1
cytokine IL-2 expression and decreased Th2 cytokine IL-6 or IL-
13 expression in colon tissues. After miR-124 was knocked down,

the effect of nicotine disappeared, indicating that nicotine shifted
the Th1/Th2 balance through targeting miR-124 (Figure 4C).

Similar results were also obtained in human peripheral blood

lymphocytes (Figures 4D,E).

After IL-6R Was Suppressed, the
Promoting Effect of miR-124 on Th1
Polarization Disappeared
We then probed into the downstream target of miR-124 that
regulates the Th1/Th2 balance. Many targets of miR-124 have
been reported (24–26). Among them, IL-6R is reported to
regulate the balance of Th1/Th2. High expression of IL-6Rα

selectively produced Th2 factors IL-5 and IL-13, increased the
GATA3 level, and decreased the T-bet level in CD8-positive
human effective memory T cells of peripheral blood (27).
Interestingly, miR-124 could target IL-6R, inhibit the activity
of a luciferase reporter construct containing IL-6R 3’UTR, and
consequently modulate the IL-6R/STAT3 pathway (24). We
found that miR-124 agomir could significantly decrease while
LNA could significantly increase the IL-6R level in colon tissues
of DSS colitis mice (Figure 5A). We therefore speculated that IL-
6R might mediate the effect of miR-124 in the Th1/Th2 balance.

Human peripheral blood lymphocytes were isolated, and IL-
6R siRNA was transfected to suppress IL-6R protein expression
(Figure 5B). FCM showed Th1 factor IFN-γ and Th2 factor IL-
4 expression gated on CD4-positive cells. Compared with the
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FIGURE 4 | MiR-124 knockdown abolishes the role of nicotine in upregulating the Th1/Th2 ratio in murine and human peripheral blood lymphocytes. Mice were

injected daily via the tail vein with 10 mg/kg of LNA-miR-124 or matched scramble control for 3 days. They were then given 3% DSS drinking water together with 0.3

mg/kg of nicotine (subcutaneous injection) for 7 consecutive days (N = 7–10). Human lymphocytes were isolated and treated with IL-2 (80 ng/mL), anti-CD3e

(50 ng/mL), and anti-CD28 (50 ng/mL) for 24 h and then transfected with miR-124 LNA or corresponding scramble control (200 ng/mL) for 30 h, followed by with or

without nicotine (1µM) for 6 h. (A,D) Th1/Th2 (IFN-γ/IL-4) ratio was analyzed in each group. N = 3–6 per group. (B,E) Representative flow images showing IFN-γ and

IL-4 expression gated on CD4+ T cells. (C) Th1-related cytokines IFN-γ and IL-2 and Th2-related cytokines IL-4, IL-6, and IL-13 in murine colon tissue homogenates

were detected by CBA and ELISA. N = 8 per group. Data represent mean ± SEM and were analyzed by one-way ANOVA followed by post-hoc Tukey’s test. *p <

0.05, **p < 0.01. NS, no significant.

scramble control group, miR-124 LNA administration markedly
attenuated the ratio of IFN-γ to IL-4, which was abolished
after IL-6R expression was suppressed. IL-6R siRNA alone
significantly elevated IFN-γ/IL-4, mimicking the effect of miR-
124 (Figures 5C,D). Accordingly, LNA significantly lowered
the protein ratio of T-bet/GATA3. After IL-6R was knocked
down, the effect of miR-124 LNA disappeared, indicating that
miR-124 shifted the Th1/Th2 balance through targeting IL-
6R (Figure 5E).

DISCUSSION

Aminosalicylic acid, corticosteroids, antibiotics, and
immunosuppressive therapies are commonly used agents
for the treatment of IBD. Because the specific mechanism

remains unknown, therapy in many patients usually aims at
non-specifically controlling inflammation (28). The discovery of
new or specific therapies for IBD is urgently needed. Aberrant
Th1 and Th2 responses contribute to IBD (29). UC reflects an
excessive Th2 response, while CD is associated with aberrant Th1
response (30). More recent researches suggested that regulating
the balance of Th1/Th2 might be a promising way to treat IBD.

