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Abstract
Acanthus ilicifolius var. xiamenensis (Acanthaceae), a mangrove found in southeastern China, is an herb with strong
antiinflammatory property. Phytochemical study of the mangrove showed that the plant has a high content of phenylethanol glycoside acteoside (AC). In this research, the anti-inflammatory activity of acteoside on dextran sodium
sulphate (DSS)-mediated mouse ulcerative colitis model were studied. For DSS- mediated colitis in mice, AC can
reduce weight loss and DAI score in UC mice, suppress colon shortening and alleviate colon pathological injury. Moreover, AC treatment notably up-regulates IL-10, down-regulates the levels of IL-1β and TNF-α, and inhibits the protein
expression of JAK2/STAT3, NF-κB p65, IKKα/β and IKB of colon. In addition, after AC treatment, the level of MDA and
NO in colonic tissue were remarkably decreased, while the levels of GSH, SOD, and Nrf2 and HO-1 protein expression
levels were significantly increased. These results indicate that AC can activate the Nrf2 signaling pathway by inhibiting
the JAK/STAT, iNOS/eNOS and NF-κB signaling cascades, enhance the intestinal barrier function, and effectively reduce
DSS-induced UC in mice.
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Introduction
Inflammatory intestinal disease often includes Crohn’s
disorder and ulcerative colitis (UC) [1]. Although its
exact cause is not yet known, it is mainly characterized
by flare-ups and relapses caused by excessive inflammatory responses in genetically susceptible hosts, antibiotic
administration, microbial dysbiosis, or environmental
factor like dietary factor [2]. Chemically mediated colitis model is widely used to study the pathogenesis of
inflammatory diseases because they successfully simulate human intestine inflammatory disorders [3]. Among
them, dextran sodium sulfate (DSS)- mediated colitis is
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an animal model widely used in the research of intestine
inflammation, because it can simulate acute, chronic and
recurrent intestines by adjusting DSS concentration and
dosing frequency tract inflammation [4]. Since the cause
and pathogenesis are still unclear, the clinical treatment
of UC is difficult. Though aminosalicylic acid, steroids,
immunosuppressants and biologics can relieve UC, they
are prone to side effects such as toxicity, allergies, and
upper gastrointestinal bleeding [5]. Therefore, looking for
more reliable and valid drugs is especially urgent.
Studies have shown that colitis mucosal immune activation associated with the increase of inflammatory
cytokine and enzyme, including TNF-α, IL-1β, IL-6, and
iNOS [6–8]. The increase in cytokine activity is related
to inflammation and cancer. Activation of some intracellular signaling cascades, including signal transducers
and activators of STAT3 and NF-κB, has been shown to
cause colitis and control polygene expressions [9, 10].
Under normal physiological circumstances, p65 and p50
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NF-κB heterodimers are inactive as a κB inhibitor complex (IκBα). It is triggered by subsequent IκBα phosphorylation and degradation of inflammatory stimuli, which
functionally activates NF-κB, which is translocated to the
nucleus, where it controls the expression of target genes
[11]. STAT3 plays a key role in autoimmune diseases,
which cause over-activation of STAT3, leading to various
autoimmune diseases [12]. Activated STAT3 dimers are
translocated into the nucleus to facilitate transcription of
target gene [13].
DSS-mediated colitis in mice was used in preclinical
research to find materials that might have a therapeutic
effect on IBD [14]. Plant medicines are of great significance due to their ability to control and cure inflammation and immunomodulatory disorders [15]. Acanthus
ilicifolius var. xiamenensis (Acanthaceae) is a mangrove
found in the mangroves of Xiamen Island, southeast
China [16]. As a Chinese folk medicine, this mangrove is
used to treat various diseases such as lymphadenectasis,
hepatitis, gastragia and tumors [17]. The plant is known
to have many phytochemicals such as alkaloids [18],
phenylethanol glycosides, lignans [19], flavonoids and
steroids [20]. By a bioassay-guided fractionation, a phenylethanol glycoside, acteoside (AC), was isolated and
identified (Fig. 1). Acteoside showed anti-inflammatory
effects in vitro, however, the associated anti-inflammatory mechanism has not been identified [21, 22]. Based
on this, we tried to explore the meaning in depth by carrying out relevant experiments.
In this study, the anti-inflammatory activity and possible mechanisms of acteoside (AC) were comprehensively
described in DSS-mediated UC mouse model. Furthermore, the anti-ulcer mechanisms of AC were investigated
through mucosal protection and regulation of JAK/STAT,
iNOS/eNOS and NF-κB signaling cascades.

