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Natural compound fraxinellone ameliorates intestinal fibrosis
in mice via direct intervention of HSP47-collagen interaction in
the epithelium
Jie Wang1,2, Mei Bai1, Cui Zhang1, Ning An1, Li Wan1,2, Xiao-ning Wang1, Rong-hui Du1, Yan Shen1, Zhi-yao Yuan1,3, Xu-dong Wu1✉,
Xue-feng Wu1✉ and Qiang Xu1✉

Intestinal fibrosis is a common complication of inflammatory bowel disease. There is still a lack of effective drugs for the prevention
or treatment of intestinal fibrosis. Heat shock protein 47 (HSP47) plays a key role in the development of intestinal fibrosis. In this
study we investigated the therapeutic potential and underlying mechanisms of fraxinellone, a degraded limonoid isolated from the
root bark of Dictamnus dasycarpus, in the treatment of intestinal fibrosis. Intestinal fibrosis was induced in mice by dextran sodium
sulfate (DSS) treatment. DDS-treated mice were administered fraxinellone (7.5, 15, 30mg·kg−1·d−1, i.g.) for 45 days. We showed that
fraxinellone administration dose-dependently alleviated DSS-induced intestinal impairments, and reduced the production of
intestinal fibrosis biomarkers such as α-smooth muscle actin (SMA), collagen I, hydroxyproline, fibronectin and laminin, and
cytokines such as TGF-β, TNF-α and IL-β. We then established in vitro intestinal fibrosis cell models in SW480 and HT-29 cells, and
demonstrated that treatment with fraxinellone (3, 10, 30 μM) significantly relieved TGF-β-induced fibrosis responses by inhibiting
the TGF-β/Smad2/3 signaling pathway. Molecular docking suggested that the fraxinellone might disrupt the interaction between
HSP47 and collagen, which was confirmed by coimmunoprecipitation experiments. SPR analysis showed that fraxinellone had a
high affinity for HSP47 with a Kd value of 3.542 × 10−5 M. This study provides a new example of HSP47-collagen intervention by a
natural compound and has important implications for the clinical treatment of inflammation-induced issue fibrosis.
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INTRODUCTION
Intestinal fibrosis is a common and serious complication in
people with inflammatory bowel disease (IBD) and is the result
of chronic inflammation [1]. Thirty percent of patients with
Crohn’s disease have fibrosis-related diseases, and ulcerative
colitis patients also have some degree of fibrosis [2, 3]. The
elements of the fibrotic process mainly include the effector cells
of the host, the offensive factors that initiate the pathway, the
end products deposited in the extracellular space, and the
complex network of molecular and cellular inflammatory
mediators, characterized by the accumulation of extracellular
matrix (ECM)-related proteins [1, 4]. Transforming growth factor
(TGF)-β, especially the TGF-β1 subtype, is the most recognized
regulator of fibrosis in the intestine and extraintestinal organs
[5]. When TGF-β binds to TGF-β receptor type 1 (TGFβR1) and
TGFβR2, it initiates the phosphorylation of Smad2/3/4 for further
signaling, which is counterregulated by Smad7 [6]. Stimulation
of TGF-β can lead to upregulation of fibrotic markers such as α-
smooth muscle actin (SMA), collagen I, and connective tissue
growth factor (CTGF) [7]. The fibrosis process can cause organ
dysfunction and affect human health.

At present, the clinical treatment of intestinal fibrosis is limited to
surgical intervention and endoscopic balloon dilation, and there are
no approved therapeutic drugs [8–10]. Most drugs and biological
therapies can relieve inflammatory lesions and related symptoms
but do not have a direct antifibrotic effect. The latest studies have
shown that antibodies against the IL-36 receptor reduce chronic
intestinal inflammation, inhibitors against TNF-like cytokine 1 A
(TL1A) can be used to treat other organ fibrosis, and oncostatin M, a
cytokine that induces fibrosis with monoclonal GSK2330811, also
provides an attractive strategy, but these are far from sufficient for
the clinical treatment of intestinal fibrosis [11, 12]. In short, there is
still a lack of understanding of the mechanism of intestinal fibrosis
at this stage, and there is still a lack of specific anti-fibrosis therapy,
so it is urgent to find new therapeutic targets and methods.
Heat shock protein 47 (HSP47) is a collagen-specific chaperone