Studies showed that agents that promote the Th2 profile
or block Th1 response were beneficial in ameliorating CD
symptoms (31, 32). Vasoactive intestinal peptide (VIP) had
therapeutic and prophylactic effects in TNBS-induced colitis,
which was related to the down-regulation role of the IFN-γ level
in splenic and lamina propria CD4+ T cells (33). Schistosome
egg diminished IFN-γ and enhanced IL-4 production from
alpha CD3-stimulated mesenteric lymph node cells and spleen
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FIGURE 5 | Inhibiting IL-6R abolishes the promoting effect of miR-124 on Th1 polarization. (A) The protein expression of IL-6R in colon tissues after miR-124 agomir

or LNA administration in DSS mice, as mentioned in Figures 1, 2, was detected by Western blot (N = 3). Corresponding quantification is also shown. (B–E) Human

lymphocytes were isolated and treated with IL-2 (80 ng/mL), anti-CD3e (50 ng/mL), and anti-CD28 (50 ng/mL) for 24 h and then transfected with miR-124 LNA or

corresponding scramble control (200 ng/mL) for 60 h. They were then treated with or without IL-6R siRNA (100 nM) for 36 h. The protein expression of IL-6R and its

(Continued)
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FIGURE 5 | corresponding quantification was analyzed by Western blot (N = 3) (B). IFN-γ and IL-4 expression gated on CD4+ T cells were analyzed by FCM (N = 6

per group), and the IFN-γ/IL-4 ratio and representative flow images are shown in (C,D). Representative Western blots (N = 3) of T-bet and GATA3 and corresponding

quantification are shown in (E). Data represent mean ± SEM and were analyzed by one-way ANOVA followed by post-hoc Tukey’s test. *p < 0.05, **p < 0.01,

***p < 0.001. NS, no significant.

in TNBS-treated mice, thereby reducing colitis severity (34).
Curcumin decreased the expression of Th1 cytokines (IL-12,
IFN-γ, TNF-α) and increased that of Th2 cytokines (IL-4 and IL-
10) in colon mucosa and thereby exerted therapeutic effects on
TNBS-induced colitis (35).

Conversely, agents that skew toward the Th1 profile could lead
to a reduction of UC disease activity (36). In peripheral CD4+
T cells, interferon or leukocytapheresis therapy in UC patients
shifted the Th1/Th2 ratio to a Th1-dominant cytokine profile,
which corresponded with an improvement in UC patients (37–
39). Bifidobactrium longum could shift a Th1-dominant cytokine
profile via T-bet upregulation, resulting in UC amelioration
(40). Interestingly, infliximab, a chimeric monoclonal antibody
directed against TNF-α, is effective both in patients with CD and
with UC. In CD patients, IFX infusion was associated with an
increase in Treg and a decrease in the ratio of Th1 (IFN-γ) to Th2
(IL-4) (41). In UC patients, blockade of TNF-α with infliximab
increased the Th1 (IFN-γ)/Th2 (IL-4) ratio of peripheral CD4T
cells, leading to reduced disease activity (36, 42).

The experimental model of DSS murine colitis has provided
valuable insight into the role of Th subsets and their secreted
cytokines (43, 44). Our present studies first demonstrate that
miR-124 protects against DSS colitis and shifts the Th1/Th2
balance toward Th1 polarization. Consistent with our findings,
Wei et al. found that miR-124 overexpression in naive T
cells inhibited the induction of FoxP3+Treg and enhanced
the differentiation of IFN-γ+Th1 cells, therefore contributing
to T cell-mediated immune clearance of glioma (45, 46). The
regulation of Th1/Th2 by miR-124 was consistent with the
Th1 promotion effect of nicotine in CD samples (10). We
further found that miR-124 knockdown could abolish the
Th1 polarization effect of nicotine on DSS mice and human
peripheral blood lymphocytes. These data provided a reasonable
explanation of the dual role of nicotine in IBD. That is, nicotine
specifically elevates themiR-124 level in bothUC andCD, and the
latter promotes Th1 polarization, therefore exerting a protective
effect in Th2-type UC and a deteriorative effect in Th1-type CD.

According to the previous studies, IL-6R was chosen as the
candidate target of miR-124 in Th1 polarization (27). MiR-
124 agomir administration inhibited IL-6R expression, while
LNA administration augmented IL-6R expression in the colon
tissues of DSS mice. In human peripheral blood lymphocytes,
miR-124 knockdown decreased the IFN-γ/IL-4 ratio, which was
abolished when IL-6R was suppressed. Moreover, IL-6R siRNA
alone significantly elevated the ratio of IFN-γ to IL-4, mimicking
the effect of miR-124. Therefore, it is conceivable that IL-6R
might be the possible target mediating Th1/Th2 regulation by
miR-124 under the microenvironment of CD or UC.

