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ARTICLE INFO ABSTRACT

Keywords: Aim: This study focusses on the anti-inflammatory and immune-modulatory roles of berberine
Ulcerative colitis (BBR) in ulcerative colitis (UC) treatment. Additionally, the underlying mechanisms of BBR were
Berberine

systematically explored.

Methods: A 3% (w/v) dextran sodium sulphate (DSS) solution was used for establishing the mice
UC model. M2 macrophage polarisation was induced in RAW 264.7 cells using interleukin 4 (IL-
4), whereas M1 macrophage polarisation was induced using lipopolysaccharide. Colon length,
colon mucosa damage index (CMDI), and haematoxylin-eosin (HE) staining were used to evaluate
colon damage induced by DSS. M1/M2 macrophages in the colon tissue were identified using
immunofluorescence (IF) staining with CD86" or CD163-+. M1/M2 macrophages in the abdomen
were examined using flow cytometry. An enzyme-linked immunosorbent assay was conducted to
identify M1/M2 macrophage supernatant biomarkers in RAW 264.7 cells. Western blotting,
immunohistochemical staining, and real-time PCR were performed to investigate the potential
mechanisms of BBR for treating UC in vivo and in vitro.

Results: BBR was found to prolong colon length, ameliorate CMDI and alleviate the colon’s
pathological changes in UC mice. In DSS-induced UC mice, M1 macrophages predominated. BBR
promoted M2 macrophages and suppressed M1 macrophages in the colon and abdomen of DSS-
induced UC mice. Additionally, BBR significantly decreased M1-specific markers (IFN-y and IL-
1p) while increasing M2-specific markers (IL-10 and TGF-p) in the supernatants of RAW 264.7
cells. BBR upregulated the mRNA expression of IL-4, STAT6, and Chil3 while downregulating
TNF-a, IFN-y, and NOS2 expression in vivo. Moreover, BBR activated the downstream targets of
the IL-4-STAT6 signalling pathway and enhanced the phosphorylation of STAT6 in vivo and in
vitro to polarise M2 macrophage.

Conclusion: In UC mice, BBR suppressed M1 macrophages while promoting M2 macrophages. M1
macrophage suppression and M2 macrophage activation were strongly correlated with the anti-
inflammatory and immune-modulating activities of BBR. BBR induced the polarisation of M2
macrophages by activating the IL-4-STAT6 signalling pathway, which contributed to its thera-
peutic efficacy against UC.
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1. Introduction

Ulcerative colitis (UC) is a colon and rectum-involved inflammatory bowel disease with an unknown aetiology. Over the years,
increasing global prevalence and fatality rates of UC have caused concern. Typical clinical manifestations of UC included bowel ur-
gency, stomach discomfort, bloody diarrhoea, and tenesmus [1]. UC drastically decreases the quality of life and even leads to death
owing to untimely treatment [2]. Besides, the available means fail to completely cure UC [3]. Usually, UC patients with
mild-to-moderate symptoms are managed with anti-inflammatory therapies (e.g., 5-aminosalicylates or corticosteroids), and UC pa-
tients with severe symptoms are treated with immunosuppressants or anti-tumour necrosis factor (TNF) therapies. However, the
complete remission of symptoms and improvement in QOL is not achieved in many patients [4]. Therefore, current therapeutic re-
gimes are clinically inadequate and hence require more effective drugs or therapies for efficient UC treatment.

The basic pathology of UC is distensible inflammation in the colonic mucosa [5,6]. In the initial stage of inflammation, macro-
phages, which represent a crucial innate immunity population that regulates inflammation, lymphocyte activation and host defences,
were recruited to the colonic mucosa for carrying out timely immune responses [7]. Two well-known outcomes of macrophage
polarisation have been established based on different stimuli: classical macrophage (M1) activation with proinflammatory activity and
alternative macrophage (M2) activation with anti-inflammatory activity [8,9]. The M1 macrophage phenotype is hallmarked by
increased production of MHC class I molecules and proinflammatory cytokines. M2 macrophages, on the other hand, demonstrated
improved tissue-repair capability as well as elevated anti-inflammatory activity [10,11]. Recently studies have reported that the
colonic mucosa of UC is infiltrated by inflammatory macrophage M1 [12,13]. Furthermore, increased M1 and decreased M2 mac-
rophages are frequently observed in the inflammatory UC colon tissues, and the disproportion between M1 and M2 macrophages is
strongly correlated with UC progression [14]. Therefore, the effective regulation of macrophage polarisation between M1 and M2 can
be a potential therapeutic strategy in UC treatment.

Recent emphasis has been focused on the activation of M2 macrophages by Th2 cytokines, particularly in UC therapy. Interleukin 4
(IL-4), a Th2 cytokine, has been shown to significantly enhance the activity of prostaglandin E2, TNF-a, and IL-1p in human monocytes,
which contributes to its anti-inflammatory activities [15]. IL-4 activates transcriptional macrophage repressors, signal transducer, and
transcription 6 (STAT6) activators, which contribute to M2 macrophage polarisation via Janus kinase 1/3/STAT6 activation and
phosphoinositide 3-kinase signalling pathways [16,17]. Furthermore, the phosphorylation of STAT6 has been reported to be crucial for
Th2 cell phenotype with IL-4-dominant in vivo and is an essential transcriptional mediator of IL-4-dependent repression [18]. More-
over, it can be assumed that the IL-4-STAT6 signalling pathway induces M2 macrophage polarisation and alleviates inflammation in
UC colonic mucosa.

In Asia, berberine (BBR), an isoquinoline alkaloid that occurs naturally, has been used extensively to treat gastrointestinal diseases.
Numerous research has shown that BBR has anti-inflammatory, immune-modulatory, and anti-cancer activities [19,20]. However, the
potential mechanisms of BBR against UC remain unknown. Therefore, this study investigated the therapeutic efficacy and possible
mechanisms of BBR against UC, which helped to understand the therapeutic effects of BBR in treating UC (Fig. 1).

2. Materials and methods
2.1. Ethics statement

An ethics statement was previously provided [21]. IACUC-2018-010 was the approval ID.