Materials and methods
Plant material

The whole plants of Acanthus ilicifolius var. xiamenensis
was collected in Longhai Mangroves, near Xiamen Island,
Fujian Province, China, in June 2019, and identified by
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Dr.Y.H.Zhang (School of pharmacy, Fujian Medical University). A standard sample (ZYH-20190602) was put up
at the Herbarium of Medicinal Plants of Fujian Medical
University.
Isolation of AC from A. ilicifolius var. xiamenensis

The mangrove (6.5 kg) was powdered and soaked with
MeOH (3 L × 3) at 26 °C for 7 days and divided with
petroleum ether, dichloromethane, EtOAc and n-BuOH.
The n-BuOH parts (210 g) were applied to chromatography on MCI and eluted with 20% MeOH (Fr.D2), 50%
MeOH (Fr.D3), 70% MeOH (Fr.D4), and 90% MeOH
(Fr.D5). Fr.D3 were fractionated with sephadex LH-20
(CH2Cl2-MeOH 2:8) and purified by HPLC (58% MeOHH2O) to yield compound 1 (Acteoside) (474.5 mg). A typical high performance liquid chromatography diagram is
shown in Additional file 1: Fig. S1.
Identification of Acteoside (AC)

The chemical structure of Acteoside was identified by the
1
H-NMR, 13C-NMR and ESI–MS. Acteoside (AC): light
yellow powder, ESI–MS (m/z) 627 [M + 3H]+. 1H-NMR
(DMSO-d6, 400 MHz): δ 6.71 (1H, d, J = 2.0 Hz, H-2),
6.69 (1H, d, J = 8.1 Hz, H-5), 6.57 (1H, dd, J = 8.1, 2.0 Hz,
H-6), 4.05, 3.73 (2H, m, H-α), 2.80 (2H, m, H-β), 7.07
(1H, d, J = 2.0 Hz, Caf-H-2), 6.79 (1H, d, J = 8.1 Hz, CafH-5), 6.96 (1H, dd, J = 8.1, 2.0 Hz, Caf-H-6), 6.28 (1H, d,
J = 15.9 Hz, Caf-H-7), 7.60 (1H, d, J = 15.9 Hz, Caf-H-8),
4.38 (1H, d, J = 7.8 Hz, Glu-H-1), 5.20 (1H, d, J = 1.6 Hz,
Rha-H-1). 13C -NMR (DMSO-d6, 100 MHz): δ 131.62
(C-1), 116.74 (C-2), 146.23 (C-3), 144.86 (C-4), 117.34
(C-5), 121.44 (C-6), 72.25 (C-α), 36.73 (C-β), 127.83
(Caf-C-1), 114.88 (Caf-C-2), 147.06 (Caf-C-3), 149.90
(Caf-C-4), 116.42 (Caf-C-5), 123.47 (Caf-C-6), 115.44
(Caf-C-7), 148.23 (Caf-C-8), 168.43 (Caf-C = O), 104.34
(Glu-C-1), 76.16 (Glu-C-2), 81.83 (Glu-C-3), 70.79 (GluC-4), 76.38 (Glu-C-5), 62.56 (Glu-C-6), 103.14 (Rha-C-1),
72.47 (Rha-C-2), 72.59 (Rha-C-3), 74.06 (Rha-C-4), 70.69
(Rha-C-5), 18.61 (Rha-C-6) (Additional file 1: Fig. S2–S4).
These data were in agreement with literature value, Acteoside (Fig. 1) [23, 24].
Chemicals and antibody

Fig. 1 The structure of acteoside (AC) isolated from Acanthus
ilicifolius var. xiamenensis

DSS (36,000–50.000 MW) were obtained by MP Biomedicals (Santa Ana, USA). NO, IL-1β, IL-10 and
TNF-α ELISA Kit were provided by Shanghai MLBIO
Biotechnology Co. Ltd (Shanghai, China). 5-Aminosalicylic acid was provided by Shanghai Aladdin Biochemical Co. Ltd (Shanghai, China). Indomethacin (aladdin,
USA). Antibodies for β-actin, JAK2, STAT3, p-IKKα/β,
p-IKBα, p-P65, iNOS, eNOS, Nrf-2, HO-1, Keap1, HRP
conjugated affinipure goat antimouse or antirabbit IgG
provided by Cell Signaling Technology (MA, USA).
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Superoxidedismutase (SOD), nitric oxide (NO), glutathione peroxidase (GSH) and malondialdehyde (MDA)
were from the Nanjing Jiancheng Bioengineering Institute (Jiangsu, China). Other chemicals were of analytical
grade.
Animals and experimental design

Male C57BL/6 mice (6 weeks old, 18 ± 2 g) provided by
experimental animal center of Hangzhou Medical College, Animal Production License Number: SCXK (Zhe)
2019–0002. All animals were acclimatized to the environment for 3 days before the experiment, and fed and drank
ad libitum at 22 °C ± 2 °C and 50% ± 5% relative humidity.
Animal care and use were in accordance with experimental protocols, and the program was approved by the Animal Ethics Committee of Fujian Medical University.
Fifty (50) mice were partitioned into five groups: control, model (2.5% DSS), 5- aminosalicylic acid (5-ASA,
500 mg/kg) group [25], AC low dose (100 mg/kg), AC
high dose (200 mg/kg) group, each group had 10 mice.
Mice received 2.5% DSS in the drinking water for 7 days
inducing UC except the control mice. For AC and 5-ASA
groups, AC and 5-ASA were administrated orally once a
day 0.1 ml/10 g body weight. The DSS group and normal
group received the same amount of 0.5% carboxymethylcellulose sodium (CMC-Na) solution.
Disease activity index (DAI)