The IL6-IL6R-STAT3 signaling axis is crucial for inducing
lineage-specific transcription factor. Soluble IL-6 binds with

FIGURE 6 | Proposed working model. Nicotine specifically elevates the

miR-124 level. MiR-124 targets and down-regulates IL6R, resulting in an

increased ratio of T-bet/GATA3 and a shifting from Th2 toward Th1, thereby

protecting against Th2-type UC and worsening Th1-type CD. Additionally,

IL6-IL6R-STAT3 might form a positive loop to regulate this process. UC,

ulcerative colitis; CD, Crohn’s disease.

high affinity to the IL-6Rα chain and signal-transducing β-
subunit gp130, inducing homodimerization of gp130. Activation
of gp130 homodimer leads to tyrosine kinase phosphorylation
of the JAK family, as well as the recruitment and activation
of STAT-1 and STAT-3 (47–54). STAT3 plays an important
role in the pathogenesis of UC (55–57). The p-STAT3 level
is directly related to the extent of inflammatory pathology in
colonic tissues (55). Our previous report found that blocking
STAT3 activity was beneficial for murine DSS colitis and also
abolished nicotine’s protective effect (17). In another study,
specific STAT3 deletion caused mouse death at 4–6 weeks old
with CD-like pathogenesis and over-produced inflammatory
cytokines, including TNF-α and IFN-γ (58, 59). Although there
are some reports that STAT3 is necessary for Th1 and Th17
cell differentiation and development in CNS autoimmunity and
collagen-induced arthritis (60–63), more data have revealed that
STAT3 deficiency impaired RORγt expression (the transcription
factor of Th17) and led to elevated T-bet expression (the
transcription factor of Th1) expressed in T cells and Foxp3
(64). Furthermore, IL-6-treated pDCs enhanced the IL-4 mRNA
level in naive allogeneic CD4+ T cells, favoring the Th2
over the Th1 type of response (65). MiR-124 is confirmed
to directly target STAT3 in many cell types, including T
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cells (46, 66). We speculated that miR-124 might target the
IL6-IL6R-STAT3 axis, forming a positive loop to promote
Th1 polarization.

CONCLUSIONS

Nicotine shifts the Th1/Th2 balance toward Th1 through
the miR-124-IL-6R pathway, which might be responsible
for its dual role in IBD (Figure 6). MiR-124 might act
as a common target for the differential treatment of IBD,
with up-regulation for UC patients and down-regulation for
CD patients.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical Committee of Changhai Hospital. The
patients/participants provided their written informed consent to
participate in this study. The animal study was reviewed and
approved by the Scientific Investigation Board of SecondMilitary
Medical University.

AUTHOR CONTRIBUTIONS

ZQ and XL designed the study. ZQ drafted the article. XL
supervised the experiment and revised the manuscript. YS,
P-YW, J-JW, and YZ provided help in animal model preparation
and sample collection. JW and YS analyzed data. All authors
approved the final version to be submitted.

FUNDING

This work was supported by the grants from the National Natural
Science Foundation of China (grant numbers 81773726 to XL
and 81603116 to YS) and sponsored by the Shanghai Sailing
Program (19YF1459500 to ZQ).

ACKNOWLEDGMENTS

We thank all patients who participated for providing the blood
samples and clinical information necessary for this study. Thanks
to the 17th International Congress of Immunology on October
19–23 2019 for organizing poster presentations.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00235/full#supplementary-material

REFERENCES

1. Ordás I, Eckmann L, Talamini M, Baumgart DC, Sandborn WJ. Ulcerative

colitis. Lancet. (2012) 380:1606–19. doi: 10.1016/S0140-6736(12)60150-0

2. Sartor RB. Mechanisms of disease: pathogenesis of Crohn’s disease and

ulcerative colitis. Nat Clin Pract Gastroenterol Hepatol. (2006) 3:390–407.

doi: 10.1038/ncpgasthep0528

3. Bernstein CN. Assessing environmental risk factors affecting the

inflammatory bowel diseases: a joint workshop of the Crohn’s & Colitis

Foundations of Canada and the USA. Inflamm Bowel Dis. (2008) 14:1139–46.

doi: 10.1002/ibd.20494

4. Taman H, Fenton CG, Hensel IV, Anderssen E, Florholmen J, Paulssen

RH. Genome-wide DNA methylation in treatment-naive ulcerative colitis. J

Crohns Colitis. (2018) 12:1338–47. doi: 10.1093/ecco-jcc/jjy117

5. Zhang M, Sun K, Wu Y, Yang Y, Tso P, Wu Z. Interactions between intestinal

microbiota and host immune response in inflammatory bowel disease. Front

Immunol. (2017) 8:942. doi: 10.3389/fimmu.2017.00942

6. Strober W, Fuss IJ. Proinflammatory cytokines in the pathogenesis

of inflammatory bowel diseases. Gastroenterology. (2011) 140:1756–67.

doi: 10.1053/j.gastro.2011.02.016

7. Parkes GC, Whelan K, Lindsay JO. Smoking in inflammatory bowel disease:

impact on disease course and insights into the aetiology of its effect. J Crohns

Colitis. (2014) 8:717–25. doi: 10.1016/j.crohns.2014.02.002

8. Lunney PC, Leong RW. Review article: ulcerative colitis, smoking and nicotine

therapy. Aliment Pharmacol Ther. (2012) 36:997–1008. doi: 10.1111/apt.

