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Abstract
The sustained activation of the nuclear factor κB (NF-κB) signaling pathway has been observed in
human in�ammatory bowel disease (IBD). Ophiopogonin D (OP-D) is a small molecular compound
isolated from Ophiopogon japonicus, a widely used herbal remedy. In this study, dextran sodium sulfate
was used to make a mouse model of experimental colitis and verify the effect of OP-D on the mouse
model of experimental colitis. Small molecule-protein molecular docking approaches were also used to
discover the mechanisms underlying the OP-D-induced regulation of colitis.

In colitis, the OP-D can inhibit the apoptosis of intestinal mucosa cells, restore the intestinal barrier, and
alleviate in�ammation. The molecular docking simulations showed that OP-D had a high a�nity with the
REL-homology domain of NF-κB-p65 that affected its translocation to the nucleus. In a cell study, the
effects of OP-D on in�ammation and barrier dysfunction were signi�cantly decreased by a small
interfering RNA targeting NF-κB-p65. Further, the LPS-induced increase in NF-κB-p65 in the nucleus was
also signi�cantly inhibited by OP-D. OP-D alleviated experimental colitis by inhibiting NF-κB. New insights
into the pathogenesis and treatment options of colitis are provided though this study.

Introduction
In�ammatory bowel disease (IBD) is a complex, multifactorial, recurrent gastrointestinal in�ammatory
disease, including ulcerative colitis (UC) and Crohn's disease (CD) [1].

In some western and newly industrialized countries, the incidence of IBD is on the rise [2, 3]. Intestinal
stricture and abscess often appear with patients who have IBD. Besides, severe patients may have some
symptoms such as intestinal site bleeding and perforation, and even in�ammation cancer
transformation.[4-6]. Intestinal and extra-intestinal manifestations/complications cause mental and
physical pain in patients with IBD during their active, young, and middle ages. Thus, IBD imposes heavy
economic burdens on patients’ families and society [7].

The pathology mechanism of colitis, which has not been fully revealed, has been considered to be a
combination of genetic and environmental factors, as well as immune disturbances [8]. IBD often leads to
changes in various cytokines (e.g., tumor necrosis factor (TNF-α), interleukin-6 (IL-6), and interleukin-1 (IL-
1β)) in cells [9]. Nuclear factor κB (NF-κB) activation has been found to control the transcription of genes
involved in immunity and in�ammation in IBD [10]. The inhibition of the NF-κB-dependent signaling
pathways represents a promising avenue for IBD therapy. The anti-in�ammatory mechanisms of steroids
for the treatment of IBD are dependent on the inhibition of NF-κB activation [11]. Steroids are also
important for the treatment of moderate and severe IBD because common non-steroidal anti-
in�ammatory drugs, including sulfasalazine, have limited effects on IBD [12, 13]. But steroids also carry
risks, often with side effects, such as Cushing's syndrome. Steroids also suppress the production of
adrenaline, leading to diabetes, glaucoma, osteoporosis, and even deadly infections [14]. Thus, it would
be bene�cial to discover a natural drug that can inhibit NF-κB activation for IBD treatment.
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As the main component of Ophiopogon japonicas, Ophiopogonin D (OP-D)has various biological
functions, such as anti-tumor[15], enhancing immunity, and anti-oxidation[16]. OP-D can also inhibit cell
apoptosis[17] and anti-in�ammatory [18]. Among throat and intestinal diseases, OP-D can inhibit bacteria
and in�ammation and is included in a variety of traditional Chinese medicines that also treat
in�ammation-related diseases. The present study aimed to examine the effects of OP-D in an
experimental mouse colitis model induced by the consumption of free drinking water containing dextran
sodium sulphate (DSS). The potential therapeutic mechanisms were studied as well.

Materials And Methods
Animal

Ninety male C57BL/6J mice aged 6-8 weeks were provided by Dalian Medical University of China (license
key: SYXK (Liao) 2018-0007). The mice weighed between 18 and 20g. The experimental protocol
followed the guidelines of the Canadian Animal Protection Commission (CCAC) and the Guidelines for
the Care and Use of Experimental Animals (National Academy of Sciences Press, 8th Edition). Animal
research complies with ARRIVE guidelines [19].