The mice in each group were weighed, the fecal characteristics were observed, and the fecal occult blood test
was performed daily. Disease activity index (DAI) is
evaluated based on previously described method [26]: 0
point for normal stool and negative occult blood test, 0%
weight loss; 1 point for weak positive detection of occult
blood, 1–5% weight loss; 2 point for a soft stool and
occult blood test positive, 6–9% weight loss; 3 point for
a soft stool, 10–15% weight loss, occult blood test strong
positive; 4 point for diarrhoea, gross bleeding, > 15%
weight loss.
Histopathological examination

After 9 days of administration, mice were anesthetized
with an intraperitoneal injection of 5% pentobarbital
(0.2 ml/10 g). Orbital blood was collected. Mice were sacrificed by cervical dislocation. Colon tissues from anus
to ileocecal area were collected and cut in three sections.
One was fixed immediately using 4% neutral formalin,
decalcifed, embedded in paraffin wax. Colon tissues were
observed by hematoxylin and eosin (HE) staining for
morphological examination. The other was reserved at
− 80 °C for cytokine analysis, and the remaining intestinal tissue was frozen for Western blotting assays.

Page 3 of 12

Immunofluorescence staining

Paraffin-embedded colonic tissue was sectioned in
3 μm thick slice. After section was deparaffinized with
xylene and rehydrated in gradient alcohol solution, and
subjected to antigen retrieval. The colon section was
washed with PBS solution five times for 3 min each
and blocked with 5% BSA for 0.5 h at room temperature. The tissue was incubated with primary antibody
(NF-κB, 1:400 dilution) overnight at 4 °C. After being
washed with PBS solution 5 min and four times, the
sections were incubated using fluorescent secondary
antibody (1:500) for 50 min at 37 °C and avoid light.
After pasting with anti-fading medium, fluorescence
microscope was used for microscopic examination and
image collection. The relative area immunoreactivity
was calculated with Image J software [27].
Assessment of oxidative damage levels in vivo

For the analysis of MDA, GSH, SOD and NO in DSSmediated colon tissues, colon tissue sample was suspended in lysis buffer and ground with a homogenizer.
The supernatant was collected by centrifugation. The
contents of MDA, GSH, SOD and NO were determined
with corresponding kits [28].
Determination of cytokine secretion levels of colon tissue

The level of IL-10, TNF-α and IL-1β in the colonic tissue was detected using ELISA based on the manufacturer’s protocol. The standard solution and the
antibody-bearing sample were placed at 37 °C for
60 min, added to the working solution, incubated at
37 °C for 30 min. In the end, the absorbance at 450 nm
was recorded by enzyme- linked immunosorbent assay
[29].
Western blot analysis

Effects of AC on protein level of β-actin, p-IKKα/β,
p-IKBα, p-P65, JAK2, STAT3, iNOS, eNOS, Nrf-2,
HO-1 and Keap1 were investigated by Western blot
[30]. The extraction method of total protein solution
from mouse colon: The colon tissue of each group was
30 mg, grind with lytic buffer to get total protein solution of mouse colon. The protein solution was placed
on a 10% SDS PAGE respectively and delivered to
PVDF membranes. A 1:1000 diluted primary antibody was incubated to specifically identify β-actin,
p-IKKα/β, p-IKBα, p-P65, JAK2, STAT3, iNOS, eNOS,
Nrf-2, HO-1 and Keap1 at 4 °C for 12 h. After washing with TBST buffer, the membrane and HRP linked
secondary antibodies were incubated at 37 °C for 1 h.
Antibody-specific protein on PVDF membrane was
prepared by enhanced chemiluminescence kit. The
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level of p-IKKα/β, p-IKBα, p-P65, JAK2, STAT3, iNOS,
eNOS, Nrf-2, HO-1 and Keap1 were measured using
β-actin as load control [31].
Statistical evaluation

The measurement data was expressed as an average ± SD.
The SPSS version 16.0 Windows software was used for
statistical analysis. One way analysis of variance was
used to compare statistical significant difference among
groups. The statistical significant was set to *P < 0.05, and
high significance was set to **P < 0.01.

Results and discussion
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model was successfully built (Fig. 2C, D). After 7 days of
modeling, the weight loss of mice in AC group was less
than that in DSS group, and the weight changes of mice
in AC 100 and 200 mg/kg groups had significant change
compared to DSS group (Fig. 2A). The DAI of AC group
was lower than that of DSS group (Fig. 2B). After measurement, it was found that the colon length of mice after
drinking DSS was shortened to a certain extent, but the
condition of the AC group was notably better than that of
the group receiving DSS alone. The colon length and visual observation of the AC group was notably better than
the DSS group, especially 200 mg/ kg AC group.