12086

9. Lunney PC, Kariyawasam VC, Wang RR, Middleton KL, Huang T, Selinger

CP, et al. Smoking prevalence and its influence on disease course and surgery

in Crohn’s disease and ulcerative colitis. Aliment Pharmacol Ther. (2015)

42:61–70. doi: 10.1111/apt.13239

10. Galitovskiy V, Qian J, Chernyavsky AI, Marchenko S, Gindi V, Edwards

RA, et al. Cytokine-induced alterations of α7 nicotinic receptor in colonic

CD4T cells mediate dichotomous response to nicotine in murine models

of Th1/Th17-versus Th2-mediated colitis. J Immunol. (2011) 187:2677–87.

doi: 10.4049/jimmunol.1002711

11. Ueno A, Jijon H, Traves S, Chan R, Ford K, Beck PL, et al. Opposing effects

of smoking in ulcerative colitis and Crohn’s disease may be explained by

differential effects on dendritic cells. Inflamm Bowel Dis. (2014) 20:800–10.

doi: 10.1097/MIB.0000000000000018

12. Kikuchi H, Itoh J, Fukuda S. Chronic nicotine stimulation modulates the

immune response of mucosal T cells to Th1-dominant pattern via nAChR

by upregulation of Th1-specific transcriptional factor. Neurosci Lett. (2008)

432:217–21. doi: 10.1016/j.neulet.2007.12.027

13. Tejero JD, Armand NC, Finn CM, Dhume K, Strutt TM, Chai KX, et al.

Cigarette smoke extract acts directly on CD4T cells to enhance Th1

polarization and reduce memory potential. Cell Immunol. (2018) 331:121–9.

doi: 10.1016/j.cellimm.2018.06.005

14. Sun Y, Li Q, Gui H, Xu DP, Yang YL, Su DF, et al. MicroRNA-124

mediates the cholinergic anti-inflammatory action through inhibiting the

production of pro-inflammatory cytokines. Cell Res. (2013) 23:1270–83.

doi: 10.1038/cr.2013.116

15. Qin Z, Wang PY, Su DF, Liu X. miRNA-124 in immune system and immune

disorders. Front Immunol. (2016) 7:406. doi: 10.3389/fimmu.2016.00406

16. Sun Y, Qin Z, Li Q, Wan JJ, Cheng MH, Wang PY, et al. MicroRNA-124

negatively regulates LPS-induced TNF-α production in mouse macrophages

by decreasing protein stability. Acta Pharmacol Sin. (2016) 37:889–97.

doi: 10.1038/aps.2016.16

17. Qin Z, Wan JJ, Sun Y, Wu T, Wang PY, Du P, et al. Nicotine protects against

DSS colitis through regulating microRNA-124 and STAT3. J Mol Med. (2017)

95:221–33. doi: 10.1007/s00109-016-1473-5

18. Zhao Y, Ma T, Chen W, Chen Y, Li M, Ren L, et al. MicroRNA-124

promotes intestinal inflammation by targeting aryl hydrocarbon receptor in

Crohn’s disease. J Crohns Colitis. (2016) 10:703–12. doi: 10.1093/ecco-jcc/j

jw010

Frontiers in Immunology | www.frontiersin.org 10 February 2020 | Volume 11 | Article 235

https://www.frontiersin.org/articles/10.3389/fimmu.2020.00235/full#supplementary-material
https://doi.org/10.1016/S0140-6736(12)60150-0
https://doi.org/10.1038/ncpgasthep0528
https://doi.org/10.1002/ibd.20494
https://doi.org/10.1093/ecco-jcc/jjy117
https://doi.org/10.3389/fimmu.2017.00942
https://doi.org/10.1053/j.gastro.2011.02.016
https://doi.org/10.1016/j.crohns.2014.02.002
https://doi.org/10.1111/apt.12086
https://doi.org/10.1111/apt.13239
https://doi.org/10.4049/jimmunol.1002711
https://doi.org/10.1097/MIB.0000000000000018
https://doi.org/10.1016/j.neulet.2007.12.027
https://doi.org/10.1016/j.cellimm.2018.06.005
https://doi.org/10.1038/cr.2013.116
https://doi.org/10.3389/fimmu.2016.00406
https://doi.org/10.1038/aps.2016.16
https://doi.org/10.1007/s00109-016-1473-5
https://doi.org/10.1093/ecco-jcc/jjw010
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Qin et al. Nicotine Promotes Th1 via miRNA124