present in the endoplasmic reticulum (ER) encoded by the SERPINH1
gene that belongs to the serine protease inhibitor (serpin) family but
does not inhibit serine proteases [13]. Unlike other chaperones with
broad substrate specificity, such as HSP60, HSP70, and HSP90, HSP47
is induced only by heat shock and specifically binds to procollagens
[14]. Collagen I is a typical fibril-forming collagen consisting of one α2
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chain and two α1 chains, each of which are cotranslationally inserted
into the ER [13]. HSP47 can bind and stabilize the triple helix form of
procollagen and prevent the lateral aggregation of procollagen in the
triple helix form in the ER [15]. The Asp385 site of HSP47 can form a
salt bridge with collagen, and Leu381 and Tyr383 are essential for the
hydrophobic interaction between HSP47 and collagen [16]. HSP47, as
a chaperone in the collagen synthesis pathway, can inhibit the local
expansion of procollagen and inhibit the aggregation of procollagen
after triple helix formation, which is essential for collagen secretion,
fibril formation and deposition in the ECM [17]. HSP47 is involved in
the deterioration of fibrosis and can be used as a therapeutic target
for fibrotic diseases. Inhibition of HSP47 has been shown to
successfully mitigate fibrosis in preclinical models of fibrosis, but its
clinical safety, tolerability, and efficacy remain to be evaluated [18].
Fraxinellone is a degraded limonoid isolated from the root bark of

Dictamnus dasycarpus [19]. It was initially characterized as a
selective blocker of voltage-dependent Ca2+ channels that protects
nerves by inhibiting calcium influx in rat cortical cells [20]. In
addition, fraxinellone has antibacterial, insecticidal, anti-inflamma-
tory, and anticancer activities [21]. It has been shown to reduce the
overactivation of hepatic stellate cells by reducing CUG-binding
protein 1 (CUGBP1) levels and to alleviate liver fibrosis significantly
[22]. It has a similar role in the treatment of renal fibrosis [23].
However, the effect of fraxinellone on intestinal fibrosis is unknown.
In this study, we found that fraxinellone can alleviate intestinal

fibrosis by inhibiting the TGF-β/Smad2/3 signaling pathway and
directly acting on the HSP47-collagen complex, which provides new
ideas and methods for the clinical treatment of intestinal fibrosis.

MATERIALS AND METHODS
Chemicals and reagents
Fraxinellone (F405738) was purchased from Aladdin (Shanghai,
China), with a purity of 98% by HPLC analysis. Dextran sulfate sodium
(DSS, molecular weight: 36–50 kDa, ICN16011010) was obtained
from MP Biomedicals (Aurora, OH, USA). Antibodies against smooth
muscle actin (sc-53142), COL1A1 (sc-293182), fibronectin (sc-8422)
and CTGF (sc-365970) were purchased from Santa Cruz (Santa Cruz,
CA, USA). Anti-E-cadherin antibody (ab231303) was purchased from
Abcam (Cambridge, UK). Anti-N-cadherin (13116), anti-Vimentin
(46173) and anti-p-Smad2/3 (8828) antibodies were purchased from
Cell Signaling Technology (Danvers, MA, USA). Antibodies against
GAPDH (M20006) and GFP (P30010) were purchased from Abmart
(Shanghai, China). Anti-HSP47 antibody (A2517) was purchased from
ABclonal (Wuhan, China). A hydroxyproline assay kit (A030-2-1) was
provided by Nanjing Jiancheng Bioengineering Institute (Nanjing,
China). Recombinant human TGF-β1 (100-21) was purchased from
PeproTech Inc. (Cranbury, NJ, USA). Col003 (T10860) was purchased
from Topscience Co., Ltd. (Shanghai, China). ELISA kits for mouse
fibronectin (CSB-E04552m), laminin (CSB-E04645m) were provided
by Huamei Biotech Co., Ltd. (Wuhan, China). ELISA kits for mouse
TNF-α (1217202) and IL-1β (1210122) were provided by Dakewe
Biotech Co., Ltd. (Beijing, China).