AC alleviates DSS‑induced UC symptoms

Effect on oxidative stress markers

In this experiment, DSS-mediated mouse inflammation
model was established, and the effect of AC on colitis
was studied. Phenotypic changes of mice were observed
and recorded during the experiment. After dissection, it
was found that the mouse colon was obviously wrinkled,
and the colon content was black, showing that the colitis

Evidence suggests that oxidative stress caused by overproduction of reactive oxygen species metabolites
plays an important role in intestinal tissue injury in
a UC model [32]. We collected the intestine of mice
with colitis to measure the degrees of oxidative stress.
From the results in Fig. 3A, B, it can be seen that DSS

Fig. 2 Effect of AC on body weight change (%) (A), disease activity index (B), macroscopic appearances of colons (C), and colon length (D) in mice
with colitis. Graphs represent median ± SD and 2-way ANOVA statistical analysis was performed. * p < 0.05, ** p < 0.01
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Fig. 3 Effects of AC on A nitric oxide (NO), B malondialdehyde (MDA), C reduced glutathione (GSH) and D superoxide dismutase (SOD) in
DSS- induced UC in mice. Graphs represent median ± SD and 2-way ANOVA statistical analysis was performed. * p < 0.05, ** p < 0.01

induced notable increase in colonic NO and MDA content compared to blank group. In addition, the contents
of NO and MDA in AC (100 and 200 mg/kg) treated
mice were significantly reduced compared to DSS
group. As shown in Fig. 3C, D, GSH and SOD level of

the DSS induced mice was notably decreased, while the
level of GSH and SOD was notably improved after AC
treatment compared to DSS group, indicating that the
therapeutic effects of AC on UC also comes from its
antioxidant activity.

Fig. 4 Effects of AC on A IL-1β. B IL-10 C tumor necrosis factor alpha (TNF-α). in DSS- induced UC in mice. Graphs represent median ± SD and 2-way
ANOVA statistical analysis was performed. * p < 0.05, ** p < 0.01
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AC reduce the secretion levels of cytokine in UC mice

IL-1β, IL-10 and TNF-α are frequently used as indicators to assess the anti- inflammatory activity of
compounds [33–35]. The experiment determined
the secretion levels of IL-1β, TNF-α, and IL-10 in UC
mice treated with AC. As shown in Fig. 4A, B and C.
Compared to blank group, DSS promoted the secretion of pro-inflammatory factor (IL-1β and TNF-α)
and decreased the secretion of IL-10, while AC group
reversed this phenomenon. The level of TNF-α and
IL-1β in the intestinal tract of different doses of AC
group showed notable downward trend, while IL-10
showed a significant upward trend. Generally speaking,
AC is beneficial to improve the intestinal pressure and
inflammatory response of mice induced by DSS.
Inhibitory effects of AC on NF‑κB signaling cascade
in colon tissue

NF-κB signaling cascades play an important role in
inflammatory regulation [36–38]. DSS activates phosphorylation and consecutive degradation of IkBα, which
increases nuclear translocation of practically active
NF-κB p65 [39]. The expression of NF-κB p-P65, p-IKBα,
and p-IKKβ was determined by Western blot to investigate the anti-inflammatory mechanism of AC. The results
showed that AC downregulated the expression of NF-κB
p-P65 (Fig. 5A, B). Moreover, AC suppressed the phosphorylation and degradation of p-IKBα (Fig. 5A, C), and
inhibited phosphorylation and degradation of p-IKKβ
(Fig. 5A, D). These data suggest that AC can block UC
mice activation of NF-κB signaling pathways. NF-κBp65
protein immunofluorescence analysis gave similar results
(Fig. 5E). This indicates that AC exhibits inhibitory effect
on the NF-κBp65 pathway on UC mouse.
Activation effects of AC on Nrf‑2 signaling cascade in colon
tissue

The nuclear factor erythrocyte 2 related factor 2 (Nrf2) signaling cascade is a security system that usually
modulates the expressions of antioxidant protein in the
body [40]. As shown in Fig. 6A–D, our result indicated
that compared to blank group, the level of Nrf-2, HO-1,
and Keap1 in colon tissues of model group was notably
decreased, showing that the antioxidant signaling cascade of model group was notably suppressed. This is
coherent with the result of antioxidant parameter experiment (Fig. 3A–D). AC intervention notably upregulated
Nrf-2, HO-1 and Keap1 protein levels in the mouse colon
(Fig. 6A–D), indicating that AC intervention can notably
activate Nrf-2 signaling cascade. Nrf-2 protein immunofluorescence analysis gave similar results (Fig. 6E). This
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indicates that AC exhibits inhibitory effect on the Nrf-2
pathway on UC mouse.
AC regulated the STAT3 signaling cascade in colon tissue

The STAT3 signaling cascade is related in the transmission of multiple cytokines in inflammatory response [41].
To investigate the effect of AC on JAK2 and STAT3 signaling pathways in mice with colitis, the level of p-JAK2
and p- STAT3 were examined. As shown in Fig. 7A–C,
compared with NC group, the expression level of p-JAK2
and p-STAT3 in intestine of UC mice (Fig. 7A–C)
increased notably, while the expression in 5-ASA and AC
group decreased notably.
AC regulated the eNOS signaling cascade in colon tissue