ACtivation me— c Dso+
ap>
Inhabition =————— g
=
O | L]
=
NOS2 2
S
Lrs LIS i @ =
sl (g mm g -
£ 3 D163+ E
: 2
7 3 \\ TGF-p 2
1L-4 -
=
IL-4 . . ®
L] IL-10 ‘ ;
: = —— g
STAT6 ‘ 2
1L-4 . . oy
| o | Chil3» :
=
g

Fig. 1. Schematic paragraph of BBR in treating UC.
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2.2. Reagents
The detailed information of reagents applied in this study was listed in supplement 1.
2.3. DSS-induced UC mice

We referred to the procedures of Yang et al. [21], Cui et al. [22] and Li et al. [23] to develop 3% DSS-induced UC mice models. Fifty
male Sprague Dawley (SD) C57BL/6 mice (Beijing Sibeifu Animal Breeding Center, China), weighing 20 + 2 g, were randomly
classified into five groups (each containing 10 mice): (1) Control group; (2) UC group; (3) mesalazine group (mesalazine, 0.364
g/kg-d™1); (4) low-dose BBR group (BBR, 20 mg/kg-d~1); (5) high-dose BBR group (BBR, 40 mg/kg-d1). The control group drank
water continuously for 14 days. Other groups received mesalazine or BBR for 7 days after 3% DSS (w/v) treatment. Stool samples,
blood samples, and colon tissues were harvested and preserved at —80 °C.

2.4. Cell culture

Murine-derived Mgs RAW 264.7 cells (IBMS, CAMS/PUMC, Beijing, China) were cultured in DMEM with 10% foetal bovine serum
and 1% penicillin/streptomycin at 37 °C in a 5% CO2 humidified environment. RAW 264.7 cells were treated with LPS (200 ng/mL) or
BBR and IL-4 (20 ng/mL).

2.5. Colon length measurement and colon mucosa damage index (CMDI) evaluation

The entire colon (from the ileocecal to the anus) was obtained and measured using a ruler (0-20 cm). Subsequently, the colon
tissues were cut along the longitudinal axis, and macroscopic histological changes in the colon were observed and recorded for CMDI
evaluation. CMDI values were calculated as the degree of hyperaemia, oedema, erosion, and ulcer in the colon [24].

2.6. Staining of the colon tissue with haematoxylin-eosin (HE)

The whole colon was dissected and then flushed with ice-cold PBS. The following procedures were followed to create tissue samples
from colon tissue: Paraformaldehyde fixation, xylene clearing, paraffin embedding, and microtome cutting into 6-mm-thick sections.
Subsequently, the samples were stained with HE. Using photography and light microscopy at 200 x magnification, the injury to the
colon mucosa was determined histopathologically.

2.7. Identification of M1/M2 macrophages in the colon tissue

The immunofluorescence (IF) staining protocol of the colon tissue reported by Im K et al. [25] was followed. Briefly, the harvested
colon sections were deparaffinised and rehydrated with 10% donkey serum (for primary antibody originating from goat) being used for
immunofluorescence blocking. Fluorescent markers used for M1 and M2 macrophages were CD86" and CD163+, respectively.
TSA-FITC or CY3-conjugated secondary antibody and DPAI were used for visualization after treatment with the primary antibodies
CD86™ (1:50) and CD163+ (1:50). Images were captured and obtained using fluorescence microscopy.

2.8. Examination of M1/M2 macrophages in the abdomen

Macrophages in the abdomen were examined using flow cytometry (FCM). Peritoneal M1 and M2 macrophages were identified as
CD11b + F4/80+ CD86" and CD11b + F4/80+ CD206-, respectively. Peritoneal macrophages from the abdomen of mice were

Table 1
Primers sequences of IL-4, STAT6, Chil3, TNF-a, IFN-y and NOS,.
Genes Primer Sequences (5'- 3')
IL-4 F TACCAGGAGCCATATCCACGGATG
R TGTGGTGTTCTTCGTTGCTGTGAG
STAT6 F TACGGCATCTCCTGGCTGACTG
R GACGCTGGACTGTGGCAGAAAG
Chil3 F GCCCACCAGGAAAGTACACAGATG
R GACCTCAGTGGCTCCTTCATTCAG
TNF-a F CGCTCTTCTGTCTACTGAACTTCGG
R GTGGTTTGTGAGTGTGAGGGTCTG
IFN-y F GCACAGTCATTGAAAGCCTAGAAAGTC
R GCCAGTTCCTCCAGATATCCAAGAAG
NOS2 F GCCCACCAGGAAAGTACACAGATG
R GACCTCAGTGGCTCCTTCATTCAG
p-actin F TATGCTCTCCCTCACGCCATCC
R GTCACGCACGATTTCCCTCTCAG
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collected in flow tubes and centrifuged for 5 min at a rate of 1000 rpm, where the supernatant was discarded. Thereafter, 100-pL
MEDIUM A, 100-pL. MEDIUM B solution, 100-pLpre-cooled flow staining buffer, 5-pL anti-human/mouse CD11b (M1/70), anti-mouse
F4/80 antigen (BM8.1), 5-uL anti-mouse CD86 (B7-2) (GL-1) and 5-pL anti-mouse CD206 (MMR) antibodies were added to the flow
tubes. For 20 min, all antibodies were incubated at room temperature and in the dark. Following this, 400-pL FCM staining buffer was
used to resuspend the cells for FCM analysis.

2.9. Measurement of specific supernatant biomarkers in M1/M2 macrophages

Following the manufacturer’s instructions, ELISA kits (Applied JYM Biotechnology, Beijing, China) were used to quantify the levels
of IFN-y, IL-10, IL-1p, and TGF-p in the serum.
2.10. Real-time reverse transcription PCR (qRT-PCR) for mRNA expressions

TRIzol reagent (Nordic Bioscience, Beijing, China) was used to extract total RNA from the colon tissues, which was subsequently
used in a reverse transcription kit (Promega, Madison, USA) to produce cDNA. Table 1 lists the primer sequences used. SYBR Green

PCR Master Mix and a 7500 fast real-time PCR system (Applied Biosystems, USA) were used to perform qRT-PCR. In addition, 2-22Ct
was used to calculate the relative messenger RNA (mRNA) expression.