Animal experiments
Male C57BL/6 mice were purchased from the College of Veterinary
Medicine Yangzhou University (Institute of Comparative Medicine,
Yangzhou, China). C57BL/6 male mice (6–8 weeks old) were
randomized into five groups: control (n= 5), DSS (n= 11), DSS +
fraxinellone 7.5mg/kg (n= 5), DSS + fraxinellone 15mg/kg (n= 5),
and DSS+ fraxinellone 30mg/kg (n= 5). Micewere grown in an SPF-
grade animal room with a 12:12 h light-dark cycle and controlled
temperature (21 ± 2 °C). Except for the control group, the mice in the
other four groups were fed 2.0% (w/v) DSS for five consecutive days,
and then DSS was replaced with water for the next ten consecutive
days. With this as one cycle, three cycles were performed. At the
same time, the DSS + fraxinellone 7.5mg/kg, DSS + fraxinellone
15mg/kg and DSS + fraxinellone 30mg/kg groups were given

fraxinellone (7.5, 15, 30mg/kg, i.g.) once a day, respectively. In the
DSS group, three mice were sacrificed at the end of the first and
second cycles. At the completion of three cycles, all mice were
euthanized. Mouse serum and colorectal tissue were collected for
subsequent experiments. During the mouse experiment, the body
weight and disease activity index (DAI) scores were recorded every
three days. The scoring criteria for DAI refer to previously published
literature [24]. The following parameters were used for calcula-
tion: a) hematochezia (0 points for no bleeding, 2 points for
slight bleeding, 4 points for severe bleeding); b) diarrhea
(normal is 0 points, loose stool is 2 points, watery diarrhea is 4
points). Sections of colorectal tissue were stained with hematox-
ylin and eosin (H&E), and histological scoring parameters were
as follows: 1, adhesions; 2, stricture formation; 3, bleeding; 4,
stool blood; 5, edema; 6, presence of mucus; 7, ulcers; 8,
erythema; and 9, diarrhea. The highest score is nine points,
indicating that the colon is accompanied by severe inflamma-
tion. The animal study was reviewed and approved by the
Nanjing University Animal Care and Use Committee (NJU-ACUC).

ELISA
ELISA experiments were performed according to the manufac-
turer’s instructions (Huamei Biotech Co., Ltd., Wuhan, China and
Dakewe Biotech Co., Ltd., Beijing, China).

Real-time PCR
Real-time quantitative PCR was performed with a Bio-Rad CFX96
Touch™ real-time PCR detection system (Bio-Rad, Hercules, CA,
USA). The amplification conditions were performed as described
previously [25]. The primer sequences used in this study are listed
in Supplementary Table S1.

Western blot
Whole protein lysates were collected from cells or tissues, isolated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and electrotransferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, Billerica, MA, USA). Finally, different
antibodies were incubated according to the molecular weight of
target proteins for Western blotting.

Immunofluorescence assay
Paraffin-embedded tissue sections were deparaffinized, rehydrated,
subjected to antigen retrieval, blocked, and then incubated
overnight at 4 °C with antibodies against α-SMA or collagen I. After
washing with PBST, slides were exposed to Alexa Fluor 488-
conjugated anti-mouse IgG or Alexa Fluor 594-conjugated anti-
mouse IgG (Thermo Fisher Scientific, MA, USA), and finally, cell
nuclei were stained with DAPI (Beyotime Biotechnology, Shanghai,
China). Images were acquired using a confocal laser-scanning
microscope (Olympus FV1000, Olympus, Japan) and analyzed by the
Olympus Fluview Ver1.7b viewer and ImageJ.

Cell culture
The SW480 cell line, HT-29 cell line and HEK293T cell line were
obtained from the National Collection of Authenticated Cell
Cultures (Shanghai, China). SW480 cells were cultured in RPMI-
1640medium supplemented with 10% fetal bovine serum (FBS) and
penicillin-streptomycin solution (1×) under an atmosphere of 5% (v/
v) CO2 at 37 °C. HT-29 and HEK293T cells were cultured in DMEM
containing 10% FBS and penicillin-streptomycin solution (1×) under
an atmosphere of 5% (v/v) CO2 at 37 °C. To induce cellular fibrosis
models, SW480 and HT-29 cells were stimulated with 10 ng/mL TGF-
β for 48 h and fraxinellone (3, 10, 30 μM) for 24 h.

Cell cycle assay
Cell cycle assays were performed according to the instructions of
the Cell Cycle and Apoptosis Analysis Kit manufacturer (Yeasen,
Shanghai, China).
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Cell transfection assay
Human HSP47 WT-EGFP and HSP47 Mut (Y383A and D385A)-EGFP
plasmids were obtained from General Biology (Chuzhou, China).
Human HSP47 WT-EGFP and HSP47 Mut (Y383A and D385A)-EGFP
plasmids were transfected into HEK293T cells by Exfect Transfection
Reagent (Vazyme, Nanjing, China) for subsequent experiments.