In animal model of ulcerative colitis [42], iNOS has been
defined at infiltrating macrophage and neutrophil in
colonic mucosa [43, 44]. To investigate the activity of AC
on the iNOS and eNOS signaling cascade in mice with
colitis, the levels of iNOS and eNOS were examined. As
shown in Fig. 8A–C, compared to blank group, the high
dose of AC and 5-ASA groups in the intestinal tract of
UC mice (Fig. 8A, C) increased the eNOS protein expression, suggesting that the eNOS pathway was up-regulated, while the expression of iNOS protein in AC group
(Fig. 8A, B) was down-regulated.
AC suppress DSS‑induced colitis development

As expected, compared with the blank group, DSS
stimulated the colon of mice to shrink notably due to
inflammation and tissue injury. It is worth noting that,
compared to DSS group, AC group showed significantly
less colonic contraction, indicating that AC inhibited
bowel inflammation and tissue injury. To further support our data, we used hematoxylin and eosin staining
to evaluate tissue damage in DSS-induced colon tissue
section (Fig. 9A). As expected, the DSS treatment group
showed broad tissue injury, cell necrosis, and crypt loss
compared with the blank group of mice. It is worth noting that the AC and 5-ASA groups showed reduced
crypt loss, while the DSS group showed extensive areas
of inflammation, causing tissue injury and inflammatory
cell infiltration (Fig. 9A). The spleen is a main hematopoietic and immune function organ. It is understood that in
the process of inflammation, because of the inflammatory cells proliferation, it will expand. This phenomenon
is called splenomegaly [45]. The results showed that the
AC group had a significant limited trend of splenomegaly
(Fig. 9B, C). This finding, associated with former observation, shows that AC exhibits effective results, which indicates that it has a strong anti-inflammatory effect and can
partially inhibit DSS-mediated colitis in mice.

Zhang et al. Applied Biological Chemistry

(2022) 65:29

Page 7 of 12

Fig. 5 Effect of AC on the protein expression of p-P65, IκBα and IKKα/β. A Western blotting of p-P65 (B), IκBα (C) and p-IKKα/β (D) protein. E
Immunofuorescence staining of NF-κBp65 co-localized in control group, UC group, 5-ASA group, AC group. Graphs represent median ± SD and
2-way ANOVA statistical analysis was performed. * p < 0.05, ** p < 0.01
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Fig. 6 Effect of AC on the protein expression of Nrf-2, HO-1 and Keap-1 A Western blotting of Nrf-2 (B), HO-1 (C) and Keap-1 (D) protein. E
Immunofuorescence staining of Nrf-2 co-localized in control group, UC group, 5-ASA group, AC group. Graphs represent median ± SD and 2-way
ANOVA statistical analysis was performed. * p < 0.05, ** p < 0.01
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Fig. 7 Effect of AC on the protein expression of p-JAK2 and p-STAT3 (A) Western blotting of p-JAK2 (B), and p-STAT3 (C) protein

In the clinical treatment of IBD patients, the patient’s
condition should be evaluated first. Drugs should be
selected according to the condition. Patients with mild
to moderate IBD should be given 5-ASA drugs to induce
remission. If the treatment effect is poor or intolerable,
the ascending steps are glucocorticoids, immunosuppressants (thiopurine drugs azapurine (AZA), 6-mercaptopurine (6-MP)) and biological agents (infliximab (IFX)).
Therefore, 5-ASA drugs have the best effect on mild to
moderate colitis. In animal experiments, in the process
of DSS induced colitis, the mice were in mild to moderate colitis in the first few days, and the mice had discomfort such as loss of appetite, abdominal pain, hair loss
and soft stool. At this time, the curative effect of 5-ASA
was the most obvious, and the DAI index decreased.
However, with the increase of days of DSS administration, the symptoms of colitis in mice gradually worsened,
with obvious weight loss and bloody stool. At this time,
the immune system of mice was activated, 5-ASA is not
enough to fight the inflammatory factor storm in the
body, so the DAI index in the last two days of administration does not decrease significantly or increases slightly.
On the other hand, 5-ASA has gastrointestinal side

effects, such as diarrhea and vomiting. Some rats may
increase DAI index due to additional diarrhea, resulting
in abnormal DAI curve [46].
Acteoside is essential to the known medicinal activity
of Acanthus ilicifolius var. xiamenensis. Various pharmacological activities of acteoside have been reported [21,
22], such as anti-inflammatory, antioxidant, anti-hepatotoxic and neuroprotective. It is not clear whether acteoside can treat colitis by inhibiting inflammatory factors.
Acteoside (AC) is the main component and is abundantly
present in the whole plant of A. ilicifolius var. xiamenensis. In this study, we explored the anti-UC effect and
mechanism of AC. We checked the therapeutic activity
of AC in DSS mediated UC mice. Result indicated that
AC improved weight loss, colonic contracture, and DAI
scores of UC mice in a dose-dependent manner. Histopathological findings indicated that AC (100 and 200 mg/
kg) notably reduced DSS-induced inflammatory infiltration, edema, and exudations of eosinophil and neutrophil, indicating that AC has a good therapeutic activity in
mice with ulcerative colitis.
In order to study anti-inflammatory mechanism
of Acteoside (AC), we detected the NF-κB signaling
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Fig. 8 Effect of AC on the protein expression of iNOS and eNOS (A) Western blotting of iNOS (B) and eNOS (C) protein