2.11. Immunohistochemical (IHC) staining of the colon tissue

Polyclonal anti-IL-4 (1:200) and rabbit anti-STAT6 (1:200) antibodies were used to stain paraffin sections of previously prepared
colon tissue. The section images were photographed with the aid of the NIS Elements Imaging Software Version 4.0 at a magnification
of 200x.
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Fig. 2. BBR’s effect on CMDI values and colon length. A: Measurement of colon length in mice (n = 10) from each group; B: Measurement of CMDI
values in mice (n = 10) from each group. *P < 0.05 versus mesalazine group; **P < 0.01 versus UC group; “*P < 0.01 versus mesalazine group; **P
< 0.01 versus control group; N.S: None statistically significant. BBR_Low: Low-dose BBR; BBR_High: High-dose BBR.
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2.12. Protein expression analysis using Western blotting (WB)

According to a previously published protocol [26], WB analyses of RAW 264.7 cells and colon tissues were carried out. Anti-IL-4
(1:1000), rabbit anti-BATF (1:1000), anti-STAT6 (1:1000), rabbit anti-GATA3 (1:1000), anti-IFN-y (1:500), anti-phospho-STAT6
(p-STAT®6, Tyr641, 1:800), rabbit anti-NOS2 (1:1000), and GAPDH monoclonal antibody (1:8000) were used in the WB experiment.
Image version 1.8.0 was used to analyse the results.

2.13. Statistical analyses

Data are presented as X + s and analysed using the SPSS software programme (version 21.0). For data analyses, one-way ANOVA
followed by the least significant difference test was conducted. P < 0.05 indicated the significance level. The visualization of the results
was achieved using R (version 4.0.4) and GraphPad Prism (version 8.01) software.

3. Results
3.1. BBR prolonged mice colon length and ameliorated CMDI

A typical characteristic of the DSS-induced UC mice model was colon shortening [27]. The colon length of the UC group was
considerably less than that of the control group (Fig. 2A). The colon length was increased significantly following mesalazine and low-
and high-dose BBR treatment. The CMDI values in the UC group were considerably higher as compared to the other groups, and the
macroscopic histological alterations of the colon mucosa, such as hyperaemia, deem erosion, and ulcer, were also significantly
different in the UC group (Fig. 2B). All disease characteristics in the colon were ameliorated owing to mesalazine and BBR treatment
(Fig. 2B).

3.2. BBR alleviated pathological changes in the colon of UC mice

The HE staining results demonstrated that the colon mucosa in the control group was integral (Fig. 3A). However, there was a loss
of colonic mucosal integrity in the UC group, and the crypt location was displaced upward, with irregular and swollen (yellow arrows)
crypt shape and significantly reduced goblet cell numbers. Neutrophils and lymphocyte infiltration were seen in the lamina propria,
even mostly in the mucosa and submucosa the mucosa and submucosa (Fig. 3B). The mesalazine (Fig. 3C), low-dose BBR (Fig. 3D), and

Fig. 3. HE staining of colon tissue in mice from each group. Scale bar = 100 ym. A: HE staining of colon tissue in the control group; B: HE staining of
colon tissue in the UC group; C: HE staining of colon tissue in the mesalazine group; D: HE staining of colon tissue in BBR with low dose group; E: HE
staining of colon tissue in BBR with high dose group.
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high-dose BBR (Fig. 3E) groups, in contrast with the UC group, showed a reduction in these pathogenic alterations. Furthermore,
goblet cell populations in the colon crypts increased following high-dose BBR treatment, while neutrophil and lymphocyte infiltration
was considerably reduced (Fig. 3E).

3.3. BBR promoted M2 macrophages and suppressed M1 macrophages in the colon of UC mice

CD86" and CD163+ surface markers were used to indicate M1 and M2 macrophages in the colon, respectively. As presented in
Fig. 4, CD86" (red arrows) and CD163+ (white arrows) were present in the colon in an appropriate ratio. However, a large number of
CD86" markers were accumulated in the colon mucosa in the UC group, which was accompanied by significant CD163+ reduction.
After treatment with mesalazine, the CD86™ ratio significantly decreased; however, the CD163+ ratio did not significantly increase.
Although the CD86 ™" ratio decreased significantly in both the high- and low-dose BBR groups, the CD163+ ratio increased significantly,

especially in the high-dose BBR group.
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Fig. 4. IF staining images of M1/M2 macrophages in colon tissue. Scale bar = 100 pm. M1 macrophages were immunostained by CD86"; M2
macrophages were immunostained by CD163+. BBR_Low: Low-dose BBR; BBR_High: High-dose BBR.



K. Xiong et al. Heliyon 9 (2023) e14176

3.4. BBR increased M2 macrophages in the abdomen of UC mice

Previous research found the phenotype and function of peritoneal macrophages were highly correlated with UC based on the
activity of reversibility and plasticity [28,29]. The number of CD11b* F4/80" CD206" (M2 macrophages) and CD11b 4 F4/80+
CD86™ (M1 macrophages) cells in the abdomen of the control group were normal, as shown in Fig. 5. However, the number of CD11b
+ F4/80+ CD86" cells increased in the UC group, which was accompanied by a significant decrease in CD206+ cells (Fig. 5B). After
mesalazine administration, the number of CD11b + F4/80+ CD86™ cells decreased, while that of CD11b" F4/80" CD206™ cells
increased slightly (Fig. 5C). In the BBR groups (Fig. 5D and E), the number of CD11b 4 F4/80+ CD86" cells in the abdomen showed a
significant decrease, while that of CD11b" F4/80" CD206" cells did not significantly increase, especially in the high-dose BBR group.

3.5. BBR stimulated M2-specific markers in RAW264.7 cells

To evaluate BBR regulation in vitro, RAW 264.7 cells were stimulated using LPS (200 ng/mL) and IL-4 (20 ng/mL) to mimic M1-and
M2-like macrophages, respectively.

A 50 pM concentration of BBR was chosen as the optimal concentration in RAW 264.7 cells based on our previous study [30]. As
shown in Fig. 6, the levels of IL-1p (Fig. 6A) and IFN-y (Fig. 6B), two M1-specific markers, were considerably elevated in LPS-induced
cells than in DMSO-induced cells in the control group. Furthermore, supernatant levels of IL-10 and TGF-p, two M2-specific markers,
were considerably lowered after LPS treatment. In contrast, IL-10 (Fig. 6C) and TGF-p (Fig. 6D) levels were substantially higher in BBR-
or IL-4-treated cells than in LPS-treated cells. Furthermore, IL-1p and IFN-y contents decreased significantly in both BBR groups.
Therefore, the above findings indicated that BBR suppressed M1-specific markers while promoting M2-specific markers.