Coimmunoprecipitation
A total of 1 × 108 cells were collected and lysed with cell lysis
buffer. Cell lysates were immunoprecipitated with anti-GFP
antibody and protein A/G-Sepharose. Subsequently, samples were
analyzed by Western blotting.

Molecular docking
The structure of fraxinellone was drawn by ChemDraw. The
dimensional structure of HSP47 (PDB ID: 4AU2, 3ZHA) was
obtained from the RCSB PDB website (https://www.rcsb.org/).
The CDOCKER algorithm of Discovery Studio was used for
molecular docking of fraxinellone on HSP47.

Cellular thermal shift assay
After HEK293T cells transfected with human HSP47 WT-EGFP or
HSP47 Mut-EGFP plasmid were incubated with DMSO, fraxinellone
(30 μM) or Col003 (30 μM) for 2 h, the cells were collected and
resuspended in PBS. The cell suspension was divided into 10
aliquots, heated at the indicated temperatures, and then analyzed
by Western blotting.

Microscale thermophoresis assay
HEK293T cells were transiently transfected with human HSP47 WT-
EGFP or HSP47 Mut-EGFP plasmid for 24 h and then lysed with
lysis buffer. Fraxinellone or Col003 was gradually diluted from

1mM and added to an aliquot of cell lysate. They were mixed and
sucked into Monolith NT.115 capillary tubes (Nanotemper
Technologies). Finally, samples were detected by Monolith
NT.115 (Nanotemper Technologies).

Surface plasmon resonance
HSP47 WT or HSP47 Mut Human Recombinant Protein (Absin,
Shanghai, China) was immobilized on an activated Series S Sensor
Chip CM5 chip, and a gradient concentration of fraxinellone
solution was prepared. The Biacore T200 molecular interaction
analysis system (GE Healthcare, Uppsala, Sweden) was used to
measure the change in response value when the gradient
concentration of fraxinellone solution flowed through the chip,
and the kinetic constant of the interaction between small
molecules and proteins was obtained.

Statistical analysis
The results are presented as the mean ± SEM, and each experiment
included at least three replicates. Data were statistically evaluated
by Student’s t test or one-way analysis of variance (ANOVA) followed
by Dunnett’s test. P < 0.05 was considered significant.

RESULTS
Fraxinellone dose-dependently alleviated DSS-induced
pathological impairment in mice
To explore the effect of fraxinellone treatment on intestinal
fibrosis, we used fraxinellone to treat dextran sulfate sodium
(DSS)-induced mouse models of intestinal fibrosis. The chemical
structure of fraxinellone and the schematic diagram of this
experiment are shown in Fig. 1a. The body weight of the model
group mice was significantly reduced, and fraxinellone treatment

Fig. 1 Fraxinellone dose-dependently alleviated DSS-induced pathological impairment in mice. a Chemical structure of fraxinellone and
schematic overview of the intestinal fibrosis model. b Body weights and (c) DAI of each group during the experimental process. d Colorectal
tissue lesions were photographed and recorded. e Changes in colon length. f–g Hematoxylin and eosin (H&E) staining and histological score
of colorectal tissue sections. Scale bar, 50 µm. Data are presented as the mean ± SEM (n= 3–5 per group). #P < 0.05, ##P < 0.01 vs. control group,
*P < 0.05, **P < 0.01 vs. DSS model group.
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alleviated it in a dose-dependent manner (Fig. 1b). Fraxinellone
inhibited DSS-induced elevation of the disease activity index (DAI)
(Fig. 1c). In addition, colon length was significantly shortened
during the progression of intestinal fibrosis, and fraxinellone
restored colon length in a dose-dependent manner (Fig. 1d, e).
Hematoxylin and eosin (H&E) staining showed that DSS induced a
large number of inflammatory infiltrates in the colon, and with
prolonged DSS stimulation time, colon inflammation became

increasingly serious, and fraxinellone relieved colon inflammation
in a dose-dependent manner (Fig. 1f, g).