Reagents

Obtained OP-D (purity: 98%) from Shanghai Winherb Medical Technology Co.Ltd. (Shanghai, China). NF-
κB antibody, COX-2 antibody, inducible nitric oxide synthase (iNOS) antibody, Bcl-2 antibody, Bax
antibody, caspase-3 antibody, myosin light chain kinase (MLCK) antibody and occludin antibody were
purchased from Abcam (Hong Kong) Ltd. (Hong Kong, China). Other chemicals were obtained from
Sigma-Aldrich (St. Louis, MO, USA)

Cell Culture

The cell line IEC-6 was obtained from the Cell Bank of Shanghai Research Institute (Shanghai, China). A
high sugar DMEM medium containing 10% fetal bovine serum was used to culture the cells. An incubator
was used to culture the IEC-6 cells at 37℃ with 5% carbon dioxide.

Experimental Design

40 C57BL/6 mice were randomly selected for the toxicity experiment of OP-D in vivo. To evaluate the
effects of OP-D on colitis in vivo,50 C57BL/6 mice were randomly selected and divided into 5 groups of
10 mice each. In group I, the mice were given normal drinking water.  In group , , ,  ,the mice were given
free drinking 4.0% DSS to induce colitis for 7 days [20]. Group , colitis model group. Group III, standard
treatment control group-given Salicylazosulfopyridine (SASP); Group IV: OP-D low-dose group-given 10
mg/kg OP-D; Group V: OP-D high-dose group-given 40 mg/kg OP- D.

Assessment of In�ammation
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We measured Bodyweight and disease index of each mouse daily[21]. Colitis disease activity index
(DAI)a comprehensive score assessed by the percentage of weight loss, defecation, and stool bleeding
according to previous studies[17].The colonic tissues of mice were collected after planned death.The
colonic tissues were stained with hematoxylin and eosin. And immunohistochemical analysis was
performed to evaluate the morphological structure of colonic tissues[22]. We measured the levels of TNF-
α, IL-1β, and IL-6 in the tissues by ELISA. The contents of malondialdehyde (MDA), glutathione (GSH), and
superoxide dismutase (SOD)were determined by the method provided by the reagent supplier.

Western Blot

After obtaining the colon tissue of the mouse, it was quickly stored in liquid nitrogen. Total colonic tissue
proteins were obtained with a protein extraction kit (KeyGen Biotech, China). SDS\PAGE technology was
selected to isolate the proteins. We used methanol to activate the PVDF membrane for one minute. Next,
the target protein was transferred to the PVDF membrane. The antibody was incubated at 4℃ overnight.
A Multi-Spectral Imaging system (UVP, Cambridge, UK) was used to detect and quantify the bands.

Cell Transfection

According to the operating method provided by the reagent manufacturer, Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was used to transfect small molecule interfering RNA (siRNA) targeting
NF-κB into IEC-6 cells. Relevant experiments directly show the transfection e�ciency, and based on it, IEC-
6 cells were cultured in a six-well cell plate, NF-κB siRNA and negative control were added to the cell
culture medium, transfected for 48 hours to collect the cells. We extracted the total protein by the
aforementioned method. The siRNA used in the experiment was obtained from Genepharma (Shanghai,
China).

Molecular Docking Simulation

Molecular docking was conducted using MOE v2014.0901 software from Chemical Computing Group Inc.
(Montreal, QC, Canada). The 2D structures of OP-D were drawn in ChemBioDraw 2014 and converted to
the 3D structure in MOE by energy minimization. The 3D structure of the protein complex (NF-κB-p65)
was obtained from the RCSB Protein Data Bank (PDB ID: 1IKN) [23]. Before docking, the force �eld of
AMBER10: EHT and the implicit solvation model of the Reaction Field (R-�eld) were selected. MOE-Dock
was used for molecular docking simulations of OP-D with NF-κB-p65. The docking work�ow followed the
“induced �t” protocol, in which the side chains of the receptor pocket were allowed to move according to
ligand conformations, with a constraint on their positions. We used the weight that was 10 for tethering
side-chain atoms to their original positions. For each ligand, all docked poses were ranked by London dG
scoring �rst, then a force �eld re�nement was carried out on the top 20 poses, followed by a rescoring of
GBVI/WSA dG. The best (probable) binding modes have the lowest free energies of binding. Molecular
graphics were generated by PyMOL software.