3.6. BBR upregulated M2 macrophage gene expression in RAW264.7 cells

The mRNA expression of M1-and M2-like macrophages following BBR intervention was assessed using qRT-PCR. Fig. 7A displays
the heatmap results. The mRNA expression of M2-like macrophages, including IL-4 (Fig. 7B), STAT6 (Fig. 7C) and Chil3 (Fig. 7D),
showed a significant decrease in the LPS-induced groups. However, TNF-a (Fig. 7E), NOS2 (Fig. 7F), and IFN-y (Fig. 7G) mRNA
expression increased significantly in the LPS-induced groups. Compared to the LPS groups, IL-4 and BBR substantially increased M2-
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Fig. 5. FCM images of M1/M2 macrophages in abdomen from each group mice. A: Percentage of CD11b + F4/80+ CD86" and CD11b* F4/80"
CD206" in abdomen of control group; B: Percentage of CD11b + F4/80+ CD86" and CD11b* F4/80% CD206" in abdomen of UC group; C: Per-
centage of CD11b + F4/80+ CD86" and CD11b* F4/80" CD206" in abdomen of mesalazine group; D: Percentage of CD11b 4 F4/80+ CD86" and
CD11b" F4/80" CD206" in abdomen of BBR with low dose group; E: Percentage of CD11b + F4/80+ CD86" and CD11b" F4/80" CD206" in
abdomen of BBR with high dose group.
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(control) group.

like macrophage mRNA expression. In addition, compared to the LPS groups, BBR inhibited TNF-a, NOS2, and IFN-y expression.
Overall, our findings suggest that BBR increases M2-like macrophage gene expression level while decreasing M1-like macrophage gene
expression level.

3.7. BBR activated the IL-4-STAT6 signalling pathway in vivo

The IL-4-STAT6 signalling pathway has been reported to be a prerequisite for M2 macrophage polarisation [31,32]. Therefore, the
effect of BBR on the IL-4-STAT6 signalling pathway in the colon of UC mice was examined. As shown in Fig. 8, IHC analysis revealed
that IL-4 was positive and expressed at high levels in the control group (Fig. 8A and B). However, IL-4 was negative in the UC group.
After mesalazine treatment, IL-4 expression showed no significant increase (Fig. 8A and B). However, after BBR treatment, IL-4
expression increased significantly compared with the UC group (Fig. 8A and B). Correspondingly, the positivity of STAT6 was also
decreased in the UC group (Fig. 8C and D). STAT6 expression increased considerably compared to the UC group after treatment with
BBR, particularly at high doses (Fig. 8C and D).

Was BBR truly activating the IL-4-STAT6 signalling pathway? To answer this question, WB analyses were conducted to evaluate the
protein expression of IL-4, GATA3 (a direct downstream target of IL-4), p-STAT6, STAT6, and BATF (a direct STAT6-dependent
transcription factor) [33] in UC mice. In Fig. 9A, the control group expressed relatively more IL-4, GATA3, STAT6, and BATF than
the UC group; however, p-STAT6 expression was unchanged in both groups. Moreover, following mesalazine treatment, the expression
of these proteins did not significantly increase. Contrarily, the expression of IL-4 (Fig. 9B), GATA3 (Fig. 9C), STAT6 (Fig. 9D), p-STAT6
(Fig. 9E), and BATF (Fig. 9F) were significantly upregulated in the BBR groups. These proteins showed significant differences between
the BBR low-and high-dose groups. WB analyses further confirmed that BBR induced M2 macrophage polarisation in UC mice by
activating the IL-4-STAT6 signalling pathway. WB-derived original images of colon tissue are listed in Supplement 2.

3.8. BBR promoted the IL-4-STAT6 signalling pathway in vitro

BBR’s effect on the IL-4-STAT6 signalling pathway was further verified using in vitro experiments. As presented in Fig. 10A, LPS
exposure significantly attenuated the expression of GATA3, IL-4, and STAT6. However, the expression of p-STAT6 was not significantly
affected by LPS. Additionally, IFN-y and NOS2, which are M1-like macrophage markers, showed significantly increased expression on
LPS induction. In comparison to the LPS groups, IL-4 and BBR substantially stimulated IL-4 (Fig. 10B), GATA3 (Fig. 10C), and STAT6
(Fig. 10D). In addition, p-STAT6 (Fig. 10E) expression was significantly upregulated by IL-4 and BBR, whereas IFN-y (Fig. 10F) and
NOS2 (Fig. 10G) were suppressed on IL-4 and BBR intervention. These results indicated that BBR stimulated the IL-4-STAT®6 signalling
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pathway in vitro. WB original images of Raw 264.7 cells are listed in Supplement 3.
4. Discussion

According to the findings of this study, M1 macrophage is the primary macrophage type mainly distributed in the DSS-induced
inflammatory colon. M2 macrophages in the colon of UC mice were deprived owing to the increasing M1-like macrophages.
Furthermore, BBR increased the efficacy of UC treatment by suppressing M1 macrophages and enhancing M2 macrophages to exhibit
anti-inflammatory activity in vivo and in vitro. Furthermore, BBR activated the IL-4-STAT6 signalling pathway to induce the polar-
isation of M2 macrophages, which was extremely crucial for the alleviation of inflammation.