19. Xiao HT, Lin CY, Ho DH, Peng J, Chen Y, Tsang SW, et al. Inhibitory

effect of the gallotannin corilagin on dextran sulfate sodium-induced murine

ulcerative colitis. J Nat Prod. (2013) 76:2120–5. doi: 10.1021/np4006772

20. Franz D, Contreras F, González H, Prado C, Elgueta D, Figueroa C,

et al. Dopamine receptors D3 and D5 regulate CD4(+)T-cell activation

and differentiation by modulating ERK activation and cAMP production. J

Neuroimmunol. (2015) 284:18–29. doi: 10.1016/j.jneuroim.2015.05.003

21. Sun Y, Yang Y, Qin Z, Cai J, Guo X, Tang Y, et al. The acute-

phase protein orosomucoid regulates food intake and energy homeostasis

via Leptin Receptor signaling pathway. Diabetes. (2016) 65:1630–41.

doi: 10.2337/db15-1193

22. Sun Y, GuiH, Li Q, Luo ZM, ZhengMJ, Duan JL, et al. MicroRNA-124 protects

neurons against apoptosis in cerebral ischemic stroke. CNS Neurosci Ther.

(2013) 19:813–9. doi: 10.1111/cns.12142

23. Peine M, Rausch S, Helmstetter C, Fröhlich A, Hegazy AN, Kühl AA, et al.

Stable T-bet(+)GATA-3(+) Th1/Th2 hybrid cells arise in vivo, can develop

directly from naive precursors, and limit immunopathologic inflammation.

PLoS Biol. (2013) 11:e1001633. doi: 10.1371/journal.pbio.1001633

24. Hatziapostolou M, Polytarchou C, Aggelidou E, Drakaki A, Poultsides

GA, Jaeger SA, et al. An HNF4α-miRNA inflammatory feedback

circuit regulates hepatocellular oncogenesis. Cell. (2011) 147:1233–47.

doi: 10.1016/j.cell.2011.10.043

25. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL.

MicroRNA-124 promotes microglia quiescence and suppresses EAE by

deactivation macrophages via the C/EBP-[alpha]-Pu.1 pathway. Nat Med.

(2011) 17:64–70. doi: 10.1038/nm.2266

26. Kawano S, Nakamachi Y. miR-124a as a key regulator of proliferation and

MCP-1 secretion in synoviocytes from patients with rheumatoid arthritis.Ann

Rheum Dis. (2011) 70:i88–91. doi: 10.1136/ard.2010.138669

27. Lee N, You S, Shin MS, Lee WW, Kang KS, Kim SH, et al. IL-6 receptor

α defines effector memory CD8(+) T cells producing Th2 cytokines and

expanding in asthma. Am J Respir Crit Care Med. (2014) 190:1383–94.

doi: 10.1164/rccm.201403-0601OC

28. Robinson M. Optimizing therapy for inflammatory bowel disease. Am J

Gastroenterol. (1997) 92(Suppl. 12):12S−7S.

29. Zenewicz LA, Antov A, Flavell RA. CD4 T-cell differentiation and

inflammatory bowel disease. Trends Mol Med. (2009) 15:199–207.

doi: 10.1016/j.molmed.2009.03.002

30. Li J, Ueno A, Fort Gasia M, Luider J, Wang T, Hirota C, et al.

Profiles of lamina propria T helper cell subsets discriminate between

ulcerative colitis and Crohn’s disease. Inflamm Bowel Dis. (2016) 22:1779–92.

doi: 10.1097/MIB.0000000000000811

31. Elliott DE, Urban JF, Argo CK, Weinstock JV. Does the failure to acquire

helminthic parasites predispose to Crohn’s disease? FASEB J. (2000) 14:1848–

55. doi: 10.1096/fj.99-0885hyp

32. Neurath MF, Fuss I, Kelsall BL, Stüber E, Strober W. Antibodies to IL-12

abrogate established experimental colitis in mice. J ExpMed. (1995) 182:1281–

90. doi: 10.1084/jem.182.5.1281

33. Abad C, Martinez C, Juarranz MG, Arranz A, Leceta J, Delgado M, et al.

Therapeutic effects of vasoactive intestinal peptide in the trinitrobenzene

sulfonic acid mice model of Crohn’s disease. Gastroenterology. (2003)

124:961–71. doi: 10.1053/gast.2003.50141

34. Elliott DE, Li J, Blum A, Metwali A, Qadir K, Urban JF Jr, et al. Exposure to

schistosome eggs protects mice from TNBS colitis. Am J Physiol Gastrointest

Liver Physiol. (2003) 284:G385–91. doi: 10.1152/ajpgi.00049.2002

35. ZhangM, Deng CS, Zheng JJ, Xia J. Curcumin regulated shift from Th1 to Th2

in trinitrobenzene sulphonic acid-induced chronic colitis.Acta Pharmacol Sin.