Fraxinellone treatment inhibited DSS-induced fibrosis in mice
Then, through Masson staining, we found that fraxinellone can
reduce collagen deposition (Fig. 2a). α-Smooth muscle actin (SMA)
is a marker of myofibroblast activation, collagen I is one of the
main collagen fibers of intestinal fibrosis, and they are important

Fig. 2 Fraxinellone treatment inhibited DSS-induced fibrosis in mice. a Masson staining of colorectal tissue sections, Scale bar, 100 µm.
b, c Immunofluorescence staining of α-SMA and Collagen I, Scale bar, 50 µm. d Colon tissue sections from each group were stained for HSP47.
Scale bar, 100 µm. e Statistical analysis of (a–d). Data are presented as the mean ± SEM (n= 3–5 per group). #P < 0.05, ##P < 0.01, ###P < 0.001 vs.
control group, *P < 0.05, **P < 0.01 vs. DSS model group.
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biomarkers of fibrosis [26]. Therefore, we used immunofluores-
cence experiments to detect α-SMA and collagen I levels in the
colon, and the results showed that during fibrosis, α-SMA and
collagen I expression levels increased, while fraxinellone signifi-
cantly reduced α-SMA and collagen I levels (Fig. 2b, c). In addition,
the expression levels of HSP47, a key collagen-specific chaperone,
increased during fibrosis, but fraxinellone had no significant effect
on its expression levels (Fig. 2d, e). These results suggest that
fraxinellone can alleviate intestinal fibrosis in mice but has no
significant effect on HSP47 protein levels.

Fraxinellone treatment reduced the levels of fibrosis biomarkers
and cytokines
Hydroxyproline is an amino acid unique to collagen, so we
characterized collagen levels by measuring the amount of
hydroxyproline in colonic tissue. The results showed that
fraxinellone significantly inhibited the DSS-induced increase in
hydroxyproline levels (Fig. 3a). At the same time, the expression of
the Col1a2, Acta1 and Tgfb1 genes in the model group induced by
DSS increased significantly, and the expression of these genes
could be downregulated by fraxinellone therapy in a dose-
dependent manner (Fig. 3b). In addition to collagen, noncollagen
glycoproteins such as fibronectin and laminin are also important
components of the extracellular matrix (ECM) and play a key role
in the fibrosis process [27]. We found that the serum levels of
fibronectin, laminin and the inflammatory factors TNF-α and IL-1β
in the model group also increased significantly, and fraxinellone
treatment significantly reversed their elevation (Fig. 3c, d).

TGF-β induced the formation of cell fibrosis models in vitro
The main feature of intestinal fibrosis is excessive deposition of ECM
by activated myofibroblasts in the submucosa and muscle layers
[28]. The myofibroblasts that produce ECM are mainly derived from
epithelial cells, fibroblasts, etc. [28]. At present, most fibrosis
research focuses on the activation of fibroblasts but ignores the
irreplaceable role played by epithelial cells. During fibrosis, intestinal
epithelial cells can not only directly transdifferentiate into myofi-
broblasts but also release key signals for myofibroblast differentia-
tion through EMT [29]. The EMT process causes epithelial cells to
lose their polarity and tight junctions and become mesenchymal
cells, producing a large amount of ECM deposited in the intestine
[30]. Studies have shown that approximately one-third of FSP1
(fibroblast marker) fibroblasts are derived from intestinal epithelial
cells [31]. This evidence suggests that we should focus on the
mechanism by which fraxinellone regulates intestinal epithelial cells.

SW480 and HT-29 cells are colorectal cancer cells with
epithelial properties. To further explore the mechanism by
which fraxinellone alleviates intestinal fibrosis, we first used TGF-
β to stimulate SW480 and HT-29 cells to establish in vitro
intestinal fibrosis cell models. TGF-β is the main molecular
mediator of the fibrosis process and can phosphorylate and
activate Smad2/3 signaling and promote the transcription of
target genes involved in fibrosis reactions [32]. Western blot
experiments showed that TGF-β activated Smad2/3 signaling in
SW480 and HT-29 cells, promoted the expression of the fibrosis
biomarkers fibronectin, α-SMA and connective tissue growth
factor (CTGF) and the mesenchymal cell markers N-cadherin and
vimentin, and reduced the expression of the epithelial cell
marker E-cadherin (Fig. 4a–c, e–g). At the same time, TGF-β
facilitated the transcription of the Fn1, Acta2, Ctgf, Col1a1 and
Cdh2 genes in SW480 and HT-29 cells (Fig. 4d, h).