Macrophages are the first line of defence in the innate immune response and are primarily produced from monocytes in the blood
[34]. Macrophages are widespread throughout tissues, mucosal surfaces, and bodily cavities, such as the gastrointestinal tract, lung
dust cells, and skin Langerhans cells [35]. In vivo, macrophages play a crucial role in tissue formation and internal environment ho-
meostasis. They undergo timely polarisation in response to particular stimuli, and their subtypes may accurately regulate and respond
to numerous stimuli, which might impact inflammation or disease progression [8]. The classical activation of macrophages (M1) and
the alternative activation of macrophages (M2) are the two well-characterised outcomes of macrophage polarisation based on different
stimuli [8,9]. M1 macrophages are mainly induced by LPS, TNF-a, granulocyte-macrophage colony-stimulating factors, and IFN-y [36,
371, which express high levels of G-protein coupled receptor 18, CD38, CD68, CD80, CD86, MHC-II molecules, and formyl peptide
receptor 2 [38,39]. M1 macrophages can exacerbate the pro-inflammatory response by producing pro-inflammatory cytokines,
including CCL15, CCL20, CXCL8-11, IL-1f8, CXCL13, IL-12, IL-18, TNF-a IL-23, and IL-6. Parallelly, M2 macrophages are primarily
induced by macrophage colony-stimulating factors, TGF-f, IL-4, and IL-13. M2 macrophages are characterised by their
anti-inflammatory activities and high anti-inflammatory cytokine levels, including TGF-f, IL-13, IL-10, and IL-13.

M1-M2 macrophage homeostasis is critical because imbalances can lead to the onset and progression of various diseases. Various
studies have demonstrated that the polarisation of M1 macrophages was enhanced, which contributed to serious colon inflammation
and deteriorates UC progression [14,40]. Conversely, the conversion from M1 to M2 macrophages or M2 macrophage promotion in UC
is most likely to alleviate colon inflammation and contribute to tissue repair [13,41]. IL-4, a key inducer of M2 macrophage polar-
isation and T cell differentiation, also has tissue-repair, anti-inflammatory, and M1 macrophage polarisation properties [9]. IL-4 forms
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Fig. 8. Results of IHC staining in mice from each group. A: IHC staining plot of IL-4 in colon tissues; B: IL-4 in colon tissue as per quantitative
analysis results; C: THG staining plot of STAT6 in colon tissue; D: STAT6 in colon tissue as per quantitative analysis results. “P < 0.05 versus
mesalazine group; ““P < 0.01 versus mesalazine group; N.S: None statistically significant; **P < 0.01 versus UC group; **P < 0.01 versus control
group. BBR_High: High-dose BBR; BBR _Low: Low-dose BBR.

a complex by binding to the cytokine-binding receptor IL-4Ra and further recruits the secondary receptor IL-2Ryc or IL-13Ral to form
a functional receptor complex [42]. In addition, IL-4 induces downstream signalling via IL-4Ra, with the Y residue in the intracellular
IL-4Ra domain acting as a docking site for the SH domain of the intracellular signalling molecule to activate STAT6 [43]. Additionally,
p-STAT6, a macrophage transcriptional repressor, combines with macrophage lineage-determining transcription factors (such as
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Fig. 9. Expression of the protein in mice from each group assessed using WB analysis. A: IL-4, STAT6, GATA3, BATF, and p-STAT6 (Tyr641) WB
images. B: Relative expression of IL-4 protein in colon tissue; C: Relative expression of GATA3 protein in colon tissue; D: Relative expression of
STAT6 protein in colon tissue; E: Relative expression of p-STAT6 protein in colon tissue; F: Relative expression of BATF protein in colon tissue. **P
< 0.01 versus UC group; *#P < 0.01 versus control group; “*P < 0.01 versus mesalazine group; N.S: None statistically significant. BBR_High: High-
dose BBR; BBR_Low: Low-dose BBR.

RUNX family transcription factor 1 and activation protein 1) and increases the transcription of genes regulating M2 polarisation [44,
45]. IL-4-induced STAT6 activation significantly inhibits NLRP3, IL-1, and IL-18 expression [46]. Therefore, the IL-4-initiated and
STAT6-transcripted signalling pathways dominate M2 macrophage polarisation.

In inflammatory diseases, BBR, a natural isoquinoline alkaloid, has been shown to induce M2 macrophage polarisation [30,47].
This study reports that BBR inhibited M1-polarised macrophages and promoted M2-polarised macrophages in UC. The alleviation of
inflammatory lesions in the colon was accompanied by the increased proportion of M2 macrophages in the colon and abdomen in UC
mice after BBR treatment, whereas M1 macrophages were suppressed significantly on BBR treatment. Moreover, in vitro experiments
revealed a significant decrease in the supernatant biochemical biomarkers of M1 macrophages, including IL-1p and IFN-y. BBR
treatment, on the other hand, significantly increased IL-10 and TGF-p levels. Additionally, our findings showed that BBR activated the
IL-4-STAT6 signalling pathway during M2 macrophage polarisation. BBR increased the expression level of GATA3 and BATF as well as
IL-4 and STAT®6. In addition, p- STAT6 was activated by BBR. These results indicated that BBR promoted M2 macrophage polarisation
through the IL-4-STAT®6 signalling pathway in treating UC. But our study has some limitations. (1) reverse validation is not performed;
(2) other mechanisms may contribute to BBR’s therapeutic effect on UC; and (3) BBR’s therapeutic effect on UC needs to be further
validated in human clinical trials.
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Fig. 10. Protein expression in RAW264.7 cells assessed using WB analysis. A: WB images of IL-4, GATA3, STAT6, p-STAT6 (Tyr641), IFN-y, and
NOS2. B: Relative IL-4 expression of the protein in RAW264.7 cells; C: Relative expression of GATA3 protein in RAW264.7 cells; D: Relative
expression of STAT6 protein in RAW264.7 cells; E: Relative expression of p-STAT6 protein in RAW264.7 cells; F: Relative expression of IFN-y protein
in RAW264.7 cells; G: Relative expression of NOS2 protein in RAW264.7 cells; N.S: None statistically significant; **P < 0.01 versus LPS group; *#P

< 0.01 versus DMSO group.

5. Conclusion

BBR was effective in treating DSS-induced UC, supporting its anti-inflammatory role in the treatment of UC. BBR’s anti-
inflammatory effects were strongly related to the inhibition of M1 macrophages and the stimulation of M2 macrophages, which

activated the IL-4-STAT6 signalling pathway.

Author contribution statement

Kai Xiong: Conceived and designed the experiments; Performed the experiments; Analysed and interpreted the data; Wrote the
paper. Jia Deng, Wenting Hu, Tinghui Yue, Xinglin Zeng: Performed the experiments; Wrote the paper. Tao Yang, Tianbao Xiao:
Conceived and designed the experiments; Contributed reagents, materials, analysis tools or data.