Statistical Analysis
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The experimental data were analyzed by single-blind. One-way analysis (ANOVA) was used for
comparison between groups, and Student’ t-test was used to verify the gap between the data in the
groups. All displayed values are calculated with the mean and standard deviation (SD). Kaplan-Meler was
used for further evaluation and rank-sum tests. All experimental values of the above analysis are
obtained by repeating the experiment more than 6 times. P<0.05 was considered to be statistically
signi�cant.

Results
Dose/Concentration Selection and Toxicity of OP-D in Normal Cells and Mice

Fig. 1a shows the chemical structure of OP-D. Based on the cytotoxicity test in vitro, the effective and
non-toxic concentration of OP-D in subsequent experiments were determined. Exposure to 20μmol/L OP-
D for 24 h had no remarkable effect on cell viability (Fig. 1b). Intragastric administration of OP-D (10
mg/kg and 40 mg/kg) for seven consecutive days had no signi�cant effects on mouse body weight
(Fig.1c), the weight ratio of the spleen to the body (Fig.1d), or cytokine pro�les (IL-6, IL-1β, and TNF-α)
(Fig. 1e-g) of colon tissue. Besides, the expression of NF-κB-p65 was not signi�cantly affected by the
intragastric administration of OP-D (Fig. 1h). Because of the experiments and results previously provided
by other researchers[24, 25],  ≤ 40mg/kg and ≤ 20μmol/L OP-D were used in vivo and in vitro
experiments, respectively.   

OP-D Alleviated Colitis Symptoms

The colitis model induced by DSS was successfully established, which was certi�ed by biochemical and
macro-analysis of signi�cant colonic mucosal lesions, including severe ulceration, congestion, and
edema. On the surface of the colonic mucosa, many ulcers covered with grimy sphacelus. HE staining
showed a variety of obvious symptoms of in�ammation, including markedly thickened muscular layer,
neutrophil in�ltration, disordered gland arrangement, and crypt abscess (Fig.2a). The gross morphology
of the colon (Fig.2b) indicated that OP-D alleviated the in�ammatory response. All the colitis symptoms
induced by 4.0% DSS, including shorter colon length, decreased bodyweight, as well as disease activity
index was reversed by OP-D. (Fig.2c-e)

OP-D Attenuated Oxidative Stress in the Colitis

The effects of OP-D on oxidative stress were studied in the colitis model. Compared to the sham group,
colonic MDA was increased, while GSH and SOD were decreased in the colitis mice. However, such
variations in colonic mice were reversed by OP-D treatment (Fig.3a-c). Those results suggested that OP-D
had protective effects against oxidative damage in the colitis model.

 

OP-D Ameliorated Responses of In�ammation in Colitis
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The levels of TNF-α, IL-1β, and IL-6 were elevated in the colitis model. After treatment of seven days, OP-D
remarkably relieved symptoms of colitis(Fig.3d--f). The iNOS and COX-2 were increased in the colitis
model, which was also remarkably reversed by OP-D (Fig.4a, d, and e).

OP-D Decreased Epithelial Apoptosis and Restored Intestinal Epithelial Barrier Dysfunction During Colitis

OP-D treatment for seven days reversed changes, including Bax and cleaved caspase3 (cl-caspase3) that
were the apoptosis-related proteins, in colitis mice, was signi�cantly increased, while Bcl-2 was
remarkably decreased (Fig.4a, c, f, and h). Occludin was signi�cantly decreased in the colitis model, while
the MLCK that was the protein of epithelial cells related to tight junction dysfunction, was remarkably
increased. After seven days of treatment, those changes were also reversed by OP-D (Fig.4a, b, and g).