cascade proteins in mouse colon tissues. Study has
indicated that in the DSS-mediated UC mouse model,
NF-κB signaling cascade was unusually activated [38].
The results indicated that AC down-regulated the
expression of NF-κB p-P65. Moreover, AC suppressed
the phosphorylation and degradation of p-IKBα, and
inhibited phosphorylation and degradation of p-IKKβ.
These data suggest that AC can block UC mice activation of NF-κB signaling pathways. AC treatment notably reduces the level of these proteins and has notable
anti-inflammatory effects. It has been reported that
Nrf2 signaling cascade was remarkably restrained in
UC rats [40]. AC intervention notably upregulated Nrf2, HO-1 and Keap1 protein levels in the mouse colon,
indicating that AC intervention can notably activate
Nrf-2 signaling cascade. The increase of iNOS in tissues related to the severity of diseases [44]. The result
showed, the AC group in the intestine tract of UC mice

increased the eNOS protein expression, suggesting that
the eNOS pathway was up-regulated, while the expression of iNOS protein in AC group was down-regulated.
Levels of phosphorylated JAK2 and phosphorylated
STAT3 in colon tissue were improved by DSS administration [41]. A main finding of our research was the
observed reduction of JAK2/STAT3 phosphorylation
after AC treatment, indicating that inhibition of the
JAK and STAT pathway may be involved in AC treatment of colitis.
AC administration can improve experimental DSSmediated colitis in mice. The protective activity of AC
seems related to reduction of inflammation and oxidative
stress by attenuating proinflammatory cytokine induced
by JAK and STAT, iNOS/eNOS and NF-κB signaling cascades. These results indicate that AC may be an effective
botanical drug and has advantage in prospective clinical
application for the treatment of IBD or related disease in
the future.
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Fig. 9 Protective effect of AC against DSS-induced UC in mice. A Image of H&E staining obtained at 20 × magnification in the colon. B
Representative spleens from each group. C The weight of spleens from each group

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13765-022-00695-w.
Additional file1: Figure S1. HPLC analysis of Acteoside (AC) (at 205 nm).
Figure S2. 1H NMR spectrum (400 MHz) of Acteoside in DMSO-d6. Figure
S3. 13C NMR spectrum (100 MHz) of Acteoside in DMSO-d6. Figure S4.
ESIMS spectrum of Acteoside.
Acknowledgements
This work was financially supported by the National Natural Science Foundation of China (82071869, 41806173), the Natural Science Foundation of Fujian
Province (2020J01619 and 2018J01847), and Start up Fund for scientific
research, Fujian Medical University (2020QH2031).
Author contributions
YZ, JS, XM designed the experiments. YZ, JS, MY completed the isolation and
elucidation the structures. YZ, JS, MY tested cytotoxicity and anti-inflammatory
effects of the compounds. YZ, JS, DC, YhZ interpreted the data and wrote the
paper. YZ, XM, DC, YhZ revised the manuscript. All authors read and approved
the final manuscript.
Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Declarations
Ethics approval and consent to participate
All experiments involving the use of animals have been approved by the Institutional Animal Protection and Use Committee of Fujian Medical University
(Approval No. 2017–0102).

Competing interests
There is no conflict of interests.
Received: 15 January 2022 Accepted: 5 April 2022

References
1. Huang LJ, Mao XT, Li YY, Liu DD, Jin J (2021) Multiomics analyses reveal
a critical role of selenium in controlling T cell differentiation in Crohn’s
disease. Immunity 54:1728–1744
2. Sartor RB (2006) Mechanisms of disease: pathogenesis of Crohn’s disease
and ulcerative colitis. Nat Clin Pract 3:390–407
3. Randhawa PK, Singh K, Singh N, Jaggi AS (2014) A review on chemicalinduced inflammatory bowel disease models in rodents. Korean J Physiol
Pharmacol 18:279–288
4. Eichele DD, Kharbanda KK (2017) Dextran sodium sulfate colitis murine
model: an indispensable tool for advancing our understanding of
inflammatory bowel diseases pathogenesis. World J Gastroenterol
23:6016–6029
5. Privitera G, Pugliese D, Rapaccini GL, Gasbarrini A, Armuzzi A, Guidi L
(2021) Predictors and early markers of response to biological therapies in
inflammatory bowel diseases. J Clin Med 10:853
6. Alivernini S, MacDonald L, Elmesmari A, Finlay S, Tolusso B, Gigante MR,
Petricca L, Di Mario C, Bui L, Perniola S (2020) Distinct synovial tissue
macrophage subsets regulate inflammation and remission in rheumatoid
arthritis. Nat Med 26:1295–1306
7. Sakthivel KM, Guruvayoorappan C (2013) Acacia ferruginea inhibits tumor
progression by regulating inflammatory mediators-(TNF-α, iNOS, COX-2,
IL-1β, IL-6, IFN-γ, IL-2, GM-CSF) and pro-angiogenic growth factor-VEGF.
Asian Pac J Cancer Prev 14:3909–3919
8. Schindler R, Mancilla J, Endres S, Ghorbani R, Dinarello CA (1990) Correlations and interactions in the production of interleukin-6 (IL-6), IL-1,

Zhang et al. Applied Biological Chemistry

9.