Fraxinellone relieves cellular fibrosis by inhibiting TGF-β/Smad2/3
signaling
Next, we treated SW480 and HT-29 cells stimulated by TGF-β using
fraxinellone. As shown in Fig. 5, fraxinellone significantly inhibited
TGF-β-induced Smad2/3 signaling activation and increased the
protein levels of the fibrosis biomarkers fibronectin, collagen I, α-
SMA, and CTGF and the mesenchymal cell markers N-cadherin and
vimentin in a dose-dependent manner. In addition, fraxinellone
markedly promoted the expression of the epithelial cell marker
E-cadherin but had no significant effect on the expression of
HSP47.
When SW480 and HT-29 cells were treated with fraxinellone

alone for 24 h in the absence of TGF-β stimulation, it had no
significant effect on their proliferation and cell cycle compared to
the control group (Fig. 6a, c). However, when SW480 and HT-29
cells were treated with fraxinellone and TGF-β, fraxinellone
inhibited TGF-β-induced cell proliferation (Fig. 6a, c). In addition,
quantitative real-time PCR results showed the inhibitory effect of
fraxinellone on the transcription level of fibrosis biomarkers (Fn1,
Acta2, Ctgf, Col1a1) (Fig. 6b, d). These results reveal that
fraxinellone can alleviate intestinal fibrosis by downregulating
TGF-β/Smad2/3 signaling.

Fraxinellone interfered with the HSP47-collagen complex by
directly binding to HSP47
In addition to the classical TGF-β/Smad2/3 signaling pathway, an
increasing number of studies have shown the importance of HSP47
in the fibrosis process. As a collagen-specific chaperone involved in

Fig. 3 Fraxinellone treatment reduced the levels of fibrosis biomarkers and cytokines. a The level of colon hydroxyproline. b The mRNA
expression levels of Col1a2, Acta1, and Tgfb1. c Serum fibronectin and laminin levels. d The levels of serum TNF-alpha and IL-1beta. Data are
presented as the mean ± SEM (n= 5 per group). #P < 0.05, ##P < 0.01 vs. control group, *P < 0.05, **P < 0.01 vs. DSS model group.
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collagen processing and secretion, HSP47 is closely related to
abnormal collagen deposition in the ECM and is a promising
therapeutic target for fibrosis [33]. Although fraxinellone does not
significantly affect the expression of HSP47, it is unknown whether it
affects the function of HSP47. We predicted the binding of
fraxinellone to HSP47 (PDB ID: 3ZHA, -Cdocker interaction energy=
29.9859 kcal/mol) by molecular docking (Fig. 7a). Moreover, the
interaction sites between fraxinellone and HSP47 overlapped with
those between collagen and HSP47. This suggested that fraxinellone

may disrupt the interaction between HSP47 and collagen, which was
eventually confirmed by coimmunoprecipitation experiments
(Fig. 7b). The Tyr383 and Asp385 sites of HSP47 are critical for its
binding to collagen. Next, we constructed human HSP47-WT and
HSP47-Mut (Y383A and D385A) plasmids, transfected them into
HEK293T cells, prepared human HSP47-WT and HSP47-Mut recom-
binant proteins, used Col003 (HSP47 inhibitor) as a positive control,
and proved that fraxinellone can directly bind to HSP47-WT rather
than HSP47-Mut through a cellular thermal shift assay, microscale

Fig. 4 TGF-β induced the formation of cell fibrosis models in vitro. a–c, e–g Immunoblot analysis of fibronectin, α-SMA, CTGF, p-Smad2/3, E-
cadherin, N-cadherin, Vimentin and GAPDH. d, h The mRNA expression levels of Fn1, Acta2, Ctgf, Col1a1 and Cdh2. Data are presented as the
mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 0 h.
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Fig. 6 Fraxinellone reduced the transcription of cellular fibrosis biomarkers. a, c The effect of fraxinellone (0, 3, 10, 30 µM) on cell viability
and the cell cycle with or without TGF-β (10 ng/mL). b, d The mRNA expression levels of Fn1, Acta2, Ctgf and Col1a1. Data are presented as the
mean ± SEM. #P < 0.05 vs. control, *P < 0.05, **P < 0.01 vs. TGF-β.