(2006) 27:1071–7. doi: 10.1111/j.1745-7254.2006.00322.x

36. Akitake R, Nakase H, Tamaoki M, Ueno S, Mikami S, Chiba T. Modulation

of Th1/Th2 balance by infliximab rescues postoperative occurrence of small-

intestinal inflammation associated with ulcerative colitis. Dig Dis Sci. (2010)

55:1781–4. doi: 10.1007/s10620-009-0910-5

37. Kasahara K, Nakase H, Uza N, Ueno S, Matsuura M, Mikami S, et al.

Administration of PEG-interferon to a patient with ulcerative colitis and

chronic hepatitis C correlated with reduced colonic inflammation and reversal

of peripheral Th1/Th2 ratios. Case Rep Gastroenterol. (2007) 1:157–61.

doi: 10.1159/000112654

38. Nakase H, Mikami S, Chiba T. Alteration of CXCR4 expression and

Th1/Th2 balance of peripheral CD4-positive T cells can be a biomarker

for leukocytapheresis therapy for patients with refractory ulcerative colitis.

Inflamm Bowel Dis. (2009) 15:963–4. doi: 10.1002/ibd.20755

39. Nakase H, Fujiyama Y, Oshitani N, Oga T, Nonomura K, Matsuoka T,

et al. Effect of EP4 agonist (ONO-4819CD) for patients with mild to

moderate ulcerative colitis refractory to 5-aminosalicylates: a randomized

phase II, placebo-controlled trial. Inflamm Bowel Dis. (2010) 16:731–3.

doi: 10.1002/ibd.21080

40. Takeda Y, Nakase H, Namba K, Inoue S, Ueno S, Uza N, et al. Upregulation

of T-bet and tight junction molecules by Bifidobactrium longum improves

colonic inflammation of ulcerative colitis. InflammBowel Dis. (2009) 15:1617–

8. doi: 10.1002/ibd.20861

41. Kato K, Fukunaga K, Kamikozuru K, Kashiwamura S, Hida N, Ohda

Y, et al. Infliximab therapy impacts the peripheral immune system of

immunomodulator and corticosteroid naïve patients with Crohn’s disease.

Gut Liver. (2011) 5:37–45. doi: 10.5009/gnl.2011.5.1.37

42. Rismo R, Olsen T, Cui G, Christiansen I, Florholmen J, Goll R.

Mucosal cytokine gene expression profiles as biomarkers of response to

infliximab in ulcerative colitis. Scand J Gastroenterol. (2012) 47:538–47.

doi: 10.3109/00365521.2012.667146

43. Esposito G, Capoccia E, Turco F, Palumbo I, Lu J, Steardo A, et al.

Palmitoylethanolamide improves colon inflammation through an enteric

glia/toll like receptor 4-dependent PPAR-α activation.Gut. (2014) 63:1300–12.

doi: 10.1136/gutjnl-2013-305005

44. Polytarchou C, Hommes DW, Palumbo T, Hatziapostolou M, Koutsioumpa

M, Koukos G, et al. MicroRNA214 is associated with progression of

ulcerative colitis, and inhibition reduces development of colitis and

colitis-associated cancer in mice. Gastroenterology. (2015) 149:981–92.e11.

doi: 10.1053/j.gastro.2015.05.057

45. Li X, Yu Z, Li Y, Liu S, Gao C, Hou X, et al. The tumor suppressor miR-124

inhibits cell proliferation by targeting STAT3 and functions as a prognostic

marker for postoperative NSCLC patients. Int J Oncol. (2015) 46:798–808.

doi: 10.3892/ijo.2014.2786

46. Wei J,Wang F, Kong LY, Xu S, Doucette T, Ferguson SD, et al. MiR-124 inhibits

STAT3 signaling to enhance T cell-mediated immune clearance of glioma.

Cancer Res. (2013) 73:3913–26. doi: 10.1158/0008-5472.CAN-12-4318

47. Betz UA, Muller W. Regulated expression of gp130 and IL-6 receptor alpha

chain in T cell maturation and activation. Int Immunol. (1998) 10:1175–84.

doi: 10.1093/intimm/10.8.1175

48. Chen X, Wu Y, Jiang Y, Zhou Y, Wang Y, Yao Y, et al. Isoliquiritigenin inhibits

the growth ofmultiple myeloma via blocking IL-6 signaling. J MolMed. (2012)