10.

11.

12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.
30.

(2022) 65:29

and tumor necrosis factor (TNF) in human blood mononuclear cells: IL-6
suppresses IL-1 and TNF. Blood 75:40–47
Eissa N, Hussein H, Kermarrec L, Ali AY, Marshall A, Metz-Boutigue M,
Hendy GN, Bernstein CN, Ghia JE (2018) Chro-mogranin-A regulates
macrophage function and the apoptotic pathway in murine DSS colitis. J
Mol Med 96:183–198
Meeran MN, Azimullah S, Laham F, Tariq S, Goyal SN, Adeghate E, Ojha,
(2020) α-Bisabolol protects against β-adrenergic agonist-induced myocardial infarction in rats by attenuating inflammation, lysosomal dysfunction, NLRP3 inflammasome activation and modulating autophagic flux.
Food Funct 11:965–976
Yan YX, Shao MJ, Qi Q, Xu YS, Yang XQ, Zhu FH, He SJ, He PL, Feng CL, Wu
YW (2018) Artemisinin analogue SM934 ameliorates DSS-induced mouse
ulcerative colitis via suppressing neutrophils and macrophages. Acta
Pharmacol Sin 39:1633–1644
Coskun M, Salem M, Pedersen J, Nielsen OH (2013) Involvement of JAK/
STAT signaling in the pathogenesis of inflammatory bowel disease. Pharmacol Res 76:1–8
Takada Y, Ray N, Ikeda E, Kawaguchi T, Kuwahara M, Wagner EF, Matsuo
K (2010) Fos proteins suppress dextran sulfate sodium-induced colitis
through inhibition of NF-κB. J Immunol 184:1014–1021
Moller FT, Andersen V, Wohlfahrt J, Jess T (2015) Familial risk of inflammatory bowel disease: a population-based cohort study 1977–2011. Am J
Gastroenterol 110:564–571
Curro D, Pugliese D, Armuzzi A (2017) Frontiers in drug research and
development for inflammatory bowel disease. Front Pharmacol 8:400
Zhong LJ, Huang MY, Zhang JG, Li GW, Zhang YH (2012) Study on the
chemical constituents from Acanthus ilicifolius Linn. var. xiamenensis. Chin
J Mar Drugs 31:23–28
Hai F, Tang XL, Li GQ (2009) Sterols from the mangrove plant Acanthus
ilicifolius. Mar Drugs 28:23–28
Atkinson J, Morand P, Arnason JT, Niemeyer HM, Bravo HR (1991) Analogs
of the cyclic hydroxamic acid 2, 4-dihydroxy-7-methoxy- 2H–1, 4- benzoxazin -3-one (DIMBOA): decomposition to benzoxazolinones and reaction
with β- mercaptoethanol. J Org Chem 56:1788–1800
Huang MY, Zhong LJ, Wang F, Liu QY, Zhang YH (2014) Chemical constituents from the roots of Acanthus ilicifolius var. xiamenensis. Biochem Syst
Ecol 55:145–147
Huo CH, Liang H, Zhao YY, Lin WH (2004) Progress in the research on
chemical constituents and pharmacologic activities of Acanthus. Mar
Drugs 3:39–44
Xie G, Yang J, Wei X, Xu Q, Qin M (2020) Separation of acteoside and linarin from Buddlejae Flos by high-speed countercurrent chromatography
and their anti-inflammatory activities. J Sep Sci 43:1450–1457
Diaz AM, Abad MJ, Fernandez L, Silvan AM (2004) Phenylpropanoid glycosides from Scrophularia scorodonia: in vitro anti-inflammatory activity. Life
Sci 74:2515–2526
Chao CL, Huang HW, Huang HC, Chao HF, Yu SW, Su MH, Wang CJ, Lin
HC (2019) Inhibition of amyloid beta aggregation and deposition of
Cistanche tubulosa aqueous extract. Molecules 24:1–12
Dereli FTG, Genc Y, Saracoglu I, Akkol EK (2020) Enzyme inhibitory
assessment of the isolated constituents from Plantago holosteum Scop. Z
Naturforsch 75:121–128
Li H, Gong Y, Xie Y, Sun Q, Li Y (2018) Clostridium butyricum protects the
epithelial barrier by maintaining tight junction protein expression and
regulating microflora in a murine model of dextran sodium sulfateinduced colitis. Scand J Gastroentero 53:1031–1042
Cooper HS, Murthy SN, Shah RS, Sedergran DJ (1993) Clinicopathologic
study of dextran sulfate sodium experimental murine colitis. Lab Invest
69:238–249
Im K, Mareninov S, Diaz M, Yong WH (2019) An introduction to performing immunofluorescence staining. Methods Mol Biol. https://doi.org/10.
1007/978-1-4939-8935-5_26
Marklund S, Marklund G (1974) Involvement of the superoxide anion
radical in the autoxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur J Biochem 47:469–474
Bradford MM (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal Biochem 72:248–254
Wang SW, Bai YF, Weng YY, Fan XY, Huang H, Zheng F, Zhang F (2019)
Cinobufacini ameliorates dextran sulfate sodium-induced colitis in mice

Page 12 of 12

31.
32.