Fig. 5 Fraxinellone relieved cellular fibrosis by inhibiting TGF-β/Smad2/3 signaling. a–d Western blot and statistical analysis of fibronectin,
collagen I, α-SMA, CTGF, p-Smad2/3, E-cadherin, N-cadherin, vimentin, HSP47 and GAPDH. Data are presented as the mean ± SEM. #P < 0.05,
##P < 0.01 vs. control, *P < 0.05, **P < 0.01, ***P < 0.001 vs. TGF-β.
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Fig. 7 Fraxinellone interfered with the HSP47-collagen complex by directly binding to HSP47. a Molecular docking analysis of fraxinellone
and the HSP47-collagen complex. b Proteins were isolated and immunoprecipitated with an antibody against GFP. c The effect of fraxinellone
and Col003 on the thermal stability of human HSP47 WT. d The binding ability between human HSP47 WT and fraxinellone or Col003. e Dose
response curves for a gradient dilution of fraxinellone binding to HSP47-WT were measured by SPR. f The effect of fraxinellone and Col003 on
the thermal stability of the human HSP47 Mut. g The binding ability between human HSP47 Mut and fraxinellone or Col003. h Dose response
curves for a gradient dilution of fraxinellone binding to HSP47-Mut were measured by SPR. Data are presented as the mean ± SEM. *P < 0.05,
**P < 0.01 vs. DMSO.
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thermophoresis and surface plasmon resonance (SPR) (Fig. 7c–h). The
SPR results showed that fraxinellone had a high affinity for HSP47
with an equilibrium dissociation constant (Kd) value of 3.542 × 10−5M
(Fig. 7e). These results illustrate that fraxinellone can interfere with
the HSP47-collagen complex by directly binding to HSP47 and that
the Tyr383 and Asp385 sites of HSP47 are important for the
interaction between HSP47 and fraxinellone.

DISCUSSION
Intestinal fibrosis, which afflicts many IBD patients, is a serious and
common complication caused by the response of intestinal tissue
to chronic inflammation [34]. It is characterized by excessive ECM
deposition, scarring of various tissues, impaired function and
organ damage [35]. There are currently no approved antifibrotic
therapies for IBD, so there is an urgent need to find new
therapeutic targets and approaches.
Fraxinellone is a natural compound isolated from the root bark

of Dictamnus dasycarpus that has been found to have antibacter-
ial, insecticidal, anti-inflammatory, and anticancer activities [19,
36, 37]. The role of fraxinellone in the treatment of hepatic and
renal fibrosis has also been demonstrated [22, 23], but its effect on
intestinal fibrosis is unknown. Our study found that fraxinellone
can effectively relieve DSS-induced intestinal fibrosis in mice and
reduce the levels of fibrosis biomarkers and inflammatory factors
(Figs. 1–3).
In the process of intestinal fibrosis, myofibroblasts cause

excessive deposition of ECM, and myofibroblasts are mainly
derived from fibroblasts, epithelial cells, etc [28, 38]. Fibroblasts
can be produced by epithelial cell transformation, and epithelial-
mesenchymal and endothelial-mesenchymal transformation can
lead to fibrosis [39, 40]. Most fibrosis research focuses on the
activation of fibroblasts but neglects the irreplaceable role of
epithelial cells. Our study focused on the effect of fraxinellone on
the pathological changes of epithelial cells during intestinal
fibrosis and demonstrated that fraxinellone can reduce the level of
fibrosis biomarkers and inhibit EMT in intestinal epithelial cells by
downregulating the TGF-β/Smad2/3 signaling pathway (Figs. 4–6).
In addition, we found that fraxinellone can also affect collagen

processing and secretion through HSP47. As a collagen-specific
chaperone, HSP47 plays a critical role in the intracellular

processing of collagen [41]. Its Asp385 site can form a salt bridge
with collagen, and Leu381 and Tyr383 are essential for hydro-
phobic interactions between HSP47 and collagen [16, 42]. HSP47
is a very promising therapeutic target for fibrotic diseases, but its
application in the treatment of intestinal fibrosis is still insufficient.
At present, only Col003 has been reported to interfere with the
HSP47-collagen complex, and it can alleviate cardiac fibrosis by
inhibiting HSP47, but its role in intestinal fibrosis has not been
reported [43]. Our study revealed for the first time that
fraxinellone can directly bind to HSP47 and destroy the HSP47-
collagen complex (Fig. 7). Furthermore, as a natural compound,
fraxinellone is safer and easier to use in clinical practice than
Col003.
In conclusion, our study is the first to evaluate the safety and

efficacy of fraxinellone treatment in intestinal fibrosis, elucidate its
molecular mechanism (Fig. 8), and provide new drug candidates
and targets for the clinical treatment of intestinal fibrosis.
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