Potential Mechanisms Underlying the OP-D-Induced Therapeutic Effects in the Colitis Model

The expression of NF-κB-p65 was signi�cantly increased in colitis compared to the sham group indicated
in immunohistochemical staining, which was reversed by OP-D treatment (Fig.5a). However, OP-D
treatment for seven days reversed those increases remarkably (Fig.5b). In IEC-6 cells, LPS (2μg/mL)
induced a signi�cant increase in cl-caspase3, COX-2, and MLCK, which re�ected the induction of
in�ammation and epithelial barrier dysfunction. OP-D (20 μmol/L) reversed the LPS-induced increase in
cl-caspase3, iNOS, and MLCK, which was remarkably blocked by a siRNA targeting NF-κB-p65 (Fig.5c-g).
Those results suggested that the inhibition of the NF-κB-p65 signaling pathway may be involved in the
OP-D induced treatment of DSS colitis.

Molecular docking analysis of the binding mode of OP-D with NF-κB-p65

To investigate how OP-D affected the function of NF-κB-p65, the docking mode of OP-D with NF-κB-p65
was established. The docking score of OP-D for NF-κB-p65 was -8.99 kcal/mol, which indicated that OP-D
had a high a�nity for NF-κB-p65. The mouse NF-κB-p65 consisted of 549 amino acids. The binding site
of NF-κB-p65 with OP-D was the N-terminal REL-homology domain (RHD) including amino acids 19-306.
The RHD is involved in DNA binding and inhibitor interactions, which also assists with the translocation
of NF-κB into the nucleus [26]. Through docking simulation studies, we found that OP-D interacted with
Ser51, Arg273, Glu225, and Phe239 of NF-κB-p65 via hydrogen bond interactions (Fig. 6a-c). The
computational result indicated that OP-D bound to the RHD domain of NF-κB-p65 and may block NF-κB-
p65 translocation to the nucleus.The translocation of NF-κB-p65 to the nucleus was assessed to con�rm
the computational results by immuno�uorescence. In IEC-6 cells incubated with 2 μg/mL LPS, 5 and 20
μmol/L OP-D signi�cantly inhibited the nuclear translocation of NF-κB-p65 that was increased in the
model (Fig. 6d). The docking results were consistent with those results and con�rmed that OP-D directly
bound to the RHD domain of NF-κB-p65 to block its translocation to the nucleus. NF-κB signaling was
inhibited by such inhibitory activities.

Discussion
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In this study, the effects of OP-D on colitis and the potential mechanisms were studied. We demonstrated
for the �rst time that OP-D reversed the pathological changes and alleviated colitis symptoms, mucosal
barrier dysfunction, in�ammatory responses, epithelial cell apoptosis, and oxidative stress in a mouse
colitis model through inhibiting the NF-κB signaling pathway. OP-D bound to the N-terminal RHD domain
of NF-κB-p65 to inhibit its activity.

According to previous research, the abnormal expression of in�ammatory cytokines, such as IL-6, TNF-α,
and IL-1β, is an important cause of colitis, and that such in�ammatory cytokines are increasingly
expressed in IBD patients and play important roles in the pathogenesis of IBD [27, 28]. In colitis, activated
intestinal in�ammatory cells produce cytokines and metabolize excess reactive oxygen species (ROS).
Excess ROS can destroy oxidizable biomolecules reversibly or irreversibly, which lead to apoptosis and
in�ammation. Increased intestinal epithelial cell apoptosis has been detected at acute in�ammatory sites
in subjects with UC [29]. Excessive apoptosis of epithelial cells can damage the integrity of the intestinal
barrier, which is essential for protecting against luminal pathogens.

In this study, OP-D signi�cantly inhibited in�ammatory responses in a DSS-induced colitis model, with the
decrease of cytokine expressions, including IL-1β, TNF-α, and IL-6,which are in agreement with previous
study[30, 31] . OP-D inhibited Serum MDA and GSH activities in  ovariectomized osteoporosis model
mice[32]. likewise, in our study, the excessive oxidative stress in DSS-induced colitis was also suppressed
by OP-D, which was con�rmed by decreases in the levels of MDA and GSH and increases in the levels of
SOD. Symptoms of the damaged intestinal barrier function, including excessive apoptosis and the
reduction of tight junction proteins, were also reversed by OP-D. All such results suggested that OP-D
exerted therapeutic effects on DSS-induced colitis, which was con�rmed by the reduction of the response
of in�ammation and oxidative stress, and the recovery of the barrier function of intestines.