90:1311–9. doi: 10.1007/s00109-012-0910-3

49. Klein C,Wüstefeld T, Assmus U, Roskams T, Rose-John S, Müller M, et al. The

IL-6-gp130-STAT3 pathway in hepatocytes triggers liver protection in T cell-

mediated liver injury. J Clin Invest. (2005) 115:860–9. doi: 10.1172/JCI23640

50. Sun MY, Wang SJ, Li XQ, Shen YL, Lu JR, Tian XH, et al. CXCL6

promotes renal interstitial fibrosis in diabetic nephropathy by activating

JAK/STAT3 signaling pathway. Front Pharmacol. (2019) 10:224.

doi: 10.3389/fphar.2019.00224

51. Nishihara M, Ogura H, Ueda N, Tsuruoka M, Kitabayashi C, Tsuji F, et al.

IL-6-gp130-STAT3 in T cells directs the development of IL-17+ Th with a

minimum effect on that of Treg in the steady state. Int Immunol. (2007)

19:695–702. doi: 10.1093/intimm/dxm045

52. Park SJ, Nakagawa T, Kitamura H, Atsumi T, Kamon H, Sawa S, et al. IL-

6 regulates in vivo dendritic cell differentiation through STAT3 activation. J

Immunol. (2004) 173:3844–54. doi: 10.4049/jimmunol.173.6.3844

53. Garbers C, Aparicio-Siegmund S, Rose-John S. The IL-6/gp130/STAT3

signaling axis: recent advances towards specific inhibition. Curr Opin

Immunol. (2015) 34:75–82. doi: 10.1016/j.coi.2015.02.008

54. Luo Y, Zheng SG. Hall of fame among pro-inflammatory cytokines:

interleukin-6 gene and its transcriptional regulation mechanisms. Front

Immunol. (2016) 7:604. doi: 10.3389/fimmu.2016.00604

55. Mudter J, Weigmann B, Bartsch B, Kiesslich R, Strand D, Galle PR, et al.

Activation pattern of signal transducers and activators of transcription (STAT)

factors in inflammatory bowel diseases. Am J Gastroenterol. (2005) 100:64–72.

doi: 10.1111/j.1572-0241.2005.40615.x

Frontiers in Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 235

https://doi.org/10.1021/np4006772
https://doi.org/10.1016/j.jneuroim.2015.05.003
https://doi.org/10.2337/db15-1193
https://doi.org/10.1111/cns.12142
https://doi.org/10.1371/journal.pbio.1001633
https://doi.org/10.1016/j.cell.2011.10.043
https://doi.org/10.1038/nm.2266
https://doi.org/10.1136/ard.2010.138669
https://doi.org/10.1164/rccm.201403-0601OC
https://doi.org/10.1016/j.molmed.2009.03.002
https://doi.org/10.1097/MIB.0000000000000811
https://doi.org/10.1096/fj.99-0885hyp
https://doi.org/10.1084/jem.182.5.1281
https://doi.org/10.1053/gast.2003.50141
https://doi.org/10.1152/ajpgi.00049.2002
https://doi.org/10.1111/j.1745-7254.2006.00322.x
https://doi.org/10.1007/s10620-009-0910-5
https://doi.org/10.1159/000112654
https://doi.org/10.1002/ibd.20755
https://doi.org/10.1002/ibd.21080
https://doi.org/10.1002/ibd.20861
https://doi.org/10.5009/gnl.2011.5.1.37
https://doi.org/10.3109/00365521.2012.667146
https://doi.org/10.1136/gutjnl-2013-305005
https://doi.org/10.1053/j.gastro.2015.05.057
https://doi.org/10.3892/ijo.2014.2786
https://doi.org/10.1158/0008-5472.CAN-12-4318
https://doi.org/10.1093/intimm/10.8.1175
https://doi.org/10.1007/s00109-012-0910-3
https://doi.org/10.1172/JCI23640
https://doi.org/10.3389/fphar.2019.00224
https://doi.org/10.1093/intimm/dxm045
https://doi.org/10.4049/jimmunol.173.6.3844
https://doi.org/10.1016/j.coi.2015.02.008
https://doi.org/10.3389/fimmu.2016.00604
https://doi.org/10.1111/j.1572-0241.2005.40615.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Qin et al. Nicotine Promotes Th1 via miRNA124

56. Fu XY. STAT3 in immune responses and inflammatory bowel diseases. Cell

Res. (2006) 16:214–9. doi: 10.1038/sj.cr.7310029

57. Musso A, Dentelli P, Carlino A, Chiusa L, Repici A, Sturm A, et al.

Signal transducers and activators of transcription 3 signaling pathway:

an essential mediator of inflammatory bowel disease and other

forms of intestinal inflammation. Inflamm Bowel Dis. (2005) 11:91–8.

doi: 10.1097/00054725-200502000-00001

58. Welte T, Zhang SS, Wang T, Zhang Z, Hesslein DG, Yin Z, et al. STAT3

deletion during hematopoiesis causes Crohn’s disease-like pathogenesis and

lethality: a critical role of STAT3 in innate immunity. Proc Natl Acad Sci USA.