Funding statement

Tao Yang was supported by National Natural Science Foundation of China [82260936]; National key R & D project

12



K. Xiong et al. Heliyon 9 (2023) e14176

[2018YFC1704500]; special funding for Ph.D of Guizhou University of Traditional Chinese Medicine [GYZYYFY- BS-2022(02)].
Data availability statement

Data included in article/supplementary material/referenced in article.
Declaration of interest’s statement

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments
The authors would like to thank all authors of references for their hard work.
Appendix A. Supplementary data

Supplementary data related to this article can be found at https://doi.org/10.1016/j.heliyon.2023.e14176.

References

[1] J.D. Feuerstein, A.S. Cheifetz, Ulcerative colitis: epidemiology, diagnosis, and management, Mayo Clin. Proc. 89 (11) (2014) 1553-1563.

[2] C. Dong, M. Metzger, E. Holsbg, V. Perduca, F. Carbonnel, Systematic review with meta-analysis: mortality in acute severe ulcerative colitis, Aliment Pharmacol.
Therapeut. 51 (1) (2020) 8-33.

[3] M. Eisenstein, Ulcerative colitis: towards remission, Nature 563 (7730) (2018) S33.

[4] E. Burri, M.H. Maillard, A.M. Schoepfer, F. Seibold, G. Van Assche, P. Riviere, D. Laharie, M. Manz, Treatment algorithm for mild and moderate-to-severe
ulcerative colitis: an update, Digestion 101 (Suppl 1) (2020) 2-15.

[5] R.J. Porter, R. Kalla, G.T. Ho, Ulcerative colitis: recent advances in the understanding of disease pathogenesis, F1000Research 9 (2020).

[6] A. Kaur, P. Goggolidou, Ulcerative colitis: understanding its cellular pathology could provide insights into novel therapies, J. Inflamm. 17 (15) (2020).

[7] P.J. Murray, T.A. Wynn, Protective and pathogenic functions of macrophage subsets, Nat. Rev. Immunol. 11 (11) (2011) 723-737.

[8] S. Gordon, F.O. Martinez, Alternative activation of macrophages: mechanism and functions, Immunity 32 (5) (2010) 593-604.

[9] A. Mantovani, A. Sica, S. Sozzani, P. Allavena, A. Vecchi, M. Locati, The chemokine system in diverse forms of macrophage activation and polarization, Trends
Immunol. 25 (12) (2004) 677-686.

[10] L. Jimenez-Garcia, S. Herranz, A. Luque, S. Hortelano, Critical role of p38 MAPK in IL-4-induced alternative activation of peritoneal macrophages, Eur. J.
Immunol. 45 (1) (2015) 273-286.

[11] D. Chowdhury, H. Alrefai, J.A. Landero Figueroa, K. Candor, A. Porollo, R. Fecher, S. Divanovic, G.S. Deepe Jr., K. Subramanian Vignesh, Metallothionein 3
controls the phenotype and metabolic programming of alternatively activated macrophages, Cell Rep. 27 (13) (2019) 3873-3886.e3877.

[12] S.Dharmasiri, E.M. Garrido-Martin, R.J. Harris, A.C. Bateman, J.E. Collins, J.R.F. Cummings, T. Sanchez-Elsner, Human intestinal macrophages are involved in
the pathology of both ulcerative colitis and crohn disease, Inflamm. Bowel Dis. 27 (10) (2021) 1641-1652.

[13] Q. Lv, Y. Xing, Y. Liu, Q. Chen, J. Xu, L. Hu, Y. Zhang, Didymin switches M1-like toward M2-like macrophage to ameliorate ulcerative colitis via fatty acid
oxidation, Pharmacol. Res. 169 (2021), 105613.

[14] W. Zhu, J. Yu, Y. Nie, X. Shi, Y. Liu, F. Li, X.L. Zhang, Disequilibrium of M1 and M2 macrophages correlates with the development of experimental inflammatory
bowel diseases, Immunol. Invest. 43 (7) (2014) 638-652.

[15] P.H. Hart, G.F. Vitti, D.R. Burgess, G.A. Whitty, D.S. Piccoli, J.A. Hamilton, Potential antiinflammatory effects of interleukin 4: suppression of human monocyte
tumor necrosis factor alpha, interleukin 1, and prostaglandin E2, Proc. Natl. Acad. Sci. U. S. A 86 (10) (1989) 3803-3807.

[16] A.E. Kelly-Welch, E.M. Hanson, M.R. Boothby, A.D. Keegan, Interleukin-4 and interleukin-13 signaling connections maps, Science 300 (5625) (2003)
1527-1528.

[17] M.H. Kaplan, U. Schindler, S.T. Smiley, M.J. Grusby, Stat6 is required for mediating responses to IL-4 and for development of Th2 cells, Immunity 4 (3) (1996)
313-319.

[18] J. Zhu, L. Guo, C.J. Watson, J. Hu-Li, W.E. Paul, Stat6 is necessary and sufficient for IL-4’s role in Th2 differentiation and cell expansion, J. Immunol. 166 (12)
(2001) 7276-7281.

[19] S.M. Ehteshamfar, M. Akhbari, J.T. Afshari, M. Seyedi, B. Nikfar, A. Shapouri-Moghaddam, E. Ghanbarzadeh, A.A. Momtazi-Borojeni, Anti-inflammatory and
immune-modulatory impacts of berberine on activation of autoreactive T cells in autoimmune inflammation, J. Cell Mol. Med. 24 (23) (2020) 13573-13588,
https://doi.org/10.1111/jcmm.16049.

[20] K. Zou, Z. Li, Y. Zhang, H.Y. Zhang, B. Li, W.L. Zhu, J.Y. Shi, Q. Jia, Y.M. Li, Advances in the study of berberine and its derivatives: a focus on anti-inflammatory
and anti-tumor effects in the digestive system, Acta Pharmacol. Sin. 38 (2) (2017) 157-167.

[21] T. Yang, X. Ma, R. Wang, H. Liu, S. Wei, M. Jing, H. Li, Y. Zhao, Berberine inhibits IFN-gamma signaling pathway in DSS-induced ulcerative colitis, Saudi
Pharmaceut. J. 30 (6) (2022) 764-778.