OP-D exerted multiple pharmacological effects and many potential targets were involved. This study
aimed to detail the mechanisms of the OP-D-induced treatment effects on colitis. Studies have shown
that the NF-κB pathway is related to all factors, including in�ammation, the oxidative stress, apoptosis,
and the recovery of the barrier function of intestines [33]. NF-κB activation is required for apoptosis in
�brocystin/polyductin-depleted kidney epithelial cells, and CFTR ameliorates high glucose-induced
oxidative stress and in�ammation by mediating the NF-κB and MAPK signaling pathways in endothelial
cells as well as arsenic downregulates tight junction claudin proteins through p38 and NF-κB in the
intestinal epithelial cell line, HT-29 [34, 10, 35]. Based on previous studies, OP-D exerts a positive effect on
accommodating cardiovascular hypertophy through inhibiting the expression of NF-κB by regulating
CYP2J3 to suppress in�ammation[36]. These factors are consistent with the reversal of intestinal
in�ammation by OP-D, which guides the study of the potential mechanism of OP-D treatment of colitis. In
the cell study, OP-D decreased cell apoptosis, while the recovery of the intestinal barrier function was
signi�cantly inhibited by a siRNA targeting NF-κB-p65. We found that NF-κB-p65 might be a potential
target of OP-D for the treatment of colitis. The NF-κB signaling pathway has been well studied in the
pathogenesis of IBD and is often imbalanced in patients, leading to the abnormal production of cytokines
in the intestine [37].

https://www.sciencedirect.com/topics/medicine-and-dentistry/inflammatory-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/reactive-oxygen-species
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The docking results suggested that OP-D had a high a�nity for the RHD domain of NF-κB. That domain
was involved in DNA binding, protein dimerization, and IκB binding. The RHD also contained a nuclear
localization signal (NLS) sequence, which was necessary for the activation of NF-κB in the nucleus. In the
cytoplasm, NF-κB binds to IκB protein. IκB masks the NLS of NF-κB and retains it in the cytoplasm. When
IκB is degraded, the NLS of NF-κB is exposed, allowing it to enter the nucleus and bind target genes. The
experimental results further con�rmed that OP-D signi�cantly inhibited LPS-induced translocation of NF-
κB. Several previous studies by other scholars also suggest that OP-D blocked the nuclear translocation
of NF-κB-p65 to suppress in�ammation in vivo[36]. All such results suggested that the addition of OP-D
signi�cantly inhibited the translocation of NF-κB induced by LPS.

Conclusion
Collectively, we found that OP-D signi�cantly alleviated colitis symptoms by directly binding and
inhibiting NF-κB-p65 enter the nucleus. The exact details of the OP-D interaction with the RHD of NF-κB-
p65, and whether other mechanisms are also involved in OP-D reductions in colitis, require further study.
In IBD, the novel insights into the mechanisms and potential therapeutic use of OP-D could be provided by
the results of the present study.

Abbreviations
Bcl-2, B-cell lymphoma-2; CD, Crohn's disease; COX-2, Cyclooxygenase-2; DSS, dextran sodium sulphate;
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Figure 1

Dose/concentration selection of OP-D in normal cells and mice. (a) chemical structure of OP-D. (b) The
effect of OP-D on IEC-6 cells was studied using the CCK8 assay. OP-D was administered once a day for
seven consecutive days by gavage. Mice body weights (c) and the ratio of spleen weight to body
weight(d)were recorded. The expression levels of colonic cytokines, TNF-α (e), IL-1β (f), and IL-6 (g) were
examined by ELISA. The expression of NF-κB-p65 (h) was also studied by western blotting. Data were
expressed as the mean ± SD. The data in the sham group is set to 100%, and other data is set to the
relative value of sham. N=6 in B-H, *p<0.05, **p<0.01, compared to the sham group.
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Figure 2