(2003) 100:1879–84. doi: 10.1073/pnas.0237137100

59. Cénit MC, Alcina A, Márquez A, Mendoza JL, Díaz-Rubio M, de las Heras

V, et al. STAT3 locus in inflammatory bowel disease and multiple sclerosis

susceptibility. Genes Immun. (2010) 11:264–8. doi: 10.1038/gene.2010.10

60. Lee PW, Smith AJ, Yang Y, Selhorst AJ, Liu Y, RackeMK, et al. IL-23R-activated

STAT3/STAT4 is essential for Th1/Th17-mediated CNS autoimmunity. JCI

Insight. (2017) 2:91663. doi: 10.1172/jci.insight.91663

61. Zhou L, Wang J, Li J, Li T, Chen Y, June RR, et al. 1,25-Dihydroxyvitamin D3

ameliorates collagen-induced arthritis via suppression of Th17 cells through

miR-124 mediated inhibition of IL-6 signaling. Front Immunol. (2019) 10:178.

doi: 10.3389/fimmu.2019.00178

62. Chen W, Xu Z, Zheng Y, Wang J, Qian W, Olsen N, et al. A protocol to

develop T helper and Treg cells in vivo. Cell Mol Immunol. (2017) 14:1013–6.

doi: 10.1038/cmi.2017.116

63. Su X, Gu X, Zhang Z, Li W, Wang X. Retinoic acid receptor

gamma is targeted by microRNA-124 and inhibits neurite outgrowth.

Neuropharmacology. (2020) 163:107657. doi: 10.1016/j.neuropharm.2019.

05.034

64. Yang XO, Panopoulos AD, Nurieva R, Chang SH,Wang D,Watowich SS, et al.

STAT3 regulates cytokine-mediated generation of inflammatory helper T cells.

J Biol Chem. (2007) 282:9358–63. doi: 10.1074/jbc.C600321200

65. Nieminen JK, Niemi M, Sipponen T, Salo HM, Klemetti P, Färkkilä M, et al.

Dendritic cells fromCrohn’s disease patients show aberrant STAT1 and STAT3

signaling. PLoS ONE. (2013) 8:e70738. doi: 10.1371/journal.pone.0070738

66. Qin Z, Liu X. miR-124, a potential therapeutic target in colorectal cancer.

Oncotargets Ther. (2019) 12:749–51. doi: 10.2147/OTT.S179501

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Qin,Wang,Wan, Zhang,Wei, Sun and Liu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 12 February 2020 | Volume 11 | Article 235

https://doi.org/10.1038/sj.cr.7310029
https://doi.org/10.1097/00054725-200502000-00001
https://doi.org/10.1073/pnas.0237137100
https://doi.org/10.1038/gene.2010.10
https://doi.org/10.1172/jci.insight.91663
https://doi.org/10.3389/fimmu.2019.00178
https://doi.org/10.1038/cmi.2017.116
https://doi.org/10.1016/j.neuropharm.2019.05.034
https://doi.org/10.1074/jbc.C600321200
https://doi.org/10.1371/journal.pone.0070738
https://doi.org/10.2147/OTT.S179501~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	MicroRNA124-IL6R Mediates the Effect of Nicotine in Inflammatory Bowel Disease by Shifting Th1/Th2 Balance Toward Th1
	Introduction
	Materials and Methods
	Reagents
	Animals and Treatment
	Disease Activity Index (DAI) of DSS Colitis
	Hematoxylin and Eosin (H&E) Staining and Scoring
	Peripheral Blood Lymphocyte Isolation
	Human Peripheral Blood Lymphocyte Activation and Transfection
	Flow Cytometry (FCM) Analysis
	Cytometric Bead Array (CBA) and ELISA
	Immunoblotting
	Immunohistochemical Staining
	Statistical Analysis

	Results
	MiR-124 Overexpression Alleviates DSS Murine Colitis, Shifting the Th1/Th2 Balance Toward Th1 Polarization
	MiR-124 Knockdown Worsens DSS Murine Colitis, Shifting the Th1/Th2 Balance Toward Th2 Polarization
	MiR-124 Promotes Th1 Polarization in Human Peripheral Blood Lymphocytes
	After miR-124 Was Knocked Down, the Promoting Effect of Nicotine on Th1 Polarization Disappeared
	After IL-6R Was Suppressed, the Promoting Effect of miR-124 on Th1 Polarization Disappeared

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