[22] L. Cui, X. Guan, W. Ding, Y. Luo, W. Wang, W. Bu, J. Song, X. Tan, E. Sun, Q. Ning, G. Liu, X. Jia, L. Feng, Scutellaria baicalensis Georgi polysaccharide
ameliorates DSS-induced ulcerative colitis by improving intestinal barrier function and modulating gut microbiota, Int. J. Biol. Macromol. 166 (2021)
1035-1045.

[23] M.Y. Li, H.J. Luo, X. Wu, Y.H. Liu, Y.X. Gan, N. Xu, Y.M. Zhang, S.H. Zhang, C.L. Zhou, Z.R. Su, X.Q. Huang, X.B. Zheng, Anti-inflammatory effects of huangqin
decoction on dextran sulfate sodium-induced ulcerative colitis in mice through regulation of the gut microbiota and suppression of the ras-PI3K-Akt-HIF-1alpha
and NF-kappaB pathways, Front. Pharmacol. 10 (2019) 1552.

[24] H. Zhang, Z. Zhang, G. Song, X. Tang, H. Song, A. Deng, W. Wang, L. Wu, H. Qin, Development of an XBP1 agonist, HLJ2, as a potential therapeutic agent for
ulcerative colitis, Eur. J. Pharmaceut. Sci. 109 (2017) 56-64.

[25] K. Im, S. Mareninov, M.F.P. Diaz, W.H. Yong, An introduction to performing immunofluorescence staining, Methods Mol. Biol. 1897 (2019) 299-311.

[26] T. Yang, R. Wang, J. Zhang, C. Bao, J. Zhang, R. Li, X. Chen, S. Wu, J. Wen, S. Wei, H. Li, H. Cai, X. Yang, Y. Zhao, Mechanism of berberine in treating
Helicobacter pylori induced chronic atrophic gastritis through IRF8-IFN-y signaling axis suppressing, Life Sci. 248 (2020), 117456.

13


https://doi.org/10.1016/j.heliyon.2023.e14176
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref1
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref2
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref2
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref3
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref4
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref4
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref5
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref6
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref7
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref8
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref9
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref9
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref10
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref10
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref11
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref11
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref12
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref12
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref13
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref13
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref14
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref14
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref15
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref15
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref16
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref16
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref17
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref17
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref18
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref18
https://doi.org/10.1111/jcmm.16049
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref20
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref20
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref21
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref21
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref22
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref22
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref22
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref23
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref23
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref23
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref24
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref24
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref25
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref26
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref26

K. Xiong et al.

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]
[35]
[36]
[371
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]

[47]

Heliyon 9 (2023) e14176

Y.-X. Yan, M.-J. Shao, Q. Qi, Y.-S. Xu, X.-Q. Yang, F.-H. Zhu, S.-J. He, P.-L. He, C.-L. Feng, Y.-W. Wu, H. Li, W. Tang, J.-P. Zuo, Artemisinin analogue SM934
ameliorates DSS-induced mouse ulcerative colitis via suppressing neutrophils and macrophages, Acta Pharmacol. Sin. 39 (10) (2018) 1633-1644.

D. Wang, Q. Li, Y. Yang, S. Hao, X. Han, J. Song, Y. Yin, X. Li, M. Tanaka, C.H. Qiu, Macrophage subset expressing CD169 in peritoneal cavity-regulated mucosal
inflammation together with lower levels of CCL22, Inflammation 40 (4) (2017) 1191-1203.

K. Abdelouhab, H. Rafa, R. Toumi, S. Bouaziz, O. Medjeber, C. Touil-Boukoffa, Mucosal intestinal alteration in experimental colitis correlates with nitric oxide
production by peritoneal macrophages: effect of probiotics and prebiotics, Inmunopharmacol. Immunotoxicol. 34 (4) (2012) 590-597.

T. Yang, R. Wang, H. Liu, L. Wang, J. Li, S. Wu, X. Chen, X. Yang, Y. Zhao, Berberine regulates macrophage polarization through IL-4-STAT6 signaling pathway
in helicobacter pylori-induced chronic atrophic gastritis, Life Sci. 266 (2021), 118903.

O.M. Rahal, A.R. Wolfe, P.K. Mandal, R. Larson, S. Tin, C. Jimenez, D. Zhang, J. Horton, J.M. Reuben, J.S. McMurray, W.A. Woodward, Blocking interleukin (IL)
4- and IL13-mediated phosphorylation of STAT6 (Tyr641) decreases M2 polarization of macrophages and protects against macrophage-mediated radioresistance
of inflammatory breast cancer, Int. J. Radiat. Oncol. Biol. Phys. 100 (4) (2018) 1034-1043.

X. Hu, H. Wang, C. Han, X. Cao, Src promotes anti-inflammatory (M2) macrophage generation via the IL-4/STAT6 pathway, Cytokine 111 (2018) 209-215.
L.L. Elo, H. Jarvenpaa, S. Tuomela, S. Raghav, H. Ahlfors, K. Laurila, B. Gupta, R.J. Lund, J. Tahvanainen, R.D. Hawkins, M. Oresic, H. Lahdesmaki, O. Rasool, K.
V. Rao, T. Aittokallio, R. Lahesmaa, Genome-wide profiling of interleukin-4 and STAT6 transcription factor regulation of human Th2 cell programming,
Immunity 32 (6) (2010) 852-862.

S.T. Gren, O. Grip, Role of monocytes and intestinal macrophages in crohn’s disease and ulcerative colitis, Inflamm. Bowel Dis. 22 (8) (2016) 1992-1998.
A. Shapouri-Moghaddam, S. Mohammadian, H. Vazini, M. Taghadosi, S.A. Esmaeili, F. Mardani, B. Seifi, A. Mohammadi, J.T. Afshari, A. Sahebkar, Macrophage
plasticity, polarization, and function in health and disease, J. Cell. Physiol. 233 (9) (2018) 6425-6440.

M. Orecchioni, Y. Ghosheh, A.B. Pramod, K. Ley, Macrophage polarization: different gene signatures in M1(LPS+) vs. classically and M2(LPS-) vs. alternatively
activated macrophages, Front. Immunol. 10 (2019) 1084.