OP-D alleviated colitis symptoms. Colitis symptoms were examined after seven days of OP-D (10 mg/kg
and 40 mg/kg) treatment. (a) HE-staining of mouse colonic tissue (100 on). Gross morphology of colon
tissue (b). Effects of OP-D on (c) body weight, (d) disease activity index, and (e) colon length in colitis
mice. Data were expressed as the mean ± SD. The data in the sham group is set to 100%, and other data
is set to the relative value of sham. *P<0.05, **P<0.01, compared to the sham group (n=6 mice); #P<0.05,
##P<0.01, compared to the DSS-colitis control group (n=6 mice)
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Figure 3

OP-D attenuated oxidative stress, neutrophil in�ltration, and cytokine pro�les. Effects of OP-D (10 mg/kg
and 40 mg/kg) on (a) MDA, (b) GSH, (c) SOD, (d)TNF-α, (e) IL-1β, and (f) IL-6 in mice colon tissue, as
determined by ELISA. Data are expressed as the mean ± SD. The data in the sham group is set to 100%,
and other data is set to the relative value of sham. *P<0.05, **P<0.01, compared to the sham group (n=6
mice); #P<0.05, ##P<0.01, compared to the DSS-colitis control group (n=6 mice).



Page 16/18

Figure 4

After seven days of OP-D (10 mg/kg and 40 mg/kg) treatment, the effects of OP-D on the expression of
MLCK (a, b), Bax(a, c), iNOS(a, d), COX-2 (a, e), cleaved caspase-3 (a, f), occluding (a, g) and Bcl-2 (a, h)
were examined by western blotting analyses. Data are expressed as the mean ± SD. The data in the sham
group is set to 100%, and other data is set to the relative value of sham. *P<0.05, **P<0.01, compared to
the sham group (n=6 mice); #P<0.05, ##P<0.01, compared to the control (DSS-colitis) group (n=6 mice).
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Figure 5

Potential mechanisms underlying the OP-D-induced treatment effects on colitis. Colonic segments were
isolated after seven days of OP-D (10 mg/kg and 40 mg/kg) treatment, (a) Immunohistochemical
staining of NF-κB-p65, (b) Western blotting analyses of the in�ammation marker NF-κB-p65. (c-g) Effects
of OP-D (20μmol/L) on cl-caspase3, iNOS, and MLCK expression in the presence of a small interfering
RNA targeting NF-κB-p65. (c) Representative western blotting images for the effects of OP-D on cl-
caspase3, iNOS, and MLCK expressions. Statistical analyses of OP-D on the expression of NF-κB-p65 (d),
cl-caspase3 (e), iNOS (f), and MLCK (g). Data are expressed as the mean ± SD. The data in the normal
control (NC) group is set to 100%, and other data is set to the relative value of NC. *P<0.05, **P<0.01,
compared to the NC group (n=6 samples); ##P<0.01, compared to the control (LPS) group (n=6 mice).
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Figure 6

Molecular docking analysis of the binding mode of OP-D with NF-κB-p65. (a) The 2D binding mode of OP-
D with NF-κB. (b) The 3D binding mode of OP-D with NF-κB-p65. The carbon atom of the saponin of OP-D
was regarded as the hydrogen bond donor and formed a hydrogen bond with the oxygen atom of the
backbone Ser51 in NF-κB-p65. The oxygen atom of the hydroxyl group of saponin of OP-D was regarded
as the hydrogen bond acceptor and formed a hydrogen bond with the nitrogen atom of the guanidine
group Arg273 in NF-κB-p65. The oxygen atom of the hydroxyl group of the rhamnose of OP-D was
regarded as the hydrogen bond donor to form a hydrogen bond with the oxygen atom of the carboxyl
group Glu225 in NF-κB-p65. The oxygen atom of the hydroxyl group of arabinose in OP-D was regarded
as the hydrogen bond donor and formed a hydrogen bond with the oxygen atom of the backbone Phe239
in NF-κB-p65. (c) The surface binding mode of OP-D with NF-κB. OP-D is colored yellow, while the
surrounding residues in the binding pockets are colored green. The backbone of the receptor is depicted
as a light blue cartoon. (d) Effect of OP-D on translocation of NF-κB-p65 into the nucleus.
Immuno�uorescence study indicated that OP-D could block the nuclear translocation of NF-κB-p65 in ICE-
6 cells stimulated by LPS suggesting that OP-D has potential anti-in�ammatory effect on IBD.