33.

34.

35.
36.
37.
38.
39.
40.
41.

42.

43.

44.
45.
46.

through inhibiting M1 macrophage polarization. J Pharmacol Exp Ther
368:391–400
Kurien BT, Scofield RH (2006) Western blotting. Methods 38:283–293
Almeer RS, Mahmoud SM, Amin HK, Abdel Moneim AE (2018) Ziziphus
spina- christi fruit extract suppresses oxidative stress and p38 MAPK
expression in ulcerative colitis in rats via induction of Nrf2 and HO-1
expression. Food Chem Toxicol 115:49–62
Huang CH, Wang SC, Chen IC, Chen YT, Liu PL, Fang SH, Huang SP, Yeh
HC, Liu CC, Lee PY, Lin TC, Cheng WC, Su CC, Wu HE, Chen YR, Li CY (2021)
Protective effect of piplartine against LPS-induced sepsis through attenuating the MAPKs/NF-κB signaling pathway and NLRP3 inflammasome
activation. Pharmaceuticals 14:588
Silva LR, Alves AF, Cavalcante-Silva LHA, Braga RM, Almeida RN, BarbosaFilho JM, Piuvezam MR (2017) Milonine, a Morphinandienone alkaloid,
has anti- inflammatory and analgesic effects by inhibiting TNF-α and
IL-1β production. Inflammation 40:2074–2085
Ip WKE, Hoshi N, Shouval DS, Snapper S, Medzhitov R (2017) Antiinflammatory effect of IL-10 mediated by metabolic reprogramming of
macrophages. Science 356:513–519
Staal J, Bekaert T, Beyaert R (2011) Regulation of NF-κB signaling by
caspases and MALT1 paracaspase. Cell Res 21:40–54
Fallahi-Sichani M, Kirschner D, Linderman J (2012) NF-κB Signaling
dynamics play a key role in infection control in tuberculosis. Front Physiol
3:170
You BH, Chae HS, Song J, Ko HW, Chin YW, Choi YH (2017) α-Mangostin
ameliorates dextran sulfate sodium-induced colitis through inhibition of
NF-κB and MAPK pathways. Int Immunopharmacol 49:212–221
Mi P, Jin H (2016) Roles of NF-κB in cancer and inflammatory diseases and
their therapeutic approaches. Cells-Basel 5:15
Saber S, Khalil RM, Abdo WS, Nassif D, El-Ahwany E (2019) Olmesartan
ameliorates chemically-induced ulcerative colitis in rats via modulating
NFκB and Nrf-2/HO-1 signaling crosstalk. Toxicol App Pharm 364:120–132
Xiong X, Huang C, Wang F, Dong J, Zhang D, Jiang J, Feng Y, Wu B, Xie T,
Cheng L (2020) Qingxue jiedu formulation ameliorated DNFB-induced
atopic dermatitis by inhibiting STAT3/MAPK/NF-κB signaling pathways. J
Ethnopharmacol 270:113773
Miller MJ, Thompson JH, Zhang XJ, Sadowska-Krowicka H, Kakkis JL, Munshi UK, Sandoval M, Rossi JL, Eloby-Childress S, Beckman JS, Ye YZ, Rodi
CP, Manning PT, Currie MG, Clark DA (1995) Role of inducible nitric oxide
synthase expression and peroxynitrite formation in guinea pig ileitis.
Gastroenterology 109:1475–1483
Palatka K, Serfozo Z, Vereb Z, Hargitay Z, Lontay B, Erdodi F, Banfalvi G,
Nemes Z, Udvardy M, Altorjay I (2005) Changes in the expression and
distribution of the inducible and endothelial nitric oxide synthase in
mucosal biopsy specimens of inflammatory bowel disease. Scand J
Gastroenterol 40:670–680
Vento P, Kiviluoto T, Jarvinen HJ, Soinila S (2001) Changes in distribution
of three isoforms of nitric oxide synthase in ulcerative colitis. Scand J
Gastroenterol 36:180–189
McKenzie CV, Colonne CK, Yeo JH, Fraser ST (2018) Splenomegaly:
pathophysiological bases and therapeutic options. Int J Biochem Cell Biol
94:40–43
Cottone M, Renna S, Modesto I, Orlando A (2011) Is 5-ASA still the treatment of choice for ulcerative colitis? Curr Drug Targets 12:1396–1405

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