Z. Dong, R. Li, L. Xu, K. Xin, Y. Xu, H. Shi, A. Sun, J. Ge, Histone hyperacetylation mediates enhanced IL-1p production in LPS/IFN-y-stimulated macrophages,
Immunology 160 (2) (2020) 183-197.

K.A. Jablonski, S.A. Amici, L.M. Webb, D. Ruiz-Rosado Jde, P.G. Popovich, S. Partida-Sanchez, M. Guerau-de-Arellano, Novel markers to delineate murine M1
and M2 macrophages, PLoS One 10 (12) (2015), e0145342.

L. Wang, X. Shang, X. Qi, D. Ba, J. Lv, X. Zhou, H. Wang, N. Shaxika, J. Wang, X. Ma, Clinical significance of M1/M2 macrophages and related cytokines in
patients with spinal tuberculosis, Dis. Markers 2020 (2020), 2509454.

D. Lissner, M. Schumann, A. Batra, L.I. Kredel, A.A. Kuhl, U. Erben, C. May, J.D. Schulzke, B. Siegmund, Monocyte and M1 macrophage-induced barrier defect
contributes to chronic intestinal inflammation in IBD, Inflamm. Bowel Dis. 21 (6) (2015) 1297-1305.

L. Cao, H. Xu, G. Wang, M. Liu, D. Tian, Z. Yuan, Extracellular vesicles derived from bone marrow mesenchymal stem cells attenuate dextran sodium sulfate-
induced ulcerative colitis by promoting M2 macrophage polarization, Int. Inmunopharm. 72 (2019) 264-274.

1.S. Junttila, K. Mizukami, H. Dickensheets, M. Meier-Schellersheim, H. Yamane, R.P. Donnelly, W.E. Paul, Tuning sensitivity to IL-4 and IL-13: differential
expression of IL-4Ralpha, IL-13Ralphal, and gammac regulates relative cytokine sensitivity, J. Exp. Med. 205 (11) (2008) 2595-2608.

K. Nelms, A.D. Keegan, J. Zamorano, J.J. Ryan, W.E. Paul, The IL-4 receptor: signaling mechanisms and biologic functions, Annu. Rev. Immunol. 17 (1999)
701-738.

S. Gao, J. Zhou, N. Liu, L. Wang, Q. Gao, Y. Wu, Q. Zhao, P. Liu, S. Wang, Y. Liu, N. Guo, Y. Shen, Y. Wu, Z. Yuan, Curcumin induces M2 macrophage
polarization by secretion IL-4 and/or IL-13, J. Mol. Cell. Cardiol. 85 (2015) 131-139.

C. Zhou, C. Lu, H. Pu, D. Li, L. Zhang, TRAF6 promotes IL-4-induced M2 macrophage activation by stabilizing STAT6, Mol. Immunol. 127 (2020) 223-229.
Z. Czimmerer, B. Daniel, A. Horvath, D. Ruckerl, G. Nagy, M. Kiss, M. Peloquin, M.M. Budai, I. Cuaranta-Monroy, Z. Simandi, L. Steiner, B. Nagy Jr., S. Poliska,
C. Banko, Z. Bacso, I.G. Schulman, S. Sauer, J.F. Deleuze, J.E. Allen, S. Benko, L. Nagy, The transcription factor STAT6 mediates direct repression of
inflammatory enhancers and limits activation of alternatively polarized macrophages, Immunity 48 (1) (2018) 75-90.e76.

Y. Yu, W. Cai, J. Zhou, H. Lu, Y. Wang, Y. Song, R. He, F. Pei, X. Wang, R. Zhang, H. Liu, F. Wei, Anti-arthritis effect of berberine associated with regulating
energy metabolism of macrophages through AMPK/HIF-1« pathway, Int. Inmunopharm. 87 (2020), 106830.

14


http://refhub.elsevier.com/S2405-8440(23)01383-X/sref27
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref27
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref28
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref28
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref29
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref29
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref30
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref30
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref31
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref31
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref31
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref32
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref33
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref33
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref33
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref34
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref35
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref35
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref36
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref36
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref37
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref37
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref38
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref38
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref39
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref39
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref40
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref40
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref41
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref41
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref42
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref42
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref43
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref43
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref44
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref44
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref45
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref46
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref46
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref46
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref47
http://refhub.elsevier.com/S2405-8440(23)01383-X/sref47

	Berberine promotes M2 macrophage polarisation through the IL-4-STAT6 signalling pathway in ulcerative colitis treatment
	1 Introduction
	2 Materials and methods
	2.1 Ethics statement
	2.2 Reagents
	2.3 DSS-induced UC mice
	2.4 Cell culture
	2.5 Colon length measurement and colon mucosa damage index (CMDI) evaluation
	2.6 Staining of the colon tissue with haematoxylin-eosin (HE)
	2.7 Identification of M1/M2 macrophages in the colon tissue
	2.8 Examination of M1/M2 macrophages in the abdomen
	2.9 Measurement of specific supernatant biomarkers in M1/M2 macrophages
	2.10 Real-time reverse transcription PCR (qRT-PCR) for mRNA expressions
	2.11 Immunohistochemical (IHC) staining of the colon tissue
	2.12 Protein expression analysis using Western blotting (WB)
	2.13 Statistical analyses

	3 Results
	3.1 BBR prolonged mice colon length and ameliorated CMDI
	3.2 BBR alleviated pathological changes in the colon of UC mice
	3.3 BBR promoted M2 macrophages and suppressed M1 macrophages in the colon of UC mice
	3.4 BBR increased M2 macrophages in the abdomen of UC mice
	3.5 BBR stimulated M2-specific markers in RAW264.7 ​cells
	3.6 BBR upregulated M2 macrophage gene expression in RAW264.7 ​cells
	3.7 BBR activated the IL-4-STAT6 signalling pathway in vivo
	3.8 BBR promoted the IL-4-STAT6 signalling pathway in vitro

	4 Discussion
	5 Conclusion
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest’s statement
	Acknowledgments
	Appendix A Supplementary data
	References


